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Abstract

The effects of cyclopentadienyl ring size on the geometry of bimetallic organosamarium complexes have been studied by comparing
the X-ray crystal structure of [(CsH,Me),(THF)Sm(n-CD],, prepared from KC;H Me and SmCl; in THF, with C;Me; analogs.
The complex crystallizes from THF at —30°C in space group Pbcn with a = 20.312(5), b = 9.626(2), ¢ = 16.225(3) A, V=3172.5(12)
A3 and D, =174 g em™? for Z = 4. Least-squares refinement of the model based on 1759 reflections [IF, | >2.00(|F, ]
converged to a final Rg = 5.0%. The complex adopts a geometry which has a molecular two-fold rotation axis perpendicular to the
Sm,Cl, plane and a crystallographic inversion center. Hence, both methyl groups of each (CsH,Me),Sm unit are located on the
side opposite of the THF ligands, which are trans 1o each other, and the four C;H 4Me ring centroids define a square plane. The
Sm~Cl distances are 2.75%(3) and 2.819(3) A.

1. Introduction small bridging ligands, the rings must adopt the steri-
cally preferred four-coordinate geometry of a tetrahe-
Recent studies of bimetallic organosamarium com- dron. Indeed, bimetallic complexes containing two

plexes containing two (CsMes),Sm units and small
bridging ligands have shown that these complexes tend
to form solid state structures in which the four pen-
tamethylcyclopentadienyl ring centroids define a tetra-
hedral geometry (Fig. 1(a)) rather than a square planar
arrangement (Fig. 1(b)). Examples include [(Cs-
Mes)ZSm]z(p.-nz : ’7]2'N2) [1], [(CsMes)zsmlz(ﬂ"o) [2]’ @ M/
[(C,Mey),Sm(u-ED], [3], and [(C.Me.),Sml,(x- : g N
HNNH) [4]. This contrasts with the structures of analo-

gous bimetallic transition metal complexes. In transi- \Q

tion metal complexes of general formula [(C;Rs),

M(u-2)], [5], orbital requirements [6] favor a square

planar arrangement of the ring centroids which places
the Z ligands in a plane which bisects the (ring cen-
troid)-metal—(ring centroid) angles of both (C;R),M %
units (Fig. 1(b)). T
The tetrahedral arrangement of ring centroids in the \QM\ z— M;

organolanthanide complexes can be explained on the
Fig. 1. Coordination geometnes for the four cyclopentadienyl rings in

basis of steric factors. With large C;Me; rings and
Correspondence to: Professor W.J. Evans. [(CsR5);M(u-Z)], complexes. (a) Tetrahedral. (b) Square planar.
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(CsMes),Sm units which have larger bridging ligands
often have a square planar arrangement of the four
ring centroids. Examples include [(C;Mes),Sml(u-
n?: n*PhC,Ph) [7], [(CsMe,),Sml,(u-n2 : n*-PhN-
NPh) [8], [(CsMes),Sm],[1-n? : n2-PhNC(O)C(O)NPh]
(9], (CsMes),Sml,(u-n” : n%pyCH = C(0)C(O) =
CHpy) [10], [(CsMes),Sm],(u-n%:7n%Bi,) [11] and
[(CsMes),Sm(u-Me),AlMe,), [12]. This steric expla-
nation is consistent with the observaiion thai sieric
factors are generally more important relative to orbital
effects in organolanthanide chemistry than in organ-
otransition metal chemistry [13].

The above explanation is not universally accepted,
however, and recently it has been suggested [14] that
the X-ray crystal structure of [(CsMes),Sm(u-H)], [3],
which revealed a tetrahedral arrangement of CsMe;
ring centroids, was incorrectly determined and the
structure should contain a square planar arrangement
of ring centroids. We disagree with the latter sugges-
tion and to provide further evidence on how steric
effects govern the structures of these bimetallic
organosamarium complexes, we report here the X-ray
crystal structure of a methylcyclopentadienyl chloride
complex and compare it with data on pentamethylcy-
clopentadienyl chloride complexes of samarium. Al-
though the small bridging ligands favor the tetrahedral
geometry, the small cyclopentadienyl rings lead to re-
duced steric congestion and the complex [(C;H, Me),
(THF)Sm(p-CD], (1) adopts a square planar arrange-
ment of the ring centroids.

