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Abstract

Trivalent lanthanide ( + )-neomenthylcyclopentadienyl complexes [CpXLn(u-Cl)], (Ln =Sm (1), Yb (2), Y (3), Lu (4); CpR =
(+ )-neomenthylcyclopentadienyl)] and CpRLnX,(THF), [X = Cl, Ln = Sm (6), Gd (7), Yb (8), Y (9), Lu (10); X=1, Ln =Sm
(11), Yb (12)) have been prepared by metathetical reactions of lanthanide halide with appropriate alkali-metal ( + )-neomenthyl-
cyclopentadienyl complexes. X-ray structural analysis has revealed that compounds 1 and 3 are chloro-bridged dimers with the
asymmetric plane described by Ln,Cl, almost perpendicular to the plane described by the four cyclopentadienyl ring centroids.
The monomeric compound CpRLnl,(THF); (11) adopts a pseudo-octahedral geometry with the two iodine atoms taking the

trans-positions. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Organolanthanide compounds have been found to
exhibit catalytic activities in various chemical transfor-
mations, such as in C—H bond activation [1-3], olefin
cyclohydroamination [4—6], and olefin polymerization
[7]. Organolanthanide complexes containing chiral cy-
clopentadienyl ligands have recently attracted interest
as chiral organolanthanide complexes Me,Si(Cp')(Cs-
H;R*)Ln (Cp'=CsMe,, CsH;(SiMe;), CsH;(Bu);
R* =chiral auxiliary) had been found to be highly
active in stereospecific catalytic hydrogenation [8,9] and
hydrosilylation [10]. Among the organolanthanide com-
plexes organolanthanide halide complexes are indis-
pensable precursors for new types of lanthanide metal
complexes containing Ln—C, Ln—H, Ln—-N, or Ln-0O
bonds.

We have recently reported the synthesis of a series of
alkali-metal (4 )-neomenthylcyclopentadienyl com-
plexes [11]. In this paper, the synthesis and structures of
a series of lanthanide(IIl) (+ )-neomenthylcyclopenta-
dienyl compounds are described.

* Corresponding author. Fax: + 852-260-35057.
E-mail address: kevinleung@cuhk.edu.hk (W.-P. Leung)

2. Results and discussion

2.1. Synthesis of bis(( + )-neomenthyl-cyclopenta-
dienyl)lanthanide chlorides

Treatment of two equivalents of NaCp®R (CpR = (+ )-
neomenthylcyclopentadienyl) with anhydrous lan-
thanide trichloride in THF at room temperature (r.t.)
afforded the organolanthanide chlorides [CpXLn(p-Cl)],
(Ln=Sm, Yb, Y) in yields ranging from 60 to 70%
(Eq. (1)).

LnCl; + 2NaCp® — [CpRLn(p-Cl)], + 2NaCl (1)

Ln=Sm (1), Yb 2), Y (3), Lu (4)
Cp® = ( + )-neomenthylcyclopentadienyl

Attempts to prepare the early lanthanide analogues
such as La(IlI), Ce(III), Pr(Ill), and Nd(III) were un-
successful as pure compounds had not been obtained. It
was discovered that during the course of the reaction in
Eq. (1), treatment of lanthanide trichlorides with
sodium or potassium salt of ( + )-neomenthylcyclopen-
tadienyl in THF afforded a homogeneous solution and
no precipitation of NaCl or KCl was observed. This
was presumably due to the formation of soluble
organolanthanide NaCl or KCl adducts in the THF
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solution. The NaCl or KCl can be precipitated out by
adding a non-polar solvent such as hexane. 'H-NMR
spectroscopy and elemental analysis had indicated that
compounds 1—4 isolated from recrystallization in THF/
hexane were solvent-free compounds with a composi-
tion similar to (CsMes),LnCl [12,13] and
[((Me5Si1),CsH5),LnCl] [14]. Further reaction of bis-(( +
)-neomenthylcyclopentadienyl)yttrium chloride (3) with
sodium bis(trimethylsilyl) amide in THF afforded the
amido-derivative [CpYY ~N(SiMe;),] (5) in a good yield
(70%) (Eq. (2)).

[CPRYCI], + 2NaN(SiMe;), —» 2CpRY
~N(SiMe;), + 2NaCl (2

Compounds 1-5 have shown good solubility in polar
solvents such as ether, THF, DME, CH,Cl,, and hy-
drocarbon solvents such as benzene and toluene. How-
ever, attempts to prepare the yttrium alkyl compound
CpXY-Me with yttrium to carbon o-bond by the
metathesis reaction of yttrium chloride 3 with LiMe in
THF have been unsuccessful, only the colourless crys-
talline compound LiCp® was isolated as confirmed by
its '"H-NMR spectrum and X-ray structure analysis. In
contrast, the reaction of (CsMes),ScCl with LiMe af-
forded (CsMes),ScMe in the solvent mixture of ether
and hexane and (CsMe;),ScCI(THF) was obtained
when THF was used as the solvent. This suggests that
the THF adduct complex is not very reactive towards
metathesis reaction in THF solution [15,16].

The 'H- and '*C-NMR spectra of compounds 3, 4
and 5 recorded were normal, while compounds 1 and 2
were found to be paramagnetic as the signals observed
in the '"H-NMR spectra were shifted towards low fields
for the cyclopentadienyl protons, and shifted towards
high field for the neomenthyl group protons. The spe-
cific optical rotations values ([«]&) of dimeric com-
pounds 1, 3 and 4 have been obtained.

