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Homoleptic dinuclear lanthanide siloxide complexes [Ln(OSitBuPh2)2(µ-OSitBuPh2)]2 (Ln =
Y (1a), La (1b)), [Ln(OSiHtBu2)2(µ-OSiHtBu2)]2 (Ln = Y (2a), La (2b), Nd (2c), Lu (2d)),
and {Ln[OSi(OtBu)3]2[µ-OSi(OtBu)3]}2 (Ln = Y (3a), La (3b)) were synthesized according to
the silylamide route in yields between 67 and 92%. Their bis(siloxide)-bridged molecular ar-
rangement was proven by variable temperature 1H NMR spectroscopy as well as by an X-
ray structure analysis of 2c. The IR spectra of complexes 2 feature low-energy Si–H stretch-
ing vibrations (1965 – 1915 cm−1) indicative of β (Si–H)· · ·Ln agostic interactions. Complexes 2
and 3 readily form monomeric bis(donor) adducts with tetrahydrofurane, triphenylphosphine ox-
ide, and N-methylimidazol as shown for fully characterized Ln(OSiHtBu2)3(thf)2 (Ln = Y (4a),
La (4b)), Y(OSiHtBu2)3(OPPh3)2 (5), Ln(OSiHtBu2)3(N-MeIm)2 (Ln = Y (6a), La (6b)), and
Y[OSi(OtBu)3]3(thf)2 (7). Treatment of complexes 1 – 3 with excess of trimethylaluminum (TMA)
generated several alkylated rare-earth metal species including homoleptic Ln(AlMe4)3 as indicated
by 1H NMR spectroscopy. La[OSi(OtBu)3](AlMe4)2(AlMe3) (8b) was isolated by crystallization
and analyzed by X-ray diffraction.

Key words: Lanthanides, Siloxide Ligands, Metallosiloxanes, Adduct Formation,
Tetramethylaluminate

Introduction

M–O–Si metallasiloxane linkages are a prevailing
structural motif and building unit in naturally abundant
silicates. For example, silicates such as thortveitite,
(Y,Sc)2[Si2O7], gadolinite, Be2Y2Fe[Si2O8]O2, and
monazite, (Ce,Th)[(P,Si)O4], are important minerals
in rare-earth metal chemistry [1]. Today, the chemi-
cal and thermal stability of silicates are routinely ex-
ploited in material science and heterogeneous cataly-
sis as shown for the application of rare-earth metal-
exchanged alumosilicates in fluid catalytic cracking
(FCC) [2]. Organically functionalized variants as rep-
resented by siloxide (silanolate) complexes have been
identified in the late 1950s as well-defined hydrocar-
bon soluble counterparts for fundamental studies of
main group- and transition metal-based M–O–Si link-
ages [3]. Siloxide ligands allow an efficient fine-tuning
of the reactivity of the metal center via distinct ste-
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reoelectronic properties of the substituents at the sil-
icon atom [4]. Additionally, the 29Si NMR spectro-
scopic probe as well as strong(er) Si–O bonds of-
ten make siloxide ligands superior to the more com-
mon alkoxide derivatives [5]. Hence, transition metal
siloxide complexes have attracted considerable inter-
est in homogeneous catalysis and material science [6].
Metal siloxide complexes are also classified as realis-
tic molecular models of (functionalized) metal sites of
silica supported (immobilized) complexes and of cat-
alytically active silicates [7]. Such model complexes
can reveal not only details of the surface attachment
(connectivity) of organometallic catalyst precursors
but also unravel multifunctional surface reactions [8].
Moreover, the application of tailor-made molecular
oxo surfaces imparts a deeper insight into structure-
reactivity relationships of the active surface species.
Up to now, several different types of lanthanide com-
plexes with mono- (A) [9 – 18], di- (B) [19 – 21],
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Fig. 1. Mono- (A), di- (B), and trifunctional silanols (C).

and trifunctional siloxide ligands (C) [21 – 23] have
been structurally characterized (Fig. 1). Recently, we
have discussed the use of lanthanide siloxide com-
plexes as catalyst precursors for the polymerization
of isoprene [24]. In this paper, we wish to report
the synthesis and characterization of several new ho-
moleptic lanthanide complexes derived from type-A
silanols. Furthermore, donor adduct formation and
trimethylaluminum (TMA)-based alkylation reactions
have been performed in order to examine the strength
of terminal and µ2-bridging M–O–SiR3 linkages.

Results and Discussion

Synthesis of dinuclear lanthanide siloxide complexes

Homoleptic lanthanide siloxide complexes 1 – 3
were obtained by the established silylamide elim-
ination route [25]. Accordingly, addition of three
equivalents of a silanol precursor, HOSitBuPh2,
HOSiHtBu2, or HOSi(OtBu)3, to a hexane solution
of the homoleptic bis(trimethylsilyl)amide complexes
Ln[N(SiMe3)2]3 at ambient temperature gave the dinu-
clear complexes 1 – 3 in high yields (Scheme 1). Silox-
ide complexes 1 and 2 were isolated either as colorless
(Ln = Y, La, Lu) or as bluish purple solids (Ln = Nd)

Scheme 1.

by evaporation of the solvent in vacuo. Further purifi-
cation of the crude reaction products was achieved by
several hexane washings or by crystallization from sat-
urated hexane solutions at −45 ◦C. On the other hand,
addition of three equivalents of silanol HOSi(OtBu)3
to a hexane solution of Ln[N(SiMe3)2]3 (Ln = Y, La)
immediately formed hexane-insoluble siloxide com-
plexes 3 as white precipitates which were separated by
centrifugation and subjected to several hexane wash-
ings for purification.

