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Towards 2-Silaallenes: Synthesis of Spirocyclic Precursors** 

Brigitte Goetze, Bernhard Herrschaft and Norbert Auner* 

Abstract: Reactions of dichlorodivinylsi- 
lane (2) and LitBu in a molar ratio 131 and 
1/'2 lead to highly reactive intermediates, 
which can be trapped by suitable reagents. 
I n  the presence of trimethylmethoxysi- 
lane, norbornadiene, anthracene and 
diphenylacetylene, products are formed 
that provide evidence for the intermediate 

Introduction 

formation of both the neopentylsilene 
H,C=CH(CI)Si=CHCH,tBu (3) and the 
2-silaallene 1 BuCH ,CH = Si =CHCH,tBu 
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The reaction of chlorovinylsilanes R'R'Si(CI)CH=CH, with 
LitBu leads to lithiated intermediates R'R'Si(CI)CH(Li)CH,- 
tBu and, by 1 J-LiCI elimination, to highly reactive neopentylsi- 
lenes R'R'Si-CHCH,tBu.[' -41 The only stable neopentylsi- 
lene to have been isolated is for R'  = R' = Mesityl.['' Our ex- 
perimental investigations during recent years indicate that 
especially dichloroneopentylsilene (R'  = R 2  = CI, 1) shows an 
extraordinary activity in cycloaddition reactions, even with di- 
enes of only low reactivity (e.g., naphthalene and furans).[6- '1 

Furthermore 1 is characterized by its ability to react with buta- 
dienes and diorgano-substituted acetylenes to give monosilacy- 
clobutanes and -butenes.[8-'01 The H,C=CHSiCI,/LitBu sys- 
tem is thus an excellent reagent for the facile preparative 
synthesis of heterocycles containing the dichlorosilyl functional 
g r o ~ p . [ ~ . ' ~ ]  Although we have no spectroscopic proof for the 
existence of silene I and although the generation of cycload- 
ducts might be explained by alternative reaction pathways (e.g. 
starting from the lithiated species CI,SiCH(Li)CH,tBu), our 
experimental investigations indicate that a strongly polar Si -C 
double bondcd species must be formed as an interniediate. 
Based on these expcriments we now use this general principle of 
silene generation for the preparation of a 2-silaallene building 
block. Starting from a mixture of dichlorodivinylsilane (2) and 
LitBu in the molar ratio 1/2, the 2-silaallene intermediate 4 
should be generated, possibly via the 1 -chloro-I-vinylsilene (3) 
(Scheme l).["' 
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(4). The formation of double cycload- 
ducts from 4 is particularly interesting 
as a preparatively facile route for the 
synthesis of silaspirocycles such as 13, 
16 and 17, which have been character- 
ized by single-crystal X-ray structure 
analysis. 

+ - 2 2 LifBu\ LlCl kLl;;Bu 

[ tBuH,CHC=Si=CHCH,tBu ] 
4 

Schcnie 1 .  Reactions or dichlorodivinylsilane with one or IWO equivolcnts of 
LirBu. 

It  is well known from the literature that silaspirocycles are 
suitable precursors for the pyrolytic generation of 2-sila- 
a l l e n e ~ . ~ ' ~ .  14] Thus, the double cycloadducts of 4 might be 
possible starting materials for the retrosynthetic generation 
of 2-silaallenes, allowing trapping experiments and spectro- 
scopic analyses in low-temperature matrices or in the gas 
phase.[", 1 6 ]  This paper reports the preparation of such pre- 
cursors. 

Results and Discussion 

Synthesis of dichlorodivinylsilane (2): For investigations into the 
generation of a synthetic equivalent to 2-silaallene 4, dichlorodi- 
vinylsilane (2) is required in high purity and on a preparative 
scale. Although there are several synthetic routes in the litera- 
ture,[lz' 1 7 - 2 1 ]  none of these is useful for our purposes, because 
of their low selectivities and yields. Therefore, a iiew highly 
selective method for the generation of 2 was developed. Starting 
from dichlorodiphenylsilane diphenyldivinylsilane ( 5 )  was pre- 
pared by Grignard reaction.[221 In a one-pot procedure 5 was 
then treated with triflic acid to  give (CF,SO,),SiVi, and refunc- 
tionalized with HNEt,CI to yield an 82 O h  yield of purc 2 after 
distillation (Scheme 2). 
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Ph,SiCI, + 2 ViMgCl - Ph,SiVi, + ZMgCI, 

Ph,SiVi, + 2 F3CS0,H - (F,CSO,J,SiVi, + 2 PhH 

(F,CSO,J,SiVi, + 2 NEt3HCI - CI,SiVI, + 2 NEt,H(SO,CF,J 
2 

Scheme 2. Synthesis of dichlorodivinylsilanc from dichlorodiphenylsilane 
(Vi = vinyl). 

5 

5 

Reactions of 2 with LitBu and attempts to trap the intermediates: 
According to the literature LitBu adds to the vinyl group of 
chlorovinylsilanes due to the silicon a-ef fe~t ,~’~ .  241 giving an 
organolithiated species, which can be trapped by Me,SiOSO,- 
C F , , I ~ .  3 5 - 2 7 ]  Intramolecular 1,2-LiCI elimination gives 
neopentylsilenes, which react with Me,SiOMe, acting as a polar 
trapping agent.r63 25-271 Depending on the degree of Si=C 
polarity and, thus, on the influence of substituents at the Si=C 
moiety, the intermediate silenes react with unsaturated com- 
pounds to yield cycloaddition products ([2 + 21 and/or [4+ 21 
addition) .[4, Without trapping agents neopentylsilenes 
dinierize to yield 2,4-dineopentyl-l,3-disilacyclobutanes as 
stable products.r281 

Analogously dichlorodivinylsilane (2) was treated with one 
and two equivalents of LirBu and then with an excess of 
Me,SiOSO,CF,. Although LiCF,SO, was formed during both 
reactions, none of the expected products CI,(H,C=HC)Si- 
[CH(Si(CH,),)CH,tBu] (6) and Cl,Si[CH(Si(CH,),)CH,tBu], 
(7) could be isolated from the reaction mixture. Instead, 1,3- 
dichloro-2,4-dineopentyl- 1,3-divinyI- 1,3-disilacyclobutane (8, 
Scheme 5 ) ,  a formal head-to-tail dimerization product of silene 
3, and small amounts of higher spirocycles were formed. The 
preliminary lithiated intermediates that formed-tBuCH,CH- 
(Li)CISi(CI)CH=CH, and [tBuCH,CH(Li)],SiCl,-seemed to 
preferentially eliminate LiCI, and silene dimerization was 
strongly preferred over the substitution reaction with 
Me,SiOSO,CF,. Not surprisingly the reaction of 2 with one 
equivalcnt of LitBu and Me,SiOMe afforded the silene addition 
products 9 and 10 in 40 and 20% yields, respectively. From the 
reaction of 2 with two equivalents of LitBu and Me,SiOMe only 
the double addition product 10 was obtained (yield: 65%) 
(Scheme 3). 

The silicon-substituted dimethoxy compound 10 was 
analysed by standard methods (see Experimental Section). It 
crystallized at 4 ”C and could be characterized by single-crystal 
X-ray structure analysis (Figure 1). Compound 10 was found to 
be thermally very stable: in the gas phase it required 980 “C to 
eliminate tw’o equivalents of Me,SiOMe. Thus, 10 might be a 

Abstract in German: Die Reaktionen von Dichlordivinylsilun (2) 
und tBuLi im Molverhdtnis 111 und 112.fUhren zu hoclireaktiven 
Verhindungm, die mit geeigneten Ahfungreagentien, wie 
Trimethylmetho.~ysiIan, Norhornudien und Anthrucen, ,sowie mit 
Diphenylacetylen Additionsprodukte bilden. Duraus leiten .sich 
experimentelk Hinweise agf die kurzzeitige Entstehung des 
Neopentylsilaethens H,C= CH(Cl)Si=CHCH,tBu ( 3 ) ,  aher 
uuch des 2-Siluallens tBuCH,CH=Si=CHCH,tBu ( 4 )  ah. Vor 
allem die einstufige Synthese doppelter Cycloadduktr uus 4 ist ein 
priiparativ einfacher Zugang zu Siluspirocyclen, nyie 13, 16 und 
17, die rontgenstrukturanalytisch churakterisiert wurden. 

9 40% 10 20% 

M e O , S i m  
+ 2 LltBUi 

“!,T 2 Me,SiOMe $8 

2/-iCl - 2 Lic i  
2 

10 65 Oh 
Scheme 3. Trapping reactions ol‘dichlorodivinyl.;ilane with Li/Bu and Me,SiOMe. 

C6 
Figure 1. DIAMOND plot of the molccular structure 01‘ 10. 

potential precursor for the gas-phase formation of silaallene 

In earlier work we showed anthracene to be a very efficient 
dienophile for neopentylsilcnes:[2”’ from the mixture of 2ILit- 
Bu/anthracene the [4+ 21 cycloadduct 11 was isolated.‘”] The 
latter obviously serves as a precursor for a sterically protected 
silene 12 with an exocyclic Si=C bond, because further reaction 
of 11 with LitBu and anthracene yielded the double cycloadduct 
13. Alternatively, 13 could be synthesized in a onc-step reac- 
tion from 2 with two equivalents of LitBu and anthracene 
(Scheme 4). 

