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Abstract 

Reactions of [Me,Si(C,H,),MCl], (Me = CH,; A4 = Y, Yb) with NaH in THF have given several new hydride species which have 
been investigated mainly by high-resolution mass spectrometry (MS). For M = Y, the MS results suggest, as expected, that the 
reaction gives the dimeric hydride with the ligands Me,Si(C,H,), in a chelating mode, while for M = Yb the dimeric species 
isolated (4) contains only one chlorine and one hydrogen bridging the two Yb atoms. An X-ray crystallographic study of the 
extremely labile Yb-chloro-hydride crystallized from THF-solution has confirmed the formulation [{Me*Si(C,H,),Yb(T~(~- 
H&Cl)] (4*) with metal-bridging Me,Si(C,H,), ligands and one THF ligand on each Yb atom. The unit cell contains two 
different dimers each of which is accompanied by one additional THF molecule. The starting complex with M = Yb undergoes 
reversible addition of MeCN, and all its Cl- ligands may readily be replaced by NCS- or [Me,Si(C,H,),]‘-. 

1. Introduction 

Dinuclear organo-f-element complexes containing 
two closely interlinked cyclopentadienyl ligands, ((cl- 
LXC,H,)$- (L = e.g. CH,, SIR,, etc.), in a metal- 
bridging, and non-chelating (Fig. 1, isomer a), position 
have been well-documented but are still comparatively 
rare [1,3]. Up to now we have mainly been interested in 
the structural conditions leading to an occasional pre- 
dominance of isomer a over isomer b 121, and in the 
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application of mass spectrometry (MS) as a potential 
tool for readily distinguishing the two isomers in the 
vapour phase [4]. Also of interest, in view of the 
well-documented catalytic activity of various type b 
systems [5], is the chemical reactivity of the type a 

Me2 

Fig. 1. Isomers of [R,Si(C,H,),M(p-X& with metal-bridging (a) 
and chelating (b) RZSi(C5H& ligands. 
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dimers. Aspects of relevance are whether or not isomer 
a may coordinate additional ligands and/or undergo 
exchange of its metal-bridging atoms X without con- 
comitant reorientation of the Me,Si(C,H,), ligands 
from the metal-bridging to the chelating form. Earlier 
observations had indicated facile cleavage of both the 
M . . . X . . . M and the M(C,H,)Me,Si(C,H,)M 
bridges, e.g. by tetrahydrofuran UHF) [1,4], but we 
now describe some more detailed studies of the reac- 
tions of two related [Me,Si(C,H,),M(CL-Cl], systems 
(with M = Y and/or Yb) with NaH, KNCS and 
Na,[Me,Si(C,H,),], respectively, as well as with the 
uncharged potential ligands THF and MeCN. 

2. Results and discussion 

2.1. Reaction of [~e,Si(C,H,),M(~-Cl)]~ (A4 = Yb:2; 
M = Y: I) with NaH 

Solutions of the earlier described compounds 
[Me,Si(C,H,),M(CL-CI)1, with M = Yh (2 [l]) and Y (1 
[2]) in THF were treated at room temperature with an 
excess of NaH for four days. The pink (M = Yb, prod- 
uct 4) and white (M = Y product 3) powders finally 
obtained (see Experimental section) both displayed a 
weak infrared absorption at 2100 cm-’ which could, in 
the absence of ligands involving a triple bond (e.g. 
MeCN, etc.), best be associated with partial hydro- 
genation of silicon atoms, or, less probably, with gen- 
uine v(M-H) absorptions [6*]. The elemental analysis 
of 4 suggests that only partial substitution of Cl by H 
atoms may have taken place, but the presence of an 
unknown amount of THF in 4 (vi& infra) makes 
interpretation of the analytical data rather ambiguous. 

While the ‘H NMR spectra of 4 and 3 did not help 
in simulation of these products, the results of MS 
studies were quite informative. In particular, the pres- 
ence of dinuclear species still bearing THF-ligands was 
clearly indicated. 

Orange-red, well-shaped crystals of complex (4*) 
were obtained in good yield after more than one year 
from a concentrated solution of 4 in THF which had 
been stored at -30°C. Complex 4* turned out to be 
extremely sensitive to both traces of oxygen and water 
and decomposed at temperatures above -20°C but 
nevertheless a successful low-temperature single-crystal 
X-ray study was carried out (vide infra). This showed 
that the composition of product 4’ is [{Me,Si(C,H,), 
Yh(THF)),(~-H&Cl)] * THF. The high sensitivity of 
the crystalline product 4* suggests that, in agreement 
with their elemental analyses, 4 and 4* differ mainly, if 
not exclusively, in their THF-contents. 

* Reference number with an asterisk indicates a note in the list of 
references. 