Complete silylamide/siloxide ligand exchange for
complexes 1 – 3 was evidenced by the microanalytical
data (< 0.1% N) and by IR spectroscopy (absence of
any [NSi2]-characteristic vibration bands). The NMR
spectra of complexes 1 are in agreement with siloxide-
bridged dinuclear molecules as drawn in Scheme 1.
The formation of such dinuclear species has been
confirmed in the late 1980s and early 1990s by X-ray
structural investigations of the triphenyl substituted
derivatives [Ln(OSiPh3)2(µ-OSiPh3)]2 (e. g., Ln =
Y [10c], Ce [26]). Complexes 1 show two sets of
signals with a relative integral ratio of 2:1 in the 1H,
13C, and 29Si NMR spectra which can be explained
by a 2:1-ratio of terminal and bridging Ph 2tBuSiO
ligands. A dinuclear arrangement of readily hexane
soluble complexes 2 (Ln = Y (2a), La (2b), Nd (2c),
Lu (2d)) featuring the siloxide ligand OSiHtBu2 [27]
could be anticipated on the basis of the molecular
structure of the corresponding cerium(III) alkoxide
complex [Ce(OCHtBu2)2(µ-OCH2tBu2)]2 [28]. At
ambient temperature, two sets of NMR signals with
a relative integral ratio of 2:1 were observed for
the smallest lanthanide center only (Ln = Lu (2d)):
the SiH functionalities of the bridging and terminal sil-
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Fig. 2. 1H-NMR spectrum of 2a measured in toluene-d8 at
−80 ◦C. The temperature dependence of the SiH signal(s)
between −80 and 25 ◦C is presented in the enlarged region;
solvent signals are indicated by an asterisk.

oxide ligands show two slightly broadened 1H reso-
nances at 4.75 and 4.51 ppm. However, a variable tem-
perature study in toluene-d8 revealed decoalescence of
the SiH resonances even for the “larger” metal cen-
ters [29]. The SiH decoalescence temperatures of Tc ≈
55 (Ln = Lu (2d)),−5 (Ln = Y (2a)), and−85 ◦C(Ln =
La (2b)) are in accordance with sterically less saturated
metal centers in the order Lu3+ < Y3+ < La3+ [30].
The 1H NMR spectrum of yttrium derivative 2a is pre-
sented in Figure 2. The region of the SiH resonances
is shown in the temperature range from −80 ◦C to
25 ◦Cfeaturing either two separated SiH singlets for the
bridging and terminal siloxide ligands or one broad-
ened resonance. A similar coalescence behavior was
observed for the tert-butyl resonances.

1JHSi coupling constants which are usually applied
for clarifying the extent of (SiH)–M bonding were as-
signed for complexes 2a (Ln = Y) and 2d (Ln = Lu) by
means of the 29Si satellites in the proton NMR spec-
tra at −80 ◦C(Fig. 3). Whereas the 1JHSi coupling con-
stants of the terminal ligands (188 – 189 Hz) are similar
to those of the silanol precursor (194 Hz), the bridging
moieties show coupling constants in the range 168 –
171 Hz clearly indicating a significant weakening of
the Si–H bonds.

These findings were supported by the “SiH” IR
spectroscopic features of complexes 2. The Si–H
stretch vibrations appear as a strong band in the region
between 2059 and 2066 cm−1 and a second weaker
and significantly broadened band at lower energies
(ν̃2 = 1963−1915 cm−1), the latter being indicative of

Fig. 3. 29Si satellites in the proton NMR spectrum of com-
plex 2a (at −80 ◦C): 1JHSi coupling constants.

β (Si–H)· · ·M agostic interactions [31]. Furthermore,
the increasing discrepancy ∆ ν̃ between the peak max-
ima with decreasing metal size (∆ ν̃ = 151 cm−1 (2d),
133 cm−1 (2a), 123 cm−1 (2c), 96 cm−1 (2b)) can be
attributed to a stronger (Si–H)· · ·M interaction asso-
ciated with a more Lewis acidic metal center. This is
in good agreement with the concept of β (Si–H)· · ·M
agostic interactions as a consequence of an electro-
static attraction between the “negative” hydrogen atom
and the positive charge of the metal cation [32].

Finally, dinuclear structures were also observed for
the tris(tert-butoxy)siloxide complexes 3a (Ln = Y)
and 3b (Ln = La). The synthesis of the correspond-
ing samarium and gadolinium derivatives has been re-
ported recently and the solid state structure confirmed
for the samarium complex by X-ray structure analy-
sis [18d]. The 1H NMR spectra of the diamagnetic
derivatives 3 show three broadened singlets. An inte-
gral ratio of 12:4:2 is in agreement with a dinuclear
complex with four terminal (= 12 terminal tert-butoxy
groups) and two bridging η 2-coordinating siloxide lig-
ands (= 6 bridging tert-butoxy groups). Each of the
two lanthanide centers is coordinated by four siloxide
ligands and one OtBu group of the bridging siloxide
ligand (Scheme 1).

Molecular structure of
[Nd(OSiHtBu2)2(µ-OSiHtBu2)]2 (2c)

Single crystals suitable for an X-ray structure deter-
mination were obtained by repeated crystallization of
saturated hexane solutions of complex 2c at −45 ◦C.
The molecular structure in the solid state shown in
Figure 4 is similar to those of previously reported
[Ce2(OSiPh3)6] and [Ce2(OCHtBu2)6] [26, 28]. Se-
lected intramolecular bond distances and angles are
presented in Table 1.
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Table 1. Selected bond lenghts [Å] and angles [◦] for
[Nd(OSiHtBu2)2(µ-OSiHtBu2)]2 (2c).

Nd1 – O1 2.340(2) Nd1 · · · Si4 3.264(2)
Nd1 – O2 2.423(3) Nd2 · · · Si1 3.271(2)
Nd1 – O5 2.158(3) O1 – Si1 1.656(2)
Nd1 – O6 2.141(3) O2 – Si4 1.646(2)
Nd2 – O1 2.440(2) O3 – Si2 1.635(3)
Nd2 – O2 2.334(2) O4 – Si3 1.631(3)
Nd2 – O3 2.144 (3) O5 – Si5 1.632(3)
Nd2 – O4 2.161(2) O6 – Si6 1.638(3)

O1 – Nd1 – O2 75.07(7) Nd1 – O2 – Si4 105.1(2)
O1 – Nd1 – O5 111.70(8) Nd1 – O5 – Si5 164.5(2)
O1 – Nd1 – O6 110.94(8) Nd1 – O6 – Si6 166.5(2)
O2 – Nd1 – O5 120.17(8) Nd2 – O1 – Si1 104.4(2)
O2 – Nd1 – O6 113.68(8) Nd2 – O2 – Si4 149.1(2)
Nd1 – O1 – Nd2 104.59(8) Nd2 – O3 – Si2 167.2(2)
Nd1 – O1 – Si1 147.3(2) Nd2 – O4 – Si3 152.0(2)

Fig. 4. Molecular structure and [Nd2O6] coordination poly-
hedron of complex [Nd(OSiHtBu2)2(µ-OSiHtBu2)]2 (2c).
Heavy atoms are represented by atomic displacement ellip-
soids at the 50% level.

