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Abstract

Examination of the chemistry of sterically crowded (CsMe4R);Ln complexes has prpvided access to a series of [(CsMe4R),Ln],(p-
O) Complexes: [(C5Mes)2La]2(u-O), [(C5Me5)2Nd(NC5H4NC4H8)]2(;1-0), [(C5Meﬁ;Pr)ZSm]2(u-O), [(C5MC4Et)2Gd]2(H-O), and
[(CsMes),Sm(NCsHs)]»(p-O). X-ray crystallographic data on these complexes provide information on the effect of metal and
cyclopentadienyl ring size on Ln—O bond distances and Ln—O-Ln angles, which vary between 173 and 180° in these complexes.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A consequence of the highly electropositive and
oxophilic nature of the lanthanide metals is that
organometallic derivatives of these metals frequently
react with oxygen-containing compounds to make oxide
derivatives. For most types of organometallic com-
plexes, it is difficult to isolate and characterize molecular
products from these reactions: either insoluble intract-
able intermediates are formed or the completely oxi-
dized Ln,O3 products result. Hence, little is known
about this common type of reaction product.

One class of organometallic compounds that provides
isolable oxides is the peralkylmetallocene complexes
which contain a (CsMe4R),Ln unit. Early studies of
divalent (CsMes),Sm(THF), (x=1-2) [1,2] showed
that the oxides [(CsMes),Sm](u-O) [3] and
[(CsMes)>,Sm(THF)]»(u-O) [4] were readily formed.
[(CsMes)>,Sm],(1-O) was structurally characterized and
found to have a rather short 2.094 (1) A Sm—O distance
as well as a linear Sm—O-Sm angle. This angle could be
explained as a consequence of the necessary close
packing of the four large CsMes rings around the
compact Sm—O—Sm core: the four CsMes ring centroids
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describe the sterically preferable tetrahedral four co-
ordinate geometry [5].

Since the report of the structure of [(CsMes)>,Sm],(u-
0), eight other lanthanide metallocene oxide structures
have appeared in the literature: [(CsMes),Ce(THF)],(p-
0) [6], [(CsMes)Nd]x(n-O) [7], [(CsHs)>Yb(OPR )] (-
0) [8], [(CsHsMe)Yb(THF)L(u-O) [9], [(CsHs)o-
Lu(THE)L(1-0) [10], [(CoH)Sm(THF)L(u-0) [11],
[(CsMes),Sm(CN'Bu)]y(1-O) [12], and [(CsMes)>Y]a(k-
0O) [13]. Recently, as part of our effort to make the
sterically crowded tris(peralkylcyclopentadienyl) metal
complexes, (CsRs);Ln [14—17], we have isolated several
additional examples of metallocene oxides. These have
become accessible due to the high reactivity of the
(CsRs);Ln complexes [18—20]. We report here the
structures of these complexes and examine their struc-
tural features as a function of ligand and metal sizes in
comparison with the known examples in the literature.

2. Results and discussion

2.1. Synthesis of [(CsMey R),Ln]>0 complexes

Each of the oxides reported here was isolated as a by-
product of a reaction or a crystallization conducted
under inert atmosphere with starting materials that were
thought to be oxygen free. In each case, the high
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reactivity of the reagents led to the formation of oxide
bridged bimetallic complexes from trace oxygen sources.
Oxygen functionality in the glassware may be respon-
sible in some cases since manipulation of the precursors
in silylated glassware reduced the amount of oxide
formed.

2.2. X-ray crystallographic data

The X-ray crystal structures of [(CsMes),Lal,(n-O)
(1), [(CsMeqEt),Gdlx(1-0) (2), [(CsMeiPr),Sm]y(p-O)
(3),  [(CsMes),Nd(NCsH,NC,Hgh(n-0)  (4), and
[(CsMes)>,Sm(NCsHs)»(1-O) (5), are shown in Figs. 1—
5. Crystallographic cell parameters are provided in
Table 1 and a compilation of bond distances and angles
is given in Table 2.

Complexes 1 is isomorphous with the previously
reported [(CsMes),Sm],(p-O) [3]. It contains two sym-
metry equivalent (CsMes),Ln bent metallocene subunits
connected via a 180° Ln—O-Ln linkage. The (CsMes
ring centroid)—Ln—(CsMes ring centroid) angles and
Ln—C(CsMes) distance are typical for lanthanum [21].

Complexes 2 and 3 contain CsMeyR cyclopentadienyl
ligands with substitution greater than that in CsMes.
The Ln—O-Ln angles for 2 and 3 are 173.64 (17)° and
177.06 (16)°, respectively. Hence the larger ligands,
which lack fivefold symmetry, generate complexes
whose structures deviate from the most compact linear
Ln—-O-Ln arrangement.

