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SUMMARY. 

. A series of reactions of thionyl chloride with compounds 

containing active methylene groups has led to a new synthesis of 

tetrasubstituted alkenes. The synthesis employs cheap and readily 

available starting materials, and leads to good yields of alkenes in a 

Simple one-stage process. 

The study has been divided into two main parts, the first being an 

investigation of the reaction of thionyl chloride with a number of 

compounds containing carbon-hydrogen bonds labilised by the presence of 

adjacent electron-withdrawing groups. Hence, some idea of the scope and 

utility of the new synthesis has been obtained. 

The second part of the study has been devoted to the determination 

of a reaction mechanism or mechanisms. It is shown that a sulphinyl 

chloride is formed by an ionic route and in most cases is unstable under 

the reaction conditions. loss of hydrogen chloride from the sulphinyl 

chleride leads to a sulphine which in turn yields an alkene via an 

intermediate thiiran. | 

Not every reaction yields an alkene, however, and in certain cases 

the intermediates postulated in the alkene synthesis are too stable to 

react further with thionyl chloride. This results in a sulphinyl 

chloride and two thiirans being isolated as major products. 

An attempt has been made to explain the formation of di(acetyl- 

alkoxycarbonyl)methyl sulphide from the reaction of acetoacetic esters 

and thionyl ehlosias at room temperature, It is thought that a 

different pathway is followed owing to the reaction of the thionyl 

chloride with the Bole tautomer rather than with a carbanionic-type 

species. 

Both sulphuryl chloride and disulphur dichloride have been used to 

prepare compounds by known routes. The products of these reactions



are compared with those from certain thionyl chloride reactions in 

order to verify particular structures. 
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Chapter 1 

INTRODUCTION 

The synthetic uses of thionyl chloride have been appreciated for 

many years, and numerous reviews and articles have been published 

dealing with its general raactions | ?* 

gynthesie?”"'. As the field has been thoroughly covered no attempt will 

and its uses in organic 

be made here to give a complete review, but it is felt that a brief 

survey of the general classes of reactions is in order. 

The reaction with an alcohol to yield a chloride has probably been 

most exhaustively studied, and it has been found to occur with retention 

of configuration, partial or complete inversion of configuration, or 

accompanied by a molecular rearrangement. 

The first case is an example of an Sy mechanism, where the 

intermediate alkyl chlorosulphite dissociates into an intimate ion pair 

and, simultaneously, the chlorine atom of the leaving group attacks the 

carbon atom next to the oxygen. 

¥ 

ROH + SOC1L ey ae ——) R....0-S=0 ———-y RC1 + S50 
2 2 

Cl 1 

(Throughout this thesis, R = alkyl and Ph = phenyl oie 

In the presence of a base, such as pyridine, the backside attack 

by the formed chloride ion on the alkyl chlorosulphite is favoured, and 

inversion of configuration may occur. 

ROH + SOC1, + CO ——}ROSOC1] + C1” 

N 

Cl? + ae <te RCL + 80, + Cl” 
1 

An Sye mechanism would favour complete inversion of configuration, 

atk



whereas the Sit mode of attack would result in racemisation of the 

product. 

_ The treatment of a secondary aliphatic alcohol with thionyl 

chloride may result in a tertiary alkyl chloride. 

SOC] - i 
Me-CH-CH-Me 2,| Me-~CH-CH-Me | OSOC1 

Lan ie | 
Me OH Me 

Me ie Me ,7°02 | m i cs Me | OSOC1™ Ta gile ¢ a vile 

Me Me 

Under carefully controlled conditions two further products may be 

obtained from the reaction of alcohols with thionyl chloride. In the 

absence of any base and with a constant stream of carbon dioxide passing 

through the reaction mixture, the alkyl chlorosulphite is stable and can 

be distilled off. If a base is present and a solvent in which hydrogen 

chloride is insoluble is used, a dialkyl sulphite is formed in good 

yield. An interesting example of cyclic sulphite formation occurs in 

the reaction between thionyl chloride and certain diols. 

Ceo CH, OH. CH,-0 

| * +soc1,-—» | * seo 
7; 

CH, 0H CH,-0 

The reaction of a carboxylic acid with thionyl chloride is, in some 

Ways, similar to that with alcohols. Many acids react directly with 

thionyl ¢hloride to give an acid chloride, RCOC1, however some acids do 

not react at all while others only give anhydrides”. Carré and 

Lebeau” noted that if the reaction was base catalysed, then 

previously unreactive and anhydride-forming acids could be made to yield 

acid chlorides. An anhydride is formed as an intermediate but is 

attacked in a slow step by another molecule of thionyl chloride to give 

the acid chloride. This reaction was used in a recent paper on the 

synthesis of anhydrides of monobasic acids using equimolar quantities of 

7 
acid and thionyl chloride’. 

en



Thionyl chloride may be used to prepare sulphinyl and sulphonyl 

chlorides from the corresponding acids. 

An interesting paper describes the preparation of X=-chloro- 

Be: ea bh aial-nibro- tid ine Nee aastys chloride from 4-nitro- 

2,5-dimethoxyphenylacetic acid and excess thionyl chloride in the 

presence of pyridine’. 

OMe OMe 
CH,CO,H CCOC1 

os an oO | 
+ SO 1, Da ) scl 

O,N O.N 
2 E pis 

OMe OMe 

9 A more recent study” showed that oxidation of a methylene adjacent 

to a carbonyl group is not as unusual as at first thought and involves 

a Hell-Volhard-Zelinsky type addition followed by a Pummerer 

4 
rearrangement 2 

PhOH,CH,CO,H + SOC1, 595") PhcH,cH peated 

gviol Ms G0] Puede ClixC-OH 
2 2 

Cl 

C1 Soo cu" 
SOCl _, SOC1 I a, PhOH,CHU=0 2, PHCH¢-COC1 

C1 Cl Cl 

: ce cl 
-S0 mae PhO#,CCOCL y Paci CCOCL : PhCH,G0001 

#8-01 e SCL 
ke cr “C1 

A similar mechanism has been udtogads: for the initial reaction 

of 4-phenylbutan-2-one with thionyl chloride to give the unusual 

compound, 2-benzylidenethietan-3-one.



i | es 
C ..HLN 

Poa + S80C1,, DD ) PhCH,,CCOCH “inte: So eke 3 2 
C1 SCL 

01 
ae PhOH,-G-Gu0 HHO] , prctec-Ca0 

S-CH, ~CH, 

Groups derived from carboxylic acids are usually unreactive 

towards thionyl chloride, a fact borne out by the work completed on 

esters and nitriles in this thesis. Acid chlorides have been formed by 

" and this compares prolonged treatment of esters with thionyl chloride 

well with our own finding that ethyl phenylacetate gives a low yield of 

diphenylmaleic anhydride under similar conditions. 

Nitriles do not usually react with thionyl chloride, an observation 

easily verified by noting that thionyl chloride is used to prepare 

nitriles from amides. 

RCONH,, + 5001, ——) RCN + £0, + 2HCl 

Diphenylacetamide, when heated under reflux for six hours with thionyl 

chloride, yields adiphenylacetonitrile '* but longer treatment produces 

the chlorinated product, chlorodiphenylacetonitrile. 

Reflux Ph CHCN 
PhCHCONH, + SOCL, 6 hrs 

| Reflux, Ph CC1ON 
30 hrs 

Thionyl chloride can add directly across alkene linkages to give 

sulphinyl chlorides and sulphoxides or sulphides. Both 

1-chlorosulphinyl-2-chloroethane and bis (2-chloroethyl) sulphide have 

been obtained from the reaction of thionyl chloride with ethylene !?, 

Similar types of product: are obtained when the reacting species is an 

wie



14 enol ether ‘, i.e. 

OR OR 
RO. yA | ; i 

2 Yoac( + S001, ——» H-C-0H,-G-CH,-G-H 
iio | Lk Qi, CL 

EtO H EtO H 
EtO H ie | 

\omcl + 8001, —> O1-G-F-S0C1 ELOH/NE, peo -cxt -b.80 Bt 
Me H Me H -NHCL Me H 

An interesting isomerisation has been recorded in which catalytic 

quantities of thionyl chloride were used to convert dimethyl maleate to 

dimethyl fumarate in high yiela’°, The usual inert character of 

alkenes towards thionyl chloride is demonstrated in the preparation of 

alkenes from the appropriate alcohol by dehydration using thionyl 

chloride. 

HO ON CN 
SOCL, AS 

One early source of interest in thicny] chloride chemistry was its 

reaction with phenols. Under controlled conditions the products 

obtained are the aryl chlorosulphite and diaryl eulphiteee. a reaction 

analagous to that of alcohols. 

OSOC1 

ao 
A more common reaction of phenols with thionyl chloride involves the 

use of a catalyst (usually copper), the product then being a diaryl 

sulphide. Sulphoxides are not usually obtained as they are easily 

oo



Te 
reduced by thionyl chloride °. However, there are exceptions, for 

example azulene affords di-1-azulyl sulphoxide |. 

CD GPRD 
If the sulphoxide possesses an X-carbon atom carrying a replaceable 

hydrogen atom, then the presence of thionyl chloride causes a Pummerer 

rearrangement’? and an o-chlorosulphide Hesulte’°; 

Ph-S-Me ” 
FicseMe + S0Cl, ———> 9 ol” =o * 01" 

O=5-C1 C1 

fe pa : 4 Ph-5-CH, ——> Ph-S-CH,C1 

C1 

Similar results have been obtained by Russell et al, although in one 

instance the chlorination of an &-methyl~P-ketosulphoxide produced an 

X-chloromethyl-B~ketosulphide*!, 

C1 
l 3 

PhCOPHSOMe + 8001, | PhOOtSMe i HCL. PaOOPSe 
Me Me - OF | 2 

HCl, pycocusMe 
CH,C1 

The preparation of heterocyclic sulphur compounds has recently 

become a useful synthetic route although in most cases the discovery 

was initially accidental. Goldman has developed a synthesis of 

4,5,6,7-tetrahydrothiazolo [4,5-d] pyrimidine-5,7-diones by treating a 

eee



variety of 6-amino-1,3-dimethyluracils with thionyl chloride and 

pyridine’, 

Es socl S=0 
W 8001, -HCl 

Seen oe? 
venem ott ae 

QO | NH-CH,R NH-CHR N-CHR 

0 we 

aoe i 
SOCL 

2 eK ers 
N R N 

0 

CH, 
-HC1 SW R 

sills 
-50, 

Wi N 

Davies and White also postulate a sulphinyl chloride intermediate 

losing hydrogen chloride to form a sulphine which undergoes a 

cyclisation reaction, affording 2,1-benzisothiazole from o-toluidine->. 

NE, ‘ N=S=0 N=S=0 
+ SOC1 reflux $0Cc1 

CH in xylene CH ~-HC1 CH.SOC1 

3 3 2 

=9=0 a =-S=-0 

_ oil , ~SO oS 
prensa AN 

ee? CH-S=0 
+ 

A very simple route to thiophen-2,5-dicarbonylchloride from adipic 

acid has recently been publishea“4 but its full synthetic usefulness 

~J=



25 
is only just beginning to be investigated ~. 

lai tk: HO,¢ OOpH =» C100 s” “coc 
5ued 

Thus from our knowledge of the chemistry of thionyl chloride it 

would appear reasonable to predict that ethyl acetoacetate and thionyl 

chloride would give the same product as that obtained from the action 

of phosphorus pentachloride on the p-ketoester”®, namely 3-chloro- 

crotonoyl chloride. The hydroxyl group tai enolic fork of ethyl 

acetoacetate should be replaceable by one chlorine atom and the 

ethoxy group by another. 

SsOC1 
NeCOCH,CO,Et e—F ve ——*y NeG=cHC001 

H. Cl 

Keto Enol 

When the reaction was attempted the expected product was not 

obtained, but instead a white crystalline solid, di(acetylethoxy- 

carbonyl )methyl sulphide, was formed. Hence further investigation was 

warranted. The sulphide was known and in fact had been made before by 

the same route’ ', However, there was no mention in this paper of the 

formation of ethyl &-chloroacetoacetate as a by-product. Methyl 

acetoacetate also yielded a sulphide and a chlorinated compound, and 

it was thought worthwhile to investigate the reaction further. 

Acetoacetic oie are one of the most well-known groups of 

compounds to exhibit the property of keto-enol tautomerism, and thus 

it was thought possible that the reactivity towards thionyl chloride 

was due to an initial reaction with the enol tautomer, ethyl 

3~hydroxycrotonate. A number of different compounds were investigated 

on the basis of their reported enol composition and carbon-acid 

strengths (Table 1). Those compounds possessing a high percentage of 

ote



Table 1. The keto-enol contents and pk, values of some selected 

  

  

  

        

compounds. 

Formula of Compound Enol Content(%) pk,” 

Ref. 31 Ref,..52 Ref. 33 : 

CH,COCH,CO,Me 0 10 

CH, COCH,CO,Bt 8 8 4174 

CH, COCHOO Bt 5 
Me 

CH, COCH, COOH, 16.4 61 9 

cH, COcHCOGa, 30 11 

“S 
ONCH,CO, Et 2.5.x 107! 9 

CH, (CO, Et), 167 x 107 13.5 

EtCH(CO,Et), 15 

CHP, 35° 

} PhCOCH,CO,Bt 17.4 22 

PRCOCH, 3.5 x 107° 4924 

PhCOCH, Me 1.0 x 107° 

(CH) ,60 1.2 

CH, COCOCH, 454 

CH,COCH,COPh 89.2 400 9.5 

PhCOCH,COPh 400 

Fluorene 259? 

CH, (CN), 11 41°4 

CH,CO,Et 24.5     

* 
The effectiveness of unsaturated functional groups on the pk, value 

of a parent compound is in the order, -NO, 

34 

-COR -SO,R » -CO,R and 
2 2 

-CN > -SOR> Ph. Acidity is increased (about 2pk, units) by a chlorine . 

or bromine substituent and decreased (1 to 2 pK, units) by an alkyl 

substituent. 

 



enolic character gave complex or intractable reaction products on 

treatment with thionyl chloride, whereas compounds with less than 1% 

enol character, but significant carbon-acid strength, often yielded 

the corresponding tetra-substituted alkene. 

RS x i 
2 y-CH, + 28001, —— ors + 50, + 5 + 4HC1 

(The nature of the groups X and Y are shown in Table 

Alkenes may be prepared by several routes, e.g. by the dehydration 

of primary alcohols, the dehydrohalogenation of alkyl halides or by the 

Wittig reaction of aldehydes and ketones. None of these methods 

provides a satisfactory route to a tetra-substituted product and it was 

thought worthwhile investigating the full potential of a method using 

thionyl chloride. The reaction's simplicity lends itself to further 

use in organic synthesis. Naik reported that tetraethoxycarbonylethene 

was obtained from the action of disulphur dichloride on diethyl 

maleuene™* while Cairns used the same reagent for a preparation of 

29 tetracyanoethylene “. Disulphur dichloride does not seem to have found 

30 
any widespread application in this field however. Recently” , a two- 

fold extrusion process was used for an alkene synthesis whereby a 

cyclic compound was prepared initially and heated with an alkyl or 

aryl phosphine, e.g. 

Ph RP PB 

2a eek 

e Ph 
0 

Oo ae ta a. * 

It is thought that a thiiran is probably formed in an intermediate 

step. 

