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INTRODUCTION

Both alkoxy and acyloxysilanes are characterized by Si—O—C bonds and
the present study is a part of the general field of E—O—-C bonds (where E
is C, Ti, Zr, Hf, Th, Ge, Sn, B, Al, Ga, Lanthanon, Be, Mg, Zn, Nb, Ta and
Sb etc.). A detailed investigationl—4 of the subject has been carried out in
our laboratories during the last 14-15 years.

Silicon with its electronic configuration of 152.252p6.352p2 resembles
carbon in forming predominantly tetracovalent compounds. However, the
availability of 34 orbitals brings about some salient differences from carbon
which forms compounds through sp3 hybridization (although some d— and
even f—characters have been recently suggested®). The d orbitals of silicon,
however, appear to be much more diffuse and of higher energy® than the s
and p orbitals and hence, these become effective in ¢ bond formation only
when they are contracted sufficiently with the production of a positive
charge on the silicon atom. Amongst the compounds with Si—O—C bonds,
this effect appears to be evinced in [Si(acac)s]THCly (where Hacac repre-
sents acetylacetone), the octahedral structure of the cation of which has
been confirmed by i.r. analysis8, partial resolution? and n.m.r. datal®. Further
corroborative evidence of this contracting effect appears to be found in the
octahedral configuration of derivatives like MeSiCl(acac)s and PhSiCl-
(acac)y whereas similar compounds with no electronegative atom attached
to silicon like Me;zSi(acac)s, MegSi(acac) and EtgSi(acac) have been shown
to be tetrahedral with acetylacetone being present in unchelated form in the
molecule. Even weakly electronegative groups like acetate (OAc) are able
to bring about an octahedral configuration in the derivatives of the type
Si(OAc)z(acac)e and Si(OAc)a(benzoylacetone)gll.

The capacity of dm—pmr overlap between silicon and chlorine appears to
endow sufficient amount of double bond character’ in a simple tetrahedral
derivative like silicon tetrachloride. A number of properties like the consider-
ably lower boiling point of silicon tetrachloride compared to carbon tetra-
chloride may be due to the intermolecular forces emanating from pr—dm
type interaction between the halogen atoms of the latter whereas in the former
this effect would be much less due to intramolecular dn—p# interaction
between the central silicon and combined halogen atoms. Differences due
to this effect would be absent in tetrafluorides or tetra-alkoxy derivatives of
the type G{OR)4 and Si(OR)4 due to the inaccessibility of 34 orbitals of
fluorine and oxygen.
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Apart from these interesting variations in the properties of silicon and
carbon analogues, a comparative study with the behaviour of all the other
group (IV) elements has revealed very interesting relationships (Zable I).
In the absence of more quantitative information, an effort has been made to
understand these differences on the basis of the electronegativities and
atomic radii of these elements.

Table 1. Electronegativities and atomic radii of elements of group (IV)

Ti Zr Hf Th
(1-36) (1-48) (1-48) (1-65)
132 122 1238 111

C Si
Atomic Radii (... A) (0:77) (1-17)
Electronegativityl2 2:50 1-74

Ge Sn Pb
(1-22)  (1-40)  (1-46)
2:02 1-72 1-55

In view of the extensive excellent reviews available in a number of treatises
by Post!3, Eabornl4, Ebsworth15, Rochow!6 and Andrianovl? on various
aspects of organosilicon chemistry, no detailed background of the topics
need be presented; earlier references have been kept limited to those having
direct bearing on the main results presented here.

SYNTHESIS OF ALKOXYSILANES

The most important method of obtaining organosilicon alkoxides consists
in the treatment of an organosilicon chloride with an alcohol:

= SiCl + ROH — =Si(OR) + HC(I

The reaction gives fairly good yields in the cases of primary and secondary
alcohols, particularly if care is taken to drive off the hydrogen chloride
produced by a stream of some inert gas such as nitrogen. Isopropoxy and
1-ethylpropoxysilanes have been synthesized in over 90 per cent yields by
this simple technique!®, The addition of an inert solvent like benzene or
toluene tends to improve the yield by reducing the solubility of hydrogen
chloride in the solvent. Reactive alcohols like fert-butanol and 1-phenyl-
ethanol, however, give mainly the alkyl chlorides and little or no alkoxy-
silanel9, This is due to the ready formation of alkyl chloride and water by
the reaction of the hydrogen chloride produced in the reaction with the
excess alcohol. Pyridine and dimethylaniline have been most commonly
used as hydrogen chloride acceptors, but the use of other bases such as
ammonia, quinoline and trimethylamine also has been suggested. Bradley
et al.20 have described the synthesis of neopentyl orthosilicate (m.p. 75°;
b.p. 85°/0:-1 mm) by the reaction of neopentyl alcohol on silicon tetra-
chloride in the presence of pyridine.

Mehrotra and Pant2! have recently pointed out the advantages of using
ammonia as a proton acceptor and have suggested the addition of benzene
in the presence of which the precipitated ammonium chloride is separated
more readily due to its lower solubility in alcohol. A number of dimethyl
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and diphenylalkoxysilanes have been synthesized in high yields by this
procedure:

R2SiCly + 2R'OH + 2NHj3 - R2Si(OR")s + 2NH,CI
(where R=CH3 or CgHjs and R'=CHj3, C2Hs, CsH2, CsHE, C4Hp, C4Hi,
CyH§ and CGsH).