2. Experimental details

The chemistry described below was performed un-
der nitrogen with rigorous exclusion of air and water by
using Schlenk, vacuum line, and glovebox (Vacuum/
Atmospheres HE-553 Dri-Lab) techniques. Solvents
were purified as previously described [15]. KC.H Me
was prepared by reacting MeCsH, (Aldrich), freshly
distilled from molecular sieves, with KH in THF. SmCl,
was prepared as previously described [16].

2.1. [(CsH ,Me),(THF)Sm(u-Cl], (1)

KC;H,Me (207 mg, 1.75 mmol) was added to a
stirred slurry of SmCl, (231 mg, 0.90 mmol) in 20 mL
of THF. The reaction was allowed to stir at room
temperature for 16 h and became cloudy and yellow.
This mixture was centrifuged to remove the insoluble
salts and the resulting yellow solution was dried in
vacuo to yield a yellow, microcrystalline material,
[(CsH Me),SmCI(THF)], (229 mg, 61%). Anal. Found:
Sm, 36.2. C;,H,,SmCIO calc.: Sm, 36.14%. 'H NMR
(THF-dy): 8 10.11 (s, 2H, C;H,); 9.51 (s, 2H, CsH));

TABLE 1. Crystallographic data for [(CsH,Me),(THF)Sm(u-CD],
(¢

Formula C3,H 44,0,C1,8m,
Molecular weight 8323
Temperature (K) 173

Crystal system Orthorhombic

Space group Pben [ D13; No. 60)

a(A) 20.312(5)

b (A) 9.626(2)

c (A) 16.225(3)

v (A)? 3172.5(12)

z 4

D, Mg/m?) 1.74

Diffractometer Siemens P3 (R3m/V)
A (Mo Ka) (A) (X = 0.710730)

Monochromator Highly-oriented graphite
Data collected +h,+k,+1
Scan type 6-26
Scan width (°) 1.2° plus Ka-separation
Scan speed (w) (° min—1) 3.0
260, 4.0-45.0
#(Mo Ka) (mm~1) 3.88
Abs. cor. (p-scan method) Semi-empirical
No. of reflections collected 2405
No. of reflections with
| Fyl >2.0a(1F, ) 1759
No. of variables 172
Rg; R g (%) 5.0;5.1
Goodness of fit 1.47

1.23 (s, 3H, Me). *C NMR (THF-d,): & 106.2 (s,
CsH,); 107.0 (d, J 169 Hz, C;H,); 109.0 (d, J 163 Hz,
CsH,). IR (KBr) 3087m, 2981s, 2937s, 2887s, 2731w,
1493m, 1456s, 1375w, 1343m, 1237m, 1031s, 931m, 862s,
831s, 769s cm™!. Crystals suitable for X-ray analysis
were grown from THF at —30°C.

2.2 X-Ray data collection, structure determination and
refinement for [(CsH ,Me),(THF)Sm(u-Cl)],

A yellow crystal was coated with a heavy oil (Para-
tone N), mounted on a glass fiber, and transferred to
the diffractometer equipped with a modified LT-2-
low-temperature system. Subsequent setup operations
(determination of accurate unit cel dimensions and
orientation matrix) and collection of low-temperature
intensity data were carried out using standard tech-
niques similar to those of Churchill {17]. Details appear
in Table 1. Atomic positional parameters are given in
Table 2.