Complex 2c crystallizes as a dimer with two
bridging and four terminal siloxide ligands. Each
neodymium(III) is coordinated by four oxygen
atoms in a distorted tetrahedral fashion result-
ing in two edge-sharing [NdO4]-tetrahedrons. As a
consequence, the asymmetrically coordinated metal
centers form two shorter (Nd–Oterminal, 2.141(3)–
2.161(2) Å) and two longer Nd–O distances (Nd–
Obridging, 2.334(2)– 2.440(2) Å). The O–Nd–O bond
angles of the central four-membered Nd2O2 ring
are in good agreement with the corresponding val-

ues of the structurally related neodymium alkoxide
[Nd2(OCHtBu2)6(CH3CN)] [33]. Probably for reasons
of minimum steric hindrance the Nd–O–Si angles of
the bridging units (105.1(2) and 104.4(2) ◦) are sig-
nificantly smaller than those of the terminal ligands
(147.3(2)– 167.2(2)◦). Such small Nd–O–Si angles
would also be in accordance with the presence of
β (Si–H)· · ·Nd agostic interactions in complex 2c.

Monomeric bis(donor) adduct complexes

Although relatively bulky siloxide ligands have
been employed for the synthesis of homoleptic com-
plexes 1 – 3, siloxide-bridged dinuclear molecules
with four-coordinated metal centers were gener-
ated in non-coordinating solvents. Donor molecules
such as tetrahydrofurane (thf), triphenylphosphin-
oxide (Ph3PO), and N-methylimidazole (N-MeIm) are
known to disrupt bridging ligands, affording mononu-
clear complexes on the expense of higher coordina-
tion numbers [31]. We examined this donor adduct
formation in detail for complexes 2 featuring the
sterically least demanding siloxide ligands. Accord-
ing to Scheme 2, addition of four equivalents of the
donor molecule to a hexane solution of the homolep-
tic (dimeric) siloxide complex quantitatively gave the
monomeric bis(donor) adduct complexes 4 – 6. It can
be assumed that such bis(donor) adduct complexes
adopt a trigonal bipyramidal geometry with the donor
ligands occupying the apical positions [31e]. Com-
plexes 4 – 6 were characterized by elemental analy-
sis, NMR and IR spectroscopy. Although an additional
purification of the crude reaction products seems to
be unnecessary, the bis(donor) adducts complexes can
be easily recrystallized from hexane or hexane/toluene
mixtures.

The 1H NMR signals of the Si–H groups of
OSiHtBu2-siloxide complexes 4 do not show any pro-
nounced shift compared to the dinuclear educt com-
plexes 2. It is only N-methylimidazol, the strongest
donor molecule in this study, which caused a signifi-
cant shift of ∆δ = 0.15 (6a, Ln = Y) and 0.17 ppm
(6b, Ln = La) to lower field. On the other hand,
the resonances of the donor molecules themselves are
shifted considerably. For example, the multiplets of
the coordinated thf molecules in complex 4a are ob-
served at 4.08 and 1.40 ppm. The IR spectra of com-
plexes 4 – 6 confirm donor adduct formation via dis-
appearance of any lower-energy Si–H stretch vibra-
tions. Correspondingly, a single Si–H absorption band
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Scheme 2.

was found. The decrease of the wave numbers in
the order 4a (2030 cm−1, THF) < 5 (2023 cm−1,
Ph3PO) < 6a (2013 cm−1, N-MeIm) is in good
agreement with increasing donor capability and hence
stronger donor-metal interactions. Similar effects
have been discussed for heteroleptic yttrocene(III)
silylamide complexes of the type rac-[Me2Si(2-
MeBenzInd)2]Y[N(SiHMe2)](Donor) (THF: ν̃SiH =
1982 cm−1, Ph3PO: ν̃SiH = 1895 cm−1) [34]. A
strong Y←O=PPh3 interaction in complex 5 is
also indicated by a lower-energy ν̃ (P=O) band at
1170 cm−1 compared to free Ph3PO (1193 cm−1)
[35] and a deshielded 31P NMR resonance. The
2JPY coupling constant of 10.9 Hz compares well
to those found for triphenylphosphine oxide adduct
complexes Y[N(SiMe3)2]3(OPPh3) (12.0 Hz) [36],
Y[N(SiMe3)2)]2(PPh2)(OPPh3) (12.4 Hz) [36], and
Y(C5H4PPh2)3(OPPh3) (10.7 Hz) [37].

Interestingly, also the µ2 : η2-bridging siloxide lig-

ands OSi(OtBu)3 of complex 3a could be disrupted
in the presence of the weakest donor molecule THF
(Scheme 2). Thus obtained bis(donor) adduct 7 is sol-
uble in warm hexane.

Reactivity towards trimethylaluminum (TMA)

In the course of our investigations of the reactivity of
lanthanide complexes toward alkylaluminum reagents
[38], we have also studied the alkylation behavior of
some of the siloxide complexes presented in this work.
Unfortunately, the reaction of homoleptic complexes
1 and 2 with an excess of TMA gave complex mix-
tures of differently alkylated rare-earth metal species.
Several attempts to isolate one of the products by crys-
tallization from saturated hexane or toluene solutions
failed due to the extremely high solubility of the com-
plexes or the formation of amorphous solids. However,
several details of the alkylation sequence could be ob-
tained from the proton NMR spectra of the crude re-
action mixtures. As shown in Scheme 3, treatment of
complexes 1 and 2 with an excess of TMA in hexane
produced peralkylated species Ln(AlMe4)3 in varying
amounts, independent of the type of siloxide ligand.
Additionally, the NMR signals of dimethylaluminum
siloxide complexes [Me2Al(µ-OSiR3)]2 as the major
cleavage products were detected [39]. In the presence
of only a slight excess of TMA (3 – 6 equivalents), for-
mation of the homoleptic tetramethylaluminates does
not seem to be a dominant reaction pathway.

Scheme 3.

