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A range of novel cyclic organometallic compounds containing ferrocene, silicon, and unsaturated hy- 
drocarbon units have been synthesized and characterized. These species were prepared via the insertion 
of alkynes or butadiene into the silicon-silicon bond of the ferrocenyldisiie Fe(&J-&)z(SiMez)2 (1). Thus, 
the reaction of 1 with the acetylenes H W H  and H W P h  in the presence of Pd(PPh3), catalyst in toluene 
at 110 "C yielded the organometallic ring products Fe(q-C5H4)2(SiMez)2(RC==CR') (2, R = R' = H; 3, R 
= H, R' = Ph). Reaction of 1 with MeOzCC4CO2Me under the same conditions yielded mainly the 
monoinsertion product Fe(q-C5H4)z(SiMez)z(RC=CR) (4; R = CO2Me) together with trace amounts of the 
diinsertion product Fe( . r l 'C~4)z (S iMez)z (R~R)z  (5; R = COZMe). Significant quantities of the acetylene 
cyclotrimerization derivative C6(COzMe)6 (6) were also formed. By contrast, reaction of 1 with butadiene 
under the same conditions exclusively yielded the macrocyclic diinsertion product Fe(q-C5H4)z(SiMez)2- 
(CHzCH=CHCH2)z (7).  Characterization of the latter by 13C, 29Si, and 'H NMR spectroscopy indicated 
the presence of an approximate 7:3 mixture of the trans,trans and cis,trans isomers. The X-ray crystal 
structures of 2 and trans,trans-7 were determined. Crystals of 2 are monoclinic, space grou R 1 / n ,  with 
a = 6.3131 (8) A, b = 15.7160 (12) A, c = 16.8650 (22) A, fl  = 95.087 (11)O, V = 1666.7 (2 k, and 2 = 4. 
Crystals of 7 are orthorhombic, space group Pcnb, with a = 11.188 (4) A, b = 13.530 (5) , c = 14.654 (8) 
A, V = 2218 (2) A3, and 2 = 4. 

Introduction 
molecules continue to attract considerable at- 

tention because of the interesting questions they pose 
concerning structure, bonding, and reactivity and their 
function as precursors to solid-state materials and new 
polymer systems.'I2 We are particularly interested in 
investigating the ring-opening polymerization of cyclic 
compounds containing inorganic elements or organo- 
metallic units as a route to new macromolecules with novel 
and potentially useful proper tie^.^ Ring-opening polym- 
erization represents a well-established route to organic 
polymers and an increasingly successful method for the 
synthesis of polymers constructed of inorganic elements.M 
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I., Sowerby, D. B., Eds.; Academic Press: Toronto, 1987. (b) Power, P. 
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1990,49. (d) Oakley, R. T. Prog. Inorg. Chem. 1988,36,299. (e) Chivers, 
T.; Rao, M. N. S.; Richardson, J. F. J. Chem. SOC., Chem. Commun. 1983, 
702. (0 Hessner, B.; Manners, I.; Paetzold, P. Chem. Ber. 1987,1065. (g) 
Delpy, K.; Meier, H. U.; Paetzold, P.; von Plotho, C. Z. Naturforsch. 1984, 
39B, 1696. (h) Burford, N.; Royan, B. W. J. Chem. SOC., Chem. Commun. 
1989, 19. 

(2) (a) Cowley, A. H.; Jones, R. A. Angew. Chem. 1989,1208. (b) Mark, 
J. E.; Allcock, H. R.; West, R. Inorganic Polymers; Prentice-Hall: En- 
glewood Cliffs, NJ, 1992. (c) Bestari, K.; Cordes, A. W.; Oakley, R. T.; 
Young, K. M. J. Am. Chem. SOC. 1990,112,2249. (d) Chivers, T.; Ku- 
maravel, S. S.; Meetama, A.; Van de Grampel, J. C.; Van der Lee, A. Inorg. 
Chem. 1990,29,4592. (e) Jiang, 2.; Interrante, L. V. Chem. Mater. 1990, 
2, 439. 

(3) (a) Liang, M.; Waddling, C.; Honeyman, C.; Foucher, D.; Manners, 
I. Phosphoncs, Sulfur Silicon Relat. Elem. 1992,64,113. (b) Liang, M.; 
Manners, I. J. Am. Chem. Soc. 1991,113,4044. (c) Liang, M.; Foucher, 
D.; Manners, I. Polym. Prepr. (Am. Chem. Soc., Diu. Polym. Chem.) 1992, 
33 (11,1134. (d) Foucher, D. A.; Lough, A.; Manners, I. J. Organomet. 
Chem. 1991,414, C1. (e) Liang, M.; Manners, I. Makromol. Chem., Rapid 
Commun. 1991,613. (0 Liang, M.; Waddling, C.; Manners, I., Polym. 
Prepr. (Am. Chem. SOC., Diu. Polym. Chem.) 1991.32 (3), 487. 

(4) (a) Ring Opening Polymerization; Ivin, K. J., Saegusa, T., Eds.; 
Elsevier: New York, 1984. (b) Ring Opening Polymerization; McGrath, 
J. E., Ed.; ACS Symposium Series 286; American Chemical Socieity: 
Washington, DC, 1985. 
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Ring-opening methods may also prove of great utility in 
the preparation of organometallic polymers, but apart from 
the cases of several cyclic organosilicon compounds, very 
few attempts to investigate this approach have been re- 
p ~ r t e d . ~ ? ~  

One of the problems hindering the development of this 
area is the relative lack of cyclic organometallic compounds 
which are likely to function as polymerization monomers. 
For this reason we have attempted to develop routes to 
a series of organometallic rings containing the relatively 
robust ferrocene unit as a skeletal component together with 
silicon atoms and/or olefinic groups. Silicon atoms 
function as sites for the anionically initiated ring-opening 
polymerization of cyclotetrasilanes and silacyclopent- 
ene5.k' Carbon-carbon multiple bonds, on the other hand, 
are the sites of attack in transition-metal-catalyzed ring- 
opening metathesis polymerization (ROMP) reactiom8 

In this paper we report full details of our synthetic work 
aimed at developing routes to cyclic organometallic species 
which contain skeletal ferrocene moieties together with 
both organosilicon and unsaturated hydrocarbon units. 

(5) (a) Roesky, H. W.; Lucke, M. Angew. Chem. Int. Ed. Engl. 1989, 
28,493. (b) Roesky, H. W.; Lucke, M. J. Chem. SOC., Chem. Commun. 
1989,748. (c) Cypryk, M.; Gupta, Y.; Matyjaszewski, K. J. Am. Chem. 
SOC. 1991,113, 1046. 

(6) (a) Manners, I.; Renner, G.; Allcock, H. R.; Nuyken, 0. J. Am. 
Chem. SOC. 1989,111,5478. (b) Allcock, H. R.; Coley, S. M.; Manners, 
I.; Renner, G.; Nuyken, 0. Macromolecules 1991,24, 2024. (c) Dodge, 
J. A.; Manners, I.; Renner, G.; Allcock, H. R.; Nuyken, 0. J. Am. Chem. 
SOC. 1990,112,1268. 