=104



Having ascertained that thionyl chloride is-:an efficient reagent 

for the preparation of alkenes it became necessary to investigate the 

mechanism of the reaction. It was not peace oa to use a compound 

exhibiting keto~enol tautomerism for the preparation of an alkene 

since both malononitrile and phenylacetonitrile yielded alkenes on 

treatment with thionyl chloride. The formation of a carbanion seemed 

the most likely first step although the possibility of a free-radical 

mechanism could obviously not be dismissed. 

A detailed discussion of the various alternative mechanisms may 

be found in Chapter 5. 

-11-



Chapter 2 

SYNTHETIC EXPERIMENTAL PROCEDURES 

2e1. Introduction 

This chapter Padateors tal the experimental details of the 

preparative chemistry in this thesis. A number of experiments, designed 

to assist in the elucidation of the mechanism, are not included here 

but are described in Chapter 3. 

It is difficult to arrange a synthetic experimental chapter in a 

logical sequence because of the individual nature of each experiment. 

In an attempt to establish a meaningful order, the work has been 

classified into different types of reactions. The reactions of thionyl 

chloride, disulphur dichloride and sulphuryl chloride are under 

separate headings as are the preparations and attempted preparations of 

a variety of miscellaneous compounds. 

2.2. Instrumental Analysis 

Infrared spectra were recorded on a Perkin-Elmer 237 spectrometer. 

Perkin-Elmer R10(60 MHz) and R14 (100 Miz) spectrometers were used for 

the nuclear magnetic resonance spectra. In all cases tetramethylsilane 

was used as an internal standard and its position marked at 7110.0. 

Mass spectra were obtained using an AEI MS9 mass spectrometer. Gas- 

liquid chromatograms were run on a Pye Panchromatograph with a flame- 

ionisation detector. The column was usually carbowax 20M on Universal B 

support (60/85 mesh) but for higher temperatures (up to 250°C) Siatéance 

gum on Firebrick (60/80 mesh) was used. All melting points are 

uncorrected. 

Units. The units quoted are those in normal usage. In accordance with 

SI units, however, the relationship between millimetres of mercury 

(mmHg) and newtons per square metre (N my is, 

4 mmHg = 13.595 x 980.665 x 107° N m7* 

-12=



2.3, Reagents, Solvents and Apparatus 

Unless otherwise stated, all the chemicals used were general 

purpose reagent. (G.P.R.) grade. The solvents used in working-up 

procedures were also G.P.R. grade but those used for column and thin- 

layer chromatography were analytical reagent (A.R.) grade. Thionyl 

chloride (puriss A.R. grade) was obtained from Koch-Light Laboratories. 

No difference in the reaction with ethyl acetoacetate was observed when 

different grades of thionyl chloride were used. The same product and 

yield were obtained when G.P.R. grade, that distilled over quinoline, 

or a very pure forth obtained using triphenyl vtiosniita’” was used. 

The apparatus for thionyl chloride experiments consisted of a 

round-bottomed flask attached to a reflux condenser with a calcium 

chloride drying-tube at the top. The contents of the flask were 

stirred magnetically. 

2.4. Reactions of Thionyl Chloride 

2.4.1. Preparation of Tetrasubstituted Alkenes 

Preparation of Dimethyl dicyanofumarate 

Methyl cyanoacetate (0.1 mole) was treated with thionyl chloride 

(0.13 mole) under reflux for three hours. The solution turned red 

initially and then black after fifteen minutes. After three hours, 

when no more hydrogen chloride or sulphur dioxide was evolved, the 

solution was allowed to cool to room temperature. The crystals, 

formed on standing, were filtered off through a sintered glass funnel 

and washed with cold ethanol. Sulphur formed as a solid lump at the 

bottom of the flask during the reaction and hence was easily separated 

from the organic product. The filtrate may be recrystallised from either 

acetone or petroleum ether (120-160°). White needles, m.p. 179-180°C. 

Yield 65-70%. (Found: C,49.3; H,3.07; N,14.8. CoH ENA 0, requires 

C,49.55 H,3.095 Ny 14.4%). | 
NeMeLe (cDc1,): Singlet + 5.95 

=| 5—



iexe (KBr disc): 3500(w), 2980(m), 2860(w), 1745(s), 1440(m), 

1275(broad), 1015(m), 870(m), 760(m) om’. 

Preparation of Diethyl dicyanofumarate 

Ethyl cyanoacetate (0.1 mole) was treated with thionyl chloride 

(0.1 mole) under reflux for three hours. The solution turned red, then 

black after one hour. Crystals formed on cooling to room temperature 

and were filtered off, washed with cold ethanol and recrystallised from 

ethanol. White needles, mp. 115-6°C (Idt. 117°C)?". Yield 65-70%. 

NeoMeLe (cpc1,): Triplet +68.55 3 protons 

Quartet 1t5.45 2 protons 

i.r. (KBr disc): 2950(m), 1730(s), 1470(w), 1450(w), 1395(w), 1370(w), 

1290(s), 1015(s), 850(m), 765(m) om”! 

The mass spectrum of diethyl dicyanofumarate is given in Figure 1. 

Attempted preparation of Di-t-butyl dicyanofumarate 

(1) t-Butyl cyanoacetate (0.1 mole) was treated with thionyl 

chloride (0.13 mole) under reflux for one hour by which time a viscous 

black tar was all that remained in the flask. 

(2) Using the same proportions of reactants, the solution was 

stirred for twelve hours at room temperature. The solution turned 

black after fifteen minutes and there was a brisk evolution of gas. 

The mixture slowly solidified and all attempts at recrystallising the 

product were unsuccessful. In an effort to purify the black solid, it 

was dissolved in chloroform and passed down a silica~gel column by 

eluting with more chloroform. The resulting product was a brown 

solid with an indistinct melting point. 

NeMeDe (cpc1,): Singlet 18.60 18 protons 

Singlet t 8.30 9 protons 

Singlet t 4.20 1 proton 

Preparation of Tetramethoxycarbonylethene 

Dimethyl malonate (0.1 mole) was treated with thionyl chloride 

“=14-
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(0.13 mole) under veflux for four hours; by this time the reaction 

mixture had turned pale red. On cooling, white crystals formed which 

were filtered off from the red oi] and sulphur, and recrystallised from 

ethanol. White needles, mp. 119-20°C. (Lite 119-20°C)?°, Yiela 55-60%, 

0,: C,46.2; H,4.65%). (Found: C,45.9; H,4.35. Cale. for C,H gt 10°12 
NeMeLe (cDc1,): Singlet + 6.12. 

ivr. (KBr disc): 2960(m), 1735(s), 1442(s), 1430(m), 1250(s), 

1040(m), 1025(s), 915(m), 870(m), 730(m), 725(m) om”! 
The mass spectrum is given in Figure 2. 

Preparation of Tetraethoxycarbonylethene 

Diethyl malonate (0.1 mole) was treated with thionyl chloride 

(0.13 mole) under reflux for six hours. After cooling the reaction 

product to -5°C and leaving for several days, crystals slowly began to 

form in the yellow oil obtained. Rather than wait for such a slow 

process, a far more satisfactory procedure was to distil the oil under 

vacuum. It was necessary to use an air condenser to prevent the 

distillate solidifying and blocking the apparatus. The product 

erystallised in the receiving flask. Yield of oil distilling at 155°C 

{1.0 mmHg) , 80-90%. The oily crystals may be recrystallised from - 

pathelcun ether (40-60°). A dilute solution must be used to stop the 

product reforming as an oil. White plates, mepe 50=51°C (Lit. 

52-53°C)°7, 
NeMsre (CDCl, ): Triplet 18.70 3 protons 

Quartet tT 5.70 2 protons 

i.x. (thin film): 2980(m), 2940(w), 2900(w), 1730(broad), 1470(m), 

1445(m), 1370(s), 1240(broad), 1095(m), 1045(s), 

860(m) Gat 

Preparation of Tetraethoxycarbonylethene 

Diethyl dicyanofumarate (4 &), ethanol (10 g) and concentrated 

sulphuric acid (8 g) were refluxed together for seven hours. The 

athe



ONSITY TNT, 
wid I} 8 RELATIV rt 

+ 

100 ~ 

o
e
 

2554 

  
  

  
 
 

30 
70 

110 
150 

190 
230 

M
A
S
S
-
T
O
-
C
H
A
R
G
E
 

RATIO 

ig. 
2 

T
e
t
r
a
m
e
t
h
o
x
y
c
a
r
b
o
n
y
l
e
t
h
e
n
e



3 resulting black solution was poured into 100 cm of water and extracted 

with diethyl ether. The ethereal solution was dried with anhydrous 

magnesium sulphate and the ether was evaporated off to leave a dark 

brown oil. The iteias dinht ited undes vacuum, dep. 155°C (1.0 mmlig). 

Yield 35%. Analysis showed the product to be identical to that 

obtained from the reaction of diethyl malonate with thionyl chloride 

(see p. 15). 

Preparation of 1,2-Diphenylethene-1,2-dicarbonitrile 
  

Phenylacetonitrile (0.1 mole) was treated with thionyl chloride 

(0.15 mole) under reflux in the presence of anhydrous aluminium 

chloride (0.05 g) for ninety-six hours, by which time the reaction 

mixture had become very dark brown. All remaining starting material 

was distilled off under reduced pressure (100-104°C, 1.0 mmHg) over an 

oil bath, leaving a black oil which was eet oactea with boiling 

Setar oun ether (100-120°). Yellow crystals formed on cooling and 

were recrystallised from isopropanol. Pale yellow needles, mp. 

154-155°C (Lit. trans 161-2°C cis 134°C)49, Yiela 22%. (Found: 

C,84.33; H,4.43 N,12.3. Cale. for ©. Hy oly? C,83.5; H,4.4; N,12.2%). 

Homer. (cpc1,): Multiplet 1 1.90-2.30. 

i.r. (KBr disc): 2220(m), 1600(w), 1580(m), 1495(m), 1450(s), 1250(m), 

1025(m), 1005(m), 820(m), 760(s), 695(s) om7!, 

Preparation of Tetracyanoethylene : 

(1) Malononitrile (0.1 mole) was treated with thionyl chloride 

(0.13 mole) under reflux conditions. The solution immediately turned 

black and after fifteen minutes the reaction went out of control and a 

solid black mass was deposited on the inside of the condenser. 

(2) Using the same proportions, the reaction was stirred at room 

temperature for twelve hours. The product was a solid black mass. 

(3) In an attempt to slow down the reaction, several solvents were 

tried. In each case the reflux period was three hours. 
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(a) Petroleum ether (60~80°), Product: a black solid 

(b) Benzene. No reaction 

(c) Benzene/Pet. ether (1:1). Product: a black solid 

(a) Benzene/Pet. ether (3:1), Product: a black solid 

(e) Benzene/Pet. ether (7:1). Product: a Picy powder 

Reaction conditions (e) were used to obtain a product. The grey solid 

was ground up and heated to 100°C at 1.0 mmHg pressure in a sublimation 

apparatus. A yaltan solid collected on the cold-finger. Yield 5%. 

ier. (KBr disc): 2260(m), 2210(m), 1155(s), 1115(m), 1085(m), 960(s), 

935(w), 915(w), €05(w) on™", 
This agrees with the published data’, 

(4) The same conditions as in 3(e) were vsed except that the reaction 

was carried out under nitrogen to avoid any possibility of oxidation. 

No difference in the result was obtained. 

2.4.2. Preparation of Di(acetylalkoxycarbonyl )methyl sulphides 

Preparation of Di(acetylethoxycarbonyl )methyl sulphide 

A number of ratios of ethyl acetoacetate to thionyl chloride were 

tried so that an optimum yield might be obtained. The two liquids 

were stirred together at room temperature for sixteen hours, After 

four hours the solution turned brown and hydrogen chloride was duadea. 

The final reaction product appeared as a pale green solid mass which, 

on careful inspection, was seen to be composed of white crystals in a 

green liquid. The crystals were filtered off and recrystallised from 

ethanol. White needles, mp. 115-6°C (Lit., 80-81°C!*, 93~84°C4?, 

100-101°C?7), (Found: C,50.03 H,6.3; ,12.2. Cale. for 0, 5H 0,8! 

C,49.63 H,6.3; S,11.0%). 

NeleLe (co1,): Triplet +t 8.70 6 protons 

Singlet + 7.60 6 protons 

Quartet + 5.75 4 protons 

Singlet t -3.45 2 protons 

ite



iex. (KBr): 2960(m), 2880(m), 2700(broad), 1750(w), 1600(broad), 

1400(s), 1370(s), 1325(s), 1260(s), 1060(m), 1015(m), 

960(m), 890(s), 855(m), 775(s) on™’. 
The green filtrate from the Riciion mixture was distilled under 

vacuum to obtain all the volatile products. Maximum b.p. 52°C. 

(1.0 mug). 

nmr. of distillate (co1,)s Triplet + 8.80* 

Triplet 18.70" 

Singlet +t 7.80* 

Singlet 17.65" 

Singlet +6.55* 

Quartet +1 5.85* 

Quartet 7 5.70° 

Singlet 15.00" 

* Peaks attributable to ethyl acetoacetate 

4 Peaks attributable to ethyl a-chloroacetoacetate 

Yield of products using different proportions of reactants. 

  

  

  

: (Cale. from wt. of 
A Yield ethyl acetoacetate) 

Ratio of 

ethyl acetoacetate Sulphide Ethyl a-chloro- | Ethyl aceto- 
to thionyl chloride acetoacetate acetate 

4:4 29 30 10 

Wott... 36 

2:1 22 12 28 

262524 25 

Zane! 20             

The yield of sulphide could not be increased by increasing the reaction 

time or raising the temperature of the reaction. Both courses led to 
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charring of the product. 

Preparation of Di(acetylmethoxycarbonyl )methyl sulphide 

Methyl acetoacetate (0.1 mole) was stirred with thionyl chloride 

(0.1 mole) at room temperature for sixteen hours. The solution turned 

red initially, but then changed to green. The crystals, which formed 

in the green solution when it was left for twenty-four hours, were 

filtered off and recrystallised from methanol, White needles, 

MePe 114-5°C. Yield 21%. (Found: $,11.9. C1 44%* requires: 

S,12.2%). 

Nem.r. (cc1,): Singlet 17.40 6 protons 

Singlet + 6.05 6 protons 

Singlet t-3.60 2 protons 

i.x. (KBr): 2950(m). 2700(broad), 1730(w), 1600(broad), 1440(s), 

1370(s), 1340(s), 1250(s), 1060(m), 985(m), 880(s), 

-775(m) om”. 

The green filtrate was distilled to give a Viduid of dep. 70-80°C, 

(15 mmlg). Yield 30%; n.m.r. showed that the distillate contained 55% 

methyl acetoacetate and 45% methyl a-chloroacetoacetate. The nemr. 

spectrum of methyl «-chloroacetoacetate (in ce1,) slowed three 

singlets: +.7.55 3 protons 

+ 6.05 3 protons 

tA. 95 1 proton 

224.34 Preparation of Sulphinyl Chlorides and Thiirans 

Preparation of 2,4-kpithio-1,2,3,4-tetraphenylbutane-1,4-dione 

Deoxybenzoin (0.1 mole) was treated with thionyl chloride (0.13 

mole) under reflux for two hours. The reaction mixture gradually 

turned black during the first hour. After excess thionyl chloride had 

been removed under reduced pressure, the product was purified using 

column chromatography. A silica-gel column was used, through which the 

black oily product was eluted, first with carbon tetrachloride and then 
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with benzene. The silica-gel successfully removed all the black tar 

(which remained at the top of the colum), and the major product 

obtained was a reddish-yellow oil which crystallised on standing to 

@ive long, oily yellow needles, recrystallised from petroleum ether 

(60-80°). mp. 94-95°C. (Lit. trans 106-112°C, cis 174-5°C) 44949, 

NeMeLe (cbCc1,): Multiplet t 1.90-2.10 

Multiplet 0 2.35=2555 

i.r. (KBr disc): 3070(s), 3040(m), 3010(w), 1660(s), 1600(s), 1580(s), 

1455(s), 1330(m), 1320(m), 1295(m), 1215(s), 1180(m), 

1165(m), 1000(s), 880(s), 795(s), 720(s), 700(s) om™'. 