All 2405 data were corrected for absorption and for
Lorentz and polarization effects and placed on an
approximately absolute scale. A careful examination of
a preliminary data set revealed the systematic extinc-
tions 0kl for k=2n+1, hO! for I =2n + 1, and hkO
for A+ k =2n+1 which uniquely defined the space
group. All crystallographic calculations were carried
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TABLE 2 Atomic coordinates (X 10%) for [(CsH Me){THF)Sm(u-
Cl, (D

Atom X y z

Sm(1) -917(1) 1263(1) 4900(1)
ClI(1) 98(1) 604(3) 5960(1)
o1) —1105(3) 2785(7) 6175(4)
) —1540(5) —1140(10) 5382(6)
x2) —1702(5) —1038(11) 4541(6)
a@3) -2103(5) 129%(11) 4453(6)
c4) —2195(5) 767(11) 5227(6)
(5) —1844(5) —26(11) 5802(6)
c(6) —1544(6) —-2111(13) 3881(8)
(e ¢)] —994(6) 3958(11) 4442(7)
Cc®) —1406(5) 3263(11) 3893(6)
(o()} —1001(5) 2427(11) 3377(6)
c1m —344(6) 2655(11) 3632(6)
c(11) —357(6) 3607(11) 4291(6)
Cc12) —1228(7) 1544(12) 2673(6)
c(13) —598(6) 3335(12) 6701(7)
Cc(14) —908(6) 4504(13) 7193(7)
c@s) —1528(7) 4778(15) 6788(10)
C(16) —1727(6) 3439%(13) 6380(7)

out using either our locally modified version of the
UCLA Cirystallographic Computing Package [18] or the
SHELXTL-PLUS program set [19]. The analytical scatter-
ing factors for neutral atoms were used throughout the
analysis [20a]; both the real (Af’) and imaginary iAf")
components of anomalous dispersion [20b] were in-
cluded. The quantity minimized during least-squares
analysis was Lw(| F, | — | F,|)*> where w™!=02(| F,|)
+ 0.0005( | F, [)*. The structure was solved via an auto-
matic Patterson method (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 U, = 0.08 A% The molecule is located
about an inversion center at (0, 0, 1/2). A final differ-
ence-Fourier map was devoid of significant features,
p(max) =124 e A3

3. Results

Bis(methylcyclopentadienyl)samarium chloride can
be prepared directly from SmCl; by ionic metathesis
(eqn. (1)). The complex crystallizes as a dimer with one
2SmCl, + 4KC,;H,Me —%»

[(C5H4Me)2(TI-IF)Sm(p,-Cl)]2 +4KCl (1)

THF molecule solvating each samarium center (Fig. 2).
In this regard, 1 differs from the unsolvated chloride
dimers [(CsH ), Sc(p-CD], [21], (C H ,Me),Yb(u-CD)],
[22], and [(CsH),Ln(u-CD], (Ln = Yb [23), Er [24], Y
[25]) which have cyclopentadienyl ligands of similar
size. This difference is consistent with the fact that
samarium has a larger radial size than Sc, Yb, Er, and

Y, and, hence, there is room to coordinate a THF
ligand. A THF-solvated structure is also found for the
neodymium analog [(CsH),(THF)Nd(u-CDl, [26].

The metrical parameters in [(CsH ,Me),(THF)Sm
(u-CD), are unexceptional (Table 3). The Sm(1)-CIK1)
and Sm(1)-CI(1') distances in 1, 2.75%3) and 2.819(3)
A, respectively, are not equivalent, as is common in
chloride-bridged organolanthanide dimers [14,21-28]
(Table 4). The Sm-Cl distances are quite similar to the
Ln~Cl distances in these other dimers when the differ-
ences in metallic radii are taken into account [29]
(Table 4). As is typical, these bridging distances are
longer than terminal distances. For example, the Sm~Cl
distances in two independent molecules in the unit cell
of (CsMe,),SmCI(THF) [30] are 2.709(8) and 2.765(8)
A.

The Sm~O(THF) distance in 1, 2.563(6) A, is similar
to the Sm-O(THF) distances in 9-coordinate (Cs-
Me;),Sm(n%-PhN,Ph)(THF) [31] (2 532(8) and
2.577(9)) and [(CsMe),Sm(THF)L,(u-n> : 7°-N,C,H ,-

C,H,N,) [32] (2.555(5) A). In comparison, the Sm~O-
(THF) distances in 8-coordinate (CsMe;),Sm(THF)Z
complexes range from 2.511(4) A in (CMe,),Sm-
Ph(THF) [33] to 244(2) A in (C;Me,),SmCI(THF)
[30,34]. The Sm—C(ring) average distance of 2.72(3) A
is identical to the 2.72(4) A average in [(C5H ‘Me),Sm-
(u-C=CCMe,)], (2) [35] even though 1 is formally
9-coordinate and 2 is 8-coordinate. The 126.4° (ring
centroid)-Sm—(ring centroid) angle in 1, compared to
the 135.3° analog in 2, reflects the greater size of the
ligand set in 1.