2.2. Synthesis of (+ )-neomenthylcyclopentadienyl
lanthanide dihalides

The synthesis of mono-( + )-neomenthylcyclopentadi-
enyl lanthanide dichloride complexes was accomplished
by the reaction of anhydrous lanthanide trichlorides
with one equivalent of sodium (+ )-neomenthylcy-
clopentadienyl in THF as shown in Eq. (3).

LnCl, 4+ NaCpR + 3THF — CpRLnCl,(THF), + NaCl
(3)
Ln=Sm (6), Gd (7), Yb (8), Y (9), Lu (10)

'TH-NMR spectroscopic studies had shown that com-
pounds 6-10 are coordinated with three THF
molecules, which is also consistent with the elemental
analysis results. Optical rotation values ([¢]&) in the
range of 9-10° for these compounds further suggests

that a similar coordination sphere exists around the
metal centre among these monocyclopentadienyl lan-
thanide chlorides.

Attempts to prepare the trivalent lanthanide com-
plexes containing one ( + )-neomenthylcyclopentadienyl
ligand for early lanthanide elements such as La(III),
Ce(IIT), Pr(IIT) and Nd(III) have been unsuccessful.
Good quality crystals of mono-( + )-neomenthylcy-
clopentadienyl lanthanide dichlorides for X-ray diffrac-
tion have not been obtained.

Alternatively, trivalent lanthanide triiodides had been
used as starting materials for preparing mono-cyclopen-
tadienyl lanthanide complexes. Treatment of lanthanide
triiodides [17] with one equivalent of potassium (+ )-
neomenthylcyclopentadienyl in THF at r.t. afforded
mono-neomenthylcyclopentadienyl lanthanide diiodides

(Eq. (4)).
Lnl, + KCp® + 3THF - CpRLnL(THF); + KI @)
Ln =Sm (11), Yb (12)

'"H-NMR spectrum of 11 showed that three THF
molecules were coordinated to the samarium centre. An
optical rotation of 9.42° for compound 11 is similar to
those results of compounds 6-10. Single crystals of 11
suitable for X-ray diffraction were obtained by recrys-
tallization in THF. The X-ray structural analysis of 11
was consistent with the results of NMR and elemental
analysis.

2.3. X-ray structures of [CpXLn(u-CD], (Ln = Sm (1),
Y 3)

Single crystals of 1 and 3 suitable for X-ray analysis
were obtained by recrystallization in THF/hexane mix-
ture (2:1). X-ray structural analyses revealed that com-
pounds 1 and 3 are dimeric. Molecular structures of 1
and 3 with the atom numbering scheme are shown in
Figs. 1 and 2. Selected bond distances and bond angles
for 1 and 3 are given in Tables 1 and 2. A summary of
structural parameters is listed in Table 7.

The coordination sphere of samarium in 1 differs
from the solvated [(CsH,Me),Sm(u-Cl)(THF)],, as the
neomenthyl substituted cyclopentadienyl ligand is com-
paratively larger than the methyl substituted cyclopen-
tadienyl ligand, hence, there is less room for additional
THF molecules in the coordination sphere of the
chloro-bridged dimer of 1. It has been reported that
attempts to prepare chloro-bridged samarium com-
pounds with the more bulky CsMe; ligands resulted in
the formation of a trimeric compound [(CsMes),Sm(-
CD)]5 [12], which allows the samarium centers to expand
further to reduce the congested coordination sphere.
For the same reason, a smaller ligand such as the
CsHs ligand forms the solvent-free double chloro-
bridged dimeric compound [(CsHs),Y (u-Cl)], [18], while
pentamethyl cyclopentadienyl ligands form the single
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chloro-bridged  compound [(CsMes), YCI(n-Cl)Y -
(CsMes)] so as to reduce the intramolecular congestion
of a dimeric structure.

The Sm,Cl, plane in 1 is nearly perpendicular (89.7°)
to the plane described by the four centroids of the
cyclopentadienyl ring. The ( + )-neomenthyl groups at-
tached to the cyclopentadienyl rings in each Cp5Sm
unit are positioned in a trans orientation with respect to
each other in order to minimize the steric interaction,
and the (+ )-neomenthyl groups in a different Cp5Sm
unit on same side of Sm,Cl, plane adopt a cis orienta-
tion arrangement. Similarly zrans orientation arrange-
ments of substitutes in similar (CsH,R),Ln units are
also found in compounds such as [(CsH,Me),Yb(u-Cl)],
[19], [(CsH4SiMe;),Y(p-CD], [20], [(CsH4SiMes),Y (u-
OMe)], [20], and [(CsH,Bu’),Ce(ui-OCHMe,)], [21].