The oily crystals obtained directly from the colum had a similar 

spectrum, except that the peaks were more rounded because they were run 

as a thin film without any form of solvent. 

Thin-layer chromatography was used to compare a sample from the 

reaction above with material obtained by a known route (p. 34). 

Separations were obtained using silica-gel spread on 20 cm. glass 

plates. The spots were developed by spraying the plates with a 

solution of iodine in chloroform. The results are in the table shown 

  

  

  

below. 

Re Values 

Solvent 

Product from Product from 

PhCH COPh * S0C1., PhCH,,COPh + MeC (HSO,NSO 

CcH./CCl, 0.40 | 0.40 

(1:1)         
  

Preparation of trans-Dibenzoylstilbene 

Dibenzoylstilbene was isolated by treating the product of the 
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44 deoxybenzoin/thionyl chloride reaction with triphenyl phosphine”. 

Yield 19%. m.p. 225-6°C (Lit. 230°C). ‘he infrarea spectrum was in 

agreement with literature alee ts The reaction also gave triphenyl- 

phosphine sulphide as a product. 

Preparation of Chlorosulphinyldiphenylmethane 

Diphenylmethane (0.1 mole) was treated with thionyl chloride 

(0.13 mole) and anhydrous aluminium chloride (0.005 mole) under reflux 

for one hundred and twenty hours. The solution turned dark red after 

one hour and remained that way for the duration of the reaction. 

Thionyl chloride was removed under reduced pressure and the dark red 

liquid was distilled under vacuum through a short column. 

ist fraction; bsp. 90-100°C (41.0 mmHg) Yield 32% 

2nd fraction; b.p. 110-112°C (1.0 mmHg) Yield 40% 

_ The first fraction was unchanged diphenylmethane. The second fraction 

was slightly yellow but turned black when stored at room temperature 

for several days. Analysis showed that this material contained sulphur 

and chlorine. 

nmr. (CC1,): scakiot t 4.00 1 proton 

Multiplet 1 2.60-2.90 10 protons 

ier. (thin film): 3090(m), 3060(m), 3015(m), 1600(m), 1585(w), 

1495(s), 1450(s), 1265(m), 1220(m), 1180(m), 

1160(w), 1080(s), 1030(s), 1020(w), 1005(w), 

825(m), 750(s), 700(s) em”. 

The residue left in the distillation flask (28%) was a viscous red oil. 

nemer. (CDCL,): Multiplet + 2.60-2.90 

i.r. (thin film): 3090(w), 3060(m), 3030(m), 1600(m), 1585(shoulder), 

—-1495(8), 1450(s), 1080(m), 1030(m), 750(s), 
700(s) com>’. 

Three solutions were compared using thin-layer chromatography on 

20 cm. plates spread with silica-gel. The solutions were (a) the 

va



residual red oil from the diphenylmethane reaction, (b) chlorosulphinyl- 

diphenylmethane and (c) an authentic sample of tetraphenylthiiran 

(p. 34). The spots were developed by spraying the plates with a 

solution of iodine in chloroform and the results are set out below. 

  

  

  

Rp Values 

Solvent 

Solution 

C HeCCL, (3:1) ccl, 

(a) 0.85% 0.47* 

(b) 0.80 0.57 

(c) 0.85 0.48           

* A residue was left on the base line. 

2.4.4. The Reactions of Thionyl Chloride with a Miscellaneous Group 

6f Compounds 

A variety of compounds were treated with thionyl chloride in order 

to investigate its usefulness in organic synthesis. Where no distinct 

compound was isolated the reaction products were only partially 

investigated and no attempt was made to characterise them. The 

results of the investigation are given in the table overleaf. 
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Compound Reaction Conditions Product 

  

  

C1CH,CO,Et 

BrOH,CO, Bt 

PhCH, CO,Bt 

PhCH,,CO,Me 

D=H0.G HCH COBY 

PRCOCH, 

PHCOCH, CH, 

CH, (CH, ).CO 2 Hy 4 

CH,COCOCH 
3 3 

>’ OF, GOCE. CORK 

GR GOCE, COC8. 

PhcococH CO, it 
a   

Reflux, 5 days 

Reflux, 5 days 

Reflux, 5 days 

Reflux, 4 hours 

Reflux, 5 days 

Room temperature 

Room temperature 

Room temperature 

Room temperature 

Room temperature 

Room temperature 

Room temperature   

No reaction 

No reaction 

Diphenylmaleic anhydride. 
Yield 4%. 

Brown powder. Insoluble 
in organic solvents. 
Polymeric. 

No reaction 

2,4-dinitro- 
Thick oil ) (+)ve test with 

phenylhydrazine Thick oil 

Brown solid. Poi wuedio. 

Brown solid. Polymeric. 

Black oil 

Red oil. Mixture of 

sulphides. 

Yellow oil. Evolves H,S 

when dissolved in organic 

solvents. 

  

2.4.5 The Action of Thionyl Chloride on o%-Alkyl substituted Compounds 

The Reaction of Thionyl Chloride with 4-Methylpentane-2,4-dione 

3-Methylpentane~2,4-dione (5 cine, pe 29 ) and thionyl chloride 

(3 om,”) were stirred together at room temperature for twenty-four 

hours. The solution turned red after two minutes and evolved hydrogen 

chloride. Thionyl chloride was removed under reduced pressure leaving 

a dark red oil. 

nomex. (CDCL,): In addition to unchanged starting material, there were 

new singlets at T 8.25 and t 7.70 in the ratio of 1:2. 

The Reaction of Thionyl Chloride with Ethyl 2-cyanopropionate 

Ethyl 2-cyanopropionate (0.05 mole, p.30 ) and thionyl chloride 
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(0.08 mole) were heated together under reflux conditions for forty= 

eight hours and then distilled under vacuum. 

ist fraction 866-90°C (9 mmHg) Yield 85% 

Qnd fraction 70-72°C (1 mmlg) Yield 12% 

The first fraction was ethyl 2-cyanopropionate. The nmr. spectrum 

of the second fraction showed that the quartet due to the methine 

proton of the starting material had disappeared. 

nem.r. (col, )s Triplet 1 8.65 3 protons 

Singlet 7 8.10 3 protons 

Quartet + 5.65 2 protons 

The compound decomposed before further analysis was possible. 

Unfortunately, all attempts at repeating the preparation failed 

because no reaction between thionyl chloride and the ester could be 

made to occur again. , 

The Reaction of Thionyl Chloride with Ethyl a-methylacetoacetate 

Ethyl a-methylacetoacetate (0.05 mole, pe 30) was treated with 

thionyl chloride (0.08 mole) at room temperature for four days. No 

reaction occurred and so the mixture was heated under reflux for one 

hour. The solution turned red and evolved Weaviogon Chloride. Thionyl 

chloride was removed under reduced pressure. The red oil that remained 

contained unchanged ester plus a compound giving rise to the following 

nem.r. Signals. 

Triplet +t 8.60 3 protons 

Singlet t+ 8.20 3 protons 

Singlet t 7.65 3 protons 

Quartet 15.65 2 protons 

The Reaction of Thionyl Chloride with 3,3-Dimethylpentane~2,4-dione 

No reaction occurred when thionyl chloride and 3,3-dimethylpentane- 

2,4-dione (p. 31 ) were stirred together overnight. 
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2.4.6 The Action of Thionyl Chloride on Proposed Intermediates 

A number of proposed reaction intermediates were treated with 

thionyl chloride. In this section, each different compound treated in 

this way is given a new heading. 

Tetraethoxycarbonylethane 

Tetraethoxycarbonylethane (0.05 mole, p.39) and thionyl chloride 

(0.10 mole) were refluxed together for six hours. No reaction occurred. 

Ethyl a -chloroacetoacetate 

Ethyl o-chloroacetoacetate (0,05 mole) and thionyl chloride 

(0.10 mole) were Biireed together at room temperature for sixteen 

hours. No reaction occurred. 

Di(acetylethoxycarbonyl )methyl sulphide 

The sulphide (0.05 mole) and thionyl chloride (0.10 mole) were 

stirred together at room temperature for thirty-six hours. The 

sulphide dissolved immediately and the solution gradually turned dark 

green. The thionyl chloride was removed under reduced pressure leaving 

a dark green semi-solid. An n.m.r. spectrun showing a new singlet at 

t 5.10 and an increase in complexity of the ethyl and methyl signals 

is indicative of the presence of ethyl a-chloroacetoacetate, 

Methyl 2-chlorosulphinyl propionate 

Methyl 2-chlorosulphinylpropionate (0.05 mole, Pe 33 ) and thionyl 

chloride (0.1 mole) were heated together under reflux for twelve hours. 

Hydrogen chloride was evolved slowly during this period. After all the 

excess thionyl chloride had been removed, the yellow oil was passed 

down a silica-gel column by eluting with chloroform. The major 

product was a pale yellow oil which solidified on standing. The 

product contained no sulphur or chlorine. 

NeMeLe (cbc1,): Singlet + 7.90 

Singlet + 6.10 

The integration figure of each peak was identical. The infrared 
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spectrum was, in many ways, similar to that of diethyl fumarate and 

the product was assigned the structure of dimethyl dimethylfumarate. 

Chlorosulphinyldiphenylme thane 

Chlorosulphinyldiphenylmethane was distilled from the reaction 

mixture. of thionyl chloride and diphenylmethane. The sulphinyl 

chloride (0.025 mole) was treated with thionyl chloride (0.05 mole) 

under reflux for forty-eight hours. The solution gradually turned red. 

Excess thionyl chloride was removed under reduced pressure and the red 

oil was analysed by thin-layer chromatography and nem.r. spectroscopy. 

NoMeLe (cbc1,): Reaction was incomplete, but n.m.r. showed that most 

of the sulphinyl chloride had reacted since the singlets at -t 2.85 and 

t 4.05 had decreased in intensity. A new peak had appeared at 1 2.95 

which corresponded to the singlet of tetraphenylthiiran (p.34 )e 

f.l.c. was used to compare the red oil with the samples studied in the 

diphenylmethane/thionyl chloride reaction (p. 21). The oil contained 

tetraphenylthiiran and thus it was evident that tetraphenylthiiran is 

produced when chlorosulphinyldiphenylmethane is treated with thionyl 

chloride. | 

Ethyl 3-ethoxycrotonate 
  

When equimolar proportions of thionyl chloride and ethyl 3--ethoxy- 

crotonate (p.32 ) were mixed together at room temperature, a vigorous 

reaction occurred. Hydrogen chloride was liberated and the solution 

turned from colourless to very dark red in five minutes. No recognis- 

able product could be obtained from the reaction mixture, but the 

rapidity of the vaioetan was a useful piece of evidence for the 

proposed mechanism (Chapter 5). 

2.5. Reactions of Disulphur Dichloride (S,C1,) 

Disulphur dichloride was used in preference to sulphur dichloride 

because of its greater stability. Since reagent grades contain 

impurities, disulphur dichloride was always distilled over sulphur 

6



(2% w/v) and charcoal (1% w/v) before use. bp. 60-62°C (50 mmlg). 

The distillate is then free from the sulphur dichloride and chlorine 

that occur because of the equilibrium, 

oeereenesen> 2801, === S,Cl, + C1 
2 

2e5e1- Preparation of Tetra-substituted Alkenes 

Preparation of Diethyl dicyanofumarate 

The method used was similar to that of Naik@®, Ethyl cyanoacetate 

(0.1 mole) and disulphur dichloride (0.2 mole) were stirred together in 

a round-bottomed flask protected by a calcium chloride drying tube. 

The flask was immersed in an oil-bath at 100°C for two hours. Hydrogen 

chloride was evolved for three-quarters of an hour but stirring was 

continued until the solution blackened. On cooling to room temperature, 

the solution became a solid mass of crystals with a layer of sulphur at 

the bottom. The crystals were extracted with boiling petroleum ether 

(80-100°) and recrystallised from the same solvent. White needles. 

Yield 55%. mp. 115-6°C (Lit. Naik quoted 117°C but, incorrectly, 

gave the structure as diethyl dicyanosuccinate.) Nuclear magnetic 

resonance and infrared spectra were identical to those of the product 

from the ethyl cyanoacetate/thionyl chloride reaction. 

Preparation of Tetraethoxycarbonylethene 

The method of mie” was used. The product was recrystallised 

from petroleum ether (40-60°). White plates. Yield 40%. m.p. 50-51°C 

(Lit. 50-51°C)7° - The nuclear magnetic resonance spectrum and infrared 

spectrum were identical to those of the product from the diethyl 

malonate/thionyl chloride reaction. 

2-5-2. Reaction with Dimethyl Malonate 

Dimethyl malonate (0.05 mole) and disulphur dichloride were 

heated together at 70°C. When this temperature was reached, a small 

piece of anhydrous aluminium chloride was added. There was a vigorous 

evolution of hydrogen chloride, and when this stopped the solution was 
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allowed to cool to room temperature. White crystals formed which were 

filtered off and recrystallised from ethanol. mp. 175-6°C. Yield 35%. 

(Found: C,32.2; H,3.33; S,32.8 C requires C,30.9; H,3.1; 10742°6°4 
S, 33.0%). 

n.m.r. (cbc1,): Singlet + 6.10 

ier. (KBr disc): 2960(m), 1740(s), 1725(s), 1435(m), 1250(broaa), 

1045(m), 1025(m), 955(w), 900(w), 840(w), 800(w), 

765(w) out, 

The mass spectrum is given in Figure 3. 

2.5 e3e Preparation of Sulphides 

Preparation of Di(acetylethoxycarbonyl)methyl sulphide 

The method used was that of Gompper et Bee Yield of white 

crystals, 40% mp. 115-116°C (Lit. 83-84°C)49>, the literature 

melting point was probably low because of sulphur impurities. Nuclear 

magnetic resonance and infrared spectra were identical to those of the 

solid product from the ethyl acetoacetate/thionyl chloride reaction. 

Preparation of Bis(1,1-diacetyl)ethyl sulphide 

3-Methylpentane-2,4-dione (3 om”) and disulphur dichloride (1 om”) 

were stirred together at room temperature in 13 om? of petroleum ether 

(60-80°). Hydrogen chloride was evolved, and after one hour the 

solvent was removed under reduced pressure. The residual oil was 

dissolved in ethanol (15 om”) and cooled to ~20°C., White fluffy 

crystals appeared and were quickly filtered off. mp. 59-60°C. 

Yield 38%. (Found: $S,10.6. CoH, 40,8 requires 12.4%). 

N.eMers (cDc1,): Singlet. t 8.42 6 protons 

Singlet + 7.75 12 protons 

ivr. (KBr disc): 2990(w), 2910(w), 1695(s), 1440(w), 1420(m), 1380(m), 

1360(s), 1225(m), 1180(s), 1095(m), 1080(m), 1025(m), 

970(m), 955(m), 825(w) om™', 
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2.6. Reactions of Sulphuryl Chloride (S0,C1,) 

Sulphuryl chloride was used to synthesise chlorinated compounds. 