Even in the presence of a base like pyridine, the reaction of silicon tetra-
chloride with a highly ramified alcohol like fert-butanol (or pentanol) yields
only the tri-tert-butoxychlorosilane22:

SiCly + S8R*OH + 3C5HsN — CISi(OR?)3 -+ 3CsH;NHCI

This appears to be due to steric factors since the last chlorine has been shown
to be easily replaced by a normal or sec-butoxy group. The synthesis of
tetra-feri-butoxysilane was claimed by Breedervold and Waterman?3 by the
reaction of tetrabromosilane with sodium feri-butoxide in petroleum ether.
Hyde and Curry24 were successful in the synthesis of tetra-lert-butoxysilane
by the reaction of sodium teri-butoxide with silicon tetrafluoride:

SiFy + 4NaOBuf - Si(OBut); 4 4NaF

Narain and Mehrotra25 have found that if a mixed derivative like
Si(OBut)3(0+Oct)z is heated under reduced pressure and is very slowly
fractionated allowing only a gradual rise of the bath temperature, tetra-
tert-butoxysilane and other mixed products are obtained by fractionation.
These can be further purified by careful refractionation under reduced
pressure. The boiling points of the new compounds obtained in this manner
are given below:

Si(OC4HY) 4 72-73°/2 mm
Si(OC4HS)s(OCgH ) 102-4°/0-7 mm
Si(OC4H5)2(OCsHR )2 144°/0-4 mm
Si(OC4H:)OCsHM )5 195°/0-4 mm
Si(OCgH~ )4 210°/0-5 mm

PROPERTIES OF ALKOXYSILANES
Volatility

A detailed study has been made of the molecular association and volatility
of alkoxides of group (IV) elements in recent yearsl-2, The isometric alk-
oxides of heavier members of the group show a wide variation in these charac-
teristics; e.g. the boiling points and molecular association of the isomeric
butoxides are given in Table 2.

A perusal of Table 2 indicates that silicon alkoxides are all monomeric.
The main reason for this appears to be the smaller radius of the silicon atom
which does not allow the formation of intermolecular (pr—d=) bonds.

The effect of this molecular association is also reflected in the entropies of
vaporization of these derivatives!8. The boiling points of a large number of
alkoxy derivatives were measured in the pressure range of 2-10 mm and the
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Table 2. Boiling points and molecular associationt of the isomeric butoxides

Alkoxides Central Element E
E(OR)4 G Si Ti Zr Hf Th i
n-Butanol 244-9°/ | 280°/ 142°/ 243°/ .. . 142°f {
760 mm | 760 mm | 0-1 mm | 0-1 mm 8 mm
10) | (10) | (34) ©44) | (1:0) | (37)
sec-Butanol .. loggey’ | s1° 1647 . B L]
760 mm | O-1 mm | 0-1 mm (4-2) |
(L0) | (10) | (25)
tert-Butanol oo | s | 7ae) | 72ep |1e0° | 88° | 99°
2mm| 2mm| 2mm| 2mm| 0-1 mm 2mm| 4 mm
10) | (10) | (10) @4 | (10) | (10)

1 Molecular association data are given in brackets,

data were found to conform to the characteristic equation *““log pmm = a—
b/T™. The values of constants a, 4, boiling points (°C) at 5:0 mm (t5.9),
latent heats of vaporization (Lv, cal mole~1) and the entropies of vaporiza-
tion at 5-0 mm (ASs.pcal mole—! deg—1) are presented in ZTable 3.

Table 3. Physical constants of certain alkoxides

Alkoxide 1 t5.0 a b Lv ASs.0
Si(OPrt)4 55-8 81 2440 11:2 34-0
Si(OCHEts)4 139:0 97 3690 169 40-9
Ti(OPrt)y 91-3 9-6 3225 14-7 40-5
Ti(OCHEtz)4 157-3 11-6 4640 214 49-6
Zr(OPrt)y 203-8 15-2 6895 31-5 66-1

A rather intriguing feature of the data in Table 3 as far as silicon com-
pounds are concerned is the increase in the value of entropy of vaporization
from isopropoxy to secondary amyloxy derivative. The same sort of effect
has been observed?26 in the values of Trouton’s constant calculated from the
observed boiling points of ethoxy, n-butoxy- and n-hexoxysilanes (Table 4).

As all the above derivatives are monomeric, the observed values of latent
heat and Trouton’s constant present strong evidence that alkyl-group
interaction occurs in the n-alkoxides of silicon and titanium. In the case of
tetraethoxysilane, the intermolecular attraction involving silicon and oxygen

Table 4. Values of latent heat and Trouton’s

constant
Alkoxide ‘ Lv l Trouton’s constant
Si(OEt), ‘ 11:25 257
Si(OBun)4 14-84 280
Si(OHex")4 I 2178 33-5
Ti(OBu?)4 2041 356
Ti(OHex")y | 246 40-5

I l
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must be relatively small and should decrease steadily with increase in size of
alkyl group. The rise in the values of entropies of vaporization with the
increase in chain lengths of alkoxysilanes may partly be due to the increase
in Trouton’s constant with decrease in vapour concentration at 760 mm at the
higher boiling points2?. Accordingly the entropies of vaporization (cal/
deg/mole) corrected to the same vapour concentration, were calculated and
found to be Si(OFEt)4, 25-7; Si(OBun)y, 27-1 and Si(OHex")4, 31:7. It has
been suggested that this increase in the entropy of vaporization with increase
in chain-length may be due to molecular “entanglement” in the liquid
state. A molecule, M{(OC,Hgy11)4 can be considered to be equivalent to
two chains of (2n 4 3) atoms fused at the central atom M and the probability
of entanglement of such tenuous structures is evident. A molecule in the
liquid will require special orientation in order to be disentangled before
vaporization and this will increase the entropy of vaporization.

General Reactions of Alkoxysilanes

Alkoxysilanes react with Grignard reagents to form alkylalkoxysilanes.
In view of the ready availability of alkoxysilanes and their stability in air,
they are being extensively employed as starting materials in place of silicon
tetrachloride. Bazant and coworkers have, however, in a series of publica-
tions28 shown that Si—OR bond is less reactive than Si—Cl and when a
molecule contains both the latter is preferentially replaced; e.g.

CLSi(OEt)s + 2MeMgCl > MeySi(OEt)5 + 2MgCly

It was further shown by these authors that the order of reactivity of various
Si—OR bonds towards methyl magnesium chloride is

(R=) Et > Pr* > Bu® > Buf > Bu® > Bul.

Reactions with hydrogen halides

Trimethylalkoxysilanes have been shown2? to react with anhydrous
hydrogen chloride with the formation of the corresponding chloride in
77-90 per cent yields. The extent of reaction appears to be considerably
less in the corresponding reaction of triphenyl-2-phenylethoxysilane in which
case only about 38 per cent of the chloride was obtained along with 60 per
cent recovery of the unchanged alkoxides.

