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Abstract 

Mono- and !, l-disubstituted epoxides react with tetramesityldisilene (1) to give disilyl enol ethers (5) five-membered rings (6) and the 
products of epoxide deoxygenation, alkenes and I,I,2.2-tetramesityl-3-oxa-1.2°disilacyclopropane (4). Adducts 5 and 6 are formed with 
complete regioselectivity, suggesting involvement of an epoxkle ring-opened intermediate. Product ratios vary systematically with a 
dependence on the steric properties of the epoxide. Single crysud X-ray diffraction results are given for 6a and 6g. the five-membered 
ring products derived from propylene anti cyclohexene oxides. 
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I. Introduction A 
Pll Ph 

In t w o  p rev ious  pub l i ca t i ons  we  dcscr i l x 'd  lhc ,,~,,,Co t'.in,,, ttx)'c ' 
lions of lelramesityldisilene (I) wi|h cyclohcxene oxide 
[I] and ci.,,'o and /ran.,;-slilbtn¢ oxides [2]. The uncx~ 
I~cled major products, disilyl enol ethers (2) and fivco 
unembered ring formal insertiorl products (3) (observed 
only fi'om stil~ne oxides) were accompanied by the 
exacted products of epoxide deoxygenalion, alkenes 
and the known I,I,2,2°letramesityl-3-oxa- 1,2°disilacyc- 
lopropane (4) [3] (Eq. (I)). The stereochemical outcome 
of the stilbene oxide reactions showed that 2 and 3 were 
generated from an epoxide ring-opened intermediate, as 
might be expected fl'om the reaction of an epoxide with 
an electrophile [4]. 
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Since the above reactions provide only three exam° 
pies, it seemed wise to broaden the focus of the reaction 
and to test its applicability to other simple epoxides. In 
so doing, it was also of interest to define the effects of 
steric factors and substituent patterns on product distri° 
butions. To this end the reactions of I with a series of 
mono~substituted epoxides and a pair of I,I-disubsti .-o 
tuted compounds were investigated. The reaction is 
general for all epoxides studied, giving products analoo 
gous to those from stilbene oxides. Adduct formation 
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was completely regioselective, again indicative of for- 
mation of stabilized intermediates. As might be pre- 
dicted considering the significant bulk at the silicons, 
stedc properties of the epoxide can drastically influence 
product distributions, leading in some cases to very high 
stereo- and ehemoselectivity. 

The cyclohexene oxide reaction was also reinvesti- 
gated to see if a 5,6-fused ring compound analogous to 
3 was also formed. Insertion product 6g was, indeed, 
isolated, although in low yield. 

2. Resul ts  a n d  discuss ion 

2.1. Reactions of I with epoxides: yields and determina- 
tion of product ratios" 

The reactions of I with the epoxides listed in Table i 
were conducted at 85°C in benzene using i.5 equiva- 
lents of epoxide. As shown in Eq. (2), products analo- 
gous to those obtained from the stilbene oxide reactions 
were observed, including disilyl enoi ethers (5) five- 
membered ring insertion products (6) and products from 
epoxide deoxygenation, alkene and oxadisilacyclo- 
propane (4). Compounds 5 and 6 were formed with 
complete regioseleetivity, with the epoxide substituents 
occupying only positions /3 to oxygen in the products. 
As can be ,~en from the results of NMR-seale reactions 
in benzeneod 6 (Table I), pr~xluct ratios are highly vari- 
able depending on epoxide substitution. 

~2_~ R~_ OSiMes~SiMes21t 

R" R , ~ R , ,  

1t . 0 . .  ,, , 
. ~ StMcs 
K L ~t , ~ R 

+ R ' ~  SiMes, + 

R" R' 

R R' 

6 
O 

M , s . - / \  + e~,~i~SiMes~ (2) 

4 
While integration of the t H NMR spectra from the 

NMR-scale reactions allowed a determination of the 
ratios of 5 and 6 as well as the relative amounts of the 
higher boiling alkene products (from epoxides c, f, and 
g), a similar quantitation of the remaining product 
alkenes would be less reliable. All ate relatively low 
boiling liquids or gases at room tem~ra ture ,  Further- 
more, in all but the isobutylene oxide case the aromatic 
and methyl regions were very complex, making integrao 
tion of the peaks from 4 impossible. 

Instead, quantitation of the deoxygenation process 
from epoxides a, b and d was accomplished by integra- 

tion of the INEPT 29Si NMR spectra using the -O-S i -  
Si- peak of the E enoi ethers and the resonance of 4 at 
-26.8 ppm [3]. The reliability of the method as a 
quantitative estimate was proven for a series of stan- 
dardized samples containing mixtures of 4 and enol 
ethers (5) (isolated from preparative-scale reactions). 
The integrated ratios in the 29Si spectra a~reed reason- 
ably well with the ratios as determined by H NMR [5]. 

Semi-preparative (100 mg of disilene) and prepara- 
tive (600-1200 mg of disilene) scale reactions were 
also conducted under similar conditions. Products in the 
former runs were isolated by preparative thin-layer 
chromatography (TLC), while in the latter flash chro- 
matography was used to separate disilene-epoxide 
adducts from the side products (mainly from hydrolysis 
of 1 and 4), followed by selective crystallizations from 
the 5 /6  mixtures. Isolated yields are given in Table I. 

Very small amounts (less than 2%) of the four-mem- 
bered rings (7) were observed in the reactions of epox- 
ides e and f. Their identities were confirmed by compar- 
ison of their NMR data with authentic samples gener- 
ated by treating ! with the appropriate aldehyde (Eq. 
(3)) [61. 
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2.2. Product charactcrizr,tions 

Ample quantities of pure enol ethers and i'ive~mem° 
bered rings could generally be obtained from huge.scale 
reactions by a combination of chromatography and crys- 
tallization. E /Z  enol ether mixtures fi'om reactions of 
epoxides a-c were separated either by crystallization 
($b) or silver nitrate-silica gel chromatography [7] ($a 
and purification of E$e). Compound ZSe was generated 
in larger quantities by photoisomerization of ESe (A 
350 rim) and was purified by recrystallization. 

Identifications of 5a- f  were based on a comparison 
of their slx~clroscopic data (Table 2) wi~h Ihat for 5g. 
for which confirming X°ray data has been obtaihed [i]. 
The enol ether structure was supported by the CI-C2 
bond length of 1.320(6) ,~ in 5g, clearly a c~u'l×~n-carbon 
double bond. 

Several features of the NMR and IR spectra of 5g 
were characteristic of 5 in general. Two distinct mesityl 
groups and a silyl hydride peak, which invariably ap- 
peared at 5.6-5.7 ppm, were apparent in the ~H spectra. 
Observation of the ZgSi satellites, with coupling con- 
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stants near - ! 80 Hz, confirmed the latter assignments 
[8]. Vinyl t~C signals, assigned using the DEPT 90 
pulse sequence, showed the double bond polarization 
typical of enoi ethers [9]. The /3 vinyl carbons were 
significantly shielded relative to normal olefinic car- 
bons, while the a carbons were shifted well downfield. 
Coupled INEPT "gsi spectra allowed assignment of the 
two signals of each compound and revealed that, as 
expected [10], the silicon a to oxygen was considerably 
deshielded compared with the /3 silicon. Inspection of 
data 5a -e  also shows that the a silicon of the Z 
isomers is consistently downfield of that of the E iso- 
mers, by 2.5-3.5 ppm, while the chemical shift of the/3 
silicon is nearly constant. Infrared data also supported 
the assignments, clearly indicating an Si-H stretch for 
each compound with a strong absorFtion neat" 2100 
cm-t  and a carbon-carbon double bona stretch in the 
range 1630-1680 cm- i 

As is characteristic of /3 mono-substituted and un- 
substituted enoi ethers [9a, ll], 5 a - d  display a large 
chemical shift difference between the two vinyl protons, 
with the proton a to oxygen deshieided relative to the 
/3 proton. Stereochemical assignments were based on 
the observation that, for cis/trans isomeric pairs of 
alkenes, vinyl proton-protor| coupling constants are 
generally larger in the trans isomers than in the cis 
ones [121 and, for a number of cis/trans trimethyl silyl 
enol ethers [I I], the tmns vinyl protons appem" at lower 
field than the corresponding cis vinyl protons. 

