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eL,oJ-Bis(heptamethylcyclotetrasiloxanytoxy)oligodimethylsilanes were synthesized by the 
reaction of dichlorodimethytsilane and 1,3-dichlorohexamethyltrisilane with hydroxyhepta- 
methylcyclotetrasiloxane. The peculiarities of fragmentation of the compounds obtained by 
electron impact mass spectrometry are discussed. 
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Polysilane-siloxanes with a regular structure com- 
bine the properties of two main and most important 
classes of organosilicon polymers --  polysiloxanes and 
polysilanes. For example, introduction of siloxane units 
into polysilanes increases their solubility and t'usibil- 
ity. 1,z Methods for synthesis of linear permethyl-  
polysilane-siloxanes have been developed in recent 
time. I -7  We have recently reported 8 the synthesis of the 
first representatives of cyclolinear permethyloligosilane- 
siloxanes - -  ct,0~-bis(heptamethylcyclotetrasiloxanyloxy)- 
oligodimethylsilanes containing an even number  of 
dimethylsilane units --(SiMe2),~-- ( lb,d,e:  n = 2, 4, 
and 6, respectively) between two siloxane cycles, tn the 
present work, we obtained compounds with a similar 
structure, but with an odd number of--(SiMe2) n -  units 
( la ,e :  n = 1 and 3, respectively) between siloxane 
cycles, and studied the 29Si N M R spectra of oligosilanes 
l a - -e  and the specific features of their fragmentation 
under electron impact. 

Results and Discussion 

Compounds  l a , e  were synthesized by hetero- 
functional condensation of hydroxyheptamethylcyclo- 
tetrasiloxane (2) with dichlorodimethylsilane (3a) and 
1 ,3-dichlorohexamethyl t r i s i lane  (3e), respectively 
(Scheme 1 ). 

Bis(heptamethylcyclotetrasfloxanyl)oxide (4), which 
is formed in a minor amount as a by-product due to 
h omoc0ndensation of cyctosiloxane 2 ,  was also ob- 
tained in a 73% yield by the counter synthesis: the 
reaction of hydroxycyclosiloxane 2 with chlorohepta- 
methylcyclotetrasiloxane 5 (Scheme 2). 

The oligosilane-siloxanes la - -e  obtained are of in- 
terest as models of cyclolinear polysilane-siloxanes (6). 

Some parameters of the 29Si NMR spectra of com- 
pounds l a - - e  (the full spectra of oligosilanes la ,e  are 
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presented in Experimental, and those of compounds 
Ib,d,e have been published earlier s) and linear permethyl- 
polysilane-siloxanes I-3,7 --  [O( SiMe 2) k--(OSiMe2),,] n-- 
(7: k = 2--4, 6: m = 0--3) are presented in Table 1. 
Chemical shifts of Si atoms of the oligosilane chain in 
the spectra of compounds of both types are close. For 
example, for compounds lb  and 7 (k = 2, m = 0 or 3) 
containing two Si atoms in the oligosilane chain, the 
signals of the Si a atoms are observed at 0.4--1.4 ppm. 
When the number of successively connected Si atoms in 
molecules 1 and 7 increases, the signals of the Sia atom 
exhibit a downfield shift, and they lie at -9  ppm for the 
compounds with six Si atoms ( le  and 7 (k = 6)). The 
signals of the Sib atom also have a downfield shift when 
the oligosilane chain elongates (from ca. - 5 3  ppm for 
le and 7 (k = 3, m = 0) to -45.5 ppm for le and 7 
(k = 6, m = 0--3)). The chemical shifts of the Si c atom 
for compounds le and 7 (k = 6, m = 0--3) are almost 
the same and amount to - 4 0  ppm. Thus, comparative 
analysis of the 29Si NMR spectra of cyclol inear  
oligosilane-siloxanes I and linear polysilane-siloxanes 7 
shows that the presence of bulky substituents (siloxane 
cycles) at the ends of the oligosilane chain in molecules 
l b - - e  has no effect on the chemical shifts of signals of 
Si atoms in the oligosilane chain 