The orientation of the methyl groups on the same
side of each (CsH,Me),Sm unit may occur to allow
more room for the THF on the other side. Similar

TABLE 3 Selected bond distances (A) and angles (°) for
[(CsH ;Me)(THF)Sm(u-CDJ, (1) *

Sm(1)-CK1) 2.75%3)  Sm(D-O(1) 2.563(6)
Sm(1)-C(1) 2.751(10)  Sm(1)-C(2) 2.791(10)
Sm(1)-C(3) 2.742(10) Sm(1)-C(4) 2.693(10)
Sm(1)-C(5) 2.689%(10) Sm(D)-C(7) 2.703(11)
Sm(1)-C(8) 2.713(10)  Sm(1)-C(9) 2.718(9)
Sm(1)-C(10) 2.717(10)  Sm(1)-C(11) 2.713(11)
Sm(1)-CI(1) 2.81%3)  Sm(1)-Cnt(1) 2.458
Sm(1)-Cnt(2) 2437

CI(1)-Sm(1)-0O(1) 74.92)
O(1)-Sm(1)-CK1") 148.4(2)
CI(1)-Sm(1)-Cnt(2) 121.2
CI(1')-Sm(1)-Cnt(2) 96.6
O(1)-Sm(1)-Cnt(2) 95.8
Sm(1)-CK1)-Sm(1) 106.2(1)

Cnt(1) is the centroid of the C(1)-C(5) ring
Cnt(2) is the centroid of the C(7)-C(11) ring

CID-Sm(1)-CI(1")  73.8(1)
CI(1)-Sm(1)-Cnt(1) 112.4
CI(1')-Sm(1)-Cnt(1) 98.4
0(1)-Sm(1)-Cnt(1)  97.3
Cnt(1)-Sm(1)-Cnt(2) 126.4

2 Primed atoms are at positions corresponding to (— x, — y,1— z).
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Fig. 2. orteP diagram of [(CsH,4Me)(THF)Sm(n-CD), (1) with the
probability ellipsoids drawn at the 50% level.

“cis” orientations have been observed in the THF-
solvated monosubstituted-cyclopentadienyl complexes
[(C;H,Me),Y(u-HXTHF)], [36] and [(C;H,Me),-
(THF)Yb],(z-O) [37]. For unsolvated monosub-
stituted-cyclopentadienyl lanthanide complexes, both
“cis” ((CsH,Me),Sm(u-C=C'Bu)], [35], [(CsH,-
Me),Yb(u-NH,)], [38], [(CsH,CMe,),Sm(u-C=CPh)l,
[39], {(C;sH,CMe,),Sm[AIH (THF)]}, [40]), and
“trans” (((CsH Me),Yb(u-CD], [22], [(CsH,CMe,),-
Ce(u-OCHMe,)], [41], [(CsH,CMe,;),Ce(u-SCH-
Me,)], [41], [(CsH SiMe;),Y(u-CD], [42], and [(C;H .-
SiMe;),Y(u-OMe)l, [42]) arrangements of substituents
are found in the literature.
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4. Discussion

Previous attempts to make a symmetric chloride-
bridged dimer of samarium with C;Me; rings did not
lead to [(CsMes),Sm(u-CDl,. Instead, the trimer
[(CsMes),Sm(p-CD]; was obtained [43]. Since the
trimeric structure allows the samarium centers to be
further apart, the result suggests that the dimer may be
too sterically crowded to form. This is also suggested
by the structure of [(C;Mes),Sm];Cl{Me(OCH,-
CH,),Me] 3, [43]. Compound 3 contains three varia-
tions of 8-coordinate chloride-bridged bimetallic
Cs;Me, samarium moieties. Each of the three different
[(CsMe;),SmZ],(u-Cl) units found in this structure
[Z = Cl, O(tetraglyme)] has a tetrahedral arrangement
of the four C;Me; rings, but none has the most sym-
metric bis(bridging-chloride) dimer form, [(C;Me,),-
Sm(u-CD),. Further evidence of steric crowding in
[(CsMes),LnCl], complexes is found in the structure
of (C5Me,),ClY(u-CDY(CsMes), [44]. This complex
again has a tetrahedral arrangement of Cs;Mes rings,
but contains a seven-coordinate metal center instead of
forming a sterically crowded, symmetrically bridged
dimer.

