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ABSTRACT 

This thesis reports the study of the preparation of symmetrical and 

unsymmetrical dlsulphldes and their desulphurlsatlon with tervalent 

phosphorus compounds.The reaction products,klnetlcs,mechanlsm have 

been Investigated. 

The Introduction (Chapter one) contains the background to this project with 

brief reviews on nucleophilic attock by P(III) compounds on a variety of 

nucleophilic centres and functional groups. These Include saturated 

carbon,unsaturated carbon,carbonyl carbon,saturated 

oxygen,nltrogen,halogen,and sulphur (II). 

Chapter two Is divided Into six sections.The first gives a brief review on the 

purpose and objective of the this thesis. Section two Investigates the best 

analytical technique employed to monitor reaction mechanlsm,klnetlcs,and 

reaction products.Section three Illustrates the problems associated with the 

preparation of unsymmetrical dlsulphldes while section four·detalls the 

products obtained from the desulphurlsatlon reaction In various 

media. Section five and six report a comparison In desulphurlsatlon kinetics 

between cyclic and acyclic amlnophosphlne reagents. 

Chapter three discusses In details three physical methodes monitoring 

reaction pathway(CIDNP) ,reaction mechanism and klnetlcs(HPLC) ,and 

reaction products In various solvent systems(MC-LC). 

Chapter four has full experimental procedures. 

Chapter five lists the refrences. 
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CHAPTER 1 

NUCLEOPHILIC ATTACK BY P(lII) NUCLEOPHILES 
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CHAPTER 1 NUCLEOPHIUC ATTACK BY P(III) NUCLEOPHILES 

1.1 General Introduction 

The triply-connected phosphorus atom Is a highly reactive centre In which 

reoctlvity is controlled by the availability of the non-bonding 3S electrons for 

co-ordinatlon with electrophilic centres. 

Thus the reactions of phosphorus compounds bearing three singly-bond 

atoms at careon. nitrogen. oxygen or sulphur generally Involve the 

phosphorus centre os a nucleophile. 

1.2 Attock on Saturated Coreon 

(The Mlchoelis-Areuzov Reaction) 

The Arbusov reaction is the best known example of a nucleophilic attock of 

phosphOrus on saturated carbon. In the reaction. phosphites attack alkyl 

halides to produce phosphonate esters 12 (scheme 1). 

o 
, 

RX ( ) 
II , 

---- RO 2 PR + RX 

Scheme 1 

Phosphites recet less readily than the corresponding phosphines at 

saturated carbon. usually requiring many hours at reflux temperature. 

whereas phosphines are often alJcylated in the COld. 

Rczumov3 .4 has estoblished the reactivity series 

Et2POEt > EtP(OEt)2 > (EtO)3P and 

Ph2POEt > PhP(OEt)2 > (PhO)3P 

It Is generolly accepted that the reaction proceeds in fwo stages. on inltlol 

Quatemlsotlon of the phosphite by nucleophilic attack on the halide. 
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followed by attack on the alkoxyphosphonium cation by the anion 

displaced (scheme 2). 

+, -
---... (RO)3P R + X 

° II , 
--_ .. (RO)2 P R + RX 

Scheme 2 

Gerrard and GreenS have established by reacting an optically active 

phosphite with ethyl Iodide and observing Inversion at the chiral carbon of 

the phosphite that the second dealkylatlon step was a simple bimolecular 

displacement on carbon. Isolation of the intermediate alkoxyphosphonium 

salts can only be achieved using weakly nucleophilic anions such as 

tetrafluoroborate (scheme 3). 

+ - +-
(CH3CH20)3P +(CH3CH2)30 BF4 ~(CH3CH20)3PCH~H2 BF4 

+ 
(CH3CH2)20 

Scheme 3 

However. the reaction of trlphenyl phosphite with alkyl Iodides results in the 

formation of a very stable phosphonium salt which only decomposes on 

heating to 2OO0 C (scheme 4). 
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(@-O); + RI OO-~~@l 
1200 '1: . 

@-I + RW~@), 
Scheme 4 

Convincing quantitative evidence for a rate-determining first step is 

available from a careful study by Aksnes and Aksnes6 of the Arbusov 

rearrangement of trlethyl phosphite to diethyl ethyl phosphinate in the 

presence of ethyl Iodide. They showed by measurement of the rate of 

product formation. using infrared analysis. that the ethyl iodide is not 

consumed to a measurable extent at any stage. the rate is proportional to 

the concentration of ethylldode. the rate is not affected by added iodide 

ion and the reaction is much faster in acetonitrile than in benzene or in the 

absence of solvent. These results are aU consistent with a rate-detennining 

first step. the formation of the phosphonium intermediate. 

1.3 Attack at Unsaturated Carbon Atom 

There is an enormous volume of literature conceming nucleophilic attack by 

tervalent phosphorus on olefins and acetylenes. Therefore. this section will 

be divided into two main parts. 

(A) Attack on Unsaturated Carbon Carbon Bonds Leading to Addition Products 

(I) Additions to oleflns 

With neutral phosphlnes and phosphltes the olefin bond must be 

activated by electron withdrawing groups before any significant 

reaction can occur.7•8 
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The inltiol products of the nucleophiUc:: Oddltion. betoines. may be 

tropped In 0 number of ways which ore generolised in the following 

reoctions. 

The simple oddltlon of primory end secondary phosphines. often bose 

cotalysed. (Scheme 5). 

SchemeS 

Betaine protonation. alkylation or intramolecular proton tronsfer 

(scheme 6). 

--

2steps 

5cheme6 

If the olefin molecule contains 0 good leaving group (e.g. halogen) the 

Initial addition followed by elimination can occur (scheme 7). 
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ct 
(CH3CH2)2PH + CtCH =CHCN _Et_3_N ....... ~~~CH3CH2)2PCH-CHCNJ 

~ 

Scheme 7 

When the tervalent phosphorus compound contains a P-OR bond 

dealkylatlon Is possible (scheme 8). 

Scheme 6 

o t 
II 

(RO~PC H2C H =C (OR) R' 

In more recent years. the chemical literature has cited many examples where 

variation of the Initial reaction conditions can hove a profound effect on the 

reaction products. most commonly phosphorane formation instead of the 

expected addition products. Examples of this appear from work with 

nltroalkenes.9•10•11 (scheme 9, 10. 11). 
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PhP(OCH J )2 + (CH J )2 CHCH=CHN02 

Scheme 9 

-50~t 
Ph - QO I-OCH 0- ~ 3 

~ OCH3 

CH(CH J ) 
2 

° II 
ArCH=CHN0

2 
+ (prrOR --. ArCH=CHP(Ph~+ RONO 

Scheme 10 



-0 
II 

i / (RO)2P t ... CH. + RONO 

)" Opn 
.. II I 

PhCH=CHN0
2 

.. ~ (CH:Pl PC CH=NOH 
2 , 

aCHJ 

(j) (RO)3P in l.2-dimethoxyethane 

(ij) (Me()3P in tertiary butanol 

(iii) (RO)3P In l.2-dlmethoxymethane. H20 

Scheme 11 

(II) Addition to acetylenes 

a 
II 

+ (Ra) PC=CH2 
2 I 

Ph 

As with the carbon-carbon double bond. carbon-carbon triple bonds 

need to be polarised by electron wlthdrowal before any slgn/flcant 

reaction with trico-ordlnate phosphorus compounds "Jill take place. 

Tebby et at.12 were able to trap on adduct of triphenylphosphine and 

dlmethylacetyldlcorboxylote as a betaine with carbon dioxide and using 

an excess of phosphine a stable adduct was obtained (scheme 12). 
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j 

(PhhP 

Scheme 12 

A 1:2 ratio of phosphine to acetylene in ether reacted to form a cyclic 

product 13.14 resulting from phenyl migration within an Intermediate 

phosphorane (scheme 13). 
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Scheme 13 

More recent work by Tebby 15 on the analogous trialkylphosphlte 

acetylendlcarboxylate system has resulted In the detection of a pentaco

ordinate Intermediate on route to the formation of an ylld (scheme 14). 
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+ (ROhP ,. 
_(09 (RO)3-~=O 

CH30P C~CH:J 

Scheme 14 

A red crystalline product results from the reaction of triphenylphosphine 

and dicyanoacetylene. The pentacovalent phosphate structure was 

originally proposed but later work by Tebby 16 using mass spectrometry and 

more recently X-ray studies have confirmed the existence of a 3:2 adduct 

(scheme 15). 

Scheme 15 

(Ph)3P = C-CN 
I 

--. C=C-CN 
NC/ I 

C=C-CN 
I 

NC-C= P(Phh 

Further study of this system has led to the successful trapping at an adduct 

between phosphine and dlcanoacetylene using sulphur dioxide and water 

to yield the phosphonlumethanesulphonote betalnes 17 (scheme 16). 



Scheme 16 
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+ 
~(Phb /CN 
C=C 

/ 'H 
CN 

OH 

However. carbon dioxide foiled to trap the adduct. 

Other work on this subject has come from Zeiss and Henjes 18 who reported 

the formation of a cyclic product from the reaction of aminodiphosphine 

and dlmethylacetylenedlcarboxylate (scheme 17). 

+ 

I 

Scheme 17 
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B) Nucleophilic attack on actIvated multIple bonds leading to phosphorane 

formation 

The synthesis of phosphoranes via carbon multiple bonds has been 

reported by severol groups of workers. 

Schmldpeter 19 studied the reaction of N-methylene amlnophenyl 

phosphltes with a variety of unsaturated substrates (scheme 18). 

Scheme 18 

~N=CHR 

VOP(OR'l, 

R= 

R':: 

(Rbr-
{N9:'~R 

NC CN 

-(-;/NO, 
~-;JCH3 
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The suggested mechanism was n~cleophillc attack by phosphorus on the 

multiple bond to form a 1.3 dipolar intermediate and subsequent ring 

closure (scheme 19). 

CrN=CHR 
I + )=< 

h. OP(ORh 
-- J9J o N=CHR 

(Rb~P 

\-

Scheme 19 

In a related reaction substituted nitroethylenes were found to form adducts 

with phosphinites.20 (Scheme 20). 

Scheme 20 

21 

o 
1.+ , 
0, 
l-R " P'::"OR 

'OR" 

Burgadan et al. reported a noval synthesis 01 monocycllc phosphoran. 

from cyclic phosphltes and acetylene (Scheme 21). 
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OOCH, + CH,OH + 

1 

Scheme 21 

They discovered that varying the structure of the trice-ordinate phosphorus 

compound determines whether the final product was a phosphorane or a 

ylid (scheme 22). 

Scheme 22 

The proposed mechanism of nucleophilic attack by phosphorus on the 

triple bond predicts formation of the carbanlonlc species which can be 

trapped using alcohols or carbon dioxide (scheme 23). 
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Scheme 23 

1.4 Attack at Carbonyl Corban 

/C02R 
X3 P=C 

\C-C02R 
I'H 
Z 

A) Nucleophilic attock on a-Olketones and o-gulnones 

A wide range Of phosphltes. phosphonltes. phosphlnites and their amino- and thio

analogues react with a-dlketones or o-quinones. 

Ramirez22•23.24Ied an extensive Investigation In this area reporting phosphorone 

formation from the above mentioned tervolent phosphorus closses. (Scheme 24). 



H3C",- //0 

I + 
H:JC / ~O 

'~O , + 

Pt/~O 

Scheme 24 

- 16-

+ P(OPhb 

Nucleophilic attack by tervalent phosphorus on carbonyl oxygen followed by 

cyclisatlon of the zwltterlon was the suggested mechanism (scheme 25). 
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- (RO)'O: 

Scheme 25 

However. an alternative mechanism was proposed by Ogata and YamaShita.25 

Based on their studies of the addition of trlmethyl phosphite to benzll. the authors' 

suggestion was that the Initial nucleophilic addition was on carbonyl carbon. 

Further support for this came from a study of the electronic substituent effects of 

groups attached to the aromatic rings of benzlI26.27.28. which concluded that 

resonance interactions between the electron releasing or withdrawing substltuents 

and the positive charge on the phosphorus atom. or the negative charge on the 

carbonyl oxygen. had little effect on the stabilisation of the transition state. 

Ogata proposed the following mechanism InvoMng Initial attack by phosphorus at 

carbonyl carbon followed by rearrangement and cyclisation. (Scheme 26). 

R,~O 
\v:P(ORh 

R/~ 

Scheme 26 
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A more recent report on the reactions of sllyI phosphites adds support to the 

proposal attack of phosphorus on carbonyl carbon.29 However. the authors admit 

that one must take into account the difference In structure befween trlalkyl 

phosphites and sllyl phosphites and hence mechanistic analogies are subject to 

some uncertainty. 

A third mechanism for the addition of teNalent phosphorus compounds to a

dicarbonyls was postulated based on the results of e.S.r. spectroscopy experiments. 

Lucken30 and then Boekestein31 .32 obseNed that using phenanthraqulnone and 

certain a-diketone and a.~-unsaturated ketones os substrates. electron transfer 

occurs and radical Intermediates result. 

