
34 KttIMIYA GETEROTSIKLICHESKIKH SOEDINENII 

ATRANES 

XV. The Dehydrocondensat ion  of S i la t rane  with Alcohols  and Phenols* 

M. G. Voronkov and G. I. Ze l ehan  

Khimiya  Gete ro t s ik l i chesk ikh  Soedineni i ,  Vol. 5, No. 1, pp. 43 -48 ,  1969 

UDC 542.953+546.287+547.89 

Silatrane, N(CH2CHzOs)SiH, in the presence of the corresponding 
sodium alkoxide of phenoxide readily reacts with alcohols and phenols 
with the ]iberation of hydrogen and the formation of 1- alkoxy- or 1- 

aryloxyatranes, N(CH2CH20)sSiOR. Depending on the nature of the 
alcohol or phenol, the rate of the reaction falls in the following 
sequence: p-CHsOC6H4OH ;' p-(CHs)sCC6HaOH = n-C4HsOH = 
= n-C~HI1OH > i-C4HpOH > s-C41-IgPH > p-CH3C~H4OH > C~HsOH > 
> p-CICsH4OH �9 t-C4H~OH > p-O2NCsH4OH > C6FsOH. The rate of 

the dehydrocondensation reaction ofhydrosilanes with alcohols rises in the 

sequence (C2Hs)3SiH < N(CH2CHzO)sSiH < (CzHsO)sSiH. In the pres- 
ence of ZnC1 z as catalyst, the dehydrocondensation reaction of sila- 
trane with alcohols takes place considerably more slowly and does not 
go to completion. The forma~on of 1-organyloxysilatranes from sila- 
trane and alcohols does not take place in the presence of H2PtC1 ~ or 
in the absence of catalysts. Using the dehydrocondensation reaction, 
twelve 1-organyloxysilatranes have been synthesized, two of which 
were previously unknown. 

In con t r a s t  to the C--H bond, the Si--H bond is  
read i Iy  c leaved by alcohols  in the p r e s e n c e  of a lkaI i -  
me ta l  hydroxides  o r  aIkoxides accord ing  to the follow- 
ing s cheme :  

~ S i - - H  + H--O--R-zKg-:-+~/Si--O--R + H2. 

This is  expla ined by the fact that the Si--H bond is 
po l a r i zed  in  the opposi te  d i r ec t i on  to the C--H bond, 
in  consequence  of which the hydrogen  in the hydro-  
s i l ane s  is  capable  of be ing ea s i l y  spl i t  off in the fo rm 
of the hydr ide  ion [2, 3]. 

The ra te  of the r eac t i on  of t r i a l k y s i l a n e s ,  RaSiH, 
with a lcohols  d e c r e a s e s  with an i n c r e a s e  in  the length 
of the hyd roca rbon  chain  of the n o r m a l  a lcohols ,  and 
a lso  with i ts  b r anch ing ,  i . e . ,  on p a s s i n g  f rom the 
n o r m a l  to the iso a lcohols  o r  f r o m  the p r i m a r y  to the 
s e c o n d a r y  and t e r t i a r y  a lcohols  [3-5] .  Phenols  do not 
r e ac t  with t r i a l k y l s i l a n e s  in the p r e s e n c e  of a lka l i -  
me ta l  phenoxides  [3]. 

The r eac t ion  of t r i a l k o x y s i l a n e s  with a lcohols  has 
been  s tudied inadequa te ly  [6-15].  In the absence  of a 
ca t a lys t  o r  in  the p r e s e n c e  of weakly a lka l ine  ca t a ly s t s ,  
no app rec i ab l e  c leavage  of the Si--H bond in  (RO)aSiH 
o c c u r s  [9, 10] but t r a n s e s t e r i f i c a t i o n  of the alkoxy 
groups  takes  p lace .  However ,  in  the p r e p a r a t i o n  of 
t r i e t h o x y s i l a n e  f r o m  t r i c h l o r o s i l a n e  and ethanol ,  t e t r a -  
e thoxys i lane  is  fo rmed  as a by -p roduc t ,  the amount  of 
which i n c r e a s e s  with a r i s e  in the r eac t i on  t e m p e r a t u r e  
and the t ime  of hea t ing  [6, 11, 14]. Under  c e r t a i n  con-  
d i t ions ,  this  r eac t i on  may  even  be used as a method 
for  p r e p a r i n g  Si(OCaH~)4 [11]. More ca re fu l  i nves t i ga -  