The mass spectra of oligosilanes i a - -e  and bisoxide 4 
('Table 2) contain no peak of a molecular ion, which is 
characteristic of siloxanes. 9 This is their distinction from 
compounds with a similar, but purely silane structure, 
c~,to-bis[permet hylcyclopenta(hexa)silanyl]oligodimethyl- 
silanes, !~ whose mass spectra contain rather high- 
intensity peaks of molecular ions. The main fragmenta- 
tion pathways of molecules l a - - e  under electron impact 
occur with elimination of the methyl substituent from the 
silicon atom and cleavage of the Si--Si and Si--O bonds. 

The intensity of the peak of the [M - Mel § ion in the 
mass spectrum of compound l a  is 21% and decreases 
sharply to 0.2--0.3% for compounds lb - -e  as the number  
o f - - S i M e  2 -  units between siloxane cycles increases. 
This is due to a lower energy of the Si--Si bond as 
compared to that of the Si--C bond and, hence, to the 
appearance of alternative routes of decomposition. In 
addition, compound la is formally the first member of 
the homological series of oligosilanes I, which differ by 
the --SiMe 2 -  unit, but contains no Si--Si bond. There- 
fore, the scheme of its fragmentation under electron 
impact (Scheme 3) virtually coincides with that for 
bisoxide 4, also containing siloxane units only. 

The molecular ion of compound  la  (it is absent in 
the mass spectrum) loses the methyl radical to form an 
ion with m/z 637. The two other  directions of decompo- 
sition occur with the cleavage of the Si--O bond and 
give ions with m/z 281 and 355, respectively. Further 
fragmentation of the [M - Me] + ion proceeds with 
successive elimination of two SiMe4 molecules and 
fomlation of ions with m/z 549 and 461, respectively. 
The elimination of hexamethyldisiloxane, hexamethyl- 
cyctotrisiloxane, octamethyltrisiloxane, and octamethyt- 
cyclotetrasiloxane molecules from the [M - Me] + ion is 
accompanied by the formation of ions with m/z 475, 
415, 401, and 341, respectively. The mass spectrum of 
compound la  also exhibits the peaks of ions with m / z  
147, 207, 221, and 281, due to the elimination of 
siloxane species with seven, six, and five Si atoms, 
respectively, from the ion with m/z 637. Formally, these 
ions have the structure of disiloxane, eyclotrisiloxane, 
trisiloxane, and cyclotetrasiloxane without one methyl 
group. The peak of the [Me3Si] ~- ion with m/z 73, which 
is formed from ions with m/z 637 and 549, is the 
highest-intensity in the mass spectrum of compound la .  

Table 1. Some parameters of 29Si NMR spectra of cyctolinear oligosilane-siloxanes la--e  and 
linear permethylpolysilane-siloxanes 7 

Compound a Solvent 8 Reference 

Sia Si b Sic 

D4--OSiaO--D 4 (la) CCI4--CDCI 3 -21.15 
(9 :  I) 

D4--OSiaSiO--D 4 (lb) CCI 4 t.43 
D4--OSiaSibSiO--D 4 (lc) CC14--CDCI3 8.55 -52.71 

(9 :  I) 
D4--OSi:~SibSiSiO--D ~ (ld) CC14 9.45 -47.53 8 
D4--OSi~SibSicSiSiSiO=--D 4 (le) CCl4--CDCI 3 9.14 -45.44 -40.22 8 

( 9 :  I) 
--(OSiaSi).-- CC14 0.8 I 
--[OSiaSi--(OSi)3],-- CCI 4 0.39 7 
--(OSiaSibSi),-- CCI 4 8.3 -53.5 I 
--(OSiaSibSiSi), ~- CCI4 8.92 -48. I I 2 
--(OSiaSibSicSiSiSi)n- CDCI 3 9.03 -45.67 -40.00 3 
_(OSi~SibSicSiSiSi--OSi),-- CDCI 3 7.90 -45.39 -40.00 3 
--[OSiaSibSicSiSiSi--(OSi)2],-- CDCl 3 8.18 -45.41 -39.97 3 
-- [OSiaSi~,SicSiSiSi--(OSi)3 ], t -- CCl 4 9,01 -45.34 -39.78 7 

o Methyl groups at Si atoms are not shown. Sitoxane cycles in molecules la--e are designated 
b Data of this work. 

