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ABSTRACT

The results included in the thesis are mainly on silicon-oxygen bond forming
reactions. Some physicochemical studies of tetrachlorocuprate complexes to establish a
structure-reactivity correlation are also included. There are five chapters in the thesis.

A general introduction on synthetic methodology for siloxanes, their classification
and utility is given in the chapter 1. A rationalisation in this chapter is made to show the
scope for development of newer reagents for silicon-oxygen bond forming reactions.
Different reactions of silanes as well as various mechanisms involved in the preparation of
Si-Si and Si-hetero atom bonds are also included in this chapter.

The chapter 2 contains the synthesis and characterisation of few tetrachlorocuprates.
In this chapter it has been demonstrated that the tetrachlorocuprates have flexible co-
ordination geometry and suitable redox couple of Cu(II)/Cu(l) that are essential features for
various types of catalytic reactions.

In the chapter 3 the utility of tetrachlorocuprate complexes as catalyst for the
synthesis of silylether from Si-H bond activation is discussed. These copper complexes are
also used as catalyst for oxidation of some related aromatic compounds. The role of metallic
copper in the SiIiCOH-OXygcn bond formation is also discussed in this chapter.

[n the chapter 4 a few palladium(Il) complexes having nitrogen donor ligands are
described. These palladium complexes have been used as catalyst for synthesis of silylether
as well as siloxane oligomers from silanes. Based on various observations and literature

reports various possible mechanistic aspects for silicon-oxygen bond forming reactions have
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been demonstrated. The limitation of the tetrachlorocuprate catalysts in the silicon-oxygen
bond forming reaction is also discussed in this chapter.

The chapter 5 gives details of the experiments with relevant spectroscopic and other
analytical data of the various compounds synthesised in chapter 2, chapter 3 and chapter 4.

The references are compiled at the end of the thesis.
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Chapter 1

Introduction

1.1 General features of silicon compounds

Silicon containing compounds are abundant in nature. They have versatile
applications as hybrid materials’, plastic and in opto-electronic materials’. Most abundant
form of silicon in nature is in the form of its oxide; it makes up three quarters of the earth
crust. The silicon and carbon are in the same group in the periodic table thus have similar
outer electronic configuration, so their reactivity are comparable. Comparison of
thermodynamic property as well as the reactivity of carbon and silicon compounds provides
information on equivalence of carbon and silicon in terms of reactivity. Some bond energies
of carbon and silicon with another atom that forms stable bonds are listed in the table 1.1.
This table clearly shows that silicon-oxygen single bond is more stable bond than carbon-
oxygen. The silicon-carbon bond, silicon-silicon and carbon-carbon bond energies are
comparable. But silicon has a less tendency to form silicon-silicon bond in comparison with
carbon to form carbon-carbon bond. This may be attributed to lower electronegativity of
silicon than carbon; the lesser electronegativity makes the silicon to form more polar bond as
compared to carbon. This also explains the susceptibility of a silicon-silicon bond towards
nucleophilic attack over a carbon-carbon bond; the possible involvement of a
hypercoordinated reaction intermediate is also another factor that favors such a process. In
spite of the comparable bond strength of SiH bond as compared to a CH bond, the

polarity of the former generally makes SiH bond more reactive. The silicon analog of
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methane 1s silanc, which is very reactive towards oxygen; methane requ

conditions for similar reaction.

Table 1.1
Si (kJ/mol) C (kJ/mol)
-Si 322 372
-O 535 346
-C 372 335
-H 376 404

The properties of silicon in organosilanes are quite different from those of carbon in
organic hydrocarbons; the figure 1.1 lists the various types of silicon bond and its analogy
with carbon skeleton.” The availability of d-orbitals in silicon allows silicon to have higher

co-ordination numbers. Thus, penta- and hexa- coordinate silicon are common.

\ </ | o |
c— X\ /T ,"c"\

C —C= o
/
Rare
dSp3 d2sp3
| ’/,”' / ‘4, ) ‘ , .
Si : —Si= \Si= /Si\ /Si/ /él\
Rare N l

Figure 1.1
The SiF bond is the most stable bond followed by silicon-oxygen bond. The SiF

bond is thermodynamically stable but is kinetically labile. This allows the nucleophilic
substitution at the silicon center as well as cleavage of silicon-oxygen bond with the help of
reagent containing fluoride ions, like tertiarybutylammoniumfluoride.*® One important

feature of silicon compounds is that the silicon-oxygen bond are thermally stable. But
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silicon-oxygen bonds are generally unstable in the presence of acid, base or fluo

4c

1.2 Multiple bonds to silicon

The multiple bonded silicon compounds are not common, but there are many
examples of silicon compounds having multiple bonds at the silicon center. The synthetic
methodology describing synthesis of SiC, SiSi bonds are also available in literature.’® *°
Among the multiple bonded compounds, the very bulky group around silicon, like mesityl

group can stabilize SiSi as well as SiC bonded compounds. Two illustrative examples of

stable SiSi and Si=C containing compounds are shown in structure 1. I and 1. II

MeSi_  _OSiMe,
Si——C
=< Me,Si

There are also examples of stable compounds containing SiSi double bond in cyclic units

and also in spiro compounds.®® *® Two such examples are shown in structures 1.I1I and 1.IV.

R

~c; .~ R
. R = t-BuMe,Si Tf>&<j R = +-Bu,MeSi
R/SI—:Si\R R— Si ~R
1.1
1.1V

The aromatic silicon containing compounds such as (1.V, 1.VI) namely silabenzene
having the silicon atom attached to a bulky group like 2,4,6-tris{bis (trimethyl silyl)
methyl}phenyl (Tbt) group are isolated and characterised in order to make a comparisons of

aromaticity with corresponding aromatic counterpart such as naphthalene and benzene
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respectively. Silabenzenes are generally not stable at room temperature; some tr

like acetylene, methanol and benzophenone are used as matrix for stabilization and isolation

of the silabenzenes.®®

N Tht
@‘ 7 Nsi-Tot
_ <_;

1.V 1. Vi

Tbt = 2,4 6-tris{bis(trimethyl silyl)methyl]phenyl

210 are proposed to be

The carbonyl analogue of silicon, the silanone intermediate
involved in the preparation of cyclic siloxane; but existence of silanone as independent
species is yet to be realized. In this context we can bring an example of such a reaction
between diphenyldichlorosilane with DMSO and 2,2.5,5 tetramethyl-1-oxa-2,5
disilacyclopentane that gives different type of cyclic siloxane. Proof for participation of
silanone as an intermediate in these reactions comes from the product analysis during the
course of the reactions. Verification of this hypothesis comes from the reaction between
diphenyldichlorosilane'' and DMSO in the presence of 2,2,5,5 tetramethyl-loxa-2,5
disilacyclopentane (1.VII). In this reaction silanone intermediate is trapped by insertion into
a strained ring containing silicon-oxygen single bonds. In fact, from this reaction it has been
possible to isolate 4,4,7,7 tetramethyl 1,-3 dioxa-2,2 diphenyl-2,4,7 trisilacycloheptane
(1.IX) and 6,6,9,9 tetramethyl-1,3,5-trioxa 2,2,4,4 tetraphenyl 2,4,6,9 tetrasilacyclononane
(1.X). The (L.IX) could have been formed by insertion of diphenylsilanone into a SiO
single bond of (1.VII). Alternatively, (1.X) may be formed from the reaction of oxobridged

dimeric intermediate (1.VIII) with (1.VII). The proposed reaction scheme'® explaining the

product formation is shown in the scheme-1. I
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‘ | .
Ph,SICl, + /s\—’ [Ph,Si=0]
Na /
[Ph,Si— ™ -/—\./ /Sll/—xll\
s O] x Si , O o
7N ~_ /S
Si
1. Vil pn” Ph
1.IX
) S/ N\
Phe_ - \_/Ph+\,/—¥/ /] !
SN AN oh | _Ph
Ph O Ph o S sil
(1. Vi) 1.VIl Ph” Ng/ Ph
(1.X)

Scheme 1.1

The foregoing discussion shows that there is a distinct difference in the reactivity
pattern of silicon compounds with corresponding carbon analogue. The instability of multiple
bonds on silicon limits the synthetic strategies in silicon chemistry as compared to the
available methodologies in organic chemistry. This results several synthetic challenges to
overcome in silicon chemistry. There are scopes for new methodology on the synthesis of
following types of compounds.

(1) Isolation of silanone intermediate is yet to be achieved.
(i1) Stable silicon containing triple bonded compounds are limited.

(1) Synthesis of silicon-silicon mn-delocalized conjugated polymers, which may have

highly unusual electronic properties.

1.3 Siloxanes

Siloxanes are silicon containing compounds having silicon oxygen bond. However, a
pure inorganic silicon-oxygen network is called silicate. The silicates are abundant in nature.

In organic chemistry the silicon-oxygen bond is frequently used as a protective group for

S
TH-1858_004701



alcohols and phenols. This stems from both easy formation as well as cleavag

oxygen bond. Among the silicon-oxygen bonded compounds the trialkyl silyl ethers are
prone towards hydrolysis during chromatography. The hydrolytic cleavage can be reduced by
increasing the steric bulk around a silicon-oxygen bond, which leads to more stable
silylethers.'? Based on rate of hydrolysis of a silicon-oxygen bond the effective steric effect
of trialkylsilyl groups on stabilizing a silylether can be realized. The stability of the
trialky/aryl silylether in the increasing order are as follows: Me,SiH < Me;Si < PhMe,Si <
EtMe,Si < Ph3Si < (n-Bu)MesSi < (iso-Bu)Me,Si < (n-Bu)>-MeSi < Et3Si
<(cyclohexyl)Me,Si< (i-pr),MeSi < (1-Bu)Me,Si < (iso-Pr);Si< (-Bu)Ph,Si < (1-Bu);Si <
(cyclohexyl);Si."? Thus, the relative stability of the silyl ether and selectivity in deprotection
are two important factors that decide the success of protection and deprotection of alcohols
or phenols.

There are several methods that can lead to silicon-oxygen bond formation are:

1) The reaction of silicon halides with alcohol (equation 1.1) gives corresponding

silylether. These reactions are generally carried out in presence of base like pyridine,

imidazole and tertiary amine etc."®

Me

M N\ ELN Me

©757C + Ron > Me—Si—OR
THF, 250C /

Me Me

Equation 1.1
The disadvantage of this method is that an acid scavenger is required for removal of

the liberated acid which otherwise can cleave a silicon-oxygen bond. Such reactions also

require aqueous workup to remove the ammonium salts formed in the reaction. The reaction

6
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of tri-isopropylsilylchloride with alcohols in dimethylformamide in the presence

or pyridine is a commonly used reaction for alcohol protection.'

X

> Si—Cl + ROH Imidazole or pyridine \k

>—Si—OR
A

Equation 1.2
The presence of bulky isopropy! substituents on the silicon lowers the rate of
reactions as compared to other conventionally used silylating agent such as
trimethylsilylchloride (TMS) or t-butyldimethylsilylchloride (TBDMS). Another advantage
of using tri-isopropyl silyl chloride is that; it selectively silylate primary alcohols even in the
presence of a secondary alcohol. The reaction of silyltriflates with alcohols also leads to

silylether.'® An example of such a reaction involving the retention of optical active center is

shown in equation 1. 3

OR' OH o OR' OR OR OR'
2 . R )]\ 2.,6-lutidine )\/\/L -
2 T N, O
AN AN

\

R= t-butyldimethylsilyl -
R, = triethylsilyl I+ 1 ratio

Equation 1.3

i) Another widely studied method of silicon-oxygen bond formation is the dehydrogenative

coupling reactions of silanes with alcohols in presence/absence of a catalyst17 (equation

1.4)
R\ R
. catalyst \
R_/SI_H +  ROH — R—Si-OR + H,
R K

Equation 1.4
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The dchydrogenative coupling reaction is advantageous over other reactio
casc 1n the product isolation and possibility of continuous processing. A large number of
metal complexes can act as catalyst for this reaction. The activation of Si-H also can be
achieved by metal powders.
These reactions are also catalyzed by alkoxide and amines. The use of catalytic
amount of potassium hydroxide (mol 9%) 18-crown-6 ether (mol 3%) in dichloromethane'®
under mild condition demonstrates an example of supramolecular catalysis in synthesis of
silylether. A wide varities of silyl ethers are prepared by this method.

KOH, 18-crown-6 ether

ROH+ —Si—H RO—Si— + H
/ \ 2

Equation 1.5

i) Siloxy ether of dihydroxy aromatic compounds can be prepared by the reductive
disilylation of quinones by disilanes. Such reactions are catalyzed by palladium and rhodium

catalysts:’

o PACL,(PPh,)
Me,Si-SiMe, + Al Me}si—OOO-SiM%

Equation 1.6

The equationl.6 depicts the palladium-catalyzed disilylation of 1,4-benzoquinones with
hexamethyldisilane. In a relatively recent work, such methodology is extended to co-
polymerization reaction of hydrosilanes with 1,4-benzoquinone to give silicon-oxygen

bonded oligomers.zo
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. PdCI (PEL,), |
R /R,SiH, + < 3 OOO—Si
I

Equation 1.7

1v) Another method for silicon-oxygen bond formation reaction is by the acid catalyzed

. -~ 21
condensation of silanols.

>‘ ! \S' o) S'/ H,0
—>—Q0OH > T Ol U7 DI/ + )
/ \ h

Equation 1.8

This reaction is widely used for the synthesis of various macromolecular siloxane

. . . . . . 22a
architectures, such as linear siloxane, silsesquioxane and silica network and glasses.

gy - . igs . ~ . 22b
However, the use of strong acid in these reactions causes equilibration of the reaction.

v) Unsaturated silicon containing compounds such as silenes, disilenes react efficiently with
alcohols to give addition products.53 Nucleophilic addition of alcohols and water to
disilene®**! (equation 1.9) require slightly elevated temperature in absence of catalyst but the

25,2

reactions are much slower than nucleophilic addition reactions of silenes. ™ O(equation 1.

10).
' R' R
SN |
/Si:Sl\ ¥ ROH R Sli Sii R’
R R’ OR H

R"= Mesityl group
Equation 1.9
Me\ I\|/Ie
,Si=CH, * MeOH MeO—Si—CH,
Me | ‘
Me

Equation 1.10
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vi) The silicon-nitrogen bonds are relatively unstable, they can be easily conve
ethers and such reactions are used for preparations of silylether attached to a phenolic group

through intervening carbon atom (equation 1. 11)*’

R, NMe R,
\ : \ _OR
Si/ ROH sil
\R N
— 5 e — R2
Reflux
OH OH

Equation 1.11

|. 4 Silicon-oxygen bonded compounds as precursor in organic synthesis

In the earlier section different synthetic methods used for silicon-oxygen bond
formation is emphasized. However, utility aspects of such reactions are realized when these
reactions are applied to some useful organic transformations. Some of the synthetically
useful organic reactions that involve silicon-oxygen bonded compounds are listed below to
show the utility of silicon-oxygen bonded compounds.

. Acid catalyzed aldol reaction of silylenol ethers with an aldehyde is catalyzed by

28,29,30

Lewis base to give stereoselective carbon-carbon bond formation. (equation 1.12)

> h\/(‘)iﬁ
i Lewis base P

OEt H

Equation 1.12

10
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The reaction of (1.XI) with benzaldehyde (1.X1I1) is catalyzed by TiCly to give 63:37 ratio of

1.X1I1) and (1.XIV).

- = TiCl H QH
Al/o Pl : Q + P g Q

1.X1 1.XTI 1. X1 1.XIV

63 :37
Equation 1.13

2) Oxygen protected carboxylic acid gives cyclic compound through intermolecular aldol

reaction. '(equation 1. 14)

Oi/\/\ He ////

5 TiCl,

OSiMe, O

Equation 1.14

The reaction shown in equation 1.14 gives ring expansion with stereospecific transformation.

3) Preformed silylenol ethers are used for Michael addition reaction of a o, 8 unsaturated

carbony] compounds (equation 1.15).%?

@) . @) O
Me3SiO\‘/\ = (h\ nel, /NW/\/V\
R l H,O

Equation 1.15

11
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4) Spirocyclic skeleton (1.XVI) can be prepared from suitable silylenol ethers , g
1,4-Dicyanonaphthalene (DCN) as an electron acceptor in acetonitrile. *>** This reaction

proceeds in presence of light.

OMe 0 light, DCN OMe
CH.CN,H.O
OMe N > o2 OMe
‘ OSiMe, O @)
1. XV 1.XVI

Equation 1.16

5) Trimethylsiloxy o-diazo-B-ketophosphate (1. XVII) in the presence of catalytic =~ amount

of  Rhy(OAc), gives a mixture of o-phosphono-8 lactone (1.XVIII) and 2-phosohano

cyclopentenone (1.XIX).”

O
PO(OMe), PO(OMe), O
(I . PO(OMe),
N :
R 2
OSiMe, o0
LXVII 1. XVIII 1. XIX

Equation 1.17

6) The reaction of ethyl (4-methoxy phenyl) silanediol with 4-octyne in presence of
[Rh(OH),(COD)], as catalyst (where COD = cyclooctadiene) results in carbon-carbon bond

formation. ***7t give (1.XX).

Pr Pr

[Rh(OH),(COD)], —
Meo‘@—SiEt(OH)z + pr ———Pr -

toluene- H.,O
2 MeO

1 .XX
Equation 1.18

12
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l. 5 Types of siloxane

Based on structure, functional group/s on the silicon and organic spacer between two silicon

centers; siloxane are broadly classified into the following classes, according to : schemel.2

Ijimple siloxanel I Metallasiloxane I |Silsesquioxane I Ladder S(}iyclic
Siloxane lloxane
B ; " \ \
Siloxane oligomer Silylether - - -
L g | l 4 J IFunctionalsiloxaxi' | Nonfunctional siloxane I LBrldge polysilsesquixane

Scheme 1.2

1.5 (i) Silylether
Silylethers are the simplest form of all silicon-oxygen bonded compounds. They may
be mono, di, tri and tetra silyl ether as shown belowg

R
|

R r
R"
R=R R'=R R"=R" R"=O0OR 1.XXI monosilylether
R=R R'=R' R"'=OR R" ~= OR 1.XIX1 disilylether
R=R R'=0OR R"'=OR R"=OR 1.XXIII trisilylether
R=0OR R'=0OR R"=OR R"=OR 1LXXIV tetrasilylether

13
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1.5 (ii) Linear oligomeric siloxanes

This class of silicon oxygen containing oligomers has direct silicon oxygen bond to build
an one-dimensional network (1.XXYV). They can also have intervening bifuntional groups as
linker to link silicon-oxygen bonds (1.XXVI). The starting materials for linear siloxane
oligomers are generally dichlorosilane, dihydro silane or dialkoxy silane.*®**® The
dehydrogenative coupling reaction of alkoxy silanes with bifunctional alcohols can give
linear siloxanes with high molecular weight.*® These oligomers are also called siliconessThey

find application as silicon oil, foam stabilizing agent and surfactant.

RAR RSNE \R R\SR \/

\
O/s.\o I\O/SI\O/ |\ |\0/ \OM
1.XXV
R
i \ |

; f— X _—Si
R R R

Where X is a binding unit such as methylene group.

1.XXVI

. 5 (iii) Metallasiloxanes
Metallasiloxanes are siloxanes having some of the silicon atoms replaced by an
appropriate metal. In-corporation of metal into a siloxane framework leads to two or three

dimensional or linear network. Metallasiloxanescan be derived from silanediols, disilanol,

14
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silanetriols and trisilanols. For example, transesterification reaction of Ti(O h
sterically hindered silanediol {( #-Bu O-);SiO},Si(OH), gives cyclic siloxane (1.XXVII).
Similarly, cyclic dihalotitanasiloxanes [7-Bu,Si(0)OTiXz], (X = Cl, Br, I) can be prepared by
the direct reaction of the corresponding titaniumtetra chlorides with -Bu,Si(OH),.*® Such
compounds are made of eight membered ring having composition Ti,Si,04 (1.XXVIII). Both
silicon and titanium atoms in the molecule exhibit regular tetrahedral geometry. Analogously
the corresponding Zr compound [#-Bu,Si(O)OZrCl,], was also prepared from the reaction
between dilithium salt of -Bu,Si(OH), and ZrCl, *'

O-ipr—_ /O-ipr

1\O OR
RO >Sl<
Ti(Oi-Pr), S g~ TOR
(RO),Si(OH), — RO O\T(
O-ipr O-ipr
1.XXVII
Equation 1.19
C Cl
N
t-Bu. N '/t-Bu
2t-Bu,Si(OR), + 2MCl, —> ASI o’S “NtBu
t-Bu O>[VI/
ca”
1.XXVIII
M=Ti,R=H
M=Zr,R=Li

Equation 1.20
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Cyclopentadieny! substituted titanasiloxane [--Bu,Si(O)OTiCpCl], ( S
be prepared directly by the reaction of CpTiCls with -Bu,Si(OLi),. The reaction of the
silanediol Ph,Si(OH), with zirconium amido derivative, Zr(NEt,), leads to the formation of
the dianonic tris-chelate metallasiloxane [NEt;H,]2[(PhsSi203)3Zr] (1.XXX). In this reaction
the silanediol prior to co-ordination to zirconium, gets converted into disilanol by
condensation of two molecules through elimination of water. In the case of zirconocene
central zirconium atom is co-ordinated by six oxygen atoms in a distorted octahedral

geometry.*

2 -Bu,Si(OR), + 2CpTiCl, —————»

1.XXIX
Equation 1.21
Ph |
Ph__ /o Ph\s./
O/SI\O\ /O/ l\/c)
. AN —Si
Ph ? Q
Ph>§\i /Sil<Ph
pn” 5 Ph
1.XXX

Equation 1.22
Disilanols are also used as building blocks for a variety of metallasiloxanes.®® The
disilanols are capable of chelating to form six member rings containing the central metal. The
reactions leading to group 4 metallasiloxanes from disilanols are described in equation 1.25

and 1.24

16
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I—OH Ph | #
. Ticl yridine / 7 o
% ot
Si——O/ oO— 7
S{—OH P S\:_Ph
/ P h

Equation 1.23

Ph
o "/
N Si—0 SiM
+  Zr(CH,SiMe,), - c( . .~CH,S1Me,
% - /Zr\
, Si—o0 CH,SiMe,
SPROH pi " Ph

Equation 1.24

In a similar manner metallasiloxane derivative of @roup 5,Group 7,Group 9 and main
group metals can be prepared from disilanols. Few interesting structures of such compounds

are shown in 1.XXXI, 1XXXII, 1.XXXITII ,

THF\ /THF Ph-_ /O\ /«Ph
Ph._Ph /'Ll‘x\ Ph, el t-Bu_ t-Bu Pl ?i Si—pph
i—0_ O SK Si—OReO p Py
O<Ss :C‘< O / 3 ytLi/O\CO/O\Co/
SI—Q J,O—/Si/ O, Py" Noo o No” \Cl
Ph  Ph /L[\ PL” “Ph _Si—OReO; Ph-, . \ E/Ph
5 t-Bu ~ ~
THF THF t-Bu Ph O/S Ph
THF‘= Tetrahydrofuran Py.: pyrldlne
L XXXI1 1. XXXIT 1. XXXIII

Reactions of simple silanediol and disilanols with titanium halides or titanium amides
give cyclic titanasiloxanes. Three-dimensional titanasiloxanes can be prepared by reaction of

titanium amide with silanol or silanediol. Such reactions serve as a synthetic path for

44, 45

preparation of model compounds for Ti doped Zeolites. The cubic titanasiloxanes can be

prepared by a single step synthesis from the reaction of titanium orthoesters and

17
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silanetriols.*® The driving force for formation of zeolite like structure is the elin e
corresponding alcohol, which results in the subsequent assembly of the three-dimensional

Si10Ti frameworks.

R
e OR
#SF 0
/© d \
RO i OO‘“‘Si{_R o)
4 RSI(OH), + 4Ti(OR,), = / | }) /
O\R1O\;I'i_______ SI\R
o
Sil__ L ©
R = (2,4,6-Me,C,H,)N(SiMe,) R 0TI
R,= 1sopropyl, ethyl OR,
1.XXXIV

Equation 1.25

In analogous manners three-dimensional network of aluminiumosiloxane,
indiumsiloxane, galliumsiloxane etc. can be prepared from the reaction of trisilanols and
MMe; where M = Al, In, Ga etc. In all these networks cubic metallasiloxanes, M4Si401
polyhedrons are present.*’” The sides of the cubic framework comprise six M;Si,04 eight-

member rings, which adopt an approximate Cy crown conformation. The OSiO angles in

all compounds remain close to a tetrahedral geometry.

.5 (iv) Silsesquioxane

The hydrolysis of silicon trichlorides is a complicated process and usually does not
lead to the expected trihydroxy compounds, but undergoes polycondensation in solution
resulting in the formation of three-dimensional silsesquioxanes having network of closo
cubic geometry. Such compounds have empirical formula RSiOz/. Incompletely condensed
polyhedral silsesquioxanes is possible to isolate by carefully controlling the steric parameters
for the R group and the reaction condition.*®
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The cross-linked silicon oxygen networks, containing simple or functi :
residues on every silicon to give silsesquioxanes are common®’" Silsesquioxane can have
different structures such as random structure, ladder structure, cage structure and partial cage
structure. They are also sometimes called by the name ormosils (organically modified

siloxane). A representative silsequioxane is shown in the fig 1.XXXYV .

RE' 0 S/R
1 ] |
P /1

O 9)

.o o R
L+ 81 O—Si
N
R
1.XXXV

To prepare mono-substituted silsesquioxane, there are three conventional synthetic
routes”’
1) Co-hydrolysis of trifunctional organo or hydrosilanes. For example co-hydrolysis of

HSiCl; and PhSiCl; result in the formation of PhH7SigO12 (equation 1.26)

H
_Ph
H OT$}QT’$
Si~
7HSICl, + PhSiCl, ﬂ"o H oo

|
\?“&+0f’&\H
H 8 Sl"'---o
H

Equation 1.26

i) Substitution reactions at silicon center with the retention of siloxane cage leads to

structural modification of silsesquioxane. For this reaction hydrosilylation is a commonly

used reaction (equation 1.27)
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oSt o o S _CH;—CH
H\Si{__o Si ?OESi H.C=CH—Ph H\Si—/’ S (?ofsl ,
L Y T b
C\) H C|)(|) | Platinium catalyst C\) 5 (I)O |
H/Sl\ O/SF\———H H H/SI\(())/SI_\___H H
b H

Equation 1.27

ii) By the corner capping reactions of functional group present in the incomplete cage,

silsesquioxanes can be prepared.

