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Abstract 

X-ray crystallographic data have been obtained on the mono-THF solvates of the organosamarimn(11) complexes (CSMes),Sm(THF) 
and [C,H,(SiMe,),][CsH,(SiMe,),]Sm(TH~). (CsMes),Sm(THF) ctystallixes from toluene in space group P2,/n with a = 
9.7606(13), b = 16.6557(17), c = 14.071006) A, p = 90.446(1OP, V- 2287.4(5) A3 and Dcalcd = 1.431 g cmm3 for Z = 4. Least-squares 
refinement of the model based on 2879 reflections converged to a final R, = 3.1%. ([C,H2(SiMe,)s~C,H,(Si~es)r]- 
Sm(THF))(C,H,,),s crystallizes from hexane in space group Pi with a = 9.3600(17), b = 11.0311(21), c = 20.4697(33) A, a = 
83.290(14), f3 = 80.569(14), 7 = 88.785(15P, V= 2071.2(6) A3 and I&d = 1.225 g cme3 for Z = 2. Least-squares refinement of the 
model based on 5988 reflections converged to a final I?, = 3.1%. In these bent metallocenes, the THF oxygen atoms do not tdopt 
the sterically least crowded posi$ons and lie off the plane defined by the two ring centroids and the samarium by 1.54 A for 
(CsMe,),Sm(THF) and by 0.85 A for [C,Ha(SiMe3)sl[C,Hs(SiMe,),]Sm(THF). 

Recent studies in organolanthanide chemistry have 
shown that bis(pentamethylcyclopentadienyl1 com- 
plexes of Sm” provide access to a wide range of 
unusual reactions [l-4]. The primary reagents used in 
these studies have been the disolvated purple complex 
(CSMe,),Sm(THF), (1) [5], and the unsolvated green 
complex (C,Me,),Sm (2) [6], both of which have been 
fully defined by X-ray crystallography. Complex 1 is 
converted to 2 by heating to 80°C under vacuum in 
what is apparently a two-stage process. Evidence for an 
intermediate monosolvate, (C,Me,),Sm(THF), has 
been obtained [7] from elemental analysis of the 
brownish-green solid obtained by rotary evaporation of 
toluene solutions of 1, but X-ray crystallographic con- 
firmation of the monosolvate formulation has been 
lacking. We report here the X-ray crystal structure of 
this THF monosolvate as well as the structure of an- 
other THF monosolvate recently obtained with 
trimethylsilyl-substituted cyclopentadienyl ligands. 
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1. Experimental details 

The complexes described below are extremely sensi- 
tive to air and moisture. Therefore, syntheses and 
manipulations were conducted under nitrogen with rig- 
orous exclusion of air and water using Schlenk, vacuum 
line and glovebox (Vacuum/Atmospheres HE-553 Dri- 
Lab) techniques. Solvents were purified and physical 
measurements were obtained as previously described 
[81. (C,Me,),Sm0HF), [5] and C,H,(SiMe,), [9] were 
prepared according to the literature, and the diene was 
purified by fractional distillation. 

1.1. (C,Me,),Sm(THF) (3) 
In the glovebox, (C,Me,),Sm(TI-IF), (46 mg, 0.08 

mmol) was dissolved in 5 ml of toluene. Removal of 
solvent by rotary evaporation left (C,Me,),Sm(THF) 
[7] as a green-brown powder (40 mg, 100%). Anal. 
Found: 30.3. C,,H,,OSm calcd.: Sm, 30.51%. ‘H NMR 
(C6D6, concentration dependent, 21 mg/0.5 ml): 6 3.0 
(C,Me,), 16.43, 2.65 @I-IF). r3C NMR (C,D,) S 94.5 
(C,Me,), -80.1 (CSMe5), 25.5,14.5 (THF). M.p. 108°C. 
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Dark red crystals suitable for X-ray diffraction were standard setting of P2,/c CC;,,; No. 14) is, therefore, 
grown from toluene at -35°C over a two-day period. uniquely defined. 