As with the enol ethers, compounds 6 were character 
ized using a combination of X-ray diffraction and NMR 

Sutta~lc X-ray crystals of both 6a and data (Table 3). " ' ' 1  • 
6g were obtained; thermal ellipsoid drawings are pre- 
sented in Figs. I(a) anti 2, and data is given in Tables 
4~6. Although the crystals (and thus the X-ray results) 
wet~e of limited quality [131, certain characteristic fcao 
lures can I~ noted Ix~sides a confirmation of the general 
structures. Both exhibit somewhat elongated silicon- 
silicon bonds in the 2041 ~2.45 ,~ range (compared with 
a typical silicon~silicon single bond length of 2.34/~,), 

and both five-membered rings adopt a slightly distorted 
envelope conformation (Figs. l(b) and 3). In addition 6g 
has a cis 5 / 6  ring fusion with the six-membered ring in 
a chair conformation. 

In the ~H NMR spectra of 6, signals at 4-5 ppm 
(Table 3) were assigned to the protons a to oxygen. 
For 6e and 6g, they appeared as broad singlets, and for 
6 a - d  as a pair of doublets of doublets, due to germinal 
coupling and vicinal coupling to the ring methine pro- 
ton. For all compounds the mesityl aromatic and methyl 
regions contained broadened peaks, indicative of hin- 
dered rotation resulting from steric congestion. The "~C 
spectra gave char~,:teristic C-O peaks at 65-80 ppm, 
confirmed with DEPT experiments as methylene car- 
bons for 6a -e  and a methine for 6g. 

2.3. Discussion of product ratios 

From Table I it is clear that the product ratios vary 
considerably, but in a systematic way. Inspection of the 
results from the mono-substituted epoxides (epoxides 
a-d)  reveals a very clear increase in the ratio of 5 / 6  as 
well as in the E 5 / ~ 5  ratio [14] as the epoxide sub- 
stituent gets larger. With the exception of the 5 / 6  ratio 
for R' = Ph, the present trend agrees qualitatively with 
the spatial requirements of R' based on measured A 
values, the free energy differences between R' in equa- 
torial and axial positions on a cyclohexane ring [15]. 
The order of increasing equatorial preference is Me < 
i Pr < Ph < s Bu. 

This trend is consistent with the mechanistic concluo 
sions drawn from the stilbene oxide rcsuhs, namely that 
tbrmation of 5 and 6 involves an epoxide ringool>ened 
intcrmedi,'tte (in agreement with the regioselectivities of 
the present study), (8) (Scheme !). and |hat proton 
abstraction to ~,,ivc 5 is intramolecular [2]. As the size of 
the substituent on the carbocation increases, the ability 
of the bulky silicon center to close the fiveomem~t~d 
ring decreases. This is most clearly demonstrated by 
comparing the case of R ' ~  Me, where only a 2:1 5 / 6  

Table i 
Chide product ratios by NMR and isolated yields of 5 and 6 for reactions of Mes4Si z with epoxides 

R R' R" Product ratios by NMR Isolated yields ~ 

5 / 6  1, 5, E / Z  5 / 4  (A) or 5/lllk~ne (B) i, il 6 

H Me H (a) 2.3 1.3 O (A) 44 19 
H 'Pr H (b) 4.8 2.4 4 (A) 45 II 
H Ph H (c) 3.5 8 6 (B) 57 20 
H tBu ii (d) 12 16 ' 4 (A) 3 3 a  < fi 
H Me Me (e) 7 -~ 2.4 (A) ~ 42 ! 5 
H Ph Ph (f) $ only ....... 2 (B) 43 o-- 

(CH2) 4 H (g) 4.7 ~- 3 (A,B) 33 

'~ Products were separated by preparative TLC from semi-prep:~rative scale nms unless otherwise noted, t, For t:poxide~ a .d  ratm~ correspond to 
(E5 + Z5)/product. c A pair of doublets at 6.05 and 4.23 ppm in the IH NMR of the cntde reaction mixture was assigned as ZSd which wa,, not 
otherwise isolated or characterized, d Isolated by crystallization from preparative-scale reaction, c Ratio estimated by integration of 5 against 4 m 
the ~ H NMR. f Isolated by preparative TLC as a mixture of 5g and 6g in a ratio of 5: I. 
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Table 2 
Selected NMR (ppm) and IR ( c m - ' )  data for 5 

Vinyl IN Vinyl t3C 29Si 

(J ,  myl-~i,yl. Hz) ( J s i - . '  Hz) 

IR 
a 

PSi-  !1 • 

VC m C 

ILqa 6.26 141.2 - !.93 
5.19 105.2 - 56.68 

(12.0) ( - 179.4) 

2128 
1665 

Z$a 6.16 140.1 0.61 
4.43 103.2 - 56.76 

(6.0) ( - 179.4) 

2124 
1659 

F~b 6.26 139.4 - i.6 
5,21 i18.6 -56 .8  

(12.0) ( - 180.1) 
(2j  ~ 11,6) 

2128 
1657 

Z$b 6.06 137.6 i. ! 
4.29 118.0 - 56.97 

(6.0) ( - 178.9) 

Table 3 
Selected NMR (ppm) data for 6: tH, !~C and 29Si resonances of the 
central ring 

I H (2 j  or 3j,  Hz) a 13 C 29Si 

6a 4.31 ( -  10.4, 7.1) 72.1 4.3 
3.78 (12 .7 , -  10.4) 30.5 - 18.7 

6b 4.62 ( - 10.2, 6.5) 65.4 3.4 
4.18 (12 .6 , -  I0.1) 41.2 - 22.7 
2.70 (12.6, 6.5, !.6) 

6c 4.61 ( - 10.5, 6.5) 71.2 4.4 
4.42 (12 .8 , -  10.5) 44.8 - 19.9 
4.13(12.8,6.5) 

6d 4.76 ( - 10.3, 7.4) 68.5 6.4 
4.40 ( 12,5,-  10.3) 47.9 - 22.6 
2.97 ( 12,5, 7.4) 

6e 3.93 80.3 8.2 
33.4 - 5.4 

ESc c 142.9 0.96 2 ! 33 
6.37 113.1 -56 .4  1645 

(12.5) ( -  180.9) 

Z ~  6.37 141.4 4.4 2137 
5.22 109.7 = 56.3 1640 

(6,9) ( = 180.2) 
( 2j ~ 12.5) 

I.Lqd 6,25 138.8 ,- 1,2 2132 
5,35 122.5 ~ 56,8 1657 

(12,1) ( ~  180.2) 

Z ~  6,05 
4.23 

(7,5) 

6,09 135 2 =1t,5 21~5 
I I~,~ = 56,7 1679 

( = 179,9) 

Sf ~ 14tl,4 3,9 2129 
124,8 = 56,9 1628 

( ~ ! 79,4) 

6g 4.41 72.5 4.3 
33.3 - 3.2 

a The sign of the methylene 2j was not measured, but was assumed 
to be negative. See L.M. Jackman and S. Sternhell, Applications of 
Nuclear Magnetic Re.sonance in Organic Chemistry; Pergamon Press. 
New York, 1969, p. 270. 

Ch 

5g 4,64 150,6 - 8,4 2132 
104, I ~ 563 1664 

( =  178,2) 

~='tJs, u unless otherwise noted, Coupling constants were determined 
by ob~rvation of the ~'~Si satellites m the ~ tl NMR spectra or from 
coupled ~Si spectra. The signs of Js~ u were not determined, but 
were assumed to be negative for ~J and positive for ~J (see Ref. [8]). 
Sigh signals are upfield, t, Data not available, " Peaks were not 
observed presumably because of overlap with aromatic signals, 

$,i ~ el 

,5,2 

C2 

01 

ratio was observed, with that of W ~ 'Bu, where adduct 
formation is nearly completely selective for enol ether. 

Applying the transition state m ~ e l  introduced for 
intramolecular proton abstraction to give 5 (Fig. 4) [2], 
it is clear that for large R' groups enoi ether formation 
should be highly E selective. Steric interactions between 

|b~ 

F!g, I, (a) "rhenalal ¢llii},~oid drawing of 61t. benzcn¢~ Bond distances 
(;() and angles (deg) of tile central ring: Si(I)-Si(2), 2 407(3); 
Si(ILC(2),  1,924~7); Si(2LO(I) ,  !.662(5); O(I)-C(I) .  1.441(8); 
C(I)-C{2), 1,535(9k C(2)-Si(|)-Si(2). 83.0(2); O(I)-Si(2)-Si( l) ,  
91,8(2); C(I) -O(I) -Si (2) ,  il8.6(4); O(I ) -C(I ) -C(2) .  !133X6); 
C(I)-C(2)-Si(I) ,  103,7(5), (b} Conformation of the cemral ring with 
torsional angle S i (2) -O(I ) -C(! ) -C(2)  - 17.8(8) °. 
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C5 

p 
o , ,  

Fig. 2, Thermal ellipsoid drawing of 6g. Bond distances 
angles (deg) of the central ring: Si( I )-Si( I )', 2.461(3); O( I 
1.6011111; Si(I)-C(I) ,  !.9912); O(i)-C(2),  1.438111); C( 
!.5412); C(I)-Si(I ) -Si(I ) ' ,  86.8(6); O( l ) -S i ( i ) ' -S i ( I ) ,  
C(2)-O(I)-Si( i ) ' ,  !16.0110); O(I)-C12)-C(I) ,  
c(t) -si ( t ) ,  106.6(10). 

