
CHAPTER I
INTRODUCTION

1.1. Background

Even though s ilicon  and carbon are in group IV , s till the s ilicon  

chem istry fa lls  far apart from  the carbon chem istry. S ilicon has an electronic  

con figura tion  o f  ls 22s22p63s23p2 s im ila r to carbon in the fo rm  o f  tetrahedral 

compounds (C ra ig  et al, 1952). However, the a va ila b ility  o f  3d orb ita l o f  

s ilicon brings about some s trik in g  differences from  carbon in terms o f  

fo rm ing  com pounds through sp 1 hybrid ization. Furtherm ore s ilicon  form s 

very few  coord ination complexes w ith  organic molecules.

O rganosilicon compounds are nowadays o f  great im portance in such 

diverse fie lds as organic synthesis (chem istry reagents), ceramics, polym ers, 

and glasses. M any more sim ple starting inorganics and organom etallics, 

w hich  are m issing, must be developed by chemists in order to realize the 

potential o f  inorganic and organom etallic po lym er chem istry. M oreover, the 

Si-O  bond in s ilica  is one o f  the strongest bond in nature [128 Real 

(535kJ)/m ol]. The advantage o f  this bond is good therm al, ox ida tive  

stab ility , and chem ical resistance, thus curing o f  S i-0  bonds is interesting and 

im portant. U n fortunate ly , the prim ary problem  w ith  developing any large- 

scale industria l process is based on silica. Raw m aterial o f  s ilica  is p len tifu l 

and extrem ely low  cost, accounts fo r about 25%  o f  the earth’ ร crust w h ich  is 

an ideal starting m aterial fo r new route to s ilicon  feedstock chem istry.

Friedel and Crafts (1863) were the firs t group w ho discovered the 

synthesis o f  tetraethylsilane from  d ie thy lz inc and s ilicon  tetrachloride, as 

showed in equation ( 1 . 1).
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S iC l4 + C H 3C H 2Z n C H 2C H 3 + H 20  ---------------►  S i(O C H 2C H 3)4 (1.1)

Kitahara and Asano (1973) showed that S i0 2 could be dissolved lo  a 

higher extent in anhydrous methanol than in water, w ith  the s o lu b ility  being 

at a m in im um  at around 80%  C H 3OH to 20%  H 20 ,  as showed in equation

( 1 . 2 ) .

S i0 2 +  4 C H 3O H 2Q0° C___ ^  S i(O C H 3)4 + 2 H 20  (1.2)
Under Pressure

In 1966, H o lm qu is t and Her, 1979, showed that the dissolution o f  

silica in strong base could provide access to a w ide varie ty o f  inorganic  

silicates, as illustrated in equation (1.3) and (1.4), respectively.

„  „ 700-900OC
S i0 2 + 3N a2ร i 0 3 »  2Na2S i0 4 + N a2S i0 3 + ร  (1.3)

Closed System

S i0 2 + x ’M O H  Under Pressure >1 M 2S i0 3 + M .,S i0 4 + H 2๐  + O ther (1.4)

where M  is a lka li metal

Stark et al., 1982, and Hardman and Torklson, 1987, showed the 

carbothermal reduction o f  S i0 2 to m e ta llu rg ilic  grade s ilicon, see equation

(1.5), w h ich  was then converted into tetrachlorosilane (S iC l4) by reacting  

w ith  C l2, as illustrated in equation (1.6).

S i0 2 + 2C 1200° c  1> Si +  2CO (1.5)

Si + 2C12 --------------- ►  S iC l4 (1.6)

The other w ay is the reaction w ith  a lky l (most typ ica lly  C H 3C1) or aryl 

chlorides in the presence o f  Cu/Sn as catalyst at 200-350°C. as illustrated in 

equation (1.7).

200-350°CSi + CH3C1
Cu/Sn

MeSiCl3 + Me2SiCl40 (1.7)
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M oreover, Si metal can react w ith  a varie ty o f  acids, fo r example. 

HC1, to obtain related compounds, as illustrated in equation (1.8).

Si + H C l ---------------►  H 2 + H S iC lj + S iC l4 (1.8)

Tetrachlorosilane is used as feedstock in the preparation o f  S i(O E t)4. 

Whereas trich lorosilane is disproportionated according to reaction (1.9) to 

form  silane, the prim ary soursce o f  electronic grade Si metal.

4 H S iC l3 Amine S iH 4 +  3S iC l4 (1.9)

The tetrachlorosilane was also em ployed by G rignard reaction to form  

organosilanes, as illustrated in equation ( 1 . 10).

