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Summary. 

Very few techniques exist to study complex chemical 

structures in which polymer chains are joined by peroxide and 

sulphur bridges. One of the more successful techniques viz. 

the use of chemical probes, has its limitations, consequently 

the objective in this thesis is to investigate the reactions 

of nucleophiles with organic peroxides and disulphides with a 

view towards extending the range of nucleophiles suitable for 

use as chemical probes. 

Triphenylphosphine and sodium dialkyl phosphites react in 

a well established manner with disulphides and in view of the 

Similar chemical behaviour of oxygen and sulphur analogues, 

these two nucleophiles were initially selected for development 

as chemical probes for the structural elucidation of oxidised 

polymer networks. 

A study of the reactions of cyclic phosphoramidites with 

alkenyl disulphides has been carried out with the aim of 

replacing triphenylphosphine by a nucleophile requiring shorter 

reaction times. 

Finally, the reactions of Grignard reagents with disulphides 

and peroxides were observed since it was expected that this 

group of nucleophiles would be very effective in cleaving 0-0 

and S-S bonds. 

It has been found that reaction of triphenylphosphine 

with cyclic allylic peroxides involves a si rearrangement 

Similar to that involved in the corresponding reactions of 

alkenyl disulphides; reaction of triphenylphosphine with 

acyclic allylic peroxides is complex and an allylic 

rearrangement does not appear to be involved.
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In the absence of steric hindrance, sodium dialkyl 

phosphites cleave peroxides to form a phosphate and sodium 

alkoxide. 

Grignard reagents cleave peroxides by two simultaneous 

reactions; disulphides are, however, more resistant to attack 

and only one reaction pathway is involved. 

Desulphuration of alkenyl disulphides by cyclic 

phosphoramidites involves an S,i' rearrangement but reaction 

does not yield the allylically rearranged monosulphide 

quentitatively.
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University of Aston in Birmingham. It has been done 
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INTRODUCTION 

The peroxide bond occurs in an extensive range of orgenic 

materials and is usually formed during the atmospheric oxidation 

of hydrocerbons. | This cen lead to either a deterioration in 

the desirable properties of technological materials or can lead 

to the enhancement of these properties. Consequently, studies 

have been carried out on the promotion and inhibition of hydro- 

carbon oxidetion end emphesis has been placed on a structural 

determination of the resultant oxidised materials. 

By comperison, the sulphide linkage occurs in a limited 

range of compounds but because of the economic importance of 

vulcenised natural rubber, this system has been studied exten- 

sively in order to determine the chemical environment of the 

sulphide linksges.” 

Raw natural rubber is a high molecular weight cis 1,4= 

polyisoprene which has little commercial importance until it hes 

undergone ea process of vulcanisation,in which the polyisoprene 

chains are crosslinked by sulphur bridges to form a three di- 

mensional network. A structural determinetion of the vulcanis- 

ate enables a correlation to be made between the chemical 

structure and physical properties, thereby aiding the formulation 

of materials which best fulfil particuler requirements. 

In common with many other polymers, vulcanised rubber 

suffers chemical end physical change on exposure to air, the 

resultant materials containing peroxidic functions and the 

products of peroxide decomposition. A knowledge of the chemical 

structure of aged polymers would give some indication of the 

oxidation mechanism and once this mechanism is fully understood 

it could lay the foundations for the development of new types 

of antioxidants which might be incorporated into the polymer
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during its fabrication. 

One of the more successful methods used to determine 

vulcanisate structures has been the use of chemical probes," 

reagents which react specifically with one or more of the sulphur 

crosslinks, making it possible to estimate the concentration of 

that particular crosslink in the material. An essential 

preliminary to the use of chemical probes is a study of the 

reactions of these reagents with authentic chemical compounds 

which ere structurally similar to the groupings expected in 

polymeric materials. 

Many reagents have been investigated for thedip use as 

vulceanisate probes but almost all have serious limitations. 

However, very few chemical probes have been developed to study 

the structure of oxidised polymers but in view of the chemical 

similarity of oxygen and sulphur anelogues it is likely thet 

probes which have proved useful for the structural determination 

of vulcenisates will be applicable to the study of oxidised 

polymer structures. 

Consequently, the purpose of the present study is to 

increase the range of probes suitable for the structural 

characterisation of rubber vulcenisates and in addition to 

investigate the possibility of using this extended range of 

probes to elucidate the structures of oxidised polymers. 

The presence of the peroxide bond has been noted in an 

extensive range of materials and usually results from the 

interaction of a hydrocarbon with oxygen, the reaction being 

catalysed by heat, ultraviolet end other high energy radiation. 

The increased use of rubbers, plestics, foodstuffs and oils hes 

promoted interest in oxidation processes and the development of 

stabilisers to inhibit oxidation has become of economic



importance. 

Some industrial processes are dependant on oxidstion to 

develop the desirable properties and amongst these ere the 

setting of surface coatings and the compounding of raw rubber. 

The majority of oxidisable materisls, however, undergo changes 

resulting in a deterioration of properties, due to the formation 

of intermolecular crosslinks which cause stiffening and 

ultimate rigidity due to the polymer chains becoming bound 

together, thereby inhibiting and ultimately preventing relative 

movement of these chains.” 

Studies on the purified constituents of lubricating 61” 

have shown thet the initially formed peroxides readily 

decompose to acids, ketones, aldehydes, alcohols and ethers 

but thet the unpurified raw oil is more resistant to oxidstion 

due to the inhibiting effect of the sulphurous and nitrogenous 

a which may act as inhibitors or peroxide decomposers. 

Saturated polyolefines like polyethylene and particularly 

poly propyiese” readily undergo atmospheric oxidation unless 

stabilised. Light induced oxidation of polyvinyl ohYeiae” 

results in stiffening of plasticised stocks and subsequent 

discolouration. 

Some knowledge of the structure of aged networks has been 

obtained from a study of the oxidation of low molecular weight 

analogues of polymer Petens;” the oxidation products of simple 

orgenic compounds ere characterised and the assumption is then 

made that a similar reaction occurs in that part of the polymer 

system which is structurally related to the model compound. 

9 Studies on conjugated dienes” have shown thet oxidation can 

proceed by the less favoured non chain reaction involving 

addition to the 1,4-position (reaction 1), in which case a
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photosensitiser and light sre necessary, or alternatively, an 

alkyl peroxy radical is formed which then undergoes intra- 

molecular addition to the conjugated diene (reaction 2). 

OOH ae OOH 

( st rs ' CH, (CH, ),, CH=CHCH=CHCHR ——b are CHCHR (1) 

0#0 

00* CH=CH 

{ . 
CH, (CH), CHCH=CHCH=CHR —> CH, (CH,),CH CHCHR (2) 

iS see 

Infra-red” and ultra-violet spectroscopy. | have been used 

to follow the formation of several functional groups during the 

ageing of polymers. Unfortunately these techniques are not 

epplicable to the formation of ethers, epoxides and peroxides 

since these groups do not have specific absorptions in these 

regions and in addition, infra-red spectroscopy is unable to 

distinguish between chemical modifications of the same grouping, 

e.g. the O-H stretching frequency is identical for alcohols and 

hydroperoxides and the carbonyl stretching frequencies of 

aldehydes, ketones and acids are relatively close. 

Kinetic studies on oxygen absorption by saturated 

polyolefins have been carried out '* and it has been found that 

those polyolefins with least tertiary hydrogen atoms per 

molecule ere most resistant to oxidation in the solid state; 

above the melting point, however, there is little difference in 

rates of oxidation suggesting that it is the detailed morphology 

of the polymer which is responsible for the difference in 

stability and not the chemical structure. 

ND 
Continuous stress relaxation studies allow an estimate 

to be made of the chain crosslinking which occurs on oxidation
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whilst from viscosity" and solubility measurements it is 

possible to measure changes in molecular weight which occur. 

However, neither oxygen absorption, stress relaxation, 

viscosity of solubility studies are able to give any indication 

of the chemical structures of the oxidised networks, consequent- 

ly it can be seen that few, if any, satisfactory methods of 

determining the structure of aged polymers exist. 

The disulphide linkage is present in a variety of systems 

but its immediate environmet has been studied more extensively 

in the sulphur vulcanised natural rubber system than in any 

other. A complete structural resolution of this vulcanisate 

requires a knowledge of :- 

a) the number average molecular weight of the chains 

b) the concentration end chemical structure of the 

crosslinks 

c)the concentration and chemical structure of the main 

chain modifications 

d) the extra network material present. 

This structural resolution has been approached by three 

main experimental techniques. 

1) The use of model compounds. 
  

The structures of the products from the vulcenisation 

reaction are difficult to determine; due to their insolubility 

in organic solvents, normal organic analytical techniques 

cannot be used, consequently low molecular weight analogues 

of natural rubber have been used? since the products of their 

reaction with vulcanising reagents are more readily identified 

by chemical techniques. From these studies good indications 

have been obtained of the sulphur groupings likely to be present 

in vulcanisates,
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2) Equilibrium swelling and stress-strain measurements. 

The actual number of crosslinks per unit weight of network 

can be estimated by equilibrium swelling and stress-strain 

measurements © but empirical corrections need to be made to 

compensate for chain ends and chain entanglements. |” This 

technique, however, only provides an estimate of the number of 

crosslinks present and is unable to differentiate between the 

types of crosslinks, i.e. mono-, di-, tri- or polysulphidic, 

and fails to give any indication of the chemical environment 

of the sulphide link. 

3) The use of chemical probes. 

Information regarding the type and environment of the 

sulphide crosslink can be obtained by the use of chemical 

peabest® The value of these reagents is that they react 

specifically with one type of sulphur crosslink and give a 

measure of its concentration within the vulcanisate. 

Methyl iodide ? hes been used to determine the number of 

monosulphide crosslinks according to equation 3. 

RSR! + Mel —>  RR'Mes I (3) 
However, the same stochiometry is not observed in the 

reactions of dialkenyl- and alkyl alkenyl monosulphides,~° 

consequently results using this reagent are unreliable. In 

general, therefore, it can be seen that methyl iodide is 

unsatisfactory for use as a probe but it has been used to show 

that C-S-C linkages and not C-C linkages, es reported previously, 

are formed on vulcanisation of natural rubber with tetramethyl- 

thiuram disulphide." 

Sodium sulphite@* has been used by Russian workers to 

determine polysulphide linkages according to equation 4. 

- — w " RS-Sx-SR + x50, we RS,R + S50, (4)
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Unfortunately dialkenyl disulphides ere further reduced to the 

23 monosulphide and in addition difficulty is encountered in 

introducing the squeous solution into hydrophobic networks and 

there is also an uncertainty as to whether the resultant 

thiosulphate is extracted quantitatively from the network. 

The use of lithium aluminium hydride? has enabled a 

semi-quantitative estimate to be made of the polysulphide 

groupings present since it is unreactive towerds monosulphides 

but reacts with di- and polysulphides sccording to equation 5. 

1) LiAlH) 

RS-Sx~-SR + —> 2RSH + Mie. UO 
2 

2) Hydrolysis 

Measurement of rubber bound thiol are not very reproducible, 

due to difficulties in estimating the thiol groups in the 

hydrophobic network, and by loss of thiol by addition to the 

double bonds in the network. 

Orgenic trisulphides are completely decomposed in less 

than 30 minutes at 20° by a 0.4 moler solution of propane-2~ 

thiol and piperidine in heptanent (reaction 6) but the 

corresponding monosulphide is unreactive and the disulphide 

reacts very slowly even with more concentrated reagents 

(reaction 7). 

RELR 4) CHUN ae Sperone Soy “Sesehe GS Rere’'4 6 H, NH’ SH 
3 B..14 5 

where R = CH= CMe,=CHCH.CHMe-, CH, CH,CH=CMeCH~ (6) 

CHAN 
RSSR +  £PrSH —> RSSPr + RSH (7) 

Consequently, this reagent is suitable to determine trisulphide 

linkages in rubber networks, assuming thet di- and monosulphides 

remain unreacted. 

27 Triphenyl phosphine and sodium dialkyl choevhtee’” have
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also been used extensively as probes for vulcsenisates and their 

reactions with disulphides are briefly discussed in chepter 2. 

In addition to these three major approaches numerous other 

methods have been used to a limited extent. Spectroscopic 

cidasensnes heave been employed to study vulcanisate structures 

and cyclic monosulphides and conjugated double bonds have been 

identified~? but the method will probably best be used to 

identify sccelerator fragments introduced during vulcanisation, 

as these should give characteristic spectra. 

The thermal degradation of a network has been used,and is 

conveniently followed by measuring the decrease in stress as a 

function of time, in s vulcanisate held at constant wibneeeiee. 

This technique gives a measure of the crosslink and main chain 

scission which occurs and it has been shown thet the rate of 

loss of strain is related to the type of sulphur bonds in the 

vulcanisate and that those vulcanisates which have a large 

concentration of polysulphide crosslinks, as measured by the 

sodium sulphiite probe, were found the show the eves teat increase 

in stress i.e. were least thermally steble.~ 

It is appsrent, therefore, that very few techniques exist 

to study complex chemical structures in which polymer chains 

ere joined by peroxide or sulphur bridges. One of the more 

successful techniques, viz. the use of chemical probes, has its 

limitations, consequently the objective in this thesis is to 

investigate the reactions of several nucleophiles with peroxides 

and disulphides, with the view towards extending the range of 

these nucleophiles suitable for use as chemical probes to 

elucidate the structures of polymens containing intermolecular 

peroxidic and sulphide linkages.
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CHAPTER 1 

The Reactions of Peroxides with Nucleophilic Reagents. 

a) Introduction. 

The peroxide molecule is similer to the disulphide 

molecule in that both are linesr and it has been shown 

theoretically” that the interaction of unsymmetrical electron 

clouds of the two adjacent oxygen atoms should stabilise a non- 

planar skew configuration about the O-O bond and similer 

considerations probably apply to the S-S bond. 

The bond joining the two oxygen atoms in peroxides is much 

weaker than that joining the sulphur atoms in disulphides?* 

consequently many peroxide reactions involve the formation of 

free radicals whereas thermal homolysis of disulphides: has 

never been established with certainty.°° The reactions of per- 

oxides involving the cleavage of the 0-0 bondare not exclusively 

homolytic, and heterolytic cleavage, involving nucleophilic 

attack on oxygen, has been extensively Heportekor” 

Dialkyl peroxides require hydriodic acid?’ to effect 

cleavage but the more polarised bond in hydvoperoxides™ can 

be cleaved by an Sy attack of iodide ion on oxygen (reaction 

8); the weaker and more polarisable peroxide bond in perecids?” 

is cleaved even by the uncharged iodine stom in aryl iodides but 

this reaction is probably promoted by an intramolecular proton 

transfer (reaction 9). 

Lt o-0ha” —> IOH ‘ Buto™ (8) | ' 

H 

drts Oio-cen oe ap to + O=C-R (9) 
ag | Wich HO 

Displacement of oxygen by oxygen has not been observed in 

the reactions of simple dialkyl peroxides, hydroperoxides and
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perecids and only in very activated systems has this been 

suggested to account for reaction produatart 

The cleavage of dialkyl peroxides, involving nucleophilic 

attack by sulphur, has not been reported, but monosulphides react 

with paracday’ ena hydroperoxides 2 and the reaction has been 

shown to proceed via nucleophilic attack on oxygen, but in both 

cases attack is facilitated by hydrogen bonding. 

Hse ve HO 

(p-C1C,H, CH,) 8:0 CPh -——> (p-C1C(H) CH.) ,SO + — (10) 

0 

R 

/ 
R28: "0-0 oe R,SO0 + YH + ROB cay 

H YH 

where Y-H is a hydrogen bonding solvent. 

Nucleophilic atteck of amines on oxygen is sided by the 

lone pair of electrons on the nitrogen end amines have been 

shown to cleave the 0-0 bond in both diacyl peroxides and 

perckveciiavir 

Tervalent phosphorus also behaves as an effective 

nucleophile by virtue of its high dipole moment. The first 

cleavage of peroxides by phosphorus was reported in 1927 when 

Chellenger end Wilson showed that triphenylbismuthine. and 

triphenylstibine both formed dibenzoates on reaction with 

dibenzoyl peroxide, whereas triphenylphosphine was oxidised to 

triphenylphosphine oxide, accompanied by reduction of the 

peroxide to benzoic soliyarstect Later phtheloyl pecoutag” 

and biphenoyl neruxiaet” were reduced to the corresponding 

anhydrides. Mechanistic studies of this reaction were carried 

4 
out by Greenbaum, Denney end Hoffmann ? who used 18, tracer 

studies to show that attack does not take place at the carbonyl
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position, and proposed the following scheme to account for the 

18, distribution in the products:-~- 

18,5 185 18, 

i +p ll ll 
Noes —> a Tae a > Ph PO + C-Ph (129 

- | 

ae 18/ “Gxg-Ph 18/2 9_c-ph 
‘ j 185 18/25, 18/26 

These authors discount a free radical mechanism because redical 

attack does not take place on the solvent nor are there any 

products formed corresponding to rsedical decomposition; they 

supported the polar mechanism by their claim that free 

p-nitrobenzoate ion in solution may be incorporated into the 

anhydride product. 

Further work by Horner and Turgeieit? and by Denney and 

49 Greenbaum ~ has shown that unsymmetrical acyl peroxides 

yield unsymmetrical anhydrides only, hence the reaction of 

p-phenylbenzoyl~benzoyl peroxide with tri-n-butyl phosphine 

yields the unsymmetrical anhydride exclusively. Since the 

p-phenyl group exerts a negligible polarisation on the 

peroxide linkage, attack at either oxygen atom should take 

place at roughly the same rate, such that at any instant, the 

concentration of the following four species should be equal. 

0 0 

ma-(3-£-00(30"), € hbase") : 

G) (ii) 

O=C=Ph osc~€)-Ph 

uy “ 
(iii) (iv) 

The absence of any symmetrical anhydride suggests that these 

ion pairs (i and iii,and ii and iv) are bound together very 

tightly and in the light of this latter investigation it is
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difficult to rationalise the observation that foreign anions 

in solution can become incorporated into the product unless 

their concentration in solution is very high. Denney and 

Greenbaum also showed that the reaction of unsymmetrical 

peroxides is dependent on the relative charge densities at 

oxygen. The more electropositive oxygen atom is the preferred 

point of attack and since this produces the less thermo- 

dynamically stable anion it must be assumed that the reaction 

is kinetically controlled. The reduction of pe-nitro-p'-. 

methoxybenzoyl peroxide using tri-n-butyl phosphine results 

in 100% attack at the more electropositive oxygen atom. 

foie 
No Diocloen ™ “Ysa Opbato Ys 

i 
~ O=C=&")-OMe 

Horner and Jurgeleit?° have studied the reactions of 

( 13) 

phosphines with a variety of peroxides and proposed a general 

Scheme, involving the formation of an ion pair, to account 

for the products (reaction 14). 
we SS 

ROOR + BaF RyOsPR, OR}|—>ROR + os (714) 

As an example of this reaction these workers cited the 

reduction of di-t-butyl peroxide to di-t-butyl ether using 

triphenylphosphine at 114°C, Walling, Basedow and Sevas” ' 

failed to isolate this ether and showed that decomposition of 

the peroxide had occurred via a radical process; although the 

polar scission of di-t-butyl peroxide by triphenylphosphine or 

by the more nucleophilic triethylphosphite has been ruled out, 

the polar scission of t-butyl hydroperoxide by triethyl 

phosphite st 0°C has been reported (reaction 15), and the 

following scheme has been suggested.
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Bu‘OOH + (Et) ,P: —p Bu OB(OEt), OH)» u*ou + O=P(OEt), (15) 

However, Denney et. elit’ have pointed out that such an inter- 

mediate would be expected to yield a mixture of t-butyl- and 

ethyl a@lcohol and since only t-butanol was formed, they 

proposed an alternative mechanism in which sttack of phosphorus 

on the less sterically hindered and more electropositive oxygen 

atom yielded an intermediate which decomposed by a simple proton 

trensfer (reaction 16a), or in which reaction occurred by a more 

likely simultaneous proton transfer (reaction 16b). 
a | a + or RP: 0 65% [R, Pou - or ]> R,PO + HOR! (168) 

H ca gl 

+ R,P-6- weiteR (16b) 

Although phosphines and phosphites do not cleave di-t- 

butyl peroxide heterolytically, it is possible for poler scission 

of peroxides to occur when steric hindrance is reduced, and 

diethyl peroxide has been reduced to diethyl ether under conditions 

which are unfavourable for the production of radicals. 

In addition to the reactions outlined above, the 

nucleophilic attack on peroxides by many other reagents hes 

been studied and cleavage of peroxides by the w-electrons in 

double bonds,” lithium aluminium hydride," aluminium 

25 56 isopropoxide end Grignard reagents has been briefly reported. 

