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Strained ring systems have long fascinated chemists, not only because of 
the challenge of their synthesis, but also because systems of exceptionally 
high reactivity resulted when the strain energy was high. When one considers 
the simplest strained cyclic system, the three-membered ring, one finds organo- 
metallic chemistry almost-totally unrepresented. Table 1 shows the three-mem- 
bered ring systems which contain two carbon atoms and one heteroatom of 
Periodic Groups III, IV, V and VI, showing in boxes those structures for which 
stable examples were known before we began our research in this area. Cyclo- 
propanes, oxiranes, thiiranes and aziridines are well known. Phosphiranes are 
relative newcomers to this list, having been reported first in 1963 [l]. The 
general route which serves in their preparation is shown in eqn. 1. The known 
phosphiranes are not very stable thermally; phosphirarie itself (R = R’ = H) de- 

R\CH . 
RCHCICH2CI + R’PHNa ______c 

liq. NH3 
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composes completely wiwlin 24 h at 25” [ib]. Their reactivity remains largely 
unexplored..No stable.selexiiranes’have been isolated to date, but some h.ave 
been observed as transient species during thereadtion of selenium atoms-with -. 
olefins [2]._ 

At’ the outset of’ our work in this area; no ~table~silac~~lopro~anes (&r&es) 
had been reported. This was not because-the synthesis of Such~Compounds‘had .- 
not been_attempted. Indeed, silacarbocycles h-ad been .of oonsiderable’interest 

.‘ 
: 

* B&d OP research by Robert L; Lambert, Jr;. Carol K. IIaa$ and. De&s C; Annmel& 



238 ._ 

TAB&E + 

THREE MF&¶BEaED RING SYSTEMS CONTAINING TWO CARBON ATOMS AND A HETEROATOM 

(systems l5nown prior to 1972 in lioxes) 

‘c c’ 
‘\A’ 

Ill 
I 

to organosilicon chemists ever since BygdGn reported the first such compound, 
I, in 1915 [9]_ In 1954, Sommer and Baum [4] prepared the first silacyclobutane, 
II_ Their results, as well as those of later workers, in particular, Nametkin, 

Vdovin and their coworkers, showed the endocyclic Si-C bonds of this ring 
system to be.much more reactive than those of the larger saturated silacarbo- 
cycles 15, 61. This enhanced reactivity was very reasonably ascribed to increased 
angle &rain in the four-membered ring. The mte_rnal C-Si-C angle in the 
puckered sil&ycIobutane system is 80” [‘7]_ Calculations, using Si-C and C-C 
distances found in the Sic, ring, estimated the i&er&l C-S&C angle in the 
silacyclopropane system to be about 47-480. If the Sic; ring has enhanced 
reactivity, then the silgcytilopropane ring should be very reactive indeed! How- 
ever, the i&r&l C-F-C angle in phosphirane is 47.4”, according to a micro- 
‘wave. &by’ [ld],.and this compound is stable enough to isolate and study. Thus 
one..could hope that stable silacyclopropanes could be isolated_ 

No .doubt many of the previous attempts to prepare a silacyclopropane, 
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being either inconchxive or complete faiIuies,- were.never published. However, 
reports of some reactions designed to construct the silar$cloprop&e ring hqd -. t 
been published. Three basic approaches had been used. (1). Aii adaptio& of the 
classical cyclopropane synthesis, the action of a reactive metal on~a~l,&diizilide. 
Indeed, the first recorded-attempt to-prepare l,l-dimethyl-l-silacyclopropane 
was carried out-25 years ago at M.I.T. by Roberts and Dev [S], who treated 
(CH&Si(CH I) 2 z with magnesium and zinc. The attempted reaction with zinc ’ 
in absolute ethanol gave tetramethylsilane in high yield, while the reaction with 
magnesium in diethyl ether resulted in formation of a polymer. The expected 
silacyclopropane was not obtained *. Skell and Goldstein 191, in a paper entitled 
“Silacyclopropanes”, described a reaction in which they allowed (CH3)(C2H5)Si- 
(CH&l)z vapor in a helium stream to react with Na/K vapor at 260-280”. The 
product was not the expected silacyclopropane, rather it was CH,(C,H, )SiCH=CH2. 
It was suggested that this compound resulted in the rearrangement of the initial- 
ly formed l-methyl-1-ethyl-1-silacyclopropane. (2) The generation of an ar-silyl- 
carbene, which in favorable cases.should stabilize itself by intramolecular C-H 
insertion (eqn. 2). Skell and Goldstein [9] carried out the reaction of (CH&- 
SiCHCl, vapor in a helium stream with Na/K vapor at 260-280” with this in 