The structure of 1 shows that a symmetric bis(chlo-
ride-bridged) dimer of samarium can form if the size of
the cyclopentadienyl ligand is reduced from C;Mes to

TABLE 4. Metal-chloride distances in chloride-bridged dimers of Group 3 and lanthanide metals containing unstubstituted, monosubstituted

and disubstituted cyclopentadienyl ligands

Complex Metal- Avg. M-CI Ionic radius Avg. M-CI Ref.
chloride distance (A) of M (A) ? distance
distances (:\) normalized to

Sm®* radius (A) ®

[(CsH;),Se(u-CD), 2.585(4) 2.584 0.870 2.844 21
2.583(4)

[(CsH  ;Me),Yb(u-CD], 2.627(2) 2.637 0.985 2.785 22
2.647(2)

[(CsHg),Yb(u-CDl, 2.638(3) 2.642 0.985 2.789 23
2.645(3)

[(CsHs), Er(-CD}, 2.661(2) 2.661 1.004 2.789 24
2.660(1)

[(CsH4),Y(1-CDI, 2.674(3) 2.682 1.019 2.795 25
2.689(3)

{ICsH4(SiMe,), ), Pr(u-CD}, 2.805 2.813 1.126 2.819 27
2.821

[(CsH ;Me),(THF)Sm(p-CD), 2.759(3) 2.789 1.132 2.789 This
2.819(3) paper

[[C5H 5(*Bu),],Ce(u-Ch), 2.868(4) 2.868 1.143 2.857 14
2.868(4)

[(CsH ,Me),(THF)Nd(u-CD), 2.787(4) 2.824 1.163 2.793 26
2.861(4)

[(n*: n'-CsH,CH,CH,0CH;),La(u-CDl, 2911(7) 2.936 1.27 2.799 28
2.961(7)

2 Reference 29. ® (Avg. M-Cl distance) — [(M radius) — (Sm>™* radius)).



W.J. Evans et al. / Geometry of bimetallic organosamarium complexes 119

C;H,Me. In this case, the four cyclopentadienyl ring
centroids can adopt a square planar geometry. The fact
that 1 crystallizes as a THF solvate shows that the
steric effects of the substituents on the cyclopentadi-
enyl ligands can be substantial. [(CsMes),Sm(pn-CD],
appears to be too crowded to form whereas the analo-
gous “[(CsH,Me),Sm(u-CD],” unit has room for a
THF at each metal center. To further emphasize these
steric arguments, it should be noted that both analo-
gous reactions systems, SmCl,/ KC;H,Me and
SmCl,/KCsMe; [45], form bridged products. The
C;H Me reaction leads to the bimetallic samarium
complex 1, whereas the CsMe; reaction forms
(CsMe,),Sm(u-CD,K (THF), [45,46] presumably be-
cause it is less crowded than “[(CsMes), Sm(u-CD],”.

The effect that these steric differences can have on
reactivity is well illustrated by the system [(Cs-
Me;),Sm],(CCPh), [47,48]. On the basis of its compo-
sition, spectra, and synthesis from (CsMe;),Sm-
[CH(SiMe,),] and HC=CPh, this complex was reported
to be “[(CsMe),Sm(u-C=CPh)],” [47]. However, this
structure, like “[(C;Me;),Sm(u-CD],”, appeared to be
too crowded to exist as a symmetrical bridged structure
[48]. Indeed, subsequent X-ray crystallographic analysis
showed that this compound had a different structure:
during the reaction an unusual C-C coupling reaction
occurred to generate a trienediyl complex [(CsMes),
Sm),(g-n?: n%-PhC=C=C=CPh) [48]. In the latter struc-
ture, a larger bridge is present which relieves steric
congestion between the two (CsMes),Sm units which
adopt a square planar arrangement of ring centroids.
In contrast, the analogous CsH ,CMe,; phenylalkynide
complex, [(Cs-H,CMe,),Sm(u-C=CPh)], exists as a
simple bridged dimer [39].

