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The crystal structures of trig{-cyclopentadienyl)lanthanides (lza Ce, Dy, Ho) have been determined
using different X-ray diffraction methods. gpe and CpHo (Cp= cyclopentadienyl) crystal data needed
special solution and refinement methods, due to the occurrence of intrinsic twinning in these species.
Our results do not agree with the previously published cell constants #fdCghe space group and
unit cell parameters of GPy have been derived from powder diffraction experiments. High-resolution
13C solid-state NMR data of Gpa are presented, giving evidence of the dynamics and bonding situation
of the Cp ligands. CGyCe turned out to be a reactive reagent for the synthesis offiigtlopentadienyl)-

[bis(trimethylsilyl)amido]cerium(lll).

Introduction

Single crystals suitable for X-ray diffraction experiments are
often very difficult to obtain, due to the fast crystallization of

Homoleptic metal complexes represent convenient starting these homoleptic ionic complexes and the motion of the Cp

compounds for a wide range of synthetic approaé¥égheir

ligands. We observed intrinsic twinning of €fe, CpDy, and

crystal structure data are important references regarding bondcp,Ho crystals. X-ray diffraction techniques at different tem-
distances and angles, physical properties, and chemical behavioperatures have been elaborated to finally succeed in the first

for all kinds of heteroleptic successdrs.Synthesis and crystal

crystal structure determination of go and CpCe and the

structure solutions of base free homoleptic Cp complexes (Cp determination of the cell parameters of crystalling[@p High-

= cyclopentadienyl) are still a matter of recent resedréh.
CpsLn species (Ln= La—Lu) are essential starting com-
pounds in organometallic rare-earth chemistty—11 and have
been known since the earliest days in lanthanide chendistty.
It is remarkable that only 8 of the 15 possiblesCp (Ln =
La—Lu) crystal structures have been reported as’yatrther-

resolution NMR of CpLa has been carried out and turned out
to be a powerful technique with respect to dynamics and the
bonding situation of the controversially discussed solid-state
structure of CpLa,**1> which is a model compound for the
whole CplLn series.

Furthermore, we report the synthesis of h¥s€yclopenta-

more, no solid-state NMR studies concerning the ring dynamics dienyl)[bis(trimethylsilyl)amido]cerium(lil) by the reaction of

are known.
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CpsCe and [CENSI(Mes)2}s]. The reaction product shows a
remarkable reactivity and represents a suitable reagent for further
investigations in solid-state chemistry.

Results and Discussion

Diffraction Studies of CpsLn (Ln = Ce, Dy, Ho).The solid-
state structures of Gpn are reported to vary significantly along
the Ln series. Table 1 shows the cell parameters of structure
determinations reported in the literatdfe2s

Itis remarkable that obtaining suitable single crystals of-Cp
Ln complexes in the central part of the Ln period has been a
problem. No single-crystal structure determinations of these
compounds have been published as yetSop-CpsGd were
analyzed by Laubereau et#lusing single-crystal and powder
diffraction measurements to determine the space group. The

(14) Eggers, S. H.; Kopf, J.; Fischer, R. Drganometallics1986 5,
383.

(15) Rebizant, J.; Apostolidis, C.; Spirlet, M. R.; KanellakopulosABta
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Table 1. Cell Parameters of Crystal Structure Determinations of CgLn?
CpsSmie-18

CpsLa'4?® CpP125 21 0 0 20 19 22 22 23 24
P25 CpsNd2t CpsPn? CpGa?° CpsTh?® CpsHo'® CpEr2 CpsTm?2 CpsYb2 CpsLu

space groupP2; P2./c P2, P2,2,2, Pbc P24/n Pbnm Pbcm Pbc Pbct Pbc¢* Pna2; Pna2; P2,2,2;, Pb2,

a(pm) 8.43(1) 15.24(1) 8.31(1) 8.80(1) 14.12(7) 9.79(1) 8.77(1) 14.23(2) 14.09(7) 14.20(7) 14.02(8) 19.72(1) 19.99(1) 7.99(1) 13.18(1)

b (pm) 9.85(1) 9.79(1) 9.71(1) 12.21(1) 17.60(9) 16.42(1) 9.79(1) 17.40(1) 17.52(9) 17.28(9) 17.3(1) 13.89(1) 13.79(1) 8.31(1) 8.93(1)

c(pm) 8.46(1) 16.72(1) 8.37(1) 9.76(1) 9.76(5) 20.40(1) 14.17(1) 9.73(2) 9.65(5) 9.65(5) 9.65(6) 8.62(1) 8.57(1) 18.17(1) 9.95(1)

