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A series of aromatic and aliphatic cyclic phosphate esters have
been prepared and the reactions of these with hydroperoxides
investigated.

While acyeclic aliphatic phosphates are inert towards hydroperoxides
aliphatic cyclic phosphates were found to react with hydroperoxides
in near stoichiometric proportions. The products from cumene
hydroperoxide included phenol, acetone, < -methyl styrene and amyl
alcohol indicating ionic and free-radical pathways for the reaction.
Five-membered cyclic phosphate esters based on catechol were shown
to be very powerful catalysts for the decomposition of hydroperoxides.
With cumene hydroperoxide, the products were mainly acetone and
phenol reflecting a non-radical mechanism. The effect of
substituents, temperature and solvent on the reaction has been
investigated in detail and thermodynamic parameters calculated.

The mechanism has been shown to involve alternative ring opening
and ring closure of the catechol phosphate. Restricted rotation

of the C-C bond in the five-membered cyclic phosphate, the stability
of the intermediate phenolate anion and the activity of the vicinal
hydroxy group are important factors governing the reaction.

These esters were found to be very effective thermal stabilisers
in decalin and they improved the u.v. stability of polypropylene
by virtue of their reaction with hydroperoxide forming non-radical
products,

A number of novel metal complexes derived from acyclic and cyclic
phosphato-ligands were synthesised. The catechol phosphate metal
complexes (ferric and copper) were very effective catalysts for
the decomposition of hydroperoxides and they did so almost
exclusively by an ionic mechanism. These complexes, particularly
the copper complex , were very effective photostabilisers for
polypropylene.

Attempts to prepare the nickel complex of catechol cycliec
phosphate were not successful,

Cyclic phosphato-complexes
Hydroperoxides
Antioxidants

Stabilisers

Polypropylene
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CHAPTER 1.

1.1 INTRODUCTION

Polymers, both nmatural and synthetic, are susceptible to
deterioration due to oxidative degradation. This results in the
degeneration of useful properties and finally leads to the failure
of the polymer. With the rapid increase in the use of polymeric
materials in an array of diverse applications during the last few
decades, research has been directed mainly in two directions to
improve the useful properties and to lengthen the lifetime of polymers.
One is the designing of monomers such that the resulting polymer
will be least susceptible to oxidation. The second is the development
of additives which when incorporated into the polymer will inhibit
its destructive reactions. The development of polymers with inherent
resistance to oxidative degradation has its own limitations and
hence the need for the constant search for more effective additives
to combat polymer degradation. The work described herein is a study
of a class of compounds within this latter category known in general

as antioxidants.

An understanding of the mechanisms by which polymers undergo
deterioration is an essential prerequisite in developing antioxidants

capable of bringing oxidative r¢actions of polymers under control.

The oxidation of a polymer begins even during its manufacture,.

A hydrocarbon will not remain inert to atmospheric oxygen under the



influence of heat and/or radiations., High mechanical shear coupled
with heat during processing can lead to chain scission resulting in
the formation of macro-alkyl radicals, which have a notable affinity

for molecular oxygen to form peroxy radicals.1’2

R~H . 02 heat/ u.v.ragiation R* + °*OOH

R—R mech.shea; R 2 ROO'
heat

These reactions constitute the initiation of oxidative
degradation and also mark the instant when the polymer begins to
need the help of additives to bring about the subsequent reactions
under control. The peroxy alkyl radicals so formed can abstract a

hydrogen atom forming hydroperoxides.

ROO* + RH mer— ROOH + R*

These hydroperoxides can undergo homolytic bond fission under the

influence of heat and/or u.v. radiation giving rise to more radical

species.3
ROOH low conc. > RO® s *0H
ROOH high cgnc. - RO + ROO + H20

Transition metal residues such as those derived from Ziegler-
Natta catalyst systems are also thought to be responsible for the
free-radical decomposition of hydroperoxides by setting up redox

systems.4



ROOE + MY —— w1+ o poe o om”

ROOH + M(r’ﬂ)+ K 4 moo” o4 -

The accumulating radical species set up an autocatalytic kinetic
3

chain and there is ample evidence to support its radical cha.racterl"

RO* 4+ BRH —— ROH + R*

ROO® + BRH ———— ROOH  + R’

R’ + 0, —_ ROO®

R’ + = Cz=lm— ——> T (-3 — 0"=— R etc,

In polypropylene for example the following sequence of reactions can

take place:

| 3 | 3
—_— CH2-— (I) —_— CHQ— e — CH2— (E _— CH2——
H
(rRH) l
8}15 ('JH3
| |
RH
—CH2 ---—(ll—CH2 e ) H2— (|3— CH2
0—0H + R° 0—0
C
&
—_— — —_— . = OH,= C= C
......C};z (‘) cH2 e e o ﬁ H3
) 6]
0 + "OH
- etc- »
*CH.—



Termination of these chain reactions is possible by combination

of these radicals to form molecular products.

ROé + s 4 e ROOR'

2r* R-R ete.

Under normal atmospheric conditions reaction of R® with
oxygen is very fast and the abstraction of H' by RO0® is rate
determining and termination by recombination of alkyl radicals,

R*, becomes less significant. 2’3"

1.2, PHOTOCHEMICAL INITIATION.

Although the ultra-violet radiation in sun light contains
sufficient energy to break certain single bonds in most polymers
direct absorption of u.v, light by pure polymers plays no
significant role in the initiation due to very low quantum yield
of such reactions. Electronically excited oxygen molecules can

5

however be involved.

Unsaturated sites can be excited by u.v, radiation and since
oxygen molecules are known to be excellent triplet quencherss.
I

production of peroxides can proceed through attack of oxygen (Ag)

1

produced by quenching of the excited chromophore.

1A' Wa Vs 3&
1 .
O, + A —_— A0,

where A is an olefin with unsaturation.



Apart from the photolysis of hydroperoxides as mentioned
earlier, secondary products derived from hydroperoxides can
undergo photochemical reactions forming free-radicals. The
photochemistry of aliphatic ketones suggests Norrish type I and II
reactions for chain scission.

Norrish type I.

R E—CHQ—H —Me¥e Rﬁ. +  <CH,R
Norrish type I1I.
R'~C-CH,=CHy=CHy=R —> R-0-CH; +  CH,=CHR
0 0

9,10 to support the

However there is accumulating evidence
fact that 'hydroperoxide' is the primary product of oxidation of
polyolefins and that it is the most important initiator under

normal conditions of polymer degradation.

1.3, STABILISATION.

1.3.,1. Radical Traps.

Since the autoxidation of polyolefins is manifested by the
formation of free radicals it is clear that any substance that
reacts with these radicals to form stable molecular products

will act as an antioxidant.

Such stable radicals as 2,2,6,6~tetramethyl=4-piperidin-N-oxyl,



can react with R* to give stable molecular products.11 However,
these will have to compete with molecular oxygen for R’ radicals.
These are however of little practical importance as stabilisers
against thermal oxidation. These has been confirmed12 by the

studies on

HN o(oc)-(cnz)e-(co)o{h-l(m

Particularly effective in trapping radicals are the hindered
rhenols and arylamines. The reactive hydrogen of these compounds
compete with the polymer for the peroxy radicals and the chain

propaygation ceases due to hydrogen transfer.

/4 SE g
R R l'OOR

This mechanism has been supported by the kinetic isotope
effect observed when deuterium was substituted for labile hydrogen
atom in these compounds.13

One drawback of these compounds is that the peroxy-dienone

formed which is unstable at high temperatures breaks down to form

radical products.



>140:C

An indirect way of stabilising polymers by these phenols and
amines is by complexing transition metal residues which may
otherwise undergo electrontransfer oxidation: reduction reactions

generating free radicals.

1.3.2. Peroxide decomposers.

Peroxides play a prominent role in initiating the radical

9,10

process of autoxidation Therefore materials that can

decompose hydroperoxides effectively to form inactive molecular
products have a great potentiality as antioxidants14. These

include certain phenols, mercaptans, dialkyldithiocarbamates and
dithiophosphates, some metal chelates, dialkyl mono- and disulphides
alkyl and aryl phosphites and certain eyclic phOSphates16.

Studies by Holdsworth and Scott17

showed that oxygenated
sulphur compounds are responsible for non-radical decomposition

and hence for the antioxidant action displayed by certain sulphur

containing compounds.

The primary product of the reaction between saturated alkyl
sulphides and hydroperoxides is the corresponding sulphoxide.97
There is no evidence for the participation of free radical

intermediates in this stoichiometric reaction. The following

mechanism has been proposed by Bateman and Hargraveg? for this



reaction,
R R
RD""O S ST— RO...OO..«S
4 ™, % : ,
q\ R % .ﬁ R
X A,

R

ROH HX 0 <
+ + -
R .

For unsaturated sulphides, however, the yield of the sulphoxide
has been found to vary with the nature of the sulphide, the hydro-
98,99

peroxide and also the solvent:

A detailed discussion on the reactions of phosphites and

phosphates with hydroperoxides will follow later.

1.4 STABILISATION AGAINST PHOTODERADAT ION

Hydroperoxides, peroxides, carbonyl groups, titanium catalyst
residues and polynuclear aromatic impurities are all potential
photo-initiators. In the light of the knowledge of such initiation
reactions a u,v, stabiliser may be able to act as a stabiliser in

three different ways. viz:

(a) By absorbing u.v. radiation and undergoing radiationless
relaxation processes.
(b) By extracting energy from an excited chromophore in the

polymer, and



(¢) By acting as a hydroperoxide scavenger or by trapping free

radicals.

1.4.1 U,V, absorbers.

Benzotriazoles and 2-hydroxybenzophenones are typical examples

of u.v. absorbers,

’H"I.,
cH= i 9._
N
SR D)
Sy

They owe their effectiveness to their ability to
absorb u.v. radiation up to 350-370nm and they will be effective
whether incorporated into the polymer or used simply as a screen.
Carlsson and Wiles L have pointed out that stabilisers which
act solely due to theitr ability to absorb u.v. radiation are
relatively ineffective . eg. Benzotriazoles, salicylates and

acrylates.

Many 'u.v. absorberd are still widely used because they are able
to photostabilise polymers by mechanisms other than u.v. absorption.
Hydroxybenzophenones, oximes and certain nickel chelates have been
shown to possess stabilising activity far in excess of that due to
screening alone. Thus, Ranaweera and Scott57 have shown that nickel
dibutyldithiocarbamate acts as a u.v. screening agent as well as a

hydroperoxide decomposers and the same workers have demonstratedl00

that the nickel complex of 2-hydroxyacetophenone oxime did not act

simply as a u.v. screen in the oxidation of cumene initiated by
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cumene hydroperoxide photolysis, This chelate was inactive towards
hydroperoxides but still retarded themally initiated oxidation and
a mechanism involving the trapping of R00", RO® ar: R’ radicals

has been proposed]oo

1.4.2 Deactivation of excited chromophores.

The chromophores present in a polyolefin when excited by u.v.
radiation may react, fragment or undergo relaxation and return to
the ground state. The reactions of the excited chromophores can lead
to the initiation of oxidative degradation. An excited state quencher
Q, must be able to extract the energy from an excited state of a

chromophore, C, and dissipate it as harmless long wave radiation.

»* *
B A SR e G R =t il e o

Excited carbonyl and singlet oxygen quenching are gaining ground as
mechanisms of photostabilisation of polyolefins. Metal dithiocarbtamates
several nickel phenolates and oximes have been shown to be able to
quench excited carbony13101’ 102+ gome of these are capable of
quenching polynuclear aromatics also. Amines such as N-isopropyl=

N phenyl-p—phenylenediaming?jmetal chelates such as nickel dialkyl
dithiocarbamates and phenolates, and a host of other compounds
(ferrocene, corotene, water and oxygen 302 ) have been shown to

1
quench singlet oxygen. I

It should however be noted that much of the existing evidence on
104

quenching is conflicting , certain compounds which are active
gquenchers,are ineffective in polymers and it appears that sensitisation

of polyolefin oxidation by carbonyl chromophores is of little importance.
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145 ORGANOFPHOSFPHORUS COMPOUNDS AS ANT IOXIDANTS

Organophosphorus compounds are used in a varietye of industrial
applications. They are used &s fire retardunts, plasticisers, heat
and light stabilisers and as stabilisers against colour development
in polymers.20 A few examples may be quoted to justify the

usefulness of organophosphorus compounds as stabilisers in polymers.

Irga nox 1222 diethyl-(3,5-di-t-huty1-4-hydroxypheny1)
phosphonate, and glycol phosphates have been shown to be effective

heat stabilisers in PET. Warrenzo has claimed that phosphite estres

of the type,

R
R 0 R=HorC
n / n=0ori1l
R 0
b

could stabilise polypropylene at 150°C in air giving induction
periods of 300-400 hours. The following phosphates were shown to

possess antioxidant activity by Sanon21et al.

OR
/
0-P=0 L
™ 0R Q= P=0
o
li!lﬂ OR
OH OH

A variety of organophosphites containing nickel have been patented22

as effective gtabilisers for polyolefins . These have the general

formula, P
Ni P-OR Ni—f——O-?-OR)z

0 OH
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where R has 1-20 carbton atoms and may contain phenolic hydroxyl

£roups.

Although considerable work has been dore on the reactions of
phosphites with peroxides and hydroperoxides, the mechanism of
antioxidant action of these organophosphorus compounds is relatively

little understood.

The antioxidant activity of phosphites is thought to be due to
their ability to react with hydroperoxides in a stoichiometric

reaction forming the phosphate.
(30)3P 4+ 'ROOH ——> (110)3 P=0 + ROH

The concepts of the mechanism of the reactions of hydroperoxides
with organophosphites are ambiguous. Wallinnga has reported that
these reactions were mnot inhibited by radical scavengers and has
therefore proposed a polar mechanism involving an attack by
phosphorus on the hydroperoxide, at the oxygen atom nearer to the

alkyl group.

ROOH + (Bto);p — (Eto)iﬁcm + TOH — ROH + (Et0),PO0

22b' c
later the isotopic studies by Denney et al indicated that either

thers an attack by the phosphite on hydroxyl oxygen to form an
intermediate ion pair, or that the reaction proceeded via a-threes_
centre complex.
... -
R'OP(OR)BDH —
R'00H +(RO)P — R'0H + (RO),P=0

R'Q...._o..P(OR)S_
.H.'
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Pobediminskii and Buchachenk025 and a number of other workers, on

the basis of kinetic studies have agreed that the order of reactivity

of the following phosphites with hydroperoxides was,

0, ¥
.O/P-OAr <5A1-0)3P < 0/ P-OR <(R0)3P

These same workers then introduced a latent radical mechanism, in

which they postulated the formation a radical pair(within a solvent

cage) with a high probability of disproportionation to form molecular

products.
R'OOH + P (03)3 — [R'o‘ Hop(on)ﬂ - R'CH + (R0)3P0

After an investigation of the chemical polarisation of the 51P
nuclei, they have recently presented evidence of competition of
the radical and non-radical pathways disputing the latent radical

23%a
mechanism.

Alkoxy radical initiated autoxidation of a series of tertiary
phosphites has been reported by Bentrude?4 He. , proposed the
following sequence for the reactions of alkoxy radicals with the

phosphites.

R'O" + P({)R)3 - R'Oi’—(OR)B-—-—-—- R' + (ao)3m

With cyclic phosphites polymeric products have been idntified and

the following mechanism has been suggested424
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t=Bu0® + P-0C H, —= F-0C K \
/ 5 /' —_— PHOCSH
0 0
0
P-0CH,
t-Bu-O 0
Polymer //f\\¢// \\\ '//
CH.0 Cs’*s

65

Detailed studies on the reactions of cyclic phosphites have been
carried out recently by Humpris and Scott.15 Cyclic phosphite esters

based on catechol,

\P-O—R R ow C.H 3 i=P» : CH
~0’ 3

were found to be very effective catalytic decomposers of hydroperoxides,
The reaction which at first is fast and second order changes later

to a first order catalytic process. Though the reaction was not
affected by radical scavengers, they have observed that these
phosphite-hydroperoxide systems could initiate vinyl polymerisation15a
It is said that in the second stage of the reaction, a catalytic

species is produced which could act like a Lewis acid decomposing

the hydroperoxide by an ionic mechanism, The two phosphates,

A 0

o
P
7 %

\ 0
p’ s No” CH
7N

T 0
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have been identified as reaction products and they too were shown
to be powerful catalysts for the decomposition of cumene hydroperoxide.

15b

The aliphatic cyeclic phosphites have also been studied. Cyclic

ethylene phosphite,

s

¥

P-0-Pr"

was found to react rapidly, while the phosphite with a six-membered

ringl 0
\ .
( //P—O—Prl

0

also reacted though rather slowly. The acyclic phosphite, triphenyl
phosphite was also able to react with hydroperoxides but failed to
produce a catalytic species. Work carried out by Parsons1§ however,
has shown that aliphatic cyclic phosphites were not cacalytic
decomposers of hydroperoxides. The ring structure and the aromaticity
or at least the unsaturation appear to be important factors respon=-

sible for the catalytic activity.

The hydrolytic cleavage of 1,2-diol phosphates may bear some
relation to the reactions considered above. The reactivity of
phosphates with a vicinal OH group is higher. Thus, while methyl-
2-methoxyethyl phosphate is inert to base hydrolysis, it was found
that methyl 2-hydroxyethyl phosphate is rapidly hydrolysed to

2~-hydroxyethyl phos;:hate.z5

CH -o-glone "
2 OH
| H '5(—"
CH.,,0Me
2 ) .
-0-P7-0Me . CH,=0-P~0H
| OH 2
OH n - l OH

CH2OH CHZOH

ci,



16

Brown and 'I.‘ocld?6 have pointed out that the process can be considered
as an attack by the vicinal hydroxy group on P=0 bond (catalysed by
OH™ or H' ions) with simultaneous removal of OR » possibly with

the intervention of a cyclic intermediate like,

The catalytic decomposition of hydroperoxides by cyclic phosphates
may, therefore be possibly due to altermative ring opening and

ring closure of the phosphate.

OR
0 -P=0

0”7 “oR N OH



1

1.6 SCOPE AND OBJECT OF THE WORK

The foregoing survey indicates that the cyclic phosphates
derived from catechol are efficient hydroperoxide decomposers and
that they do so by 2 non-radical mechanism. Therefore the possibility
exists that these cyclic phosphates could act as effective hydro-

peroxide decomposing antioxidants in polymer systems.