TABLE 1. Summary of crystal data and details of data collection and 
refinement for 4’ 

Formula 
M(amol-‘) 
C&al dimensions (mm) 
Space group 
Crystal system 

C,,H,,0&ISi2Yb, 
911.52 
0.25 x 0.25 x 0.40 
Pmc2, (No. 26) 
orthorhombic 

16.300(7) 

11.50643) 

19.67@6) 

3690.0(20) 
4 
1.749 
1912 
Enraf-Nonius CAD-4 
110*5 

0.71069 
o-28 scan 
2~28~54 
4498 

0 

a/A 

b/A 

c/A 

V/K 
Z (dimers) 
D, (g mm31 
F@OO) 
Diffractometer 
Temperature (K) 

Radiation A (A) ’ 
Scan technique 
28 Range (deg) 
Number of reflections (total) 
Number of reflections 

(symmetry independent) 
Number of reflections (for refinement) 
Number of refined parameters 
Absorption correction 
Absorption coefficient 
Linear absorption coefficient (cm-‘) 
Largest peak in final difference 

Fourier Syntheses (e.k) 
RC 

R&V* 

Rse 

a MO Ka, graphite monochromator. 
b IF, I > 4o(F,). 

R = ~w”%,l- lF,ll 
w 

cw”.5 IF, I 

~wllFJ-lF,llz o.5 

&lF,I* I 

3892 
2887 b 
379 
DIFABS 1191 
0.775 (mm>, 1.075 (mar) 
p = 51.9 

1.30 
0.0399 
0.0360 
0.0394 

(cl 

(4 

(e) 

w = 1.4922/[~*(F,)+0.000309(F0)*] 

i j 

T= [ -2w2(U,lh2a*2 + L&k*b** + U3312c*2 +2lJ,*hka*b* 

+2U13hla*c* +2Uz3klb*c*)] 

2.2. Molecular and crystal structure of 4* 
Crystal data and details of data collection and re- 

finement are given in Table 1, and the positional 
parameters in Table 2 and in the supplementary mate- 
rial. There are two slightly different dimers, A and B, 
and in the asymmetric unit B is accompanied by a 
disordered lattice-THF molecule. In Fig. 2 an ORTEP 
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TABLE 2. Fractional coordinates for non-hydrogen atoms and 
equivalent isotropic parameters with esd’s in parentheses 

Atom x Y z B =I 

Ybl 0.11663(5) 0.04653(5) ’ 0.50000 
Yb2 
Cl1 
Cl2 
Sil 
Si2 
Si3 
Si4 
01 
02 
03 
04 
Cl 
c2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
Cl0 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
Cl7 
Cl8 
Cl9 
(720 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
c30 
c31 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 
CtO= 
c41= 
C42 a 
HlOl 
H102 

0.38370(6) 
0.0000 
0.5000 
0.0000 
0.0000 
0.5000 
0.5tmO 
0.1907(6) 
0.3084(9) 
0.0000 
0.5000 
O.OWO 
0.0000 
0.0951(7) 
0.110401) 
0.1936(11) 
0.2265(9) 
0.1693(9) 
0.0080 

K?l(ll, 
0.108410) 
0.1901(9) 
0.2298(11) 
0.169002) 
0.2776(9) 
0.3119(10) 
0.2406(10) 
0.1634(11) 
0.5000 
0.5000 
0.4063(9) 
0.3295(11) 
0.2720(D) 
0.3107(12) 
0.393100) 
0.5000 
0.5000 
0.4053(8) 
0.3834(D) 
0.3033(D) 
0.272800) 
0.3340(9) 
0.2192(14) 
0.2110(14) 
0.2767(18) 
0.3285(17) 

- 0.0720(13) 
- 0.0472(11) 

0.5OtM 
0.5191(13) 
0.5442(17) 
0.5440(18) 
0.0000 
0.5000 

0.51771(5) 
0.0814(4) 
0.4793(5) 

- 0.2494(5) 
0.2230(5) 
0.8045(5) 
0.3215(5) 
0.0657(9) 
0.4983(10) 
0.72OOf30) 
0.9120(20) 

-O&355(14) 
- 0.241608) 
-0.1811(10) 
- 0.1456(11) 
- 0.1124(13) 
-0.1199(11) 
- 0.1645(12) 

0.0992(18) 
0.3636(17) 
0.2203(12) 
0.2713(D) 
0.2504(11) 
0.181406) 
0.165302) 
0.0836(13) 
0.0053(13) 
0.011405) 
0.0246f15) 
0.9656(16) 
0.783007) 
0.742500) 
0.724802) 
0.6836(14) 
0.6754(14) 
0.7111(11) 
0.172606) 
0.4266(16) 
0.3393(11) 
0.2898fll) 
0.315602) 
0.3842(17) 
0.3957(13) 
0.5168(16) 
0.4417(17) 
0.4320(20) 
0.4291(19) 
0.657205) 
0.6162(15) 
0.8760(30) 
0.7513(17) 
0.7280(20) 
0.8170(20) 
0.0440(40) 
0.5020(39) 

0.25916(4) 
0.4073(2) 
0.1675(3) 
O&75(3) 
0.6377(3) 
0.2199(3) 
0.3906(3) 
0.3933(5) 
0.1536(8) 
0.7332(20) 
0.5442(17) 
0.490001) 
0.3752(10) 
0.5016(10) 
0.5715(7) 
0.5767(8) 
0.5133(8) 
0.4661(8) 
0.699OU2) 
0.687313) 
0.5864(7) 
0.5219(8) 
0.50400 1) 
0.5521(9) 
0.6030(8) 
0.39xX9) 
0.3361(10) 
0.2867(9) 
0.325X7) 
0.230001) 
0.124301) 
0.2577(8) 
0.2247(12) 
0.274Of9) 
0.3345(11) 
0.3274(8) 
0.4279flO) 
0.464501) 
0.3396(6) 
0.2755(7) 
0.2591(D) 
0.3120(13) 
0.3610(9) 
0.1498(14) 
0.0742(11) 
0.037505) 
0.0949fll) 
0.7654(11) 
0.8264(9) 
0.47OOQO) 
0.477801) 
0.5223(15) 
0.579305) 
0.5037(39) 
0.3042(37) 