The structural data of 1 and 3 have shown that the
Ln—Cl distances of the Ln,Cl, irregular four-membered
ring are comparatively different from the symmetric
square plane in analogous lanthanide dimeric com-
plexes such as [(CsHjs),Y(u-Cl)], [18] and [(Me;SiCs-
H,),Y(u-CD)], [20]. The four different bond distances of
Cpeent—Ln are lie in the range of 2.4-2.5 A for samar-
ium cyclopentadienyl compounds and 2.3-2.4 A for
yttrium compounds (Tables 3 and 4). The Cp,.,,—Ln—
CPeent angles of 134.7 and 128.7° for 1, 132.0 and 128.9°
for 3 are comparable to the range of angles around
130° in typical bis(cyclopentadienyl) lanthanide com-
plexes. The bond distances and bond angles of some
bis(cyclopentadienyl) lanthanide halides found in the
literature are listed for comparison in Table 3 for

samarium compounds and in Table 4 for yttrium
compounds.

2.4. X-ray structure of SmCpRI(THF); (11)

X-ray structural analysis has revealed that (4 )-neo-
menthyl cyclopentadienyl samarium diiodides (11) is
solvated with three THF molecules. The molecular
structure of 11 is shown in Fig. 3. Selected bond
distances and bond angles are given in Table 5. The
structural parameters are listed in Table 7.

The structure of 11 adopts a pseudo-octahedral ge-
ometry with the iodine atoms bonded to samarium in a
trans fashion. The samarium atom is deviated from the
four-membered plane described by I(1), I(2), O(1) and
0O(3) at 0.622 A.

The cyclopentadienyl ligand is bonded to samarium
in a pentahapto fashion at a distance of 2.729 A
(Sm—Ciipeav)- The dihedral angle between the cy-
clopentadienyl ring and plane described by I(1)I(2),
O(1)O(3) is 5.5°. The I(1)-Sm(1)-1(2) angle of 157.1° is
comparable to that of the analogous dihalides (see
Table 6) except for the (MeOCH,CH,CsH,)SmlI,-
(THF); (90.0°), in which an intramolecular coordina-
tion was found.

A comparison of the [CpXSm(p-Cl)], (1) and
CpRSmI,(THF); (11) has shown that they have same
coordination number of eight and different coordina-
tion environments. The Cp,.,,—Sm distance in 11 (2.453
A) is significantly larger than that in 1 (2.407 A), which
indicates the coordination sphere around samarium in
11 is more crowded than that in [CpS¥Sm(p-CD], (1).

Fig. 1. Molecular structure of [CpySm(p-CD)], (1).
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Fig. 2. Molecular structure of [CpRY(u-Cl)], (3).

3. Experimental

All manipulations were carried out under an inert
atmosphere of high-purity argon or dinitrogen using
standard Schlenk techniques or in a dinitrogen glove-
box due to the fact that most compounds involved are
extremely air and moisture sensitive. Solvents were
dried over and distilled from CaH, (hexane, CH,Cl,)
and/or sodium benzophenone (ether, THF, toluene)
and degassed twice prior to use. Deuterated solvents
C¢Dg¢ and C;DsN were dried over molecular sieves (4
A). 'H- and BC-NMR spectra were recorded on 250
and 300 MHz using Bruker WM-250 and DPX-300
spectrometers, mass spectra were recorded on a 5989-In
spectrometer. Specific optical rotations were recorded
on a Perkin—Elmer Polarimeter 341 under dinitrogen
atmosphere. (MCp®)_, (M = Na and K) were prepared
according to previous methods [11].

3.1. Preparation of [CpRSm(u-CD)], (1)

To a stirring suspension of anhydrous SmCl; (0.9 g,
3.50 mmol) in THF (30 ml) was added a solution of
NaCp® (7.02 mmol, 13.5 ml, 0.52 M in THF) at r.t.
After stirring the resulting reaction mixture for 5 h it
was concentrated and hexane (5 ml) was added to cause
precipitation of solids. The solids formed were sepa-
rated by centrifugation and the yellow supernatant was
collected by filtration. The solids were washed with
THF (2 x 10 ml) and filtered. The filtrates and the

supernatant were combined and concentrated and hex-
ane was added to form a saturated solution. The result-
ing yellow solution was stored at —30°C, yellow
crystals which formed were collected and dried under
vacuum to give compound 1 (1.38 g, 66.6%). M.p.
162°C. [a]y = +54.85° (THF). 'H-NMR (C/Dy/
CsDsN (2:1), 250 MHz): 6 —15.6 (1H), —3.54 to
— 3.58 (neomenthyl), 8.85 (1H), 13.47 (1H), 15.55 (1H),
19.96 (1H). MS (EI, 70 eV): 1150 (0.25%, [M — CI] ),
950 (0.9%, [M-CpR-CI]*), 558 (100%, [Cp5Sm]™),
392 (35.7%, [CpRSmCI] ™), 355 (24.82%, [Cp®Sm]™).
Anal. Found: C, 61.19; H, 8.18; Sm, 24.58; Calc. for
C50H4CISm: C, 60.83; H, 7.77; Sm, 25.40%.