B) Nucleophilic attack on activated monocarbonyl compounds 

Ramirez has conducted extensive studies into the reactions of a variety of teNalent 

phosphorus species with suitably activated monocorbonyl compounds. (Table 1). 



Phosphorus 

Reagent 

P(CH:J3 

.p(OCH~J 

P(Ph)2Et 

HJ:nCH") 
'p""" I 

N(CH3)2 

Table 1 

- 19-

Substrate 

F.C, 
2 J c=o 

F3C / 

~c, 
2 c=o 

F.c/' 3 

F3C 
2 'c=o 

SC 
./ 

FC 
2 'c=o 

FC/ 

Product 

t FJ ~H~ 
F:JC 

F-£:, 

~iJ FJC P(OCH~ 
F:3C 
~ 

F3C 

FJCCP(~Et 
FJC 

FJC 

F3C (~ ;CH3 

~ct:>8 F3C 
F3C 'CH3 

The mechanism of these condensations Involves Initial attack by phosphorus on 

carbonyl oxygen. the negative char ,ge so generated being stabilised by electron

withdrawing substituents on carbon such as p-nitrophenyl or trlftuoromethyl. The 

second step Involves nucleophilic addition at the carbanlon to carbonyl carbon 

and subsequent ring closure to form the oxyphosphorane (scheme 27). 



Scheme 27 
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R3P-O-Cl. /-
O=C< 

In contrast. derivatives of the l.4.2-dloxaphospholane system are formed by 

reactions of tervalent phosphorus compounds with unactivated aldehydes or 

ketone.33 Here. Initial attack by phosphorus take place at carbonyl carbon 

(scheme 28). 

(Scheme 28) 

R 
+ I -

(ROl3P-C-O 

A 1 o=c( 
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However. two articles in the RUSSlan.llterature34.35 have reported formation of the 

1.4.2-dloxaphospholane ring from the reactions of phosphltes with the activated 

ketone 1.1.1-trifluoroocetone. (Scheme 29). 

OOCH,cH3 

Scheme 29 

! 

Hf «H3 
--... (RO~POCOC=CF2 

I 
CfJ 

Investigations Into the reaction of cyclic phosphltes or phosphonltes with a-keto 

acids showed that these led to cyclic aCyloxyphosphoranes36. The authors suggest 

a mechanism which involves Initial attack on oxygen to form an Intermediate 

phosphonium carbanlon which undergoes an intra or intermolecular proton transfer 

to yield a zwltterion. Subsequent cycllsatlon at the latter leads to the product 

phosphorane (scheme 30). 
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.. 

Scheme 30 

In contrast to this acyclic phosphltes were found to give the Arbusov product 

(scheme 31). 

o 
+ ---.. (ROhUOCHRC02R 

Scheme 31 

C) Nucleophilic attack on 1.3-unsoturoted systems 

A variety of a.~-unsaturated carbonyl compounds were found to react with 

phosphltes. phosphonltes. phosphlnltes and amino substituted phosphorus 

compounds to give oxyphosphoranes.37.38.39 (scheme 32). 
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Scheme 32 

PM 

Ph'aCOCH3 
PM- P 

I CH3 

OCH2CH3 

Russian workers4D hove studied the kinetics of the reaction of cyclic arylphosphites 

with crotonaldehyde (scheme 33). 

WAr + CH:ICH=CHCHO 

l v~~ 

(jQJ 
. 

Ar 

Scheme 33 
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A positive p value was obtained suggesting that the initial nucleophilic attock by 

phosphorus on the substrate was not rote-determining. Earlier wor01 with 3-buten-

2-one indicated the contrary and the author's explanation of these contrasting 

results loy with the position of the methyl group in the component. 

1.5 Attock ot saturated oxygen (The Peroxide linkage) 

The reaction of trivalent phosphorus compounds with dlalkyl peroxide was. at one 

time.42 thought to proceed vic nucleophilic attack on oxygen by phosphorus. 

However. Aksnes43 hod observed thot the rote of nucleophiRc attock of acyclic 

and cyclic phosphttes on ethyl iodide in the Mlchaells-Arbusov reaction had the 

following order of reactivity: 

Subsequently. Denney44 used a similar series of phosphites for reaction with diethyl 

peroxide and found that the relative rate order hod been totally reversed. He 

concluded thot direct formation of the pentaoxyphosphorane and not initial 

nucleophilic attock was responsible for product formation. 

In contrast. the initial stud05 of the reaction of the dloxetane with 

triphenylphosphine. dlphenylphosplnltes and trlalkoxy phosphltes to fonT'l, in each 

case. a phosphorane containing a dloxaphospholanlum ring concluded on the 

basis of rate studies and the lock of polar solvent effect. that the mechanism must 

be either concerted or homolytic In character (scheme 34) . 

[1 
Scheme 34 

.. ·Ph 
+ :P·-Ph 

\..Ph 
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In summary. we can say that the mode of cleavage of the peroxide linkage of 

dlethyl peroxide and that of .the dloxetanes by trlco-ordlnated phosphorus 

compounds has been set aport from the more classical ionic or radical mechanisms 
• 

and is considered as a biphilic process in which both the nucleophiiicity and the 

electrophillclty of the phosphorus atom are Involved In the transition state. 

1.6 Attack at Nitrogen 

Trippett and Bone45 reported the synthesis of spirophosporanes from reaction of 

cyclic phosphltes and 1.2 or 1.3 glycols with diethylozodlcarboxylate (scheme 35). 

+ 

Scheme 35 

~ 
HO OH 

A R 
CH3CH~CNHNHCOCH~CH3 

The mechanism probably involves Initial nucleophilic attack by phosphorus on 

nitrogen to form a l.3-dlpolar species. Anal cycllsotlon may take place via 

substitution of pentacovalent phosphorus or through an intramolecular 

phosphonium alkoxide follwoed by ring closure. (Scheme 36). 
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Scheme 36 

n \.::::Zo.y 
o.y 

/ 

~OH VOH 

AzIdes4i> were also found to react with tervalent phosphorus compounds. methyl 

dlphenylphosphlnlte. dlmethylphenylphosphonlte trlmethyl phosphite ond trlethyl 

phosphite (scheme 3n. 



P(lII) = 

Scheme 37 

Ph2POMe 

PhP(OMe)2 

(MeO)3P. and 

(Et20)3P 
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Extension of this work has led to the synthesis of blcycllc spirophosPhoranes.47 

1.7 Attock at Halogen 

Tertiary phosphines react with halogens48 to give dihalophosphoranes. whereas 

trialkyl phosphites (or mixed aryl alkyl phosphites) with chlorine form phosphonyl 

chlorides via an Arbusov rearrangement (scheme 38). 

+ 
Sr ~Ph3PBr2 Ph3P+ Br2 ) Ph3PBr 

PhPCI2+CI2 :> PhPCI4 

PhPCI+ CI2 ) Ph2PCI3 

+ -(EtO)3P + CI2 > (EtO)3PCI CI)) 
~ ~ 

EtCI + (EtO)2POCI 

Scheme 38 

Over thirty years ago. Gerrard and Phlllp49 studying the halogenation of optically 

active tri-2-octyl phosphite found that 2-chlorooctane was obtained with essentially 
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complete Inversion. This prompted the proposal of Initial nucleophilic attack on the 

halogen to form on intermediate chlorotrialkoxy phosphonium salt followed by ~2 

displacement by chloride Ion (scheme 39). 

p + 

1 

Scheme 39 

However. this evidence Is not sufficient to preclude the reaction via a molecular (or 

free radical) pathway involving a pentaco-ordlnote Intermediate. which lonises and 

dealkylates to products. 

The above paragraph Is bome out In a communication reporting direct evidence 

by 31 P n.m.r. Of a pentacovalent Intermediate species In the Arbusov reaction of 

tervolent phosphorus esters. 50 

When the phosphite was added to halogen or benzenesulphenyJchloride at low 

temperature. the corresponding phosphorone was detected. On worming to 

-4Q0c the respective oxides resulted (scheme 40). 



~POEt X~ ~ -8 

X= Y = CI 

X=Y=Br 

X= CI. Y = phS 

Scheme 40 
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Michalski91 while studying the reaction between phosphorus thlonoesters and 

chlorine or sulphuryl chloride by low temperature 31 P n.m.r., detected phosphonium 

intermediates whose structure were confirmed through independent synthesis by 

Arbusov-type reactions (scheme 41). 

R, " [ ~p' cl 
cl 1 R"P-OR --. 

R" 'OR" 

'" f~+'scl al ,P, 
R" OR" 

(I) R = Et, R' = OEt, R" = Et 

(II) R = Ph, R' = OBut, R" • Bu 

Scheme 41 
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These salts were prepared by mixing the reagents In ethyl chloride solution at the 

temperature of liquid nitrogen and allowing the solution to warm gradually to 

-4()0C. 

1.8 Attack at Sulphur (II) 

(A) Attack at Sulphur (Sa) 

Trlalkyl and trlary! phosphlnes have been found to react vigorously with octa-atomlc 

sulphur In low polarity solvents. Bartlett 52 Investigated the kinetics Of the reactton of 

triphenylphosphine with S8 In benzene at room temperature. He found the reaction 

to be second order and also observed that this system was highly sensitive to 

solvent polarity. The Increase In reaction rate did not porallel an Increase In the 

dielectric constant of the medium but did relate to the solvent's hydrogen-bonding 

power (Its ability to solvate aniOns). 

Using a variety of para-substitUted arylphosphines Bartlett obtained a p value at -2.5 

and proposed a mechanism Involving initial nucleophilic displacement of sulphur by 

attack of the phosphorus on sulphur. opening the sulphur ring to produce a linear 

octosulphlde derivative. The resulting dipolar Ion then undergoes a series of rapid 

nucleophilic displacements (scheme 42). 

+ 

Etc. 4--

- +) S S-P{Ph 
'S~ 

Scheme 42 

The possibility arises though, that the Intermediate involved during reaction may 

cyclJse. 

McEwan53 effectively negated the existence of cyclic toutomers by reacting 

optically active phOsphlnes with 58 under similar conditions to those of Bartlett's. 

The reaction proceeded with retention of configuration. 
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If (1) is In equilibrium with the penta co-ordinate (2) we may expect stereomutatlon 

through. 

I) - basal attack/basal departure (Inv.) 

II) - apical attack/apical departure (Inv.) 

Iii) - apical attack/basal departure (ret.) (scheme 43) 

--

Scheme 43 

54 
Simllarty. with phospholane (3) attack on sulphur S8 occurs with retention of 

configuration of phosphorus to give the cyclic phosphine sulphlde(4). 

(5cheme44). 

Sa 
• 

(3) (4) .... 

Scheme 44 

The p values and activation parameters for trlarylphosphlnes. dlorylphosphlnttes and 

arylphosphlnltes attacking octatomlc sulphur hOve been published recentty55 and 

Table (2) summarises their work. 



Table 2 

P(lll) 

Ar3P 

Ar2POPri 

ArP(Op~ 

k2 at parent 

morl5'"l 

3.5 x Hr3 

1.54 

1.23 
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pvalue 

-2.25 

-3.28 

-3.34 

Again. like Bartlett. the system was found to be sensitive to solvent polartty. This 

result. together with the high p values Indicates that the transition state must be of a 

highly polar nature. The relative rates of reaction of triphenylphosphine. 

isopropyldlphenyJ-phosphlnlte and dHsopropyl phenyl phosphonlte with sulphur did 

follow the trend observed for Similar trlco-ordlnate phosphorus compounds reacting 

with ethyl Iodide In the classical Arbusov system.6 

B) Attack on Tetrasulphides 

Moore and Trego56.57 have studied the desulphurlsatlon of dlalkyl and dibenzyl 

tetrasulphldes by triphenylphosphine in dry benzene to give dlsulphides Illustrated In 

scheme 45. 

R·S-S-S-S-R 
C. .P(Ph)J 

Scheme 45 

{Ph)JP=S 
+ 

R-S-S-S-R 

The polar mechanism proposed for this reaction Is consistent with the enhancement 

of rote observed on increasing the dielectric constant of the medium. However. 
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the magnitude of this effect contrasts with the considerably larger rate 

enhancement for the trfphenylphosphlne/S8 system and for this reason char ge 

separation In the transition state Is thought to be less pronounced. 

C) Attack on Trlsulphldes 

355 radioactive tracer studies performed on the thlodehydrogllOtoxln (5) showed 

that only the 58 central sulphur atom was removed by trlphenyt phosphine. 58 

Circular dichroism experiments performed on the some compound also revealed 

that the reaction proceeded wtth retention of configuration of the asymmetric 

carbon atoms at both ends of the trlsulphlde linkage; however. Harpp believed that 

this molecule might constitute a special case. since terminal sulphur extension. he 

proposed. would appear to necessitate "front-side displacement of phosphine 

sulphide by mercaptide lon59 (scheme 46) 

OH 

Scheme 46 

o 
N S \ 
~ t,s NCH, 

O~H.pH 

P(PMb • 

Accordingly. the same author prepared 3Ss-lobened benzyl trtsulphlde and 

discovered that the mode of desulphurtsatlon was highly dependent on the type of 

phosphine used. His results are summarised In scheme 47. 
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R3P + R' -S-tS-R' ) R' -S-SoR' + R3P ... S 

R R' "R3P = s· 
Ph PhCH2 88 

NEt2 PhCH2 4 

Bu~ PhCH2 72 

Scheme 47 

Prior to either of these Investigations, Treg057 had studied the reaction of 

symmetrical dlalkenyl trlsulphldes with triphenylphosphine and proposed that two 

routes, leading to eventual formation of dlsulphlde, were possible. Through 

structural conSideration of the reaction product this author suggests again that an 

(Intimate) Ion-pair was Involved In both processes (scheme 48). 

