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The study of the fo rmat ion  of b ranched  c r o s s - s h a p e d  he te roorgan ie  compounds i s  of cons iderable  
theore t ica l  in te res t .  Compounds with the indicated s t ruc tu re  have been l i t t le  studied, and the mechan i sm 
of the i r  chemical  convers ion  is not ye t  c lea r .  

This  work  d i s cus se s  the synthes is  and reac t ions  of polycondensat ion of t e t rak i s (methy lphenyls i lox-  
anohydroxy)s i lanes  and t i tanes .  The above-ment ioned  compounds were  produced by the react ion  of the 
cor responding  ~ ,w-d ihydroxymethylphenyls i loxanes  with SiC14 or  te t rabutoxyt i tanium according to the fol-  
lowing scheme 

q 

f1""  I /t~ ] ~ L \  C~ H s l x  J4 "~176 ] 
]toli ) -t- Ti (OC4H,h ~ Ti OH 

LX CsH~lx 4 

x = 2 ,  3, 4 

The c h a r a c t e r i s t i c s  of the compounds obtained a re  cited in Table  1. 

The polycondensat ion of te t rak is (methylphenyls i loxanohydroxy)s i lanes  and t i tanes  was conducted 
without ca ta lys t s .  The f i r s t  expe r imen t s  indicated that the p r o c e s s  occu r s  p r i m a r i l y  with the format ion  of 

TABLE 1. Tet rak is (methylphenyls i Ioxanohydroxy)  s i lanes  and Ti tanes  

Formula 

CIt, C~I-I5 \ /  
Si[(0Si)20H]4 

CH~ C~H~ 
\/ 

Si[(OSi)dbH], 

GHa C~H~ \ /  
Si[(0Si)40H]4 
CI~ C~H~ 

\/ 
TI[(OSJ),0H]~ 

CH8 Call6 \ /  
Ti[(OSi)a0H]4 

CHs C,H~ 
\/ 

Ti [ (OSi)40H]4 

Mol. 
(D 

--22 

--20 

--19 

-42 

--33 

--27 

!2~7 

i858 

2300 

1256 

1888 

2~i9 

to . Found%s, 
i185 5,45 2i,36 

1731 3,66 ~,70 

2276 2,82 ~,73 

i~6 5,~2 i8,~2 

i75i 3,66 19,0i 

2296 2,8i i9,i7 

Ti 

3,88 

2,64 

2,2~ 

Calculated, % 

OH Si I 

21,3i 

2t,09 

20,91 

i8,60 

19,25 

f9,57 

Ti ~Z 

49,0 

~4,2 

30,0 

46,5 

45,2 

&7,8 
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Fig.  2. IR s p e c t r a :  1) d i m e t h y l - 2 , 4 , 6 , 8 , 1 0 - p e n t a s i l a - 1 , 3 , 5 , 7 , 9 , 1 1 -  
h e x a o x a s p i r o - ( 5 , 5 ) - u n d e c a n e  (IV); 2) t r i m e t h y l t r i p h e n y t c y c l o t r i s -  
s i loxane .  

Fig .  3. IR s p e c t r u m  of m e t h y l p h e n y l - 2 , 4 , 6 , 8 , 1 0 - p e n t a s i l a - l , 3 , 5 ,  
7 , 9 , 1 1 - h e x a o x a s p i r o - ( 5 , 5 ) - u n d e  cane (Ill). 

l o w - m o l e c u l a r  p roduc t s .  In view of th i s ,  we were  i n t e r e s t e d  in  conduc t ing  m o r e  thorough i n v e s t i g a t i o n s  of 

t hese  r e a c t i o n s .  The  p o l y c o n d e n s a t i o n  of t e t r a k i s ( me t hy l phe ny l s i l oxa nohyd r oxy )  s i l a n e s  and t i t anes  was  
conducted  at the t e m p e r a t u r e  150 ~ in  a s t r e a m  of n i t rogen .  The cou r se  of the p r o c e s s  was  fol lowed a c c o r d -  
ing  to the amoun t  of wa t e r  l i be r a t ed .  The deg ree  of d ry ing  of the n i t r o g e n  used  to purge  the s y s t e m  was 
eva lua ted  in  a b lank  e x p e r i m e n t .  The ra te  of pa s sa ge  of n i t r o g e n  was  se l ec t ed  equal to 18-20 m l / m i n .  
Unde r  t hese  cond i t ions  the po lycondensa t i on  of t e t r ak i s (me thy lpheny l s i l oxanohydro •  s i l a n e s  and t i t ane s  
o c c u r s  at a high ra te ,  and a f t e r  2 h the deg ree  of i t s  comple t ion  with r e s p e c t  to the w a t e r  l i b e r a t e d  r e a c h e s  
m o r e  than  80%. 