1.33 
1.74 
1.33 
2.72 
1.34 
2.21 
1.47 
1.26 
2.16 
4.71 

14.43 
11.13 
1.96 
2.11 
1.46 
1.98 
2.74 
2.01 
1.63 
2.73 
4.70 
2.32 
2.14 
2.37 
3.10 
3.15 
2.57 
3.32 
2.98 
2.92 
2.15 
4.43 
1.72 
3.98 
2.99 
4.58 
2.06 
1.48 
3.05 
1.28 
2.07 
3.21 
5.08 
2.61 
8.26 
4.87 
9.53 
9.15 
4.09 
3.51 
8.72 
0.77 
2.04 
2.12 
7.62 
0.84 

a Disordered atoms; probability of occupation: l/2. 

plot of the molecular structure of A is shown along 
with the atom numbering scheme. All the Si and methyl 
C atoms lie, along with the bridging H and Cl atoms, 
on the only mirror plane of the molecule, the two 
coordinated THF molecules thus adopting a cisoid 
orientation. Tables 3 and 4 list selected interatomic 
distances and bond angles in dimers A and B respec- 
tively. Figure 3 shows the unit cell. 

The most conspicuous feature of 4’ is the presence 
of one THF ligand on each Yb atom while the initial 
structure of the dinuclear starting complex 2, contain- 
ing two non-chelating Me,Si(C,H,), ligands and two 
metal-bridging Cl atoms [ll is essentially preserved. 
Facile loss of THF both from the lattice and from the 
coordination sphere of the sterically congested com- 
plexes is expected to be the main reason for the 
observed instability of the crystals. Both the Yb * * * Yb’ 
and C(ring)-Yb distances of A and B are not signifi- 
cantly longer than those in 2, and the 0-Yb distances 
correspond to those of the previously described steri- 
tally-congested THF-adducts of organo-Yb complexes 
[7]. The presence of THF ligands in 4’ leads to a 

TABLE 3. Selected interatomic distances (A) in molecules A and B 
in crystalline 4* with esd’s in parentheses 

Molecule A 

YbWCNl) 
YbtD-H(101) 

yb(l)-o(l) 
CIW-H(101) 

YbW-c(3) 
YbWCt4) 
YbW-c(5) 
Yt$l)-c(6) 
YbWcx7) 
YbWz(l) + 
YbW-c(10) 
YbW-c(11) 
YbWCU2) 
Yb(l)-C(13) 

YbW-cx14) 
YbW-U2) + 

SXlWZtl) 
SW-c(2) 
SiW-c(3) 
Si(2)-c(8) 
Si(2)-c(9) 
Si(2)-CflO) 

YbW-yb(l’) 
SiW-Cl(l) 
SK2)-Cl(l) 

#, Ring centre. 

2.664(3) 
1.903(4) 
2.43(l) 
1.95(8) 

2.640) 
2.620) 
2.68(2) 
2.630) 
2.660) 
2.361(6) 
2.65(l) 
2.630) 

2.640) 
2.62(2) 
2.590) 
2.3347) 

1.85(2) 
1.82(2) 
1.86(l) 
1.87(2) 
1.89(2) 

1.84(2) 

3.802(20) 
3.986(8) 
4.817(g) 

Molecule B 

yb(2)-CK2) 
yb(2)-H(102) 

yb(2)-o(2) 
Clf2)-H(102) 

yb(2)-c(21) 
Ybt2)-Ct22) 
yM2)-Ct23) 
yb(2)-Ct24) 
yM2)-CW) 
Yb(2)-U3) + 
Yb(2)-c(28) 
Yb(2)-c(29) 
Yb(2XX30) 
Yb(2)-c(31) 
Yb(2)-CX32) 
Yb(2)-U4) + 

Si(3Kt19) 
Si(3kCf20) 
Si(3kCX21) 
Si(4)-c(26) 
Si(4)-c(27) 
Si(4kCf28) 

Yb(2)-Yb(2’) 
Si(3)-Cl(2) 
Si(4)-CN2) 

2.654(4) 
2.10(3) 
2.42(l) 
2.70(8) 
2.61(l) 
2.63(l) 
2.65(2) 
2.63(2) 
2.60(l) 
2.336(7) 
2.620) 

2.640) 
2.67(l) 
2.5X2) 
2.58(2) 
2.333(7) 

1.86(2) 

1.9Of2) 
1.84(2) 
1.86(2) 
1.89(2) 
1.850) 

3.791(20) 
3.881(S) 
4.750(9) 
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Fig. 2. ORTEP plot of molecule A of 4*. 

