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THREE-, FOUR- AND FIVE-MEMBERED RINGS FROM DISILENES 

ROBERT WEST, GREGORY R. GILLETTE, 8. B. YOKELSON AND A. J. 
MILLEVOLTE 
Department of Chemistry, University of Wisconsin, Madison, 
HI 53706, U. S. A. 

A k s t - r s  Disilenes, RzSi=SiRz , react with many sub- 
stances to produce cyclic compounds containing two silicon 
atoms and one or more heteroatoms. Host of these products 
are new ring systems, and some show abnormal structures with 
short Si-Si bonds, suggesting unusual chemical bonding. 

INTRODUCTION 

The first stable compound containing a silicon-silicon double bond, 

tetramesityldisilene (1) was discovered in 1981.' Since that time 
a number of disilenes have been isolated, for example 2-2, and a 
fairly extensive reaction chemistry of disilenes is beginning to 
emerge. 7 
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4 R. WEST, G. R. GILLETTE, 8 .  B. YOKELSON AND A. J. UILLEVOLTE 

Disilenes are most conveniently synthesized by photolysis of 
the corresponding trisilanes' [Eq. (111, although other methods of 

preparation are also  successful.^ Disilenes with two different 
substituents on each silicon, such as the dimesityldi-=t.-butyl- 
disilenes ( 2 1 ,  form cis-trans isomers; often one or both stereoi- 
somers can be obtained in pure form. The synthesis, structure, 
bonding, reactivity and isomerism of disilenes is discussed in 
several recent reviews.2 

Although stable disilenes are protected against polymeriza- 
tion by the presence of sterically hindering substituent groups on 
silicon, they are nevertheless highly reactive toward a variety of 
electrophilic and nucleophilic reagents. 
organic chemistry, the disilenes typically undergo addition 
reactions, in which the pi component of the double bond between 
the silicon atoms is b r ~ k e n . ~  Uany of the addition reactions 
yield noncyclic products, but others lead to ring systems. These 
compounds, containing two silicon atoms and one, two or three 
heteroatons, will be the subject of this paper [Eq. ( 2 1 1 .  

Like the olefins of 

8a, X = S; 82, X = Se ../ 
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THREE-, ruUR- AND FIVE-MEMBERED RINGS FROM DISILENES 5 

REACTIONS YI T€IAHALC@EN> 

Disilenes react with sulfur or selenium to give, as principal prod- 
ucts, three-membered rings.6 The reaction of E-% with sulfur 
[Eq. (311 takes place stereospecifically to give a single, pre- 

tBuMesSi=SiMestBu _3 s8 

tBuMesSi-SiMestBu 

9 
- 4 

c 

- 
( 3 )  

sumably trrans, product, 2.  
@g has been determined, and will be discussed below. 

The crystal structure of the thiirane 

The corresponding oxygen-containing three-membered ring, LQ, 
can be made by treating disilenes with dinitrogen oxide 

[Eq. (411.' 

Disilaoxiranes are also produced in small amounts in the 
dioxygen oxidation of disilenes in solution. 

give cycli 

REACTION WITH-DI-OXYGEN 

1,3-Cyclodisiloxanes. 
Disilenes react with triplet dioxygen t of 

unusual interest. When solid, crystalline or powdered disilenes 
are exposed to air, they slowly take up oxygen, the rate depending 
on the nature of the groups attached to silicon. 
complete in a few minutes for the most reactive disilenes such as 

Reaction is 

product 
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6 R. WEST, G. R. GILLETTE, 8 .  B. YOKELSON AND A. J. MILLEVOLTE 

1 and 3 ,  but requires hours for 4 _ ,  and days for the highly- 
hindered compounds 2 and 6,. 

the 1,3-cyclodisiloxane ,1i [Eq. (511 
In every case the final product is 

( 5 )  

'0' 
11 
N 

Cyclic siloxanes are among the best known of organosilicon 
compounds, being manufactured in multiton quantities as principal 

intermediates in the industrial synthesis of silicone polymers. 
Eowever, all previously known cyclic siloxanes consist of six- 
membered or larger rings; these are the first examples of four- 
membered ring cyclosiloxanes. 

The structures of four of the cyclodisiloxanes, those from 
oxidation of I, pi, c-2 and 1,  have been established by x-ray 
crystallography.lo The four-membered rings have abnormally 

small Si- 0-Si bond angles, less than 90° in some compounds 
(Table I). Even more striking are the silicon-silicon distances 

TABLE I Structural parameters €or cyclodisiloxanes, 
RR'Si02SiRR'. 