4,” 5 .  161 

2 m  

=l(Cl 
2 LitEu 

c i  - 2 LiCl 

2 

- LifBu tBuH,CHC+ & 
’, -LiCI , ’. 

11 12 
Scheme 4. Reactions ol’dichlorod~~iiiylsilane with LiiBu and anthracenc. 

Both reactions yielded the crystalline product 13, which was 
recrystallized from toluene/EtOH for X-ray structure analysis 
(Figure 2) .  Although the forniation of 13 does not necessarily 
indicate that a silaallene intermediate is formed during the 
course of reaction, first pyrolysis experimcnts show that 13 elim- 
inates two equivalents of anthracene at about 950 “C giving an 
identical product to that isolated in a matrix from the pyrolysis 
of 10; the nature of this compound i s  not yet known. 

C‘hem. Eur. J.  1997, 3, N o .  6 C VC‘H ~ ~ r i r ~ ~ s g e . ~ c l l . v ~ l ~ ~ ~ f t  mhJ1, 1)-69451 Wcinheirn, 1997 0947-653Y!97/0306-094Y $ 17.50 + .50/0 949 
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C32 
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I igurc 2 DIAMOND plot of the molecular btructure of 13 in polymotgli B 

Rcaction of equimolar amounts of 2ILitBu and norbornadi- 
enc, as a nonclassical dienophile,'26. 2 7 .  3"-321 clearly proved 
that 3 had been formed, since it was trapped in a [2+2+2] 
cycloaddition reaction to give 14 (Scheme 5 ) .  In a very similar 

LitBu 
- LlCl 

P$ 16 

LiiBu 
- LiCl I 

Scheme 5 .  Reactioix of dichlorodivinylsilane with LirBu and norbornadiene 

reaction to that discussed for adduct 11, 14 may serve as a 
precursor for the generation of a silene 15 (Scheme 6) with a 
sterically shielded silicon centre. Thus, 14/LitBu was able to  
react slowly with a second equivalent of norbornadiene to give 

the double [ 2 + 2 i - 2 ]  ad- 
duct 16. Alternatively 16 
was isolated from the reac- 
tion mixture of 2 with two 
equivalents of LitBu and 

12 norbornadiene in a one- 
step procedure (Figure 3, 
Scheme 5 ) .  In strong con- 
trast to the stepwise syn- 
thesis via 14, the Iittter re- 
action is very fast. When 
the monoadduct 14 was 
treated with LitBu, the 1,3- 

ular structure of 16. disilacyclobutane 17 was 
Flgure 3 DlAMONDplotofthemolec- 

obtained from a very slow reaction at room temperature. It 
crystallized readily and gave very hard, almost insoluble crys- 
tals, which were characterized by X-ray structure analysis (Fig- 
ure 4). These findings were confirmed by the reaction of the 
1,3-disilacyclobutane 8 with two equivalents of LitBu in the 
presence of excess norbornadiene. According to  GCMS analysis 
of the reaction mixture only traces of a monoadduct were gener- 
ated and could not be isolated. The main product 17 was ob- 
tained after distillation (Scheme 5 ) .  

%223 

Figure 4 DIAMOND plot of the molecular structure of 17 

The synthesis of a mixed double cycloadduct 18 could be 
achieved either by reaction of 11 with LitBu in the presence of 
norbornadiene or  by reaction of 14 with LitBu and anthracene 
(Scheme 6). In the latter reaction the formation of the disilacy- 

11 14 

LitBu 
- LlCl ! LitBu 

- LiCl 

12 15 

b 

Scheme 6. Reactions of dichlorodiviiiylsilane with LifBu, anthracene and nor- 
bornadiene. 

clobutane 17 competes with the trapping reaction. Both prod- 
ucts were clearly identified, but not separated from each other. 
Thus, starting from 11 is by far the more efficient route to 18. A 
dimerization product resulting from the corresponding silene 
precursor 11 could never be observed,[121 and 18 was isolated by 
distillation. 

950 -- &:i VCH ~ ~ ~ l ~ r ~ s g e . v r l l s t h a f i  nzhH. D-6Y4Sl Wcinhrim, 1997 UY47-6539/97/03~~-09SO $ 17.SU+ ..%l!O Chen?. Eirr J. 1997. 3. No. h 
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While dichloroneopentylsilene ( 1 )  is trapped by quadricy- 
clane forming a stereoisomeric pair of silacyclobutanes, 
diorgano-substituted neopentylsilenes d o  not react with this 
reagent,[25-27. 3 0 . 3 1 , 3 3 1  Wh en one equivalent of LitBu was 
added slowly to  a solution of 2 and quadricyclane in n-pentane, 
the only products to  be formed were dimer 8 and oligomer 21 
(Scheme 7), from 1-chloro-1 -vinyl-2-neopentylsilene (3) or  1,3- 
dineopentyl-2-silaallene (4). These products are the same as 
those reported for the reaction of 2 with LitBu in the absence of 
a trapping agent.[281 

2 

2 fast addition 

[&I 2 LirBu 

- 2 LlCl 

slow addition 

21 

Schcine 7. Redc~ioii of dichlorodivinylsilane with one and two equivalenta of 
LirBu. 

The product formation strongly depends on the conditions 
used. As can be seen from Scheme 7, the reactions in the pres- 
ence of two equivalents of LitBu are much more complex: the 
faster LitBu was added to the solution, the higher was the yield 
of silicon tert-butyl substituted 1,3-disilacyclobutanes 19 and 
20. Evidently the substitution reaction Si-CI to Si-tBu is fa- 
vourcd over silene formation when the local concentration of 
LitBu is comparably high. In contrast, the slow reactions of the 
chlorovinylsilane/quadricyclane mixture with two equivalents 
of LirBu led to  oligomers containing disilacyclobutane 
spirochains 21, and some by-products that could not be identi- 

This result was confirmed by treating 2 with two equiv- 
alents of LirBu in the absence of quadricyclane: 21 was formed 
in high yield. 

The reaction of silene 1 with diphenylacetylene is reported to 
be an attractive high-yield synthesis of a dichloro-functionalized 
silacyclobutene. In contrast, diorgano-substituted neopentylsi- 
lenes d o  not From the reaction of silene 3 and 
diphenylacetylene, the ( E / Z )  isomeric silacyclobutenes 22 were 
obtained as a viscous liquid in about 10% yield. The N M R  
spectroscopic data were in very good agreement with those re- 
ported for other derivatives.[3, g' However, when 2 was treated 
with two equivalents of LitBu and diphenylacetylene only traces 
of the spirocyclic compound 23 could be identified by NMR 
spectroscopic and mass spectrometric methods (yield < 5 Oh). 
The main product to  be isolated was the oligomer 24, a white 
powder which is soluble in common nonpolar organic solvents. 

The basic structural features of 24 could be determined by 
NMR spectroscopy, mass spectrometry and GPC methods 
(Scheme 8). In addition its spectroscopic and chemical proper- 
ties show a strong resemblance to thosc of 21.[341 

'=\ c; SI & LitBu/Ph+Ph - LlCl 

7 c; SI \I 1'' 2 LitBu/2Ph+Ph - 2 LlCl 

:% CI 

$-Jq + 

2 

2 Ph Ph 
23 

Scheme 8. Reactions of dichlorodivinylsilane with LirBti and diphenylacetylcnc 

Conclusions and Outlook 

In this paper a facile one-pot synthesis of spirocyclic silahctero- 
cycles is described. Starting from mixtures of dichlorodivinylsi- 
lane and LitBu (molar ratio 1/2), with or without trapping 
agents, either the silene 3 and/or the 2-silaallene 4 might be 
involved in the product-forming process. Although experimen- 
tal results confirm a participation of the silaallene unit, the 
corresponding organolithium species must also be considered as 
possible product-forming equivalents. Ah initio calculations on 
the competitive reactions of neopentyl silenes R' R'Si=CHCH2- 
/Bu and silaallcne 4 and/or their lithiated analogues R '  R'Si- 
(CI)CH(Li)CH,tBu and tBuCH,CH(Li)CISiCICH(Li)CH,tBu 
are currently in progress. Discounting the fact that there is cur- 
rently no spectroscopic proof for the existence of silene 3 or 
silaallene 4, there is no doubt that the whole series of spirocycles 
and addition product 10 are promising precursors for the forma- 
tion of 4 in the gas phase. First investigations show that 10 and 
13 eliminate two equivalents of Me,SiOMe or anthracene, re- 
spectively, to give identical products, which can be frozen in an  
inert low-temperature matrix.['" Consistent results were ob- 
tained by photoelectron spectroscopic studies in the gas 

The product characterization is part of our future 
work. 