Compared to the above, the treatment of tetra-z-butoxysilane with hydro-
gen chloride was reported3? to lead to absorption of hydrogen chloride to the
extent of 0-77 mole per mole of the alkoxysilane. A similar observation was
made by Mehrotra3! in the case of hydrogen bromide. In order to confirm
that the hydrogen halide molecule was only added molecularly and had not
reacted partially with the alkoxysilane with the formation of a monohalogen
derivative, XSi(OBu)g, ethanol was added to the reaction mixture and then
a current of dry nitrogen was streamed through the same. The distillation
of Si(OBu)4 only and the non-formation of the mixed ester, Si(OEt)(OBu)s,
clearly indicated that the hydrogen halide was only loosely absorbed by the
alkoxysilane molecules32,

It may be worthwhile to mention here an interesting gradation in the
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reactions of hydrogen chloride with the alkoxides of group (IV) elements in
general. This gradation can be represented by the following equations:

Si(OBu)y + HCI - Si OBu),-0-8 HCI
Ti(OPri); + 3HCI - Ti(OPri)5Cls- HCI + 2PriOH
Zr(OPré)4- PriOH + 3HCI - ZrClg(OPré) - 2PriOH + 2PriOH
Th(OPré), + 4HCI > ThCly- 4PriOH
Ge(OPri), + 4HCI - GeCly + 4PriOH
Sn(OPri)4- PriOH -+ 4HCI -> SnCly+ 2PriOH -+ 3PriOH

It is interesting to mention here that the products obtained in the above
reactions are parallel with the products obtained in the reactions of tetra-
halides of the above elements with normal or secondary alcohols. These
reactions could also be represented by the following equations:

SiCly + 4ROH - Si(OR)4 + 4HCI

TiCls + 3ROH ~ TiCl(OR)s-ROH -+ 2HCI
ZrCly -+ 3ROH ~ ZrCI3(OR)-2ROH + HCI
ThCly + 4ROR. — ThCl;-4ROH
GeCls + ROH — No Action

SnCly + 2ROH - SnCl3(CR)-ROH + HCl

Hydrolysis of alkoxysilanes
Alkylalkoxysilanes are sometimes stable to water because of their insolu-
bility, but they hydrolyse more or less readily when brought into solution,
by adding for example, an alcohol. The rate of hydrolysis is generally slow
in neutral medium, but it is strongly catalysed by acids and alkalies33.
Apart from other factors, the ease of hydrolysis of the compounds of the
type RzSi(OR’)s—4 increases in the order

R3Si(OR’) < RySi(OR’)y < RSi(OR")3 < Si(OR'),

and decreases with increasing size of both R and R'34, 35,

The sterically hindered compound tricyclohexyleyclohexoxysilane has
been reported to be stable to strong aqueous-alcoholic alkali, but is readily
hydrolysed in an acid medium36, The Si—OEt bond in the compound
(EtO)MegSiCH2NH; has been found not to be affected3? by boiling hydro-
chloric acid. It has been suggested that protonation of the nitrogen atom
probably hinders effectively the protonation of the oxygen atom of the
Si—OEt groups.

R. P. Narain38 working in these laboratories has also made a similar
observation that the resistance to hydrolysis (both alkaline as well as acidic)
increases rapidly with the increase in the number of ramified alkoxy groups
around the central silicon atom. Whereas diisopropoxydibutyroxysilane
was found to be hydrolysed readily, the corresponding tri-isopropoxy
derivative and tetra-isopropoxysilane were increasingly resistant and, in
fact, their hydrolysis could not be effected to completion even in refluxing
benzene in the presence of caustic alkali or sulphuric acid.
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Reactions of alkoxysilanes with alcohols, glycols and «-hydroxy
acids

The technique of alcoholysis has been extensively employed!,2 for the
preparation of a large variety of higher alkoxides of a number of elements:

M(OR), -+ » R'OH = M(OR"), + » ROH

(where R is generally Et or Prf and R’ is a higher alcohol).

The reaction has been generally carried out in benzene which forms a
convenient azeotrope with ethanol or isopropanol produced in the reaction;
the continuous fractionation of the azeotrope helps to push the reaction to
completion in the forward direction. The technique has proved particularly
useful in the synthesis of tertiary alkoxides, the preparation of which directly
from the anhydrous chlorides is beset with a number of complications.

However, repeated attempts to carry out the alcoholysis of tetraethoxy-
silane with tertiary butyl and amyl alcohols could not be successful even in
the presence of a variety of catalysts. Only in the presence of zirconium
tertiary amyloxide, a small amount of derivative corresponding in analysis
to (EtO)3Si(OAm?) could be isolated3®. Compared to the tetra-alkoxy-
silanes, the alkylalkoxysilanes appear to offer less steric hindrance to alcoho-
lysis reactions which have been carried out successfully in a number of cases
with the help of catalysts like sodium, p-toleune sulphonic acid, hydrogen
chloride and sulphuric acid40.

It may be mentioned here that it has been observed recently that the
interchange of alkoxysilanes occurs much more readily with glycols38 and
a-hydroxy acids4!s 42, It is proposed to discuss these classes of compounds
separately at the end of this paper.

Reactions of alkoxysilanes with acid anhydrides

After the pioneering work of Friedel and Crafts43, the reaction of alkoxy-
silanes with acid anhydrides has been followed extensively by Post and
Hofrichter44. In these reactions, one mole of tetraethoxysilane was treated
with one mole of acetic anhydride and immediate distillation of ethyl
acetate was started. A mixture of triethoxymonoacetoxysilane and diethoxy-
diacetoxysilane was obtained. Similar results were obtained with propionic
anhydride also.

