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The kinetics of the hydrolysis of 15 1-alkyt-, 1-alkoxy- and 1-hy- 
drosilatranes in an aqueous medium has been studied. The hydrolysis 
reaction is described by a first-order kinetic equation. 1-Hydrosila- 
trane is hydrolyzed most readily and 1-isopropyl- and 1-tert-butoxy- 
silatranes with the greatest difficulty. A correlation has been drawn 
up of the logarithms of the rate constants of the hydrolysis of the sita- 
tranes and the o* constants of the substituents, the influence of the 
latter on the reaction has been discussed, and a scheme for its mech- 
anism has been put forward. 

The capaci ty  of the a lkoxys i l anes  for r ead i ly  u n d e r -  
going hydro lys i s  is well  known and is widely used in 
prac t ice .  The hydro lys i s  r eac t ion  of these compounds 
has been  studied qual i ta t ive ly  on n u m e r o u s  examples  
but i ts  k ine t ics  has been  inves t iga ted  quite inadequately.  
In the m a j o r i t y  of pape r s  the ra te  of hydro lys i s  of the 
a lkoxys i lanes  is c h a r a c t e r i z e d  only by approximate  
f igu res  for  the y ie ld  of the po lymer i c  products  of hy-  
drolyt ic  condensat ion  as a funct ion of the t ime of the 
process. 

Direct kinetic data are given only in a few papers 
in which the rates of hydrolysis of the alkoxysilanes 
were studied from the change in the electrical conduc- 
tivity [2], from the change in the refractive index and 
density [3, 4], from the change in the content of water 
d e t e r m i n e d  with CRH z or  AI4C ~ [3, 4] or  by t i t r a t i on  
with the Kar l  F i s c h e r  reagent  [5], or  f rom the amount  
of alcohol formed,  d e t e r m i n e d  ch romatograph ica l ly  
[6]. It has been repor ted  [5] that the hydro lys i s  of the 
t e t r aa lkoxys i l anes  in the p r e sence  of acid ca ta lys t s  is  
a s e c o n d - o r d e r  r eac t ion  while in the p r e sence  of bas ic  
ca ta lys t s  it  is a f i r s t - o r d e r  reac t ion .  The k ine t ics  of 
the hydro lys i s  of the a lkoxyaminos i l anes  and of the 
s i l a t r a n e s  has not p rev ious ly  been  studied. 

*For  pa r t  XVII, see [1]. 

We have already shown [7] that the silatranes are 
relatively stable to atmospheric moisture and hydro- 
lyze with considerably more difficulty than the Si-sub- 
stituted trialkoxysilanes RSi(OCH 2 CH3) 3 and tris(2- 
aminoalkoxy)silanes RSi(OCH2CH2NH2) ~ of analogous 
structure. We considered it to be of interest to study 
the dependence of the rate of hydrolysis of the sila- 
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t r a n e s  N(CH2CH20)3SiX (I) on the na ture  of the s u b s t i -  
tuent  X on the s i l i con  atom. F o r  this purpose  we have 
studied the k inet ics  of the hydro lys i s  of the S i - s u b s t i -  
tuted s i l a t r a n e s  (I, X = H, alkyl,  vinyl ,  phenyl,  a l -  
koxyl) in  dilute aqueous so lu t ions  at 20 ~ C in the ab -  
sence  of ca ta lys t s  (see also [8]). 

The hydro lys i s  of I, which is  a combina t ion  of a 
s e r i e s  of p a r a l l e l - s u c c e s s i v e  r eac t ions ,  is ,  under  these  
condi t ions ,  on the whole, wel l  de sc r ibed  by a f i r s t -  
o r de r  kinet ic  equat ion (Fig. 1). The ra te  cons tan t s  (k) 
of the pseudomonomolecu la r  hydro lys i s  r eac t ion  of I 
taking place in the p r e sence  of a cons ide rab le  excess  
of water  that have been  ca lcula ted  f rom the e x p e r i -  
men ta l  r e s u l t s  obtained are  g iven in the table.  A com-  
pa r i son  of these cons tan t s  shows that with a change in 
the subs t i tuen t  X on the s i l i con  atom the ra te  of hy-  
d r o l y s i s  of the s i l a t r a n e s  fal ls  in the following s e -  
quences :  

I) H>>CH2=CH>CH3>CH3(CH2)2=C6Hs>CH3CH2> (CH3)2CH; 
2) CH30>CH3CH20>CH3 (CH2hO>CH3 (CH2) 20> (CH3) 2CHO> 
> CH~CH2(CH3)CHO> (CH3)eCHCH20>> (CH3)3CO. 