. . 
(CH,),Si-CH 

I - (CH312 Si 

,CH2 

(2) 

H-rH 

I 
‘CH 2 

H 

mind, but again the product obtained was vinyldimethylsil&e. A similar reaction 
carried out in solution was reported by Connolly (eqn. 3) [lo]. The provenance 

7H3 

+ CH,CH,CHzFCH 

CH3 

CH3 

I . . 
;THCH,CH, ,CH,-$H2 

CH$H,CH,Si CH (3) 

I 

- (CH&Si\ 1 - ozlg2si~ 

‘CH -!H 
CH, 

CH2 2 2 

of the isolated 1,1-dimethyl-1-silacyclopentane is by no means proved, and 
appropriate deuteration studies will be required in order to exclude alternate 
possibilities. (3) Silylene additions to C=C bonds. -Extrapolating from well-knoti 
carbene chemistry, it seems reasonable that addition of a clivalent silicon in&- 
mediate (e.g., dimethylsilylene, (CH&Si) to an olefinic double-bond would give 

* In rettospect. with our present knowledge of the bigb chemical reactivity of more complex siiacyclo- 
propanes @ide infra). this lack of success is not surprising. The~conditions of the r&ctions and/or 
work-up would have served to destroy any dimetbylsilacyclopropane which m&W have be&n formed. 



a sil&yclopropane. Reactions of this type had been. investigated by several 
research groups. Nefedov. and his coworkers made extetive studies of the reac- 
tions of dimethyldichlorosilane with metal& lithium and sodium- (in solution) 
in @e presence of -various carbenophiles, including olefins and 2,3-dienes (for a 
review, see ref. 11). The results obtained with ethylene as the carbenophile are 
summarized in Scheme 1. Atweil and Weyenberg 1121 used methoxy-end-block- 
ed polysilanes and ‘I-silanorbornadienes as silylene sources. In reactions with 

SCHEME’1 

tCt-$SiCts + Li - (CH& Si : 

I CH,=CH, 

e (Ct-t-&+~i 

742 

I 
.CH2 

/ 

‘n 

iC2H4 \ 

Polymer 

1,3-dienes the final products were silacyclo-3-pentenes. Although no experimen- 
tal verification was available, it was suggested that the product obtained was 
formed by a 1,2-addition/r earrangement sequence (eqn. 4) rather than by direct 

(CH&Ti : + (4) 

Si 

‘C&)2 

1,4addition. Skell and Goldstein [9] also assessed the silylene route in the 
vapor phase at high temperature, but again obtained vinyldimethylsilane as the 
product (eqn. 5). 

260- 281 
(0-t-&.&~(g) + Na/K (g) He stre 

“,I, 
+ 

CH,=kH, 
(5) 
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This lack of success of all attempts to prepare a stable silacyclopropane 
may in each case find an explanation in the reaction conditions or the work-up 
procedure used, but it also created the perhaps unwarranted impression that. 
silacyclopropanes are either too unstable thermodynamically or too reactive to 
permit their isolation. 

Our entry into the search for a stable silacyclopropane was prompted by 
our previous studies in carbene chemistry_ Since 1962 we had been actively 
investigating the use of ar-haloalkyl organomejallic compounds as ~divalent carbon 
transfer reagents: Although we concentrated heavily on organomercury systems 
[13], some I& and lead compounds were studied as well. During the course of 
these investigations, we decided in 1970 to be& studies on the preparation of 
a-bromocyclopropyhnetal compounds and their utilization as precursors for ’ 
cyclopropylidenes. We found that such .compounds could be prepared via-the. 
appropriate a-bromocyclopropyllithium 1141 or Grignard compounds f15J. 
Reagents of this type had not been known previously as stable species hisolu-- 
tion, but had participated as unstable intermediates in conversions of gem-di- 
bromocyclopro@nes to cyclopropylidenederived products [16]. Our studies. 
showed that such reagents were stable at low (-95 to -120”) temperatures in a. 
THE’-rich solvent system and that they did react normally with metallic and 
organometallic halides- Not only were u-bromocyclopropyl derivatives of heavy. 
metals (tin, lead, mercury) prepared for use in our divalent carbon transfer in- 
vestigations 1171, but some organosilicon derivatives were prepared as well 

Br 
THF/(C,H,),O 

Li 
+ n-C,HgLi + n-C,Hg Br 

Br - loo0 Br 

I (CH&,SiCI 

(6) 

(eqn. 6). -Among the silicon compounds prepared were those sho’wn below: 

H3cp;;H3& .“;e7313 7’~;7313 -. 