H
H
N /05Oy P
S O\)LSI/OH PhSiCl i Si\H
Lo ¢ e —— 1§ g g
S[-}~ —Si—y Si- O
H CC)) SI“-——-O H O l O
H H
Equation 1.28

Silsesquioxane have also three subclasses; they are

a) Functional silsesquioxane. b) Nonfunctional silsesquioxane c¢) Bridged poly

silsesquioxane

a) Functional silsesquioxane

The silsesquioxane, having one or more functional  group/s like SiOH, SiH are

called functional silsesquioxane(l.XXXVI).50 Functional silsesquioxane are prepared from
silanes having formula RSiX3, where R is an organofunctional group and X is a alkoxy or
halide etc. Vinyl, allyl functional, methacryl-functional, amino-functional and epoxy

functional sillsesquioxane are most important structural motif from application point of

view.*8
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b) Nonfunctional silsesquioxane

As the name implies the silsesquioxane without any functional group are called
nonfunctional silsesquioxane (1.XXXVI). Generally in this type of silsesquioxane all silicon
atoms are bonded with an alkyl or aryl group.*” °® Example of nonfunctional silsesquioxanes
are phenyl silsesquioxane, methylsilsesquioxane, —substituted phenyl and benzyl
Silsesquioxanes. There are different possibilities on the structural features of a non-functional
silsesquioxane. Base on the cage structure they can be prismatic cage having eight, ten or

. R R .
twelve silicon-oxygen bonds and categorized as Ts®, Tio" and Ty respectively.
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c) Bridge polysilsesquioxane:

Bridge polysilsequioxanes have three-dimensional network. They can be
distinguished from other silsesquioxane as they contain organic fragment as an integral
component of the network. This family of hybrid organic-inorganic materials are prepared in
sol-gel processing of monomers having variable organic bridging groups and two or more
trifunctional silyl groups.”’ ™% Some important rﬁonomers that have been known from long
time for the preparation of bridge polysilsesquioxane are shown below (1.XXXVIII,

1.XXXTIX, 1.XXXL, 1.XLI)

RO _OR Si(OR), Si(OR),
RO——Si———=—SI<0R

R OR Si(OR),
1.XXXVIII
1.XXXIX

S |
Si(OR)3—:—©——:'Si(OR)3 Si(OR);PU—ksl(OR)3

1.XXXL _ 1.XLI

Figure 1.4

A representative structure of bridge poly silsesquioxane is shown 1.XLII

o = aromatic, alkene, alkyne, alkane

1.XLII
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The hybrid organic-inorganic materials can be synthesized througt ;

53,54
each route

familiar routes; hydrolytic sol-gel route 52 and non-hydrolytic sol-gel routes
has its advantages and disadvantages.

Understanding of bridge polysilsesquioxane requires discussion on hybrid organic-
inorganic materials. Hybrid organic-inorganic materials are of two categories,
nanocomposites and nanostructured hybrid materials. Nano-structured materials are generally
prepared by hydrolysis and polycondensation of mono component hybrid organic-inorganic
precursor i.e. organic unit is an integral part of the component, which is generally called
building block unit.”! On the other hand, nanocomposites are the polycondensed product of
an inorganic matrix in the presence of an organic molecule acting as a host.”> Two routes

leading to the formation of nanocomposite and nanostructured hybrid materials is shown in

the scheme-1.4. The bridge polysilsesquioxane falls in the category of nanostructured hybrid

organic-inorganic materials.

Multi-component
hybnid matenals Monocomponent

hybrid matenals

(PO
n

N

Building block

SRR

o
HERWSw

Hydrolysis/P olg;c ondensation

Scheme 1.4

Silsesquioxanes can be prepared by hydrolytic sol-gel route, in which hydrolysis and

polymerization leads to the desired product. Polymerization process involved in this kind of
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reaction 1s generally catalyzed by acid, base or fluoride ion. The main steps in *h
sol gel process are shown in (scheme 1.5).”** The sol-gel process starts from an homogenous
solution of precursor in a solvent which leads to the formation of oligomers, polymers,
colloid and from colloid gel is formed. Finally the xerogel is obtained by the elimination of
solvent by a drying step. The sol-gel process for silica precursor is tetraethoxysilane. Most of
the hybrid organic—inorganic materials are prepared through this route. Changing any one of
these steps during its formation can change the morphology of these materials. In the case of
silica the size of the container can have influence on the final properties of the materials. In
material science these types of gels are described as unstable solids. On the other hand,
because of the high sensitivity towards the experimental conditions, it is possible to achieve
very different texture by simple modifications of the kinetic parameters like temperature,

pressure, concentration, solvent, catalyst, nature of leaving group etc.

Precursor |\
Oligomer

Hydrolysis )

+
Polycondensation

| Sol ,_

Ageing
+
Drying

Il

Xerogel

Polymer aggregate

Colloid

Scheme 1.5
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In contrast to the hydrolytic route, there are very few reports to date on

hydrolytic route to prepare organic inorganic hybrids.

m

53a

Non hydrolytic sol-gel method has

been developed in recent years as an alternative to the hydrolytic route.”® >* Very recently the

synthesis of inorganic oxides via non-hydrolytic sol-gel routes is reported.>* This involves

the reaction of a metal halide with an oxygen donor such as an alkoxide, ether, alcohol etc.

under non-aqueous conditions as shown in scheme 1.6.

&
[ O Si=
v
=Si—O0R =Si-0OR
+ —_— (2)
_ =gj-X = ’i%(. =8i-0—-81=
=Sr—X \ _ -
3 L=SFOTR | / R=X
Si-0=Si—X | + g’
\
Scheme 1.6

Both the methods have their own merits some of the comparisons of the hydrolytic

and non-hydrolytic sol-gel routes are given

in table 1.2

Table 1.2

Hydrolytic

Non-hydrolytic

Facile, low-temperature process

Facile, low-temperature process

Homogenizing solvent used

Potentially solvent free.

Good for ionic and O-containing | Potential problem of O-containing species
species

Limited compatibility of hydrophobic | No problem with hydrophobic species
species

Well established

New technology, good for water sensitive

species

TH-1858_004701
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1.5 (v) Ladder siloxane

The ladder-type poIysilsesquiCoxaness's7 has the general formula (RSiO;s) n. The ¢is-
1,3,5,7-cyclotetrasiloxanetetraol is used as a versatile precursor for the synthesis of
pentacyclic ladder siloxane.’® Such synthesis of pentacyclic ladder siloxane (1.XLVIII)
proceeds through three key steps, silylation of silanol followed by chlorodephenylation,

hydrolysis and silylation again scheme 1.7

. . i-pr
i-pr i-pr i-pr i- pr i-pr i-pr
Ao i~ Y
or S OH . CI—S—Ph  pyridine 4 & /O
e H . —_—
\/ST’/O S\I—I-Dr CI—ISi—Ph Ph’/? \O,.%i___o/lﬁi\o/Si\—-Ph
He OH i-pr i-pr i-pr i-pr i-pr
1.XLIII 1.XLIV 1.XLV
-pr i-pr i-pr i i-pr i-pr i-pr i-pr
Si gp | o /' pr \ =0 _____é Ok s O=gf
Ph—"] —_O\; —O~gi—O~—gi—pn AICI,, HCI C"'/S' : Si” \
IR D T N
i b Cl
Ph/\?l —~0 ? /Fi____o____sli —Ph IS CI/? O____ﬁ]-___o/ﬁ -\O/—Si
i-pr i-pr i-pr \_ i-pr i-pr i-pr i-pr
i-pr
1.XLV 1.XLVI
. i-pr i-pr i-pr i-pr
i- -pr O Lpr I\_pr i-pf HO——I\SE/O___‘_‘_éi/O___‘SI O—‘-‘—S\!"—OH
Cl"'—'lsl/ — I/O"--..SF O“—-—-Sl—Cl HZO! pyr[dlne O O O /O
] 5 | : L (—OH
; | i P EL,O HO—§ —~o—§i~o— P o5
C[__sf \O"‘%I\O/Sl\\o/&\ cl i-pr i-pr i-pr i-pr
o S i-pr 1.XLVII
X ) i-pr
LXLVI i~ pr i pr i-pr i-pr i-pr / -
—_— O"""- —0
Ph——s/o‘“SI /O\gl/o ’81 S\l \“SI
idi O (0] O
XV 4 pxuy PYTdne d C{ l O , /
’ _ , . !
Prr—\ss—(/sf' \O/ﬁ'\O/FI\O/S’\\O/qT TPh
i-pr i-pr i-pr ipr i-pr
i-pr
1. XLVIN
Scheme 1.7
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1.5 (vi) Cyclic siloxane

Cyclic siloxanes constitute an important class of silicone precursor. The most
practical method for the preparing high molecular weight polysiloxane is the ring opening
polymerization of cyclic monomers.”” The polymerization of hexamethyl cyclotrisiloxane
leads to higher molecular weight polymers with low polydispersity. The cyclic
dimethylsiloxanes are usually made by the hydrolysis of dichlorodimethylsilane (scheme
1.8). %° The formation of cyclic siloxane is generally accompanied by substantial amounts of
linear siloxane. The formation of linear siloxanes can be suppressed by the use of organic co-
solvent for hydrolysis.*>® The reaction between dimethylsulfoxide and dimethyldichlorosilane

leads to the formation of cyclic siloxane as the major product and linear siloxane are not

formed®
.—0O
~7 N\ o §i -
i S . O—Si
oS~ e \l?"\o I
(1.XLIX )
N
O ./o
(o DMSO ~/ N N o TS
Me,Sicl, 0 (1,00 CI/S,\O/Sl\O S \Si/o\'l?i<0§l./
(1.XLX)
N7 O—g~— O
<~/ N\ N Si o~ Si .
i S Si_ N O—g;
CI/S'\O/ '~o~"'"~0”" Ta \lsli \/O\le,ii ~S|'/
(1.XLX1)

Scheme 1.8

1.6 Common reactions of hydrosilane

Hydrosilanes are important starting material for the preparation of many oragano

silicon compounds.®"** Synthesis of silicon-silicon and silicon-heteroatom from SiH
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functional compounds has lot of advantages over the synthesis of similar type«  _______..ls
from the other Si-functional compound.

The pursuit of clean, straightforward alternatives to wurtz coupling reactions for the
synthesis of polysilanes has focused attention on dehydrocoupling reactions of silane
catalysed by transition metals.®> Dehydrogenative coupling of hydrosilanes result in the
formation of silicon-silicon” and SiX® bond (X O, N, S, C etc.) scheme 1.9. The
transition metal catalyzed addition of hydrosilanes to multiple bonds is generally referred to
as hydrosilylation, 1s a well known process in organo silicon chemistry.62 A major issue in

using hydrosilanes as  starting reagent to produce Si-hetero atom bonds is to find out the

right catalyst for a desired transformation.

N ~
—Si—siZ—
- o~ Sc—si
D—Sié - ™~
_/
H_S:< >C—
D2
- HOR
MLn—SiZ— —a— —Si—H > RO—Si——
MLn pd
M = Metal
L = Ligand HNR, HSR
n= 1,2 etc.
./ —
R_N—/Si¥— —Si—
) |\ RS SI\
Scheme 1.9

The group-4 metallocene derivatives are considered the most active catalysts for
dehydrocoupling; they are capable of producing oligomers and sometimes polymers from

primary silanes. Catalyst derived from late transition metal complexes of Pt, Rh, Pd, Cy etc6-

. . : 5, 69 : -
®*produces silicon-silicon and Si-heteroatom bonds.*> Rearrangement reactions are

commonly observed during these reactions.”’ Semi-labile groups such as SiH, SiSiR;3 ang
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SiPh are more reactive for redistribution than alkyl groups, but less reactive s,
alkoxide etc. One of the substrate that undergoes facile rearrangement is phenylsilane and it
gives diphenysilane, triphenylsilane etc as shown in equation 1.29. Transition metal
catalyzed redistribution or rearrangement between silicon atoms generally proceeds by

silylene transfer mechanism’' scheme 1.10

O L

CL T __ Catalyst / + SiH, + Oligomer
o O O
H

Equation 1.29

H A
H r\ /
Si1
I\IL
»’\I‘;Si/ \H
H™ |
H
Ar
H
ll
M
H\?i¢ 4 Ar\ H
H Ar—3i
\ //M\
H—?i H
H o
ArSiH, _Si=M / H
H
ArZSiH

Where M = Ruthenium

Scheme 1.10
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The making and breaking of SiX bonds in the co-ordination sphere n
metals 1s a valuable preparative tool for the transformations of the organosilicon compounds.
Such processes generally occur due to oxidative addition followed by reductive elimination.
Oxidative addition 1s more likely for metal in low oxidation states like Pd(0), Rh(I), Ni(0)
ctc.””” The oxidative addition of alkylsilanes to transition metal complexes has been studied
throughly.”® These reactions also play important role in hydrosilylation of olefins and serve
as important model for analogous CH activation. The common feature of these reactions is
that at some point during the catalytic cycle the silicon compounds interacts with the metal
and MSi bond is formed.”””” The reverse reaction, often leads the formation of new SiX '
bond by the cleavage of SiM bond.”*"’ Thev hydrosilylation generally follows oxidative

addition and reductive elimination and the different intermediates involved are shown in

scheme 1.11

STEIR MLy_ HSiR,
@ductive elimination \

N
R,Si\_ _ [ —MLI | Oxidative additioil

_MLn

A

Y

Where, M = Transition metal like Rh, Pd, Ni etc

L = Ligand
n=0,1, 2 etc.

Scheme 1.11

However, the dehydrocoupling reaction of hydrosilanes by early transition metg]
catalyst involves o-bond metathesis reaction.” The o-bond metathesis is a concerted process

: 5 ~ : .- 79
in which o —bonds are broken and formed in a four-center transition state’ the mechanigm
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(scheme 1.12) suguests a coordmatively unsaturated hydride complex as the acuyo spLLIcs
and the reaction scheme is based simply on the two steps. The first step 1nvolves the
dehydrometalation of silanes with a metal hydride and second step involves coupling of
metal silyl complex with a hydrosilanes to produce Si-Si bond. This step regenerates of
active hydride species for further reaction. The most active catalyst precursors are therefore
hydride complexes or complexes that can be rapidly converted to hydrides under the
polymerization condition (scheme 1.12). The zirconocene complexes having a composition
(Cpc*le'Hz)z are very active catalyst for such reactions. Scandium, lanthanide, and actinide

complexes are also active catalyst for ¢ bond metathesis.”’

H(SIHR) ,, (SiHR) , Hy MH
+

— . |
| 4
H----Si (SIHR), H(SiHR)n-1S;' T H
: ! M :
M----Si (SiHR) ., - "
. I\ 4\ /
M(SIHR), H
H2

Scheme 1.12

|.7 Siloxane as a ligand and their role in supported catalyst

Recent interest in the development of environmentally benign synthesis has evoked
interest in developing polymer bound metal catalyst and reagents for organic synthesis that
maintain high activity and sclectivity. Due to the superior mechanical and thermal properties

compared to organic polymer support, inorganic supports, such as clay, zeolite or silicagel
o
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are 1deal candidates for several-supported catalysts, ™ Supported reagents are genctaily
obtained by the introduction of a reagent mto an inert, porous inorganic support.Sl

The main advantage of using silica as supported catalysts over organic polymer
supported analoguc are due to better availability of the active sites. The binding of chiral
ligand on the silica occurs on the surface and therefore makes it easier for the reactants to
interact with the chiral ligands, while the chiral ligand may be encapsulated in the polymer
matrix in the case of an organic polymer supported catalyst. There are numerous potential
advantages of supported recagent over conventional reagent; some of the important
advantages are as follows
(1) Good dispersion of the active sites can lead to the significant improvement in

reactivity.
(11) Solids are generally easier and safer to handle than liquid or gasecous reagent.
(111) The supported reagent is casy to remove from the final reaction mixture (filtration) hence
minimizing cross contamination between inorganic and organic compounds.
The major disadvantages of the supported reagents are
(iv) The trapping of the undelivered organic molecules in the pores of supported reagent.
(v) The difficulty in ensuring good mixing of a solid-liquid or solid-liquid-gas mixture.
(vi) Leaching of active components from the support into solution.

For supported reagent, are used as model compound of silica. The silsesquioxane
containing SiOH groups, having partially condensed structures can be complexed with
catalytically active metal center. Metal containing silsesquioxane are extremely used for
alkene polymerization,®” alkene metathesis as well as active catalyst for alkene epoxidation.®
The mcompletely condensed silsesquioxane trisilanol has recently been reported as precursor

for the soluble, titanium model compound, which is an active catalyst for the epoxidation of
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90 - L : : . . . o
alkenes.”™ The first titanium silsesquioxane known for its catalytic activity 1. cpuaiuaauil

>

reactions is (C()IIH)~Si—();g'[‘i(ni—(‘;l*{;).‘\ This stable titinium complex was found to
effectively and selectively catalyze alkene epoxidations when reacted with olefin in the
presence tertiarybutylhydroperoxide. Similar tridentate ligated silsesquioxane titanium
complexes with general formula [TiR{(R);Si;0,2}] (R = alkyl, cycloalkyl, alkoxy, aryloxy,

siloxy; R” = cyclopentyl, cyclohexyl, cycloheptyl) are also synthesized and are found to be

active epoxidation catalyst.

R
\Si__ 7 R 1-pr
_Si—OH Ssio 17
o OH o Al
St O—Sr—R ¢ 'O—S'/O
(L (lp | | Ti(Oi-pr), Si_Q 1—Rg
R--<io -0 g THF CL ' -
| v asic o | A R :si- 0- Q- o Sip
Si— o Si. - %
—~ ™~ ' '
R R S0 >
R R

Equation 1.30

|. 8 Silicon in biological environment

Higher animals require silicon for their overall growth and bone mineralisation
process.g("g7 Chicken deprived of silicon in their diet exhibits significantly poorer growth
performance than those with normal quantities of silicon. Silicon compounds in some form
also has adverse effect on living beings, for example inhalation of small silica particles lead
to the diseases like silicosis, tuberculosis and lung cancer.

Bioactive organic compounds having OH, NH group can be readily protected by siiyl
groups. This has effect of hydrophilic to hydrophobic molecules. For certain drugs, one
of the limiting paramecters for efficacy is the degree to which they can cross liphophilic

p!
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membranes. Silylated derivatives have preferential absorption in liphophilic membranes over
the corresponding O}, N} precursors. Sometimes the drug arrives at the active site after
deprotection; in this casc effect of stlylation is simply to facilitate the delivery of the native
drug is called pro-drug,™ example of such prodrug is 1.XLXII

Some simple C-silylated derivatives of drugs are also known. They rarely
hydrolyzed at an appreciable rate under physiological conditions. Thus, they don’t behave as
pro-drug; they are bioactive compounds in their own way. Many potential sila-drugs have
been investigated. Bioactivitics of some of the sila~drugs are exemplified by the compounds
LXLIXII — 1.XLXVII. Compounds with structure shown as 1.XLXIII find application as
pain control (better than aspirin) and compounds 1.XLXIV and 1.XLXV as antitumor

drugs.

Me,Si SiMe
3
N\N/ Measi/\o/Nﬁ
R
|\
SiMe 1. XLXIV
X 3

l X
= Where, X=0,R=F ' Cl
Me,SiO
X=S, R=0M .
OSiMe, € /Sl/\/N
1. XLXI 1. XLXIH 1. XLXV

1.9 Scope of the work

Siloxane additives are highly effective internal and external lubricants and have a

number  of  significant  processing  advantages for surface improvements.

Polydimethylsiloxane finds applications in silicon industry®” *° as elastomer, lubricating oil,
heat resistant tiles ctc. Polysiloxanes offer a wide spectrum of interesting opto-electronic
properties due to polar silicon-oxygen backbone that are not generally shown by common
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organic polymers.”' Somec of the outstanding properties of siloxanes are
stability, flexibility at low temperature and have low dielectric constant.

Low permittivity of siliconces assist them to use as a wire coatings, motor insulators,
transformers etc.””Some siloxanes possess exceptional hydrophobicity. The resistance to
liquid water has made such siloxanc for moisture barriers. Chemical inertness and biological
safety of poly-dimethylsiloxanes along with their spreading and lubricating properties have
established them to be useful components in skin care formulation. Siloxane also finds
medical application, like drug delivery system, artificial skin, and contact lenses because of

its high permeability to gases.”

-04 . s
Siloxane filled breast forms are simply the best and most
realistic that science and technology has yet been able to develop. In appearance, texture,
and movement they are simply the last word in mimicking the natural female breasts,
Siloxanes having amino-functional group finds application in hair care products.
Functionalized siloxanes also find applications in textile industry.
: : - L : : .95
Siloxane with porous structure find application in selective adsorption or catalysis.
The ease of cleavage as well as formation of a silicon-oxygen bond makes them useful for
alcohol protection.”® The inorganic hybrid materials and nano-composites having silicon-
: ) . . 151
oxygen bond are projected to have great potential as advance material.
Poly-phenyl silsesquioxane is used as coating materials in electronics and optical
devices. Among these, the application in photo resist property of silsesquioxane is

97a,b . . ~ . . 97c
>, they are also used as a protective coating films for semiconductor devices,

outstanding

magnetic recording media, and optical fiber coatings.’® Polymethyl silsesquioxane is used as
. . Co. . . 97e *

a binder for ceramics and used as additive to materials such as cosmetics.”~ Bridge

: : : : ) . . 198
polysilsesquioxane has been widely used for surface modification and as coating materials.

Incorporation of dyes into the sol gel matrix is used for wave guide, lasers, sensors, light

(]
N
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emitting diodes and nonlinear optical materials.” The combination of high surface area with

chemical functionality makes them potential candidates for packing materials for HPLC
99 4o .+ oo .
column™, catalyst support, and adsorbent materials.'?!

With these backgrounds the development of new synthetic reagents for selective

transformation in silicon oxygen bond would provide ways for new material design.
Environmentally benign catalyst system for silicon-oxygen bond forming reactions is a
central point that needs further study. The utility of the hybrid material capable of providing
nano confinement as well as the design of surface modified nano-structured material needs a
clear attention. New catalyst from copper, palladium, gold and rhodium for SiH bond
activation can serve the purpose of nano-confinement to the metallic states. For this purpose
the structurally simple air stable catalysts derived from nitrogen donor ligand could be prime
interest as they may provide way for selective  product formation. Keeping in view of
material design the identitfication of active catalyst for silane for silicon-silicon or silicon-
hetero atom bond formation needs clear attention. With the last objective in mind, in this thesis

the catalytic aspect of Pd, Au, Rh and copper complexes are investigated.
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| Chapter 2

|
'

!

%Synthesis and characterisation of few tetrachlorocuprate
complexes

?2.1 Background

A late transition metal complex may have several properties that help it to act as a
catalyst. Some of such properties are: metal should have variable oxidation states that are
interconvertible by appropriate reagent; the ligand/s in the complex should be labile enough
to make room for a substrate metal interaction; the metal center should have possibility to
expand /change its co-ordination number as well as co-ordination geometry. The halo
complexes copper(ll) have plasticity of the metal coordination sphere that leads to great
variety of crystalline architectures with different coordination numbers, geometries and
nuclearities '°>1%_ This makes copper (II) systems excellent candidates for the study of co-
relation of structure and reactivity'°5'107 that could be responsible for an organic
transformation. The flexible co-ordination geometry of the copper (II) and the existence of
both coordinated and semicordinated ligands results in number of electronic structures and
allows them to exist in a wide array. The co-ordination numbers may vary from four to six
(with typically distorted geometries). Semi coordinate bond formation between oligomers
requires a relative displacement of neighboring oligomers, thus forming stacks. The
structural properties of tetrahalocuprate complexes are of also interest because of their wide
variety of stereo chemical features and unexpected oligomeric species.w8 Several quasi-
Planar bridged CunX2nL> (X= halide, L= halide or neutral ligand) complexes of copper are
known. In this class of complexes the building block is the monomeric CuX,L, species

having square planer geometry. The higher oligomers (n > 2) are quasi-planar chains of edge
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sharing having a core of halo-bridged CuXsL, . These oligomers frequently wegicgaie w10
stacks in which the copper ion complete its co-ordination sphere by forming long, semi co-
ordinate bonds to chlorides i1ons on ecither one or two neighboring oligomers. The
monomeric [CuCl,..]" complexes exist as square planar'®, distorted tetrahedral''°, square
pyramidal geometry'''. The square planar [CuCly] * are usually have ammonium cations and
are stabilized by hydrogen bonding interactions between the ammonium cation and the
chloride.'"? The halogenocuprate chemistry of the type [CuX4] * (X= Br, Cl) with inorganic

Mare common but [HL][CuX;L] (L = monodentate

and organo ammonium counter ions
nitrogen base) are less common''” Some planar complexes having [CuCl;L] ions for
example (LH)[CuCl;(H,O)] (LH = 2-aminopyridinium) are reported. Variation of the

reaction condition leads to the variation of composition of products in many copper-halo

complexes; for example the (LH), [CuCly] as well as (LH), [Cu,Clg] can be

c1(1) c1(h

Figure 2.1 the crystal structure of bis-pyridinium tetrachlorocuprate complex

prepared with the same reagents but different reaction conditions.''® While pursuing the

present research on identification of tetrachlorocuprate as catalyst and characterization of

them the crystal structure of  bis-pyridinium tetrachlorocuprate is reported by some other
BT . L L

researchers ™. The chemistry of this complex is important due to the fact that the co-

ordination ability of pyridine decreases on protonation and the H-bonding ability of the H-N"

38
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group enables the pyridinium cation to stabilize [CuCly]™ layer type structure.' " | nhe crystal
structure of the Ais-pyridinium  tetrachlorocuprate complex is shown in figla. In bis-
pyridinium tetrachlorocuprate (I1) the Cu-Cl distances vary between 2.205 A and 2.265 A
and the trans-Cl bond angles vary from 104.5 to 180° (i.e. limiting values of tetrahedral and
square planar geometry). In bis-pyridinium tetrachlorocuprate (1a) there are two sets of non
equivalent Cu-Cl bond of which one has 2.233(1)A slightly shorter than the other Cu-Cl
bond, which is 2.251(1) A. Both these chloride ions take part in the network of the hydrogen
bonds, and form a bifurcated bridge to the cationic proton of the pyridinium ion. The crystal
structure of compound(la) is composed of discrete [CuCl,*] polyhedra and isolated
pyridinium cations (figure 2.1). The copper atom sits on a crystallographic twofold axis.