F i g u r e  1 dep ic t s  the dependence  of the amoun t  of w a t e r  l i b e r a t e d  dur ing  the po lycondensa t ion  p r o -  
c e s s  on the t i m e  and the change in  the v i s c o s i t y  of the p roduc t s  to be  concen t r a t ed .  The second  v a r i a t i o n  
of the v a n ' t - H o f f  d i f f e r en t i a l  method  was  used  for  the t r e a t m e n t  of the e x p e r i m e n t a l  da ta  and the d e t e r m i n a -  
t ion  of the r e a c t i o n  o r d e r .  The e x p e r i m e n t s  ind ica ted  that  the r e a c t i o n s  of p o l y c o n d e n s a t i o n  of t e t r a k i s -  
( m e t h y l p h e n y l s i l o x a n o h y d r o x y ) s i l a n e s  have the s a m e  t i m e  o r d e r  for  al l  the o l i g o m e r s ,  a f r a c t i o n a l  2.7, 
whi le  for  the c o r r e s p o n d i n g  t e t r a k i s ( m e t h y l p h e n y l s i l o x a n o h y d r o x y ) t i t a n e s  the va lue  is  1.7. 

The f o r m a l  r a t e  cons t an t s  of the p o l y c o n d e n s a t i o n  of t e t r a k i s  (methy lphenyls i loxanohydroxy)  s i l a n e s  
a r e  equal  to k t = 1.2"10 -5 sec  -1 for  o l i g o m e r s  with x = 2; k 2 = 3.8"10 -? sec -1 for  o l i g o m e r s  with x = 3; k~ 
= 2.0"10 -? sec  -1 for  o l i g o m e r s  with x = 4. Fo r  c r o s s - s h a p e d  o l i g o m e r s  with a c e n t r a l  t i t a n i u m  a tom,  the 
r a t e  cons t an t  of p o l y c o n d e n s a t i o n  is  equal  to: fo r  o l i g o m e r s  with x = 2 k 4 = 1.59"10 -~ sec-1;  x = 3 k s = 8.75 
�9 10 -6 s ee - t ;  x = 4 k 6 = 2.96"10 -G sec  -1. 
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T A B L E  2. S p i r o c y c l i e  C o m p o u n d s  

Number 

II 

III 

IV 

Formula 

CH8 C,H~CHs C.8H6 \ /  \ /  
(sio), (osi), 

o{ bs . /  be \ / \ / 
(SiO)s (OSi), / \  / \  

CHs C~H~ CHs GoHs 

CH, C~H, CHs C6Hs 
\ /  \ /  

(SlOb (OSi), 
O( ~.Tl. / ~O 

\ / \ l /  (SiO), (OS)s 
/ \  / \  

CH, C.~Hs CH, CsH 5 

(~H, C6Hs CH~ CsHa \ /  \ /  
sio OSi 

o (  ~.si,/ ~o 
SiO / \OSl / / \  /N 

CH~ C,H, GHs C~II~ 

CH3 CI-h Ctta CH~ 

\ s io  / / \  / \  
GH, (]Ha CH~ CHs 

CH3 fiH~ CH, CHa fills 
I \ /  \ /  c" OSiO\ ms 

OSiO OSiO GH~ 
CHs 

CH, CH~ C~/~xCH~ 

~4p (Tglass), 
'C 

(--23) 

(-38) 

( - i 0 )  

Mol. wt 

t , calcu- 
found lated 

'l Found,% 

Si Ti G H 

Catculated, % 

i2t 

3i 

t695 

1715 

605 

357 

505 

20,92  

1%00 

23,03 

39,50 

38,50 

,75 

si Ti 

21,53 

t9,59 

23,21 

39,37 

38,93 

Yield. o]~ tt 

5,27 t5,0 

5,64 10,0 

5,33 i,0 

6,78 9,9 

7,i9 2 7 

Z 

]I  " 

, , . . . . .  ~t~o o . . . . . .  / r  , / # # O  - 1 JO0 /gOO tOQO n e  

Y, cm y, em -1 

F ig .  4 F ig .  5 

F ig .  4. IR s p e c t r a :  1) d i m e t h y l - 2 , 4 , 6 , 8 , 1 0 , 1 2 , 1 4 - h e p t a s i l a - l , 3 ,  
5 , 7 , 9 , 1 1 , 1 3 , 1 5 - o e t a o x a s p i r o - ( 7 , 7 ) - p e n t a d e c a n e  (V); 2) o c t a -  
m e t h y l c y c l o t e t r a s i t o x a n e .  