(7) See, for example: (a) Zhang, X.; Zhou, Q.; Weber, W. P.; Horvath, 
R. F.; Chan, T.; Manuel, G. In Silicon-Based Polymer Science; Zeigler, 
J. M., Fearon, F. W. G.,  Eds.; Advances in Chemistry 224; American 
Chemical Society: Washington DC, 1990, and references therein. (b) 
West, R.; Hayaae, 5.; Iwahara, T. J. Inorg. Organomet. Polym. 1991,4, 
545. (c) Wu, H. J.; Interrante, L. V. Chem. Mater. 1989, I, 564. 

(8) (a) Grubbe, R. H.; Tomas, W. Science 1989,243,907 and references 
therein. (b) Anhaus, J. T.; Clegg, W.; Collingwood, S. P.; Gibson, V. C. 
J. Chem. SOC., Chem. Commun. 1991, 1720. 
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Rings Containing Ferrocene, Si, and Hydrocarbons 

Scheme I 
Me \ M e  

e k i '  
RCICR', Pd(PPh3), cat. 

il I - 
1 10°C, toluene 

1 

Me, Me 

2 R = R = H  

3 R = H , R = P h  

4 R=R'=COzMe 

Thus, the synthesis, structural characterization, and 
properties of several novel ferrocenophanes are described. 
Studies of the polymerization behavior of these and other 
related cyclic organometallic species will be reported 
el~ewhere.~ 

Results and Discussion 
Synthesis of the Ferrocenyldisilane 1. Our synthetic 

strategy to assemble cyclic organometallic compounds 
containing ferrocene together with organosilicon and un- 
saturated hydrocarbon units consisted of exploiting the 
ability of alkynes and dienes to insert into silicon-silicon 
bonds in the presence of transition-metal catalysts. The 
key starting material in our work was the ferrocenyldisilane 
1. Insertion of unsaturated hydrocarbons into strained and 
unstrained silicondicon bonds catalyzed by palladium(0) 
complexes has ample precedent in organosilicon chemistry, 
but the extension of this approach to metal-containing 
rings was unexplored prior to this work.'" 

The ferrocenyldisilane 1 was prepared in high yield as 
an orange, sublimable compound by the previously re- 
ported method, which involved the reaction of dilithio- 
ferrocene-tmeda (tmeda = tetramethylethylenediamine) 
with the dichlorodisilane ClMe2Si-SiMe2C1." The latter 
was prepared in two high-yield steps from Me3SiC1. These 
involved, first, a Wurtz coupling reaction with sodium- 
potassium alloy to yield Me3Si-SiMe3 and, second, re- 
placement of a methyl group at  each silicon atom by 
chlorine using Me3SiC1 in the presence of AlC13.12J3 The 
identity of 1 was confirmed by 'H NMR spectroscopy, 

(9) Foucher, D. A.; Tang, B. Z.; Manners, I. J. Am. Chem. Soc., in 
prees. 

(10) See, for example: (a) Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. 
J. Am. Chem. SOC. 1975,97,931. (b) Sakurai, H.; Kamiyama, Y.; Na- 
kadaira, Y. Chem. Lett. 1975,887. (c) Tamao, K.; Hayashi, T.; Kumada, 
M. J. Organomet. Chem. 1976,114, C19. (d) Watanabe, H.; Kobayashi, 
M.; Higuschi, K.; Nagai, Y. J. Organomet. Chem. 1980, 186, 51. (e) 
Mataumoto, H.; Mataubara, I.; Kato, T.; Watanabe, K. H.; Nagai, Y. J. 
Organomet. Chem. 1980,199,43. (f) Watanabe, H.; Kobayashi, M.; Saito, 
M.; Nagai, Y. J. Organomet. Chem. 1981,216,149. (9) Carlson, C. W.; 
West, R. Organometallics 1983,2, 1801. (h) Seyferth, D.; Goldman, E. 
W.; Escudie, J. J. Organomet. Chem. 1984,271,337. (i) Yamashita, H.; 
Catellani, M.; Tanaka, M. Chem. Lett. 1991, 241. (j) Hayashi, T.; Ko- 
bayashi, T.; Kawamoto, A. M.; Yamashita, H.; Tanaka, M. Organo- 
metallics 1990,9, 280. (k) Matsumoto, H.; Shono, K.; Wada, A.; Mat- 
subara, I.; Watanabe, H.; Nagai, Y. J. Organomet. Chem. 1980,199,185 
and references therein. 

Chem. 1972,43, 293. 
(11) Kumada, M.; Kondo, T.; Mimura, K.; Ishikawa, M. J. Organomet. 

(12) Ishikawa, M.; Kumada, M.; Sakurai, H. J. Organomet. Chem. 
1970, 23, 63. 

(13) Wilson, G. R.; Smith, A. G .  J. Org. Chem. 1961, 26, 557. 
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Figure 1. 200-MHz 'H NMR spectrum of 4. The resonance 
marked with an asterisk is assigned to the arene Cs(COzMe)s, 
which is an impurity. 

mass spectrometry, and the melting point, which afforded 
data consistent with that reported in the literature." In 
addition, compound 1 was further characterized by l3C and 
29Si NMR spectroscopy, which also gave data consistent 
with the assigned structure. 

Palladium-Catalyzed Insertion of Acetylenes into 
the Si-Si Bond of 1: Synthesis of Compounds 2-4. 
Attempts were made to insert a variety of unsaturated 
hydrocarbons into the Si-Si bond of 1 in the presence of 
palladium(0) complexes. The first reactions that were 
investigated utilized a range of different alkynes. 

Reaction of 1 with acetylene at  110 "C in toluene in the 
presence of catalytic amounts of Pd(PPh3I4 yielded the 
deep orange insertion product 2. Compound 2 was char- 
acterized by 'H, 13C, and 29Si NMR, mass spectrometry, 
elemental analysis, and X-ray diffraction (see below). The 
'H NMR spectrum of 2 showed the cyclopentadienyl and 
methyl resonances in the expected 812  ratio. In addition, 
a low-field resonance of the olefinic protons was detected 
at  6.89 ppm. The mass spectrum of 2 showed a molecular 
ion at  mle 326 as the base peak. The elemental analysis 
data for 2 were consistent with the assigned structure. 
Similarly, the reaction of 1 with phenylacetylene in toluene 
a t  110 OC in the presence of Pd(PPhs)4 also yielded a 
product (3) derived from the insertion of the acetylene into 
the silicon-silicon bond of 1. Compound 3 was charac- 
terized by methods similar to those for 2. In particular, 
the %i NMR spectrum of 3 in CDC13 showed two singlet 
resonances of equal intensity arising from the nonequiv- 
dent silicon atoms present. The 'H and 13C NMR spectra, 
mass spectrum, and elemental analysis data for 3 were also 
consistent with the assigned structure. 