The base adducts 4 and 5 are similar to the substituted
CsMeyR complexes in that an exactly linear Ln—O—Ln
arrangement is not observed. Complex 4 has a 174.37
(12)° Nd-O-Nd angle, and complex 5 has a 173.42
(15)° Sm—O—-Sm angle. By comparison, the THF adduct
[(CsMes)>,Ce(THF)]»(1-O) [6] has a Ce—O—-Ce angle of
175.9°, and the isonitrile adduct [(CsMes)>Sm(CN’-
Bu)]»(p-O) [12] has a Sm—O—-Sm angle of 174.3°.

Fig. 1. Thermal ellipsoid plot of [(CsMes),Lal,(n-O) (1), with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.

Fig. 2. Thermal ellipsoid plot of [(CsMe4Et),Gd]>(n-O) (2), with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.

Fig. 3. Thermal ellipsoid plot of [(CsMejPr),Sm]y(u-O) (3), with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.

Fig. 4. Thermal ellipsoid plot of [(CsMes),Nd(NCsH4NC4Hg)]>(1-O)
(4), with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity.



W.J. Evans et al. | Journal of Organometallic Chemistry 677 (2003) 89-95 91

Fig. 5. Thermal ellipsoid plot of [(CsMes)>,Nd(NCsHs)],(p-O) (5), with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.

2.3. Correlation between Ln—O bond distance and metal
radius

Fig. 6 shows a plot of the Ln—O bond distances for all
lanthanide metallocene oxide structures characterized to
date as a function of the metal radius adjusted for 7 or 8
coordination using the data of Shannon [22]. The most
extensive single series of complexes belongs to the
[(CsMes),Ln]x(1-O) complexes; the four entries form a
line with R? = 0.899. This means that the short 2.094 (1)
A Sm-O distance observed for [(CsMes),Sm],(p-0) is
not unusual for this class of complexes. Each member of
the [(CsMes),Ln],(u-O) series has comparably short
Ln-O distances. The recent X-ray crystal structure of

Table 1

[([Me3Si],N)>(THF)Sm]»(n-O) has a similar short Sm—-O
distance, 2.0819(2) A and a 180° Sm—-O-Sm angle [23].

The other entries can be discussed in three groups.
The first group, the base adduct complexes,
[(CsMes),LnL],(p-O), are located at the right upper
corner of the graph. This is reasonable since these higher
coordinate complexes have larger metal radii and would
be expected to have longer Ln—O distances [22]. These
complexes are found both above and below the
[(CsMes),Ln],(u-O) line, but do not deviate greatly
from the line. Hence, there is a reasonable correlation
between the metal oxygen distance and the coordination
number adjusted radius (R = 0.874).

A second group of oxides is comprised of the CsMe4R
complexes [(CsMe4Et),Gd]»(n-0) and [(CsMe)Pr),Sm],-
(u-O). Their Ln-O values fall above the
[(CsMes),Ln]»(u-O) line, i.e. they have longer Ln-O
distances. This is reasonable since these complexes are
more sterically crowded.

The third group involves metallocenes not as highly
substituted as CsMes. These all lie below the
[(CsMes),Ln]»(u-O) line, i.e. they have smaller Ln—-O
distances, as might be expected for the less sterically
bulky systems. If a separate line were drawn using these
data, it would be roughly parallel with the
[(CsMes),Ln],(n-O) line. However, more metal com-
plexes are needed for a reliable correlation.

2.4. Ln—O—Ln variations

In contrast to the Ln—O data, the Ln—-O-Ln angles
do not vary regularly as a function of either the Ln—-O

X-ray data collection parameters for [(CsMes),Lal,(1-O) (1), [(CsMesEt),Gd](p-0) (2), [(CsMeyPr)>Sm]>(1-0) (3), [(CsMes),Nd(NCsH,NC,Hg)](1i-

0) (4), and [(CsMes),Sm(NCsHs)]2(u-O) (5)

1 2 3 4 5
Formula C40H60La20 C44H68Gd20 C48H76OSm2 C53H76N4Nd20 . 2(C5H6) C50H70N28m20 . (C7H8)
Formula weight 834.70 927.48 969.79 1289.92 1107.91
Space group 182m P1 P1 P1 P2,2,2,
Crystal system tetragonal triclinic triclinic triclinic orthorhombic
a (A) 11.4933 (4) 10.8110 (4) 9.9057 (3) 14.6640 (7) 10.8812 (4)
b (A 11.4623 (4) 13.9230 (5) 15.0935 (7) 14.1308 (5)
¢ (A) 14.2351 (6) 17.5122 (6) 17.9850 (6) 16.5376 (8) 33.0478 (11)
o (%) 87.8680 (10) 76.2730 (10) 86.6970 (10)
g ©) 72.2480 (10) 76.8650 (10) 66.9300 (10)
y () 80.0360 (10) 72.3600 (10) 72.9250 (10)
V(A% 1880.40 (12) 2035.31 (12) 2263.73 (13) 3212.3 (3) 5081.4 (3)
zZ 2 2 2 2 4
7 (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Peatc (Mgm™?) 1.474 1.513 1.423 1.334 1.448
# (Mo-K,) (mm 1) 2.269 3.261 2.600 1.642 2.328
Temperature (K) 158 158 163 158 163
R*(I>20(I)): R, 0.0156 0.0362 0.0380 0.0354 0.0251
R ® (all data): wR, 0.0390 0.0886 0.0884 0.0942 0.0661