In summary, one can define three classes of bimetal-
lic tetracyclopentadienyl organosamarium complexes:
(I) large rings with small bridges such as [(CsMes),-
Sm]z(#"nzznz'Nz) [1], [(CSMes)zsmlz(M'o) [2], [(Cs‘
Me;),Sm(p-H)), [3] and (CMes),Sm],(p-HNNH) [4],
(II) large rings with large bridges such as [(C;Me,),-
Sm],(u-n?: n%-PhC,Ph) [7], [(CsMes),Sm](u-n?:n?-
PhNNPh) [8], [(CsMe;),Sm],[ux-n? : n2-PhNC(O)C(O)-
NPh] [9], [(CsMes),Sm)(uu-n?: n%-pyCH=C(O)YC(O)=
Cpr) [10], [(C5'Me5)zsm]2(ﬂ-'7]2 : 7]2-Bi2) [11] and
[(CsMes),Sm(pu-Me),AlMe, 1, [12] and (IIT) small ring
complexes, regardless of bridge size, as exemplified by
the title complex. Class I, the sterically most crowded,
prefers a tetrahedral arrangement of rings. The other
classes, which possess less steric congestion, favor
square planar arrangements of ring centroids.

Hence, there is no need to suggest [14] that the
X-ray crystal determination of [(CsMe),Sm(u-H)], (4)
{3] is incorrect and that the molecule really has a
squarc planar arrangement of C;Me; rings. This hy-

dride complex is a class I system using the above
categories and has the tetrahedral arrangement of
Cs;Me, rings for steric reasons. If a square planar
arrangement had been found, that would be suspect!

As a member of class I above, [(CsMes),Sm(u-H)l,
has other analogs. Two complexes are particularly per-
tinent to this discussion since .the diffraction data al-
lowed location of their bridging ligands: [(Cs-
Me,),ThH(p-H)l, (5) [49] and [(CsMes),Sm],(u-
n%:1m%N,) (6) [1]. Like 4, both of these class I species
have a tetrahedral arrangement of C;Me; rings. In the
organothorium complex, the hydride ligands were found
by neutron diffraction and show that the tetrahedral
arrangement of rings is compatible with two bridging
hydride moieties. In a sense, [(CsMe,),Sm(u-H)], is
the trivalent analog of the thorium complex: it differs
by one in oxidation state and lacks one terminal hy-
dride per metal. In [(CsMes),Sm],(u-n%:7%N,), the
locations of the bridging ligands show that there is both
space and an electronic/ electrostatic capacity for
bridging ligands within the area spanned by the four
tetrahedrally arranged C;Me; rings in a bimetallic
samarium complex. These complexes argue strongly
against the suggestion that the structure of [(C Me,),-
Sm(u-H)], is wrong. It should also be noted that the
published tetrahedral structure of [(CsMe,),Sm(u-H)],
has been found to be consistent with a molecular
orbital study of this complex [50].

5. Conclusion

Bimetallic tetracyclopentadienylsamarium com-
plexes can adopt either tetrahedral or square planar
geometries for the four ring centroids depending on
the size of the bridging ligands and the degree of
substitution on the cyclopentadienyl rings. Three classes
of complexes have been differentiated crystallographi-
cally. New results which do not appear to fall into one
of these three classes should be carefully studied, since
they may indicate that unusual chemistry is occurring.

Acknowledgment

We thank the National Science Foundation for sup-
port for this research.

