
ATRANES 

XLII.* KINETICS OF THE HYDROLYSIS OF I-ALKOXY- 

AND I-ARYLOXYSILATRANES. 

M. G. Voronkov, I. S. Emel'yanov, 
G. I. Zelchan, V. M. D'yakov, 
and I. G. Kuznetsov 

UDC 546.287 : 542.938 

The hydro lys i s  of s i l a t r anes  of the ROSi(OCH2CH2)sN: type (R -- alkyl ,  a ry l )  in the p r e s e n e e  
of HC1 at  25~ i s  desc r ibed  by a s e c o n d - o r d e r  kinet ic  equation. The cor re la t ion  dependence 
of the log k values  on the ~OR values  makes  i t  poss ib le  to divide the inves t iga ted  compounds 
into two reac t ion  s e r i e s  - 1 -a lkoxy-  and 1 - a r y l o x y s i l a t r a n e s .  An invest igat ion of the po-  
t e n t i o m e t r i c  curves  and the change in the acid functions of the med ia  during the hydro lys i s  
of the s i l a t r anes  made  i t  poss ib le  to p ropose  a s cheme  for  the m e c h a n i s m  of this react ion.  
The l i nea r  dependence of the v values  on [HC1] p rov ides  evidence that  noncatyl ic  hydro lys i s  
of the s i l a t r anes  p r ac t i c a l l y  does not occur  under  the inves t iga ted  conditions. A sa l t  effect  
i s  not man i fes t ed  during the hydro lys i s  of the s i l a t r anes  (at KCI concentra t ions  f rom 0.05 
to 0.25 m o l e / l i t e r ) .  The toxic i ty  of  the 1 - a r y l o x y s i l a t r a n e s  is  bas ica l ly  reduced  as  the i r  
r a t e  of hydro ly t ic  c leavage i n c r e a s e s .  

We have p rev ious ly  made  a p r e l i m i n a r y  s tudy of the kinet ics  of the hydro lys i s  of s i l a t r anes  of the 
L t 

XSi(OCH~CH2)sN 2 type [21. In this study, the r a t e  of hydro lys i s  was de te rmined  f rom the accumula t ion  of 
the reac t ion  p roduc t s  by t i t ra t ion with hydroch lo r i c  acid.  However ,  we subsequent ly  became  convinced 
that  this method does not make  it  poss ib le  to obtain suff icient ly a ccu ra t e  kinet ic  data.  

In the p r e s e n t  r e s e a r c h  we studied the kinet ics  of hydro lys i s  
j, . . . . . . . . . . . . . .  

of 12 1 -o rganoxys i l a t r anes  with the genera l  fo rmula  ROSi (OCH2CH2)3N 
,3oo (R = alkyl  o r  aryl)  by means  of po la rography .  Our  goal was to d e t e r -  

mine  the ef fec t  of the nature  of subst i tuent  R on the r a t e  of hydro ly-  
s i s  and a lso  to es tab l i sh  how the pH of the med ium is  re f lec ted  in 
the f r e e  ene rgy  of ac t ivat ion of the reac t ion  (the ra te  of hydrolys is) .  
Final ly ,  we p roposed  to a s c e r t a i n  whether  there  is  a re la t ionship 
between the r a t e  of hydro lys i s  of 1 - a r y l o x y s i l a t r a n e s  and the i r  
toxicity.  

5 0 0  

The s i l a t r anes  we re  hydro lyzed  in dilute aqueous solutions a t  
25 ~ in the p r e s e n c e  of HC1 and KC1.  Under these  conditions, the hy-  
d ro lys i s  p r o c e s s  is  made  up of a number  of p a r a l l e l - s u c c e s s i v e  r e -  
ac t ions  and is  s a t i s f ac to r i l y  desc r ibed  by a s e c o n d - o r d e r  equation 
[3] (Fig. 1). The ra te  constants  that  we obtained for  the hydro lys i s  
of the s i l a t r ane  (k) and the i r  m e a n - s q u a r e  deviat ions,  the g(~R va l -  