z R = ZHF0|7\}2'“CH/ZlIZO|. 21219172
WwRy = [E[w (FE — FOPUZ00 (FH 2.



Table 2
Selected bond distances and angles for [(CsMes),Lal,(1-0) (1), [(CsMesEt)>,Gd](1-0) (2), [(CsMeiPr),Sm]y(p-0) (3), [(CsMes)>Nd(NCsH4NC4Hg)o(1-0) (4), and [(CsMes)>,Sm(NCsHs)(1-0) (5)
Compound Ln—-CsR; ring cen- Ln—-C(CsR5 ring) Ln—-C(CsRs ring) range CsRj ring centroid-metal-CsRs Ln—O-Ln an- Ln-O dis- Ln—Lewis Base
troid distance (A) average distance A) of distances (A) ring centroid angle (°) gle (%) tance (A) distance (A)
[(CsMes),Lal(n-0O) (1) 2.561 2.82 2.811-2.852 139.8 180.0 2.1443(3) n/a
[(CsMe4Et),Gd]»(p-O) (2) 2.443 2.72 2.681-2.781 134.4, 133.8 173.64(17) 2.118(3) n/a
2.446
[(CsMe}Pr),Sm],(p-0) (3) 2.462 2.74 2.709-2.798 136.4, 134.3 177.06(16) 2.116(3) n/a
2.465
2.470
2471
[(CsMes),Nd(NCsH4NC4Hg)»(n-O) 2.574 2.84 2.794-2.904 129.4, 129.1 174.37(12) 2.157(2) 2.554(3)
(C)]
2.579
2.582
2.584
[(CsMes),Sm(NCsHs)l»(1-O) (5) 2.534 2.81 2.742-2.882 128.3, 128.9 173.42(15) 2.151(2) 2.576(3)
2.537
2.535
2.542
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Ln-O Bond distances vs. 7/8 Coordinate Metal Radius
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Fig. 6. Ln—0 bond distance vs. 7/8 coordinate metal radius for [(cyclopentadienyl),lanthanide],(n-O)] and [(cyclopentadienyl),lanthanide(base)],(p-
0)] complexes. Symbols are identified by identity of the ring, the metal, and the base if any.

distance or the metal radius. It has been previously
observed for metal alkoxides of electropositive metals
that there is not a strong correlation between M-O
distance and M—-O-C angle [24,25]. The M-O and M-
O—M data here are similar. The variation in M—O-M
angles is also consistent with the shallow energy
potentials calculated for changing angles in lanthanide
complexes [26].

The complexes which deviate from 180° M-O-M
angles are those that are asymmetric, either by having a
base adduct or by having a cyclopentadienyl ring with
less than Cs symmetry. These non-linear deviations may
occur to optimize the packing of the asymmetrical
components. In a system in which there are not strong
orbital factors influencing the M—O—-M angle potential,
this presumably gives a more stable structure.

3. Conclusion

In summary, the Ln—O distances in [(cyclopentadie-
nyl),lanthanide],(p-O)] and [(cyclopentadienyl),lantha-
nide(base)],(u-O)] complexes seem to correlate
reasonably well with metal size and ligand bulk as might

be expected. The Ln—-O-Ln angles are more variable
and depend on the symmetry/asymmetry of the system.

4. Experimental

4.1. Synthesis

Crystals of 1-3 were obtained from attempted
syntheses of (CsMegR);Ln complexes, from
(CsMe4R),LnBPhy and KCsMe4R [17]. In each case,
the crystals were the dominant product. Light yellow
crystals of [(CsMes),La]>(1-O) (‘H-NMR: 2.03 ppm), 1,
were obtained while attempting to crystallize
(CsMes)sLa [27] from hot toluene in a glass vial. Yellow
crystals of [(CsMe4Et),Gd]»(1-O) (2) were obtained
while attempting to crystallize (CsMe4Et);Gd from hot
toluene in a glass vial. Yellow crystals of
[(CsMe’4Pr),Sm],(11-O) (3) were obtained while attempt-
ing to crystallize (CsMe}4Pr);Sm from hot toluene in a
glass wvial. Light blue crystals of [(CsMes),Nd-
(NCsH4NC4Hg)»(1-O) (4) were obtained by reacting
(CsMes);Nd [17] with NCsH4NC4Hg. Orange crystals of
[(CsMes)>,Sm(NCsHs)],(u-O) (5) were obtained from the
reaction of (CsMes);Sm [14] and pyridine.
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4.2. X-ray data collection, structure determination, and
refinement for the [(CsMes),Ln],(u-0O) complexes 1-5