F ig .  5. IR s p e c t r a :  1) t e t r a k i s - ( 3 , 5 , 7 , 9 , 1 1 , 1 3 - h e x a m e t h y l - 3 , 5 , 7 ,  
9 , 1 1 , 1 3 - h e x a p h e n y l h e x a s i l o x a n o -  1 3 - t r i m e t h y l s i l o x y )  s i l ane ;  3) 
t e t r a M s - ( 3 , 5 , 7 - t r i m e t h y l - 3 , 5 , 7 - t r i p h e n y l t r i s i l o x a n o - 7 - t r i m e t h y l -  
s i loxy)  t i t ane ;  4) t e t r a k i s -  (3 ,5 ,7 ,9 , I1 ,1  3 - h e x a m e t h y l - 3 , 5 , 7 , 1  1 ,13-  
h e x a p h e n y l h e x a s i l o x a n o - 1 3 - t r i p h e n y l s f l o x y ) t i t a n e .  

Al l  t h i s  i n d i c a t e s  a c o m p l e x i t y  of the  r e a c t i o n s  t ha t  o c c u r ,  wh ich  wi l l  r e q u i r e  f u r t h e r  s tudy  b e f o r e  
i t  can  be  e x p l a i n e d .  Th i s  c o m p l e x i t y  i s  a l s o  i n d i c a t e d  by  the c o m p o s i t i o n  of the  p r o d u c t s .  Al l  the  c o n d e n -  
s a t i o n  p r o d u c t s ,  bo th  o b t a i n e d  f r o m  t e t r a k i s  ( m e t h y l p h e n y l s i l o x a n o h y d r o x y )  s i l a n e s  and f r o m  t e t r a k i s  ( m e t h y l -  
p h e n y l s i l o x a n o h y d r o x y ) t i t a n e s ,  a r e  t r a n s p a r e n t  v i s c o u s  l i qu id s  a t  r o o m  t e m p e r a t u r e ,  r e a d i l y  s o l u b l e  in  o r -  
g a n i c  s o l v e n t s ,  con ta in ing  no h y d r o x y l  g r o u p s .  The  a b s e n c e  of h y d r o x y l  g r o u p s  p e r m i t s  us  to  a s s u m e  tha t  
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these products  have a cyclic s t ructure .  Exposure of the condensation products at the t empera tu re  25 ~ for  
10 days led to their  part ial  crysta l l izat ion,  but the crystal l ine portion formed could not be separated by 
fil tration. Compounds, the composit ion and molecular  weight of which correspond to spi rocycl ic  com-  
pounds (Table 2, Nos. I, ID ,were  obtained by fract ional  addition of the condensation products ,  followed by 
thei r  sublimation at 60 ~ and a residual  p r e s s u r e  of 0.5 ram. The unsublimed products are identical in com-  
position with the sublimed products  and have an average tool. wt. 2300-2500. These data show that the 
polycondensation p roces s  proceeds  p r imar i l y  in t ramolecular ly  and leads to spi rocycl ic  compounds.  The 
compounds obtained were investigated by the methods of IR spect roscopy and x - r a y  diffraction study. Such 
compounds were f i rs t  mentioned in [1-4]. 