* F o r  pa r t  XIV, see  [1]. 

t ions  have shown that t r i e thoxys i l ane  reac t s  s lowly 
with ethanol in the absence  of ca ta lys t s  [13,15]. There  
is  no in fo rmat ion  in the l i t e r a t u r e  on the inf luence of 
the s t r u c t u r e  of the alcohols  on the ra te  of t he i r  r e a c -  
t ion with t r i a l koxys i l a ne s ,  s ince  the cleavage of the 
Si--H bond in (RO)aSiH has been  studied only for  the 
case  of ethanol (without a ca ta lys t  [13,15] and in the 
p r e s e n c e  of KOH [7, 9]). The ra tes  of the r eac t ions  of 
alcohols  with t r i a l k y l s i l a n e s  and t r i a lkoxys i l anes  have 
not been compared ,  e i ther .  It has been  stated (without 
the p r e sen t a t i on  of expe r imen ta l  data) only [12] that the 
tendency to nueleophi l ic  subs t i tu t ion  of the hydrogen in 
the hydros i l anes  r i s e s  in the sequence (CaH~)aSiH < 
< (C6H~}aSiH < (CaHsO)aSiH. 

It appeared  to us to be of i n t e r e s t  to study the 
r eac t ion  of alcohols  and phenols  with a s i l a t r ane  (1- 

hydros i l a t r ane ) ,  N(CHaCH20)aSiH (I) [16,17]. The 
l a t t e r ,  l ike all  s i l a t r a n e s ,  conta ins  a quinquecovalent  
s i l i con  atom having a h igher  e l ec t ron  dens i ty  than the 
Si a tom in t r i e thoxys i l ane  (because of the p r e s e n c e  of 
the i n t r a m o l e c u l a r  S i g n  coordina t ion  bond) [19-22] .  
Because  of th is ,  in accordance  with the proposed me-  
chan i sm of the nucleophi l ic  c leavage of the Si--H bond 
by alcohols  [3], it could have been expected that t he i r  
r eac t ion  with I should take place m o r e  slowly than with 
t r i e thoxys i l ane .  At the s ame  t ime ,  it was obvious that  
a c e r t a i n  inf luence  on the ra te  of the dehydrocondensa-  
t ion of alcohols  with (CaHsO)aSiH and I should also be 
exer ted  by the high 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 con  
a tom in the s i l a t r a n e .  On the o ther  hand, a c o m p a r i s o n  
of the r a t e s  of the dehydrocondensa t ion  reac t ions  of 
a lcohols  with I and with t r i a t k y l s i l a n e s  would also p e r -  
mi t  a c ompa r i son ,  even if a qual i ta t ive  one, of both 
the e l ec t ron  dens i ty  and 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 con  a tom in the s i l a t r a n e  and the t r i a l k y l s i l a n e s .  
This should make it poss ib le  to de t e r mi ne  what affects  
the e l e c t r o n - a c c e p t i n g  capac i ty  of the cen t r a l  s i l i con  
atom in I to the g r e a t e r  extent:  the - t  effect of the 
(-OCH~CHz)aN grouping,  which i n c r e a s e s  the e l ec t ro -  
ph i l i c i ty  of the Si a tom,  or  the p r e s e n c e  of the Si--N 
coord ina t ion  bond, ac t ing  in the opposite d i rec t ion .  In 
addi t ion to th is ,  this  inves t iga t ion  also had ano ther  
objec t ive :  to lay the bas i s  for  the s tudy of the chem-  
ica l  r e a c t i ons  of the s i l a t r a n e s .  