On pass ing  f rom s i l a t r ane  i t se l f  (X = H) with tl/2 = 
= 1.7 hr  to 1 - i s o p r o p y l s i l a t r a n e  (X i-C3H 7) with tl/z = 
= 177.7 hr,  the ra te  constant  of the hydro lys i s  r eac t ion  
d e c r e a s e s  108-fold. This d i f fe rence  in the r a t e s  of the 
hydro lys i s  of these compounds shows the i r  g rea t  s e n -  
s i t iv i ty  to the polar  effect of the subs t i tuen t  on the s i l -  
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Fig. 1. Log a/(a - x) as a funct ion of the t ime for  the hydro lys i s  of 
the s i l a t r a n e s :  a: X = H(A 1), CH 2 = CH (+2), CH~ (*3), n-C~H 7 
((3 4), C6H ~ (O 5), CzH 5 ([:3 6), i-C~H 7 (A 7); b: X = CH30 (+8), 
CzH50 (*9), n-C4I~O (O 10), n-C3H70 (O 11), i-C3HTO (5 12), s -  

C4H90 ( i  13), i-C4HsO (A 14), t-C4HsO (A i5).  
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icon atom. It is extremely remarkable that the l- 

alkoxysilatranes containing a secondary or tertiary 
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Fig.  2. Logar i thms  of the hydrolys is  ra te  
cons tants  of the s i l a t r a n e s  as funct ions of 
the induct ion constant  of the subs t i tuent  X 
on the s i l i con  atom (Or*X): X = H (1), CH 2 = 

= CH (2), CH 3 (3), n-C3H 7 (4), C2H5 (5), 
i-C3H7 (6), C~H5 (7), CH30 (8), C2H50 (9), 
n-C3H?O (i0), n-C4HgO (11), i-CaHTO (12), 
s-C4HgO (13), i-C4HsO (14), t-C4HsO (15). 

alkyl rad ica l  hydrolyze at approximate ly  the same ra te  
as 1 -me thy l s i l a t r ane  (tl/2 = 22.4-27.7  hr). Of the s i -  
l a t r anes  studied, "compound I with X = (CH~)3CO hydro -  
lyzes  with the g rea tes t  difficulty (tl/2 = 346.5 hr). 

The quant i ta t ive evaluat ion  of the dependence of the 
re la t ive  r a t e s  of the hydro lys i s  of the s i l a t r anes  on the 
na ture  of the subs t i tuen t  X on the s i l icon  atom can be 
made on the bas i s  of Taf t ' s  equat ion [9, 10]. 

tg ~ =p*O*x or lg~=Ig~o+p*a*x, 

where or* X is the induct ion constant  of the subs t i tuent  X 
and p* is  the r eac t ion  constant.  The co r r e l a t i on  b e -  
tween log K and a*X is i l lus t ra ted  graphica l ly  in Fig. 2. 
This shows that the s i l a t r a n e s  studied can be subdi -  
vided into two reac t ion  s e r i e s :  I with X = R (alkyd and 
II with X = RO (alkoxyl) in each of which there  is a 
f a i r ly  good l inear  co r r e l a t i on  between the va lues  of 

log K and *X" 
In the r eac t ion  s e r i e s  of the a lky l s i l a t r anes  (R = 