The CI-Cu-ClI bond angles in (1a) vary between 97.83 and 132° showing geometry
intermediate between square planar and tetrahedral coordination. The packing coefficient of
Ia (0.695) indicates close packing. Packing appcars as separate columns of cations and
anions. The cations are oriented so as to minimize electrostatic repulsion between identical
charges and simultancously maximize attraction between opposite ones. The steric demand
of the pyridinium cations neighboring to each tetrachlorocuprate (II) anion, their hydrogen
bonds and the shielding as a joint effect isolates the tetrachlorocuprate anjong in the
monomeric form. Since the nearest non covalent Cu-Cu and the shortest CI-CI distanceg are
both longer than the sum of the Vander Waal radii, there is no visible Interaction between
tetrachlorocuprate (I1) anions.

The geometry of the analogous tetrabromcuprate compounds is Ieported as a
compressed tetrahedral geometry with two bond angles distinguished from the others (96-

104%) by their high values (123-136%). These values again show that the ECOmetry of the
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tetrabromocuprate complexes i1s intermediate betweenT square-planar (Dan) ana regular

tetrahedral (Ty) gcometry. '

Different types of species can be formed from a halo-cuprate complex in solid state or
solution while performing further reactions (scheme 2. I). The bromo complexes can change
its co-ordination by brominating an active site of a cation. For example the complex 2-
aminopyridinium(2-amino-5-bromopyridine) tribromocuprate is formed from bis (2-
aminopyridinium)tetrabromocuprate on irradiation of the later''’. During the synthesis of
[PyH]o[CuCly], a polymeric [CuClsy(py)], is also formed.'"” By decreasing the amount of HCI
in the course of the synthesis gives more amount of polymeric species. Which suggest that

there is an equilibrium between these two species exists and the direction of equilibrium

determined by the HCl concentration.

B (NR3HX),[CuX,]
Tetrahedral
Path A
CuX, + NRHX <« ” __ » (NR4H)[CuX,]

(NR;HX),[CuX,] ... 0o

Squareplanar

%ath B yath c

[CU(NR;),X;] + HX H,[CuX,] + NR,

Scheme 2.1
The complex (pyrimidinium)[CuCl3;(H,O)] on heating leads to the formation of
dimeric (pyrimidinium),[Cu>Clg] complcxlzo_ This thermal reaction shows two-endothermic
transition. At the first transition temperature, the copper-water bonds break and the water
molecules are free to move through the channels so formed. At the second transition
temperature the water gets superheated and is eliminated from the crystal. This clears the

channels, and monoprotonated cations are able to co-ordinate to the copper ion to generate a
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new structure. The foregoing discussion clearly suggests that halo complexes D)
may have satisfy difterent structures and satisfy some prerequisites to act as catalysts for

organic transformations.

2.1.1 Synthesis and characterization of tetrachlorocuprate complexes

To look for the suitability of catalytic activity tetrachlorocuprate complexes five
copper complexes were synthesized by a simple synthetic procedure (equation 2.2 a-c). The
complexes (la-d) were prepared by common synthetic procedure in which methanolic cupric
chloride dihydrate solution was first acidified to generate the tetrachlorocuprate. Addition of
the corresponding amine gave the required complex (for details refer to experimental
section). Whereas, the complex (le) was obtained from the reaction of anhydrous cupric

chloride with 3,5-dimethylpyrazole.

MeOH
Py + CuCl, + HC| [PyH],[CuCl,]

Py = Pyridine 1a

Equation 2.2a

MeOH
RNH, + CuCl, + HCI ___ "~ _ [RNH;],[CuCl,] nH,O  Equation 2.2b

For1b,n=0; 1c,n=1; 1d, n= 3 R= ) 1b

N .
Lootcucl, _LCu_ Equation 2.2¢
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The compositions of the complexes were ascertained from the elemen.a, auarysis as
well as by estimating the copper and chloride content. The bis-anilinium tetrachlorocuprate
and bis-pyridinium tetrachlorocuprate complexes were found to be devoid of water of
crystallization  whercas  the  bis-p-methoxyanilinium tetrachlorocuprate  and  bis-p-
methylanilinium tetrachlorocuprate complexes had one and three molecules of water of
crystallization respectively.

The IR spectra of bis-pyridinium tetrachlorocuprate show the characteristics vc —c
and vc =n band of the pyridinium ion appear at 1600 cm™, 1525 cm’ respectively in the
complex. The N-H stretching vibrations of the complex appear at 2850cm™ in the complex
-whereas the frec pyridinium gshows v nH Stretching — at 3200cm™. The bis-anilinium
tetrachlorocuprate has characteristic N-H stretching vibrations at 3018 c¢cm™ in contrast to
aniline NH-vibration appearing at 3360cm™. The N-H bending vibrations of -"NHj group of
the salts (1600- 1575 ¢cm™') are also present in the complex. Similarly the IR spectrum of bis-
p-methylanilinium tetrachlorocuprate shows a very broad absorption band at 3000 cm™ in
which both the OH and NH stretching are merged; whereas, bis-p-methoxy anilinium
tetrachlorocuprate shows very broad and strong absorption peaks at 3456cm™ and 3045cm’’
due to O-H and NH stretching arising from the water of crystallization and anilinium cation.

The absorption maximum in the UV-visible spectra of acetonitrile solution of the
complexes are listed in the table 2.1. Each of these complexes la-1d shows three absorbance.
One of the absorption occurs in the visible region and the other two in the UV region. The
absorption in the visible region in each case is assigned to the d-d transition and occurs due
to the transition from °E to T state. The absorption in the region 300 —~350 nm are assigned
to ligand to metal charge transfer transition. There is another absorption in the region of 240-

280 nm due to the m- mt*-transition from the counterion. The extinction coefficients of the
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absorptions of  hiv-p-methoxyanilinium  tetrachlorocuprate  and bis-p-mewnyianimium
tetrachlorocuprate complexes are higher than the values for bis-anilinium tetrachlorocuprate
and bis-pyridinium tetrachlorocuprate, suggesting in the former two complexes distortion
from the tetrahedral geometry is more than the later two. The UV and visible spectrum of

bis-anilinium tetrachlorocuprate complex in acetonitrile is shown separately in figure 2.2.

Absorbance
Absoran

7

0000

Figure 2.2 UV and Visible spectra of biv-anilinium tetrachlorocuprate in acetonitrile (3.3 x 10 mmol in 3ml
acetonitrile)

Table 2.1. The UV-visible absorptions of tetrachlocuprate complexes

m- ¥ transition LMCT d-d transition
Complex (extinction co-efficient | (extinction co-efficient | (extinction co-efficient
in Litre mol'em™) Litre mol'em™) Litre mol cm™)
la 242 nm (700) 313 nm (728) 474 nm (650)
1b 246 nm (217) 309 nm (644) 461 nm (217)
lc 274 nm (1700) 311 nm (1498) 461 nm (1262)
1d 250 nm (2446) 308 nm (2282) 458 nm (803)
43
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2.1.2 Solvatochromicity of the complexes

The UV-visible spectrum of the tetrachlorocopper(Il) complexes are solvent
dependant. For example [PyH];[CuCl,] in acetonitrile show an absorption at 474 nm which
on addition of methanol shifts to 437 nm. Whereas the bis-p-methoxyanilinium
tetrachlorocuprate monohydrate (1c), shows a large change in Am.. when the spectra are
recorded in different sovents such as acetonitrile and methanol. This makes them suitable

candidate for the study of solvatochromicity.

An acetonitrile solution of p-methoxyanilinium tetrachlorocuprate monohydrate has
an absorption maximum at 460 nm (¢ = 1262 cm™) in acetonitrile whereas the complex in
methanol has absorption at 570 nm. The change that takes place on addition of each aliquot

of methanol to an acetonitrile solution of bis-p-methoxyanilinium tetrachlorocuprate

monohydrate is shown in figure 2.3.

1.0-

e
© ©
T 9

0.4

Absorbanc

0.2+

0.0 | I 1 [ | i L
400 450 500 550 600 650 700
Wavelength (nim)

Figure 2.3 The change in the visible spectra of (1¢) (0.2 mmol) in acetonitrile (2 ml) on addition of aliquots of

methanol (25 pl, 0.64 mmol)
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Once the optical absorption of the compound changes from 460 to

addition of methano] (o acctonitrile solution of p-methoxy anilinium tetrachlorocuprate, 1t
can not be brought back to the original state having absorption at 460 nm by adding
acetonitrile. But addition of hydrochloric acid solution leads to regeneration of the absorption
at 460 nm and while doing this; the absorption at 570nm is lost. However due to effect of
dilution the intensity of absorption becomes lower than the original value (fig 2.4). After
restoration of the 460nm absorption, the absorption at 570nm can be regained if methanol is
added. Since the methanol allows the growth of absorption at 570 nm and addition of
chloride ion pushes it to the state having absorption at 460 nm a dissociative path should be
responsible for such phenomenon. It is thus proposed that addition of methanol allows the
halogen to dissociate from the co-ordination sphere. This process would result in a [CuyClg]*
complex. However, (he literature reports that the dimeric [CuCl;] species can be formed from
the tetrahalocuprates'™”. Since a halogen exchange process takes place during the
solvatochromic shift. it can be pushed back and forth by adding appropriate reagent. Thus the
sovatochromicity of the bis-p-methoxy tetrachlorocuprate complex 1s due to structural
interconversion between monomeric and dimeric structure, which can be represented by the
equilibrium (equation 2.3)

. MecOH i
[p-MeOCH NH 1,[CuCl,] =———===[p-MeOCH,NH,]CI+ [p-MeOC{H,NH,],[Cu,Cl]

HCI
Equation 2.3
The clear change in color on addition of methanol to the acetonitrile solution of bs-
p-mCthOXY tetrachlorocuprate and its interconversion to another species makes it a potentia]
candidate for recognizing alcoholic solutions. So various alcohols, such as methanol, ethang]

and iso-propanol were used for such studies. It is found that similar effect on the change of
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ion i i -0X s calixai
absorption in cach case is observed. Bulky hydroxy compounds such a

hanging th
as weakly co-ordinating hydroxy compounds such as phenols are not capable of changing the

visible-spectra ot the complex le.

1.2
ol 1/ :
2 0.8—\ 3
ERa bt o
3
K 0.4—\
ox{
0.0 1 1 1 | I !

400 450 500 550 600 650 700

Wavelength (nm)

Figure 2.4 The visible spectrum of (1¢) 0.25 mmol) in acetonitrile (2 ml); (2) on addition of methanol (0.2 m].
5.3 mmol): (3) on addition of HC1 (0.32 mmol); (4) on addition of methanol (0. 8ml, 21.2 mmol)

The IR spectra of the bis-p-methoxyanilinium tetrachlorocuprate sample before
dissolving in methanol and after dissolving in methanol are different. In the case of freshly
prepared sample have strong broad IR absorptions at 3045cm™ and 3456cm™ whereas the
sample on dissolving in methanol the absorption peak of the sample appears as Silngle
absorption at 2900cm’’. In addition to this there is a clear difference in the absorptiong
g10cm”,  this absorption gives rise to two absorptions at 810 and 830cm™ afer

recrystallisation from methanol.

2.1.3 The electrochemical study
The redox behaviors of tetrachlorocuprate complexes were studied by cyclic

voltammetry using three-electrode system comprising of Ag/AgCl reference electrode, tw
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platinum electrodey o5 w orking and auxiliary clectrode in acetonitrile. All complexe:

lc and ld) display a quasi-reversible voltammogram in the region 400- 650 mv win
different AE; values and ipe/Ipa ratio from 0.92 to 1.34 at a scan rate 100 mV/s. The quasi-
reversible cycle g independent of the direction of the scan. The voltammetric response is
assignable to the (' (11)/Cu (1) couple as such processes are known in the literature'*".
Selected voltammetric data for the tetra chlorocuprate complexes are given in table 2.2 and a
representative voltammograms is shown in figure 2.5. The electrode potentials are calibrated
to the Fe?"/ Fe* couple of ferrocene.

Table 2.27: The electrochemical data of the complex la- 1d

(Cm Epc (mV) | AE,(mV) pa(MV) | ipc/ipa }
I D |
| la 1429 609 180 1.34 f
L I
B 636 117 LI
e [s10 e 117 0.92 |
1a 381 623 142 L09 |

| |

# All the cycljc voltamograms are obtained from the complexes (0.0127mmol) dissolved in -
acetonitrile (5my) using tetrabutylammoniumperchlorate as supporting electrolyte with twq

platinum as a working and auxiliary electrode and Ag/AgCl as reference electrode. All scap

are + ve€ With scan speed (100mV/sec)

PO ———

10

0s

0B

Current / 1e-3A

‘[v-—'m
1009 08 07 08 05 g4 o3 o2 o1 O

Potential / v

Figure 2.5 Cyelic Voltamogram of [PyH]o[CuCli]
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The complex 1a has similar redox couple in methanol solvent also but the peak pi
different in methanol. The methanolic solution of 1a has Epe and Ep, at 394 mV and 527 mV.
This suggests that the change of coordination is responsible for the shift in the oxidation and
reduction potentials. The obscrvation of quasireversible states are due to the fact that a
polymeric structure has to be cleaved to generate a favorable tetrahedral co-ordination of
copper(l) which implicates that structural change accompanies electron transfer.

This can be explained by a dissociative mechanism, which operates, on changing from

. : . N mplex in soluti
one solvent to the other. Different dissociative equilibriums of the comp on

through ligand exchange phenomenon is shown in scheme 2.2.

+e _
[CuCl,])? = [CuCl,]?
-
K—Cl Il cI - -Cl CK1
2 +e )

[CuCl,]~ [CuCly]™

Scheme 2.2
This scheme is based on the assumption that a dissociative path may be followed prior to the
reduction or a reduction of the metal center followed by a dissociative path 1o yield the
copper(l) species. Since cach of these paths involve equilibrium processes and associateq
with one e¢lectron (ransfer the equilibrium the difference in the shift in the positiong of
oxidation and the reduction peaks are related to the two equilibrium constants. Thus, fyq,
Nernst €quation and with the formulations'?? in scheme 2.2 the relative value of K /K, Ereg —
Eox = 0.059 log (K,/K5). The value of K,/K, is calculated for the bis-pyridinium copper (1
compleX by comparing the oxidation peak positions in two different solventg namely,
methanol and acetonitrile. This is done with an assumption that the copper (1) compley ;.

methanol goes to a tri-coordinated environment, but it is in tetra co-coordinated CNVironmen,
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In acetonitrile. Tri-chloro copper (II) complexes are well documented in litere

Ki/K; is found to be 3.1 X 107 which shows that the ligand dissociation followed by

reduction is the favorable process. This also makes an added advantage to the complex for

co-ordination unsaturation prior to the oxidation process of a substrate to get involved in a

catalytic reaction.
2.1.4 ESR spectra

Copper(ll) is a d’ system has S= Y%, is ESR active. The nuclear spin quantum number
of copper being I= 3/2 intcraction of electron spin with nuclear spin results in hyperfine
interaction. The X-band ESR spectra of the complexes were recorded at room temperature
(figure 2.6). The ESR spectra for the bis-pyridinium tetrachlorocuprate shows a narrower
isotropic signal when field sct at 2500 Gauss, but it becomes more broader when field set 4t
3200 Gauss with g,,= 2.16. which is due to characteristic flattened tetrahedral geometry of
[CuCl4]*. The lack of anisotropy can be explained either by dynamic Jahn-Teller effect or by
strong spin exchange between centers that are randomly distorted by the static Jahn —Te]je,
interactions. The anionic ligand to metal bond causes the ESR absorption to occur higher ¢
DPPH standard. Tetrahedral structure for tetra-bromocuprate is already reported'" to show
isotropic ESR spectra. Bis-anilinium tetrachlorocuprate, also shows an isotropic signa] at
giso=2-0- But  for bis-p-methylanilinium tetrachlorocuprate trihydrate and bis-p.
methoXyanilinium tetrachlorocuprate monohydrate has distorted signal, which indicates that
the geometry of the complex is distorted from tetrahedral to square planar. Thus, tpo
counterions have 4 role on the structure of the complexes that are reflected in the ESg

spectra. Since the spectra were recorded at room temperature the hyperfine-coupling is

seen in the spectra
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Figure 2.6 X-band powder EPR spectra of bis-pyridinium tetrachlorocuprate (a) and X-band EPR spectra

of bis-p-methyl anilinium tetrachlorocuprate (b)
2.1.5 Magnetic moment

As already mentioned copper (II) is a d° system, thus tetrahedral complexes of copper (1)
has single unpaired electron and must be paramagnetic. The spin only magnetic moment p
for single unpaired clectron is given by the expression |

(i BU ML) = gvs(s+1) (Equation 2.4a)
Where s 1s the absolute value of the spin quantum number and g is the gyro magnetic ratio,
whose value is approximately, g = 2. Putting g = 2 and s =1/2 for single electron, spin only
magnetic moment comes 1.73 B. M. (for single unpaired electron)

The magnetic moments of simple Cu(Il) complexes (Those lacking Cu-Cu interactions)
falls in the range 1.75 to 2.20 BM, regardless of stercochemistry of the copper(ll) center.'*
The magnetic moments of the tetrachlorocuprate complexes were calculated by measuring x

(magnetic susceptibility) of the complexes and then using Curie law, the equation 2.4b
= 284Ny T (Equation 2.4b)
Where Xu = Molar susceptibility, T = Absolute temperature.

The magnetic moments of the tetrachlorocupurate complexes after diamagnetic
correction at 25 °C are listed in the table 2.3. The values show that the complexes are

monomeric in nature since these values are well within the range for a single electron.
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Table 2.3: Magnetic moment of tetrachlorocuprate complexes at 300k

I'etrachlorocuprate complex Magnetic moment (BM)
[PyH]o[CuCly] 1.78
 [CeHsNH;2[CuCly] 1.78
- [p-CH30-CoHyNH; 2[CuCly].H,0 1.79
[p-CH;-CHyNH; 2[CuCly] 3H,0 2.08

2.1.6 Crystal structure of (1e)

The 3,5-dimethylpyrazole (pz) on reaction with CuCl, in acetone gives a copper

complex having composition (pz)>CuCls. The comparison of IR absorption of the complex

and the ligand suggests the complex formation (table 2.4). The NH stretching frequencies of

. . . . . -1 - e
the ligands arc cffected on complex formation: the absorptions at 3201cm™ shifts towards

higher side to 3267cm™" and the absorption becomes sharp. The enhancement of intensity is

attributed to the H-bonding present among the NH and anionic chloride ligand. The C=N

appearing at 1598cm™ of the ligand shifts to a lower side at 1567cm™’ suggests that the

complexation of the nitrogen atom increases the delocalisation of the lone pair of electron

attached to the nitrogen atom attached to a hydrogen atom.

Table 2.4.IR absorptions of le and 3,5-dimethylpyrazole (cm™)

( 3,5-dimethylpyrazole

(pz),CuCl,

779(w), 737(w)

3201(m), 3140(m), 3104(m), 3037(m), 2945(m),
2884(m), 2786(w), 2602(w), 1598(m), 1486(w),
1419(w), 1312(m), 1153(w), 1025(m), 851(w),

3267(s), 3201(s), 2924(w), 1567(s), 1470(m),
1419(s), 1275(m), 1183(m), 1050(s), 819(m),
794(s), 697(m), 615(w), 543(w), 435(w)
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The dimeric nature of the copper makes the copper to have a penta co-ordinate environment
with a distorted trigonal bipyramid structure. In the crystal structure Cu(1)-N(3) bond length
is 1.998(3)A which is shorter than the Cu(1)-N(2) bond length 2.015(3)A and nonbridging
Cu(1)-CI(2) bond length is 2.2985(9) A which is also shorter than the bridging counter part,
thus the bond length of Cu(1)-CI(1) is 2.3258(9) A. and that of Cu(1)-CI(1A) is 2.6703 A
(1). The bond angle of N(3)-Cu(1)-N(2) is 88.67(1 l)0 , almost close to the bond angle of
N(2)-Cu(1)-Cl(2) which is 88.95(8) ° and the bond angles of N(3)-Cu(1)-C1(2) is 162.46(8)°.
The bond angles of N(3)-Cu(1)-Cl(1) is 89.36(8)° ; whereas the bond angles of N(3)-Cu(1)-
CI(1A) is 98.76(8)" and C1(2)-Cu(1)-CI(1) is 98.76(8)° shows that due to the penta-
coordination nature of the copper center could distinguish the axial and equatorial positions
of a trigonal bipyramid gcometry.

The un-coordinated nitrogen of the pyrazole has an acidic proton that participates in
hydrogen bonding scheme and leads to chain structure as shown in figure 2.8. The various H-
bond distances and bond angles that has direct relevance to the H-bonding scheme are listed
in table 2.5. In a three-dimensional network the dimeric units provides close packed

structures as shown in figure 2.9.

Table 2.5. Hydrogen bond distance and angles in [A and °] are

D-H---A d(D-H) d(H---A) d(D---A) <(DHA)

N(1)-H(1)--Cl1(2) 0.86(4) 2.72(4) 3.121(3) 110(3)

N
N\

TH-1858_004701



C10

Y,

%

c8

CI2A
&

Y,

~ CI2

4

Figure 2.8: The dimeric structure of bis-2,4-dimethylpyrazoblecopper(Il)chloride
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-2,4-dimethylpyrazoblecopper(Il)chloride

Figure 2.9 Closed pack structure of bis
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2.1.7 Thermochemical properties

Thermochromism is a well-known phenomenon in co-ordination chemistry and is
usually ascribed to temperature dependent changes in the co-ordination geometry of the

25-

chromophore'**"'**. However, the change in electronic structure via the thermal procedure is
quite slow, limiting the utility of those systems. For example copper (II) complex
[Cu(DED),](BFy), where DED = N,N-diethylethylenediamine'?""'?®, shows three absorption
peaks at 515, 305 and 255 nm at room temperature. On cooling, the absorption peaks in the
S15nm gets shifted to shorter wavelength, resulting in the color change from purple to red.
According to literature report this phenomenon is due to the square planar structure in the
law temperature (red) phase is dynamically distorted towards tetrahedral configuration in the
high temperature (purple) phasc.IZS Structural phase transitions are quite common In CoOpper
(IT) halide salts and with hydrogen bonding cations, they are usually associated with
disordering of the cation and concomitant weakening of N-H—X hydrogen bonds."** '*” The
weakening of the hydrogen bonds increases the charge density on the halide ions of the
[CuX4]* anion, which rclaxes its co-ordination geometry towards tetrahedral in order to
minimize the clectrostatic repulsion between the halide ions. For this reason tetrahalocuprate
complexes are found to be theromochromic and shows different colors due to interconversion
between different structures. For several tetrachlorcuprate  salts discontinuous
thermochrochromic phase transitions are observed with a “greenyelloworange” colour
progression as the distortion of the anion with respect to ideal tetrahedral geometry
decreases. The enthalpics of the phase transitions in tetrachlorocuprate are greater than those
observed in the corresponding tetrabromocuprate salts owing to the decreased ionic radii of
the chloride ion over that of the bromide ion, which usually permits a larger distortion of the

: . 129-130 : AT
tetrachlorocuprate anions from the Ty geometry. Several complexes having counter ions
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derived from ammonia derivatives are usually studied for this purpose. HCvvever, wae tO
polymerizing and oxidizing properties of anilinic compounds, the use of anilinium cations for
such thermal studies is limited. Another aspect of these complexes is the ability of these
complexes to release acid and exchange the coordination position of the halogens.

The thermal behavior of these complexes has been deduced from their TG/DTA and
DSC curves in nitrogen atmosphere and in air. The data shows that there are three processes
associated; namely, dchydration when water of crystallization is present; as in case of 1c¢ and
1d, and organic cataions pyrolysis and phase transition in DSC curve. The thermogram of
bis-pyridinium tetra chlorocuprate (la) and anilinium tetra chlorocuprate 1b) has distinct
differences that not only occur from the molecular weight difference but from the thermal
reactivity point of view. Based on the pereentage of the weight loss the following equations

explain the weight loss in difterent tetrachlorocuprate complexes.