Although considerable work has been done on the reactions of
phosphites with hydroperoxides, relatively very little is known
about the reactions between cyclic phosphates and hydroperoxides.
It was therefore thought pertinent to carry out a systematic study
in order to understand more fully the essential features of these
reactions, It is intended to synthesise a series of cyclic phosphate
esters with a view to study the effect of substituents on the
reactivity. A major part of this work will be concerned with detailed
kinetic studies in solution,in an attempt to establish a mechanism

for the reaction.

Although transition metal ions are known to undergo redox reactions
with hydroperoxides, this can be prevented by coordination and often
metal chelates are capable of acting as quenchers. Therefore, an
attempt will be made to synthesise metal complexes with cyclic
phosphates as ligands. No such metal complexes have been so far
reported in the literature, The reactions of these metal complexes

can then be studied.

The antioxidant behaviour of cyclic phosphates and the derived
metal complexes in a polyolefin will be studied in.the latter part of

this work.
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CHAPTER 2

EXTERIMENTAL

2.1 SPECTROSCOFY

Infra red spectra were recorded on a Perkin-Elmer 457 grating
spectrophctometer.

Ultra violet and visible spectra were recorded on a Perkin-
Elmer 137 spectrophotometer.

Mass spectra were recorded on an A.E.I,M 59 double focussing
spectrometer with a 70 eV accleration.

Nuclear magnetic resonanc spectra were obtained on a Perkin-
Elmer 60 MHz and 100 Mz instruments. Tetramethylsilane was used

as the intermal standard.

2.2 QUANTITATIVE ELEMENTAL ANALYSIS.

Elemental analyses (C,H) have been carried out on a Perkin-

Elmer analyser.

2.2.1 Determination of Fhosphorus.

Phosphorus determination on phosphate esters was carried out
gravimetrically as oxine-phosphomolybdate.
Procedure.

A sample of the compound (0.1g) was weighed accurately and

transferred in to a flask, and distilled water ( 25ml) was added.
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This solution was boiled for about 15 minutes with 10 ml of conec.

HNO Perchloric acid (2ml) was then added and the solution was

boiled again for another 15 minutes. After cooling the solution

was diluted to about 100ml and heated to about 70%C. Oxinemolybdate
reagent (30ml) was then added and maintained the temperature at

70°C for a further 30 minutes. The mixture was allowed to stand

for several hours and filtered through a sintered glass crucible (4).
The precipitate was washed with ammonium nitrate solution (10m1,1.0%)

and dried to a constant weight at 105°C.

P/(CS;H?O‘.\T)}‘. Hoy P(M0207)6 2H20 = 0.01327

Oxine-molybdate reagent.

This was prepared by mixing concentrated hydrochloric acid
(42m1), ammonium molybdate solution (42m1; 10}{) and 8-hydroxyquinoline
solution (16ml; 5 in % hydrochloric acid)

36
2.2.2 Determination of Copper.

Estimation of Cu2+ in the complexes was carried out by an

iodometric method.

About 0.2g of the complex was accurately weighed and transferred
into a conical flask containing distilled water (25ml) and acetic
acid (2ml). To this was added KI (~2g) dissolved in distilled
water (10ml) and the vessel was kept in the dark for about 10 minutes.
The liberated iodine was titrated against a standard solution of
sodium thiosulphate until the solution was faint yellow. A few

drons of a starch solution was then added and continued the titration
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to the end point which is from blue to colourless.

3T
2.2,3. Determination of Cobalt.

Coz+ in the complexes was determined in the form of

tetrapyridino-cobalt ( II )—thiocyanateST:

About 0.2 g of the compound was weighed accurately and dissolved
in distilled water (100 ml). Ammonium thiocyanate (~1 g) was added
and the solution heated to boiling. Pyridine (4 ml) was added
with rapid stirring. The solution was then allowed to cool and
filtered through a sintered glass crucible (4). The blue precipitate
was washed with (a) water (50 ml) containing pyridine (0.7%) and
ammonium thiocyanate (0.5%) and (b) ether containing a few drops
of pyridine. The crucible was then placed in a vacuum desiccator

for about 20 minutes and weighed.

Co/ Co Fy4.(SCN)2 = 0.1199

2.2.4 Determination of Nickel.

Ni’*was estimated in a manner similar to that used for Co2.

The same precipitation procedure was followed. The precipitate
was washed (a) 4=5 times with alcohol (3?%) containing ammonium
thiocyanate (0.1 %) and pyridine (1.5 %)
(b) 2-3 times with alcohol (10ml) containing pyridine
(1%)

and finally (c) with ether containing a few drops of pyridine.

The sky blue precipitate of Ni (C5H5N)4 (SCN), was dried

for about 20 minutes in a vacuum desiccator and weighed.
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Ni /Ni (05H5N)4 : (scm)2

2.2.5 Determination of Iron.

0.1195

Fe5+ in the phosphate complexes was determined as Fe2+ after

reduction with sulphurous acid.,

Asample of the compound in water (25 ml) was boiled with

sulphurous acid for about 15 minutes.

Later sodium bicarbonate

(1g) was added to the solution to expell excess sulphur dioxide,

This solution was then titrated against standard potassium

permanganate.

All the above analyses were performed in duplicate.

2.3, CHROMATOGRAPHY.

2.3.1. Thin layer Chromatography.

('l‘.l.l. C' )

T.L.C. was employed for the qualitative analysis of products

obtained in the reactions between hydroperoxides and phosphate

esters. Table 2.1 shows the compounds analysed, the solvent

systems used and the developing agents along with the Ry values

for the respective compounds.
Table 2.1

Compound

e

Cumene hydroperoxide

Fhenol

o-Hydroxy phenyl phosphate
o-Hydroxy phenyl methyl phosphate

o-Benzoquinone

Developing Agent
NaI/Isopropanol

FeCl3 (aq)

Izvapour/FeCI3(aq)

Ry
0.73
0. 64
0.33
0.19

0.42
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Solvent system.

Benzene : Acetic acid 231

Silica gel plates were used for all the experiments.

2.3.2. Gas-liquid Chromatogravhy. (G.L.C.)

A Pye 104 gas chromatograph with a flame ionisation detector
was used for the analysis , both quantitative and qualitative , of
hydroperoxide decomposition products.

Colums 5 feet long glasseolumns with 10 = 12 %
Polyethyleneglycol adipate on celite. These columns
were conditioned for about 30 hours before being used.

Gases. Cases were purified by passing through molecular
sieves. ( U.C. 13X )

Nitrogen gas was used as the mobile phase flowing
at a rate of 40 ml /minute.

Temperature. Atemperature programming was found to give a
good seperation of the reaction products,

Initial temperature - 100°C
Rate of increase - 12°C / minute
Final temperature - 180°C for 5 minutes
The detector temperature was 200°C
The retention distances for the compounds analysed by G.L.C.

appear in the table 2.2.
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Table 2.2.

Retention distance of compounds analysed by G.L.C.

Compound Retention distance /em

(chart speed 40 mm / minute)

Acetone 252
Chlorobenzene 8.0
2-Chlorcethane i S
K -Methyl styrene T35
Acetophenone 29.5
Cumyl alcohol 33,0
Phenol 39.6

A typical chromatogram is shown in figure 2.1.
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2.4. KINETIC EXFERIMENTS.,

The rate of decomposition of hydroperoxides by various
phosohorus compounds was followed iodometrically. Though various
methods35 including spectroscopic methods are avaliable for the
determination of hydroperoxides, isopropanol-acetic acid method
was chosen due to simplicity of the procedure and its reliability.

A typical estimation is as follows.

25 ml of a solution containing 10 ¥% (V/V) of glacial acetic
acid in isopropanol was taken into a conical flask and 1.00 ml of
reaction mixture was pipetted in. This was brought to beiling
under reflux (this excludes air from the apparatus so that
aerial oxidation of sodium iodide to iodine is prevented) and
sodium iodide (10 %) in isopropanol (10 ml) was added., This was
then refluxed for S minutes and the liberated iodine was titrated

against standard sodium thiosul phate solution.

Sodium iodide is soluble in isopropanol and hence the
determination of hydroperoxide by this method can be done in
anhydrous non-aqueous solvents. The reaction between

hydroperoxides and 1~ is retarded by water.

The cyclic phosphatesdo not oxidise 1o I, and hence do not

interfere with the determination.

Due to the presence of excess 1° , liberated iodine is
converted to I;.Ali Iois therefore retained in isopropanol

solution.
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HE S 21T 4. RODE, e I, + ROH + B0
i o —_— 3] + 8,06

I3 + 23203

A three-necked 100 ml round bottom flask was used as the
reaction vessel. This was fitted with a drying tube and the
contents were stirred by a magnetic follower. The hydroperoxide
of 'the required concentration in a particular solvent was allowed
to reach the intended temperature in an 0il (Risella o0il) bath.
The compound under investigation was then added and the
concentration of the hydroperoxide in the reaction vessel was

estimated at pre-determined time intervals.

2.5. PREPARATION OF FILMS

The compounds were incorperated into unstabilised polypropylene
(BEF20C/CV170 I1C1I ) in the RAPRA Torque Rheometer.
Essentially this is a small internal mixer, with two mixing
screws rotating in opposite directions. The mixing chamber could
be kept closed to the atmosphere by means of a compressed air

operated ram,

Polypropylene (35 g) along with the required quantity of the
additive was placed in the chamber of the rheometer and mixed
for a constant time (5 minutes) at 180°C, These mixing conditions
were kept constant for all the samples. The samples so processed
were removed from the Torque rheometer and chilled immediately

in cold water. When cold they were dried, sealed in polyethylene
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bags and stored in refriégerator.

Films were prepared from these samples by compression
moulding between stainless steel glazing plates. A temperature
of 180°C was maintained for 2 minutes during pressing (under a
pressure of 18 tons on a 6" diameter ram) and the plates were
cooled to below 80°C before releasing the pressure to remove the
films. Samples of constant thickness (0.007 inch) cut out from

the middle of the film were used in the subsequent experiments.

2.6, .. MEASUREMENT OF ANTIOXIDANT ACTIVITY,

Accelerated ageing test are widely used in assessing the
efficiency of antioxidants. However great care has?%ef' taken
when results of such experiments are used to evaluate the behaviour
of these systems under actual conditions they are intended to be

used.
Apart from measuring the rates of reactions of the antioxidants
with the model hydroperoxides, the following techniques were used
to measure the antioxidant effectiveness of compounds prepared.
(1) U.,V. Irradiation experiments.

(2) Oxygen absorption in model compounds.

(3) Oxygen absorption in polypropylene.
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2.6.1. U.V. Irradiation Experiments,

Polypropylene films 3 x 2 cm were mounted on cardboard frames
and irradiated in a U,V, cabinet. The U.V. cabinet used in these
experiments consisted of 15 Phillips TLV 20 /12 fluorescent
sunlamps and 15 Atlas Black lamps mounted altermatively. The
samples rotate inside this cabinet and this ensures isotropic

exposure of all films.

Figure 2.3. compares the radiation from sunlamps and

blacklamps with that from the sun.

1000
Intensity i
P W/cm2
a . ——
100 S
b
\
A
i’ \\
10 i r' \\
P \
‘\
0 L Y’
2800 5400 4000

Wave length/A.

Figure 2.2. Combination of fluorescent sunlamp and blacklamp (b)

compared with sunlight.(a)
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The progress of oxidation of films was followed by monitoring
the growth of the carbonyl absorption. The results are expressed

in terms of carbonyl index.

Carbonyl Index = Absorbance due to (C=0

Absorbance of a reference peak
In polypropylene the carbonyl absorption is at 1710 cm |
and the reference peak was chosen as that at 2720 cm-1. This is
due to a -C~H stretching vibration and its absorbance was time
independdnt throughout the duration of the experimen{. This
technique therefore accounts for any slight variation in

thickness of individual samples.

2.6.2. Oxygen Absorption.

Oxygen absorption has been widely used as an experimental

tool in studying the rate of oxidation of polyo1t=.-1‘ins?’3“'?9 and

30

rubber vulcanisates” .

Under normal conditions of oxidation it is the hydrogen
abstraction by alkoxy and alkylperoxy radicals that is rate
determining and the subsequent reaction with oxygen is relatively
very fast, However at low pressures (below about 100 mm Hg) the
reaction of alkyl radicals with oxygen becomes rate determining
in oleéfin oxidation. Because of this limitation oxygen absorption
studies were performed in a pure oxygen atmosphere at atmospheric

pressure.
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The rate of oxidation of a sample of polymer is primarily
dependent on its absolute rate of oxidation and the rate of
diffusion of oxygen can be important for thick samples at
elevated temperatures when there is a greater demand for oxygen.
The sample thickness therefore becomes a critical factor. There
is much less information regarding sample thickness in oxygen
absorption experiments of polyolefins in the literature, Hawkins
has however reported that oxygen uptake of polyethylene at 150°C
is not diffusion controlled at sample thickness upto Smils.
Humprigzand Evang+have used polypropylene films 0.008 inch thick
in their experiments and have not observed any diffusion control.
Samples of thickness 0,007 inch were therefore used in this work.
When model compounds were used in solution, they were constantly

stirred to prevent diffusion control oxidation.

Decalin was used as a model compound in oxygen absorption
experiments. This is a saturated hydrocarbon with tertiary

hydrogen atoms and therefore simulates the structure of polypropylene,

After distillation under nitrogen, decalin was stored under
nitrogen in a refregerator. The required amount of decalin was
taken out with a syringe through a rubber septum. Hydroperoxides
could not be detected when this decalin was tested with

Nal / Acetic acid.

The amount of oxygen absorbed by samples was automatically
and continuouslymeasured by means of a pressure transducer of
strain gauge type manufactured by Pye-Ether Ltd. (model U P 3

+ 5psi ) The complete apparatus used for oxygen absorption has
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50431 # thermostated

been adequately explained by previous workers,
silicone o0il bath at 140°C (* 0.1°C) was used to carry out

thermal oxidation.

2.7. PURIFICATION OF REAGENTS.

A.R. grade Acetic acid and Isopropanol were used for kinetiec

experiments without further purification.

Decalin.

Decalin (General purpose reagent) (250 ml) was heated with
triphenyl phosphine (~5g) and distilled under nitrogen. The
distillate was washed with sulphuric acid solution (10 %) and
then with dilute sodium carbonate (10 %) solution, It was then
dried over anhydrous sodium sulphate and redistilled fractionally
under nitrogen. The distillate was stored under nitrogen in the

refrigerator. (B.P. 191°C)

Cuméne hydroperoxide.

Cumene hydroperoxide (Koch-Light), was obtained as a solution
stabilised with 6 % of a 15 % w/w slurry of agueous sodium
carbonate. Purification of this was carried out through its
sodium salt by the method described by Kharasch32. The product
was vacuum distilled and the fraction boiling at 52-54°C / 0.1 mm Hg
was collected. lodometric titrationBi”showed a purity higher than

98.5 % (B.F. 60°C /0.2 mm Hg )34.



G.L.C. Standards.

Acetone,

A.R. grade was used without further puritfiéation.

Acetophenone.

Redistilled fractiomlly and the fraction boiling between

201-202°C was collected. (202 / 760 mm Hg)

Chlorobenzene.

General purpose reagent (B D H) was fractionally distilled
over phosphorus pentoxide and the fraction distilling at 130°C

being collected. (131,7°C / 760 mm Hg)35

2=Chloro ethanol (Ethylene chlorohydrin).

Redistilled and the fraction boiling at 129°C was used.

& -Cumyl alcohol (2-Phenyl propan 2-ol)

This was recrystallised from petroleum ether (60 / 80°C)

M.P. 34°C (Lit.>2 36°C)

o =Methyl styrene (2 Phenyl propene)

This was fractionally distilled under nitrogen. Fraction
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CHAFTER 3

SYNTHESIS AND CHARACTERISATION OF COMPOUNDS.

2.1+1. Acyclic phosphate esters.

Trimethyl phosphate , triethyl phosphate and triphenyl
phosphate (British Drug House) were fractionally distilled
over calcium hydride before use.

3.1.2. Diisopropyl hydrogen phosphite.39

Isopropyl alcohol (90g 1.5 mol) was dissolved in an equal
volume of carbon tetrachloride and phosphorus trichloride
(69g; 0.5 mol) in carbon tetrachloride (20 ml) was added dropwise.
The reaction mixture was kept cool in an ice bath. The solution
was left standing for 1 hour and a stream of nitrogen was passed
through the solution to remove hydrogen chloride, The solvent
was then distilled off and the product distilled under reduced
pressure. (80°C / 15 mm Hg) (Li'l:.39 82.5°C / 17 mm Hg)

Yield 72g (88 %)

I.Re (Neat)

1

3500 em” (broad) 0-H (bonded)
2900-3000 ok (strong) C-H stretch
2410 cm (strong) P-H stretch42

1375, 1460 cm—1 C-H deformation
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1260 cm™ (strong) F=0 stretch?>
950-1000 om™ " (strong, broad) P-0-C f(alkyl)
N MR (cC1,)
8.1 Z (doublet) 12 H CHy protons
5.4 T (multiplet) 2 H tert-H
-2.0 ¢ (singlet) 1 H P-0-H

3.1.3. Diisopropyl chlorophosphate.

Diisopropyl hydrogen phosphite (?Og; Qe 35 mol) was cooled
in a flask immersed in an ice bath and a slow stream of chlorine
was passed into the solution until a permanent yellow colouration
appeared., Chlorine was then replaced by a stream of air to remove
hydrogen chloride, and the product distilled under reduced
pressure. (46°C / 0.4 mm Hg ; Lit>? 41°C 0.08 mm Hg)

Yield S4g (79 %)

Analytical,.

Calculated for qu403P01 Cl 17:50 %
Found Cl1 17.92 %

I.R. (Neat)

3000-2900 cm™ ! gl -t raten
1375-1500 cm'1 C-H deformation



36

1280 c:m"'1 (very strong) P=0 stretch

(strong , broad) =P-0-C alkyl

8,6 T .doublet (12 H) “CH; protons

5S¢4 ¢ multiplet (2 H) ~-tert,.protons

3«1.4. Diisopropyl methyl phosphate.