= CH3, CzHh, n-C3H~, i-C~H~), an i nc r ea se  in the in -  
duction constant  of the rad ica l  R acce l e r a t e s  the hy-  
d ro lys i s  p rocess  (p* > 0). This shows that the o v e r - a l l  
ra te  of the mul t i s tage  hydro lys i s  of the a lky l s i l a t r anes  
is de t e rmined  by the nucleophi l ic  attack on the reac t ion  
cen te r  of the molecule  of I by a water  molecule  (or a 
hydrated  HO- ion), which is the slowest  stage of the 
p roces s :  

l ,t X slow ? . . . . .  i X fast 
N(CH~CH~O)3$i / +OP I2J  ~ - - - ~  N(CH~CH~O)sSi( H - ~  

~x / 

o 
I 

H 
x 

~ HOCH2C H2N(C H2C H~O)2Si < 
Oil 

The high absolute value of the r eac t ion  constant  p* 
(+4.76) shows the cons iderab le  degree  of polar i ty  of 
the t r ans i t i on  state in the kinetic stage of the p roces s  
in which the reac t ion  cen te r  (the s i l icon  atom) acqui res  
a cons ide rab le  negative charge.  The spat ia l  inf luence 
of the subs t i tuent  on the ra te  of hydrolys is  of the 1- 
alkylsilatranes apparently has no fundamenta l  inf luence 
(the point corresponding to I with X = i-C~H 7 lies on 

the correlation curve). 

The unsubstituted l-hydrosilane (X = H) must also 

be assigned to the reaction series L Some deviation of 
the value of log K from the correlation curve must 

probably be ascribed to the fact that in the hydrolysis 

of this compound it is not only the Si--O--C bond but 

also, in part, the Si--H bond that is cleaved (as is 
confirmed by the evolution of bubbles of hydrogen dur- 

ing the reaction). 
The values of log K for 1-vinyl- and, particularly, 

l-phenylatranes deviate considerably from the corre- 

lation curve of I, and the rates of their hydrolysis are 

far lower than expected. We are inclined to explain 

this effect by the pTr-d~r interaction of the substituents 
mentioned with the central silicon atom, as a result of 

which their electron-accepting effect (ff*X = 0.40 and 

0.60, respectively) is considerably lowered (to ~*eff ~ 
0.i0 and -0.05, respectively). This is also con- 

firmed by the fact that the linear correlation of the 
acidity of the triorganylsilanols with the magnitude E~* 
of the substituents on the silicon atom is disturbed in 

the case of phenyl-substituted compounds, which pos- 

sess a lower acidity than could have been expected on 
, 

the basis of the value o- C6H5 = 0.600 [i0]. 
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Fig.  3. Rela t ionship  between the loga-  
r i t hms  of the ra te  cons tants  for the hy-  
d ro lys i s  of the s i l a t r a n e s  and the spec -  
t roscopic  induct ion constant  of the 
subs t i tuen t  X on the s i l i con  atom (Ex):  
X = H  (1), CH2=CH (2), CH 3 (3), n-  
C~H7 (4), C2It 5 (5), i-C3H7 (6), C6tt5 (7), 
CHiC (8), C2H50 (9), i-CaHTO (10)o 

In r eac t ion  s e r i e s  II (a lkoxysi la t ranes) ,  the r eac t ion  
constant  p* = +2.60 proved to be lower than in s e r i e s  
I*. This once again indicates  the nucleophi l ic  na ture  of 

*In the ca lcula t ion  of the paJbameters of Taf t ' s  equa-  
tion, it was a s sumed  that or*OR = ~r* R + 1.45 (this is 
equivalent  to pe r fo rming  the co r re l a t ion  of log K for 
I (X = OR) with cr*R). 
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4, t 
R a t e s  of  H y d r o l y s i s  of the  S i l a t r a n e s  XSi(OCH2CH2)3 N and 

P o l a r  C o n s t a n t s  of the  S u b s t i t u e n t s  X 

Found  Calculated ] Diffe . . . . .  [h/:,lo~(IE. x 
X - -  - -  

Ir -~, h r "  I logkmean l t r  , 0 - ' ( h ~ ] ~ o g g  ! Art i o g ~  i hr  ] 