Narain and Mehrotra45 have recently studied the reactions of a number of
tetra—alkoxy(1sopropoxy, n-butoxy and n-amyloxy) derivatives with various
acid (acetlc, propionic and butyric) anhydrides taken in various molar
ratios in benzene. The reaction mixtures were refluxed for a few hours to
ensure the completion of the direct as well as any disproportionation reactions
and, finally, the mixture was subjected to distillation under reduced pressure.
The organic esters formed were collected in a cold trap and were identified
by their boiling points. In 1 : 1 molar ratio, the product in each case was a
trialkoxymonoacetoxysilane but when the alkoxysilane and acid anhydride
are taken in 1 :2 or 1 : > 2 molar ratios, the dialkoxydiacetoxysilane is
always the end product. The reactions can, therefore, be represented as:

Molar ratio 1 : 1
(RO)4S1 4+ (R'CO)20 —> (RO)3Si(OOCR’) -+ R'COOR
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Molar ratio 1 : 2 (or 1 : > 2):
(RO)4Si + 2(R’CO)30 ~ (RO)5Si(OOCR")3 + 2R'COOR
(where R=C3H}, C4H? or CsHP and R'=CHs, C:Hj; or C3H?).

All the compounds obtained were colourless distillable liquids which
showed a monomeric behaviour in benzene. The reactions in general are
slow and long periods of refluxing are required for their completion. In
Table 5 are given the properties of some new acyloxy derivatives isolated
during the course of this work.

Table 5. Properties of some new acyloxy derivatives

Sl. Ne. J Compound b.p.Jmm YD
3 °C.) (at 35+1°C)

1 | (C3H50)58i(00C CeHs) 56/5 1-384

2 | (CsHYO)3Si(00CCaHy) 74-75/0-2 .
3 | (CsHyO)Si(00C-CsHy)e | 101-2/0:5 1401
4 | (C4HEO)3Si(OOC-CHs) 166-8/5 1-407
5 | (C4HEO)2Si(O0C CHg)z 134-5/0-6 1408
6 | (C4HEO)3Si(0OOC:CsHy) 117-8/0-5 1-408
7 | (C4HEO):Si(O0CCaHy)z | 119-20/0-1-0-2 1-409
8 | {CsH740)s8i(00CCHj) 148-90/0-05 1-416
9 | (CsH{0)251(00CCHg)p | 150-2/04 1-415
10 | (GsHAO)sSi(O0CCoHs) | 146/0-8 1-416
11 | (CsH{0)28i(00C CoHs)z | 143-4/0-2 1-414

In this connection, it would be interesting to mention here the reactions of
alkoxides of titanium46, zirconium4? and aluminium?8 with acyl halides and
acid anhydrides. During a series of investigations carried out in these labora-
tories, it has been shown that quantitative yields of the products are obtained
according to the stoichiometric ratio of the reactants taken:

M(OR); + R’COX - MX(OR)3 + R'COOR
M(OR); + 2R'COX - MX3(OR); + 2R'COOR

In view of the quantitative yields of the single product in each stoichio-
metric ratio of the reactants, it was inferred that the different species should
be undergoing a ready radical interchangeability, ¢.e. higher products even
if formed initially in the reaction should be undergoing radical interchange
giving a single final product. This was proved correct by reactions of the
following type which also progressed in a quantitative manner in all the
three cases:
M(OR)zL + MXz(OR)g - 2MX(OR)3

However, the above type of interchange reactions would be much slower
in the cases of silicon derivatives and hence, under the conditions (fractiona-
tion after refluxing for only a short period) employed by Post#4, both the
mono- as well as diacyloxy derivatives could be expected in 1 :1 molar
ratio reaction. In view of the above, it was conjectured that much better
yields of stoichiometric products could be expected if favourable conditions
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could be provided for interchange reactions by allowing the reaction mixture
to reflux together for a sufficiently long time before fractionation. Further,
since Post and co-workers44 seem to have studied the reactions of only
primary alkoxysilanes, it was thought worthwhile to carry out the study not
only with some higher alkoxysilanes, but also with the silane derivative of a
secondary alcohol, e.g. tetraisopropoxysilane.

In order to facilitate the interchange reactions to proceed to completion
the reaction mixtures were refluxed together in molar ratio 1:1 for a few
hours before fractionation of the product was carried out under reduced
pressure. Due to the use of reduced pressure, final distillations were effected
at much lower temperatures reducing the chances of disproportionation
reactions in the reverse direction. Under these conditions of experiments, it
was found that 1: 1 acetoxylate product is almost exclusively obtained.

When the same silanes and acid anhydrides were caused to react in
1:2 or 1: > 2 molar ratio, the diacyloxylate was the highest derivative
obtained in all the cases.

In this connection, it would be interesting to make a mention of the
reactions between titanium alkoxides and acetic anhydride, which have been
found to be very fast and exothermic up to the formation of diacetoxy
derivatives?9:

Ti(OR); + (CH3C0)50 > Ti(OR)3(0+CO+ CHz) 4+ CH3COOR
Ti(OR)4 -+ 2(CH3CO)50 - Ti(OR)5(0- CO- CHy)s -+ 2CH3COOR

However, when the reactants are taken in molar ratio 1 : 3, the reactions
become very slow and the final end product corresponds to

Ti(OR)(O- COCHg),
o

Ti(OR)(O-COCHj)s

instead of the simple derivative Ti(OR)(O+CO-CHj)s.
The reaction of titanium alkoxides with excess acetic anhydride has been
shown to yield finally the basic triacetate with the composition

Ti(O-CO-CH3)s

/
o]

Ti(0O-CO-CHs)s

The reaction of acetic anhydride with zirconium isopropoxide has been
found?0 to be facile up to the formation of (PrtQ)Zr(O-CO-CHsg)s and
further reaction leads to the basic acetate.

Reactions of alkoxysilanes with dibasic acid anhydrides

While an appreciable amount of work appears to have been carried out
on the reactions between chloro- and alkoxysilanes with monobasic acids
and their anhydrides, comparatively very little work has been done with
anhydrides of dibasic acids.
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The reaction between tetra-ethoxysilane and phthalic acid was attempted
by Dearing and Reid5! who heated an equimolecular mixture of the two at
160° for 8 hours. According to these workers, ethyl phthalate formed was
separated by fractionation under reduced pressure and identified by its
boiling point, density and saponification number; the other product in the
reaction was assumed to be diethyl silicate, although it could not be identi-
fied. The reaction was, therefore, represented as below by the above workers:

CeH4(CO)20 + (CoH30)48i - CeHa(CO2CoHs)a + (CoH50)28i0

It, therefore, appears that the above workers failed to obtain any acyloxy-
silane with phthalic anhydride.