In contrast to the palladium-catalyzed reaction of 1 with 
acetylene and phenylacetylene, the reaction of 1 with the 
activated acetylene Me02CC=CC02Me yielded a mixture 
of products. The main product was identified as the ex- 
pected monoinsertion product 4. Interestingly, trace 
quantities of the diinsertion product 5 were also formed. 

5 6 

The other major component of the reaction mixture was 
identified as the acetylene cyclotrimerization product 6. 
Evidence for the presence of small quantities of 5 was 
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Table I. Summary of Crystal Data and Intensity Collection 
Parameters 

2 7 compd 
empirical formula 
Mr 
cryst class 
space group 
a, A 
b, A 
c,  A 
B, deg v. A3 
Z' 
Deale, g 
p(Mo KcY), cm-' 
F(o00) 
(D scan width, deg 
e range collected, deg 
total no. of rflns 
no. of unique f i n s  
Rint 
no. of obsd data ( I  > 3cr(n) 
weighting g 
R 
R w  
goodness of fit 
largest A/u 
no. of params refined 
max density in LW map, e/A3 

- 
ClsHZ2FeSi2 
326.4 
monoclinic 

6.3131 (8) 
15.7160 (12) 
16.8650 (22) 
95.087 (11) 
1666.7 (3) 
4 
1.30 
10.3 
688 

m / n  

0.6 + 0.35 tan e 
1-27 (kh,k,l) 
3870 
3614 
0.063 
2662 
0.0005 
0.049 
0.053 
2.22 
0.006 
174 
0.55 

C22H32FeSi2 
408.5 
orthorhombic 
Pcnb 
11.188 (3) 
13.530 (4) 
14.654 (5) 

2218.1 (12) 
4 
1.22 
7.9 
872 
0.6 + 0.35 tan e 
1-25 (hkl) 
2240 

1188 
0.00177 
0.047 
0.052 
1.20 
0.007 
125 
0.32 

found in the mass spectrum of the crude product mixture. 
This showed the presence of a peak at  m l e  584, which was 
assigned to the molecular ion of 5. However, an analysis 
of the product mixture a t  this stage by lH and 13C NMR 
spectroscopy showed no resonances which could be as- 
signed to this species. Thus, the yield of 5 must be below 
ca. 3-5%, the detection limit for NMR spectroscopy. 
Compound 4 was successfully separated from the small 
quantities of 5 by repeated high-vacuum sublimation, as 
indicated by mass spectrometry of the purified product, 
which showed no peaks that could be assigned to 5. 
However, although partial separation of 4 from the acet- 
ylene cyclotrimerization product 6 was also possible via 
fractional sublimation, significant loss of material occurred 
during this process and a pure sample of 4 could not be 
isolated. The presence of the arene 6 as an impurity in 
the isolated monoinsertion product 4 was apparent from 
the mass spectrum, which showed a molecular ion derived 
from 6 a t  m l e  426 and another peak at  m l e  395 which 
corresponded to the loss of a methoxy group from the 
molecular ion. Moreover, the lH NMR spectrum of the 
isolated product (Figure 1) showed, in addition to the 
expected resonances for 4, a resonance at  3.90 ppm as- 
signed to the methoxy groups of 6. Integration of this 
spectrum indicated that the purity of isolated compound 
4 was ca. 95%. Although compound 4 could not be com- 
pletely purified, the identity of this species was clear from 
the 'H and 13C NMR spectra and mass spectra of the 95% 
pure product. For example, the mass spectrum of the 
product showed, in addition to a molecular ion from 6, a 
peak at  m l e  442 which was assigned to the molecular ion 
derived from 4, and this corresponded to the base peak. 
The reaction of 1 with diphenylacetylene was also inves- 
tigated under the same reaction conditions as those that 
were used to prepare compounds 2-4. However, in this 
case no reaction was detected. 

In order to provide additional structural characterization 
of one of the new compounds prepared, a single-crystal 
X-ray diffraction study of the acetylene insertion product 
2 was undertaken. 

X-ray Structure of 2. Single crystals of 2 suitable for 
an X-ray diffraction study were grown by cooling a solution 

Table 11. Final Fractional Coordinates and Thermal 
Parameters for the Non-Hydrogen Atoms of 2 

Fe 0.11465 (8) 0.10801 (3) 0.37275 (2) 0.0472 (2) 
Si1 0.12134 (17) 0.17463 (6) 0.16768 (5) 0.0543 (4) 
Si2 0.11275 (14) 0.33001 (5) 0.34311 (6) 0.0453 (4) 
C1 0.1525 (5) 0.09929 (18) 0.25233 (17) 0.0467 (7) 
C2 0.3378 (5) 0.07303 (28) 0.29955 (21) 0.0791 (7) 
C3 0.2836 (6) 0.00345 (26) 0.34783 (23) 0.1004 (7) 
C5 0.0725 (6) -0.01363 (23) 0.33303 (24) 0.1029 (7) 
C4 -0.0111 (5) 0.04314 (21) 0.27500 (19) 0.0677 (7) 
C6 0.0780 (5) 0.23340 (17) 0.40356 (17) 0.0455 (7) 
C7 0.2412 (5) 0.19326 (19) 0.45558 (19) 0.0589 (7) 
C8 0.1528 (6) 0.12309 (21) 0.49307 (19) 0.0704 (7) 
C9 -0.0599 (6) 0.11837 (20) 0.46689 (22) 0.0732 (7) 
C10 -0.1106 (5) 0.18577 (19) 0.41114 (21) 0.0614 (7) 
C11 -0.0455 (5) 0.26975 (21) 0.18404 (20) 0.0590 (7) 
C12 -0.0486 (5) 0.32427 (20) 0.24471 (21) 0.0562 (7) 
C13 -0.0185 (6) 0.11513 (25) 0.08257 (23) 0.0996 (8) 
C14 0.3873 (6) 0.2076 (3) 0.13966 (28) 0.1114 (8) 
C15 0.4020 (5) 0.34266 (24) 0.33386 (23) 0.0690 (7) 
C16 0.0139 (5) 0.42455 (22) 0.39502 (26) 0.0748 (7) 

atom x Y z u,, AZa 

a u, = (Ull + u22 + U33)/3. 