H 
CH3 
C2Hs 
n-C3H7 
i-CaH7 
CH2=CH 
C6H~ 

CH30 
C~IsO 
n-CaHTO 
i-C3H70 
~-C4HsO 
i-C4H90 
s-C4H�O 
t-C4H�O 

42.0• 
2.9• 
0.9• 
1.6• 

0.~• 
7.7• 
1.6• 

9.5• 
5.8• 
3,8• 
3.I• 
3.9• 
2.3• 
2.5• 

0.20• 

Series I, log k = 1.54 + 6 .76a*x  

--0.38 62,3 0.79 20.3 1.17i 1.71 0,4% 
--1.54 2.9 --1.54 0.0 0.00 23.9i 0,00 
--2.05 1.0 --2.01 0,1 0,04 77.0 I --0.101 
--1.80 0.8 --2.11 --0.8 i--0.31 i 433J--0.12 
--2.41 0.36 --2.44 --0.03 I --0,03, 177.7 I--0.19 
-- 1.11 2.3 0.37 ', --5.4 1,48 ! 9.0 0.40] 
--1.80 20.7 1.32 t9.1 3.12 [ 432 0.60 

Series II, log k = 4.81 + 2.60a*x 

-1,02 9.1 I-I.04 I - 0 . 4 - 0 . 0 2  
--1.24 5.7 --1.251--0.1 --0.01 
-- 1.42 4.5 I -- 1.35 { 0,7 0.07 

-- 1 53 ' --0.02 - - 1 , 5 1  2,9 I . ~ - - 0 , 2  
--1.41 4.2 -1.38 ~ O23 ! O.O3 
-1.54 4,2 [-I,38 1.9 ; 0.26 

1 ,60  2.6 ~ ' - -  I - -  1 ,59  0,1 0.01 
--2.70 1.5 ',--I.82 1.3 i 0.82 

729.0 
706.7 
699.0 
702.7 
695.0 
710.0 
708,8 

] 7.3 1.451 734.3 
1t.9 1.37[ 731.0 

1 18.2[ 1.33 I 
~i 22.4 1,26 730.3 

17.8 1 32 130.1 1.32F 
27.7 124 

346.5 [ 1.15 

the  h y d r o l y s i s  of the s i l a t r a n e s  wi th  X = OR but  wi th  a 
l o w e r  n e g a t i v e  c h a r g e  of the  r e a c t i o n  c e n t e r  in the  
t r a n s i t i o n  s t a t e .  

The  v a l u e s  of log  K f o r  the a l k o x y s i l a t r a n e s  p o s -  

e s s i n g  an  i-C4HaO and,  p a r t i c u l a r l y ,  a t -C4HsO g roup  
on the s i l i c o n  a t o m  d e v i a t e  c o n s i d e r a b l y  f r o m  the c o r -  
r e l a t i o n  c u r v e  II. T h i s  m u s t  be a s c r i b e d  to a s t e r i c  
e f f ec t .  The  c a l c u l a t i o n  of the  s t e r i c  h i n d r a n c e  c r e a t e d  
by  such  s u b s t i t u e n t s  u s i n g  a m o d i f i e d  Ta f t  e q u a t i o n  
[9, 10, 12]. 

l g - -  =gs+~*xp*. 
K0 

w h e r e  E s i s  the  s t e r i c  c o n s t a n t  of the  s u b s t i t u e n t ,  l e a d s  
to v a l u e s  of E s f o r  the i s o -  and t e r t - b u t o x y  g r o u p s  on 
the  s i l i c o n  a tom in the s i l a t r a n e s  of - 0 . 2 6  and - 0 . 8 8 ,  
r e s p e c t i v e l y .  