$ (deg) 115.8(1) 93.9(1) 116.1(1) 79.2(1

V(10pmd) 631(1) 2489(2) 607(1) 1220(1) 2425(1) 3221(1) 1217(1) 2409(1) 2382(1) 2368(1) 2340(1) 2363(1) 2366(1) 1206(1) 1171(1)

a Cell parameters obtained from powder diffraction experiments are denoted with an asterisk. Data felrrattri@gtals reported were measured at room
temperature.
complexes were all suggested to crystallize in an orthorhombic

primitive lattice with the space groufPbcm The crystal Table 2. Crystallographic Data for CpsHo

structures were found to be isotypic with a single-crystal formula GsHisHo
o 25 > . . mol mass (g mott) 360.2

determination of Cgsm2° Haug? reported powder diffraction cryst syst monoclinic
studies.of CpgHo and suggested the same space group as alreadyspace group P2./c
determined for the compounds mentioned by Laubereau?ét al. pseudo-merohedral

CpsHo. Our diffraction experiments did not confirm the ) ) twinning
crystal structure reported by Ha@gSingle-crystal measure-  diffractometer device Nonius Kappa CCD

. cryst size (mm) 0.20x 0.15x 0.10

ments at room temperature as well as at 130 K resulted in yayelength, (om) 71.073 (Mo K)
different cell parameters for the room-temperature and the low- tempT (K) 130

temperature studies. Orthorhombic symmetry was observed attwin law

the low-temperature measurement watk= 843.0(2) pmp = 100
970.4(2) pm,c = 1408.5(3) pm, and/ = 1152(1) 16 pne. 0-10
Theb axis was half as long as reported by H&&@uring the 0 0-1
refinement procedure the heavy-atom positions became stableWin ratio 0.6037(6)
whereas the carbon positions remained heavily unstable. Pseud&)anf&)rcno)nsmms 843.002)
merohedral twinning was detected after a further, more detailed p (pm) 140é.5(3)
analysis of the reciprocal spa&&The structure was then solved c (pm) 1940.7(4)
and could easily be refined in the monoclinic space group /(deg) 90.02(3)
P2y/c. Table 2, Table 3, and Figure 1 show the crystallographic C:r'r'n"jg(ﬁtgfg” 25’04'4(8)
data, bond lengths and angles, and the molecular structure of, .« cnr-3) 2076
CpsHo, respectively. w (mm1) 6.833

Two molecular units are situated in the asymmetric unit of F(000) 1376
the unit cell. Three Cp rings arg® bonded to the central atom ﬁ‘z rﬁfngmigds%gr)ﬂns 3-2?28551
_and_do not f_orm a trigonal-planar environment. The me_tal ion o of indep rfins 7025
is slightly shifted, and the three centroids (Ctr) of the Cp ligands no. of rflns withFe2 > 20(Fo?) 6288
are the edges of a very flat trigonal pyramid formed by the metal no. of refined params 290
atom and the ligands (Figure 1). max peak/min hole (e &) 2.060/-0.987

The reason for this arrangement is an additiofatoordina- QT’ ('f‘; 20(1)) 8'8221/0'0406
tion of a carbon atom of a neighboring £ molecule.n*- WR2 0.0415
C—Ho distances of 300 and 301.6 pm are observed. Due to theGoF 1.028

second interaction of the Cp2 and Cp6 ligands longer intramo-

lecular distances of these ligands to the metal atom were 1aPle 3. Selected Bond Distances (pm) and Angles (deg) of

A CpsHo
observed (248.2, 245.9 pm). Therefore, a formal coordination Ps
number of CN= 10 was observed for the Moion. Figure 2 :Ofgrg gﬁ-g(g) :Oi g:fg g?g-g(g)
shows the unit cell of the structure (along cell az)sand the Hgl—Ct:4 239'0533 Hngorz 571'78
intermolecular contacts of C21 and C63 with the metal center  Hoo>—cr1 241:2(2) HotHo#2 579'_3(2)
(dashed lines). A chainlike structure is formed along cell axis Ho2—Ctr5 239.2(2) Ho2C21 300.0(5)
C. Ho2—Ctr6 248.2(2) Ho+C63 301.6(4)

The cell parameters for GHo given in the literature are not Ctri—Ho2—Ctr5 119.02(1) C24Ho2—CHr5 102.95(8)
in accordance with the results obtained by our X-ray diffraction  Ctri—Ho2—Ctr6 117.37(1) C2+Ho2—Ctr6 94.57(7)

Ctr5—Ho2—Ctr6 117.85(1) C63Ho1-Ctr2 95.36(7)

(18) Eggers, S. H.; Hinrichs, W.; Kopf, J.; Fischer, R. D.; Xing-Fu, L. Ctr2—Ho1—-Ctr3 117.25(1) C63Ho1-Ctr3 97.96(6)
Cambridge Crystallographic Data Center, private communication, 1992 Ctr2—Ho1—Ctr4 118.67(1) C63Hol-Ctr4 102.11(6)
(CCDC No. SOVYAD). ) Ctr3- Hol—Ctr4 117.64(1) Ho+C21—Ho2 174.5(2)

(19) Eggers, S. H.; Hinrichs, W.; Kopf, J.; Jahn, W.; Fischer, RJD. C21-Ho2—Ctrl 96.46(8) HotC63-Ho2 170.0(2)
Organomet. Cheml986 311, 313.