The two molecules A and B differ mainly in the 
calculated positions of the bridging hydrogen atom, but 
in view of the presence of rather heavy atoms around 
the bridging H atom, not too much relevance should be 
attached to the two different Yb * * * H * - . Yb’ angles 
(of 175.0 and 129.0”, cf- Table 4). The rather short, 
albeit different, H * * * Cl distances are expected to 
favour HCl elimination under various constrained con- 
ditions. Most other distances and angles in A and B 
are, however, very similar. 

slightly different arrangement of the two Me,Si(C,H,), Organo-rare earth complexes involving one halide 
ligands relative to each other and to the bridging Cl and one hydride bridge between two metal atoms (i; cf. 
atom from that in 2 and this is reflected in, for exam- Scheme 1) have been described earlier [8], as have 
ple, significantly different values for the distances halide-free hydrides also containing THF ligands (ii 
SiWCl(l) and Si(2)-Cl(l) and also the distances [91X However, di- or poly-nuclear systems, which, like 

Si(3)-Cl(2) and Si(4)-Cl(2) (cf. Table 3). Complex 2 
and its bromine-bridged analogue 5 [2] contain only 
one crystallographically singular Si atom (but two crys- 
tallographically different halogen atoms). As required 
for metal-bridging Me,Si(C,H,), ligands, the angles 
cent-C(ring)-Si and C(ring)-Si-C(ring)’ are, as in 2 
and 5, significantly larger than 180” and 109.5”, respec- 
tively [ 1,2]. 

TABLE 4. Selected bond angles (deg) in molecules A and B in crystalline 4’ with esd’s in parentheses 

Molecule A 

Ybw-Cl(lkYb0’) 
Yb(lh-H(lOl)-Yb(1’) 
Cl(l)-Y-b(l)-H(101) 
cl(1)-Yb(l)-o(1) 

Z(l) + -Ybw-o(l) 
2(2) + -Ybw-O(l) 
z(1) # -yMl)-Cl(l) 

2(2) # -Ybw-Cl(l) 
z(1) # -Yb(l)-H(101) 
Z(2) # -Yb(l)-H(101) 

Z(1) # -YbWZ(2) # 

c(l)-Si(lkCX2) 
C(l)-SW-C(3) 
c(2)-Si(lNX3) 
c(3)-Si(lKt3) 
C(8)-Si(2)-c(9) 
C(8)-Si(2)-c(10) 
C(9)-Si(2)-C(10) 
C(lO)-Si(2)-C(10) 

Z(1) # -C(3)-SiW 
Z(2) # -c(lO)-Si(2) 

Dihedral angles 
Yb(l’)-Yb(l)-c(3)-Si(1) 
Yb(l’)-Yb(l)-c(lO)-Si(2) 

Angles between planes a 
plane(l)_-----plane(2) 

91.00) 
175.0(50) 
47.0(20) 
75.5(3) 
97.2(3) 
99.7(3) 

119.7(2) 
112.9(2) 
105.6(15) 

106.6(17) 
127.2(3) 

106.7(10) 
108.8(5) 
109.8(7) 
112.6(9) 

108.7(10) 
110.0(6) 
107.4(6) 
113.2(9) 
185.2(7) 
181.0(8) 

25.4(9) 
27.7(7) 

53.1(9) 

Molecule B 

Ybt2)-Cl(2)-Yb(2’) 
Yb(2)-H(102)-Yb(2’) 
Cl(2)-Yb(2)-H(102) 
Cl(2)-Yb(2)-o(2) 

U3) + -k-b(2)-O(2) 
2x3) + -I-b(2)--O(2) 
Z(3) # -yb(2)-Cl(2) 

U4) # -yb(2)-Cl(2) 
U3) # -Yb(2)-H(102) 
Z(4) # -Yb(2)-H(102) 
U3) # -Yb(2)-z(4) # 

Ct19)-Si(3)-C(20) 
c(19)-Si(3k-C(21) 
c(2O)-Si(3)-C(21) 
c(21)-Si(3)-C(21) 
c(26)-Si(4)-c(27) 
CX26)-Si(4)-C(28) 
CX27)-Si(4)-C(28) 
CX28)-Si(4)-CX28) 
Z(3) # -Ct21)-Si(3) 
Z(4) + -Ct28)-Sit4) 

Yb(2’)-yb(2)-c(21)-Si(3) 
Yb(2’)-Ybt2)-CW)-Si(4) 

plane(4)------plane(3) 

91.2(2) 

129.0(40) 
68.0(20) 
76.3(4) 
96.7(3) 
97.43) 

120.2(2) 
111.4(2) 

104.7(14) 
91.5(14) 

128.4(4) 

103.6(9) 

110.0(5) 
110.5(6) 
112.0(9) 
106.6(9) 
108.4(5) 
110.2(5) 
112.8(9) 
183.6(8) 
184.7(8) 

27.6(9) 
25.2(6) 

52.8(9) 

a plane(l): (c(3)------c(7)); plan&): {C(lo)------C(l4)); plane(3): ~c(21)------c(25)~; plan&): tc(28)------C(32)). 

# , Ring centre. 
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I 

. H.. .H.. 
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/ . .._ 
--. 

..-- -.._ 

M ---- 
I-. 

M M 
%_ 

H H 
. ..* *- 

I. 

I I 

5.. 

-.._ i _.. 
. H .-*- ..** ** 

2. 
.c,..” 