In view of the results obtained with alkoxysilanes and monobasic acid
anhydrides, it was considered worthwhile to carry out the reactions between
alkoxysilanes and dibasic acid anhydrides®2. The silanes chosen were
tetracthoxy and tetraisopropoxysilane and the reactions were carried out with
the silane-acid anhydride 1 : 1, 1 : 2 and 1 : excess. It was found that the
reaction involves an opening of the anhydride ring and the displaced alkoxy
group esterifies the other carboxylic group within the same anhydride
molecule.

The reactions in molar ratio 1 : 1 or 1 : 2 (or >1 : 2) could be represented
by the following equations:

Molar ratio 1 : 1
O

I
a O

VRN
(RO)4Si + O X - (RO)3—Si—O—C—X-—C—OR
Nz u
I ©
O
Molar ratio 1 : 20r 1 : > 2
O

I

G v

(RO)sSi + 20 X-> (RO)s—Si—(O—C—X-—-C—OR)y

N i

I ©
O

[where R=CsHj5 or CgH and X= —CgHg or —(CHoy)s].

Thus, like monobasic acid anhydrides, the dibasic acid anhydrides do not
replace more than two alkoxy groups of the alkoxysilane. In molar ratio
1:1, the compound is the trialkoxymonophthalate or trialkoxymono-
succinate derivative, but in molar ratio 1 : 2 or in any ratio greater than
this, the end product is always dialkoxysilicondiphthalate or dialkoxysili-
condisuccinate derivative.
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Further, the reactions with dibasic acid anhydrides are very slow and even
after prolonged refluxing (about 50 hr), only 40 per cent yields of the products
could be obtained. It was checked that the rest of the initial reactants re-
main unchanged.

The different compounds obtained in the series were all white, crystalline
solids and which separated out as benzene was progressively removed under
reduced pressure.

The new compounds prepared during the course of these investigations
are listed in Table 6.

Table 6. New compounds prepared
(all these derivatives are insoluble in benzenc)

Si. No. Compound [ m.p.(°C.)
1 (CaH;50)5—Si—[0OC-CeH-COOC:H5(0)] | 110
2 {CsH50)2—Si—[0OC-CsHa-COOCaH5(0) ]2 125
3 (C3H;0)5—Si—[O0C-CeHa-COOCsH5(0)] | 138
4 (C3H40)2—Si—[OOCCeH - COOC3HY (0)]2 | 126-5
5 (C2Hs50)5—Si—(00C-CH>2CH,COOC-H3) | 126
8 (C2H50)2—Si—(OOC-CH2CHyCOOC2Hs)2 113
7 (C3H;0)5—Si—(00C-CH2CH; COOC3H?) 115
8 (C3H;0)e—Si—(00C-CH2CH2COOC3HY )5 113
|

SYNTHESIS OF ACYLOXYSILANES

Acyloxysilanes are generally prepared by the action of chlorosilanes with
acids or acid anhydrides and the method is employed even on an industrial
scale. The reaction between organochlorosilanes and acetic acid has been
found to be reversible and thus, trimethylchlorosilane may be distilled from
acetic acid in the presence of an excess of hydrogen chloride3. Under normal
conditions, however, the reaction goes towards completion as hydrogen
chloride is boiled out or is removed by a proton acceptor:

= SiCl + CH3COOH — = 8i0-CO:CHj3 -+ HCl

For the synthesis of alkylalkoxysilanes, a mixture of organochlorosilanes and
acetic anhydride is boiled for a few hours or is allowed to stand at the room
temperature for a longer period and the acetyl chloride formed is distilled
off54, 55, A detailed comparative study of the reaction of tetrachlorides and
tetra-alkoxides of silicon3, titanium$?, zirconium5% and thorium?’6 with
acetic acid has been carried out in these laboratories and a gradation has
been observed similar to the one mentioned earlier.

A novel route for the establishment of silicon-acetoxy bonds has been
reported®® recently from these laboratories. It has been shown3? that the
reaction of silicon tetrachloride with excess fert-butyl acetate at the room
temperature yields the tetraacetate quantitatively in the form of fine white
crystals which can be easily separated from the mother liquor:

SiCls + 4(CHs)3C-OCOCH3 - Si(O-COCHs)s + 4(CHs)3CCl

The reactivity of di- and tri-alkylchlorosilanes is lower towards tert-butyl
acetate and the replacement of chlorine atoms by the acctoxy groups occurs
only on refluxing the reaction mixture:
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(CHgs)4-£8iCl; + x(CH3)3CO-COCHz ———
(CH3)1-2S1(0-COCHs), + x(CHs3)3C-Cl

In the case of diphenyldichlorosilane, it has been shown that no reaction
occurs even on refluxing for a long time with fer&-butyl acetate.

The above reactions have been extended to fert-butyl propionate also with
similar results and silicon tetrapropionate, dimethyldipropionoxysilane and
trimethylpropionoxysilane have been synthesized by this technique®0.

Yet another facile reaction has been shown to occur between silicon
tetrachloride and excess of trimethylacetoxysilane. In this case also, on
mixing the two reactants, crystals of silicon tetra-acetate were obtained in
quantitative yield at the room temperature60:

SiCls + 4(CHg)3SiO+«COCH; > Si(O-COCH;)s + 4(CHa)sSiCl

It may be of interest to mention at this stage, that whereas the reaction of
silicon tetrachloride with tert-butyl acetate is so facile, no reaction appears to
occur when silicon tetrachloride is refluxed with n-butyl or phenyl acetates.
However, fert-butyl acetate has been shown to react with anhydrous chlor-
ides of aluminium®!, titanium®2, zirconiums®3 and tin%¢ in a manner similar
to that with silicon tetrachloride although differences of the same general
pattern, in the extent of reaction, are observed as have been reported already
in the reactions of these anhydrous chlorides towards acetic acid or acetic
anhydride.