(A.) and 
) -S i (  I )', 
! )-C(2), 
91.2(51; 

109.3(10); C(2)- 

the epoxide substituent and the mesityl rings would 
inhibit Z enol ether formation. In fact, the enemy of 
transition state A of Fig. 4 should be little Miected by 
the increasing size of R', clearly making it the lowest 
energy pathway for adduct formation from bulky 
mono-substituted epoxides. 

While the ESc/Z5c ratio fits into the trend defined 
by the mono-alkyl substituted epoxides based on A 
values, the 5 / 6  ratio does not. This may be a reflection 
of conjugation between the phenyl ~oup and the sp" 
center of the intermediate. The effective size of the 
epoxide substituent would thus be reduced, since the 
approach of the bulky silicon center would be perpen- 
dicular to the plane of the phenyi ring. Independent 
evidence for the importance of conjugation is provided 
by the time for complete reaction of I with styrene 
oxide, which took less than I h, vs. that for the mono- 
alkyl substituted epoxides, which required several days. 
In ~ very qualitative way, this suggests that epoxide 

Table 4 
Sunnnary of crystal data collection for 6a and 6g 

6a 6g 

Empirical formula 
Formula weight 
Crystal system 
Space group 
. ( h )  

I, (~1 
, (~ )  
t~ hleg) 
1t (deg) 
~, (deg) 

Z 

d,,,,i,, (g c m  ~) 
Crystal :ize (nlm ~) 
Abs. coeff. (ram J ) 
F(OIX)) 
r (°C) 
20 range (deg) 
Scan type 
Scan speed (deg m i n '  ) 
Scan range w (deg) 
Index ranges 

No. of reflections collected 
No. of independent reflectto,ls 
No. of observed data I > 2o.(!)  
Final R (observed data) (%) 
Final wR (all data) (%) 
Goodness of fit 
Largest and mean .4/o. 
Data-to-parameter ratio 
Largest difference peak/hole (e/~, - 3 ) 

C4~ it ~¢,OSi 2 
669. ! 
monoclinic 
/ ' 21/n 
15.431141 

13.975t 5) 

17.86116) 
90 
9.t 5¢~( 2' 
911 

3840121 
4 
1.157 
0.2 x 0, 2 x (1. I 
0.126 
1448 
-1110(2) 
3.4- 45.0 
0-20 
4.0-60.0 
1.16 
0 ~ h ~  16 
O ; k ~  15 
- 1 9 N / ~  19 
5245 
5025 (/¢,nt = I 1,1%1 
2471 
8.03 
22.55 
1.069 
- 1.337/0.027 
11.2 

0 . 3 8 0 / -  0.352 

C~2H~4OSi2 
631.0 
monoclmic 
C2/c 
11.12(XI3) 

2().83,113) 

16.495{6) 
9O 
107 29(7) 
90 

3649(5) 
4 
1.149 
0.6 × 0.3 x 0.3 
1.102 
1368 
- I 0 0 ( 2 )  
4.0- 114.0 
[o 
2.0- 4.0 
O.tX) 

O ~ l i ~  12 
0 ~ k ~ 2 2  
- 17 ~< I ~ 17 + Friedel 
5197 
2461 (R,,, = 4.3q,) 
2135 
6.48 
17.38 
1.090 
0.(X)6/0.001 
10.5 

0 . 5 1 0 / -  0.43 
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Table 5 
Atomic coordinates (x  10 4) and equivalent isotropic displacement 
parameters (~z x 103) for 6a 

Atom x y z Ue q a 

Si(l) 7506(1) -355(2) 9230(1) 25(1) 
Si(2) 8412(1) 1010(1) 9031(i) 24(1) 
0(I)  9071(3) 749(3) 9785(3) 27(1) 
C(I) 8770(5) 96(6) 10332(4) 34(2) 
C(2) 7780(4) - 42(5) 10271(4) 26(2) 
C(3) 7567(5) - 754(3) 10883(4) 35(2) 
C(4) 7863(5) - 1660,'5) 9183(4) 26(2) 
C(5) 8690(5) - 1961(5) 8986(4) 27(2) 
C(6) 8910(5) - 2919(6) 9026(4) 35(2) 
C(7) 8365(5) - 3616(6) 9259(4) 34(2) 
C(8) 7548(5) ~ 3314(5) 9446(4) 34(2) 
C(9) 7291(5) - 2362(5) 9411(4) 30(2) 
C(10) 9350(5) - 1279(6) 8718(4) 36(2) 
C(I !) 8638(6) - 4648(6) 9321(5) 54(3) 
C(12) 6372(5) - 2162(6) 9615(5) 38(2) 
C(13) 6371(4) - 178(5)  8755(4) 24(2) 
C(14) 6179(5) - 570(5) 8036(4) 26(2) 
(7(15) 5405(5) -315(5) 7608(4) 29(2) 
C(16) 4807(5) 318(6) 7882(4) 34(2) 
C(17) 4997(5) 668(6) 8603(4) 33(2) 
C(18) 5746(5) 436(5) 9041(4) 29(2) 
(7(19) 6736(5) - ! 289(5) 7676(4) 33(2) 
C(20) 4000(5) 591(7) 7406(5) 58(3) 
C(21 ) 5835(5) 835(5) 9829(4) 32(2) 
C(22) 9152(4) 1370(5) 8278(4) 24(2) 
C(23) 9091(4) 1036(5) 7538(4) 27(2) 
C(24) 9625(5) 1399(5) 7017(a~ 31(2) 
C(25) I0244(5) 2099(6) 7193(5J 33(2) 
C(26) 10321(5) 2422(6) 7930(4) 35(2) 
C(27) 9786(5) 2086(5) 8457(4) 25(2) 
C(28) 8448(5) 274(5) 7256(4) 36(2) 
C(29) 10799(5) 2534(6) 6619(4) 44(2) 
~30) 9898(~) 2555(6) 9215(4) 39(2) 
C(31) 7070{5) 2062(5) 920~4) 2f~2) 
C(32) 7013(4) 2297(5) 8651(4) 25(2) 
('(33) 6370(5) 2958(5) S76S(4) 29(2) 
("(34) 0302(5) 3448(5) 9447(~) 36(2) 
C(35) 7025(5) 3263(5) 9970(~) 35(2} 
C(36) 7073($) 2586(3) 989~4) 28(2) 
~37) 6976(5) 1817(5) 7881(4) 30(2) 
C(38) ~656(5) 415~(6) 9577(5) 51(2) 
C{39) 8325(5) 2463(6) 10557(4) 38(2) 
C(IS) 8655(8) 1576(8) 2634(6) 85(4) 
C(2S) 8855(6) 605(7) 2722(5) 56(3) 
C(3S) 846!(0) 125t,7) 3246f6) 62(3) 
C(,t,$) 7873(6) 555(7) 3674(6) 59(3) 
C($S) 7~2(6) 1484(7) 3594(5) 49(2) 
~6S) 8070(8) 2000(8) 3071(6) 82(4) 

tteq is defined as one third of the 
tensoL 

trace of the orthogonalized U,, 

flngoopening is most likely the nreodetermining step for 
the el~xide series a-d, and that stabilization of the 
developing cation is important in the transition state and 
p~sumably in the intermediate. 

lsobutylene oxide, like some of the bulkier mono- 
substituted epoxides, showed a drop off in the amount 
of 6, exhibiting a 5 / 6  ratio more comparable with that 
of the iso-propyl substituted epoxide than with the 

Table 6 
Atomic coordinates ( x  104) and equivalent isotropic displacement 
parameters (,g2 X 103) for 6g a 