20) E . H.; Kopf, J.; Fischer, R. B llogr. . C: . .
Cr)(/s?. )St?l?&rségmmmggi ié, zlggBTar, cta Crystallogr., Sect. C mgasurements (Tablg 2). Lattice consta}nts of an ortho.rho.mblc
(21) Eggers, S. H.; Schultze, H.; Kopf, J.; Fischer, RARgew. Chem., unit cell were determined (Table 1). Different crystallization
|nt.(2EZc;.HEngl.1H98g§57o656:Angetwbﬁhglﬂél;’fgoﬁgﬂ- techniques have been undertaken, changing the sublimation
aug, H. . Organomet. Che , 53. 3 oY i
(23) Hinrichs, W.; Melzer, D.; Rehwoldt, M.; Jahn, W.; Fischer, R. D. temperature an_d pressurg (161072 mbar, 179_250 C). In .

J. Organomet. Chenl983 251, 299. order to crystallize a certain amount of crystalline material with

(24) Laubereau, P. G.; Burns, J. hiorg. Chem.197Q 9, 1091. the cell parameters given in the literature. Single crystals were

Str(uzc5t) \é\g’ggé 902';2'528 T.-Y.; Lee, Y.-TActa Crystallogr,, Sect. B: 3150 measured at room temperature in order to exclude the

(26) Herbst-Irmer, R.; Sheldrick, G. Mcta Crystallogr., Sect. B: Struct. ~ POSsibility of a phase transition at low temperatures. Further-
Sci. 1998 54, 443. more, X-ray powder diffraction (XRD) experiments were carried
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Figure 1. Asymmetric unit of the crystal structure of go at
130 K (50% probability ellipsoids). The hydrogen atoms were
calculated and refined using a riding model with fixed isotropic
thermal parameters.

Figure 2. Projection of the unit cell of GjHo. View along axis.

out at room temperature and low temperature. Phase transition

was observed on cooling the crystalline material to 130 K;
however, neither single-crystal nor powder diffraction measure-
ments could confirm the cell parameters given in the literature
(Table 1).

Cell parameters similar to those of €& (vide infra) were
observed after both the refinement of the single-crystal data at
room temperature and indexing of the powder patterns. A
monoclinic primitive crystal system wita = 1492.7(1) pmp
= 964.0(1) pm,c = 1629.8(1) pms = 93.47(1}, andV =
2340.8(1) 16 pm? was determined. Reticular pseudo-merohedral
twinning was detected for single crystals measured at room

Organometallics, Vol. 25, No. 12, 2129
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Figure 3. XRD patterns of CgHO (Acy ke = 154.06 pm). The
orthorhombic cell calculated from literature d&tes depicted on

the top. The monoclinic cell setting derived from the room-
temperature measurement in our laboratory is depicted on the

bottom.
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Figure 4. XRD patterns of CgHo, CpDy, and CpGd. Only the
most relevant @ range is depictedif, ko = 154.06 pm).

temperature. The separation of the twin domains and refinement o - )

of the structure were successfully carried out in space group hedral twinning, and additional disorder was detected. Incom-
P2,/c. Figure 3 shows the similarity of the powder patterns Mensurate behavior is probable along cell axi®owder and
obtained by our measurements and the results reported bySIng|e-CI'ySta| diffraction studies resulted in cell pal‘ametel‘s of

Haug??

With a low 29 resolution the most important structure-
determining reflections£102), (102) and (210),€112) prob-
ably would not have been recognized and an orthorhombic cell
would have been derived. In that case tBelQ2) reflections
(corresponding to (120) iRbcr) would have shown the same
26 position and the (210) reflection (corresponding to (201) in
Pbcn) would have been systematically absent.

DyCps. Crystalline material was isolated by sublimation, and
X-ray diffraction experiments showed even more complex
diffraction patterns. The X-ray data collections of both powder

a monoclinic primitive crystal system with= 1642.0(3) pm,

b = 965.0(2) pmc = 1494.3(3) pmp = 93.94(2}, andV =
2362.2(2) 18 pme. Systematically absent reflections were
indicating the space group2i/c.