F igures  2-4 give the IR spec t ra  of d imethyl-2 ,4 ,6 ,8 ,10-pentas i la- l ,3 ,5 ,7 ,9 ,11-hexaoxaspirq-(5 ,5)-  
undeeane (IV), methylphenyl-2 ,4 ,6 ,8 ,10-pentas i la- l ,3 ,5 ,7 ,9 ,11-hexaoxaspiro-(5 ,5)-undecane (liD, and dimeth-  
yl-2 ,4 ,6 ,8 ,10,12,14-heptasi la- l ,3 ,5 ,7 ,9 ,11,13,15-octaoxaspiro-(7,7)-pentadecane (V) (see Table 2). The IR 
spec t rum of sp i ro-compounds  differs most  appreciably f rom the IR spect rum of organocyclosi loxanes in the 
f requencies  of the skeletal vibrat ions of the siloxane chain of the molecule:  the frequency of the a s y m m e t r i -  
cal valence vibration Vas(SiOSi ) of t r imethyl t r iphenylcyclotr is i loxane is 1019 cm -1 [1], while a very  intense 
band with two peaks: 1030 and 1046 cm -1 (HI) and 1028 and 1039 cm -1 in (IV) is observed in the spect rum of 
the spiro-compounds (IV) and (III) in this region. The frequencies of the symmet r i ca l  valence vibrations 
vs(SiOSi) of organoeyclot r is i loxanes  and the sp i ro -eyc le  are  very  close. The frequency Vas(SiOSi) of oe ta -  
methylcyclote t ras i loxane is 1087 cm -1 [1], while in the IR spect rum of the spiro-compound (V) a band is ob- 
served with two maxima 1090 and 1029 em -1. At the same t ime, Vs(SiOSi) is increased  by 58 cm -1 in com-  
par i son  with the corresponding vibration in oetamethylcyclotetrasf loxane.  Thus, in the IR spec t ra  of sp i ro-  
compounds, splitting of the a symmet r i ca l  valence vibration and a shift of the symmet r i ca l  valence vibration 
of (SiOSi) are  observed.  

We were interested in comparin_g the IR spec t ra  of spirocycl ic  compounds with the IR spectra  of 
te trakis(methylphenylsi loxanohydroxy)si lanes and ti tanes and the products  of their  thermal  condensation, 
containing the groups 

l o o 

[ _ 0  ITi_O_ --O--Si--O-- 

0 0 
I I 

In the IR spec t ra  of the compounds cited in Table 3, possess ing  a branched central  atom (silicone 
or  titanium), doubling of the band Vas (SiOSi) into two maxima is observed,  where the intensity of the long- 
wave m a x i m u m i n c r e a s e s  with decreas ing  size of the methylphenylsfloxane branch (Fig. 5). The nature of 
the te rminal  groups (-OH or -OSiR3) has no appreciable influence (see Table 3). The pecul iar i t ies  of the 
IR spec t ra  of the compounds studied, both spiroeycl ic  and c ross - shaped ,  and their  condensation products  
are  evidently associa ted with the vibrations of the ( S i - O - S i )  groups adjoining the central  atom and com-  
pr is ing on the whole the s t ructura l  nucleus, which is p rese rved  in all the compounds. 

X- ray  diffraction studies of tetrakis(methylphenylsiloxanohydroxy) silane and its condensation prod-  
uct  indicated that tetrakis(methylphenylsi loxanohydroxy)si lane is amorphous at room tempera ture  when 
cooled to - 120 ~ while the condensation product  - a spi rocycl ie  compound - has a pronounced crystal l ine 
s t ruc ture .  The absence of crys ta l l iza t ion  in tetrakis(methylphenylsi loxanohydroxy)si lanes and titanes is 
probably due to the presence  of hydrogen bonds. 

E X P E R I M E N T A L  M E T H O D  

Production of 2 ,2 ,4,4,8,8,10,10-Octamethyl-2,4,6,8,10-pentasi la-1,3,5,7,9,11-hexaoxaspiro-  (5,5) - 
undecane. In a four-necked f lask equipped with a mixer ,  two bure t tes ,  and a reflux condenser ,  we placed 
50 ml of anhydrous benzene and 0.1 g (two drops) of pyridine. The react ion flask was cooled with ice. 
Then, with vigorous mixing, the f i r s t  and second solutions were added f rom the two buret tes  s imulta-  
neously at the same rate to the contents of the flask over  a period of 5 rain. The f i r s t  solution contained 
2.21 g SiC14 in benzene; the second contained 4.32 g 1,3-dihydroxytetramethyldisi loxane and 4.11 g pyridine 
in benzene. The f i r s t  and second solutions were prepared  in amounts such that the final volume of each 
was equal to 30 ml. The reagents  were careful ly protected f rom atmospher ic  mois ture .  The tempera ture  
in the react ion mixture was kept at ~40 ~ . After  the introduction of the entire contents of the buret tes ,  the 
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react ion mass  was mixed for  1.5 h. Then the pyridine hydrochlor ide  precipi ta te  was removed on a No. 4 
Schott f i l ter,  the benzene solution washed to remove t r aces  of pyridine with respect  to bromothymol  blue, 
dried with calcined K2CO3, and the solvent distil led off under vacuum. A crystal l ine mass  with mp 117- 
122 ~ was formed.  F r o m  it we isolated 0.46 g (9.97%of the theoretical) 2,2,4,4,8,8,10,10-octarnethyl-2,4,  
6 ,8 ,10-pentas i la- l ,3 ,5 ,7 ,9 ,11-hexaoxaspiro-(3 ,5)-undecane with mp 121 ~ by sublimation at 50 ~ (0.5 ram). 
Found: Si 39.09; 39.50; C 26.89; H 6.46%; mol. wt. 360. CsH2406Si ~. Calculated: Si 39.37; C 26.94; H 6.78% 
tool. wt. 357. 