Table 111. Selected Bond Lengths (A) and Angles (deg) 
for 2" 

Fe-Cl 
F A 2  
Fe-C3 
F s C 4  
F e C 5  
Fe-CG 
F d 7  
Fe-C8 
Fe-CS 
Fe-ClO 
S i 1 4 1  
S i 1 4 1 1  
S i 1 4 1 3  
S i 1 4 1 4  
S i 2 4 6  

C11-Si141 
C13-Si141 
C14-Sil-Cl 
C241-Si1 
C441-Si1 
C 1 3 S i l 4 1 1  
C14-Si1411 
C12411-Si1 
C14-Si1413 

Distances 
2.070 (3) S i 2 4 1 2  
2.030 (4) S i 2 4 1 5  
2.023 (4) S i 2 4 1 6  
2.038 (3) c142 
2.035 (4) C 1 4 5  
2.056 (3) C 2 4 3  
2.046 (3) c 3 4 4  
2.036 (3) c 4 4 5  
2.018 (4) C 6 4 7  
2.024 (3) C W 1 0  
1.852 (3) C 7 4 8  
1.863 (3) C W 9  
1.868 (4) C9-ClO 
1.858 (4) Cll-c12 
1.8527 (29) 

Angles 
114.93 (14) C12-Si2-C6 
106.44 (16) C15-Si246 
109.74 (18) C16-Si246 
130.19 (24) C7-CGSi2 
124.65 (22) C1046-Si2 
106.28 (16) C15-Si2-Cl2 
110.48 (18) C16-Si2412 
132.43 (26) Cll412-Si2 
108.68 (19) C16-Si2-Cl5 

1.871 (4) 
1.857 (3) 

1.417 (5) 
1.436 (4) 
1.423 (6) 
1.360 (6) 
1.393 (5) 
1.439 (4) 
1.421 (4) 
1.411 (5) 
1.378 (5) 
1.434 (5) 
1.336 (5) 

1.860 (4) 

111.52 (14) 
107.42 (15) 
109.54 (16) 
125.55 (22) 
128.47 (23) 
113.13 (16) 
106.07 (16) 
131.79 (25) 
109.12 (16) 

Estimated standard deviations are given in parentheses. 

of the compound in hexanes to -6 OC for 24 h. 
The molecular structure of 2 is shown in Figure 2a, and 

an alternative view of the molecule is shown in Figure 2b. 
A summary of cell constants and data collection parame- 
ters is included in Table I. Final fractional atomic co- 
ordinates and selected bond lengths and angles are given 
in Tables I1 and 111, respectively. 

The X-ray crystal structure of 2 conf i ied  the presence 
of a ring comprising a ferrocene unit, two silicon atoms, 
and an unsaturated hydrocarbon fragment containing a 
C = C  bond. The most interesting structural feature of 2 
is that the silicon atoms attached to the C=C bond lie 
slightly above and below the planes of the respective cy- 
clopentadienyl rings, which are therefore slightly tilted 
such that the pairs of atoms C3, C4, and C8, C9 are the 
closest to one another. This can be appreciated by com- 
paring the FeC3 and F d 4  distances (2.023 (4) and 2.038 
(3) A) and the F e C 8  and F d 9  distances (2.036 (3) and 
2.018 (4) A) with the slightly longer F d l  distance (2.070 
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Rings Containing Ferrocene, Si, and Hydrocarbons 

Figure 2. (a, top) Molecular structure of 2 (with thermal ellipsoids 
drawn at the 25% probability level). (b, bottom) Alternative view 
of a molecule of 2 (with thermal ellipsoids drawn at the 25% 
probability level). 

(3) A) and the Fe-C6 distance (2.056 (3) A). The tilt angle 
between the mean planes of the cyclopentadienyl ligands 
in 2 is 3.43 (21)'. The cyclopentadienyl rings in 2 are 
slightly staggered, with an angle of 11.10 (15)' between the 
projection of the Fe-C bonds on the mean plane of the 
cyclopentadienyl rings. This is slightly larger than the 
analogous angle in F ~ ( v - C ~ H ~ S ~ M ~ ~ S ~ M ~ ~ ) ~ ,  which has a 
value of 6.0 (17)0.14 The C-C bonds between the two 
carbon atoms of the cyclopentadienyl ligand opposite to 
the silicon atoms have lengths of 1.360 (6) and 1.378 (5) 
A, which is significantly shorter than the other C-C bond 
lengths in the cyclopentadienyl ligand, which range from 
1.393 (5) to 1.439 (4) A. This is analogous to the situation 
in F ~ ( V - C ~ H ~ S ~ M ~ ~ S ~ M ~ ~ ) ~  When projected on the mean 
plane of the cyclopentadienyl rings, the bonds C1-Si1 and 
C6-Si2 make an angle of 15.01 (15)'. The corresponding 
bonds in Fe(~C&I4SiMe.&3iMeJZ make a much larger angle 
of 149 (2)". This is again a consequence of the lack of a 
bridge between the cyclopentadienyl ligands in the latter, 
which allows steric interactions to be minimized via the 
adoption of an almost trans arr ement of silyl g r0~ps . l~  

the typical value for carbon-carbon double bonds (1.317 
A).15 Interestingly, the Si-C=C bond angles are par- 
ticularly wide (131.79 (25) and 132.43 (26)O) compared to 
the usual values for sp2 carbon centers (120O). The bonds 
joining the silicon atoms to the carbon atoms of the cy- 
clopentadienyl groups in 2 have the lengths 1.852 (3) and 
1.853 (3) A, which are similar to the analogous bonds in 
F e ( ~ - C ~ H ~ S i M e ~ f 3 i M e ~ ) ~  (1.85 (2) and 1.88 (3) A). The 
bond lengths and angles within the SiMe2 groups are 
normal. 

The C = C  bond length (1.336 (5) 7 ) is slightly longer than 

(14) Hirotsu, K.; Higuchi, T.; Shimara, A. Bull. Chem. SOC. Jpn. 1968, 

(15) Allen, F. H.; Kennard, 0.; Watson, D. G.; Brammer, L.; Orpen, 
41, 1557. 

A. G.; Taylor, R. J.  Chem. SOC., Perkin Trans. 1 1987, S1. 
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Figum 3. (a, top) Molecular structure of 7 (probability ellipsoids 
are drawn at the 25% level, and symmetry-related atoms are 
starred). (b, bottom) Alternative view of a molecule of 7 (prob- 
ability ellipsoids are drawn at the 25% level, and symmetq-related 
atoms are starred). 

Palladium-Catalyzed Insertion of Butadiene into 
the Si-Si Bond of 1: Synthesis of 7. The reaction of 
1 with other unsaturated hydrocarbons was also explored. 
No reaction was detected between 1 and l,3-cyclo- 
octadiene, 1,5-cyclooctadiene, or cyclopentadiene in the 
presence of a catalytic quantity of Pd(PPh3)4 in toluene 
at  110 "C. In contrast, the reaction of 1 with butadiene 
under similar conditions yielded the orange, crystalline 
product 7, which was exclusively derived from the insertion 

7 8 
of two molecules of butadiene into the Si-Si bond of 1. 
Thus, the mass spectrum of 7 showed a molecular ion at  
m f e 408 which represented the base peak. In addition, 
elemental analysis data and integration of the 'H NMR 
spectrum of 7 were consistent with the incorporation of 
two diene units into the organometallic ring structure. 