We studied the dehydrocondensa t ion  of I with a lco-  
hols ,  us ing  as examples  methanol ,  all  the i s o m e r i c  
butyl  a lcohols  and n - a m y l  alcohol ,  and also with pen-  
taf luorophenol  (kindly suppl ied by G. G. Yakobson, to 
whom the au thors  e xp r e s s  t he i r  gra t i tude) ,  and phenol 
and i t s  d e r i v a t i v e s  con ta in ing  the group CH.% (CH~)aC, 
CH.~O, C1, and NOn in  the p a r a  pos i t ion .  As ca ta lys t s  
we used the c o r r e s p o n d i n g  sodium alkoxides (phen- 
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oxides) and also ZnCIz and HzPtCI6. Because of the 
absence of comparative literature data we also studied 
the reaction of triethoxysilanes n-butyl-, tert-butyl, 
and n-amyl alcohols and phenol in the presence of the 
corresponding sodium alkoxide or phenoxide. All the 
dehydrocondensation reactions were carried out in 
xylene at its boiling point. The results of the experi- 

~, mill 

-150 6 , , /  

I00 5 /  

/ 
4 50 

o *o'.1 *d.2 4.3 
log (ap + 1) 

Correlation between the times of 
the reactions of I with p-XC6H4OH 
(t) and the Hammett's constants of 
the substituents X((rp). X = CHaO 
(i), (CHa)aC (2), CHa (3), H (4), 

cl (5), ~o2 (6). 

ments, the yields, and the melting points of the l- 
organyloxysilatranes obtained are given in the table. 

The dehydrocondensation of I with alcohols and 

phenols in the presence of the corresponding sodium 
alkoxide or phenoxide or ZnCl2 takes place in the 
following way: 

N (CH2CH20)aSiH + HOR uo ,z.~7 
I 

, ~, 
N (CH2CH20) aSiOR + H2, 

1| 

where R = alkyl, aryl. The l-alkoxysilatranes (If) 
formed in this way possess a high purity, since in 
the majority of cases they have melting points a few 
degrees higher than the products synthesized from 

lower tetraalkoxysilanes, the corresponding alcohol, 
and triethanolamine [23]. 

The best catalyst for the reaction is the sodium 
alkoxide or phenoxide, in the presence of which de- 
hydrocondensation takes place rapdily (15-100 rain), 
being accompanied by the evolution of the theoretical 
amount of hydrogen and the formation of II with a yield 

of 70-90% (see table). The only exception is p-nitro- 
phenol, the reaction of which with I is complete only 
after 145 rain, while the yield of l-(p-nitrophenoxy)- 
silatrane does not exceed 42%. The reaction of I with 
pentafluorophenol takes place even more slowly (250 
rain). 

In the presence of zinc chloride, the reaction of I 
with alcohols and phenol takes place comparatively 
slowly, and in the case of n-amyl alcohol it does not 
even go to completion. When chloroplatinic acid was 
used as catalyst, the formation of II could not be de- 
tected at all, although about 36% of hydrogen was 

liberated in the process~ This is a new example of the 

ineffectiveness of HaPtCI6 as a catalyst of reactions of 
I at the Si--H bond (we have shown previously [17] that 
I does not add to olefins in the presence of HaPtCI6). 
The reaction of I with alcohols and phenol scarcely 
proceeds in the absence of catalysts, either. 

The rates of the dehydrocondensation reactions of I 

with alcohols and phenols were compared on the basis 
of the time of the complete evolution of hydrogen. The 
rates of the reactions of I with n-butyl, n-amyl, iso- 
butyl, and see-butyl alcohols in the presence of the 
corresponding sodium alkoxide were approximately 
the same (15-23 rain), the rate of the reaction of tert- 

butyl alcohol with I was an order of magnitude lower 
(105 rain), while phenol occupied an intermediate posi- 
tion (55 rain), p-Methoxyphenol, p-tert-butylphenol, 
and p-cresol reacted faster than phenol, (13, 15, and 
30 rain, respectively), and p-chlorophenol, p-nitro- 
phenol, and pentafluorophenol more slowly (87, 145, 
and 250 rain, respectively). On the whole, the rate of 
dehydrocondensation falls in the following sequence: 

p-CHaOC6HaOH > p-(CHa)aCC~H4OH = n-CtHgOH = 
= n-CsHIIOH > i-CtH~OH > s-C4HgOH > p-CHaC6H4OH > 