The  r a t e  of h y d r o l y s i s  of the l - a l k o x y s i l a t r a n e s  
p r o v e s  to be c o n s i d e r a b l y  l o w e r  than  cou ld  have  b e e n  
e x p e c t e d  on the  b a s i s  of the  c o r r e l a t i o n  c u r v e  I. T h i s  
i s  the  c a s e  in sp i t e  of the  f a c t  tha t  e l e c t r o n - a c c e p t i n g  
OR g r o u p s  on t h e s i l i c o n  a t o m s  in the  s i l a t r a n e s  m u s t  
r a i s e  i t s  e l e c t r o p h i l i e i t y  c o n s i d e r a b l y  in c o m p a r i s o n  
wi th  the  a l k y l s i l a t r a n e s  and tha t  t he  m o l e c u l e  of a 1 :  
a l k o x y s i l a t r a n e  c o n t a i n s  not  t h r e e  but  f o u r  S i - - O - - C  
bonds  c a p a b l e  of u n d e r g o i n g  h y d r o l y s i s .  It m a y  be a s -  
s u m e d  tha t  in the  1 - a l k o x y s i l a t r a n e s  a S i - - O - - C  bond 

p r e s e n t  in the  s i l a t r a n e  s k e l e t o n  of the  m o l e c u l e ,  and 
not  that  in the  a l k o x y  g r o u p ,  i s  h y d r o l y z e d  f i r s t .  T h i s  
is  c o n f i r m e d  by  the f a c t  tha t ,  as  we s h a l l  show in s u b -  
s e q u e n t  p a p e r s ,  the  i n t r o d u c t i o n  of a lky l  s u b s t i t u e n t s  
in the  p o s i t i o n s  3, 7, and 10 of the h e t e r o c y c l i c  s k e l e -  
ton  of the  s i l a t r a n e  m o l e c u l e  c o n s i d e r a b l y  l o w e r s  the 
r a t e  of t h e i r  h y d r o l y s i s ,  a l though  th i s  d o e s  not  change  
the  s t e r i c  a c c e s s i b i l i t y  of the  s i l i c o n  a t o m  in t h e s e  
c o m p o u n d s .  F u r t h e r m o r e ,  a l l  ou r  a t t e m p t s  to ob t a in  
1 - h y d r o x y s i l a t r a n e  (I, X = OH) by  the  h y d r o l y s i s  of 
1 - a l k o x y s i l a t r a n e s  wi th  the  e q u i v a l e n t  a m o u n t  of w a t e r  
u n d e r  v a r i o u s  c o n d i t i o n s  led to the  p r o d u c t i o n  of p o l y -  
m e r i c  s u b s t a n c e s  f o r m e d  t h rough  the  c l e a v a g e  of the  
S i - - O - - C  bonds  in  the  s i l a t r a n e  s k e l e t o n .  

In o u r  op in ion ,  the  c a u s e  of s u c h  a high h y d r o l y t i c  
s t a b i l i t y  of the l - o r g a n o x y s i l a t r a n e s  i s  not  to be  
sough t  only  in the  p r e s e n c e  of the Si ~ N t r a n s a n n u l a r  

c o o r d i n a t i o n  bond in t h e i r  m o l e c u l e ,  c r e a t i n g  a c o n -  
s i d e r a b l e  n e g a t i v e  c h a r g e  on the s i l i c o n  a t o m  which  
p r e v e n t s  the  n u c l e o p h i l i c  a t t a c k  of a w a t e r  m o l e c u l e  
o r  a H O -  ion. The  c o n s i d e r a b l e  d i s p l a c e m e n t  to the 
r i g h t  of the  c o r r e l a t i o n  c u r v e  II a s  c o m p a r e d  wi th  
c u r v e  I m u s t  a l s o  be  e x p l a i n e d  by  the c o n s i d e r a b l e  
e f f e c t  of the  pr-dTr of  the  o x y g e n  a t o m s  in the  a lkoxy  
g r o u p s  wi th  the c e n t r a l  s i l i c o n  a tom,  in th i s  c a s e ,  a s  

a r e s u l t  of wh ich  o - * f f ' p r o v e s  to be  s m a l l e r  than  o-*OR 
by  ~ 1 . 2  un i t s .  Thus ,  f o r  e x a m p l e ,  f o r  the OCH 3 and 