H3C 
: 

Si(CH& I _ 
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(-J$yI H3cajs\~;Hi 
H3C -3 

cl-i3 CH; 

tm, (Ip) 

CompoundsIII and IV are 1,3-dihaJ.ides. In contrast to (CH,),Si(CH,Elr)2, 
their methylcne carbon atoms are part of a substituted cyclopropane system and 
in both cases we are dealing with rather hindered structures. Such bulky substi- 
tuents olh the carbon atoms might slow down or inhibit pathways leading to decompo- 
sition or rearian gement of the silacyclopropane ring system and confer some degree 
of kinetic (but n# necessarily thermodynz@c) stabilim. That the presence of 
bulky (usually t-butyl) substituents tends to stabilize wholly organic strained 
three-membered rings (cyclopropanones [lS], oxaziridines [19] and aziridinones 
[ZO]) had been found previously by other research groups at M.I.T. Thus the 
reactions of compounds such as III and IV with active divalent metals seemed 
well worth investigating and in January 1972 the first reaction of III with 
magnesium in THF was carried out. During the course of our investigation of 
a-bromocyclopropyllithium reagents we had found reaction conditions which 
served to convert 7,7-dibromonorcarane to anti-7-bromo-syn-7-lithionorcarane 
(V), and it was with the dimethylsilyl derivative of this lithium reagent (VI) that 
our initial experiments were performed 8. This precursor could be prepared 

@“’ 8.i-:*(> 

Br Bl- 

GE) I 
CH3 

(PI) 

routinely in yields of 4550%. The presence of only one CH,-Si resonance in its 
NMR spectrum suggested (but did not proire) its isomeric purity**. 

The initial experiment in which the conversion of VI to the silacyclopropane 
was attempted was carried out in THF at room temperature; an excess of magne- 
sium was used. After 1.5 h the reaction mixture was treated with saturated 
NH&l solution to the “dry-end point”. The unreacted magnesium was separated 
and weighed. A maximum of 1.2 equivalents had been consumed, indicating 
that something other than formation of the di-Grignard reagent from VI had 
occurred. Vacuum distillation of the dry organic layer gave a considerable 

fTberesuItsofourini~wO~inthisareaare sumznadzedhref. 21~1d22.Fullex~edmental 
detailsofthisworgwlllbeeubllshed~theneartuture. 

**Asimilarreaction ofVwithtzimet.byIchlo rosikme.canied outunderthesameconditions.gaveonly 
anti-?-bromo_sun-7-te~y~y~om~e. 
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amount of white, crystaU.ine solid which distilled around 100” at 0.01 mm. This 
material was soluble in hexane. An attempt to precipitate it from its hexane 
solution by adding methanol resulted in a strongly exothermic reaction which 
produced a noncrystallizable liquid which was characterized as VII. The closure 
reaction was repeated and the solid product was dissolved in a few ml of carbon 
tetrachloride for spectroscopic studies. However, this solution spontaneously 

and rapidly heated to reflux. Evaporation of the solvent left a high boiling 
liquid. A subsequent experiment showed the VI/Mg reaction product to be 
extremely air sensitive. Only brief exposure of the crystals to air served to 
convert them irreversibly to an oil *. This high reactivity toward methanol, 
carbon tetrachloride and air was quite atypicai of the known silacycloalkanes 
and provided the first indication that our reaction might indeed have produced 
a silacyclopropane, VIII. This compound was too complex for definitive NMR 

H C’ 3 'CH 3 

spectroscopic studies, and furthermore, the products of its reactions with 
various reagents were too high boiling for easy separation by GLC. For this 
reason we carried out most of our further studies with the product derived 
from l,l-dibromo-2,2-dimethylcyclopropane. Reaction of this compound with 
n-butyllithium, followed by reaction of the lithium reagent produced with di- 
methyldichlorosilane, gave the expected bis(l-bromo-2,24methylcyclopropyl)- 
dimethylsilane (IX) in good yields. Three isomers were expected if formation of 
the lithium reagent had been non-stereospecific, and the NMR spectrum of the 
dimethylstiyl compound suggested that all (IXa, IXb, IXc) were present as an 
about l/l dl/meso mixture. Compound M decomposed when GLC separation 
of the isomers was attempted so the ring closure reaction was carried out with 
the mixture of isomers. 