> C6H~OH > p-CIC6H4OH > t-C4HaOH > p-O2NC6H4OH > 

> C6F~OH. Thus, the rate of the dehydrocondensation 
of phenols with I falls with a rise in their acidity. How- 
ever, in the case of the aliphatic alcohols the opposite 
phenomenon is observed, which is explained by the 
predominant influence of steric hindrance, which in- 

creases with an increase in the degree of branching of 
the alkyl radicals. 

The times necessary for the practically com- 
plete dehydroeondensations of I with phenols of the 

p-XC6H4OH series (t) are connected with the Hammett's 
constants of the substituents X(ap) by the empirical 
equation ap = a + be ct or log(crp + n) = a' + b't. The 
good linear correlation between log (ap + i) and t is 
shown in the accompanying figure. 

The dehydrocondensation of trialkylsilanes with the 
primary and secondary butyl alcohols is complete in 
a few hours, while it does not take place at all with 
tert-butyl alcohol and phenol under the given conditions 
[3,4]. In the dehydrocondensation of triethoxysilane 
with n-butyl and n-amyl alcohols under similar condi- 
tions, the evolution of hydrogen is complete in less 
than 1 minute, and with tert-butyl alcohol and phenol 
in 60 and 30 rain, respectively. 

Thus, the rate of the dehydrocondensation reaction 
of the three types of hydrosilanes mentioned above 
with alcohols in the presence of the sodium alkoxides 
rises in the following sequence: (C2H~)aSiH < 

< N(CH2CH20)aSiH < (C2H60)aSiH. This series confirms 
the nucleophilic nature of the substitution of the hydro- 
gen in I and agrees with our ideas on the structure of 
the silatranes. The intermediate position of I in the 
series given indicates that the N:~Si coordination 

bond in the silatranes is partially compensated by the 
-I effect of the (-OCH2CH2)aN grouping, so that the 
electrophilie activity of the central silicon atom in I 
proves to be lower than in (CaH~O)aSiH, but higher than 
in (C2Hs)aSiH. The steric hindrance created by an in- 
creasing degree of branching of the hydrocarbon radi- 
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ca l  in the a lkoxy  group a t t a ck ing  the  s i l i con  a tom is  
shown l e s s  in the  a l k a l i n e  a l e o h o l y s i s  of I than  in the 
c a s e  of the  t r i a l k y l s i l a n e s .  

The g r e a t e r  r a t e  of the  d e h y d r o c o n d e n s a t i o n  r e a c -  
t ion of a l coho l s  with I than  with  t r i a l k y l s i l a n e s  l e a d s  
to e x t r e m e l y  i n t e r e s t i n g  t h e o r e t i c a l  consequence s .  In 
fac t ,  the a t t a ck  of the a lkoxyl  ion on the s i l i con  a tom 
in the  s i l a t r a n e ,  thanks  to the spec i f i c  s p a t i a l  s t r u c t u r e  
of the l a t t e r ,  cannot  t ake  p l a c e  in  the m a n n e r  g e n e r a l  
fo r  o rgan i c  r e a c t i o n s  of the  SN2 type ,  i . e . ,  f r o m  the 
s ide  oppos i t e  to the  Si - -H bond.  Consequent ly ,  i t  mus t  
be a s s u m e d  that  on a l c o h o l y s i s  the  nuc leophi l i c  a t t a ck  
on the s i l i con  in the I of the  RO-  group t a k e s  p l a c e  not 
" f r o m  the r e a r "  but  " f r o m  the  s i d e " .  As a r e s u l t  an,  
i n t e r m e d i a t e  ac t ive  c o m p l e x  with s ix  e l e c t r o n s  in a 
f i v e - c e n t e r  f ie ld  [24] i s  f o r m e d  (cf. [25]): 

24 H H___.. 
N (CH2CH~O) aSi . . . . .  + 

t .... O....--O 
5 \ 
R R 

�9 , ~ N (CH2CH20)aSiOR+H2+ RO-. 