as D~. 
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Table 2. Mass spectra  of  compounds l a - - e  and 4 t r ans formed  into the monoisotopic  form 

m,lz Ion lrel (%1 m/z Ion /re! (%) 

4 la  Ib Ic Id l e  

73 [SiMe3] + 50.9 100.0 77.3 73.2 100.0 100.0 
117 [Si2OMe3]" - -  2_4 4.8 16.2 15.6 14.2 
131 [Si2OMe3CH2] + 1.4 2.2 18.5 11.4 28.9 26.7 
147 [Si2Olvles] + 34.1 60.1 18.5 16.8 25.3 26.9 
207 [Si303Mes] + 6.9 17.6 6.6 31.4 16.8 13.5 
221 [Si302Me7] § 3.8 35,7 6.1 3.9 5.7 7.2 
249 [Si402MeT] § - -  - -  1.6 6.7 I I. I 19.0 
267 [Si4OsMes] + 2.4 9.3 31.2 53. t 44.7 29.2 
281 [Si404MeT] § 7.3 52.2 12.1 12.8 12.3 20.4 
325 [Si5OsMe7] + - -  4,4 8.1 16.2 11.3 8.8 
327 [SisOTMesl"- 8.5 11.1 3.8 8.0 8.7 3.5 
339 [SisOsMeTCH2] + - -  0 5.5 9.1 4.5 5.3 
341 [SisO6Me7]-" 19.1 13.7 5.9 14.7 12.1 7.2 
355 [Si5OsMeg] + - -  24.0 t00 100 23.7 21.5 
383 18i605 Meg]* - -  - - -  3.6 4.9 5.0 
385 [Si60,MeT]* 6.7 3.0 1_5 2.2 1.9 1.7 
387 [Si609Mes] § 6.8 2.8 0.5 0.81 0.7 0 
401 [SioOsMeT]- 43.5 9.9 2.6 4.2 3. I 1.3 
413 [Si6OsMelj]*  - -  0 4.7 17.8 3.2 3.9 

4 la  lb l c  lfl l e  

415 [Si607 Me,~] + - -  3.7 1.3 7.0 1.8 1.6 
445 [Si;OqMe7] + 4.7 0 0.5 0 0.2 0 
459 [Si709Me7CH2] + 47.8 6.0 1.8 1.9 0.9 0 
461 [Si701oMe7l + - -  45.4 4.1 2.3 1.5 0 
471 [SiTOsMel3]" - -  0 0 3.4 14.8 40.7 
473 [SiTOTMell]" - -  0 2.2 1.4 5.2 11.9 
475 [Si7OoMeg]- 100 21.8 1.5 1.0 1.3 1.9 
489 [Si70~Me~t]* - -  2.9 0.1 0 0.3 0 
519 [Si8OioMeg] + - -  4.5 1.7 0 0.3 0 
529 [Si8OsMels] + . . . .  0 0.6 
533 [SisOloMegCH~] + - -  10.0 1.0 0 0 0 
549 [SisO~oMelll* --  10.2 0.7 0.4 0 0 
563 [SisOgMel3]* 89,0 . . . . .  
587 [Si9OsMel7] + - -  . . . .  0.4 
637 [SigOioMelsl § - -  21.3 . . . .  
695 [Sii00)0MelT]" - -  - -  0.3 - -  - -  - -  
753 [Si l jOioMetgl"  - -  - -  - -  0.2 - -  - -  
811 ]Sib~OioMe2~] § . . . .  0.2 - -  
927 [Si~4OioMe25] * - -  . . . .  0.3 