Experimental Section 

X-ray structure analysis: 
(4R,6R)-5,S-Dimethoxy-2,2,8,8-tetramethyl-4,6-bis(trimethylsilyl)-S-silano- 
nane (10): Compound 10crystallizes to give orthorhombic crystals. Crystnllo- 
graphic and experimcntal data are given in Table 1. The molecular structure 
of 10 (Figure 1)  is characterized by a twofold symmetry in the solid state. The 
central silicon atom Si 1 is pseudotetrahedrally surroundcd by two tnethoxy 
and two [CH(SiMe,)CI12CMe,] groups; the bond angles around Si 1 lie 
betwccn 104.04 and 117.3(2)". Owing to its inhcrcnt symmetry, only one 
independent Si 1 -C (187.7(3) pm) and one Si 1 0 (164.4(3) pm) distance are 
found. The C l G C 2  bond length (138.8(7) pm) is exceptionally ~hor t . [ ' ~1  The 
conformation of the molecule ia influenced by ii weak intramolecular electro- 

Chrm. Eur. J. 1997, 3, No. 6 (3 VCH Verla~.s~e.~~Nschnftl.~~h~i~t mhH, 0-69451 Wrinhrim, 1997 0947-6539~9?j03OS-O951 S' /7.511+ .50,'0 951 
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Tablc 1. Experimental details of the single-crystal structure determination of 10. 

uni t  cell contents, mass 
moleciilar formula, mass, Z 
crystal system. Laue class 
\pacegroup 
unit cell dimensions [pm] 
iinit cell volume [ l o h  pm3] 
mea\uremeiit debice 
radiation, monochromator 
temperature [K] 
crystal colour and bile [mm] 
5can range [ - I  

structure solution program 
structure refinement program 
hydrogen atoms 
no. of independant reflns 
no. of observed rcflns 
f i ,o,> 
no. of parameters 
refinement 
minimized fuiictiori 
weighting function 

inax. resid. electron density 
[I 0 I' pin 'I R factors 
convcntional (observediall) 
1rR2 (observedialli 
GOF 

C,,H,,,O,Si, Z r  1619.42 
C,,H,80,Si,, 404.86. 4 
orthorhombic. mnim 
Pcon. unconventional setting of P h c . ~  (no. 60) 
n = 886.7(2). h =1515.9(3), c = 2004.8(4) 
2695 (1) 
imaging plate diffractometer (STOh) 
Mo,, (71.073 pm), graphite 
200(2) 
colourless, 0.30 x 0.48 x 0.70 
4.88i2H452.70 
/ I  = 0;11, k = 011 8, I  = 0/24 
direct methods. SHELXS86 for Si and 0 
difference fourier syntheses, SkIELXL.93 for C 
calculated. included in Fs syntheses, not refined 
2702 
2465 
904 
126 
full-matrix least-squares based on F 2  

P = l  3(Fz +2F:) 
0 892 

0 0820 0 1093 
0 2479 0 281 3 
1 1 1 2  

static interaction between 0 1 and one H at  C 2  (253 pm, 0 I-H-C2 121.8,'). 
The packing of the molecules in the unit cell is also determined by weak 
electrostatic 0 .  . . H interactions, so that the molecules form rods along the 
.L axis. 

Table 2. Experimental details of the single-crystal structure determination of 13. 

1 6,16'-me,so-15,15'-Spirohi~l6-neopentyl-l5-silatetracyclo~6.6.2.0*~'.O9~ I4j- 
hexadeca-2,4,6,9(14),10,12-hexaene} (13) crystallizes to give monoclinic crys- 
tals in two polymorphs, which are both found in the same sample. Crystallo- 
graphic and experimental data are given in Table 2. 
Po!,morp/i A crystallizes in monoclinic form ( P ~ J P J ,  no. 14) with four mole- 
cules in the unit cell. The central silicon atom is situatcd in the spiro position 
of two corner sharing bicyclic systems of 1 -silaethanoanthracene-type to- 
pology and is surrounded pseudotetrahedrally by four carbon atoms, the 
C-Si-C angles show distortion of the tetrahedral geometry: 99.6- 117.8(2)- 
(meaii: 109.6' ). 
Po/ymorph B (Figure 2) crystallizes in monoclinic form (P2 , / ( , ,  no. 14). The 
molecular geometry does not differ significantly from that of polymorph A, 
except in the arrangement of the neopentyl groups. as  reflected by the torsion 
angles C9-C 8-C 1-Si/C9-C 8-C I-C? (A:  143.35!92.56": B: 165.61 t71.28') 
and C9A-C8A-CIA-Si/ C9A-CSA-ClA-C2A (A refers to the second 
neopentyl group; hame numbering) (A: 134.59;102.94': B: 114.26!124.52 ). 
To confirm these findings X-ray diffraction experiments were perfomed to 
prove that the bulk material is a single phase. Indexing a powder diffrac- 
tograin with the latticeconstants ofpolymorph A failed. The latticeconstants 
of polymorph B were successfully used in the indexing procedure. hut two 
reflections were left unindexed. These reflections could not be indexed by 
assuming aiithracene, bisanthracene or anthraquiiione to be a by-product. 
Thus, some by-product of unknown constitution is still present in the bulk 
material. 

exo-(9R,9'R,9S,9'S)- and 9,9'-meso-8,8'-Spirobi{9-neopentyl-8-silatetracy- 
cI0[4.3.0.0~~~.0~~'1nonane} (16): Compound 16 crystallizes in triclinic form. 
The central Si atom is placed in the spiro position of two corner-sharing 
sila-d-cyclane units (Figure 3). Crystallographic and experimental data are 
given in Table 3. The carbon atoms C1 and C14 are chirial centres ( (S) -C 1. 
(R)-C14; numbering scheme see Figure 3). The tetrahedral silicon centre is 
strongly distorted, with the C-Si-C bond angles lying between 91.6(5) and 
120.8 ( 6 ) - .  After the first cyclcs of the structural refinement the calculations 
converged at a conventional R = 0.20 relating to a strong peak as near as  

polymorph A polymorph B 

C,,,H,,,Si,, 21 11.36 unit cell contenta. mass 
molecular formula, mass, Z C,,H,,Si, 552.84, 4 C,,H,,Si, 552.84. 4 
crystal system, Laue class monoclinic, 2/m 

P2,/n (no. 14) spacegroup 
uni t  cell dimensions (1 =1039.3(8) 949.1 (2 )  
[PIX. I 6 =1773(1) 1788.4(2) 

~=1771.619) 1890.2 (3) 

unit cell volume [lo6 pm3] 3264(4) 3164.5 (9) 
measurement device 

radiation, monochromator 

crystal colour and sire [mm] 

scan range [I 

C,,,H, Ji4, 21 1 I .36 

monoclinic, 2im 
P 2 , / c  (no. 14) 

/f = 90.26(5) 99.49 (2) 

four-circle AED with Eulerian four-circle AED with Eulerian 
cradle: STADI4 (Stoc) cradle: STADJ4 (Stoe) 
Mo,, (71.073 pm), graphite Mo,, (71.073 pm), graphite 

colourless 0.9 x 0.7 x 0.7 colourless 1.2 x I .2 x 1 .0 

3.24 < 2 0 <: 45.00 3.16<2 B i 50.00 
h = -11,'11 h =  -11/11 
k = 0119 k = 0121 
I = 0/19 I  = - 20/22 
calculated. included in F i  difference fourier syntheses, isotropically 
syntheses, not refined refined: H atoms on C 14 calculated 

temperature [K] 293 (2) 293 (2) 

Scan type 4 2  0 4 2  0 

hydrogen atoms 

no. of indepcnderit rcflns 4256 6763 

R,,,, 0.0637 
nu. of observed reflns 4256 5563 

E;,,,,, 1192 1192 
no. of parameters 34 1 535 

minimized function x w ( F :  - F!) xlv[F; - F:) 

full-matrix least-squares full-matrix least-squares 
based 011 F2 

I*.-' = [2(F,2) +(0.0720P)2 +4.3891P]: 
P=I!3(&: +2Fz)  P=1/3(F: +2F:) 

refinement 
based on F2 

I(' = [2(e) +(0.1703P)2 +0.8732P]: weighting function 

extinction coefficient 0.0021 (6) 0.0019(7) 
max. resid. electron density [lo ' pm-3] 0.479 0.281 
R factors 
conventional (observed/all) 0.0660/0. 1490 0.0469/0.0787 
i1.R 2 (observed.'all) 0.1300/0.1862 0 1176/0.1389 
GOF 1.021 0.98X 
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Table 3. Experimental details of the single-crystal structure determination of 16. Table 4. Experimental details of {he single-crystal structure dctrrmination of 17. 

unit cell contents, inilss 
molecular formula, mass, Z 
crystal system, Laue c l m  
spacegroup 
unit cell dimensions [pm, "1 

unit cell volume [lo6 pm'] 
measurement device 
radiation, monochromator 
temperature (K] 
crystal c o h r  and size [mm] 
scan range [ I  

structure solution program 
structure refinement program 
hydrogen atoms 
no. of independant reflns 
no. of observed reflns 
FOOO 

no. of parameters 
refinement 
minimized function 
weighting function 

max. resid. electron density 
[10-hpm-3] R factors 
convcntional (observed/all) 
a R 2  (observed/all) 
GoF 

C,,H,,Si,, 721.02 
C,,H,,Si, 360.51, 2 
triclinic 
P i  (no. 2) 
u = 976.9(2), h =1094.0(2), c =1241.3(2) 
z = 66.95(3), = 87.0513). 7 =70 64(3) 
1147.0(4) 
imaging plate diffractometer (STOE) 
Mo,, (71 073 pm), graphite 
180(21 