I 
a.** i . ..- 

M ‘. 
THF THF THF 

(i) (ii) (iii) 

Scheme 1. Reported configurations of tri- and di-nuclear CpiM- 
derivatives (Cp’ = C,H,R; M = rare earth metal) involving chloride 
and/or hydride bridges. 

4*, involve the skeleton (iii) are to our knowledge 
unprecedented. A THF-free dimer of major relevance 
is, however, the complex [{Et,Si(C5H,XC,Me,)Lu),- 
(p-Et)1 [31. 

n n n 

2.3. Mass spectrometry of 4 and 3 
As initially the formation of oligomeric, or even 

polymeric, hydride complexes was envisaged, the mass 
spectra of the bulk products 4 and 3 were scanned at a 
relatively high probe temperature (cu. 200°C), and the 
MS results could probably be somewhat improved by 
use of more appropriate conditions. All fragments with 
a relative intensity Z,,, > 1% are listed in Tables 5 and 
6. Interestingly, in spite of the rather high temperature, 
both samples give rise to dinuclear fragments involving 
two or one THF molecule(s), but only 4 displays sev- 
eral dinuclear fragments containing just one Cl atom 
per dinuclear unit. These findings are in good accor- 
dance with the structure revealed by the crystallo- 
graphic study of 4*. Dinuclear fragments with two Cl 
atoms are absent from the mass spectra of 4 and 3, as 
are other fragments indicative of the presence of un- 

n 

Fig. 3. Unit cell of 4.. 
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TABLE 5. Composition, m/z (relating to the isotopes 35C1, ?Si and TABLE 6. Composition, m/z (referring to the isotope ?Si only), 
174Yb only), and relative abundance of the MS fragments of sample 4 and relative abundance of the MS fragments of sample 3 Fragments 
Fragments not containing a metal atom are omitted not containing a metal atom are omitted 

Symbol Formula Symbol Formula 

Mf. C3,H4sSi,0,ClYb, 900 1 
M+. -CH,. (A) C3,H4zSi,0,ClYb, 885 1 
M+. -THF C,sH,,Si,OCIYb, 828 3 
M+. -C,H, C,,H,,Si,O,ClYb, 834 5 
(A)-THF-Cl. Cz7HssSizOYbz 777 16 
M+. -2THF (B) C,,H,Si,ClYb, 756 6 
(BN-CH,. C,,H,,Si,O,CIYb, 741 3 
(B) - 2CH,. C,,H$i,O,ClYb, 726 14 
(B)-H. -cl. (0 Cz4H&Pz 720 8 
(Cl-CH,. CzsHG%Yb~ 705 26 
(C)-2CH,. C2zH22SiP2 690 18 
(B)-C,H, -CH, (D) C,,H,,Si,CIYb, 675 9 
CD)--H. -cl. ClsHrsSWb2 639 4 
(B)-C,H, -CsH,SiMe,. C,,H,,SiCIYb, 568 12 
[Me,Si(C,H4)*Yb(C5H5)l+. C,,H,,SiYb 425 16 
[MezSi(CsH4&YbCl]+. C,,H,,SiCIYb 395 5 
[Me,Si(C,H,),YbH]+. a C,,H,,SiYb 361 36 
[MezSi(CsH,)zYbl+ C,,H,,SiYb 360 100 
[MeSi(CsH,),Ybl+. C,,H,,SiYb 345 30 
KC,H,),Ybl+. C,oH,oYb 304 15 
KC,H4)Si(CH3)cH,Ybl+~ C,H,SiYb 295 18 
KC,H,)Ybl+ CsHsYb 239 53 

a Owing to the presence of seven Yb isotopes, the fragments with 
and without one extra H atom (e.g. [Mf. and Mf. - 1) cannot be 
identified separately. The shape of the clusters in the experimental 
spectrum were compared with those simulated by computer. 

changed 2 or 1. Both spectra resemble that of 1 more 
than that of 2 [4] in that a number of mononuclear 
fragments also appears. In all cases (except for 21, the 
mononuclear fragment: [C,,H,,SiM]+ = [Me&C,- 
H&M]+ is the most intense and provides the base 
peak. 

CdhSi2M~ 
mh. 692 (522) 

- CH,’ - CH,’ 
C,H2,Si2M2 - 

ml7.707 (537) * 

M+. 
M+. -H. 

M+. -2H. 
M+. -CH,. (A) 
M+. -2CH,. (B) 
(A) - THF 
(B)-THF 
M+. -THF-C,H, 
M+. -THF-C,H, (0 
(C)-H. 
CC)-- 2H. 
M+.--2THF (D) 
CD)-H. 
CD)-2H. 
CD)-CH,. 
CD)-H. -cH,. 
CD)-2H.-CH,. (E) 
CD)-2CH,. 
CD)- C,H, 
(Cl-Me,SiH. 
(El- Me,Si(CsH,), 
[MezSi(CsH4)2Y(CsHs)1+. 
[Me,Si(C,H,),YH]‘~ 
[Me2Si(CsH412Yl’ 
[MeSi(C,H,),YH]+. 
[MeSi(C,H,),Y]+ 
[(C,H,),YHl+. 
l(C,H,),Yl+ 