Recently, we have been able to synthesize the
first structurally authenticated alkylated rare-earth
metal siloxide derivatives, Ln[OSi(OtBu)3](AlMe4)2
(AlMe3) (8), from the reaction of one equivalent
HOSi(OtBu)3 with homoleptic lanthanide tetramethyl-
aluminates Ln(AlMe4)3 (Ln = La, Nd) [24]. Now, we
also found that complexes 8 are formed by the re-
action of 3 with six equivalents of TMA along with
other alkylated products (Scheme 4). For the large lan-
thanum atom, complex 8b was not only identified by
NMR spectroscopy as the major product but could be
also crystallized from the reaction mixture in moderate
yields. The 1H NMR spectrum of complexes 8 revealed
three signals with relative integral ratio of 27:24:9
assignable to OtBu, AlMe4, and AlMe3 groups, re-
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Table 2. Selected bond lenghts [Å] and angles [◦] for
La[OSi(OtBu)3](AlMe4)2(AlMe3) (8b).

La – C1 2.668(5) Si – O1 1.627(2)
La – C2 2.714(3) Si – O2 1.670(2)
La – C5 2.680(4) Si – O3 1.602(2)
La – C6 2.800(4) Si – O4 1.600(2)
La – C9 2.798(3) Al1 – C1 2.074(4)
La ··· Al1 3.288(1) Al1 – C2 2.054(4)
La ··· Al2 3.311(1) Al2 – C5 2.080(4)
La ··· Al3 3.347(1) Al2 – C6 2.063(4)
La ··· Si 3.343(97) Al3 – C9 2.045(4)
La – O1 2.409(2) Al3 – O1 1.854(2)
La – O2 2.727(2)

O1 – La – O2 56.83(5) C5 – La – C6 77.2(1)
O1 – La – C1 131.2(1) C5 – La – C9 87.7(1)
O1 – La – C2 89.50(8) C6 – La – C9 77.3(1)
O1 – La – C5 99.56(9) Al1 – La – Al2 112.52(2)
O1 – La – C6 146.8(1) Al1 – La – Si 109.73(2)
O1 – La – C9 69.56(8) Al2 – La – Si 132.93(2)
O2 – La – C1 83.5(1) C1 – Al1 – C2 109.4(2)
O2 – La – C2 109.63(8) C5 – Al2 –C6 111.3(2)
O2 – La – C5 84.9(1) La – C1 – Al1 86.9(1)
O2 – La – C6 152.16(8) La – C2 – Al1 86.0(1)
O2 – La – C9 123.50(8) La – C5 – Al2 87.2(1)
C1 – La – C2 77.5(1) La – C6 – Al2 84.3(1)
C1 – La – C5 104.2(1) La – C9 – Al3 85.9(1)
C1 – La – C6 80.6(1) La – O1 – Al3 102.69(8)
C1 – La – C9 151.8(1) O1 – Al3 – C9 100.0(1)
C2 – La – C5 165.5(1) La – O1 – Si 110.40(9)
C2 – La – C6 89.0(1) La – O2 – Si 96.02(8)
C2 – La – C9 84.8(1)

Scheme 4.

spectively. This is in accordance with the molecular
composition given in Scheme 4. A variable tempera-
ture NMR study of the lanthanum derivative 8b did not
show any decoalescence of the “AlMe” signals. Even
at −90 ◦C a marginal resonance broadening indicates
rapid exchange of the bridging and terminal methyl
groups of each AlMe3 donor and AlMe4

− monoan-
ionic ligand.

The solid state structure of complex 8b could
be unambigiously established by an X-ray structure

Fig. 5. Molecular structure of and [LaO2C5] core atoms
of complex La[OSi(OtBu)3](AlMe4)2(AlMe3) (8b). Heavy
atoms are represented by atomic displacement ellipsoids at
the 50% level.

analysis. There is only one structurally authenticated
example of a rare-earth metal complex with com-
bined AlMe4

− monoanionic and AlMe3 donor ligands,
Nd(NiPr2)(AlMe3)(AlMe4) [40]. Figure 5 shows the
previously communicated molecular structure of com-
plex 8b [24], the structural features of which we would
like to discuss in more detail in the following.

The lanthanum center is 7-coordinated by five
“AlMe” carbon atoms and two oxygen atoms of an
asymmetrically η2-coordinating siloxide ligand. Over-
all, a distorted pentagonal bipyramidal coordination
geometry is realized, with one methyl carbon atom of
each of the η 2-coordinating tetramethylaluminate lig-
ands in the apical positions (La–C2 2.714(3) Å, La–C5
2.680(4) Å, ∠C2–La–C5 165.5(1)◦). In contrast
to structurally related mono(pentamethylcyclo-
pentadienyl) bis(tetramethylaluminato) complexes
Cp∗Ln(AlMe4)2 [41], one of the [AlMe4] units in
8b is asymmetrically η2-coordinated: The La–C
bond length involving carbon atom C6 which is
in pseudo-trans position to the oxygen atoms of
the η2-coordinated siloxide ligand appears with
2.800(4) Å significantly elongated compared to the
La–C5 distance (2.680(4) Å) and is equal to that
of La–C9 (AlMe3 donor). For further comparison,
the La–C1 and La–C2 distances of the less distorted
second AlMe4

− ligand are 2.668(5) and 2.714(3),
respectively, and those of the η 2-coordinated AlMe4

−
in Cp∗La(AlMe4)2 are 2.694(3) and 2.707(3) Å, [41].
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The bond lengths and angles involving the TMA
adduct are in good agreement with similar adduct
complexes such as La(OC6H3iPr2-2,6)3(AlMe3)2
(La–C 2.800(5) Å) [42]. The La–O distances of
8b clearly show an elongated La–O(donor) contact
of 2.727(2) Å and a shorter La–O(siloxide) bond
length of 2.409(2) Å. For comparison, the corre-
sponding Sm–O distances in {Sm[OSi(OtBu)3]2[µ-
OSi(OtBu)3}2 range from 2.257(6) Å (terminal)
to 2.701(6) Å (bridging). Finally, the O1–La–O2
bite angle of 56.83(5)◦ is significantly smaller than
those in structurally related neodymium(III) com-
plexes Nd(OC6H3Me2-2,6)2(THF)2(µ-OC6H3Me2-
2,6)2(AlEt2) (61.5(3)◦) [43] and Nd[(µ-OC6H4Me-
4)2AlMe2]3 (63.7(2)◦) [44].