I. I. I. X-ray data collection, structure determination, 
and refinement for (C,Me,-),Sm(THF) (3) 

A dark red crystal of approximate dimensions 0.18 
X 0.22 X 0.30 mm was immersed in Paratone-N (Ex- 
xon), mounted on a glass fiber and transferred to a 
Siemens R3m/V automated four-circle, diffractometer 
equipped with a modified LT-2 low-temperature sys- 
tem. The determination of Laue symmetry, crystal class, 
unit cell parameters and orientation matrix of the 
crystal were carried out by previously described meth- 
ods similar to those of Churchill et al. [lo]. Intensity 
data were collected at 173 K using a 19-28 scan tech- 
nique with MO Ka radiation under the conditions 
described in Table 1. All 3354 data were corrected for 
absorption (empirical correction based on q-scan data) 
and for Lorentz and polarization effects and were 
placed on an approximately absolute scale. The diffrac- 
tion symmetry was 2/m. with systematic absences Ok0 
for k = 2n + 1 and h01 for h + 1= 2n + 1. The cen- 
trosymmetric monoclinic ’ space group P2 @, a non- 

All crystallographic calculations were carried out 
using either our locally modified version of the UCLA 
Crystallographic Computing Package [ll] or the 
SHELXTL-PLUS program set [121. The analytical scatter- 
ing factors for neutral atoms were used throughout the 
analysis [13a]; both the real (Af ‘1 and imaginary (i Af “I 
components of anomalous dispersion [13bl were in- 
cluded. The quantity minimized during least-squares 
analysis was CW(IF,I-IF,I)~ where w-‘=a2(IF01) 
+ O.OOOS( I F, I12. 

The structure was solved by direct methods 
(SHELXTL-PLUS) and refined by full-matrix least-squares 
techniques. Hydrogen atoms were included using a 
riding model with d(C-H) = 0.96 A and Ui, = 0.05 li’. 
Refinement of positional and thermal parameters led 
to convergence with R, = 3.1%; R,, = 3.5% and GOF 
= 1.14 for 236 variables refined against all 2879 data 
with I F, I > 0, (R, = 2.3%, R,, = 3.2% for those 2465 
data with I F0 I > 6.0a( I F, I)). A final difference-Four- 
ier synthesis showed no significant features, p(max) = 
0.46 eAp3. 

TABLE 1. Crystal data and summary of intensity data collection and structure refinement for 3 and 4 

3 4 

Compound CrdHssGSm 
Molecular weight 492.9 

Space group P2,/n CC;,; No. 14) 

Cell constants, a(A) 9.760603) I 
b (ii) 16.655707) 

c (A) 14.0710(16) 
a (“) 90 
p (“I 90.446tlO) 
y (“I 90 

Cell volume (A31 2287.4(5) 
Motecules/unit cell 4 
L&t=, (g cmm3) 1.431 
Temperature (K) 173 

P,.lc. (cm - ‘1 ’ 25.9 j ’ 
Radiation MO Ka (I’= 0.710730 ;i, 
Transmission factor range ’ 0.3812-0.4537 
Max crystal dimens. (mm) 0.18 x 0.22 x 0.30 
Scan width Sym. [2e(KaJ - 1.2]--) [28(Ka,) + 1.21 
Scan rate (” min-‘) 3.0 (in w) 
Background counting Evaluated from 96-step peak profile 
Standard reflections 3 standards, measured after each 97 data 
28 range PI 4.0-45.0 
Total unique data 3354 , 
Unique data 2879 (I > 0) 
No. bf parameters varied 236 
G.O.F. 1.14 ’ 
R (%o) 3.1 5 
R, (%I 3.5 
Max A/a in final cycle 0.002 

C,,H,,OSisSm 
763.70 

pi cc;; No. 14) 

9.3600(17) 

11.0311(21) 

20.4697(33) 
83.290(14) 
80.569(14) 
88.78505) 

2071.2(6) 
2 
1.225 
173 
15.8 

MO Ka (h = 0.710730 z&) 
0.814-1.000 
0.27 x 0.37 x 0.40 
Sym” [2g(Kar) - 1.21+ [20(Kcur) + 1.21 
3.0 (in w) 
Evaluated from 96-step peak profile 
3 standards, measured after each 97 data 
4.0-48.0 
7003 
5988 (I ;r 3a(Z)) 
352 
1.20 
3.1 
4.0 
0.02 