AT Following Wyman's method'', pure products were obtained from the 

reactions of sulphuryl chloride with (a) diethyl malonate, giving 

diethyl a-chloromalonate, and (b) ethyl acetoacetate, giving ethyl 

a-chloroacetoacetate and ethyl a,a-dichloroacetoacetate. 

An attempt to prepare chlorodiphenylmethane from diphenylmethane 

and sulphuryl chloride was unsuccessful. 

2.7. Preparation of a-alkyl substituted compounds 

Preparation of 3-Methylpentane-2,4-—dione 

(1) When acetylacetone is alkylated, a mixture of products is 

obtained because of the non-specific attack of the alkyl carbonium ion 

on the a= andy-carbon atoms. Taylor et a claim a 100% yield of 

3-methylpentane-2,4-dione when acetylacetonatothallium (I) is treated 

with methyl iodide. This method was used. The product was a 

colourless liquid. »d.p. 80-82°C (25 mmEg). Yield 95% (based on the 

weight of acetylacetonatothallium (I)). 

N.mer. (coL,): Doublet + 8.75% 

Singlet +t 8.20° 

Singlet +t 795° 

Singlet + 7.88% 

Quartet + 6.25" 

Singlet 1 -6.20° 

‘e' denotes that the peak is from the enol feu ana ‘kt “that it is 

from the keto tautomer. 

(2) When a further preparation of 3-methylpentane-2,4-dione was 

necessary it was decided to use the potassium salt of acetylacetone,. 

Although the thallium method was eons it was not practicable to use it 

on a large scale. The method used was a slight modification of the one 

49 devised by Johnson'’. Acetylacetone (0.3 mole), iodomethane 
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(0.32 mole), anhydrous potassium carbonate (45 g) and acetone (75 om”) 

were stirred in a flask heated in a water-bath at 60°C. After four 

and a half hours, a 1:1 mixture of petroleum ether (60~80°) and acetone 

(about 150 om? of solvent) was added to the flask. The reaction 

mixture was filtered through a sintered-glass filter-funnel and the 

solid residue was washed three times with more of the solvent mixture. 

The solvent was removed, under reduced pressure, from the combined 

filtrates and the remaining liquid was distilled through a short 

column to give a colourless liquid. b.p. 168-170°C. Yield 90%. ‘The 

product was identical to that obtained by the thallium route. 

Preparation of Ethyl o-methylacetoacetate 

Sodium metal (0.2 mole) was dissolved in ethanol (200 cm’). When 

solution was complete, ethyl acetoacetate (0.2 mole) and iodomethane 

(0.2 mole) were added and the mixture refluxed overnight. The ethanol 

was removed under reduced pressure, the reaction mixture was filtered 

and the filtrate was distilled under vacuum. b.p. 78-9°C (10 mg). 

Yield 70%. 

nemsr. (CCl,)# Doublet 1 8.75% 

Singlet + 8.70° 

Triplet 718,70°?* 

Singlet + 8.00° 

Singlet 17.80% 

Quartet Tt 6.50% 

Quartet + 5.80°9* 

Singlet 1-2.70° 

‘e' denotes enol tautomer, 'k' denotes keto tautomer. 

Preparation of Ethyl 2-cyanopropionate 

The method of Pollack?” was used. 2-cyanopropionic acid was 

3 3 esterified using 200 cm” of absolute ethanol and 5 cm’ of concentrated | 

sulphuric acid for each mole of acid. The product was a colourless 
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liquid.  D.Dd- 80-81°C (10 mmHg). Overall yield 22%, 

NeMeTe (co1,): Triplet 7 8.70 

Doublet tT 8.45 

Quartet 7 6.30 

Quartet tT 5.70 

Preparation of 3,4-Dimethylpentane-2,4-dione 

(1) The sodium salt of 43-methylpentane-2,4-dione was prepared by 

slowly adding sodium hydride (0.1 mole) to a solution of the dione 

(0.1 mole) in benzene. Todome thane did not react with the sodium 

salt either in a benzene solution or in the absence of a solvent. 

(2) The method of Hauser and Adama?’ was modified to use boron 

trifluoride-etherate instead of the gas. Acetic anhydride (0.3 mole) 

and isopropyl methyl ketone (0.15 mole) were placed in a round-bottomed. 

flask protected by a calcium chloride drying-tube. Boron trifluoride- 

etherate (0.15 mole) was added and the mixture stirred at room 

temperature for twenty-four hours. After this time the mixture was 

poured into a solution of sodium acetate (40 g) in water (300 om”) and 

then steam-distilled. The distillate was extracted three times with 

diethyl ether and the solution dried over anhydrous calcium chloride. 

The ether was removed under reduced pressure and the remaining liquid 

distilled under vacuum. b.p. 69-71°C (20 mmHg). Yield 29%. 

NeMeLe (CC1,): Singlet -t 8.70 The integration for 

Singlet t 7.90 each peak was equal. 

2.8. Preparation of Esters 
  

Preparation of t-—Butyl cyanoacetate 

Cyanoacetic acid was prepared from chloroacetic acid, and the 

ester was obtained by treating cyanoacetyl chloride with t-butanol in 

53 the presence of N,N-dimethylaniline~~, The cyanoacetate was then 

distilled under vacuum. bp. 10-71°C (1 mmHg). 

a



NeMere (co1,)s Singlet t 8.50 9 protons 

Singlet 71 6.55 2 protons 

Preparation of Methyl phenylacetate 

54a An adaptation of a method due to Vogel was used. The starting 

materials were phenylacetic acid (0.2 mole), methanol (2.0 mole) and 

concentrated sulphuric acid (8 om). The mixture was refluxed for six 

hours and the final product was a colourless liquid. Yield 76%. 

dep. 218-220°C (Lit. 215°C) 94, 

NeMeLe (co1,)s Singlet + 6.50 2 protons 

Singlet +t 6.46 3 protons 

Singlet: 372.15 5 protons 

Preparation of Methyl propionate 

An adaptation of a method due to Vo was used. Propionic ger’ 

anhydride (100 om’), methanol (100 om’) and anhydrous zine chloride 

(0.3 g) were refluxed together for two hours. The methanol was 

distilled off and the fraction boiling between 66° and 90°C was 

collected. This was washed with water and potassium carbonate solution, | 

and dried over anhydrous potassium carbonate. The colourless liquid was 

redistilled through a short column and the main fraction collected. 

Yield 30% bd.p. 79-80°C (Lit. 79°C)?4%, 

NeMeLe (co1,): Triplet +t 8.90 3 protons 

Quartet. +. 7.7/0 2 protons 

Singlet +t 6.35 4 protons 

Preparation of Ethyl 3-ethoxycrotonate 

The first part of the synthesis required the preparation of ethyl 

3-chlorocrotonate in a two-stage process using the methods of D.E. Jones 

et aie, and Scheibler and Voss”. Ethyl 3-ethoxycrotonate was then 

prepared by treating the eiicnecsotonite with sodiun ethoxilec’. The 

product was distilled under vacuum and gave a white solid, m.p. 30-31°C. 

Yield 55%. 
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N.Mere (cDC1, ): Triplet +t 8.75 3 protons 

Triplet t 8.65 protons \
N
 

Singlet +t 7.7/0 4 protons 

Quartet < 6215 2 protons 

Quartet t 5.80 2 protons 

Singlet t 4.85 1 proton 

2.9. Preparation of Sulphinyl Chlorides 

Preparation of Methyl 2-chlorosulphinylpropionate 

The general procedure of Douglass and Farah was atopted’” Lt as 

important that the correct stoichiometric quantities are used to obtain 

optimum yield. Methyl 2-mercaptopropionate (0.25 mole) and glacial 

acetic acid (0.25 mole) were stirred together in a round~bottomed 

flask. Chlorine (0.5 mole) was condensed in a flask cooled to -70°C. 

It was then allowed to bubble through the reaction mixture at a rate 

controlled by the latent heat of vaporisation of the liquid chlorine. 

After one hour all the chlorine had been absorbed, and the reaction 

mixture was warmed to 35°C and maintained at that temperature for 

another hour to expel hydrogen chloride gas. The pale yellow liquid 

was distilled under vacuum. Yield 85%. b.p. 54-55° (1 mmHg). 

nemer. (CC1,): Doublet + 8.35 3 protons 4) 
Singlet 16.20 3 protons 

Quartet 15.65 1 proton 

i.x. (thin film): 3000(w), 2860(m), 2800(w), 1740(s), 1450(s), 

1440(s), 1360(s), 1310(s8), 1220(s), 1150(s), 

1105(m), 1065(s), 1050(m), 955(m), 860(s), 

765(m) em”, 

Preparation of 9-Chlorosulphinylfluorene 

(a) Preparation of 9-lithiofluorene 

Sodium-dried diethyl ether (50 cout) and freshly cut lithium 

(2.2 g) were placed in a three-necked flask. An atmosphere of nitrogen 
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was maintained throughout the experiment. n-Butyl bromide (17.25 g in 

25 om? of ether) was slowly added to the lithium in ether while the 

mixture was stirred vigorously. The reaction started almost immediately. 

While n-butyl bromide was being added the temperature was kept at -10°C, 

but was allowed to warm to 10°C after half an hour and stirring was 

continued for a further hour. The ethereal solution of n-butyl-lithium 

was filtered quickly through a wad of glass wool to remove unchanged 

lithium. Fluorene (0.1 mole, 2 g ata time) was added to the filtrate, 

and the solution turned red and evolved butane. The solution was 

heated under reflux for one hour. 

(bv) Preparation of 9-chlorosulphinylfluorene 

Ether was added to the red solution of 9-lithiofluorene to make it 

up to 400 tnt? « Sulphur dioxide was bubbled through the well-stirred 

solution at -60°C. A yellow precipitate formed but disappeared as more 

sulphur dioxide was bubbled into the solution. Thionyl chloride 

(0.1 mole) was added to the final colourless solution and the temperature 

allowed to rise to 20°C. A yellow precipitate of lithium chloride 

formed and was filtered off. A brown semi-crystalline solid remained 

when the ether was removed under reduced pressure. 

i.r. (thin film): 3060(s), 3040(s), 3020(s), 2950(s), 2920(s), 1910(w), 

1810(w), 1715(m), 1610(m), 1480(m), 1450(s), 1400(m), 

1300(m), 1190(s), 1150(s), 955(m), 780(m), 730(s) om’. 

2.10. Preparation of Thiirans 

Preparation of 2,3-Epithio-1,2,3,4-tetraphenylbutane~1,4-dione 

57 The method of Kresze and Wucherpfennig~ was used in which 

deoxybenzoin was treated with N-sulphinyl~p-toluenesulphonamide in the 

presence of anhydrous aluminium chloride. The product was identical to 

that obtained from the reaction of deoxybenzoin with thionyl chloride. 

Preparation of Tetraphenylthiiran 
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(a) Preparation of benzophenonehydrazone 

Benzophenone (40 g) in absolute ethanol (150 om”) was treated with 

100% hydrazine (41.2 g), refluxed for ten hours and then cooled in ice. 

White crystals fee which were filtered off and washed with cold 

ethanol. mp. 95°C (Lit. 97-98°C)°8, Yiela 91%. 

(b) Preparation of tetraphenylthiiran 

59 The procedure of J.B. Miller~” was used to prepare diphenyldiazo- 

methane from benzophenonehydrazone. The diazomethane was then treated 

with Bit chu to give tetraphenylthiiran. The reaction did not 

proceed as quickly as expected but the red colour of diphenyldiazo- 

methane had disappeared after forty-eight hours. The product was a 

white crystalline solid, mp. 170-1°C (Lit. 178°c)®, 

nem. (cDc1,): Singlet +t 2.95 | 

i.r. (KBr disc): 3080(m), 3050(m), 3010(m), 1600(m), 1580(shoulder), 

1490(s), 1445(s), 1080(m), 1030(m), 1000(m), 790(s), 

755(s), 700(s) om”, 

Attempted preparation of Diethyl 2,3-dicyanothiiran-2,%3-dicarboxylate 

(a) Preparation of diethyl 2,3-dicyano~oxiran~-2,%4-dicarboxylate 

The epoxide was prepared using Linn's es. and was recrystal- 

lised from a mixture of diethyl ether and petroleum ether (30~40°). 

meps 61-69°C (Lit. 61-70°C)®’, 

(bv) Treatment of the epoxide with thiourea. 

Bordwell and Auferecil’s have successfully used thiourea to prepare 

thiirans from epoxides and a modification of their procedure was used. 

The epoxide (6.2 g) was gradually added to a stirred solution of 

thiourea (2.5 g) in water (15 om?) and concentrated sulphuric acid 

(0.85 om’). The epoxide dissolved within half an hour and a brown salt 

began to precipitate which was filtered off after twenty hours. 

Yield 30%, 

The salt was added to four times its own weight of water and made 
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alkaline (pH 9) with sodium carbonate solution (10% w/v). The result 

was a black tar. In a second attempt, the aqueous suspension of the 

salt was maintained at 0°C while the alkaline solution was slowly added. 

There was some effervescence after which the solution was extracted 

with diethyl ether. Evaporation of the ether left a red oil that was 

almost insoluble in most organic solvents. Yield approximately 1%. 

(c) Treatment of the epoxide with potassium thiocyanate 

Hydrothiocyanie acid (HSCN) was uieparwtle? and added (in excess) 

to a suspension of the epoxide in dry diethyl ether. The epoxide 

dissolved immediately and a precipitate started to form after fifteen 

minutes. The precipitate was filtered off after twelve hours but 

subsequent treatment with methanolic potassium hydroxide solution 

failed to give any usable Weeauot. 

2.11. Preparation of Thiols and Disulphides 

Preparation of Methyl 2-mercaptopropionate 

64 The procedure of Eugster and Allner’* was used to prepare the 

ester in a two-stage synthesis. 2-Bromopropionic acid was converted to 

2-mercaptopropionic acid using sodium disulphide followed by reduction 

with zine and hydrochloric acid. ‘The acid was esterified with methanol 

and the end product was distilled to give a colourless liquid with a 

very strong and penetrating odour. 

NoMeLe (co1,): Doublet 7 8.50 3 protons 

Doublet Tt 7.70 1 proton 

Quintet 1 6.42 {1 proton 

Singlet 1 6.28 3 protons 

Attempted preparation of Di(diethoxycarbonyl)methyl disulphide 

(1) Diethyl bromomalonate was prepared by adding bromine to diethyl 

malonate in carbon totmuohioniae’ 73 It was then used to prepare a 

sodium alkylthiosulphate (Bunte's wait)’, Diethyl bromomalonate 

(0.1 mole), sodium thiosulphate (0.1 mole), water (50 bur) and ethanol 
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(50 ini?) were heated together under reflux for eighteen hours. ‘The 

solution immediately turned yellow but the colour slowly disappeared 

during the course of the reaction. The mixture was allowed to cool to 

room temperature, 30% hydrogen peroxide (13 om?) was added and bad 

resulting solution was left to stand for twenty-four hours. This 

solution was extracted with diethyl ether and the ethereal extracts 

were dried over anhydrous magnesium sulphate. A yellow oil remained 

after the ether had been removed under reduced pressure. Although two 

67 
qualitative tests for disulphides © were positive, n.m.r. and g.l.c. 

indicated that the yellow oil was composed of over 95% diethyl malonate. 