RSSSR 
"Ph:?: 

Scheme 48 

0-
------.. RS····SSR . 

O+PPh 
3 

----•• R S···~S 5 R 

O+~Ph3 

Ph3P=S .. + 
RSSR 

Ph3PsS 

• + 
RSSR 

In more recent publications the reaction of thlolkyl phosphItes with organic 

trlsulphldes60 was reported to give mixture of unsymmetrical and symmetrical 

dlsulphldes. and the corresponding phosphOrothloates. Here. further mechanistic 

complexttles are implied. since Ion pair formation may then result In possible 

deolkylatlon os well os In desulphurtsotlon. 

The following scheme shows tour possible consequences of the 

phosphlte/trlsulphlde reaction (scheme 49). 



Scheme 49 
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ERbhPSR S SR] --+RS SR + (Rb)3P =S 

I 

'" ~Rb)JPSSR 5 R] -...-. R 5 SR + (RbhP=S 

o 
II 

RSR' + (Rb) PS SR 
2 

(6) .... 

In generata mixture of(O,O.5)and(O ,O,O)trtsubstItuted phosphorothloates was 

obtained, along with varying ratiOS of unsymmetrical (R'SSR) and symmetrical (RSSR) 

dlsulphldes. In no Instance was the unsymmetrical sulphide (6) observed. 

The rate of reaction of dlbenzyl trtsulphide with tl1methytphosphlte was shown to be 

a function of solvent polarity Increasing In the order. 

Cyclohexone < Benzene < THF < Acetone < Acetonitrile 

Interestingly, the composition of the reaction products hod on analogous 

dependence. For Instance while reaction of dlbenzyJ trisulphlde with trtmethyl 

phosphites In either acetone or ocetor.itrle produced almost eQua amounts of 

dlbenzyl and benzyl methyt dlsulphldes, use of THF 0$ savent, specially gave benzyl 

methyt disulphlde and the corresponding phosphOrothloate. 

Some of the more relevant sulphide product's ratios ensuing from the reaction of a 

variety of trtalkyl phosphltes with trisulphides are presented In scheme 50 and the 

conclusions drawn by the author from a rigorous study of product composition are: 
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The effect of varying the trlsulphldes group R on reaction product composition Is 

related to the pKa of the corresponding thlol. The more acidic RSH becomes. the 

hlghe;percentage of asymmetric dlsulphide produced. 

The ratiO of dlsulphides RSSR'/RSSR Is a function of the sterle hindrance of the alkyl 

group of the trlalkyl phosphite. More precisely. less readily dealkylOted 

phosphonium salts yield higher percentages of symmetric dlsulphldes and hence an 

excess of(O,O.O)trlalkyl phosphonothloates(Scheme SO). 

THF 0 
RS S SR + (Rb>f ~ .. RS SR' + (R bh~ SR + RS SR + (Rb>3 P =S 

R R' R'SSR RSSR 

P-CH3-C6H4 CH3 69 31 

P-CH3-C6H4 CH3CH2 37 63 CH3C6H4SH 9.3 

P-CH3-C6H4 (CH3)2CH 19 81 

C6HS-CH2 CH3 100 0 

C6HS-CH2 CH3CH2 81 19 PhCH~ 11.8 

C6HS-CH2 (CH3>2CH 74 26 

Scheme 50 

Harpp61 ,62 also has shown that desulphurlsatlon of dlalkyl trlsulphldes by 

triphenyiphOsphlnes results In 91-99% central sulphur removal. essentlaUy 

Independent of solvent (Et29 , CH3CN) reaction temperature «(}SOOC). type of 

trisulphlde (dlbenzyl or dlpropyl). and para substltuents on Ar3P (CH30 to CI. 

electron-withdrawing group may slightly Increase central sulphur removal). In sharp 

contrast to this. desulphurtsatlon of dlalkyl trtsuIphJdes by amlnophosphlne results In 

preferential removol of a terminal sulphur atom In Et~. while In CH3CN more than 

the statlstlcol amount (33%) of centrol sulphur Is removed (scheme 51). 



RSSR + S=PR; 

R' = ph, R2N In CH3CN 

(Central S removed) 

Scheme 51 
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, 
RSSR + S=PR3 

R' • R2N In ether 

(Terminal S removed) 

He concluded from these studies that the interaction of phosphine with a trlsulphlde 

is much more complicated than previously thought.63 When the transition state of 

the two reaction steps in ionic desulphurisatlon are of similar energy, variation in 

phosphine type and reaction solvent may effect these transition states enough to 

alter the kinetically important step. 

Therefore, for desulphurlsatlon without Inversion of an a-carbon, triphenylphosphine 

is quite effective os it removes almost exclusively the central sulphur atom. 

However, for less reactive trlsulphides, tris(dlolkylomlno)phosphlne would be 

required for rapid desulphurtsatlon. In this case, desulphurlsatlon in benzene or 

ether provides a dlsulphlde with predominant Inversion at one a-carbon (via 

terminal sulphur removal), while In acetonltrUe a disulphide having predominantly 

retained stereochemistry at both a-carbons (via central sulphur removal) Is 

obtained. 

D) Nucleophilic attock on Disulphld3S 

Since the first reported example of trivalent phosphorus reactfng with the dlsulphlde 

linkage In 1935, the amount of literature published In this field has been extensive. 

The dlsulphlde bond Is probably the only covalent permanent cross-Rnkoge In most 

proteins and peptldes. A recent64 publlcatton has reviewed the many systems 

studied. 
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Most of the reactions between disu.lphldes and trlco-ordlnate phoSphorus 

compounds are believed to proceed through ionic pathways and one can 

categorise these into four main groups. desulphurlsatlon 

R3P + R'S SR' ---.~[.R3P-~R'J 
SR' 

the Arbusov type reaction 

reduction of Disulphides 

Oxidation-Reduction Condensation 

l: o 
o 
~() 
a: 

+ HSR' + R'tONH R'" 

In order to develop the synthetic scope and to delineate the mechanism of the 

phosphlne/dlsulphlde reaction. It was of ClUClai importance to define the 

stereochemical consequence of desulphurtsatlon on the caban Q to sulphur. 
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for this purpose two Independent studies of the reaction of the dlsuJphldes (n. (5) 

with trico-ordlnoted phosphorus compounds were undertoken.58.64 (Scheme 52) . 

• 

<5> -

Scheme 52 

Whereas desulphurisctlon of cls-3.6-dlcorbonethoxy-l.2 dlthlOne 0) cftorded a 

quantltotlve yield of the corresponding trans thlolane (Implying phosphonium salt 

formation foUewed by ~2 type decomposition). the splrodesmine (5) gave a 

product whose circular dichroism spectrum suggested that inversion of 

configuration of both asymmetrtc centres Dnklng the sulphide bridge had occurred. 

This observation camot be explolned by assuming an SN2 type decomposition of 

an Intermediate phosphonium solt. 

The literature generally suggests though thot as long as the disulphlde linkage Is 

readily polarisable. then the first step of the reaction of disulphldes with trIvotent 

phosphorus compound is salt format I?, os In scheme 53. 

) 

5cheme53 

This reaction Is beUeved to be an equHlbrtum process. ond normoUy the intermediate 

phosphonium soJts are not IsoIobie. 
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Harpp and Gleason65 however. have managed to Isolate the salt (9) formed from 

bls(2-benzothlazoyl) dlsulphlde (8) and trtsdlethylomlnophosphlne (10) (scheme 54). 

si + (Et2N)3P 

10 
8 

1 
-

"-i 

+ 
S-P(NEt2h 

9 s-<'J© ..... 

Scheme 54 

The desulphurisatlon of dlsulphides can be achieved by means of tertiary 

phosphlnes. phosphltes and amlnophosphlnes. Notably In the latter case of trico

ordinates (10) has been found to be a very effective reagent. for a wide variety of 

dlsulphldes which usually resist desulphurlsatlon wtth tertIary phosphltes.65•66.67 

Table (3) reports some Of Harpp's results In this field. 



TABLE (3) 

Disulphide 

(Ph2CH~ 

P-MeC6H4~CH2PH 

o 
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Temp «'C) 

80 

RT 

RT 

80 

80 

TIme (hrs) 

4 

0.01 

4 

16 

% yield RSR' 

92 

86 

64 

86 

38 

A kinetic study65 of the desuJphurisotlon led to the conclusion that It follows a 

second order reaction, first order each with respect to the phosphine and the 

dlsulphlde. Harpp and Gleason also examined the effect of the solvent on the rates 

of this reaction - the rate of desulphurlsatton are enhanced In solvents of high 

polarity. The highly negative ,J Is In accord with bimolecular reactions and Is 

suggestive of considerable ordertng In the activated complex. SolvatIon of a 

transition state In which change separation has occlll'8d should cause a Iowertng 

of £\H' as the solvent polarity Is Increased. this was observed as shown In Tobie (4). 



TABLE (4) Desulphurtsatlon of various dlsulphldes wI1h Trts(dlethylamlno)phosphlne(lO). 

# # 
Disulphide Solvent Dielectric k2'(JOOC) kr° AH AS pKab .68 

Constant. E I mol-1sec-1. 

(C5Hl1S)2 Benzene 2.28 1.6± 1X10-9 4XlO-5 12.6 

(phCH~2 Cyclohexane 2.02 1.5±lXl0-5 15.6 -24 11.8 

Benzene 2.28 4.7 ±D. 2X 10-5 13.5 -24 

Ethyl acetate 6.02 1.2-+0. 1 X 10-4 1.1 10.2 -34 

o-Dlchlorobenzene 9.93 2. l±O.lXlO-3 9.7 -28 I 

~ 
~ 

O~'1FO~Ph 
I 

Benzene 2.28 4. 1 8iO.08X 10-4 11.0 

P-CH3C6H4SSCH2Ph Cyclohexene 2.02 4.46±O.03X10-3 

Benzene 2.28 1. 2O±O.03X 1 0- 1 2600 5.4 -35 9.3 

Ethyl acetate 6.02 6. 181O.03X 10-1 

CH3SSPh Cyclohexane 2.02 1.14iO.02X10-2 

Benzene 2.28 4.5O±O.03X 10-
' 

10550 8.6 

Ethyl acetate 6.02 1.5110.03 

a relative to the desuIphurIsatIo at 1.2-d1thlale. 

b pKo of the thermodynamically most favourable thiol. 
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Thus. these results strongly suggest the occurrence of a charged Intermediate In the 

rate determining step of the desulphurtsotlon reoctlon. In other words. the 

Intermediate Is likely to be a phosphonium solt and this mechanism Is In accord with 

the stereochemical results. If the thlolote anion Is displaced In the rate-determlnlng 

step. the overall rate of desulphurlsotlon should be some function of the thlolate 

anion stability. That Is. the thlolote tends to act os a better leaving group with 

Increasing stability and. hence. the reaction becomes foster. Table 4 also shows the 

pKa of the thlol corresponding to the displaced thlolate anion. The rate of 

desulphurlsatlon Increases by a factor of over 108 In accordance with the decrease 

by four pKa units In the pKa of the thlol. 

More recent wo~9 by the some author has resulted In successful selective removal 

of sulphur from compotlnds of the type R-X-5-R' • using amlno-phosphlnes. 

(Scheme 55). 

R-x-S-R' 

X=5 · -50. -502 • -N(COCH
2
> 

, 
R = R = Alkyl, Aryl 

" R = Me , Et 

Scheme 55 

A related study70 on the nucleophUIc attack by triphenylphosphine on sulphenyl 

thlocarbonates has been published. Careful chromatographic techniQues were 

employed to elucidate the structure of the resulting products (scheme 56). 
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0 0 
(Ph)3P 

, "II , _" II 
+ R-S-S-C-o Me --... R-S + S-C-OMe 

(11) 
l:to 

/p, 
I 

l 
0 

" II , 
R-5-COMe + (Ph}JP=S 

Scheme 56 
(12) (13) 

When R Is benzyl (12) and (13) are the main products whereas when R Is phenyl. 

triphenyl phosphine oxide and phenyl mercaptan were observed as a 

consequence of the hydrolysis of the more stable phosphonium salt on the 

chromatographic column. With these experimental results Harpp concluded that 

the main reaction pathway Involves attock at (5') but In the case of aryl derivatives, 

as 00 became increasingly more electronwithdrowing, a greater degree of attock 

was observed at the carbonyl sulphur (5") (scheme 57). 

X@-S' 
" SC02Me 
I 

+ P+ 
'I' 

x-@SCD,Me 
+ 

x = F, CI 

Scheme 57 

Desulphurisotlon with tertlory phosphlnes has been investigated only to a sman 

extent because 01 their low reactivity towards dIsuIphIdes. Schonberg71 classified 

various dlsulphldes Into groups accordlng to their reaction with triphenylphosphine. 