Diisopropyl chlorophosphonate (65.3g , 0.33 mol) in dry
benzene (250 ml) and pyridine (26.6g , 0.33 mol) was cooled to
about 5°C and a solution of methanol (10.7g , 0.33 mol) in dry
benzene (20 ml) was added dropwise with constant stirring. The
solution was then left to attain room temperature and the
precipitated pyridine hydrochloride filtered off., Benzene was
then removed in a rotary evaporator and the product was then

distilled under reduced pressure. (40°C , 0.4 mm Hg)

Analytical
Calculated for 07H1?04P C 42.85 % H 8.67 %
Found C 42.03 % H 8.63 %
I1.R.
2920-2990 cm” C-H stretch
1380 cm™ ' (doublet , strong) C-H deformation
1280 em™ (strong) i+ ¢ P=0 stretch

=1 46
1180 cm (sharp , strong) P=0-Me
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N M R
8.7 T (12 H) doublet
6.4 7 (3 H) doublet
5.5 2 ( 2 BH) heptet
3.2. CYCLIC ALIPHATIC ESTERS.

Jy_y = 6 Hz -055 (isopropyl)
Ip_H = 11 Hz ~CHy (methyl)
JH—H = 6 Hz =-tert-H

These esters derived basically from ethan 1,2 diol were

prepared by the following sequence of reactions,

CH20H
“+ PCI3 CH2012
20°C
CH2OH
N
N0, w
-80°C CH2012
("4
[:0\ o1
R
/
0 0

2-Chloro-1,3,2-dioxaphospholan

~2=0xide

(cyelic phosphorochloridate)

0
[:0:;ﬁ-08
\
0

2-Hydroxy=-1, 3,2-dioxaphospholan

P-C1

5 g /2

(Ref 40)
2-Chloro-1,%,2-dioxaphospholane

(eyelic phosphorochloridite)

ROH

(Pyridine) | 5-10°C

CgHg
0
\
P-0-R
®
0

2-Alkoxy-1,3,2~dioxaphospholane

(cyeclic phosphite)

N
129
0
[: ::ffo‘ﬂ
0 \0

2=-Alkoxy=1,3,2-dioxaphospholan

-2-oxide

(eyclic hydrogen phosphate)

-2-oxide

(cyclic phosphate)
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0
S 2-ﬂhloro-1.5,2-dioxaphospholané€

In a three necked flask , fitted with a dropping funnel and
a reflux water condenser carrying a calcium chloride tube , was
placed anhydrous methylene chloride (500 ml) and redistilled
phosphorus trichloride (275¢ , 2 mol). Redistilled ethane-1,2-diol
(124g , 2 mol) was added to the above solution at such a rate the
solution was under gentle reflux during the addition. The solvent
was then removed by simple distillation and the product was
obtained by distillation under reduced pressure. B.p. 45-47°C /

15 mm Hg (Lit.40 46.5°C / 15 mm Hg) Yield 160g

Amalytical
Calculated for 02H40102P cl 28.06 %
Found Cl 28.18 %
J.R. (Neat
2910-3000 cm™ | C-H  stretch
1470 cm_1 C-H deformation
1010 cm™! (strong) P-0-C alkyl
NMR
56T doublet dioxaphospholane ring

protons
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3,2.2. 2=Chloro-1,3,2-dioxaphospholan-2-oxide.

2-Chloro=1,3,2-dioxaphospholane (68g , 0.5 mol) in anhydrous
methylene chloride (300 ml) was oxidised using dinitrogen
tetroxide at -80°C by the method described by Cox and Hestheimer41.
The required product was distilled (80-82°C / 0.1 mm Hg)
(Lit41 89-91°C / 0.8 mm Hg) after removing the solvent.

Yield 24g 32 %.

Analytical.

Calculated for 02H4C103P Cl 24.91 %

Found €1, 2503 %

I.R, (Neat KBr disc)

2900-3000 cm™ C-H stretech

1

1430; 14503 1470 em C-H deformation

1

1300 em™ (vestrong) P=0 stretch

1

1025 em~ (st rong) P-0-C alkyl

2.2.,3. 2=Hydroxy-1,3,2-dioxaphospholan-2-oxide.

2—-oxide
2-Chloro—1,3,2-dioxaphospholaneﬂ(29g s 0.2 mol) was dissolved

in 1,4-Dioxane and water (3.6g , 0.2 mol) was added with stirring
Stirring was continued for another 30 minutes and the dioxane

was distilled off in the rotary evaporator. 2-Hydroxy=-1,3,2-dioxa=-
phospholan-2-oxide was then distilled under reduced pressure.

The product solidifies to a colourless mass M.P. 130-132°C

(Lit 133-135 0)
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1.R. (CH013)

1

3500 em =0-H
2900-3000 gl C-H stretch
1260 cm“1 P=0 stretch
N MR
5:5. T (doublet) (4H) Jpg = 11Hz
-1.2 7 (singlet) (1H)

3.2.4., 2-Methoxy=-1,3%,2=-dioxaphospholane.

2-Chloro-1,3,2=-dioxaphospholane (18.9¢ , 0.2 mol) and
anhydrous benzene (100 ml) were placed in a two-necked flask fitted
with a dropping funnel and a calcium chloride guard tube. The
contents were cooled to 5-10°C and pyridine (15.8¢& , 0.2 mol)
was added. Methanol (6.4g , 0.2 mol) was dissolved in dry benzene
(20 ml1) and this solution was added dropwise to the chlorophosphite
with constant stirring. After the addition of methanol the
reaction mixture was allowed to stand at room temperature for a
few hours and filtered. Solvent was removed in a rotary evaporator
and the residue was distilled under reduced pressure. (B.P. 54°C

25 mm Hg) (B.P. 42-44°C / 15 mm Hg)

I.R.

2960 , 2910 em™) C=H stretch

1

1460 em C-H deformation
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1290 em (strong) P=0 stretch

1190 cmm1 P-0~C (methyl)46
N MR

6.0 7 doublet (4 H) ring protons

A doublet J, ., = 11 Hz (3 H) CH; protons

3.2.5. ?2=Isopropoxy-1,3,2-dioxaphospholane.

This was prepared from 2-Chlorodioxaphospholane and
propan-2-0l ty the same procedure as for the methoxy ester

(3.2.4.) (B.P, 58=60°C / 15 mm Hg ; 64-66°C / 20 mm Hg)4°

1.R.
2900-3000 em™ | C-H stretch
-1
1025 cm P-0-C (alkyl)
N MR
6.0 7 doublet (4 H) ring protons
HeB T multiplet (1 H) tert protons
8.8 7 doublet Jy - = 6Hz (6 H) CH; protons
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3,2.6., 2=Methes¥=-1,3,2-dioxaphospholane-2-oxide,

and

3.2.7. 2-Isopropoxy-1,3,2-dioxaphospholane-2-oxide.

These phosphates were prepared ty the oxidation’ ' of the
corresponding phosphites (3.2.4. and 3.2.5.) using dinitrogen

tetroxide at -80°"C,

ToR. !Neatz
2920 , 2960 cm | C-H stretch
1290 em” ! P=0 stretch
1030 cm™! P-0-C (aliphatic)
N M R.
BeD T multiplet (1 H) CHB—CH—Cﬂs
0
el 2 doublet JP—H =11 Hz (4 H) ring protons
8.7 ¢ doublet J =6 Hz (6 H) Me(of i=-Pr group)

r
)
!
ta o}
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3.3, CYCLIC AROMATIC ESTERS.

These esters based on catechol were prepared by the following
45, 49

sequence of reactions.

€l
AOH 4]
O O
B
H 0/’ Ccl

Catechol 2,2,2-Trichloro-4,5-benzo=
1,3,2-dioxaphospholane.
P205
A
(cnico)zo
60°C
X 0
°\P¢
_0 0 e N
. Cl
R
~0/ OH _
2=Chloro-4,5-benzo=1,3,2=-dioxa=-
phospholan-2-oxide.
2-Hydroxy-4,5-benzo-1,3,2~-
dioxaphospholan-2-oxide.
ROH/Pyridine
(Benzene)
v
S
07~ Tor

2-Alkoxy=-4,5=-benzo-1,3%,2-dioxa~

phospholan-2=-oxide.
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3.%5.,1. 2,2,2-Trichloro-4,5-benzo-1,3,2-dioxaphospholane (21.45

Catechol (110g , 1 mol) was added in small quantities into
a well-stirred suspension of phosphorus pentachloride (208g; 1 mol)
in dry benzene (750 ml). The mixture was then refluxed on an
0il bath for about 2 hours , benzene was removed in a rotary
evaporator and the residue distilled under reduced pressure.
Unreacted phosphorus pentachloride sublime over first and later
the benzodioxaphospholane distilled out as-a pale yellow liquid.

(B.P. 96-8°C /1 mm Hg 3 Lit.?? 104°C at 1.3 mm Hg) (190g 3 76 %)

Analytical

Calculated for CgH,Cl;0,P Cl ; 43.38%

found Cl 3 432.02'%

I.H.!Neat)

2990-3100 cm C~H stretch
1605 em™! C=C (aromatic)
1200 om™! (strong) P-0-C (aromatie)
580 cm” | P-C1

N M R.

8 (broad, singlet) aromatic ring protons
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3.%,2. 2=Chloro-4,5-benzo-1,3,2=dioxaphosphelan-2-oxide.

2,2.2—Trﬁchloro-1,3.2-benzodiox§phoapholane (180g, 0.73 mol)
was heated to 60-65°C and acetic anhydride (74g, 0.73 mol) was
added dropwise while the reaction mixture was kept under reflux.
The yellow colour of the compound disappeared and solution
became colourless at the end of the reaction. Acetyl chloride
was removed in a rotary evaporator and the product distilled
under reduced pressure. It solidified as colourless crystals.

(B.P, 84-6"C / 1-2 mm Hg ; Lit4 so-s1°c / 1.2 mm Hg)

Apalytical

Calculated for CgH,CLO5P Cl 18.63 ¥
Found Cl 19.05 %

I.R. (Neat

Z010 cm_1 C=H stretch

600 on ! c=C (aromatic)

1250 cm™ " P=0 stretch

1200 cm™' P=0-C (aromatic)
N MR

2.8Y  singlet(broad) aromatic ring protons.
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3.%3.3., 2=-Methoxy=-4,5=-benzo-1, 3,2-dioxaphospholan-2-oxide.

2-Chloro-4,5-benzo=1,3,2~-dioxaphospholan-2-oxide (47.6g,0.25mol)
and pyridine (20g, 0.25mol) were dissolved in anhydrous benzene
(250 m1) in a 500 ml round bottomed flask fitted with a calcium
chloride guard tube and a dropping funnel. The contents were
cooled to about 10°C and anhydrous methanol (8 ml ;3 0.25 mol) was
added dropwise with magnetic stirring. The precipitate of
pyridine hydrochloride was filtered off after a few hours and the
benzene evaporated. The residue was then distilled under reduced
pressure to give a colourless product. (B.P. 106-8°C /1 mm Hg)

Yield 32g ; 69 9.

Analvtical,

Calculated for C?H?O4P C 45.16 % H 3.76 %

Found c 44.82 % H 3.70 %

I.R.(Neat !.

2960 ; 3100 o) C-H aliphatic and aromatic
1590 cm™ C=C aromatic
1290 cm_1 P=0 stretch
1230 o P-0-C aromatic
N MR.
5.0 2 singlet (4 H) aromatic protons

6.2 T doublet JP—H = 12 Hz (3 H) -CH5 protons



46

2.3.4., 2=Isopropoxy-4,5-benzo-1,3,2-dioxaphospholan-2-oxide.

This was prepared by exactly the same procedure as for 3.3.3.
using 2-Chloro=-1,3,2-benzodioxaphospholan-2-oxide and propan-2-ol,

(B.P.115-118°C / 1 mm Hg)

I.H.!Neatz.

3060 3 2980 cm” | C-H  stretch
1590 cm™ C=C aromatic
1470 om C-CHB
1300 om) P=0 stretch
1230 cm™' P=0-C aromatic46
740 cm™ 1,2 disubstituted
benzene ring

N M R,
3.0 T singlet (4 H) aromatic ring protons
5.2 T multiplet (1 H) caj-pg-cn5
8.5 y doublet Jy . = 6 Hz (6 H) CH 4 grotons

3¢3.5. 2=Fhenoxy-4,5-benzo-1,3,2-dioxaphospholan-2-oxide.

This was prepared by the same procedure using 2-Chloro-1,3%,2-
benzodioxaphospholane-2-oxide and phenol. This was distilled

under reduced pressure and is a viscous liquid at room temperature.



47

Analytical.

Calculated for 012H904P P 14.62 %

Found P 15.04 %

I.R.gNeat!.

3075 cm™ ! C-H aromatic
1600 cm-1 C=C aromatic
1310 em™ P=0

1180 om™" P-0-C aromatic

3.3.6. 2=-(2-Chloroethoxy)-4,5=-benzo-1, 3,2-dioxaphospholan-2-oxide.

This was prepared using 2-chloro-4,5-benzo-1,3,2-dioxaphospho~-
lan~2-oxide and 2-chloroethanol in the presence of pyridine, as

described in the procedure 3,3.3,. (B.F. 152°C / 1 mm Hg.).

I.Ro ;Neatz.

2960 ; 3080 cm—1 C-H aliphatic ; aromatic
1600 r:,rﬁ-1 C=C aromatic
1310 cm“1 P=0 stretch46
1180 om™ " P-0-C aromatic
N MR (0011)
3.0 ¥ singlet (4 H) aromatic ring protons
5.6 T multiplet (2 H) =0-CH,=CH,C1
6,2 2z triplet 2 H) =0-CH-
z riple (2 B) =0 CHlezCI



48

3.3.7. 2=Methoxy=4,5=(p-methyl,benso)=1,3,2-dioxaphospholane=2-oxide.

This was synthesised starting with 4-Methylcatechol and
following the procedures 3.3.1. ,3.3.2. and 3.3.3. The product
is a colourless viscous ligquid at room temperature.

(B.P. 132°C / 1-2 mm Hg)

I.R.!Neat!-

2980 ; 3020 cm” | C-B  stretch

1

1600 cm C=C aromatic

1300 cm-1 P=0 stretch

1

1250 ;3 1050 cm P-0-C (aromatic)

1

1190 cm~ P-0-C (aliphatic)

NMR (0014).

3,0 T doublet (3 H) aromatic ring protons
6.2 T doublet J, . = 10 Hz(3 H) -O0CH; protons
8.7 1 singlet (3 H) --CH5 protons on

benzene ring

3.3.8., 2=Methoxy-4,5=(p-tert-butyl)benzo=-1,3,2-dioxaphospholane-

=2-0xide,

4-Tert-butyl catechol was used as the starting material.
This was converted to the trichloro compound by procedure 3.3.1.
and then to the phosphorochloridate by the procedure 3.3.2. and

finally to the required compound by procedure 3.3.3. The final
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product again is a colourless thick liquid. (B.P. 148°C / 1 mm Hg)

Analxtical.

011H1504P requires C 54.54 % H 6.20 %
found C 953.51 % H 6.83 %
I.R.;Neat!. -
2980-3100 cm™ C-H stretch
1610 cmn1 C=C aromatic
1310 cm_1 P=0 stretchd?
-1 . 48
1180 3 1230 ; 1050 em P-0=C aromatic

N MR (cc1,).

eaian i
2.9 F doublet (3 H) aromatic ring
protons
6.2 T doublet J, . = 11 Hz(3 H) ~0-CH; protons
8.7 ; singlet (9H) -Cﬂj(tert—hutyl)

5.3%3.9 o=-Hydroxyphenyl phosphate49

2-Hydroxy-4,5=benzo=1,3,2-dioxaphospholan-2-oxide ( 15g )
was dissolved in a small quantity of water by warming. This was
then extracted with hot ethyl acetate and the ethyl acetate extratt
was poured into benzene. The required product precipitated from

benzene. (M.P. 139°C 3 Lit M.P. 139°C)
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3.3.10 o~Hydroxyphenyldimethyl phosphate.

2-Methoxy-4,5=benzo-1,3,2-dioxaphospholane~2~oxide was allowed
to stand with excess methanol for 10-12 hours and excess alcohol

removed., This yielded a white solid on cooling.

Analztical.

Calculated for CBH1105P C,y44.03; H,5.043 P,14.22 %

Found C,44.24; H,4.90; P,15.05 %

I.R, (Neat).

3280 em”) (broad) -OH phenolic (bonded)

1600 cm™ (doublet) C=C aromatic

1470 cm™ ~C-H (deformation)

1050 cm™ P-0-C aromatic

1310 cm_1 P=0

1180 cm™ Pafg - metliy1 1O
N MR (0014).

1.6 1 singlet (1 H) phenolic proton

3,01 singlet (4 H) aromatic ring protons

6.2 ¢ doublet (6 H) Jp.g = 12 Bz methyl protons
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2.3.11, o=Methoxyphenyldimethyl phosphate.

o-Hydroxyphenyldimethyl phosphate (52 ; 0.02 mol) was
dissolved in ether and methylated by passing diazomethane.
the end of the reaction ether was evaperated to obtain the

required product.

Analytical.

o
Calculated for 09H1505P P, 13.36 %

Found P, 12.96 %

I.R. (Neat , NaCl).

2900-3100 cm™ C-H stretch

1470 cm™ C-H deformation
1300 cm™ Pud) . Bt vekeh?®
1185 cm™) P-0-C  (methyl)
1050 cm"1 P=0-C (aromatic)

5.4, FREPARATION OF METAL COMFLEXES.

LT T Bis-(dimethylphosphato)—cobaltill)?o

At

Anhydrous cobalt chloride (6.46g ; 0.05 mol) and trimethyl

phosphate (28z ; 0.2 mol) were heated with constant stirring at

about 140°C, Cobalt chloride slowly dissolved in trimethyl

vhosphate giving a deep blue solution and eventually a dark blue

precipitate was formed., It was filtered, washed with dry ether
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to remove excess trimethyl phosphate and dried in a vacuum
desiccator., The product did not answer the test for chlorides
when tested with aqueous silver nitrate.

(Yield 12.4g ; 79 %) M.P., 162-3"C,

Analxtical.