(2) An attempt was made to follow the procedure of Wolff and or+68 

but, even after several tries, their experimental results were not 

reproduced. A mixture of diethyl malonate and disulphur dichloride was 

heated to 65-70°C and a piece of anhydrous aluminium chloride added. A 

vigorous evolution of hydrogen chloride occurred for several minutes. 

The mixture was stirred for one hour. It is claimed that a semi- 

crystalline oil results on cooling but this did not happen. The 

reaction was tried at room temperature in case the disulphide was being 

decomposed by heat. The product was, in all cases, a yellow oil and 

results indicated that tetraethoxycarbonylethene was the major product 

but a definite characterisation was not attempted. 

Attempted preparation of Diethyl mercaptomalonate 

An adaptation of the method of Baker et ai? was used. Diethyl 

bromomalonate was slowly added to an ethanolic potassium hydrosulphide 

solution, 

(a) followed by heating under reflux for thirty minutes, 

(b) while keeping the temperature of the solution at oC, 

In the first case the solution turned brown and a yellow precipitate 

formed. When neutralised with glacial acetic acid the solution became 

colourless. It was filtered to remove the yellow precipitate and 
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extracted with benzene. The product was a colourless liquid, diethyl 

malonate, and the precipitate was sulphur. Using the conditions in (vb), 

the result was exactly the same. There was a strong, repugnant odour 

indicating that the thiol may have been formed, but was present in very 

small amounts by the end of the experiment. 

2.12. Preparation of Other Compounds 

Preparation of Triethyl 1,2,3-tricyanocyclopropane-1,2,3-tricarboxylate 

The sodium salt of ethyl cyanoacetate was prepared by adding the 

ester (warmed to 60°C) to a boiling solution of sodium ethoxide in 

ethanol, and allowing the mixture to cool. The sodium salt crystallised 

out of solution, was filtered off and washed with diethyl aibie 

To 13 g of the sodium salt suspended in diethyl ether, was added 

25 g of iodine in diethyl ether (150 curs The ether was maintained at 

reflux temperature for two hours while the iodine solution was added 

dropwise. The ethereal solution was then washed with sodium 

thiosulphate solution, to remove the excess iodine, and dried over 

anhydrous magnesium sulphate. The ether was removed under reduced 

pressure to leave a red oil which crystallised out to give white 

crystals. mp. 119-20°C (Lit. 119°c)!°, 

Preparation of 3,4,5,6-tetrachloro-1,2-benzoquinone 

The method of Jackson and MacLaurin!' was used to give the desired 

product, a red powder, mp. 131-2°C (Lit. 133°c)!1, 

Preparation of Ethyl bromocyanoacetate 

(A) The same method as that used for the preparation of diethyl 

65 bromomalonate ~ was tried but the reaction did not go smoothly. The 

bromine did not react as it was added to the solution of ethyl cyano- 

acetate in carbon tetrachloride. After refluxing the mixture, the only 

product obtained was a yellow infusible solid. 

70 (B) Errara and Perciabosco reported that the desired product could ~ 

be obtained by brominating ethyl cyanoacetate with bromine-water,. 
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Stoichiometric amounts of ester and bromine-water were shaken together 

until the solution was colourless. An oil settled out from the aqueous 

phase and was removed. After washing with sodium bicarbonate solution 

the oil was distilled under vacuum. It proved impossible to obtain a 

pure sample of the mono-bromo ester without using elaborate 

fractionation equipment. It was decided not to carry the purification 

any further since diethyl bromomalonate could be used equally well in 

the place of ethyl bromocyanoacetate and its preparation was much 

simpler. 

Preparation of Tetraethoxycarbonylethane 

Tetraethoxycarbonylethane was prepared by treating the sodium salt 

of diethyl malonate with iodine !®, The product was recrystallised from: 

petroleum ether (40-60°). White crystals, mp. 73-74°C (Lit. 73°C)!*, 

2.13. Attempted preparation of Di(acetylethoxycarbonyl )methyl 

sulphoxide 

It was thought that di(acetylethoxycarbonyl )methyl sulphoxide was 

formed as an intermediate in the reaction between ethyl acetoacetate 

and thionyl chloride. Several attempts were made to oxidise di(acetyi- 

ethoxycarbonyl )methyl sulphide to the sulphoxide but none was 

successful. The experiments are listed below under the heading of the 

oxidising agent used. 

(1) Hydrogen Peroxide in Acetone 

The reaction of hydrogen peroxide with the sulphide was tried 

under a variety of conditions between o°C and 50°C, The product was 

either unchanged sulphide or a black oil. The reaction could not be 

stopped at a stage where all the sulphide had been oxidised to 

sulphoxide. 

ee) Hydrogen Peroxide with a Vanadium Pentoxide catalyst 

A solution of hydrogen peroxide in t-butanol was prepared. The 

yO 
procedure of Hardy et a was followed and although the solution 
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turned from yellow to green (indicating some form of oxidation), only 

unchanged sulphide was recovered. 

(3) Manganese Dioxide 

ql4 A fresh sample of manganese dioxide was prepare and shaken with 

the sulphide in petroleum ether (40-60°) for ninety-six hours !?, The 

solvent was then removed under reduced pressure and the black powder 

extracted with chloroform in a Soxhlet apparatus. Removal of the 

chloroform left a red oil that would not erystallise, An infra-red 

spectrum of the oil showed a peak at 1075 cn characteristic of a 

sulphoxide, but the product could not be isolated pure enough or in 

sufficient yield to be of any use. 

(4) N-Bromosuccinimide 

Oxidation of sulphides to sulphoxides has been accomplished using 

N-bromosuccinimide in ettenolr Eguimolar proportions of the sulphide 

and N-bromosuccinimide were added to dry methanol (excess), but some of 

the solid remained undissolved. The mixture was stirred at room 

temperatuce for twenty-four hours and then the methanol was removed 

under reduced pressure. The product was a brown solid which was 

dissolved in methylene dichloride and washed with water. Removal of 

the methylene dichloride gave a mixture of the two starting materials. 

The experiment was repeated using t-butanol as the solvent and 

the temperature was maintained at 50°C. Once again the unchanged 

starting materials were recovered. 

(5) Iodobenzene dichloride 

17 Iodobenzene dichloride was prepared and added to a stirred 

solution of the sulphide in pyridine as described by Barbieri et ait®: 

No reaction occurred, even after twenty-four hours at room temperature. 

(6) Sodium Metaperiodate 

Leonard and Johnson! ? have used sodium metaperiodate, in water or 

aqueous methanol, to oxidise sulphides. In this case, however, it was 
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found that the sulphide was insufficiently soluble in aqueous methanol 

to be of any use. A method was tried in which an aqueous solution of 

sodium metaperiodate was slowly added to a refluxing solution of the 

sulphide in methanol. The sulphide was unchanged at the end of the 

reaction but the metaperiodate had been consumed, probably in oxidising 

the methanol. 

An alternative procedure is that of Russell and Ochrymowyez®° 

who used sodium metaperiodate in aqueous acetonitrile. All attempts to 

find the right conditions were unsuccessful. Below ioc: no reaction 

occurred and above this temperature oe a red intractable oil was 

obtained. 
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Chapter 3 

MECHANISTIC EXPERIMENTAL PROCEDURES 

3-1. Introduction 

The experiments included in this chapter were designed to 

  

investigate particular aspects of the proposed reaction mechanism or 

mechanisms. These reactions have already been fully studied with 

regard to the type of reaction products and have been listed in detail 

in Chapter 2. 

3.2. Gas Evolution Studies 

322012. Experimental Details of the Sulphur Dioxide Evolution Study 

The apparatus is shown in Figure 4. Two equivalent sets of 

apparatus were used in parallel, one being used as a 'blank' and the 

other containing the reaction mixture being yaad. The blank gave 

an estimate of the amount of thionyl chloride carried through the 

apparatus, since hydrolysis of thionyl chloride to give sulphur dioxide 

and hydrogen chloride would nies an erroneousstitration result in the 

final analysis. The flow of nitrogen tarough each apparatus was dried, 

and controlled visually, by bubbling the gas through concentrated 

sulphuric acid to give, as near as possible, equal flow rates. The 

reaction vessels were both 50 om? three-necked flasks. The iodine 

solution was protected from acid spray by glass wool packed loosely in 

the top of each condenser, and a trap immersed in an ice-salt freezing 

mixture. The reaction vessels were immersed in an oil bath maintained 

at 82° + 0.5°C. 

Each run was started by adding a measured amount of thionyl 

chloride to the reaction vessel and flushing out the apparatus with 

nitrogen. After five minutes the other starting material was injected 

into the appropriate flask from a pietnees through a rubber septum-cap, 

In each case the flask already Contained six anti-bumping granules, 

10 mg of anhydrous aluminium chloride and any other additive needed 
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for that particular experiment. Each system was then connected to the 

gas absorption flasks and the rate of flow of nitrogen equalised. ‘The 

absorption flasks had a volume of about 600 om? and were each fitted 

with a glass int tate attached to a piece of glass ike oe The 

gases were led in through the tubing and dispersed into fine bubbles 

by the glass sinter, thus ensuring an efficient absorption of water 

soluble gases. The gases from each apparatus were absorbed in equal 

volumes of standardised iodine solution. Each reading was obtained by 

removing exactly 10 om? of iodine solution and titrating it against a 

standardised sodium thiosulphate solution with a 10% (w/v) aqueous 

solution of starch/urea as the indicator, The results were calculated 

using a Digico Micro 16 computer (see Appendix I). All the titration 

solutions were made-up and standardised using the procedures described 

in Belcher and Nutten®?, 

32202. Experimental Details of the Hydrogen Chloride Evolution Study 

Essentially the same apparatus and techniques as in Section Seite Ve 

were used except for the Sauces of the evolved gas. In this case 

distilled water was used instead of iodine solution, and a silver 

nitrate titration was required for the chloride ion determination. 

There are several methods available for determining chloride ion 

concentration but they all need fairly standardised conditions. This 

was not easy to ensure since the hydrogen ion eonnpntration continues 

to rise throughout the reaction and sulphur dioxide is present in 

ever increasing quantities. 

Mohr's method depends on the precipitation of silver chloride 

before silver chromate in a solution containing the unknown chloride 

and using potassium chromate as the indicator. The optimum conditions 

for the titration occur when the solution has a pH of 5.5-10.03 below 

a pH of 3.8 no end-point is observable. This method and the adsorption 

indicator method, which is a difficult technique to use accurately, were 
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dismissed in preference to Volhard's method. Here the titration is 

carried out by adding a known excess of silver nitrate to the solution 

containing chloride ions. Silver chloride is precipitated and the 

silver ions remaining in solution are titrated against potassium 

thiocyanate solution with ferric alum as the indicator. At the end- 

point a red colouration is observed owing to the formation of a 

ferrithiocyanate complex. Nitrobenzene is usually added to the 

solution to coagulate the silver chloride precipitate and prevent 

adsorption of the thiocyanate ions on to its surface which delays the 

end-point. The titration is carried out in an acid medium but the need 

for precise buffering, as in Mohr's method, is not necessary. The 

titration is not affected by sulphate ions to any great extent but is 

fairly sensitive to sulphite ions. Since sulphur dioxide is produced 

in the reaction being studied it was necessary to oxidise the sulphite 

to sulphate. This was accomplished by adding a dilute solution of 

potassium permanganate to the titration flasks until the pink colour 

just remained. 

The general procedure used for the analysis was as follows. The 

solution (5.0 on?) to be analysed was pipetted into a flask and 

potassiun permanganate solution added until the pink colour of the 

permanganate just remained. Standardised silver nitrate solution 

(5.0 om’) and water (10 om’) were added, followed by nitrobenzene 

(2 om”) The solution was shaken and then 1 om? of the indicator, a 

saturated solution of ferric alum, was added. Potassium thiocyanate 

was carefully added from a burette until the red end-point was reached. 

The results were calculated on a Digico Micro 16 computer (see 

Appendix II), Titrations were not continued after three hours since 

the amount of sulphur dioxide present would affect the accuracy of the 

method. 
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Sulphur Dioxide 

Al] the results below are reproduceable within the limits of 

experimental accuracy. The weight of gas evolved was calculated from 

the titration figures after a correction had been made for each 'blank! 

reading. The proposed overall equation is, 

2>0H, + 28001, ——> >C=aC< + 4HCl + SO. +S 
2 2 

For each mole of active methylene compound, half a mole of sulphur 

dioxide is produced. The sulphur dioxide dissolves in the iodine 

solution and is oxidised to sulphate. 

+ 
50, + H,0 — > 2B + o 

S0," +1, 48,0 — > s0, "Mar +28 
3 2 4 

if the resulting solution is titrated against sodium thiosulphate 

solution, a direct relationship between the volume of thiosulphate used 

and the weight of sulphur dioxide evolved, can be derived. 

The straightforward reaction between ethyl cyanoacetate and 

thionyl chloride was Eiadica, and the conditions are given below 

together with details of the additives designed to affect any possible 

free-radical reaction. 

(1) Reaction; a cyanoacetate (5.0 om?) and thionyl chloride 

(4.0 om’). 

Blank 3 thionyl chloride. 

(2) Reaction; ethyl cyanoacetate (5.0 om), thionyl chloride (4.0 om”) 

ang tetrachloro-p-benzoquinone (5%, w/v). 

Reaction; ethyl cyanoacetate (5.0 om’), thionyl chloride (4.0 om?) 

and dibenzoyl peroxide (0.1%, w/v). . 

Blank 3; ethyl cyanoacetate (5.0 om?) and thionyl chloride 

(4.0 om’). 

The results were plotted in the form, weight of sulphur dioxide evolved 
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against time. In one case the effect of adding tetrachloro-p-benzo-~ 

quinone is shown (Fig. 5), and in another case the effect of dibenzoyl 

peroxide is shown (Fig. 6). 

The dtoichinuetoie equation indicates that one mole of sulphur 

dioxide is evolved for each mole of alkene produced. Analysis of the 

reaction mixture after each run showed that the yields of alkene and 

sulphur dioxide differed by an average of 5%. This was a reasonable 

indication that the errors due to sulphur dioxide dissolving in the 

reaction mixture, rather than being evolved, were quite small, 

Hydrogen Chloride 

Reaction; ethyl cyanoacetate (5.0 om’) and thionyl chloride 

(4.0 cm’), 

Blank 3; thionyl chloride. 

The results were calculated directly from i volume of potassium 

thiocyanate used for each titration. 

Thionyl chloride is evolved in two separate steps of the reaction, 

during the production of a sulphinyl chloride and also when a sulphirne 

is formed (see Chapter 5). This causes complications when interpreting 

the results but a full discussion will be found ie Seg tion Sede, and 

so it is only necessary to indicate here that the amount of hydnogen 

chloride (x) evolved was converted into the amount of ethyl cyanoacetate 

that remained (a-x), where (a) was the initial amount of ester present, 

The best straight lines were obtained by plotting j/tdenie against 

time (Figure 7) and 1/(a-x) against time (Figure 8). 