CdWiAY, 
Cd-bGWW~ 
Cd-LWbY, 
C31H4$W2Y, 
C3&dW2Y, 
G7H3~SWY2 
Cd-%%OY2 
C&&2W 
W-Wi2W 
WWi2OY2 
WWWY2 
C24H30S12y2 

C24H2&2Y2 

C24%&2Y2 

C23H27S12y2 

C23H26Si,Y, 

C23hSi2Y2 

C22H24Si2Y2 

C19H24Si2Y2 

C2,H2,SiOY2 

CtJWiY2 
C,,H,,SiY 
C,,HtsSiY 
C,,H,,SiY 
C,,H,,SiY 
C,,H,,SiY 

C,oH,tY 
CloHtoY 

696 1 
695 2 
694 3 
681 3 
666 4 
609 8 
594 4 
559 8 
558 2 
557 10 
556 2 
552 3 
551 2 
550 5 
537 10 
536 1 
535 3 
522 5 
486 1 
499 14 
349 15 
340 8 
276 19 
275 100 
261 7 
260 3 
220 4 
219 21 

The existence of only one yttrium isotope allows 
observation of the loss of one and two hydrogen atoms, 
respectively, from various dinuclear fragments of 3, 
whereas the presence of seven different ytterbium iso- 

c 
C,2H,,SiM, m/z361 (276) 

* -R 

t 
C,,H,,SiM, dz 360(275) 

Scheme 2. Detailed B/E-linked scan analysis of the fragments: [Me,Si(CsH,),MH]~ 
m/z values refer to the isotopes: “Si and *74Yb only. 

W-W+% 
m/z 721 (551) 

WWWh 
m/z 720 (550) 

for M = Yb and (with m/z in parentheses) M = Y. The 
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topes gives rise to an extended “isotopic cluster” of 
signals for each dinuclear fragment. The MS of 3 show 
various dinuclear fragments that are likely to come 
successively from the potential molecular ion 
[Me,Si(C,H,),YHWHF)]~ - at m/z 696. On the other 
hand, close-lying dinuclear fragments of 4, whose m/z 
values would differ by only one or two mass units, 
cannot be identified with certainty from the ordinary 
mass spectrum. 

The possible presence of a rather weak “isotopic 
cluster” of 4 centred at m/z = 722 was explored by a 
B/E-linked scan experiment the result of which is 
summarized in Scheme 2. 

The information in Scheme 2 leaves no doubt that 
there is a fragment centred at m/z 722 that must be 
assigned to the desolvated dinuclear species [Me,Si- 
(C,H,),YbH]: - . Hence, the presence of small 
amounts of the Cl-free hydrides [{Me,Si(C,H,),Yb- 
H},(THF),] in the “bulk product” 4 must also be 
accounted for. The B/E-linked scan of the expected 
yttrium analogue of the fragment of 4 at m/z 722 (i.e. 
the fragment of 3 at m/z 552) revealed practically the 
same fragmentation pathways as depicted for the Yb 
dimer in Scheme 2. Cleavage of two dinuclear frag- 
ments according to Scheme 2 may be one of the 
sources of the fairly abundant mononuclear fragments, 
and could, moreover, be considered as evidence for the 
presence of dinuclear isomers of type b (cf. Fig. 1). 
Several authors have reported that halide-bridged di- 
nuclear dicyclopentadienyl systems devoid of other 
bridging ligands undergo facile cleavage into mononu- 
clear fragments under MS conditions [IO]. The mass 
spectra of some similar dinuclear hydrides of the type 
[(C,R,),MH], which display a corresponding cleavage 
pattern have briefly been reported by Schumann, Marks 
et al. 1111. It is also noteworthy that the bromide-bridged 
analogue 5 of 2 [2] gives peaks from both di- and 
mono-nuclear fragments [121. 

The mononuclear fragments of 4 and 3 of the com- 
position [Me,Si(C,H,),M(CSHS>]+. are likely to re- 
sult from asymmetrical cleavage of a dinuclear parent 
fragment, involving in addition the breaking of one 
Si-C(ring) bond and the uptake of one H atom from 
an adjacent methyl group. The comparatively high in- 
tensity of the resulting fragment is in accordance with 
the usually high stability of tris(cyclopentadieny1) rare 
earth complexes. 

In summary, the MS results of sample 4 agree 
satisfactorily with the crystallographic findings ob- 
tained for complex 4*. On the other hand, the MS data 
for complex 3 suggest that reaction of 1 with NaH has 
given mainly the halide-free complex [Me,Si(C,H,),- 
YH],. The apparently different reactions of 2 and 1 
with NaH appear to parallel the somewhat different 

MS properties of these two species [4]. The MS of 1 
was interpreted in terms of a facile interconversion of 
its two isomers a and b (Fig. 1). The presence of 
substantial amounts of isomer b means that there is 
more likelihood that mononuclear derivatives will be 
formed; and these are more susceptible to ligand-ex- 
change reactions. 