Although much more quantitative work is essential before a definite
mechanism could be suggested, it appears possible to explain all the above
observations on the basis of the following plausible mechanism:

CHj3
|
H;C—C——oO0 Cl Cl
| + N S
CHs C=0O:+++---" - Si
| /N
CH3 Cl Cl
\
CH; Cl Cl
| N
H3;C—C+ + HsC—C—0O—Si-
| | VRN
CH3; O dl Cl
¥
H;C
|
C=0 CH3;

I |
O 4 Hy0—C—Cl

| |
Cl1—Si—Cl CH,

I
a1
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Compared to silicon tetrachloride, the induced positive charge on silicon
atom will be decreased in the case of dimethyldichlorosilane due to (4 I)
inductive effect of methyl groups. This will, therefore, tend to reduce the
polarization of the fert-butyl-oxygen bond. Evidently this will, as described
above, tend to reduce the facility of the reaction. The non-reactivity of
diphenyldichlorosilane may be either due to the inductive or at least, in
part, due to steric factors.

Further support for the above explanation for the lower reactivity of
alkylchlorosilanes towards teré-butyl acetate is obtained from the observation
that germanium tetrachloride does not react with feri-butyl acetate and this
may be understood on the basis of the greater electronegativityl? of ger-
manium (2:02) compared to that of silicon (1:90).

The final end product in the reaction of titanium tetrachloride with fert-
butyl acetate is dichloride diacetate similar to the reaction between titanium
tetrachloride and acetic acid at the room temperature. However, when a
metal alkoxide is taken in place of the chloride, the induced positive charge
on the central metal atom becomes so low that the positive carbonium ion
mechanism does not become operative and in its place a mechanism of the
following type appears to determine the products:

Bu?
O O O
[ | I
H3;C——C——0O——Bu? — EtO—M—OEt 4 H3C—C

1 |
EtO OFEt OEt OEt

Lappert85 has shown by Lr. studies that the coordination of organic
esters with boron chloride occurs through the carbonyl oxygen atom.
Thus, in the mechanisms suggested above, the possibility of coordination
through the carbonyl oxygen atom must also be taken into consideration.
It is easily seen that the above discussed reaction mechanism remains almost
unaltered in the case of silicon tetrachloride—ieri-butyl acetate reaction if the
initial coordination is assumed through the carbonyl oxygen atom. It is
only in the corresponding reaction with the alkoxide-esters that the formation
of alkoxides as the end products cannot be explained easily, on assuming
the coordination through the carbonyl oxygen. It may well be that the mode
of coordination gets altered from the ester of primary alcohol (studied by
Lappert) to the esters of tertiary alcohols.

PROPERTIES OF ACYLOXYSILANES
Silicon tetra-acetate and tetra-propionate are crystalline solids and the
other alkylacyloxysilanes (Table 7) are colourless distillable liquids. These
are hydrolysed by water and are soluble in benzene, acetic anhydride and
tert-butyl acylate.

123



R. C. MEHROTRA
Table 7. Acyloxysilanes synthesized

SI. No. Product Mol. formula Physical
characteristics

1 Silicon tetra-acetate Si(OCOCH3)4 Crystalline solid
2 Dimethyldiacetoxysilane (H3C)2Si(O-COCH3)2 b.p., 88°/50 mm
3 Trimethylacetoxysilane (H3C)3Si(O.COCH3) b.p., 103°

4 Silicon tetra-propionate Si(O.COC2Hs5)4 Crystalline solid
5 Dimethyldipropionoxysilane (H3C)2Si(0-COC:H5)2 b.p., 77°/7 mm
6 Trimethylpropionoxysilane (HsC)sSi(0O.COC2H35) ‘ b.p., 123°

Reactions of acyloxysilanes with alcohols

A number of workers®6-69 have shown that alkylacyloxysilanes react with
alcohols in a facile manner yielding the corresponding alkylalkoxy deriva-
tives. Acetic acid which is formed in these reactions does not cause the
complications that have been described with hydrogen chloride particularly
with ramified alcohols®9.

In the alternative route for the preparation of alkoxyacetoxysilanes from
the reaction of tetra-alkoxysilanes with acid anhydrides, it has been shown
that the diacetoxy is the highest derivative obtained44; 45, In view of this,
the reaction of tetra-acetoxysilane or silicon tetra-acetate with alcohols was

. attempted$0. For example, the reaction of silicon tetra-acetate with cyclo-
hexanol in molar ratios 1 : 2,1 : 3and 1 :>> 4 was found to yield the di-,
tri- and tetracyclohexyloxy derivatives in quantitative yields, However,
thereactionin 1 : 1 molar ratio yielded a mixture of monocyclohexyloxy
and dicyclohexyloxy acetoxysilanes; this appears to indicate that the triace-
toxy derivative is comparatively less stable and reacts readily further to give
the diacetoxy derivative also. The yields and boiling points of various
products are given in Table 8.

Table 8. Cyclohexyloxy silanes

Yield of
Si. No. Product distilled b.p.
product (°G.)
‘ (%)
1 | Dicyclohexyloxydiacetoxysilane 82 156°/1-4 mm
2 | Tricyclohexyloxyacetoxysilane 87 168°/0-4 mm
3 Tetracyclohexyloxysilane 91 206°/1:8 mm
I

Reactions of acetoxysilanes with aniline

The reactions of chlorosilanes with aniline have been investigated by
Anderson?, Acetoxysilane derivatives were also found to react exothermally
with aniline and high yields of the final products again indicate the absence
of side-reaction. The following reactions were found to occur quantitatively:

Si(0OOC-CHg)s 4 4CeHsNH; — Si(NHCeHs)a 4+ 4CH3;COOH
(CHj)28i(00C-CHa)s + 2CeHsNH, —
(CHg)»Si(NHCgHj)z - 2CH;COOH
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(CH3)3Si(0-CO-CHj) + CeHsNHy ——
(CH3)3Si(NHCH5) + CHsCOOH

Reactions of silicon tetra-acetate with S-diketones

The reaction of silicon tetrachloride with excess acetylacetone was
reported? 8 toyield [Si(acac)g]tHCIl;. In view of the interesting work?2
on the reaction product from the corresponding titanium tetrachloride—
acetylacetone reaction from these laboratories, attempts were made to
remove the HCl of addition from the above product but these were not
successful without causing decomposition.