UV. Evans et al. / Mono-THF solvates of bis(cyclopentadienyl)samarium(II) complexes 

1.2. [C,H,(SiMe,),][C,H,(SiMe,),]Sm(THF) (4) 
In the glovebox, K[C,H,(SiMe,),] was prepared in 

THF from XI-I and a sample of C,H,(SiMe,), [9] 
defined as pure by ‘H NMR. THF was added to a 
mixture of SmI,(THF), (256 mg, 0.467 mm011 and this 
K[C,H,(SiMe,),] (310 mg, 0.97 mmol) and the reac- 
tion was stirred overnight. The resulting mixture was 
centrifuged to remove solids and the solvent was re- 
moved by rotary evaporation. The solids were extracted 
with hexane to give a purplish-black solution. The 
solvent was removed and a sample was examined by 
NMR in C,D,. A complicated NMR spectrum was 
observed which contained several Me,Si resonances. 
The first crystals isolated from this mixture by crystal- 
lization from hexane at -34°C were identified as 4, 
which implied the presence of a small amount of 
C,H,(SiMe,), in the C,H,(SiMe,), used. Attempts to 
obtain additional crops of 4 were unsuccessful and 
attempts to obtain pure 4 directly from reactions of 
SmI,(TI-IF), with mixtures of the cyclopentadienyl lig- 
ands have only led to mixtures of products. 

1.2.1. X-ray data collection, structure determination, 
and refinement for [C,H,(SiMe,),l[C,H,(SiMe,),]- 
Sm (THF) (4) 

General procedures were the same as those for 3. 
The diffraction pattern showed only triclinic symmetry; 
successful refinement was carried out in the centrosym- 
metric space group Pi. Structure refinement included 
anisotropic thermal parameters for all nonhydrogen 
atoms. Hydrogen atoms were included in fixed, ideal- 
ized positions with Biso = 5.0 li”. The p-factor in the 
weighting scheme [14] was taken as 0.05. The largest 
feature on a fin+ difference-Fou$er map was a peak 
of height 1.8 e Am3 located 0.5 A from the samarium 
atom. 

2. Results and discussion 

2.1. Reaction chemistry 
(C,Me,),Sm(THF) (3) was &pared by removing 

solvent from a purple toluene solution of (C,Me,), 
Sm(THF),. This procedure generates a dark green- 
brown powder which, on the basis of spectroscopic and 
analytical data, was formulated as the monosolvate, 
(C,Me,),Sm(THF) (3) [7]. However, since the unsol- 
vated metallocene, (C,Me,),Sm, is green, and since 
the very intense Sm” colors sometimes obscure the 
primary species in a mixture, it was desirable to fully 
confirm the existence of the monosolvate 3 by an X-ray 
crystallographic study. Suitable single crystals were ob- 
tained and the structure is described below. 

The procedure by which 3 is formed provides an 
experimentally convenient way to use the reagent 

Fig. 1. ORTEP diagram of (C,Me,),Sm(THF) (3) with the probability 
ellipsoids drawn at the 50% level. 

(C,Me,),Sm(THF),. Since removal of THF from 3 is 
much more difficult than removal of THF from 1, 
complex 3 is more easily prepared as a solid in a 
well-defined form of solvation than is 1. Hence, accu- 
rate stoichiometries for Sm” reactions can be readily 
accessed via solid 3. 

A second THF monosolvate of a Sm” metallocene 
has also been obtained and is included here for com- 
parison with 3. Bis(trimethylsilyl)-substituted cyclopen- 
tadienyl ligands have been shown to be useful alterna- 
tives to C,Me, in 4f-element chemistry [15]. In the 
course of studying the utility of more highly substituted 
trimethylsilyl cyclopentadienyl ligands in Sm” chem- 
istry [15], we have obtained single crystals of 
[C,H2~SiMe,~,1[C,H3~SiMe3~,1Sm~THF~ (4). This 
complex preferentially crystallized from a reaction con- 
taining an apparent mixture of bis- and tris(trimethyl- 
silylj-substituted cyclopentadienyl ligands. The prefer- 
ence for this particular species to crystallize out may 
have interesting implications for the future use of these 
ligands with Sm”. 