In principle, compound 7 might contain molecules which 
possess any of three different Structures, depending on the 
geometry at the C=C bonds. Thus, trans,trans, cis,trans, 
or cis,cis structures might be envisaged. On the basis of 
accepted mechanisms for the insertion of alkynes into S i s i  
bonds, a cis& structure would be expected in the product 
(see below).'OdSJ To help resolve this structural ambiguity 
and because of the unusual molecular structure, a single 
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149 ( 2 ) O  in Fe(s-C5H4SiMe2SiMe3)214 than the value of 
15.01 (15)' in 2. This can be explained by the presence 
of a relatively long and flexible bridge in 7 which allows 
steric congestion to be minimized in a way similar to that 
for Fe(q-C5H4SiMe2SiMe3)2 by the adoption of an almost 
trans arrangement of the silyl groups bonded to the fer- 
rocene ring. In contrast, because the bridge between the 
cyclopentadienyl ligands in 2 is shorter and more rigid, 
steric interactions between the silyl groups in 2 cannot be 
relieved by cyclopentadienyl ligand rotation. Thus, the 
silyl groups are held in virtually a cis arrangement. The 
C-C bonds in the cyclopentadienyl groups which are op- 
posite the silyl substituent have a bond length of 1.395 (10) 
A, which is significantly shorter than the other C-C bonds 
present, which vary from 1.416 (8) to 1.441 (7) A. A similar 
distortion was noted in 2. The angle between the pro- 
jection of the Fe-C bonds on the mean plane of the cy- 
clopentadienyl ligands is 6.4 (l)", which indicates that the 
rings are slightly staggered. The Si-C bonds joining the 
silicon atom to the cyclopentadienyl ligands are of length 
1.851 (5) A, which is similar to the lengths of the d o  ous 
bonds in F e ( ~ C ~ H ~ s i M e ~ s i M e ~ ) ~  (average 1.865 (25) 1 ).I4 
The C = C  bond lengths have the value 1.355 (9) A, which 
is significantly longer than that normally found for trans 
CH-CH units (1.312 Otherwise, the geometry of the 
organic unit is similar to that present in cis,cis-Ph2Si- 
(CH2CH=CHCH2)2SiPh2.sb 
NMR Spectroscopic Characterization of the 

Trans,trans and Cis,trans Isomers of 7. Although the 
X-ray diffraction study of a single crystal of 7 indicated 
that the trans,trans isomer was present, the possibility 
existed that the crystal selected was not fully representa- 
tive of the sample. That this was indeed the case was 
confirmed by the 13C and 29Si NMR spectra for 7, which 
indicated the presence of an approximate 7:3 mixture of 
the trans,trans and cis,trans isomers. Comparison of the 
13C NMR spectrum of 7 (Figure 4a) with that reported for 
the cis and trans isomers of Me3SiCH2CH==CHCH2SiMe3 
(8) provides excellent evidence for the presence of these 
two  isomer^.'^ For example, in the CH2 region of the 13C 
NMR spectrum of 7 (Figure 4b) two large resonances of 
equal intensity and four smaller resonances of equal in- 
tensity were present. The two large resonances at  23.26 
and 32.20 ppm can be attributed to the t raqtrans isomer 
of 7 and can be assigned to  the seta of two equivalent 
methylene carbons bound to silicon and to the two 
equivalent methylene carbons furthest removed from the 
ferrocene moiety, respectively. The former resonance has 
a chemical shift virtually identical with that of the meth- 
ylene carbons present in trans-8 (6 23.2 ppm), as would 
be expected. The set of four smaller equal-intensity res- 
onances can be assigned to the cis,trans isomer of 7. Thus, 
the higher field resonances at 23.75 and 17.22 ppm can be 
assigned to the methylene groups bonded to silicon next 
to the trans C=C bond and to the methylene groups 
bonded to silicon next to the cis C = C  bond, respectively. 
Again, support for these assignments comes from the 
NMR spectra of the different isomers of 8. Thus, the 
carbon nuclei of the methylene groups bonded to silicon 
for the cis isomer of 8 resonate a t  significantly higher field 
(18.2 ppm) than those of the trans isomer (23.2 ppm). The 
two lower field singlet resonances at 32.82 and 27.22 ppm 
are assigned to the methylene groups furthest from the 
ferrocene moiety. Because of the similarity of the chemical 
shift of the former to that for the trans,trans isomer (32.20 
ppm), the former is assigned to the CH2 group closest to 
the trans C=C bond, while the latter is assigned to the 
CH2 group closest to the cis C-C unit. Similar arguments 

Table IV. Final Fractional Coordinates and Thermal 
Parameters for the Non-Hydrogen Atoms of 7 

Fe 0.00 0.25 0.12958 (6) 0.0425 (5 )  
Si 0.11171 (12) 0.48081 (8) 0.20256 (9) 0.0475 (7) 
C1 -0.0078 (4) 0.3981 (3) 0.1603 (3) 0.049 (3) 
C2 -0,0944 (4) 0.3429 (3) 0.2117 (4) 0.056 (3) 
C3 -0.1725 (5) 0.2928 (4) 0.1498 (5 )  0.067 (3) 
C4 -0.1361 (6) 0.3160 (4) 0.0614 (5 )  0.083 (4) 
C5 -0.0362 (5 )  0.3801 (4) 0.0658 (4) 0.071 (4) 
C6 0.1810 ( 5 )  0.4349 (4) 0.3106 (4) 0.070 (4) 
C7 0.1020 (6) 0.4114 (5 )  0.3871 (4) 0.078 (4) 
C8 0.0996 (6) 0.3242 ( 5 )  0.4326 (4) 0.079 (4) 
C9 0.0240 (6) 0.3019 ( 5 )  0.5089 (4) 0.092 ( 5 )  
C10 0.2312 (5 )  0.4906 (4) 0.1156 (3) 0.071 (4) 
C11 0.0446 (5 )  0.6047 (4) 0.2219 (4) 0.073 (4) 

atom X Y z u,, A Z O  

" U ,  = (U,, + uzz + U33)/3. 

Table V. Selected Bond Lengths (A) and Angles (deg) 
for 7u 

Distances 
Fe-Cl 2.055 (4) C1-C2 1.436 (7) 
Fe-C2 2.035 (5 )  Cl-C5 1.441 (7) 
F e C 3  2.037 (5 )  C2-C3 1.430 (8) 
Fe-C4 2.029 (6) C3-C4 1.395 (10) 
Fe-C5 2.033 (5 )  C4-C5 1.416 (8) 
Si-C1 1.851 (5) C6-C7 1.462 (8) 
Si-C6 1.869 (6) C7-C8 1.355 (9) 
Si-ClO 1.851 ( 5 )  C8-C9 1.434 (9) 
Si-C11 1.858 (5 )  C9-C9* 1.503 (IO) 

Angles 
C1*-Fe-C1 154.66 (19) C11-Si-ClO 109.42 (25) 
C6-Si41 112.46 (23) C5-Cl-C2 105.5 (4) 
ClO-Si-C1 109.57 (23) C3-C2-C1 109.1 (5) 
Cll-Si-Cl 107.73 (23) C4-C5-C1 108.7 (5) 
CB-Cl-Si 128.8 (4) C4-C3-C2 107.7 ( 5 )  
CB-Cl-Si 125.6 (4) C5-C4-C3 109.0 (6) 
ClO-Si-CG 107.89 (25) C8-C7-C6 125.5 (6) 
C11-Si46 109.75 (26) C9-C8-C7 125.4 (6) 
C746-Si 118.1 (4) C9*-C9-C8 114.0 (5) 

a Estimated standard deviations are given in parentheses. 

crystal of 7 was analyzed by X-ray diffraction methods. 
X-ray Structure of the Trans,trans Isomer of 7. 