<SiOSi , O  Si-Si, pm Ref. R R' 

- 
nesityl Mesityl 86.2 230.6 10 
nesityl t-Butyl (El 91-9 239.6 10 

Mesityl N(SiMe3)z (El 84.4,89.7 234.9 10 
t -Butyl t -Butyl 95.8 245.3 11 
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THREE-, FOUR- AND FIVE-MEMBERED RINGS FROM DISILENES 7 

across the ring, which range from 230 to 246 pm. These values are 

near that for a normal Si-Si sigma bond, about 235 pn. The 
oxidation takes place stereospecifically, with isomers 5- i  and g-5_ 
giving the corresponding stereoisomers of the cyclodisiloxanes. 

Several different models have been suggested to account for 
the unusual structures of the cyclodisiloxanes.12 One possibil- 
ity is that a sigma bond exists between the silicon atoms, with 
some electron-deficiency in the Si-0 sigma bonds (A). Another, 
and more likely possibility is that oxygen-oxygen repulsion 
dominates the structure, forcing the silicon atoms together but 
with no bonding interaction between them (B). Host of the many ab 
initio calculations done on these rings favor model B; but 
recently a third model ( C )  has been proposed by Grev and 

Schaeffer,I3 in which there is pi-bondina,_but no sigma bonding 
between the silicons. 

A 

'0' 

B 
C 

To provide some experimental information about this bonding 
question, the 29Si-29Si NHR coupling constant was determined 
for an unsymmetrically-substituted cyclodisiloxane, Lls, prepared 
by oxidation of the corresponding [Eq. (611 disilene." Because 

SiXyl2 

'0'  lla 

WespSi=SiXylg 02 Hes2Si 
( 6 )  
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8 R. WEST, G. R. GILLETTE, 8. 8. YORELSON AND A. J. MILLEVOLTE 

the two silicon atoms in lJg have different chemical shifts, the 
2gSi-29Si coupling constant between them can be determined. 
Directly-bonded silicon atoms show ' J s i - s i  = 80 Bz, while 
open-chain siloxanes, Si-0-Si, have two-bond J s i - s t  values of 
1 to 10 Hz. The value of 3.8 Hz observed for 22% indicates that 
there is not a classical Si-Si single bond between the silicons. 
It is therefore inconsistent with model ( A ) ,  but consistent either 
with (B) or with ( C ) .  In the latter case the pi-bonding between 
silicons would not provide the Fermi contact needed for coupling 
of the nuclear spins. 

1,a-Dioxetanes and Disilaoxiranes 
The reaction of disilenes with dioxygen in solution is more compli- 
cated. 
give as major product the 1,2-dioxetane ,12; the minor product is 
the oxirane (epoxide), &@.I5 If excess oxygen is present LQh 
undergoes further oxidation to the cyclodisiloxane AJk [Eq. (711. 

The 1,a-dioxetane slowly, and spontaneously, rearranges to the 
same 1,3-cyclodisiloxane. All of the reactions are highly 
stereoselective, with the E, configuration being maintained in iQk 
$,.z and IJb. The mechanisms of these unprecedented transformations 
are under intensive study. 

For example, 8-$ reacts with 0 2  in hexane solution to 
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THREE-, FOUR- AND FIVE-MEMBERED RINGS FROM DISILENES 9 

Reactions with Azides and Diazomethane 
Covalent azides are known to react with olefins by 1,3 dipolar 
cycloaddition to give five-membered rings. 
with disilenes appears to take a similar course. 
mesityl azide reaction with 1 to give initially the intensely 
purple-colored cyclic products $23 and && respectively [Eq. (811. 

These compounds are relatively unstable, losing dinitrogen to 

The reaction of azides 
Phenyl azide and 

give the three-membered ring azadisiliranes 14sg. 
trimethylsilyl azide only the final product && is observed, 
apparently because loss of NZ from the five-membered ring is 
very rapid.18 

With 

R 
I ( 8 )  

r -  Mes2Si c S i M e s 2  
A AN\ -N2 

Mes2Si=SiMes2 + l€N3 _j R N 

1 Mesp B i- SiMesp 
Ic. 

1 5 ,  R = Ph 

13b, - R = Hes E, R = Nes 

1 2 ,  R = Ph 

lLc, R = SiMe3 

The reaction of 2_ with diazoaethane, leading to the disila- 
cyclopropane 15," may also take place by 1,3-dipolar cycloaddi- 
tion and loss of nitrogen [Eq. (911. All of these cyclic com- 

CH2N2, [ ;""'? ] -N2 , ( 9 )  
Xyl2Si=SiXyl2 

xy 12s i-6ixy 12 Xy12Si-SiXylp 

5 

pounds represent novel ring systems. As shown in equations (10) 
and (111, peracid oxidation of the three-membered rings leads to 
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10 R. WEST, G. R. GILLETTE, H. B. YOKELSON AND A.  J. MILLEVOLTE 