In all cases, a crystal of dimensions reported in Table
1 was mounted on a glass fiber and transferred to a
Bruker/Siemens P4 diffractometer (Complex 1) or
Bruker CCD platform diffractometer (Complex 2-5).
For complex 1, the xscans [28] program package was
used to determine the Laue symmetry, crystal class, unit-
cell parameters and for data collection. Intensity data
were collected at 158 K using a 20/w scan technique
with Mo—K,, radiation. The raw data were processed
with a local version of carEess [29] which employs a
modified version of the Lehman—Larsen algorithm to
obtain intensities and standard deviations from the
measured 96-step profiles. For the complexes 25, the
SMART [30] program package was used to determine the
unit-cell parameters and for data collection. A 20 s
frame ~' scan time for a sphere of diffraction data was
collected on complexes 35, and a 30 s frame ' scan
time for a sphere of data on complex 2. The raw frame
data [31]was processed using SAINT [32] and SADABS [31]
to yield the reflection data file. For all complexes,
subsequent calculations were carried out using the
SHELXTL [31] program. The structures were solved by
direct methods and refined on F* by full-matrix least-
squares techniques. The analytical scattering factors [33]
for neutral atoms were used throughout the analysis.
Hydrogen atoms were located from a difference-Fourier
map and refined (x, y, z and U,,) or were included
using a riding model.

4.2.1. [(CsMes),La],0 (1)

All data were corrected for absorption and for
Lorentz and polarization effects and placed on an
approximately absolute scale. The Laue group was 4/
mmm and the systematic absences were consistent with
space group I42m which was later determined to be
correct. The molecule was located on a site of 42m
symmetry. At convergence, wR, =0.0390 and GOF =
1.177 for 59 variables refined against 692 data. As a
comparison for refinement on F, R; =0.0156 for those
665 data with I >2.00(I). The absolute structure was
assigned by refinement of the Flack parameter [34].

There were neither systematic absences nor any
diffraction symmetry other than the Friedel condition.
The centrosymmetric triclinic space group P1 was
assigned and later determined to be correct. At con-
vergence, wR, = 0.0886 and GOF = 1.058 for 424 vari-
ables refined against 9664 data. As a comparison for
refinement on F, R; =0.0362 for those 7650 data with
1>2.00().

4.2.3. [(CsMéyPr)>Sm],0 (3)

There were neither systematic absences nor any
diffraction symmetry other than the Friedel condition.
The centrosymmetric triclinic space group PI was
assigned and later determined to be correct. At con-
vergence, wR, =0.0884 and GOF = 1.041 for 460 vari-
ables refined against 10691 data (as a comparison for
refinement on F, R; =0.0380 for those 8337 data with
1>2.00(0)).

4.2.4. [(C5M€5)2Nd(NC5H4NC4H8)]20 (4)

There were neither systematic absences nor any
diffraction symmetry other than the Friedel condition.
The centrosymmetric triclinic space group P1 was
assigned and later determined to be correct. The pyrrole
rings and benzene solvent molecules were disordered
and included using multiple components with partial
site-occupancy-factors. The hydrogen atoms associated
with the pyrrole rings were not included. At conver-
gence, wR, =0.0942 and GOF = 1.028 for 618 variables
refined against 15112 data. As a comparison for
refinement on F, R; =0.0354 for those 11657 data
with 7 > 2.0 (1).

4.2.5. [(C5M€5)2Nd(NC5H5)]20 (5)

The diffraction symmetry was mmm and the systema-
tic absences were consistent with the orthorhombic
space group P2,2,2; which was later determined to be
correct. There was one molecule of toluene solvent
present per formula unit. At convergence, wR, = 0.0661
and GOF =1.126 for 559 variables refined against
12411 data. As a comparison for refinement on F,
R; =0.0251 for those 11971 data with I >2.00(I). The
absolute structure was assigned by refinement of the
Flack parameter [6].

5. Supplemental material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 207292-207296 for com-
pounds 1-5, respectively. Copies of this information
may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ UK
(Fax: +44-1223-336033; or e-mail: deposit@ccdc.cam.
ac.uk; or www: http://www.ccdc.cam.ac.uk).
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