Atom x y : U'eq 

Si(l) 8842(1) 867(!) 2307(1) 21(!) 
C(I) 8947(20) - 89(7) 2316(13) 22(4) 
C(2) 10300(8) - 263(3) 2839(4) 24(2) 
C(3) 10604(7) -973(3) 2816(5) 31(2) 
C(4) 10329(7) - 1218(3) 1904(5) 36(2) 
C(5) 8990(7) - 1076(3) 1405(5) 37(2) 
C(6) 8704(6) - 354(3) ! 403(4) 26(2) 
O(I) 1 ! 176(14) 108(5) 2543(9) 22(2) 
C(7) 7809(3) 1030(2) 1171(2) 24(I) 
C(8) 6588(3) 759(2) 935(2) 33(I ) 
(2(9)  5802(4) 831(2) 115(2) 46(I) 
(2(10) 6141(4) 1179(2) - 498(2) 44(I) 
C(I I) 7314(4) 1452(2) - 267(2) 34(I) 
C(12) 8147(3~ 1387(?,) 5a7(2) 28( I ) 
C(13) 6047(4) 413(2) 1559(2) 48( I ) 
C(14) 5242(5) 1271(3) - 1378(3) 75(2) 
C(15) 9378(4) 1738(2) 719(3) 54(I) 
C(16) 7995(3) 1253(2) 3027(2) 24( ! ) 
C(17) 7696(3) 941(2) 3704(2) 34( I ) 
C(18) 7006(4) 1260(2) 4155¢2) 43(I) 
C(19) 6577(4) 1882(2) 3971(3) 44(I) 
C(20) 6902(4) 2191(2) 3330(2) 40(I) 
C(21) 7604(3) 1901(2) 2866(2) 29(I) 
C(22) 8092(5) 260(2) 3973(3) .'.'5(I ) 
C(23) 5813(5) 2218(2) 4471(3) 66(I) 
C(24) 7952(4) 2308(2) 2216(2) 38( I ) 

a The Si 2 Mesa unit sits on a two-fold crystallographic axis with tile 
oxygen and cyclohexyl ring disordered I : I. 

C3 C2 

C5 

Fig, 3. Conformations of the five. and sisquembe~d rings of 6g with 
torsional attic C( I )oSi( l )-Si( I )' oO( I ) + 8.7( I.SF, 
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Fig. 4. Transition state models for formation of 5. 

ten-butyl substituted one. A similar reactivity trend was 
observed for SN2 displacement at alkyl bromides. Be- 
cause of relative steric requirements, iso-propylbromide 
was mote reactive titan neo-pentylbromide towards 
backside attack, and was similar in reactivity to iso- 
butylbromkte [ 161. 

I,I-Diphenylethylene oxide gave complete chemose- 
lectivily for enol ether formation (considering adduct 
formation only). Again, sterics likely dictate adduct 
distribution since the benzhydryl center might be ex° 
petted to ~ the most hindered for five-membered ring 
closun~. 

The cyclohexene oxide $ / 6  ratio is comparable with 
that from the iso-propyl substituted epoxide. A similar 
steric analysis is unwarranted here, since the rates of 
reactions of cyciohexyl compounds are known to de- 
pend not only on sterics but also on changes in ring 
angles and their effects on torsional strain [17]. 

As can be seen from Table I, the deoxygenation 
pathway represents an important, although not domi- 
nant, reaction mode. Little variation was observed in the 
product ratios within the mono-substituted epoxide se- 
ries, but an increase in deoxygenation was noted for 
epoxides e-g. Because of the estimative nature of the 
deoxygenation ratios and the uncertainty regarding the 
immediate precursor to deoxygenation products, it is 
difficult to draw any conclusions about the mechanism 
of oxygen abstraction. The data was included mainly for 
the sake of completeness and for future analysis. 

2.4. Formation o f  7 and alternate precursor to 5 and 6 

Recall that for the l,l-disubstituted epoxides very 
small amounts of four-membered ring products 7 were 
observed. Since the epoxides do not thermally undergo 
rearrangement to carbonyl compounds at the reaction 
temperature, a most likely pathway for four-ring forma- 
tion is by hydride migration from intermediate 8 before 
a final ring closure (Scheme 2). The 1,2-shift is a 
known pinacolic rearrangement that epoxides exhibit, 
usually under acidic conditions, and is normally ratio- 
nalized with a cationic intermediate [4,18]. 

Considering the minute yields of 7 from reactions of 
epoxides e and f, the rearrangement process, in practical 
terms, is nearly non-existent for the epoxide-disilene 
reactions in general. Such an outcome could be used as 
evidence against a dipolar intermediate, and hence in 
favor of a pathway involving a diradical, (8a) (Scheme 
3). 

A similar argument has been used to support a 
radical pathway in many transition metal-epoxide reac 
lions [19,20]. These are normally explained by an initial 
coordination of the metal and epoxide tbllowed by a 
one electron oxidation of the metal. The r~.sUltlllg c~lr- 
ban-oxygen bond homolysis gives rise to a carbon° 
centered radical [20]. In the present case an initial 
coordination of I to the el×~xide would likely reduce a 
polarization of the disilene lr electrons, giving the 
terminal silicon significant silyl anion character (Scheme 
3). Complex 9 may then be viewed as a single electt'on 
donor/acceptor system. Silyi anions are known single 
electron transfer agents [21], and although stilbene ox- 
ides have a high oxidation potential [22], interaction 
with the Lewis acid could facilitate their reduction. A 
classic demonstration of this latter point is the drastic 
decrease in the reduction potential of 1,4-diazines upon 
complexation with electrophiles [23]. The resulting di° 

~ ' i M e s 2  SiMesz~iMes2 
o / 

! t  H " |'| 
H R ]t 

H 

9 8a 

Scheme 3. 
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radical 8a could then give products via two common 
radical-radical reactions, disproportionation to give 5 
and combination to give 6. 

Since the present results do not allow a conclusive 
choice between the two pathways, more work must be 
done to resolve this issue. 

3. Experimental section 

3.1. General procedures 

All solvents for reactions of tetramesityldisilene (1) 
were distilled from sodium benzophenone ketyi under 
nitrogen and degassed prior to use. The disilene was 
prepared by the literature method [24]. Propylene, 
isobutylene, cyclohexene and styrene oxides were com- 
mercial products. The first three were distilled and dried 
over sodium sulfate before use, while styrene oxide was 
used without further purification. 3-Methyl- and 3,3-di- 
methyl-1,2-epoxybutanes {epoxides b and d) were made 
from the corresponding alkenes by oxidation with m- 
chloroperoxybenzoic acid using the simplified proce- 
dure of Pasto and Combo [25]. l,I-Diphenylethylene 
oxide was prepared by the method of Corey and 
Chaykovsky [26]. t H and I~C NMR spectra were refer- 
enced to the residual solvent resonances which were 
cahbrated against tetramethylsilane. *C ass~g!lments 
were confirmed using DEPT pulse sequences. Z{}St NMR 
s~ctra were referenced to extema! tetramethylsilane. 
°*'Si data on 5, 6a and 7e were obtained with INEPT 
pulse sequences, while tbr 6b~g straight acquisition 
with reverse-gated decoupling was used. 'Js~n values 
for S were determined by obsetwatton o! the S~ satel- 
lites in the ~H NMR spectra, or from coupled INEPT 
~°Si s~ctra. 

3.2, Reactions of I with epoa'Mes, general procedures 

All reactions were carried out under an inert atmo- 
sphere. Three different scaled reactions were conducted 
for each epoxide, categorized below for individual 
epoxides as (a) semi-preparative (100-20{) rag, 0.15~ 
0,30 mmol of I • 2THF/I.5 equiv, of epoxide/25 mi of 
benzene/reflux) to determine practical isolated yields 
of compounds 5 and 6, (b) preparative (600-1200 mg, 
0.9~ !.8 mmoi of I .  2THF/ca. 3 equiv, of epoxide/25 
ml of benzene at reflux) to generate bulk quantities of 
products tk~r characterization, and {c) NMR (15 mg, 
0,022 mmol of I .  2THF/I mi of a 0,{)4 M stock 
solution of epoxide, 1,8 equiv, in benzeneod~, in sealed 
NMR tubes/85°C) to determine product ratios unaf- 
fected by losses incuITed during isolation, Semi-prepara- 
tive work-up consisted of concentration in vacuo fol- 
lowed by preparative TLC on 20 x 20 cm "~ commercial 
preparative plates (Whatman, 60 ~,, 1000 ttm thick- 

ness) with elution in 3% diethyl ether in hexanes. Only 
yields of 5 and 6 ate reported. Disilene hydrolysis 
product generally me.de up 10-20% of the product 
mixture, while HOSiMes2OSiMes2H, the hydrolysis 
pro,duct of 4 [27], was 5-10%. The general order of 
elution from highest Rf to lowest was 5, 6, 
HOSiMes 2 SiMes 2 H, HOSiMes 2OSiMes 2 H. The 5 g / 6 g  
mixture eluted ahead of the hydrolysis products but did 
not separate by TLC. In general, preparative work-up 
consisted of concentration in vacuo, flash chromatogra- 
phy to isolate the 5 / 6  mixtures (elution with 1% diethyl 
ether in hexanes) and selective crystallization and/or 
preparative TLC. Ratios of 5 to 6 for the NMR scale 
reactions were determined by integration of the ~H 
spectra. Determination of the amounts of deoxygenation 
was accomplished either by integration of 5 (E isomer 
for epoxide reactions a, b, and d) vs. 4 in the 295i NMR 
spectra (method A) or by integration of the alkene 
resonances in the 'H spectra (method B), For epoxides 
a-d, the reported 5 / 6  and 5/ (4  or alkene) ratios corre- 
spond to (E5 + ZS)/product. 