* See [1] fo r  communicat ion  XLI.  
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Fig.  1. Dependence of the 1 /c  
values  on the t ime  for  the hy- 

drolys i  s of  ROSi(OC H2C H 2) 3N: 
1) R = (CHs)sC, r = 0.997, and 
s0=0~ 2) R=C~Hs, r=0 .998 ,  
and s o = 0.002. 
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TABLE i .  Rate  Constants  fo r  the Hydro lys i s  of Silatranes 

Rosl (OCII~CIID~N 

Compound r I k~' ~*o~ !liter, mole -1. sec-I LDso, mg/kg 

1 
2 
3 
4 
5 
6 r 
8 
.9 
I0 
1t 
12 

C2Hs 
n-C3Hv 
i-C~H7 
t-C4H9 
t-C'r 
CoH~ 
2-CH~C~H~ 
3-CH~CoH~ 
4-CHsC~H4 
4-CH~OCstt~ 
4-C1C~H4 
CoHsCH~ 

0,37+0,01 
0,40+0,01 
0,51+-0,01 

! 0,12+0,02 
i 0,47_+0,01 0,33-+0,01 

0,38--+0,0t 
0,35--+0,01 
0,36-+0,01 
0,37-+ o,o 1 
0,39-+0,02 
0,57__0,02 

1,37 
1,34 
1,26 
1,15 
1,28 
2,38 
2,19 
2,3l 
2,23 
2,22 
2,11 
1,37 

200 
1200 
708 
710 
345 
565 

2250 
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Fig. 2. Relationship between the log k and 
~ R  va lues  fo r  the following reac t ion  s e r i e s :  

D R = a l k y l ,  log k = 1.29-1.26 ~(~R' so =0.006; 

II) R = a r y l ,  log k = 0.07- 0.23 g(~R, s o =0.005 
(the number ing  of the points  c o r r e s p o n d s  to 
the m m l b e r s  p r e s e n t e d  in Table  1). 

my ~ 
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I 

Fig.  3. Po t en t i om e t r i c  t i t ra t ion  curves  for  
5 .10  -3 M HCI and a 5 �9 10 -3 M solution of 1-  
e thoxys i la t rane :  1) i m m e d i a t e l y  a f t e r  mixing;  
27 7 rain a f t e r  mixing;  3) 7 rain a f t e r  mixing 
with the addition of 5 �9 10 -3 m o l e / l i t e r  of t r i -  
e thanolamine;  47 a r t i f i c ia l  mix tu re  of 5 �9 10 -~ 
m o l e / l i t e r  of HCI and 5 - 10 -~ m o l e / l i t e r  of 
t r i e thano lamine .  

ues  of the co r respond ing  OR groups  [4], and the a v e r -  
age lethal  doses  (LDs0) of the 1 - a r y l o x y s i l a t r a n e s  a r e  
p re sen ted  in Table 1. 

The quanti ta t ive evaluation of the k value f r o m  
the na ture  of subst i tuent  OR was accompl i shed  on the 
bas i s  of the Taft  equat ion [5] 

Ig l~=Ig ko+p*G* oa, 

where  r i s  the induction constant  of subst i tuent  

OR, and p* is  the reac t ion  constant.  

All of the inves t iga ted  compounds a r e  divided 
into two reac t ion  s e r i e s  (Fig,  2). The f i r s t  s e r i e s  
includes the 1 -a lkoxys i l a t r anes ,  whe rea s  the second 
s e r i e s  includes l - a r y l o x y s i l a t r a n e s  and 1-benzyloxy-  
s i l a t rane .  In s e r i e s  I, where  p * = - 1 . 2 6  (R=C2H~, 
n- C3H ?, iso~ gr iT,  tert-C4I-I~, and tert-C4HsCH2) , and 
s e r i e s  I I  (R = C6FIs, 2-CH,I3C~I,I4, 3-CII~C6H4, 4-CII3C6H4, 
4-CH3OC6H4, 4-CtC6H4, and C6H,IsCH,I2) , where  p*= - 0 . 2 3 ,  
the r a t e  of hydro lys i s  fal ls  as  induction constants  
r of subst i tuent  OR i n c r e a s e s .  The negat ive p* 

values  indicate  the fo rmat ion  in the t rans i t ion  s ta te  
of a pos i t ive  charge  a t  the reac t ion  center .  The log 
k value for  1 - t e r t - bu toxys i l a t r ane  devia tes  m a r k e d l y  
f r o m  the co r re la t ion  line of I (its r a t e  of hydro lys i s  
p roved  to be much  lower  than the expected  value).  
This  should apparen t ly  be a s c r i b e d  to the l a rge  s t e r i c  
effect of the substituent. 