3234 The Reaction between Diethyl malonate and a mixture of Disulphur 

dichloride and Sulphuryl chloride 

Disulphur dichloride and sulphuryl chloride were freshly distilled 

and mixed together in equimolar proportions. Diethyl malonate was 

dried over anhydrous magnesium sulphate and distilled under reduced 

pressure. The ester was stirred in a flask suspended in an oil-bath 
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maintained at 75°C. The mixture of disulphur dichloride and sulphuryl 

chloride was added in a dropwise fashion, and the reaction mixture 

stirred for four hours. Hydrogen chloride was evolved for the first 

half hour of the reaction and the solution turned yellow. A 

qualitative estimate of the reaction products was obtained using gas~ 

liquid chromatography and the results are shown in Table 2, 

fable 2 Products obtained from the reaction of Diethyl malonate 

(0.1 mole) with a mixture of Disulphur dichloride and Sul phuryl chloride, 

| 
  

  

  

S,Cl, (0.1 mole) 5,01, (0.05 mole) 
Reaction Products 

$0,C1, (0.1 mole) 80,C1, (0.05 mole) 

Diethyl malonate - ot 

Diethyl a -chloromalonate + : SP 

Diethyl «,a-dichloromalonate + + (less — 

5% 
Tetraethoxycarbonylethene 4 +         

+ indicates the compound was present at the end of the reaction. 

- indicates the compound could not be detected at the end of the 

reaction. 

When only 0.05 mole quantities of disulphur dichloride and 

sulphuryl chloride were used, the reaction was incomplete but there 

was still a large amount of diethyl a-chloromalonate present. Thus, 

it was shown that thionyl chloride did not behave like a mixture of 

sulphuryl chloride and disulphur dichloride, since no chlorinated 

product was obtained from the reaction between diethyl malonate and 

thionyl chloride (p. 15). 

324. The Attempted 'Trapping' of a Carbanion Intermediate 

The reagents used to trap the postulated carbanions were compounds 

containing a labile halogen atom which could be lost, as an anion, to ; 

leave a carbonium ion usually stabilised by some form of charge 
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delocalisation. The procedure was to treat diethyl malonate with 

thionyl chloride in the usual way (p. 15), except that the halide was 

added to the reaction mixture. If a carbanion was formed as an 

intermediate od eae production of a sulphinyl chloride, it was 

possible that a competetive reaction would occur between the 

chlorosulphinyl cation and the stable carbonium ion, ie. 

>CH, + SOC1,——> >CH™ + HCl + soci 

Then, >CH” + soci1t ——» >CHSOC1 

Or, >cH” + R* ——> Sc 

As well as the expected tetraethoxycarbonylethene, an a=-substituted 

malonic ester should also be obtained. Details of the trapping 

experiments are listed below under the headings of each reagent. 

(a) Methyl Iodide 

Diethyl malonate (0.1 mole), thionyl chloride (0.1 mole) and 

methyl iodide (0.05 mole) were heated together under reflux conditions 

for four hours and then distilled under vacuum. All the methyl iodide 

and 50% of the diethyl malonate was recovered. The residue in the 

flask was tetraethoxycarbonylethene. The presence of any diethyl 

a-methylmalonate should have been easily detected in an n.m.r. spectrum. 

As well as the usual methylene singlet from the excess diethyl malonate 

there would be a new doublet and a new quartet from the methyl and 

methine protons respectively. No diethyl a-methylmalonate was observed. 

(b) +t-Butyl Chloride 

It was hoped that a t-butyl group rather than a methyl group in 

the a-position of the ester would be more easily detectable because of 

the singlet of nine protons in the nem.r. spectrum. 

The experimental conditions were the same as in (a) above, but 

t-butyl chloride was used instead of methyl iodide. The alkene was 
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once again formed but an n.m.r.e spectrum of the volatile components of 

the reaction mixture was complex. A number of peaks appeared in the 

region tT 8.0-9.5 indicating that the t~butyl chloride had undergone 

decomposition and rearrangement to other alkyl chlorides. 

(c) Benzyl Bromide 

Benzyl bromide forms a more stable carbonium ion than that 

obtained from either methyl iodide or t-butyl chloride. It was used 

in the hope that the carbonium ion would be readily formed in solution 

and hence react with any carbanion present. The experiment was tried 

using diethyl malonate, ethyl cyanoacetate, and malononitrile. 

(1) Diethyl malonate. No diethyl a-benzylmalonate was detected when 

the reactants (0.05 mole quantities) were treated as follows; 

(i) Under reflux for four hours Or, 

(ii) By slow addition of thionyl chloride to the rest of the 

mixture maintained at 85°C and then stirred at that temperature for 

three days or, 

(iii) As in (ii) except that stirring was only continued for half 

an hour after the addition of the last of the thionyl chloride. 

(2) Ethyl cyanoacetate. Using 0.05 mole quantities and heating 

andr reflux for three hours yielded no ethyl a -benzyl-a-cyanoacetate,. 

(3) Malononitrile. Heating the reagents (0.05 mole quantities) under 

reflux for twenty minutes caused a violent reaction and the apparatus 

became coated with a black coke-like material. The experiment was 

repeated without heating but the distillate from the black residue 

contained no 2-phenylethane-1,1-dicarbonitrile. 

(a) riphenylmethyl Bromide 

Diethyl malonate (0.05 mole), thionyl chloride (0.05 mole) and 

triphenylmethyl bromide (0.025 mole) were heated together under reflux 

for four hours and then allowed to cool to room temperature. Crystals 

formed on standing but were not removed. The mixture of crystals and 
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solution was dissolved in a minimum volume of petroleum ether (60-80°) 

and fractional crystallisation yielded several batches of crystals 

consisting of triphenylmethyl bromide and tetraethoxycarbonylethene,. 

The mother liquor contained diethyl malonate but no diethyl a--triphenyl- 

methylmalonate was detected. 

325. The Attempted 'Trapping' of a Sulphine Intermediate 

An attempt was made to trap the sulphines that are proposed as 

intermediates in the reaction mechanism (Chapter 5). Sulphines have 

been trapped before using the ready addition across the carbon-sulphur 

double bond? : R 

RA 
Cos _oons=0 + Cl, —— R'—C-C1 

- =0 ; 

Gl 

cl ae 
ee te Ci 0 R ~C-S=0 

ren + — 00 

R C1 0 
1 

C1 Cl 

BL oe 

Many compounds react with sulphines and it was decided to 

attempt to prepare the adduct with 3,4,5,6-tetrachloro=1,2-benzoquinone 

since the product would probably be a crystalline solid easily 

separable from the reaction mixture. 

Diethyl malonate (0.05 mole) and thionyl chloride (0.05 mole) 

were heated together under reflux. After five minutes the benzoquinone 

(0.1 g) was added and within fifteen minutes the bright red colour of 

the quinone had disappeared. The experiment was repeated using 

0.1 mole quantities of all three compounds which were then refluxed for 

five hours. The red colouration remained and the solution was set 

aside to crystallise overnight. 1,2-dihydroxy-3,4,5,6-tetrachloro- 

benzene was isolated in 10% yield. ‘The residue was a red oil which 
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was not found to be the required adduct, but merely a mixture of 

starting materials and tetraethoxycarbonylethene. 

The experiment was repeated using ethyl cyanoacetate instead of 

diethyl malonate, but only a black intractable oil was obtained. 

3.6. The Attempted Preparation of a 'Cross-product! 

If two different active methylene compounds are heated together 

with thionyl chloride it should be possible to isolate three different 

alkenes. ‘Two symmetrically substituted alkenes (each in 25% yield) ana 

a 50% yield of an unsymmetrical alkene, formed by the interaction of 

unlike, but equivalent, reaction intermediates, should in theory be 

formed. The actual yields will differ due to variations in reaction 

rates. 

3 1 2 RL R R R ~ ar > 4 een 2 + 4 kere + 45001, ——> = SN + 

& 4 Mego 
ims + 2 SG + BHC] + 280, + 25 

(a) Diethyl malonate (0.05 mole) and ethyl cyanoacetate (0.05 mole) 

were heated under reflux with thionyl chloride (0.3 mole). An nmr. 

spectrum of aliquots drawn from the reaction mixture every half-hour 

showed that the rates of reaction of the two compounds differed so much 

that very little triethyl 2-cyanoethene~1,1,2-tricarboxylate was likely 

to be formed. The ethyl cyanoacetate reacted rapidly whilst the 

diethyl malonate was not affected. 

(>) Experiment (a), above, was repeated with the difference that 

methyl cyanoacetate was used instead of diethyl malonate. An attempt 

to separate the crystalline products of the reaction by thin-layer 

chromatography (t.l.c.) failed. The absorbent was silica-gel spread 

on 20 cm plates and although a variety of solvents were tried, little 
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separation between diethyl and dimethyl dicyanofumarate was achieved. 

It was not possible to say with any certainty that an intermediate 

spot corresponding to ethyl methyl dicyanofumarate was present. 

(c) Instead of deta the ethyl ester, t-butyl cyanoacetate was 

suggested in the hope that the t-butyl group would cause sufficient 

differences in the products to allow separation by tel.c. As mentioned 

earlier (p.14 ) however, its rate of reaction with thionyl chloride was 

too rapid to be of any use in this experiment, 

Zele The Reaction of Ethyl Cyanoacetate and Thionvl Chloride Studied 

by N.M.R. Spectrometry 

The n.em.r. spectra of two sulphinyl chlorides, chlorosulphinyl- 

diphenylmethane and methyl 2-chlorosulphinylpropionate, show an 

absorption in the Tt 4-5.5 region. This is attributable to the methine 

hydrogen on the same carbon atom as the chlorosulphinyl group. It was 

thought that, in the reaction between ethyl cyanoacetate and thionyl 

chloride, a sulphinyl chloride would be formed as an intermediate and, 

hence, a new peak should appear in the nem.r. spectrum of the reaction 

mixture. Withdrawing aliquots from the reaction mixture every half- 

hour, cooling immediately to 0°C and taking an Pack spectrum within 

five minutes revealed no peak in the region below 15.5. 

5.8. The Detection of Diethyl Dicyanomaleate 

The possible existence of a cis-alkene in the products of the 

reaction between ethyl cyanoacetate and thionyl chloride was 

investigated. The reaction was carried out as described earlier 

(p. 14) except that heating was stopped after two hours. It is well 

known that cis-isomers are usually more soluble in organic solvents 

than the corresponding trans form, Diethyl dicyanofumarate is slightly 

soluble in carbon tetrachloride. The reaction mixture was extracted 

with carbon tetrachloride (100 om”) at 50°C in the hope that rather 

more of the cis-isomer than trans-isomer would dissolve. ‘The solvent 
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was removed under reduced pressure leaving a yellow semi-solid. The 

infra-red spectrum showed two new peaks at 2215 on™" (-C=N) and 1630 on™" 

(C=C). As explained in Chapter 4, these two peaks indicated that a 

cis-alkene was probably present in the reaction products. 

Thin-Layer Chromatography (t.l.c.) of the Products 

The reaction of ethyl cyanoacetate and thionyl chloride was 

followed using t.1l.c. A sample was withdrawn from the reaction mixture 

every half-hour and dissolved in chloroform to give a 5% solution 

(v/v). The t.l.c. plates were spread with silica-gel and the solvent 

used was a mixture oe benzene and chloroform. The spots were 

developed by spraying the plates with a solution of iodine in 

chloroform. When a 1:1 mixture of benzene and chloroform was used only 

two spots were observed, one at Rp 0.30 and the other at Re 0.15. The 

former gradually disappeared over the course of the reaction and was 

attributed to starting material while the latter was found to be the 

alkene (compared with an authentic sample). The solvent system was 

changed to a mixture of chloroform and venzene in the ratio 3:1 (v/v). 

Three spots were then observed with Rp values of, 0.90 (starting 

material); 0.44 (probably diethyl dicyanomaleate); 0.23 (diethyl 

Gir ske fumes teh; 

The only spot that could not definitely be accounted for was that 

with an Rr value of 0.44 and so it was assumed to be diethyl 

dicyanomaleate. Both the lower spots appeared gradually, over the 

course of the reaction, but the technique did not allow any 

quantitative estimate to be made of the amount of each isomer present. 

Preparative t.l.c. 

A 20 x 20 cm t.l.c. plate was spread with silica-gel to a 

thickness of 1.0 mm instead of the usual 0.25 mm. The sample was 

applied to the plate using a 'streak applicator' to ensure an even 

distribution. The solvent was run up the plate in the usual way but 
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when the run was complete the plate was not sprayed with iodine 

solution. Two bands of absorbent were scraped off the plate, 

Borrosnoaiinn to spots at Rf 0.50-0.35 and Rf 0.30-0.15. The sample 

was eluted from the silica-gel using chloroform which was then 

evaporated off under reduced pressure vntil dryness was almost 

reached. The solutions were analysed by mass spectrometry and found 

to be almost identical to an authentic sample of diethyl dicyano- 

fumarate (Figure 1). There were variations at high molecular weight 

(>150) which were attributed to impurities from the silica-gel. The 

similarity between the two mass spectra indicated that the two spots 

corresponded to the cis- and trans-isomers and were therefore taken 

to be diethyl dicyanofumarate and diethyl dicyanomaleate.



Chapter 4 

DISCUSSION OF SYNTHETIC EXPERIMENTAL RESULTS 

In Chapter 2 no attempt was made to justify the assignation of a 

particular stzxucture to a compound. In many cases no confirmation was 

required beyond some form of characterisation, e.g. melting point, 

boiling point etc., that agreed with the literature value. Where this 

was not possible, or gave rise to some ambiguity, a further explanation 

will be found in this chapter, ~ 

Thionyl chloride has been shown to give rise to several classes of 

compounds when treated with compounds containing active methylene 

groups. The reactions being considered are summarised in Table 3. 

Table 3. The Reaction Products of S001, and. X=-CH,-¥ 

  

  

  

K-CH,-~Y¥ 
Product 

x Y 

~CO,Me -CN 

~CO,Et -CN 

~CO,Me ~CO,Me He ey 

CO,E CO, ! ee ~CO,Et ~C0,it 

-CN ~CN 

~Ph -CN 

-Ph -Ph Ph § Ph 
ph CWS pp, + Ph CHSOCL 

-Ph Phco~ Ph §. COPh 
Coot PRCO Ph 

~CO,Ne CH,CO- X-OH-Y  X-GH-Y 

~CO,Et CH,CO- oe 
X-CH-Y         

  

The reaction between thionyl chloride and ethyl cyanoacetate gave 

diethyl dicyanofumarate, the first tetra-substituted alkene prepared 
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in this study. The compound was originally prepared by Naik? from the 

reaction between ethyl cyanoacetate and disulphur dichloride, but he 

erroneously named it diethyl dicyanosuccinate. Felton?! prepared the 

alkene in ten per cent yield using ethyl cyanoacetate and selenium 

dioxide. 

NC. JO okt 

2CNCHCO,Et + Se0,, ——~, Pag + 2H,0 + Se 

Et0,¢ CN 

He did not seem to be aware of Naik's work and was in doubt about the 

structure of the product, as a substituted cyclopropane could well have 

been formed. 

1. O's 

eN CO,Et 

CO,Et CO,Et 

CN : CN 

Preparation of the cyclopropane resolved the problem for him however, 

and he assigned the structure of diethyl dicyanofumarate to the 

oxidation product, although it was some years before Kudo”! proved its 

trans-configuration. 

When ethyl cyancoacetate was treated with thionyl chloride it was 

possible that any one of three compounds, the alkene, the succinate or 

the cyclopropane, had been Sorted: The n.om.r. spectrum of the product 

showed only a quartet and a triplet from an ethyl group, which 

obviously ruled out the succinate alternative. The cyclopropane 

structure was still a possibility since neither elemental analysis nor 

n.eom.r. spectroscopy could distinguish between the two structures. 