Conclusions

A dinuclear molecular arrangement seems to
be a favored structural motif in homoleptic lan-
thanide complexes derived from sterically bulky silox-
ide ligands. The bis(siloxide)-bridged composition
[Ln(OSiR3)2(µ-OSiR3)]2 tolerates a wide range of
siloxide substituents including SiR3 = SitBuPh2,
SiHtBu2, Si(OtBu)3 (this work) and SiPh3, and
SitBuMe2 [10, 26]. The OSiHtBu2 siloxide ligand
features the “SiH” moiety as an efficient spectro-
scopic probe for the elucidation of secondary Si–
H· · ·Ln interactions. Donor molecules Do such as
tetrahydrofurane, triphenylphosphine oxide, and N-
methylimidazol readily cleave µ2-bridging OSiR3 lig-
ands, even the µ2 : η2-bonded OSi(OtBu)3 ligands, to
afford bis(donor) adducts of type Ln(OSiR 3)3(Do)2.
Rare-earth metal-bonded terminal and bridging silox-
ide ligands can be completely separated off by treat-
ment with excess of organoaluminum reagents such
as trimethylaluminum (TMA) as shown for the for-
mation of homoleptic Ln(AlMe4)3 and co-product
[Me2Al(µ-OSiR3)]2. Interestingly, partly alkylated
complex La[OSi(OtBu)3](AlMe4)2(AlMe3) revealed a
markedly asymmetric η 2-coordination mode of one of
the AlMe4

− ligands.

Experimental Section
General considerations

All operations were performed with rigorous exclusion
of air and water, using high-vacuum and glove-box tech-
niques (MB Braun MB150B-G-II; < 1 ppm O2, < 1 ppm
H2O). Solvents were predried and distilled from Na/K alloy
(benzophenone ketyl) under argon. Deuterated solvents were

obtained from Deutero GmbH and degassed and dried over
Na/K alloy. (tBuO)3SiOH was purchased from Aldrich and
sublimed before use. Tert-butyldiphenylsilanol and Di-tert-
butylsilanol were synthesized according to slightly modified
literature procedures [45, 46]. NMR spectra were recorded
either on a JEOL-GX-400 (FT, 399.78 MHz 1H; 100.5 MHz
13C) or on a JEOL JNM-GX-270 (FT, 270.16 MHz 1H;
67.93 MHz 13C) spectrometer in C6D6 at 25 ◦C unless oth-
erwise noted. 1H and 13C shifts are referenced to internal
solvent resonances and reported relative to TMS. IR spectra
were recorded on a Perkin-Elmer 1650-FTIR spectrometer
as Nujol mulls. Elemental analyses were performed in the
microanalytical laboratory of the institute.

General procedure for the synthesis of homoleptic lanthanide
siloxide complexes 1 and 2

To a solution of Ln[N(SiMe3)2]3 in hexane was slowly
added a hexane or toluene solution of three equivalents of
the silanol. The mixture was stirred at ambient temperature
overnight. Then, the solvent was removed in vacuo. The re-
maining solid was washed several times with small amounts
of cold hexane or crystallized from hexane at −45 ◦C to give
the lanthanide siloxide complexes in good yields.

[Y(OSitBuPh2)2(µ-OSitBuPh2)]2 (1a)

Following the procedure described above, Y[N(SiMe3)2]3
(0.570 g, 1.00 mmol) and HOSitBuPh2 (0.769 g, 3.00 mmol)
yielded 1a as a white solid (0.790 g, 0.46 mmol, 92%).
1H NMR: δ = 0.95 (s, 36 H, CMe3), 1.12 (s, 18 H, µ-CMe3),
6.81 (t, 3J = 6.9 Hz, 12 H, µ-Ph-Hpara, Ph-Hpara), 7.13 (m,
16 H, Ph-Hmeta), 7.19 (m, 8 H, µ-Ph-Hmeta), 7.65 (d, 3J =
6.7 Hz, 16 H, Ph-Hortho), 7.75 (d, 3J = 6.4 Hz, 8 H, µ-Ph-
Hortho). 13C{1H} NMR: δ = 19.5 (µ-CMe3), 19.7 (CMe3),
28.1 (µ-CMe3), 28.5 (CMe3), 127.5, 128.8 (µ), 129.7,
131.1 (µ), 133.2 (µ), 135.6, 136.2, 138.8 (µ). 29Si{1H}
NMR: δ =−15.7, −4.5(µ). Analysis for C96H114O6Si6Y2:
calcd. C 67.42, H 6.72; found C 67.47, H 6.75.

[La(OSitBuPh2)2(µ-OSitBuPh2)]2 (1b)

Following the procedure described above, La[N(Si
Me3)2]3 (0.620 g, 1.00 mmol) and HOSitBuPh2 (0.769 g,
3.00 mmol) yielded 1b as a white solid (0.816 g, 0.45 mmol,
90%). IR: ν̃ = 1586 w, 1426 s, 1360 m, 1305 w, 1261 w,
1185 w, 1155 w, 1104 s, 1029 w, 998 w, 940 s, 894 s,
851 s, 822 m, 742 m, 702 s, 685 m, 622 m, 607 m, 510 s,
491 m cm−1. 1H NMR: δ = 1.00 (s, 36 H, CMe3), 1.16
(s, 18 H, µ-CMe3), 6.73 (t, 3J = 7.0 Hz, 4 H, µ-Ph-Hpara),
6.82 (t, 3J = 7.0 Hz, 8 H, Ph-Hpara), 7.15 (m, 3J = 7.0 Hz,
16 H, Ph-Hmeta), 7.21 (t, 3J = 7.0 Hz, 8 H, µ-Ph-Hmeta),
7.73 (m, 24 H, µ-Ph-Hortho, Ph-Hortho). 13C{1H} NMR:
δ = 19.8 (CMe3), 20.1 (µ-CMe3), 28.2 (CMe3, µ-CMe3),
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127.6, 128.8 (µ), 130.3, 131.6 (µ), 134.2 (µ), 135.3, 135.8,
139.4 (µ). 29Si{1H} NMR: δ = −17.5, −9.5 (µ). Anal-
ysis for C96H114La2O6Si6: calcd. C 63.69, H 6.35; found
C 62.97, H 6.02.