-45-

1. The tlrst group Includes dlalkyt. aralkyl and dloryl dlsulphldes. These dlsulphldes 

are stable towards trlphenytphosphlne In boiling benzene. 

In contrast. Evans et 0172 has found that trlphenyl phosphine could react with allyl 

dlsulphldes via an allyllc type rearrangement of the allyl group. (Scheme 58). 

1 

Scheme 58 

On the basis of the above result. It was proposed that the reaction proceeds by a 

nucleophDlc attack of trlphenytphosphlne on a sulphur atom In the dlsulphlde 

followed by a reaction of the polarised complex. 

2. The second group Includes acyl. aryl and bls(thlocarbonyl) dlsulphldes. which 

react with triphenylphosphine In boling benzene to afford the correspondng 

sulphides and trlphenytphosphlne sulphide. 

3. The third group Includes only one c:isulphide. dlphenyt dIsuIphlde. which does 

not react with triphenylphosphine In boDing benzene while It does react In the 

presence of water to give triphenylphosphine oxide and benzonethlol. 

Recent reports. however. showed that when d1phenyl dlsulphlde and 

triphenylphosphine are fused (neat) at (25().3(X)Oc> In an Inert atmosphere. dlphenyl 

sulphide and trtphenylphosplne sulphide are produced. 73 
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The author suggests nucleophilic attack of triphenylphosphine on sulphur to form a 

phosphonium mercaptide. followed by either nucleophilic attack of the 

mercaptide Ion on the aromatic carbon atom bearing sulphur or formation of a 

phosphorane with subsequent Intramolecular collapse to form products. 

Tertiary phosphltes have also been found to perform desulphurisatlon. Harvey, 

Jacobson and JenseJ70und that dlbenzyt dlsulphlde reacted with triethyl phosphite 

exothermically to give 0,0 ,O-trlethylphosphorothloate and desulphurtsed product 

dlbenzonyl sulphide. In high yields. SimOariy. dlacetyt dlsulphlde was desulphurised 

with triethyl phosphite.75 

Dlalkyl dlsulphldes were also desulphurised with trlalkyl phosphltes In the presence of 

appropriate Initiators to afford dlalkyl sulphides and 0.0 .o-trlalky\ phosphorothlootes. 

This reaction Is considered to proceed via a radical chain mechanism. 76.77 

(Scheme 59). 

RSSR + P(OEt)3 --~) RSR + S :: P(OEt)3 

They suggested the following reaction steps. 

RS· + P(OEt)3 ) RSP- (OEt)3 

RSP- (OEt)3 ') R·. S - P (OEt)3 

R-. RSSR > RSR. RS· 

Scheme 59 

However. even In the dark and In the absence of radical initiators. trlalkyl phosphltes 

can react readily with dlalkyl ordloryt dlsulphldes.78•79 In this case. the Arbuzov

type reaction occurs and O,O,s-trIaIkyt or 5-aryI-O.o-ctaIcyI phosphorothloates are 

obtained In good yields (schem~ 59). An example of the Arbuzov type reaction 

comes from a report by Horveyet aI. 74 who studied the reaction of trlethyt 

phosphite and unsymmetrical dlsulphldes. 
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Depending on which sulphur atom of the dlSulphlde linkage is attacked two sets of 

products are possible. However. only one set of products was observed In whICh 

the more stable thlol onion was formed (Table 5). 

Table 5 

RS SR' + P(OR"b 

R 

Me 

Me 

Ph 

R' 

CH3 

Ph 

C6C1S 

P(OEt)3 

P(OEt)3 

P(OEt)3 

• BR"O)3 P-sR 

PRODUCT 

MeSPO(OEt)2 

MeSPO(OEt)2 

PhSPO(OEt)2 

0 
" It 

SRJ 
(RO)2 PSR .. 

RSR' 

YIELD 

80 

71 

92 

The rate-limiting step the authors argue is initial attock by phosphite on the 

dlSulphide linkage. with the unsymmetrical dlsulphldes faclutatlng this by effective 

polarisation of the sulphur-sulphur bond. 

Although triphenylphosphine and symmetrical dlsulphides will not readUy result in 

non-oqueous media. Overman has reported on extensive stopped-flow kinetic 

study of the cleavage of the sulphur-sulphur bond In symmetrical aryl dlsuJphldes by 

triphenylphosphine using aqueous diaxone os solvent. 80 

At both low and high pH. nucleophilic attock by triphenylphosphine on the 

dlsulphlde linkage to form on Intermediate thloolkoxyphosphonkm cation (14) was 

the rcte-determlnlng step. But at intermediate pH the reversol of the first step 

becomes Important and the reaction rate eQUation becomes more complex. 

(Scheme f:t]). 

Ph3P + ArSSAr 

Ph3P+ • SAr + H~ 

(14) 

Scheme 60 

> + 
Ph3P-SAr + At$' 

Ph3P. 0 + ~ + 2H+ 

A P value of +2.94 was obtained for vOrlation of the substituents on the oryt group of 

the dlsulphlde Indicating (the expected) large sensltlvtty of the QUotemisotlon step 

+ 
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to electronic effects. Also. the reaction was found to be extremely sensttlve to 

solvent polarity suggesting a hIghly polar transitIon state. 

Later work by the some authorS 1 on the reaction of triphenylphosphine with ethyl 

aryl dlsulphldes under Identical conditions gave a value of 1.76 implying that the 

transition state In this system Is not of such a polar nature (scheme 61) . 

CH,CH2S-S@X 
.. CH,CH"sH + < 0 ~H + Ph,PO 

Scheme 61 



CHAPTER 2 

THE REACTIONS OF UNSYMMETRICAL DISULPHIDES WITH 

ACYCLIC TERVALENT PHOSPHORUS COMPOUNDS 
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CHAPTER 2 THE REACTION OF UNSYMMETRICAL DISUlPHlDES WITH ACYCUC TERVALENT 

PHOSPHORUS COMPOUNDS 

2.1 INTRODUCTION 

Harpp et a!. have reported that the desulphurtsatlon 01 the unsymmetrical dlsulphlde 

benzyl bromobenzyl dlsulphide (15) with the amino phosphine trls(dlethylamlno) 

phosphine (10) in benzene produced aU three possible sulphides (16), (17) and (18) In 

the following proportions. (Scheme 62). 

(Et2N)JP + @CH,S-S-CH2-@-a, 
(15) ,.. 

(10) --

1 
< 0 >CH,S-CH2@ 11% 

(1§) 

@CH(1~H2-@-ar 38% 
~ 

+ 

ar @-CH.5-CH2@-a, 22% 

(18) , -

Scheme 62 
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The author suggested that It the coUapse of a tight Ion pair (19), (19a) or the 

concerted breakdown of pentacovalent species (20) were exclusively operating, 

only sulphide (17) would hove been observed (scheme 63). 

, " R-5-5-R + R 3P 

[R'S-PRJ 
ReS 

(20) 

R = CH2phBr. 

R' :oCH2Ph 

RO:o NEt2 

Scheme 63 

- \ 
R-s-R' + 

rs rR~ Or es rR~ R"S ReS 

J1P) (19a) ...., 

R;P=S 

The same author predicted that It would appear that a mixture of phosphonium salts 

are Involved but the prior or subsequent formation of intermediate (20) cannot be 

precluded. 

He concluded that the unsymmetrical distribution of sulphides In this reaction Is 

difficult to rationalise. 

Similar examples82 to this type of SUlphide dIStributIOn hOve also been reported 

(scheme 64). 
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@CH25-5-CH,-@-NO, 

I 
+ 

Scheme64 

Interestingly. however. In the above reaction. only one of the two symmetrical 

sulphides Is produced together with the unsymmetrtcal sulphide. 

This puzzling production of one or both of the symmetrical sulphides has led the 

author to suggest that certain radical mechanisms could be Involved. especially 

when the chemical literature Indicates that for a number of dlsulphides 

desulphurlsotlon proceeds via radical pathways. 

A polar mechanism Is. however. more likely given that these reactions ore known to 

proceed more rapidly In polar solvents. Furthennore. there Is no direct experimental 

evidence in the literature for radical behaviour. We were therefore Inclined to look 

for an extension of the polar pathway inustroted In scheme 63 to provide on 

explanation for these unexpected resutts. having 1Irst enmlnoted the radical pathway 

to our satisfaction. (For detailS of the lotter. see Chapter 3). 



- S2-

The present study has concemed Itself with the reaction time-course of the 

desulphurfsatlon of (1 S) In the' reported conditions In order to look for any previously 

undetected Intermediates or prOducts. 

2.2 ANAL YTlCAL METHODS 

In order to be able to monitor such reactions. an analytical technique had to be 

developed to follow the reaction time course from start to finish. 

HPLC has been chosen as a technique to follow the reaction because of Its 

convenience. accuracy and reproducibility. Therefore. HPLC systems to separate 

sulphide isomers from each other. and from dlsulphlde precursors hove been 

developed. (See Chapters 3 and 4 for detailS). FollOWIng the successful 

development of an analytical HPLC method to follow this reactton a preparative 

method was developed which proved useful In the synthesis of unsymmetrical 

dlsulphldes. 

2.3 SYNTHETIC METHODS FOR UNSYMMETRICAL DISUlPHlDES 

The synthesis of pure unsymmetrical dlsulphJdes Is often a dlfftcult problem In ogano

sulphur chemistry. While several methods of preparation are known84,8S,86,87,88 no 

one method suffices for all synthetic situations. 

Harpp's89 general method for preparing unsymmetrical dlsulphldes was used to 

prepare the unsymmetrical dlsulphlde (15). The method Involves the chlorination of a 

thlol to the corresponding sulphenyl chloride. (When thlois are chlorinated with 

chlorine gas It first converts them Into the corresponding symmetrical dlsulphldes, 

which then react further to give the sulphenyl chloride.) (Scheme 65). 

2RSH RSSR __ C...;;;12_-... 2RCI 
Hel 

Scheme 65 
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Aromatic sulphenyl chlorides are known to be much more stable than the aliphatic 

sulphenyl chloride. as aliphatic sulphenyl chlorides hove an a-hydrogen which wID 

react with chlorine to give a-chloro sulphenyl chloride. (Scheme 66). 

Scheme 66 

-----.- RCH SCI 
CI • 

CI 
ReSCI 

I 
CI 

It Is also known that the polarity of solvents affect the stability of these compounds. 

Reaction of phthallmlde with the sulphenyl chloride obtained gave the 

thlophthallmlde (21). (Scheme 6n. 

o o 

R-5-C1 + ~ \H _ 

~( (X' I N-S-R 
~ / 

I 
o o 

(2j) 
Scheme 67 

Further treatment of the thlophthoHmlde with a second thlol should give the 

expected unsymmetrical dlsulphlde (scheme 68)_ 

(21) ,.,. + 

Scheme 68 

_ 0 

~\H + 
~( 

o 

R-S-S-R' 
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However. applying this method for the preparation of the unsymmetrical dlsulphlde 

(15) failed to give the required dlsulphJde. os the phthoRmlde foiled to react with the 

putative phenylmethanesulphenyl Chloride. (Scheme 69). 

o 

~ >H + PhCH,SCI 

o 

Scheme 69 

3, No Reaction 

The problem being the present of an a-hydrogen In benzyl thlol os described In 

scheme 66 above.90 

The second method employed In attempts to prepare the unsymmetrical dlsulphide 

(15) Is the one described by Mukatyama87. 

The oxidative coupling of two different mercaptans. with the formation of 

unsymmetrical dlsulphlde. has been brought about by the use of dlethyl 

ozodlcarboxylate (22). 

C2H5¥N-NC02C2HS 
(22) 

When benzyl mercaptan wos aDowed to react with (22) In equlmolor proportions In 

ether at room temperature for 2 hours. the reaction mixture changed In colour from 
orange red. the characteristic colour of (22). to pole yeDow which Is that of (23). 

(Scheme 70). 
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(22) + < 0 >CH2 SH 

! 

Scheme 70 

Although the adduct (23) was obtained In reasonable yield. when reacted with p

bromobenzylthlollt gave a mixture of all possible dlsulphldes. (Scheme 71). 
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ar-@-CH2SH 

+ 

Scheme 71 

The failure of these methods to produce the desired unsymmetrical dIsuIphide has 

led this study to divert Its attention to the dlsulphide exchange reaction. 

Although the existence of unsymmetrical dlsulphldes was reported as eortv as 1886 

and several were prepared subsequently. It seemed that they were IntrtnslcoJly less 

stable than symmetrical dlsulphldes.92 • 

In fact. subsequently It was shown that dlsulphldes undergo exchange reaction 

according to (scheme 72). 

Scheme 72 
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Several workers have investlgated the kinetics and appllcotlon of this reaction. 

Haroldson et al.92 used gos chromatography to study the products of the exchange 

reaction between pairs of dlsulphldes. 