Calculated for C4H120008P2 C1,15.53 H,3.88 C0,19.03 %

Found C1,15.87 H,4.06 Co0,19.33 %
I.R. (KBr disc).
-1
2960 cm C-H stretch (aliphatic)
1450 e C-H deformation
1190 cm™ | (strong) Pe0 stretoh’’
1120 cm™ P-0-C aliphatic

3.4.2. Bis-(diethylphosphato)-cobalt (11)?"

Anhydrous cobalt chloride (6.46g ; 0.05 mol) and trivethyl
phosphate (36.4g 3 0.2 mol) were heated at about 140°C for several

hours. Cobalt chloride dissolved in triethyl phosphate forming a

dark blue solution and later a blue precipitate was formed. The
product was filtered, washed with dry ether and vacuum dried.

Yield 12.4g; 68 % M.P. 179°C ( Lit?' 181-2°C )

Apalytical
Calculated for CBH2oc°08P2 Co, 16.143 C, 36.303; H, 5.48 %

Found 16.08; 26.34; 5.68 %
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I.R. (KBr disec).

2980 cm C-H stretch
1450 cm™" C-H deformation
1190 cm™ P=0 stretch’>
1119 em™" P-0-C aliphatic

3.4.3. Bis-(dimethylphosphato)nickel(11)°.

A mixture of finely powdered anhydrous nickel chloride
(6.48g ; 0.05 mol) and trimethyl phosphate (28g; 02 mol) was
treated as in 3.4.1. The yellow product formed was washed with

ether and vacuum dried. M.P. above 280°C.

Analytical.

Calculated for C4H12Ni08P2 Cy 5543 B 3 3.88; Ri , 20.01 %
Found 15. 64 3.76 20.04 %
I.R (KBr disc)
2980 cm™! C-H stretch
1380, 1400 ca”! c-H deformation
1175 cm” P=0  stretch

1

1100 cm™ P-0-C aliphatic

3,4.4 BRis-(diethylphosphato)copper (I1)

This compound, not previously reported in the literature, was
prepared by heating anhydrous cupric chloride (5.4g, 0.04 mol)
and triethyl phosphate (18.2g, 0.1 mol) at about 130°C for several

hours. The gas evolved during reaction was trapped in a cold trap
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and n.,m.r. and mass spectrometry showed it to be ethyl chloride.
The product was washed with ether and vacuum dried. The light-blue

complex gave negative results when tested for chloride. M.P, 164°C

Amalytical

Calculated for CSH20Cu08P2 Cy 25.97; H, 5.413 Cu, 17.19 %

Found 26.02; 5.503 17.16 %
I.R (KBr disc)
2900-3110 cm™ C-B  stretch
1400, 1450 cm'1 C-H deformation
1185 o P=0 stretch
155 on P-0-C aliphatic

3.4.5 Attempted preparation of Bis-(methylisopropyl phosphato)

metal complexes.,

Anhydrous cobalt chloride (3.23g ; 0.025 mol) and dimethyl-
isopropyl phosphate (16.8¢ ; 0.1 mol) were heated at about 140°C
for several hours. The blue solution yielded a blue precipitate
with the evolution of a volatile product. The n.m.r. and mass
Spectral analysis showed this volatile product to be isopropyl
chloride and not methyl chloride as expected. The precipitate
was identified as 3.4.1., bis-(dimethyl phoaphato)cobalt(ll) i

to be the exclusive product.
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Volatile product analysis.

N M R (cc14).

CH
5.8 1 multiplet (1 H) -gg”' 5
~~CH
B
8.4 T doublet (1 H) e i
S
s

Mass spectrum.

m/e 78 (F*) ; 63 (P*-15) 3 43(P*-35)

As it was observed in 3.4.5. that isopropylmoity is more
easily lost as the chloride than the methyl group during complex
formation, the isopropyl esters(rather than the methyl) were used
in the subsequent preparations of metal complexes derived from

cyclic catechol phosphates.

3+4.6. Bis-(catechol phosphato)cobalt(II).

Anhydrous cobalt chloride (5.2g ; 0.04 mol) and 2-isopropoxy-
benzo-1,3%,2-dioxaphospholan-2-oxide (21.4g 3 0.1 mol) were heated
for several hours at about 140-150"C. The dark blue solution
was allowed to cool and the product was filtered. This precipitate
was washed several times with anhydrous benzene to remove excess
catechol phosphate and then with anhydrous ether and vacuum
dried. The product did not answer for chlorides when tested
with aqueous silver nitrate solution. The compound did not melt

and slowly blackened above 240°C,
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Calculated for C12HBC°08P§ Coy14.69 % P,15.46 %

Found Coy14.50 % P,15.37 %

I.R. (Nujol mull).

1

2840-2980 cm_ (stréng) C-H stretch
1595 cm-1 (sharp) C=C aromatic
1455 o™ (strong) C-H deformation
1190 cm™" P=0 stretch

3.4.7. Tris-(catechol phosphato)iron(I111).

Anhydrous ferric chloride (5.25g ;3 0.02 mol) was dissolved
in a minimum quantity of anhydrous diethyl ether and excess of
2-isopropoxybenzo-1,3,2-dioxaphospholan-2-oxide (21.4g 3 0.1 mol )
in chlorobenzene (20 ml) was added. The mixture was heated for
several hours after distilling off the ether first. Isopropyl
chloride was given out from the reaction mixture and a yellow
product precipitated out. This was washed several times with

anhydrous ether and vacuum dried. (Yield 8.4g ; 74 %)

Analytical,

Calculated for C1BH12F3012P5 Fe, 9.81 % P, 16.34 ¥
Found Fe, 9.76 ¥ P, 16.80 %
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1.R. (KBr disc).

29002980 cm ' C-H stretch
1600 o c=C aromatic
1460 c.n!u-'1 c-H deformation
1190 cm™' P=0 stretch
1115 e P-0-C

3.4.8, Bis-(catechol phosphato)copper(II).

This was prepared by the reaction between anhydrous cupric
chloride (5.38z ; 0.04 mol) and 2-isopropoxybenzo=1,3,2-dioxa~
phospholan-2-oxide (21.4g ; 0.1 mol) following the procedure for
3,4.6. The product was washed several times with anhydrous ether
and vacuum dried. The product did not give any turbidity with

aqueous silver nitrate. It decomposed above 200°C.

Analxtical.

Calculated for C12HBCuOBPé C,35.50 H,1.97 Cu,15.67 %

Found c,34.92 H,1.95 Cu,15.63 %

I.R. (XBr disc).

1 C-H aromatic

3010-3050 cm
1610 o C=C aromatic

1230 cm‘-1 (strong) P=0 stretch
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5.5 DISCUSSION,

Transition metal complexes of phoaphite355 and substituted
phosphinea53 P(111) are quite well known. This is due to the
simple reason that these compounds have, on the phosphorus atom
a lone pair of electrons which are easily donated. In contrast
only a very limited number of complexes containing organophosphate
ligands are known. In these organophosphate ligands the

coordination has to be achieved through oxygen atoms.

~R
= RO\\ D
~— Pt —» /,P:O:—*
phosphites/phosphines Be phosphates

This interaction is reflected in the U.V. spectra of solutions
of transition metal halides in trialkyl phosphatesio
The lone pairs of electrons on oxygen in phosphates are back-donated
to phosphorus forming d_——p_ bonds55 and this makes these lone
pairs less available for coordination than those, for example,
in carbonyl compounds (> C=0) where no Qo b donds can be formed,
due to absence of d orbitals on the carbon atom. In any case if a
complex is to be formed, oxygen has no d orbitals to accept
electrons from the filled d orbitals of the metal ion. These two
factors make phosphates very undesirable ligands for complex

formation.

However, under forcing conditions it has been recently possible

= and HiII by a unique

50

reaction between metal halides and the organophosphates” .

to prepare organophosphato complexes of Co



59

eg.
CH30\P,/0 N o+ 0, p"OCHZ’
#2112 (CH30)3P=O —— ik .\0/\

CH,0 O OCH
3 3

Co. Br2

+ 2CHSBr

At the begining there can be coordination through oxygen

of a alkoxy group leading to the loosening of 0-R bondss.

R-0 RO 0

\P//O- M —_ \P/ \M RC1
: + .
0" \?./""('01' e
R

The dialkoxyphosphato group makes a Pd;_ oﬁ:— de delocalised

chelate ring system making the complex stable.

The involvement of the lone pair of electrons on alkoxy
oxygen (-6~B) was demonstrated when dimethylisopropyl phosphate

was reacted with cobalt chloride., (3.4.5.)

The isopropyl group was eliminated as isopropyl chloride in
preference to the methyl group as methyl chloride and bis-(dimethyl

-phosphato)Co(I1I) was obtained as the exclusive product.

8H<CH5)2 H.0 0 0 OCH
Gl A SRl i s e

P + CoCl, — P Co P

7 N\ 2 o WD i, R P
CH,0 0 CH,0 0 0 OCH
3 3 3
)\( -
(CH3)20H01

OCH
CH3Q\ /,0\\ ,/’QQ\ - 6 3
P Co
£ S
co

L\
3! 0 0 0CH(CH5)2

|
(CH; 2
+ CH}Cl
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The more electron repelling isopropyl group makes the lone
pair on the isopropoxy oxygen atom more available for coordination,
and hence the elimination of isopropyl chloride., The greater
stability of the iso-propyl carbonium ion over the methyl

carbonium ion can also be important,

Convincing evidence for complex formation comes from infra-red
spectra of these compounds. In table 3.1. are listed the infra-red
stretching frequencies (Vp = 0) of a number of metal complexes
and those of the free phosphate esters from which they are deri#ed.
The Y7:0 in the phosphato complexes is lower than the%.. in the
parent phosphate ester. The lower frequency is associated with
a lower force constant and hence a lower bond strength, indicative
of back donation of electrons from filled d orbitals of the metal

ion to the empty antibonding (x") orbitals of the P-0 bond.

Absorption in 400-600 o™ dov frequency region have been
agssigned to M-0 bond354’55'56. Identification of such bonds in
these novel complexes provides further evidence for complex *

formation. These M=0 absorptions are listed in table 3.2.
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Table 3 , 1

The I.R stretching frequencies of the P=0 bond in phosphate esters

and the derived transition metal complexes.

v -1 V -1
Complex. =0/ M peg/ oM AVoo
(phosphate ester) (complex)

CH,0, O /o\\ OCH, .
Py Co 1280 1190 90
ce.0” Yo \o’P NocH
3 3
Et0 O O OBt
AN I N
/P\ e R 1275 1190 85
Et0 ‘0 O OEt
CH,0 O 0 OCH
BERNS s O 0 N e 2
P, Wi p 1280 1175 105
5 NG
CH,0 O 0 OCH
3 3
Et 0 OEt
NBHEN N
P. Cu P 1275 1185 90
7 N N
Et0 0 0 OEt

0o O 0
N7 N WY
) - 4 1300 1190 110
0 o ‘o

.0 0 0
7N N /P\
0 0 0 0

Fe 1300

1230

1190

70.

110
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Table 3.2

M=0 bond stretching frequencies of the phosphato metal complexes.

v =1
Complex M-/ cm

Bis-(dimethylphosphato)

cobalt II. 480,525

Bis=(diethylphosphato)

cobalt II. 490,535,

Bis=(dimethylphosphato)

nickel 1I. 505,530.

Bis=(catechol phosphato)

copper I1. 410,480, 540.

Co-0

Co=0

Ni=0

Cu=0

Reference

54455

54,55

55,56

24455,
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CHAFTER 4

REACTIONS OF PHOSPHATE' ESTERS WITH HYDROFEROXIDES.

4.1. INTRODUCTION.

Hydroperoxides play a prominent role in the degradation of
polymers. These are produced as a result of thermal oxidation
during processing and either directly or indirectly by photoinitia-
tion processes, As previously discussed in ¢chapter one ,
hydroperoxide can be decomposed either by heat or ultraviolet
radiation producing very reactive hydroxy (°OH) and alkoxy (RO")
radicals. 1In spite of the fact that hydroperoxides are instantly
photolysed on u.v. irradiation in solution » in polypropylene
the hydroperoxide groups have been calculated to have half-lives
of 3 to 4 days during outdoor exposure61. Therefore there is a
considerable amount of time for an efficient hydroperoxide
decomposer to react with hydroperoxides before they are photolysed.
On this basis hydroperoxide scavenging can be expected to play a

significant role in u.v., and thermal stabilisation of polyolefins.

An effective stabiliser which owes its activity to its
hydroperoxide decomposing ability must be able to do so forming
stable molecular products without the intervention of radical
species. Investigation of such reactions'in a polymer which by
itself is a complex chemical system is a laborious task and calls
for the use of model compounds where simple chemical methods

could be easily applied.



1-Methyl=-1=-phenylethyl nydroperoxide, (cumene hydroperoxide)

was chosen for these studies on account of the following facts.

1. It is readily available and can be easily purified.

5. Reactions in solution (with the phosphate esters) can be
carried out safely at el¢vated temperatures (up to about
100°C) withouti%eing thermally decomposed.

3, The product formed during decomposition can be easily
characterised by G.L,Cs.and T.L.C.

4. Completely different sets of products are obtained under
different conditions so indicative of different reaction
mechanisms involvedse'sg.

(a) Lewis acids react rapidly with cumene hydroperoxide

59

forming acetone and phenol by an ionic mechanism”” .

e,
ANrdoon  + B et o
k s —_— @c - 0- O-H
- T | &
H
53
CH
| 3
06H50H - CHBCOCH3 . ?-0 + o+ H20
CH
3
60
Fhenyl migration
CH
| 2
0-C+
CSHSOH + CH,SCOCH3 S—atts |
CH

3
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(b) Reactions involving one electron donors (and thermal
decomposition) proceed through cumyloxy radicals
and the products include cumyl alcohol , acetophenone
o« - methylstyrene , dicumyl peroxide and in certain

59

cases methane and methanol””.

3 i
@)-?-O—OH Mot B @- 0° + “OH
<, l
Rt
&
.0 - OF
| |
CH
CH3 l 3
+
C=CH
CH «— CH,® | s
4 3
N CH,
"H_OH
LH5

4.2. REACTIONS OF ACYCLIC AND CYCLIC ALIPHATIC PHOSFHATE ESTERS

WITH HYDROFEROXIDES.

4.2.1. Acyclic and cyclic aliphatic esters,

Acyclic phosphates of general formula

Hox\P,;O
ro” R R = alkyl or aryl

do not react with hydroperoxydes.

The studies 62 on the two aliphatic cyclic phosphites,
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0 4]

X i A
P=0-iPr P=0-iPr
o/ Of/

have indicated that these were catalysts for the decomposition of
cumene hydroperoxide. This appears to be in.conflict with ithe
results of Parson363 who has observed near stoichiometric reactions

for the corresponding phosphate esters of the type

Og 0
P\
7/ T OR

0

Hence it was desired to study the reaction of similar phosphates

with hydroperoxides,

The following results were obtained for the reactions
between cumene hydroperoxide and the cyclic phosphate esters I . 5

and III in chlorobenzene at 70°C.

0, 0 0
N 0\/,0 N
P P P
/\ / N\ N
0 OCH 0 OPri d// OMe
3
I 1T II1

Figure 4.1. shows the pseudo-first-order plots for the reaction
of these phosphates with cumene hydroperoxide and the table 4.1.
gives the rate constants and the stoichiometry, The reactions were
carried out at cumene hydroperoxide(CHP) : phosphate molar ratio of

5:1, (phosphate) being 0.02M.
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Log Ct/co

-0.02

-0.04

—0.06

-0.08

10 20
time/min

Figure 4.1 The rate of decomposition of CHP by the esters R g

and III in chlorobenzene at 70°C. (phosphate) = 0.02M
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Table o1,

Rate constants and stoicheometry for reactions of aliphatic

cyclic phosphates.

Compound Rate constant / e | Stoichiometry
I 6.14 x 1072 18
11 5.0 x 1072
111 5.55 x 10‘6 0.9

The analysis of the products of the reactions showed the
presence of phenol , acetone , and « -methyl styrene as major
products with small amounts of cumyl alcohol and acetophenone,
Exact product distribution in a typical experiment is depicted

in table 4.2,

Table 4.2,

Product distribution (mole % % 5 %) in the reactions of I, II and

I1] with cumene hydroperoxide in chlorobenzene at 70°C

Phenol Acetone o =Methyl styrene camyl aleohol Acetophenone
5259 58.2 40.6 1.6 0.8

48.7 40,2 4242 14 : [P

36.5 38l8 5?04 1.8 -
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4.2.2. Cyclic aromatic phosphate esters.

A typical reaction between a cyclic aromatic phosphate ester
based on catechol and cumene hydroperoxide (CHF) will be mentioned

to bring out the main features of such reactions.

(a) These reactions are much faster than the corresponding
reactions of aliphatic cyclic esters. A pseudo-first-order
Plot for the decomposition of cumene hydroperoxide ,

(CHP) = 0.20 mol 1~

y and 2-methoxy-=4,5-benzo-1,3,2-
dioxaphospholan-2-oxide in chlorobenzene at 70°C is shown
in figure 4.2,
First order rate constant = 3.07 x 10-5 sec-1

(b) They are catalytic reactions and this feature is shown
in figure 4.4. where more hydroperoxide has been added
after the initially added hydroperoxide has been
decomposed.

(¢) The reaction products are mainly acetone and phenol with

very small quantities of oc -methyl styrene and acetophenonz

The product distribution for the reaction described in (a)

above is as follows. (table 4.2a),

Table s 28

The product distribution for the reaction between cumene hydro-

pPeroxide and 2—methogy—4,5—benzo-1,3,2-dioxaphospholane-?—oxide.(mole %)

CHP/phosphate phenol acetone o -me.styrene acetophenone

1 88.5 70.8 a5 1 trace
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Log Ct/Co
0
Solvent : Chlorobenzene
Temperature : 70°C
-0. 5k
@)
-1.0}
-1 .5-
0
i
-2.0 - e L
10 20 30 time/min

Figure 4.2 First order plot for the decomposition of cumene hydro-

peroxide by 2-methoxy—4,5-benzo—1,3;2-dioxaphospholan—Z—oxide(0.0QM).
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The purpose of this chapter is to describe the work carried
out on various aromatic cyclic phosphates based on catechol and
cumene hydroperoxide in order to understand more fully the mechanism
of these reactions , since such an understanding will be fundamental

in appreciating the antioxidant behaviour of these compounds.

4.3, PRODUCT ANALYSIS. (HYDROPEROXIDE DERIVED).