S iC l4 + 2 R M g X  ---------------►  R2S iC l2 + 2 M g C lX  (1.10)

The reaction o f  tetrachlorosilane and a G rignard reagent is 

com plicated and expensive. In 1949, Rochow and M u lle r independently  

discovered the "d irect or Rochow process" o f  organic halides w ith  s ilicon  

metal in the presence o f  Cu as catalyst. The most com m on reaction product 

is d im ethyld ich lorosilane, w h ich is an im portant precursor to produce 

polyd im ethyls ilanes-s ilicon  rubbers, as illustrated in equation ( 1 . 1 1 ).

R X  + S i ___Çy___R S iX 3 + R2S iX 2 (M ost) + R 3S iX  + R4S i+ ...(1 .1 1 )

Kenney and G oodw in (1987. 1988) demonstrated the form ation o f  

tetraethoxysilane, S i(O C H 2C H 3)4, from  ord inary Portland cement and other 

m ineral silicates fo llow ed by careful azeotropic d is tilla tio n  to remove water 

from  the system, as illustrated in equation (1.12). U n fortunate ly , some 

rehydro lysis occurs invariab ly  and yields are re la tive ly  poor.

C a S i0 3 + 2HC1 Toluene/EtOH S i(O E t)4 + C aC l2 + 3 H 20  (1.12)

Axeo tropic
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Suzuki, A k iyam a, and Ono (1993) synthesized tetram ethoxysilane, Si 

(O C H 3)4, from  silica and d im ethyl cabonate, as the source o f  a lkoxide at 

500°-600°C, w ith  high y ie ld . However, d im ethyl carbonate is very  

expensive, as illustrated in equation (1.13).

S i0 2 +  C H 30 C ( 0 ) 0 C H 3 --------------- ►  S i(O C H 3)4 + C 0 2 (1.13)

The direct reaction o f  a lkoxy or a ry lo xy  silanes (Becher et al. 1989 

and C orriu  et al. 1991) w ith  the corresponding potassium alkoxides or aryl 

oxides afforded the anionic pentacoordinate hydridosilica te , w h ich  was used 

to react w ith  alcohols w ith  rapid evo lu tion  o f  hydrogen gas to form  

tetraalkoxysilane, as illustrated in equation (1.14).

H S i(O R )3 + R O K  TH F/D M E^ H S i(O E t)4K  RQH >» S i(O R )4 + E tO H (1 .1 4 )
- H 2

where R : M e, Et, Bu'1, Pr‘, and Ph.

Rosenheim and coworkers (1931) were the firs t group to find  that 

catechol could be used to transform  a w ide varie ty  o f  metal oxide and silica  

in to catecholato complexes, as illustrated in equation (1.15).

S i0 2 + 2KO H  + 3
r ^ r / ° H------- ►  «2 [l '

T>H 1 ^  "OU
:s i + 4H ?0 (1.15)

C o rriu  et al. found new synthesis routes to s ilicon  contain ing  

compounds from  tricatecholato silicates by reacting w ith  strong nucleophiles, 

such as aryl or a lky l G rignard or lith iu m  reagents, as indicated in Scheme I. 

U nfortunate ly, triscatecholato silicate is quite robust and reacts on ly  under 

fo rc ing  cond ition  w ith  strong nucleophiles.

LiAlH 4
SiH 4 <

RMgBr 
[ICI *

R4Si + RsSiC

Scheme I

R4Si + R 3SiOH
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In late 60's Frye reported that the preparation o f  spirosiloxane from  

tetraethoxysilane, S i(O E t)4, and 1,2-diols, was quite facile, i f  the reactions 

were run in ethanol w ith  small amount o f  sodium m ethoxide, N aO M e, as 

catalyst. However, Frye found that w ith  ethylene g lyco l, the product 

obtained was po lym eric  species, as showed in Scheme II.

He also discovered that in the presence o f  amine bases at am bient 

temperature, novel pentacoordinate species w ou ld  be form ed, Scheme III. 
Flowever, these species reverted to the tetra-coordinated spirosilica te , when  

the temperature was higher than 100°c.
In this instance, even ethylene g lyco l gave a m om om eric, penta- 

a lkoxy  silicate contain ing one monodentate and tw o  bidentate g lyco l, as 

illustrated in  equation (1.16).