(AnH),[CuCl,] (p-CH;0C H NH;),[CuCl,].H,0| (p-CH,C H,NH,),[CuCl,]3H,0

l

H,0 + p-CH,OC{H,NH,

(PyH),[CuCl,]

3H,0 + p-CH,C4H,NH,
+ p-CH,C4H,NH,Cl

2PyHCI AnH + AnHCI + p-CH;0C(H,NH,ClI
( Theory) -
Loss = 63.00% Loss = 56.83% Loss = 61.30% Loss = 64.03%
Theor
( Theory) ¢ ( Theory) ( Theory)
Loss = 62% Loss = 62.8%
Loss = 64 65% Loss = 55.24% ( Found) ( Found)
( Found) (Found) v
Cl,lCl2 ”[(‘u(‘l]] H[CUC13] H[CUC13]
or Hz[CUzClb] or H:[CU2C16]

py =pyridine or H,[Cu,Cl ]

an —anitline
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In the case of the bis-anilinium-tetrachlorocuprate it may thought that tue anine
being a reducing agent a part ot CuCl, may get converted to CuCl on heating but this indeed
is not the case as the product of thermal reaction did not show dimeric or oligomeric aniline
in absence of oxygen. Furthermore the [CuCl;] species are well known and they prefer to
remain in dimeric form if the cations are small. The above results are indicative of the fact
that the pyridinium system undergoes thermal decomposition in a different manner than the
corresponding anilinium analogue. In the region of 150-300°C the compounds lc and 1d
losses 62% (thcory 61.30%) weight, 62.8% (theory 64.03%) weight respectively that
corresponds to loss of one ncutral molecule of the parent anilinium hydrochloride, aniline
and the water molecules of crystallization. The thermal property of complex la described in
literature>° suggest loss of one HCI molecules at 90°C but we did not observe any loss of
weight in this region in thermogravimetry but we have observed an endothermic process in

DSC at this temperature.
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Figure 2.10  Thermogram of bis-anilinium tetrachlorocuprate (1b)

The compound la shows endothermic process at 87°C and 104°C in the differential

scanning calorimeter. There are two endothermic processes for 1a and no weight loss in TGA
, . . 0

was observed. These two transitions are referred to structural changes namely, at 87 C, la
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changes from tetrahedral to squarce planar and at 104°C it exchanges halide ligauus HaKuy
the N, N co-ordination. The compound 1b shows an endothermic process at 102°C due to
change in the tetrahedral structure to square planer. Structural phase transitions are quite
common in copper (1) halide salts and with hydrogen bonding cations they are usually
associated with disordering of the cation and concomitant weakening of N-H...X hydrogen
bonds. The weakening of the hydrogen bonds increases the charge density on the halide ions
of the [CuX4] * anion, which will relax its co-ordination geometry toward tetrahedral in order

to minimize the electrostatic repulsion between the halide ions.
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Figure 2.11  The DSC of bis-anilinium tetrachlorocuprate

2.1.8 Electrical property

Since the ammonium tetrachlorocuprate and many other such anionic chloro-
complexes have extensive H-bonding and polymeric structures''’. They are expected to show
interesting material properties. There are many studies on magnetic properties which reveals
that based on the halo-bridged core around two or multiple number copper atoms the

118-119, 132

complexes can be either ferromagentic or antiferromagnetic There is also recent

report on the interesting clectrical properties arising from such systems. We have also

observed that cupric chloride when trapped in a supramolecular environment created by
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highly hydrogen-bonded system such as urea it shows interesting thermoelectric swicning
properties. In such systems the resistance vs temperature profile (figure 2.8) passes through a
normal gaussian shape. Such property was explained as combination of proton conductivity

133

with structural change

The electrical properties of the tetra chlorocuprate complexes also have reflection of
this endothermic process. The plot of normalized resistance versus temperature in the region
of 40°C-140°C for complex tetra chlorocuprate 1b shows a sudden decrease in resistance in
the region where the endothermic process takes place (figure 2.12). Based on the
crystallographic evidences presented on the structural changes of related compounds from
tetrahedral to square planar geometry, the decrease in resistance is attributed to the parallel
stacking of the copper centers on transtorming from tetrahedral to Square planar geometry. In

. . 2 .
a square planar gecometry the interaction between the d,” orbital gets maximized and thereby

causes enhancement of electron tlow in one direction.
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Figure 2.12: The plot of resistance normalized to resistance at 142°C vs temperature of pallet of (1b)
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Figure 2.13: The plot of resistance normalized to resistance at 104°C vs temperature of a thin

film of (lc¢)

The tetra chlorocuprate (I1) complex 1¢ has a molecule of water of crystallization in
the interstices of the crystals. It has a structural change at 70-108°C (from DSC). The
complex 1lc¢ has also a labile water molecule present in the system, which is lost at around
120-140°C. The compound has a resistance vs temperature profile having an exponential
shape in the region 80-140°C (figure 2.13). This observation is important in biological
system such as DNA nano particles it is observed that the resistances versus temperature
profile are greatly influenced by the presence of water molecules. The low temperature
resistance data on such system has a transition in the temperature range of 80-140°C. It is
already mention that the tetrahalocuprate complexes are thermochromic and their
thermochromicity is generally associated with a structural change around the copper (II)
centers. We had also shown that the structural changes around copper (II) can effect the
resistance profile of a system and we have demonstrated the thermoelectric switching
property from such possibilities.

The evidence of change in co-ordination geometry around copper (II) center is also

coming from the recorded IR spectra of bis-p-methoxyanilinium tetrachlorocuprate
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Monohydrate in room temperature as well as the heated sample. The room ten

SPectra of this complex shows two absorptions spectra at 3456 and 3045 cm™' due to O-H and

N-H frequency, respectively.
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Figure 2.14 (a) IR spectra of bis-p-methoxyanilinium tetrachlorocuprate complex before heating (b) IR spectra

of bis—p-methoxyanilinium tetrachlorocuprate complex after heating

The sample on heating to 100°C result in considerable loss of absorption at 3456cm’.
This shows that the loss of weakly bound water molecule as well as the change in the co-

ordination geometry around the copper (II) center effects the resistance. Further proof to this
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. result is observed from the thermal study. The DSC of the samples has an endothe
x at 60-104°C without loss of weight followed by another endothermic process at 115-140"C

for the loss of water molecule.
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Chapter 3

Copper complexes catalysed silicon-oxygen bond
formation and related reactions

3.1.1 Background

Copper(I) complexes are extensively used for silicon hydrogen bond activation'**,
The copper complexes generally used for such reactions are air sensitive and their synthetic
procedures are not simple. On the other hand copper (II) is a useful stable oxidation state
that can be generally converted to (I) oxidation state. Silanes being reducing agents, are
capable of reducing copper(II) to copper(I) prior to another organic transformation. This
leaves scope for inmsitu use of copper(ll) as precursor for transformation to copper (D)
complexes that in turn may acts as a catalyst. In chapter 2 it is demonstrated that chlorides of
tetrachlorocuprates are labile and copper(ll) center can change co-ordination number causing
co-ordination unsaturation. The tetrachlorocuprate complexes also possesses 4
quasireversible redox of Cu (II) and Cu (I) that have scope for catalytic reactions. Copper
metal is also known to catalyse135 the reaction of silicon with alkylhalide and in gas phase to

give corresponding halosilanes (equation 3.1)

Cu
Si + RCI R,SiCl + R,SIiCl, + RSICly

pressure/ heat

Equation 3.1
With this background and keeping in mind the emerging interest of the use of
environmentally suitable catalyst, the catalytic reactivity of different tetrachlorocuprates with
different silanes were investigated.

TH-1858_004701
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3.1.2 Tetrachlorocopper(ll) catalysed silicon-oxygen bond form

reaction

Silicon oxygen bonds are much stable than carbon oxygen bond but silicon-oxygen
bond is much more labile than carbon-oxygen bond. In literature it has been already reported

136-137and copper (1) hydride'*>complex for example [Ph;PCuH]g is a

that metallic copper
useful catalyst for silicon-oxygen bond formation in the reactions between silanes and
alcohols. Although, the metallic copper powder can be used for silicon-oxygen bond
formation of silanes the reaction is limited to substrates containing phenyl groups attached to
silicon and also requires drastic reaction conditions. It was found that tetrachlorocuprates
having anilinium, p-methoxyanilinium, p-methylanilinium, and pyridinium cations are fairly
good catalysts for silicon oxygen bond forming reactions through alcoholysis of silane. The
complexes are capable of converting 10-equivalent of the substrates with respect to one mole
of the catalyst. The reactions procecds at room temperature slowly but can be completed

within 3-6 hours when carried out at 40-70°C. The tetrachlorocuprate catalyzed silicon-

oxygen bond forming reactions can be represented by the equation 3.2 and 3.3.

R, R,
\ copper(11) catalyst %
/S]"--—_ + ROH == /Sl\ + H2
rR,” | H R,” | "OR
R, &

R, = R, =Ry = -CHs-
R! = R2 :R3 = -CHECl_I3

Equation 3.2
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R, R,

\ Copper(1l) catalyst \
—Si~..  t+ ROH > Si & H,
Rz / H Rz/ I I\OR 2
H OR

R, =R, =-C¢H; ; R, = CH, R,=C,H,
Equation 3.3

These reactions were performed under neutral and mild conditions. Since these
'Cactions gave only hydrogen gas as by-product separation was not difficult. However the
Usual problem of purification of siloxane by column chromatography was observed; as many
limes the silica gel was found to be capable of degrading the silicon-oxygen bond thereby

decreasing the isolated yield after column chromatography.'381%°
The reaction was studied with both monohydrosilanes and dihydrosilanes. The
I'Cactions with various primary and secondary alcohols such as methanol, ethanol,
isopropanol and allylalcohol were carried out. These reactions gave the corresponding
Silylethers and they are listed in table 3.1 and 3.2. The reaction was not applicable to tertiary

butylalcohol (equation 3.4). For example the reaction of triphenylsilane with

R /R
R
- [PyH],[CuCl,] M- O—g;
R t-butylalcohol R R

R =-CH; -C,H;

Equation 3.4
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Table 3.1. Bis-pyridinium tetrachlorocuprate catalysed silylethers from mono-hydrosilanes

(57)

)

3b

Silane Alcohol Reaction Product (yield)
condition
(Yield)
@6‘“ CH,OH 40° C for 3hrs Oy oens
3a
@*Sf'_H CH,CH,OH 40° C for 3hrs i

Q
O

o

60° C for 6hrs

—— OH
(40) 3¢
CHyCH, CH,CH,
/S'r——H OH /Si—O
CH,CH; ’ 60° C for 6hr CH,CH;™ |
CH,CH, CH,CH,
(50) 3d
CH,CH, CH,CH
R PTUEN
& CH/SIi'—H . CH.CH ’,__o/\/
gty B S 60" C for 7hrs g~z
CH,CH, OH CH,CH,
(60) 3e
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Table 3.2. Bis-pyridinium tetrachlorocuprate catalysed silylethers from dihydro

(60)

Silane Alcohol Reaction condition Product
and 1solated yield

O\ /H 0 : S/OCH3

S, CH,OH 60°C for 3hrs Q SocH,
@ (55)
3f

©\ /H O‘\ /OCH20H3

s, CH,CH,OH 60°C for 3hrs

(60)

©\ 1 >¥OH @\ /L
sC, 60°C for Shrs s°
S oty <
3h
O O OCH.CH
/S<H CH,CH,OH 50°C for 3hrs ,Si/ T
H;C H H3C ()Cl"‘[?(_-:l‘i3

tertiary butylalcohol in the presence of bis-pyridinium tetrachlorocuprate as - - catalyst led to

the formation of the di-triphenylsiloxane only. In this reaction all the silane was consumed.
This suggested that the water present in the reaction competes with the alcohol. The identity
of the ditriphenylsilylether was established from its 'H NMR and °C NMR and IR. It had 'H
NMR peaks at 7.3-7.78 due to the phenyl group whereas it had the 3C signals from the
phenyl groups at 127.93, 129.45, 134.38, and 134.98 respectively. In IR spectra it had the

silicon-oxygen stretching frequency at 1068 cm™ and the compound was devoid of Si-H
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frequency that was originally observed in the parent silane at 2150 cm™. The al

reacted with triphenylsilane and gave silylether. In this case the double bond of the allyl
group was not reduced. The phenols were found to be not suitable for these catalytic
reactions. The reaction was very effective to dihydrosilanes, in which exclusively
disubstituted silylethers were formed. The monohydrosilylethers were not observed in the
reaction mixtures. Different alcohols such as methanol, ethanol and isopropanol were reacted
with diphenylsilane and methylphenylsilane in the presence of catalytic amount of bis-
pyridinium tetrachlorocuprate. These reactions were carried out with different catalyst
systems and bis-pyridinium tetrachlorocuprate was found to be the most suitable catalyst.
This compound has the advantage that it has a ligand, which is stable, but bis-anilinium
tetrachlorocuprate complex has a deficiency that they underwent oxidation when left under
aerial condition. The relative rates of different tetrachlorocuprate catalysts were determined
by monitoring the alcoholysis reaction between diphenylsilane and ethanol with help of GC.
This was done by taking out solution from the concerned reaction mixtures using a Mmicro
syringe, followed by injection into a Hewllet Packard GC with a SE-30 capillary column,
With flame ionization detector. The products were compared with authentic samples. The plot
of change of concentration of diphenylsilane vs time obtained from different catalysts are

shown in the figure 3.1. it was observed that about 80% of the silane reacted with alcohols

and forms the corresponding silane within half an hour. The reactions than slows down and

some amount of diphenylsilane remain unreacted even after two and half hour. The

comparison plot of change of concentration of diphenylsilane on reaction with ethanol where
catalyst a = his-anilinium tetrachlorocuprate, b=bis-p-methylanilinium tetrachlorocuprate,

c=bis- p-methoxyanilinium tetrachlorocuprate, d = bis-pyridinium tetrachlorocuprate showed

that they follow similar trend in the product formation. It suggests that the counter ion does

TH-1858_004701
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. not have a role in the reaction. It is also indicative of the fact that there could be a

’

and copper(I) couple that would be responsible for these reactions or the metallic copper that

may be formed could participate in the catalytic reactions.

“sConvetsion

0 30 B0 30 120 150 180

Time in minutes

Figure 3.1 Conversion of diphenylsilane (0.0lmmol) to diethoxy diphenylsilane by different

= bis-anilinium tetrachlorocuprate, b
= pis-pyridinium

tetrachlorocuprate complexes (0.008mmol) Where a = bisp-

Methylanilinium tetrachlorocuprate, ¢ = bis-p-methoxyanilinium tetrachlorocuprate, d

tetrachlorocuprate

To understand possible involvement of a copper(I) species in the reaction of the
copper catalysed silicon-oxygen bond forming reactions, such reactions were also monitored
by UV-Visible spectroscopy. It was found that all these reactions initially passes through
decolourisation of copper(Il) solution suggesting a reduction of copper(Il) to copper(l)
complex. The regeneration of the catalyst in the course of these reactions was very clear from

visible spectroscopy. For example, the pyridinium tetrachlorocuprate had a well-defined
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absorption peak at 467nm. The absorption maximum decreased on reacti

diphenylsilane in the presence of ethanol (figure 3.2 the graph marked as a). The reaction iea
to decolorisation of the solution, suggesting the conversion of copper (1I) to copper (I).
However, after the consumption of the diphenylsilane tﬁe absorption peak at 467 nm

reappeared, suggesting that the Cu (II) was regenerated (figure 3.2 marked as b).

1.4

1.27]

1.07

08

Q67

Q49

Q27

Qo

Waelength (nm)

Figure 3.2 The change in absorption at 467 nm with time(every three minute interval) of a solution of

bis- pyridinium tetrachlorocuprate in ethanol on addition of diphenylsilane

Performing the reaction at different concentrations of the bis-pyridinium

! tetrachlorocuprate complex, the relative rate of the decrease in the absorption at 467 nm was
| studied during its reaction with diphenylsilane and ethanol. It was observed that the time
' taken to reach the minimum absorption was dependent on the catalyst concentration. Visible
'~ spectra showed that as the concentration of the copper (IT) catalyst was increased, the time
' required for a decrease in the absorption at 467 nm was increased. For example, the reaction

- of diphenylsilane (0.1 mmol), bis-pyridinium tetrachlorocuprate (0.011 mmol) with ethanol

(3.4 mmol) in acetonitrile (4 ml) has a minimum absorption at 467 nm after 15 min figure 3.3
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(a) but the reaction of diphenylsilane (0.1 mmol) bis-pyridinium tetrachlorocug
mmol) with ethanol (3.4 mmol) in acetonitrile (4 ml) had minimum absorption after 20 min
figure 3.3(b). In the later case, the regeneration of the catalyst was slower, because higher

amount of the catalyst was used than in the former case.

1.2
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§ 0.8 -
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Figure 3.3 The reaction of diphenylsilane (0.1 mmol), bis-pyridinium tetrachlorocuprate (0.011 mmol) with
ethanol (3.4 mmol) in acetonitrile (4 ml) has a minimum absorption at 467 nm after 15 min figure 3.3 (a) but the
reaction of diphenylsilane (0.1 mmol) pyridinium tetrachlorocuprate (0.02 mmol) with ethanol (3.4 mmol) in

acetonitrile (4 ml) has minimum absorption after 20 min figure 3.3(b).

These observations suggested that once silane was added to the solution of bis-

pyridinium tetrachlorocuprates it reduced the copper(Il) to copper(I); thereby decolorizing
the solution. As the reaction proceeded the silanes got consumed and the copper(Il) state was
regenerated, such observation implied that interchange of copper(ll) and copper(l) during the
reaction. We had tested the reactivity of the anhydrous cupric chloride for silicon-oxygen
For

bond forming reactions. It was found to be not suitable for such catalytic reactions.

example the reaction of triphenylsilane in methanol in the presence of cupric chloride gave

| di-triphenyl silylether. The result is attributed to the fact that the silicon-oxygen bonds are

" acid sensitive and if at all a methylsilylether was formed in this reaction it would have got
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hydrolysed to corresponding silanol. Which on further reaction gave
triphenylsilylether.

As discussed earlier the dihydrosilanes are good substrates that get difunctionalisation
on reaction with alcohol, quantitative products were formed through catalytic reaction. Thus,
the tetrachlorocuprate complexes should be good catalyst for the synthesis of silicon-oxygen
bonded oligomers from polyhydric alcohol. It was found that the silicon-oxygen bond
formation could be extended to synthesize oligomers from the reaction of

dihydrosilanes(equation 3.5) and trihydrosilane with polyhydroxyalcohols (equation 3.6).

Riw . -H Cu(II) catalyst
HO-X-OH * s — +SI CH2]m
R2
R, = R, = Ph, X = CH,CH, 3k
R, = R, = Ph, X = CH,CH,CH, 3l
R, = R, = Ph, X = CH,CH=CHCH, 3m
R1 = Ph, R, = Me, X= CH,CH= CHCH, 3n
R1=F’h,R=MeX CHCH 30
R, = Ph, R, = Me, X= CHCHCH 3p
Equation 3.5
i
H
u(II) catalyst
HO-X-OH + \s/ e () 42 *+ /[CHzlm
R,
R, = Ph, X =CH,CH, 3q

Equation 3.6

Several diols such as 1,2-ethylenediol, 1,3-propanediol, cis-1, 4-dihydroxy-2-butene
were reacted (equation 3.5 and 3.6) with diphenylsilane and methylphenylsilane in the
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presence off tetrachlorocuprate complexes as catalyst. These reactions led to silicon

bonded low molecular weight oligomers. The 'H NMR and >C NMR of the products were
indicative of the fact that they comprised of uniform structure. The spectra of two illustrative
examples of the oligomers sythesised by tetrachlorocuprate are shown in figure 3.4 and 3.5.
The '"H NMR of the oligomer (30) (figure 3.4.) showed its phenyl group signals at 7.3-7.88
and the ethylene groups appeared at 3.78; the methyl groups attached to the silicon center

appeared as a multiplet at 0.57-0.148. The peaks are labeled in the NMR spectra figure 3.4.

%SI O/(C@z methyl
CH, ot ‘
" \1 ;

methylens

v

5 N L __,_.J _ ) u__

M uﬁ //L/ !I

Figure 3.4 '"H NMR spectra (400 MHz) of oligomer of phenylsilane and ethylene glycol

| There were also small peaks in the region of methylene group (marked as end group) that

e

arise from the -CH>CH>;OH end group in the oligomer. The two set of —CH, groups Si-O-
CH,- and Si-O-CH,-CH, were observed separately because of their magnetic
nonequivalence. In addition to these there is a small OH signal at 2.3 that may arises from

the —OH end group that form through the hydrolytic cleavage of Si-H bond. The C NMR
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spectra of the oligomer have signals at 136.8, 133.3, 129.8, 127.48 due to aromat
and signal at 63.40 is due to ethylene carbon. The methyl carbon attached to the silicon
center (figure 3.5) appear at -0.18. The end group signals can be seen in the IR spectra of the

oligomer also. The IR spectra had OH stretching frequency at 3367cm’™, however it was

devoid of any Si-H frequency. The oligomer also had the Si-O stretching at 1076 cm™".

P

Cl-(a \oj—

CDCl, s

|

w-—-pn_l-' V! v st

> N SRy

Figure 3.5 "*C NMR spectra (400MHz) of oligomer of phenylsilane and ethylene glycol

Similarly the siloxane oligomer of cis-butenediol with diphenylsilane was also

- prepared. This oligomer is of interest because an oligomer having silicon-oxygen bond and

the double bond are potential candidate for further functional modifications. The transition
-metal catalysts derived from late transition metal are generally capable of hydrosilyaltion.69
‘But in the case of tetrachlorocuprate catalysis, it was observed that neither hydrogenation nor
hydrosilylation of the siloxane oligomer derived from cis-butendiol and diphenylsilane took

place. The proton NMR of this product is shown in the figure (3.6). The signals from the
TH-1858 004701 i




—CH>OSi appears at 4.18 and the proton of —-CH=CH- appear at 5.78 in addit

signals, the multiplet at 7.2-7.88 due to phenyl groups that are attached to the silicon center.
In this oligomer also there are minor signals that arises from the end groups, which are
presumably from -CH,CH=CHCH,OH and OH are also appeared. The IR spectrum also
shows the presence of OH group with strong absorptions at 3437 cm™'. The IR spectra

showed the presence of double bond as it had the medium intensity absorption for C=C at

1646 cm™'.
Hb Hb
Hb
Ph ) Hb
,[ﬁl\o — ‘];‘
Ph Ha Ha

Aromatic

Ha

Figure 3.6 '"H NMR spectra (400 MHz) of siloxane oligomer of diphenylsilane and cis-butenediol

% 3.1.3 Gel-permeation chromatogram of siloxane oligomer

In a polymerization reaction a number of polymer chain starts growing
- simultaneously, but all of them do not get terminated after growing to the same size.'**'*' The
‘chain termination is a random process, hence, each polymer molecule formed can have
\different number of monomer units and thus different molecular weights. Thus, unlike a

simJI'E"]&ﬁgﬁqpégplcompound, each of which has the same molecular weights, whereas a

75



polymer or oligmer contains molecules, each of which can have different molecu

The molecular weights of polymer or oligomer samples viewed statistically and expressed as
weighted average molecular weight (M,,) and number average molecular weight (M,). Thus
to know a polymer properly, one must have a knowledge of both the average molecular
weight as well as its dispersion pattern. This dispersity with respect to the lowest to the

highest molecular weight homologues is expressed by a simple molecular weight distribution

curve.

Gel Permeation Chromatography has been proved to be an effective technique to

ascertain the distribution of molecular weight of polymeric/oligomeric compounds. The

molecular weight distributions and dispersity of the oligomers were determined (Table 3.3)

and it was found that the polydispersity of each of the oligomers were close to unity. This

implies that the molecular weight distributions of the oligomers are very narrow. The M,

values were found to lie in the range 900- 3000 with respect to polystyrene as standard. This
shows that the oligomers comprise minimum of 8 to 10 monomeric blocks. The molecular

weight and the yield of different oligomers synthesized by tetrachlorocuprates are shown in

table 3 3,

The molecular weights of these oligomers were determined by GPC and are listed 1n

the table 3.3. The chromatograms of the oligomers were simple and unimodal suggesting that

majority of the oligomeric species were having similar chain length. The chromatogram of

siloxane oligomer (table 3.3 entry 3k) prepared from the dehydrogenative condensation

reaction between diphenylsilane and ethyleneglycol and its molecular weight distribution are

shown in figure 3.7. The oligomer has M,, and M, values with respect to polystyrene as
standard are 1667 and 1659 respectively. This indicates that it is a very low molecular weight

olicomer rising of 8-10 repeated monomeric units. The polydispersit of this oligomer
SO 18581004701 P ' polySispersty
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IS again very close to unity showed it to have narrow distribution of molecular v
Uniform chain length.

In order to increase the molecular weight of the oligomer the reactions were carried
out for prolonged time as well as increasing the catalyst concentrétion. Both the attempts
Were not successful and it was observed that prolonged heating and more catalysts lead to

less yield. This suggested that silicon-oxygen bond formed initially might be degraded by the

Same catalyst system.
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Figure 3.7 Molecular weight distribution graph of the oligomer 3k
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Similarly the chromatogram along with distribution graph of siloxane oligor
condensation product of methylphenylsilane with cis-butenediol (table 3.3 entry 3n) .s vuvwu
in the figure 3.8. This oligomer has My and M, values are 1088 and 1077 respectively
indicating that it is a very low molecular weight oligomer. The polydispersity of this

oligomer is again very close to unity.
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Figure 3.8 Molecular weight distribution graph of the oligomer 3n (table 3.3)
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Table 3.3. Oligomerisation reactions by copper complexes

Silane Alcohol Oligomer M,, values
(% yield)
L N
gt | A s Si ~_~(CH,), M, =1667  (60)
Bl OH @] T _
3k
PR
S m M, = 1656
> :
i N O
©\S/H o N\ [0 "~ Ola | m,=2754  (68)
N Ph _
@ H 3m M, = 2738
o HC
= OH
CL _H ,[//"Sl\o/\=/\0—]-n—q—- M,, = 1088 (70)
/Sl\ Ph Mn: 1077
H,c” “H
3n
(2 )
HE Si~g.~(CH,). M, = 1698  (78)
_H e | S Sip Y
.S M, = 1683
H,C' H CH, 2 i
©\ HO OH PR M, =1623  (80)
,S(H NS —[-Si —'O/(C% - M, = 1616
H,C® H / m
H,C 3p
B @ PR
= i M, =3788  (90)
H Q¥ oS
Si/ OH [[ '\ /(CH2)2 Mn g 3788
HO . \O-—]'
H
3q m
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As the oligomerisation reaction was found to be very effective for dihydro
had extended the reaction to the trihydrosilane. For this purpose the reaction between the
phenylsilane with ethyleneglycol in the presence of bis-pyridinium tetrachlorocuprate was
carried out. The reaction was found to be very rapid and completed within 30 minutes. The
product formed was characterized by NMR spectroscopy and other analytical techniques. It
has shown a relatively simple NMR showing the presence of bridging methyl and the phenyl
groups (figure 3.9a). In proton NMR there were minor signal around 2-3 ppm arising due to
the end group. These were assigned to OH either from—CH,OH or to Si-OH. BC NMR
showed the characteristic pattern of the C¢HsSi group having three signals 128.2, 130.93,
134.58 and ethylene carbon appear at 64.05 8. Since there was no Si-H frequency observed in

the region of 2100- 2200 cm "' of IR; the oligomer should have a three dimensional network.