A study of the PIR spectra [6] and dipole mo- 
ments [7] of l-alkoxy- and l-aryloxysilatr~nes showed 
that the oxygen atoms in the silatrane System of the 
molecule are the most basic atoms. Data on the ki- 
netics of hydrolysis [2] confirm that the endoeyclic 
Si-O-C bonds in 1-alkoxysilatranes are the first 
to undergo hydrolysis. 

The linear relationship between rate of hy- 
drolysis (v) and the pH of the medium (Table 2) 

shows that  e lec t rophi l i c  a t t ack  on the reac t ion  cen te r  by the hydronium ion is  the r a t e - d e t e r m i n i n g  s tep 
for  the given reac t ion  s e r i e s  of compounds:  

i ~ Slow r . . . . . . .  ; or 
M(CH~CH20)~SiO R + H30(H~O) n +  ~ N(CH"CH~O)3Si'H30(H~O)~ " '~ 'Fas t  . HOCH2CH~N(CH2CH~O)~SI--OH 

OR 
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TABLE 2. Change in the Rate  of Hydro lys i s  of S i la t ranes  
I 

eOSi(OCH~CH2)~N As a Function of the pH and HC1 Concentra t ion 

HC1 conch,, 
mmole/liter 

1,0 
1,5 
2,0 
2.5 
3.0 
3.5 
4.0 
5,5 
6.0 

pH* 

3,06 
2,88 
2,75 �9 
2,66 
2,58 
2,51 
2,45 
2.31 
2,27 

" v.  16-Creole 
R~t-C4Hg 

0,18_+0,02 
0,30• 
0,45_+0.03 
0,65 _ 0,02 
0,72• 
0,91• 
1,12• 
1,32+0,04 

'lite~-' sec:~ 
R=Cd~ 

0.64-+ 0,05 
1,02-+ 0,02 
t,32-+0,04 
t ,60 -+ 0,02 
2,04-+0,03 

3,52• 
3,96 • 0,03 

* The pH value was de t e rmined  f r o m  the equation pH = 1.009 log 
[tICI] - 0 . 0 3 1  ( r=0 .999 ,  s0=0.001) ca lcula ted  on the bas i s  of the e x -  
pe r imen ta l  data [8]. 

v- 10 "s mole/ 
liter-1, sec-I 

3,0 

2,0 

,O 

~.o ~.o 3.o 4.o 5.o [,ct].10-3 mole/liter 

Fig.  4. Dependence of the ra te  of hydro lys i s  of  
$ i 

ROSi(OCH2CH2)~N on the HCI e0neentra t ion:  1 )R  = 
(CH3)3C, % = - 0 . 0 6 . 1 0  -s, p* =0.27, r=0 .99 ,  and So= 
0 .02;2)  R=CsH 5, % = 0 . 0 2 . 1 0  -s, p*=0 .65 ,  r=0 .99 ,  
and s o = 0.01. 

The subsequent  s t eps  of c leavage  of the S i - O - C  bonds in the d i s rup ted  s i l a t rane  f r a m e w o r k  of the m o l e -  
cule p roceed  v e r y  rap id ly  with the fo rma t ion  of t r i e thanolamine  hydrochlor ide  as  the final product  of the 
hydro lys i s .  The po ten t iomet r i c  t i t ra t ion  curves  provide  evidence fo r  this (Fig. 3).* 

When the composi t ion of the solvent  i s  constant,  the r a t e  of hydro lys i s  i n c r e a s e s  in propor t ion  to the 
i n c r e a s e  in the HC1 concentra t ion (Table  2). The s a t i s f a c t o r y  l inea r  re la t ionship  between the v values  and 
[HC1] is  i l l u s t r a t ed  in Fig. 4. The co r re la t ion  p a r a m e t e r s  show that the l ines i n t e r s e c t  with the axis  of 
o rd ina tes  n e a r  t he i r  or igin  (v~- 0). Consequently,  uoncata lyt ic  hydro lys i s  (in the absence  of HC1) has p r a c -  
t i ca l ly  no ef fec t  on the r a t e  constants  under  the i n v e s t i g a t e d  conditions. 