Production of 2~2~4~4~6~6~2~2~4~14-D~decamethy~-2~4~6~8~2~4-hexasi~a-~3~5~7~9~15- 
octaoxaspiro-(7,7)-pentadecane.  Analogously, when we mixed three solutions: the f i r s t  (2.45 g SiCI 4 in ben-  
zene), the second (6.94 g 1,5-dihydroxyhexamethyltr is i loxane,  4.57 g pyridine, and benzene), and the third 
(0.1 g pyridine in 50 ml benzene), we obtained 0.19 g (2.66% of a product  with mp 31 ~ Found: Si 38.5; C 
29.5; H 7.26% tool. wt. 520. CI2Hs6OsSi ?. Calculated: Si 38.93; C 28.54; H 7.19%; mol.wt.  505. 

Product ion of 2•4•8•••-Tetramethy•-2•4•8•••-tetrapheny•-2•4•6•8•1•-pentasi•a-1•3•5•7•9•11-hexa•xa- 
spiro-(5,5)-undecane.  Analogously, when three solutions are  mixed: the f i rs t  (1.76 g SiC14 in benzene), the 
second (6.00 g 1 ,3-d ihydroxy- l ,3 -d imethyl - l ,3 -d iphenyld is i loxane  and 3.27 g pyridine) and the third (0.1 g 
pyridine in 80 ml benzene),  we obtained 0.07 g (1.04%) of a crystal l ine product by sublimation at 60 ~ (1 ram). 
Found: Si 22.38; 23.03%; mol. wt. 589. C28H8206Si 5. Calculated: Si 23.21%. No hydroxyl group. 

Product ion of the Spirocyclic Compound (I). In a three-necked flask, equipped with a the rmomete r ,  
mixer ,  and bubbler,  we placed 7.75 g te t rakis (3 ,5 ,7- t r imethyl -3 ,5 ,7- t r iphenyls i loxane-7-hydroxy)s i lane .  
The contents of the flask were heated to 150 ~ with mixing in a s t r eam of ni trogen and kept at this t empera -  
ture for  10. As a resul t  a viscous liquid was formed,  f rom which 1.14 g (15.0%) of a product with a v i t r i -  
f ication point of - 2 3  ~ was obtained by sublimation at 60 ~ and a residual  p r e s s u r e  of 0.5 mm. Found: C 60.02; 
H 5.27; Si 20.92%; tool. wt. 1610. Cs4Hg~Oi4Siis. Calculated: C 59.53; H 5.27; Si 21.53%; tool. wt. 1695. 

Product ion of the Spirocyclic Compound (II). According to the procedure  indicated above, we ob- 
tained 0.77 g (10%) of a product  with vi tr i f icat ion point - 3 8 ~  7.89 g te t rak is - (3 ,5 ,7- t r imethyl -3 ,5 ,7-  
t r iphenyl t r is i loxano-7-hydroxy)t i tane.  Found: C 58.91; H 5.50; Si 19.00; Ti 2.75%; tool. wt. 1600. C84H96014 
"Si12Ti. Calculated: C 58.84; H 5.64; Si 19.59; Ti 2.79%; mol. wt. 1715. 

C O N C L U S I O N S  

1. The polycondensation of tetrakis(methylphenylsi loxanohydroxy)t i tanes and silanes proceeds ac-  
cording to a complex mechanism.  

2. Several sp i rocycl ic  compounds with central  silicone and titanium atoms and with dimethyl or  
methylphenyl f raming at the si l icone atoms in the siloxane chain were  isolated. 

I t 
o b 

3. The IR spectra were investigated. For all the compoundspossessingthe --o--~i--o-- and --O--ITi--O - 

0 0 

groups, splitting of the asymmetrical valence vibrations of [--si-o--si--~ is observed. 
\ i i ] 
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