2.2. Crystallographic studies 
The structure of 3 is shown in Fig. 1. The structural 

parameters of 3 (Table 2) are very similar to those for 
the mono(tetrahydropyran1 solvate, (C,Me,), 
Sm(OC,H,,) (5) [7]. The ranges of Sm-C(ring) values 
in the two complexes are nearly the same, 2.787(5)- 
2.853(4) 8, in 3 and 2.770(9)-2.858(61 A in 5, and the 
Sm-COing) averages coincide at 2.816(4) A. The main 
difference between the two structures in bond dis- 
tances is the Sm-0 lengths. A 2.569(3) A Sm-0 bond 
is found in 3 compared to a 2.630(6) A distance in 5. 
This is consistent with the larger size of the pyran ring. 

The angular parameters in the two complexes are 
also similar. The ring centroid-Sm-ring centroid an- 
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Fig. 2. TOP views of (C,Me,),Sm(THF) (3), [C,H,(SiMe,),HC,H,(SiMe,),lSm(THF) (4), and (CSMe5)$m(OC$lJ (5), oriented such that the 
widest part of the bent metallocene wedge is horizontal in the diagram. 

gles in 3 and 5, are 138.5” and 140.0”. The ring cen- 
troid-Sm-0 angles of 106.0” and 107.0” in 3 and 107.0” 
and 107.4” in 5 show that the oxygen is located midway 
between the two cyclopentadienyl rings. However, in 
the plane perpendicular to these ring centroid-Sm-0 
planes, the solvating ether oxygen atom is not located 
symmetrically with respect to the open part of the 
(C,Me,),Sm bent metallocene unit. A symmetric posi- 
tion for the oxygen atom would mean that the two ring 
centroids and the oxygen atom would be rigorously 
trigonal planar around the samarium and the samar- 
ium atom would lie in the trigonal plane. In 3, the 
samarium atom lies 0.42 A out of the plane defined by 
the two ring centroids and the oxygen donor atom. In 
5, Sm is 0.34 A out of the analogous plane. Alterna- 
tively, this asymmetry can be described by how far the 
oxygen atom lies out of the plane defined by samariu9 
and the two ring centroids. In 3, the oxygen is 1.54 A 
out of the plane; in 5, it is 1.33 A out of the plane. 
Figure 2 contains top views of 3 and 5 which show this 
asymmetry. 

The trimethylsilyl-substituted complex, 4 (Fig. 3), 
also has structural parameters (Table 2) similar to 
those of 3 and 5, despite the large differences in ring 
substitution. The tris-substituted ring has a yider range 
of Sm-C(ring) distances, 2.791(4)-2.87$4) A, than the 
di-substituted ring, 2.810(4)-2.849(4) A, but the Sm- 
C(ring> averages are the same, 2.825(29) and 2.830(13) 
A. The Sm-0 distance in 4, 2.547(3) A is similar to 

that in 3 and the (ring centroidj-Sm-(ring centroidl 
angle, 137.0”, is not unusual. 

The MesSi groups in 4 are arranged such that the 
greatest amount of steric bulk is between the THF and 
the back of the bent metallocene wedge. This leads to 
near eclipsing of the pairs Si(l1 and Si(4) and Si(2) and 
Si(5) as shown in Fig. 2. As in 3 and 5, the THF is 
located midway between the rings with 109.6” and 
110.8” ring centroid-Sm-0 angles. However, in the 
plane perpendicular to the centroid-Sm-0 planes, the 
oxygen atom in 4 is not positioned as asymmetrically as 

Fig. 3. ORTEP diagram of [C,H,(SiMe,),l[C,H,(SiMe,),]Sm(THF) 
(41, with the probability ellipsoids drawn at the 50% level. 
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TABLE 2. Selected bond distances (AI and angles (“I of (Cs 
Mes)zSm(THF) (3) and [C,H,,(SiMe,),l[C,H,(SiMe,),lSm(THF) (4) 