[Y(OSiHtBu2)2(µ-OSiHtBu2)]2 (2a)

Following the procedure described above, Y[N(SiMe3)2]3
(0.570 g, 1.00 mmol) and HOSiHtBu2 (0.481 g, 3.00 mmol)
yielded 2a as a white crystalline solid (0.503 g, 0.44 mmol,
89%). IR: ν̃ = 2061 m, 1928 w, br, 1365 m, 1010 w, 969 m,
925 s, 870 s, 823 s, 722 w, 621 w, 582 w, 484 m cm−1.
1H NMR: δ = 1.19 (s, 108 H, CMe3), 4.47 (s, 6 H, SiH).
1H NMR (toluene-d8, −80 ◦C: δ = 1.14 (s, 36 H, µ-CMe3),
1.28 (s, 72 H, CMe3), 4.52 (s, 4 H, SiH), 4.58 (s, 2 H,
µ-SiH). 13C{1H} NMR: δ = 20.1 (CMe3), 28.2 (CMe3).
13C{1H} NMR (toluene-d8,−80 ◦C: δ = 19.9 (CMe3), 26.9
(µ-CMe3), 28.0 (CMe3), µ-CMe3-peak below solvent sig-
nal. 29Si{1H} NMR: δ = 3.3 (very broad). Analysis for
C48H114O6Si6Y2: calcd. C 50.85, H 10.14; found C 49.47,
H 10.25.

[La(OSiHtBu2)2(µ-OSiHtBu2)]2 (2b)

Following the procedure described above, La[N(Si
Me3)2]3 (0.620 g, 1.00 mmol) and HOSiHtBu2 (0.481 g,
3.00 mmol) yielded 2b as a white solid (0.543 g, 0.44 mmol,
88%). IR: ν̃ = 2059 m, 1963 w, br, 1366 m, 1010 w, 998 w,
949 m, 901 s, 868 m, 841 m, 823 s, 722 w, 620 w, 576 w,
478 m cm−1. 1H NMR: δ = 1.16 (s, 108 H, CMe3), 4.49
(s, 6 H, SiH). 1H NMR (toluene-d8, −90 ◦C: δ = 1.10 (s,
36 H, µ-CMe3), 1.30 (s, 72 H, CMe3), 4.42 (s, br, 2 H, µ-
SiH), 4.60 (s, 4 H, SiH). 13C{1H} NMR: δ = 20.1 (CMe3),
28.0 (CMe3). 29Si{1H} NMR: δ = 2.4. 29Si NMR: δ = 2.4
(ddez, 1J = 177 Hz, 3J = 6 Hz, SiHtBu2). Analysis for
C48H114La2O6Si6: calcd. C 46.73, H 9.31; found C 47.03,
H 9.61.

[Nd(OSiHtBu2)2(µ-OSiHtBu2)]2 (2c)

Following the procedure described above, Nd[N(Si
Me3)2]3 (0.625 g, 1.00 mmol) and HOSiHtBu2 (0.481 g,
3.00 mmol) yielded 2c as a pale blue solid (0.550 g,
0.44 mmol, 89%). IR: ν̃ = 2062 m, 1939 w, br, 1362 m,
1305 w, 1246 w, 1207 w, 1170 w, 998 m, 952 s, 903 s, 843 s,
825 s, 765 m, 722 m, 622 m, 598 w, 578 w, 477 m cm−1.
Analysis for C48H114Nd2O6Si6: calcd. C 46.33, H 9.23;
found C 46.42, H 9.20.

[Lu(OSiHtBu2)2(µ-OSiHtBu2)]2 (2d)

Following the procedure described above, Lu[N(Si
Me3)2]3 (0.656 g, 1.00 mmol) and HOSiHtBu2 (0.481 g,
3.00 mmol) yielded 2d as a white solid (0.603 g, 0.46 mmol,
92%). IR: ν̃ = 2066 s, 1915 w, sh, 1206 w, 977 m, 932 s,

849 s, 824 s, 722 w, 618 w, 528 w, 485 m cm−1. 1H NMR:
δ = 1.21 (s, 108 H, CMe3), 4.51 (s, br, 4 H, SiH), 4.75 (s, br,
2 H, µ-SiH). 13C{1H} NMR: δ = 20.2 (CMe3, µ-CMe3),
27.8 (µ-CMe3), 28.4 (CMe3). 29Si{1H} NMR: δ = 4.1 (Si),
12.4 (µ-Si). Analysis for C48H114Lu2O6Si6: calcd. C 44.15,
H 8.80; found C 44.43, H 8.93.

General procedure for the synthesis of homoleptic lanthanide
siloxide complexes 3

To a solution of Ln[N(SiMe3)2]3 in hexane was slowly
added a hexane solution of three equivalents of silanol
HOSi(OtBu)3. Instantly, a white precipitate formed. To com-
plete the reaction the mixture was stirred at ambient temper-
ature for another 16 h. Then, the white solid was isolated
by centrifugation, washed three times with small amounts
of hexane and dried under reduced pressure until constant
weight. Due to the extremely low solubility of yttrium com-
plex 3a in toluene and benzene carbon NMR spectra were
not recorded.

{Y[OSi(OtBu)3]2[µ-OSi(OtBu)3]}2 (3a)

Following the procedure described above, Y[N(SiMe3)2]3
(0.570 g, 1.00 mmol) and HOSi(OtBu)3 (0.793 g,
3.00 mmol) yielded 3a as a white solid (0.585 g, 0.33 mmol,
67%). IR: ν̃ = 1364 s, 1301 w, 1240 m, 1218 w, 1193 s,
1074 s, sh, 1046 vs, 1022 s, 1002 m, 954 s, 901 m, 822 m,
721 w, 697 m, 634 w, 616 w, 500 m, 440 m. 1H NMR:
δ = 1.52 (s, 18 H, µ-CMe3), 1.58 (s, 108 H, CMe3), 1.74
(s, 36 H, µ-CMe3). Analysis for C72H162O24Si6Y2: calcd.
C 49.18, H 9.29; found C 49.16, H 9.29.

{La[OSi(OtBu)3]2[µ-OSi(OtBu)3]}2 (3b)

Following the procedure described above, La[N(Si
Me3)2]3 (0.620 g, 1.00 mmol) and HOSi(OtBu)3 (0.793 g,
3.00 mmol) yielded 3b as a white solid (0.729 g, 0.39 mmol,
79%). IR: ν̃ = 1364 s, 1298 w, 1242 m, 1218 w, 1194 m,
1071 s, 1044 s, 1021 s, 992 m, 940 s, 928 s, 910 s, 822 m,
720 w, 699 m, 518 w, 494 w cm−1. 1H NMR: δ = 1.47
(s, 18 H, µ-CMe3), 1.57 (s, 108 H, CMe3), 1.72 (s, 36 H,
µ-CMe3). 13C{1H} NMR: δ = 31.9 (µ-CMe3), 32.4 (µ-
CMe3), 32.6 (CMe3), 71.6 (CMe3), 73.0 (µ-CMe3), 76.1
(µ-CMe3). Analysis for C72H162La2O24Si6: calcd. C 46.53,
H 8.79; found C 46.55, H 8.73.