The reaction of silicon tetra-acetate with acetylacetone at the room
temperature was, however, found to yield silicon diacetoxydiacetylacetonate
irrespective of the molar ratios of the reactants:

Si(0-CO-CHy),, + 2H3C-CO'CH, CO'CHy ———=

He —£—0
HC Si(0-CO-CHy), + 2CH,COOH

HC——C===07,

The reaction does not appear to proceed further and even if the reaction i$
forced by refluxing, a mixture of the above product with some silyl acetyl-
acetone product is obtained. From these results, the silicon diacetoxydiacetyl-
acetonate product was assumed to be an octahedral six-coordinate product
and this has been confirmed now by Lr. studies!l. The reaction of silicon
tetra-acetate with benzoylacetone was found to be less facile, but at a higher
temperature a similar product, silicon diacetoxydibenzoylacetonate, was
obtained$0.

Reaction of trimethylacetoxysilane with aluminium isopropoxide
In view of a detailed study of the reactions of organic esters including
tert-butyl acetate with alkoxides of titanium, zirconium, hafnium?s, alu-
minium?4 and niobium?® in these laboratories, it was considered worth-
while to make a test-study®® of the reactions of trimethylacetoxysilane with
aluminium isopropoxide. It was found the reactions in 1:1,1:2 and
1 :> 3 molar ratios are quite facile and even the last one can be pushed to
completion if the isopropyl acetate produced is removed azeotropically with
cyclohexane. These reactions can, therefore, be represented by the following
equations (the figures below the name of the product indicate the boiling
point and yield of the distilled product):
Al(OPrt)3 4+ Me3SiO-COCH3
(Prt0O),Al1(O-8iMe3) + CH3COOPr?
(96°/0-3 mm, 95 %)
Al(OPri)3 4 2MesSiO-COCHz ——
(PriO)Al(O-SiMeg)s + 2CH3COOPr!
(101°/0-4 mm, 93 %)
Al(OPrt)3 4 3MeaSiO-COCH; ———
Al(OSiMes)s + 3CH3COOPrt
(125°/0-1 mm, 92%)
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These mixed derivatives on treatment with terf-butanol were found to
interchange their isopropoxy content alone with Zert-butoxy. The technique
followed was to carry out the reaction in the presence of benzene, removing
the isopropanol formed azeotropically with the solvent. In spite of long
refluxing, the trimethylsiloxy content was unaffected showing the greater
strength of Al—O—Si bond, similar to the observation for Ti—O—Si and
Zr—QO—Si bonds made by Bradley and Thomas76:

Al(OPr?)(O-SiMeg)s + ButOH ——>
Al{OBut)(O-SiMes)s + PriOH
(145°/0-08 mm, 96%)

DERIVATIVES OF SILICON WITH GLYCOLS

A few attempted reactions between silicon tetrachloride and glycols,
reported in the literature™; 8, have been found to be complicated probably
due to side-reactions of hydrogen chloride formed in these reactions and have
been reported to yield mixtures of products. The reaction between dimethyl-
dichlorosilane and ethylene glycol has been shown? to yield a dimeric ten-
membered ring compound:

O—CH;—CHo—0O
Ve SN
(H30) 2Sl Si(CH;;)g
O—CH;—CH>—O

Similar cyclic products are also reported to be formed in the reactions
between dimethyldiethoxysilanes and dihydric alcohols in the presence of
acidic catalysts80.

In view of the ready reactivity of silicon tetra-acetate with hydroxy-
compounds, its reactions with a few glycols (ethylene glycol, propane 1,2-
diol, butane 1,3- and 2,3-diols, hexylene glycol and pinacol) have been
attempted8l. The main advantage in these reactions over the corresponding
silicon tetrachloride reactions is the absence of hydrogen chloride which
appears to bring about side-reactions. In all these cases, diglycollate pro-
ducts were obtained irrespective of the molar ratios of the reactants except in
the case of hexylene glycol in which volatile mono- as well as di- products
could be isolated. The main results obtained in these reactions are included
in Table 9.

Further, in view of detailed investigations carried out in these laboratories
of the reactions between glycols and alkoxides of boron82, aluminiums$3,
germaniums84, titaniums? and zirconium®$, it was considered of interest to
carry out a similar study with alkoxysilanes also and two typical derivatives,
tetramethoxysilane (because of low steric hindrance) and triethoxysilane
were chosen38 for the purpose. It has been found that tae reactions with
tetramethoxysilane are very slow and require a catalyst (p-toluene sulphonic
acid), but the reaction with triethoxysilane appears to be completed even
without any catalyst; the technique followed in these reactions was to reflux
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Table 9. Derivatives of silicon with glycol

SI. No. Glycol Product Nature of the product
1 Ethylene glycol Si(O«CH2.CH3:0)> White amorphous powder
insoluble in benzene
Propane 1,2-diol Si(O.CH2.CHMe.O)2 White amorphous powder

Butane 1,3-diol

B W N

Butane 2,3-diol

5 Hexylene glycol

6 Pinacol

Si(O+CHa.CH;CHMe-O)s
Si(O«CHMe:CHMe.O)g
(CH3CO0)5Si(0+CMeg.
CH3.CHMe.O)
Si(0«CMezCHz.CHMe.O),

Si(O-CMCQ-CMegaO)z

insoluble in benzene

Viscous liquid soluble in
benzene

White crystalline solid sol-
uble in benzene; mono-
meric

Colourless liquid ; b.p. 90°/
0-5 mm; monomeric

White semi-solid ; b.p. 66°/
0-3 mm; monomeric

White crystalline solid;
sublimes 110°/1-5 mm;
monomeric

the reaction mixture in benzene under an efficient fractionating column
and remove the alcohol produced azeotropically with benzene. The charac-
teristics of the new compounds isolated during these investigations are given
in Tables 10 and 11 respectively.