T h e  p r e s e n c e  o f  p e a k s  o f  i o n s  w i t h  m/z 533 a n d  519  in 
t h e  m a s s  s p e c t r u m  is d u e  to  t h e  e l i m i n a t i o n  o f  m e t h a n e  

a n d  e t h a n e  m o l e c u l e s ,  r e s p e c t i v e l y ,  f r o m  t h e  i on  w i th  

m/z 549. 
T h e  m a s s  s p e c t r a  o f  c o m p o u n d s  1 5 - - e ,  w h o s e  m o l -  

e c u l e s  c o n t a i n  S i - - S i  b o n d s ,  c o n t a i n ,  a l o n g  w i t h  t h e  
l o w - i n t e n s i t y  p e a k  o f  t h e  [M  - M e]  § ion ,  p e a k s  o f  i o n s  

f o r m e d  d u e  to  t h e  c l e a v a g e  o f  t he  S i - - S i  b o n d  (see  

T a b l e  2). F o r  e x a m p l e ,  t he  d e c o m p o s i t i o n  o f  c o m -  

p o u n d  l e  r e su l t s  in t h e  f o r m a t i o n  o f  i o n s  w i t h  m/z 355,  
413 ,  a n d  471 a n d  w i th  m/z 529 a n d  587 t h a t  d i f f e r  f r o m  

o n e  a n o t h e r  in m a s s  by  t h e  h o m o l o g i c a l  S i M e  2 un i t  
( S c h e m e  4). T h e  h i g h e s t - i n t e n s i t y  p e a k s  a r e  a t t r i b u t e d  
to  i o n s  wi th  m/z 355 a n d  471 (21.5 a n d  4 0 . 7 % ,  r e s p e c -  

t ive ly)  a n d  a n  o d d  n u m b e r  o f  Si a t o m s  (I a n d  3, 

r e spec t ive ly )  in t h e  o l i g o s i l a n e  f r a g m e n t  b o u n d  to  t he  

Scheme 3 
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Scheme 4 
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s i loxane cycle.  At the same t ime.  the peaks o f  ions with 
m/z 413 and 529 that con ta in  an even number  of  Si 
a toms (2 and 4) in the oligosilane f r agment  are much 
lower - in tens i ty  (3.9 and 0.6%, respectively).  Therefore,  
the high intensi ty of  the peak of  the ion with m/z 471 is 
not re la ted  to the symmetr ical  decompos i t i on  of  mol-  
ecule  l e .  This  is confirmed by the fact that  for fragmen- 
tat ion o f  c o m p o u n d  ld with four  successively linked Si 
a toms in the bridge between siloxane cycles,  the inten- 
sity o f  the peak of  the ion with m/z 413, which is 
formed dur ing  the symmetr ical  decompos i t i on  of  the 
mo lecu l e  and has two Si a toms in the ol igosi lane frag- 
ment ,  is only  3.2%, whereas  the intensi ty  o f  peaks of  
ions  w i t h  m/z 355 and  471. a p p a r e n t l y  due to 
n o n s y m m e t r i c a l  decompos i t ion  and con t a in ing  one and 
three Si a toms  in the ol igosi lane f ragment ,  is 23.7 and 
14.8%, respectively (see Table  2). 

F u r t h e r  decomposi t ion  o f  ions with m/z 355, 413, 
and 471 occurs  with e l imina t ion  of  neutral  S iMe 4 mol-  
ecules.  The  mass spectrum of  c o m p o u n d  l e  (as in the 
spec t rum o f  la )  also exhibits  ions ( they are  not indi- 
ca ted  in S c h e m e  4) that formally have the structure of  
d i s i l oxane ,  cyc lo t r i s i loxane ,  t r i s i loxane ,  and cyclo-  
te t ras i loxane ,  but without one  methyl radical  at the Si 
a tom.  T h e i r  formation is related to the decompos i t ion  
of  cyc lo te t ras i loxane  f ragments  in mo lecu l e  l e  under 
e lec t ron  impact .  The intensity of  peaks o f  these ions 
does no t  exceed 20% of  the total ion cur ren t .  

