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The influence of the number of 3, 3, 3-rzifluoropropyl(methyl)siloxane 
links (r in the cyclotetrasiloxanes r where D represents 
the dimethylsiloxane link and m = 0-4. on the rearrangement of 
these compounds in acetone solution under the action of sodium si- 
loxanolate has been studied. The rearrangement takes place with the 
formation of a llnear polysiloxane the degradation of which yields, in 
addition to the initial ring, cyelosiloxanes with a different structure. 
The rate of rearrangement of ,~mD4_m and of the formation of a 
linear polysiloxane rises with an increase in m from 0 to 3. The 
equilibrium concentration of the linear po!ysiloxane formed from 
,I, mD4_ m is inversely proportional to m. Results have been obtained 
on the kinetics of the formation of the eyclosiloxanes ~mDu, where 
m= 0-5, n= 0-5, andm+ n= 3-6, in the rearrangement of 
the rings r h, ~2D2, ~s D, and @4. The reactivity of the siloxane 
links rises in the sequence ~ (CHs)zSi--O--Si(CHs) z ~ < ~ (CFsCH2CH2)- 
(CHs)Si--O--Si(CHs) z ~ < (CF~CHzCH~) (CHs)Si--O--Si(CHs) 
(CHzCH2CFs) ~. Because of the negative inductive effect transferred 
through the siloxane links, the 3, 3, 3-trifluoropropyl groups strongly 
activate the siloxane ring with respect to nueleophiiie reagents. 

Two of us have p rev ious ly  shown [1] that  the 
c leavage of the s i loxane  bond in the d i s i l oxanes ,  
[(CFsCH2CH2)n(CH3)3-nSi ]20, where  n = 0 - 3 ,  by nu -  
c leophi l ie  r e a g e n t s  takes  place the m o r e  r ead i ly  the 
l a r g e r  n;  hexamethy ld i s i loxane  (n = 0) be ing  c leaved  
to only a s m a l l  extent.  In o r d e r  to s tudy the inf luenee  
of 3 , 3 , 3 - t r i f l u o r o p r o p y l  groups  on compounds  con-  
t a in ing  s e v e r a l  s i loxane  bonds ,  it  is  convenien t  to 
use  cyc los i loxanes  conta in ing  both 3 , 3 , 3 - t r i f l u o r o -  
propyl(methyl)  s i loxane  (r and d ime thy l s i loxane  (D) 
l inks .  A method was developed p rev ious ly  for  the 
eh romatograph ie  ana ly s i s  of m i x t u r e s  of the cyc lo -  
s i loxanes  CmDn (where m = 0 - 5 , n  = 0 - 5 ,  and m + 
+ n = 3 -6 )  con ta in ing  up to 18 components  [2,3].  It 
has also been e s t ab l i shed  [4] that under  the act ion 
of bases  both cycl ie  and l ine a r  t r i f l uo rop ropy l (me thy l ) -  
po lys i loxanes  d i sso lved  in acetone undergo a r e -  
a r r a n g e m e n t  at room t e m p e r a t u r e  g iv ing  an equ i l ib -  
r i u m  mix tu r e  of cye los i loxanes  cons i s t i ng  ma in ly  of 
1 , 3 , 5 , 7 - t e t r a ( 3 ' ,  3 ' ,  3' - t r i f l u o r o p r o p y l ) - l ,  3 , 5 , 7 -  
t e t r a m e t h y l c y c l o t e t r a s i l o x a n e  (44) and 1 , 3 , 5 , 7 - 9 -  
pen t a - (3 ' ,  3 ' ,  3' - t r i f l u o r o p r o p y l ) -  1 , 3 , 5 , 7 , 9 - p e n t a -  
me thy lcyc lopen ta s i l oxane  (r 

In the p r e s e n t  work we s tudied the r e a r r a n g e m e n t  
of the cyc lopen tas i loxanes  CmD4-m,  where  m = 0 - 4 ,  
in acetone solut ion under  the act ion of sodium s i l o x a n -  
olate at room t e m p e r a t u r e .  