Table 10. Reaction products of tetramethoxysilane with glycols

Si. No. Glycol

Product

Nature of the product

1 Ethylene glycol

2 Butane 2,3-diol

3 Hexylene glycol

4 Pinacol

(MeO) 2+ Si(O+CHaCH3+O)
Si(0.CH3:.CH3.0)3

(MCO) 2Si (O-CHMﬁo
CHMe.0)

Si(0.CHMe.CHMe.O)s

(MeO)3Si (O-CMessCHse
CHMe.O)
Si(O«CMes.CHs:CHMe.O)»

(MeO)58i(0-CMesz.CMe.O)

White infusible solid; in-
soluble in benzene

White infusible solid; in-
soluble in benzene

White infusible solid; sol-
uble in benzene; mono-
meric

White infusible solid; sol-
uble in benzene; mono-
meric

Colourless liquid; b.p. 80°/
12 mm; monomeric
Colourless liquid; b.p.
100°/5-2 mm; distillate
solidifies to a white solid;
monomeric

White crystalline solid;
sublimes at 125°/2 mm

It may be of interest here to make a mention that a large number of
corresponding compounds of carbon have also been synthesized in these
laboratories3® by reactions between ethyl orthoformate and various glycols
in 1:1 and 2 : 3 molar ratios. The reactions were carried out in benzene
by a technique similar to that described earlier for silicon compounds and
these were found to be in general much slower and required longer hours of
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Table 11. Reaction products of triethoxysilanes with glycols

}

Si. No. Glycol Product Nature of the
product
H
1 | Ethylene glycol | (EtO)Si(O+*CH2CH20) White infusible
glossy solid; in-
soluble in ben-
zene
H H
(O+CH2+CH+;0)Si Si(OCH2CH20) | White infusible
solid; insoluble
OCH:2CHO in benzene
H HH
2 | Butane 2,3-diol | (EtO)Si(OC-C+O) White infusible
MeMe solid ; insoluble
in benzene
HH H H H H
(OCe CO)Si Si(O+Cs C:O) White infusible
MeMe | HH | MeMe solid; insoluble
O0—C—C—0O in benzene
Me Me
H HH:;H; Colourless liquid
3 | Butane 1,3-diol | (EtO)Si(O+C+C+ CO) bp.  105°/4
Me mm ; dimeric in
benzene
He Ho H H H HH; Hs Colourless  lig-
(O+CeCeCO) Si Si (OCsCeC-O) uid; b.p. 94°/
Me O O Me 2 mm; mono-
meric
H
N
C—C—CH:
S
Me Hg
H Me; H
4 | Hexylene glycol| (EtO)Si(O-C « CH2C+O) Colourless  lig-
Me uid; b.p. 104/
1-3 mm ; mono-
meric in ben-
zene
H Me: H H Me: H
(O+C+CHgCe O)Si Si(O+C+s CH2+C:O) | Colourless lig-
Me | | Me uid; b.p. 102°/
O O 0-2 mm

| l
H—C—C—CMeg
Me He

refluxing. The general characteristics of these derivatives from ethyl
orthoformate show a similarity with the corresponding silicon compounds,
i.e. derivatives of ethylene glycol were found to be in general insoluble in
organic solvents but products with hexylene glycol, butane diols and pinacol,
efe., have been shown to be distillable liquids soluble in organic solvents.

DERIVATIVES OF SILICON WITH SALICYLIC AND

«-HYDROXY ACIDS

A detailed study of the reactions of z-hydroxy acids with chlorides and
alkoxides of titanium?®?, zirconium®® and germanium®® has been made in
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these laboratories in recent years. In view of the above, it was considered
of interest to make a comparative study of the reactions of silicon tetra-
chloride, silicon tetra-acetate, tetramethoxy- and tetraethoxy-, dimethyl-
dichloro-, dimethyldiethoxy-, dimethyldiacetoxy-, trimethylchloro-, tri-
methylacetoxy-, triethoxy-silanes with mandelic, lactic and salicylic
acids38: 60, 90, The reactions between chlorosilanes and acids were carried
out in benzene and the hydrogen chloride was removed by refluxing the
reaction mixture. It was found that the above reactions are quite facile
and the replacement of chlorine is completed within a short time.

In the cases of tetra-methoxy and ethoxysilanes, on the other hand, the
replacement of two alkoxy groups occurs quite readily but further reaction
is quite slow. As has been reported in the case of titanium87 and zirconium38,
salicylic acid is more reactive towards alkoxysilane compared to lactic or
mandelic acids. The properties and methods of synthesis of a few typical
compounds of this class are given in Table 12.

Table 12. Salicylic and a-hydroxy acid derivatives of silicon

Sl. No. Product Reactants

(i) SiCly + 2C7HeO3

Nature of the product

1 Silicon disalicylate
Si{O3C7Ha)s.

White powder; insoluble
in Cs}{s and 0014

2 | Dimethylsilyl-
monosalicylate
Me2Si(03CrHy)

3 | Trimethylsilyl-
monosalicylate
MesSi(O3CrHs)

4 Silicon dimandelate
Si(03CsHs)2

5 | Dimethylsilyl-
monomandelate
MCzSi(OgCgHG)

6 | Bis(trimethylsilyl)
monomandelate
MC3Si(O3CgHG)SiM€3

(it) Si(O-CGOCH3)4 +
2C7HeO3
(7) MesSiCls - CyHgOs
(12) Me2Si(O+COCHs3)2 +
CrHgOs
(7it) Me2Si(OLt)2 + CrHgOs
(i) Me3sSiCl + C;HgO3
(7i) MegSi(O-COCH3) -+
C7HeO3
Si(O-COCHSs)4 +
CsgHgOs
(i) Me2SiClz + CsHgOs3
(71) MegSi(OCOCHs3)2 +
CsHgO3
(7ii) MegSi(OEt)a + CgHgOs
(i) 2Me3gSiCl + CgHgOgs
(1) 2Me3Si(O-COCHs3) +-
CsgHgOs3

Slightly soluble in ether

A light yellow liquid;
miscible with benzene;
b.p. 114°/1:5 mm

Colourless liquid; misc-
ible with benzene; b.p.
106°/1-5 mm

White amorphous
powder

Colourless; highly visc-
ous liquid; miscible
with  benzene; b.p.
135°/1-5 mm

Colourless liquid; misc-
ible with benzene; b.p.
100°/1-5 mm

The author is grateful to a large number of co-workers who collobarated with him in
the experimental work described above; mention may be made in particular of Dr B. C.
Thanks are also due to the Council of Scientific and
Industrial Research, New Delhi for financial support to sustain the above work as well
as to make this trip for the presentation of the paper possible at the Symposium.

Pant and Dr R. P. Narain.
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