2.4. Reaction of 2 with KVCS and Na,[Me,Si(C,H,),] 
The high lability of crystalline 4* does not rule out 

the possibility that the bulk material 4 might differ 
from 4’ also in respect of the bonding mode of the 
Me,Si(C,H,), ligand. In particular, 4 might not neces- 
sarily be free of complex units involving chelating 
Me,Si(C,H,), ligands (i.e. derivatives of isomer b). 
The appearance of mononuclear fragments in the mass 
spectra of 4, and even more clearly in those of 5, does 
not rule out the presence of existing, or easily accessi- 
ble, mononuclear species in solution. For a further 
investigation complex 2 was also treated with MeCN, 
KNCS/NCMe, and Na,[Me,Si(C,H,),]/toluene. 

While complex 2 is considerably more reluctant to 
take up acetonitrile than [(C,H,),YbCll, to give the 
adduct [Me,Si(C,H,),YbCl(NCMe)], (6) with n = 1 
or 2 [13a,14b], it reacts readily in MeCN with KNCS to 
the analytically pure derivative [Me,Si(C,H,),Yb 
(NCSXNCMe)], (7). The formation of 7 is reminiscent 
of the similarly spontaneous reaction [13b]: 

[ (C,H,),YbCl] 2 + 2 KNCS s 

2(C,H,),Yb(NCS)(NCMe) (7s) + 2 KC1 

The similarity of some characteristic features in the 
infrared data for 7 and 7a (Table 7) suggests the 
presence of corresponding structural features in both 
compounds. The lability of 6 = 2 . xMeCN towards suc- 
cessive losses of nitrile is demonstrated by the appear- 
ance of an intense v(CN) band from free NCMe in the 
infrared spectrum of a solution of 6 in toluene. 

TABLE 7. Comparison of selected infrared absorptions (cm-‘) of 
some adducts containing NCS and/or NCMe Iigands 

Sample Vibrations of MeCN 
(a) (b) (c) 

Vibrations of NCS 
v(CN) 

MeCN d 2293 - 2254 
4e 2307 2283 2253 
5 2310 2280 - 2060 1980 
5 a [13bl 2306 2279 - 2068 1995 
4a f [13b] 2307 2279 - 

a Combination band (Fermi resonance 1141; b v(CN) of coordinated 
NCMe; c v(CN) of free NCMe; d neat liquid; e spectrum of toluene 
solution; ’ [(CsH,),YbCl~NCMel,. 
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We also found that 2 can even react further with 
Na,[Me,Si(C,H,),] in toluene as follows: 

[Me,Si(C,H,),YbCl], + Na,[Me,Si(C,H,),] - 

[ {Me,Si(C,H,),),Yb,] + 2 NaCl 

The resulting halide-free, viscous oil, 8, is dark-green 
in colour, and displays a very similar NIR/Vis absorp- 
tion spectrum (cu. 9000-16000 cm-i) to that of base- 
free (ns-C,H,),Yb. In toluene solution the most in- 
tense CT band of 8 appears at 14.815 cm-’ [(@‘- 
C,H,),Yb: 15.350 cm-i]. In toluene-d,, essentially four 
resonances with strongly temperature-dependent ‘H 
NMR shifts occur (cf. Experimental section), along 
with two sharper and practically temperature indepen- 
dent proton shifts. In principle, numerous oligomeric, 
or even polymeric [15a] structures can be envisaged for 
8. Similar mixed-ligand tris(cyclopentadienyl)lantha- 
noid complexes with a coordinating (CH,),O(CH,), 
bridge are less difficult to isolate [15b]. Obviously, 
formation of 8 would be impossible without the rear- 
rangement of at least part of the metal-bridging 
Me,Si(C,H,), ligands of 2 into chelating ligands. 

3. Conclusions and suggestions 

While dinuclear 2 exchanges only one of its two 
chloride ligands by a bridging hydride group even in 
the presence of excess NaH, and can add two molecules 
of THF to the resulting dimer, 4*, the yttrium homo- 
logue, 1, is more likely to afford a mixture of products 
dominated by several THF-adducts of the halide-free 
dinuclear hydride. These findings, which were essen- 
tially derived from X-ray and MS studies, are reminis- 
cent of the results of previous comparative MS studies 
of 2 and 1 [4]. Accordingly, 1 was judged to be a 
mixture of isomers a and b, while 2 appeared to consist 
exclusively of isomer a. Our present results seem to 
confirm that the yttrium dimer, 1, shows a higher 
tendency than 2 to give configurations with chelating 
Me,Si(C,H,), ligands derived from isomer b. Alterna- 
tively, the barrier of activation for the interconversion: 
a + b may be assumed to be lower for M = Y than for 
M = Yb. Recently, it has been reported that the 
mononuclear ferrocenophane, Me,Si(C,H,),Fe, may 
be converted into oligo- or polymeric isomers at slightly 
elevated temperatures (ca. 130°C [153>. Therefore, the 
possibility that partial isomerization might also take 
place under the conditions in the mass spectrometer 
cannot be ruled out. Surprisingly, the lutetium homo- 
logue of 2, [Me,Si(C,H,),LuCl], 1161 was found to 
react with an excess of MeLi in THF to give a colour- 
less halide-free product which did not generate any 
dinuclear molecules in the vapour phase. Thus, the 

mass spectrum was fully consistent with the presence 
of the mononuclear species Me,Si(C,H,),LuMe. The 
absence of evidence of any dinuclear precursors sug- 
gests that because an excess of MeLi was present 
formation of the heterodinuclear complex Me,Si(C,- 
H,),Lu(p-Me),Li(THF), was preferred. In keeping 
with this, we were unable to bring about reaction of 
this alkyl complex with elemental hydrogen to give the 
pure hydride [Me,Si(C,H,),LuHl, (with n probably 2 
or 3 [17]. 