Single crystals of 7 suitable for an X-ray diffraction study 
were grown by cooling a solution of the compound in 
hexanes to -6 "C for 24 h. 

The molecular structure of 7 is shown in Figure 3a, and 
an alternative view of the molecule is shown in Figure 3b. 
A summary of cell constants and data collection parame- 
ters is included in Table I. Final fractional atomic coor- 
dinates and selected bond lengths and angles are given in 
Tables IV and V, respectively. 

The X-ray structure of 7 confirmed the presence of a 
ring structure containing a ferrocene nucleus attached to 
two organosilicon units linked to two coupled butadiene 
molecules and indicated the presence of crystallographic 
C2 symmetry. The most surprising feature of the structure 
was the presence of a trans,trans geometry with respect 
to the two C 4  bonds. This is unusual, as products with 
cis stereochemistry usually result from the transition- 
metal-catalyzed insertion of unsaturated hydrocarbons into 
Si-Si bonds (see below). In most respecta the bond angles 
and bond lengths in 7 are as would be expected on the 
basis of structural data for molecules containing the in- 
dividual fragments present in this species. Thus, the bond 
lengths and bond angles in the ferrocenyl unit are normal 
and the cyclopentadienyl ligands are coplanar. When 
projected on the mean plane of the cyclopentadienyl lig- 
ands, the C1-Si and C1*-Si* bonds make an angle of 131.8 
(4)", which is much closer to the corresponding value of 
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ppm to the four inequivalent multiply bonded carbon 
atoms present in the cis,trans species. The 29Si NMR 
spectrum of 7 was consistent with the presence of a 7:3 
mixture of trans,trans and cis,trans isomers. Thus, this 
spectrum showed a large singlet resonance at  -5.1 ppm, 
which was assigned to the two equivalent silicon atoms 
present in the trans,trans isomer, and a much smaller pair 
of singlets of approximately equal intensity at -5.6 and -3.9 
ppm, which were assigned to the inequivalent silicon atoms 
in the cis,trans isomer. Integration of this spectrum in- 
dicated the ratio of the trans,trans to cis,trans isomers to 
be approximately 7:3. 

Mechanisms for the Palladium-Catalyzed Si-Si 
Bond Insertion Reactions. The insertion of unsaturated 
hydrocarbons such as acetylenes into both strained and 
unstrained silicon-silicon bonds in the presence of tran- 
sition-metal catalysts is a relatively well-studied reaction.1° 
In general, the reaction tends to be most facile if the Si-Si 
bond is strained or if electron-withdrawing substituents 
are present at silicon. Furthermore, the isolated products 
invariably possess predominantly cis stereochemistry at  
the C=C bonds.1° A mechanism has been proposed for 
the palladium-catalyzed insertion processes involving 
acetylenea.'@J The reaction is believed to initially proceed 
via the oxidative addition of the silicon-silicon bond at the 
palladium center to give an intermediate containing two 
Pd-Si bonds. The next steps are postulated to be the 
insertion of the acetylene into one of the Pd-Si single 
bonds followed by reductive elimination to yield the mo- 
noinsertion product. In general, this overall process gen- 
erates a product with cis stereochemistry, as a cis config- 
uration is believed to be necessary for the insertion step 
to The formation of diinsertion products, which 
has previously been observed in the case of dienes, can be 
explained by the rapid additional insertion of an unsatu- 
rated hydrocarbon molecule into the other palladium- 
silicon bond present in the postulated intermediate before 
reductive elimination to yield a monoinsertion product can 
occur. Reductive elimination from the resulting species 
would then yield a diinsertion product.lok These pathways 
are illustrated for the case of the insertion of butadiene 
in Scheme 11. The formation of a diinsertion product in 
the reaction of 1 with butadiene contrasts with the for- 
mation of monoinsertion products in the analogous reac- 
tions involving acetylene and phenylacetylene. This sug- 
gests that the second insertion into the Pd-Si bond of the 
postulated intermediate is more rapid for the former than 
for the latter two hydrocarbons (Scheme II). Interestingly, 
the detection of very small quantities of the diinsertion 
product 5 in the palladium-catalyzed reaction of 1 with 
MeC02CWC02Me suggests that diinsertion is on the 
brink of competing with the formation of the monoinser- 
tion product for this particular acetylene. 

The surprising isolation of products with predominantly 
trans stereochemistry at  the C=C bonds in the reaction 
of 1 with butadiene contrasts markedly with other reports 
of palladium-catalyzed mono- and diinsertion reactions 
into Si-Si bonds, which invariably yield products with cis 
olefinic units.'OJ6 However, in work by Matsumoto et al. 
the formation of small amounts (7-21 90) of trans products 
in the reaction of acetylene with chlorodisilanes in the 
presence of Pd(PPh3)4 was attributed to the existence of 
palladium-catalyzed cis-trans isomerization reactions 
which occur under the reaction conditions used.loe Ex- 

-3 

i; 

Figure 4. (a, top) 100.5-MHz l 3 C  NMR spectrum of 7. (b, middle) 
Expansion of the methylene carbon region of the 100.5-MHz 13C 
NMR spectrum of 7. (c, bottom) Expansion of the olefinic carbon 
region of the 100.5-MHz I3C NMR spectrum of 7. 

using the reported data for the cis and trans isomers of 
8 permitted resonance assignments to the trans,trans and 
cis,trans isomers of 7 in other regions of the 13C NMR 
spectrum. For example, in the olefinic carbon region 
(Figure 4c) the large resonances at  130.43 and 126.47 ppm 
can be assigned to the trans,trans isomer and the four less 
intense resonances at  129.60, 129.55, 126.06, and 126.04 

(16) Very recently evidence for palladium-catalyzed cis-trans isom- 
erization reactions has also been found during studies of the insertion of 
unsaturated hydrocarbons into G e G e  bonds. See: Hayashi, T.; Yama- 
shita, H.; Sakakura, T.; Uchimaru, Y.; Tanaka, M. Chem. Lett. 1991,245. 
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Scheme I1 

Finckh et al. 

R R R  

M = PdL, where 4, is ancillary ligation 

perimental evidence in favor of this explanation was also 
found. Thus, Pd(PPhJ4 was shown to catalyze the cis- 
trans isomerization of cis-C12MeSiCH=CHSiMeC12 in the 
presence of the disilane C12MeSi-SiMeC12, although no 
detailed mechanism wm proposed.10e Similar observations 
have also been made in related systems by Watanabe.lM 
Thus, it appears likely that a similar isomerization of the 
initially formed cis,cis isomer to the cis,trans and ulti- 
mately the trans$" isomer occurs during the formation 
of the butadiene diinsertion product 7. 