3.3. Reaction of i with propylene oxide 

(a) From the semi-preparative scale nan (200 mg of 
I .  2THF), 77.6 mg (44.4%) of a 1.5" I E5a to ZSa 
mixture and 33 mg (18.9%) of 6a were isolated. (b) 
Preparative TLC was used to separate 5 and 6 isolated 
from the preparative-scale reaction. The E and Z iso- 
mers of 5a were quantitatively separated by chromatog- 

i , .  ~ , 'V,~ raphy on "l 5 × 20 cm ° p eparau e plate containing 
10% w/w silver nitrate in silica gel (MN Kieselgel 
' I G / I  V 254) eluted in 5% diethyl ether in hex~tnes. The 

E isomer, which had ,1 highel Rt~, was recryslalhzed 
from hexanes as a colorless solid. I I.I NMR (C¢,Dc~0 2{X) 
MHz): 8 6.73, 6.66 (2 s, 8 It, mesityl 1t); 6,26 (dq, 
J ~ 12.0, 1,0 Hz, I !t, c~ vinyl H); 5.65 is, i H, Si-H); 
5.19 (dq, J ~ 12.0, 6.8 Hz, I H,/3 vinyl H); 2.42, 2.34 
(2 s, 24 H, o-methyl H); 2.10, 2.06 (2s, 12 H, p-methyl 
H); !,39 (dd, J --- 6.8, i.0 Hz, 3 H, vinyl methyl H). 13C 
NMR (C6D 6, 125.76 Mltz): ~ 145.9, 145.3 (aromatic 
C): 141.2 (o~ vinyl C); 139,9, 139,2, 132.7, 131.5, 
130.3, 129,5 (aromatic C); 105.2 (/3 vinyl C); 24.9, 
24.4 (o-metil~l C); 21.6, 21.5 ( p-methyl C); 12.9 (vinyl 
methyl C). ""Si NMR (C6D~,, 53.67 Mllz): ~ - 1.93; 
~5~.68 (Js i -n  = - 1 7 9 . 4  Hz). MS (El) for 
C~,~HsoOSi:: calculated m / e  590.3400, found 
590.3374. IR (cm -i .  Nujol): 2128.3 (Si-lt); 1665.4, 

3 ° 1601,8. M.p.: 191-19, C. 
ZSa was recrystallized from hexanes as a colorless 

solid, I H NMR (C6D 6, 300 MHz): ~ 6.72, 6.66 (2 s, 4 
H each, mesityl H); 6,16 (dq, J = 6. I, i.6 Hz, I H, o~ 
vinyl H); 5,64 (s, I !t, Si-H); 4.43 (dq, J -- 6.8, 6.0 ltz, 
I H, ~ vinyl H); 2.39, 2.34 (2 s, 24 H, o-methyl H); 
2.10, 2.06 (2 s, 12 H, p-methyl H); 1.77 (dd, J = 6.8, 
1,6 Hz, 3 H, vinyl methyl H), 13C (C6D 6, 125.76 MHz): 
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145.4 144.9 (aromatic C); 140.1 (oe vinyl C); i 39.4, 
138.8, 132.0, 130.9, 129.7, 128.8 (aromatic C); 103.2 
(/3 vinyl C); 24,6, 24.1 (o-methyl C) 21.1, 21,0 (p- 
methyl C); 10.5 (vinyl methyl C), 29Si NMR (C6D 6, 
53.67 MHz): ~ 0.61; -56.76 ( J s i - a -  -179.4 Hz). 
MS (El) for C39Hs0OSi.,: calculated m/e 590.3400, 
found 590.3388. IR (era- t Nujol): 2124.5 (St-H); 
1658.7, 1601.8. M.p.: 239-243°C. 

6a was recrystallized from benzene as a colorless 
solid, tH NMR (C6D¢,, 200 MHz): 8 6.74 (s, 4 H, 
mesithyl H); 6.60 (s, 2 H, mesityl H); 4.31 (dd, J = 
- 10.4, 7.1 Hz, 1 H, methylene H); 3.78 (dd, J = 12.7, 
- 1 0 . 4  Hz, I H, methylene H); 2.83 (s, 6 H, o-methyl 
H); 2.63 (m, I H, five-ring methine H); 2.40 (br s, 6 H, 
o-methyl H); 2.08, 2.06 (2 s, 18 H, p- o-methyl H); 
0.95 (d, J =  6.9 Hz~ 3 H, five-ring methyl H). "~C 
(C6D 6, 125.76 MHz): ~ 145.1. 144.9, 144.8, 139.5, 
139.2, 138.8, 138.5, 134.5, 134.2, 132.5, 132.4, 130.2, 
130.0, 129.6, 128.8 (aromatic C); 72. I (methylene C); 
30.5 (methine C); 26.6, 26.1, 25.7 (o-methyl C); 21.6, 
21.5, 21,4 ( p-methyl C); 13.8 (five-ring methyl C). 29Si 
NMR (C6D 6, 53.67 MHz): ~5 4.34; -18.66. MS (El) 
for C~,~Hs0OSi2 (M+-H): calculated role 589.3322, 
found 589.3318. M.p.: 115- i 20°C, 

(c) The ratio of ESa to ZSa to 6a was 1.3:1:! ,  
while the ratio of $ to 4 was estimated at 6:1 by 
method A. 

3.4. Reaction of I with 3-methyl- 1.2-epoxybutane 

(a) From the semi-preparative scale nm (I ~0 rag, 
"" ~ ~' 2.5' (I.24 mmol of | ,  211t1:), 66.6 mg (44.9 ~c~) of a I 

E,b to ZSb mixture and 15.8 mg (10.6%) ol 6b were 
isolated. (b) Preparative TLC was used to separate 5 

' ' S e v o  and 6 isolated front the preparauve°seale reaction. ' '  
eral crops of Sb enriched in the E isomer wet'e obtained 
by recrystallization of the E / Z  mixture fi'om hexanes. 
Two subsequent recrystallizations provided pure ESb as 
a colorless solid, tit NMR (C6D6, 300 MHz): 8 6.73, 
6.66 (2 s, 4 H each, mesityl H); 6.26 (d, J --- 12.0 Hz, I 
H, a~ vinyl H); 5.65 (s, ! 1t, S t -H) ;  5.21 (dd, J = 12.0, 
8.0 Hz, I H,. /3 vinyl H); 2.43 (br s, o-methyl H); 2.34 
(s, 12 H, o-methyl H); 2.10, 2.06 (2 s, 12 H, p-methyl 
H); 0.93 (d, J = 6.8 Hz, 6 H, iso-propyl methyl H). S~C 
NMR (CoD 6. 125.76 MHz): ~!45.9, 145.3, 139.9 
(aromatic C); 139.3 (a  vinyl C); 139.2, 132.7, 131.5, 
130.2, 129.5 (aromatic C); 1 i 8.6 (/3 vinyl C); 28. I 
(iso-propyl methine C); 24.9, 24.6, 24.5 (o-methyl C, 
iso-propyl methyl C); 21.6, 21.5 (p-methyl C). V~Si 
NMR (C 6 D 6 99.36 MHz): 3 - i.60 (Jsio, = 11.6 Hz); 
- 5 6 . 8 0  ( J s i - ,  = -180.1 Hz). MS (El) for 
C411o154OSi2: calculated m / e  618.3713, found 
618.3696. IR (cm -I, Nujol): 2127.6 (St-H); 1657.0, 
1603.9. MP: 187-188°C. Anal. Found: C, 79.20; H, 
8.77. C4,H54OSi 2 Calc.: C, 79.55; H, 8.79%. 