These cell dimensions show similarity with the{Ejp lattice
constants (vide supra). In Figure 4 the most relevéntadhges
of experimental data for G@d, CgDy, and CpgHo are depicted.
Whereas the£102) and (210,-112) reflections are clearly
separated in Giplo, the existence of two different reflections
in CpsDy can only be guessed by the broadened profiles in the
pattern. In contrast to Gpy, the CpGd diagram shows more

and single-crystal material apparently gave strong evidence forhomogeneous reflection profiles and the orthorhombic cell
an orthorhombic face-centered crystal system. None of them parameters in the literature fit well with the experimental data.
showed satisfying stability during the refinement process. Single- CpsCe.CpsCe is the first homoleptic lanthanide metallocene
crystal measurements revealed intrinsic reticular pseudo-mero-in the series. It can be considered as the most reactive tris-
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Table 4. Crystallographic Data for One Twin Domain of
CpsCe with and without Including the Overlapping

Reflections into

the Refinement Process

formula

mol mass (g mol?)
cryst syst

space group

diffractometer device

GsHisCe

335.39

monoclinic

P2./c

reticular
pseudo-merohedral
twinning

STOE IPDS

cryst size (mr) 0.17x 0.10x 0.09
wavelengthl (pm) 71.073 (Mo Kx)
tempT (K) 100
twin law
0.487 0 —0.775
0 -1 0
—0.985 0 —0.487,
twin ratio 0.169(4)
lattice constants
a(pm) 1501.6(3)
b (pm) 966.8(2)
¢ (pm) 1662.1(3)
f (deg) 93.10(3)
cell vol (10 pm?) 2423.0(8)
formula units/cell 8
Pcalcd (g €M 3) 1.840
w (mm1) 3.727
F(000) 1304
26 range (deg) 2.7625.30
no. of meash rflns 17 842 9921
no. of indep rfins 5338 for one 3249
individual
no. of rfins withFo? > 20(Fo?) 9548 1964
no. of refined params 266 319
max peak/min hole (e 29) 6.271+-2.676 1.432+1.328
RindRs 0.1681/0.0767 0.1075/0.0907
R1( > 20(1)) 0.1069 0.0740
wR2 0.3180 0.1871
GOF 1.039 1.064
Table 5. Selected Bond Distances (pm) and Angles (deg) of
CpsCe
Cel-Ctrl 251.2(6) CexCtr6 359.4(6)
Cel-Ctr2 253.1(6) Ce2Ctr2 352.7(6)
Cel-Ctr3 259.6(6) CetCe2 577.8(1)
Ce2-Ctr4 257.3(6) CetCe#2 573.5(1)
Ce2-Ctr5 254.0(5) Ce2C21 295.5(12)
Ce2-Ctr6 251.4(6) Ce1C61 296.2(14)
Ctr1—-Cel-Ctr2 116.1(1) C2+Ce2-Ctr5 107.9(1)
Ctr1-Cel-Ctr3 117.4(1) C21Ce2-Ctr6 96.4(1)
Ctr2—Cel-Ctr3 118.1(1) C6%Cel-Ctrl 97.9(1)
Ctr4—Ce2-Ctr5 117.6(1) C6+Cel-Ctr2 94.0(1)
Ctr4—Ce2-Ctr6 114.9(1) C61+Cel-Ctr3 106.8(1)
Ctr5—Ce2-Ctr6 116.7(1) CetC21-Ce2 172.13(1)
C21-Ce2-Ctr4 98.5(1) CetC51-Ce2 167.09(1)

(cyclopentadienyl)lanthanide? This strong Lewis acid reacts
instantaneously with all kinds of electron-donating reagents. Due
to this sensitivity CpCe would be appropriate for a variety of

Baisch et al.

Figure 5. Asymmetric unit of the crystal structure of e at
100 K (50% probability ellipsoids). The hydrogen atoms were
calculated and refined using a riding model with fixed isotropic
thermal parameters.

Figure 6. Projection of the unit cell of GiCe along the unique
axisa.

isolated, unifying all of the overlapping reflections of the three
domains to one reflection set of the most appropriate individual.
Subsequent determination of the twin law and refinement of
the data resulted in a satisfying crystal structure refinement,
taking into account the problems encountered during the
isolation and weighting of the overlapping reflections in the
reciprocal space. Table 4, Table 5, and Figure 5 show the
crystallographic data, bond lengths and angles, and the molecular
structure of CpCe, respectively.

The structure of CyCe is very similar to that of Gdlo
described above. Two molecular units are situated in the
asymmetric unit of the unit cell. Three Cp rings agfebonded
at the central atom, and the metal ion is slightly shifted from
the theoretical center of gravity built by the three centroids (Ctr)
of the Cp ligands. Additional intermoleculat coordination of
one carbon atom of a neighboring 4§80 molecule is present
as well.»*-C—Ce distances of 295.5 and 296.2 pm have been
measured, and a coordination number of €NL0 is given for
the Cé!' ion as well.