S i(O E t)4 + 2 .5H O (C H 2)2OH + N^ t>  HNEt 3 > ^ - OCH2CH2OH (1 1 6 )
-E tO H  o  " o

\ _ _ y

D io ls  : H O C M e 2C M e2OFI

H O C H 2C E t2C H 2OH

H O C M e2CFI2C M e2O H

H O C H 2C H 2OH (P o lym eriza tion)

S c h e m e  II

. Si— 0 (C H 2)3N H 2 4
o 1' > 0

0 . - / 0 __________+ H 2N (C H 2)3O H Q n^ 0  M e o h  

o 1' Y )  NE t 3
►  H N E tn  S i— O M e

o 1' \ )

+  a  0

S c h e m e  III
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He also synthesized b ispinacoloxy salts (pentacoordinated s ilicon  

derivatives) from  heterocyclic pinacol derivative and alkanolam ines. The 

result showed the partial bond between s ilicon  and nitrogen atom, as 

illustrated in equation (1.17).

where: R ’ =  H  and C H 3, and R ”  =  H and C H 3 

Laine, et al. (1991) synthesized penta-coordinated spirosilicates, at 

200°c d ire c tly  from  silica and ethylene g lyco l using group I metal hydroxide  

or group II  metal hydroxide as base, fo llow ed  by dry ing  under vacuum  at 

130°c, O .lm m H g (Scheme IV).
200°c

S i0 7 + M O H  + x'sHOCH 7C H 9OH , 71X  >- Mz  L A -  3 H 00

1 3 0°c / V a c u u m  
-H O C II2CH2OH M 2

where M =  L i, Na, K, and Cs

S i0 7 +  M 'O  + X'sHOCH 2C H 2OH M '

where M ’= M g, Ca, and Ba
Scheme IV

The g lyco l groups were easily exchanged, un like  the triscateeho 

silicate. It perm itted readily replacement o f  the g lyco l ligands w ith  other 

diols. Thus, re flu x in g  the potassium silicate in excess 1,2-prropanediol, 

pinacol (2 ,3 -m ethylbutane-2,3-d io l) or catechol ( w ith in  equiva lent o f  base)

- O

- o
Si O -S i

0~

๖ '
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gave quantita tive  yie lds o f  new d io l complexes. A n  interesting po in t was the 

fact that i f  1,3 o r larger "b ite " diols (e.g. polyethylene g lyco l) were used in 

place o f  1 ,2 -d ilos, then it was possible to prepare ion ic  polym ers contain ing  

penta-a lkoxy silicate centers. In this instance, it was necessary to d is till out 

displaced g lyco l in order to force the reaction forw ard (Scheme V). 
U n fortunate ly , the procedures to synthesize these m aterials need strong 

bases, w h ich  are also expensive and low  environm ental s tab ility .

Me

In  1997, K ingston and Sudheendra Rao, found that both tris 

(catecholato) silicate, M 2[Si (o -C 6H 40 2)3] {M  = Na, E t3N H } ,  Scheme VI and 

glyco la to  silicate, K 2[S i(0 2C2H 4)5], Scheme VII react w ith  PC13, POCI3. 

SO C l2, and S 0 2C12 at room  temperature to give a varie ty o f  a ll purpose 

materials, such as polym ers precursors and additives, surfactants, an tiv ira l 

reagents, h yd ro xy  a lky la tin g  agents, b io log ica l m odel compounds as w e ll as 

reagents in organic synthesis.
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Scheme VI

S — Cl

°  /?' ร 7
o '  C l

PCI, S O C l2

PO C1,

f r - o ] [ ๐ - ,c S i— o c h 2c h 2o — S i; ๆ
2 ๖ ^ 2 S 0 2CI2

s = o

, o  o

"X~ o  o

Scheme VII
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1.2 Research Objectives

The purposes o f  this research were firs tly  to synthesize and 

characterize g lycolato spiro-silicate or b is(e thane-l,2 -d iy ld io x y ) silane (as 

showed in equation 1.18), d irectly  from  silica (รร0 2) and ethylene g lyco l, bis 

(3 -a m inop rop ane-l,2 -d iy ld ioxy)s ilan e  (as showed in equation 1.19), and bis 

(2 -am ino-2 -m e thy lp ropa ne-l,3 -d iy ld ioxy)s ilane  (as showed in equation 1 .20) 

d ire c tly  fro m  silica  and 3-am ino-1,2-propanediol and 2-am ino-2 -m ethyl-1 ,3- 

propanediol, respectively, using triethylenetetram ine (T E T A ) as catalyst and 

solvent w ith /w ith o u t a lka li base as co-catalyst.

S i0 2 +  H O C H  2C H 2OH (1.18)

S i0 2 + H O C H 2C H C H 2N H 2 (1.19)

7 Ht2 H 2N ^ O  0 “ A  CH,
S iO , +  HOCH2ÇCH2OH --------- »■ y  s i  X  ( 1 .20)

X i  h , c  3— O  ''o —  n h 2

These aminospirosilicates were then used to react with para
formaldehyde and phenol to obtain benzoxazine derivatives.
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