Ph 
I 

Me s 2s i- SiMes 2 

1La 

MCPBA - Ph 
I 

Mes2Si /”\ 
(10) 

(11) 
MCPBA 
___) XylpSi SiXylp 

‘ 0 ’  
Xy 12s i- S iXy 12 

additional new kinds of ring systems, the four-membered rings 
and &I. A related new ring, the thiaoxetane ;Cg, can be obtained 
either by oxidation of the thiirane &g or sulfurization of LQ [Eq. 
(12) J .I6 

/ 
Me s 2 S +S iMe a 2 

8,” 

MCPBA 
MespSi 4 i M e s p  

1* 

(12) 

S t r uc t ur e s of T hr ee-U embe.r ed-R ings 
X-ray crystallographic studies have now been carried out on four 
different three-membered ring compounds containing two silicon com- 
pounds, &I, go?, 34s and 1_5_, as well as for the trisilacyclopro- 
pane ( X y l ~ S i ) 3 . ~ ~  As an example, the ORTEP diagram for the 
structure of LQs is shown in Figure 1. 
Table 11. are of unusual interest. 

The results, listed in 
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THREE-, FOUR- AND FIVE-MEMBERED RINGS FROM DISILENES 1 1  

Figure 1 
6 

TABLE 11. Si-Si bond lengths ( p d  and sum of bond angles about 
silicone in three-membered rings, RR'SiXSiRR'. 

Compound Si-Si, pm I <  (Si) ,a Ref. 

- 
(Xyl2Si)t 237.5-242.5 346.5-349.5 1 8  

(nes2 Si) 2 S I 8a 228.9 357.4 6 

(Xy12Si)2CHzI 15 227.2 357.4 ,357.7  17 

(MeszSi)2NSinetI 14 223.0  357 I 358 1 6  

(nes2Si)2OI 10a 222.8 359.9 7 

Sum of angles RSiR', RSiSi, R'SiSi. 

The first point to be noted is that the silicon-silicon dis- 
tances are abnormal. In trisilacyclopropane the Si-Si bond lengths 
are near 240 pm, a little longer than the unconstrained Si-Si 
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12 R. WEST, G. R. GILLETTE, 8 .  B. YOKELSON AND A. J. WILLEVOLTE 

single-bond length of 235 pm. Therefore it is surprising that in 

the other three compounds, the Si-Si distances are shorter than 
the usual single-bond distance: for _14_c_ and i.3 the Si-Si separa- 
tion is actually closer to that for a Si=Si double bond, 215 pa, 
than for a single bond. Woreover, the arrangement around silicon 
in the heterorings is remarkable. In (XylzSiIa the organic 

groups are bent away from the plane of the Si3 ring, as expected 
for a cyclopropane structure. But for the other compounds the car- 
bon atoms attached to silicon are nearly, or (for ;?a_, completely 
coplanar with the Si-Si vector.' 
about silicon is quite similar to that in the corresponding 
disilene, with just a slight lengthening of the Si-Si distance. 

Theoretical studies on disilaoxirane and related materials 

Thus in ;$,a the arrangement 

are being carried out by various groups. Qualitatively, the short 
Si-Si bond length and planar arrangement of groups around silicon 

in can be rationalized by a contribution of a pi-complex form 
D to the structure. 

Reaction with Isocya_nides :- A D i s i l a c y c ~ o ~ r ~ a n i m i n e  
Although disilenes react with diazomethane as described above, no 
unambiguous reaction of a carbene with a disilene has yet been 
reported. Disilenes react however with isocyanides, to give 
disilacyclopropaniaines.19 In one case the product, € 2 ,  has 
been decisively identified by x-ray crystallography [Eq. (1311.  

Since all other three- and four-membered rings described here are 
colorless, it is remarkable that disilacyclopropamimines are 
bright red, with The reason underlying 
this unusual long-wavelength absorption is not yet understood. 

Amax = 510 nm for 12. 
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THREE-, FOUR- AND FIVE-MEMBERED RINGS FROM DISILENES 13 

(13) Xyl2Si=SiXyl2 + Xyl-N=C: j 

Xyl2SGSiXyl2 

19 
ru 

S W R Y  

Stable disilenes, although stabilized toward polymerization by the 
presence of sterically-hindering substituents, are nevertheless 

highly reactive toward a wide variety of reagents. 
reactions of disilenes proceed by cycloaddition to give three-, 
four- or five-membered rings containing heteroatoms: N, 0, C, S 
or Se are known so far. Nearly all of these products represent 
new cyclic systems which have not been obtainable through other 
syntheses, and several show unusual structural or physical 
properties. Hany other reactions remain to be tried; the 
cycloaddition reactions of disilenes are likely to provide 
numerous other examples of novel and interesting systems. 

In many cases, 
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