Ethylene

N

Phenyl group

4 : S ppm

Figure 3.9a 'H NMR spectra (400MHz) of the oligomer of phenylsilane and ethyleneglycol
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Figure 3.9b '3C NMR spectra (400 MHz) of the oligomer of phenylsilane and ethyleneglycol

During this reaction deposition of metallic copper was observed. In order to ascertain this the
XRD pattern of the oligomer was recorded and it showed the presence of metallic copper

142144 The powder XRD on comparison with standard

particle attached to the oligomer.
sample revealed it to have peak for Cu (111) and Cu (200) diffraction at the identical place of
standard metallic copper figure 3.10. Apart from these two signal a small peak shown by #

arising from the siloxane was observed. The broadening of the signals was attributed to the

presence of amorphous siloxane embedding the copper particles.

Where R, = extension of the siloxane framework , R = phenyl

A cross-linked structure to trap copper colloids

Scheme 3.2
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i Cu(111)
[ ' Cu(200)
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20(degree —

Figure 3.10 XRD of the copper colloid deposited over the glass plate from the reaction of phenylsilane with

ethyleneglycol.

The SEM photograph also confirmed the presence of copper particles. The figure 3.11 shows

the SEM photograph of oligomer of phenylsilane and ethyleneglycol (table 3.3 entry 3q)

¢ IAccV. - Spot Magn
4 116.0kv 50 800x  BSE 9.7 05Torr

Figure3.11 SEM photograph of the metallic copper particle deposited by the reaction of phenylsilane and

ethyleneglycol.
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These copper particles were found to be embedded in oily mass in the SEM phot«

is supported by the data obtained from the surface analysis, which suggests that copper
particles are above a layer of silicon. This is attributed to the siloxane matrix that is
stabilizing the copper particles. The sizes of the particles were found to be in the order of 2.5
pm. The copper metallic particles are not stable and slowly undergo oxidation when exposed
to air. However, they are stable under inert atmosphere. In the literature it is reported that the
metallic particle of nano-dimensional size are not stable in aerial condition.'*’ These results
showed that the copper metal could be deposited in an electroless path by choosing suitable
substrates under a mild condition thereby provides a relatively simple method for copper
metal powder deposition over electro deposition'*'*3and spin coating'*® procedure. The
study also complements the electroless chemical deposition of metal particles of control

19199 The possibility of substrate design for particle size control could be an

dimension
added advantage of the method. The roles of metallic copper particles in organic synthesis as
a catalyst are well known'>°. The copper metallic particle deposited by our method has been
tested for further catalytic reactions with silanes. The copper particles are first deposited by
the reaction of phenylsilane with ethyleneglycol from bis-pyridinium tetrachlorocuprate. For
understanding of reactivity of the copper metallic particles; the reaction of triphenylsilane
with ethanol in the presence of the metallic particles (10mol%) were carried out. It was
observed that this reaction was assisted by the copper metallic particles and this suggested
the possible participation of copper particles in zero oxidation state in the copper catalysed
dehydrogenative coupling reactions. For example the reaction of triphenylsilane with ethanol
gave the corresponding silylether at 60°C with the copper particles (with approximately

10mole % conversion in 4hrs) prepared by an independent reaction of bis-pyridinium

tetrachlorocuprate with phenylsilane and glycerol.
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Based on all these observations and results from the silicon oxygen bc

reaction the following reaction mechanism may be proposed for tetrachlorocuprate catalysed

silicon-oxygen bond forming reactions scheme 3.3.

[CuCl,]% ron + SsiH ROH + 38iH  2gi-OR+HC
/
“ o Hel -
Cl H, H H
[CuCl;]- ™~ 1 Si/__ NS Sl/—
’ Cu \ ~ Cu N\
O"u Cl O vH
x\( () R S_( (b) R N
>si-OR “
,SI ROH +as| --Cl
,,HC, :lSi-OR
ROH + —SiT
Metallic copper
:Sn ~OR +H,
Scheme 3.3

In this mechanism both Cu(Il), Cu(l) as well as metallic copper particles takes part in
the reaction between alcohol and silane to give silylether. From entire study on dissociation
of [CuC14]2’ to [CuCls] species it is presumed that in protic solvent [CuCls] ions formed
which underwent further reaction. Tetrachlorocuprate can directly react with alcohol and
silane to generate HCl and copper silane intermediate (a) in which the oxidation states of
copper is Cu(ll). This copper silane intermediate can also formed from [CuCl5]” complex.
This intermediate (a) reacts further with alcohols and silane to give silylether and generates
HCI, in this process intermediate (a) is transformed to another intermediate (b) where the

oxidation states of copper is Cu(l). The intermediate (b) liberates H, (g), HCI and generates
TH-1858 004701
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silylether, in this process Cu(l) is transformed to metallic state which reacts
alcohol and silane to give silylether. On the other hand the intermediate (b) again may react
with alcohols and silane to give silylether in this process (b) is transformed to (a), similarly

intermediate (a) in presence of HCl can give silylether and produce back the catalyst.

3.1.4 Deposition of metallic gold particle by the reaction of silanes and
dihydric alcohols

In the literature it is reported that gold metallic particle can be deposited by reductive
method.””'""*? Since gold belongs to the same group of copper, we carried out similar
reductive reactions with gold also. It was found that the reaction of phenylsilane and
ethyleneglycol in the presence of H;[AuCly] gives metallic gold particle. The SEM
photograph of gold deposited by the reaction of phenylsilane and ethyleneglycol as well as
reaction of methyl phenylsilane and ethyleneglycol is shown in figure 3.12. The SEM
photograph shows that in this case gold is not supported over siloxane. This résult is also
confirmed from the XRD of the deposited gold particle (figure 3.13). Sharpness of the XRD
peaks clearly indicates the free nature of the gold particle i.e. they are unsupported by
siloxane. It is also interesting to note that the gold deposition is much faster than the copper
and is instantaneous. Thus it is believed that the copper particle deposition follows secondary
process of siloxane formation while the reduction of gold is a primary process having very
less probability of being attached to the oligomer formed. The identity of gold particles were
ascertained by SEM as well as XRD. The XRD has clear peaks at (100), (200) and (220)

plane respectively.
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Figure 3.12 SEM photograph of the gold particle deposited by phenylsilane and ethyleneglycol on reaction
with Ho[AuCly)

Au(111)
| Au(200) Au(220)
m&MMMH*W“J o
I [ | | | |
20 30 40 A0 60 70

20/ degree ———>

Figure 3.13 XRD of gold particle deposited by the reaction of phenylsilane and ethyleneglycol with
Hz[AUCl4]
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Variation of substrate changes the particle sizes. The deposited gold particle
copper has different average particle size and the details of the result from SEM are given in

the table 3.4.

Table 3. 4

Sample Details Average particle size
Sample contains a single type of

MePhSiH,; + H,[AuCl] +

structure with relatively similar : -
Ethyleneglycol y Single mesh size=412.4 ym

mesh size

Sample contains a single type of
PhSiH; + Hy[AuCly] + P gle yp

structure with relatively similar | Single mesh size= 948nm
Ethyleneglycol

mesh size

MePhSiH; + bis-pyridinium S | . ¢
ample contains a structure o Large mesh size= 535.3um

tetrachlouprate + )
two different mesh-sizes Small mesh size=1.64 um

Ethyleneglycol

Sample contains large

) o structures, as well as smaller
PhSiH; + bis-pyridinium .
fragments, which were

tetrachlouprate -+
measured. These fragments Single mesh size= 2.5 pm

Ethyleneglycol
appear to be surrounded by
*dark pools”, possibly water or

oil.

The 1,3,5 trihydroxybenzene has tetrameric structure and exists in an ordered form in
solid state. Thus expecting the effect of such orderly structure on the deposition of gold
particles the patterning were attempted. But the attempt was not successful. In all cases the
metallic gold particles were obtained having uniform particles size ranging from 0.9-5.37um
(see SEM photo expt. Section). The patterning of the gold were attempted with the 1,3,5

trihnydroxybenzene and phenylsilane but the attempt was not successful.
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3.1.5 Some related oxidative reactions catalysed by tetrachloro

complexes

It is already mentioned that the phenols are not good substrate for tetrachlorocuprate

catalysed silicon-oxygen bond forming reaction. When phenol and silane are heated together

with tetrachlorocuprate a black solution was obtained which contains a mixture of

compounds that could not be characterized. So we looked for the reactivity of different

aromatic compounds with tetrachlorocuprates. Several reactions with bis-pyridinium

trachlorocuprate in presence of co-oxidants were carried out are shown in the scheme 3.4

OH

OH

[PyH],[CuCl,}?

py =
pyridine

=== Extension of the chain

Scheme 3.4

The oxidation of 2,6-dimethylphenol by bis-pyridinium tetrachlorocuprate with H,0,

as co-oxidant gives the 4.,4-dihydroxy-3,5,3,5-tetramethylbiphenyl(I) major and 4-(3,6-

dimethylcyclohexa-2,5-dienone)-methylidene-2,6-dimethyl-cyclohexadienone(II) minor.
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The major product was purified and characterized. The mass spectrum of the c

shown in the figure 3.14.

OH
OH H,C CH;, H,C CH,
H3C\©/CH3 Cu(Il) catalyst 0 +
HZOZ I
H,C O CH, H,C CH,
OH O

major(I) minor(lI)

Equation 3.7
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Figure 3.14 The FAB mass spectra of 4,4-dihydroxy-3,5,3,5-tetramethylbiphenyl (I) in m-Nitrobenzyl alcohol

matrix

The FAB mass spectrum of the above compound was recorded at room temperature and m-
nitrobenzylalcohol was used as the matrix. Thus peaks appear at m/z 136, 137, 154, 289 are
due matrix. The molecular ion peak is at m/z 242 and other fragmentized peaks at 226, 213,

209, 202, 196, 189 etc. are present.

The oxidative polymerization of 2,6-dimethylphenol is an important reaction and it

leads to novel phenylene oxide polymers'53 However in such reaction formation of 4-(3,6-
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dimeth_ylcyclohcxa—2.5—dicnonc)-mcthylidene-?.,6—dimethyl—cyclohexadienone(H)

the polymerization process'>”. In the bis-pyridinium tetrachlorocuprate catalysed reaction this
product 4,4-dihydroxy-3.5,3,5-tetramethylbiphenyl (I). The product (II) may be formed
from the oxidation of (I) by copper catalyst. The dimeric compound (II) has absorption at 414
nm with a very high extinction coefficient 9.05x 10 * Litre mol”! cm™ . The methanolic
solution of the bis-pyridinium tetrachlorocopper complex does not have absorption in this
region. So advantage of this point was taken and the reaction was monitored with different

catalyst concentrations. The growth of absorption maximum at 414nm is shown in figure

3.13.
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Figure 3:15 Visible spectroscopic study of reaction of 2,6-dimethylphenol (12.8mg, 0.105mmol) by bis-

pyridinium tetrachlorocuprate (3mg, 0.0lmmol) in the presence of hydrogen peroxide (30ul , 30%)in methanol
(3cm3)

The effect of concentration of copper(Il) complex for three different ratios of copper
and the substrate is illustrated in figure 3.16. From the figure it is apparent that the reaction
can operate with catalyst concentration of one tenth of the ratio of substrate to catalyst but
increase of catalyst concentration does not significantly effect the formation of 4-(3,6-
dimethylcyclohexa-2.5-dienone)-methylidene-2,6-dimethyl-cyclohexadienone(Il).  Control

experiments with hydrogen peroxide without the catalyst under the similar reaction condition
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did not give C-C coupled product of 2,6-dimethylphenol; this was confirmed by
study also. This result suggested that side product was initially formed in the reaction did not

increase and formation of this product was independent of catalyst concentration.
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Figure 3:16 The concentration dependence of catalyst on dimerisation of 2,6-dimethyl phenol by bis-pyridinium
tetrachlorocuprate (1a) along with H,O, at 30°C measured at 414nm (a) phenol: (1a) = 30: 1; (b) phenol: (1a) =
10:1; (c) phenol: (la) =6: 1

initially formed in the reaction did not increase and formation of this product was
independent of catalyst concentration.

Aromatic dihydroxy compounds such as 1,4-dihydroxy benzene 1,4-dihydroxy
naphthalenc reacted with catalytic amount of bis-pyridinium tetrachlorocuprate in the
presence of tertiary butyl hydroperoxide as an co-oxidant. Similarly, the reaction of aromatic
thiol such as thiophenol gives corresponding disulfide when reacted with catalytic amount
pis-pyridinium tetrachlorocuprate. These study oxidative reactions of the activated aromatic

by tetrachlorocuprate suggests that the activated aromatic substrates prefers oxidative

transformations rather than O-silylation reaction. .
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Chapter 4

Palladium catalysed silicon-oxygen bond formation

4.1.1 Background

The copper (II) catalysed silicon-oxygen bond forming reactions described in the earlier
chapter has several limitations. Some of the disadvantages of the copper (II) catalysed
silicon-oxygen bond forming reactions are a) the copper (II) catalysed silicon-oxygen bond
forming reactions are relatively slower than the lower transition metal complexes c) these
reactions proceed at clevated temperature d) ratio of substrate to catalyst required in the
reactions are relatively less d) aromatic hydroxy compounds do not react with silane in the
presence of copper (1I) catalyst e) oxidative reaction of phenolic compounds is possible. In
order to overcome these limitations there is need for search for new catalyst for these
reactions.

It is reported in the literature that the group-8 metals and metal halides catalyse the
dehydrogenative condensation of silane with amines, alcohols and thiols.”é'[éoAlthough
numerous studies on the scope of these processes have been made, such a study are generally
focused on monohydrosilanes. This is possibly due to the disproportionation reactions of
polyhydrosilanes.lf’l Among the catalysts, rhodium catalyzed silicon-oxygen bond-forming
reactions have been extensively studied.'®® Palladium catalyzed silicon-oxygen bond forming
reactions are known, study on the versatility of such reactions are not investigzslted.163 In
addition to these we have illustrated earlier that copper(I) can be an active catalyst for Si-H
bond activation. copper(l) has a d'’ electronic configuration. The literature suggests that

palladium(0) can be formed in situ during palladium(1l) catalysed reactions of silane and can
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be an active catalyst. Palladium(0) has also d'? electronic configuration and thus
in reactivity of palladium(0) and copper(I) is expected.

Palladium complexes have very wide applications in organic reactions as catalysts.
Palladium complexes are among the most readily available easily prepared and easily
handled transition metal catalysts. Their real synthetic utilities relies in the specificity and
functional group tolerance.'® ' It can tolerate functional groups like carbonyl and hydroxyl
group, so palladium complex catalyzed reactions can be carried out without protection of this
functional group. Another advantage of palladium catalysed reactions is that they are not
very sensitive to oxygen and moisture (except those with phosphorous based ligand) or even
to acid. They permit unconventional transformations and give the synthetic chemist a wide
range of choice of starting materials.

It is generally the facile redox interchange between the Pd(0) and Pd(II) oxidation
states that 1s responsible for the catalytic chemistry that are caused by palladium complexes.
The most common starting materials for most palladium complexes is palladium (1I)
chloride; it is a chloro-bridged polymer, insoluble in most organic solvent (scheme 1.I). The
polymeric structure can be ecasily broken by donor ligands (L) resulting in monomeric
PdCLL, complexes stable to air and soluble in most common organic solvents. The nitrile
complexes [PACI2(RCN),] are labile to easily vacate coordination site making them excellent

choice for catalysis.
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PACL(RCN),

RCN
PPh,
[ Pdc1),, —= PdCI,(PPh,),
LiCl
Li,PdCl,
Scheme 4.1

In contrast to the nitrile ligand, the phosphine are less labile and are also infrequently used in
catalysis, one frequently used catalyst precursor of choice for palladium(0) catalyzed
processes 1s [(PPh;3),PdCl,]. Palladium(Il) salts can be used as source of palladium(0), for
example, PA(OAc); is easily reduced to Pd(0) complexes in situ in the presence of phosphine
ligands with several reducing agents,'° such as NaBHy, LiAlH4, alcohols etc.

It has been reported in the literature that palladium(0) and palladium(II) complexes
are the active catalyst for silicon-oxygen bond forming reactions'® '%”. palladium supported
on charcoal'®® and bulk palladium metal, palladium generated in situ from PdCl, by
trialkylsilane as the reducing agent are active catalyst for silicon-oxygen bond forming
reaction. Most of the palladium complexes, which were used for silicon-oxygen bond
forming reactions, have phosphorous-based ligand, which are air as well as moisture
sensitive.'”” The search of air stable palladium complexes as catalysts is important as
siloxanes are abundant in nature and their formation in aerobic condition is desirable. With
this aim we prepared a series of air stable palladium (II) complexes having bidentate nitrogen
donor ligand and their catalytic activity towards silicon-oxygen bond forming reactions were
studied. Air stable palladium (II) complexes having nitrogen as donor ligand with
composition PALCl, [where L = N, N'-tetramethylethylenediamine (TMEDA), N, N/
tetracthylethylenediamine (TEEDA), N, N’ diethylenediamine(DED) etc] were studied as
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catalyst for Si-O bond forming reactions. They have the structural features as sho

4.1.
R,
R, /
T,
N\ R| = R, = Me
Cl
Pd< R[— Rz = Et
/ Cl
h R, = H, R,=Et
| g,
R,
Figure 4.1

The palladium complexes were synthesized by general synthetic procedure by
refluxing PACl; in dry acetonitrile solution and then adding the desired ligand in hot solution
(refer to experimental section.). The characterisations of these complexes were done by
recording their elemental analysis and also by estimating chloride. Their structures were
established from their spectroscopic features. As an illustrative case the IR spectra of
Pd(TMEDA)CI, is shown in figure 4.2. The tetramethylethylenediamine has stretching
frequency due to methyl group in the region 2950 and 2717 cm™ on complexation these

appear at 3025 and 2845cm’ respectively. Medium intensity C-N stretching frequency

present at 1260cm™ appears in the complex at 1285cm™,

120 -
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Figure 4.2 IR (KBr) spectra of PA(TMEDA)Cl,
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4.1.2 Palladium catalysed silicon-oxygen bond forming reactions

We observed that these palladium complexes(figure 4.1) are capable of catalyzing
silicon-oxygen bond forming reactions of different silanes with various alcohols and phenols.
The silylethers could be prepared in quantitative yield by palladium complex catalyzed

reactions. The dihydro- and monohydrosilanes can be converted to corresponding silylethers

on reaction with alcohols and phenols, which is shown in equation 4.1and 4.2.

H\ _H Pd(II) catalyst OR\
Rj=3I + ROH > Si/Rl +  H,
/ ™\
RE Rg OR
R = alkyl or aryl
R,=R,=Ph
R, =Ph, R, = Me
Equation 4.1
R, R,
/
re Pd(II) catalyst !
R, |SI\H * ROH > R, ’/SI\OR + H,
R, R,
R = alkyl or aryl
R,=R, = R; = Ph
R, =R, =R; =Et
Equation 4.2

The progress of the reactions was monitored by thin layer chromatography and gas
chromatography. These reactions accompanied evolution of hydrogen that could be visible

from the gas bubbles during these reactions. On completion of the reaction hydrogen gas
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evolution ceases. Wide ranges of alcohols were converted to corresponding sily
list of alcohols that were converted to silylethers along with the reaction conditions is given
in tables 4.1 and table 4.2. A wide variety of primary, secondary and tertiary alcohols

Table 4.1. PA(TMEDA)CI, catalysed Si-O bond formation on monohydrosilanes

Reaction
Substrate Alcohol/ Phenol Product ?Ii,l;cli;i::in%
yield)
s | —H E = O~ch, 40°C, 2 hrs
% CH,OH (93)
@ISI—H Ei-—OCHZCHg 40°C, 2 hrs
<:> CH,CH,OH (:iT/ ( 90)
i MOH i—O ~ 400C, 1.5 hrs

o

(92)

©

% e >‘0H 5%0{ 400(:(,9 ; .)5 hrs
é% _— o é@ i S, 400%03) hrs
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O

Q,Si —H - 40°C, 2 nrs
O >
OH
o | - Qs
@A —H @ d 50°C, 5 hrs
O . £ ”
OEO
Q .
O——Si_H O/ i—o O"‘S’Q 50°C, 5 hrs
@ OO (50)
OH
O’Sﬁ i—H | HO OH O\li?o 09@ 50°C, 2 hrs
- OO | @
Q OH Q
si—H /O
@I OO :ki_o 0~ 50°C, 2 hrs
HO Q/ @ (67)
Et
\Si —H
g | Et 45°C, 1.5 hrs
Et == N OH Et>?l\o/\/ (,80)
Et
Et
Nsi— NG 45°C, 1.5 hrs
Et/? ) CH,CH,OH R (,85)
Et Et
98
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Et
\s H Et
| — N o
i ! D 45°C, 1.5 nrs
Et (70)
Et
\Si —H B
Et/él A ~—"0OH Et/?'\o/\/\ 45°C, 1.5 hrs
Et (82)
£t lez .
t
/\Si —H El\sa'°@_°1i< 45°C, 1.5 hrs
g | et | & 56
! £ (56)
Et
si—w NG 45°C, 2.5 hrs
) 4 ‘é (40)
Et\ Et\ ,E'/ El 450C, 2 hrs
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Table 4.2. PA(TMEDA)CI- catalysed Si-O bond formation on dihydrosilan

Substrate Alcohol/ Phenol Product Reaction condition
A ©\ OCH;, RT, 1.5 hrs.
St CH,OH Si
) : o, (55)

QyQi

" ©\S<°C”z°”= RT, 15 3 hrs.
H CH.CH,OH @ OCH,CH, (50)
©\S < ©\ /o/k RT(,425 ;u's.
.
ST I o
©\ RT, 1.5 hrs.
[ ] 57
S./H HO S./O/% (57)
chx '\” \‘< H3C/ l\Oj<
Q RT, 1.5 hrs.
Ssich ~~_OH CL ) S~ B0
H,c” H s

oo
@]
§

RT, 1.5 hrs.

Q| e | O~ | ™8
/'\ RT, 2 hrs.

| o | Bt |

could be converted to the corresponding silylethers. The quantitative reaction can be seen

either by the NMR spectra of the crude mixture. For example the reaction of triphenylsilane
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with methanol in the presence of catalytic amount of Pd(TMEDA
triphenylsilylether as only the product. The proton NMR spectra of the crude reaction
mixture after filtration show exclusive formation of the methylsilyl ether. The product has

two sets of signals, the signal at 7.4-7.58 (m, 15H) is due to aromatic proton and signal at

3.60 (s, 3H) is

i
#hisI0ue ) 1

PhlGlOme

O—M
s ° S/o_Me

e Q
toly : Jo

k
s o [ SR ________“_U o N

. S L S L O

Figure 4.3 (a) '"H NMR spectra (b) '>C NMR spectra of the crude product from the reaction between methanol
and triphenylsilane catalyzed by Pd(TMEDA)CI,

3.68 (s, 3H) is due to methoxy proton. It is reflected in the '>C NMR of the compound also;
the '*C NMR has two sets of signal, one set of four signals at 127.9, 130.1, 134.0, 135.43 is

due to aromatic carbon and signal at 51.98 is due to methoxy carbon. The catalyst could be
precipitated by adding hexane to the reaction solution hence, these reactions have a very
simple workup procedure. In this type of palladium catalyzed silicon-oxygen bond forming
reactions we observed that phenols reacts much slower (generally heating is required) than an
aliphatic primary alcohols. In terms of reactivity dihydrosilanes were more reactive than
monohydrosilanes. The reactions were applicable to double bond containing alcohol such as
allylic alcohols. In these reactions the double bond were not affected. For example the
reaction of triphenylsilane with allyl alcohol gave the corresponding allylsilylether. The 'H

NMR and the *C NMR clearly discerns the identity of the product. The compound PhsSi-
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OCH,-CH=CH> has signals at 7.3-7.78 due to aromatic protons and signal at 6.08

CH=) proton and signal at 5.28 is due the proton B to the allylic position. The signal due to-
OCHa- protons appears at 4.48. In '*C NMR the compound has signals at 64.7 § due to OCH,
carbon, signal at 136.78 is due (CH=) carbon and signal at 114.718 is due to (=CH3) carbon.
In addition to this the signal due to aromatic carbons appear at 135.2, 134.2, 130.1, 127.98.
The reaction is applicable to the tertiary alcohol also, for example the reaction of
tricthylsilane with tertiary butyl alcohol gave the corresponding silylether of #-butanol in near
quantitatiive yicld when carried out with 10mol% of Pd(TMEDA)CI; catalyst.

Since Si-H frequency appears in the region of 2100-2200cm™ and in this region, the
other substrates including the catalyst has no absorbance, the product transformations could
be ascertained by monitoring the Si-H frequency in the product. The Si-O bond formation in
the product also becomes apparent in cach of the cases, as the Si-O stretching appear as
strong absorptions in the region of 1100-1200cm™.

The reaction is very effective for dihydrosilanes and various alcohols were reacted
with dihydrosilanes such as diphenylsilane and methylphenylsilane to give the corresponding
silylethers. These  reactions were very specific for di-substitutions and led only
dialkoxysilylethers, while attempting to prepare the mono-alkoxysilylethers invariably the
siloxanes of the parent silane were isolated.

Different dihydroxy phenols could be converted to their ethers in quantitative yield.
These reactions are useful as it would give an idea on the suitability of the catalyst for
oligomerisation reaction. Among the various dihydroxy aromatic the reactions of 1,4
dihydroxy, 1,3-dihydroxy phenol and 1,4-naphthalenediol, 1,6-naphthalenediol, 2.,7-

naphthalenediol with triethylsilane, triphenylsilane etc gave the corresponding ethers. The
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mass spectra of two naphthyl ethers are shown in figure 4.4. In all cases the m/

similar but the fragmentation patterns are different.