As we have pointed out previously [4], the struc- 
turally unperturbed Me,Si(C,H,), dianion may be re- 
garded as equally unfavorable for chelating and metal- 
bridging coordination. The present findings simply show 
once more that various compromises may be reached 
in situations differing in the nature of the central metal 
ion and/or of the metal-bridging atoms. The ratio of 
isomer a- and b-derived species may, moreover, differ 
with the conditions (i.e. crystalline, dissolved, or ob- 
tained by evaporation of a solution. 

4. Experimental section 

All operations were carried out under N,. All 
reagent grade chemicals and solvents were rigorously 
freed from water and oxygen by standard methods. 
THF-d, was dried over potassium ketyl, degassed, and 
transferred under vacuum. 

Infrared spectra were recorded on a Perkin Elmer 
325 spectrophotometer. Samples were prepared under 
a controlled atmosphere in a glove-box as mulls in 
previously dried and degassed Nujol. ‘H NMR spectra 
were recorded on a Bruker WP 80 MHz instrument. 
NIR/VIS spectra were recorded on a Gary 17 spec- 
trophotometer. 

All mass spectrometric measurements were carried 
out on a VG ZAB 2F instrument interfaced with a VG 
11/250 data station and operating under electron im- 
pact (EI) conditions (70 eV, 200 PA, T(source) = 300°C 
Tcprobe) = 200°C). Samples were introduced by direct 
probe inlet by use of a device to maintain a vigorous 
stream of argon around the capillary glass with the 
sample until the transfer of the sample into the instru- 
ment was complete. Metastable transitions were de- 
tected by B/E-linked scans [16]. Exact mass measure- 
ments were obtained by adopting the peak-matching 
technique at 10000 resolution power (10% valley defi- 
nition) only for ions with the monoisotopic rare earth 
element yttrium as central metal ion. 

The starting compounds 2 and 1 were prepared as 
described in Refs. 1 and 4. The title compound 4 was 
obtained by stirring a solution of 1.1 g (1.39 mm00 of 2 
and 0.09 g (3.75 mm00 of NaH in 50 ml of THF for 
four hours at room temperature. After complete evap- 
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oration of the THF, dissolution of the reddish residue 
in toluene, and filtration of the solution, the toluene 
was evaporated off and the pink residue (0.97 g = 96.6% 
yield) was dried in vucuo. Elemental analysis, Calcd. 
for 4 with and without THF, C,,H,,Si,YbzO,C1/ 
C,,H,,Si,Yb,Cl: C 42.73/38.17, H 5.04/3.87; Found: 
C 39.77, H 4.61%. The Y-homologue, 3, of 4 was 
prepared correspondingly from 0.8 g (1.39 mmol) of 1 
and 0.13 g (5.42 mmol) of NaH. Yield: 0.70 g (98.4%). 
According to a qualitative analysis, 3 is free of Cl. 

4.1. Preparation of 6 
A solution of 0.8 g (1.01 rnmol) of 2 in 30 ml of 

acetonitrile was stirred overnight. After complete evap- 
oration of the MeCN, washing of the residue with 
pentane, and drying in vacua, 0.82 g of a light red 
powder were obtained. Elemental analysis, calcd. for 
2 * 2MeCN: C,,H,N,Si,Yb,Cl,: C 38.58, H 3.93, N 
3.21. Found: C 35.40, H 4.60, N 1.96%. 

200 scans. A maximum fluctuation of intensity of 
-2.2% was observed. Metal atom positions were de- 
termined by Patterson mapping using SHELX-86 [20]. 
The full data set was corrected for polarization, 
Lorentz, and decay-effects, and an empirical absorp- 
tion correction was made by use of the program DIFABS 

[21]. Positional parameters of non-hydrogen and bridg- 
ing hydrogen atoms are listed in Table 2. The structure 
was solved by Patterson and difference Fourier meth- 
ods and refined by full-matrix least-squares optimiza- 
tion of the calculated structure amplitudes (379 param- 
eters) using SHELX-76 [22]. Most of the non-hydrogen 
atoms were refined anisotropically, while the Yb- 
bonded H atom and the C atoms of THF were refined 
isotropically. C,H, ring H atoms were included in the 
refinement at calculated positions (C-H: 0.95 A) with 
a fiied isotropic thermal parameter (Uiso,H = 0.08 A2). 
The maximal shift for non-H atoms was 0.003 [23*]. 

4.2. Preparation of [Me,Si(C, H,),Yb(NCS) (NCMe)],, 
(7) 
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4.3. Preparation of [{A4e2Si(C,H,),},Yb,I (8) References and notes 

A solution of 0.3 g (0.3 mmol) of 2 and 0.09 g (0.38 
mm011 of Na,[Me,Si(C,H,),] in 40 ml of toluene was 
stirred for three days at room temperature. The result- 
ing green solution was filtered (removal of NaCl), and, 
after solvent evaporation and drying of the residue in 

vacua, a highly viscous green product (0.2 g = 58.1% 
yield) remained. 
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