F r a g m e n t a t i o n  of  c o m p o u n d s  l b - - d  occurs  via a 
s imi lar  scheme .  

Experimental 

The course of reactions was monitored by GLC using an 
L K h M - 8 M D  chromatograph (a stainless steel column 
0.3• cm, 5% SE-30 on Chromaton N-AW-DMCS, a thor- 

mal conductivity detector, temperature programming from 30 
to 300 ~ temperature rise rate 12 dog rain -I,  helium as a 
carrier gas). GC-MS analysis was carried out on a Krams MS- 
890 instrument (a capillary column 15 m x 0.32 mm, SE-30 as 
a liquid phase, helium as a carrier gas, ionizing voltage 70 eV, 
temperature programming from 30 to 270 ~ temperature rise 
rate 10 (:leg min-I). 29Si NMR spectra were recorded on a 
Bruker WP-400 SY spectrometer (79.46 MHz) in CCI4--CDCI 3 
(9 : I) using Me4Si as the internal standard. IR and UV 
spectra were recorded in thin films on Specord M-80 and 
Specord M-40 spectrophotometers, respectively. 

Dichlorotrisilane 3e and cyclosiloxanes 2 and 5 were syn- 
thesized by known procedures. 7.is Synthesis of compounds 
lb,d,e has previously been described. 8 Ether was distilled in an 
N 2 flow above sodium metal in the presence of benzophenone. 
All reactions were carried out in a dry nitrogen atmosphere. 

Bis (heptamethylcyelotetrasiloxanyloxy)dimethylsilane ( la) .  
A solution of dichlorosilane 3a (0.85 g, 6.7 mmol) in anhydrous 
ether (50 mL) was added dropwise at - 5  to -10  ~ to a solution 
of cyclosiloxane 2 (4.0 g, 13.4 mmol) and Et3N (1.36 g, 
13.4 mmol) in anhydrous ether (80 mL). The reaction mixture 
was stirred for 3 h at -5  ~ and then for 20 h at 20 ~ The 
precipitate of Et3N " HCI was filtered off. and the ether solution 
was washed three times with water aliquots and dried with 
Na2SO 4. Compound la was obtained after the solvent was 
distilled off and the residue was fractionated, b.p. 133--134 ~ 
(3 Torr), nD 23 1.4045. Found (%): C, 29.15; H, 7.26; Si, 38.37. 
Cj6H48Ot0Sig. Calculated (%): C, 29.42; H, 7.41; Si, 38.69. 
1R (Csl/, v/era- t :  2960, 2896 (C--H);  1262, 859, 808, 
762 (Si--Me);  1080, 1039 (S i - -O--S i ) .  29Si NMR,  8: 
-19.05 (OSiOSiOSiO): -19.24 (O$2OSiMe(O--)2); -21.15 
(Me(--O)2SiO_S.iOSi(O--)2Me);-65.03 (MeSi(O--)3). 

1,3- Bis(heptamethylcyelot etrasiioxanyloxy)hexamethyltrisilane 
(lc).  Compound lc with b.p. 132--133 ~ f0.007 Torr) and 
nl) 23 1.4272 was obtained in a 59.7% yield (3.08 g) from 
cyclosiloxane 2 (4.0 g, 13.4 retool), Et3N (1.36 g, 13.4 mmol), 
and dichlorotrisilane 3e (I.64 g, 6.7 retool) according to a 
procedure similar to that presented above. Found (%): C, 31.47; 
H, 7.97; Si, 40.38. C,0H600)oSil~. Calculated (%): C, 31.21; 
H, 7.86: Si, 40.14. UV, Xmax/nm: 221. IR (Csi), v/era-I:  2962, 
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2902 (C--H); 1262, 856, 811, 777 (Si--Me); 1082, 1057 
(Si--O--Si) .  29Si NMR, 6: 8.55 (OSiSiSiO): -19 .05 
(OSiO~OSiO); - 19.44 (O~OSiMe(O--)2); -52.71 (OSiSiSiO); 
-64.18 (MeSi(O--)3). 