Experimental Section 
Materials. Trimethylchlorosilane, sodium metal, potassium 

metal, ferrocene, 1.6 M butyllithium in hexanes, tetramethyl- 
ethylenediamine (tmeda), tetr~(triphenylphosphine)palladium, 
phenylacetylene, 1,3-cyclooctadiene, 1,5-cyclooctadiene, dicyclo- 
pentadiene, and dimethyl acetylenedicarboxylate were purchased 
from Aldrich and were used as received. Acetylene and butadiene 
were purchamd from Mathemn and were dried by paesege through 
columns of Linde 4A molecular sieves. The dichlorodisilane 
CLMe#i-SiMe.$l was prepared via the reaction of Me3Si-SiMe3 
with Me3SiC1 in the presence of AlC19.12 The synthesis of 
Me3Si-SiMe3 involved the reaction of Me3SiC1 with sodium- 
potassium 

Equipment. All reactions and manipulations were carried out 
under an atmosphere of prepdied nitrogen using either Schlenk 
techniques or an inert-atmosphere glovebox (Vacuum Atmo- 
spheres). Solvents were dried by standard methods, distilled, and 
stored under nitrogen over activated molecular sieves. 'H NMR 
spectra (200 or 400 MHz) and I3C NMR spectra (50.3 or 100.5 
MHz)  were recorded on either a Varian Gemini 200 or Varian XL 
400 spectrometer. The 39.7-MHz %i NMR spectra were ref- 
erenced externally to SiMe4 (TMS) and were recorded on a Varian 
XL 400 spectrometer utilizing either a normal (proton coupled) 
or a DEW pulse sequence (proton decoupled) with a 2Jsw cou- 
pling of 6.7 Hz. All NMR spectra were referenced internally to 
TMS. Mass spectra were obtained with the use of a VG 70-250s 
mass spectrometer operating in an electron impact (EI) mode. 
Elemental analyses were performed by Canadian Microanalytical 
Services, Delta, BC, Canada. 

Synthesis of the Ferrocenyldisilane 1. This compound was 
prepared by a modification of literature procedures." To ferrocene 
(3.0 g, 16 mmol) in hexanes (20 mL) containing tetramethyl- 
ethylenediamine (tmeda; 5 mL, 33 mmol) was slowly added a 
solution of butyllithium in hexanea (20 mL, 1.6 M, 32 mmol). After 
15 h at room temperature the stirred reaction solution was cooled 
to -78 "C and a cooled (-78 "C) solution of CIM@iSiMezC1 (3.0 
g, 16 mmol) in diethyl ether (50 mL) was added over 30 e using 
a double-tipped needle. The reaction mixture was slowly warmed 
to room temperature over 3 h and was then stirred at 25 "C for 
a further 20 h. The reaction mixture was then filtered and the 
solvent removed from the filtrate by rotary evaporation. Residual 
tmeda was then removed under vacuum (80 "C, 12 mmHg). The 
dark red tacky residue was then sublimed twice (100 "C, 0.1 
mmHg) to yield the orange crystalline product. Recrystallization 

R R  

from boiling dry hexanes (30 mL) afforded 1 as diamond-shaped 
platelets yield 2.0 g (42%); mp 134 "C. The melting point, 'H 
NMR spectrum, and mass spectrum of 1 were consistent with 
those reported in the literature." Additional NMR data for 1: 
13C NMR (CDClJ 6 74.0 (Cp), 70.4 (Cp), 72.4 (Cp C-Si), -1.5 
(SiMez) ppm; 29Si NMR (CDC13) 6 -8.8 ppm. 

Pd-Catalyzed Insertion of Acetylenes into the Si-Si Bond 
of 1. Synthesis of 2. A solution of 1 (4.50 g, 15 mmol) and 
Pd(PPh3)4 (0.32 g, 0.3 mmol) in toluene (10 mL) was heated to 
gentle reflux, and acetylene gas was bubbled through for 24 h (the 
flow rate was eatimatd to be ca, 5 mL/min). The reaction mixture 
was then transferred to a silica gel-hexanes column. Elution with 
hexanes yielded an orange band, which was collected. Solvent 
removal followed by several vacuum condensations at 100-150 
"C (0.03 mmHg) afforded the product as orange crystals: yield 
of 2 2.55 g (52%); mp 26 "C. Spectral and analytical data for 2: 

(Cp C-Si), 0.21 (SiMez) ppm; 'H NMR (CDC13) 6 6.89 (8, 2 H, 

1.7 Hz, 4 H, Cp), 0.26 (8,  zJsw = 7 Hz, 12 H, SiMez) ppm; ?3i 
NMR (CDC13) 6 -14.9 ppm; MS (EI, 70 eV; m/z (%)) 326 (100, 

M+ - SiMe2 - CHJ. Anal. Calcd for ClsHz2FeSiz: C, 58.90; HI 
6.75. Found: C, 58.48; H, 6.75. 

Synthesis of 3. Compound 3 was prepared similarly to com- 
pound 2, except that phenylacetylene was used in place of 
acetylene and the liquid product was isolated by vacuum dis- 
tillation (bp ca. 50 "C, 0.005 mmHg). Purification was achieved 
by reprecipitation from CH2Clz-hexanes: yield of 3 1.91 g (95%). 
Spectral and analytical data for 3: 13C NMR (CDC13) 6 164.9 
(PhC-C), 151.1 (ipso Ph), 149.9 (C=CH), 128.5 (m Ph), 127.3 
(0 Ph), 126.4 (p Ph), 74.4 W-C, Cp), 74.1 @C, Cp), 71.9 (coincident 
resonances 7 4 ,  Cp) 69.8 (Cp C-Si), 68.1 (Cp C-Si), 1.9 (SiMez), 
1.5 (SiMez) ppm; 'H NMR (CDC13) 6 7.32-7.52 (m, 3 H, m and 
p Ph), 7.28 (d, 2 H, 0 Ph), 6.80 (8,1 H, C<H), 4.54 (dd, 3 J ~ ~  
= 1.5 Hz, 4 HI Cp), 4.33 (dd, 3 J ~ ~  = 1.5 Hz, 4 HI cp), 0.52 (8,6 
H, SiMe2), 0.40 (s ,6  H, SiMez) ppm; %Si NMR (CDC13) 6 -11.8 
(8,  1 Si, Si CPh and -14.2 (8, 1 Si, Si CH) ppm; MS (EI, 70 eV; 
m / z  (%)) 402 (100, M+), 387 (28, M+ - CH3). Anal. Calcd for 
CzZHzsFeSiz: C, 65.65; HI 6.51. Found C, 66.30; H, 6.36. 