It can be seen, therefore, that there is an extensive 

range of nucleophiles able to cleave peroxides by attack on 

oxygen, but it has previously been shown thet triphenylphosphine 

end sodium dialkyl phosphites react in a well established 

Manner with disulphides,?’ consequently these two reagents 

were initially selected for development as chemical probes



a4 
for the structuralelucidation of oxidised polymer networks. 

Since it was expected thet Grignard reagents would be even 

more effective in cleaving peroxides a study of the reactions 

of these reagents with peroxides was also undertaken.
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b) The resction of triphenylphosphine with peroxides, 

i) Introduction. 

The reactions of triphenylphosphine with allylic 

disulphides have been established and used to deduce the 

chemical environment of disulphide linkages in sulphur 

vulcanised rubber.?° Considering the similar chemical 

reactivity of axyewitad sulphur analogues it seemed reasonable 

to assume that triphenylphosphine could also be used to 

investigate the presence of allylic peroxides in oxidised 

polymeric materials. Consequently a study has been carried 

out on the reactions of triphenylphosphine with simple allylic 

peroxides since these allylic peroxides sre simple analogues 

of the oxidised polymer networks. The allylic peroxide 

initially chosen for study was ascaridole (vi), becsuse this is 

@ readily available naturally occurring peroxide and can 

also be obtained on pessing oxygen through s strongly 

illuminated solution of p-mentha-1,3-diene (v) in the presence 

of a photosensitiser (reaction 17) .29 

hv 
> (ea) (17) 

2 
(v) vi 

The reaction of ascaridole with triphenylphosphine has 
60 

previously been studied by Horner and Jurgeleit as part of a 

comprehensive study of the reactions of peroxides with 

triphenylphosphine and these workers proposed that the reaction 

of ascaridole occurs via the formation of an "Zon peir" (vii) 

to yield 1,4-oxido-p-menth-a-ene (viii) and triphenylphosphine 

oxide (reaction 18).
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PhP 3 

[22] —S 4S) > (2 ] * PhPO (18) 

(v) (vii) (viii) 

In the reaction of dialkenyl- and alkenyl, alkyl disulphides 

with triphenylphosphine, Moore®' found that desulphuration 

occurred exclusively vis an Syi' mechanism (reaction 19) and 

that the alternative Sy2 reaction (reaction 20) was not 

involved. 

CH CH CH 
oN OWN a, CH, CcH,—» | cH CH —>CcH CH ee , 2 2 gc es s- lyse | (19 ) ~s*:pph Si-S-PPh} § S=PPh es 3 

R eR R 

CH,=CH-CH,, oa 
+ fe S-PPh, |—> CH, + S=PPh, (20) 

3 | 2 3 

RS RS 
*   

It can be seen that ascaridole is sable to react by either 

mechanism but in this case the two pathways would yield 

different products. Consequently, a re~investigation of the 

asceridole-triphenylphosphine reaction was cerried out as an 

initial step in the development of chemical probes for 

oxidised polymers, and in perticuler to determine to what 

extent the 82 and Sy mechanisms contributed to the reaction. 

ii) Results end Discussion. 

The reaction between ascaridole and triphenylphosphine 

in the dark at 80°C yields triphenylphosphine oxide and 

3,4-epoxy-p-menth-1,2-ene (ix) only end not 1,4-oxido-p- 

menth-2,3-ene (viii) as previously reported.
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(ix) (viii) 

oO 

Since these conditions: were slightly different to those 

reported by Horner and Jurgeleit it was possible that this 

small variation in experimental conditions might have been 

sufficient to cause the reaction to proceed by an alternative 

mechanism and to yield different products. The reaction was 

therefore repeated using the original conditions, involving 

reaction at 100°C in petroleum ether, but difficulty was 

encountered in effecting a clean separation of volatile 

product from solvent. The nuclear magnetic resonance (n.m.r.) 

spectrum, however, indicated that the product was again (ix). 

In order to eliminate the difficulties associated with removal 

of the petroleum ether, the reaction was carried out at 100°c in 

toluene and once again the product was shown to be (ix). 

A molecular model of ascaridole indicates that the 

molecule adopts a strained boat configuration and although 

it is difficult to determine whether the alkyl substituents 

offer any steric hindrance to the attacking phosphine 

nucleophile it would be expected that the isopropyl group 

would cause greater hindrance, thereby directing attack 

away from the B -oxygen atom. In addition it has been shown 

that the relative charge densities on the two oxygen atoms 

profoundly effects the position of nucleophilic attack on
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peroxides, the nucleophile preferring to attack the more 

electropositive oxygen atom, thereby liberating the less 

thermodynamically stable anion. Since the electron release 

of the isopropyl group is greater than that of the methyl 

group it would be expected that the steric and electronic 

factors would both direct initial attack of triphenylphosphine 

at theo<-oxygen atom. Consequently, it is proposed that the 

reaction of ascaridde with triphenylphosphine occurs 

according to scheme (21a) and that reactions (21b) and (18) 

do not occur. - “te 
OPPh, 

Se + Ph PO (21a) 
3 

te 3 
0 (x) i 

    

° 

ao e J (ix 

OX . ° 
fe +  Ph,PO (21b) 

OPPh Se 
- (xi) . (xii) 

Reaction initially involves attack on theeé-oxygen atom to 

yield the "ion pair" (x); the oxyanion then undergoes 

nucleophilic attack on the double bond and the consequent 

concerted allylic rearrangement results in the liberation of 

triphenylphosphine oxide and the formation of (ix). The less 

favourable nucleophilic attack of phosphorus on the B -oxygen 

atom would similarly be expected to yield the isomeric 

1,2-oxido-p-menth-3,4-ene (xii) vis the intermediate (xi) 

(sequence 21b) but (xii) was not isolated. 

In view of the extensive radical reactions of peroxides 

it is possible that nucleophilic atteck is preceded by 

homolysis of the peroxide bond. Subsequent attack by



triphenylphosphine on one of the alkoxy radicals would then 

yield an intermediate (xiii) which could form the observed 

products by radical attack on the double bond followed by 

allylic rearrangement (reaction 22). 

(OpPh 3 
a - 

5 + PhPO 

4 
~ (22) 

(xiii) (ix) 

However, it has been shown in the present work that ascaridole 

is stable in benzene at 80°C, and that no products are formed 

indicative of radical formation. In addition, homolysis 

would yield two oxyradicals which are almost equally accessible 

to attack by triphenylphosphine and it would be expected that 

(xii) would be formed by reaction (23), but this compound was 

Ph P 2 Oo 
ae + Ph,PO 

=o (23) 

(xii 

not observed. 

Ascaridole readily isomerises to isoasceridole (xiv) in 

p-xylene at 140°C 62 and since it is known that tervalent 

phosphorus is able to reduce epoxides to the corresponding 

63 
olefins, it is possible that ascaridole first undergoes 

isomerisation and that triphenylphosphine then reduces the 

lesser sterically hindered epoxide (reaction 24), but it has 

been shown in the present work that ascaridole is stable in 

benzene, in the dark, at 80°¢ and also that triphenylphosphine 

is unable to reduce isoascaridole under the conditions employed.



oO 
PhP 

03 | — =» + Ph PO (24) 

o 0 

It must be concluded, therefore, that the most likely 

mechanism which accounts for the reduction of ascaridole by 

triphenylphosphine is reaction (21a). 

(Son, 

(+) deat ay + Ph,PO (218) 4 

oe 
(v) (xii) 

The structure of the product from the reaction of ascaridole 

with triphenylphosphine was elucidated from the n.m.r. and 

infra-red (i.r.) spectra and also by peroxidation and hydro- 

genation studies. In addition, the action of heat on (xii) 

yields p-cymene and water only, thereby indicating the 

elemental composition. 

Oxidation of (xii) using perbenzoic acid showed that only 

one double bond was present and the product of oxidation was 

shown to be isosscaridole, whose structure is as written 

(xiy)>" and not as previously assigned (ev? 

oO 

fo) (25) oO 

0 oO 

(xii) (xiv) (xv) 

On hydrogenation of (xii) to confirm the presence of only 

one double bond in the molecule, only one mole of hydrogen was
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absorbed per mole of (xii) indicating the presence of only one 

double bond in the molecule. However, gas liquid 

chromatographic (g.l.c.) examination of the products of 

hydrogenation showed two major components and the i.r. spectrum 

showed an intense band at 3400cem7 | indicative of an hydroxyl 

group. The most probable interpretation of this data is that 

the ad -epoxide ring has been reduced in preference to the 

double bond, to yield a mixture of two alcohols (xvi) and (xvii). 

ee 
me OH (26) 

° OH 

(xvii) (xvi) 
This reaction was confirmed by the disappearance of the band 

at 870cm.' 66 attributable to the #-epoxide and whilst it is 

not surprising that the double bond has remained faave? it is 

surprising that the relatively stable epoxide ring should have 

been opened,and this must be due in part to the effect of the 

adjacent double bond, because the diepoxide, isoascaridole, 

(xiv) is stable under the same conditions. 

The n.m.r. spectrum of ascaridole and its assignment is 

as follows:-,, 
s 

   
a) A doublet centred 9.05% due to the coupling of protons 

G' and I' with F'.



b) 

c) 

a) 

ae 

A singlet at 8.727 due to protons A'. This methyl group 

is less shielded then is normal, due to a second order 

paramagnetic effect of the adjacent oxygen atom. 

The triplet centred at 3.567 is typical of a degenerate 

AB system and the coupling constant (9c/s) is typical of 

cis olefins. 

The absorbance pattern in the region 7.8T to 8.757 is due 

to protons B'C'D'E'F' but is too complex to be conveniently 

assigned. 

The nem.r. spectrum of the product from the reaction of 

ascaridole with triphenylphosphine and its assignment is as 

follows:- 

a) 

b) 

c) 

a) 

e) 

The resonance peak due to protons A occurs at 8.37, a 

position which is characteristic of CH.-C=CH- groups. 
2 

The doublet centred 7.1t is due to proton J which is 

coupled with K,. 

The multiplet at 4.37 is attributed to K. 

Integration indicated one olefinic and one epoxide proton. 

The four lines Geutees at 8.97 are of interest; coupling 

of the methyl groups with the adjacent tertiary proton in 

isopropyl groups normally gives rise to a doublet, but it 

has been wien” that when the isopropyl group is attached 

to an asymmetric carbon atom the two isopropyl methyls become 

megnetically non equivalent, and each methyl group then 

exhibits a different chemical shift, so that the usual 

isopropyl doublet becomes a pair of doublets. This 

doublet splitting is also noted in the spectrum of 

isoascaridole, but Danilova®? failed to report this phenomenon, 

and it might not have been apparent on the lower powered 

instrument used (40MHz). Furthermore, when (xii) is
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dehydrated to p-cymene the four lines collapse to a doublet 

Since the asymmetric centre has been removed. 

The i.r. spectrum of (xii) does not show ebsorption 

between 3000cm. and 3100cm, | which is further proof of the ° 

proposed structure, since the C-H stretching frequency of cis 

olefins is weak and difficult to detect. If the product had 

been (viii) as previously reported,it would have been expected 

that there would have been a band of medium intensity at ca. 

3060ems | corresponding to that observed in the i.r. spectrum of 

ascaridole. In addition, an intense band is observed in the 

i.r. of the product, at 860cm.', which is in the position 

normally associated with «-epoxides of the ethylene type. ° 

The reactions of triphenylphosphine with cyclohexadiene 

endoperoxide (xvi) and withes -phellandrene endoperoxide (xvii) 

were carried out to see if the reaction pathway established 

for the reaction of ascaridole (with triphenylphosphine) was 

generally applicable to cyclic allylic peroxides. 

(xvi) (xvii) 

Cyclohexadiene endoperoxide is rapidly reduced by 

triphenylphosphine in benzene solution, in the dark, even at 

room temperature, to yield 1,2-oxido-cyclohexa-3,4-ene (xviii) 

and triphenylphosphine oxide; these products can be accounted 

for by the mechanism previously proposed.



Eee ee + FPO (27) 

, 0 

(xvi) os (xviii) 

The i.r. spectrum of (xviii) showed absorption at 1250cm7", 

1430em7 | and 920cm7 | indicative of the &-epoxide ring, ° a band 

at 805em. | arising from the unsaturetion (c.f. band at 818cmz! 

in 3,4-epoxy-1-butene.’‘) and absorption at 1645cm. | 

characteristic of the C=C stretching frequency of cis olefins. ’* 

The n.m.r. spectrum of (xviii) and its assignment is as 

follows:- 

  

a) A multiplet at 4.17 due to protons EH and B. 

b) A multiplet at 6.57 due to proton I. 

c) A multiplet at 6.87 due to proton G. 

d) Absorbance in the region 7.71 to 8.47 due to protons CDEF. 

e) Integration is in agreement with the above assignment. 

The reaction of triphenylphosphine witheé -phellandrene 

endoperoxide (xvii) in benzene solution is complete within 

one hour at 80°C and within 3.25 hours at 40°. Although the 

reaction products were not completely characterised the 

information gained from the nem.er. and icr. spectra can be
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most readily explained by the following reaction sequence. 

; 
Pao | 

Ny res + Ph,PO (28a) 

Ze - 

(xx) 

+ Ph 3P0 (28b) 

por 

(xix) 
  

  

Le 

Attack et either oxygen atom is probably equally favourable 

because the isopropyl and methyl ene ere too far away to 

exert much effect, either sterically or inductively, consequently 

both isomers (xix) and (xx) are formed, in contrast to the 

ascaridole reaction, where the effects of the alkyl substituents 

are more pronounced. = 

The n.m.r. spectrum of the product is complex and almost 

impossible to assign fully but the following observations 

support the proposed structures. 

   
a) Absorption occurs at 4.67 due to B' and C'; absorption 

occurs in exactly this region in ascaridole. 

b) The proton J absorbs in the region 4.17 to 4.47, 

c) Absorption between 6.77% and 7.27 is due to B,C and od".
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d) Protons A absorb at 8.27. 

e) Absorption between 8.97 and 9.27 is due to protons E,F, 

BY and ys. 

In comparable reactions involving 1.0 mmoles of 

triphenylphosphine and 0.5 mmoles each, of ascaridole, 

cyclohexadiene endoperoxide ando ~phellandrene endoperoxide, 

in 5.0 mls. benzene at 80°C, it was seen that the latter two 

reactions were complete within 1 hour whilst the former 

reaction required 450 hours to reach completion. The relatively 

slow rate of reaction of ascaridole is probably attributable to 

two factors. Firstly, the oxygen atoms ere more sterically 

hindered than ine{ -phellandrene endoperoxide and cyclohexene 

endoperoxide, thereby inhibiting attack by triphenylphosphine 

and secondly, the electron densities at the oxygen atoms are 

greater due to the electron release of the methyl and isopropyl 

groups and it has been shown thet the reaction is favoured by 

more electropositive oxygen atoms. 

Dislkyl tetrasulphides have been reduced to the correspond- 

ing dialkyl disulphides by triphenylphosphine at 80°C and at 

140°C and the reaction has been formulated as a stepwise 

displecement. > 
r f i 

Stig ag os omg 8-8-R | ——»> Ph ,P=s + RSSSR (28a) 

PPh PPh Pins a3 

is = ~ 

R=-S-S-S-R ——> R-S-S SR —> Ph ,P=S + RSSR (28d) 
: | 
PPh PPh 

3 ns ‘     
However, in contrast with dielkenyl- or alkenyl, alkyl 

74 
disulphides, the dialkyl disulphides are stable to further 

desulphuration, which indicates that Sye displacement by Bas
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at saturated carbon is energetically much less favourable. 

Consequently, a study of the possible reaction of triphenyl- 

phosphine with dihydroascaridole (xxi) is of interest since 

in this 1,4 endoperoxide there is no possibility of an allylic 

rearrangement. 

(xxi) 

It can be seen, therefore, that the reactions of escaridole 

and dihydroasceridole with triphenylphosphine can be directly 

compared with the reactions of this reagent with alkenyl and 

dialkyl disulphides. 

It was found that the reaction of dihydrosscaridole with 

triphenylphosphine, in the derk at 80°c, wes almost es fast 

as the reaction of asceridole with triphenylphosphine. 1 mole 

of triphenylphosphine oxide was formed per molecule of peroxide 

and the major volatile products shown to be the two isomeric 

unsaturated alcohols (xxii) and (xxiii). 

OH 

OH 

(xxii) Coscia) 

Gel.c. analysis of the reaction products indicated the 

presence of 4 components having a % composition of 47.8, 

40.4, 7.2 and 4.6. The icr. spectrum showed strong absorption
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mee 

at 3400 cm. i.e. at the -OH stretching frequency, and weak 

absorption above 3000 Sues which cube aated the presence of 

the <-H grouping. 

The n.m.r. spectrum was complex but the following 

observations support the proposed product structures. 

a) A broad multiplet et 4.77 indicating proton(s) attached 

to e double bond. 

b) A broad band at 7-257 was judged to be due to the -OH group 

as this peak moved to 7.67 on 50% dilution in carbon 

tetrachloride. 

¢) Absorbance sat 8.07 indicates allylic protons. 

d) The peak at 8.357 is typical of the CH,-C=C~ group. 

Furthermore, it can be seen thet the reaction of triphenyl- 

phosphine with dihydroascaridole, and the hydrogenation of (xii), 

yield a common product viz. (xxii), and g.l.c. analysis of these 

reaction products did indicate a common product. 

The reaction of dihydroascaridole with triphenylphosphine 

could have occurred via an homolytic mechanism and the products 

could be accounted for by sequence (30). 

he 

+ PhsfO (30a) 
oa” Ou 

— 

O- Sa oH 

Cr) + Ph3Po (306) 
ae 

It would seem likely, however, in view of the known rapid 

rate of reaction between phosphines and alkoxy radicels, that 

two moles of triphenylphosphine oxide would result from each 

molecule of peroxide but this was not observed. Furthermore, it 

hes been shown that no reaction takes place between cyclohexene
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and dihydroascaridole sat 140°C, in contrast to the reaction of 

di-t-butyl peroxide and craton ekera doe consequently, it must be 

concluded that if radicals are formed on heating dihydroascaridole, 

they recombine before undergoing normal radical reactions. 

Consequently, it is proposed that the reaction involves s 

similar, more probable poler mechanism, involving nucleophilic 

scission of the peroxide bond (reaction 31). 

  

    

| oFPhs Ph_PO (31a) mop + 3 > a 

on 

: 
ow 

en, iS + Ph,PO (31b) 
+ 

OPPh; 

L 4 xxiii) 

Attack at thee andgoxygen atoms yields the two intermedietes which 

react further via an s, elimination, the proton becoming attached 

to the oxyanion. It is probable that the proton does not become 

completely detached, and that elimination and hydroxyl formation 

are synchronous steps,and this type of reaction is favoured by the 

transient formation of a relatively strain free five membered ring. 

However, since triphenylphosphine attacks ascaridole 

specifically at one oxygen atom it is difficult to see why attack 

at both oxygen atoms in dihydroascaridole should be almost equally 

favoured. 

if It has been shown that the rate of nucleophilic 

scission of S-S bonds is greater when the disulphide linkage 

is incorporated in a five membered ring system, than when 

it forms part of an acyclic disulphide. Consequently, it is 

possible that peroxides are more readily cleaved when the peroxide 

linkage forms part of a cyclic system and is held in a cis



configuration. 

It wes, therefore, decided to investigate the reactions 

of unsaturated acyclic peroxides in which the 0-O bond is 

not prevented from adopting its more usual non planar skew 

configuration. This was to investigate the possibility of 

using triphenylphosphine as a chemical probe to determine 

the presence of intramolecular peroxide bonds in aged networks. 

Acyclic allylic disulphides have been shown to readily 

undergo desulphuration with triphenylphosphine, via an Syi' 

resrrangement, to yield the isomeric monosulphide (reaction 49) 28 

This reaction is made possible by the presence of d-orbitals 

on the sulphur and by the polarisability of the sulphur 

electrons which allow a substantial charge separation before 

the bond is cleaved. Hence an incipient thiolate ion is 

formed in close proximity to the sp” carbon atom, thereby 

enabling attack to take place on the double bond. In the 

case of allylic peroxides, such charge trensfer is impossible 

and formation of the alkoxy anion necessitates the complete 

clesvege of the peroxide bond, such that the alkoxy anion is 

not held in the proximity of the double bond, and the reaction 

becomes less likely (reaction 32). 