General procedure for the synthesis of monomeric donor
adducts

To a solution or suspension of the dinuclear lanthanide
siloxide complex in hexane was added a hexane solution
of two equivalents of the donor molecule (tetrahydrofurane,
triphenylphosphine oxide, N-methylimidazole). The mixture
was stirred at ambient temperature for 1 h. Then, the solvent
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was removed in vacuo. The remaining solid was washed with
small amounts of cold hexane or crystallized from hexane at
−45 ◦C to give the bis(donor) adduct complexes in excellent
yields. Due to the “low” boiling point of THF and ease of
separation the bis(THF) adduct complexes can be generated
by addition of larger excess of THF.

Y(OSiHtBu2)3(THF)2 (4a)

Following the procedure described above, 2a (0.113 g,
0.10 mmol) and THF (∼ 0.5 ml) yielded 4a as a white crys-
talline solid (0.139 g, 0.20 mmol, 99%). IR: ν̃ = 2030 s,
1360 m, sh, 1297 w, 1260 w, 1205 w, 1172 w, 1029 m,
1009 m, 1000 w, 956 s, 874 m, 845 s, 822 s, 722 w, 620 w,
577 w, 487 m, 441 w. 1H NMR: δ = 1.21 (s, 54 H, CMe3),
1.40 (m, 8 H, THF), 4.08 (m, 8 H, THF), 4.43 (s, 3 H,
SiH). 13C{1H} NMR: δ = 20.3 (CMe3), 25.3 (THF), 28.2
(CMe3), 71.0 (THF). 29Si{1H} NMR: δ = −1.5 (broad sig-
nal). Analysis for C32H73O5Si3Y: calcd. C 54.05, H 10.35;
found C 54.33, H 10.52.

La(OSiHtBu2)3(THF)2 (4b)

Following the procedure described above, 2b (0.123 g,
0.10 mmol) and THF (∼ 0.5 ml) yielded 4b as a white crys-
talline solid (0.145 g, 0.19 mmol, 95%). IR: ν̃ = 2028 s,
1358 m, 1294 w, 1205 w, 1176 w, 1034 s, 1009 m, 998 m,
932 vs, 907 s, 874 s, 820 s, 666 w, 618 m, 576 w, 475 m.
1H NMR: δ = 1.21 (s, 54 H, CMe3), 1.41 (m, 8 H, THF),
3.83 (m, 8 H, THF), 4.45 (s, 3 H, SiH). 13C{1H} NMR:
δ = 20.3 (CMe3), 25.5 (THF), 28.2 (CMe3), 69.4 (THF).
29Si{1H} NMR: δ = −2.1 (broad signal). Analysis for
C32H73LaO5Si3: calcd. C 50.50, H 9.67; found C 51.23,
H 10.11.

Y(OSiHtBu2)3(O=PPh3)2 (5)

Following the procedure described above, 2a (0.113 g,
0.10 mmol) and Ph3PO (0.111 mg, 0.40 mmol) yielded 5
as a white crystalline solid (0.221 g, 0.20 mmol, 98%). IR:
ν̃ = 2014 s, 1591 w, 1437 s, 1356 w, 1308 w, 1170 s, 1123 s,
1098 w, 1070 w, 1009 w, 988 w, 969 s, 836 m, 819 s,
745 m, 725 s, 692 s, 617 w, 541 s. 1H NMR: δ = 1.13
(s, 54 H, CMe3), 4.42 (s, 3 H, SiH), 7.12 (t, 3J = 7.6 Hz,
12 H, Ph-Hpara), 7.19 (t, 3J = 7.6 Hz, 12 H, Ph-Hmeta), 7.89
(m, 12 H, Ph-Hortho). 13C{1H} NMR: δ = 20.5 (CMe3),
28.7 (CMe3), 128.8 (d, 2JCP = 13.1 Hz, Ph-Hortho), 130.5
(d, 1JCP = 109.2 Hz, Ph-Hipso), 132.6 (s, Ph-Hpara), 133.3
(d, 3JCP = 10.8 Hz, Ph-Hmeta). 29Si{1H} NMR: δ = −3.7
(d, 2JSiY = 5.8 Hz). 31P{1H} NMR: δ = 35.0 (d, 2JPY =
10.9 Hz). Analysis for C60H87O5P2Si3Y: calcd. C 64.15,
H 7.81; found C 63.98, H 7.89.

Y(OSiHtBu2)3(N-MeIm)2 (6a)

Following the procedure described above, 2a (0.113 g,
0.10 mmol) and N-MeIm (0.033 g, 0.40 mmol) yielded 6a

as a white crystalline solid (0.136 g, 0.19 mmol, 93%). IR:
ν̃ = 2023 m, 1590 w, 1529 m, 1517 m, 1420 w, 1285 m,
1230 m, 1155 w, 1110 m, 1089 m, 968 s, 934 s, 841 s, 820 s,
741 m, 660 m, 617 m, 577 w, 484 m. 1H NMR: δ = 1.25 (s,
54 H, CMe3), 2.38 (s, 6 H, ImMe), 4.63 (s, 3 H, SiH), 5.99 (s,
2 H, Im), 7.48 (s, 2 H, Im), 7.92 (s, 2 H, Im). 13C{1H} NMR:
δ = 20.5 (CMe3), 28.3 (CMe3), 32.4 (ImMe), 120.0 (Im),
129.3 (Im), 139.6 (Im). 29Si{1H} NMR: δ =−2.4. Analysis
for C32H69N4O3Si3Y: calcd. C 52.57, H 9.51, N 7.66; found
C 52.60, H 9.46, N 8.08.

La(OSiHtBu2)3(N-MeIm)2 (6b)

Following the procedure described above, 2b (0.123 g,
0.10 mmol) and N-MeIm (0.033 g, 0.40 mmol) yielded 6b
as a white crystalline solid (0.148 g, 0.19 mmol, 95%). IR:
ν̃ = 2062 w, sh, 1983 m, 1593 w, 1523 m, 1512 w, 1418 w,
1284 w, 1231 w, 1108 w, 1083 m, 1002 m, 959 s, 922 s,
875 m, 844 m, 818 s, 736 m, 660 m, 615 m, 476 m. 1H NMR:
δ = 1.27 (s, 54 H, CMe3), 2.43 (s, 6 H, ImMe), 4.66 (s,
3 H, SiH), 6.03 (s, 2 H, Im), 7.31 (s, 2 H, Im), 7.91 (s, 2 H,
Im). 13C{1H} NMR: δ = 20.6 (CMe3), 28.4 (CMe3), 32.3
(ImMe), 120.1 (Im), 129.0 (Im), 139.6 (Im). 29Si{1H} NMR:
δ = −3.2. Analysis for C32H69LaN4O3Si3: calcd. C 49.21,
H 8.90, N 7.17; found C 49.02, H 9.01, N 7.25.