As the identification of decomposition products throws some
light on the mechanistic aspect of the reaction58’59 s product
distribution of the reactions of a number of phosphate esters was
studied under a variety of conditions. The cyclic phosphate was
allowed to react with cumene hydroperoxide and the products were
analysed by G.L.C, The reaction was always allowed to go to

completion before G.L.C. analysis as undecomposed cumene hydroperoxide

decomposes in the G.L.C. columns.

4.3.1. Effect of cumene hydroperoxide (CHP) / (phosphate) ratio.

It appears from table 4.3. that the major decomposition
products are phenol and acetone for the reaction of methyl catechol
phosphate with cumene hydroperoxide for a wide range of

(cHF) / (phosphate).

\ /
7N\

0 OMe

2-Methoxy=-4,5-benzo-1,3,2-dioxaphospholan-2-oxide,

(Methyl catechol phosphate)
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Table 4.3.

Effect of (CHP) / (phosphate) ratio on product distribution at 70°C

in chlorobenzene. (mol % 5%)

Phosphate = 2-Methoxy-4,5-benzo-1, 3,2-dioxaphospholane-2-oxide

(phosphate) = 0.04 mol o

(CHF) / (phosphate) phenol acetone x -methylstyrene acetophenone

1 85.3~ 70.4 8.3 0.4
5 88,5  70.8 8.1 -
10 91.4 78.2 5.2 -
40 92.3 80.0 3.2 _

The polarity of the solvent was found to play a significant
role in product distribution. In nitrobenzene at 70°C , 2-methoxy-
4,5-benzo-1,3%,2-dioxaphospholane-2-oxide gave at (CHP) / (phosphate)

of 5 , phenol and acetone as the exclusive products.

4.3.2. BEffect of substituents.

The variation of product distribution for a series of esters
was studied to assess the inductive effects on the mechanism.
These included the following.

a) variation of phosphoroyl substituents (R)

0 = -
\\p4¢0 R = (a) CHy (v) CH(CH5)2
o

o’ ™oR (c) =CH,CH,Cl

2772
(d) 06H5



The product distribution for these esters is given in table
4.4, The reactions were carried out at 70°C in chlorobenzene at a
fixed (CHP) / (phosphate) ratio of 10 : 1 with (phosphate) =

0.04 mol 1~

Table 5.40

Effect of vhosphoroyl substituent (R) on product distribution.

(mol 9 )

subgtituent phenol acetone -x=-methylstyrene acetophenone
CH3 91.4 78,2 Bel 0.8
i=-Pr 87.8 72.4 6.4 1.2
06H5. 94.8 80.8 1.8 -

These results indicate that the percentage of phenol and acetone
which are derived through an ioniec mechanism increases as R becomes

electron withdrawing and decreases as R becomes electron releasing.

NP
LN
0~ 0-R
Electron withdrawing, more phenol
—
and acetone formed.
Electron releasing, less phenol

and acetone fommed,
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b) Variation of substituent on the benzene ring.

The following esters were examined under conditions similar to

those described under (a) and the results are listed in table 4.5.

R! 0 3

R=H'CH5’t‘-Btz

Table 4.5.

Effect of benzene ring substituents on product distribution.

(mol ¢ %5 %)

1
substituent(R ) phenol acetone = « -=methylstyrene acetophenone

H 91.4 78.2 s 0.8
CH3 8306 ?2¢4 3.8 1-4
t=PFu 182 68.9 6.3 1.8

Small quantities of cumyl alcohol too were identified by G.L.C.
1
for compounds with R = CH3 and t-Bu., Again it is seen that the
electron releasing groups on benzene ring decrease the amount of

phenol and acetone formed.

These results in relation to the proposed mechanism will be

discussed in a subsequent section.
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4.4. KINETIC STUDIES.

4.4.1., Preliminary experiments.

A reaction between 2-methoxy-4,5-benzo-1,3,2-dioxaphospholane-
2-oxide and cumene hydroperoxide was carried out at 70°C in
chlorobenzene at an initial molar ratio of 2:1 (CHP : phosphate)
and the rate of disappearance of cumene hydroperoxide was determined

iodometrically as described in section 2.4.

A plot of logy, C,/C; versus time , where

Cs

the concentration of cumene hydroperoxide at any time t
and Go = the concentration of cumene hydroperoxide at t = 0
for this reaction is shown in figure 4.4.

C_ = 0.04 mol 17

o]

(phosphate) = 0.02 mol gt
In figure 4.3. is shown a second order plot for the same

reaction.

From these curves it appears that the initial reaction is
pseudo-first order with respect to the hydroperoxide and this
remains so for the major part of the reaction , in this particular
case until the original concentration of CHP is reduced from
0.04 mol 17" to 0.0022 mol 1™ as calculated from figure 4.2. At
very low concentrations of CHP , the kinetics changes to higher
orders of (CHP) (figure 4.3.) implying that the rate becomes more

8trongly dependent on its concentration.
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-2
C,=Cs / € Cp x 10
10 -
/o
/
5 L /
.'If
Qf
/
/
/
/
i
/
/
D 10 20 30

time/min
Figure 4.3 Second order plot for the decomposition of CHP by

2-methoxy-4,5-benzo=1.3,2=-dioxaphospholan-2-oxide (0.02M),

(catechol methyl phosphate)
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For the major part of the reaction therefore,

-(cBP)/at = K, (cHP)' (phosphate)™,

4.4.2 The effect of phosphate concentration on the rate of

decomposition of cumene hydroperoxide (CHP).

(a) When (phosphate) <: (CcHP)

The variation of the rate of decomposition of cumene
hydroperoxide was investigated at a fixed concentration (0.08 mol 1-3
of hydroperoxide and varying concentrations of the phosphate
2-methoxy-4,5=-benzo=1,3,2-dioxaphospholan-2-oxide (catechol methyl

phosphate) , IVa,

The results calculated from the curves in figure 4.5 are listed in

tahle 40 6.

Table 4.6

The effect of phosphate concentration on the rate of decomposition
1

of CHP in chlorobenzene at 72°C. (CHF) = 0.08 mol 1~

(Phosphate) mol 17% 10° (ciP)/(phosphate) -d(CHP)/dt initial

(mol 1" lin % 107)
8 10 2.05
16 5 4.50
24 3.3 7.14

32 2.5 9.18



9

(CHP); mol 17! x 10

L 4

10 20 25
tlme/min

FPigure 4.5 Concentration of CHP v time curves for the determination
of initial rate for the reaction between CHP and Catechol methyl

phosphate in chlorobenzene at 70°C
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A double logarithmic plot of initial rate versus concentration of
phosphate was constructed to determine the order of the reaction
with respect to the phosphate. This is shown in figure 4.6. The

The gradient of this was found to be 1.06.

Therefore the order of this reaction with respect to the cyclic

phosphate is one.

i.e.  -d(CHP)/dt K, (phosphate)’ (cHp)Y.

(b) The effect of the phosphate concentration on the rate of

decomposition of CHP when (phosphate) >  (CHP)

The influence of the concentration of the phosphate on the rate
was investigated at high concentrations of phosphate. It was found
that in the concentration range investigated, (phosphate)/(CHP) from
1 21 to 10:1, the rate was proportional to the concentration of the
phosphate. The results are given in figure 4.7 and the initial rates

calculated from that in table 4.7.

Table 4- I

The effect of phosphate concentration on the rate of decomposition

of CHP at high (bhosphate)/(CHP) ratios in chlorobenzene at 72°C

(Phosphate )/(CHP) (phosphate) -d(CHP) /dt initial.
mol .1-1 mol 1-1min_} 2
1.06 0.02 0.0027
533 0.10 0.0075

10.66 0.20 0.0150
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Log. Rateinitial
2
O
3.8 |
(),
3-6 W
D
3-25 - n L
?.0 502 ?.4

log (phosphate)
Figure 4.6 Plot of log.(initial rate) v log (phosphate) for the

reaction between CHP and catechol methyl phosphate,

in chlorobenzene at 72°C,
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(CHP) /mol 17" x2

0.0375 |
0.025
\
“Il
\l
\
\-.
0.0125 | : %
A i
\ .
; \
11
4 i
T T \J__s_____g_
e
1:10
6] L i
10 20 time /min
Figure .7 The decomposition of CHP by catechol methyl phosphate

in chlorobenzene at 70°C, (CHP) <« (phosphate)



in (rate)

initial
-5.0F
-6.0}-
"7.0.- .
/o
{ 1 )
-4.0 -=3.0 -2.0

1n (phosphate)

Figure 4.7a Doubkle logarithmic plot of rate v phosphate

concentration ~when (phosphate) > (CHP).



The plot of log(initial rate) versus log (phosphate) shown in the
figure 4.7a is linear with a gradient of 0,91 and therefore the
reaction is still first order with respect to the phosphate. At
ratios of (phosphate)/(CHP) greater than 10, the rate was extremely
fast that the initial rate could not be measured with sufficient

accuracy.

4.4.3 The effect of the concentration of CHP on its decomposition

by 2-methoxy-4,5-benzo-1,%,2=-dioxaphospholan-2-oxide

A series of experiments was carried out at a fixed concentration
of the phosphate (0.02 mol 1-1) and varying concentrations of cumene
hydroperoxide (from 0.0187 mol 1" to 0 ..72 mol 1'1). The reduction
in the concentration of cumene hydroperoxiderwith time for these

reactions are shown in figures 4.9 - 4.13, The initial rates of

hydroperoxide decomposition in these systems are listed in table 4.8.

Table 4.8

The effect of the concentration of CHP on its decomposition at a

fixed concentration (0,02 mol 1_1) of the cyclic phosphate.

(Solvent: chlorobenzene, temperature: 70°C)

(CHP)mol 1™ ' x2 (cHP)/(phosphate)  =d(CHP)/dt mol 1= 1nin~"
x2x10°
0.0375 0.93 2.70
0.1850 4.6 1 1.07
0. 3750 9.4 22.50
0.7000 17.5 23.30

1.4400 36.0 24.60
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(CHP)/mol 17% 2

0.0375}-
0.025 }
@)
O.
0.0125 i
oS-
10 20 time/min

Figure 4.9 Decomposition of CHP by catechol mgthyl phosphate

in chlorobenzene at 70°C. (CHP)/(phosphate)= 0.93
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0.2 BT _1
(CHP) /mol 1 "x2
YA\
0.15}
0.10f
0.05 |.
i
~
0 | 1
10 20 time/min

Figure 4.10 Decomposition of CHP by catechol methyl phosphate

in chlorobenzene at 70°C. (CHP)/(phosphate)=4.6



0.4 I(cHP)/mol 1= x 2

0.3 B

0 1 1

L S8 time/min

Figure 4.11 Decomposition of CHP by catechol methyl phosphate

in chlorobenzene at 70°C. (CHP)/(phosphate)= 9.4
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1

(CHP) /mol 17 'x 2
0.6 -
0.4
<
‘\.\
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0.2 |- o
0 A 1

10 20

time/min
Figure 4,12 Decomposition of CHF by catechol cyclic phosphate

in chlorobenzene at 70°C. (CHP)/(phosphate) = 17.5
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(CHP) /mol s 2
1.6

¥

0.4 ' 4
U 20time/min

Figure 4.1% Decomposition of CHP by catechol methyl phosphate

in chlorobenzene at 70°C. (CHP)/(phosphate) = 36
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The above results are represented graphically in figure 4.14 where
log, -d(CHP)/dt is plotted against log, (CHP)0 . The gradient of
the straight line part of this graph is 1.04.
at

This therefore indicates that ,(CHP)/(phosphate) ratios of up to
about 20:1, the reaction is first order with respect to cumene
hydroperoxide. In this region, the rate of decomposition varies
linearly with the concentration of the hydroperoxide for a given

concentration of the phosphate.
This leads to a kinetic expression of the type,

-d(CHP)/dt = K, (CiP)' (phosphate)™

It was proved earliar that the order of the reaction with respect to
the cyclic phosphate, was one. Therefore the rate expressdon

becomes,
-d(CHP) /dt = Ky (CHP)1 (phosphate)1

and the over all order of the reaction, when the concentrations of

the hydroperoxide and phosphate are comparable is two.

For pseado-first order kinetics to hold true with respect to
the hydroperoxide, either the phosphate concentration must be in
large excess or it mast not vary significantly during the reaction.
As the experiments were performed under conditions contrary to the
first requirement, the cyclic phosphate must be acting as a true

catalyst in this reaction.
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Figure 4,14 The effect of (CHF) on the rate of decomposition of

CHP at a constant concentration of the phosphate.(0.02M)



92

When the concentration of the hydroperoxide was very high
compared to that of the phosphate, the rate was independent of the
hydroperoxide concentration and the order of the reaction with
respect to the hydroperoxide is zero. This is indicated by the

levelling off of the curve in figure 4.14.

4.5 The effect of the substituents on the rate of the reaction

(a) Phosphoroyl substituent (R)

The rate of the reaction of the following series of phosphate

esters was measured in chlorobenzene at 70°C.

./0\\p49
N
OR
1V
R = H, Me, i-=Pr, CSHS’ CH20H2CI.

The pseudo-first order rate constants calculated from the first
order plots for the reactions of these esters with cumene hydro-

peroxide (figure 4.15) are listed under table 4.9.
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Log Ct/ (7%
0
a R = i=-Pr
- R = Me
x R = CH20H2C1
Fa) R=H
\ -
\ : CSHS
=0.5 I
_1.0_
-1 .9
1 1
0 10 20

time/min
Figure 4.15 The effect of substituents on the rate of decomposition

of CHP in chlorobenzene in 70°C
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Table 4.9

Pseudo-first order rate constants for the reactions between cumene

hydroperoxide and estrs IV in chlorobenzene at 70°C

(cEP)/(phosphate) = 2 : 1

Substituent(R) Rate constant(aec-1x103)
~-H 575
~ 0 {,0
N
O OR - -i=-Pr 2.55
- —CH2CH201 N 22

(Arrows indicate the direction of the inductive effect of R relative
to H)

The maximum error in these values is #+ 0.08x10_asec-1. The
rate is seen to be enhanced by the electron withdrawing groups while

it is reduced by the electron releasing groups.

(b) Substituents on the benzene ring

-

oy 0
| P
R ~o0” N ocH
3
v
Ll
£ e B, Mey | BB,

The reactions of these compounds with cumene hydroperoxide were

carried out under conditions similar to those described under 4.5a.
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Lﬁg ct/co

0 10 20 time/min

Figure 4.16 Rate of decomposition of CHP by esters V in

chlorobenzene at 70'C,
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The results are shown graphically as first order plots in figure 4.16

and the corresponding rate constants are given in table 4.10.

Table 4.10

Pseudo-first order rate constants for the reaction between cumene

hydroperoxide and phosphate esters V, in chlorobenzene at 70°C

1
Substituent R Rate conatant(sec-1x 103)
H 3.07
EH3 2.34
t-Bu 2.30

As seen from above results, the effect of the electron releasing

substituents is to decrease the rate of the reaction.

The

1 Ys

3).

4).

51

results so far indicate that,

There is no reaction between cumene hydroperoxide and acyclic
phosphate esters.

Aliphatic five-membered cyclic phosphate esters do react

with hydroperoxides but the reaction is not catalytic.

Cyclic phosphate esters based on catechol are powerful
catalysts for hydroperoxide decomposition.

The product distribution indicates that the reaction proceeds
through a polar or ionic intermediate, and

At comparable molar ratios, the reaction is first order with
respect to the hydroperoxide and also first order with respect

to the phosphate.






98

CEAFTER 5

THE MECHANISM OF REACTION BETWEEN CYCLIC CATECHOL PHOSPHATE ESTERS

AND HYDROPEROXIDES

The order of the reaction between cyclic phosphate esters,
2-alkoxy=-4,5-benzo-1,3,2-dioxaphospholan-2-oxides, and cumene hydro-
peroxide was established in the previous chapter. It was shown that
the reaction was first order with respect to each reactant. It was
thought pertinent at this stage to study the effect of the products
on the rate of the reaction, and the variation of the rate of the
reaction with variation of temperature and and the polarity of the
solvent, so that this: information could be used to obtain further

insight into the mechanistic aspects of the reaction.

5.1 THE ORDER OF THE REACTION WITH RESFECT TO TIME.

Comparison. of the order of a reaction with respect to
concentration, no. which is the true order, with the order with
respect to time, nt, reveals information regarding the effect of

64,65 If the order with

products formed in a reaction on its rate.
respect to time is greater than the order with respect to
concentration, then as the reaction proceeds, the rate falls off

more rapidly than it would do if the true order applied to the entire
duration of the reaction. This indicates that certain products

are acting as inhibitors of the reaction. On the other hand, if
n_is greater than N4y the rate is falling off less rapidly than

e
would be expected on the basis of the true order. The reaction is
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then activated by the products.66 This is a feature of autocatalytic

reactions.

In figure 5.1 is shown a hydroperoxide concentration versus time
curve for the reaction between cumene hydroperoxide and the cyclic
phosphate, 2-methoxy-4,5-benzo-1,3,2-dioxaphospholan=2-oxide. The
rates of disappearance of hydroperoxide, -d(CHP)/dt, at various

times calculated from the tangents to this curve are given in table

5¢71a

Table 5.1

The rates of df%ppearance of CHP at various times for the reaction

between CHP and 2-methoxy-4,5-benzo-1,3,2-dioxaphospholan=2-oxide

Solvent: Chlorobenzene; Temperature: 70°C; (CHP)o = 0.01875 mol 1-1

(phosphate)oz 0.02 mol 1™,

Time (min) (cHP), mol 17'x10° -4(CHP), /dt mol 1”himik10%
0 1 8.75 12.75
3 15.60 10.00
8 11.25 7.06
12 8. 625 5.45
16 6.68 4,60
22 4.375 312

A double logarithmic plot of the rate of disappearance of cumene
hydroperoxide, -d(CHP),/dt, at various times t, against the

concentration of the hydroperoxide at that time,(CHP)t, is represented



E (CHP) /mol 1'% 107

\
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15 |
_ A8
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=
\\\
5

Q 0 1b >d

time/min
Figure 5.1 (CHP) v time for the reaction between CHP and catechol
methyl phosphate in chlorobenzene at 70°C

(CHP) = 0.01875 mol 1'1, (phosphate) = 0.02mol 1".
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in figure 5.2. The gradient of this graph, which is the order with
respect to time, N4y is 0.97. This is not significantly different
from the true order nc(1) and indicates that the products of the

reaction have no pronounced effect on the rate of the reaction,

Phenol is a major product in the reaction and the walidity of
the above deduction was tested experimentally by running a reaction
with initially added phenol. The results are compared with a run
performed under similar conditions but where no phenol was added at

the begining of the reaction. (figure 5.3.)