Birch 93 et al. hove used it to prepare severa unsymmetricoJ dlsulphldes by 

equilibrating two symmetrical dlsulphldes. The relottve amount of unsymmetrlcol and 

symmetrical dlsulphides were determined by dlstillotlon. The presence Of 

unsymmetrical dlsulphides at equilibrium was cleorty demonstrated. The retlos of 

unsymmtrical and symmetrical dlsulphides at equilibrium are given together with the 

equilibrium constants of the exchonge reaction <Tacle 6). 

Table 6 - unsymmetrical dlsulphide rotto and the equilibrium constant at 250 C at the 

exchange reaction. 

DISulphldes 

methyl-ethyl 

ethyl-n-butyt 

ethyl-isobutyl 

methyl-t-butyl 

Ratio of Unsymm/Symm 

2/1 

2/1 

2/1 

511 

Equilibrium Constant 

5.6 

24.5 

4.1 

Essentially the some values were found at fJ1JC. showing that the heat of reaction Is 

very small or zero. 

More recently, It wos found that the reverse reaction In which unsymmetrlcat 

dlsulphldes exchange with the two corresponding symmetrical sulphides toke piece 

In polor solvent (scheme 73). 
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Scheme 73 

Boustonyet 01.94 have found that thiol with an N-aryl thlophthoRmide gives the 

unsymmetrical aryl disulphide. The latter exchanges slowly at room temperature to 

give the corresponding symmetrical disulphides. (Scheme 74). 

o 

~~H + l8-l-,j 

Scheme 74 

+ HS-@-CI 

More recent publications have reported that mercoptons and organic dlsulphides 

can react with one another In approprtate condltlons.95 Such reaction occurs In 
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diverse chemical systems and may hove consequences af considerable Importance: 

examples may be found In petroleum96• polysulphlde97 rubber and IMng 

organisms.98 The Interchange Involves three steps.99 (Scheme 75). 

RSH ~ RS • • • • • • • • • 1 

RS + RSSR" RSSR' - " + SR ......... 2 

Pkil " -=. R SH .......... 3 

Scheme 75 

Initially. Ionisation of the thlol gives thlolote anion. this is followed by nucleophilic 

attack of the thiolote anion on a sulphur atom of the disulphide moiety and 

protonatlon ot the product thloiate anion. All three steps are fully reversible. 

The importance ot the thlol-dlsulphlde Interchange reaction to biochemistry and the 

remarkable ability of this reaction to effect the reversible cleavage and formation of 

strong. covalent S-S bonds at room temperature In aqueous solution hove promoted 

many studies ot the mechanism of this reactlon.l00.101.102.103 

As will be shown In this study. dlsulphlde exchange was only observed In high poIortty 

solvents (methanOl and acetonitrile), which suggested an ioniC pathway for the 

reaction (scheme 76). 

Scheme 76 
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The above mechanism seems to be more credible than an alternative one which 

Involves the Initial protonatlon of the sulphur atom by methanol; specially when 

considering that this exchange mechanism also occurs In acetonitrile (scheme 77). 

Scheme 77 

We therefore decided that by retluxlng the two symmetrtcol dIsuIphldes (24). (25) In 

methanol or acetonitrile. the rearrangement or the exchange of dlsulphldes might 

enable the production of the desired unsymmetrical dlsulphlde (15) which was to be 

separated by preparative HPLC. ThIs 1ype of rearrangement should proceed untU 

there Is an equlUbrtum between 01 ttvee dlsulphldes atter whICh time further retluxing 

should have no effect on the composttton of the reaction mixture. 

In the event. the composition of the reaction mbctue was found to be 1 :3: 1 In 

(24):(15):(25) respectively. Moreover. the composition of the mixture colected from 

retluxlng the unsymmetrical dlsulphlde alone In methanol or acetonttrUe also 

consisted of a 1 :3: 1 proportion simler to the above rearrangement. as predicted by 

the mechanism shown In scheme 76 above. (Scheme 78). 
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Scheme 78 

Attempts to separate these reaction mixtures by either crystallisation or distillation 

foiled. but preparative HPLC. though rather laborious. proved very successful. 

The rate of exchange of d1sulphldes depends on sample concentration. solvent 

temperature and polarity. 

2.4 PRODUCT ANALYSIS 

Using the pure unsymmetrical dlsulphlde (15) from the above procedure allowed us 

to concentrate then on treatment of (15) with the phosphorus (III) nucleophlles (10). 

The unsymmetrical dlsulphlde (15) was treated with on equlmolar rotto of the 

amlnophosphlne (10) In benzene at a starting temperature ofOOC. and analytical 

HPLC Indicated the production of the two symmetrical dlsulphldes (24) and (25) 

before the actual desulphurlsotlon took place. After an hour. the benzene was 

brought to reflux and the composition of the reaction mixture followed by HPlC 

analysis of aliQuots withdrawn at Intervals (figure 1). 
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As can be seen from Agure 1. the process of equilibration Is much faster than the 

desulphurlsotlon reaction. It would appear therefore that the tervalent phosphorus 

compound (10) must be first cotalyslng this rearrangement of dIsuIphldes In some 

way before It actually desulphurtses them Individually via the mechanism Illustrated In 

scheme 76 and 78 . (DIrect thermal equilibration In benzene at this temperature Is 

too slow a process to account for the observed rote of exchange). (Scheme 7f1). 

R S S R' + PR; 

(1~) 

1 
(1.0 ) 

r~/fj [ + ~ S RR" 
1'01) ,3 
R SR 

! At Low Temp. 

( ~)+(1§)+(2_5) 

Scheme 79 

The composition of the rearranged dlsulphides before the actual desulphurlsatlon 

takes place is closely slmUor to that obt~ned by reftuxlng (15) In methanol or 

acetonitrile. Indicating that the process Is a catalytic one. 

Similarly. Agure (2) lDustrates that a mixture of benzyt dlsulphlde (24) and p

bromobenzyl disulphlde (25) and the amin~phosphne (10) In 1: 1:2 molar ratio 

respectively In benzene at a starting temperature of COC. produces the 

unsymmetrical dlsulphlde (15) before the actual desulphurtsotlon at w:fJ took place. 
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A possible mechanism for such cat.alysis can be understood by considering t.he Initial 

phosphonium salts produced. (Scheme 80). 

R-S -5-R 
W-S -S-R' + 

(R2NhP + 

1 

~ At Low Temp. 

Scheme 80 

R- CH2Ph 

R' -CH2PhBr 

R°:ll Et 

The composition of the rearranged dlsulphldes before the octuol desulphurtsatlon 

tokes place Is constant and slmDar In both experiments. 

In fact, the composition of the reaction mixtures obtained from these 

two experiments at aOe IUustrated In Agures (1) and (2) are the some as that of 

mixtures obtained from relluxlng either the symmetrtcol dlsutphldes (24) and (25) In 

equal proportions or the unsymmetrical dlsulphlde (15) In methanol or acetonitrile. 

(Scheme 81). 
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(~~5) 

(24) ,.,. 

Scheme 81 

B Acetonitrile 

20% 

20% 

60% 

(15) -

In order to monitor the pre-equlUbrtum of dlsutphldes before the actual 

desulphurlsotlon reaction more occurotely. the reoctlon was followed ot ..4QO In 

acetonitrile solution. 

Two experiments were conducted In a slmUor mamer to those performed In benzene 

earlier. The results provide further evidence of the prior cotolysls of dlsuIphlde 
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exchange by the amlnophosphlne (10) before the actual desulphurlsatlon as shown 

In Agures (3) and (4). 

The reaction mixture maintained at this temperature (-4()OC) contains only 

dlsulphldes. with no evidence for desulphurtsatlon. The composttlon of the reaction 

mixture finally reached its equilibrium stage at a 1 :3: 1 mixture of the dlsulphldes. (24 

and 25). 



o DNSYMM (15) 
o SrMM (24) 
6 SYMM (25) 

A 

• • It it II II ,. u .. ., II u " 
TIHE(HIHS) 

FIGURE 3 

Slow egulUbratlon Of dlSUlphides (24) ond (25) In acetonitrile at -400c 

as ,. u .. 

0-
Q) 
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e Desulphurlsatlon Reaction In Dry Methanol 

In order to examine the reaction In polar media. the unsymmetrtcal dlsulphlde (15) 

has been allowed to react with the amlnophosphine (10) In dry methanol at room 

temperature. HPLC analysis of the reaction mbcture showed that the concentration 

of (15) remained unchanged through the time-course of the reaction. It was 

suspected that the amlnophosphlne might be reoctlng with the solvent under these 

conditions. 

this led to a study of a blank reaction of (10) In dry methanol at room temperature. 

The 31 P n.m.r. (decoupled spectra) showed several singlets which Indicated that 

methanol was reacting with (10) at room temperat\le to give a variety of 

phosphorus containing products. 

HPLC analysis of the above reaction mixture In more carefully dried methanol at 

-l00e showed two eariy eluted peaks. found to be benzyl mercaptan and ~ 

bromobenzyl mercaptan. At that stage the concentration of (15) started to drop as 

these two peaks began to Increase. and evidence for formation of the sulphides 

(16). (17) and (18) was obtained. 

The only conclusion which can be drown from this reut Is that In polar solvent a 

sulphur atom Is attacking the phosphorus atom. and In the case Of methanol. 

protonatlon occurs to give the free thlol. A possible mechanism to explain the 

formation of thlols Is given In (scheme 82). 

this problem Is addressed In more detalln Chapter 3. using LC-MS technIQues. 
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SCH2Ph I... + 
-~':> 

o 
CH3 

Unidentified products 

2.5 Kinetic Study of the Reaction 

-- +/ 
PhC.H, S-P,-

+ 
BrPhCH2S 

+ :I: 
:I:Q., 
l+~ 

(,) 

BrPhCH2SH 

Having established on analytical HPlC method. and Identlfled the products of the 

exchange/desulphurtsatlon reaction. It was decided that further Ight might be shed 

on the mechanism by a kinetic study of the process. 

Harpp et 0189 hove studied In deta. the kinetics cA the desulphurtsatlon reaction of 

dlsulphldes wtth amlnophosphlnes. The author concluded that the reaction follows 

second-order kinetics. The rat8$ of de$uIptUtsatIon are enhanced In solvents of high 

polarity. 
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In his experiments 1: 1 stoichiometric. amounts of phosphine and dlsulphlde were 

used, and the area of the dlsulphlde and sulphide peaks in the gas chromatograph 

were used in the calculation rate constants. 

In the present study the second order rate constant was determined under pseudo

first order conditions, using HPLC to follow the raatlon. FIVe different concentrations 

of excess of the amino phosphine (10) In benzene were used. The lowest Is about 

ten times the concentration of the initial concentration of the symmetrical dlsulphlde 

p-chlorobenzyl dlsulphlde (26). (Use of a symmetrical dlsulphide eliminates any 

complications associated with dlsulphide exchange). 

The following procedure was adopted: a known concentration of the dlsulphlde (26) 

was treated separately with the five different concentrations of the amlnophosphlne 

(10) in benzene at constant temperature (SOoC). In each run. the concentration of 

dlsulphlde was followed by HPLC. with dlbenzyl os intemal reference. The second 

order rate constant was calculated by plotting eachpseudo-ftrstorder rote constant 

(k'l' k' 2' k' 3' k' 4 and k'S> against the original concentration of the aminophosphine. 

Thepseudo-flrstorder rate constants were calculated from a plot of time against the 

logarithm of unreocted dlsulphlde concentration in the reaction mixture. (Agures 5, 

6.7,8,9). 

A typical run between the amlnophosphlne (1(» and dlsulphlde (26) In benzene (dry) 

at SOOc Is shown In Table 7. 
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Table 7 k' values and Initial concentration of the kinetic runs between compounds 

(10) and (26) 

Run Amino Phosphine Dlsulphlde k' 

No. Concentration Concentration Observe FIgure No. 

1 0.020 0.002 k'l 2.23 x lo-5g-1 5 

2 0.026 0.002 k' 23.2 x lo-5g-1 6 

3 0.035 0.002 k' 34.0 x lo-5g-1 7 

4 0.043 0.002 k' 45.3 x lCr5g-1 8 

5 0.051 0.002 k' 56.00 x lo-5g-1 9 

A plot of these k' against amlnophosphlne Is shown In Agure 10. and gave a k2 value of 

1.18 x lo-31mor 19-1. This measurement can be compared with that of Harpp for benzyl 

sulphide In benzene at 300C which Is 4.7 x 10-51 mol-1 sec-1. 

This confirms the finding of Harpp that the overall rate of desulphurlsotlon should be some 

function of the mercaptide stability. That Is. the smaller the pKa of the mercaptide the 

better Its ability to oct as a leaving group and hence the foster the reactIOn. 
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2.6 The Reactivity of Cyclic v Acyclic Tervalent Phosphorus Compounds 

Introduction 104.105 

The natural angle of phosphlnes and phosphites Is ca. 1000. and when phosphorus 

acts as a nucleophile. this should Increase as a result ot rehybrldlsatlon to ca. 1000. 

In the case of cyclic compounds. the ring strain should be Increased and hence the 

cyclic compound should be less reactive than the acyclic analog. 