\ I  

colourless, 0 . 5 0 ~ 0 . 7 0 ~  1.10 
6.74<2 O <  56.56 

direct methods, SHELXS 86 for Si 
difference fourier syntheses, SHELXL93 for C 
calculated, included in F: synthcses. not I-etined 
5193 
5193 
380 
492 
full-matrix least-squares based on F2 
Iw' (F:  - Ff) 
N-' = [2(F;) f(0.3022P)' + 1 .000ZP]; 
P=1/3(F; +2Ff) 
0.557 

h =  -12!12,k= --13/14,1=0/16 

0.0928/0.1122 
0.2651 i0.3022 
0.688 

unit cell contents, mass 
molecular formula, mass, Z 
crystal system, Laue class 
space group 
unit cell dimemions [pm] 

unit cell volume [ l o h  pm3] 
measurement device 
radiation, monochr~imator 
temperature [K] 
crystal colour and ai7e [mm) 
scan range [ '1 

structure solution program 
structurc refinement program 
hydrogen atoms 
no. of independanr reflns 
no. of obaervcd rcflns 
Fow 
no. of parameters 
refinement 
minimized function 
weighting function 

max. rcsid. electron density 
[lo - b  pm-'1 R factors 
conventional (obscrved/all) 
wR2 (observed/all) 
GoF 

C ,  jZHz,,Si,. 230X.28 
C,,H,,Si,, 577.07. 4 
monoclinic, 2/m 
P 2L/11 (no. 14) 
o =1192.5(2), h =1732.0(3). ~=1746.9(2)  
i( = 99.70(2) 
3556.5 (9) 
four-circle AED with Euler~nii cradle (STOE) 
Ma,, (71.073 pm), graphite 
190(2) 
colourless. 0.80 x 0 76 x 0.56 
3.31<28<59.98 

direct melhods, SHELXSX6 for Si 
difference foui-ier syntheses. SHELXLV3 for C 
difference fouricr syntheses. SHELXL93 
103x0 
10379 
12x0 
617 
full-matrlx least-squares based 011 F' 

h = -16116. k = 024.  I = 0.24 

Xw(F: - F:) 
1r-I = [2(F:) +(0.0623P)2+1.261P1: 
P =1/3(F: + 2 F : )  
0.440 

0.0587/0.1311 
0.121 7/0.1547 
1.007 

150 pm to the Si atom as a Si split atom position. Assuming split positions 
for all carbons improved the refinement and led to  an occupation factor of 
0.7 for the initially found molccule. The second molecule emerged in parts 
from the Fourier map, but was not completed in the course of subsequent 
difference Fourier calculations. The number of free parameters increased 
drastically, but the structure model did not further improve. This is partly due 
to the fact that many of the carbon split positions were not well resolved. 
Although the calculations converged at ca. R = 0.08, only the configuration 
of the molecule is confirmed. A more detailed discussion in terms of geomct- 
rical parameters is not justified. A total of five specimens were investigated in 
order to find a more suitable crystal, but all showed the same type of"disor- 
der". Spectroscopic evidence suggests that all specimens under investigation 
are possibly mixed crystals of molccules with configurations (R /S )  and ( R / R ) .  

exo-(9R,~"R)-Dispiro-[2',4'-dineopentyl-1',3'-disilacyclobutane-1',8;3',8"-bis- 
{9-neopentyl-8-silatetracyclo[4.3.0.0*~4.03~ 'lnonane}l (17): The 1,3-disilacy- 
clobutane 17 crystallizes in monoclinic form; crystallographic and experimen- 
tal data are given in Table 4. The silicon atoms of the 1,3-disilacyclobutane 
ring moiety are placed at the apex of a sila-6-cyclane unit each. The neopentyl 
substituents attached to the 2,4-positions at thc slightly folded ring (at C 1 and 
C2) adopt a (2) configuration with respect to its least-squares plane. The 
C-Si-C bond angles deviate significantly from tetrahedral symmetry 
(88.48(9)-124.3(1)"). The short transannular Si . .  'Si distance within the 
disilacyclobutane subunit of 264.68(9) pm is even shorter than the Si -Si 
bond length in sterically overcrowded disilanes.f3h-38' Ab initio calculations 
on 1,3-disilacyclobutanes show no residual electron density inside the ring, 
that is, no attractive interaction between the silicon  atom^.^'^' 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100 142. Copies of the data 
can he obtained free of charge on  application to The Director, CCDC, 12 
Union Road, Cambridge CBZIEZ, UK (Fax: Int. code +(1223)336-033; 
e-mail: deposit(u5chemcrys.cam.ac.uk). 

General: All reactions were performed under an atmosphere of dry nitrogen. 
T H F  was distilled from Na/K alloy and bcnzophenone. MeOH and EtOH 
were distilled from magnesium turnings. n-Pentane and n-hexane were dis- 
tilled from LiAlH,. Toluene was distilled from sodium, and CHCI, and 
CH,Cl, from calcium hydride. The dried solvents were storcd over molecular 
sieves. All glassware was heated to 100"C, evacuated and filled with dry 
nitrogen several times. Elcmentdl analyses were performed on a Leco CHNS- 

932. G C  analyses were performed on Varian Chromstar 3400 
(1 5 m x 0.32 mm, 1 film, Fisons J & W scientific DB 1 column), and GCMS 
analyses on Chrompack CP9000 (12.5 m x 0.25 mm, CP-SIL/SCB-MS 
column) and a Finnigan Mat ITD800 as mass-selective detector. For HPLC 
and GPC a Varian system was uscd with a Varian pump 9012. a Varian 
autosampler 9050 and a Varian 9050 UVjVIS detector or a Varian RI-4 
refractive index dctcctor. NMR spectra were recorded with Bruker AM 300 
and DPX300 spectrometers at 20 "C. Chemical shifts were determined with 
the solvent resonance as standard. 29Si NMR spectra were measured using 
either the INEPT pulse sequence or  the inversed gated decoupling technique 
(TMS as external standard). The X-ray struetures were measured on a 
STADI4 four-circle diffractometer with Eulerian cradle and an imaging plate 
diffractomcter IPDS25 (STOE & CIE GmbH, Darmstadt, Germany). 
Crystal structure analyses were performed with SHELXS 86'401 and 
SHELXL 93[41'. Molecular diagrams were produced with thc plot program 

Diphenyldivinylsilane (5): In a 4 L flask with gas inlet, dry-ice condenser and 
a mechanical stirrer, magnesium turnings (48.62 g, 2.0 mol) were suspended 
in T H F  (1.5 L). After the addition of 1,2-dibromoethanc (3  mL), vinyl chlo- 
ride was passed slowly into the mixture over 3 h. The mixture was stirred for 
another 4 h until the magnesium had reacted completely. Then dichloro- 
diphenylsilanc (228.16 g, 0.9 mol) was added dropwise within 0.5 h. A volu- 
minous precipitate of MgCI, formed. The remaining Grignard reagent was 
hydrolysed with water. HCI ( 0 . 5 ~ )  was added to dissolve all magnesium salts. 
The T H F  layer was washed with HCI ( 0 . 5 ~ )  and water, and then dried over 
MgSO,. After T H F  was removed, the viscous product was purified by distil- 
lation. GC analysis showed one product (5 ) .  Yield: 124.8 g (59%). B.p. 
97 -99*C/10-2 mbar, 'H NMR (CDCI,): 5 = 6.46 (dd, 'J,<,", = 3.8 Hz, 
3Jlrons = 20.2 Hz, 2 H ;  CH=CHH),  6.82 (dd, 'Jqen, = 3.8 Hz, 3J,i, =14.5 Hz. 
2 H ;  CH=CHH), 7.13 (dd, 'JCiq = 14.5 Hz, 3J,,,,, = 20.2 Hz, 2H; CH=CH,). 
7.87-7.90 (m, 6 H ;  m,p-H), 8.19-8.22 (m, 4 H ;  o-H); I3C N M R  (CDCI,): 
6 ~ 1 2 9 . 9 7 ,  131.59, 135.99, 137.41 (CH, C,H,; CH=CH,), 135.99 (Cq) ,  
138.50 (CH=CH,);*'Si NMR (CDCI,): 6 = - 20.53; MS (70 eV. El): m / z  
(%): 236 (12) [ M + ] ,  208 (20) [ M +  - Vi], 182 (12) [ M +  - 2Vi]. 158 (50) 
[ M +  - Ph], 131 (52) [M' - Vi ~ Ph], 105 (100) [ M +  - 2Vi - Ph], 77 (24) 
[Phi], 53 (50), [M' - Vi - 2Ph], 27(23) [Vi+]; C,, H,,Si (236.39): calcd C 
81.30, H 6.82; found C 81.18, H 6.99. 

Dichlorodivinylsilane (2): Compound 5 (40.0 g, 169.2 mmol) was dissolved in 
150mL of n-pentane at 0°C. Under strict exclusion of moisturc. trilluoro- 
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methane sulfonic acid (30.0 mL, 340.0 mmol) was added within 10 inin to the 
solution. For completion the reaction mixture was stirred a t  RT for an 
additional 60 min. (CF,S0,),SiVi2 was not usually isolated, but refunciio~lal- 
i7ed in a one-pot reaction by adding freshly dried triethylamine hydrochloride 
(46.8 g. 340.0 mmol). After the mixture had been stirred for 15 Illin, the white 
amtnonium salt disappeared. and two separate phases (a heavier brown oil 
and a clear solution) were obtained. The solution was separated from the oil 
with a cannula, and the oil was extracted twice with n-pcntane. Thc combined 
organic solutions were distilled very slowly over a vigreux column. After 
ti-pentane and benzene had been removed. 2 was obtained as a colourless 
liquid product. Yield: 2 1 . 2 ~  (82%).  B.p. 114 'C;  ' H N M R  (CDCI,): 
6 = 6.1 ~ 6.3 (111, 6 H ;  C:H=CH,); "C NMR (CDCI,): 6 = 131.7 (CH=CH,), 
138.1 (CH=C'HZ); '"Si NMR (CDCI,): d = 1.5. (CF,S0,),SiVi2 was c-hai-ac- 
terized by NMR: ' H N M R  (C,D,): 6 = 5.9 .6.3 (m, 6 H ;  CH=CI 
NMR (Cc,i16): 6 =118.4 ((1, J('"C,'"F) = 4.2H7; CF,). 128.0 
(CH=CH,).145.2 (CH=CH,); '9Si NMR (C,D,): 6 = - 27.0. 