* Later studies determined that this compound, and silacyclopropanes in general. react exothennally 
with dry oxygen itt room temperature and that they all react exothermally at room temperature 
with water in homogeneous solution That a crystalline silacyclo~robane - obtained in the 
reaction described above. in which hydrolyhis with saturated NH&l solution to the “dry-end point*’ 
wss a step of the work-up procedure, provides compelling evidence that this procedure does yield 
an anhydrous or&anic layer. 
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4iH H3C 3 

UXb) 

d 

The mixture of dibromo isomers IXa-IXc also reacted with magnesium in 
THF under nitrogen. Upon completion of the reaction, the reaction mixture 
was filter&i and distilled, giving a liqtid product, b-p. 50-51” at 3-E; mm, in 45% 
yield, which fumed on exposure to air. Although three isomers of the silacyclo- 
propane, Xa, Xb and Xc, were expected since a mixture of the isomers of IX 
was used in the ring closure reaction, the proton NMR sp&rum of the product 
suggested that all were not formed. Only one sharp CH,-Si resonance was ob- 
served at S 0.32 ppm, in addition to two sharp C!H,-C resonances and two 
discernable cyclopropyl-H resonances as a typical AB pattern with J 3.0 Hz. 
This spectrum is consistent with the presence of the enantiomeric pair, Xb/Xc, 
and the absence of the meso isomer, Xa. Thus it would seem that ring closure 
of IXb/IXc has occurred in 90% yield, while IXa did not undergo ring closure at 
all, very likely due to methyl-methyl reptisions during the closure process. The 
reactivity of the product X was comparable to that of VIII. For instance, X also 
reacted exothermaily with methanol and with carbon tetrachloride at room 
temperature. 

These preliminary indications that the reaction of the l,&dibromides with 
magnesium had given the expected siiacycl>propanes were encouraging, but 

(X0) 
rne.50 (Xb) 

d 

(Xc) 

more decisive proof that we had indeed prepared the first examples-of this 
elusive class of organosilicon compounds was required. 

Excellent angdyiical data for carbon, hydrogen and @icon were obtained 
for samples of VIII and X that had been carefully. prepared by inert atmosphere 
techniques. The high resolution mass spectra of both compounds were in ex- 
cellent agreement with the silacyclopropane formulation. Thus the 70 eV mass 
spectrum of VIII showed inter alia the molecular ion C16H26Si+ (m/e found, 
246.1807; c&d., 246.18044), a [M-15r:ion and a fragment ion, C14H20*_ The 
latter very likely is XI. No ions corresponding to a dimeric species or its fragments 
resulting Tom Cl& log were observed. For X the M’ (found, 194.1519; calcd. 
194.1491), [M-15]’ and the blefin ion XII also were f@nd:This speaks against 
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o-o+ /J9=“‘+ 
f-f,= CY 

(W (x[I) 

against a 1,4-disilacyclohexane structure since suck species would be expected 
to show a molecular ion in their mass spectra, as well as other fragments larger 
than the M we observed. 

The proton NMR spectrum of X already has been mentioned as being 
indicative of the presence of the Xb/Xc enantiomeric pair. The 13C FT NMR 
spectrum of X provided excellent confirmation. The proton-decoupled 13C NMR 
spectrum showed six singlets of comparable intensity, consistent with the 
expectation that Xb/Xc has six pairs of chemically different carbon atoms. As- 
signments of these resonances were provided by a partially proton-decoupled 
13C NMR spectrum 1211. 