The cyc los i loxanes  r r r D, and ~4 have 
been i so la ted  and c h a r a c t e r i z e d  p rev ious ly .  r 
apparen t ly  cons i s t s  of a mix tu re  of i s o m e r s  with 

*For  pa r t  I, see [3]. 

d i f fe rent  a r r a n g e m e n t s  of the l inks  in the r ing:  
D 

@ /  \D @ff 
% 

(I) and \ $  (II). However it was 

\ D  / ~ D  / ' 
i m p o s s i b l e  to deteet  the i r  p r e s e n c e  c h r o m a t o g r a p h -  
ica l ly  or by o ther  methods .  

The r e a r r a n g e m e n t  of the cye los i loxanes  in so lu -  
ut ion takes  p lace  with the fo rmat ion  of l i n e a r  poly-  
s i loxanes ,  the degrada t ion  of which pa r t i a l ly  r e g e n -  
e r a t e s  the i n i t i a l  eyc los i loxane  and also gives  cyc lo -  
s i loxanes  with a d i f fe ren t  s t r u c t u r e .  

The k ine t i c s  of the r e a r r a n g e m e n t  of the c y c l o s i -  
loxanes  CmD4_m and the fo rma t ion  of the c o r r e s p o n d -  
ing l i n e a r  po lys i loxanes  is  i l l u s t r a t e d  in Fig.  1. The 
r e a r r a n g e m e n t  of D 4 (curve 1) takes  p lace  v e r y  slowly 
unde r  the act ion of sodium s i loxanola te ,  which shows 
the r e l a t i v e  r e s i s t a n c e  to nucleophi l ic  at tack of the 
D--D bond in this  r ing .  When one d ime thy l s i loxane  
l ink is  r ep laced  by a 3 , 3 , 3 - t r i f l u o r o p r o p y l ( m e t h y l ) -  
s i loxane  l ink,  i . e .  on p a s s i n g  to CD 3 (curve 2), the 
r a t e  of r e a r r a n g e m e n t  in the in i t i a l  per iod  i n c r e a s e s  
by a fac tor  of app rox ima te ly  18. R e p l a c e m e n t  of the 
fol lowing l ink (r cu rve  3) causes  a fu r the r  acce l -  
e r a t i on  of the r e a r r a n g e m e n t  by a fac tor  of about 6, 
and the in t roduc t ion  of a th i rd  r group (r cu rve  
4) a fu r the r  i n c r e a s e  by a fac tor  of 2. Somewhat un-  
expected,  at f i r s t  s ight ,  is  the d e c r e a s e  in the ra te  
of r e a r r a n g e m e n t  on p a s s i n g  f rom r to r (curve 
5). However ,  one m u s t  take into cons ide ra t i on  the 
fact  that in the r e a r r a n g e m e n t  of the cyc les  CD 3, 
r and r a l a rge  amount  of other  mixed  cyc les  
is  fo rmed  and in the e qu i l i b r i um m i x t u r e s  (see table)  
the in i t i a l  cyc los i loxanes  a re  p r e s e n t  in s m a l l  amounts  
(14-19%),  while  only the cyc les  Cm (m = 3 ,5 ,6 )  a re  
fo rmed  f rom r and these ,  in the i r  tu rn ,  give r on 
r e a r r a n g e m e n t  so that  the amount  of it in the equi l ib -  
r i u m  m i x t u r e  is  high (~55%). Since the cyc les  Cm 
undergo  r e a r r a n g e m e n t  rapid ly ,  the " secondary"  r 
a c c umul a t e s  cons ide rab ly  f a s t e r  than the " secondary"  
CD 3, r and r D, the p robab i l i ty  of the fo rma t ion  
of which f rom the l i n e a r  copo lymers  is  consequent ly  
lower  than the p robab i l i t y  of the fo rmat ion  of r f rom 
the h o m o p o l y m e r  Cp. 