Attempted preparation of 3,3-dichloro-6,6-dimethyl-4-trimethylsilyl-3-sila-l- 
heptene (6):  Silane 2 (1.5 g, 10.0 ntinol) was dissolved in 80 mL of n-pentane 
at - 78 'C, and /c.rt-butyllithiuin (5.9 mL. 10.0 nimol, 1.7 M in n-pentane) was 
addcd. The solution was allowed to wai-m up to 5 -C until LiCl started to 
prccipitate. Then CF,SO,SiMc, (2.22 g. 10.0 mmol) in 3 mL of n-pentane 
was added, rind thcsolution was warmed up to RT. After 1 d of stirring some 
white LiCl and LiCF,SO, gel were separated from the solution by filtration, 
and mpenlane was removcd bydisNation. Although LiCF,SO, was ioriiied, 
n o  substitution product could be isolated. A colourless oil resulted. GCMS 
analysis only showed that 1.3-dichloro-2,4-dineopentyl-l .3-divinyl-l ,?-disila- 
qclohutane (8) and trimcr and tetramer products had been formed. 

Attcmpted preparation of 5,5-dichluro-2,2,8,8-tetramethyl-4,6-bis(trimethylsi- 
lyl)-5-silanonane (7): The rc ion was perforincd as described for 6 (2 (1.5 g. 
10.0mmol) and tBuLi (11.8 mL, 20.0 inniol, 1 . 7 ~  in ti-pcntane) and 
CF,SO,SiMe, (4.44 g. 20.0 mmol) i n  3 mL of n-pentane). There were no 
changes in workup. Disilacyclobutane 8 and trimer and tetramcr products 
could he detected by GCMS analysis. 

(3R,4R)-, (3S,4S)-, (3R,4S)- and (3S,4R)-3-Chloro-3-methnxy-6,6-dimethyl-4- 
trimethylsilyl-3-sila-I-hcptene (9 ) :  Silanc 2 ( I  .S g, 10.0 mmol) and Me,SiOMe 
(1.04 g, 10.0 mmnl) were dissolved in 70 inL of ti-pentanc and cooled to 0 C .  
tcr-i-Butyllithium (5.9 m l ~ . ,  10.0 nimol, 1.7M in n-pentane) was added drop- 
wise to the solution over 10 min. A white precipitate formed. Thc mixture was 
stirred fo r  an additional hour and then allowed to warm up t o  RT. Altcr 24 h 
of stirring LiCl was separated from the solution by filtration and n-pentane 
was removcd by distillation. GC analyais of the colourless residue showed 
that three compounds had formed. They werc separatcd by distillation. 

Fraction 1 :  Yieltl: 1.1 g (39%). B.p. 38.C'10-2 mbar (GC: oiic pwk (9)); 
'H NMR (CDC'I,): (7 = 0.09 (s. 9 H ;  Si(CH,),), 0.84, 0.85 ( 2 s ,  9 H :  
C(CH,),). 1.35 1.71 (m. 3 H;  CHSi(CH,),Cf12), 3.46 (s, 3 H;  OCH, ) .  5.99 
6.15 (m. 3H:  CH=CH,);  1st diastereoiner (70%): " C  NMR (CDCI,): 
6 = 0.01 (SiC(C€l,),), 10.15 (CH), 29.57 (C(CH,),). 31.56 (C(CH,),), 36.28 
(CH2). 50.65 (OCH,), 133.77 (CH=CH2), 135.96 (CH=CH,); 2nd 
diastercomer (30"h): "C NMR (CDCI,): ,S = 0.57 (SiC(CH,),), 10.97 (CH), 
2Y.52 (C(CH3)Aj. 31.64 (C(CH3),). 36.34 (CH,), 50.65 (OCH,). 133.38 
(CII==CH2). 136.13 (CH=CH,); '"Si NMR (CDCI,): ij = 4.12, 4.66; MS 
(70cV. El): ? P I ; ;  (%I) :  263 (19) [ M +  - Me]. 247 (3) [M' ~~ OMe]. 243 ( 2 )  
[ M + - C : I ] .  221 (11)  [M'- tBu] ,  155 (9) [ M + - O M c - C ' I - r B u ] ,  113 
(100) [ M  ' ~~ OMe - CI - tBu - Vi - Me], 73 (39) [SiMe:]; Cl,H2,Si,CI 
(279.0): calcd C 5'1.67. H 9.75, CI 12.71; found C 51.98, H 9.87, Cl 12.63. 
Fraction 2: Yield: 0.8 g (20%). B.p. 74 C:10-' mbar. GC:  two pcaks (10). 

(4R,6R)-, (4S,6S)-, and 4,6-meso-5,5-Dimethoxy-2,2,8,8-tetrameth~l-4,6- 
his(trimethylsilyl)-S-silanonane (10): The synthesis was performed as de- 
scribed for 9 (2 (1.5 g, 10.0 mmol) and Me,SiOMe (2.08 g, 20.0 inmol) i n  
10 niL of It-penlane; wt-butyllithium (1 I .8 mL, 20.0 mmol, 1.7 h5 in n-pen- 
tane)). GC: two peaks (11). The oil was purified by distillation. Yield: 1.7 g 
(43%). R.p. 74'GIO inbar; 1st diastereomer (53%): ' H N M R  lCJ.>CI,): 
6 = 0.61 (s. 9 H ;  Si(CH,),), 0.87 (s. 9 H ;  C(CH,),), 1.27 1.71 (m, 3 H ;  
CIISi(CH,),CH,), 3.52 (5, 3 H ;  OCH,); '.'C NMR (CDCI,): 6 = 0.61 
(SI(CH,J,). 8.81 (CH),  29.91 (C(C'H,),). 32.10 (C(CH,),), 37.10 (CH,), 
50.87 (OCH,); '"Si NMR (CDCI,): 6 = ~ 5.63 (Si(CH,),), 3.65 (Si); 2nd 
diiistereonier (4?%): 'H NMR (CDCI,): 6 = 0.07 (s, 9 H ;  Si(CH,),), 0.87 (s, 
913; C(CH.,).,). 1.27-1.73 (m, 3 H ;  CHSi(CH,),CH2), 3.50 (s. 314; OCH,); 

'"C NMR (CDCI,): 6 = 0.61 (Si(CH,),), 9.47 (CH), 29.91 (C(CH,),), 31.87 
(C(CH,),). 37.05 (CH,), 50.66 (OCH,); 2gSi N M R  (CDCI,): (3 = - 5.63 
(Si(CH,),). 3.S6 (Si); MS (70 cV. El): nz/z ( O h ) :  389 (4) [ M +  - Me]. 247 (45) 
[ M +  - CHSiMe,CH,CMc,], 157 (20) [CHSiMe,CM,CMel]. 73 (100) 
[SiMe,;]; C,,H,,O,SI, (404.9): calcd C 59.33, H 11.95; found C 59.68. H 
12.09. 

(15R,16R)-, (15S,16S)-, (15R,16S)-, and (15S,16R)-15-Chloro-l6-neopentyl- 
15-sila-l5-vinyltetracyclo[6.6.2.0*~ 7.09. l4Ihexadeca-2,4,6,9( 14), 10,12-hexaene 
(It): Silane 2 (1.5 g, 10.0mmol) and anthracenc (2.4g, 1.35mmol) were 
dissolved in 100 mL of boiling toluene, and fur/-butyllithium (5.9 mL. 
10.0mmol, 1 . 7 ~  in n-pentane) was added dropwise to the solution within 
15 inin. The ycllow solution quickly changed fo orange and some white 
precipitate formed. After I h the mixturc was cooled to RT and stirred for 
another I 0  h .  The toluene was removed by distillation. and the oily yellow- 
white rcsiduc was dissolved in n-pentane. LiCl was separated from the yellow 
solutioii by filtration. n-Pentane was reinovcd by distillation and anthracene 
by sublimation. The residuc was purified by distillation. GC analysis of the 
coIourIcss oil showed twopeaks. Yield: 1.3 g(14%~) .  B.p. 125 C;10-' mhar; 
'HNMR (CDCI,): 6 = l . l X  (s, 9 H ;  C(CH,),), 0.99-1.61 (m. 3 H :  
SiCI-ICH2), 4.34-4.50 (m, 2 H ;  CH). 5.78-6.38 (m, 3 H ;  CH=CH,), 7.38- 
7.57 (m, XH; 2 C,H,); 1st diastcreomer: (11R.12R: 11S.12S) (70%):  I3C 
NMR (CDCI,): 6 = 24.29 (CH), 29.97 (C(CH,),). 31.59 (C(CH,),). 42.09 
(CH), 43.77 (CH,). 54.03 (CH). 124.84-128.50 (CIH; C,H,), 132.21 
(C'H=CH,), 137.31 (CH=CH,). 139.18,142.39 (C; C,H,); "Si NMR (CD- 
Cl,): h = X.85; 2nd diastercomer: (11R,12S; 11S.12R) (30YO): I3C NMR 
(CDCI,): 6 = 27.45 (CH). 29.91 (C(CH,),). 31.94 (C(CH,),). 42.17 (CH).  