The *‘Si NhJR spectra of VIII and X were of great interest and also gave 
an indirect indication that %.ve were dealing with highIy strained silacyclopropanes. 
The 2gSi chemical shifts of acyclic and silacyclic tetraalkylsilanes usually are 
found between 5 ppm upfield and 20 ppm downfield from tetramethylsilane 
1233. In contrast, the 2gSi signals (singlets for the proton-decoupled spectra in 
each case) were found at 53.21 and 51.78 ppm upfieId from tetramethylsilane 
for VIII and X, respectively- This marked upfield shift from “normal” (unstrain- 
ed) tetraalkylsilanes finds a parallel in organophosphorus chemistry, where ‘lP 
resonances for phosphiranes are found far upfield from those of unstrained 
organophosphines. This is illustrated by a comparison of the 31P resonances (ppm 
upfield from 85% H3P04) for (CH&P (63 ppm), (C2&)3P (20.4 ppm), 

(CH2=CH)3P (20.7 ppm) and Oz PH (79 ppm) with those of known phos- 
phiranes [ 1 ] : 

c PHH c p/cH3 c plC6H, 0 I - pHCSH5 - 
341 ppm 251 ppm 234 ppm 181 ppm 

While the available physical, spectroscopic and chemical evidence spoke 
strongly in favor of the silacycloproptie structure for VIII and X (and for XIII, 
which also was prepared and characterized in similar fashion), the availability 
of VIII as a crystalline compound made possible a definitive structure determi- 
nation by X-ray crystallography. A sample of VIII was prepared and a single 
crystal X-ray diffraction study was carried out by C.D. Stucky, Y. Wang and 
G.L. Delker at the University of Illinois 1243 . 

This structural study confirmed the presence of the silacyclopropane system 
in VIII (Fig. 1). Noteworthy is the narrow endocyclic C-S&C bond angle of 
49.2”. However, we were surprised to find the silicon atom in a synianti relation- 
skip to the two spiroannelated norcaranylidene systems rather than in the 
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expected syn&yn ar&ngement, i.e., expected on the basis of concerted ring 
closure of the 1,3-dibromo compound VI. One may propose several explanations 
for findin& the structure shown in Fig. 1. First, a trivial one is that the structure 
shown in Fig. 1 is that of a minor component in the flask full of crystals from 
which the sample supplied was taken and-that by change this was the crystal 
which was isolated. However, it also could be that this stxucture really does 
represent that of all (or nearly all) of the molecules in the flask. If we assume 
this to beso, then one could get from VI to the product shown in Fig. 1 only 
by a stepwise process. Two such possibilities may be envisioned: (1) formation 
of a mono-Grignard reagent from VI with inverted configuration at carbon, 

. followed by ring closure with retention of configuration, or (2) formation of the 
mono-Grignard reagent from VI with retention of configuration, followed by 
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ring closure with inversion of configuration at carbon. Neither course is at first 
sight attractive in view of the fact that extensive racemization occurs when 
optically active 1-methyl-2,2diphenylcyclopropyl bromide reacts with magne- 
sium [25a], so stereospecific mono-Grignard reagent formation from VI would 
not be expected. However, tiy isomer which is formed with the MgBr in the 
anti position could isomerize to the other isomer with the MgBr in the syn 
position. In support of this possibility we cite the known 1141 isomerization of 
7-syn-bromo-‘l-anti-lithionorcarane to the 7-anti-bromo-7-syn-lithio isomer in 
the presence of excess starting bromide. The resulting Grignard intermediate 
then could undergo stereospecific ring closure with retention of configuration. 
On the other hand, formation of the mono-Grignard reagent from VI could occur 
with retention of configuration at carbon, and this could be followed by 
nucleophilic attack of this quasi-carbanionic center at the 7 carbon atom, dis- 
placing Br with inversion at carbon. This could take place-in a strictly SN2-type 
displacement or, more likely, by way of single electron transfer and organo- 
metallic steps. The stereochemical result might perhaps be expected in the light 
of the recent work by Schlosser and Fouquet [25b] on metal-induced cyclo- 
propane formation from open-chain 1,3-dihalides. Normally, nucleophiiic dis- 
placement at a cyclopropane carbon atom would not be expected to proceed 
with inversion of configuration [26], but in the present case we are dealing with 
an intramolecular reaction where displacement with inversion might be the more 
favorable process. A detailed discussion of the crystal and molecular structure 
of the isomer of VIII shown in Fig. 1 will be presented elsewhere [27]. 