3.2. Preparation of [CpRYb(u-Cl)], (2)

The procedure was similar to that of compound 1.
To a stirring suspension of anhydrous YbCl; (0.35 g,
1.25 mmol) in THF (15 ml) was added a solution of
NaCp® (2.6 mmol, 5 ml, 0.52 M in THF) at r.t. The
resulting red solution was stirred for 10 h at r.t., and
was then concentrated to ca. 10 ml. Hexane (4 ml) was
added to precipitate solids. The solids were separated
by centrifugation and the supernatant was collected by
filtration. The filtrate was concentrated under vacuum
and stored at — 30°C. A red—brown needle-like crys-
talline solid was collected and dried to give compound
2 (0.47 g, 61.2%). M.p. 168°C. '"H-NMR (C4D¢/CsDsN
(2:1), 250 MHz): 6 —11.3 (s, 2H), — 5.9 (2H), 0.5-2.3
(neomenthyl), 3.1 (2H), 5.0-6.76 (8H, CpH), MS (EI,
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70 eV): 615 (12.43%, [CpXYbCI]™), 579 (84.43%,
[CpYYD] ™), 412 (62.75%, [CpRYDCI]™), 377 (55.96%,
[CPpRYD] ™), 91 (100%). Anal. Found: C, 58.70; H, 7.65;
Calc. for C;,H,ClYb: C, 58.58; H, 7.48%.

3.3. Preparation of [CpRY(u-CD)], (3)

The procedure was similar to that of 2. Treatment of
a suspension of anhydrous YCl; (0.70 g, 3.54 mmol) in
THF (30 ml) with NaCp® (7.13 mmol, 31 ml, 0.23 M in
THF) afforded a colourless crystalline compound 3
(1.34 g, 71.2%). M.p. 175°C. [«]¥® = +49.80° (THF).
'"H-NMR (C¢D¢/CsD;sN (2:1), 250 MHz): 6 0.59 (d, 6H,
J=6.6 Hz), 0.78 (d, 6H, J=6.6 Hz), 0.92 (d, 6H,
J=6.4 Hz), 1.02-2.24 (neomenthyl), 3.39 (s, 2H), 6.02
(d, 2H, J=2.7 Hz), 6.11 (d, 2H, J=2.6 Hz), 6.16 (d,
2H, J=2.5 Hz), 6.28 (d, 2H, J=2.7 Hz). *C-NMR
(C¢De/CsDsN (2:1), 62.5 MHz): ¢ 20.58, 22.39, 23.34,
24.37, 28.36, 36.17, 37.71, 49.86, 41.66, 108.59, 110.03,
114.63, 114.85, 29.63, 130.84. MS (EI, 70 eV): 532
(0.5%, [1/2M]7), 496 (16.8%, [Cp5XY] ™), 329 (29.0%,
[CPRYCI] ™), 204 (57.7%, [HCp®R]™), 91 (100%). Anal.
Found: C, 67.00; H, 8.68; Y, 15.38. Calc. for
C;0HuCLY: C, 67.60; H, 8.64, Y, 17.09%.

Table 1 .
Bond distances (A) and angles (°) for 12

Bond lengths

Sm(1)-CI(1) 2.73509)  Sm(2)-C(31) 2.745(4)
Sm(1)-CI(2) 2.738(1)  Sm(2)-C(32) 2.658(4)
Sm(2)-CI(1) 2.756(1)  Sm(2)-C(33) 2.617(5)
Sm(2)-Cl(2) 27539)  Sm(2)-C(34) 2.653(5)
Sm(1)-C(1) 27293)  Sm(2)-C(35) 2.687(4)
Sm(1)-C(2) 2.672(4)  Sm(2)-C(46) 2.7733)
Sm(1)-C(3) 2.646(4)  Sm(2)-C(47) 2.705(3)
Sm(1)-C(4) 2.660(4)  Sm(2)-C(48) 2.624(4)
Sm(1)-C(5) 2.706(2)  Sm(2)-C(49) 2.664(5)
Sm(1)-C(16) 2.746(4)  Sm(2)-C(50) 2.724(4)
Sm(1)-C(17) 2733(4)  Cpeen—Sm(l) 2.394

Sm(1)-C(18) 2.702(5)  Cpeener-Sm(l) 2.459

Sm(1)-C(19) 2.666(4)  Cpones-Sm(2) 2.386

Sm(1)-C(20) 2.659(4)  Cpema-SM(2) 2.429

Bond angles
Sm(1)-CI(1)-Sm(2)
Sm(1)-Cl(2)-Sm(2)

97.29(4) CPeenz-Sm(1)-Cl(2)  108.3
97.27(4)  CPeeniySM(1)-Cpeena  128.7
CI(1)-Sm(1)-Cl(2) 82.953) Cpeens—Sm(1)-CI(1)  107.8
Cl(2)-Sm(2)-ClI(1) 82.27(3) Cpeens—Sm(1)-CI(2)  110.3
CPeeny=Sm(1)-Cpeey> 1347 CPeenta—Sm(1)-CI(1) 1111
CPeenti—Sm(1)-CI(1)  109.5 CPeenta—Sm(1)-Cl(2)  106.8
CPeenti—Sm(1)-CI(2) 107.3 plane(1)/plane(2) 89.7
CPeen-Sm(1)-CI(1)  101.7

2 CPeent 18 the centroid of cyclopentadienyl ring; plane(l) is plane
deﬁned by Cpccmh CpccntZﬂ Cpccm3= Cpccnl4= Sm(l) and Sm(Z),
plane(2) is plane defined by Sm(1), Sm(2), ClI(1) and CI(2).