138.42(CH=CH2). 140.82,141.76(C;C,H,);i9Si NMR(CDCI,):h = 8.15: 
MS (70eV. EI): nil. (%): 352 (2) [M']. 295 (2) [ M +  - tBu].  178 (100) 

[M' - rBu - C,,H,,], 90 (17) [ M i  - rBu - C,,HIo - Vi], 57 (32) [rBu']; 
C,,H,,SiCI (353.0): calcd C 74.86, €I 7.14. CI 10.04; found C 74.54, H 7.34. 
CI 9.69. 

44.27 (CH,), 54.03 (CH), 124.84 -128.50 (CH; C,H,), 131.06 (CH=CH,). 

[Cl,HIJ. 174 (,I)  [A4+ - Cj4Hlo] ,  139 (5) [M' - CI - Cl,HIo]. 117 (36) 

(16R,16'R)-, (16S,16'S)- and 16,16'-nzeso-15,15'-Spirobi{l6-neopentyl-15- 
silatetra~yclol6.6.2.0~. 7.09. 4~hexadeca-2,4,6,9(14),10,12-hexaene} (13): 

Mcthod A :  Silaiic 2 (1.5 g, 10.0 mmol) and anthracenc (4.5 g, 35.2 mmol) 
were dissolved in 100 mL of boiling toluene, and tcw-butyllithium ( 1  1 .X mL. 
20.0 mmol, 1.7 M in t?-pentane). was added dropwisc to thc solution over 
30 min. The yellow solution changed to red and finally to almost black. Aftel- 
1 h the mixture was cooled to RT and stirred for another 10 h, during which 
time i t  gradually turned colo~rless. Toluene was rcinoved by distillation. and 
the orange rcsidue was dissolved in CH,CI,. LiCl was separated from thc 
orange solution by filtration. CH,CI, was removed by distillation. The solid 
product was purified by LC (silica gel (0.063-0.200mm, 70-230 mesh 
ASTM), CH,Cl,,n-pcntane: 1/9, detection: TLC. CH,Cl,,n-pentane: 1:9. 
UV. R,( 13) = 0.22, R,(anthraccnc) = 0.44). The yellow product was dissolved 
in EtOH/roluenc, and colourlcss rhombic crystals were obtained from the 
solution. HPLC: two peaks (13). Yield: 0.6 g ( lO%) .  

Mclhod B: Compound 11 (0.6 g. 2.70 inmol) and anthracene (0.9g. 
5.0 mmol) were dissolved in 50 mL of boiling toluene. and rcri-butyllithiuni 
( 1  .OX niL, 1.7 mmol, 1 . 7 ~  in n-pentane) was added 10 the solution. The yellow 
solution changed to orange and finally to dark brown. After 1 h the mixture 
was cooled to RT and stirred for another 1011. Toluene was removed by 
distillation and the orange residue was dissolved in CH,CI,. LiCl was sepa- 
rated from the orange solution by filtration. CH,CI, was removed by distil- 
lation. The solid product was purified as described above. The ycllow product 
was dissolved in EtOHi'toluene and colourless rhomhic crystals were obtained 
from thc solution. HPLC: two pcaks (13). Yield: 0.2 g (21 "/.). 
13: M.p. 254-256°C; 'HNMK (CDCI,): b =0.44-1.22 (m. 6H: 
SiCfICH,), 0.65 (s, 18H: C(CH,),), 2.90. 3.25 (2s, 1 H ;  CH), 4.18, 4.36 (2 
d. I H ;  CH). 6.92-7.33 (in, I6H;  C,H,): "C NMR (CDCI,): 6 = 21.04. 
24.37 (CH). 29.19. 29.90 (C(CH,),), 32.18, 32.56 (C(CH,),J. 37.21. 39.40 
(CH), 40.58, 42.71 (CH,). 51 -29. 52.48 (SiCH). 124.24- 127.23 (CH. C,H,). 
138.89, 139.13, 140.05, 140.10. 140.29, 141.50. 142.35, 142.56 (C. C,H,): 
"Si NMK (CDCI,): I S  = ~ 8.67; MS (70 eV, EI): nziz (%): 552 (7) [ M i ] .  
374 ( 7 )  [M' - C1,H,,J, 317 (32) [M - C14H,,  ~ IBu]. 196 (6) 
[M' - 2Cl,HlJ, 178 (83) [C,,H:,]. 139 (100) [ M -  --2C,,H,,, ~ t h ] .  
71 (23) [NpC], 57 (32) [fBu']; C,,H,,Si (552.9): calcd C X6.90. H 8.02; found 
C 86.50. H 8.36. 
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cxo-(8R,9R)- and (8S,9S)- or (8S,9R)- and (8R,9S)-S-Chlor0-9-neopentyl-8- 
sila-8-vinyltetracy~Iol4.3.0.0~~~.0~~ 'Jnonane (14): Silane 2 (1.5 g, 10.0 mmol) 
and norhornadiene (5.0 mL, 50.0 mmol) were dissolved in 70 mL of n-pen- 
tane at RT, and tert-butyllithium (5.9 mL, 10.0 mmol, 1.7 M in n-pentane) was 
added dropwise to the solution within 15 min. After 10 h of stirring LiCl was 
filtered off, and n-pentanc and norhornadiene were removed. The residue was 
purified by distillation to give a colourless liquid product. GC analysis: one 
peak (14). Yield: 1.5 g(56%).  B.p. 60-62"C/t0-.2 mbar; 'HNMR(CDC13): 
6 = 0.87-1.19 (m, 3H, cyclo C,H,), 0.92 (m, 9 H ;  C(CH,),), 1.16 (in. 2 H ;  
CH,C(CH,),), 2.20 (m. I H ,  CH) ,  1.21 (m, l H ,  SiCHCHCH,), 1.39-1.45 
(m,2H.CH2),1.69(m,IH,SiCHCHCH2),2.14(m,lH,CH),5.97~6.32(m, 
3H; CH=CH,); I3C NMR (CDC1,): 6 =10.20, 13.79, 16.52 (cyclo C,H,), 
24.79 (CH),  29.64,29.79 (C(CH,),), 31.23 (C(CH,),), 31.66 (SiCHCHCH,), 
33.18 (CH,),  38.74 (CH). 44.20 (CH,C(CH,),), 51.68 (SiCHCHCH,). 
133.49 (CH=CH,), 135.89 (CH=CH,) (correlation of signals by 'H'H 
COSY and ',C'H HSQC NMR and 13C DEPT methods); 29Si NMR 
(CDCI,): 6 = 29.98. According to the X-ray single-crystal structure determi- 
nation of 16 and 17 it is obvious that the neopentyl group is in an e.xo position 
relative to the ring system; from N M R  spectra the position of the vinyl group 
(e.ro or endo to the five-membered ring) cannot be determined. MS (70 eV, 

(23) [ M i  - tBu - Vi -I], 171 (9) [ M +  - C,H, - I ] .  117 (36) 
[Mt  - tBu - C,HJ, 92 (64) [C,H; -I]. 57 (100) [~Bu'] ;  C,,H,,SiCI 
(266.8): calcd C 67.51, H 8.69, CI 13.28; found C 67.17, H 8.45, CI 12.94. 

EI): IMII (Yo): 266 (3) [M']. 231 (28) [ M i  - CI], 209 (24) [M' - tBu],  181 

exo-(9R,YR)-,(9S,YS)- and 9,9'meso-8,8'-Spirobi{9-neopentyl-8-silatetracy- 
~lo[4.3.0.0*~~.0~~'1nonanc} (16): 
Mefhod A :  Silaiie 2 (1.5 g. 10.0 mmol) and norbornadiene (10.1 mL, 
200.0 mmol) were dissolved in 100 m L  of n-pentane at RT, and reut-butylhthi- 
urn (1 1.8 mL, 20.0 inniol, 1 . 7 ~  in mpentane) wus added dropwise over 
15 min. The solution warmed slightly. and after ahout 10 min a white precip- 
itate formed. After 10 h of stirring the precipitate was separated from the 
solution by filtration, and n-pentane and excess norbornadiene were removed 
by distillation. The oily residue was purified by distillation. GC: one peak 
(16). From an F,tOH/toluenc mixture colourless rhombic crystals werc ob- 
tained. Yield: 0.9 g (24%).  
Mc'thod H: Compound 14 (1.0 g, 3.75 mmol) and norbornadiene (1.5 mL, 
15.0 mmol) were dissolved in 50 mL of n-pentane, and /err-butyllithium 
(2.5 mL, 3.75 mmol, 1 . 7 ~  in n-pentane) was added dropwise to the solution 
during 5 min. LiCl precipitated only slowly. After 24 h of stirring the lithium 
salt was removed by filtration, and the product purified as described above. 
GC:  one peak (16). Identical crystals were obtained. Yield: 0.5 g (35'1%). 
16: M.p. 129-131 'C, B.p. 153-155-C/10-2 mbar; ' H N M R  (CDCI,): 
S = 0.67-1.91 (m, 22H; C , H 8 ,  SiCHCH,). 0.86. 0.88 (s, IXH; C(CH,),); 
I3CNMR(CDCI,):6 =11.54, 11.61, 12.76, 13.07,15.86, 16.11 (cycloC,H,), 
19.75, 22.13 (CH). 25.87, 27.20 (CH), 29.59, 29.65 (C(CH)&),  32.33, 32.36 
(C(CH,),). 33.04, 33.56 (CH,; C,H,), 39.24. 39.37 (CH), 44.43, 45.47 
(CH,C(CH,),), 50.45, 50.88 (SiCH) (interpretation of the I3C N M R  data 
according to 14); "Si NMR (CDCI,): 6 = 45.44; MS (70eV, EI): mlz (%): 

[ M  ' - 2C,H, + I], 71 (13) [Np '1, 57 (75) [leu+]; C,,H,,Si (380.7): calcd C 
82.03, H 10.59; found C 82.23, €3 10.76. 