The ra te  of fo rma t ion  of a l i nea r  polys i loxane  (Fig. 1, 
cu rves  1 ' - 5 ' )  and the t ime  it takes  to r each  i ts  m a x i -  
m u m  concen t r a t i on  in the r eac t ion  mix tu re  also depend 
on the n u m b e r  of r l inks  in CmD4-m. On p a s s i n g  f rom 
D 4 to r the in i t i a l  ra te  of fo rma t ion  of the l i n e a r  

po l yme r  r i s e s  approx imate ly  17-fold,  on p a s s i n g  f rom 
�9 D 3 to ~zD 2 approx imate ly  5-fold,  and on pas s ing  f rom 
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4)2D 2 to ~3 D approx imate ly  1.6-fold.  The m a x i m u m  
concen t r a t i on  of p o l y m e r  is  r eached  the m o r e  rap id ly  
the g r e a t e r  the n u m b e r  of 4~ l inks  in the in i t i a l  @mDt-m. 
In the r e a r r a n g e m e n t  of ~ ,  the e q u i l i b r i u m  concen -  
t r a t ion  of the p o l y m e r  is  low and, apparen t ly ,  i s  
r eached  v e r y  rap id ly  s ince  it r e m a i n s  p r a c t i c a l l y  con-  
s tant  ( less  than 1%) f rom the f i r s t  minu te  up to the 
m o m e n t  of a c h i e v e m e n t  of equ i l i b r i um between the 
cyc les ,  @m" 

The e q u i l i b r i u m  concen t r a t i on  of l i n e a r  po lys i loxane  
is  thus i n v e r s e l y  p ropo r t i ona l  to the n u m b e r  of @ l inks  
in r  (Fig.  2). Consequen t ly ,  as d ime thy l s i loxane  
l inks  a re  r ep l aced  by 3 , 3 , 3 - t r i f l u o r o p r o p y l ( m e t h y l ) -  
s i loxane l inks ,  the cycl ic  conf igura t ion  of the s i loxane 
becomes  t h e r m o d y n a m i c a l l y  m o r e  favorable �9  This  is  
also con f i rmed  by l i t e r a t u r e  data on the compos i t ion  
of the e q u i l i b r i u m  s y s t e m s  obta ined by the block poly-  
m e r i z a t i o n  of the cyc les  D4 and ~3 [7,8].  

E q u i l i b r i u m  
m i x t u r e  
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Fig.  1. Kine t i c s  of the r e a r r a n g e m e n t  of 
c y c l o t e t r a s i l o x a n e s  ~mD4-m:  a) Degree  
of conve r s ion  of the cyc los i loxane ,  % 
(full l ines)  or  content  of l i n e a r  po lys i lox-  
ane,  wt. % (broken l i ne s ,  n u m b e r s  with 

dashes ) ;  b) t ime ,  min:  1 ,1 ' -D~;  2,2'-4~D~; 
3,3'-r 4,4'--~D; 5,5'-~. 

It  was s ta ted above that on p a s s i n g  f rom Da to @D~ 
the r e a r r a n g e m e n t  a c c e l e r a t e s  app rox ima te ly  18-fold�9 
The cause  of this  m a y  be a m a r k e d  d i f fe rence  in the 
r eac t iv i ty  of the D--D and ~ - D  bonds�9 Let  us ,  how- 
ever ,  cons ide r  the r e a r r a n g e m e n t  of CD 3 in somewhat  
m o r e  detail�9 The l i n e a r  t e t r a s i l oxane  fo rmed  as a 
r e s u l t  of an a t tack by the act ive cen t e r  of the 

> Si--O--Si < ~ bond in the eyc lo t e t r a s i l oxane  e n t e r s  
the growing p o l y m e r  chain in the fo rm of a whole 
f r agmen t .  This  has been shown e x p e r i m e n t a l l y  [9] 
for  the ca t ion ic  p o l y m e r i z a t i o n  of Da. In @D~, the 
s i l i con  a tom at tached to the t r i f l uo rop ropy l  group 
is  the mos t  e l ec t ropos i t ive .  Consequen t ly ,  in the 
at tack of an anion on the ~---D bond the appearance  
of the fol lowing l i n e a r  f r a g m e n t  may be expected.  

H3C~/CH.CH-CF 3 
- . " * 

-~.Si --O:--'--Si 
" O S  1 "x, 0 

H.~C, I I /C l ta  
"Sir 3S ix  

HaC / I I ~CH~ 
O \ s  0 

--Si / 
/ \  

HgC CH 3 

CF,CH~CH CH. 
"I " ! ~- ~N.Si--O--Si--O~Si--O , Or ~>~i--O--*DDD-- ( i )  

" i~ 17 
CH 3 CH 3 

If the ma in  at tack in @D3 is on a ~--D bond, the 
p o l y m e r  fo rmed  mus t  have the s t r u c t u r e  

~ > Si--O--q)DDD--CPDDD--ODDD-- 

--(1)D D D--(I)DDD--(DD D D--. 