TABLE 2 

(continued OR p_ 250) 

REACTIONS OF 

Reactant Product = Comments 

H20(in THF) 

ROH 
exothermic reaction at room 
temperature for R = CIig, C&H5 

t-CqHg. C.G%. i-G% 

NH3 &-k facile reaction at 8” 

.- (CH3L$iNH2 



i-G,H,Nii, reaction at 55O in benzene 

(CHg3CSH reaction at 65O in THF 

reaction at mom temperature in THF 

reaction at 65O in hexane 

(QHs12 NLi 

with solid NH4CX. 

. _pble continued) 
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Ft.eactant Roduct = COQlIXlCGXlti : 

RC02H 
ture for R = CH3, (CH3)3C 

(CH&.Si\ 
%CR 

CH$OCI 

HCI 

CH3Li 

Li Al H4 

Li :metol 
(excess) 

reaction at 66” in hexane 

(CH,),SiCI 

reaction at -78” in pentane 

reaction at -7S” : hydrolytic work-up 

reaction at 40° in THF; hydrolytic 
wo*up. 

nonvolatile oil 
reaction at 6 6” in THF 

exothermid reaction at TO&U tempera- 

(isolated, after 

reaction with .CH+i, ._ 

QS 
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TABLE 2 (continued) 

Reactant i’roducta Comments 

PCI, 

233 3 

(isolated , after 
reaction with CH,OH, 
aS 

reaction at 6 5” in hexane 

(CH& sia/3r 

0 

%3 3+ r-s 

mildly erothennic reaction at room 
temperature in THF 

G-9 
(CH-&i -S 

reaction at room temperature in THF 

a Cydopropane-methyl substituents ere indicated with Unes. 

Detailed studies of the chemistry of X (Le., of Xb/Xc) have been carried 
out and these are summarized in Table 2. Noteworthy are the exceptionally mild 
conditions which skffice to effect heterolysis of the silicon-carbon bond in 
every instance. A better appreciation of how mild these condi$ions are can be 
gained by c&r$aCng analogous reactions of X and l;l-dimethyl-l-silacyclobutane, 
a compound already considered to be exceptionally reactive. Such a comparison 
is provided in Table 3. All compounds of type XlV have a rather sterically 
hhidged silicori atom due to the presenti& of the bulky tetram&hylbicyclopropyl 
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TABLE 3 

COMPARISON OF THE REACTIVITY OF l.l-DIMETBYLtrans-BIS-2,3-<2’.2’-DIMETHYLCYCLO- 
PROPYLIDENE)-l_SILACYCLOPROPAI’IE AND l,l-DIMETHYL-l_SILACYCLOBUTANE TOWARD 
RING OPENING REAGENTS <Ref. 22) 

H20 

ROR 

HOAc 

HCl<g) 

<C2=5)2NH 

RLi <with subsequent 
hydrolysis) 

exothermic reaction at 
room tcmpcratum 
reaction exothennic and 
complete at room fe@lQer- 
aturc in homogeneous 
solution 
reaction erothemlic and 
COmQiete at rOOm temper- 
ature <R = CH3. (CH3)3C) 
reaction exothermic and 
complete at room temper- 
ature 
rapid and complete reac- 
tion at -78O 
57% yieId of product after 
6hat65” 
rapid and complete reac- 
tion at -70° <R = CH3) 

stable toward 02 

16% yield Of <CH3)2(n+E7)SiGB 
after8hatrefiux” 

58% yieId of (CH3)2(n-C3H7)SiOR 
after 11 h at refiux (R = nC7IIId) e 

66% vieId of <CHah<n-C6H7)SiOAc o 
after 8 h at lSO-lS0” 

66% yield KiH3)2(n-C3H7)SiCI after 
8hat20°a 
no reaction at refhm or at 160° 
in a sealed tube 
76% yield of <CR3)2(n-C3H7)C6H~Si 
after 5 h at refiux (R = CeEs) o 

s&? mildly exothennic reaction 
at room temperature to in- 
scrt a suIfur atom into the 
Si-C bond (70% yield) 

reaction temperature of 270° 
required to insert a sulfur atom into 
the Si--C bond (30% yield) c 

o From ref. 29. b horn ref. 30. c From ref. 30a 

substituent and therefore it is not surprising that the Si-OH, Si-NH2 and 
Si-SH derivatives do not condense too readily and thus can be isolated. 