380 (7) [M '1, 323 (100) [M' - tBu], 231 (10) [M' - fBu - C,H,], 197 (2) 

exo-(9R,9"R)-Dispiro[2',4'-dineopentyl- 1',3'-disilacyclobutane- 1',8;3',8"-his- 
{9-neopentyl-8-silatetracycl0~4.3.O.O~*~.O~~ 'lnonane}] (17): 
A4etlrod A :  Compound 14 ( I  .45 g, 5.4 mmol) was dissolved in n-pentane 
(50 mL) at RT, and iwt-butyllithium (3.2 mL, 5.4 mmol, 1 . 7 ~  in n-peiitane) 
was added dropwise within 15 min. After 24 h of stirring the solution had 
become slightly yellow with very little LiCl precipitate. GCMS monitoring of 
the solution proved that the reaction was only complete after 20 d.[43' LiCl 
was removed by filtration and n-pentane by distillation. The residue was 
distilled for purification. GC: two major peaks. Crystalliaation from CH2C1, 
gave very hard colourless crystals that were hardly soluble in all common 
solvents. GC: one peak (17). Yicld: 0.1 g (3.2%). 
MethodB:  Disilacyclobutane 8 (1.3 g, 3.6 mmol) and norbornadiene (3.7 mL, 
36.4 mmol) were dissolved in  n-pentane (50 mL) at RT, and lert-butyllithium 
(4.3 mL, 7.3 mmol. 1 . 7 ~  in n-pentane) was added dropwise within 5 min. The 
solution immediately turned yellow, it warmed slightly and some white pre- 
cipitate formed. After the mixturc had been stirred at R T  for an additional 
10 h, it was separated by filtration. n-Pentanc and norbornadiene werc re- 
moved by distillation. The oily orange residue was purified by distillation. 

17: M.p. 239-241 ' C ;  B.p. 3 7 0 - 1 7 5 ' C ~ 1 0 ~ z  inbar; ' H N M R  (CD2CI?): 
6 = 0.70-2.14, 3.63, 5.35, 5.36 (m, 32H).  0.91 (s, 18H. C(CH,),). 0.99 (5. 
18H, C(CH,),); 13C NMR (CD,CI,): 5 = 11.93, 13.89. 16.42 (cyclo C,H,), 
12.80 (SiCHSiCH), 24.71 (CH), 29.54, 30.71 (C(CH-<).+)- 31.88 (C~(CH3)3),  
32.77 (CH,), 32.86 (C(CH,),). 33.78 (CH), 39.25 (CI I ) .  39.66 (CH2) ,  44.41 
(CH,), 48.62 (CH), 70.85 (CH,) (interprctation of I3C NMR data according 
to 14); ,'Si NMR (CD,Cl,): 6 = 21.06; MS (70eV. EI):  m : (Yo): 576 (4) 
[ M  '1 ,  519 (15) [Mt - tBu], 287 (3) [Af ' / 2  - I ] .  71 112) [Np']. 57 (100) 
[tBu+]; C,,He4Si, (577.1): calcd C 79.09, H 11.18: found C 78.70. H 11.34. 

9',1S-Spiro{ 16-neopentyl-15-silatetracycl016.6.2.O~~ '.OY. "lhexadeca-2,4,6,9- 
(14),10,12-hexaene}{9'-neopentyl-8'-silatetracy~ln[4.3.0.0~~~.0~~ 'lnonane} 
(18): 
Mrlhod A :  Compound 14 (2.6, 10.0 mmol) and anthracene (2.0 g. I 1  .0 mmol) 
were dissolved in 100 mL of boiling tolucne. and tevr-butyllithium (5.9 ml.. 
10.0 mmol, 1 . 7 ~  in n-pentane) was added dropwisc over 10 min. The yellow 
solution turned to orange and almost to black after 10 mni Aftcr an addition- 
al 5 min it began to become brighter and turn red. Arter 1 0  h of ~tirring 
GCMS monitoring proved that 14 had rcacted completely. When the red 
solution was coolcd to RT it turned yellow. Toluene was removed by distilla- 
tion and t7- pentane was added. LiCl was filtered off. GCMS: a mixture of 
anthracene. 17 and I8 was detected. It was inseparable by sublimarion or 
crystallization. According to  GCMS analysis LC (ailica gel,ii-hexanc:CHCl,) 
destroyed 18. 
Merhod B :  Compound 11 (0.6 g, 1.7 inmol) and norbornadiene (0.92 g. 
10.0 mmol) wcre dissolved in 50 mL of boiling toluenc. When wr/-butyllithi- 
um (5.9 mL. 10.0 mmol. 1 . 7 ~  in 11-pentane) was added, the solution turned 
orange After 6 h of stirring, toluene and norhornadiene were removed by 
distillation, and n-pentane was added to extract the residue. LiCI w a s  filtered 
off, and n-pentane removed by distillation. The residue was a whitc solid. GC: 
two pcaks (18). Yield: 0 .4g (50%). M.p. 56--57 C. B.p. 188-104 C '  
10 - z  inbar: ' H N M R  (C,D,): 6 = 0.44-2.00 (111. 14H. C,H,. 
2 x  SiCHCII,), 0.65 (s, YH; C(CH,),< anthracenyl side). 0.96 (s, 9 H ;  
C(CH,), norbornadienyl side), 3.79 (s, 1 H ,  CH) .  4.39 (d. 1 H. CH) ,  ( ~ 0 1 -  
7.15(m,8H,C,H4); I3CNMR(CeD,) :  0 =10.30, 12.02. 14.06(cycloC3H,). 
19.61 (CH norbornadienyl side). 22.17 (CH anthracenyl side). 26.63 (Ct1 
norbornadienyl side), 27.72 (C(CH,)J. 29.10 (C(CH5).3). 31.05 (CH,: 
C,H,), 31.56, 31.64 (C(CH,),). 37.82, 38.23 (CH). 41.67. 42.04 
(CH,C(CH,),), 50.78, 50.91 (SiCH). 123.36, 123.50, 123.61, 124.14. 124.33. 
124.96, 125.20, 126.18 (CH; C,H,),138.92, 139.85. 140.60. 141.71 (C; C'(,1i4) 
(interpretation of the 'H  and ' ,C NMR data according to 13 and 16); '"SI 
NMR (C,D,): d = 22.21; MS (70eV, El): m/i (%): 466 (4) [M  '1. 288 (4) 

(100) [rBu']; C,,H,,Si (466.78): calcd C 84.91, H 9.07: found C 84.59. H 
9.51. 

[ M +  -- C14Hlo], 231 (22) [M' - Cl,Hlo - ~ B u ] ,  178 (26) [C,,H:,]. 57 

Attempted reaction of 2 with 1 equiv of LitBu in the presence of quadricyclane: 
MethodA: Silane 2 (1.5 g, 10.0 mmol) and quadricyclane (1.8 g. 20 minol) 
were dissolved in 80 mL of rz-pentane, and tprt-butyllithium (5.9 ml,. 
10.0 mmol. 1 . 7 ~  in n-pentane) was added dropwise within 10 min at  RT. 
MefhodB: Silane 2 (1 .5 g, 10.0 mmol) and quadricyclane (3.7 g. 40 mmol) 
were dissolved in 80 mL of n-pentane, and rcrr-butyllithium (5.9 mL, 
10.0 mmol, 1 . 7 ~  in n-pentane) was added dropwise ovcr 40 min at RT. 
In both experiments LiCl precipitated quickly. Aftel- I d of stirring iil RT. 
LiCl was filtered off, and n-pentane and quadricyclane werc removed by 
distillation to give a colourless oily residue. Yield: 0.5 g. By GCMS analyais 
no cycloadduct could he detected; disilacyclobutane 8 waa formed during the 
reaction. 