The d e s t r u c t i o n  of such a po l yme r  p r e domi nan t l y  at 
the ~--D bonds m u s t  lead to the fo rmat ion  of @2D3, 

~- 60. 
d 

50. 

E 40 

..~ 

1 2 3 4 
m in cure P4.~ 

Fig .  2. Content  of l i n e a r  po lys i -  
loxanes  in e qu i l i b r i um m i x t u r e s .  

D3, and the in i t i a l  ~D 3. In actual  fact,  in the r e a r -  
r a n g e m e n t  of ~D3 (Fig. 3), even in the f i r s t  few m i n -  
utes  @D 4 and ~2D2 are  fo rmed ,  bes ides  ~2D3, which 
shows the t rue  s t r u c t u r e  of the p o l y m e r  and the fact  
that the pa r t i c ipa t ion  of the D--D bonds in the r e a r -  
r a n g e m e n t  is  m o r e  ac t ive  t h a n w a s  a s sumed .  Evident ly ,  
the t r i f l uo r op r opy l  group ac t iva tes  with r e s p e c t  to 
nuc leophi l ic  r e a g e n t s  not only the s i loxane bonds of 
" i t s  own" s i l i con  atom but also the r i ng  as a whole. 
The r e a s o n  for  this  ma y  be the t r a n s f e r  of the induc-  
t ive in f luence  of the t r i f l uo rop ropy l  group through 
s i loxane  bonds f r o m  the Sil a tom to the Si 3 and Si.l 
a toms and,  m o r e o v e r ,  to the Si 5 atom. As a r e s u l t ,  
the D--D bonds in @D3 become  m o r e  r eac t i ve  than 
those in D 4. 

E q u i l i b r i u m  
m i x t u r e  

A x Q D a 
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a . l  M 
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Fig. 3. Kinetics of the formation 
of cyc los i loxanes  @mDn in the 
r e a r r a n g e m e n t  of @D3: A) con-  
tent  of cyc los i l oxanes ,  wt. %; 

B) t ime ,  rain.  

In an a t tack  by an anion on the D--D bonds in CD 3, 
the mos t  p robab l e  points  of at tack a re  the Si3 and 
SiT a toms ,  and in an attack on the @--D bonds the Si 
atom. The s t r u c t u r e  of the po lymer  fo rmed  in this  

case  is 

-~ > Si - -O--@DDD--D@DD--ODDD--DDDO--DODD--  
- -D(DDD--DDDO--ODDD--.  

The poss ib i l i t y  of the fo rmat ion  of the cyc les  ~D4, 
@2D~, ~2D~, and also D 4 and ~2D4 in the degrada t ion  
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of such a polymer is obvious. So far  as concerns 
4~3D and r which appear only at the 20th minute 
(see Fig. 3), their formation can be explained by the 
participation in polymerizat ion of the cycles ~2D3 
and ~2D2 accumulating in the system. 

Equilibrium 
A I  �9 ~ �9 ......~.~ p---.....- �9 I m i x t u r e  

12 t s ' ' "  ~ I 
IO ,e" II "+--{~'+ v~+' 

I 
a / A ~' la'-+-+ ~P~-Di 

~ (PD~ 
, " v ~ V  cP4~ 

6" ~ , / J . v " " ' v ~ : ~  p ii 
+ ~ " / ' -  - - - "  " ' - ; "  0 , - - ' - -  " t 

0" . . . . . . .  ~ I * '~- |  %a" 
15 ~,0 45 60 75 g0 105 120B 

Fig .  4. Kinetics of the fo rma-  
tion of the cyclosiloxanes 
CmDn in the rea r rangement  
of r A) content of cyclo-  
siloxane, wt. %; B) t ime, min. 