In this context the discrepancy between two structural studies
of CpsLa should be mentioned. According to Eggers ét'an

interesting and applicative reactions. On the other side this additional intermolecular? contact to the central atom does
ability causes difficulties in crystallizing and isolating suitable occur @.,—c = 303.4 pm), whereas Rebizant efapresumes
crystals for X-ray diffraction experiments.
We did succeed in measuring data of a variety of crystals distance §,—c = 332.9 pm). In CgCe the second nearest
obtained by different sublimation conditions. None of these carbon atoms are C22 and C62 with distances of 333.4 and 343.5

could be identified as real “single” crystals. Intrinsic reticular

pseudo-merohedral multiple twinning was obserifethe best
crystal isolated was used, and three data sets were extractedannot be observed in the solid-state structure afd@pFigure

from the diffraction data. Gye showed similar pseudo-

orthorhombic symmetry as observed fors8p and CgDy (vide
supra), but X-ray powder diffraction experiments (XRD) (dashed lines). In comparison to thesBp structure, a more
confirmed a monoclinic cell setting. The reflections were zigzag-like arrangement of the complex molecules is observed.

only one additionak! contact due to the large second-+@
pm, respectively. There is a difference of more than 40 pm to
the next carbon atom. Thus, a second intermolecular contact

6 shows the unit cell of the structure (along cell a&)isnd the
intermolecular contacts of C21 and C61 with the metal center
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Figure 7. 13C{1H} CP MAS NMR spectrum of Gjra. Rotational sidebands of the isotropic chemical shifisare marked by asterisks.

MAS NMR of Cpsla. Ln"" complexes can be considered
as a difficult species for solid-state NMR studies, because the
majority of the compounds exhibit unpaired electrons. The

corresponding lanthanum complex is an alternative with inter- 2

esting properties close to those of the f-block elements, due to
a small nuclear quadrupole momef@ £ +0.20 bard’) of the
abundant isotop&°La. Additionally, no unpaired electrons are
present in the complex.

Solid-state MAS NMR experimerfshave been carried out
for CpsLa, in order to obtain additional information about the
dynamic behavior of Cp ligands. This complex is discussed
controversially in the literature regarding its crystal structure
and the intermolecular interactions of the Cp ligands (vide infra).
With respect to thesé3C andH measurements are promising
probes.

13C CP MAS NMR experiments showed the occurrence of
only two sharp peaks in the spectrum (Figure 7). Normally one
signal for each carbon atom would be expected, due to the low
symmetry of the complex in the solid-state structure.

This discrepancy in the number of the observed signals is
typical for metallocene®2°The13C resonances of a single Cp
anion are averaged by the ring dynamics being fast on the NMR

time scale. Therefore, only a single resonance per ring can be

observed. In théH NMR spectrum one isotropic chemical shift
at 6.3 ppm occurs, which agrees with liquid-state NMR data
(6.0—6.3 ppm)? The low resolution of the signal is typical for
single-pulse'H NMR.
Two well-resolved signals can be identified in %€ RAMP

CP MAS NMR spectrum (Figure 7) at 115.0 and 113.1 ppm.
The peak intensities show a ratio of 2:1. It can be interpreted
as two Cp rings with similar distortion of the ideal gas-phase

symmetry and one Cp ligand showing another signal caused

by a larger distortion.

The observed spinning sidebands manifolds for each of the
two signals are indicative of carbon chemical shift anisotropies
in aromatic Cp systems and may be used as a spectroscopi
fingerprint2%30 Thus, sensitive parameters for symmetry and
identity of the Cp ligands are the anisotropic chemical shift value
Oaniso @and the asymmetry parameter The more intense and
the less intense spinning sideband manifalds 115.0, 113.1
are described byaniso = —93.5(2),—93.2(2.0) ppm andy =

0.07(10), 0.29(5), respectively. The discrepancy between the

two # values in thé3C NMR experiment is consistent with the
differences in distortion from an axial symmetry of the two types
of Cp rings. The greater thgvalue, the more a distortion from
the principal axial symmetry would occur. This is a strong

(27) Willans, M. J.; Feindel, K. W.; Ooms, K. J.; Wasylishen, R. E.
Chem. Eur. J2005 12, 159.
(28) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Reson. A994 110, 219.
(29) Hung, I.; Macdonald, C. L. B.; Schurko, R. \®@hem. Eur. J2004
10, 5923.
(30) Hung, I.; Schurko, R. WSolid State Nucl. Magn. Resd2D03 24,
78.

Scheme 1
SiMe;
Q Me;Si— _ =
. N SiMe; \ ,SiMe;
A P e I
/ SiMe oluene ) ‘ai
Me;zSi—N : % SiMes
SiMe;
1 2 3

indication for different coordination conditions for the Cp rings,
where one ring with an additionaj! coordination can be
attributed to the signal with the weaker intensity (vide infra;
Figures 2 and 6).