CH CH CH 

CHMe® CH. —» | CHMe = cH —> CHMe CH > @ 2 2 | v ly+ | (32) 
Oo — 0 ‘spph 0 O-PPh 0 O=PPh 

R R R 

The reactions of triphenylphosphine with allyl t-butyl 

peroxide ,-cumyl @cyclohexenyl peroxide and t-butyl @ cyclo- 

hexenyl peroxide were studied, but beeause these peroxides 

were known to undergo radical decomposition at relatively
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@ low temperatures, to yield alcohols and aldehydes or 

ketones, reaction was initially carried out at 40° in 

benzene solution. However, in the reaction ofa-cumyl ~ cyclo- 

hexenyl peroxide with triphenylphosphine, less than 0.1 moles 

of triphenylphosphine oxide had been formed per mole of 

peroxide after 136 hours. The reaction wes, therefore, 

carried out at 80°C, but even after 200 hours the yield of 

triphenylphosphine oxide was only 0.7 mmoles per mmole 

peroxide. This reaction was cerried out 3 third time at 80°C 

but using a tenfold increase in concentration and although 

the initial rate of formation of triphenylphosphine oxide 

became greater, the final yield of triphenylphosphine oxide 

decreased to 0.45 mmoles per mmole peroxide. 

The rates of formation of triphenylphosphine oxide in the 

reactions of triphenylphosphine with allyl, t-butyl peroxide 

and with t-butyl,» cyclohexenyl peroxide were determined under 

these latter conditions but in both cases the final yield of 

triphenylphosphine oxide was less then 0.5 mmoles per mmole 

of peroxide. 

Gel.c. analysis of the volatile products from the reaction 

of triphenylphosphine with¢cumyl-cyclohexenyl peroxide, 

indicated that cumyl alcohol was the major component and that 

the remaining components were numerous, none being more than 

10% of the total product. 

This reaction probably involves prior homolysis of the 

peroxide, followed by the two oxy radicals undergoing the 

known radical reactions of combination, disproportionation 

and proton sbstraction, or, undergoing reaction with 

triphenylphosphine to form triphenylphosphine oxide and an
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alkyl radical. 

oes P 

combination, disproportionation 
OCMe., Ph 

and proton abstraction 

PhP 7 ul 
oie —4 phome.oprh PheMe., + Ph,PO (33d) 

  

      

2 a 

A polar cleavage of the peroxide would yield a phosphonium 

ion end an alkoxide ion which could react by either of two 

mechanisms (reaction 34); the first mechanism (34a), involves 

attack of the alkoxide ion on the double bond, followed by an 

allylic rearrangement, to yield cumyl. cyclohexenyl ether and 

triphenylphosphine oxide. The second mechanism (34b) involves 

the simple E, elimination of triphenylphosphine oxide and 

proton to yield cumyl alcohol and cyclohexadiene. 

Phome,o{ 
(~)-o00ne Ph 9 PhCMe,0- + Bes |- + (34a) 

PO Ph, 

Ph, P=0 (xs 3 

OCMe 2Ph HOCMe 2Ph 

Probably a more balanced view, especially in the light of 

the results at different concentrations, is that homolysis 

occurs, followed by two simultaneous reactions, either 

hydrogen abstraction or reaction with triphenylphosphine. 

A large increase in the concentration prevents the radicals 

from migrating and these radicals undergo combination,
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disproportionation and proton abstraction and consequently 

give rise to a lower yield of triphenylphosphine oxide. 

Hence, it must be concluded that if nucleophilic cleavage, 

followed by an allylic rearrangement occurs, similar to the 

reactions of allylic 1,4~endoperoxides, then it does so only 

to avery small extent.
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c) The reaction of sodium dialkyl phosphites with peroxides. 

i) Introduction. 

Although it has been suggested that the dislkyl esters 

of phosphorus acid, P(OH)5, exist in two tautomeric Porn, °° 

(RO),POH =m (RO) ,P(0)H 

it has been concluded that the tervalent phosphite form makes 

little or no contributionto the strocture,” consequently 

these reagents exhibit little of the nucleophilic reactivity 

of the trialkyl esters POR) 56 

The disulphide bond in dialkyl disulphides is stable to 

dialkyl iphowplstea’s and only in more polarisable disulphides 

does cleavage sooue ee (e.g. reaction 36). 

S S OFS 
il I een 

(R'0),P(O)H + (RO) ,P-S-S-P(OR), —> (R'0)_,P-S=P(OR) + 
e (35) 

(RO).P(S)SH 

The sodium salts of dialkyl phosphites, however, do not 

exist in the phosphonate form (RO),P(0)Na and it has been 

reas thet their structure probably involves covalent 

bonding of the sodium and oxygen atoms. Consequently, sodium 

dialkyl phosphites are strongly nucleophilic as would be 

expected considering the presence of the tervalent phosphorus. 

Because of the application of sodium dialkyl phosphites 

as chemical probes, the nucleophilic cleavage of disulphides 

using these reagents has been extensively studied”? and it 

has been found that reaction involves a two stage process. 

Firstly, between 5°c and 15°C, a cleavage reaction occurs 

analogous to reaction 32; and then at temperatures between 

30°C and 40°C a secondary dealkylation occurs (reaction 36).



ne 

BO s S20 Ss 
ees oe sd ll 

(RO),P-S-P-0-R + S=P(OR). —»(RO)_P-S-P-0 4+ RSP(OR) (36) 2 2 2 1 2 

OR Ne* OR Na* 

As the reactions of sodium dialkyl phosphites with 

disulphides have been well established, these reagents were 

selected for use as probes for the oxidised polymer system 

and an investigation has been carried out on the reactions of 

simple peroxides with sodium diethyl phosphite (xxiv) and 

sodium di-n-butyl phosphite (xxv). 

(EtO) ,PONe (Bu"0) ,PONe 

(xxiv) (xxv) 

ii) Results and Discussion. 

Di-n-butyl peroxide is readily cleaved by a 0.25 molar 

benzene solution of (xxiv) or (xxv), in the dark at 15°C, to 

yield the appropriate phosphate and sodium alkoxide, by an 

extremely exothermic reaction. 

Bu"OOBu" + (RO),PONs —» (RO),P(0) (OBu") + Bal ONR’.s . . (39) 

Di-t-butyl peroxide and di-o-cumyl peroxide were both 

recovered, unchanged, after being heated with a benzene solution 

of (xxv) at 40°C for 28 days, and this stability is almost 

certainly due to the bulky t-butyl and &-cumyl groups 

preventing nucleophilic attack on oxygen. 

Reaction can, however, take plece at oxygen adjsecent to 

the t-butyl group, if the alkyl substituent on the second 

oxygen atom is not bulky. Reactions of 0.25 molar benzene 

solutions of (xxiv) and (xxv) with t-butyl,n-butyl peroxide 

and t-butyl,ethyl peroxide, yield products corresponding to



attack at both oxygen atoms. 

Bu’OOEt + (RO).,PONa al (RO),P(0) (OBu”) + (RO) ,P(0) (OEt) (38) 

1.Omole 2-eOmoles O.3moles O.7moles: 

Bu*ooBu” + (RO) ,PONe —- (RO),P(0) (OBu”) + (ROO,P(0) (OBu") (39) 

1-Omole 2-Omoles: 0O.3moles O.7moles 

The low yield of the t-butyl phosphates is attributed to 

the steric hindrance of the t-butyl group and also to the 

higher cherge density on the oxygen atom adjacent to this group. 

No ether products were formed corresponding to dealkylation 

of the phosphate by alkoxide ion. 

The reactions of sodium dialkyl phosphites were extended to 

include the reaction with ascaridole as this hed previously 

been used as a simple model of the allylic peroxide groupings 

present in aged networks. Ascaridole reacts in s mildly 

exothermic manner with a benzene solution of (xxv) to yield 

3,4-oxido-p-menths-1-ene (ix) quantitatively. It is 

proposed thet ascaridole undergoes nucleophilic cleavage 

similer to the dialkyl peroxides, but in this case both oxygen 

atoms remain attached to the same carbon skeleton thereby 

allowing reaction to proceed further by attack of the alkoxy 

anion on the double bond with synchronous allylic rearrangement, 

to yield (ix). 

0 
8 (oBu™ 5 . : 

[a] + (Bu"0) ,PONa — —> @x) (40) 

0’ Na” . 
0 

NaOP(OBu"),
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This allylic rearrangement is elmost identical to the one 

proposed to account for the resction of triphenylphosphine 

with esceridole, but since the reduction of ascaridole proceeds 

more readily with (xxv) it is probable that the rate determining 

step is the initial cleavage of the peroxide. As in the case 

of cleavage by triphenylphosphine attack occurs specifically 

at one oxygen atom. 

In the reaction of dihydroascaridole with (xxv) there is 

no possibility of allylic: rearrangement after the initial 

scission of the peroxide bond, consequently this reaction 

wes carried out to determine the likely behaviour of (xxv) 

towards saturated 1,4 endoperoxides. The reaction product 

was hydrolysed and ether extracted and the n.mr. ands i srs 

spectra were recorded. From this data and the elemental 

analysis it was seen that the reaction products were (xxvi) 

or (xxvii) or a mixture of these two isomers, but the spectra 

were too complex for a complete characterisation of the product 

to be made. 

2 n 0 n (OBu ds #0 P(OBu )5 
foe ay (41a) 

ONa” H 
son 

xxvi 

Se Mi ONe H,0 . 
—_> (41b) 

Op(OBu")., P(OBu")., 
O° 

(xxvii) 

The mechanism of peroxide cleavage by triphenylphosphine
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has previously been established by a study of the reaction of 

triphenylphosphine with dibenzoyl peroxide. Consequently, the 

reaction of dibenzoyl peroxide with (xxv) wes studied to 

compere the reactions of these two phosphorus nucleophiles 

with diacyl peroxides and also to investigate whether the 

reaction of sodium dialkyl phosphites with alkyl and alkenyl 

peroxides is generallyapplicable to other peroxides. 

Reaction of dibenzoyl peroxide with a 0.50 molar benzene 

solution of (xxv) occurs readily at 20°C, to yield sodium 

benzoate, which was hydrolysed to benzoic acid and isolated 

in high yield, and a phosphate species whose n.m.r. and 1.7%. 

spectra and elemental analysis are consistent with structure 

(xxviii). Reaction (42) is proposed to account for the resection 

products. 

0 oO One 0 0 eo ; eee ] 
PhC-0-0-C-Ph + (Bu 0),PONa —» PhC-0-P(OBu 5 + PhCONs (42) 

(xxviii) 

Further displacement of (BuO) ,P(0)0" by benzoste ion, 

to yield benzoic anhydride, (analogous to reaction 12), does 

not appear to take place (reaction 43); this reaction would 

involve the displacement of s base by a weaker base. 

077770 O On. :0 O 
LA ve ] oil Se 

PhC-O-P(OBu ). _0-CPh PhC-0-C=-Ph + O-P(OBu )5 (43) Ce ee
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ad) The reaction of Grignard reagents with peroxides. 

i) Introduction. 

The reaction of dialkyl peroxides with Grignard reagents 

is one of a family of reactions represented by equation (44), 

RZZR + R'M pe RZR! * RZM (44) 

where Z is an element of the sixth periodic group (0, S and Se) 

and M is @ monovalent metal or a monovelent halometsallic 

group. 

This reaction wes first proposed by Wuyte, °° who reported 

the reaction between disulphides and Grignard reagents; later 

87 showed that dialkyl disulphides and @iselenides 

reacted similarly with phenyl lithium. Campbell et. aise 

Schonberg 

investigated the reaction of di-t-butyl peroxide with several 

Grignard reagents, and in the reaction with n-hexyl megnesium 

bromide, claimed to have isolated t-butyl, n-hexyl ether, 

t-butanol and hex-1-ene, as the major products, consequently, 

these workers proposed that reaction occurs by two simultaneous 

mechanisms (reactions 45 and 46). 

ROOR + R'MgX —»> ROR' + ROMgXx (45) 

ROOR + R'MgX. «5 ROH +  ROMgX + (R'~H) (46) 

Reaction (45) was thought to involve a 1,3-electron shift 

within a peroxide-Grignard complex (resection 47) and it was 

Bu’-o pees aa Mg-X Bu’ oMgx 
| | ——> + (47) 

Bu’-0 Hex” Bu’OHex® 

further proposed that the second simultaneous mechanism
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involved a hydride shift from the B-carbon atom of the Grignard 

reagent, but this mechanism has been discredited by later 

workers. 

Bu’-0 teens Mg-Br t t 
‘ | CH, —p Bu'OH + Bu OMgBr + n-hexene (48) 

Bu ~O,H-CH-C, Hy 

Morrison and Meltcer’? reinvestigated the reaction of 

di-t-butyl peroxide with n-hexyl magnesium bromide and again 

proposed two simultaneous reactions, the Mihat being identical 

to reaction (47); the second reaction was considered to 

involve the homolytic Cleavage of a peroxide-Grignard reagent 

complex, to yield hexane, hex-1-ene, dodecane and t-butanol. 

Simet?° further reinvestigated this reaction and paid 

particular attention to the non-metatheticsl reaction and 

proposed the following scheme, involving the concerted homolytic 

cleavage of the 0-0 and R-Mg bonds within a Lewis: acid complex. 

of the two reagents. 

Bue Bue 
‘ t | 

Bu0O-O0 + MgR — Bu Sees 
| 

xX : x But 
= | 

BuOs + Re + O=Mgx (49a) 

4Re —> R, + (R+H) + (RH) (49b) 

Bue. 4 cathe solvent —»> Bu “oH (49c) 

BuQh 4 RMgX — Bu OMgxX + RH (49a) 

It must be concluded that the products from the reactions 

of Grignard reagents with peroxides, are consistent with two 

Simultaneous reactions, a metathetical reaction involving a 

1,3-shift and a concerted homolytic reaction. Since the



  
  

    

Peroxide Grignard Ether Amount Alcohol Amount 

reagent product (mmoles) formed (mmoles) 

ButooBu’ Bu"Mgcl Bu oBu" 2.70 Bu'OH 5.20 

ButooBu’ Bu"MgBr Bu“ OBu” 2.42 BuroH 5.50 

ButOoBu’ Bu'MgI Bu OBu"™ 1.82 Bu’OH 6417 

Bu'OOBu’ AllylMgBr BuOAllyl 3.10 Bu’OH 4.70 

Bu"00Bu"” Bu'MgCl Bu oBu" 0.90 Bu"oH 6.80 

ButooBu’ Bu'MgCl Bu’ OBu” 0.53 Bu" OH 3.40 
ts t 7250 

Bu OBu 0.00 Bu OH 4.10 

ButooBu’ Bu'Mgcl BuoBu® 0.00 Bu’OH 7.90 

BurooBu"” Bu"Mgcl Bu oBu™ 1.38 Bu’OH 2.50 
Die 7, 

Bu OBu™ 4,24 Bu" OH 2.67 

Bu“ooBu" Bu"MgCl Bu OBu” 2.50 Bu"OH 5.50 

t. ¢ * t..* L 
Bu OOBu’ AMgBr Bu OA 3.46 Bu'OH 4.45 

* 

A = CH,=CMe-CH,- 

1. after 7 minute. 

2. after 60 hours. 

Table 1 

Showing amounts of appropriate alcohol and ether formed 

in the reactions between 4.0 x 10° 

with 24.0 x 10° 3 

3 

moles Grignard reagent. 

moles of a given peroxide
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relative proportions of the products are independent of 

concentration, it has been concluded that both reactions 

invive the same Grignard reagent complex. 7” 

Since sterically hindered dialkyl peroxides are resistant 

to the two previous nucleophiles studied, viz. triphenylphosphine 

and sodium dialkyl phosphites, it was necessary to investigate 

reagents which are able to cleave these resistant peroxides, 

and to characterise the reactions of these reagents with 

peroxides. Consequently, a brief investigation of the reactions 

of peroxides with Grignard reagents was carried out, since 

it was already known that di-t-butyl peroxide could be cleaved 

by Grignard reagents. 

ii) Results and Discussion. 

In all the reactions studied, 4.0 mmoles peroxide, in 

ether solution, were added as quickly ss possible, to a stirred 

ethereal solution of 24.0 mmoles of Grignard reagent in an 

inert atmosphere; the final volume of ether was 50.0 mls. and 

this was maintained at 20.0°C during the reaction. The rate 

of formation of the ether product and the rate of reaction of 

the peroxide were determined by g.l.c. analysis of the reaction 

medium, after varying intervals of time. The finsl reaction 

products were hydrolysed and the quantity of alcohol liberated 

was, determined by g.1.c. analysis. The final products, 

resulting from the reactions of the Grignard reagents and 

peroxides sre summarised in table 1. 

In the reactions of di-t-butyl peroxide (xxix) with 

n-butyl magnesium halides it can be seen that the rate of 

formation of the mixed ether is in the order Cl) BrDI, and 

it can also be seen that the final yield of the mixed ether is 

dependent on the halogen stom, and follows the same order



t 

Mmolese ether formed. 

  

  
  

3.04 

2.0 § 

——<) 

1.0, 

, 4 

1000... 2000 Time (mins.)—> 

Graph 1 

Showing the reaction of 4.0 x 107? moles di-t-butyl 

peroxide, in 50 mls. ether at J0° 6. with 24 x 1077 moles 

each of:- 

a) Allyl magnesium bromide, —o—_—_9— 

b) N-butyl magnesium chloride,  —¢——» »~— 

c) N-butyl magnesium bromide, dines 

d) N-butyl magnesium iodide. —_o—_9—.



f 
Mmoles. di-t-butyl peroxide. 

4.0F 

  
1.0     » ‘ t 

1000 2000 Time (mins. ) 
ome 

Graph 2 

Showing rate of disappearance of di-t-butyl peroxide 

on reaction with:- 

a) N-butyl magnesium chloride, ——_—__—__{_—. 

b) N-butyl magnesium bromide, ——}—_4—. 

c) N-butyl magnesium iodide. —o—_—_4q—_
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i.e. n-butyl magnesium chloride gives the greatest yield of 

n-butyl. t-butyl ether and n-butyl magnesium iodide gives 

the least yield of ether, (graph 1). 

It is just possible that this order of reaction is due to 

the competing homolytic reaction being greatest when n-butyl 

magnesium iodide is used. However, it can be seen that the 

rate of removal of di-t-butyl peroxide also follows the order 

Cl) Br>I, indicating that the rates of the radical reaction 

do not increase on descending the series, consequently the 

variations in rate and yield of the ether must be ascribed to 

the relative nucleophilicities of the three Grignard reagents, 

(graph 2). 

The rate of reaction of allyl magnesium chloride with 

(xxix) wes not determined because the Grignard reagent was 

only sparingly soluble in ether and formed a white suspension; 

however, it was found thet allyl magnesium bromide is an even 

more effective nucleophile than the best of the n-butyl 

Magnesium helides i.e. the chloride, by virtue of both the 

greater rate of reaction and also the final yield of allyl. 

t-butyl ether and this observation must be accounted for 

in part, by the greater anionic stability of the allylic group, 

due to resonance stabilisation, (graph 1). 

91 It has been shown by Herbstman, thet in the reaction of 

di-t-butyl ecuxt de with Grignard reagents, the extent of the 

homolytic reaction is very dependent on the alkyl group, being 

20-40% in the case of primary Grignerd reagents, ca. 60% for 

secondary and 100% for tertiary Grignard reagents. In this 

present investigation it is confirmed that reaction of di-t- 

butyl peroxide with t-butyl megnesium chloride fails to yield 

di-t-butyl ether. Even in this case, however, the peroxide-
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Grignard reagent complex is probably still formed, because the 

peroxide was entirely converted to t-butoxy magnesium chloride, 

after 60 hours, presumably via the formation of t-butanol 

(reaction 50), whereas di-t-butyl peroxide is stable in ethereal 

solution at the same temperature. 

Ba ebusae. Mg-Cl —» Buor —» Rx + Bu “OMgC1 (50) 
bs. | RMgCl t g 

Bu <0 R 

In the reaction of di-n-butyl peroxide with t-butyl 

megnesium chloride, the heterolytic pathway account for 22.5% 

of the reaction product, assuming that the ether has been 

formed only by this process. This is almost certainly due, in 

pert, to this peroxide being less sterically hindered, but also 

reflects to some extent, the greater thermal instability of the 

peroxide. 

Bu OOBu" =») Bu'MgCl ~—» Bu‘opy” (51) 
4,.Ommoles 24.Ommoles _ 0.9mmoles 

Nuceophilic cleavage also occurs during the reaction of 

t-butyl magnesium chloride with the unsymmetrical n-butyl» 

t-butyl peroxide but in this reaction ether formation is specific 

to n-butyl. t-butyl ether and di-t-butyl ether is not formed, 

even in trace amounts. Hence it must be concluded that whilst 

t-Grignard reagents are able to undergo nucleophilic attack on 

peroxides, contrary to earlier evidence, they do so usually 

when the oxygen atom attacked is not adjacent to a bulky 

substituent. 

However, it has been seen in this present work and
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elsewhere, ’~ thet the reaction of t-butyl magnesium chloride 

with t-butyl perbenzoate gives rise to a small smount of 

di-t-butyl ether, and formation of this product almost certainly 

involves nucleophilic attack on the oxygen atom adjacent to the 

t-butyl group (reaction 52), since it hss been shown that ether 

formation does not involve addition of an alkoxy radical to an 

alkyl redical, hence reaction (53) can be discounted. 