The mother liquor from the first recrystallization was 
concentrated, and the residue recrystallized from diethyl 
ether to give a mixture enriched (ca. 80%) in Z5b. 'H 
NMR (C 6 D 6, 300 MHz): 8 6.72, 6.66 (2 s, mesityl H); 
6,06 (d, J = 6.0 Hz, 1 H, c~ vinyl H); 5.64 (s, Js,-n = 
- 1 7 8 . 9  Hz, 1 H, St-H); 4.29 (dd, J = 9.8, 6.0 Hz, 1 
H, fl vinyl H); 3.17 (m, I H, iso-propyl methine H); 
2.41 (br s, o-methyl H); 2.34 (s, o-methyl H); 2.08, 
2.07 (2 s, p-methyl H); 1.06 (d, J = 6.5 Hz, 6 H, 
iso-propyl methyl H). ~3C NMR (C6D 6. 125.76 MHz): 

145.9, 145.3, 139.7, 139.3 (aromatic C); 137.6 (or 
vinyl C); 132.6, 131.5, 130.3, 129.5 (aromatic C); 118.0 
(/3 vinyl C); 25.1 (iso-propyl methine C); 24.6, 24.5, 
24.4 (o-methyl C, iso-propyl meihyl C); 21.6, 21.5 
(p-methyl C). 29Si NMR (C6D 6, 99.36 MHz): ~ !.!; 
- 56.97. 

Compound 6b was recrystallized from hexanes as a 
colorless solid. I H NMR (C6D 6, 200 MHz): ~ 6.74, 
6.60 (2 br s, mesityi H); 4.62 (dd, J = - !0.2, 6.5 Hz, I 
H, methylene H); 4.18 (dd, J = i 2.6, - !0. ! Hz, ! H, 
methylene H); 2.83 (br s, o-methyl H); 2.70 (ddd, 
J = 12.6, 6.5, 1.6 Hz, five-ring methine H); 2.49 (sept 
d, J = 6.8, !.6 Hz, iso-propyl methine H); 2.09, 2.08, 
2.06, 2.06 (4 s, p-methyl H); 1.09 (d, J =- 6.8 Hz, 3 H, 
iso-propyl methyl H); 0.42 (d, J = 6.8 Hz, 3 H, iso-pro- 
pyl methyl H). I~C (CDCI~, 125.76 MHz): ~ 144.8, 
139.5, 139.2, 138.9, i 38.3, 134.5, ! 34.4, ! 34.2, 132.6, 
132.5, ! 30. I, 129.9 (aromatic C); 65.4 (methylene C); 
41.2 (five-ring methine C); 29. ! (iso-p:'opyl methine C); 
26.6, 26.0 (o-methyl C); 21.9, 21.8, 21.7 ( pomethyl C); 

2,),,. C 99.36 18.7 (iso-propyl methyl C). ~t NMR (~,D¢,. 
' ~ 41 ? Mltz): 8 3.42; -.~22.73, MS (LI) for (7 II~,,()Si ' 

calculated m/e  618.3713, found 618.3713. M.p.: 231~ 
9 ~ 9 ° f "  

(c) The " 'c " ~ g ' ° . tatt~of 11,,Sb to Z,,b to 6b was 3.4 !.4 ! 
while the ratio of 5 to 4 was estimated at 4"1 by 
method A. 

3.5. Reaction of l with styrene oxide 

All reactions were protected fi'om light. (a) From the 
semi-preparative scale run (I(X) mg, 0.15 mmol of 
1.2THF), 55.4 mg (56.6%) of a 9:1 ESc to Z$c 
mixture and 20 mg (20.4%) of 6c were isolated. (b) 6c 
crystallized from a diethyi ether solution of 5/6, iso- 
lated from the preparative run. A second recrystalliza- 
tion from diethyl ether gave pure 6c as a white powder. 
' i l  NMR (Ct, D 6. 300 MHz): ~ 6.98-6.26 (m, 13 H, 
aromatic H): 4.61 (dd, J = - 10.5, 6.5 Hz, i H, methy- 
lene H); 4.42 (dd, J = 12.8, - 10.5 Hz, i H, methylene 
H); 4.13 (dd, J = 12.8, 6.5 Hz, I H, five-ring methine 
!t); 3.06, 2.83, 2.13, 2.12, 2.10, 2.09, 2.04, !.65, 1.62 (4 
br s, 5 sharp s, 34 H, iaethyl H). '~C (CDCI~, 75.40 
MHz): ~ 145.2, 144.8, 141.5, 139.7, 139.4, 138.6, 
134.0, 133.7, 133.5, 131.8, 130.1, 129.9, 129.3, 128.5, 
126.1 (aromatic C); 71.2 (methylene C); 44.8 (five-ring 
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methine C); 26.2, 26.0 (o-methyl C): 21.9, 21.8, 21.6 
(p-methyl C). 2°Si NMR (C6D 6, 99.36 MHz): 8 4.40; 
-19.90.  MS (El) for C4.;H52OSi2: calculated role 
652.3557, found 652.3543. M.p.: 268-270°C. 

The mother liquor from the recrystallization was 
concentrated, and 5c was isolated by preparative TLC. 
A sample enriched in the E isomer (94%) was obtained 
by silver nitrate-silica gel chromatography (same pro- 
cedure as for 5a separation). Attempts to crystallize Ego 
were unsuccessful. H NMR (C6D 6, 300 MHz): t~ 7.13 
(m. phenyl H); 7.10-6.84 (m, 4 H, aromatic H,/3 vinyl 
H); 6.71, 6.65 (2 s, 4 H each, mesityl H); 6.37 (d, 
J ~ 12.5 Hz, I H./3 vinyl H); 5.69 (s, Jsi-n = - 180.9 
Hz, 1 H, Si-H); 2.41, 2.34 (2 s, 24 H, o-methyl H); 
2.10, 2.05 (2 s, 12 H, p-methyl H). ~3C NMR (C6D 6, 
75.40 MHz): 8 145.9, 145.3 (aromatic C); 142.9 ( a  
vinyl C); 140.2, 139.4, 137.6, 132.2, 131.1, 130.3, 
129.6, 129.4, 126.4, 126.0 (aromatic C); I 13. I (/3 vinyl 
C); 24.9, 24.6 (o-methyl C); 21.6, 21.5 (p-methyl C). 
Z°si NMR (C6D ,, 99.36 MHz): a 0.96; -56.40. MS 
(El) for C~H~zOSi • calculated m/e 652.3557, found 
652.3568. IR (cm °~. Nujol): 2133.1 (Si-H); 1645.2, 
1603.7. 

A benzene-d~, solution of ESc (ca. 50 mg in 2.5 ml of 
solvent) was photolyzed with light of A = 350 nm and 
monitored by ~H NMR for generation of the Z isomer. 
After 40 h, a photostationary state was reached with a Z 
to E ratio of 3:1. The solution was concentrated to 
dl),ne,s ~s, and the residue taken up in diethyl ether from 
which solid ZSc formed as a white powder. ~I-I NMR 
(CoD¢,, 300 MHz): ~5 7.74 (d, J ~ 8 ttz, 2 H, phenyl 
!1); 7.25 (t, J - 8  ttz, I H, phenyl ii); 7.12 (t, phenyl 
H); 6,72, 6.65 (2s, 4 it each, mesilyl Ii): 6.37 (d, 
J ~  6.9 Hz, I H, or vinyl it); 5.69 (s, Js~H ~ = 180.2 
Hz, I H, Si~H); 5.22 (d, J ~ 6.9 ltz, I II,/~ vinyl II); 
2.34, 2,32 (2 s, 24 H, oomethyl H); 2.11, 2.06 (2 s, 12 
H, pomethyl H), ~C NMR (C~,D~,, 125.76 MHz): 
145.9, 145.5 (aromatic C); 141.4 (~ vinyl C); 140.2, 
139,4, 136,5, 132.2, 131.0, 130.3, 130.3, 129.6, 129.6, 
126.6 (aromatic C); 109.7 (f l  vinyl C); 25.4, 24.9 
(o-methyl C); 21.6, 21.5 ( p-methyl C), ~"~Si NMR 
(C6D 6, 99.36 MHz): ~$ 4,39; -56.34, MS (El) for 
C~aH~OSi~: calculated talc 652,3557, found 
652,3544, IR (cm °~, Nujol): 2137.0 (Si-H); 1640.4, 
1602.8. M.p.: 216-221°C. 

(c) The ratio of ESe to ZSe to 6c was 8' I" 2.6, while 
the ratio of 5 to styrene (method B) was estimated at 
6:1. 