Preparation of the cyclopropane (p. 38) followed by a mixed melting 

point determination resolved the problem, whilst comparison of the 

infra-red spectra provided confirmation that the two structures were 

different. 
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The mass spectrum of diethyl dicyanofumarate is shown in Chapter 2, 

Fig. 1, but an explanation is given below. Table 5 shows the relative 

intensity of the main peaks and the structure of particular fragments. 

The mass spectrum of Ssiethide dokuas pumbEabuted alkene, tetramethoxy- 

carbonylethene, is also given (Table 6 and Chapter 2, Fig. 2) so that 

the two alkenes may be compared and contrasted with the mass spectrum 

of the unexpected reaction product of dimethyl malonate and disulphur 

dichloride (Table 7 and Chapter 2, Fig. 3). 

Diethyl dicyanofumarate has a weak molecular ion peak (M) at a 

position corresponding to a molecular weight of 222. Since a molecule 

with an even-numbered molecular weight contains an even-number of 

nitrogen atoms it was hence assumed that the compound was diethyl 

dicyanofumerate. 

In Table 4 a list of the percentages of the principal stable 

heavier isotopes present in some naturally occurring elements is given. 

Using these figures it is possible to calculate the relative intensity 

of peaks at M41 and M+2 compared with the molecular ion peak (M). 

Table 4 Principle Stable Heavier teatouenes 

  

  

Isotope Percent of Isotope 

13¢ 2 1.14. 

2y 0.015 

Be 0.20 

1)9y 0.37 

335 0.78 

345 4.4       
  

Diethyl dicyanofumarate has the formula C1 oH yo o%- If the 

intensity of the molecular ion peak is 100 then, using the figures in 

Table 4 it can be shown that the intensity of the peak at M+1 is 11.9. 

or OLe



The actual figure was approximately 18, but it could not be measured 

accurately because of overall low intensity of the peaks at the M and 

M+1 positions. 

In both the te ounstuaaen alkenes the strongest peak was given 

by the ion formed from the parent compound by loss of an alkoxy group... 

Neither alkene tended to cleave at the carbon-carbon double bond. The 

fragmentation pattern of tetramethoxycarbonylethene is in many ways 

similar tovteet of tetramethyl 1,2,4,5-tetrathian~3,3,6,6-tetra-~ 

carboxylate because the loss of four sulphur atoms gives an ion that is 

identical to the molecular ion in tetramethoxycarbonylethene.



Table 5. Mass Spectrum of Diethyl Dicyanofumarate 

  

  

    

Mass-to- Relative Nature of Fragment 
Charge Ratio Intensity (M is the Molecular Ion Peak) 

ON 

222 4 el Be 22 oe ee eeeeoeoeee (M) 

207 Tel M- CH, 

194 16 M ~ C,H 4 

193 15 M - C,H 
25 ay 

178 a Ree es he none 

177 100 M ~ Mp 5 

176 19 M - (0H, + H) 

167 21 Doe io, 

166 13.5 M -~ 2C oH) 

151 6 C,H,.0.C-C=C=CH-CH 

: 2" a 3 
150 63 Pee 

149 Vet M - CO aie 

132 16 M -. 200 ,H.. 

P| - 122 40 M (CO,C oH. + HCN) 
- ‘ 

1214 5.3 M (C0,C,H, + CoH) 

106 D500 0=C-G=C..CH-CH 
N 3 

105 OM CH, CH, -C=C-CN 
3? oy 

104 967 nae pean 
N 

. CH, --G=C-CH,CH 94 4.7 et or hs 

i 13.6 CH, CH,~C=C-CN 

78 53 CH, CH=C=C~CN 

71 95 CH, ~CH=C=C~CN or CN-~CH-C-CN 

76 37 M - 2000 He 

51 11 CH,~CH=C=C or CH-C-CN 

45 50 OCH, 
  
   



Table 6. Mass Spectrum of Tetramethoxycarbonylethene 

  

  

Mass-to- Relative Nature of Fragment 
Charge Ratio Intensity (M is the Molecular Ion Peak) 

260 ite : (CH, 0,6) ,0=C(C0,CH, ), sevens deen 

256 4.07 M = 4H 

230 1Ce2 M - ecu, 

229 400 M ~ OCH, 

198 725 Me- 20CH, 

6. CH,CO,C-C=C-C0O.CH 

‘ CH,CO-C(CH, )=C(CH, )-COCH 140 3.9 300-0 (CH, )=0 (CH, ) 5 

144 9.2 CO-GaG< CDQ GHs 

99 563 CO-C-~CO,CH, 

83 2.0 CO-C-C-CH 
0 3 

80 ae CO-C=C~CO 

67 Tee C0-CaC-CH,, 

64 19a) C0-CaC-—C 

59 42 CO,CH, 

55 4.6 C-CHO 

45 Ae CO,H 

a2 22.5 C-C-CH,          



Table 7. Mass Spectrum of Tetramethyl 1,2,4,5-tetrathian-3.3,6,6- 

tetracarboxylate 

  

  

      

Mass-to- Relative Nature of Fragment 
Charge Ratio Intensity (M is the Molecular Ion Peak) 

7S-S~ 388 4.5 (CH,0,0) 0557570 (CO,CH, oe eee (1) 

357 120 M = ocH, 

356 0.8 M-S 

329 2.4 M- co,CH, 

324 14.2 M - 28 

297 tT M-(S+ CO,CH, ) 

260 1.6 M - 4S 

229 58.5 M- (45 + OCH, ) 

226 52 (CH,0,C),08, 

198 4.3 M - (48 + 20H, ) 

194 24 (CH, 0 C),cS, 

167. 19.5 CH, 0,0-CS,, 

162 52 (CH, 0,0) 05 

157 3.6 eet as 

140 4 CH, 0,0-C (Iie )~C (Me )~CO,CH, 

118 5.8 S-S-COCH, 

114 4.4 CO-C-C-CO,CH, 

103 70.5 CH, 0,6-C-S 

86 5.0 S-C-COCH, 

72 18.6 CO-C-S 

64 51 S-S 

59 100 CO,CH, 

58 23.5 C0,,CH, 

45 ot.5 C-S-H 

44 14.2 C-S 

39 75 0~0-CH, 
   



The infra-red spectra of tetra-substituted alkenes is quite simple 

but rather uninformative’. Symmetry predicts that trans-substituted 

alkenes do not have an infra-red active carbon-carbon double bond 

% Flett*, for example, found no stretching vibration at 1600 cm 

carbon-carbon double bond absorption in fumaric acid. The absence of 

the usually strong nitrile peak at 2225 on™! may be explained in the 

same way. It has also been shown that the intensity of a nitrile 

group absorption is markedly decreased by an adjacent electron- 

withdrawing group”. In the cyano-substituted alkenes that were 

prepared, a very weak nitrile absorption was discernible in the 

region 2210-2250 ont: When an attempt to detect diethyl dicyano- 

naleate was Sanriee out, the lack of infra-red activity just described 

was very useful. The cis-alkene has a lower symmetry than the trans 

and it was possible to observe the presence of a carbon-carbon double 

bond vibration at 1630 om and a nitrile absorption at 2205 ont 

As shown in Table 3, not all the compounds used gave alkenes on 

treatment with thionyl chloride. Although the reaction between ethyl 

acetoacetate and thionyl chloride was known"! no spectroscopic data 

for the resulting sulphide have been recorded. ‘The infra-red spectra 

of the sulphides from both the ethyl and methyl acetoacetic esters 

are very similar. There is no indication of a carbon~sulphur single 

bond absorption, but this is usual since it would suede in the region 

600-700 on™ and be too weak to be of any value. The main feature of 

the spectrum is a broad strong band at 1600 om™', but virtually no 

carbonyl absorption at 1750 on™!, This immediately suggests an 

aB-unsaturated eon group and, together with the broad weak band 

at 2700 on™, shows that an enolic structure is present, i.e. 

fee me 
; ] ] R = Me or Et 

ee Noi dio i 
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The structure was confirmed by its n.m.r. spectra. The hydrogen 

atoms on the ester and the methyl groups appeared in their usual 

positions (pp. 17 and 19) but the vedetnsnd two protons had shifted 

downfield toT - 5.60 in the methyl compound and t - 3.45 in the ethyl 

compound. This shift can only be accounted for by postulating such an 

enolic structure. 

The other product from the reaction of acetoacetic esters and 

thionyl chloride, which had not been reported by Michaelis and 

ay Phillips ', was the alkyl a-chloroacetoacetate. 

oC gee R = Me or Et 

AT 
The ethyl compound was known and so its preparation by a known route PS 

from sulphuryl chloride and ethyl acetoacetate, was repeated and the 

product identified as being the same as that from the thionyl chloride 

reaction. The very characteristic absorption of the methine proton on 

the a-carbon atom att 5.0 in the n.m.r. spectrum enabled the a-halo 

derivatives of methyl acetoacetate and diethyl malonate to be readily 

identified. 

As sulphinyl chlorides are important intermediates in the 

proposed mechanisms it was felt that certain of them should be made 

and treated with thionyl chlcride. Several difficulties were 

encountered however, the first of which was deciding on which 

preparative route to use. Probably the best method is by the action of 

chlorine on thiols or disulphides in acetic acid or acetic adheheiae'e. 

2RSH. + Cl, —~ R-S-S-R + 2HC1 

R-S-S-R + Cl, ——) 2KSC1 2015 onscr 
3 

Heel, + CHCOLR —— RSOC1] + CHZCOCI + HCl 

All attempts at preparing either the disulphide or the thiol of 

diethyl malonate proved unsuccessful, however, as the compounds were 
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unstable under the conditions being used. It is possible that the 

compounds may be prepared under very carefully controlled conditions but 

as they were required pure for the next stage of the reaction it is 

unlikely that they would be stable enough to undergo any form of 

purification. Hence further steps were not taken to purify the 

compounds. The instability of these compounds may be attributed to the 

presence of two strong electron-withdrawing groups on the a-carbon atom. 

Another compound was used, therefore, which contained only one electron~ 

withdrawing group and so methyl 2-mercaptopropionate was successfully 

prepared. Treatment with chlorine in acetic acid gave a good yield of 

methyl 2-chlorosulphinylpropionate. 

It was also decided that 9-chlorosulphinylfluorene would be a 

useful compound to investigate. The preparation of this sulphinyl 

chloride is simplified because of the greater ease with which an 

organo-lithium compound can be prepared from a hydrocarbon compared with 

an ester. Hence 9-lithiofluorene was treated with sulphur dioxide and 

then thionyl chloride was added to give 9-chlorosulphinylfluorene,. 

H Jue 
SS 

C 

It is interesting to note the position of the sulphur-oxygen double 

bond absorption of sulphinyl chlorides in the infra-red region, since 

little has been published on the infra-red spectra of these compounds, 

The three sulphinyl chlorides prepared in this thesis, chlorosulphinyl- 

diphenylmethane, 9-chlorosulphinylfluorene and methyl 2-chloro- 

sulphinylpropionate, correspond well with those obtained in further 

work on this subject’, It appears that the sulphur-oxygen double bond 
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in compounds of the general formula R-SO-Cl absorbs in the region 

ft 

1150-1200 cm. 

The preparation of thiirans caused problems that could not be 

overcome. The usual method of preparation is the treatment of an 

epoxide with thiourea or potassium thiocyanate. Preparation of the 

epoxide derived from tetraethoxycarbonylethene would require a 

multistage synthesis involving the preparation of pyridine-N-oxide as 

an iRieeuiactal’ The epoxide from diethyl dicyanofumarate can be 

readily made oncrsr and so this was used as the starting material 

for the preparation of the thiiran. The preparation is a two-stage 

62 
process 

| Qu on 
MOA Moet aa Cie J Cas PO tAs BRO o-b-b-00, Et “Cay 22 OP Eee Bt0,C CN at 

1 + 150 
=NH,, 2 

a 

foxes 

NO, S f0zBt 

Et0,C” on 

pa 

4 

The intermediate salt was readily formed at room temperature, and was 

filtered off from the reaction mixture. Attempts to neutralise the 

salt however gave either a black tarry solution or, if neutralised at 

o°c, a very small yield of a red oil. A similar result was obtained 

when an alternative method was used in which potassium thiocyanate was 

substituted for thiourea. 

Although the preparation of thiirans by the normal route was 

unsuccessful, two thiirans were prepared directly from thionyl 

chloride reactions. Thus deoxybenzoin and diphenylmethane gave 

2,3-dibenzoyl-2,3-diphenylthiiran and tetraphenylthiiran respectively. 
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The deoxybenzoin reaction product was compared with that obtained by 

Kresze”! from the treatment of deoxybenzoin with N-sulphinyl-p- 

toluenesulphonamide. 

AlCl 
2PhC0CH,Ph + ACE CCH SO, NaP eee Phy 9 a + 2CH,C-H,SO.NH, + SO 

of. Ooh ee 2 
x Ze 

Phcoo Ph 

The configuration of the product from the deoxybenzoin/thionyl chloride 

reaction was largely trans, as indicated by its low melting point 

compared with the literature value of the cis-form’. The melting 

point of the trans-form is rather difficult to obtain accurately. 

44 Kresze only isolated an oil but Dittmer and Levy"" obtained, after 

several attempts, a crystalline solid melting over a temperature 

range of 6°C, The oil obtained from the thionyl chloride reaction 

showed similar reluctance to crystallise although it did solidify on 

standing. It is reported that the n.m.r. spectrum of the cis-isomer 

shows a singlet whereas the trans-isomer gives a multiplet at + 2.34. 

The observed signal was a multiplet at 11.90-2.55, confirming the 

lack of cis-isomer in any significant quantities. Dibenzoylstilbene 

was obtained when the thiiran was treated with triphenylphosphine. 

The other major product from this reaction was triphenylphosphine 

sulphide. 

Tetraphenylthiiran was a product of the reaction of thionyl 

chloride with diphenylmethane, and was also found when chlorosulphinyl- 

diphenylmethane was treated with thionyl chloride. It was present as 

a red oil after ie sulphinyl chloride was distilled off. Unfortunately, 

other impurities stopped it crystallising from organic solvents and 

only a red oil separated from the cooling solution. Higher boiling 

solvents such as toluene seemed to cause a polymerisation reaction, as 

a product precipitated out of solution which was polymeric in nature. 
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Tetraphenylthiiran was prepared by a known route involving diphenyl- 

diazomethane and eal pune 

Ph eh. sah 
tow, + 8 Ate, Seo + 

Ph PK Ph 

The infra-red spectrum of the red oil and the authentic sample were 

similar, and thin-layer chromatography showed the two compounds to be 

identical. The red oil gave one spot and a small amount of residue 

that did not move with the solvent. 

It was thought that di(acetylethoxycarbonyl)methyl sulphoxide wag 

formed as an intermediate in the reaction between ethyl acetoacetate 

and thionyl chloride. It was hoped to prepare the sulphoxide and 

treat it with thionyl chloride to prove the point. Sulphoxides are 

usually prepared from sulphides by an oxidation process. Hydrogen 

peroxide is a common oxidising agent for this task but a danger 

exists in the oxidation of the sulphoxide one stage further to the 

sulphone. A large variety of oxidising agents are available which 

selectively give the sulphoxide. Some of these, as well as hydrogen 

peroxide, were tried but in all cases the attempts met with failure 

(Chapter 2.13). In no case was it possible to isolate the pure 

sulphoxide since the reactions were either reluctant to Riess or went 

too far. The explanation is apparent when the See yatta of the 

oxidation is considered. In an article on oxidation at a sulphur atom’, 

a general scheme was given in which the oxidation of sulphides by 

peroxides in an acidic or neutral medium involved nucleophilic attack 

by the sulphur atom on the oxygen-oxygen single bond of the peroxide. 