0 0 
il i} ee 
oo eee —" PhC-OMgC1 + Bu ‘OBu (52) 

| 
Bu’=0 Bu* 

0 0 
Il il t 1 

PhC=O++++++ +++ MgCl —> PhC-OMgCl + Bu O-,+ Bu (53) 
gs Ve as Bu -0 Bu Bu OBu 

The nucleophilic attack of Bue? on the oxygen atom 

adjacent to the t-butyl group is probably due to the polaris- 

ation of the peroxide linkage which allows the formation of a 

ce ae, 
$+ $- 

strong complex, and the relative charge densities of the 

oxygen atoms, which direct: attack of the Grignerd alkyl 

substituent at this position. 

The reaction of n-butyl magnesium chloride with di-n-butyl 

peroxide was extremely rapid, and had reached completion within 

1 minute at 20°C. It is of interest to note thet whereas this 

peroxide is far less sterically hindered than di-t-butyl 

peroxide, the yield of ether is less (2.70 mmoles as opposed 

to 2.50 mmoles), probably again reflecting the greater 

tendency of di-n-butyl peroxide to undergo radical decomposition. 

In the reaction of n-butyl magnesium chloride with the
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unsymmetrical n-butyl~ t-butyl peroxide, two possible heterolytic 

reactions may occur. The first involves attack on the oxygen 

atom adjacent to the bulky t-butyl group, whilst the second 

involves nucleophilic attack at the oxygen atom adjacent to 

the relatively less bulky n-butyl group. Therefore, it is of 

interest to note that the final yields of n-butyl. t-butyl 

ether (1.38 mmoles) and di-n-butyl ether (1.21 mmoles) are 

Similar and it is perhaps surprising to find a greater yield 

of the mixed ether. This probably substantiates the view that 

the initial step in the reaction involves the formation of a 

Grignard reagent=peroxide complex. Of the two possible 

complexes (xxx) and (xxxi) 

Bu” Bu” Bu’ Bua 
¢ ok | “en | 

Bu 0-0 vee MGCL Bu OmO-eeee eee MgCl 

(xxx) : (xxxi ) 

(xxx) would be prefemed on steric and inductive considerations, 

and it can be seen that this preferred complex would give rise 

to the unsymmetrical ether via the 1,3 shift discussed earlier, 

Two mechanisms have been proposed to account for the 

formation of t-butanol in the reaction between di-t-butyl 

peroxide and Grignard reagents, one of which involves a 

homolytic reaction (reaction 49) whilst the other involves a 

1,3-hydride shift (reaction 48). In the reaction of di-t- 

butyl peroxide with #-methallyl magnesium bromide there is no 

possibility of a 1,3-hydride shift because of the absence of 

#A-protons on the Grignard reagent, hence the formation of any 

t-butanol, as opposed to t-butoxy magnesium bromide, must 

involve the homolytic reaction. It has been found in this
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present work that the yield of t-butyl A-methallyl ether is 

3.46 mmoles and thet the yield of t-butanol formed on hydrolysis 

of the final reaction mixture is 4.45 mmoles. Assuming thet 

the amounts of ether and t-butoxy magnesium bromide formed in 

the metathetical reaction are equal, it must be concluded that 

0.99 mmoles t-butyl magnesium bromide result from a simultaneous 

reaction, which in this case must be homolytic. This reaction, 

therefore, supports previous evidence that the non-metathetical 

reaction is homolytic end that a 1,3-hydride shift is not 

involved. 

The reletive amounts of ether formed in the reactions of 

di-t-butyl peroxide with allyl magnesium bromide and with 

S-methsallyl magnesium bromide are in agreement with the 

expectation that the inductive effect of the B-methyl group 

gives rise to a stronger nucleophile.
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CHAPTER 2 

The Reaction of Disulphides with Nucleophiles. 

a) Introduction. 

The disulphide bond is appreciably stronger then the 

peroxide bond and does not undergo thermal homolysis?” but 

disulphides ere, however, readily cleaved by nuvleophiles, and 

this is probably due principally to the ability of sulphur to 

make use of ite 34 orbitals in the transition state. 

Heterolysis of disulphides, involving nucleophilic attack 

gh by oxygen, has been extensively reported, particularly where 

the nucleophile is alkoxide or hydroxide. The latter reagent, 

however, is only weakly thiophilic but is strongly basic, 

consequently proton abstraction often competes with simple 

nucleophilic cleavage, and the extent to which each reaction 

occurs depends on the particular disulphide structure. 7” 

Dialkyl disulphides sre stable to alkali but most diaryl 

disulphides and other more polarisable disulphides are 

hydrolysed, the reaction being favoured by electron withdrawing 

96 
ring substituents; hydrolysis of unsymmetrical disulphides 

leads to the displacement of the lesser thiophilic anion.?? 

The disulphide bond undergoes cleavage when the attacking 

element of the nucleophile is sulphur; the sulphite ion readily 

attacks at Satin?’ but the sulphite ion is not as thiophilic 

as might be expected on consideration of its double negative 

charge, due to the occurrence of charge delocalisation, 

RSSSSR + so,” a RSSSSO, “oe 

RSSSSO, = + so” = RSSSO/ “8.0” 
> 3 Pe 3 2.3 

Whilst sulphite ion desulphurises polysulphides and 

elemental sulphur, disulphides in general remain unreactive, 

39 although cleavage does occur in activated systems, and in
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unsymmetrical disulphides the least basic mercaptide is once 

again displaced, ‘°° 

A study of the sulphite exchange reaction eg, shows the 

remarkable influence of steric hindrence in preventing a 

backside attack of sulphite on sulphur. 

In the reaction:-= 

€ x RS-S0,° + so,” = RS8OL #280 

" 

the rate constant, ko 

  

and this has been shown to be markedly dependant on the alkyl 

substituent. 

R CH, CH,CH, ( CH) 2CH= (cH,) 3c~ 

100|k.R 
100 fix, ] 100 50 0.7 0.0006 [«.cH,] 

The thiosulphate ion which results from attack of sulphite 

on sulphur is a weak base but this in turn is able to displace 

the thiocyanate ion in a reversible process. (0 

RS-SCN + so, = RS-S,0, + SCN 

The nucleophilic cleavage of disulphides involving nitrogen 

has been briefly reported and it has been shown (95 that 

isopropylamine is able to cleave diisopropyl disulphide and 

that 4,4-dicarboxyl diphenyl disulphide reacts with pyridine 

and aniline. In sddition it has been shown that the thio- 

cyanate ion is displaced from thio-cyanogen and from 2-nitro- 

benzenesulphenyl thiocyenate, 10+



+ 
NCS+SCN + Et,NH —_— NCS-NHEt, + SCN 

Phosphorus nucleophiles have a strong affinity for 

sulphur due to the high polerisability of the phosphorus 

electron cloud, which enables electron donation into the empty 

3a orbitals on sulphur. Primary, secondery end tertiary alkyl 

phosphines react rapidly with elemental sulphur '©7 but the 

stepwise replacement of the alkyl groups in trialkyl phosphines 

by eryl groups, progressively reduces the rate of reaction. 

Studies of the reaction of triphenylphosphine with elemental 

sulphur (Sg) indicate thet the rate determining step involves 

the opening of the Se ring; 1° 

be - 

PhP + S9 _—> Fh PS5 ,8 

reaction then proceeds by a more rapid stepwise attack of 

phosphine on the linear sulphur chain to yield triphenyl- 

phosphine sulphide. 

Ay ay Ph. P=S Ph_P-S-S_-S. sa = ¥ a ae 
PPh 

3 

Dislkyl tetrasulphides sre similarly reduced to the disulphide 

but since the disulphides remain unreacted even at 140°C, it 

would appeser that Sye displacement by thiolete ion at saturated 

107 carbon is energetically much less favourable. 

RSS,SR - éPh.P —_ RSSR + 2Ph,P=S 

Ar: s Ph,P + RSSR 7% Ph P=S-R+SR PyPhzP=8 + RSR
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Alkenyl disulphides do, however, react further, but in this 

case the free thiolate ion is not formed, and reaction involves 

an intermediate in which there is little charge separation, 

consequently an Si! mechenism has been proposed to account for 

this reaction (reaction 19), 108 

Trialkyl phosphites are more thiophilic than the phosphines 

due to the higher electron density at phosphorus resulting from 

the electron release of the alkoxy groups end triethyl 

phosphite displaces ethyl thiolate ion from diethyl disulphide 

109 as the first step in a two stage process. Further reaction 

by the thiolate ion, at the O-alkyl position, results in 

deéthylation of the phosphonium ion to yield the monosulphide 

and 0,0,S-triethyl phosphorothiolate. 

+ 
— 

EtSSEt + P(OEt) eo EtSP(OEt) 3 + SEt 

+$\ om 
EtSP-0-Et  SEt — EtSP=0 *- EtSEt 

| ‘ 
(OEt ) 2 (OEt) 2 

Harvey, Jacobson and Taseen, (” investigated the reactions 

of triethyl phosphite with a variety of disulphides and 

concluded that the reaction is ionic, involving valence 

expension. Reaction is favoured by polarissble disulphide bonds, 

consequently cleavage of symmetrical diaryl disulphides requires 

less vigourous conditions than cleavage of dialkyl disulphides. 

Furthermore, unsymmetrical dialkyl-, alkyl, aryl- end diaryl 

disulphides are very reactive towards triethylphospite and in 

all cases attack is specific to one sulphur atom, the anion of 

the more acidic thiol being displaced.
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It has been shown that structures of the type (xxxiii) 

contribute little to the structure of disulphides, |!" 

R-S-SaR ReS=S=R = Se §- Goce 
(xxxii) (xxxiii) 

hence, reactions involving direct nucleophilic attack at sulphur 

would be expected to occur at the more electropositive sulphur 

_ atom, which is adjacent to the more strongly electron 

withdrawing substituent. However, both nucleophilic and 

electrophilic attack, on disulphides, take place at the more 

electronegative sulphur atom, suggesting the involvement of an 

intermediate such that no matter which sulphur atom is attacked, 

the wore stable thiolate ion is iobtareivieits displeced. '* 

Moore and Trego! found that reaction of allylic 

disulphides with triethyl phosphite at 80°C does not involve 

complete scission of the disulphide bond, and suggested that 

desulphuration occurs via en allylic rearrangement identical 

to that reported by these eek ene to explain the desulphuration 

of allylic disulphides by triphenylphosphine.
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b) Reaction of sodium dialkyl phosphites with disulphides. 

i) Introduction. 

Dialkyl phosphites are weakly thiophilic and only cleave 

highly polsrisable S-S onde, The sodium salts of dialkyl 

phosphites, however, are strongly thiophilic amd in the reaction 

with disulphides, the S-S bond is cleaved as the first step in 

a two stage process. 

0 Nat 0 
il m T (54) 

RSSR + (R'0),PONa —> RSP(OR')O-R' SR-—» RSP(OR')(ONa) + R'SR 

Sodium dialkyl phosphites again displace the more stable 

thiolsete ion from unsymmetrical disulphides and it has been 

found thet reactions with disulphides sare not reversible, since 

no thiolate ion scavenger is needed to make the reaction go to 

completion. |!” 

Moore and Brego!'° found thet dialkenyl- and alkenyl, alkyl 

disulphides reacted readily with sodium dialkyl phoppndege in 

benzene solution at 25°C, by a mechanism identical to reaction 

54,and that the alternative Syi' reaction wes unimportant. 

However, in the case of alkenyl disulphides dealkylation occurs, 

involving cleavage of a C-S bond concurrently with cleavage of 

the C-O bond (reaction 55). 

O OBu™ a, CMe=CHCHMe-S-CHMeCH=CMe, (55a) 
\/ “ a7 

CMe. =CH-CHMe-SP-0-Bu 
2 a 6 

- ~~ n CMe,=CH-CHMeS Na b CMe,=CHCHMe-S-Bu (55b) 

It has been shown in this thesis that di-n-butyl 

peroxide is readily cleaved using sodium dialkyl phosphites in 

benzene solution at 20°C, whereas di-t-butyl peroxide is stable
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when heated at 40°C for 28 days. It has also been shown |? 

that di-n-butyl disulphide is readily cleaved by a benzene 

solution of sodium dialkyl phosphite at 20°c, consequently 

it is of interest to investigate the reaction of di-t-butyl 

disulphide with sodium dialkyl phosphites,to see if the greater 

bond length of disulphides is such that steric factors are less 

important, and to see whether cleavage is common to all 

disulphides or whether reaction is dependent on steric 

considerations. 

ii) Results end Discussion. 

0.10 mole di-t-butyl disulphide was: added to a solution of 

0.40 mole sodium di-n-butyl phosphite in 200 mls. benzene 

solution and maintained at 25°C but after 214 hours no reaction 

had occurred. 

The reactants were then heated to 80°C for 48 hours after 

which time all the disulphide had reacted to yield 0.097 moles 

n-butyl t-butyl monosulphide, as determined by g.l.c. analysis. 

Di-t-butyl monosulphide was not produced, even in trace amounts. 

These observations are accounted for by the following 

two stage reaction (reaction 56). 

putslaxut Bu-s “SBu’ 
fae ee on s (56a) 

(Bu 0).,PONe (Bu 0).P=0 Na 

0 oO 

c M n = n t i n iG Bu SP-0-Bu SBu — Bu SP-ONa + Bu SBu° (56b) 
| 

OBu™ Na* OBu™ 

The dihedral angle in di-t-butyl peroxide (125°) is larger 

then that in t-butyl hydroperoxide and hydrogen peroxide (100°),
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due to the spacial interaction of the t-butyl groups. 

Similarly, the dihedral angle in di-t-butyl disulphide is larger 

then that in the unhindered dialkyl disulphides, even though the 

S-S bond length (2.04°a) is greater than the 0-0 bond Leet 

hence it is to be expected, on steric considerations, that 

di-t-butyl disulphide and peroxide are resistant to nucleophilic 

cleavage. 

It is possible that other sterically hindered disulphides 

are resistant to nucleophilic attack of sodium dialkyl 

phosphites at 20°c, hence care must be exercised in interpreting 

the results of structural resolutions of vulcanisetes using 

sodium dialkyl phosphite at this temperature.
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c) The reactions of cyclic phosphoremidites with 

disulphides. 

i) Introduction. 

Triphenylphosphine has been used extensively as a chemical 

probe to study the structure of sulphur vulcanised rubber, but 

unfortunately, this reagent involves using the inconvenient 

119 conditions of heating to 80°C for 96 hours, therefore it is 

desirable to develop other probes which react similarly, but 

more quickly. The resctions of triphenylphosphine with diallyl 

disulphide and other alkenyl disulphides were initially studied 

88 8 prerequisite to the use of this reagent as a chemical 

probe, since these disulphides are reasonable models for the 

sulphur groupings present in vulcanised networks. '° 

Pilgram, Phillips and Korte ‘=! have made a study of the 

reactions of a variety of disulphides with the cyclic esters 

of phosphoramidous acid (cyclic phosphoramidites) and these 

CHR-0, 
| PNR! 

P74 2 
CH,-0 

workers stated that "The fact that triphenylphosphine requires 

a temperature of 80°C to desulphurise diallyl disulphide, 

whereas cyclic phosphoramidites partially desulphurise disllyl 

disulphide at room temperature, can be ascribed to the greater 

nucleophilicity of the cyclic phosphoramidites, in which the 

electron density about the phosphorus atom is increased by 

electron release from nitrogen." 

Since it was therefore reported thet diallyl disulphide 

was desulphurated more readily by cyclic phosphoramidites than 

by triphenylphosphine, this former group of phosphorus 

nucleophiles wes selected for further study in this present work
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to assess the suitability as chemical probes. 

Pilgrem et. al. further showed that the disulphides studied 

could be divided into the following three groups, on the basis 

of their reactivity towards cyclic phosphoramidites. 

a) Those disulphides which did not react at 110°C, in 

toluene solution. 

b) Those disulphides which underwent a Michaelis-Arbuzov 

rearrangement with cleavage of the phospholane ring, to 

form the phosphoramidothioic ester (reaction 57) 

R'-S-S-R! ee ak R'S 
/0-CH, 4 Sie i 

RNP i — R weed —_ R,NP=0 (57) O-CH, 0-CH, i 
O-CH,-CH.SR" 

c) Those disulphides which underwent desulphuration, with 

no ring cleavage, to form the corresponding monosulphide 

and cyclic phosphoramidothionate (reaction 58). 

It is this latter reaction which is applicable to this work, 

since it wes: found that diallyl disulphide was readily 

desulphurated to the monosulphide, presumably via an allylic 

rearrangement. 

CH. CH CH 

CH CH CH CH CH.. CH POETS GoCH, BS IR gpo-cad 8. ee eee s— Brie j Sl erin Bee. . eas + SaPL (58) 
i | ‘o-CH., 1 t‘o-cH| | ! *o-tH, 
CH,CHCH, NR, CHCHCH, NR, CH,CHCH, NR, 

In view of the likelyhood that cyclic phosphoramidites 

would react more quickly than triphenylphosphine, due to 

increased electron density at phosphorus resulting from electron 

release by the nitrogen atom, a study of the reactions of
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Mmoles. diallyl monosulphide. 
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Showing rate of formation of diallyl monosulphide 

in the reactions between diellyl disulphide (0,5 mmole), 

in benzene solution at 50°C and 1,0 mmoles each of:- 

a) Triphenylphosphine, Fe 

b) Triethyl phosphite, conf actmeninilSpeeice 

c) 2-diethylamino-1,3,2-dioxaphospholane. —---
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diallyl disulphide with a range of cyclic phosphoramidites, was 

carried out. It was of particular interest to note the effect 

of the nucleophile structure on the rate and stochiometry of 

the reaction, with the aim of replacing triphenylphosphine as 

a probe. 

ii) Results and Discussion. 

The reactions were all carried out in benzene solution and 

were followed by measuring the yield of monosulphide formed 

after varying intervals of time, using g.l.c. techniques. In 

order to measure this accurately, a small quantity of n-octane 

was added to the reaction medium as an internal standard and the 

ratio of the monosulphide peak to the n-octene peek was recorded 

as a function of time. The ratio value used was the mean of 

triplicate chromatograms and the % deviation from the mean was 

shown to be (2%. The absolute concentration of monosulphide 

product was determined by reference to a calibration curve. 

It was known thet the reaction of triphenylphosphine with 

diallyl disulphide occurs repidly st 80°C and since it was 

expected that cyclic phosphoramidites would react more quickly, 

the initial reaction of diallyl disulphide with 2-diethylamino- 

1,3,2=-dioxa-phospholane (xxxvi) was carried out at 50°C; the 

reactions with triphenylphosphine and triethylphosphite were 

also studied under the same conditions for comparison and the 

results are shown in graph 3. 

wae 
4, 

CH,~0 

(xxxvi ) 

P-NEt., 

Itccan be seen thet the order of rates of desulphuration 

are opposite to that expected, and furthermore it can be seen 

that triphenylphosphine is able to desulphurise diallyl
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Showing rate of formation of diallyl monosulphide in 

the reactions between diallyl disulphide (0.5 mmole), in 

benzene solution sat 80°c and 1.0 mmole each of:- 

a) Triphenylphosphine, ee ee ane 

b) 2-diethylamino-1,3,2-dioxaphospholane, a re eae 

c) 2-di-n-butylamino-1,%3,2-dioxaphospholane, 0+ Gh---- Be: 

ad) 2-piperidino-1,3,2-dioxaphospholane. ~€)--©--
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disulphide below 80°C even in dilute solution. 

It was expected that the rate of desulphuration of diallyl 

disulphide by cyclic phosphoramidites is dependent on the steric 

requirements and basicity of the amine constituent. A bulky 

amine group uid be likely to inhibit frontal attack of 

phosphorus on the disulphide and would be likely to induce 

Bestrain resulting in decreased nucleophilicity of the 

phosphorus stom; the amine basicity would be expected to enhance, 

to varying degrees, the electron density on phosphorus. 

To investigate the effect of amine structure on the 

reaction, a study was carried out on the rates of desulphuration 

of diallyl disulphide by ea series of 2-substituted 1,3,2- 

dioxaphospholenes (xxxvii) to (xxxvix) in benzene solution at 

80°C; 

CH -O. CH -O, CH,-0, CH.-CH 12 YP-NEt, 1 @ P-N(Bu"), 1? PoN‘ e ae, 
_CH 7 CH,-0 CH,-0 CH,-0 CH, CH, 

(xxxvii) (xxxviii) (xxxix) 

the reaction involving triphenylphosphine was also observed 

under identical conditions. 

The parent amines all have similar basicities but 

differing steric requirements, consequently, the similar 

reactivities (graph4) are perhaps surprising. It should be 

noted that the reaction does not proceed to stochiometric 

completion with respect to the formation of monosulphide and 

also that there is an inverse relationship between the initial 

rate of reaction and the final yield of the monosulphide; 

furthermore it can be seen that triphenylphosphine reacts faster 

than (xxxvii), (xxxviii) and (xxxix) and that it fives an
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almost quantitative yield of monosulphide. 