3,6, Reaction of i with 3,3odimet~,yl-l,2,t, po,~ybutt~m, 

(b) 380 mg i33,4%) of ESd crystallized from a 
hexane solution of $/6,  isolated lbnn the preparative 
run (1200 rag, 1.8 mmol of I ,  2THF, ~H NMR (C 6 D6, 
300 MHz): 6 6,74, 6,66 (2 s, 4 H each, mesityl H); 6.25 
(d, J ~ 12,1 Hz, 1 H, a vinyl H); 5,65 is, ! H, Si-H); 

5.35 (d, J = 12.1 Hz, 1 H,/3 vinyl H); 2.43, 2.34 (2 s, 
24 H, o-methyl H); 2.10, 2.05 (2 s, 12 H, p-methyl H); 
0.97 (s, 9 H, tert-butyl H). L~C NMR (C6D 6, 75.40 
MHz): c5 145.9, !45.3, 139,4, 139.2 (aromatic C); 138.8 
(or vinyl C); ! 32.7, 13 !.5, 130.2, 129.5 (aromatic C); 
122.5 (/3 vinyl C); 31.4 (tert-butyl quaternary C); 31.2 
(tert-butyl methyl C); 24.9, 24.4 (o-methyl C); 21.6, 
21.5 (p-methyl C). 29Si NMR (C6D 6, 99.36 MHz): 8 
- 1.24; - 56.76 (Js~_ H -" - 180.2 Hz). MS (El) for 
C4:H56OSi 2" calculated role 632.3870, found 
632.3874. IR (cm - j ,  Nujoi): 2132.1 (Si-H); 1656.7, 
1603.7. M.p.: 197-199~C. Anal. Found: C, 79.40; H, 
8.78. C42H56OSi 2 Calc.: C, 79.68; H, 8.92%. 

Compound 6d, which was isolated by preparative 
TLC on the mother liquor from rccrystallization, was 
further purified by preparative gel permeation chro- 
matography. \ttempts at crystallization were unsuccess- 
ful. I H NMR (C6D 6, 300 MHz): 8 6.76, 6.70, 6.66, 
6.42 (4 br s, 8 H, mesityl H); 4.76 (dd, J = - 10.3, 7.4 
Hz, I H, methylene H); 4.40 (dd, J = 12.5, -10.3 Hz, 
I H, methylene H); 2.97 (dd, J = 12.5, 7.4 Hz, ! H, 
five-ring methine tt); 2.77, 2.71 (2 s, 9 H, three o-methyl 
groups); 2.40, 2.34 (2 s, 6 H, two o-methyl groups); 
2.10, 2.06, 2.05, 2.04 (4 s, 21 H, three o-methyl grou~s, 
four p-methyl groups); 0.93 (s, 9 H, tert-butyi ti). ~C 
NMR (C6D 6, 125.76 MHz): 8 146.5, 146.0, 144.4, 
143.9, ! 39.2, ! 39.0, 138.9, 137.8, 136.0, 135.5, 134.5, 
133.6. 13 i. I, 130.1, ! 30.4 (aromatic C); 68.5 (methyl- 
ene C); 47.9 (fiveoring methine C); 34.5 (tert-butyl 
quaternary C); 31.8 (tert-butyl methyl C); 27.3, 27.0, 
26.9, 23.9 (o°methyl C); 21.5, 21.4, 21.2 ( i~omethyl C). 
~'~Si NMR (( ~,D¢,, 99.36 MHz): ~$ 6,43, 22,65. MS 

.~li~¢,ogi, (M ii): calculated m /c  
631.379 I, Ibund 631.3797. 

ZSll was observed only in the NMRo.scale reaction, it 
was not isolated. 

(c) The ratio of ESd to ZStl to ad was 16.5: I" 1.5, 
while the ratio of $ to 4 was estimated at 4:1 by 
method A, 

3.7. Reaction of ! with isobu~,k'ne oMde 

(a) From the semi-pl~parative scale run (100 rag, 
0.15 mmol of I .  2TttF), 37.9 mg (41.8%) of 5e and 
16.2 mg (17.9%) of a 6'1 mixture of 6e and 7c were 
isolated. (b) $e czTstallized as a colorless solid fi'om a 
hexane solution of 5/6,  isola|ed from the plep,u" '"alive' 

I 
run. H NMR (C6D 6. 3(X~ MHz): 8 6.73, 6.67 (2 s, 8 H, 
mesityl H); 6,(~ (s, I H, vinyl ti); 5.65 (s, J x , ,  = 
-- 179,9 Hz, I H, Si-H); 2.40, 2.35 (2 s, 24 H, o-methyl 
It); 2.10, 2.0,6 (2 ~, 12 H, p-methyl H); 1.81 is, 3 H, 
vinyl methyl H); i.43 is, 3 H, vinyl methyl H). ~(" 
NMR (C 6D 6, 125.76 MHz): 8 146.0, 145.4, 139.9 
139.2 (aromatic C); ! 35.3 ( a  vinyl C); 132.9, ! 3 !.6, 
130.2, 129.5 (aromatic C); 111.7 (/3 vinyl C): 25.1, 
24,6 (o-methyl C); 2 i .6, 2 i .5 ( p-methyl C); 20.2, 16.9 
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(vinyl methyl C). 298i NMR (C6D 6, 99.36 MHz): 8 
-0.47;  -56.73.  MS (El) for C,~0H52OSi 2 calculated 
role 604.3557, found 604.3544, IR (cm -I, Nujol): 
2135.4 (Si-H); 1679.2, 1602.0. M.p.: 236-241°C. 

Compound 6e, which was isolated by preparative 
TLC on the mother liquor from recr3'stallization, was 
further purified b~, crystallization from hexanes to give 
a white powder. H NMR (C6D 6, 300 MHz): {5 6.69, 
6.65 (2 s, 8 H, mesityl H); 3.93 (s, 1 H, methylene H); 
2.52, 2.28 (2 s, 24 H, o-methyl H); 2.08 (s, 12 H, 
p-methyl H); 1.22 (s, 6 H, five-ring methyl H). ~3C 
NMR (C6D~,,, 125.76 MHz): ~ 144.7, 138.7, 138.5, 
137.6, 137.3, 129.6 (aromatic C); 80.3 (methylene C): 
33.4 (five-ring quatemary C); 27.2, 26.3, 25.2 (o-methyl 
C, five-ring methyl C); 21.5, 21.4 (p-methyl C). 29Si 
NMR (C6D 6, 99.36 MHz): ,5 8.24; -5.35.  MS (El) for 
C40Hs2OSi2 • calculated m / e  604.3557, found 
604.3533. 

(c) The ratio of 5e to 6e was 7" I, while the ratio of 5 
to 4 was estimated at 2.4:!  by integration of the :H 
NMR. 

3.8. Reaction of  ! with !, l-diphenylethylene oxide 

(a) From the send-preparative scale run (50 mg, 
0.074 mmol of I • 2THF), 23 mg (42.7%) of 5t" and 4.4 
mg (33.0%) of diphenylethylene were isolated. (b) 51", 
isolated fi'om the preparative run, was recrystallized 
once fi'om diethyl ether and a second time from hexanes 
to give colorless crystals. I l-! NMR (C~,D 6, 3(X) MHz): 
qS 7.48 (m, 2 H, phenyl Ilk 7,22 (m, 4 11, phenyl H): 
6.90 (m, 5 H, phenyl H, t~ vinyl H); 6.67, 6.63 (2 s, 8 
II, mesityl !t); 5.63 (s, ,Is, n ~ oo. 179.4 !lz, I I!, 
S i l l ) ;  2.33, 2.21 (2 s, 24 I1, oo, mcthyl ilk 2.07.2.04 (2 
s, 12 il, pome|hyl H). a~(, NMR (Ct, D 6. 125.76 Mllz): 
fi 145.8, 145.4, 142.1 (aromatic C); 140.4 (t, vinyl C); 
140.1, 139.5, 139.4, 132.5, 131.7, 131.2, 130.2, 129.4, 
129.1, 128.8, 127.9, 127.4, 126.8 (aromatic C); 124.8 
(/3 vinyl C); 25.1, 24.7 (oomethyl C); 21.6, 21.5 (po 
methyl C). Z'~Si NMR (C6Dt,, 99.36 MHz): tS 3.92; 
~56.92. MS ( E l ) f o r  C5oHs6OSi:,' calculated m / e  
728.3870, found 728.3860. IR (cm -I. Nujol): 2129.0 
(Si-H); 1627.6, 1600.6. M.p.: 194-196°C. Anal. Found: 
C, 82.56; H, 7.80. C50H56OSi2 Calc.: C, 82.36; H, 
7.74%. 

Compound 7f was isolated in very sm,'fll quantities 
by preparative TLC. For independent synthesis and full 
characterization see Ref. [2]. 

(c) The ratio of 5f to diphenyletlaylene was estimated 
at 2' i by method B. Compound 7f was barely visible in 
the a H NMR; no integration was done. 