It will be noted that straightforward reactions were obtained with simple 
polar reagents, X’ + -Y”-, the direction of whose attack at the Si-C bond was 
predictable-on the basis of its polarity, Si5+-C6-. On the other hand; radical 
reagents in general gave a mixture of products which were not of type XIV [ZS]. 
It would appear that cyclopropylcarbinyl intermediates were formed and that- 

these underwent rearrangement -as shoti in eqn; 7;. Such a reaction- course : 
appeared to be followed in the reaction of X with carbon tetrachloride; the .. 
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H3C CH3 
\ .’ 

(7) 

3 

rearranged radical XV (X = Cl) giving XVI and XVII as fimal products. Hexachloro- 
ethane also was isolated. The same organosilicon products were obtained when 
X was allowed to react with silver chloride in benzene. It is likely that XVI and 

CQZI) GQZU) 

XVII in this-case resulted from the radical decomposition of an intermediate 
organosilver compound. 

The insertion of sulfur and sulfur dioxide into the endocyclic Si-C bond 
of X to give a cyclic product finds precedence in similar reactions of sulfur and 
sulfur dioxide into the Si-C bond of silacyclobutane systems [ $61. Another 
reaction worthy of special notice is that of X with cyclohexanone, in which the 
silacyclopiopane appears to have reacted with the enol component of the cyclo- 
hexanone ketolenol equilibrium. 

An explanation for the stability of the three silacyclopropanes which we 
had prepared in terms of steric hindrance of possible thermal decomposition 
mechanisms was quite possible. However, there was the special feature that ail 
three compounds were derivatives of 7-siladispiro[2.0.2.l]heptane, and this 
raised the question that the dispiro structure perhaps contributed importantly 
to the stability of VII& X and XI by means of an electronic effect. After all, 
conjugative effects involving cyclopropyl groups have been discussed extensively 
in the literature of organic chemistry. 

To inquire into this matter, we have begun a program of synthesis of sila- 
cyclopropanes of type XVIII, where R and R’ are combinations of hydrogen, 
alkyl and aryl substituents. Attempted ring closure of (CH&Si[CBr(C,H&]2 
was not successful, but (CH,)ZSi[CBr(CH,)Z], reacted smoothly with magnesium 
in THF at room temperature to give hexamethylsilacyclopropane (XVIII, R = 
R’ = CH,) in yields up to 90% [31]. This compound was characterized spectios- 
topically (‘H, 13C and 2gSi). -The 2gSi NMR resonance, 49.31 ppm upfield from 
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(CH&Si, was in the region characteristic for silacyclopropanes. The reactions 
of hexamethylsilacyclopropane resulted in ring opening via Si-C bond rupture. 
The compound required scrupulous protection from the atmosphere since it 
fumed vigorously in air and reacted exothermally with water to give the silanol, 
(CH&CHC(CH3)2Si(CH3)20H. Exothermic reactions with various alcohols gave 
alkoxysilanes, (CH&CHC(CH3)$i(CH&OR. With ammonia, the silylamine, 
(CH&CHC(CH&NH2, was produced. 

Hexamethylsilacyclopropane is stable enough to be isolated by trap-to-trap 
distillation but not stable enough to be purified by conventional means. Three 
by-products invariably accompany its formation: (CH3)zSi[CH(CHs)2]2, 
(CH&Si[C(CH+CH& and (CH,),Si[CH(CH&][C(CH,)=CHJ, which have boiling 
points very close to that of hexamethylsilacyclopropane. Their attempted 
removal by fractional distillation or by gas chromatography at 90” always 
resulted in decomposition of the silacyclopropane. Further experiments showed 
that hexamethylsilacyclopropane is stable for prolonged periods of time in THF 
solution at 0” and for at least 9 days at room temperature. At 37”, its half-life 
in THF solution was 81 h, at 63”, only 5 h. In contrast, the 7-siladispiro[2.0.2.1]- 
heptane derivative X has a half-life,of -7 days in THF solution at 63” and survives 
gas chromatography with injection port and column temperatures up to 200 
and 150“, respectively. As mentioned already, VIII can be distilled at 100” (0.01 
mm). Thus hexamethylsilacyclopropane is decidely less stable than VIII, X and 
XI. 