For example the fragmentation pattern of the product of 1,4-naphthalenediol and
triphenylsilancs are (in m/z) 105, 181, 199, 259, 443, 521, 676. Whereas the fragmentation
pattern of the product of 2,7-naphthalenediol and triphenylsilane are (in m/z) 105, 136, 165,
181, 199, 207, 259, 379, 457, 521, 599, 676. The presence of common peak at m/z 676 is
due to molecular ion peak and peak at m/z 259 is due to (C¢Hs);Si* (base peak). The other

peaks arc duc to the loss of phenyl group from the molecular ion peak and base peak

respectively.
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Figure 4.4 (a) Mass spectra of the condensed product of 1,4-naphthalenediol and triphenylsilane

(b) Mass spectra of the condensed product of 2,7-naphthalenediol and triphenylsilane.
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The relative catalytic cfficiency of different palladium (II) complexes
(TMEDA) Cl>, Pd (DL:D)Cl,, Pd (COD)Cl,, Pd (TEEDA)CI, were studied by the alcoholysis
reactions of triphenylsilanes with ethanol and monitoring the reactions after definite interval
of time in GC (figure 4.5). The kinetics of the reaction between triphenylsilane and ethanol
was monitored in the presence of different catalysts. The product formation versus time is
plotted for the reaction of triphenylsilane (0.065mmol) with ethanol in presence of different

catalyst (0.0037 mmol) is shown in the figure 4.5. There is a definite induction time in each

case and the induction time is dependent on the catalyst.
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Figure 4.5 The decay of triphenylsilane during its reactions with A = Pd (TMEDA) Cl;;
B = Pd (DED) Cl;; C = Pd (COD) Cl,; D= Pd (TEEDA) Cl,

The reaction gave exclusively silylether without any other side product. No
degradation of the product to side product was also observed during these reactions. The
decay profile as shown in figure 4.5 of the triphenylsilane showed that for each catalyst there
was an induction period after which the reactions become very fast; this is possibly due to
palladium colloid formation, which is more active catalyst for silicon-oxygen bond
formation. Participation of colloidal palladium in silicon-oxygen bond forming reactions

have been already reported by many authors. '" The reactions of [PA(COD)Cl;], was found to
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(whérc COD 1s 1.4-cyclo-octadiene) be the fastest among all these reactio
attributed to the dimeric nature of the compound and possible involvement of the palladium
(0) species that is stabilized by the olefinic cyclo-octadienene ligand.

Based on the earlier results available in the literature about the possibility of
palladium(0) being formed during reactions of palladium complexes and silanes and also
observation of a induction period the palladium(Il) undergoing an oxidative addition to
palladium (IV) 1s less likely. Such process in fact should not be favorable as silanes being a
source of hydride maintain a reductive environment. The oxidative addition of Si-H to
palladium (II) center to form cationic palladium (IV) species is very unlikely process. The
formation of palladium colloids either by the reaction of homogeneous solutions of Pd
(hfacac), (hfacac = CF;COCHCOCF;) in heptane, diethylether, methylene chloride, or
acetone with Et3SiH and other silanes or by the reaction of Pd(OAc), in the solvent DMA
was demonstrated to be an active catalyst for the hydrogenation, dehydrohalogenation and
silylation of a alcohols.""""! In a recent study on silylation of sugars through silane
alcoholysis by palladium catalyst a mechanism involving chloro ligand exchange was

proposed (scheme 4.11). "¥91 this reaction the halogen plays a crucial role.

Pd(0)

Y

—> HCI T H-SiR, CI-SiR, +H,

CI-SiR, + ROH =  RO-SiR,+HCI

Scheme 4.11

The evidence of the involvement of above mechanism in sugar silylation came from
the fact that the powdered palladium black could be activated in sif by small amount of

silylchloride (equimolar to palladium) to give moderately active silane alcoholysis catalyst,
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which did not show colloid formation. Again powdered palladium metal did

catalytic activity for the silylation of sugar substrate, this suggests that, with the PdCl-
generated colloid, chloride might play an active role in silane alcoholysis. This gives an idea
of possible formation of Si-Cl catalytically in low steady-state concentration on the
palladium surface and forms the actual reactive species as shown in the scheme 4.11. Since in
this mechanism, transient presence of free hydrochloric acid is required, the reaction should
be inhibited by the addition of a base and indeed this happens on addition of a base.

In an alternative mechanism silane may first reduce palladium (II) to palladium (0),
which in turn may act as a truc catalyst (scheme 4.111). In this mechanistic pathways
palladium (0) undergo bond metathesis reactions, in which the oxidation state of the
palladium (0) remains unchanged on addition of silanes and alcohols and a four-member
cyclic transition state is formed during the reaction. This process is called bond metathesis
and it 1s a concerted process in which sigma bonds are broken and formed in a four-centered
transition state simultancously. This mechanism should be independent of chloride
concentration. Since we have used nitrogen donor ligand they can serve as acid scavenger
and facilitate such mechanism. Based on this we proposed the following reaction scheme
4111 is more favorable process in the palladium catalysed silicon-oxygen bond forming

reaction reported in this work.
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Pd(ll)

HSiR
R,SIOR 7 Pd(0)
A
HSiR
ROH e
-H
Pd -K-—H
H——0 ------ SR,
I
R

Four membered cyclic transition state
Scheme 4.111
Third mechanistic pathways, involving hydride intermediate is shown in scheme
4.1V. In this scheme silane first reduces palladium(Il) to palladium(0), the true catalyst,
which then undergo oxidative addition of silanes finally reductive elimination of the
hydrogen and formation of the desired product give back palladium(0).
Pd(11)

i HSIR,

Pd(0) ~_HSiR,

Pd —H
R,SiOR

Scheme 4.1V
The formation of palladium colloid during the course of the present reactions is

supported by XRD study also. The presence of induction period in this type of reactions

TH-1858_004701 . 107



indicates that the preferred reaction path shown in scheme 4.111 is more favoral
reactions described in this chapter.

The reaction was extended to synthesis siloxane oligomers from the reaction of
dihydrosilane with 1,4-dihydroxy, 1,3-dihydroxy phenols as well from different naphthalene
diols. One of the reaction of 1.4-naphthalenediol with dipjenylsilane is shown in equation

4.3.

Pd(ll) catalyst

Where R' = Ph and R" = Ph or Me
Equation 4.3

The NMR spectra of the oligomers are useful in ascertaining the identity of the
oligomers as well as identifying the end group present in the oligomers. For example the 'H
NMR spectra of the oligomer of the condensed product of 2,3-naphthalenediol with
diphenylsilane has a signal at 7.05 —7.98 due to naphthyl proton as well as very weak signal
at 1.86 due to Si-OH proton.

The oligomers of various dihydroxy aromatic compounds with dihydrosilane are
listed in table 4.3 along with their molecular weight data and yield. The polydispersity of the
oligomers were found to be close to unity. This implies that the molecular weight
distributions of the oligomers are very narrow. M, values of the oligomers are in the range
1000-7000. An illustrative case the chromatogram along with distribution graph of siloxane
oligomer prepared from diphenylsilane and 1,4-naphthalenediol is shown in the figure 4.6.

This oligomer has M,, and M, values are 4310 and 4303.
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Figure 4.6 Chromatogram (a) and distribution graph (b) of siloxane oligomer

Table 4.3. Palladium catalysed formation of siloxane oligomers

Silane Diol Siloxane M, and M, values

OH

Q M, = 3401
/OOO'J; M, = 3327

o

2 ERTNEee

@ | M,, = 4310, 3100

O CO Q/Oot M, = 4303, 3041
OH k@ Q

I B
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s, | Ph n M,, = 978
| o j{ M, =949
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R o M,, = 3306

o O pn

M, = 5946, 3285

OH
o o M,,= 7004, 3291
< Loyt
OH "

M, = 1293

OH
O T Q Oo} M, = 1391
/SL\ | © Si’O n
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The quinone are known to react with the silane in the presence of RhCI(PI
siloxane with aromatic backbone. The reaction of 1,4-benzoquinone with triethylsilane,

triphenylsilane were carried out in the presence of Pd(TMEDA)CI; and it was found that

disylalated derivatives were formed (equation 4.4)

o-SiRs
+ R38iH —_— - ©
(@)
R.Si 7~

R = Ph, Et 3

O

Equation 4 4

This provides another routes for the synthesis of siloxane oligomers from the
reductive coupling reactions of dihydrosilane with aromatic diones (equation 4.5). Several

oligomers were synthesized and their yield and the molecular weights are listed in table 4.4

O Ph
Pd(ll)Catalyst Pl
Si /
+ AN - 3 o) n
O O H ‘E Q ©
: 9,

Equation 4.5

TH-1858_004701 Ll



Table 4.4. Palladium catalysed Si-O bonded oligomers from quinines by Pd(1 wirrm jCin

as catalyst

5 Qo-@o'h M, = 1026
A [/S M, = 971
SL\H e

M, = 3730, 1861
M, = 3683, 1848

QP | ap
.
o=
o

Q M,, = 4904
‘/’Ooi M, = 4470

1 w=1360
ColOon | ¥

/S'\ an 1187

;

= M
OCO

~

w

Z/

The reductive coupling reactions of quinone with silanes to give siloxane oligomers
are supposed to proceeds via three major steps. In the first step hydrogenation of 1,4 quinone

give reduced product, in the second step 1,4-hydrosilylation of quinone to give siloxy

163

phenols.”™ In the final step dehydrogenative silylation of OH groups of 1, 4-aromatic diols

with 1,4-hydrosilylated product to give siloxane oligomers, as depicited in the scheme 4.V
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Scheme 4.V

In the case of quinone an initial reduction followed by a formation of charge transfer
complex is possible. This mechanism involving a charge transfer complex of quinone and
dihydroxy aromatics is proposed by monitoring the change in UV-Visible spectra of the
reaction of 1,4-naphthalenediol with diphenylsilane in the presence of Pd (TMEDA) Cl, with
time and making a differcntiation of this reaction with the reaction of diphenylsilane and 1,4-
naphthoquinone in the presence of same catalyst. In the former reaction one isosbestic point
at 355 nm was observed, whereas in the latter reaction two-isosbestic point one at 370 nm
and 355 nm was observed (for figure please refer to experimental section). The observation
of a common isosbestic point in two independent reactions indicates that these reactions pass
through a common intermediate. The isosbestic point at 355 nm is due to Si-O bond
formation, whereas the isosbestic point at 370 nm occurs due to the reductive process of
naphthoquinone. As both the reactions pass through a common intermediate, the favored
reaction mechanism in these reactions is the one involving oxidative addition and reductive

elimination (scheme 4.VI).
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Scheme 4.VI

In the naphthoquinone reduction reaction the absorption maximum at 355 nm 1s
assigned to a charge transfer complex (B) that can be formed by interaction of partially
reduced naphthoquinone with naphthalenediol. Finally charge transfer complex B as weli as
A can participate in the reaction to form siloxane oligomers.

Since the oligomers show narrow molecular weight distribution, mass spectral studies
can be of great help in ascertaining the exact molecular weight of the oligomers. The mass
fragments of the oligomers can be of help to describe the uniformity and the fragmentation
pattern. For, this purpose the FAB Mass spectra of oligomers 4b was recorded.

The highest m/z value in the FAB mass spectrum of 5b was observed at 1439. ThiS
m/z value corresponds to four units of diphenyl silane and three naphthalenic units with
palladium (II) attached to tetramethylethylenediamine (equation 4.6, structure I). The m/z
signal at 1439 is a broad spread from 1436-1444 due to the isotopic abundance palladium. In

structure (I) the palladium is anchored through Si-O-Pd and Si-Pd bonds. This m/z value may
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arise from due to colloidal palladium that has oxidatively added to the oligomer

mass spectra could be due to degradation of the oligomers and may occur due to colloidal
palladium formation during coupling reactions, and trapped in the stacks of the siloxane
Colloidal metal formation during dehydrogenative coupling is well documented. The

palladium atom thus deposited may be responsible for the molecular mass and FAB mass

Q ./°‘8'°\ D

Si
2 ©\ A O/
. s Pd(TMEDA)C,
CANNC o

o

spectrum.

Equation 4.6

4.1.3 Rearrangement reaction of silanes

We had already mentioned that silane undergo a facile rearrangement reactions in the
presence of transition metal catalyst '"!7>173 During the course of our study we found that
palladium catalysed reactions of phenylsilane and quiononic compounds give siloxane
oligomer. The mass spectra of these siloxane oligomer shows that the backbone of the
oligomer contains rearranged phenylsilane units. For example, the palladium-catalysed
reaction of phenylsilane with 1,4-benzoquinone results siloxane oligomer, the mass spectra
of this oligomer shows it is a low molecular weight oligomer having highest m/z at 857. The
mass fragments of this oligomer show the unrearranged as well as rearrange siloxane having

diphenylsilylene units in the siloxane backbone. These results prompted us to study the
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rearrangement reactions of silane in the presence of palladium catalyst. The rea

reaction of phenylsilane and diphenylsilane can be represented by the following equation.

=7 H )
Q H et s( Si” . + SiH, + Oligomer
S—n O . O O

H

Equation 4.7
O\ H Pd-catalyst O\
S'/ - O H ~H +  Oligomer
i c Si
N ?t—H
H
ol g

Equation 4.8
It was observed that these rearrangement reactions were catalysed by various
palladium(II) complexes. The results on the rearrangement of phenylsilane and
diphenylsilane after 30 minutes of reaction at 25°C by different Pd-catalysts are shown in the
table 4.5 and 4.6.

Table 4.5 . Rearrangement reaction of phenylsilane by different palladium complexes

Catalyst Phenylsilane Diphenylsilane Triphenylsilane
PdCl, Nil 36 63
Pd(TMEDA)CI, Nil 66 33
Pd(TEEDA)Cl, Nil 59 41

? In all cases the reactions were carried out by mixing phenylsilane (0.1mmol) with palladium catalyst (0.001)

in dichloromethane (2ml). The reaction mixtures were stirred at 25°C for 30minutes. The products were

analysed by GC using SE-30 column with oven temperature 180°C and detector and injector temperature 230°C.
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Table 4.6 Rearrangement of diphenylsilane by different palladium complexes'

Catalyst Phenylsilane Diphenylsilane Triphenylsilane
PdCl; 1 82 17
Pd(TMEDA)CI, 98 Nil Nil
Pd(TEEDA)ClI, 100 Nil Nil
Pd(PPh3),Cl, 5 94 Nil

® In all cases the reactions were carried out by mixing diphenylsilane (0.1mmol) and palladium catalyst (0.001)

in dichloromethane (2ml). The reaction mixtures were stirred at 25°C for 30minutes. The products were

analysed by GC using SE-30 column with oven temperature 180°C and detector and injector temperature 230°C.

4.1.4 Comparative study of palladium catalysed and rhodium catalyzed

silicon-oxygen bond forming reactions

Among the most effective catalyst for dehydrogenative coupling reactions of silanes
are the RhCI(PPh;); and [IrH,S,(PPhs), 1'"*'" where S= CH3;0H. Several reports on the use
of RhCI(PPh;); suggests that it has distinct advantages over palladium catalyzed Si-O bond
forming reactions.'’®'”” The reaction of phenolic compounds with dihydrosilane gives
monohydrosilylethers, which can be converted to the corresponding di-aryloxy ether. In the
present investigation it is already pointed out the reaction of 1,4-benzoquinones can be
effected by Pd-complexes as catalyst to give the corresponding silylethers. But literature
suggests that such reactions also can be carried out by RhCI(PPhs); catalyst. This reaction
has another advantage as it can form monosilylether from reaction of dihydrosilanes with
1,4-benzoquinone or 1,4-naphthoquinone, which would serve as precursor for further

functionalization on the remaining Si-H group (equation 4.9)
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O o- o) -SI.R
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H R Nu R

Equation 4.9

It was also demonstrated in an earlier study that diphenylsilane *’could sequentially

be substituted to give dithioether as shown in scheme 4.VII

S-S QO
54

Scheme 4.VII

The reaction of 1,4-benzoquinone with diphenylsilane as well as 1,4-naphthoquinone
was carried out. Between these two reactions the former reaction does not lead to the desired
product but leads to a mixture of products. However the later reaction can lead specifically
give the disilylated monomeric product, which is stable under inert atmosphere. In the

reaction of 134-napthoquinone with diphenysilane gives only diaryloxyether (Equation 4. 10)

Ph_ pn
A
.Si
e} o) H
© O‘Si'H
'Si,
P’ Ph

Equation 4.10
The identity of the product is ascertained from the spectroscopic data of the compound. It has
the Si-H frequency appearing at 2150 em’'(s). In addition to this other ring stretching
frequency at 3050cm™(w) and Si-O frequency appears at 1080 cm'](s). The compound is
devoid of the carbonyl stretching that was originally present for the parent compound at 1660
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cm™. The compound has the signals arising from each center. The *C NMR has th

at 146.0 8, 134.68, 133.08, 130.58, 128.08, 124.98, 122.48, 111.38 due to aromatic carbon 'H
NMR spectra has signal at 8.49 & (2H, Ha, naphthyl) 7.68 8(8H, ortho CgHs) 7.308(2H, Hb,
naphthyl), 7.18-7.09(12H, m, meta and para C¢Hs) 6.748(2H, s, He, naphthyl), 5.92 (2H, br,
SiH). However the reaction of 1:2 ratio of naphthoquinone with diphenylsilane does not lead
to a single product but a mixture of mono and disilylated derivative. The peaks in 'H NMR
spectra (fig 4.7) assigned as * are due to the monosilylated derivative. However, the product

separation from this reaction mixture was not possible.

K
S
a -
(a) Hb . 67 R
Ha Hc
|
I Ha Hc
Hb O_ _Ph
d Si,
-y <
~__J
(b)
[l » *
¥ t
W
Y
e -
9.0 8.0 7.0 6.0

pigure 47 'H NMR (400 MHz) spectra of a CeDs (0.53 ml) solution of (a) Ph,SiH, (0.20 mmol) and 1,4-
naphthoquinone (0.10 mmol) in the presence of RhCI(PPhs); (0.01 mmol) and (b) equimolar ratio of Ph,SiH>
and 1 ,4-naphthoquinone. The signals with asterisk and with arrows are due to monosilylated product and 1,4-

Faphthoqumone respectively.

In order to probe the sequential Si-H bond activation of diphenylsilane by
RhCI(PPh3)s; the diaryloxyether prepared from the reaction between diphenylsilane with 1,4-

naphthoquinone (A) was reacted with two equivalent of thiophenol in the presence of
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catalytic amount of RhCI(PPh;)s. This reaction led to the formation of dithioe

iy SPh R
o-Si-R O.SilR
RhCI(PPh,),

(L + e - 0
O"Si'R o] Sl.R
H R SPh” R

- B
Equation 4.11

(equation 4.11 ) by formation of Si-SPh group. This showed that the reactivity of two Si-H
bond of diphenylsilane is different and can be sequentially functionalised. The product (B)
did not have the Si-H frequency that was originally present in the parent diaryloxyether (A in

equation 4.10). The thioether (B) was characterised from it’s spectroscopic features.

4.1.5 Thermal properties of the oligomers

The siloxane oligomers are thermally not very stable. They decompose on heating,
and a continuous weight loss in the region 180°-800°C is observed in each case suggesting
degradation of oligomer above 200°C. However, they have good thermal stability in the
range 30-180°C. The continuous weight loss indicates hydrolytic cleavage of Si-O bonds to
give smaller molecular weight products.

4.1.6 Electrical properties of siloxane oligomer

The electrical properties of siloxane composites are of interest to material chemist.
Since the siloxane oligomers that are reported here has a backbone containing an aromatic
group separted by an Si-O bond they are expected to show interesting electrical property.
The resistance versus temperature profile of siloxane oligomer prepared from the reaction of

1,4-naphthalenediol and 1,4-naphthoquinone with diphenylsilane in the presence of
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Pd(TMEDA)CI: catalyst is shown in the figure 4.8. The resistance versus temper:

in this case shows an increase in resistance with increase in temperature and after a certain
limiting temperature resistance falls with further increase in temperature i.e. thermoelectric
switching bchavior is obtained from the siloxane oligomer. On cooling the same path was not
followed, it means that it was an irreversible effect. The irreversible effect of thermoelectric
switching property is believed due to change of geometry around palladium, which is
embedded in the siloxane network. On the other hand resistance versus temperature curve of
siloxane oligomer prepared from 1,4-naphthoquinone with diphenylsilane in the presence of

PdCl; catalyst decreases continuously with increase in temperature.

¥ ] v U d L

2L 40 @ O 1 120 10 W 18

Temperature (°C)

Figure 4.8 Plot of resistance R normalized to resistance at room temperature Ryy versus temperature of the

siloxane prepared by Pd (TMEDA) Cl, catalyst from the reaction of (a) 1, 4-naphthalenediol and (b) 1,4-

naphthoquinone with diphenylsilane.
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Figure 4.9 Plot of resistance R normalized to resistance at room temperature Ryt Vs temperature of the siloxane
prepared from the reaction of 1,4-naphthoquinone with diphenylsilane by (a) Pd(TEEDA)CI, and (b) PdCl, as
catalyst

The siloxane oligomers under consideration have sp>-hybridized C-O bonds attached
to silicon. These can impart delocalization in the system through involvement of d-orbitals of
silicon as well as the lone pair of electrons on oxygen. Since the siloxanes oligomers were
prepared by the dehydrogenative coupling reactions of silanes and diols or by the reductive
coupling reactions of silanes with dione in presence of catalyst derived from metal. Thus, the
difference in the resistance versus temperature plots of the films indicates the property
originates from the environment of the metal ion. In the present case we suggest that the
change in co-ordination around the metal center in the siloxane oligomer is responsible for
such property. This is also supported by far IR studies. We also recorded the IR spectra of the
two siloxane prepared from 1, 4-naphthoquinone with diphenylsilane in the presence of
Pd(TMEDA)CI; (a) and the same reaction in presence of PdCl, (b). In the former case two
absorptions at 3400cm' and 1680cm™ due to O-H stretching frequency and overtone
absorptions, which were absent in the latter case. A considerable decrease in the intensity of

O-H stretching frequency in (b) was observed on heating the sample above 150°C.
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Figure 4.10 IR (KBr) spectra of siloxane prepared from the reaction of diphenylsilane and 1,4-napththoquinone

by (a) PdCI, (b) Pd (TMEDA)CI, (c) Pd (TMEDA)CI, after heating the siloxane to 150°C

Further proof of the loss of water molecules during heating from 30°C to 180°C was
supported by thermogravimetriy analysis, where the siloxanes prepared from 1,4-
naphthoquinonc with diphenylsilane by PdCl,, PA(TMEDA)CI, and Pd(TEEDA)CIl, have
losses weight 0%, 1.5% and 3.7% respectively in this region. Differential scanning
calorimetry (DSC) of the sample prepared by catalytic reactions with Pd(TMEDA)CI,
showed an endothermic process at the temperature where the resistance reached maximum
values in the figure 4.8. Thus all evidences suggest that the thermoelectric switching property
of the siloxane oligomer were due to the loss of water molecules from the siloxane
interstices. The loss of water molecule changes the environment around the palladium and
results in a decrease in resistance from a limiting temperature. The change in geometrical
environment around the palladium centered is also confirmed from the far-IR spectra of the

siloxane oligomers of 1,4-naphthalenediol and diphenylsilane. The far-IR spectra of this
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siloxane oligomer at room temperature as well as after heating at 200°C show strc

517 and 488 cm™, and this remain unchanged on heating. These bands are attributed to the
Si-O framework on the basis of literature report on ortho-silicate. The only change observed
is that a weak absorption appeared at 418cm™ and this absorption splits into two absorptions
at 418 and 405cm™'. This again qualitatively supports a probable change of co-ordination

around palladium.
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Chapter 5

Experimental Section

5.1 General Instruments/Equipment used for analytical purpose

5.1.1 Infrared spectra

Infrared spectra of the compounds were recorded either on a Nicolet Impact-410
Fourier transform infrared spectrophotometer or a Perkin-Elmer infrared
spectrophotometer. Spectra were recorded either as KBr pellets or as neat samples.

5.1.2 UV-visible spectra

UV-visible spectra were recorded on a Hitachi U-2001 UV-visible
spectrophotometer by dissolving the stipulated amount of the substrate/s in appropriate
solvent. The solutions were generally taken on a quartz cell, which was then placed into
the sample chamber along with another one containing the solvent. Time scan were
recorded by setting the instrument at the appropriate wavelength after determination of

Mmax from independent experiment and then monitoring the absorbance with time.
5.1.3 Cyclic Voltammetry

The cyclic voltammograms of the compounds were recorded with an
electrochemical analyser (CH instrument) with three-electrode system comprising of
Ag/AgCl reference electrode, two platinium electrodes as working and auxillary
electrodes. The measurements were done in dry acetronitrile (HPLC grade, distilled over
CaH;) or in methanol with tetrabutylammonium perchlorate as supporting electrolyte.
The EMF values are with reference to ferrocene as standard.

The electrochemical studies were performed by dissolving 3-5mg each of the
complex in acetonitrile (5 ml) with 200-250 mg of the tetrabutylammonium perchlorate as
supporting electrolyte with scan speed 100 mV/s. Both positive and negative scan were
recorded. Dry nitrogen gas was passed through the solution before recording of the

voltamogram.
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5.1.4 Elemental analysis

The elemental analyses were done on a Perkin-Elmer PE 2400 series 11  ruN
analyser 2400. For a few samples, the elemental analyses were done at Central Drug

Research Institute, Lucknow.

5.1.5 Electron Spin Resonance Spectra

The ESR measurements were done on the X-band of an EPR-E-112 ESR
spectrometer at Regional Sophisticated Instrumentation Center, Indian Institute of
Technology, Madras. A quartz cell was used for X-band measurements. In all these
measurements diphenyl picryl hydrazyl radical (DPPH) was used as the staﬂdard.

5.1.6 Gel Permeation Chromatography

The GPC were done on a Water 600 GPC system with Refractive Index detector
(Waters 2421 RI detector) with ultrastyragel ® column and THF as eluent. The flow rate
was I ml/ min. The calibration curves for GPC analyses were obtained using polystyrene
standard.