On the other hand. when the reaction Involves nucleophilic attack on phosphorus to 

give a ten-electron system. the ring angle o-P-O should decrease. leading to an 

enhanced reactivity for the cyclic compound. although this will depend on the 

transition-state configuration. (Scheme 83). 

+ 
E 

Scheme 83 

x 
A ... I:> 
.<1 p_-x 
. I 

N [9 - 69] 

Aksnes 1 06 has vindicated this hypothesis 107 by following the Arbusov reactions of the 

amide (27) and the corresponding cycDc compound (28) with methyl Iodide. 

The reactions In nitrobenzene were followed by nmr. The rote constants Table (8) 

show the cyclic compound to be less reactive than the acyclic analog. In 

agreement with the above hypothesis. 
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Table (8) The Rate Constants of Some Arbusov Reactions 

PhosQhlte Alkyl halide 105~. 1 

mor1 5-1 

(CH:P2 P-N(CHY2 (27) CH31 0.097 

Cp N(CH,), (28) CH31 0.030 

(C2HSO)3P C2HSI 4.80 

(C3H70)3P C2HSI 7.96 

CH3 

O~ C2HSI 2.7 

Cb P OC2Hs 
C2HSI 0.7 

CH3 

H1~ H3C POC:zHs C2HSI 1.1 

CH 3 

Reduced sterle hindrance should lead to a greater reoctMty for the cyclic 

compound. as In the quotemlsotlon of certain cycle amnes. tJ;l. pyrolldlne Is sBghtty 

more reactive than plperdlne toward methyl iodide and acytatlng agolnst 108 and 

azlridlnes and czetldlnes show greater Increases. 109 

Much larger rate decreases for the acy1at1on of cycle phoIphIte have been obsetved 

by Brown and coworkers 110,111 with rate ratios of the order a 102. depending on the 

nature of the acyl halide used (scheme 84). 
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+ ~ 
(RO)3P + C6HSCOCI = (RO)3P - COC6HS --~) (RO)2P-COC6HS + RCI 

CI-
Scheme 84 

Moreover. the phosphite-catalysed trlmerlsatlon at isocyanate. under pseudo-first 

order conditions. shows the cyclic phosphite to be - 30 times less reactive than the 

acyclic analog. 

Michalski 112 has also observed greater rate differences involving acid catalysis and 

shown that the compound (29) is unreactive towards dlalkyl phosphates whereas the 

acyclic analog (30) gives pyrophosphate (31) readily. 

H 
(Rq) PO P(OR) 

2 (30) 2 

o 0 
II II 

(ROh PO p(OEth 
(31) 

This large difference In reactivity can be understood If the Initial step Involves 

protonatlon of the phosphite to give a gOOd leaving group. a process which be 

energetically less favourable In the case of the cycHc compound. followed by 

nucleophilic attack of phosphoryl phosphorus by the dlallcyl phosphate anion. 

A Similar explanation may be put forward to account for the stability of 2-chloro-1.3.2-

dloxaphospholane In the presence of free hydrogen chtortde. 113 

It can be shown that the Influence of strain In the cyclic compound Increases with the 

extent of bond formation with the electrophlc reagent. 

The Bronsted coefficient. ~. is a convenient measure of this Interectlon. end from the 

data so fer evaileble it Is found to Increase regularly with relativity of cyclic end 

acyclic compounds. (Table 9). 
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Table 9 Bronsted Coefficients and Reactivity Ratios of Some Tervalent Phosphorus 

Compounds 

Reaction k1!c 

(RO)2PN(CH* + CH31 3.0 0.22 

(RO)2P + C6HSNCO 30.0 0.50 

(RO)3P + C6HSCOCI 2x 102 0.78 

(RO)3P+~ 6x 106 1.0 

Another Interesting rate ratio of kalke by 40 has been obServed by Songstad 114 for the , 
reaction of phosphttes with isoselenocyanates.1s due mainly to an unfavourable 6S for 

the cycDc compound. (Scheme 85). 

Scheme8S 

Kinetics of the reaction Of cvcnc amino phosttns with d1s!Jph1des 

In order to compare the reactMty of cycle phosptr.es wtth that of acycDc analogS. 

the kinetics of the two must be compared. 

In this study. the cyclic analog prepared was (32) 2-(N-Dlethylan1no)-1,3 dlethyt-

1.3.2-dlazaphospholane. 

~t 

C~Et2 
'Et 

(32) ..... 

WhiCh was prepared according to Ramirez. 114 (Scheme 86). 
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PCb + 

Et Et 
I I 

( NH _...... QFlCI 
EtJN 

~H I 
Et Et 

(32) ,.,. 

Scheme 86 

Compound (32) hod 0 31 P-{ 1 H) nucleor magnetic resononce spectrum consisting of 

o single line. and gave the expected elemental analysis. 

Typicalldnetic runs between the cyclic amlnophosphine (32) and dlsulphlde (26) In 

benzene (dry) at SOoC are shown in Table (10) and (Agures 11. 12. 13. 14. 15). 

Tobie 10 k' volues ond inltiol concentrations of the kinetics run between compounds 

(32) and (26) 

Run Cyclic Dlsulphlde k' 

No Phosphine Concentration Observed 
FIgure No. 

Concentration 

1 0.025 0.002 3.93 x 10"5 S" 1 11 

2 0.032 0.002 4.86 x 10"5 S" 1 12 

3 0.053 0.002 8.52 x 1(j5 S" 1 13 

4 0.069 0.002 1. 14 x 10-4 S" 1 14 

5 0.087 0.002 1.45 x 10-4 S" 1 15 

which gave a second order rate constant of 1.625 x 10-31 moI-1sec-1(F1g\n 16). 

This measurement indicated that the cycle omlnOphosphine (32) has a raoctMty 

towards dlsulphldes very similar to that of the ocyclc analog. 

This finding seems to disagree with the known behavtoU' of tervalent cyclic 

phosphorus compound mentioned In the Introduction SectIon of this Chapter. 
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However. It has to be said that the reduced reactMty for cyclic phosphorus 

compounds. was not Investigated In cyclic phosphorus compounds containing 

nitrogen as a hetero-atom. 

In fact. Thorstenson 105 has established that two tactors can determine the 

nucleophlDclty· of phosphorus compounds. 

The first being the lone-polr repulsion. the p-orbitallone pair on the nitrogen atoms 

are Interacting with the phosphorus lone pair In a repulsive manner. raising the 

energy of the latter and rendering It both more basic and nucleophlllc. 115 

The second being PN,,-dp" electronic transfer .116.117 this type of electronic transfer 

should be facilitated by sp2 hybrldlsatlon of the nitrogen lone pairs. since lone polrs In 

sp3 hybrids are expected to be less effective In donating x-denslty to the phosphorus 

atom than lone pairs contained In a p-orbital. Recent X-roy structure determination 

of trls (morphollno) phosphine 117 indicate that the nitrogen atoms hove 

considerable sp2 character. 

These two factors actually may well be contributing to the fact thot the cyclIC 

phosphine (32) has similar reactMty to the acyclic analog. Therefore. the ring strain Is 

being partly or completely cancelled out by the above two factors. 

An alternative explanation may Involve the blphHIc character of sulphur and 

phosphorus atoms In their lower oxidation states. Thus. each may show thot both 

electrophUlc and nucleohilic character In their reactions. leading In this case to a 

cancellation of the ring strain effects. IDustrated below: 
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CHAPTER 3 ANAL vnCAL METHODS 

3.1 CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARISATION (ClONe) 

A INTRODUCTION 

ESR (Electron Spin Resonance). a commonly used technique for detecting radical 

species. is based generally on the energy levels of an unpaired electron. Such 

unpaired electrons In atoms and molecules are subject to a variety of magnetic 

Interactions which can shift and split the simple Zeeman levels. and the effects are 

reflected In the e.S.r. spectrum. However. It is usually found that an e.s.r. spectrum can 

be described relatively simply In terms of transitions be1ween energy levels which are 

eigen-functlon of a Hamiltonian containing only spin operators. The most common 

use of e.S.r. Is as a qualitative method for radical detection and as such. It Is a 

relatively sensitive technique. What e.s.r. does not do. however. Is to give direct 

evidence of radical participation In parttcular reaction processes. More Informative 

than the position of the e.S.r. lines themselves. are their Intensities. and those of the nmr 

transition In analogous systems. Both e.s.r. and nmr lines with anomalous Intensities 

(both absorption and emission) hove been observed In chemiCally reacting systems. 

The effects hove been called chemically Induced dynamic electron and nuclear 

polarisation (CIDEP and CIDNP respectively). They arise from species (radicals In the 

case of esr or reaction products In the case of nmr) that are formed with non

equilibrium spin state populatiOns. typically only from free-radical processes. The 

advantage of utilising the CIDNP technique Is that It gives direct evidence of the 

nature and source of the radical species leading to diamagnetic products which 

produce polarised nmr spectra. More qualitatively stili. the mere observation Of 

polarised nmr spectra for a particular species can be taken as good evidence that It 

was formed from a radical. or radlcal-llke precursor. A typical example of a polarised 

nmr spectrum Is shown In FIgure 17. 

We decided to use this method to test the POSSibility. already rolsed In the Ilterature66 

that the dlsulphlde desulphurlsatlon reaction might proceed via radlcollntermedlotes. 

A comprehensive review of this technique con be found In reference 119. 



- 93-

B Results and Discussion 

Two experiments were run; one in benzene solution. one In methanol. and the process 

followed by 31 P nmr. This nucleus was chosen because. aport from being Intimately 

Involved In the primary reaction process. phosphorus provides nmr spectra which are 

uncluttered by solvent or reagent resonances. and which can be strongly polarised In 

radical systems. In the event. neither experiment gave any evidence for polarised 

resonances. and therefore no evidence for radical processes Involving phosphorus

containing species. This does not completely rule out a radical mechanism. but 

strongly indicates a non-radical one. given the direct involvement of the phosphorus 

atom. 

The spectra are shown In Figures 18 and 19. The benzene experiment shows clear 

conversion of the aminophosphine (ap 119ppm) to the phosphine sulphide 

(5p 79ppm). with no anomalous line Intensities. The methanol experiment Is more 

complex. with evidence for on Intermediate. (~ 63ppm). but again no polarised 

resonances are seen. The complex nature of the spectrum Is In keeping with other 

observations In methanol solution (see Chapter 2). 



Figure 17 
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Thermolysis of· acetyl peroxide in hexachloroacetone 
in a 1.4T magnetic field. showing 1H CIDNP effects. 
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3.2 HPLC (HIGH PRESSURE UQUID CHROMATOGRAPHy) 

A INTRODUCTION 

Liquid chromatography Is on analytical technique where different components in a 

sample are separated on the basis of their different speeds of transportation. This 

technique generally Involves two phoses - a statlonory phose and a mobile phose. 

Differences in the migration speeds of the components of a mixture are caused by 

differences In chemical Interactions between these components and the two phases. 

In normal phose chromatography. the stationary bed Is strongly polar in nature (e.g. 

silica). and the mobile phose mainly non polar (such as n-hexane or tetrahydrofuron 

mixed with small amount of a polar solvent such as ethanol). Polar components are 

retained on the column longer than less polor components. In reversed-phose 

chromatography. the stationary bed Is non polar (hydrocarbon-like in nature). while 

the mobile phase Is a polar liquid. such os water. an alcohol or acetonitrile. In this 

lotter case. the non polar components of a mixture are retained longer. 

The diagram on the following page Illustrates In a simplified manner the two types of 

chromatographiC techniques Indicating the order of elution of sample components of 

different polarity. 

In a chromatographic separotlon the sample molecules partition between the mObile 

and stationary phases. During this process the Individual substrates are retarded by 

the stationary phose. depending on their interaction with the mobile and the 

stationary phoses. 

This retardation Is selective which means that. with a given mobile/stationary phose 

system the amount ot retardation win be different for each sample component. this 

leads. therefore. to a separation of the components of a mixture passed through such 

a stationary/mobile two phose system. 
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B RESULTS AND DISCUSSION 

In the present study, a system hod to be developed to resolve on six compounds (15), 

(25), (24), (ln, (18), (16) In the same chromatogram to monitor the eQuilibration, 

desulphurlsotlon and the kinetics Involved In the conversion of dlsulphldes to sulphides. 

The absorption wavelength of the detector for the chromatographic separation was 

set at 254nm which corresponds to the aromatIC region of the compounds. 

A normal phase system was first employed which consisted ot hexane as a mobile 

phase with silica as the stationary phose. However. the above components were not 

retained by the stationary phase long enough to give reasonable separation. The 

sample components were eluted too quickly so that they were very close to the 

solvent front. this was due to the sample components being hydrophobic and 

therefore not retained by the polar stationary phase In the nonnal phase system. 

This led us to look to a reverse phose system which consisted of a C 18 stationary phase 

and a mobile phase made up of methonol:water mixtures. Atter experimentation an 

8:2 ratio of these gave the chromatogram shown in Agure 20. 

(15) 

(24) 
(18) 

(17) 

(25) 

(16) 

Fisure 20 Reverse Phase Separation of a sample containing 
cCJDPOnents (16). (24), (17). (15). (18) and (25) 
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This chromatograph resolved all six sample components os marked by Individual 

number. The order of retention can be related to the hydrophobicity of the 

components. 