[Cp2CeN(SiMe;);]. The synthesis of GinX systems has
been studied extensively in the literature, but the formation of
these compounds is often limited to the later lanthanide
ions1391214Dye to their smaller ionic radii these complexes
are rather coordinatively saturated in comparison to the lighter
lanthanides La, Ce, and Pr. As a matter of fact, more bulky
ligands are generally reported for these complexes. Therefore,
the synthesis of Cp*CeX systems (Cp* pentamethylcyclo-
pentadienyl) is often described to be successful, in contrast to
CpCeX 3136

We successfully prepared big¢cyclopentadienyl)[bis(tri-
methylsilyl)amido]cerium(lll) 8) by the reaction of CyCe (1)
and [CE N(SiMes)2} 3] (2) in toluene (Scheme 1).

This reaction is very convenient, as apart frirand2 there
are no byproducts formed during the process. Therefore, it is
better to use sublimed, solvent-free reagehthows only weak
solubility in toluene at room temperature. To guarantee a proper
formation of the product, the use of higher temperatures favors
the reaction process. A yellow-orange mixture is obtained, and
after evaporation of toluene the formation of an orange-yellow
solid is observed. The orange product can be isolated easily by
sublimation at 90C under vacuum (1@ mbar).3 shows weak
red fluorescence on exposure to UV light= 366 nm) and is
very sensitive to air and moisture. The compound blackens

?mmediately even by traces of oxygen.

3 was characterized by elemental analysis, IR, and MS
experiments. IR experiments revealed both the typical stretching
(vew, vec) and deformation vibrationsogn(parallel), dch-
(perpendicular)) for the cyclopentadienyl ridgat 3081, 1437,
1356, 1011, and 767 crhand the typical stretching'én, vsic,

(31) Booij, M.; Kiers, N. H.; Heeres, H. J.; Teuben, J.JOrganomet.
Chem.1989 364, 79.

(32) Evans, W. J.; Keyer, R. A;; Ziller, J. WOrganometallics1993
12, 2618.

(33) Heeres, H. J.; Renkema, J.; Booij, M.; Meetsma, A.; Teuben, J. H.
Organometallics1988 7, 2495.

(34) Evans, W. J.; Perotti, J. M.; Kozimor, S. A.; Champagne, T. M.;
Dauvis, B. L.; Nyce, G. W.; Fujimoto, C. H.; Clark, R. D.; Johnston, M. A;
Ziller, J. W. Organometallics2005 24, 3916.

(35) Clark, D. L.; Gordon, J. C.; Hay, P. J.; Poli, Rrganometallics
2005 24, 5747.

(36) Li, Y.; Marks, T. J.J. Am. Chem. S0d.996 118 707.

(37) Fritz, H. P.Adv. Organomet. Chenil964 1, 239.
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Chart 1
SiMe;
8 ﬂ ,SiMe;
Ce—NH, Ce—N
N
SiMe; SiMes
3a 3b

vsin) and deformation mode® e, dsic, dsin) for bis(trimeth-
ylsilyl)amido ligand$ (BTSA ligands) at 2952, 1248, 1033, 839,
810, and 594 cmt. The IR signals are slightly shifted in

comparison with those of the reagents. It was observed that Cp
ligand vibrational modes are shifted versus higher wavenumbers

whereas signals attributed to the BTSA ligand did show
wavenumbers slightly lower than those of the homoleptic BTSA

complex. Cp ligands seem to be more strongly bonded to the

metal center then in G@e. Due to the higher electronic
saturation of the central ion by thre-donating Cp ligands the

BTSA group seems to be less bonded now. This is reasonable

because due to the reduced steric hindrance of a third Cp ligan

Baisch et al.

of two different bonding situations of the Cp ligands very well.
These results can be considered as the first non-X-ray diffrac-
tional proof for chemical anisotropy in crystalline homoleptic
lanthanide Cp complexes.

The synthesis of [Gi£eN(SiMe);] (3) by the reaction of
CpsCe (1) and [CE N(SiMes),} 3] (2) was reported. The reaction
product was analyzed by IR/Raman spectroscopy, elemental
analysis, and mass spectrometry. Nevertheless, a silylation of
the Cp ring resulting in a mixture of isomers of different
constitutions is possible. Endeavors to get suitable crystals for
X-ray diffraction methods are in progress and will show which
kind of molecule has mainly been formed in the solid state. In
any event,3 is an interesting agent, as this substance offers

'both high reactivity toward all kinds of electron-donating agents

and sufficient thermal stability for solid-state reactions.