5.1.7 Nuclear Magnetic Resonance spectra

Majority of the '"H NMR and C NMR spectra were recorded either on a Bruker
400 MHz or on a JEOL EX-400 NMR spectrometer using TMS as internal standard.
These were recorded at Sophisticated Instrumentation Facility, Indian Institute of Science,
Bangalore or Regional Sophisticated Instrumentation Center, Central Drug Research

Institute, Lucknow:.
5.1.8 Conductivity Measurement

Conductivity of the material was measu;'ed over a range of temperature on
a Hewlett Packard 34401 multimeter, Keithley 6512 programmable electrometer and

agronics 93-C DC power supply unit. These measurements were based on the principle of

measuring the resistivity changes as well as resistance with change of temperature.
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Materials under investigations were taken either as thin film, made by spre
solution of a concentrated sample on a small thin mica sheet. After removing the =
by slow evaporation.. The mica sheet was placed between the two probes and copper
block such that the two probes just touch the film. The resistance versus resistivity was
recorded. The temperature was obtained from the corresponding resistivity by using the
standard conversion table. In an alternative method a thin pellet was made by using a

hydrolytic press.

\ lron rod

POWER SUPPLY
for
Heating etement

/Beaker
DMM

for

Teflon

block temperature depsn
Resistance
measument

Th:in mica sheet
used to make
film of sample

PT 100 = Piatinum Therm
Resistance

- _— Coppet Block
E:LE(TTP{;J(ME TER
Resistvily measurment

Figure 5.1 Two probe setup for conductivity measurement.

5.1.9 Gas Chromatographic Analysis

Catalytic reactions were monitored by gas chromatography on a Hewlett
Packard HP 6890 GC system with the aid of FID detector by using SE-30 capillary
column. In most of the cases, oven, injector and detector temperature were set at 150°C,
220°C and 220°C respectively. In all cases N, was used as a carrier gas with 7 bar inlet

pressure. The results were recorded on an HP 3395 integrator.
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5.1.10 Magnetic moment measurement

The measurement of magnetic moment was carried out on a Sherwood Scientitic
Magnetic Susceptibility Balance. Weighed amount of the finely ground solid sample was
taken in a previously weighed sample tube. Before this, the empty sample tube into the
tube guide of the instrument and magnetic deflection caused by the tube was recorded as
Ro. The sample tube with the sample stated above was then inserted into the tube guide
and magnetic deflection caused by the tube was then recorded as R. The mass
susceptibility, X, was then calculated using the equation (A).

Xg = EM Equation (A)
10°m
Where,

| = Sample length (cm)
m = Sample mass (gm)
R = Reading for tube plus sample
Ry = Empty tube reading
C Ba = Balance calibration constant
The molar susceptibility,
X=X xM
Where, M = The molecular or formula weight of the substance.

For compounds containing a paramagnetic ion, Xy will be less than the
susceptibility per gram atom of the paramagnetic ion, X, because of the diamagnetic
contribution of the other groups or ligand present. Since magnetic moments are additive,

Xa can be obtained from Xy by the addition of the appropriate corrections.
X,=Xy - Z[: X,

Where, ZX , = Diamagnetic correction.

The effective magnetic moments (uwv) were calculated from the equation.

p=284uT (Equation 5.1.)
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5.1.11 FAB mass
The FAB mass spectra were recorded on a JEOL SX 102/DA-600(

spectrometer/Data System using Argon/Xenon (6kV, 10mA) as the FAB gas. The
accelerating voltage was 10 kV and the spectra were recorded at room temperature. M-
Nitrobenzyl alcohol (NBA) was used as the matrix unless specified otherwise. The matrix

peak may appear at m/z 136, 137, 154, 289, 307 in the absence of any metal ions
5.1.12 MALDI mass

The Matrix Assisted Laser Desorption lonization (MALDI) mass spectra were
recorded at Indian institute of Chemical Technology, Hyderabad and Indian Institute of
Science Bangalore. The LSI mass spectra were recorded on a VG Auto Spec Mass
spectrometer using either glycerol or m-nitrobenzyl alcohol as matrix.

5.1.13 Thermal analysis

The thermal analysis were carried out with a Mettler Toledo TGA/ SDTA 851°
and Mettler Toledo DSC 821° thermal analyzer. The thermogravimetric (TG)
measurements were conducted under pure nitrogen gas in an aluminium crucible.
Differential Scanning Calorimetric experiments were done under air in aluminum or in a
platinum crucible. In both DSC and TG, the heating rate maintained as either 5°C or 10°

C/min.

5.1.14 Characterisation using X-ray diffraction
A commercial X-ray diffraction system for powder samples (Seifert XRD 3003

T/T) was used for the verification of metallic particles present or not, for this purpose Cu
K, radiation (1.541 A) with a Nickel filter was used. The instrument was calibrated with a
standard Si reference. The X-ray generator was operated with an acceleration voltage of
40 kV and tube current of 30 mA. The theta-theta goniometer was used in the reflection
(Bragg-Brentano) geometry (figure 5.2). The XRD data provides the variation of

intensity/counts per second (cps), recorded by the detector (scintillation counter) as a
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function of 26, where 0 is the glancing angle. XRD patterns were recorded by

from 10° to 70° in steps of 0.002°.

Incident beam
Monochromating % from X-ray tube

Figure 5.2: Ray diagram of an X-ray diffractometer.
For the structural analysis of a thin film deposited on a glass substrate, grazing incidence
diffraction (GID) technique was used. GID technique works only with very smooth surfaces
since surface variations normal to the incident beam can upset the total external reflection
condition. A focused incident beam contains a range of incident directions and therefore not
all the photons would land below the critical angle for total external reflection. Therefore, a
compact and collimated beam of X-rays is required for a good GID. In the present studies, a
s6ller slit assembly called the Grazing Incidence Device was used for obtaining a collimated

beam of x-rays suitable for GID work.

5.1.15 General Experimental Section
All the solvents and reagents employed were of reagent grade (AR grade) and used as

purchased without further purification, unless otherwise stated, and were obtained from E.
Marck, Sigma-Aldrich, SRL, Qualigehs. Silica gel (60-120 mesh size) was used for column

chromatography. Reactions were monitored by TLC on silica gel GFas4 (0.25 mm)
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5.1.16 SEM
Scanning electron microscope photographs were obtained from University

Durham UK.

Experimental section of Chapter 2

5.2.1 Typical procedure for the synthesis of tetrachlorocuprate
complexes

Copper (I1) chloride dihydrate (600 mg, 3.5 mmol) was dissolved in 5ml methanol
and this solution was acidified with hydrochloric acid (11.6 N, 0.3 ml). A dark brown
colored solution was obtained. To this solution the amine (10 mmol) or pyridine (10
mmol) was added drop wise with constant stirring. The reaction mixture was stirred at
room temperature for another one hour. Addition of diethyl ether (40 ml) to the resultant
reaction mixture led to the precipitation of the desired complex.

The analytical data for the complexes:
(la) Bis-pyridinium tetrachlorocuprate
Isolated yield = 32%
IR (KBr): 3071 (bs), 1599 (s), 1524 (5), 1482 (s), 1444 (s), 1327 (s), 1183 (m), 1044(m),
905 (w), 745 (s), 676 (s) cm™".
(Ib) Bis-anilinium tetrachlorocuprate:
Isolated yield = 40%
IR (KBr):3012 (bs), 1553 (s), 1493 (s), 1306 (w), 1095 (m), 744 (s), 684 (s), 472 (s)em”
(Ic) Bis- p-methoxy anilinium tetrachlorocuprate(IT) monohydrate
Isolated yield = 23%;
IR (KBr): 3456 (bm), 3054 (bm), 1619 (m), 1519 (s), 1493 (s), 1307 (w), 1267 (s),
1220 (m), 1122 (w), 823 (s), 511(s) cm™.
(1d) Bis- p-methyl anilinium tetrachlorcuprater(Il) trihydrate
Isolated yield = 12%
IR (KBr): 3087 (s), 2574 (s), 1599 (s), 1506 (s), 1201 (s), 1102 (s), 823 (s), 578 (W),
489 (w) em’™.
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Table 2.1 Elemental analysis of the complex 1a, 1b, 1c, 1d

Composition H% Formula of the complex
C% N%
Calculated = | 32.83 | 3.28 | 7.66 [CsHsNH],[CuCly]
CioH N-CuCly Found = 32.86 | 3.26 | 7.07 (1a)

Calculated = | 36.78 | 4.06 | 7.15
C;:HH,N:(-U(.].‘ Found = 36.59 | 4.09 7.07 [CéHsNH}]z[CUCl.;]
(1b)

~ Calculated = | 35.63 | 435 | 5.93
C‘Hl lg_\.‘\:_w();L.UC-l; Found = 35.81 4.66 5.96 [P-O-CH3C6H4NH3]z[CU.CL;].HzO
(1)

Calculated = | 35.33 | 5.04 | 5.88
Found = 35.49 | 549 | 591 [p-CH3C¢H4NH;]5[CuCly].3H,0
C14H2,N-O;CuCly (1d)

5.2.2 Cyclic voltammogram of tetrachlorocurate complex:

The cyclic voltammograms of two tetrachlorocuprate complex were recorded by
dissolving  (0.0127mmol) of complex in acetonitrile (5ml) and using
tertabutylammoniumperchlorate as supporting electrolyte with two platinum as a working
and auxiliary electrode and Ag/AgCl as reference electrode. All scan are + ve with a scan
speed 100mV/sec. The -ve scan also were recorded to check the reversibility and it was

observed to give same features The cyclic voltammogram of 1d and 1c are shown below..
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5.2.3 Procedure for the synthesis of (pz),CuCl,
Copper (I1) chloride dihydrate (510 mg, 3 mmol) was dissolved in acetone (10ml).

To this solution the 3,5-dimethyl pyrazole (576 mg, 6 mmol) was added with constant
stirring for half an hour which results formation of complex.
Yield = 600 mg (55%).

Crystal was obtained by dissolving the complex in methanol.
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5.2.4 Crystal data of the complex (pz),CuCl,

Table 5.1. Crystal data and structure refinement for (pz),CuCl,

Identification code 03srv021

Empirical formula Cl10 H16 CI2 Cu N4
Formula weight 326.71
Temperature 120(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/c

Unit cell dimensions

Volume 1331.1(4) A3

Z 4

Density (calculated) 1.630 Mg/m3
Absorption coefficient 2.025 mm-!

F(000) 668

Crystal size 0.40 x 0.22 x 0.12 mm?

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.21°
Absorption correction
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

a=8.7017(17) A
b=13.440(3) A
c=11.849(2) A

2.34 to0 30.21°.

a= 90°.
B=106.135(8)°.
v =90°.

-l11<=h<=12, -18<=k<=18, -13<=I<=16

8925

3620 [R(int) = 0.0316]

914 %

Integration

Full-matrix least-squares on F2

3620/0/218
1.122

R1=0.0441, wR2 =0.0991
R1=0.0622, wR2 =0.1051
0.677 and -0.983 e.A"3

Final R indices [I>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
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Table 5.2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 1(

For (pz);CuCl,. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
Cu(l) 2878(1) 143(1) 9157(1) 13(1)
Ci(1) 4379(1) -1159(1) 10206(1) 16(1)
CI(2) 1908(1) 543(1) 10717(1) 15(1)
N(1) -136(3) 1217(2) 8232(2) 15(1)
N(Q2) 1406(3) 1172(2) 8186(2) 14(1)
C(1) -2813(4) 1888(3) 7210(3) 18(1)
C(2) -1051(4) 1783(2) 7367(3) 14(1)
cQ) - -50(4) 2139(2) 6734(3) 15(1)
C(4) 1470(4) 1736(2) 7260(3) 14(1)
C(5) 2952(4) 1833(3) 6876(3) 18(1)
N@3) 3113(3) -455(2) 7670(2) 14(1)
N@4) 4583(3) -599(2) 7508(2) 15(1)
C(6) 5968(4) -1159(3) 6047(3) 20(1)
C(7) 4500(4) -943(2) 6428(3) 16(1)
C(8) 2893(4) -1035(3) 5857(3) 17(1)
C(9) 2057(4) -726(2) 6653(3) 15(1)
C(10) 286(4) -698(3) 6485(3) 20(1)

135

TH-1858_004701



Table 5.3. Bond lengths [A] and angles [°] for (pz),CuCl,.

Cu(1)-N(3)
Cu(1)-N(2)
Cu(1)-CI(2)
Cu(1)-CI(1)
Cu(1)-CI(1)#1
CI(1)-Cu(1)#1
N(1)-C(2)
N(1)-N(2)
N(1)-H(1)
N(2)-C(4)
C(1)-C(2)
C(1)-H(11)
C(1)-H(12)
C(1)-H(13)
C(2)-C(3)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)

N(3)-Cu(1)-N(2)
N(3)-Cu(1)-C1(2)
N(2)-Cu(1)-Cl(2)
N(3)-Cu(1)-Ci(1)
N(2)-Cu(1)-CI(1)
CI(2)-Cu(1)-Cl(1)
N(3)-Cu(1)-CI(1)#1
N(2)-Cu(1)-CI(1)#1
CI(2)-Cu(1)-Cl(1)#1
CI(1)-Cu(1)-Cl(1)#1
Cu(1)-CI(1)-Cu(1)#1

1.998(3)
2.015(3) .
2.2985(9)
2.3258(9)
2.6703(10)
2.6703(10)
1.346(4)
1.359(4)
0.86(4)
1.347(4)
1.500(5)
0.94(5)
0.88(5)
0.92(4)
1.382(4)
1.405(4)
0.94(4)
1.488(4)

88.67(11)

162.46(8)

88.95(8)
89.36(8)

174.39(8)

91.34(3)
98.76(8)

100.76(8)

98.76(3)
84.74(3)
95.26(3)

C(2)-N(1)-N(2)
C(2)-N(1)-H(1)
N(2)-N(1)-H(1)
C(4)-N(2)-N(1)

C(4)-N(2)-Cu(1)
THN@IgNGL O 1)

112.0(3)
125(3)
123(3)
105.9(3)
133.4(2)
119.0(2)

C(5)-H(51)
C(5)-H(52)
C(5)-H(53)
N(3)-C(9)
N(3)-N(4)
N(4)-C(7)
N(4)-H(4)
C(6)-C(7)
C(6)-H(61)
C(6)-H(62)
C(6)-H(63)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(10)-H(101)
C(10)-H(102)
C(10)-H(103)

C(2)-C(1)-H(11)
C(2)-C(1)-H(12)

H(11)-C(1)-H(12)

C(2)-C(1)-H(13)

H(11)-C(1)-H(13)
H(12)-C(1)-H(13)

N(1)-C(2)-C(3)
N(1)-C(2)-C(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
N(2)-C(4)-C(3)
N(2)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-H(51)

136 C(4)-C(5)-H(52)

0.94(4)
0.97(4)
0.94(5)
1.346(4)
1.359(4)
1.344(4)
0.84(4)
1.496(5)
0.94(4)
0.93(5)
0.80(6)
1.379(5)
1.405(4)
0.87(5)
1.499(5)
0.94(4)
0.89(5)
0.90(6)

105(3)
116(3)
1059(4)
110(3) .
119(4)
98(4)
106.3(3)
121.0(3)
132.6(3)
106.5(3)
130(2)
124(2)
109.3(3)
122.3(3)
128.3(3)
109(3)
116(2)



Table 5.4. Anisotropic displacement parameters (A2x 103) for (pz),CuCl,. The anisotropic

displacement factor exponent takes the form: -2? ?[ h? a*2U'! + .. +2hka*b* U!?]

Ull U22 U33 U23 Ul3 U12
Cu(1) 16(1) 17(1) 5(1) 1(1) 1(1) 2(1)
CI(1) 19(1) 17(1) 9(1) 2(1) 1(1) 1(1)
Cl(2) 15(1) 22(1) 8(1) 0(1) 2(1) -1(1)
N(1) 17(1) 19(1) 11(1) 4(1) 5(1) 3(1)
N(2) 14(1) 20(1) 9(1) 1(1) 4(1) 1(1)
c(1) 18(2) 21(2) 15(2) 2(1) 3(1) 1(1)
C(2) 17(2) 16(2) 9(1) -1(1) 2(1) 2(1)
C(3) 17(2) 17(2) 11(1) 2(1) 3(1) 0(1)
C(4) 19(2) 14(2) 8(1) -1(1) 4(1) 0(1)
C(5) 20(2) 23(2) 12(2) 4(1) 5(1) -1(1)
N(3) 14(1) 18(1) 8(1) -1(1) 1(1) 1(1)
N(4) 15(1) 22(1) 8(1) -2(1) 0(1) 2(1)
C(6) 21(2) 28(2) 14(2) 1(1) 8(1) 0(1)
C(7) 21(2) 18(2) 9(1) (1) 5(1) 1(1)
C(8) 19(2) 24(2) 3(1) -2(1) 1(1) -1(1)
C(9) 19(2) 15(2) 9(1) 0(1) 1(1) -1(1)
C(10) 18(2) 24(2) 15(2) -1(1) 1(1) -2(1)

Table 5.5 Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for (pz),CuCl,.

X y z U(eq)
H(1) -490(50) 880(30) 8720(40) 26(11)
H(11) -3250(60) 1270(40) 6940(40) 37(13)
H(12) -3090(50) 2050(30) 7840(40) 29(11)
H(13) -3190(50) 2440(30) 6770(40) 26(11)
H(3) -260(50) 2590(30) 6110(40) 22(10)
H(51) 2940(50) 2450(30) 6490(40) 28(11)
H(52) 3960(40) 1820(30) 7490(30) 8(8)
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Experimental section of Chapter 3

5.3.1 A typical Procedure for the synthesis of silylether

Bis-pyridinium tetrachlorocuprate (47 mg, 0.13 mmol) was dissolved in alcohol (5ml)
and the solution was degassed by purging with dry nitrogen. To this solution triphenylsilane
(260 mg, 1 mmol) was added and the reaction mixture was stirred at 60°C for 2-5 hrs. The
progress of the reaction was monitored by TLC and GC. After completion of the reaction, the
reaction mixture was concentrated by removing alcohol under reduced pressure. A paste was
obtained; the paste was purified by using a short silica gel column with hexane as eluent.
Isolated yield after column chromatography of the silylether were 40-60%; GC yield > 98%.

The spectroscopy data of some of the silylethers are given below.

Analytical data of silylether:

2

|

3a

IR (KBr, cm™): 3068(w), 3014(w), 2965(w), 1589(m), 1485(w), 1427(s), 1119(s), 1027(m),
998(m), 855(s), 835(s), 738(m), 712(s), 513(s)

'"H NMR (CDCl;): (8 ppm) 7.4-7.5 (9H, m), 7.6-7.7 (6H, m), 3.6 (3H, s)

13C NMR (CDCls): (8 ppm) 51.93, 127.99, 130.14, 134.03, 135.48

C, H analysis: C9H,30Si calcd. C=78.62, H=6.2 found C=78.49, H=6.19
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O/ —OCH,CH,

3b

IR (KBr, cm™): 3282(b), 3067(w), 3016(w), 2970(w), 1428(s), 1116(s), 1085(w), 998(w),
839(s), 737(m), 711(s), 51 1(s), 435(w)

"HNMR (CDCL): (8 ppm) 7.3 - 7.5(9H, m), 7.5-7.8(6H, m), 3.8 3.9(2H, q, J= 6.9 Hz),
1.2-1.8(3H, t, J= 6.9 Hz)

3C NMR (CDCl): (3 ppm) 18.46, 59.85, 127.94, 130.19, 135.09, 135.49,
C, H analysis: C5H,,0Si caled. C =78.95, H=6.62 found C = 78.98, H=6.29

o

i—0—<

3c

IR (KBr, cm™): 3326(b), 3065(w), 3022(w), 2968(w), 2925(w), 2871(w), 1590(w), 1485(w),

1426(s), 1376(m), 1173(w), 1119(s), 1014(s), 994(m), 878(m), 835(m), 741(s), 702(s),
531(s), 508(s), 442(m)

'H NMR (CDCly): (8 ppm) 7.2-7.5 (9H, m), 7.6-7.7 (6H, m), 4.2(1H, heptet, J= 6 Hz),
1.2(6H, d, J= 6 Hz)

C NMR (CDCly): (5 ppm) 25.72, 66.40, 127.81, 129.88, 135.26, 135.52

CH,CH,

AN
—0—
CH3CH2/T

CH,CH,
3d

IR (Thin film, cm™): 3416(bw), 2955(s), 2914(m), 2878(s), 1459(w), 1382(w), 1239(w),
1172(w), 1131(m), 1039(s), 875(w), 829(w), 742(s)

'H NMR (CDCl): (§-ppm) 3.9-4.1 (1H, m), 1.1-1.2 (6H, d, J= 6 Hz), 0.9-1.0 (9H,m), 0.5-
0.7 (6H, m)

*C NMR (CDCly): (5-ppm) 4.92, 6.52, 25.89, 64.71
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©\ /QCH
@ OCH

IR (KBr, cm™): 3056(w), 2926(m), 2858(m), 1702(w), 1648(w). 1457(w), 1265(s),
1119(m), 740(s)

'H NMR (CDCl3): (8-ppm) 7.6-7.7(4H, m), 7.3-7.4 (6H, m), 3.6(3H, s)
BC NMR (CDCl3): (§-ppm) 50.96, 127.94, 130.39, 133.53, 134.38

©\ /OCH?CH3
SK
@ OCHZCH3

39

IR (KBr, em™): 3067(m), 3047(m), 3001(w), 1589(m), 1428(s), 1120(s), 822(s), 748(s)
702(s), 515(s)

2

'H NMR (CDCL3): (5-ppm) 7.6-7.7(4H, m), 7.3-7.5(6H, m), 3.8-4.0(2H, q, J= 7 Hz), 1.2-
1.4(3H, t, J= 7 Hz)

C NMR (CDCLy): (5-ppm) 18.17, 58.98, 127.82, 129.97, 133.35, 134.92

Qo
@O\<

IR (KBr, em™): 3073(m), 3052(m), 3000(m), 2924(w), 1593(m), 1434(s), 1127(s), 830(s),
737(s), 707(s), 522(s)

'H NMR (CDCl,): (5 ppm) 7.6-7.8 (4H, m), 7.2-7.5 (6H, m), 4 (1H, m), 1.2(6H, d, J= 6.8
Hz)

PC NMR (CDCLy): (5 ppm) 135.50, 134.64, 130.52, 129.84, 66.01, 25.55

TH-1858_004701 140



- 5.3.2 Visible spectroscopic study of diphenylsilane interact

ethanol

The UV-Visible instrument was set at Ama 467 nm and scanning for 5000 seconds,
the decay of A, was monitored by adding diphenylsilane (0.1 mmol) in a mixture of bis-
pyridinium tetrachlorocuprate (0.011 mmol), ethanol (3.4 mmol), acetonitrile (4 ml) in a
quartz cuvette for one sets (a). Similarly for set (b) same Amg, was monitored by adding
diphenylsilanc (0.1 mmol) in a mixture of bis-pyridinium tetrachlorocuprate (0.02 mmol),

ethanol (3.4 mmol), acetonitrile (4 ml) in a quartz cuvette.

5.3.3 Procedure for dehydrogenative oligomerisation of hydrosilanes
with dihydroxy alcohols

Bis-pyridinium tetrachlorocuprate (40mg, 0.1 Immol) was dissolved in a solution of

dihydroxy alcohols (20 mmol) and acetonitrile (3ml). To this stirred solution diphenylsilane
(0.2ml, 1.1mmol) was added. The reaction mixture was stirred at 60-70°C for 6 hrs. The
solvent and excess alcohol was removed under reduced pressure and the desired oligomer
was extracted with dichloromethane (10ml). The dichloromethane was removed under
reduced pressure to obtain the corresponding oligomer in 70% yield as colorless viscous
liquid.

Analvtical data of siloxane oligomers

=)

—Si~g~(CH,)>
P’ \O_]—
™ (3k)

IR (Thin film, cm™): 3436(bm), 3072(m), 3047(w), 2960(m), 2858(w), 1720(s), 1594(m),
1433(s), 1282(s), 1080(s), 873(w), 838(w), 747(s), 720(s), 701(s), 520(s)

'"H NMR (CDCl3): (3 -ppm) 7.1-7.7(10H, m), 3.5-3.8 (4H, m)
?C NMR (CDCl) (5-ppm) 67.33, 128.29, 130.66, 134.80, 135.17

GPC (THF): M, = 1667, M, = 1659
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Nai— o~ (GH,)
——[-(SI—O C\Zé/]/m
P (31)

IR (Thin film, ¢cm™): 3440(bm), 3057(w), 2927(s), 2864(w), 2355(w), 1647(m), 1531(m),
1456(m), 1265(s), 1095(b), 741(s)

'"H NMR (CDCLy): (3-ppm) 7.2-7.7 (10H, m), 3.7-3.8(4H, t, J= 5.5 Hz), 1.7-1.8 (2H, q, J=
5.6 Hz),

3C NMR (CDCly) (5-ppm) 34.22, 61.88, 127.80, 130.15, 134.57, 134.78
GPC (THF): M., = 1663, Mn= 1656

Ph
Ph (3m)

IR (Thin film, cm™): 3437(bm), 3056(w), 2928(m), 2863(w), 1646(m), 1520(m), 1437(m),
1265(s), 1116(w), 895(w), 741(s)

'"H NMR (CDCl): (5-ppm) 7.2-7.7 (10H, m), 5.6-5.7 (2H, m), 4.0-4.2 (4H, d, J= 4.6 Hz)

GPC (THF): M = 2754, Mn= 2738

Me
28I~ 0N\=""0"I
Ph (3n)

IR (Thin film, cm™): 3442(bw), 3059(w), 2925(w), 2858(w), 1707(m), 1648(m), 1523(m),
1459(m), 1428(w), 1265(s). 1081(s), 736(s)

'"H NMR (CDCl3): (5-ppm) 7.2-7.7 (5H, m), 5.6-5.8(2H, m), 4.0-4.3(4H, d, J= 4.6),
0.2-0.5(3H, m)

GPC (THF): M,, = 1088, Mn= 1077

P
%Si ‘O/(CHQ)Z
Me/ \Oj_
™ (30)

IR (Thin film, cm™): 3436(bm), 3058(w), 2926(w), 2860(w), 1699(m), 1649(m), 1524(m),
1264(s), 1082(s), 740(s)

'H NMR (CDCls): (5-ppm) 7.1-7.8 (5H, m), 3.7 (4H, s), 0.1-0.6 (3H, m)

>C NMR (CDCl;) (5-ppm) 0.22, 63.80, 127.66, 128.46, 133.33, 136.85
GPC (THF) : M, = 1698, M, = 1683
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Ph\

/['/S‘\O/(C{-ié))2
]m (39)

IR (Thin film, cm™): 3393(bs), 3073(w), 2941(w), 2879(w), 1654(w), 1594(m), 1458(w),
1430(s), 1134(s), 1085(s), 1030(s), 880(w), 780(w), 739(s), 697(s), 489(s)

'H NMR (CDCl): (5-ppm) 6.7-7.8 (5H, m), 3.6(4H, s)

®C NMR (CDCl3) (3-ppm) 64.61, 128.21, 130.93, 134.59,
GPC (THF) : M,, = 3788, M, = 3788

M, = 3236, Mn= 3232

M,, = 2470, M, = 2449

M,,= 1786, M, = 1768

5.3.4 Reaction of 2,6-dimethylphenol

To a solution of methanol (7ml) bis-pyridinium tetrachlorocuprate (35mg,

0.104mmol) was dissolved and to this solution 2,6-dimethylphenol (400mg, 3.2mmol) and
hydrogen peroxide (0.5ml, 30% vol) was added. The reaction mixture on stirring at room

temperature resulted in the precipitation of a red solid. The red solid was filtered, washed

with hexane and dried under vacuum to give C-C bonded dimmer.