This  c o m p l e x  con ta ins  a s e x a c o v a l e n t  o c t a h e d r a l  s i -  
l i con  a tom f o r m e d  by  the i n t e r a c t i o n  of i t s  vacan t  3d 
o r b i t a l s  with the  a t t a ck ing  so lva t ed  anion RO- .  Thus ,  
the  d e h y d r o c o n d e n s a t i o n  of a s i l a t r a n e  with a l c o h o l s  
c a t a l y z e d  by  b a s e s  i s  ye t  ano the r  s t r i k i n g  e x a m p l e  
c o n f i r m i n g  the fac t  that  the  l a t e r a l  a t t a c k  of the r e -  
agent  in nuc leoph i l i c  subs t i t u t i on  at  a s i l i c o n  a tom is  
a g e n e r a l  phenomenon  in o r g a n o s i l i c o n  c h e m i s t r y .  
M o r e o v e r ,  th is  r e a c t i o n  shows tha t  a c o n s i d e r a b l e  
nega t ive  c h a r g e  on the  s i l i c o n  a tom (which e x i s t s  in 
the  s i l a t r a n e s  [22]) i s  not an o b s t a c l e  to nuc leoph i l i c  
a t t a ck  on th i s  a tom,  b e c a u s e  of i t s  c a p a c i t y  fo r  p a s s i n g  
into the  spad z s t a t e .  

EXPERIMENTAL 

The initial isomeric butyl alcohols and the n-amyl 
alcohol were dehydrated with calcium hydride and 
purified by distillation. The absolute ethanol, methanol, 
and phenols were reagents of "pure for analysis" grade. 
The triethoxysilane was a commercial product purified 
by distillation through a column, bp 131-133 ~ C, 
z0 1.3772. Compound I was obtained by the reaction n D 

of triethoxysilane with boratrane [16-18], mp 256- 
258 ~ C. 

Al l  the  r e a c t i o n s  of I and a l so  of t r i e t h o x y s i l a n e  
with  a l c o h o l s  and pheno l s  w e r e  c a r r i e d  out in a two-  
necked  r o u n d - b o t t o m e d  f l a s k  f i t t ed  wi th  a d ropp ing  
funnel and r e f l u x  c o n d e n s e r  connec ted  to a g r a d u a t e d  
g a s o m e t e r .  The f l a s k  was  c h a r g e d  with 0.01 m o l e  of 
I (or  t r i e t h o x y s i l a n e )  and 50 ml  of xy lene .  The m i x t u r e  
was  hea ted  to the  bo i l ,  a f t e r  which  the r e f l u x  c o n d e n s e r  
was  connec t ed  to the  g a s o m e t e r ,  and the  a p p r o p r i a t e  
a lcoho l  wi th  the  c a t a l y s t  d i s s o l v e d  in i t  was  added 
th rough  the d r o p p i n g  funnel .  In the  c a s e  of the  p h e n o l s ,  
the  c a l c u l a t e d  amoun t s  of t h e m  w e r e  p l a c e d  in the  f l a s k  
t o g e t h e r  wi th  the  I and xy l ene ,  and the s o d i u m  phen-  
ox ide  was  added  a f t e r  the  m i x t u r e  had been  hea t ed  to 
the  boi l .  The t i m e  of the  r e a c t i o n  was  d e t e r m i n e d  f r o m  