References

1 W.J. Evans, T. A. Ulibarri and J. W. Ziller, J. Am. Chem. Soc.,
110 (1988) 6877.

2 W. J. Evans, J. W. Grate, 1. Bloom, W. E. Hunter and J. L.
Atwood, J. Am. Chem. Soc., 107 (1985) 405.

3 W. J. Evans, 1. Bloom, W. E. Hunter and J. L. Atwood, J. Am.
Chem. Soc., 105 (1983) 1401.



120 W.J. Evans et al. / Geometry of bimetallic organosamarium complexes

4 W. J. Evans, G. Kociok-K6hn, V. S. Leong, and J. W. Ziller,
Inorg. Chem., 31 (1992) 3592.

5 For example, [(CsH, Me),Ti(u-Z)], (Z =Cl, Br) (R. Jungst, D.
Sekutowski, J. Davis, M. Luly and G. Stucky, Inorg. Chem., 16
(1977) 1645), [Cp,Zr(p-1), (Y. Wielstra, S. Gambarotta, A.
Meetsma and J. L. de Boer, Organometallics, 8 (1990) 250),
[Cp,ZH(u-PMe,)], (M. Y. Chiang, S. Gambarotta and F. Van
Bolhuis, Organometallics, 7 (1988) 1864), [Cp,Ti(1-PMe,)], (R.
Payne, J. Hachgenei, G. Fritz and D. Fenske, Z. Naturforsch Teil
B 41 (1986) 1535), [Cp,Zr(u-S)), (F. Bottomley, D. F. Drum-
mond, G. O. Egharevba and P. S. White, Organometallics, 5
(1986) 1620; E. Hey, M. F. Lappert, J. L. Atwood and S. G. Bott,
J. Chem. Soc., Chem. Commun., (1987) 421), [Cp,Ti(u-SiH,)],
(G. Hencken and E. Weiss, Chem. Ber., 106 (1973) 1747).

6 1. W. Lauher and R. Hoffmann, J. Am. Chem. Soc., 98 (1976)
1729.

7 W. ]. Evans, R. A. Keyer, H. Zhang and J. L. Atwood, J. Chem.
Soc., Chem. Commun., (1987) 837.

8 W. J. Evans, D. K. Drummond, S. G. Bott and J. L. Atwood,
Organometallics, 5 (1986) 2389.

9 W. J. Evans, D. K. Drummond, L. R. Chamberlain, R. J. Doe-
dens, S. G. Bott, H. Zhang and J. L. Atwood, J. Am. Chem. Soc.,
110 (1988) 4983.

10 W. J. Evans and D. K. Drummond, J. Am. Chem. Soc., 110 (1988)
2772.

11 W. J. Evans, S. L. Gonzales and J. W. Ziller, J. Am. Chem. Soc.,
113 (1991) 9880.

12 W. J. Evans, L. R. Chamberlain, T. A. Ulibarri and J. W. Ziller,
J. Am. Chem. Soc., 110 (1988) 6423.

13 W. J. Evans, Polyhedron, 6 (1987) 803 and references therein.

14 E. B. Lobkovsky, Y. K. Gun’ko, B. M. Bulychev, V. K. Belsky, G.
L. Soloveichik and M. Y. Antipin, J. Organomet. Chem., 406
(1991) 343.

15 W. J. Evans, T. A. Ulibarri, L. R. Chamberlain, J. W. Ziller and
D. Alvarez, Jr., Organometallics, 9 (1990) 2124.

16 M. D. Carter and C. P. Carter, J. Inorg. Nucl. Chem., 24 (1962)
387.

17 M. R. Churchill, R. A. Lashewycz and F. J. Rotella, Inorg.
Chem., 16 (1977) 265.

18 UCLA Crystallographic Computing Package, University of Califor-
nia, Los Angeles (1981) C. Strouse, personal communication.

19 Siemens Analytical X-ray Instruments, Inc., Madison, Wisconsin
(1990)

20 International Tables for X-ray Crystallography, Kynoch Press,
Birmingham, England (1974); (a) pp. 99-101; (b) pp. 149-150.