Yield =100 mg

H,C CH,
H,C CH,

(4,4'-dihydroxy-3,5,3",5 -tetramethylbiphenyl)

IR (KBr, cm): 2950(w), 2924(w), 2858(w), 1654(m), 1597(s), 1377(w), 1218(m),
1039(m), 916(w), 835(w), 784(w), 481(w).

FAB mass:

242,237, 226, 213, 209, 202,196, 189, 178, 165, 163, 154, 152, 138, 128, 124, 120, 115, 107,
105, 102.

'H NMR (DMSO-d%:8 8.2 (2H, s, phenolic), 7.1 (4H, m,aromatic), 3.3 (s,12H)
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5.3.5 Oligomerisation of aniline

Bis-pyridinium tetrachlorocuprate (30mg, 0.079mmol) was dissolved in 10ml
methanol. To this solution, aniline (0.5g, 5.35mmol) and hydrogen peroxide (0.5ml, 30%
vol) was added and the resulting solution was refluxed for two hours. A black solid of

polyaniline was obtained. The solution was filtered and washed repeatedly with cold water
(50ml). The black solid obtained was dried under reduced pressure.

Yield 150 mg

Polyaniline oligomer

IR (KBr, em™) 3850(w), 3741(w), 3259(s), 1685.2(w), 1506(m), 1289(m), 1169(w), 747(m),
689(m).

'"H NMR (DMSO-ds) (5-ppm) 5.9-8.5(m)

3C NMR (DMSO-de) (5-ppm) 90.2, 115.8, 120.9, 123.7, 128.7 in addition there are signals
at 89.2, 117.6. 120.1, 123.1, 127.7, 128.2, 129.3, 130.1, 138.8, 146.6, 149.9, 155.2, 180.3 9

(from the branch chain with carbonyl end group).
GPC (THF): Mn, Mw : 3479, 3546

5.3.6 Oxidation of 1,4-naphthalenediol

To a well stirred solution containing bis-pyridinium tetrachlorocuprate (35mg, 0.104
mmol), 1,4-naphtahlenediol (85mg, 0.53mmol) in 5ml methanol followed by tertiary butyl
hydroperoxide (0.5ml, 80%) was added. The reaction mixture was stirred at room
temperature for 3hrs. During this period the colour of the solution turned intense brown. The
acetonitrile solvent was removed under reduced pressure; the paste obtained was extracted
with dichloromethane (2 X 25ml) and was washed with water (30ml) to remove the catalyst.
On removal of dichloromethane and subsequent purification by column chromatography
gave l,4-naphthoquinone. The compound was characterized by recording its NMR, IR, and

comparing with authentic sample.
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Yield = 50 mg

Melting point of the compound = 125°C
IR (KBr, cm™): 3062(w), 3037(w), 1662(s), 1608(m), 1587(m), 1329(m), 1302(s), 1145(w),
1127(w), 1056(w), 1024(w), 864(m), 778(s), 697(w), 671(w), 445(m).

5.3.7 Oxidation of benzenethiol

Bis-pyridinium tetrachlorocuprate (35mg, 0.104mmol) was dissolved in 7ml
methanol. To this solution benzenethiol (0.3 ml, 2.27mmol) was added and the reaction
mixture was stirred under aerial condition at room temperature for two hrs. The solvent was
removed under reduced pressure, the residue obtained was extracted with dichloromethane 2
X 25ml) and dichloromethane layer was washed with water (30ml) to remove the catalyst.
On removal of dichloromethane and subsequent purification by column chromatography
gave diphenyldisulphide. The compound was characterized by recording its NMR, IR, and

comparing with authentic sample.

IR (KBr, ecm™): 3073(w), 2924(w), 2852(w), 1577(m), 1480(m), 1438(m), 1075(m),
1024(m), 737(s), 686(s), 466(s)

'H NMR (CDCl3) (5-ppm) 7.1-7.3(4H, m), 7.4-7.5(6H, m)

Melting point = 57°C (reported 57°C)

5.3.8 Procedure of deposition of copper

A clean glass sheet (15mm X 15mm X 1mm) was placed inside a dry Schlenk tube.
To this bis-pyridinium tetrachlorocuprate (40mg, 0.11mmol), acetonitrile (4ml), phenylsilane
(0.203 mmol) and ethyleneglycol (37.88 mmol) were added under inert atmosphere. The
reaction mixture was left at room temperature for 4 hrs. Metallic copper deposited on the

glass plate was taken out under inert atmosphere and characterized by recording its X-ray

powder diffraction pattern.
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5.3.9 General procedure for the deposition of gold

A clean glass sheet (15mm X 15mm X 1mm) was placed inside a dry beaker. To this)
H>[AuCls] (0.088- 0.1 1mmol), acetonitrile (4ml), ethyleneglycol (37.88 mmol) were added.
To this solution silanes (0.103 mmol) were added. Immediately metallic gold was deposited
on the glass plate and the reaction mixture was kept for another four hours. The plate was

then taken out and characterised by recording its X-ray powder diffraction pattern and

particle size were determined by SEM.
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'H and "*C NMR Spectral data
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Few representative IR spectra of silylether
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Gel permeation chromatogram
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Experimental section of Chapter IV

5.4.1 General experimental procedure for the synthesis of palladium
complexes

Palladium dichloride (0.4g, 2.275 mmol) was taken in 100 m] acetonitrile and
refluxed for 90 minutes until a colour change from brown to red is achieved. This colour

change suggests it to form PdCl1>(CH3CN), complex. To this hot solution of substituted
ethylenediamine (2.3 mmol) was added and stirred for half-hours. The stirring resulted in the
precipitation of the desired complex. The mixture was allowed to cool at room temperature

and the complex was collected by filtration and washed with acetonitrile, acetone and diethyl

ether and dried under vacuum.

5.a PA(TMEDA)CI,

Yield = 500mg (75%)

Color of the complex = Yellow

5.b PA(TEEDA)CI,

Yield = 520mg (65%)

Color of the complex = Orange

S.c PA(DED)CI,

Yield = 480mg (72%)

Color of the complex = light yellow

Analytical data of the complex:

(5.a) IR (KBr, cm™): 3030(w), 2992(w), 2914(m), 2844(w), 1466(s), 1408(m), 1274(m),
1252(w), 1127(m), 1108(w), 1069(w), 1049(s), 1014(s), 960(s), 812(s), 777(m), 516(w)
Percentage of chloride = 23.86%, (calculated = 23.04%)

(5.b) IR (KBr, cm™): 2980(s), 2929(s), 2883(m), 1460(s), 1388(s), 1321(m), 1260(w),
1193(w), 1152(w), 1091(s), 1050(s), 1018(s), 799(m), 589(m)
Percentage of chloride = 20.09%, (calculated = 19.98)
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(5.c) IR (KBr, cm™): 3477(m), 343 1(m); 3119(s), 3073(s), 2975(m), 2878(m), 1454(m),
1386(w), 1137(w), 1086(m), 1034(m), 866(w), 794(w), 528(w).
Percentage of chloride = 23.94% (calculated = 24%)

9.4.2 General experimental procedure for the preparation of silylether by

palladium (Il) catalyst:

To a well stirred solution of alcohol (5 mmol) and silane (1mmol) in toluene (4 cm’),
the palladium catalysts (0.01 mmol) was suspended. The reaction mixture was allowed to stir
for specific time at the temperature given in table 4.1 and 4.2. The black precipitate obtained
was discarded after extracting the reaction mixture with hexane (20 cm®). In most of the
cases the reactions were quantitative in product formation; thus the products were obtained
by removing the solvent under reduced pressure. Wherever required the products were
purified by column chromatography. The products were characterized by recording their
elemental analysis, IR, 'H and '>*C NMR and also mass spectra in specific cases.

Since several of the compounds analytical data are reported in the copper(II)

catalysed Si-O bond forming reaction only the one which were exclusively prepared by

palladium catalyst are given below.

155
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Analytical data of silylethers:

G-

IR (Neat, cm™): 3290(b), 3073(m), 3017(m), 1597(w), 1490(w), 1428(s), 1121(s), 1031(m),
1003(m) 921(m), 843(m), 747(m), 706(s), 514(s)

'H NMR (CDCls): (5-ppm) 7.3-7.5(9H, m), 7.6-7.7(6H, m), 6.0(1H, m), 5.3(2H, d, J= 10.2
Hz), 4.4(2H,d, J= 4.3 Hz)
3C NMR (CDCl3): (5-ppm) 64.71, 127.97, 130.16, 134.25, 135.27, 136.27,

C%OM

'H NMR (CDCly): (3-ppm) 7.2-7.5 (9H, m), 7.6- 7.7 (6H, m), 3.8 (2H, t, J= 6.04 Hz), 1.5-
1.7(2H, quintet J= 7.2 Hz), 1.3-1.5 (2H, sextet, J= 7.3 Hz), 0.8I*1.0I(3H, t, J= 7.3 Hz)

*C NMR (CDCM): (5-ppm) 13.89, 19.03, 34.74, 63.77, 127.88, 129.98, 130.18, 134.59,
135.47.

Q...
o @@

'H NMR (CDCl): (5-ppm) 7.6-7.7 (12H, m), 7.3-7.5 (18H, m), 6.7-6.8 (2H, m), 6.6.(2H,

m)

“C NMR (CDCls: (5-ppm) 115.92, 120.80, 127.98, 130.30, 135.05, 135.59
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(Y
Sao

IR (KBr, cm™): 3067(w), 3057(w), 3026(w), 1674(s), 1587(s), 1495(m), 1464(m), 1438(s),
1387(m), 1341(m), 1305(s), 1269(m), 1234(m), 1126(s), 1085(m), 1008(w), 1003(w), 906(s),
860(m), 844(m), 773(m), 747(m), 716(s), 583(w), 517(s)

'"H NMR (CDCl;): (5-ppm) 7.3-8.3 (m)

3C NMR (CDCl; (6-ppm) 112.48, 122.62, 125.66, 128.44, 130.26, 133.79, 133.93, 138.70,
145.54
FAB mass (m/z): 105, 181, 199, 259, 443, 521, 676

e
S5 sS

IR (KBr, cm™): 3067(m), 3047 (m), 3021(w), 1628(w), 1592(w), 1587(w), 1428 (s),
1362(m), 1264(m), 1228(m), 1116(s), 972(w), 911(m), 839(m), 747(m), 701(s), 511(s)

'"H NMR (CDCl;): (5-ppm) 6.6-8.3 (m)

*C NMR (CDCl;) (5-ppm) 111.39, 115.08, 120.32, 121.02, 124.40, 126.28, 128.08, 129.65,
135.08

FAB mass (m/z): 105, 165, 181, 199, 259, 443, 521, 599, 676
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IR (KBr, cm™): 3067(w), 3042(w), 1505(m), 1433(s), 1259(w), 1213(w), 1121(s), 967(w),
921(w), 839(w), 701(s), 506(s)

'"H NMR (CDCl;): (§-ppm) 6.8-7.7 (m)

“C NMR (CDCl; (3-ppm) 127.97, 128.89, 129.15, 129.51, 130.14, 130.34, 135.04,
135.28, 135.58

FAB mass (m/z): 105, 136, 165, 181, 199, 207, 259, 379, 457, 521, 599, 676

SO
B /?I\O P
Et

IR (Thin film, cm™): 2949(s), 2919(m), 2878(s), 1459(w), 1418(w), 1239(w), 1018(m),
834(s), 737(s)

'"H NMR (CDCl): (6-ppm) 5.9-6.1 (1H, m), 5.2 (2H, d, J= 1.3 Hz and J= 17.2 Hz ), 4.1
(2H, d, J= 3.8 Hz), 0.9-0.1 (%9H, t, J/=7.9 Hz ), 0.5-0.6 (6H, q, /= § Hz).

Et
o /?i—-O CHyCH,

Et

'H NMR (CDCl3): (5-ppm) 3.6-3.7 (2H, q J= 6.9 Hz), 1.2 (3H, t J= 6.9), 0.9- 1.0 (9H, t, J=
7.9 Hz), 0.5-0.65 (6H, q, J= 8 Hz)

®C NMR (CDCls) (5-ppm) 5.85, 6.14, 18.66, 58.42

Et

El/?i\o/\/\
Et

'"H NMR (CDCl3): (5-ppm) 3.6 (2H, t, J= 6.6 Hz), 2.6 (2H, m), 1.5-1.6 (2H, m),
1.3-1.4 (3H, t, J= 7.6 Hz), 0.9-0.1(9H, t, J= 5.5 Hz), 0.5-0.6 (6H, q, J= 7.9 Hz)
“C NMR (CDCl3) : (-ppm) 62.70, 32.89, 19.03, 13.90, 6.55, 5.86
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Et
>S|—O
£t |

Et

IR (KBr, cm™): 2960(s), 2919(s), 2883(s), 1470(m), 1419(m), 1239(m), 1019(s), 840(s),
748(s)

'H NMR (CDCl): (3-ppm) 1.2 (9H, s), 0.9-0.1 (9H, t, J= 8 Hz), 0.5-0.6 (6H, q, J= 7.9 Hz)
BC NMR (CDCl;3):(3-ppm) 32.08, 31.21, 6.51, 5.89

gk

IR (Thin film, cm™): 2960(m), 2914(m), 2883(w), 1516(s), 1465(w), 1219(s), 1019(w),
912(m), 840(m), 825(m), 753(m)

'H NMR (CDCly): (5-ppm) 6.6-6.8 (4H, m), 0.9-1(18H, q, J = 7.8 Hz), 0.8 0.7 (8H,q,J=79
Hz), 0.5-0.6 (4H, q, J= 7.9 Hz)

3C NMR (CDCl;) (5-ppm) 4.98, 6.55, 14.13, 116.04, 120.63

@ PN
H,C” \q\//

'H NMR (CDCl): (5-ppm) 7.5-7.7 (2H, m), 7.2-7.4(3H, m), 3.9-4.0 (1H, m), 1.2 (6H, d, J=
6.1 Hz)

C NMR (CDCl): (5 -ppm) 134.38, 133.75, 133.46, 129.89, 127.78, 64.04, 25.24, -1.49

O .4
Me O\‘<

IR (Thin film, cm™): 2975(w), 3067(w), 3047(w), 1592(w), 1426(s), 1362(m), 1265(s),
1203(m), 1116(b), 865(b), 706(s), 481(s)

'HNMR (CDCl3): (§-ppm) 7.5-7.7 (2H, m), 7.2-7.4 (3H, m), 1.2 (18H, s), 0.3 (3H, m)

®C NMR (CDCl; (§-ppm) -0.27, 32.05, 31.13, 127.85, 129.54, 129.98, 133.46, 134.01
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Si.
Me/ O\/\/

IR (Thin film, cm™): 3067(w), 2960(m), 2868(m), 1428(m), 1254(m), 1126(b), 890 (m),
788(w), 747(m), 706(m), 481(s)
'"H NMR (CDCl): (5 -ppm) 7.5-7.7 (2H, m), 7.2-7.4 (3H, m), 3.5-3.6 (2H, t, J= 6.6 Hz), 1.4-
1.6 (2H, q, /= 7.8 Hz), 1.2-1.4 (2H,m), 0.7-0.9 (3H, t, J= 7.3 Hz), 0.1-0.3 (3H, m)
BC NMR (CDCl3) (6-ppm) -1.04, 13.75, 34.71, 62.69, 127.73, 129.77, 133.45, 134.01,
137.26

S
_G
Me/Sl\O\/\

IR (Thin film, em™): 3072(w), 2965(m), 2873(w), 1433(s), 1259(s), 1131(b), 875(b),
783(m), 747(m), 701(m), 481(s)

'H NMR (CDCl): (5-ppm) 7.5-7.7 (2H, m), 7.3-7.4 (3H, m), 3.5-3.6(2H, t, J= 6.6 Hz), 1.5-
1.6(2H, m), 0.9-0.95 (3H, t,J= 3 Hz), 0.3-0.4 (3H, m)

BC NMR (CDCl; 6-ppm) —-1.06, 10.21, 25.85, 64.69, 127.88, 130.05, 133.41, 133.74,
136.75

5.4.3 PA(TMEDA)CI; catalyzed reductive coupling reaction of 1,4-
naphthoquinone and diphenylsilane

In a dry Schlenck tube a paste of 1,4-naphthaquinone (79 mg, 0.5 mmol) and
diphenylsilane (81 mg, 0.5 mmol) was made. To this Pd(TMEDA)CI, (9 mg, 0.037 mmol)
was added and the Schlenck tube was placed in an oil bath at 90°C for 2 hrs. The black mass

obtained was washed with hexane (30 ml) and the residue thus obtained was dried under

vacuum. Yield = 46 mg (65%)
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IR (KBr cm™): 3360 (bm), 1618(s), 1590(s), 1550(s), 1420(s), 1390(s), 1350(s), 1230(s),
1200(s), 1090(s), 1040(s), 870(bs), 720(s), 700(s), 680(s), 660(s), 480(s)
'"H NMR (CDCl;): (5-ppm) 6.2-8.4 (m), 1.8 (m, from end group)
Mass (m/z): 1445-1437, 1352, 1237, 1154, 1098, 1075, 1016, 956, 937, 896, 878, 840,
814, 787, 758, 697, 676, 637, 619, 577, 559, 521 '
GPC (THF): M,, = 3730, M, =3683 and M.=1861 M, =1848

5.4.4 PA(TMEDA)CI, catalyzed reaction of 1,4-naphthalenediol and
diphenylsilane
In a dry Schlenck tube a paste of 1,4-naphthalenediol (79 mg, 0.5 mmol) and

diphenylsilane (81 mg, 0.5 mmol) was made to this Pd (TMEDA) Cl; (9 mg, 0.037 mmol)
was added and the Schlenck tube was placed in an oil bath at 90°C for 2 hrs. The black mass
obtained was washed with hexane (30 ml) and the residue thus obtained was dried under

vacuum. Yield = 50 mg (68 %)

?T
IR (KBr, cm™) 3360 (bm), 1618(s), 1590(s), 1550(s), 1420(s), 1390(s), 1350(s), 1230(s),

1200(s), 1090(s), 1040(s), 870(bs), 720(s), 700(s), 680(s), 660(s), 480(s)
'"H NMR (CDCl5): (5 -ppm) 6.9-8.1 (naphthyl and aromatic proton), 2.7 (-OH proton, end

group)
GPC (THF): M,,= 4310, M, = 4303 and M,, =3100, M,=3041
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5.4.5 UV-visible study on the reaction of Pd(TMEDA)CI, catalyzed
, b
reaction of 1,4-naphthalenediol and 1,4-nahthoquinone with
diphenyisilane

Absortbance

0.0 T T

280 320 360 400 440
wavelenath [nm] —>

Figure 5.3 Change in absorbance during the reaction of 1,4 naphthalenediol (0.lmmol) with
diphenylsilane(0.1mmol) in the presence of PdA(TMEDA)CI(0.0lmmol)in dichloromethane (3.5cm’) recorded

at 4 minutes time interval at 30°C
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Absorbance

0.0

280 320 400 440

36
wavelenath [nm) ——

Figure 5.4 Change in absorbance during the reaction of 1,4 naphthoquinone (0.lmmol) with diphenylsilane

(0.1mmol) in the presence of PA(TMEDA)CI, (0.0lmmol)in dichloromethane (3.5cm’) recorded at 4minutes

time interval at 30°C.
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Analytical data of oligomer of different naphthalenediol and
diphenylsilane

b
.

'H NMR (CDCls): (3-ppm) 6.8-7.9 (m, naphthy! and aromatic proton), 5.8 (weak signal,
Si-H end group), 2.8 (-OH)
GPC (THF): M, = 978, M,, = 949 polydispersity = 1.03

Ph

s

o Ph

50

'H NMR (CDCls): (5-ppm) 7.0-8.0 (naphthyl and aromatic proton), 5.4 (weak signal, Si-H
end group), 2.8 (weak signal, -OH end group)
GPC (THF): M,, = 3306, M,, = 3139, polydispersity =1.05

5.4.6 PA(TMEDA)CI; catalyzed reaction of hydroquinone with
diphenylsilane
A mixture of diphenylsilane (182 mg, 1mmol) hydroquinone (101 mg, Immol) and

Pd(TMEDA)CI; (5 mg, 0.017 mmol) were heated in a dry Schlenck tube at 70°C for 6hrs.
The resulting black mass was washed with petroleum ether (30 ml) and the residue thus

obtained was dried under vacuum. Yield = 180 mg (64%)
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Analytical data

1 ©

Elemental analysis: Calculated for [C3H40,S1.0.5 H,0], C = 72.24, H = 5.01

Found: C=72.45, H = 5.48%

IR (KBr cm™): 3206(bm), 1516(s), 1475(s), 1347(s), 1200(bs), 1100(s), 824(s), 752(s)
'H NMR (CDCls): (5-ppm) 6.5-8.3 (m)
GPC (THF): M,, = 3401, M, = 3327 polydispersity = 1.02

5.4.7 PA(TMEDA)CI; catalyzed reaction of p-benzoquinone with
diphenylsilane

In a dry Schlenck tube a paste of p-benzoquinone (99 mg, | mmol) and
diphenylsilane (182 mg, I mmol) was made to this Pd (TMEDA) Cl; (5 mg, 0.017 mmol) was
added and the Schlenck tube was placed in a oil bath at 90°C for 2 hrs. The resulting black
mass was washed with petroleum ether (30 Cm?) and dried under vacuum

Yield = 200 mg (71%)
Elemental analysis: Calculated for [CgH40,Si.0.5 H,0],C = 72.24, H = 5.01

Found: C=71.90, H = 5.65%

IR (KBr cm™): 3387(bm), 1591(s), 1506(s), 1123 (s), 1100(bs), 697(m)
'H NMR (CDCl): (5-ppm) 6.5-8.3 (m)
GPC (THF): M,, = 1026, M,, =971
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5.4.8 RhCI(PPh;); catalyzed reaction of diphenylsilane with 1,4-
naphthoquinone |

To a stirred solution of RhCI(PPh3); (10 mg, 0.01 mmol) in toluene (2 ml) 1,4-
naphthoquinone was added. After dissolution of the 1,4-naphthoquinone, diphenylsilane (372
mg. 2.0 mmol) was added at one portion and the reaction mixture was allowed to stir at room
temperature for 4 hrs. A colloidal solution was observed, which turns into a homogenous
solution, this process was accompanied by evolution of hydrogen. After the reaction is
complete, to the reaction mixture hexane (30 cm®) was added and the catalyst was thus
precipitated. The filtrate on evaporation under reduced pressure gave the desired product (A).

Yield = 590 mg (99%)

Elemental analysis : Calculated for C34H230,Si, : C, 77.86; H, 5.34 ; found C, 77.33,
H, 5.45.

IR(neat, cm™): 3050(w), 2150(s), 1610(w), 1590(m), 1510(s), 1460(w), 1430(w), 1390(w),
1240(s), 1090(s), 1030(s), 1015(s), 940(s), 820(s)

'H NMR (benzene-d®): (5-ppm) 8.56(2H, dd, J=18, 10 Hz), 7.75-7.69(8H, m), 7.25(2H, dd,
J=18, 10 Hz), 7.18-7.0(12H, m), 5.9(2H, s).

C NMR (CDCl): (8-ppm) 120.0, 127.9, 130.5, 133.0, 134.5, 150.2

5.4.9 RhCI(PPh;3); catalyzed reaction of above product (A) with
thiophenol
To a solution of (A) (330mg, 1.0 mmol) and thiophenol in tolune (2 ml) RhCI(PPh;3)s

(10 mg, 0.1 mmol) was added. The reaction mixture was allowed to stir at room temperature
under inert atmosphere for 16 hrs. To the reaction mixture hexane (30 ml) was added and the
catalyst was removed by filtration. On removal of solvent under reduced pressure gave the

corresponding silylthioether (B) as light yellow oil (98%)

TH-1858_004701 166



Elemental analysis: Calculated forCysH3602S1,S; : C= 74.59, H= 4.86, found C="
H=4.98

IR(neat, cm™): 3050(m), 1620(w), 1590(s), 1480(m), 1460(s), 1430(s), 1390(s), 1260(s),
1230(s), 1110(s), 1090(s), 1020(m), 900(s), 820(s), 740(s)

'H NMR (CDCly): (5-ppm) 8.05(2H, m) 7.9(4H, m), 7.7-7.2(20H,m), 7.1-6.9(4H, m), 6.9-

6.8(6H, m),

C NMR (CDCl3): (5-ppm) 112.8, 120.4, 122.2, 126.8, 127.0, 127.9, 128.1, 128.3, 1307,
132.6, 134.8, 135.2, 145.0
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Some representative 'H and °C spectra of silylether
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IR spectra of few silylether
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Mass spectra of few silylether:
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