the  m o m e n t  of the mix ing  of the  I with the  a l coho l i c  
so lu t ion  of c a t a l y s t  unt i l  the c o m p l e t e  c e s s a t i o n  of the  
l i b e r a t i o n  of hydrogen .  A f t e r  t h i s ,  the  r e a c t i o n  m i x -  
t u r e  was hea ted  fo r  s o m e  f u r t h e r  t i m e  (20-30 min) ,  
and the xylene  was d i s t i l l e d  off f r o m  i t .  The r e s i d u e  
was  r e e r y s t a l l i z e d  f r o m  n -hep tane ,  f r o m  a m i x t u r e  of 
CHCla and CCI~, o r  f r o m  xy lene .  The iden t i ty  of the  
compounds  II ob ta ined  with the c o r r e s p o n d i n g  1 - o r -  
g a n y l o x y s i l a t r a n e s  [23] was e s t a b l i s h e d  by  m i x e d  
me l t i ng  po in t s .  In no c a s e  was a d e p r e s s i o n  of the 
m e l t i n g  poin t  o b s e r v e d .  

Some typ ica l  e x p e r i m e n t s  a r e  d e s c r i b e d  as  e x a m -  
p l e s  below.  

Dehydrocondensa t i on  of I wi th  t e r t - b u t y l  a lcohol .  A 
so lu t ion  of 0.15 g of sod ium in 2.22 g (0.03 mole)  of 
t e n - b u t y l  a lcohol  was r a p i d l y  added to a m i x t u r e  of 
1.75 g (0.01 m o l e ) o f  I and 50 ml of xylene  hea ted  to 
the boi l .  Af t e r  105 rain of hea t ing ,  the t h e o r e t i c a l  
amount  of hyd rogen  (224 ml)  had been  l i b e r a t e d .  Af t e r  
the xy lene  had been  d i s t i l l e d  off f r o m  the r e a c t i o n m i x -  
t u r e ,  1.98 g (80.2%) of a c r y s t a l l i n e  subs t ance  with mp 
148.5-149.5  ~ C was ob ta ined .  Its iden t i ty  with the  1- 
t e r t - b u t o x y s i l a t r a n e  ob ta ined  by a d i f f e ren t  method 
(rap 146 .5-147 .5  ~ C) [23] was  shown by a mixed  m e l t i n g  
point  t e s t .  

Dehydroeondensa t ion  of I with phenol .  A m i x t u r e  of 
1.75 g (0.01 mole)  of I, 0.94 g (0.01 mole)  of phenol ,  
and 50 ml  of xy lene  was hea ted  to the bo i l ,  a f t e r  which 
0.15 g (0.0013 mole)  of sod ium phenoxide  was r a p i d l y  
added  to it.  The t h e o r e t i c a l  amount  of hydrogen  (224 
ml)  had been  l i b e r a t e d  a f t e r  55 rain.  The hot m i x t u r e  
was f i l t e r e d .  The c r y s t a l s  that  s e p a r a t e d  f r o m  the 
coo led  f i l t r a t e  we re  f i l t e r e d  off with suc t ion ,  washed  
with e t h e r ,  and d r i e d  in vacuum.  The y ie ld  of 1 -phen-  
o x y s i l a t r a n e  with mp 190-194  ~ C was 2.38 g (89.1%). 
A f t e r  r e c r y s t a l l i z a t i o n  f r o m  a m i x t u r e  of CHCla and 
CC1r mp  228-229 .5  ~ C. A m i x t u r e  with the 1 -phen-  
o x y s i l a t r a n e  ob ta ined  by  a no the r  method  [23] (rap 228-  
229.5 ~ C) m e l t e d  without  d e p r e s s i o n .  

D e h y d r o c o n d e n s a t i o n  of t r i e t h o x y s i l a n e  with n - a m y l  
a lcohol .  A so lu t ion  of 0.15 g of sod ium in 2.64 g (0.03 
mole)  of n - a m y l  a lcohol  was  added to a m i x t u r e  of 
1.64 g (0.01 mole)  of t r i e t h o x y s i l a n e  and 50 ml  of xy-  
l ene .  The t h e o r e t i c a l  amount  o f  hyd rogen  (224 ml) had 
been  l i b e r a t e d  a f t e r  40 sec .  It was i m p o s s i b l e  to s e p -  
a r a t e  the  r e a c t i o n  m i x t u r e  into ind iv idua l  s u b s t a n c e s  
by d i s t i l l a t i o n  th rough  a co lumn.  
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