3.9. Reaction of I which cyciohexene oxide 

(a) From the semi-preparative scale run (100 mg, 
0.15 mmol of 1.2THF), 31 mg (32.8%) of a 5" ! 

mixture of 5g and 6g was isolated. (b) 6g crystallized as 
a white solid from a hexane solution of 5 /6 ,  isolated 
fi'om the preparative run. ~H NMR (C O D 6. 300 MHz): ~5 
6.78, 6.60 (2 s, 8 H, mesityl H); 4.41 (br s, i H, 
H-C-O) :  2.76, 2.35 (2 br s, methyl H); 2.15, 2.14, 
2.12, 2.03, 2.00 (5 s, methyl H); 1.67-1.06 (m. 7 H, 
cyclohexyl H). :3C NMR (CDCI 3. 62.90 MHz): 6 144.8, 
139.5, 139.1, 138.7, 138.5, 138.4, 136.7, 136.1, 135.3, 
130.1, 129.1 (aromatic C); 72.5 (C-Ok  34.6 (methylene 
C): 33.3 ( C - C - O  methine C); 29.0, 26.1 (methylene 
C); 26.0, 25.9 (o-methylC); 21.9, 21.8, 21.7 (p-methyl 
C); 21.3 (methylene C). -gsi NMR (C6D 6, 99.36 MHz): 

4.30; -3.25.  MS (El) for C4,H54OSi 2" calculated 
m / e  630.3713, found 630.3658. 

The mother liquor was concentrated, and the residue 
taken up in diethyl ether fi'om which 5g crystallized as a 
colorless solid. I H NMR (C6D 6, 300 MHz): ~ 6.74, 
6.67 (2 s, 4 H each, mesityl H); 5.63 (s. I H, Si-H); 
4.64 (m, I H, vinyl H); 2.43, 2.32 (2 s, 24 H, o-methyl 
H); 2.13, 2.11, 2.08 (2 s, m, 14 H, p-methyl H, 
aliphatic H): !.82, 1.52, !.37 (3 m, 6 !t), aliphatic H). 
13C NMR (C6D 6, 75.40 MHz): ,5 150.6 ( a  vinyl C); 
! 46.0, 145. I, ! 39.6, ! 39. i, 134.6, i 32.0, 130.2, 129.4 
(aromatic C); 104.1 (/3 vinyl C); 30.6 (methylene C); 
25.2 (o-methyl C); 24.9 (methylene C); 24.7 (o-methyl 
C); 24.3, 23.2 (methylene C); 21.6, 21.5 (p-methyl C). 
2'}Si NMR (C6D 6, 53.67 MHz): 8 - 8 . 3 6 : - 5 6 . 6 7  
(Js,-n = - 178.2 H':). MS (El) tbr C~,H54OSi 2 (M ~- 
H): calculated m / e  629.3635, found 629.3621. IR 
(era '~. Nujol): 2132.2 (Si--l|); 1664.5, 1603.7. M.p.: 
213~219'>C. Anal. Found: (', 79.67; |t, 8.74. 
('~.:~ H s.:()Si2 Calc.: C, 79.94; II, 8.62~;~ ,. 

(c) The ratio of 5g tO 61/, wa'; 4.7' I. while |he ratios 
ot" 5g to cyelohexene (method B} and 5g to 4 (method 
A) wert' estima|cd at 3' I. 

3. !0. Synthesis o f  4 . isoopropyl  o !. 1,2,2.wtramesilvio3 o 
oaa- 1,2°disihwyclobutane (7e) 

Compound | .  2THF (400 rag, 0.60 retool) was added 
to a solution of ca. 80 mg of isobutyraldehyde ( I . I  
mmoi, i.85 equiv.) in 20 ml of hexanes, and the 
mixture was swirled at room temperature for ca. I rain. 
The resulting colorless solution was concentrated in 
vacuo. Recrystallization of the residue from hcxanes 
gave 270 mg (74.5%) of 7e as a cok~rless solid. ~i| 
NMR (C6Dt,, 3(X) MHz): ,5 6.74, 6.70, 6.57, 6.54 (4 s, 
8 1°i, mesityl H); 4.84 (d, J = 8.2 llz, ! H, four-ring 
methine H); 2.76 (s, 6 tl, o-methyl i lk 2.44, 2.37, 2.32. 
2.21, 2.11, 2.06, 2.04, 2.01 (7 s, m, six oomefllyl 
groups, four p-methyl groups, iso-propyl methine H); 
i.22 (d, J =; 6.4 Hz, 3 H, iso-propyi methyl H); 0.91 (d, 
J = 6 . !  Hz, 3 H, iso-propyl methyl Ii). ~(7 NMR 
(C 0D 6, 125.76 MHz): 8 145.6, 144.8, 144.6, 143~!, 
139.7, 139.6, ! 39.1, ! 38.8, 135.9, 134.9, 133.7, i 32.0, 
130.0, 129.8, 129.7, 129.6, (aromatic C); 85.2 (four-ring 



374 J.E. Mangetw et ul./ Journal ~'Orgonometallic Chemistry 521 (1996) 363-375 

methine C): 34.7 (iso-propyl methine C); 26.9, 26.0, 
25.0, 23.2, 21.6, 21.5, 21.4, 20.8 (methyl C). 298i NMR 
(C6D~, 99.36 MHz): 6 18.21; 14.36. MS (El) for 
C4oHs,OSi2: calculated m / e  604.3557, found 
604.3555. M.p.: 161-165°C. Anal. Found: C, 79.64; H, 
8.40. C~oH52OSi2 Calc.: ':, 79.41; H, 8.66%. 

two-fold axis with the oxygen and cyclohexyl ring 
disordered 1:1. Complete lists of bond lengths and 
angles, and tables of hydrogen coordinates and 
anisotropic displacement parameters have been de- 
posited at the Cambridge Crystallographic Data Centre. 

3.11. Ratios o f  2 to 4 by 29Si NMR, standard samples Acknowledgemems 

A standard sample was prepared by addition or 2 mg 
of 4, 7-15 mg of a selected enol ether and 1 ml of 
benzene-d6 to an NMR tube under an inert atmosphere. 
The tube was sealed, and its contents heated to 8&C 
until 4 had completely dissolved. The sample was then 
cooled, and spectra taken at 25°C. The INEPT 29Si 

spectra were obtained using parameters for polarization 
transfer from the mesityi ortho methyl protons. For a 
signal to noise ratio of 6-10: I for 4, 8000-9000 scans 
were generally required. The integrated ratios of 5 to 4 
were determined for ESb, ESd (two different ratios), 5e, 
and 5g with the following results, given as ~H ratio/29Si 
ratio: ESb. 2.4/2.7: ESd(I), 2.6/2.3; ESd(2), 9.8/8.8; 
5e, 3/3; Sg, 4,4/4.3. The H~Si-Si-O peak was inte- 
grated against the, single resonance of 4 at -26.8 ppm 
[3] m the ZgSi spectra. In the tH spectrum the mesityl 
aromatic signal of 4 at 6.0i ppm was integrated against 
the vinyl proton(s) of $. 

3.12. Xoray structure, determinations 

Xoray crystallographic analyses were performed on a 
Siemens P4 diffraetometer equipped with a graphite 
cl~ystal monochromt~tor. Me K a radiation ( A ~ 0.71 ()73 
/~) was used for6a and Cu K a  (A ~ 1.54178/~) for 6g, 
Suitable crystals of 6tt were grown from ~nzene at 
25°C, and obtained as the benzene solvate (m. benzene. 
Those of 6g were obtained from nohexane at = 5°C, 
The orientation matrices and unit cell parameters were 
determined by the least-squares fitting of 25-36 cen- 
tered reflections (9 ° ~: O:~ 12 ° for (m, and l& ~ 0:~ 45 ° 
for 6g), Intensities of three standard reflections were 
monitored every 50 or 100 reflections, with a maximum 
variation of 0,04~0,051, Both structures were solved 
using the SH~LXS-86 program [28], The non-hydrogen 
atoms were refined anistropically using the SneLXL-93 
program [29] by full-matrix least-squares analysis on 
F:,  The applied weighting scheme for both structures 
was w ° t ~ ¢y° F,; + ( xP )" + yP, where, x = 0.0748 and 
y ~ 0.(~} for 6a, and x ~ 0.0721 and y = 14.0397 lk~r 
6g and P ~ (F~o + 2F~])/3 [29], An extinction ton'co- 
tton was applied to structure (m with the form F~" = kF, 
[I + 0,~1 xF}a~*/sin(20)l °~/~ [30], with X= 0,004(!), 
The positions of the hydrogen atoms were calculated by 
idealized geometry and refined using a riding model, 
Neutral atom scattering factors were taken from Ref, 
[31], The Si,Mes,, unit of 6~ sits on a crystallographic 
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