OC2H 5 g r o u p s  the v a l u e s  of O'*eff c h a r a c t e r i z i n g  t h e i r  
o v e r - a l l  e l e c t r o n i c  i n f luence  on the c e n t r a l  s i l i c o n  
a t o m  should ,  on the  b a s i s  of c u r v e  I, be ,  +0.25 and 
+0.17,  r e s p e c t i v e l y .  Such a low e l e c t r o n - a c c e p t i n g  

e f f e c t  of the  a l k o x y  g r o u p s  on the  s i l i c o n  a t o m  is  c o n -  
v i n c i n g l y  c o n f i r m e d  by the  r e s u l t s  of n u c l e a r  q u a d r u -  
p o l e  r e s o n a n c e  (NQR) [13], wh ich  show that  the 

p - e l e c t r o n  d e n s i t i e s  on the  c h l o r i n e  a t o m s  in the  

molecules (CHa)3SiCI and (C2H50)3SIC[ , for example, 
are practically identical*. 

Figure 3 shows the existence of a linear correlation 
between the values of log K and the spectroscopic in- 
duction constants E X of the substituents X in the alkyl- 
and alkoxysilatranes. In this case, again, a pattern 
similar to that shown in Fig. 2 is found. The two cor- 
relation curves I (alkylsilatranes) and II (alkoxysila- 
tranes) in Fig. 3 correspond to the equations: 

I g ~ = - 58.0 + 0,08 E~ 

l g t c = - - 8 t . 7 + 0 ,  ll  EoR. 

The  v a l u e s  of E R c h a r a c t e r i z i n g  the  i nduc t ive  i n -  
f l u e n c e  of the substituents directly connected with the 

silicon atom are correlated with the values of log K 
even better than the values of cr*x--log K for 1-vinyl- 

silatrane fails on the correlation curve and log K for 

*In the spectra of these two compounds, the NQR 
frequencies of the 35CI--Si bond (u), which are linearly 

connected with the total inductive effect of the other 

substituents on the silicon atom [14-16], are practi- 
cally the same (u 77 = 16.457 i 0.006 MHz). For 

(CH30)3SiCI , l) 77 = 16.87 MHz. 
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1 - p h e n y l s i l a t r a n e  d e v i a t e s  f r o m  i t  to a c o n s i d e r a b l y  

s m a l l e r  e x t e n t  t h a n  f r o m  t h e  c o r r e s p o n d i n g  c u r v e  i n  

F i g .  2. N e v e r t h e l e s s ,  t h e  e x i s t e n c e  o f  t h i s  d e v i a t i o n  

c o n f i r m s  t h e  c o n c l u s i o n  d r a w n  p r e v i o u s l y  o f  t h e  i n h i b -  

i t i n g  i n f l u e n c e  o f  p~r -dv  c o n j u g a t i o n  b e t w e e n  t h e  s i l i -  

c o n  a t o m  a n d  t h e  p h e n y l  g r o u p  o n  t h e  r a t e  o f  h y d r o l y s i s  

o f  1 - p h e n y l s i l a t r a n e .  

E X P E R I M E N T A L  

The kinetics of the hydrolysis of the silatranes were studied in 
0.01-molar aqueous solutions. The vessel with the prepared solution 
was thermostated at 20.00 ~ 0.05" C, and 10.00-ml samples were 
taken from it after predetermined intervals of t ime and were titrated 
with 0.05 N HC1 (with Methyl Orange as indicator). The degree of 
hydrolysis of the silatrane was determined from the amount of hydro- 
chloric acid consumed in the titration. 

The order of  the reaction was determined graphically (Fig. 1), 
and the hydrolysis rate constant n was calculated from the equation 
for first-order reactions: 

k= 2_3_ Ig v~ 
t V ~  ~ t  ~ 

where t is the t ime from the beginning of the reaction to the moment 
of withdrawal of the sample in hours, v t is the number of milliliters 
of hydrochloric acid consumed in the titration of the sample, and v~ 
is the number of milliliters of HC1 consumed in the titration of the 
completely hydrotyzed sample.  

The t ime of half hydrolysis, tl/z, was calculated from the relation 

ltt2= 0.693 
k " 
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