In the rea r rangement  of r the i somer  I may,  
in a s imilar  manner  to that described above, give the 
following fragments  of polymer  chain: ~DDr r162 
and (less probably) Dr I somer  II  can give only 
CDCD. The polymer  formed f rom a mixture of iso-  
mer s  I and II must  have the s t ructure  

"~ > S i - - O - - | 1 6 2 1 6 2 1 6 2 1 7 4 1 6 2 1 6 2  
--DII)OD-- ~DDID--| 

This s t ructure  of the polymer  sat isfactor i ly  ex- 
plains the formation of +~D2, +2De, +3D, and +D 3 
observed exper imenta l ly(Fig .  4). The ~4 and +3De 
appeared considerably la ter  and are evidently the 
products of secondary reactions.  The more  rapid 
accumulation of +3D2 than of the other cycles  is a 
convincing proof of the fact that the decomposition 
of the + polymer at the r 1 6 2  bonds takes place more 
readily than at the +--D bonds. 

A I E.qui l ibr ium 
I mgxture 27. 2 + , - . , ~  I 

q%D 
21 " " ~ " -  I l ~ . _ . qP+  I> 

18 ] " - -1 " - - "  I~ 4 

I 
15 I 
12 ~lcP+-"r  I 

r +-+-  . . . .  " ,  
9 

+ . . . . . _ _  , , + +  , , , . , , ,  

o ~ - - ~ - :  . . . . . . . . . . . .  -'z+--.l ' + = ~ t ,  . . . . . . . .  +~-~-  cp, I z �9 
o is +o 4s so 7s oo los t2o e 

Fig. 5. Kinetics of the fo rma-  
tion of the cyclosiloxanes 
�9 mDn in the rea r rangement  
of r A) content of cyclo-  
siloxane, wt. %; B) t ime, min. 

The polymer  formed in the rea r rangement  of 
@3D must  have the s t ructure  

"+ > S i - - O - - O |  
- - ( I )~D ~--(I)D(I)~--(I)(I)(I) D - -  (D(I)D(D'. 

The rapid accumulation of ~b4D and the formation 
of ~4, ~3D2, ~2D2, ~5, and ~4D 2 observed experi-  
mentally (Fig. 5) agree well with this s t ructure  for the 
polymer.  In the rea r rangement  of ~3D, the products 
were also found to contain varying amounts of ~3 
(from t races  to 1.5%) and ~2D (from t races  to 0.9%). 
In rea r rangements  of ~D3 and ~2D2, small amounts 
(about 0.2-0.5%) of I~,  ~D 2 and ~2D were found. The l o w  

content of cyclotr is i loxanes in these "systems, which 
var ies  during the rear rangement ,  is due to the ther -  
modynamically unfavorable formation of strained 
s ix-membered  siloxane rings and their fas ter  poly- 
merizat ion as compared with the cyclotetrasi loxanes.  
This is also confirmed by the practical ly complete 
absence of cyclotr is i loxanes in the equilibrium mix- 
tures  (see table). The upper limits of the variable 
concentrations of cyclotr is i loxanes are the greates t  
in the rear rangement  of ~3 D. It is obvious that in 
this case there is the possibili ty of the formation of 
&3 and &2D as a resul t  of the splitting of only the 

bonds, which are the most  reactive.  
In the rea r rangement  of ~4, the concentration of 

cyclosiloxanes r  (m = 3,5,6)  approaches the equilib- 
r ium concentration comparat ively rapidly (Fig. 6). 

A I Equilibrium 

/ 
3 0  ! 

I 
~o r 

I 0  

o " , ,  . . . . .  ~  
+5 30 45 G0 75 90 105 ;20 B 

Fig. 6. Kinetics of the fo rma-  
tion of cyclosiloxanes Cm in 
the rea r rangement  of r 
A) content of cyclosiloxane, wt. 

%; B) time, min. 

Data on the composition of the equilibrium mixture 
(see table) agree sat isfactori ly with the resul ts  ob- 
tained previously [4]. 

The increase  in the rate of rea r rangement  of 
&mD4-m and the rate  of formation of the corresponding 
linear polymer  in the sequence D 4 < ~D3 < &2D2 > 
> ~3D and also the other data given above show that 
in react ion with nucleophilic agents the reactivi ty of 
the siloxane links r i ses  in the sequence 

?.:, ?.:, ?... ?.~,:.;c,% ,:,+~,::..c.=+ c.~,:.~,,:~+ 
I 

~Si - -O- -S i+  < +S i - -O- -S l+  / +$i- -O--S 
I I I I \ I I 

CH 3 CH 3 CH 3 CH~ CHa CH 3 

This increase  in react ivi ty is evidently explained 
by the negative inductive effect of the tr i f luoropropyl  
group. The causes of the fall in the equilibrium con- 
centration of polymer with an increase  in m in 
�9 mD4-m are less clear .  It is possible that it is con- 
nected with the s ter ic  influence of the t r i f iuoropropyl  
groups. The study of this question is continuing. 
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EXPERIMENTAL 