Experimental Section

General Procedures.All manipulations described below were
erformed with rigorous exclusion of oxygen and moisture in flame-
ried Schlenk-type glassware on a Schlenk line, interfaced to a

the other ring ligands can coordinate nearer to the central metal,,5c,um (103 mbar) line, or in an argon-filled glovebox. Argon
while the BTSA ligand, due to the steric hindrance of the SiMe a5 purified by passage over columns of silica gel, molecular sieve,
moiety, shows lower energetic vibrations compared to those of koH, P,0,, and titanium sponge (65t) and nitrogen by passage

the homoleptic complex.

MS measurements carried out separately from the IR experi-

ments showed a fragmentation pattern typicallfand2.3 An

over columns of silica gel, molecular sieve, KOHO?,, BTS
and Ct oxide catalyst? Tetrahydrofuran (THF) was predried over
KOH and distilled under argon over NaK alloy (benzophenone as

M~ peak could not be found in the mass spectrum; one hydrogenindicator), and toluene was dried over LiAjHpellets before
atom is abstracted instantaneously during the ionization processdistillation. Anhydrous lanthanide(lll) chlorides were purchased

The patterns of the molecule fragments3afhowed the typical
isotope manifolds expected for cerium complexesnat 429
(M — H), 358 (CpCeNH(SiMe)), 344 (CpCeNH(SiMe)), 293
(CpCeNH(SiMg)), and 269 (CgCe), proving the existence of

from Alfa Aesar (99.99%, ultra dry) and were used without any
further purification. LnCp compounds (L= La, Ce, Dy, Ho) and
[Ce[N(SiMe3),} 3] were prepared according to well-known proce-
dureg and sublimed twice before use (FOmbar, 126-250 °C).

the complex molecule. Reports have been found that silylated FTIR and FT Raman spectra were recorded with a Bruker IFS

Cp ligands were formed during the reaction with silylamido
derivatives?®4% Thus, also other constitutions with the same
molecular sum of 430 g/mol could be conceivable. Silylation
of the Cp rings could occur in order to form (trimethylsilyl)-
amino or nonsilylated compound3gb), as depicted in Chart
1.

In comparison to a complex with only nitrogen-bonded SMe
groups, Cp-bonded SiMegroups show additional absorption
signals ¢sic, dsic) at lower wavenumbers in the regions 1300
1200 and 606900 cn1™. Vibrational modes in addition to those
of 2 were not observed in the spectrum. The doubly N-silylated
species3 is the most plausible constitution for this compound,
and the formation o8a,b can be considered as rather improb-
able.

Conclusion

Twinned crystals of CgCe, CpHo, and CgDy have been
investigated by X-ray diffraction experiments and were all
showing pseudo-orthorhombic symmetry during the determi-
nation of the solid-state structure. These difficulties are mainly
caused by the formation of chainlike structures along one
direction and the highly dynamic behavior of the Cp ligands in
the solid state, even at low temperatures.

66Vv/S spectrometer with DTGS detector. The samples were
thoroughly mixed with dried KBr. The preparation procedures were
performed in a glovebox under a dried argon atmosphere. The
spectra were collected in a range from 400 to 4000 cwith a
resolution of 2 cm?. During the measurement, the sample chamber
was evacuated. For FT Raman measurements, a Bruker FRA 106/S
Raman module with a Nd:YAG laset (L064 nm) and a scanning
range from O to 3500 cni was used. Mass spectra were measured
with a JEOL MStation JMS700. The source was operated at
different temperatures up to 100C. The powder diffraction
investigations were carried out in Deby8cherrer geometry, and
diffraction data were collected on a conventional powder diffrac-
tometer (STOE Stadi P, Mo and Cuwiradiation). Products were
identified using the STOE WIinXPOW program package (Version
1.22, 1999).

[Cp2CeN(SiMe;),]. Two equivalents ofl (0.66 mmol, 0.224 g)
was suspended in a 100 mL Schlenk tube and stirred in 10 mL of
freshly distilled toluene. In another Schlenk tube 1 equi2 (3.33
mmol, 0.206 g) was dissolved in 10 mL of freshly distilled toluene
and added slowly t@ within 30 min using a stainless steel cannula.
The yellow mixture was warmed slowly and refluxed for 16 h.
Subsequent removal of the solvent and drying at°@0under
vacuum (102 mbar) yielded an orange solid sublimed at the glass
wall of the Schlenk tube3 shows decomposition at 29Z. Anal.
Calcd for GgH.sCeNSp: C, 44.6; H, 6.6; Ce, 32.5; N, 3.3. Found:

Whereas these problems are intrinsic for such systems inC, 45.2; H, 6.3; Ce, 31.9; N, 3.0. IR (KBr): 3081 m, 2952 m,