It is concluded that this group of nucleophilesis 

unsuitable as a replacement for triphenylphosphine by virtue of 

its slower rate of reaction and also the non~stochiomeric yield 

of monosulphide. 

Pilgram et.al. showed that in the disulphides where the 

resultant incipient thiolate anion can be stabilised by 

resonance, @ Michaelis-Arbuzov reaction occurs (reaction 57). 

In the reaction of diellyl disulphide with (xxxvii) to 

(xxxix) it can be seen that the incipient thiolate anion can 

become stabilised by resonance within the allyl group, and thus 

this competing reaction could account for the non-stochiomeric 

yield of the monosulphide (reaction 59). 

CH 
Hs. . 

CH, CH, onc CH, =CH-CH,S~~"gSCHCHCH, CH, CHCH,-$ 
Pn e ge! 0-H, 

s—s*:p | , 6 Bb NPS Et .NP=0 
\ |0-CH, 0-CH, 059) CH,CHCH, NEt, cH CHO 

SCH, CHOH., 

However, no positive evidence for this reaction was observed 

and the corresponding phosphoramidothioic ester wes not 

isolated. 

If a competing Michaelis-Arbuzov reaction does necur, it 

would be expected to be inhibited in the reactions of 

2-substituted—4—-methyl 1,3,2-dioxaphospholanes (xxxx) with 

diallyl disulphide, since attack by the thiolete on carbon would 

CH. -CH-o 
3 | ‘p-NR 

y 
CHO 

(xxxx) 

2 

be inhibited by the methyl group and it is possible, under these



60 

circummtances, that the desulphuration reaction is stochiomeric. 
allyl S-.--. S allyl 

(U0 
/O~CHCH., :,0-CH ? | phosphoremido~ 

(CH,CHCH,S)., + Et.NP | amy RUNES > 
‘0-CH,, 0-CH, thioic ester 

This effect is similar to the one proposed by Phillips et. al. 

to account for the relative stabilities of differing phosphor- 

amidothionates, since these workers found thet the phosphoramido- 

thionates derived from the 4-methyl substituted 1,3,2-dioxa- 

phospholenes were more heat stable than the unsubstituted 

analogues, suggesting that the methyl group prevents thiolate at 

attack at carbon. 

+ 
RS-CH RS-CH RS-CH 

AP nee Ai 
CH. -0O CH.-0O CH Oo e4 2) —> |* + a 

S. =P=0 S -P=0 SR P=0 
feat bel | 
R NR, R NR, ia NR, 

RS-CH 

a 
MeCH-O 

j > no reaction. 
RS — P=0 

I 

NR, 

Consequently, with the possible stochiomeric reaction between 

diallyl disulphide and 2-substi tuted-t-methyl-1,3,2-dioxe+ 

phospholanes, a study was carried out, of the rates and product 

yields, of the reactions between diallyl disulphide and (xxxxi) 

to (xxxxiii). 

as CH,-CH-0. /CHS-CH, y 
7 -NEt, I ean CH, 

CH,0 CH,0 CH,-CH, 

(xxxxi ) (xxxxii )
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Showing the rate of formation of diallyl monosulphide 

in the reactions between diallyl disulphide (0.5 mmole), 

in benzene solution at 80°C, and 1.0 mmoles each of:- 

a) é-diethylamino-4-methyl-1,3,2-dioxaphospholene, —o-—-}— 

b) e-piperidino-4-methyl-1,3,2-dioxaphospholene, ——_+— 

c) 2-morpholino-4~methyl-1,3,2-dioxaphospholene. — 3
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CH,CH-O. _,CH,-CHw 
a Gee 

¢ . | C 
CH. CH, CHS 

(xxxxiii) 

The parent amines of (xxxxi) and (xxxxii) have similer basicities 

but they differ in steric requirements, whereas (xxxxii) and 

(xxxxiii) are sterically similar but derived from amines of 

differing basicities. Consequently a study of the reactions of 

these reagents with diallyl disulphide enables a further 

investigation of the effect of amine basicity and structure. 

It can be seen (graph 5) that the rates of reaction and 

final yields of diallyl monosulphide are pcawodiieent of the 

amine moiety. Furthermore, it is apparent that whilst the 

yield of monosulphide is not quantitative, it is higher then 

that recorded in reactions involving the unsubstituted cyclic 

phosphoramidites. It must be concluded, therefore, that 

whereas the 4-~methyl substituted cyclic phosphoramidites give 

a higher yield of monosulphide than the unsubstituted ones, 

reaction is still not quantitative and this series of nucleo- 

philes must be judged to be unsuitable for use as chemical 

probes. 

Aithough the reaction between diallyl disulphide and cyclic 

phosphoramidites was assumed to involve an Syi' mechanism this 

wes not demonstrated in the original work. However, it has been 

shown in this present work thet di-but-2-enyl disulphide is 

desulphurated to but-2-enyl, 1-methyl allyl monosulphide on 

reaction with unsubstituted and 4—methyl substituted cyclic 

phosphoramidites and this confirms the S,i' mechenism (reaction 

60). 

N
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Showing the rate of formation of monosulphide, in 

benzene solution at 80°C, during the reactions between:- 

i) Diallyl disulphide (0.5 mmole) and 1.0 mmole each of:- 

a) Triphenylphosphine, inal cic ants 

b) 2-diethylamino-1,3,2-dioxaphospholane. nnn 

ii) Di-but-2-enyl disulphide (0.5 mmole) and 1.0 mmole each of:- 

a) 2-diethylamino-1,3,2-dioxaphospholane, co ee 

b) 2-diethylamino-4-methyl-1,3,2-dioxaphospholane. ---Y ----@---



CH CH 
G \ Fas 

CHMe CH O-CH-R CHMe CH O-CH-R 2 2 I oe t £- ly St 1 
S— st ip — CxOh ‘ede sf cn Ber cvcsi P ~ Q-CH 

/ é / ' ¢ 
CH.,CH=CHMe N(Et)., CH. CH=CHMe N(Et)., 

CHMe~CH=CH., O-CH-R 
1 rs ' (60) 
Ss + S=P — 0-CH 
A ) 2 

CH, CH=CHMe N(Et), 

where R = i. Or oH. 

It can be seen (graph 6) that the rete of desulphuration fe 

independent of R and that desulphuration of di-but-enyl 

disulphide occurs less rapidly than desulphuration of diallyl 

disulphide, presumably due to the steric hindrance of the 

methyl group attached to the sp” carbon atom.
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dad) The reaction of Grignard reagents with disulphides. 
  

i) Introduction. 

Carbanions are expected to be strongly thiophilic due to 

the concentration of the electron into an orbital of small 

volume, giving rise to a high charge density. 

The cyanide “* ion is able to displace many bases from 

sulphur although this nucleophile must be regarded as a 

modified carbanion since the charge density is reduced by 

charge delocalisation with the triply bound nitrogen atom. 

Cyanide ion is thus less effective than other carbanions and 

would not normally displace thiolate ion from a disulphide 

unless one of the substituents is an aromatic nucleus 

containing an electron withdrawing group, in which case the 

thiophilicity of the displaced thiolate ion is reduced. \°? 

The diphenylsulphonyl methane anion, however, readily 

displaces thiolate ion, the reaction involving carbanion attack 

on Saipbare 

a ee (PhsO,),CH —> RSCH(PhSO,)., + oS 

In addition, phenyl lithium and sodium triphenyl methide 

are both able to cause sulphur-sulphur scission by carbanion 

attack on sulphur. ©? 

Grignerd reagents and butyl lithium may both be regarded as 

carbanions (RMgX and Bu" Li) and es such may or may not cause 

cleavage of the disulphide, depending on the particular Grignard 

structure. The reaction between disulphides and Grignard 

reagents has been briefly reporeed” therefore an investigation 

wes carried out on the reactions of simple disulphides with a 

variety of Grignard reagents, to note the effect on the reaction



Disulphide Grignard Monosulphide Amount Thiol formed Amount 

reagent formed mmoles 

Bu"sSBu" Bu MgCl Bu'sBu" «4.02 Bu"SH 4.01 

ASSA Bu MgCl ASBu" 4.08 ASH 4.85 

Bu’SSBu’ Bu"Mgcl nuremer. nh Bu’ SH nil (1) 

Bu’ssBu° Bu MgCl Bu’sBu’ nil Bu’ SH nil (2) 

Bu"ssBu" Bu’Mgc1 BasRa 5.88 Bu SH 4613 

Bu'sSBu’ Bu Li Bu’sBu" 4.00 Bu’ si 3.97 (3) 

Bu'sSBu"  AMgBr BuSA 3.92 Bu" SH 3.62 

ASSA AMgBr ASA 3.98 ASH 3.84 

Bu'ssBu’ AMgBr Bu’sA nil Bu’ SH nue 4) 

Table 2 

where A = CH,=CH-CH,- 

(1) after 52 hours. 

(2) after 50 hours. 

(3) after 48 hours. 

(4) after 50 hours.
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of changes in both Grignard and disulphide structure. In 

particuler, it wes of interest to determine to what extent, 

if at all, a competing radical reaction occurred, similar to the 

one involved in the reactions between peroxides and Grignerd 

reagents. 

ii) Results and Discussion. 

In all cases reaction involved 4.0 mmoles of disulphide 

and 24.0 mmoles Grignard reagent in 50.0 mls. diethyl ether at 

20°C. The monosulphide product was determined by g.l.c. 

techniques and the thiol was similarly determined after hydroly- 

sis of the final reaction medium. The products and their 

concentrations ere summarised in table 2. 

In all cases where reaction occurred, the products are 

consistent with carbanion attack on sulphur to displace the 

mercaptide ion (reaction 61). 

RS creeeee MgX 

| e { —> RSR'! + RSMgX (61) 

RS R 

By analogy with the reaction between Grignerd reagents and 

peroxides, it is probable that the thiolate ion does not become 

free and that it becomes bonded to the electrovalent magnesium 

ion during a four centre displacement as shown. One of the more 

interesting aspects of the reaction between disulphides and 

Grignard reagents is the absence of the competing redical 

reaction. Where reaction does occur, the products indicate, 

within the limits of experimental error, that only one reaction 

is involved, as distinct from the peroxides where the competing 

radical reaction may become the major reaction. 

Disulphides would not normally be expected to yield radicals, 

in view of the sulphur-sulphur bond strength, but it was just
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Showing the rate of removal of di-t-butyl disulphide 

and rate of formation of n-butyl t-butyl monosulphide, in 

the reaction between 4 x 107? moles di-t-butyl disulphide 

and 24 x 107? moles n-butyl lithium, in 50 mls. ether at 

20°C.
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possible that prior complexing with the Grignard reagent would 

give rise to radicals (reaction 62) as in the peroxide reaction 

(reaction 48a) 

R R* 

i I 
RSSR + R'MgX —> | RS-S-- MgX I RS- + RSMgX + R* (62) 

However, the product analysis of the reactions studied showed 

that if this reaction occurs at all,it does so only to a very 

insignificant extent. 

The n-disulphides studied were readily cleaved even using 

t-butyl magnesium chloride; on the other hand di-t-butyl 

disulphide wes very resistant to nucleophilic cleavage and 

was unreactive even to allyl magnesium bromide, which had been 

shown to be very effective in peroxide cleavage. 

N-butyl lithium, however, was effective in cleaving di-t- 

butyl disulphide, but even this reagent required 0.5 hours for 

reaction to reach completion (see graph 7). 

The enhanced reactivity of n-butyl lithium, as opposed to 

n-butyl magnesium chloride, towards di-t-butyl disulphide, is 

probably due to both steric and electric factors. giace the 

carbanion is the same in both cases, i.e. n-butyl, the steric 

repulsion is the same. Lithium, however, is able to affect a 

clear approach to the electrophilic sulphur atom than the 

magnesium halide group, and this facilitates reaction. Secondly, 

and probably far more important, the charge density is likely to 

be greater in the butyl lithium carbanion than in the Grignard 

reagents, on consideration of the more salt like character of 

the former reagent. 

By using Grignard reagents or butyl lithium it can be seen 

that disulphide bonds can be selectively cleaved. The Grignard
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reagent cleaves only the unhindered disulphides whereas the 

n-butyl lithium is able to cleave all disulphides. The 

application of this probe to the study of vulcanisates is, 

unfortunately, limited since the resultant monosulphide and 

thiol are bound to the original network and cannot be isolated. 

These reagents may, however, be used to determine the number of 

sulphur-sulphur bonds present by estimating the amount of Grignard 

reagent or butyl lithium consumed in the reaction but this 

assumes that there are no other reactive groupings present 

OeSe ~SH.
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EXPERIMENTAL WORK 

Chapter 1: Reaction of peroxides with nucleophilic reagents. 

a) The reaction of triphenylphosphine with peroxides. 

AnailaR benzene was fractionated from sodium wire, through 

a 50 cm. 1 inch diameter column packed with helices. The 

fraction boiling 80-81°C was stored over B.D.H. molecular sieve 

Type 4a(8-12 mesh beads) until required. Triphenylphosphine 

was a commercial sample kindly supplied by Albright and Wilson; 

it was recrystallised three times from absolute ethanol m.p. 

80.5°C (Lit.80.5°C) C 82.59% H 5.81% Required for C,,H,.P3 

C 82.5% H 5.77% 

i) Prepsration and purification of peroxides. 

a) Asceridole (Koch-Light) was purified by recrystallisation from 

@ mixed n-pentane-toluene solvent at -10°G no 1.4734 

(Lit. 1.4731). 

b) Dihydroascaridole. Ascaridole wes partially hydrogenated using 

a platinum oxide catalyst in athancl. After removal of 

the solvent the dihydroascaridole was distilled from the 

platinum residue. b-p. 69.9/0.55is72/0 « 6SmaNN 9? 124690 

(Lit. 1.4690) 127 C 71.30% H 1058% Required for Capt, 2° 

C 70.60% H 10.70% 

c) d-phellandrene endoperoxide was prepared by the photolytic 

oxidation of 50 gms. %-phellandrene in 1500 mis. isopropanol 

130 
using 0.5 gms. methylene blue as an activator. Oxygen 

was passed through this solution, which was illuminated by a 

300 watt tungsten filament lamp, held 6" distance, for 48 

hours. The solvent wes then removed using a rotery film 

evaporator end the residue was distilled at 0.006 mm. 

4.3 gms. unreacted &—phellandrene were isolated in the cold 

trap, noe 1.4770 (1.4770) and 16.4 gms. *-phellandrene
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endoperoxide were collected, b.p. 55°C/0.006 mn 

no 4.4778 (1.4812) 

Preparation of 1,4-cyclohexene endoperoxide. 

Br,/CCl, eee 0,/nv 
— te ino 

Br 

Preparation of 4,2-dibromocydléhexane. | 

250 mls. (3.0 moles) cyclohexene, in 600 mls. carbon 

tetrachloride were transferred to a 3 litre round bottomed 

flask and maintained at o°c in direct sunlight. A solution 

of 420 gms. (2.62 moles) of bromine in 290 mls. of carbon 

tetrachloride were edded dropwise over a period of 3 hours 

whiitst maintaining the reactants below 3°65 The solvent and 

excess cyclohexene were removed and the dark residue was then 

fractionated to yield 510 gms. 1,2-dibromocyclohexane, 

bep. 108-112°C/25 mm. 

Preparation of 7 Scoyclohexsdienes 7° 

500 mls. ethylene glycol and 250 gms. sodium hydroxide were 

placed in a 2 litre flanged flask and heated slowly for 

3 hours until the temperature reached 230°C, at which point 

60 mls. water had distilled off. 500 gms. freshly distilled 

1,2-dibromocyclohexane were added dropwise over 6 period of 

3 hours at a rate equal to the rate of distillation of 

product. When addition wes complete the reactants were heated 

for a further hour at 250°C. The distillate was transferred 

to a separating funnel and the organic layer (175 mls.) was 

separated from the aqueous layer (125 mls.), dried and 

fractionated. The fraction boiling 75-85°C (120 gms.) was 

collected and shown by g.l.c. to contain 87% 1,3-cyclo- 

hexadiene, together with 7% benzene and 6% cyclohexene.
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Oxidation of 4is-cycidhexadienc..~” 

60 mls. of this impure 1,3-cyclohexadiene were photo- 

lytically oxidised in 1500 mis. isopropanol solution 

containing 0.5 gms. methylene blue. When the reaction wes 

complete the solvent was removed at reduced pressure and the 

residue was distilled under high vaccuum. The fraction 

epi 38°C/O.1 mm. solidified in the condenser. This wes 

extracted using benzene, which was then evaporated to yield 

8.0 gms. peroxide. This was recrystallised from n-pentane 

to yield a pale yellow solid m.p. 70°C. The ier. and nom.re 

spectra were consistent with this compound having the 

structure essigned. Attempted elemental analysis was not 

successful due to explosive nature of this peroxide. 

Preparation of sllyl-t-butyl wicorae 7 

64 gms. "70%" t-butylhydroperoxide (0.5 moles Bu “OOH) were 

added to » solution of 28.0 gms. (0.5 moles) potassium 

hydroxide in 100 mls. methanol. 4OO mls. acetone were then 

added and the resultant solution wes maintained below 10°C. 

60 gms. (0.5 moles) allyl bromide were added in one portion 

and the reactants were allowed to stir for 1.5 hours. 

1.5 litres water were added and the product was extracted 

(4 x 100 mls.) with benzene. The benzene solution was dried 

over magnesium sulphete end distilled, b.p. 56-58°C/75 mm. 

ie 1.4030 (Lit. 1.4015) yield 26 gms. (0.20 moles) 

Preparation of cyclohexenyl-t-butyl peroxide. 7 

120 gms. (1.5 moles) cyclohexene, 51.4 gms. (0.40 moles) 

"70%" t-butylhydroperoxide and 0.2 gms. cuprous chloride 

were heated at 70°%¢ for 20 hours. The solution was filtered, 

dried end distilled. The fraction b.p. 35-45°C/1.0 mm. was 

20 
collected and redistilled b.p. 35°C/0.7 mm. Np 1.24530 

(Lig. 1.4522) yield 10.4 gms. (0.06 moles).
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136 
g) Preparation of cyclohexenyl-cumyl peroxide. 

This was prepared in a similar manner from 147 gms. 

(1.8 moles) cyclohexene, 44.6 gms. (0.20 moles) "70%" 

g-cumyl hydroperoxide and 0.2 gms. cuprous chloride. The 

product was distilled at 16 mm. Unreacted hydroperoxide was 

removed at 75°C and cyclohexenyl-cumyl peroxide distilled at 

98°C. ny 1.5234 (Lit. 1.5238) C 78.28% H 8.98%, required 

for C 45H 59%, C 77.55% H 8.68%, yield 8.68 gms. (0.04 moles). 

137 
ii) Preparation of isoascaridole. 

32.5 gms. (0.19 moles) ascaridole in 25 mls. p-xylene, 

were added dropwise to 100 mls. p-xylene at 440°C and maintained 

at this Lecerstuse in an atmosphere of nitrogen for a further 

24 hours. The solvent was removed at 37°C /14 mm. and 1.3 gms. 

unisomerised ascaridole were removed at 76°C/1.0 mm. The } 

isoasceridole was distilled from the residue, b.p. 86°C/O. 3mm. 

N2° 4.4600 (Lit. 1.4595-1.4602) © 71.35% H 9.52%, required for 

Cat 460s © 71.40% H 9.50% yield 27.1 gms. (0.16 moles). 

iii) Reaction between triphenylphosphine end ascaridole in 

benzene at 80°C. 

The time taken for the reaction to reach completion was 

determined as follows:- 

1.5 mmoles ascaridole, 3.0 mmoles triphenylphosphine and 

5.0 mls. benzene were transferred to each of several Carius 

tubes and the tubes were sealed under vaccuum (0.01 mm. Hg.) 

after oxygen had been removed by passing a fine stream of dry 

nitrogen for five minutes. The sealed tubes were then wrapped 

in aluminium foil and immersed in a constant temperature beth, 

maintained at 80°c. after varying intervals, the ampoules were 

removed, cooled, and the i.r. spectrum of the resultant 

solution was recorded using e solution cell with a 0.025 mn.
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end: 1.5.x 407? moles ascaridole in 5.0 mls. benzene at 80°C.
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The extent of reaction was followed by observing:- 

a) The decrease in intensity of a band at 1435 cat: probably 

due to the decrease in polarity of the phosphorus-phenyl 

bond on formation of the triphenylphosphine oxide. 

b) The increse in intensity of bands at 1200 cmt and 1120 ent’ 

due to the formation of the P=0 group. 

c) The incresse in intensity of a band at 720 ems (unassigned). 

Graph 8 shows thet the reaction had reached completion after 

160 hours. 