Y[OSi(OtBu)3]3(THF)2 (7)

Following the procedure described above, 3a (0.352 g,
0.20 mmol) and THF (∼ 0.5 ml) yielded 7 as a white crys-
talline solid (0.307 g, 0.30 mmol, 75%). IR: ν̃ = 1361 s,
1301 w, 1241 m, 1195 s, 1046 s, 1022 s, 995 s, 916 w, 876 w,
822 m, 721 w, 700 m, 640 w, 632 w, 521 w, 492 m. 1H NMR:
δ = 1.51 (s, 81 H, CMe3), 1.63 (m, 8 H, THF), 4.35 (m, 8 H,
THF). 13C{1H} NMR: δ = 25.4 (THF), 32.1 (CMe3), 70.4
(CMe3), 71.3 (THF). Analysis for C44H97O14Si3Y: calcd.
C 51.64, H 9.55; found C 51.63, H 9.59.

General alkylation procedure

To a solution or suspension of the homoleptic lanthanide
siloxide complex in hexane was added a hexane solution of
six equivalents of TMA. The mixture was stirred at ambi-
ent temperature overnight. Then, the solvent and the volatile
components were evaporated in vacuo and the remaining
mixture was investigated by NMR spectroscopy. Crystal-
lization from saturated hexane or toluene solutions was at-
tempted at −45 ◦C.

Y[OSi(OtBu)3](AlMe4)2(AlMe3) (8a)

Following the procedure described above, 3a (0.457 g,
0.26 mmol) and AlMe3 (0.115 g, 1.60 mmol) yielded a white
solid. According to the 1H NMR spectrum complex 8a was
generated in ∼ 80% yield, however could not be isolated



1362 A. Fischbach et al. · Homoleptic Dinuclear Lanthanide Siloxide Complexes

as analytically pure compound by crystallization. 1H NMR:
δ =−0.34 (s, 24 H, AlMe4),−0.14 (s, 9 H, AlMe3), 1.26 (s,
27 H, CMe3).

La[OSi(OtBu)3](AlMe4)2(AlMe3) (8b)

Following the procedure described above, 3b (0.465 g,
0.25 mmol) and AlMe3 (0.108 g, 1.50 mmol) yielded 8b
as colorless crystals (0.063 g, 0.10 mmol, 39%). IR: ν̃ =
1305 w, 1246 m, 1188 s, 1089 s, 1062 s, 1027 m, 941 m, sh,
923 m, 897 s, 832 w, 820 m, 802 w, 695 s, br, 573 m, 532 m,
492 m. 1H NMR: δ =−0.14 (s, 9 H, AlMe3), 0.06 (s, 24 H,
AlMe4), 1.24 (s, 27 H, CMe3). 13C{1H} NMR: δ = 0.2
(AlMe3), 6.0 (AlMe4), 31.6 (CMe3), 78.0 (CMe3). Anal-
ysis for C23H60Al3LaO4Si: calcd. C 42.59, H 9.32; found
C 42.85, H 9.32.

X-ray crystallography

Crystals of 2c were grown by repeated crystallization
from saturated hexane solutions. A colorless fragment mea-
suring 0.7 × 0.4 × 0.2 mm was selected in a perfluori-
nated ether and transferred into a glass capillary which was
mounted in a cold N2 stream on a STOE IPDS2 two-circle
diffractometer. Preliminary examination and data collection
were carried out at the window of a sealed X-ray tube (50 kV,
35 mA, 1.75 kW) and graphite monochromated Ag-Kα ra-
diation (λ = 0.56087 Å), controlled by the STOE X-AREA
software package [47a]. Collected images were processed us-
ing X-AREA, the unit cell parameters were obtained by full-
matrix least-squares refinements of 57048 reflections [47a].
Data: empirical formula C48H114O6Nd2Si6, fw = 1244.42,
monoclinic system, space group P21/c (Int. Tables No 14);
a = 11.919(5), b = 25.717(5), c = 23.403(5) Å, β =
98.071(5)◦ , V = 7102(4) Å3, ρcalcd. = 1.164 g cm−3. The
data collection was performed at 183(1) K (θ -range: 6.38◦ <

θ < 20.52◦; exposure time: 180 s per image; ω scan width
1◦). A total number of 58570 reflections were collected.
After merging (Rint = 0.0291), 13560 reflections remained,
which were used for all further calculations. Absorption
was corrected empirically using SORTAV [47b], with µ =
0.842 mm−1. The structure was solved by direct methods and
refined with standard difference Fourier techniques [47c]. All
hydrogen atoms were placed in calculated positions and in-
cluded in the structure factor calculations but not refined (rid-
ing model). Full-matrix least-squares refinements were car-
ried out by minimizing Σw(FO

2−F2
C)2 with the SHELXL-97

weighting scheme [47d].
Additional data of the refinement: 559 parameters;

24.3 reflections per parameter; weighting scheme w =
1/[σ2(Fo

2) + (0.0409P)2 + 6.2266P] where P = (Fo
2 +

2Fc
2)/3; shift/error < 0.002 in the last cycle of refinement;

residual electron density +1.43 e Å3, −0.51 e Å3; R1 =
0.0409, wR2 = 0.0834 for all data, GOF = 1.050. Neutral
atom scattering factors for all atoms were taken from the In-
ternational Tables for X-ray Crystallography [47e]. All cal-
culations were performed on a PC workstation (Intel Pen-
tium 4) with the program PLATON [47f], molecular draw-
ings were done using the program Ortep-3 [47g] and POV-
Ray [47h].

Supporting material available: Crystallographic informa-
tion for complex 2c has been deposited with the Cambridge
Crystallographic Data Centre, CCDC 247448. Copies of the
data can be obtained free of charge on application to The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (Fax. +44-1223-336-033; e-mail for inquiry: fileserv@
ccdc.cam.ac.uk).
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