Synthesis of 4. Dimethyl acetylenedicarboxylate (1.1 g, 7.7 
mmol) was added dropwise over a period of 3 h to a refluxing 
solution of 2 (1.03 g, 3.43 "01) and Pd(PPh3), (0.08 g, 0.07 mol 
%) in toluene (10 mL). After 24 h the mixture was poured into 
a 1:l mixture of diethyl ether and hexanes (100 mL). Filtration, 
followed by solvent removal, afforded a brown semisolid, which 
was dissolved in diethyl ether. Addition of cold (ca. -40 "C) 
hexanes at -78 "C yielded a yellow amorphous solid, which was 
further purified by sublimation (100 "C, 0.02 mm): yield of 4 1.22 
g (80%). Spectral and analytical data for 4: NMR (CDC13) 
6 73.95 (Cp), 71.77 (Cp), 66.25 (Cp C-Si), 51.74 (e, OCH3), 0.15 
(SiMe2) ppm; 'H NMR (CDCI3) 6 4.36 (dd, 3 J ~ ~  = 1.7 Hz, 4 H, 
cp), 4.16 (dd, %JHH = 1.7 Hz, 4 HI cp), 3.72 (s,6 H, OMe), 0.34 
(8,  2Jsm = 7 Hz, 12 H, SiMez) ppm; NMR (CDC13) 6 -9.2 (e) 
ppm; MS (EI, 70 eV for 95% pure product with 6 as impurity; 
m/z (%I) 442 (100, M+), 427 (16, M+ - CH3), 411 (29, M+ - OCHd. 

13C NMR (CDCl3) 6 151.80 (C=C), 73.64 (Cp), 71.37 (Cp), 67.46 

HC-CH), 4.33 (dd, 3 J ~ ~  = 1.7 Hz, 4 H, cp), 4.08 (dd, 3 J ~ ~  = 

M+), 311 (81, M+ - CH3), 285 (16, M+ - C2Hz - CHJ, 253 (20, 
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Rings Containing Ferrocene, Si, and Hydrocarbons 

A peak at m/z 395 (12%) was assigned to M+ - OCH3 for 6. In 
the crude product this corresponded to the base peek. In addition, 
the crude product showed a peak at m/z 584, which corresponded 
to the molecular ion derived from 5. 

Pd-Catalyzed Insertion of Butadiene into the Si-Si Bond 
of 1. Synthesis of the Trans,trans and Cis,trans Isomers 
of 7. A solution of 1 (1.5 g, 5.0 "01) and Pd(PPh3), (0.10 g, 0.09 
mmol) in toluene (10 mL) was heated to gentle reflux, and bu- 
tadiene gas was bubbled through for 24 h (the flow rate was 
estimated to be ca. 5 mL/min). The reaction mixture was then 
poured into hexanes (100 mL). Filtration followed by removal 
of the solvent gave orange crystale which were recrystallized from 
hexanes: yield of 6 1.55 g (76%). 

Spectral and analytical data for 7: MS (EI, 70 eV, m/z (%)) 
408 (100, M+) 354 (35, M+ - C4&), 300 (23, M+ - 2C4b). Anal. 
Calcd for CzzH32FeSiz: C, 64.70; H, 7.86. Found C, 64.64; H, 
7.84. 

Spectral data for trans,trans-7 13C NMR (CDClJ 6 130.43 
(C=C-C-C), 126.47 (Si-C-C=C), 73.38 (Cp), 73.02 (Cp 
C-Si), 70.90 (Cp), 32.20 (C=C-C--C), 23.26 (e, 2Jw = 200 Hz, 
Si-C-C=C), -1.09 (SiMez) ppm; 'H NMR (CDClJ 6 5.58 (dt, 

2 H, HS), 4.35 (br s,4 H, Cp), 4.24 (br s, 4 H, Cp), 2.29 (br s, 4 
H, H9), 1.70 (d, 3Jm = 7 Hz, 4 H, H6), 0.14 (s,12 H, SiMe2) ppm; 
%i NMR (CDClJ 6 -5.1 ppm. 

Spectral data for cis,trans-7: unless noted below, the NMR 
resonances for this isomer are obscured by those of the trans,trans 
isomer; 13C NMR (CDClJ 6 129.60 (trans C=C-C-C), 129.55 
(cis C=C-C-C), 126.06 (trans Si-C-C-C), 126.04 (cis Si- 
c - M ) ,  74.00 (Cp), 71.39 (Cp C-Si), 71.20 (Cp c-%), 70.87 
(Cp), 32.82 (trans C=C-C-C), 27.22 (cis W-C-C), 23.75 
(trans Si-C-C=C), 17.22 (cis Si-C-C=C), -1.25 (SiMe2 near 
trans C=C), -1.09 (SiMez near cis C=C) ppm; 'H NMR (CDC13) 
6 0.26 (8 ,  12 H, SiMez) ppm; 29Si NMR (CDC13) 6 -5.6 (s, 1 Si, 
Si near trans CEC), -3.9 (s, 1 Si, Si near cis C=C) ppm. 

Other Reactions. A solution of 1 and Pd(PPh& (ca. 0.02 mol 
equiv) in toluene was heated to gentle reflux in the presence of 
diphenylacetylene, 1,3-cyclooctadiene, 1,5-~yclooctadiene, or cy- 
clopentadiene for 24 h. In each case unreacted 1 was recovered 
as the only ferrocene-containing product detected by 'H NMR 
spectroscopy. 

X-ray Structure Determination Technique. Crystals of 
both 2 and 7 had dimensions in the range 0.25-0.45 mm. Intensity 
data for both compounds were collected on an Enraf-Noniua CAD4 
diffractometer at room temperature, using graphite-mono- 
chromated Mo Ka radiation (A = 0.710 73 A). The w/26 scan 
technique was applied with variable scan speeds. Intensities of 
three standard reflections measured every 2 h showed no decay. 

3 J ~ ~  = 15 Hz, 3 J ~ ~  = 7 Hz, 2 H, H7), 5.37 (br d, 3 5 ~  = 15 Hz, 
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The space groups were determined from systematic absences. An 
empirical absorption correction" was applied to the data for 2 
(relative maximum and minimum corrections 1.264 and 0.502) 
and 7 (relative maximum and minimum corrections 2.171 and 
0.667). 

The pasitions of the non-hydrogen atoms for both 2 and 7 were 
determined by direct methods using SHELXSS~.'~ For both 
structures al l  non-hydrogen atoms were refined anisotropically 
by full-matrix least squares to minimize Cw(Fo - FJ2,  where w 
= 1/(a2(Fo) + gF2). Hydrogen atoms were positioned on geo- 
metric grounds (C-H = 0.95 A) and general hydrogen atom 
thermal parameters for 2 and 7 refined to 0.113 (6) and 0.111 (1) 
A2. Crystal data, details of the data collection, and least-squares 
parameters for 2 and 7 are given in Table I. Figures 2 and 3 are 
views of the molecules prepared using ORTEP. Atomic scattering 
factors were taken from ref 21. All calculations were carried out 
using SHELX76," SHELXS86,18 and NRCVAXm on a 486-33 Pc and 
an Apollo computer. 
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