One might expect, on the basis of steric effects alone, that hexamethylsila- 
cyclopropane would be of the same order of thermal stability as VIII, X and 
XI. Since this is not so, one must inquire more seriously into the possibility that 
special electronic effects are operative in VIII, X and XI. We have been informed 
by ‘Professor R. Hoffmann [32] that he has carried out theoretical studies on 
the 7-siladispiro[ 2.0.2.llheptane system and related compounds. It was found 
that this system is appreciably stabilized (relative to the all-carbon analog and to 
a simple silacyclopropane) by d--o hyperconjugation involving overlap of filled 
Walsh orbitals of the spiroannelated cyclopropane ring and vacant silicon 3d 
orbitals of suitable symmetry. A similar conclusion was reachedrindependently by 
Stucky, Wang and Delker [24,27]. To what extent VIII, X and XI and hexamethyl- 
silacyclopropane are stabilized by steric factors relative to less-highly substituted 
silacyclopropanes is a question that remains to be examined experimentally. 

If 7-siladispiro[ 2.0.2.11 heptanes are indeed stabilized by d-o hyperconju- 
gation, then it is entirely possible that 2,3-bis(all@dene)silacyclopropanes (XIX) 
will be more stable than simple unsubstituted or alkyl-substituted silacyclopro- 
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panes. With compounds of type XIX one may consider stabilization by d,-p, 
bond&g of the type that has been discussed so often, with or without valid 
justification, as being operative in vinylsilicon compounds [33]. In XIX there 
is at least a possibility that overlap of filled olefinic xiTb orbitals with vacant 
silicon 3d orbitals will contribute in some measure to the stability of such com- 
pounds. We are currently attempting to prepare representative examples of this 
compound class. 

Our report in 1972 that silacyclopropanes are indeed capable of existence 
as isolable compounds has resulted, as might have been expected, in renewed 
interest and research activity in this class of organosilicon compounds_ It is now 
more reasonable to postulate them as intermediates (e.g., ref. 3437). It is also 
worthwhile to reexamine previously tried and unsuccessful methods for the 
preparation of simple silacyclopropanes. With a knowledge of their extreme 
sensitivity toward atmospheric oxygen and moisture, their thermal lability and 
some of their characteristic reactions, their detection by spectroscopic techniques 
or by derivatization reactions now is possible. Thus Sakurai et al. [38] have 
shown an interesting photochemical transformation of 1,2-disila-3,5-cyclohexa- 
dienes to proceed by way of a silacyclopropane intermediate detectable by 
proton NMR spectroscopy, and by doing so have provided the first experimental- 
ly verified example of a vinylsilacyclopropaneilacyclopentene rearrangement 
(eqn. 8). Ishikawa and Kumada have begun a reevaluation of the silylene route 
to silacyclopropanes using a photolytic procedure to generate the divalent 
silicon intermediate (eqn_ 9) [ 393. Although they were able to infer that 

G+s w5 

. . 
(CH313SiSiKH3) (C&l Si(CH3)3 hY 0 - 

(CH3)6 Si2 -I- CH,SiC,H, v 
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CH30H 
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7-methyl-7-phenyl-7-siIabicyclo[4.l.O]heptane had.been formed by means of 
its reaction with methanol as shown, they were unable to isolate this compound, 
nor even to detect it spectroscopically in solution. One might take this to indi- 
cate that this less substituted silacyclopropane is less stable thermally than hexa- 
methylsilacyclopropane. In further studies; these workers provided convincing 
evidence for the initial 1,2 addition of silylenes to 1,3-dienes to-give vinylsila- 
cyclopropanes [40]. 

The preparation of VIII, X, XI and hexamethylsilacyclopropane by reaction 
of dimethylsilylene with the appropriate olefins is an obvious extension of this 
chemistry which is being examined in our laboratories. Evidence that the simplest 
silacyclopropane, 1,1-dimethylsilirane, had been prepared, apparently in low 
yield, along with other products, was presented by P.R. Jones in a short-paper 
at the Sixth International Conference on Organometallic Chemistry in August 
19’73. The reaction which formed this compound was an unexpected one: the 
action of methylmagnesium bromide on the hydroboration product of vinyltri- 
chlorosilane. It was reported that this silirane was of limited stability at room 
temperature. Further details have not been forthcoming. 
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