29.57 ems. (112.8 mmoles) triphenylphosphine and 9.46 gems. 

(56.4 mmoles) ascaridole were added to 188 mls. dry benzene in 

a 250 ml. two necked, round bottomed flask, fitted with a 

nitrogen inlet and a double surface water cooled condenser. The 

top of the condenser was connected to a trap containing benzene 

so that nitrogen could be slowly passed through the apparatus 

without allowing oxygen in. The reaction vessel was wrapped 

in aluminium foil and maintained at 80°C in a thermostated bath 

for 160 hours. At the end of this time the flask was maintained 

at 80°C whilst the benzene was removed under slightly reduced 

pressure. When the benzene had been removed the pressure was 

decreased andthe product distilled off. bp. 63°C/0.3 mm. 

no 1.4700 © 79.08% H 10.88% required for Caf 460 © 79.00% 

H 10.50% yield 4.9 gems. (32.2 mmoles). 

The residue (33.9 gms.) was shaken with 150 mls. diethyl 

ether to dissolve the triphenylphosphine. The insoluble 

triphenylphosphine oxide was filtered off, dried and weighed. 

mepe 156°C (Lit. 156°C), yield 14.9 gms. (53.3 mmoles). ‘The 

ether was allowed to evaporate and the excess triphenylphosphine 

was filtered from a dark viscous oil which was shown by nem.r.
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to be a mixture of approximately 67% volatile product and 33% 

triphenylphosphine. The triphenylphosphine was dried and 

weighed and on recrystallissation from absolute ethanol had 

Mp. 80.5°C, yield 14.7 gms. (56.0 mmoles). 

Because of the difficulty in isolating the product 

quantitatively by means of distillation, g.l.c. techniques were 

used to determine the quantitative yield of volatile product. 

In a more detailed study of the rate of resction it was seen 

thet on heating a solution of 0.5 mmoles asceridole and 1.0 mmole 

triphenylphosphine in 5.0 mls. benzene, in the dark at 80°C, 

0.485 mmoles triphenylphosphine oxide were formed when the 

reection had reached completion. At this point it is probable 

thet the amount of product (C,H, 60) in solution, lies in the 

renge 0.0 mmoles to 0.5 mmoles, consequently, a series of 

standard solutions were prepsered containing 0.1, 0.2, 0.3, 0.4 

and 0.5 mmoles CaH 460 respectively, in benzene. A solution of 

0.2416 gms. n-decane was made up te 25 mls. with benzene and 

this was used as an internal standard. 1.0ml. of the n-decane 

solution was added to 1.0 ml. of each standard solution and 

1.0 microlitre of each of the resultant solutions was injected 

onto a dinonylphthalate column at 100°C, 

The peaks due to the volatile’ product (p) and the standard 

(s) were cut out and weighed; the ratio p/s wes determined in 

triplicate for each solution and a calibration graph wes drawn, 

relating the value p/s to the concentration of the volatile 

product. 

When the reaction ampoule had reached completion, 1.0 ml. 

of the reactants were added to 1.0 ml. of the n-decane solution, 

end a triplicate chromatogram was determined as before. From a 

value of p/s,the concentration of the volatile product in the
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Showing calibration used to determine the yield of 

3,4-oxido-p-menth-1,2-ene in the reaction between 1.0 mmole 

triphenylphosphine and 0.5 mmole ascaridole in benzene at 80°C, 

The dotted line represents the ratio of product to standerd 

peak at the end of the reaction. From this the yield of 

3,4-oxido-p-menth-1,2-ene is seen to be just greater than 

O.5 mmoles i.e. within the limits of experimental error the 

yield is quantitative.
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reaction mixture was determined. It can be seen that the yield 

of CoH 46° wes essentially quantitative ( graph 9 ). 

iv) Reaction of ascaridole with triphenylphosphine in 

petroleum ether at 99.6°C. 

12.6 ems. (75 mmoles) ascaridole and 39.3 gms. (150 mmoles) 

triphenylphosphine, in 500 mls. 120/160 petroleum ether, were 

allowed to react as before, but at 99.6°C and for 60 hours; 

3.6 gms.(23.6 mmoles) volatile product and 16.1 gms. (58 mmoles) 

triphenylphosphine oxide were isolated as before. Difficulty 

wes encountered in effecting a clean separation of product and 

solvent but the nem.r. spectrum indicated that the volatile 

fraction was identical to that isolated previously. 

v) Reaction between ascaridole and triphenylphosphine in 

toluene at 99.6°C. 

12.6 gms. (75 mmoles) ascaridole and 39.3 gms. (150 mmoles) 

triphenylphosphine were dissolved in 500 mls. toluene and 

heated for 63 hours at 99.6°C. 2.5 gms. (16.4 mmoles) volatile 

product were distilled off and shown by nemor. to be the same as 

isolated previously. 15.5 gms. (59 mmoles) triphenylphosphine 

oxide were isolated from the solid residue. 

vi) The action of heat on 3,4-oxido-p-menth~-1,2-ene. 

1.30 gms. of 3,4-oxido-p-menth-1,2-ene were heated under 

nitrogen for 67 hours at 120°C in the dark. At the end of 

this time the n.m.r. spectrum of the product showed the presence 

of p-cymene and water only. After drying, the liquid was 

distilled (65°C/20 mm.) and identified as p-cymene 

4.4913 (Lit. 1.4904) c 89.5% H 10.5% required for Caghay 
D 

C 90.0% H 10.4%



vii) Oxidation of 3,4-oxido-p-menth-1,2e-ene. 

a) Quantitative. 

Perbenzoic acid was prepared by the action of sodium 

methoxide on recrystallised benzoyl peroxide in chloroform > 

138 
solution. The product, in chloroform solution, was 

standardised as follows:- 

1.0 ml. of the solution was transferred to a conical flask 

and the walls were rinsed with a small quantity of cold 

chloroform. 15 mls. glacial acetic acid were then added, 

followed by 2.0 mls. saturated aqueous potassium iodide 

solution. After a period of 5 minutes, 25 mls. water were 

added and the liberated iodine was titrated against 

standard thiosulphate using "thiodene" as indicator. 

1.0 ml. perbenzoic acid solution = 8.95 mls. thiosulphate. 

The thiosulphate was 0.09675N and 1.0 ml.= 0.00669 gms. 

perbenzoic acid. 

0.5863 gm. 3,4-oxido-p-menth-1,2-ene was weighed into a 50 ml. 

conical flask end 15 mls. perbenzoic scid solution were 

added. The flask became warm and the reactants were allowed 

to stand for 2 hours for reaction to reach completion. 

4.0 ml. this resultent solution wes titrated as above and 

3.90 mls. thiosulphate were required to titrate the liberated 

iodine. 

The weight perbenzoic acid reacted, therefore, 

= (8.95 - 3.90) x 6.69 x 10> x 15 gms. = 0.506 gms. 

and assuming a 1:1 stochiometry needed per double bond, the 

calculated quantity of 3,4-oxide-p-menth-1,2-ene added was 

0.567 gm. which is in good agreement with the actual amount 

(0.586 gm.)



b) Qualitative. 

1.87 gms. of 3,4-oxido-p-menth-1,2-ene were added to excess 

perbenzoic acid solution. The reactants became warm and were 

maintained at 40°C for 24 hours. The resultant solution was 

washed with aqueous sodium bicarbonate solution to remove 

any acids present and then washed with water and dried. The 

chloroform was removed, to yield 1.56 gms. of a liquid whose 

nem.r. and i.r. spectra were identical to those of 

isoascaridole. 

viii) Reaction of dihydroascaridole with triphenylphosphine 

in benzene at 80°C. 

The seme concentrations were used as in the reaction 

between ascaridole and triphenylphosphine in benzene. 

7.75 gms. (45.5 mmoles) dihydroascaridole and 23.85 gms. 

(91.0 mmoles) triphenylphosphine were dissolved in 170 mls. dry 

benzene, in a 250 ml. flesk and heated in an inert atmosphere, 

in the dark for 260 hours. The products were isolated as in the 

ascaridole reaction. The volatile fraction had b-.p. 60-65°C/ 

0.5 mm. C 77.26% H 11.48% required for C, H,20 © 77.80% 

H 11.77%. The triphenylphosphine oxide (45.7 mmoles) and 

excess triphenylphosphine (41.2 mmoles) were isolated as in the 

reaction between triphenylphosphine and ascaridole. 

The oily residue (0.8 gms.) was shown by nom.r. to be a 

mixture of volatile oil and triphenylphosphine. 

ix) Reaction of&-phellandrene endoperoxide with tripbenyl- 

phosphine. 

8.4 gms. (50 mmoles) -phellandrene endoperoxide were 

added dropwise over a period of 5 minutes to a stirred solution 

of 26.2 gms. (100 mmoles) triphenylphosphene in 166 mls. of dry 

benzene, in anitrogen atmosphere, in the dark. The temperature
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rose from 15°C to 25°C and finally reached 35°C after 45 minutes. 

The resultant solution was heated at 80°C for 1 hour. The 

benzene wes removed under reduced pressure and the volatile 

product distilled off (42°C/0.5 mm.) noo 1.4720 C 78.04% 

H 10.18% required for C O C 79.0% H 10.5% yield 6.6 gms. 1016 
(44 mmoles) 

12.5 gms. (48 mmoles) triphenylphosphine and 13.0 gms. 

(47 mmoles) triphenylphosphine oxide were isolated as before 

leaving 1.5 gms. of a dark oil which wes shown by n.em.r. to be 

a mixture of volatile product and triphenylphosphine. 

x) Reaction of cyclohexadiene peroxide with triphenylphosphine. 

2.70 gms. (24 mmoles) cyclohexadiene peroxide, dissolved 

in 20 mls. benzene, were added dropwise to a solution of 

12.9 gms. (48 mmoles) triphenylphosphine in 50 mls. benzene at 

room temperature. The reactants were then heated to 80° for 

28 hours, in the dark, in a nitrogen atmosphere. At the end 

of this time the benzene was removed at 66 mm. The distillation 

flask was maintained at 75°C and the pressure was reduced to 

0.001 mm. and any remaining volatile material was collected in 

a cold trap. 

6.12 gms. (22 mmoles) triphenylphosphine oxide and 

5.76 gms. (21 mmoles) unreacted triphenylphosphine were isolated 

from the residue. The liquid in the cold trap was distilled 

and the fraction b.p. 130-134°C/760 mm. was collected, 

C 74.42% H 8.19% required for CHO ¢ 75.00% H 8.33% 

yield 1.20 gms. (12.5 mmoles). 

xi) Reaction of d-cumyl-cyclohexenyl peroxide with triphenyi- 

phosphine in benzene. 
  

11.26 gms. (50 mmoles) peroxide were added to 26.23 gms. 

(100 mmoles) triphenylphosphine in 50 mls. benzene. The
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resultant solution was outgassed using nitrogen, sealed in a 

Carius tube and heated to 80°C in the dark, for 120 hours. The 

solvent was removed at 15 mm. and 4.6 gms. liquid were distilled 

off at 42-44°C/0.01 mn. - fraction A. The residue, (31.3 gms.) 

wes molecularly distilled at 0.002 mm. whilst the temperature 

slowly rose to 100°C and 4.3 gms. liquid distilled over 

continuously over this temperature range - fraction B. Above 

100°C triphenylphosphine started to distil. The solid residue 

was found to be 6.9 gms. (24.8 mmoles) triphenylphosphine oxide 

and 19.9 gms. (76.0 mmoles) triphenylphosphine. 

xii) Measurement of the rate of reaction of triphenylphosphine — 

with peroxides. 

The rate of reaction of triphenylphosphine with peroxides 

wes measured by determining the quantity of triphenylphosphine 

oxide produced at any given moment. This was done by i.r. 

spectroscopy end the method is based on the fact that when 

triphenylphosphine is oxidised to triphenylphosphine oxide, two 

very intense bands appear at 1110 oki’. and S20G. cule 

The initial reactant concentrations used in all reactions 

were 1.0 mmoles triphenylphosphine plus 0.5 mmoles peroxide, in 

5.0 mls. benzene. The concentration of phosphorus species at 

any instant, therefore, lies in the range 1.0 mmoles triphenyl- 

phosphine plus 0.0 mmole triphenylphosphine oxide, to 0.5 mmoles 

triphenylphosphine oxide plus 0.5 mmoles triphenylphosphine, 

such thet the total concentrations of phosphorus species is 

always equal to 1.0 mmole in 5.0 mls. benzene. 

A series of solutions of triphenylphosphine plus 

triphenylphosphine oxide were made up in accordance with the 

above specifications, and the i.r. spectrum of each of these 

solutions was recorded using a solution cell with a 0.025 mm.
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Showing correlation of triphenylphosphine oxide concentration 

with absorbance at:- 
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(Baged on data in table 3.)



28 

spacer (nominal). To correct for slight day to day variations 

in instrumental "gain setting", ratios of the peak heights at 

4110 cmz’ end 1200 emz', to the height of » peak at 1400 a 

due to the absorption of benzene, were measured, and 3 

correlation with concentration was produced. 

PhaB Ph,PO Stenderd Peele at 1200 cms'/ Peak at 1110 cm / 
aS 

standard standard 

0.5. °3065 0.265 1.85 1.92 

O.6 0.4 0.265 1.65 1.60 

On? 20.3 0.265 1.28 1.26 

0.8 0.2 0.265 0.95 0.91 

O59°%. Oe 0.265 0.62 0.54 

Table 3 

Showing correlation of peak height with triphenylphosphine 

oxide concentretion. These results sre shown in graph 10. 

12.5 mmoles of a given peroxide were made up to 50 mls. 

in a graduated flask using dary cade: and 25.0 mmoles 

triphenylphosphine were made up to 50 mls. in benzene solution. 

2.0 mls. of each of these solutions were transferred to 

several Carius tubes and 1.0 ml. dry benzene was added. Oxygen 

was removed from the solutions by passing a fine stream of dry 

nitrogen for 5 minutes. The tubes were then sealed in vaccuo 

and placed in a thermostatically controlled water bath, in the 

dark for varying periods of time. The i.r. spectra of the 

solutions were recordeé and by reference to the correlation graph 

the concentration of triphenylphosphine oxide was determined. 

The rate of reaction of triphenylphosphine with various 

peroxides are shown in tables 4a?,
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Time (hours) mmoles Ph,PO (A) mmoles Ph PO (B) 
aS   

25.5 0.130 ae 

90.5 0.270 0.245 

259.0 0.435 0.390 

430.0 0.470 0.435 

1250.0 0.485 0.485 

Table 4 

Showing the rate of formation of triphenylphosphine oxide 

at 80°C, in the reactions between triphenylphosphine (1.0 mmole) 

and 0.5 mmoles asceridole (column A) and 0.5 mmoles 

dihydrossceridole (column B), in 5.0 mls. benzene. 

Time (minutes) mmoles Ph,PO at 80°C 

4 0.375 

8 0.450 

68 0.485 

Time (hours) mmoles Ph PO at 40°C 

Immediately on mixing 0.120 

1025 0.385 

3.25 0.485 

Table 5 

Showing rate of formation of triphenylphosphine oxide in 

the reactions between triphenylphosphine (1.0 mmole) and 

o{-phellandrene endoperoxide (0.5 mmole), in 5.0 mis. benzene 

at 80°C end 40°C.



  

Time mmoles AES 

1 minute 0.468 

1 hour 0.475 

25 hours 0.495 

Table 6 

Showing the rate of formation of triphenylphosphine oxide 

in the reaction of triphenylphosphine (1.0 mmole) with 

cyclohexsdiene endoperoxide (0.5 mmole) in 5.0 mls. benzene 

at 80°C. 

In a similar reaction at 22.670, 0.300 mmoles triphenyl- 

phosphine oxide was formed in 1 hour. 

Time (hours) mmoles Ph PO 

69 0.215 

142 0.225 

320 0.280 

820 0.335 

Table 7 

Showing the rate of Ferieticn of triphenylphosphine oxide 

in the reaction of triphenylphosphine (1.0 mmole) with 

“&-cumyl-cyclohexenyl peroxide (0.5 mmole) in 5.0 mis. benzene 

at 80°C. 

In a similar reaction at ho°c less than 0.08 mmoles 

triphenylphosphine oxide were formed after 136 hours.
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The reaction of sodium dialkyl phosphites with peroxides. 

Preparation and purification of reagents. 

Prepsration of di-n-butyl peroxide. 

N-butyl methane sulphonate wes prepared by the method of 

Williams and Mosher .>? 158 gms. (2.0 moles) pyridine were 

added dropwise to a mixture of 114.5 gms. (1.0 mole) 

methane sulphonyl chloride and 74 gms. (1.0 mole) n-butanol. 

The pyridine hydrochloride was hydrolysed using ice cold 

aqueous hydrochloric acid. The n-butylmethene sulphonate 

wasether extracted, dried over potassium carbonate and 

20 
distilled b.p. 72-74°C/1.0 mm. aS 1.4275 (Lit. 1.4265), 

yield 122 gms. (0.8 moles). 

Oxidation of this n-butylmethane sulphonate using hydrogen 

peroxide in aqueous potassium hydroxide solution resulted in 

the formetion of di-n-butyl peroxide which was extracted 

into a hexane solvent, weshed with 10% aqueous potassium 

hydroxide, water, dried and then fractionated through an 

8" Vigreau column, b.p. 61-62°C/20 mm. no 4.4070 (Lit.1.4062) 

yield 19.4 gms. (0.13 moles). 

Sraveretion of t-butyl-ethyl peroxide. (10 

77.0 gms. (0.5 moles) diethyl sulphate were added dropwise 

to 1.0 mole of sodium t-butyl peroxide in 50 mls. water and 

stirred for 2 hours. The orgenic layer wes dried over 

potassium carbonate and distilled b.p. 35°C/80 mm. 

re 1.3855 (Lit. 1.3840) yield 70.4 gms. (0.6 mole). 

Preperation of t-butyl-n-butyl mptoxides 

This wes similarly prepared by the reaction of 157 gms. 

(1.0 mole) n-butyl bromide with en aqueous suspension of 

1.0 mole sodium t-butyl peroxide for 48 hours. The organic 

layer was separated and steam distilled; the organic
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distillate was dried and distilled b.p. 52°C/30 mm. 

noo 1.4000 (Lit. 1.4001) yield 37 gms. (0.26 moles). 

Dibenzoyl peroxide (Hopkin and Williams) was dissolved in 

the minimum quantity of chloroform at room temperature ane 

reprecipitated by the addition of twice the volume of 

methanol, m.p. 106°C. 

Preparation of sodium diethyl phosphite. 

Diethyl phosphite (Albright and Wilson) wes fractionated 

before use, b.p. 76°C/15 mm. no? 1.4065 (Lit. 1.4070) 

is 34.97% H 7.95% required for (C,H.O),P(O)H C 34.79% 

f) 

g) 

2°5°*2 

H 8.15%. 

51.8 gms. (0.375 moles) diethyl phosphite were added to 

750 mls. benzene. 10.0 gms. sodium shavings were added and 

the mixture wes refluxed, under nitrogen, for 4 hours. The 

resultant suspension was decanted from the excess sodium 

and contained 50 mmoles sodium diethyl phosphite per 

100 mls. solution. 

Preparation of sodium di-n-butyl phosphite. 

Di-n-butyl phosphite (Albright and Wilson) was fractionated 

20 
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required for (C,,Hy0),P(0)H Cc 49.55% H 9.86%. 

before use b.p. 132°C/15 mm. NO 1.4230 C49.85% H 9.86% 

72.5 gms. (0.375 moles) di-n-butyl phosphite were added to 

750 mls. benzene containing 10.0 gms. sodium and the mixture 

was refluxed for 6 hours under nitrogen. The pastel tha 

solution contained 50 mmoles sodium di-n-butyl phosphite per 

100 mis. 

Preparation of diethyl dackepnossiatace™ 

Reaction of 166 gms. (1.0 mole) triethyl phosphite with 

135 gms. (1.0 mole) sulphuryl chloride in 500 mis. dry 

60/80 petroleum ether at O°C yielded 158 gms.(0.92 moles)
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diethyl chlorophosphate b.p. 54-56°C/1.0 mm. no? 1.4156 

(lit, 144162). 

Preparation of di-n-butyl éhiorablosphete.127 

This was prepared by the same method in 84% yield, 

20 
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Preparation of t-butyl, diethyl phosphate. 

bepe 90-92°C/1.0 mm. NO” 1.4310 (Lit. 1.4308). 

143 
  

0.15 moles sodium-t-butoxide in 100 ns. t-butanol were 

maintained at 25°C and stirred whilst 25.9 gms. (0.15 moles) 

diethyl chlorophosphate were added dropwise. After 

stirring for a further 2 hours, the excess t-butanol was 

removed st 15 mm. and 25 mls. water were added to the residue 

to dissolve the sodium chloride. The product was ether 

extracted, dried over potassium carbonate and distilled, 

bep. 65-67°C/1.0 mm. N5” 1.4052 (Lit. 1.4042) yield 10.4 gms. 