Attempted reaction of 2 with 2 equiv of LitBu in the presence of quadricyclane: 
Method A :  Silane 2 (1.5 g, 10.0 mmol) and quadricyclane (3.7 g, 40 mmol) 
were dissolved in 80 mL of n-pentane, and rer/-hutyllithiuni (1  1.8 tnL. 
20.0 mmol. 1 . 7 ~  in n-pentane) was added dropwise within 15 min at RT. Thc 
solution warmed up mid turned slightly yellow, LiCl precipitated k'ery slowly. 
After 1 d of stirring the salt was  filtered off. and n-pentane and quadricyclanc 
werc removed by distillation. The residue was puritied by distillation. 
A yellow oil and some colourless crystalline material was obtaincd. Yield: 
0.5 g. GCMS analysis proved the formation of a coniplex product mixture 
consisting mainly of I ,3-distlacyclobutane 8 and of oligomers 21. These coin- 
pounds could not be separated by either crystallization, distillation or subli- 
mation. 
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Method R :  2 (1.5 g, 10.0 mmol) and quadricyclane (3.7 g, 40 nimol) were 
dismlved in n-pentane (80 mL), and tert-butyllithium (1 1.8 mL, 20.0 mmol, 
I . 7 ~  in n-pcntane) was added quickly at RT. The solution warmed up, turned 
yellow and LiCl precipitated within 1 h. After 1 d this was filtered off with 
/~-pcntaane and quadricyclane then removed by distillation. The residue was 
purified by distillation, and a yellow oil containing a small amount of crys- 
talline material was obtained. Yield: 0.6 g. GCMS analysis showed that a 
complex mixture of products had been formed, which could not be separated 
by c~ystalli7ation. distillation or sublimation, and consisted mainly 01' 3-rc.rr- 
hutyl-1 -chloro-2,4-dineopcntyl-l,3-divinyl-l,3-disilacyclobutanes (19) and of 
1.3-di-rrvt-butyl-1 -chloro-2,4-dineopentyl-l,3-divinyl-l,3-disilacyclobutanes 
(20) (for characterization see rek 1121 and 128)). 

(1R,4R)-, (1S,4S)-, (1R,4S)-, and (lS,4R)-l-Chloro-4-neopentyl-2,3-diphenyl- 
I-sila-I-vinyl-2-cyclobutene (22): Silane 2 (1.5 g, 10.0 mmol) and diphenyl- 
aceiylene (1.8 g, 10.0 mmol) were dissolved in 60 mL of n-pentane at RT, and 
rcw-hutyllithium (5.9 mL, 10.0 mmol, 1.7 M in n-pentane) was added dropwise 
within 5 min. Aftcr 15 min the solution had warmed slightly and LiCl precipi- 
tatcd. The mixture was stirred overnight. LiCl was separated by filtration, 
and n-pcntane and diphenylacetylene (1.6 g, 9.2 mmol) were rcmoved by 
distillation. The oily residue was purified by distillation. GC analysis: two 
peaks. Yield: 0 3 g (8%). B.p. 145"C/10 ~' mbar; ' H N M R  (CDCI,): 
6 = 0.85. 0.94--1.81 (m, 12H; SiCH, CH,C(CH,),), 6.20--6.48 (m, 3 H ;  
CH=CH,),  7.26-7.42 (m, 10H; C,H,); 1st diastcreoiner (57%): ',C NMR 
(CDCI,): 6 = 29.59 (C(CH,),), 30.82 (C(CH,),), 34.27 (SiCH), 40.34 

135.94 (C), 137.87 (CH=CH,), 143.08, 158.78 (C); 29Si NMR (CDCI,): 
S = - 5.97; 2nd diastereomcr (43%): I3C NMR (CDCI,): 6 = 29.30, 
29.41 (C(CH,),), 30.73 (C(CH,),), 36.70 (SiCH), 40.80 (CH,C(CH,),), 
127.15 -128.62 (CH; C,H,), 132.80 (CH=CH,), 135.60, 136.27 (C), 
13X.84 (CH=L'H.,), 142.80, 158.21 (C); "Si NMR (CDCI,): 6 = 0.58; MS 
(70eV. EI): m/:: (%): 352 (100) [ M ' ] .  317 (37) [M' - CI], 295 (88) 
[ M -  - rBu], 290 (10) [M' - C1 - Vi], 267 (27) [M' - rBu - Vi -11, 

[ M  - tBu - PhC=CPh]; C,,H,,SiCI (353.0): calcd C 74.86, H 7.14, C1 
10.04; found C 74.73, H 7.32, CI 9.79. 

(CH2C(CH3),), 127.15-128.62 (CH; C6H,), 131.72 (CHzCH,), 135.82, 

259 (30) [ M i  - tBu -C l  -11, 179 (10) [PhC-CPh+l],  117 (23) 

(4R,4'R)- and (4S,4'S)- or 4,4'-rneso-1 ,l'-Spirobi{4-neopentyl-2,3-diphenyl-l- 
sila-2-cyclobutene) (23) and s~laspirochains (24): Silane 2 ( 1  .S g, 10.0 mmol) 
and diphcnylacetylene (3.6 g, 20.0 mmol) were dissolved in 60 mL of n-pen- 
Vane. and twt-butyllithium (1 1.8 mL, 20.0 mmol; 1 . 7 ~  in n-pentane) was 
added within 5 niin a t  RT. After I5 min the solution was heated to rrflux and 
a white precipitate formed. Within 2 h the solution turned red. Aftcr stirring 
for 12 h toluene was added to the orange mixture, and LiCl was removed by 
washing twice with water. The combined organic phases were dried over 
Na,SO,, and the solvents and remaining diphenylacetylene (2.2 g, 
12.3 mniol) wcre removed by distillation. Impui-ities were extracted from the 
oily green residue with MeOH. The product was dried in vacuo to give a white 
solid (24). HPLC and GPC showed at  least four different products. Yield: 
1.9 g. M.p. 123~-130'C; 'HNMR (CLXI,): 6 = 0.35-2.23 (CH,C(CH,),, 
SiCH), 6 .857 .32  (C,H,), I3C NMR (CDCI,): 6 = 26.61-35.0 (SiCH, 

Ph); 29Si NMR (CDCI,): S = 3.38, 6.68; MS (70 eV, EI): The repetition unit 
A M  = 196 was tbund. Elemental analysis found C 73.87, H 10.94.[341 
Traces of 23 (i 5 Yo) were detected in the crude product and in the inerhanolic 
solution, hut could not be separated: 'H NMR (CDCI,): 6 = 0.92 1.64, 2.42 
(ni, 24H; CH,C(CH,),, SiCH), 7.20-7.41 (m, 20H; C6H,); 13C NMR 
(CDCI,). 6 = 21.29, 21.63 (SiCH). 29.25, 29.91 (C(CH,),). 3.535, 36.00 

161.82 (2C-Ph); 29Si NMR (CDCI,): 6 = 4.48; MS (70eV, EI): m/z (%): 
552 (1) [ M ' ] ,  495 (1) [M' - rBu], 475 (1) [M' - Ph], 374 (1) [ M +  - 

C(CH,),, C(CH,),), 36.G40.3 (CH,C(CH,)J, 123.2-127.5 (ChHS, 2C- 

(('(CH3),), 39.25, 41.26 (CH,C(CH,),), 125.44-129.13 (C,H,), 137.80, 

P ~ C E C P ~ ] ,  317 (1) [ M +  - PhC=CPh - ~ B u ] ,  295 (9) [M' - 
2PhC=CPh - I ] .  178 (X)[PhC-CPh+], 139(6)[M+ - 2PhC-CPh - ~ B u ] ,  
77 (5) [Ph'], 71 (10) [Np'], 57 (100) [iBu']; C,,H,,Si (552.9). 

Preparation of silaspirochains (21): Silane 2 (3.0 g, 20.0 mmol) was dissolved 
in n-pentane (100 mL), and tert-butyllithium (23.6 mL, 40.0 mmol; 1 . 7 ~  in 
17-pentane) was added within 5 min at  0 "C. When the solution had warmed 
10 10 C a while precipitate formed. Aftcr 2 h this was filtered off, and thc 
solvent was removed by distillation to give a yellow solid, which was purified 
by extraction with MeOH and dried in vacno to give a white powder (21). 

HPLC and GPC showed at  least three different products. Yield: 3.3 g. M.p. 
130-132'C; 'HNMR (CDCI,): 6 = 0.81-2.22 (CH,C(CH,),, SiCH). 
5.51-6.40 (CHCH,); I3C NMR (CDCI,): 8 = 0.38 -1.49 (SiCH, C(CH,),, 
C(CH,),), 1.49-2.35 (CH,C(CH,),); "Si NMR (CDCI,): 6 = 2.92, 6.37; 
MS (70 eV, EI): the repetition unit AM = 196 was found. Elemental analysis 
found C 65.77, H 12.75.[341 
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hitial bond length of 145.0 pm where only C2 is refined isotropically drops to 
138.8(7)pm when CZ is also refined anisotropically. All attempts to find a 
suitable split atom model that dcscribes the geometry more accurately failed. 
The resolution in the range 80 to 83 pm is low due to the poor quality of thc 
crystal. Therefore the "short" distance is a consequence of the inferior quality 
of the data set and should not be interpreted in terms of the electronic situation 
in the bonding system of the molecule. 

18131. 
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[43] GCMS monitoring of the reaction mixture proves that 14 continuously 

disappeared. Simultancously 15 could be detected over weeks. and product 17 
was formed very slowly. That means that either silene IS forms or that the 
litfiiated precursor that eliminates LiCl in the hot GCMS injector is relatively 
stable and may he detected in future experiments (e.g. NMR-monitored reac- 
tions). 
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