Two conclusions can be reached with these observations. As
the order with respect to concentration , n, is within experimental
error , equal to the order with respect to time , 0y the products
have no effect on the rate. If any radical species are formed in
the rate determining stage the decomposition could have been
autocatalytic and ny should have been significantly less than ny.
However , as «-methyl styrene , cumyl alcohol and acetophenone
have been observed to form in small quantities , these might arise

through a radical pathway in a non-rate determining step.
The fact that added phenol has no effect on the rate indicates
that phenol is not formed in a one-step reversible process from the

reactants.. © Hence a reaction of the type.

]
Cyclic phosphate + Hydroperoxide ——= Phenol + other products

is ruled out.
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ﬁ,og.-(CHP) . /dt

"303

7

"‘3-5

1 1 L

-2.2 "'2.0 "‘1.8
Log (cm=)t

Figure 5.2 Double logarithmic plot of rate v (CHP) for the

calculation of the order w.r.t. time,
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(CHP) / mol ™
©®@ without added phenol.
\\. V with added phenol.
A}
e
0.075
v
0.05 |
0.025 |-
6\
1
° 9 10 20

time/min

Figure 5. The effect of added phenol on the rate of reaction

between CHP and catechol methyl phosphate in chloro-

benzene at 70°C. (CHP), = 0.0925 mol At

2 1

(phosphate) = 0,02 mol 1—1, (phenol) = 4.25x10 “mol 1
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This leads to the possibility of the involvement of an activated
complex or an intermediate, but here again the two steps cannot
both be reversible as products have no effect on rate.

Therefore

Cyclic phosphate + Hydroperoxide == (Intermeédiate) = Fhenol +
other products

is not possible.

The formation of phenol and acetone and compounds like
o —methyl styrene and acetophenone involves extensive structural
reorganisations and hence such a step becoming reversible is highly

unlikely.

Therefore a scheme of the type,

Cyclic phosphate + Hydroperoxide = (Interm¢diate) —s= products
(Irreversible)
is highly reasonable , and explains why the rate is not affected by

added phenol which is a major product in the reaction.

The above scheme will be dealt with in detail in a subsequent

section.
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52 VARIATION OF RATE WITH TEMPERATURE ARD THE DETERMINATIOK OF

ACTIVATION FARAMETERS

A series of reactions, with a constant molar ratio (1:5) of
phosphate : cumene hydroperoxide, was carried out at various
temperatures from 55°C to 92°C in chlorobenzene. The first order
plots for these reactions are shown in figure 5.4 and the rate

constants calculated from these curves are given in table 5.2

Table .2

Rate constants at different temperatures for the reaction between

CHP and catechol cyclic phosphate in chlorobenzene .

(phosphate) : (CHP) = 1355
Temperature (*C) 1/T x 103('K“1) Rate constantx103(sec_1)
55 3.05 0.479
72 2.89 119
83 2.81 1.86
92 2.74 2.46

The rate constant of a reaction is related to the activation energy

by the equation,

k = A e-Eé/RT (1)
where Ea is the experimental energy of activation,

From (1), 1nk=1nA-—Ea/R'I'
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A graph of log k against 1/T was constructed and this is shown in

figure 5.5. The energy of activation calculated from this is

47.1 + 3.4 kJ 2ol ( 11.3 + 0.8 keal mol’1).
The frequency factor was calculated to be 1.8 x 104 aec_1.

The entropy of activation, AS* for the reaction was calculated

using the relation,

*
k'= ekT/h, edS M _ e'Ea./RT
i
where k is the rate constant.
* o - - -
AS e = 172:20 K ol Li(41.2 ond Kimol )
4 E 3
P AR ¢ S

1 (24.8 k cal mo1™")

* .
at. 72°C, AG was found to be 103.6 kJmol

* * *
and since AG = AH - TAS,

*
AH 4, the enthalpy of activation could be calculated.

* - e
AH = 44.3 kJ mol I (10.6 k cal mol 1)

5«3 THE EFFECT OF SOLVENT ON THE RATE

The degree of solvation of the reactants and the activated
complex has a marked effect on the rate of a reaction. If the

reactants are comparatively less solvated than the activated complex
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1 L

0 10 20 time/min

Figure 5.4 First order plots for the reaction between CHP and

catechol methyl phosphate at various temperatures.



108

Log k
-2.,8 I
-3'0 -
wied |

1 ] _

2.8 2.9 2.0

1/T°k  x 100

Figure e The variation of the rate constant with temperature

for the reaction between CHF and catechol methyl phosphate.
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is, then the rate of the reaction is greater in polar solvents.

The variation of the rate of the reaction between cumene hydro-
peroxide and catechol cyclic phosphate was investigated in solvents
having different dielectric constants. First order rate constants
for these reactions calculated from the first order plots (figure 5.6)

a re given in table 5.3.

Table 5.3

The effect of solvent polarity on the rate of reaction between CHP

and catechol cyclic phosphate at 70°C. (CHP):(phosphate) = 5 : 1

Solvent ! : Rate constant(sec” ')
1,1,1=Trichloroethane 0.87 x 1077
Chlorobenzene Tl X 10_5
Nit robenzene 6.01 x 10°°

b

The maximum error in these figures being 0.3 x 10" sec~1, these
results clearly show that the rate is significantly affected by the
pelarity of the solvent, the rate being enhanced in solvents having
higher dielectric constants. This observation therefore suggests
an ionic or a highly polar intermediase for the activated complex.
This is in accord with the possibility of an ionic pathway proposed

earlier on the basis of product distribution.(chapter 4).
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1n Ct/co X 1,1,1=Trichloroethane.

o Nitrobenzene.

A Chlorobenzene.

0 5 10 time/min

Figure 5.6 First order plots for the decomposition of CHF by -
catechol methyl phosphate in various solvents at 70°C.

(CHP):(phosphate) = 10 : 1.



5.4 THE MECHANISM

5.4.1 The reaction of phosphites with hydroperoxides.

A mechanism involving a nucleophilic attack by the lone pair of
electrons (on the phosphorus ;tom ) on the hydroxy oxygen atom of
the hydroperoxide has been proposed for the reaction between
phosphites and cumene hydroperoxide by Humpris and Scott?9 This is

essentially similar to that proposed by Pobedimskii and Buchachenko?o

o ¥ OuK
(ax0),F ° ) [(uo) -P-0H on]
0-R 5
//ﬂ Radicals
+
(Ar0)5P0 e [(ArO)S-P-OH OR]

+

ROH

5.4.2 The reaction of phosphates with hydroperoxides.

A nucleophilic attack by the hydroperoxide on the phosphorus atom
appears to be the only plausible mechanism for a reaction between

catechol eyclic phosphates and hydroperoxides.

An attack by the alkyl-oxy oxygen atom on the phosphorus atom of
the phosphate will not explain the formation of observed products.

Further, such a reaction is discouraged by steric factors.
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Scheme 1

Attack by the alkyl-oxy oxygen on phosphorus

On the other hand the attack by the hydroxy-oxygen atom on phosphorus

atom as shown in scheme II is more likely.

k

2 : 1
[ .j N —_—
k

rrot
(VIII)

-1

(vin)

el
F
0
0=H
H'—O'/'+
(v1)
0 ? &
e
0~ }i’"OR
OH

(Step I1I)
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CH
| 3
R - -
L CGHS f when R'O0OH is cumene hydroperoxide.
H
i
CH
[ 3
+ + #
R'O = CH =-C-20 — H
s 06 5 + CHECOCH3
H
CH, l
(vit1) CgHg OH

Scheme 11

This scheme envisages, in step I, the formation of an activated

complex which involves charge separation. Such reactions are
68,69.

associated with abnormally low frequency factors. The

Arrhenius frequency factor, A, for this reaction was calculated to
e 158 x 104 sec-1 and accordingly suggests the formation of a polar

intermediate.

This is further confirmed by the value of the entropy of

1 1

mol” ' (41.2 cal K" 'mo1”'). The

implies
large negative value for the entropy of activation,reduction in the

* -—
activation, A4S 6 which is =-172.2 J K

degree of freedom of the system as the activated complex is formed.
This is consistent with a transition state more polar than the

reactants.

Tt was shown that the order of reactivity for the reaction between
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cumene hydroperoxide and the cyclic phosphate esters IV

(1v)

was,

R= H> CGH5 > CH20H201 > CH5 > i=Pr,

This is in keeping with the nucleophilic attack by the hydroxy
oxygen atom of the hydroperoxide on the phosphorus atom of the
cyclic phosphate., Electron releasing substituents (R) will decrease
the electrophilicity of phosphorus and hence reduce the polarity of
the P=0 bond making the reaction slower and vice versa. A similar
explanation holds true in the case of substituents on the benzene

ring.

The anion VII formed in step 1I of the scheme II is stabilised

as follows.

(1x)

Scheme III
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Electron withdrawing substituents on the benzene ring can therefore
add to the stability of these structures, while the electron
releasing substituents will have the opposite effect. This is

reflected by the reactivities of the following series.,

R OCH

Reactivity: R = H b CH5 > t-Bu

5¢4.3 Formation of cumyl alcohol, methylstvrene and acetophenone

As mentioned previously, the formation of cumyl alcohol,
methylstyrene and acetophenone, which are the characteristic

products of a radical reaction ean be explained as follows:

The activated complex VI in scheme II can generate a peroxy-

intermediate XXIII.

— = | OH
\P o O\P'{-OE
/™N0-H 0~ 0-0R
R'-0"
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This can then undergo homolytic cleavage to form radical species.

0 /0H
O \P-OR 0 OH
/ S
0 0-OR' I /P\-OR
0 0, +«OR!'
0 OH
\P/ + .OR'
7 N
0 0

.0R'" =  Cumyl alcohol — ¢-Methylsryrene.

™

Acetophencne.

This is analogous to the reaction between phosphites and hydropero-

xides described by Pobedeminskiiao and also to the reaction between

cyclic phosphites and hydroperoxides described by Humpris and Scott79

5.4.4 The fate of the substituent R

The ring closure of X can lead to the formation of the cyclic

phosphate with the elimination of “OR or OH anions.

0
O 7
~0H™ 07 or
P— OH (x11)
(X) —HO- \P /)
07 om



Methanol or isopropanol could not be detected in the early stages
of the reaction mixture when the esters with R = CH3 or i-Pr were
used. This indicates that OH is el¢minated in preference to the
alkoxy anions. This can be attributed to the lower stability of the
alkoxy anions in comparison with hydroxy anion due to the inductive
effect as indicated.
b y e 2y
Stability: —OH B 0—CH, P 0—cif
.

AN cn5

However, when R = C6H5 or -CH20H201, it was possible to detect by
g.l.c, the presence of phenol (when t-butyl hydréperoxide was used)
and 2-chloroethanol in the very early stages of the reaction, With
these esters therefore ~OC,H. and OCH,CH,Cl ions are eleminated in

675 2 2

preference to “OH.

Stability: "o < TOCH,CH,Cl ; ~OH = '006}15 .
Further, with the cyclic phosphate ester where R = —CH2CH201,

chlorobenzene could be detected when the reaction was carried out

with cumene hydroperoxide in benzene,

0\ N 0 /O-
A i ™ plo-CH
P s CH,C1
078\ 0/ | 2*"2
/ 0-CH,CH,C1 0-H
LA /
R'-0-0-H i
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0

- 0 0-
\P< v —— ™ po0-CH, CH,C1
/ el -
0 0—CH20H2C1 0”7 “NOH i
R'=0-0-H +
+ J, + R'0
0
0 i &
NoZ e P-0-CH_cH_C1
P N 22
/4 on O oH
: l
CH,=CH g
\3 / oI
0
0>Pi0
0 OH
% OCH,CH,C1
HOCH,CH,Cl
?Hj S
+ .
= H_COCH
C6H5 E 0 il CSH5 + C 50 3
i3
+ + -
(r'07) Cells ™ + c1 —_— CeHgCle
(Scheme 1V)
This provides conclusive evidence for the elemination of -00H20H201
anion.

It can therefore be concluded that the fate of group R in these
esters depends on its structure. Electron releasing groups (R) are
retained and OH is eléminated while electron withdrawing groups
are eléminated with the retention of OH. In the former case the
original ester is regenerated and in the latter, the cyclic hydroxy
rhosphate is formed. In either case this offers an explamation for

the regeneration of the catalyst.
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5.4.5 Pseudorotation

70

The concept of pseudorotation introduced by Berry'™ to explain

the 19F n.m.r spectrum of phosphorus pentafluoride PF5' has been
i

used successfully by Westheimer in an attempt to clarify the

features of five-membered cyclic phosphate ester hydrolysis.

The ester XIV undergoes acid hydrolysis as shown below.

s Wi, o -

o\P 0 o\P/o -
07 ome o’ on oé’P\ OMe
30% TO%
(X1V) (xv) (xv1)

A large percentage of the ester remains with the ring intact. An
intermediate, XVII, with the phosphoroyl oxygen protonated and the

in-coming hydroxyl group apically placed was postulated, to account

7, 74 ,89

for these observations.
(\0

Q=

I __= OMe
‘“P :T“mJ
[ ~ OH
OH
A leaving group departs from an apical position and in XVII, this
will lead to the formation of ring-opened product XVI. The inter-

mediate XVII was thought sufficiently long lived to permit

pseudorotation. Pseudorotation of this with equéttorial -OH as the
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pivot will bring the methoxy group to an apical position from which

it can depart leaving a product in which the ring is preserved.

The pentacoordinate intermediate VII in scheme II proposed for
the mechanism of reaction of cyclic catechol phosphate with cumene
hydroperoxide, is exacty similar to the intermediate XVII postulated
by Heatheimer?1 The pentacoordinate VII is produced by the nucleo-
philic attack on phosphorus by hydroxy-oxygen of the hydroperoxide
and subsequent cleavage of the peroxy bomd. Accordingly this

intermediate must have the structure,

(vin)

Cleavage of apical P—0 bond of the ring will lead to the formation
of the ring-opened phosphate ester X. Pseudorotation of VII, with

ring 0—P bond as pivot will make the ring diequitorial and this is
not energetically favoured?g Pseudorotation with -OR as the pivot
will exchange the positions of ring P-0 bonds, while that with P=0"
as pivot will bring O-R to an axial orientation. (Scheme III). This

makes the departure of ~OR possible. More electro~negative

13

substituents prefer to occupy axial positions and P-0" prefers to

be equitorial?3 Substituents like -OCH,CH,Cl are more electronegative

2 e

than -0CH, or =0-i-Pr and hence tend to favour apical positions.

3
Therefore pseudorotation of the type shown in scheme III is favoured
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0 &
= = 7
_____.7"\ - k
e pseudorotation - /
R N e
~ w i
oR  (P=07) o S <\\:;\
Sl OR
OH \6
H

gcHeME [

in such cases. This offers an alternative explanation for the prompt

cleavage of more electro negative groups,R, during these reactions.

54,6 Hydrolysis of cyclic phosphate esters.

At this stage it was of interest to study the fate of the alkyl

group R in the ester,

during hydrolysis as the mechanism of hydrolysis is essentially

similar to that involved in the reaction with hydroperoxides.

The n.m.r spectrum (figure 5.7) of pure 2-methoxy-4,5-benzo=-

1,3,2=-dioxaphospholan-2-oxide consists of the following signals:

2.7 % multiplet 4H aromatic protons

2:9-% doublet 3H methyl protons.(J,_.=11Hz)
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The n.m.r spectrum of the ester in deuterium oxide taken immediately
after making the solution shows the appearence of a new signal at

6.3 (singlet) due to the formation of cuson. Deuterium oxide, D,
was used to avoid complications due to the appearence of signals due

0,
to OH after hydrolysis.

With time the doublet due to the methyl group in the ester
decreased in intensity with simultaneous increase in the signal due
to 035 protons in CHBOD formed.(figure 5.8). After several hours
the doublet due to the methyl group in the ester was still present
and the calculations show that 69 % of the g%ﬁﬁt;;?f?fk;is the methyl

group intact.(A+C)

0 0
5.0 \P"/’ + CH,OD
2/7 07 op
0
\pz0 B (31 %)
/
0 OCH
A 5 D,0 0 0
P“~OCH,
0D  OD
<
At+c = (69 %)

5.5 THE CATALYTIC FEATURE OF THE REACTION.

Five membered cyclic phosphate esters react with hydroperoxides
but there is an important difference between between aliphatic eyclic
phosphates and aromatic cyclic phosphates., Aromatic cyclic phosphates

are powerful catalysts for the decomposition of hydroperoxides
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whereas aliphatic ones are not.

According to the mechanism discussed earlier, ring opening of
the ester is possible during the reaction. With an aliphatic cyclic
ester such as 2-methoxy-1,3,2-dioxaphospholan-2-oxide, XVIII, this

leads to the formation of the anion XX.

0 0
P\ — /P——-OMe —_— P/-OMe
0/5 OMe 0 l ~ \OH
RO-OH
RO-0H Vs l(XIX)
(xvIrI)
N 4°
P__ OMe
M
. OH
(xx)

Free rotation of bonds in XX is possible as shown. (There is some
restriction to the rotation about the P-O-alkyl bond due to pz_-' dr
bonding). This free rotation makes the regeneration of the cyclic

phosphate less likely.

With aromatic cyclic phosphate esters, the anion formed is

20 N 0
3 P=0H
0 N\
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and there is restricted rotation about P-O bond (1), 0=C bond (2)
and the C-C bond (3). This restricted rotation therefore leaves the
oxy-anion moiety close to the electrophilic phosphorus atom and the

ring closure leading to the formation of the cyclic ester is possible,

If this theory of catalytic activity, ie. one involving altermative

ring opening and ring closure of the phosphate, is true, then an

0
0 5
oV Ot
on OCH \OCH3

OR 3

ester such as, (XXI),

(xx1) (Xx11)

must also be a catalytic decomposer of hydroperoxides. This ester

where R = CH3 was synthesised by the following route.