Table 2 .
Bond distances (A) and angles (°) for 3#

Bond distances

Y(2)-CI(1) 2.693(4) Y(2)-C(31) 2.691(9)
Y(2)-Cl(2) 2.696(4) Y(2)-C(32) 2.631(9)
Y(1)-CI(1) 2.671(5) Y(2)-C(33) 2.604(11)
Y(1)-Cl(2) 2.676(4) Y(2)-C(34) 2.597(11)
Y(1)-C(1) 2.660(13)  Y(2)-C(35) 2.658(12)
Y(1)-C(2) 2.647(11)  Y(2)-C(46) 2.687(14)
Y(1)-C(3) 2.599(12)  Y(2)-C47) 2.661(12)
Y(1)-C(4) 2.572(12)  Y(2)-C(4’) 2.635(13)
Y(1)-C(5) 2.616(12)  Y(2)-C(49) 2.590(13)
Y(1)-C(16) 2.681(9) Y(2)-C(50) 2.623(14)
Y(1)-C(17) 2.624(12)  Cpeena—Y(1) 2.331
Y(1)-C(18) 2.601(12)  Cpeen-Y(1) 2.340
Y(1)-C(19) 2.593(11)  Cpeeniz—Y(2) 2.347
Y(1)-C(20) 2.651(7) CPeenta— Y (2) 2.351
Bond angles

Cl(1)-Y(1)-Cl(2) 83.5(1) CPeent>-Y(1)-CI(2)  108.3
Cl(1)-Y(2)-Cl(2) 82.7(1) CPeentsY(2)—CPeents 128.9
Y(1)-CI(1)-Y(2) 97.0(2) CPeentz—Y(2)-CI(1)  107.5
Y(1)-Cl(2)-Y(2) 96.8(2) CPeentz-Y(2)-Cl(2)  110.7

Cpcentlism(l)fcpcé.mz 132.0
CpccnllfY(l)*Cl(l) 1080
CPeenn-Y(D)-CI2) 1077
CPeen-Y(-CI(1) ~ 106.6

Cpcent47Y(2)7Cl(1) 1098
Cpccnl47Y(2)7C1(2) 1076
plane(1)/plane(2) 89.3

# Cpeent denotes the centroid of cyclopentadienyl ring; plane(l) is
plane defined by Cpeentis CPeentzs CPeentss CPeentas Y(1) and Y(2);
plane(2) is plane defined by Y(1), Y(2), CI(1) and CI(2).

3.4. Preparation of [CpRLu(u-Cl)], (4)

The procedure was similar to that of 2. Treatment of
a suspension of anhydrous LuCl; (0.40 g, 1.42 mmol) in
THF (20 ml) with a solution of NaCp® (2.88 mmol,
12.5 ml, 0.23 M in THF) afforded a colorless crystalline
compound 4 (0.53 g, 60.6%). M.p. 170°C. [«]® = +
42.50° (THF). 'H-NMR (C(D¢/CsDsN  (2:1), 250
MHz): (0.58 (d, 6H, J=6.6 Hz), 0.81 (d, 6H, J=6.6
Hz), 0.90 (d, 6H, J=6.4 Hz), 1.00-2.30 (necomenthyl),
3.42 (s, 2H), 5.92 (d, 2H, J=2.5 Hz), 6.08 (d, 2H,
J=2.6 Hz), 621 (d, 2H, J=2.5 Hz), 6.35 (d, 2H,
J=2.6 Hz). MS (EI, 70 eV): 618 (1.5%, 1/2M "), 582
(14.3%, [CpRLu]™), 204 (46.6%, [HCp®]*"). Anal.
Found: C, 57.75; H, 86.98. Calc. for C;yH,ClLu: C,
58.39; H, 7.46%.

3.5. Preparation of CpRY—N(SiMe;), (5)

To a stirring solution of CpXYCl (0.36 g, 0.68 mmol)
in THF (10 ml) was added NaN(SiMe;), (0.7 mmol, 0.7
ml 1.0 M in THF) at r.t. After stirring the reaction
mixture for 4 h, the solvent was removed under vacuum
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and hexane (10 ml) was added to extract the product.
The solution mixture was filtered and the extract was
concentrated under vacuum. After being stored at
—30°C, a colorless crystalline solid was formed and
collected to afford compound 5 (0.31 g, 69.6%). 'H-
NMR (C¢Dg, 300 MHz): 6 0.08 (br.s, 6H), 0.26 (br.s,
6H), 1.5-2.0 (neomenthyl), 3.19 (br.s, 2H), 5.90 (m,
2H), 6.23 (m, 4H), 6.51 (m, 2H). 3*C-NMR (C(Ds, 75
MHz): 6 1.37, 2.66, 20.26, 21.60, 22.55, 24.09, 28.75,
30.01, 36.08, 38.57, 42.40, 49.39, 108.49, 113.31, 115.23,
119.88, 129.17. Anal. Found: C, 71.52; H, 10.94; N,
3.26; Calc. for C;sH,Si,NY: C, 70.59; H, 10.45; N,
2.14%.