(0.05 moles). 

Preparation of n-butyl, diethyl phosphate. 

This wes prepared as above using 0.15 moles sodium 

n-butoxide in 100 mls. n-butanol, b.p. 76-80°C/1.0 mm. 

n?° 124093 (Lit. 1.4090) ne? 1.4110 yield 25.6 gms. 

(0.12 moles). 

Preparation of di-n-butyl, ethyl phosphate. 

This was also prepared as above, bep. 95-97°C/0.05 mm. 

ne? 1.4185 noo 1.4165 (Lit. 1.4148) yield 19.5 gms. 

(0.10 moles). 

Preparation of di-n-butyl, t-butyl phosphate (novel compound). 

Reaction of 0.15 moles sodium t-butoxide with 0.15 moles 

di-n-butyl chlorophosphste in 100 mls. t-butanol, yielded 

20.3 gms. (0.08 moles) di-n-butyl, t-butyl phosphate, 

no? 1.4220 Cc 54.26% H 10.06% P 11.79% required for 
D 

C80) ,P(0) C 54.30% H 10.24% P 11.60%.
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ii) Reaction of ascaridole with sodium di-n-butyl phosphite. 

9.0 gms. (53.6 mmoles) ascaridole were added dropwise to a 

stirred solution of 100 mmoles sodium di-n-butyl phosphite in 

200 mls. benzene, over a period of 5 minutes. The temperature 

of the solution rose to 35°C. The flask was stoppered and 

maintained at 4o°c for 90 hours and the original pale yellow 

solution separated into a clear upper layer and a yellow 

viscous lower layer. 50 mls. water were added and the flask 

was shaken until the lower layer hed dissolved. The organic 

layer wes separated and the aqueous layer wes ether extracted 

(3 x 25 mls.). The combined organic layer and ether washings 

were combined and dried. The ether was removed to yield 

9.0 gms. of a pale yellow liquid whose nem.r. and ier. spectra 

were identical to those of 3,4-oxido-p-menth-1,2-ene. This pale 

yellow liquid was redistilled to give a colourless liquid 

20 

D 

Calg © 78.8% H 10.60% yield 8.4 gms. 

bep. 68°C/12 mm. NO 1.4700 C 77.9% H 10.68% required for 

iii) Reaction between di-n-butyl peroxide and sodium di-n-butyl 

phosphite. 

7.31 gms. (50 mmoles) di-n-butyl peroxide were added 

dropwise to a solution of 100 mmoles sodium di-n-butyl phosphite 

in 200 mls. benzene, over a period of 0.5 hours. The reaction 

was exothermic, the addition of only 1.0 ml. peroxide being 

sufficient to reise the temperature of the reactants from 25°C 

to 40°C. When the addition was complete the resultant straw 

coloured liquid was maintained at 40°C for 48 hours. 50 mis. 

water were added and the organic product was isolated as before, 

bep. 94°C/0.04 mm. nN? 1.4228 (Lit. 1.4230) C 55.53% H 10.81% 

P 13.02% required ofor (C,H,0) PCO) C 54.20% H 10.25% P 12.80% 

yield 8.6 gms. (31.6 mmoles).



iv) Reaction between di-n-butyl peroxide and sodium diethyl 

phosphite. 

7.31 gms. (50 mmoles) peroxide were added dropwise to a 

solution of 100 mmoles sodium diethyl phosphite in 200 mls. 

benzene and the resultant phosphate isolated as above, 

bsp. 80-82°C/1.0 mm. N°° 1.4092 © 43.82% H 12.14% P 13.3% 
D 

required for (CH,0) P(0) (C, Ho) c 44.1% H12.4% P 14.2% 
eos 

yield 6.8 gms. (32 mmoles). 

v) Reaction between di-w-cumyl peroxide and sodium di-n-butyl 

phosphite. 

13.52 gms. (50 mmoles) di--cumyl peroxide and 100 mmoles 

sodium di-n-butyl phosphite in 200 mls. benzene were heated in 

an inert atmosphere at 4o°c for 28 deys. The product was 

recovered as previously and molecularly distilled, b.p. 80-100°C/ 

0.01 mm. no? 1.5250 yield 11.2 gms. 

The i.r. of this liquid was identical to thet of di-«-cumyl 

peroxide end on standing for several days, this liquid 

solidified and was recryatellised to give di-oe-cumyl peroxide, 

Reds 39 Ce 

vi) Reaction between di-t-butyl peroxide and sodium diethyl 

phosphite. 

7.31 gms. (50 mmoles) di-t-butyl peroxide were added to a 

solution of 100 mmoles sodium diethyl phosphite in 200 mis. 

benzene. 1.0 ml. of this solution was injected onto a 

dinonylphthalate column at 75°C and s gas chromatogram was 

recorded. The remaining solution was heated in an inert 

atmosphere at 40°C for 28 days and the gas chromatogram of a 

sample was again recorded. It was seen that there was not a 

decrease in the concentration of di-t-butyl peroxide.
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vii) Reaction between di-t-butyl peroxide and sodium di-n-butyl 

phosphite. 

The above proceedure was repeated using sodium di-n-butyl 

phosphite and it was again seen that the peroxide did not react. 

viii) Reaction between dihydroascaridole and sodium di-n-butyl 

phosphite. 

4.25 gms. (25 mmoles) dihydrosscaridole were added dropwise 

to a solution of 50 mmoles sodium di-n-butyl phosphite in 

100 mls. benzene maintained at 25-30°C. When addition was 

complete the resultant sotctiak wes maintained at 40° for 

120 hours. The product was isolated as before and molecularly 

distilled, bsp. 35-50°C/0.001 mn. no? 1.4685 Cc 58.94% 

H 10.01% P 7.96% required for Cagis 5 PO, C 59.30% H 10.15% 

P 8.52% yield 7.5 gms. (20.6 mmoles). 

ix) Reaction between benzoyl peroxide and sodium di-n-butyl 

phosphite. 

18.0 gms. (75 mmoles) benzoyl peroxide were suspended in 

25 mls. benzene and added to a cooled stirred solution of 

150 mmoles sodium di-n-butyl phosphite in 300 mls. benzene such 

that the temperature remained below 25°C. When addition was 

completed the reactants were stirred for a further 3 hours. The 

resultant solution was extracted with 3 x 50 mls. 10% sodium 

hydroxide and washed with 5 x 50 mis. water until neutrai. The 

sodium hydroxide extracts and water washings were combined and 

acidified using a slight excess sulphuric acid. The liberated 

benzoic acid was ether extracted and recovered by evaporation 

to dryness. The benzoic acid was recrystallised from hot water 

and dried, m.p. 120.5-121.5°C; yield 8.2 gms. (67 mmoles). 

The organic layer was dried and the benzene was removed at 

15 mm. to yield 21.2 gms. (68.2 mmoles) of a viscous oil.
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This oil was molecularly distilled b.p. 30-60°C/0.004 mm. 

no? 1.4700 yield 18 gms. 

x) Reaction between t-butyl ethyl peroxide and sodium di-n-buty1! 

phosphite. 

D9 gms. (50 mmoles) peroxide were added to 100 mmoles 

sodium di-n-butyl phosphite in 200 mls. benzene and maintained 

at 40°C for 5 days. At the end of this time two layers had 

formed which became miscible on shaking. Water was added and the 

organic phase worked up as before, bep. 90-94°C/0.05 mime 

25 Ny 1.4190 

© 44.67% %P 12.4; required (BuO) ,P(0)-OBu 

(BuO) ,P(O)-OEt 13.0 &P 

yield 5.6 gms. 

xi) Reaction between t-butyl ethyl peroxide and sodium diethyl 

phosphite. 

8.55 gms. (75 mmoles) t-butyl ethyl peroxide and 150 mmoles 

sodium diethyl phosphite in 300 mls. benzene were heated at 40°C 

for 5 days and the reaction product worked up as previously, 

bep. 55-60°C/1.0 mm. no? 1.4070 

%P 15.61; required for (Bt0) XO)-OBu” = 14.75 ne? 1.4085 

(Et0),P(0)-OEt = 17.05 no? 1.4040 

yield 7.40 gms. 

xii) Reaction between n-butyl, t-butyl peroxide and sodium 

di-n-butyl phosphite. 

7.31 gms. (50 mmoles ) peroxide and 100 mmoles sodium 

di-n-butyl phosphite in 200 mls. benzene were maintained at 4o°c 

for 5 days and the product worked up as pefore, b.p. 84°C/0,.02mm. 

no? 1.4230 

t 25 Ny 1.4220 

(BuO) ,P(0)-OBu” ne? 4.4230 yield 7.6gas. 

(Bu"0),P(0)-OBu
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xiii) Reaction between n-butyl-t-butyl peroxideand sodium 

diethyl phosphite. 

7231 gms. (50 mmoles) n-butyl, t-butyl peroxide were added 

to 100 mmoles sodium diethyl phosphite in 200 mls. benzene and 

maintained at 40° for 5 days and the product wes recovered as 

before, bep. 70-72°C/1.0 mm. ne? 1.4135 

(Bt0),P(0)-0Bu" No? 1.4110 
D 

(Bt0) ,P(0)-oBu* ee 1.4085 

yield 8.7 gms. (41.5 mmoles).



c) 

7 
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The reaction of Grignard reagents with peroxides. 

Preperation of reagents. 

AneleR diethyl ether was redistilled from phosphorus 

pentoxide and stored over molecular sieve (type 4a: 8-12 mesh 

beads) prior to use. 

a) Preparation of di-t-butyl ether. 

b) 

c) 

An attempted prepsration was carried out using the method 

of Lawesson end ena wt Reaction of t-butyl perbenzoate 

with an ethereal solution of t-butyl magnesium chloride 

yielded 3.6 gms. of a product b.p. 404-106°C which was shown 

by g-l.c. analysis to consist of 3 components in roughly 

equal emounts. One of these compounds was 2,2,3,3,-tetra- 

methyl butane, b.p. 106°C, which was produced during the 

preperation of the Grignard solution, end this could not be 

readily separated from the desired product. 

Di-t-butyl ether was, however, prepared by the method of 

Erickson and lenten?? by reacting t-butyl chloride with an 

ethereal suspension of silver carbonate for 2 weeks, under 

the influence of a 300 watt tungsten filament lemp. Di-t- 

20 
D 

The purity of this materiel was demonstrated by n.m.r. and 

putyl ether had a b.p. 106-107°C, No~ 1.3945, yield 28%. 

gel.c. 

Preparation of n-butyl t-butyl ether. 

This wes prepared by sdding t-butanol slowly to a heated 

solution of n-butanol in dilute sulphuric cae? 

bepe 123-125°C no? 1.3925. 

Preparation of allyl t-butyl ether. 

This was prepered similarly according to the method 

149 
described by Lawesson et.al. using 0.5 scale quantities, 

20 
bep. 99-100°C NO 1.4065 yield 12 gms.
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a) Preparation of g-methallyl t-butyl ether. 

This wes prepered by the reaction of B-methallyl chloride 

on sodium t-butoxide according to Olson oa but using 

0.25 x 107° scale quantities, bep. 120-122°C neo 4.4080 

yield 8.4 gms. (32%). 

ii) Preparation of Grignard reagents. 

The Grignard solutions were prepared using standard 

techniques; their concentration was made greater than ultimately 

required so that the necesssry concentration could be obtained 

by appropriate dilution. 

The preparation of t-butyl magnesium chloride is described 

in detail and this method was used in all other prepsrations; 

odie wat used in the preparation of t-butyl magnesium chloride 

only. 

5.47 gms. (0.225 moles) magnesium turnings were placed in 

a 250 ml. round bottomed flask which had been dried by heating 

to 110°C and cooled in a stream of dry nitrogen. 1 crystal of 

iodine was added and the flask was fitted with an inlet for 

admitting dry nitrogen, a condenser fitted with a calcium 

chloride drying tube, and a dropping funnel. The air was 

displaced by passing a stream of nitrogen for about 1 minute. 

The nitrogen flow rate was reduced to s minimum and the flask 

was heated with s bunsen burner to vaporize the iodine. The 

flask was allowed to cool and 0.5 gms. t-butyl chloride in 

10 mls. dry ether were added and reaction started almost 

immediately (as evidenced by the appearance of bubbles). 50mls. 

ary @ther were added in one portion and the remaining t-butyl 

chloride (18.5 gms. (0.2 moles)), in 40 mls. ether, were added 

slowly to the rapidly stirred suspension of magnesium shavings 

so that the coupling reaction was kept to ea minimum. When
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addition was complete the reagents were stirred for a further 

2 hours and then the Grignard concentration was determined. 

iii) Determination of Grignard solution. 

This was carried out as described by Gilman etel.? 

The solid material was allowed to settle and 2.0 mis. 

solution were transferred, by means of a pipette, to a 250 ml. 

Erlenmeyer flask containing 25 mls. distilled water send 25.O0mls. 

hydrochloric acid (N/10). The resulting solution wes heated to 

70°C and the excess acid was back titrated, at this temperature, 

with N/10 sodium hydroxide using phenol-phthalein as indicator. 

The Grignard concentrstion was calculated from the 

relationship 

RMgX + HX — RH + MgXx,, 

1 litre normal acid = 1 mole Grignard 

1 ml. N/10 acid = 107% moles Grignard 

iv) Reaction of peroxides with Grignard solutions. 

In all reactions 24.0 x 4107 moles of Grignerd were added 

to an etheresl solution of 4 x 107? moles peroxide at 20°C. 

The total volume of ether wes 50 mls. and ca. 0.3 gms. of an 

inert internal standard was added to facilitsete an accurate 

measurement of extent of reaction. 

The reaction of di-t-butyl peroxide with n-butyl magnesium 

chloride serves to illustrate the method used to study the 

reaction. 

Estimation of the Grignard showed that 10 mls. solution 

contain 17.5 x 10> moles. 

Therefore, 4.0 x AO" 146.23 x 17.5 gms. = 0.4260 gms. 

24 

di-t-butyl peroxide were weighed out into a 100 ml. conical 

flask and 0.1845 gms. 2-methyl octane were added followed by



50 x Aho se 10 mis. 36.4 ar’ 10 mls. = 26.4ml1s. u 

2k 
ether. 

A small magnetic follower was added to the resultant solution and 

the flask wes half immersed in a water bath on a magnetic 

stirrer platform and maintseined at 20°c. 10.0 mis. of Grignard 

solution were added to the stirred contents of the flesk. The 

air in the flask was displaced by dry nitrogen and the flask 

was sealed by means of a serum cap. The reactants were 

maintained at 20°c end stirred continuously. After varying 

time intervals 1.0 ml. samples of the resultant solution were 

injected onto a g.l.c. column and:= 

a) the increase in height of the pesk corresponding to n-butyl 3 

t-butyl ether Gas 

b) the decrease in height of the peak corresponding to 

di-t-butyl peroxide were observed. 

The absolute concentrations of peroxide and ether were 

determined by reference to standard solutions of known 

composition. 

When the reaction had gone to completion the flask was 

cooled in a dry ice/acetone bath and 2.0 mls. N/10 hydrochloric 

acid added dropwise over a period of ca. 10 minutes. 

The liberated t-butanol was then determined by GeleCe 

Calibration for g.l.c. analysis was carried out as follows:- 

Varying amounts of n-butyl t-butyl ether, t-butenol and 

di-t-butyl peroxide were added to 0.2578 gms. 2-methyl octane in 

50 mls. ether ( 0.1875 gms. in 36.4 mls.). The heights of 

peaks due to these compounds were measured and the appropriate 

ratios correlated with concentration and are shown in table 8 

below



Peak ratios. 

SU 

<
 

2.0 

1. 

1 «Or 

On     
1.0 2.0 3.0 4.0 

Mmoles. 

Graph a 

Showing correlation of peak heights, taken from a 

ges-liquid chromatogram, with concentration, in a solution 

of:- 

a) Di-t-butyl peroxide -- $e 

b) N-butyl t-butyl ether, Jy 

This graph summarises the data in table 8.
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Moles Moles Moles Ht.BuoBu"/ Ht. Butou/ Ht.Butoosut/ 
BuOBu" Bu OH Bu ‘ooBu” Ht.standard Ht.standard Ht.standard 

4x107 é 0.56 ‘ bs 
2.025x107> = : 4.14 $ 2 

2.971x107> + - 1.64 * = 

3.917x1077 + : 2.21 : 

‘ 2.0x1077 " : 0.46 . 
ae = 4..ox107? - - 2.86 

Table 8 

This information was then plotted in graphical form and 

is shown in graph 11. 

The concentrations of n-butyl t-butyl ether and di-t-butyl 

peroxide at any point in the reaction were then determined using 

graph 11 and are shown in table 9. 

  

  

Time n-butyl t-butyl di-t-butyl peroxide 

(mins.) ether concentration concentration 

18 0.52 3422 

33 0.85 2.96 

48 1.00 2.75 

75 1.27 2.48 

98 1.56 1.92 

158 1.90 1.34 

245 2.13 0.87 

52 2.28 0.68 

556 2.47 0.26 

1200 2.68 0.00 

Table 9 

Showing rate of formation of n-butyl t-butyl ether and 

the disappesrance of di-t-butyl peroxide (in mmoles), in the 

reaction between di-t-butyl peroxide and n-butyl magnesium chloride.
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The t-butanol formed in the reaction reacts rapidly with 

the Grignard present, hence this value cannot be determined 

directly but when the reaction had gone to completion the 

t-butoxy magnesium chloride wes hydrolysed and the liberated 

t-butanol was determined by g.l.c. 

Amount t-butanol formed = 5.2 mmoles. 

The rates of reaction of other peroxides with Grignard 

reagents are shown in tables 10- 12, 

  

  

Time n-butyl t-butyl di-t-butyl peroxide 

(mins.) ether concentration concentration 

ae 0.50 ie 

104 0.80 2.91 

154 0.92 2277 

240 Tear 2035 

567 1.62 1.50 

1429 210 0.52 

2766 2.34 0.10 

44146 2.42 - 

Table 10 

Showing rate of reaction between di-t-butyl peroxide and 

n-butyl magnesium bromide. 

Amount t-butanol formed on hydrolysis was 5.50 mmoles.
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Time n-butyl t-butyl di-t-butyl peroxide 

(mins. ) ether concentration concentration 

2 ~ 4.00 

56 - 3.58 

94 0.33 3.42 

167 0.51 3.00 

304 0.80 2.45 

490 1.03 2.00 

1215 1.67 0.78 

1585 1.82 ~ 

2665 aoe 0.00 

, Table 11 

Showing rate of reaction between di-t-butyl peroxide and 

n-butyl magnesium iodide. 

Amount of t-butanol formed on hydrolysis was 6.17 mmoles. 

  

  

Time allyl t-butyl 

(mins. ) ether concentration 

e 0.52 

25 1.76 

4h 2.25 

69 2.58 

87 2.83 

114 2.98 

289 3-10 

Table 12 

Showing rate of reaction between d@i-t-butyl peroxide and 

allyl magnesium bromide. 

Amount t-butenol formed on hydrolysis was 4.47 mmoles.



v) Reaction of t-butyl perbenzoate with t-butyl magnesium 

chloride. 

4.85 gms. (0.025 moles) t-butyl perbenzoate in 25 mls. ary 

ether were added dropwise over a period of 2 hours to a pepidie 

stirred solution of 50 mls. 1.5N t-butyl magnesium chloride 

maintained at 0-5°C and left to stand overnight. 50 mls. ether 

were then added and the resultant mixture was hydrolysed by the 

addition of 25 mls. N/10 hydrochloric acid. 4N sodium 

hydroxide was added dropwise until all the solid had dissolved. 

The aqueous solution was extracted (5 x 25 mls.) with ether; 

the ether extracts were combined and asaé up to a total of 

250 mls. - solution A. 

4N hydrochloric acid was added to the aqueous phase and 

the benzoic acid which precipitated, was dried and weighed, 

yield 2.80 gms. (0.023 moles) mp. 121°C. 

A standard solution was made up containing:- 

0.2683 gms. (1.92 mmoles) di-t-butyl ether 
in 25 mls. ether 

0.1700 gms. (2.29 mmoles) t-butenol 
(solution B). 

0.3580 gms. n-octane 

25.0 mls. of solution A were added to 0.3620 gms. 

n-octane to produce solution C. Samples of solutions B and C 

were injected onto a dinonylphthalate column at 100°C and the 

gas-liquid chromatograms were recorded, and by comparison the 

amounts of t-butanol and di-t-butyl ether produced in the 

reaction, were determined. 

The overall stochiometry of the reaction wes found to be:- 

Bu “MgCl + Bu’OOCPh mode Bu’oBu® + Bu ‘oH + PhCO H 
2 

275x107 25x107> 489x107? 20.4x107 23x107? 

moles moles moles moles moles
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In the other reactions between peroxides and Grignard 

reagents, which were studied, the rates of reaction were not 

determined and only the concentrations of the products were 

measured. These sre recorded in table 1.
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Chapter 2: Reaction of disulphides with nucleophilic reagents. 

a) Reaction of disulphides with cyclic phosphoramidites. 

i) Preperation and purification of reagents. 