0 CH,OH 0
0 b) 0 Vi
Nz : e 0CH,
T
0 OCH5 25°C OH \\‘OCHi
(1v) (XX1)

and it was found that it was almost as efficient a hydroperoxide
decomposer as its ecyclic analogue. Furthermore, the reaction was
catalytic, In figure 5.9 is compared the rates of the reactions of
the cyclic ester IV and the acyclic ester XXI with cumene hydro=-

peroxide. The corresponding rate constants are given in table 5.4.
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L
og Ct/co
0
_1.0 -

o

i ) 1

0 b 10 15

time/min

Figure 5.9 The rate of decomposition of CHP by the esters

IV and XXI in chlorobenzene at 70°C. (CHP)= 0.04mol 1~

=1
(phosphate) = 0.02 mol 1 °*

1
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Table 5.4

Rate constants for the reaction of esters IV and XXI with cumene

hydroperoxide in chlorobenzene at 70°C. (CHP) : (phosphate) = 2:1

1

(CHP) = 0.04 mol 1~

BEster Rate constant/'sec-1
v 3.0 x 1073
XXT 2.7 x 1072

In contrast to the ester XXI, o-methoxyphenyl dimethyl phosphate
XXITI was found to be completely inert towards hydroperoxides, just
as triphenyl phosphate is. This provides confirmatory evidence for

the proposed mechanism,

5.6 KINETIC TREATMENT OF HOMOGENEQUS CATALYSIS IN SOLUTION.

The rate of the reaction between catechol eyclic phosphates and
cumene hydroperoxide is proportional to the first power of the - -.
phosphate concentration (chapter 4). The dependence of the rate on
substrate (hydroperoxide) concentration is as shown in figure 5.10.
The rate varies linearly with hydroperoxide concentration at low
concentrations (first order kinetics) and becomes independent of it

at high concentrations (zero order kinetics) at a given concentration

of the phosphate.

This is very similar to the behaviour of enzyme catalysed

reactions.75’?6(figure 5:11)s
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-d(CHF)/dt mol 1 stn % 2 x 10°

o ’ffﬂf##ﬁ#___Tj_E‘#________——-—-“*""J-ﬂ—-ij—
20 F
O
100 =
1 1
(6} G5 s 0

(CHP)/mo1 17! x 2

Fipgure 5,10 The dependerce of the rate of decomposition of CHP

on its concentration.
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Limiting rate- — — — — -

Rate /

(Substrate)

Figure 5.11 The variation of the of an enzyme catalysed reaction
with substrate concentration.75

The reaction between a hydroperoxide and a cyclic catechol

phosphate may be represented as,

HP 4+ P _— HFP (1)

k

-1

k2

HPP el P 4+ Products. (2)
whe re, HP = Hydroperoxide,
P = Phosphate ester and
HFPP = Reaction intermediate.

This is the scheme presented in section 5.4.2, and the steady state

equation for this will be,

ky (BP)(P) = 'k (HPE) » (HFP) = .0 (3)
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The total concentration of the phosphate ester (P)o will be the sum
of the concentration of the free phosphate (P) and the concentration

of the complex (HPP) at any time.

14 5 oo (p) +  (BPP) (4)

Therefore, (F) = (p), -  (8FP) (5)

Substituting for (P) in equation (3),

k1(HPjIP)° - (HPPiI - (HPP)(k_1 + k2) = 0 (6)

k, (EP)(P),

- - (HPP) - (7)
k y +ky 4 k1(HP)
The rate of the reaction, v = = d(HP)/dt = k, (HPP)
Therefore, v = k.k, (BP)(P) / k., + k, + k,(HP) (8)
=8 0 -1 2 1
k, (HP)(P)
2
v = 2 (9)
K + (HP)
where, K = (k_1 + kz)/k1 and is equivalent to

17

the Michaelis constant Km in enzyme reactions.

1f, (HP) is very small compared to K, equation (9) becomes,

k
v = = E (§P)(P), and the rate is first

order with respect to the hydroperoxide.
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On the other hand when the hydroperoxide concentration, (HP) is

very large, i.e. (HP) > K, the equation (9) becomes,

v = k2 (P)b

and the mte is zero order with respect to the hydroperoxide.

Equation (9) may be written in the :t‘orm,?B

T . o T
k,(EP)(P) k,(P),

e
I

and the applicability of the equation to experimental data can be
tested by plotting 1/v versus 1/(HP); a straight line graph

should be obtained and from this it is possible to calculate 81,82

the specific rate constant k., and a value for the constant K.

2

A graph of this type for the results given in table 5.5 is shown in

figure 5,12,

Table 5.5

Rates of decomposition of CHP by 2-methoxy-4,5-benzo-1,3,2=-dioxaphos=-

pholan-2-oxide (0.02 mol 1-1) at various concentrations of CHP at 70°C

(CHP) /mol 1~ -d(CHP)/dt mol 1 min'  1/(CHP) 1/(rate)

(1 mol ') (1 min mol_1)

0.0187 0.00135 5343 740.7
0.050 0.0035 20.0 285.7
0.0925 0.0055 1 0.8 180.6
0.1875 0.0112 5.33 86,8
0. 350 0.0116 2.85 85.5

0.720 0.0123 1.38 81.3
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-1
1/rate 1 mol min

800 &
800 I
400
©
200 =
@
6] L { . o4
0 20 40 60
1/(8P)
1 mol_1

Figure 5.12 A plot of 1/rate v 1/(HP) for the reaction between
CHP and catechol methyl phosphate at vardous molar

proportions as given in table 5.5
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CHAPTER 6

REACTIONS OF ORGANOPHOSPHATE METAL COMPLEXES WITH HYDROPEROXIDES.

6.1 INTRODUCTION

Cyclic phosphate esters based on catechol are excellent catalysts
for the decomposition of alkyl hydroperoxides and as they perfomm
this function by a non-radical mechanism, they act as good u.v. and

thermal stabilisers in saturated hydrocarbons (chapter 7).

Instability of these esters in air (deliquescence) is one of
their main disadvantages. They have a u,v. absorption maximum near
270 nm (figure 6.1) and do not absorb at all above 300 mnm, the high
frequency limit of solar radiation reaching the atmosphere.
Therefore there is no possibility for these compounds to act as
effective u.v. screening agents . It was therefore decided to make

an attempt to prepare the transition metal complexes of the type,

RO\ /O\M/O\\P/R
\
"}\o/\o’/ \oa

RO

2N

N

VAN
\/

0 SRL GG e
0

(and the corresponding complexes of trivalent metal ions) with the
hope that these will have increased stability and improved u.v.

screening characteristics.



135




136

Though the transition metal ions are well known to decompose
hydroperoxides through one-electron transfer reactions giving rise
to free radicals,4 it was thought that this could be suﬂ}essed if a
true coordinate complex is formed. Infact polydentate ligands such
as EDTA and polyhydric phenolic compounds can deactivate tramsition
metal residues in polymers by complex formation. The donation of
electrons from the phosphato-ligands to the empty d orbitals of metal
ions can theorgtically reduce the possibility of redox reactions

with hydroperoxides.
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6.2 Results and discussion

The reactions of bis-(dimethylphosphato)cobalt II and bis=(di-
ethyl phosphato)cobalt IT with t-butyl hydroperoxide indicated that
they could decompose hydroperoxides and they do so catalytically.
Figure 6.2 shows a first order plot for the disappearance of
t-butyl hydroperoxide at 50°C in benzene when the initial hydropero-
xide concentration is 7.86 x 10-2m01 1"1 and the complex, bis-(diethyl

2

phosphato)cobalt II, edbentration is 1.09 x 10” “mol 171, The

decomposition follows pseudo-first order kinetics with a specific

rate constant of 8.88 % 0.55 x 10“4 sec-1

6.2.1 Reaction site.

Although cyclic phosphates react with hydroperoxides, acyclic
aliphatic phosphates such as triethyl phosphate are inert towards
them, and it is unlikely that the acyclic phosphate moiety in this

complex would react.

Et0 0 0 OEt
N
P< Co'\ \P<
P
gto’ Yo7 07 “oBt

Recently, Pobediminskii et alSp have reported a process of catalytic
decomposition of t-butyl hydroperoxide by triethyl and triphenyl
phosphites in the presence of catalytic quantities of acetylacetonato

complexes of dioxomolybdenum (Mo VI) and vanadyl (V IV). The
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{ 1 1
0 29 40 time/min,

Figure 6.2 Decomposition of t-butyl hydroperoxide by bis-(dietyl-

phosphato) cobalt II. First order plot.
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products of the reaction are t=butyl alcohol and thq corresponding
phosphate. The reaction was not affected by the addition of

nitroxyl radicals?a The chemical polarisation of the 51P nuclei in
the molecules of the products observed eariiefg;?h the absence of
transition metal ions during this reaction has not been observed in
the presence of Mo (VI) and V (IV) ions. On the basis of this
evidence they have postulated that the mechanism could be non-radical.

Further, they maintain that it is necessary to postulate the formation

of ROOH ..... Metal complexes during this reaction.

This situation bears many similarities to the reaction under
consideration, since the immediate product of the reaction between
triethyl phosphite and a hydroperoxide is triethyl phosphate.
However, they have pointed out that ions with a low nuclear charge

such as Co(II) were ineffective in this particular reaction.

The most likely reaction centwe in bis-(diethylphosphato)cobalt
II complex is the metal ion. The electronic absorption spectrum
(figure 6.3) of this complex has a maximum at 636 nm and shoulders on
the high frequency side at 610 nm, 590 nm and 560 nm., This is

83
U 9
identical to the characteristic tetrahedral blue spectrum of Co(II).

(figure 6.4) 1In the presence of added cumene~ or t-butyl hydroperoxide
the spectrum shifts to the high frequency region (figure 6.3 a) and

is then similar to the octahedral (red) cobalt (II) absorption(fig 6.4)

This provides evidence for the hydroperoxide entering into the

coordination sphere of cobalt ion. Similar spectral changes have

84,

been observed 85 for other cobalt complexes. The addition of
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Figure 6.4 Absorption spectra of cobalt solutions.
A. 'Red' cobalt absorption.

B. 'Blue' (tetrahedral) absorption.(Ref 83)
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cumene hydroperoxide to a solution of bis-(o-vanillalaniline) 00(1194

leads to a decrease in the intensity of the u.v absorption maximum
of the catalyst and to shift of the maximum towards high frequency
region. Broadening and shifting of n.m.r signals of cumene hydro-
peroxide have also been observed85 during complex formation with

cobalt II ions.

6.2.2 Cumenehydroperoxide decomposition products.

Amalysis of the decomposition products was carr;ed out by g.l.c
and t.l.c. A typical g.l.c trace of the products appears in figure
6.5. The major products are cumyl alcohol.and acetophenone with a
very small amount of «-methylstyrene., These are the typical
homolytic decomposition products of cumene hydroperoxide. No acetone

and phenol could be detected.

Reversible formation of hydroperoxide-catalyst complexes, as a
rule decreases the stability of the hydroperoxide which decomposes
readily with the formation of free radicals?5 It seems likely that
such complexes are of universal occurence in the reactions between

metal ions and hydroperoxides.8

Bulgakova et al85 have proposed the following mechanism for the
reaction between bis-(o=vanillal-o-anisidine)cobalt II and cumene

hydroperoxide.

n ROOH + m M™— = n ROOH....bﬂ;2+.__‘. RO* 4+ M+ )"'LXOH

3 S

Free radicals Molecular products
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It has been further demonstrateda5 that compounds of metal ‘ions of
variable valence may not only initiate but also terminate the
oxidation chain , reacting with free radicals RO0°. An identical
reaction is quite possible with the phosphato complexes of cobalt.
Evolution of oxygen was observed to occur and this is probably by

the disproportionation of alkyl peroxy radicals.a7

2 ROO® ——— 2 RO® 02

6.2.3%3 The effect of solvent on the reaction.

The concentration against time curves for the reaction between
t-butyl hydroperoxide and the phosphato cobalt complex in benzene,

chlorobenzene and chloroform at 50°C are shown in figure 6.6.

First order plots for these appear in figure 6.7, and the relevant

rate constants are given in table 6.1.

Table 6.1

Rate constants for the reaction of t-butyl hvdroperoxide with

bis-(diethylphosphato)cobalt II in various solvents at 50°C
2

2 1

(Hydroperoxide)= 7.8 x 10 “mol 1—1; (Complex)= 1.1x10 “mol 1~

Solvent Rate constant/aec_1
Benzene 107 =% ‘IO_3
Chlorobenzene T2l X ‘I(}-3

Chlerofom Goat % 10 *
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(Hydroperoxide)

mol 1™ 'x 10°

Chloroform
Benzene

Chlorobenzene

o 1e &0 A timgymin

I8
Figure 6.6 Decomposition of t-butyl hydroperoxide by bis-(diet,yl-

phosphato)cobalt II in various solvents at 50°C
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Figure 6.7 First order plots for the decomposition of t-butyl

hydroperoxide by the cobalt complex in various solvents,
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The rate of decomposition of the hydroperoxide is significantly
slower in chloroformn than that in benzene or chlorobenzene. There
is not much difference in rates in benzene and chlorobenzene., This
rules out ionic mechanisms for the reaction, The reduced rate and
also the lower extent of the reaction in chloroform could be due to
the competition between the solvent and the hydroperoxide for
coordination with the metal ion, and also due to hydrogen transfer

to radicals.

RO® ROH
+ CHCl3 —_— + 'CCl3
ROO* ROOH

This sud}esses radical induced decomposition of the hydroperoxide.

Infra red spectrum of the solution showed the development of a sharp
carbonyl peak indicative of the formation of carbonyl chloride by

the oxidation of chlorofomrm.

6.3 Reactions of hydroperoxides with catechol phosphate metal

complexes,

2

Preliminary experiments with cu*“ and Fe+3 complexes of catechol

cyclic phosphate,

~ 0 0 0 0 0 '
FE Mg ps N
g5 07T 0% g O,P\\O Fe
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showed them to be powerful catalysts for the decomposition of
cumene hydroperoxide. Figure 6.8. shows that there is an .induction
period' before the catalytic reaction commences , in the case of

the ferric complex. The same was found to be true for the Cu+2

complex.

The disappearance of cumene hydroperoxide with time for the
reaction of the Fe+3 complex and the Cu+2 complex with hydroperoxide
in chlorobenzene is shown in figure 6.8. After the initial
induction period the kinetics appear to follow a first order
relation, The rate constants for the two complexes are given in

table 6.2. These have been calculated from curves in figure 6.8.
Table 6.2.

Rate constants for the reaction of metal complexes with cumene
Tenf] = o.o028m
fCp<] =0 ‘DKM

Rate constant / sec-1

4

hydroperoxide in chlorobenzene at 59°C.

Ferric complexes 3.1 x10°" (£0.84 x 10-4)

Copper complexes 5.8 x 1074 (£ 0.3 x 10_4)

6.3.1. Decomposition products.

G.l.c. analysis of the products after completion of the
reactions for a wide range of concentrations indicated the formation
of acetone and phenol as the only products in these reactions.

Even traces of cumyl alcohol or«-methyl styrene could not be

detected. This points to the fact that the ligand , ecyclic catechol
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Figure 6.8 First order plots for the decomposition of CHP by metal

complexes in chlorobenzene at 59°C.
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phosphate is the exclusive reaction site , and that metal catalysed
redox reactions are completely supressed most probably due to the
formation of phenol and acetone both of which are good co-ordinating
solvents for metal ions , and the high reactivity of the cyclic
rhosphate ligand. On this basis they can be expected to be

effective u.v. and thermal stabilisers.

6.3.2. The effect of solvent.

Product analysis proves that the reactions follows an ionic
route , the products being acetone and phenol. On this basis rate
enhancement is to be expected in polar solvents , and this infact
was found to be true when the reaction was conducted in nitrobenzene.

(figure 6.9 ).) The appropriate rate constants appear in table 6.3,

Table 6. 3.

Rate constants for the reaction of ferric complex with CHP,

WHP] = ©.o28 M
gpxj = 0 - DO&FM
Solvent Rate constant /lsecm1
Chlorobenzene 4.1 x 10_4

Nitrobenzene a5 % 10-4
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Figure 6.9 The effect of the solvent on the rate of decomposition

of CHP by the ferric complex at 59°C
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6.3%.3. The mechanism.

The above evidence show that the reaction between the phosphato
complexes and cumene hydroperoxide
(a) is catalytic
(b) follows an ionic or heterolytic path
and (c) that the reaction takes place with the cyclic phosphate

ligand.

The mechanism is therefore essentially similar to that
postulated and substantiated for the reaction between simple cyclic

catechol phosphate esters and hydroperoxides (chapter 5)

B O
o’g‘\)/” s O/ \ g
'o_-o-a
R""O-O— "+
0 -
\ “"“P
ro* + / |

/

Acetone <+ Fhenol. \\\

0 0
N\ HJ/ It:p;:
0 <& bg#® N
\M/O>p< o e S
- *"“0/(;{')}1-0 +« HOT
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CHAFTER 7

FHOSPHATE ESTERS AND DERIVED METAL COMPLEXES AS STABILISERS IN

foLy
SATURATED OLEFINS.

7.1, INTRODUCTION.

The effectiveness of the phosphate esters and the metal complexes
was assessed by studying their effect on the oxidation of decalin
and polypropylene. Oxidation of decalin was followed by oxygen
absorption as described in the experimental section , whereas
oxidation of polypropylene during u.v. irradiation was followed
by carbonyl index measurements. These accelerated ageing tests
however , cannot be considered as ideal but rather a compromise
between time and the amount of infermation they provide , regarding

the long term effects of an antioxidant on a polymer.

T.2. HYDROCARBON OXIDATION STUDIES.

Te2.1. Decalin oxidation: Oxygen absorption studies.

Liquid hydrocarbons (tetralin , decalin , squalene , cumene etc)

have been used by earlier worker388’90’91'92

for determining the
effectiveness of antioxidants at elévated temperatures. Under
such conditions the rate of oxidation is fast and there is strong
possibility that the oxidation might become diffusion controlled ,

if the solution is not adequately stirred. There seem to be no

reports in the literature where dependance of the rate of oxidation
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on the stirring rate has been investigated. It was therefore
thought pertinent to study the effect of stirring rate on the
oxidation of decalin at 140°C., The rate of oxidation was followed
by oxygen absorption. In figure 7.1. is given the relation
between the linear rate of oxidation of decalin (at 140°C) and
the stirring rate in r.p.m. It is evident that up to about 150
r.p.m. the solution is not saturated with oxygen and the rate is

diffusion controlled.