Bis(heptamethylcyelotetrasiloxanyl)oxide (4). Bisoxide 4 
with b.p. 112 ~ (2 Tort) and nD 23 1.4042 was obtained in a 
73_0% yield (7.78 g) from hydroxycyclosiloxane 2 (5.70 g, 
18.4 mmol), Et3N (1.87 g, 18.4 retool), and chlorocyclosiloxane 
5 (5.85 g, 18.4 retool) by a procedure similar to that used for 
the synthesis of compound la. Found (%): C, 29.35; H, 7.43: 
Si, 38.79. Ct4H42OgSi s. Calculated (%): C, 29.03: H, 7.31; 
Si, 38.79. IR (Csl) v/era- l :  2964, 2900 (C--H): 1261, 854, 
809, 770 (Si--Me): 1084, 1048 (Si--O--Si). 29Si NMR, ~: 
- 19.04 (O~jOSiMe(O--)2); -65.42 (MeSi(O--)3). 

The  authors  thank M. V. Teplitskii  for recording IR 
and UV spectra and V. I. Bakhmutov  for detect ion o f  
29Si N M R  spectra.  

This work was f inancially supported by the Russian 
Founda t ion  for Basic Research (Project No. 97-03-  
32689a). 

References  

1. J. Chojnowski, J. Kurjata, S. Rubinszrajn. and M. Scibiorek, 
in Frontiers ofOrganosilicon Chemisr~, Eds. A. R. Bassindale 
and P. P. Gaspar, The Royal Society of Chemistry, Cam- 
bridge, 1991. 70. 

2, J. Chojnowski, J. Kurjata, and S. Rubinsztajn, MakromoL 
Chem., Rapid Commun., 1988, 9, 469. 

3. J. Chojnowski, W. Fortuniak, N. Gladkova, M. Pluta, 
M. 5,cibiorek, and B. Zavin, ,/. lnorg. Organomet. Polvm., 
1995, 5, 7. 

4. J. Kurjata and J. Chojnowski, Makromol. Chem., 1993, 
194, 3171. 

5. J. Chojnowski and J. Kurjata, Macromolecules, 1994, 
27, 2302. 

6. J. Chojnowski, J. Karjata, S. Rubinsztajn, M. Scibiorek, 
and M. Zeldin, J. lnorg. Organomet. Polym., 1992, 2, 387. 

7. A. I. Chernyavskii and B. G. Zavin, Izv. Akad. Nauk, Ser. 
Khim., 1997, 1513 ]Russ. Chem. Bull., 1997, 46, 1449 (Engl. 
Transl.)]. 

8. N. A. Chernyavskaya, V. I. Aleksinskaya, and A. I. 
Chernyavskii, I~. Akad. Nauk, Set. Khim, 1998, 544 [Russ. 
Chem. Bull., 1998, 47, 526 (Engl. Transl.)]. 

9. M. R. Litzow and T. R. Spalding, Mass Spectrometry of 
Inorganic and Organometallic Compounds, Ed. M. F. Lappert, 
S. P. C., Amsterdam, 1973, 573 pp. 

10. M. lshikawa, IVl. Watanabe, J. lyoda, H. Ikeda, and 
M. Kumada, Organometallics, 1982, 1, 317. 

11. E. Hengge, P_ Gspaltt, and A. Spielberger, J. Organomet. 
Chem., 1994, 479, I65. 

12. E. Hengge and P. K. Jenkner, Z_ Anorg. Allg, Chem., 1988, 
560. 27. 

13. F. K, Mitter. G. Pollhammer, and E. Hengge, J. Organomer. 
Chem., 1986, 314, I. 

14. F. K. Mitter and E. Hengge, J. Organomet. Chem., 1987, 
332, 47, 

15. K. A. Andrianov, A. I. Chernyavskii, and N. N. Makarova, 
Izv. Akad. Nauk SSSR, Ser. Khim., 1979, 1835 [Bull Acad. 
Sci. USSR, Div. Chem. Sci., 1979, 28 (Engl. Transl.)]. 

Received November 18, 1998 