21 J. L. Atwood and K. D. Smith, J. Chem. Soc., Dalton Trans.,
(1973) 2487.

22 E. C. Baker, L. D. Brown and K. N. Raymond, Inorg. Chem., 14
(1975) 1376.

23 H. Lueken, J. Schmitz, W. Lamberts, P. Hannibal and K. Han-
drick, Inorg. Chim. Acta, 156 (1989) 119,

24 W. Lamberts, H. Lueken and B. Hessner, Inorg. Chim. Acta, 134
(1987) 155.

25 E. B. Lobkovskii, G. L. Soloveichik, B. M. Bulichev and A. B.
Erofeev, Zh. Strukt. Khim., 25 (1984) 170.

26 J. Zhongshen, L. Yongsheng and C. Wengqi, Sci. Sin, Ser. B (Engl.
Ed.), 3 (1987) 1136.

27 M. F. Lappert, A. Singh, W. E. Hunter and J. L. Atwood, J.
Chem. Soc., Chem. Commun., (1981) 1190.

28 D. Deng, C. Qian, G. Wu and P. Zheng, J. Chem. Soc., Chem.
Commun., (1990) 880.

29 R. D. Shannon, Acta Crystallogr., Sect. A, 32 (1976) 751.

30 W. J. Evans, J. W. Grate, K. R. Levan, I. Bloom, T. T. Peterson,
R. J. Doedens, H. Zhang and J. L. Atwood, Inorg. Chem., 25
(1986) 3614.

31 W. J. Evans, D. K. Drummond, L. R. Chamberlain, R. J. Doe-
dens, S. G. Bott, H. Zhang and J. L. Atwood, J. Am. Chem. Soc.,
110 (1988) 4983.

32 W. J. Evans and D. K. Drummond, J. Am. Chem. Soc., 111 (1989)
3329.

33 W. J. Evans, I. Bloom, W. E. Hunter and J. L. Atwood,
Organometallics, 4 (1985) 112.

34 W. ]. Evans and S. E. Foster, J. Organomet. Chem., 433 (1992)
79.

35 W. J. Evans, I. Bloom, W. E. Hunter and J. L. Atwood,
Organometallics, 2 (1983) 709.

36 W. J. Evans, j. H. Meadows, A. L. Wayda, W. E. Hunter and J.
L. Atwood, J. Am. Chem. Soc., 104 (1982) 2008.

37 M. Adam, G. Massarweh and R. D. Fischer, J. Organomet.
Chem., 405 (1991) C33.

38 A. Hammel and J. Weidlein, J. Organomet. Chem., 388 (1990) 75.

39 Q. Shen, D. Zheng, L. Lin and Y. Lin, J. Organomet. Chem., 391
(1990) 307.

40 Yu. K. Gun’ko, B. M. Bulychev, A. L. Sizov, V. K. Bel’sky and G.
L. Soloveichik, J. Organomet. Chem., 390 (1990) 153.

41 S. D. Stults, R. A. Andersen and A. Zalkin, Organometallics, 9
(1990) 1623.

42 W. J. Evans, M. S. Sollberger, J. L. Shreeve, J. M. Olofson, J. H.
Hain, Jr. and J. W. Ziller, Inorg. Chem., 31 (1992) 2492.

43 W. J. Evans, D. K. Drummond, J. W. Grate, H. Zhang and J. L.
Atwood, J. Am. Chem. Soc., 109 (1987) 3928.

44 W. J. Evans, T. T. Peterson, M. D. Rausch, W. E. Hunter, H.
Zhang and J. L. Atwood, Organometallics, 4 (1985) 554.

45 W. J. Evans, R. A. Keyer and J. W. Ziller, submitted.

46 G. Jeske, H. Lauke, H. Mauermann, P. N. Swepston and H.
Schumann, J. Am. Chem. Soc., 107 (1985) 8091.

47 S. P. Nolan, D. Stern and T. J. Marks, J. Am. Chem. Soc., 111
(1989) 7844.

48 W. J. Evans, R. A. Keyer and J. W. Ziller, Organometallics, 9
(1990) 2628.

49 R. W. Broach, A. J. Schultz, J. M. Williams, G. M. Brown, J. M.
Manriquez, P. J. Fagan and T. J. Marks, Science (Washington,
DC), 203 (1979) 172.

50 J. V. Ortiz and R. Hoffmann, Inorg. Chem., 24 (1985) 2095.