The work was carried out with the  cyclosiloxanes ~mD4_m ob- 
tained as described previously [3, 5, 6].  A solution of a cyclotetra- 
siloxane in anhydrous acetone was placed in a conical flask, with a 
magnet ic  stirrer, previously filled with argon. Then a solution of so- 
dium 3, 3, 3-trifluoropropyl(methyl)siloxanediolate in anhydrous 
acetone was added to the  flask. In all experiments, the concentration 
of cyclosiloxane was 0.835 m o l e / l  and the  concentration of catalyst 
(2.78 ~ 0.01) �9 10-aN, and the  temperature of the  experiments was 
22.5 ~ 0.5" C. A stopwatch and the  magnet ic  stirrer were switched 
on at the moment  of introduction of the  catalyst. The addition of 
the catalyst and the taking of samples were carried out under con- 
ditions excluding the access of moisture and CO S . The samples taken 
after predetermined intervals of t ime  were neutralized with acetic 
acid (3 moles per g-equiv,  of catalyst). After 120 rain, the  catalyst 
was added to the reaction mixture to a concentration of (4-5)  �9 10 -3 N 
and 22 hr after this a sample was taken; then catalyst was added 
to a concentration of (14-16) �9 10 -s  N. 72 hr after the beginning 
of the experiment the contents of the  flask were neutralized with 
acetic acid. The acetone was distilled off from all the neutralized 
mixtures at 90* C. From the results of chromatography, the  acetone 
distilled off contained no cyclosiloxanes. 

The weighed residues were chromatographed and separated 
by heating in vacuum (up to 200* C at 1 -2  mm) into a cyclic fraction 
(distillate) and a polymer fraction, which were also weighed and 
chromatographed (the polymer fraction qualitatively). To calculate 
the amount of polymer in the  mixture before the vacuum distillations 
of the cyclosiloxanes, chromatographic data on the  content in the 
mixture and in the distillate of one of the  cyclosiloxanes (C) absent 
from the polymer fraction and present in the  distillate in max imum 
amount were used. The calculation was performed using the formula 
P = 100 -- B(nz/na), where P is the content of polymer in %, B is 
the amount of distillate in ~ n 1 is the proportion of cyclosiloxane 
C in % of the total cycles in the mixture before distillation, and n2 
is the content of cyclosiloxane C in the distillate in %. 

Twenty-two hours after the addition of the first amount of catalyst 
the  reaction mixture had reached equilibrium in all  cases except for 
D4, since the  second addition of catalyst and keeping the mixture for 
48 hr caused no change in its composition. For the mixture obtained 
from (9zD z, this was also confirmed by the  addition of a more effective 
catalyst, potassium dimethylsiloxanediolate (4.1" 10-s g-equiv.  / l ), 
and keeping the  mixture for 24 hr. Under these conditiom the com-  
position of the mixture was the same as that obtained with the sodium 
siloxanolate. Since the rearrangement of D 4 in the presence of the 
sodium siloxanolate takes place very slowly, in this case the  equilib- 
r ium mixture was obtained by the action of potassium dimethylsilox- 
anediolate ( 7 . 3 . 10 - s  g-equiv.  / l ) for 24 hr. Under these conditions, 

only 10 min  after the  addition of the  catalyst the deposition of 
polymer from the solution was observed. The mixture was treated 
as described above. After vacuttm distillation, the  polymer contained 
no cyclosiloxanes. The composition of the  distillate was not deter- 
mined.  

All the chromatographic analyses were carried out on a UKh-1 
chromatograph with a katharometer as detector and hel ium as the  
carrier gas. For the  analysis of the mixtures obtained by the  rearrange- 
ment  of D 4, ~D s, ~Dz,  and ~sD, SKTFT-50 rubber on Celite-545 
was used as the  stationary phase. The products of the rearrangement 
of Ca were analyzed on a Y coinmn attached to the  chromatograph, 
with siloxane oil on Inza brick as the  stationary phase. 
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