Small  amounts  (0.05-0.25 m o l e / l i t e r )  of KCI (used as  the background) do not have an apprec iab le  e f -  
f ec t  on the r a t e  of hydro lys i s  of the s i l a t r anes ,  i .e . ,  a sa l t  ef fect  i s  not observed .  

The toxic i ty  of the 1 - a r y l o x y s i l a t r a n e s  is  definitely r e l a t ed  to the i r  s tabi l i ty  in the o rgan i sm.  Table  
1 shows that  an i n c r e a s e  in the r a t e  of  hydroIys i s  of the 1 - a r y l o x y s i l a t r a n e s  leads  to a d e c r e a s e  in the i r  
toxicity.  This  indicates  that the 1 - a r y l o x y s i l a t r a n e s  themse lves  r a t h e r  than the products  of the i r  hydroly t ic  
d is in tegra t ion  p r i m a r i l y  display a toxic effect .  This  i s  a l so  a t t e s t ed  to by the s a t i s f ac to ry  l inear  r e la t ion-  
ship between the a v e r a g e  le thal  dose  (LDs0) and log k: log k = 0 .50-1 .05-10  -4 LD50 (r  = 0.91, s o = 0.02). 

EXPERIMENTAL 

The k ine t ics  of the hydro lys i s  of  the 1 -a lkoxy-  and 1 - a r y l o x y s i l a t r a n e s  we re  inves t iga ted  in aqueous 
solut ions in the p r e s e n c e  of HC1 and KCI (KCI was used as the background) a t  25 • 0.02 ~ The init ial  con-  
cent ra t ion  of the s i l a t r anes  was 2- 10 -3 m o l e / l i t e r ,  and the HC1 concentra t ion va r i ed  f r o m  1 .10  -3 to 6- 10 -3 
m o l e / l i t e r .  A weighed sample  of the t e s t  subs tance  was p laced in a f lask  with a ground g la s s  s topper .  An 

* The au thors  thank S. V. P o n o m a r e v a  fo r  p e r f o r m i n g  the po ten t iomet r i c  t i t ra t ions .  
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HCI solution containing 0.05 m o l e / l i t e r  of KC1 was p r e p a r e d  in another  flask. Both f lasks were  t h e rmo-  
s tat ted for  30 rain, a f t e r  which the i r  contents were  mixed,  and the mixture  was shaken vigorously  until the 
s i la t rane  had dissolved completely.  The resul t ing solution was t r a n s f e r r e d  to a the rmos ta t t ed  e lec t ro ly t ic  
cell  of an Lp-60 po la r ,g raph ,  by means of which the dec rease  in the HC1 concentrat ion with t ime was mea -  
sured.  

The reac t ion  o rde r  was es tabl ished graphical ly  (Fig. 1), and the ra te  constants (k) were  calculated 
with a B]~SMA-4 computer  f rom the equation for  a s eco n d -o rd e r  react ion:  

(c%--CBo)kt=ln ~ --In c~'t. 
CBI CB l 

The ra te  of hydrolys is  (v) was calculated f rom the express ion  

v =~[c.,0][c~0], 

where  CA0 and CB0 a re  the s tar t ing concentrat ions of the s i la t rane  and IIC1, respec t ive ly .  

An LP-58  po ten t iomete r  was used for  the t i t rat ion;  the e lec t rodes  were  a calomel e lec t rode  satu-  
ra ted  with a methanol  solution of KC1 and a glass e lec t rode .  The t i t ran t  was 0.1 N NaOH. 

The toxic i ty  was de te rmined  with 160 mongrel  white mice weighing 18-20 g. All of the prepara t ions  
were  in jec ted  in t raper i tonea l ly  in wa te r -based  emulsions.  The LDs0 values were  calculated by the Kerbe r  
method [9]. 
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