3.6. Preparation of CpRSmCI(THF); (6)

A suspension of anhydrous SmCl; (1.3 g, 5.06 mmol,
58% excess) in THF (20 ml) was stirred for 1 h at 60°C
and was then cooled to r.t. To the resulting suspension
was added a solution of NaCp® (3.20 mmol, 20 ml, 0.16
M in THF) and stirred for 10 h at r.t. Hexane (5 ml)
was added to cause precipitation of solids. The solids
were separated by centrifugation and washed with THF
(2 x 10 ml), the filtrates were combined with the super-
natant and concentrated to 20 ml. Hexane (5 ml) was
added to form a saturated solution and set aside at
—30°C overnight, yellow powder solids formed and
were collected to give compound 6 (1.55 g, 75.9%).
M.p. 155°C. "H-NMR (C¢D¢/CsDsN (2:1), 250 MHz):
0 —0.35-2.80 (necomenthyl), 1.42 (m, 12H, THF), 3.52
(m, 12H, THF), 8.50 (s, 1H), 9.56 (s, 1H), 9.63 (s, 1H),
10.62 (s, 1H). MS (EI, 70 eV): 425 (0.2%, [M—
3THF] '), 204 (5.5%, [HCpR]*), 71 (49.7%). [«]¥ =
+10.32° (THF). Anal. Found: C, 48.95; H, 7.69; Sm,
22.52, Calc. for C,;H,;05CL,Sm: C, 50.60; H, 7.34; Sm,
23.47%.

3.7. Preparation of CpRGdCI(THF); (7)

The procedure was similar to that of 6. A suspension
of anhydrous GdCl, (0.6 g, 2.27 mmol) in THF (15 ml)
was refluxed at 65°C for 1 h and then cooled to 0°C. To
the resulting suspension was added a solution of
NaCp®R (2.29 mmol, 44 ml, 0.52 M in THF). The

Table 3

reaction mixture was warmed to r.t. and stirred for 10
h and the solid residues were removed by centrifuga-
tion. The supernatant was concentrated and hexane was
added. The solution was stored at — 30°C overnight to
give a colorless powder solid compound 7 (045 g,
30.6%). M.p. 150°C. [«]5 = + 11.42° (THF). Anal.
Found: C, 48.84; H, 7.56; Calc. for C,;H,,0,CL,Gd: C,
50.06; H, 7.26. MS (EIL, 70 eV): 81 (100%), 204 (42.6%,
[HCp®] ™), 361 (13.2%, [CpRGd]*t), 408 (42.8%,
[(HCp®),] ), 431 (3.0%, [M — 3THF] ™).

3.8. Preparation of CpRYbCI(THF); (8)

The procedure was similar to that of 6. Treatment of
anhydrous YbCl, (0.50 g, 1.79 mmol) with a solution of
NaCpR® (1.82 mmol, 3.5 ml, 0.52 M in THF) afforded a
red—brown crystalline solid compound 8 (0.40 g, 34%).
M.p. 154°C. Anal. Found: C, 46.42; H, 6.86; Calc. for
C,,H,,05CLYb: C, 48.87; H, 7.09. MS (EI, 70 eV): 377
(10.1%, [HCpRYDb] ™), 204 (32.0%, [HCp®] ™).

3.9. Preparation of CpRYCIL(THF); (9)

The procedure was similar to that of 6. Treatment of
anhydrous YCI; (0.8 g, 4.05 mmol) with a solution of
NaCp® (4.16 mmol, 8 ml, 0.52 M in THF) afforded a
colorless crystalline solid compound 9 (1.22 g, 51.8%).
M.p. 147°C. 'H-NMR (C¢D¢/CsDsN (2:1), 250 MHz):
0 0.66 (s, 3H), 0.68 (s, 3H), 0.76-2.36 (necomenthyl),
1.40 (m, 12H, THF), 3.53 (m, 12H, THF), 6.37 (br.d,
2H), 6.48 (br.d, 1H), 6.75 (br.d, 1H). MS (EI, 70 eV,
mje): 362 (11.9%, [M—3THF]"), 204 (20.4%,
[HCpR1"). [«]® = +10.06° (THF). Anal. Found: C,
54.23; H, 8.22; Calc. for C,;H,,0;CLY: C, 55.76; H,
8.09%.

3.10. Preparation of CpRLuCIl(THF); (10)

The procedure was similar to that of 6. Treatment of
anhydrous LuCl; (0.35 g, 1.24 mmol) with a solution of
NaCp® (1.25 mmol, 2.4 ml, 0.52 M in THF) afforded a
colorless crystalline solid compound 10 (0.35 g, 42.4%).
M.p. 152°C. 'H-NMR (C(D4/CsD;sN (2:1), 250 MHz):
0 0.69-2.4 (neomenthyl), 1.42 (m, 12H, THF), 3.58 (m,

Bond distances (A) and angles (°) for some bis(cyclopentadienyl) samarium halides

Compounds CPeen—Sm Sm-X Cp-Sm-Cp Ref.
[(CsMes),SmCl]4 244,245,247 2.847, 2.887, 2.892 128.2, 127.8 [12]
(MeOCH,CH,C;sH,),Sml 2.44, 243 3.119 123.8 [30]
(CsMes),SmI(THF) 247, 2.46, 2.44, 2.45 3.043, 3.052 136.0, 137.0 [31]
(CsMes),SmCI(THF) 2.47, 2.43, 245, 2.45 2.709, 2.765 133, 136 [31]
(CsMes),SmI(CH (N,) 2.73 (Sm—C,y. ting) 3.100 137 [32]
(PhCH,OCH(Me)CH,CsH,),Sml 243,245 3.088 123.7 [33]
[(R*CsH,),SmCl], (1) 2.394, 2.459, 2.386, 2.429 2.735, 2.738, 2.756, 2.753 134.0, 128.0 This work
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Table 4