2-chloro-1,3,2-dioxephospholene b.p. 67-69°C/50 mm. 

25 
Ny 

phospholane b.p.75-76°C/50 mm. ne? 1.4710 (Lit. 1.4707) were 

1.4872 (Lit. 1.4878) and 2-chloro-4-methyl-1,3,2-dioxe- 

supplied by Albright and Wilson and redistilled prior to use. 

a) Preparation of 2-substituted 1,3,2-dioxaphospholanes. 

2-substituted 1,3,2-dioxaphospholenes and 2-substituted 

4-methyl-1,3,2-dioxaphospholanes were prepared by the method 

150 
of Lucas, Mitchell and Scully; 2-(-4morpholino )-4-methyl- 

1,3,2-dioxaphospholane had the physical constants reported by 

Pilgram, Phillips and Korte >" and 2-di-n-butylamino-1,3,2- 

dioxaphospholane wes a novel compound. 

The general proceedure used is illustrated by reference to the 

preparation of 2-diethylamino-1,3,2-dioxephospholane. 

25.4 gms. (0.2 moles) 2-chloro-1,3,2-dioxaphospholane were 

added to 60 mis. 40/60 petroleum ether in a 250 ml. flask fitted 

with stirrer, reflux condenser and dropping funnel. 29.2 gms. 

(0.4 moles) diethylamine in 60 mls. 40/60 petroleum ether was 

added dropwise whilst the flask was cooled by an ice bath. When 

addition was complete the reaction mixture was maintained at 

room temperature for 2 hours. The amine hydrochloride was 

filtered off and washed with 40/60 petroleum ether. The filtrate 

and washings were combined and allowed to stand over night at 

=10°6" whereupon further amine hydrochloride precipitated and 

wes removed by filtration. The filtrate was distilled and the 

fraction boiling 101°¢C/28 mme was collected. The crude product 

was then fractionated three times through oe Vigreau column to 

remove further amine hydrochloride, b.p. of product
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98.5-99°C/25 mm. no? 1.4660 (Lit. 1.4660) C 44.05% H 8.34% 

N 8.44% P 18.00% required C 44.17% H 8.65% N 8.59% 

P 18.99%. 

The physical properties of the other cyclic phosphoramidites 

which were prepared are summerised in table 13 (Lit. values 

in brackets). 

  

Compound Bape ne? Analytical 

Required Found 

2-diethylamino-1,3,2-  98.5-99°C/25mm. 1.4680 

dioxephospholene (98.7-99.1°C/25mm.) (1.4660) 

2-piperidino-1,3,2- 112=115°C/14mm. 1.5015 C 47.99 48.19 

dioxephospholane (108-110°C/10mm. ) (1.4971)H 8.07 8.14 

N 17.67 18.00 

PB 8.00 7.80 

2-di-n-butylemine- 98°C/1.0mm. 1.4680 C 54.77 53.88 

1,3,2-dioxaphospholane H AQ. ty 9677 

N 6.39 5.42 

P 14.13 15.10 

2-diethylemino-4- 91°C/17mm. 1.4593 

methyl-1,3,2- (101.5-101.7°C/25mm. Xt .4594) 

dioxaphospholane 

2-piperidino-4- 115-116°C/14mm. 

methyl-1,3,2- (132°C /25mm. ) 

dioxaphospholane 420 

2-morpholino-4- 78°C /o.08mm. 1.4912 

methyl-1,3,2- (77°c/0.08mm. ) (1.4897) 

dioxaphospholane 

Table 13
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ii) Preparation and purification of sulphides. 

a) 

b) 

c) 

Diallyl disulphide (Koch-Light) wes fractionated three times 

before use and a fraction boiling 79°C/16 mm. was collected. 

S 43.2% required for CHI S85 43.8%. 

Diallyl monosulphide was also supplied by Koch-Light. This 

was fractionated before use and fraction 440-141°C/760 mm. 

20 
was collected, Ny 1.4867 (Lit. 1.4870) S 28.1% required 

for CoH, Ss 28.01%. 

  

Di-but-2-enyl disulphide was prepared from the but-enyl-1- 

thiol which was prepsred by the general method of Lee 

et. it 

But-2-ene-1-ol (1.1 mole) bsp. 114-120°C/760 mm., 140 mis. 

48% hydrobromic acid and 1.1 moles thiourea, were refluxed 

together for 30 minutes and then the product was cooled over 

night at -10°C to give crude S-but-2-enyl thiuronium brokide 

which was filtered off and washed with 128 gms. of 55% cold 

aqueous acetone. The combined mother liquors were treated 

with p=toluene sulphonic acid (70 gms. in 125 mls. water) 

and the resultant crystalline tosylate was separated and 

washed with aqueous acetone (84 gms. 25%). The tosylate and 

bromide salts were combined and added to aqueous sodium 

hydroxide (60 gms. in 250 mls. water) at room temperature. 

After stirring the mixture for 1.5 hours the thiol was 

separated by steam distillation and the distillate washed 

with weter and dried over magnesium sulphate to yield 54 ays 

crude thiol. Fractionation of this thiol through a Vigreux 

column gave 30 gms. (30.8%) but-2-ene-1-thiol b.p. 100-102°C/ 

760 mm. 

The thiol (30 gms.) was dissolved in ice cdd aqueous sodium 

hydrogide (77.5 gms. in 375 mls. water) and the resultant
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thiolate ion wes oxidised to the disulphide by the slow 

addition of 430% hydrogen peroxide. The product was then 

oe just ecid with glacial acetic acid; the disulphide was 

ether extracted and the ether solution was rendered neutral 

by washing with aqueous potassium carbonate. ? 

Subsequent removal of the ether and distillation of the 

residue gave a fraction b.p. 70-71°C/0.05-0.06 mm. 

nie 4.4392 (Lit. 1.4386) C 55.2% H 8.1% S 36.4% required 

for CoH. ,55 C.55.1% H 8.1% S 36.8% yield 21 gms. 

Gel.c. indicated 4% impurity and i,r. absorption at 

960 oat! indicated that the disulphide was the trans but-2- 

enyl isomer. 

Preparation of 1-methyl allyl but-2-enyl monosulphide. 

3.14 gms. (18 mmoles) but-2-enyl disulphide was added to 

6.74 gms. (25.7 mmoles) triphenylphosphine, sealed in a Cexdhia 

tube end heated for 75 hours at 80°C. The product was 

separated by filtration into a crystallinw material and a 

liquid. The solid was washed with 8 mls. ether and 

crystallised from ethanol to give triphenylphosphine sulphide 

MePe 159.5-160.5°C (Lit. 160.5-161.5°C). Distillation 

dep. 58-59°C/12 mm. of the combined filtrate and ether 

washings gave 1.97 gms. of 1-methyl allyl but-2-enyl mono- 

i 
D 

Nemer. wes consistent with the structure. I.r. showed a 

sulphide, N e 1.4900 (Lit. 1.4870). 

band at 960 ony which indicated a trans di-alkyl ethylenic 

bond and bands at 910 om. and 990 mes which indicated the 

presence of a vinyl group. G.l.c. indicated a minor 

component of 3%. 

iii) Triethyl phosphite (Albright and Wilson) was fractionated 

prior to use bep. 154°C (Lit. 153.5-155.0°C) No4 4125 (Lit.1.4120)



Monosulphide/standard 

peak ratio. 

2.0% 

1.0< 

      
0.1 0.2 0.3 0.4 0.5 0.6 

mmoles diallyl monosulphide 

Graph 12 

Calibration graph used in studies on the rate of 

desulphurstion of diallyl disulphide, (based on data 

in table 14).



iv) Kinetics of reactions. 

The extent of the reaction was determined by measuring the 

amount of monosulphide formed after a given interval of time, 

and both the disllyl- and 1-methyl allyl but-2-enyl monosulphides 

were estimated by g.l.c. techniques, using a Pye Panchromato- 

graph, operating with a column containing di-nonyl-phthalate on 

a Chromasorb G solid support. The diallyl monosulphide was 

determined accurately by using n-octane as an internal 

standerd whilst n-nonane wes used with 1-methyl allyl but-2- 

enyl monosulphide. The method of determining the rate of 

desulphuration of disllyl disulphide can be illustrated by 

reference to:- 

a) Determination of the rate of reaction between diallyl 

disulphide and triphenylphosphine in benzene at 80°C. 

Four solutions were prepared, each containing 0.0175 gms. 

n-octane in 5 mls. benzene. 

To solution 1 was added 0.0735 mmoles diallyl monosulphide. 

To solution 2 was added 0.1426 mmoles diallyl monosulphide. 

To solution 3 was added 0.3380 mmoles diallyl monosulphide. 

To solution 4 was added 0.4800 mmoles diallyl monosulphide. 

The gel.c. of each of these solutions was recorded and the 

n-octane and diallyl monosulphide peaks were traced, cut out, 

weighed and their weight ratios determined. The g.l.c. of each 

solution wos run 3 times end an averege ratio was taken. This 

deta is tabuleted in table 14. The ratios of peak weights 

versus monosulphide concentration were then plotted (graph 12).
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Semple Monosulphide N-octene A/B Deviation Average 

peak weight peak weight from mean A/B 

(A) (B) 

0.0062 0.1877 0.352 -0.006 

4 0.0676 0.1800 0.376 +0.019 0.358 

0.0646 0.1861 0.347 -0.0114 

0.1222 0.1795 0.682 0.000 

a“ 0.1283 0.1910 0.672 -0.010 0.682 

0.1573 0.1988 0.691 +0.010 

0.3238 s _O6 1950 1.660 +0.030 

3 0.3263 0.2040 1.600 -0.030 1.630 

0.3222 0.1974 1.630 0.000 

0.4562 0.1961 2.330 -0.080 

4 0.4294 0.1748 2.460 +0050 2.410 

0.4534 0.1861 2.430 +0020 

Table 14 

3.282 gms. triphenylphosphine were made up to 25 mls. with 

pure dry benzene, in a graduated flask - solution A. 

0.9080 gms. diallyl disulphide plus 0.2205 gms. n-octane 

were made up to 25 mls. in benzene - solution B. 

2.0 mls. of solutions A and B were transferred to a Carius 

tube and 1.0 ml. wes then used to wash the reactants into the 

tube, which wes then outgassed and sealed. Six such ampoules 

were prepared and heated to 80°C, in the dark. The ampoules 

were opened sfter varying intervals of time and the g.l.c. was 

recorded, end the results are shown in table 15.
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Time Monosulphide N-octane A/B Average mmoles diallyl 

(mins. )peak weight peak weight A/B monosulphide 

(A) (B) formed 

20 0.2995 0.2012 1.490 

1.493 0.297 

0.2970 0.1985 1.495 

0.3968 0.2040 1.945 
4o 1.985 0.405 

0.4114 0.2010 2<025 

0.4312 0.2011 2.145 

60 0.4390 0.2040 20150. 2.128 0.440 

0.4310 0.2055 2.090 

0.4520 0.2090 2.165 

95 0.4280 0.1915 20235 26247 0.467 

0.4515 0.1928 2.340 

0.4400 0.1930 2.280 

185 0.4110 0.1830 20245 2.262 0.470 

0.4320 0.1915 2.260 

0.4469 0.1954 2.285 

335 2.310 0.482 
0.4336 0.1851 2.335 

Table 15 

Showing rate of formation of diallyl monosulphide in 

the reaction of 1.0 mmole of triphenylphosphine with 0.5 mmoles 

diallyl disulphide in 5.0 mls. benzene at 80°C. 

The rates of desulphuration of diallyl disulphide by 

other nucleophiles ere shown in tables 16 to 24.
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Time mmoles disllyl 

(hours) monosulphide formed 

1.00 0.170 

201? Owe 

6.00 0.420 

Table 16 

Showing the rate of reaction of triphenylphosphine 

(1.0 mmole) with diallyl disulphide (0.5 mmole) in 5 mls. 

benzene at 50°C. 

  

Time mmoles diallyl 

(hours) monosulphide formed 

1 0.083 

3 0.165 

7 0.270 

24 : 0.440 

Table 17 

Showing rete of reaction of triethylphosphite (1.0 mmole) 

with diallyl disulphide (0.5 mmoles) in 5 mls. benzene at 50°C. 

  

Time mmoles diallyl 

(hours) monosulphide formed 

1 0.060 

3 0.092 

20 0.245 

44 Og 557, 

Table 18 

Showing rete of reaction of 2-diethylamino-1,3,2-dioxa- 

phospholane (1,0 mmoles) with diallyl disulphide (0.5 mmoles) 

in 5 mls. benzene at 50°.



  

  

Time mmoles diallyl 

(hours) monosulphide formed 

1.0 0.140 
2.0 0.230 

4S 0.330 

9.5 0.385 

15.0 0.395 

24.0 0.395 

Table 19 

Showing rate of reaction of 2-morpholino-1,3,2-dioxa- 

phospholene (1.0 mole) with diallyl disulphide (0.5 mmole) in 

5 mls. benzene at 80°C. 

  

Time | mmoles diellyl 

(hours) monosulphide formed 

1.0 0.123 

205 0.230 

50D 0.320 

5.5 0.365 

16.0 0.445 

Table 20 

Showing rate of reaction of 2-di-n-butylamino-1,3,2- 

dioxephospholene (1.0 mmole) with diallyl disulphide (0.5 mmole) 

in 5 mls. benzene at 80°C.



  

Time mmoles diallyl 

(hours) monosulphide formed 

1.0 0.157 

2.0 0.252 

4.0 O2525 

7.0 0.355 

24.0 0.355 

Table 21 

Showing rate of reaction of 2-diethylamino-1,3,2- 

dioxaphospholane (1.0 mmole) with diallyl disulphide (0.5 mmole) 

in 5 mls. benzene at 80°C. 

  

Time mmoles: diallyl 

(hours) monosulphide formed 

1.0 0.170 

3.0 0.290 

70 0.400 

11.5 0.410 

Table 22 

Showing rate of reaction of 2-diethylamino-4-methyl- 

1,3,2-dioxsphospholane (1.Ommole) with diallyl disulphide 

(0.5 mmole) in 5 mls. benzene at 80°C.
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Time mmoles dially} 

(hours) monosulphide formed 

1.0 0.163 

ae5 0.275 

520 0.360 

8.5 0.405 

Table 23 

Showing rate of reaction of 2-piperidino-4-methyl- 

1,32-dioxsphospholane (1.0 mmole) with diallyl disulphide 

(0.5 mmole) in 5 mls. benzene at 80°C, 

  

Time mmoles disallyl 

(hours) monosulphide formed 

1.0 0.165 

30 0.292 

5.0 0.358 

8.0 0.410 

Table 24 

Showing rate of reaction of 2-morpholino-4-methyl- 

1,3,2-dioxaphospholane (1.0 mmole) with diallyl disulphide 

(0.5 mmoles) in 5 mls. benzene at 80°C. 

The rates of desulphuration of di-but-2-enyl disulphide 

are shown in tables 25 and 26.



Time 

  

(hours) 

11.00 

Bleep 

51.00 

74.00 

Table 25 

mmoles 1t~methyl allyl 
  

but-2-enyl 

monosulphide formed 
  

0.265 

0.495 

0.467 

0.434 

Showing rate of reaction of 2-diethylamino—1,3,2- 

dioxaphospholene (1.0 mmole) with di-but-2-enyl disulphide 

(0.5 mmoles) in 5 mls. benzene at 80°C. 

Time 
  

(hours) 

11.00 

21.25 

51.00 

74.00 

Table 26 

mmoles 1-methyl allyl 

but-2-enyl 

monosulphide formed 

0.250 

0-395 

0.455 

0.479 

Showing rate of reaction of 2-diethylamino-4-methyl- 

1,3,2-dioxaphospholane (1.0 mmole) with di-but-2-enyl 

disulphide (0.5 mmoles) in 5 mls. benzene at 80°C.



ata, 

b) Reaction of sodium di-n-butyl phosphite with di-t-butyl 

disulphide. 

9.2 gms. (0.4 moles) sodium were refluxed with 77.6 gms. 

(0.4 moles) di-n-butyl phosphite in 200 mls. benzene in on inert 

atmosphere for 10 hours. The resultant solution was allowed to 

cool, decanted from unreacted sodium, and added to 17.8 gms. 

(0.1 mole) di-t-butyl disulphide. The flask was sealed and 

mainteined at 25°C for 214 hours and at the end of this time 

gel.c. analysis showed that no reaction had occurred. The 

reagents were then maintained at 80°C for 48 hours end 

subsequent g.l.c. analysis showed that all the disulphide had 

reacted and that n-butyl t-butyl monosulphide had been formed. 

25 mls. water were added to the reaction mixture and the 

two layers were allowed to separate. The aqueous layer was 

extracted (3 x 20 mls.) with benzene and the washings were 

added to the organic layer. This was dried and distilled to 

give 13.6 gms. (0.093 moles)n-butyl t-butyl monosulphide, 

beps 62-64°C/20 mm. NO? 1.4460 (Lit. 1.4453). The i.r. end 
D 

nem.r. spectra were identical to those of an authentic sample.



44 

c) Reaction of Grignard reagents and butyl lithium with 

disulphides. 

i) Preparetion and purification of sulphides. 

a) Allyl t-butyl monosulphide. 

This was prepsred by the addition of allyl bromide to a 

  

solution of sodium hydroxide and t-butane thiol in ethenol!°* 

° 20 

b) Allyl -n-butyl monosulphide. 

This wes similerly prepared but using n-butane thio1,?? 

20 

D 

c) Di-t-butyl monosulphide. 

bepe 73-75°C/15 mm. NO 1.4675, 

This wes a commercial sample having purity ) 98% and wes 

used as supplied. 

a) Di-t-butyl disulphide. 

This was also a commercial sample but was refractionated 

20 
before use, bep. 86-87°C/20 mm. NS, 144900. 

e) Di-n-butyl disulphide. 
  

This was a commercial sample but was refractionated before 

20 
D 

ii) Method used to determine reaction products. 

3 

use, b.p. 98-103°C/15 mm. No 1.4930. 

In ell reactions 4.0 x 10” moles disulphide, in ether, 

3 were added to the carbanion (24 x 10 ~ moles), in ether, such 

that the total volume of ether was 50 mls. The reagents were 

maintesined at 20°C and the monosulphides formed in the reactions 

were determined by g.l.c. analysis. At the end of reaction 

N/10 hydrochloric acid was added to the reagents and the 

liberated thiol was determined by g.1.-c. analysis. 

The products from the reaction of disulphides with 

Grignard reegents are shown in tekhbe 2. In reactions 3,4 and 9, 

in which no reaction occurred, hydrolysis produced rapid



a2 

effervescence, showing that Grignard reagent was still present. 

In reactions 1,2,5,7 and 8 reaction wes complete after 1 minute. 

iii) Reaction of di-t-butyl disulphide with butyl lithium. 

This reaction serves to illustrate the general method used 

to study the reactions of disulphides with carbanions. 

N-butyl lithium was prepared in ether solution and 

titration showed thet 20.0 mls. solution contained 26.0 x 107? 

moles n-butyl lithium. 

4 x 107? x 26.0 x 178 gms. = 0.772 gms. di-t-butyl disulphide 

24.0 

were weighed into a 250 ml. conical flask and 0.346 gms. 

n-decane standerd and a magnetic follower were added. 

(50 x 26 - 20) = 34.0 mls. diethyl ether were added; the 

24 

solution wes stirred and 20.0 mis. n-butyl lithium solution 

were added. The air in the flask was displaced by dry nitrogen 

and the flask was sealed using e serum cap and maintained at 

20°c. After varying intervals of time 1.Omicrolitre samples 

were injected onto a gas-liquid chromatographic column and the 

ratio of the height of the t-butyl n-butyl monosulphide peak 

to thet of the standard peak, wes calculated. From this ratio 

the concentration of t-butyl n-butyl monosulphide wes determined 

by reference to a calibration graph. The di-t-butyl disulphide | 

concentration wes similarly determined. When reaction was 

complete the flask was cooled to -70°C and 5.0 mls. N/10 

hydrochloric acid were added with continuous stirring. The 

flask was allowed to attain room temperature and the t-butane 

thiol was determined by g.l.c. analysis.



His 
  

  

Time di-t-butyl disulphide n-butyl t-butyl 

(mins. ) (mmoles) monosulphide (mmoles) 

0 4.00 0.00 

1 3.08 0.75 

ie 0.77 3.04 

26 0.14 3.94 

48 0.00 4.00 

Table 27 

Showing rate of reaction of di-t-butyl disulphide with 

n-butyl lithium. 

2 
Thiol formed on hydrolysis 3.97 x 10”? moles.
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