Complex 3 Complex 4 

Cm(l)-Sm(l)-G(l) 106.0 Cnt(l)-Sm(l)-G(l) 109.6 
Cm(Z)-Sm(l)-G(l) 107.0 Cnt(2)-Sm(lI-G(l) 110.8 
Cnt(l)-Sm(l)-Cnt(2) 138.5 Cnt(l)-Sm(l)-Cnt(2) 137.0 

C(l)-Sm(l) 2.826(S) C(l)-Sm(l) 2.830(4) 
C(2)-Sm(1) 2.853(4) C(2)-Sm(1) 2.81 l(4) 
C(3)-Sm(1) 2.839(4) C(3)-Sm(1) 2.826(4) 
C(4)-Sm(1) 2.792(S) C(4)-Sm(1) 2.848(41 
C(S)-Sm(l) 2.787(S) C(S)-Sm(1) 2.835(4) 
CUD-Sm(1) 2.824(4) C(6)-Sm(l) 2.790(4) 
C(12)-Sm(1) 2.819(4) C(7)-Sm(1) 2.811(4) 
C(13)-Sm(l) 2.804(4) C(8)-Sm(1) 2.872(4) 
C(14)-Sm(1) 2.807(4) C(9)-Sm(1) 2.842(4) 
C(lS)-Sm(1) 2.809(4) c(lO)-Sm(l) 2.806(4) 
O(l)-Sm(1) 2.569(3) O(l)-Sm(l) 2.547(3) 
Cnt(l)-Sm(1) 2.542 Cnt(l)-Sm(1) 2.559 
Cnt(2)-Sm(1) 2.549 Cnt(Zl-Sm(1) 2.553 

For 3, Cnt(1) and Cnt(2) are the centroids of the C(l)-c(S) and 
C(ll)-C(15) rings, respectively. For 4 they are the centroids of the 
C(l)-C(S) and C(6)-C(10) rings. 

those in 3 and 5. The samarium atom lies closer to the 
plane defined by the two ring centroids and the oxygen 
(0.23 A) than in 3 and 5, i.e., the coordination geome- 
try around the metalDis closer to trigonal planar in 4. 
The oxygen lies 0.85 A off the plane defined by samar- 
ium and the two ring centroids, which corresponds to 
an angle of 20” between the Sm-0 vector and the 
samarium centroids plane. 

It is interesting to note that calculations by Lauher 
and Hoffmann [16] on the “mythical do complex 
Cp,TiH+ ” indicate that an asymmetrical location for 
the hydrogen ligand would be orbitally optimal. In that 
study, the energy minimum was found for a structure 
which had a 65” angle between the Ti-H vector and 
the plane defined by titanium and the two ring cen- 
troids. The only previously reported examples of a do 
Cp,ML complex in the literature, (C,Me,),ScMe, has 
a 0” angle [17]. 

The analogous angles in complexes 3,4 and 5, which 
comprise another class of do Cp,ML complexes, are 
37”, 20” and 30”, respectively. It is unusual that the 
sterically least crowded structure, i.e., the symmetrical 
structure which has a 0” angle, is not formed. This 
result, along with the fact that the unsolvated complex 
(C,Me,),Sm does not adopt the sterically optimal pla- 
nar ring structure, may suggest that for divalent lan- 
thanide complexes, steric factors may not be as domi- 
nant as they are in trivalent systems [1,18]. 

3. Conclusion 

X-ray crystallographic analysis has fully established 
the existence of mono-THF solvates of bis(cyclopenta- 

dienyl)samarium(II) complexes. The fact that ail mem- 
bers of the series (C,Me,),Sm(THF), where x = 0, 1, 
and 2, can be crystallographically characterized demon- 
strates the flexibility of the (C,Me,),Sm unit to stabi- 
lize Sm” complexes with several sterically different 
coordination environments. In these complexes and in 
(C,Me,>,Sm(tetrahydropyran), the oxygen donor atom 
is consistently out of the plane defined by samarium 
and the two ring centroids although the distance out of 
the plane is variable. The selective crystallization of 
[C,H,(SiMe,),][C,H,(SiMe,),]Sm(THF) suggests that 
cyclopentadienyl rings polysubstituted with substituents 
larger than methyl may be useful in designing specific 
metallocene complexes of lanthanides containing two 
cyclopentadienyl rings which have different sub- 
stituents. 
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