Bond distances (A) and angles (°) for some bis(cyclopentadienyl) yttrium halides

Compounds CPeeni— L Ln-X Cp-Y-Cp Ref.
[(CsHs),YCl], 2.38, 2.37 2.710, 2.769 - [18]
[(CsMes),YCl], - 2.57%crm» 2-6404 544, 2.77644q - [13]
[(CsMes), Y (u-Cl),Li(THF),] Y-C(av. ring), 2.66, 2.67 2.575, 2.650, 2.620 - [20]
[(CsMes), YCl(pn-CH)Li(THF)5]

[(Me;SiCsH,),YCl], 2.339, 2.339 2.704, 2.684 130.1 [20]
(MeOCH,CH,CsH,),YI 2.39, 2.39 3.057 125.6 [34]
(CsMe;s), YCI(YHF) 2.382, 2.379, 2.373, 2.388 136.2, 136.6 2.579, 2.577 [31]

[(R*CH,),YCl], (3) 2331, 2.340, 2.347, 2.351

2.671, 2.676, 2.693, 2.696 132.0, 128.9 This work

12H, THF), 6.35 (d, 2H), 6.52 (d, 1H), 6.66 (d, 1H).
MS (EI, 70 eV, m/e): 379 (6.9%, [CpRLu]"), 204
(31.5%, [HCpR1"). [«]®= +9.56° (THF). Anal
Found: C, 46.23; H, 6.82; Calc. for C,,H,,0;Cl,Lu: C,
48.72; H, 7.07%.

3.11. Preparation of CpRSmI,(THF); (11)

To a stirring brown suspension of Sml; (0.30 g, 0.57
mmol) in THF, freshly prepared from the reaction of
Sm metal (0.085 g, 0.57 mmol) with I, (0.215 g, 0.85
mmol) in THF (30 ml), was added KCp® (0.137 g, 0.57
mmol) at 0°C. The reaction mixture was warmed to r.t.
and stirred for 10 h to form a yellow suspension. The
solid residues were removed by filtration and washed
with THF (2 x 15 ml). The filtrates were combined and
concentrated. Hexane (4 ml) was added to the solution

Q Ct13)
@C(M)

Fig. 3. Molecular structure of CpRSmI,(THF); (11).

and stored at — 30°C to yield yellow crystals which
were collected and dried under vacuum to give com-
pound 11 (0.39 g, 82.8%). M.p. 165°C. [a]¥ = +9.42°
(THF). '"H-NMR (C¢D¢/CsDsN (2:1), 300 MHz): &
—1.18 (s, 1H), —0.01 (s, 3H), 0.00—3.35 (neomenthyl),
1.41 (s, 12H, THF), 3.51 (s, 12H, THF), 8.53 (s, 1H),
10.86 (d, 2H), 11.36 (s, 1H). Anal. Found: C, 39.36; H,
5.58; Sm, 17.76. Calc. for C,,H,,0;1,Sm: C, 39.37; H,
5.71; Sm, 18.27%.

3.12. Preparation of CpRYbI(THF); (12)

The procedure was similar to that of 11. The treat-
ment of YbI; (0.25 g, 0.45 mmol) with KCp® (0.110 g,
0.45 mmol) in THF at r.t. afforded a brown crystalline
compound 12 (0.28 g, 73.3%). M.p. 174°C. Anal.
Found: C, 37.65; H, 5.68. Calc. for C,;H,,0;1,Yb: C,
38.21; H, 5.54%.

Table 5 .
Selected bond distances (A) and angles (°) for 112

Bond distances

Sm(1)-1(1) 3.139(1) Sm(1)-C(4) 2.698(12)
Sm(1)-1(2) 3.140(1) Sm(1)-C(5) 2.800(12)
Sm(1)-O(1) 2.458(10) C(1)-C(2) 1.395(19)
Sm(1)-0(2) 2.572(9) C(1)-C(5) 1.403(16)
Sm(1)-O(3) 2.437(8) C(2)-C(3) 1.349(21)
Sm(1)-C(1) 2.767(13)  C(3)-C(4) 1.437(20)
Sm(1)-C(2) 2.703(15)  C4)-C(5) 1.445(17)
Sm(1)-C(3) 2.675(14)  Cpeen—Sm(1) 2.453(15)*
Bond angles

I(1)-Sm(1)-1(2) 157.1(1) O(1)-Sm(1)-0(3) 152.93)
I(1)-Sm(1)-O(1) 88.6(2) 0(2)-Sm(1)-0(3) 76.5(3)
1(2)-Sm(1)-O(1) 5.5(2) CPeenu—Sm(1)-I(1) 100.5(16)
I(1)-Sm(1)-0O(2) 78.4(2) CPeeni—Sm(1)-1(2) 102.3(16)
1(2)-Sm(1)-0(2) 78.7(2) CPeenu—Sm(1)-O(1)  101.5(16)
O(1)-Sm(1)-0(2) 76.4(3) CPeeni—Sm(1)-0(2)  177.6(16)
1(1)-Sm(1)-0(3) 85.7(2) CPeenui—Sm(1)-0O(3)  105.6(16)
1(2)-Sm(1)-O(3) 89.5(2) plane(1)/plane(2) 5.5