Compound (16) eluted tlrst as It Is represented the least polar molecule In the mixture. 

This was followed by the corresponding dlsulphlde (24). A bromine atom is more 

hydrophobic than hydrogen. Thus. compound (1 n with one bromine was the next 

compound to be eluted. followed by the dlbromlnoted components (18) and (25). 

As the separation between each of the six components In the sample was so good a 

preparative HPLC experiment was carried out and this yielded the desired 

unsymmetrical dlsulphlde (15) In good yield. This contrasts with attempts at separation 

of dlsulphide (15) from a dlsulphlde mixture by recrystallisotion or distillation were not 

successful. 
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3.3 LC/MS (LIQUID CHROMATOGRAPHY/MASS SPECTROMETRY 

A INTRODUCTION 

As has been stated. chromatography Is not well suited to structural analysis. and 

needs to be combined with a suitable technique for structural elucidation. 

One of the most successful combinations has been gas chromatography with mass 

spectrometry. Such combined analytical methods are usually designated by their 

combined abbreviations (e.g. GC/MS or LC/MS) and are known as 'hyphenated' 

techniques. 

The development of hyphenated techniques resulted from slgnlflcant Increases In the 

scanning speeds of mass spectrometers. advances In data system technology and 

most Importantly. the development of suitable Interfaces capoble of IInldng separation 

equipment to moss spectrometers. 

For LC/MS the main problem Is the large amount of mobile phase that must be 

removed at the Interface to get the effluent Introduced Into the high vacuum at the 

moss spectrometer. Any techniques which can minimise such problems are desirable. 

Mlcrobore columns offer one obvious solution. 

Several Interface devices have been developed and these Include direct liquid 

Interface. moving belt transport. thermospray. ftowIng FAa. particle beam and. 

recently. electrospray Interfaces. 

The thermospray Interface consists of a small bore caplnary tube that Is heated to 

produce a stable. high-velocity jet consisting mostly of vapour with a small amount of 

mist. It not only provides an Interface to the moss spectrometer. It also causes the 

Ionisation of analytes necessory for the mass spectrometer. (FIgure 21). 
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Figure 21 
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Thermospray is now established as a practical technique for lC/MS Interfacing. and 

has been used for a large number of applications. Despite the obvious success of the 

current Interfaces there remain a number of valid criticisms which clearly Indicate that 

none of the current LC/MS Interface systems can be considered to provide a universal 

HPlC detection system. One of the problems encountered Includes the following. 

Mass spectral data very often allow unambiguous determination of molecular weight. 

but fragmentation Is either absent. InsuffiCient or Insufficiently reproducible to allow 

definitive Identification of known compounds or offer much in the way of structure 

elucidation of unknown compounds. 

There are ways of overcoming this problem: for example. sometimes these can be 

overcome using lC/MS/MS. This technique is limited to a fairly narrow range of 

chromatographic condition. For example. we cannot usually use phosphate buffers. 

Considerable progress has. however. been made on all of these problems In recent 

years. and research and development Is continuing to solve the remaining technical 

problems. In the present work a technique based on the thermaspray approach was 

used. 

B RESULTS AND DISCUSSION 

It was felt that lC/MS techniques would be Ideal to Investigate the complex nature of 

the reaction In methanol. 

Conventional thermosproy methods were expected to be satisfactory for detection of 

species such as the phosphine sulphide. but not tor the d1sulphlde starting material or 

monosulphlde product. this was In tact observed In practice. However. a variant of 

the conventional thermasproy experiment using 0 source equipped with discharge 

electrode. In essence a type of chemlcollonlsotlon (CI) experiment (using methanol 

vapour as the reagent gas) did give useful results. 

A typical Ion current chromatogram together with the corresponding UV-detected 

chromatogram Is shown In Figure 22: also shown ore the chromatograms using 

detection at specific mosses corresponding to starting material (26) and the expected 

products. the corresponding monosulphlde and phosphine sulphide. It con be seen 

that In addition to these three species. several other compounds can be detected at 

both short and long retention times. Specltlcalty. at oro\.nd three minutes and 
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fifteen minutes retention time. both UV-detected and mass spectrally-detected 

species can be seen. The chromatographic data for these are shown In Figure 23. 

The actual mass spectra of phosphine sulphide. dlsulphlde (26). and the 

corresponding monosulphlde. together with those of the unknown materials of 

retention times three and fifteen minutes are shOwn In FIgures 24-28. 

Analysis of these mass spectra Indicate that the most likely structures for these 

compounds are trlmethyl phosphite (33) and the phosphorus-sulphur compound (34) 

respectively. A possible rationale for the formation of these species Is shown in 

Figure 29. Clearly. the presence of strongly nucleophilic species is not tolerated by the 

aminophosphlne. Direct replacement of the amino-groups by methanol Is perhaps 

not remarkable. but the generation of the phosphorus-sulphur derivative (34) requires 

thlolote ion. or perhaps tree thlol. This Is In keeping with the Ion-polr mechanism 

shown. Ion-pair separation. with or without protonatlon by the methenol. being 

facilitated by this polar solvent. 
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CHAPTER 4 EXPERIMENTAL 

4.1 General Considerations 

Hexaethylphosphorus trlamlde was commercially available from Aldrich Chemical 

Company. the amlnophosphlne was distilled before use and kept ot OOc In an 

atmosphere of nitrogen. 

All b.p.s. and m.p.s. are uncorrected and the m.p.s. were carried out on a Reichert 

hot stage melting point apparatus. 

NMR spectra were measured using JEOL PS-100MZ and GX-27OMZ spectrometers. 

The solvent used was deuterochloroform and the Internal standard for Hand 13C 

spectra was TMS. For 31 P spectra. the standard used was phosphoric acid. 

The elemental analyses were performed on a Carlo Erbo 1106 Elemental Analyser. 

Benzene was refluxed over calcium chloride for six hours then stored over sodium 

wire. 

Methanol (Analytical Grade) was filtered through O.45t.Lm membrane before being 

used as a mobile phase for HPLC. 

Acetonitrile was dried over activated slDca gel. 

TMS - Tetramethyl silane 

4.2 HPLC Methods 

The HPLC system consisted of a double plstoned pump (Pye-Unlcam LC-XPO) with a 

flow rote of 1.Sml/min for analytical runs and 4ml/mln for preparative runs. 

A Pya-Unlcam LC-UV detector with an absorptton wavelength of 254nm. (photo 

cell) pathlength of 10mm for analytical runs and 1 mm tor preporattve runs was 

used. 

A computing Integ rotor (Pye-Unicam PU4810). which enabled the accurate 

measurement of peak area and percentage was employed. Several columns were 
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used: most effective were a C18 ~ Bondapak (4.2mm diameter. 2Scm length) for 

analytical runs and a C8 Zorbax (9.4mm diameter. 25cm length) for preparative 

runs. (See Chapter 3). 

The mobile phase consisted of 8:2 doubly distilled methanol:water mixtures. which 

were filtered before use. The injection loops had a capacity of O.2ml for analytical 

loading and 2ml for preparative loading. 

4.3 SynthetiC Procedures 

Attempted SyntheSiS of o-bromobenzytbenzytdlsulphlde (15) 

Chlorine gas was bubbled through a stirred solution of benzyl mercaptan (O.2mol. 

24.8g) In n-heptane (150m!) at COC. 

Assay of the orange colour solution Indicated the consumption of all the thlol. The 

5ulphenyl chloride was added dropwlse to a solution of phthallmlde (Q.2mol. 29.4g) 

In dimethyl formamlde (120ml).ln the presence at Triethylamine (O.27mol. 27.0g). 

After stirring for O.5hr the reaction mixture was transferred to a larger beaker and 

cold water (1.5l) was added with stirring. Upon filtration and drying 30g of a whitish 

solid was collected. 

Analysis of the solid obtained Indicated mainty starting material I.e. phthallmlde. 

m.p. 225-2270 C. Olt m.p. for phthallmlde 234-2360(:). 

Another attempt In carbon tetrachloride also failed to produce the N

(benzylthlo)phthallmlde. 

Second Attempted Synthesis of o-bromobenzyl Benzyl Dlsulchlde (15) 

Benzyl mercaptan (Sg. O.04moO was mbced with Dlethytazodlcarboxylate (10) (6.960. 

O.04mol) in on atmosphere of nitrogen for 24hr at room temperature. 

The resulting pale yellow viscous liquid was refluxed In benzene (5OmO together with 

p-bromobenzyl mercaptan (8.12g. O.04moO for 3hr. then allowed to stand for 

several hours. 
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White crystals started to form which were filtered and found to be dlethyldlhydroate 

dlcarboxylate. Evaporating benzene off gave an oily residue which quickly 

solidified (l2.5g). Recrystalilsation from methanol-water mixture gave a white solid 

(11.9g). 

Analysis of the product Indicated a 1:2:1 mixture of benzyl dlsulphlde (24). p

bromobenzyl benzyl dlsulphlde and p-bromobenzyl dlsulphlde respectively (25). 

Separation of p-bromobenzyl. benzyt dlsulphlde from an egulHbrium mixture 

The failure at the previous two attempted syntheses of the above unsymmetrical 

dlsulphide have given an Indication of the problem connected to the preparation 

of unsymmetrical dlsulphldes. 

Benzyl dlsulphlde (Sg. O.02mol) was mixed with p-bromobenzyl dlsulphide (8g. 

O.02moi) in methanol (25ml). and refluxed for 12hr. 

The resulting solution was analysed by HPLC and found to contain a mixture of all 

three dlsulphides: benzyl dlsulphlde (24). p-bromobenzyl benzyl disulphlde (15) and 

p-bromobenzyl dlsulphide (25). 

Separation of the desired unsymmetrical d1sulphlde was effected by using a high 

performance liquid chromatography preparattve column. 

The column was a C8 ZORBAX reversed phase system. using on 8:2 methanol-water 

mixture as mobile phose with a tIow-rote of 4.OrnI/mln. 

The 2mlinJection loop made It possible to load the column with - 75mg of mixture 

each time and obtain about 25mg of pure unsymmetrical disulphlde from each 

collection. 

Evaporation of the mobile phose under reduced pressure and keeping the solution 

temperature during collection and evaporation below 5OC. gave the 

unsymmetrical dlsulphlde m.p.55-S60 C. (It. m.p.~ 120. 

&H(CDCI3>. 3.53 (2H. S. CH2Ph). 3.70 C2H. S. CH~6H4>. 7.14 C2H. d. H(». 7.35 (SH. S. 

ph) 7.50 (2H. d. He>; 8C(CDCI3' 42.44 (C1>.43.45 (C2> 121.4C)(C1O>. 127.53 (~. 
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12B.57 (CS>. 129.42 (CB)' 131.05 (C6>. 131.59 (C7)' 136.35 (C3)' 137.35 (C4>; (Found: 

C. 51.6B: H. 4.17. C14H13B~ requires C. 51.69; H. 4.02%). 

Preparation of p-bromobenzyl dlsulphide (25) 

p-bromobenzyl thlol (1 ag. O.OSmol) was mixed neat wtth dimethyl sulphoxlde (50g). 

and stirred for Bhr at 8O-90oC. The reactfon mixture was then decolourlsed with 

charcoal and cooled to room temperature. before being poured Into a tenfold 

volume of Ice-water. The precipitate was collected after the solution had been lett 

to stand for 3h. washed three times with water and dried to give 9.2g (91%) of a 

white solid. m.p.76-770c. (lit. m.p.78-7QOC) 121. 

~H(CDCI3)' 3.63 (4H. S. CH2)' 7.14 (4H. d. H3)' 7.51 (4H. d. H4)' OC(CDCI3).42.56 

(Cl)' 121 S02 (CS>. 131.01 (Cs). 131.66 (C4>. 136.32 (C2); (Found; C. 41.39; H. 2.93 

C14H12Br2~ requires; C. 41.6; H. 3.00%). 

Preparation of benzyl dlsulphlde (24) 

Neat benzyl mercaptan (lOg. O.OSmol) was mixed with d1methylSulphoxJde (SOg) 

and stirred for Bhr at 8O-90oC. The reaction mixture was then decolourised with 

activated charcoal and allowed to cool to room temperature. The cooled 

reaction mixture left standing for 3hr otter being poured Into a tenfold volume of 

Ice-water. The precipitated dlsulphlde was collected by filtration. washed three 

times with water and dried to give 9g (91~) of pure dlsulphlde. m.p.66-680 C 
(lit. m.p.71-72"C) 121. 

8H(CDCI3)' 3.58 (4H. S. CH2). 7.27 ClOH. S. Ph) ac(CDeIS> 43.28 (Cl)' 127.41 CCS> 

12B.48 (C3)' 129.40 (C4)' 137.36 (C2); (Found; C, 68.49; H, 5.60 C14Hl~":C' 

68.22; H, 5.73%). 

Preparation of o-chlorobenzyl dlsulphlde (26) 

A similar procedure to 1he one above gave 90-. yield 01 compoU"ld (26).m.p.55-66OC. 
(lit. m.p.56-570 C) 121. 