X-ray diffraction studies, due to the very short time scale during

the measurement (occurrence of twinning, disorder, etc.), high-

resolution MAS NMR studies of Gha showed the existence

2894 w, 2706 w, 2410 m, 2142 w, 1672 w, 1536 w, 1437 m, 1413
sh, 1356 w, 1248 m, 1241 m, 1183 w, 1033 m, 1011 s, 935 w, 867
m, 839 m, 823 m, 810s, 767 s, 786 s, 675 w, 594 mcial-MS:

(38) Bradley, D. C.; Ghotra, J. $horg. Chim. Actal975 13, 11.
(39) Hou, Z.; Wakatsuki, YSci. Synth2003 2, 849.
(40) Lappert, M. F.; Singh, Alnorg. Synth.199Q 27, 168.

(41) Brauer, G. IrHandbuch der prparativen anorganischen Chemie
3rd ed.; Ferdinand Enke: Stuttgart, Germany, 1975; Vol. 1, p 444.
(42) Krauss, H. L.; Stach, HZ. Anorg. Allg. Chem1969 366, 34.
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m/'z 429 (5, M— H), 359 (70, CpCeNH(SiMe)), 345 (15, Cp- MAS frequency variationsota 2 Hzinterval for the duration of
CeNH(SiMe)), 331 (20, CpCeNH(SiMe)), 293.8 (100, CpCeNH-  the experiment. Samples were spun at 4 kHz. The chemical shift
(SiMey)), 279 (15, CpCeNH(SiMg), 270 (CpCe), 75 (SiMg), 66 values given refer to tetramethylsilane (TMS) as the external
(Cp). chemical shift reference. The chemical shift values refer to a
X-ray Crystallography. Since reflection data were collected with  deshielding scale. The repetition rate of the experiments is 3 s.
different instruments, data reduction was performed with different Typically 96 transients pef3C spectrum were accumulated.
program packages. For €pe the STOE IPDS software package Simulations of the chemical shift parameters were done by
was used, and for Gplo the Bruker Collect program package minimizing the squared difference between experiment and simula-
(scalepack cell, hkl scalepack and hkl Denzo) was used. Subsequention using the SIMPSON MINUIT routinésand the same chemical
calculations after the determination of the unit-cell parameters and shift conventions as in SIMPSON.
data reduction to the hkl format were carried out using the . )
SHELXS* and SHELXI44 programs. Analytical scattering factors Acknowledgment. We are indebted to the following people
for neutral atoms were used throughout the analysis. Hydrogen for conducting the physical measurements: Dr. Peter Mayer
atoms were either treated isotropically, if found in the Fourier maps, (Single crystal X-ray diffractometry), Dagmar Ewald and Dr.
or were otherwise included manually using a riding model. Gerd Fischer (mass spectrometry), Bettina Lotsch (low tem-
Powder reflection data were collected with a STOE Stadi P Perature X-ray powder diffractometry) (all Department Chemie
powder diffractometer (Cu &, radiation) in Debye-Scherrer ~ Und Biochemie, Universitaviinchen (LMU)). Financial support
geometry. The single-phase samples were sealed 002mm by the Deutsche Forschungsgemeinschaft (DFG) (Schwerpunk-
capillaries under an argon atmosphere. For the unit cell refinementtProgramm SPP 1166, Lanthanoidspezifische Funkticielita
of CpsCe, CpDy, and CpHo the cell constants and atom positions 1N Molgkul und Matgr|al, project SCHN377/10), the Fonds der
were obtained by single-crystal measurements of these compoundsChemischen Industrie, and the Emmy-Noether Programm (DFG)
Cell refinements (LeBail profile fitting, Rietfeld method) were IS also gratefully acknowledged.
carried out with the GSAS program packége.

MAS NMR Experiments. The IH MAS NMR and 15C{H} Supporting Information Available: Crystallographic data for

. . CpsHo and CgCe as CIF files. This material is available free of
RAMP CP MAS NMR experlme_nts were carried out ona Bruker charge via the Internet at http://pubs.acs.org. These data have also
Avance DSX spectrometer equipped with a comr_ner_mal 2.5 mm been deposited with the Cambridge Crystallographic Data Centre;
MAS NMR double-resongnce probe. The magnetic field strength copies of the data CCDC 60022600223 can be obtained free of
was 11.75 T, corresponding (C resonance frequency of 125.8 charge by www.ccdc.cam.ac.uk/data_request/cif, by emailing
MHz. All spectra were acquired using a continuous-wave decoup- data_request@ccdc.cam.ac.uk, or by Eontacting ',I'he Cambridge

ling of approximately 110 kHZH decoupling field strength. A Crystallographic Data Centre, 12, Union Road, Cambridge CB2
commercially available pneumatic control unit was used to limit ;2> (fax+44 1223 336(')33), '
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