2 CPeent1 18 the centroid of cyclopentadienyl ring. Plane(1) is plane
of cyclopentadienyl ring, plane(2) is described by I(1), 1(2), O(1) and
0(3).
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Structural parameters for some monocyclopentadienyl lanthanide dihalides
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Compounds Cp-Ln X-Ln-X Ln-X Ln-O(THF) Ref.
(CsHs)YclL,(THF), 2.373 155.1 2.630, 2.625 2.35, 2.50, 2.34 [35]
(CsHs)NACI,(THF), 2.503 155.9 2.719, 2.712 2.445, 2.529, 2.448 [36]
(CsH5)ErCly(THF), 2.383 154.85 2.620, 2.613 2.350, 2.452, 2.365 [37]
(CsH5)YbCL(THF), 2.389 154.85 2.598, 2.591 2.355, 2.417, 2.365 [38]
(CsH5)YDBr,(THF), 2.358 155.31 2.771, 2.779 2.335, 2.438, 2.348 [38]
(CsMes)Cel,(THF), 2.523 152.18 3.227, 3.173 2.540, 2.540, 2.511 [39]
(MeOCH,CH,CsH,)SmI,(THF), 2.41 95.00 3.092, 3.086 2.514, 2.456, 2.519 [30]
CpRSml,(THF); (11) 2.453 157.1 3.139, 3.140 2.458, 2.572, 2.437 This work
Table 7
Selected crystallographic and data collection parameters for compounds 1, 3 and 11

1 3 11
Molecular formula CooHo,Cl,Sm, CooHo,CLY, C,,Hy71,05Sm
Molecular weight 1188.97 1062.1 823.8

Color and habit
Crystal size (mm)

Yellow prism
0.20 % 0.30 % 0.50

Colorless prism
0.10x 0.20 x 0.40

Yellow prism
0.10x0.32%0.70

Crystal system Monoclinic Monoclinic Orthorhombic
Space group Cc2 Cc2 P2,2,2,

a (A) 36.099(5) 35.899(7) 10.532(2)

b (A) 7.507(2) 7.505(2) 12.650(3)

¢ (A) 28.818(5) 28.728(6) 23.941(5)

a (°) - - -

B () 121.52(1) 121.59(3) -

7 () - - .

v (A3) 6657(2) 6593(6) 3162.1(16)
zZ 4 4 4

D (g cm™3) 1.186 1.070 1.730
Absorption coefficient (mm ') 1.857 1.863 3.833

Scan type and rate (deg min~!)  , 8.0-32.0 60 oscillation photos; ¢ = 0-180°, A¢ =3°; 8 min per frame w, 8.0-32.0
20 ax () 4-55 3.0-55.0 4.0-55.0

Unique data (R;,,)
Observed data

7108 (0.0277)
2914 [F>46(F)]

10965 (0.0726)
6778 [F>60(F)]

No. variables (p) 578 580

R 0.0445 0.0572

WwR 0.1223 0.0645
Weighting scheme 0.0785, 0.3195 0.0000
Goodness-of-fit 1.041 2.07

Large and mean A/o —0.603, 0.038 0.093, 0.004
Apoax (€ 10\*1) 0.663, —0.534 0.98, —0.82

4073 (0.0000)
2814 [F> 60 (F)]
299

0.0396

0.0512

0.0004

1.27

0.001, 0.000
0.97, —0.80

4. X-ray crystallography

Suitable single crystals were mounted and sealed in
Lindemann glass capillaries under dinitrogen. X-ray
intensities were measured at 294 K on MSC/Rigaku
AFC7R four-circle diffractometer 1 and 11, and on
MSC/Rigaku Raxis Ilc imaging-plate diffractometer
for 3 with rotating-anode generator powered at 50 kV
and 90 mA by using Mo-K_, radiation (4 =0.71073 A)
[22—-24]. Empirical absorption corrections were applied
by fitting a pseudo-ellipsoid to the w-scan data of
selected strong reflections over a range of 260 angles for
1 and 11 [25].

All crystal structures were determined by the direct
method, which yielded the positions of all non-hydro-

gen atoms. All the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were all generated
geometrically (C—H bond lengths fixed at 0.96 A),
assigned appropriate isotropic thermal parameters and
allowed to ride on their parent carbon atoms. All H
atoms were held stationary and included in the struc-
ture factor calculation in the final stage of full-matrix
least-squares refinement. The computations 3 and 11
were performed on an IBM compatible PC with the
SHELXL-PLUS program package, where, w ! = ¢2(F) +
|g|F>, R=Rp=3X|F|—|F.|=2|F) R,=[Zw(F,—
F)V[Ew(F,)], GOF =S = {[Ew(F, — F)/(n — p)}""~.
The computation of 1 was performed using the
SHELXL-93 program package [26-28], where w='=
cX(F)=(ax P)=bxP, P=(F3+2F?), R=R, =
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I||F,| — |F| = Z|F,), R,=wR, = {[Zw(F%— F?%/
[(Ew(F)’}'2,  GOF =8 = {[Zw(F5 — F)’)/(n—p)}'>.
Analytic expressions of neutral-atom scattering factors
were employed, and anomalous dispersion corrections
were incorporated [29].

5. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC-113689 for compound 1, CCDC-
113690 for compound 3 and CCDC-113688 for com-
pound 11. 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; e-mail: deposit@ccdc.cam.ac.uk; or http://
www.ccdc.cam.ac.uk).
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