8H(CDCI3)' 3.56 C4H, CH2)' 7.13 (4H, d, HS> 7.28 C4H, d, H4> acCCOCIs> 42.49 CC1)' 

12B.67 (C4>, 130.65 (C3)' 133.39 (C2)' 135.81 (Cs>; (found; C, 53.42: H. 3.76 

C 14H 12C'2S2 requlre;C.53.33;H.3.834J.). 
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Preparation of p-chlorobenzyl sUlphide 

p-Chlorobenzyl mercapton (2g. 0.012mol) in obsolute methanol was odded to 0 

stirred solution of sodium hydroxide (O.5g. 0.0l2mol) In abSolute ethanol (15ml). The 

p-chlorobenzyl chloride (2.1g. 0.012mol) In methanol (10ml) was added to the 

previous solution after ensuring all sodium hydroxide has dissolved. Stirring tor 4 

hours at room temperature followed by washing with water three times and 

extraction with ether gave 0 white precipitate 3g (88%). Recrystoilised from 

methonol.m.p.41-~C. (lit. m.p.42-430 C) 121. 

8H(CDCI3)' 3.53 (4H. S. CH2)' 7.18 (4H. d. H3)' 7.26 (4H. d. H4> 8C(CDCIJ> 34.87 (Cn. 

128.66 (C4)' 130.28 (C3) 132.86 (C2)' 136.37 (Cs); (Found; C. 59.14; H. 4.30. 

C14H12CI~ requires C. 59.37; H.4.27%). 

Preparation of p-bromobenzyl sulphide (18) 

p-bromobenzyl thlol (Sg. 0.024mol) In absolute ethanol. was added to a stirred 

solution of sodium hydroxide (1.2g. O.024mol) In obSolute ethanol (15m1). p

bromobenzyl bromide (6g. 0.024mol) In methanol (lOmI) was odded to the previous 

solution after ensuring 011 sodium hydroxide has dissolved. Stirring for 6 hours at 

4QoC. followed by washing with water and extraction with ether gave a white 

precipitate. which was recrystallised from methanol to give 7.SO (84,.) of white Solid. 

m.p.51-5~C. Olt. m.p.53~C)l22. 

8H(CDCI3)' 3.52 (4H. S. CH2). 7.14 (4H. d. H3) 7.44 (4H. d. H4>. 3C(COCIJ> 34.884 (Cl) 

120.902 (Cs>. 130.633 (CJ> 131.606 (C4>. 136.860 (C2); (Found: C. 44.86; H. 3.15 

C14H12Br~ requlre:CA5.16:H.3~). 

Prepgratlon of benzyl sulphide (16) 

A similar procedure to that used In previous preporatlons of symmetrical sulphides 

gave the product os colourless crystals In 86,. yield m.p. 48-490<: • aH(COCIs). 

3.55 (4H. S. CH2), 7.26 (lCH. S, Ph). acCCDeIs). 35.468 (Cl)' 126.887 (CS> 128.379 

(Cs). 128.930 (C4>. 138.061 (C2); (Found: C. 78.7: H. 6.34 C14H14S require C. 78.45; H. 

6.58%). 
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Preparation of p-bromobenzyl. benzyl sulphide (lD 

Benzyl mercaptan (Sg. O.04mol) In absolute methanol (3Om1) was added to a stirred 

solution of sodium hydroxide (2.4g. O.04mol) In ethanol (3OmI). 

p-bromobenzyl bromide (lOg. O.04mol) In methanOl (1 Om I) was added with stirring 

to the previous solution at room temperature and kept stirring for 3hr. 

The reaction mixture was washed with water. extracted with ether. dried and 

concentrated to give crude oil 13.2g. 

The 011 was distilled to give 109 (85%) of a colourless liquid b.p. 15QOC-155oC-D.2mm. 

SH(CDCI3)' 3.51 (2H, 5, C!:i2-PhH), 3.57 (2H, 5, C!:i2PhBr), 7.10 (2H. d. H~. 7.26 (SH. 5. 

ph). 7.50 (2H. d. H7)' ac(CDCI3 34.722 (C1)' 35.419 (C2)' 120.627 (ClO> 126.919 (~. 

128.362 (CS>. 128.833 (C8)' 130.552 (C~ 131.363 (C7)' 137.055 (C3)' 137.671 (C4); 

(Found; C. 57.60; H. 4.39 C14H13BrS requires C. 57.30; H. 4.47%). 

Preparation of 2-(N-Dlethvtomlno)-1.3 dlethy!-l .3,2-dlozophoSpholone (32) 

Phosphorus trichloride (5.9g, O.04moO In dry dJethyt ether (5Qm1) wos treated at 

-780 C under an atmosphere of nitrogen. with a solution of dlethytethytenedlome 

(4.6g.0.04mol) In dry ether (4Om1) over a period of 15 min. 

Then. triethylamine (8.60, O.08mol) was added at once and the reoctlon mixture 

was allowed to worm to room temperature. Filtration at the omlnehydrochlorlde 

gave on ether solution containing crude 2-ch10r0-l .3 d1methyt-l .3,2-

dlozaphospholone. 

The crude solution was added to dlethytomlne (5.840, O.OSmol) In dry d1ethyl ether 

(40ml) at -78°C under an atmosphere of nitrogen. 

Filtration at the omlnehydrochlortde end evaporation ot the ether toyer gove a 

yellowish liquid. 

Distillation of the crude materiel gave 60% pure yield at ssOC 0.1 mm. 
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5H (C6D~. 1.1 (12H. 4T. CH2CH3)' 1.9 (4H. S. -CHTCH2-) 2.65 (8H. m. CH2CHJ>. OC 

(C6D~ 15.11. 15.22. 15.50. 15.53 (4CHJ>. 49.23. 49.36 (CH2-CH2)' 39.34. 39.63.42.16. 

42.53 (4CH2-)' 5p(C6D~ with decoupllng Singlet 111.101; (Found; C. 54.91; H. 11.02; 

N.19.37. C10H24N3P requires C. 55.27; H. 11.13; N. 19.34~). m/e 217 (8). 145 (100). 88 

(15) 74 (17). 29 (25). 

4.4 Equilibration experiments 

Equilibration and desulphurlsation of the unsymmetrical sulphide 

p-Bromobenzyl. benzyl dlsulphide (2Qmg. O.06mmol) was dissolved In dry benzene 

(10ml) and chilled to - OOC under an atmosphere of nitrogen. 

The resuiting solution was treated with acyclic amino phosphine. 

hexaethylphosphorus triamide (15.5mg. O.05mmol) with stirring and then analysed 

by HPLC. 

Samples were taken from the reaction flask by syringe and transferred directly to a 

small sample tube containing elemental sulphur (Sa> to quench all the amino 

phosphine. 

A similar procedure was followed when the reaction mixture allowed to warm up to 

the boiling point of benzene after 1 hr at rflC. These samples were Injected Into the 

HPLC. After evaporation of the solvent under high VOCUUT\ and dissolving the 

remaining residue In chilled acetonitrile. 

Equilibration and desulphurlsatlon of a 1: 1 mixture of symmetrical dlsulphldes 

Benzyl dlsulphlde (10mg. O.04mmoO and p-bromobenzyl disulphlde (17.1mg. 

O.04mmol) were dissolved In dry benzene (lOmO and chilled to - rflc under an 

atmosphere of nitrogen. 

The resulting solution was then treated with acyclic aminophosphlne. 

hexaethylphosphorus trlamlde <2Omg. O.08mmoO with stirring and then ana/ysed by 

HPLC system. 
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Samples were taken from the reaction flask by syringe and transferred directly to a 

small sample tube containing elemental sulphur (Sa) to Quench all the amino 

phosphine. 

A similar procedure was followed when the reaction mixture allowed to warm up to 

the boiling point of benzene after 1 hr at OOC. These samples were injected into the 

HPLC in known time intervals after evaporation of the solvent under high vacuum 

and dissolving the remaining residue In chilled acetonitrile. 

Equilibration of the unsymmetrical dlsulphlde In acetonitrile 

p-Bromobenzyl. benzyl dlsulphlde (2Omg. O.06mmoO was dissolved In freshly distilled 

acetonitrile (1 OmO and chilled to - -4()0c In a dry C02/CCI4 both. 

The resulting solution was then treated with the acyclic amlnophosphlne. hexaethyl 

phosphorus triamlde (15.5mg. O.06mmoO with stirring and then analysed by HPLC. 

AIiQuots Of the reaction mixture were syringed Into small sample tubes containing 

elemental sulphur to Quench the amlnophosphlne. 

The solvent (HPLC mobile phase) was cooled down to - SoC In order to maintain 

low temperature environment. and also to eliminate any eQuilibration which could 

occur by solvent effect. 

Acetonitrile acts In a manner similar to that of methanol os for os equlUbratlon Is 

concemed. Leaving unsymmetrical dlsulphlde or 1: 1 mbcture of two symmetrical 

dlsulphldes In acetonitrile even at room temperature leads to the formation of the 

eQuilibrium mixture. 

Equilibration of 1: 1 mixture of two symmetrical dlsulphldes 

Benzyl dlsulphlde (lOmg, O.04mmoO and p-bromobenzyl dIsulphlde (17.1mg, 

O.04mmoO were dissolved In dry freshly distilled acetonitrile Clem!) and chIDed to 

-4Q0C In dry C02/CCI4 bath. 

The resulting solution was treated with acycHc amlnophosphlne, 

hexaethylphosphorus triamlde C20mg, O.08mmoO, wtth stlrrtng and then analysed by 

HPLC. 
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Aliquot samples were syringed Into small sample tubes containing elemental sulphur 

to quench the amlnophosphlne. 

The solvent was kept cool and was not removed from the aliquot content as was 

benzene because it does not Interfere with the HPLC analysis. 

4.5 Kinetics Experiments 

p-chlorobenzyl dlsulphlde (10mg) was placed In a (12mO volumetric nask and 

dissolved In dry benzene. and four more flasks were made up In the same way. 

Blbenzyl (10mg) was then added to each flask as an Intemal standard. and five 

volumetric flasks were incubated In a water bath controlled by thennostat at SOOC. 

To each flask acyclic amlnophosphlne <Hexaethytphosphorus triamlde) was added 

in the following amounts: 6Omg. 78mg. 105mg. 129mg. 151mg. and each was 

shaken vigorously after each addition. 

Each flask was labelled and the time of each addltton was token accurately. 

The flask contents were then as follows: 

Flask Disulfide (mg) Phosophlne (mg) Blbenzvt 

1 10 60mg 10mg 

2 10 78mg 10mg 

3 10 105mg 10mg 

4 10 129mg 10mg 

5 10 151mg 10mg 

Allquots sample were then taken from each ftask and Injected as soon as possible Into 

the analytical HPLC. 

A large number of allquots were taken from 1Iask 4 ond 5. os the reaction was fast. In 

order to obtain enough data points before the end of two haIt-llves. 
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The decrease In relative dlsulphlde concentration was measured by computing 

Integrator connected to the UV detector. from the ratio of the dlsulphlde and Intemal 

standard peaks. 

Kinetics analysis of the desulfurlsatlon of a symmetrical disulfide with cyclic 

ominophosphlne 

A similar experiment was carried out using the cyclic omlnophosphlne 

(2-(N-DlethylamlnO)-1.3-dlethyI-1.32-dlazaphospholane). The Quanttties used are 

summarised In the table below. 

Flasks Disulfide (mg) Cyclic phosphine (mg) Blbenzyl 

1 10 65mg 10mg 

2 10 83mg 10mg 

3 10 138mg 10mg 

4 10 180mg 10mg 

5 10 227mg 10mg 
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4.6 LC/MS Experiments 

1. HPLC System 

A Hewlett-Packard l090L HPLC system was used delivering a flow at 1 mlmln-1. 

The mobile phase used to perform the separation consisted of an 80:20 

methanol:water mixture. A Waters ~ solvent delivery pump provided 

0.8mlmin-1 of 0.1 M ammonium acetate containing 20% of methanol as a 

make up flow. The separation column was a Waters Bondapak 25cm C 18 

column. 

2. Mass Spectrometry 

The analyses were carried out on a Finnigan MAT TSQ46 equipped with 

Nova 4X super Incos data system and fttted with a Annlgan MAT thermosproy 

Interface. The vaporiser temperature was 11SoC and the jet temperature 

was 2800 C with a repeller voltage at 13OV. 

4.7 CIDNP Experiments 

p-chlorobenzyl dlsulphlde (0.0350) was placed In a lOmm n.m.r. tube. dissolved In 

dry methanol (4mi) then cooled down to -l00C In dry Ice. Hexaethylphosphorus 

trlamlde (0.050) was added and the tube shaken vigorously bef0f8 being placed In 

a 31 P NMR probe pre-heated to fl:PC. (Capped tubes were separately tested In a 

SOO thermostat bath behind a safety screen to ensure that caps were not ejected. 

or tubes shattered before Insertion In the spectrometer) 31 p-{ 1 H} spectra were then 

recorded (60 transients per spectrum) at two minute Intervals. 

A similar experiment was carried out using benzene as solvent at a probe 

temperature of SOOC. 
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