The oxidation studies described herein were therefore carried
out at a stirring rate well above the limiting value stated above.
At 140°C , decalin oxidises without exhibiting any induction
period , the rate of consumption of oxygen being about

0.1 ml / min / ml decalin. (figure 7.2.)

All the phosphate esters based on catechol have induction
periods (measured as the time required to attain linear rate of
oxidation) of several hours as seen by table 7.1. and figures

Te3. and 7.4.

‘'ne trend observed in the rates of decomposition of
hydroperoxides is again reflected in these figures. Electron
releasing substituents on the benzene ring considerably reduce the
induction period while the same is true for the phosphoroyl

substituents.
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Table 7.1.

The induction period for oxidation of decalin at 140°C in the

presence of phosphate esters.

(phosphate) = 4 x 1074 mel / 100 ml decalin
Ester Induction period / hrs.
None 0

R=H $ R=H 52

el iR = CH,q 35

Be B3 B & i<Pr 30

R'wH 5B Cehs 53

R'= H ; R = CHyCH,CL 50

H'= Me: R = Me 30

R'= t-Bu; R = Me 24

The variation of the induction period, is in the following order:

0 0
A < O O < i
< %
¢ ore : 07 OMe ~0” ‘o(cH
(cH)),

Cl
s\ = 0” N
0’ OH 0CgHsg

All these esters are very effective hydroperoxide decomposers and
the oxidation of decalin is auﬂ}essed by vertue of théwr ability to
decompose hydroperoxides by an ionic mechanism, It is interesting

to note that o-hydroxyphenyl dimethyl phosphate, which was shown



161

earlier to be almost as effective as the correponding cyclic phosphate
in decomposing hydroperoxides is also a good thermal stabiliser of

similar standing.(figure 7.4)

After the induction period the rate of oxygen absorption
increases gradually in all cases, but this is quite small compared
to that of pure decalin. It was observed in chapters 4 and 5, that
one mole of catechol phosphate ester can decompose several hundred
moles of hydroperoxide and for a given concentration of the ester,
the rate of decomposition increases with the hydroperoxide concen-
tration until a limiting value beyond which the concentration of
phosphate becomes rate determining. This is quite consistent with
the curves in figures 7.3-7.5. As the oxidation sets in the small
amount of hydroperoxide formed is decomposed and the oxidation is
supressed but gradually as the hydroperoxide concentration increases
above the limiting value, the oxidation becomes autocatalytic but

still at a reduced rate.

Comparison of these results with those obtained by cht%iare
very encouraging . The induction periods for the oxidation of decalin

at 140°C in the presence of a variety of hindered phenols are given

in table 7.2. The data presented in tables 7.1 and 7.2 show that

for catechol esters like,

the induction period is nearly twice that for the hindered phenols,
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even though the catechol phosphates have been used at a concentration

five times lower than that of the hindered phenols.

Table 7.2

The induction periods for the oxidation of decalin at 140°C containing

hindered phenols. Concentration: 2 x 10" 2mol / 100ml decalin.

R Induction period/hrs
Methyl 27
HO CHoCHpCOOR Hexyl 24
Lauryl 22
Stearyl 18

However, these hindered phenols give considerably long induction
periods in the oxidation of decalin at the lower temperature of 120°C.

This is evident from the data in table 7.3.

Table 7.3

Induction periods for the oxidation of decalin at 120°C , containing

hindered phenols.

Compound Conc. mol/100ml decalin Temperature/'C Ind.period/hrs
Topanol 0C 2 x 1074 120 345%

4 x 1074 140 8
Irganox 1076 2 x 1074 120 1332

2 x 1077 140 187

(asref 94 3 b3 ref 93 )



163

Although the relevent induction periods at 120°C for decalin
containing catechol phosphate esters are not available, these can be
expected to compare favourably with those for hindered phenols.

An essential feature of the mechanism of c@in breaking by radical
trapping in the case of hindered phenols lies in the stability of
the peroxydienone formed at the end of the reaction. 140°C is just
about the temperature at which these peroxydienones are thermally
decomposed forming radicals. This makes the hindered phenols less

effective at high temperatures.,

> 140°C
—_—

+ .OR'

" OOR!

7.3 Thermal stability of polypropylene containing cyclic catechol

phosphate antioxidants.

Since it was found that the cyclic phosphate esters act as themmal
stabilisers in decalin, it was desired to study thesse esters as
thermal stabilisers in polypropylene films. The oxidation was followed
through oxygen absorption at 140°C. The amount of oxygen absorbed

with time by the two esters,

0 0 - 0
N: A

/P\‘/ (Vlb)o "
0 OMe 0

N S
k..

(1va). -
0CgH,
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at a concentration of € x 10™4mo1 / 100 g of polypropylene ( 0.2 %)
is shown in figure 7.5. The induction periods to oxidation are

given in table T.4.

Table 7.4

Induction periods to oxidation of polypropylene films containing

catechol phosphate esters at 140°C. Concentration: 8 x 10-301110Qg

Antioxidant Induction period/hrs
IV a 180
IV b 188
None 0

Humprié”‘has reported an induction period of 381 hours for the

oxidation of polypropylene films (at 150°C) containing the ester,

-0 4’0
P\
0 0 — Me

at a concentration of 8.7 x 10-4 mol/100g. This considerably higher
value for the induction period could be due to the contribution from
the hindered phenol moiety which could act as a chain breaking

antioxidant on its own.

7.4 U,V _LIGHT STABILITY OF POLYPROPYLENE CONTAINING PHOSPHATE ESTERS

AS ANTIOXIDANTS

Aliphatic cyclic phosphate esters have been found to act as
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pro-oxidants in polypropylene during u.v irradiation. This is
congistent with the formation of a large proportion of radical-

derived products in their reactions with hydroperoxides (chapter 4).
In contrast to this, catechol cyclic phosphates shown below,

0 B =H;, R = CH3
N L '
p” R

R! 0/ “oR '
R « CH

Hy R

n
Il

CGHB

R =CH

s 3

were found to impart a considerable amount of u.v stability on
polypropylene., This is evident from the curves for the development
of the carbonyl peak at 1710 cm” 'shown in figure 7.6, and the

embrittlement times given in table 7.5.

Table 7.5

Embrittlement times of polypropylene films containing cyclic phosphate

esters during u.v., irradiation., Concentration: 8 x 10_4m01/100g.T=29'C

Substituents Embrittlement time/hrs

]
O\ fo B.H, R CI‘I5 120
/P\ R=H, R=CgHg 135
R 0 OR 1
H=CH5 . R:CH3 80
Control 70

There is a considerable reduction in the embrittlement time for the
ester in which the benzene ring is substituted with a methyl group.

This is in keeping with the observation that esters with electron
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releasing substituents on the benzene ring give a larger proportion

of radical-derived products in reaction with hydroperoxides.

7.5 Radical trapping by phosphates.

Preliminary studies have indicated that phosphate esters based
on catechol cannot trap alkyl radicals as evident from their inability
to s%}ress AZBN (azo—bis-isobutyronitryle) induced polymerisation of

96

styrene?5 It has been shown by Levin” et al that triethyl phosphate

reacts with methyl radicals forming phosphoranyl radicals.

CH?" + (Et0)3P=0 _ (EtO)S-P-OCH
(Et0)2- |1|=' - OCH; + Et
0

3

A reaction of this type may or may not occur with cyclic phosphates
derived from catechol, but if it does occur, it might not lead to

chain termination due to the resultant radicals being too reactive.

7.6 Screening experiments.

As was mentioned previously, theselesters do not absorb above

280 nm and therefore cannot act as u.v screens, This was further
demonstrated by following the changes in carbonyl index during u.v.
irradiation of films screened by films containing the additive, as

shown in the diagram.
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Us Ve

Q Q Q

(1) (2) (3)

Q= Quartz plates; C = Films with no additive; A = Pilms with additive

Difference between 108 and 2A indicates the effectiveness of the
compound as an additive and the difference between 1CB and 505 will
indicate the screening ability of the compound. The results are

shown graphically in figure 7.7 for the ester,

The ineffectiveness of these as u.v. screens is clearly reflected
by these curves. It is effective-only when it is present as an

additive in the film.

The above observations suggest that hydroperoxide decomposition
is the most important and most probably the sole mechanism of

antioxidant action of catechol based phosphate esters.
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7.7 U.V. STABILITY OF POLYPROFYLENE CONTAINING PHOSPHATO METAL

COMPLEXES

7.7.1 Complexes derived from aliphatic phosphates

The effect of the following alkyl phosphato metal complexes on

the u.v. stability of polypropylene was studied.

1). R = CH, M = Cot

RO 0 0 OR )

N4 N 5 2) R=Cyly M= Co’
T ol .

go” 0 o“ “om 5) R=Cyll; M= st

4) R=CH, M= cut

2+ 2+

The Co and Cu complexes do not impart any improvement of
polypropylene stability compared to the control. This is consistent
with their inability to decompose hydroperoxides by a non-radical
mechanism. Due to the fact that the metal ions are co-ordinatively
bonded to the metal ion, redox reactions are however auﬁ}essed and
hence do notT;;& enhanced pro-oxidant activity either. These
inferences are drawn from the curves in figures 7.8 and 7.9.

.The behaviour of the Nig* complex was however different. As seen
in figure 7.10, there is a small reduction in the growth of carbonyl
and''an improvement in the embrittlement time. Unlike the cobalt and

the copper complex, the nickel complex was inert towards hydroperoxide

and this may at least be partly responsible for the difference.
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Carbonyl Index
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Figure 7.8 The photostability of PP films containing the

copper complex 4.
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Carbonyl Index
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Figure 7.9 ''he photostability of PP films containing the cobalt

complex 1.
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Figure 7.10 ‘the photostability of PP cotaining the nickel complex.
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T7.7.2 Complexes derived from cyclic catechol phosphates.

The photostability of polypropylene films was measured as carbonyl
index variation with time during u.v. irradiation. The results for
the ferric and the copper complexes are shown in figure 7.11 and
7.12. It is seen that both these compounds impart considerable u.v.
stability to the polymer and that the effect increases with concen-
tration. The embrittlement time of polypropylene films containing

these two metal complexes is given in table 7.6,

Table 7.6

Embrittlement time of polypropylene films containing catechol

phosphate metal complexes.

Concentration Embrittlement time/Aes
(%) Ferric complex Copper complex
None 75 75
0.05 85 102
0.1 B 110
0.25 130 225
0.5 260 525

Because of the impressive results given by the copper complex
of catechol cyclic phosphate, further work was concentrated on this

compound.

Darkening of polypropylene was observed during processing with

the copper complex in the torque rheometer. As such discoloration



176

0.6

Carbonyl

Index.

| | |

—

7

Figure 7,11

50 100 150

The photostability of PP containing ferric complex of catechol

phosphate,

=200
time/hrs.



177

Carbonyl Index
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Figure 7.12 U.v. stability of PP films containing the copper complex

of cyclic catechol phosphate,
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was not observed with the simple cyclic catechol phosphate or
with the ferric complex, it appears that this is a specific combined

effect of copper and the catechol phosphate ligand.

When the copper complex was heated in hydroperoxide-free dodecane
under nitrogen, at temperatures comparable to those involved in
processing no colour change could be observed. In the presence of
oxygen, there was a gradual darkening of the complex in several
hours. In the presence of hydroperoxides, this colour change was
quite rapid., It therefore seemed likely that the discoloration
was due to some product derived from the complex during the reaction

with hydroperoxides.

Thin layer chromatography was used to identify the products of
the reaction of the copper complex with t-butyl hydroperoxide in
dodecane. The presence of o-benzequinone in the reaction mixture
was established. o-Hydroxyphenyl phosphate was the only other
aromatic product that could be identified. (Experimental details

and the R. values are given in the experimental section).

f

7.7.3 U.v. screening by copper complex.

In view of its ability to absorb in the u.v. region, the
effectiveness of the copper complex as a u.v. filter was examined
in the same way as for the ligand, the simple cyclic phosphate

ester, described earlier. The variation of the intensity of the

carbonyl function with time for the samples used in this experiment
is shown in figure 7.12a It is seen that the film screened by the

film with the additive has a longer life and this indicates the
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Olh

Carbonyl Index A, Pure pp film screened by a pure PP film,
B. Pure PP film screened by a film containing
0.25 % of copper complex.
C. PP film containing 0.25 % of copper complex

sScreened by a pure PP film,

0

Figonre 7.12a Effectiveness of the copper complex of cyclic catechol

phosphate.a2s an additive and as 2 u.v. screen.

&

100
time /nrs
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effectiveness of the complex as a u.v. screen.

Table 7.7

U.V., Embrittlement times of polypropylene films used in screening

experiments

Embrittlement time/hrs

1) Polypropylene(PP) film screened

by pure PP film 98
2) PP film screened by PP film with

0.25 % copper complex 152
3) PP film containing 0.25 % copper

complex screened by pure PP film 260

It should,however, be noted that the screening ability of the complex
as reflected by the difference between 1) and 2) in the table 7.7
will not be effective at the same scale when present in the polymer.
In 2) above, the u.v radiation has to pass through the whole thickness
of the film containing the complex used as the screen and every
molecule of the complex threfore can absorb light, before it falls

on the film being screened. When present in the film as an additive
this situation is not realised. The relative ineffectiveness of
stabilisers acting solely by u.v. screening has been stressed by

12
Carlsson and Wiles.
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CONCLUSIONS

Though it seems unlikely at first sight , cyclic phosphate
esters do react with hydroperoxides. With five-membered ring
phosphates derived from aliphatic 1,2-diols the reaction is near
stoichiometric. With cumene hydroperoxide , a mixturéf;cetone
phenol , cumyl alecohol , acetophenone and methyl styrene is
formed indicating two mechanisms for the reaction , one involving

radical intermediates and the other involving ionic intermediates.

Studies of a series of cyclic phosphates derived from catechol
indicates that they were powerful catalysts for the decomposition

of hydroperoxides.

With cumene hydroperoxide , acetone and phenol were the main
reaction products. The rate was enhanced by polar solvents.
With these and other evidence, an ionic mechanism has been
postulated for the reaction. The reaction is characterised by a

small value for the energy of activation (47.1 kJ m01_1) a low

4

frequency factor (1.8 x 10 sec_1) and a negative entropy of

)

activation (-172.2 J K~ molv1), all consistent with a reaction

invelving polar intermediates.

The proposed mechanism envisagesalternative ring opening and
ring closure of the cyclic phosphate and this has been substantiated

by demonstrating the ability of the ester,

0
o
.Y P oMe
OH sy
OMe

XX1
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to decompose hydroperoxide catalytically. The importance of the
vicinal hydroxyl group is shown by the inactivity of the
o-methoxyphenyl dimethyl phosphate towards cumene hydroperoxide.

Vd
= P=0Me

Me \ OMe

The following appear to be the most important factors contributing
towards a catalytic, ionic reaction between hydroperoxides and

cyclic phosphates.

1). Presence of phosphorus atom as part of a five membered
ring (or potentially capable of becoming so as in @ster XXI.
2). The presence of 04—05 double bond leading to the restricted
rotation and also increasing the stability of the
intermediate phenolate anion. These requirements are most
favourably achieved by 4,5-benzo compounds ie. catechol

based esters.,

Electron withdrawing phosphoroyl substituents enhanced the rate of
the reaction while the electron releasing ones had the opposite
effect. Hlectron withdrawing substituents on the benzene ring

also had a positive effect on the rate.

When the molar ratios of the reactants was comparable, the
reactionwas first order with respect to each of the reactants. At
high concentrations of the hydroperoxides, the reacion is pseudo=-
first order with respect to the hydroperoxide. The kinetic
behaviour was found to be more or less similar to that of enzyme

catalysed reactions.
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All the esters based on catechol strongly inhibited the auto-
oxidation of decalin at 140°C. FEsters with electron withdrawing
groups had the highest effect., The ability to suppress oxidation
is attributed to their ability to decompose hydroperoxides by a
non-radical mechanism. These esters were far more effective than
the hindered phenols at this temperature. They were also shown
to be effective inhibitors of the oxidation of polypropylene at

elévated temperatures (140°C) and also during u. v. irradiation.

Metal complexes were prepared with alkyl phosphato and catechol
phosphato ligands, 2 number of these being novel compounds not
previously reported. The alkyl phosphato-metal complexes gave
mainly cumyl alcohol in their reactions with cumene hydroperoxide

and were ineffective as u.v., stabilisers in polypropylene.

Ferric and copper complexes of cyclic catechol phosphate were
found to react catalytically with hydroperoxides, and with cumene
hydroperoxide, gave acetone and phenol as the reaction products.

The essential features of the reaction are similar to those of the
simple catechol phosphate esters. Both these complexes, particularly
the copper complex, were found to be good photostabilisers in
polypropylene. The attempts to synthesise the corresponding

nickel complex were not successful.
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SUGGESTIONS FOR FURTHER WORK

Although it was intended to synthesise cyclic catechol phosphate
esters with electron withdrawing substituents on the benzene ring,
this could not be achieved during this work due to lack of time.
Prom the results of the reactions of other substituted cyclie
catechol phosphates , it can be expected that those esters with
electron withdrawing substituents on the benzene ring ought to
react faster with hydroperoxides and hence would act as better

stabilisers in polyolefins.

As previously mentioned , it was not possible to synthesise
the nickel complex of catechol cyclic phosphate employing the
general methodused for the other complexes. In view of the highly
documented ability of nickel chelates to act as stabilisers by
virtue: of their ability to quench excited statesof chromophores
it would certainly be rewarding to develop a method to synthesise

this complex.

Since the volatility of antioxidants is often an important
factor , it would be of interest to study the feasibility of

preparing high molecular weight aromatic cyclic phosphates for eg,

0 0
O/ \ O

P P
0’ ‘o—(cnz)ﬁo/\o

One important aspect emerged from this work was that phosphate

esters such as o-hydroxyphenyl dimethyl phosphate,
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0 0
4/_0OMe
~~0Me
OH

are also almost as effective as the corresponding cyclic esters such

as,
0\ /)0
7 P\
0 OMe

This, therefore possibly eliminates the necessity to prepare cyclic
esters which involves difficult synthetic procedures. A detailed
study of O-hydroxyphenyl phosphate esters as antioxidants would be

profitable.
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