The sulphur atom donates a lone-pair of electrons to the oxygen atom in 

order to form a sulphur-oxygen ponds In di(acetylethoxycarbonyl )methyl . 

sulphide there are electron-withdrawing substituents near the sulphur 

atom and, thus render it less likely to attack by an electrophile. 
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If alkaline conditions are used then the attacking species is a 

nucleophile which means that electron-withdrawing groups near the 

sulphur atom would increase the reaction rate. When a sulphoxide 

forms, however, the polarisation of the sulphur-oxygen bond is such 

that the sulphur atom becomes even more positive and is more 

susceptible to attack than the sulphide. Thus, a sulphone is formed 

in preference to a sulphoxide. 

Disulphur dichloride was used to prepare compounds by known 

routes, as in several cases it gives the same product as the reaction 

of thionyl chloride with the compound in question. It was the simil- 

arity of the two reagents in this respect that led to the idea of an 

equilibrium existing between them. 

lacsenntdlin cole n ‘ 28001, === SCl, + 90,01, 

2scl,, —_ 8,Cl1, + Cl, 

Since sulphur dichloride decomposes on standing if stored without a 

stabiliser, it is reasonable to use disulphur dichloride because of 

its greater stability. Using disulphur dichloride under the conditions 

Aeaeni bed (Chapter 2.5), it was possible to prepare alkenes from 

diethyl malonate and ethyl cyanoacetate, and a sulphide from ethyl 

acetoacetate. While attempting to prepare a disulphide of diethyl 

malonate, a method using disulphur dichloride was found’. Several 

attempts to repeat the work were made, but di(diethoxycarbonyl)methyl 

disulphide was never isolated. The oily product was mainly tetra- 

ethoxycarbonylethene. The same authors claim that dimethyl malonate 

. gives a mixture of sulphide and trisulphide when treated in the same 

way as diethyl malonate. Once again their results were not repeatable, 

but a white solid was formed in good yield. Subsequent analysis 

indicated that the product was tetramethyl 1,2,4,5-tetrathian-3,3,6,6- 
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tetracarboxylate. 

Me0,0. A-B 00,Mo 

Me0,C~ ON ion ‘cO,Me 

It is possible that an unsymmetrical ring was formed, i.e. tetramethyl 

1,2,3,5-tetrathian-4,4,6,6-tetracarboxylate, but because the attacking 

species, disulphur dichloride, already contains a sulphur-sulphur bond 

the symmetrical structure seems most probable. Table 7 shows the main 

fragments obtained by mass spectrometry (see also Chapter 2. Vien 31, 

The molecular ion peak (M) is easily seen at the position corresponding 

to a molecular weight of 388. The presence of sulphur in a molecule 

gives rise to a relatively large peak at M+2 because of the amount of 

34g isotope present (4.4%) in naturally occurring sulphur. The 

compound tetramethyl 1,2,4,5-tetrathian-3,3,6,6-tetracarboxylate has 

the formula Cio 84° Using the figures in Table 4 it can be shown 

that the calculated intensities of the M+1 and M+2 peaks are very 

close to the measured intensities (see following table). The molecular 

ion peak is arbitrarily assigned an intensity of 100. 

Comparitive Intensities of Peaks at M, M+1, and M+2 

  

  

  

Mass-~to-charge ratio Relative intensity 

Calculated Measured 

388 (M) 100 100 

389 (M+1) 14.32 14.1 

390 (1442) 19.2 19541         

There appears to be a difference between the reactions of thionyl 

chloride and disulphur dichloride with compounds containing an active 

methine group, e.g. 3-methylpentane-2,4-dione. This compound was 
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prepared in the hope that its reaction with thionyl chloride would be 

slower than that of acetylacetone with thionyl chloride. Acetylacetone 

reacted rapidly to give an oil which could not be completely purified, 

although there was ie indication that the product was some sort of 

polysulphide. When 3-methylpentane-2,4-dione was treated with thionyl 

chloride a red oil was obtained. An n.m.r. spectrum of the oil showed 

peaks attributable to the starting material and two new singlets at 

78.25 and t7.70. It is possible that the methine proton reacted with 

thionyl chloride to give a sulphinyl chloride. At the time further 

investigation was not thought necessary, but it is now suggested that 

the product formed was 3~chlorosulphinyl-3-methylpentane~-2,4-dione. 

rs 

Varennes 

soc] 

The product was not the sulphide, as this compound, di(1,1'-diacetyl) 

ethyl sulphide, was prepared by treating 3-methylpentane-2,4~-dione with 

disulphur dichloride. Analysis confirmed the structure as, 

ap 
| 

CH, COCCOCH, 
3 3 

S 
| 

CH,COCCOCH 
3 | 3 

“e 

When ethyl a-methylacetoacetate was treated with thionyl chloride 

at room temperature no reaction occurred. Heating for one hour at 

reflux temperature produced a red liquid which contained unchanged 

ester and another compound, probably ethyl a-chlorosulphinyl-a- 

methylacetoacetate. 

C 

CH hoes 
3 2 

OC1 
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The position of the asmethyl protons in the n.m.r. spectrum had moved 

downfield to t 8.20 and, as in the previous example, the loss of the 

methine proton resulted in the methyl peak changing from a doublet to 

a singlet. The acetyl protons also moved downfield to Tt 7.65. é 

When treated with thionyl chloride under reflux conditions, ethyl 

a-cyanopropionate gave a low yield of a compound which had an nmr. 

spectrum containing the expected ethyl triplet and quartet, but no 

other peak except a singlet at + 8.1. Once again a sulphinyl chloride 

structure would fit very neatly, the proposed product being ethyl 

a-chlorosulphinyl-a-cyanopropionate. 

_ 

CHL CCO Et 
re 
S0C1 

Before further analysis was possible the material started to darken and 

decompose. All attempts to repeat the experiment failed, however, 

because the Siti oc ey enetropiont te did not react again with the 

thionyl chloride. It was not known then, that pure ethyl cyanoacetate 

does not react with thionyl chloride unless a catalytic quantity of 

anhydrous aluminium chloride is added. It is possible that the first 

reaction was catalysed by some impurity in the reaction vessel. 

The identity of these proposed sulphinyl chlorides was never 

proven, but the evidence points strongly to the structures indicated 

above. Thionyl chloride has since been shown to give sulphinyl 

chlorides when treated with diphenylmethane (p. 21) and also a range 

of isopropyl ketones” ', 

The n.em.r. shift downfield of the methyl protons is, in each case, 

quite large and is shown in Table 8. This is in keeping with the 

elebtron-witharawing nature of the chlorosulphinyl group and consequent 

de-shielding of the nearby protons. The effect is particularly 

noticeable in the shift of the.a-methyl absorption. 
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Table 8. The Positions of the n.m.r. Absorptions of the Proposed 

Sulphinyl chlorides and their Parent Compounds 

  

  

  

  

Parent Compound t+ Values Sulphinyl Chloride 

a a! db b! 

du, cocoon 7.90 Ta TO 8.75 8.25 Socl E 3 e e ° \ © (a! ) 

CH, (Keto) (Keto) CH,CO-G-~COCH, 
(b) 7.80 8.15 cH, 

(Enol) (Enol) (b') 

Se COCHCO, Et 6 8 8.20 SOC1 | ) 8 e e e iy | 9 7.80 7-65 15 (at) ‘ 7 : 

H CH,CO-C~CO,Et 
(b) 3 5 Ce 

CH, 

(b') 

Be eae 8.45 8.10 ees 

CE, ae 

(b')             

The results of some experiments in Chapter 2 have a direct 

significance on the discussion of possible mechanisms and will be 

included in Chapter 5. 
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Chapter 5 

DISCUSSION. OF MECHANISTIC EXPERIMENTAL RESULTS 

5.1. A General Reaction Mechanism 

It was shown earlier that the reaction of compounds containing 

active methylene groups with thionyl chloride gave a variety of different 

classes of compounds which, at first sight, seem unrelated. This 

chapter is devoted to showing how a similar mechanism can lead to 

several different products, and that alternatives to the proposed 

scheme do exist. 

The first compound in this work treated with thionyl chloride was 

ethyl acetoacetate. As indicated in the introduction the expected 

product, ethyl 3-chlorocrotonate, was not obtained, but instead 

di(acetylethoxycarbonyl )methyl sulphide and ethyl a-chloroacetoacetate 

were formed. This fact indicated three cagbthie reaction pathways, 

(a) two reactions proceeding in parallel, (b) a reaction proceeding 

through a single intermediate which then gave two products or, (c) a 

consecutive reaction in which one product was formed from the other. 

Two parallel reactions may occur if there exists an equilibrium 

between thionyl chloride, sulphuryl chloride and sulphur dichloride. 

cieemnencenem 25001, = 50,01, + SCl,, sca oat e ee 

and 2scl, —— 9 8G + Cl, 6 Pe OS On ® 

Equilibrium (a) has been pisdkated?. whilst the sulphur chloride 

equilibrium (b) is Weliviagyrtc As di(acetylethoxycarbonyl )methyl 

sulphide may be prepared by the action of sulphur dichloride or 

disulphur dichloride on ethyl acetoacetate, while the a-chloro 

compound is easily formed from the keto-ester and sulphuryl chloride, 

the proposed equilibrium may well explain the experimental results. 

At room temperature the equilibrium (a) is well over towards the left 
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and so it is usual to add copper powder to the system to act as a 

catalyst. However, even if only a small percentage of sulphuryl 

chloride and sulphur dichloride reacted with the ester, the 

equilibrium position would still be continually shifting from left to 

right. Although possible, the idea was discounted when -the results of 

a reaction with a mixture of disulphur dichloride and sulphuryl chloride 

were obtained. The results are further discussed on p. 76. 

It seems very likely that thionyl chloride itself is the attacking 

species and that it participates in an electrophilic attack on the 

‘ enolic form of ethyl acetoacetate. 

Ua’ a1 oe 
9 

yL0% \co,Bt e ‘VO, Et 

sees of cu 
ae 

By analogy with an alcohol, the chloride atom of the chlorosulphite 

could attack the carbon atom of the double bond and give ethyl 

4-chlorocrotonate. 

CH Hi. CHA yz 

nc eS 3) ee 
J, \00,Bt é ci’ 00, zt 

oi aa 

This was not observed, but a similar attack by the sulphur atom would 

yield a sulphinyl chloride. 

CH CH 
ono i p-f-00,3 

%) COpEt 0” 
0 

0” ~ 
Cl 

Cl 

That this occurs is by no means certain and it may be argued that the 

enolic form could function similarly to an enol-ether, and hence, 
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thionyl chloride could add directly across the double bond. 

Gi, oe CH, CH 
Mace S095 no-p3é-co we BL, p-p-00 nt 

HO ‘CO,,Et c1 Socr 0% Bock 

This particular route is quite an attractive alternative to the 

chlorosulphite mechanism since the enolic species posseses a double 

bond suitably polarised to favour the suggested mode of attack by a 

positively charged species, i.e. 

CH H C i, V+ 8 None ho! 
HO on HO c-0 

Et OEt 

*s0c1 

It is possible that ethyl a-chlorosulphinylacetoacetate is an 

unstable intermediate which then reacts with another molecule of ethyl 

acetoacetate. Once again the reaction pathway is not clear-cut. If 

the chlorosulphinyl species attacks the electrophilic a-carbon atom, a 

sulphoxide will be formed. which could then be reduced to the sulphide 

by a molecule of thionyl chloride. A reduction of this type has been 

17 
reported ', although no mechanism was proposed. The following scheme 

may now be suggested. 

CH, COCHCO, Et 
CH COPECO, Et + [cu,cocuco, pt] u* eee SP) Oe 

At CH, COCHCO, Bt 
a Ui 

CH, COCHCO, Et + CH,COCHCO, Et 
SMo>| 7 48-0-oc1jcr™ SO, 2 ; . 

CH, COCHCO,Bt ~Cl CH,COCHCO, Bt 

When working with § -keto-sulphoxides, Russell" proposed that a 

chloride ion attacked the a-carbon atom of the intermediate species and, 

by loss of hydrogen chloride and sulphur dioxide, an a-chlorosulphide 
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was formed. Since the ethyl acetoacetate reaction produced no a-chloro= 

sulphide, an alternative scheme could involve the loss of a chloro~ 

sulphonyl cation followed by combination with a chloride ion to give 

sulphuryl chloride. 

Gsodi” 4017 Ss $0,C1, 

Formation of sulphuryl chloride in the last stage of the reaction 

would account for the formation of ethyl a~-chloroacetoacetate. 

Ethyl acetoacetate is present in larger quantities than the sulphide 

product during don’ of the reaction and so sulphuryl chloride will be 

more likely to se with the unchanged starting material. 

If the sulphinyl chloride intermediate attacks another molecule 

of ethyl acetoacetate at the enolic oxygen rather than the a-carbon 

atom, and the intermediate thus formed is attacked by a further 

molecule of thionyl chloride, the product will still be a sulphide and 

sulphuryl chloride. 

CH, COCHCO, Et CH, COCHCO, Et 

oo” eS Sy 
ea No 
0 CH, C=CHCO Bt 

CH, C=CHOO,Bt 

CH, COGHCO, Et H_COCHCO, Et soci, .| “Hs at we} ) = 280,01, 5 ae 
Or /' ‘o-S0C1 ” cu,cobico bt 

Cli, “te CO,Et 

The mechanism seems more probable because attack of an electrophilic 

sulphur atom on the lone pair of electrons of the oxygen atom will be 

preferable to nucleophilic attack by a carbanion that is present in 

aes small quantities. 

It was thought that blocking the hydroxyl group of the enolic 

tautomer, by replacing the hydrogen atom with an alkyl group, would 
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provide some useful information if such a compound was treated with 

thionyl chloride. If the reaction occurred by addition across the 

carbon-carbon double bond, then the reaction would proceed as before 

whereas attack at the hydroxyl group would be stopped. Ethyl 

3-ethoxycrotonate, an enol ether, was prepared and treated with 

thionyl chloride. The reaction was rapid and a reddish-black tar was 

the only product obtained. Obviously the enol ether was reacting in a 

different manner from the normal enolic ester. Thus it may be 

concluded that ethyl acetoacetate probably reacts through the 

hydroxyl group of the enolic tautomer, the intermediate product being 

an unstable chlorosulphite as described earlier. The reaction is 

surprisingly slow when compared with some other reactions of thionyl 

chloride with compounds containing hydroxyl groups (e.g. alcohols). 

The slowest step is likely to be the formation of the enol. Ethyl 

acetoacetate can be isolated as the pure keto tautomer by distillation 

in a quartz apparatus and remains stable for some time if no. aecd or 

base is present to catalyse the tautomerisation. With this in mind 

it is feasible that Shiouyi chloride reacts with the enolic form as 

soon as it is formed but the rate determining step is the rate at 

which the enol becomes available for reaction. The sequence of the 

reaction is shown below. 

CH,COCH,CO,Et 22°» CH C=CHCO,Et RCE ee 

| CH,GaCHCO,Et + S0CL, pees. CH,COCHCO,Et + HCL 
ou $oc1 

CH, COCHCO, Et 
-CH,COGHCOREt + CH, aCHCO, Bt + S0C1, fast, rs Cory 50,01, + HCL 

$001 H CH, COCHCO,.Et 3 2 

The idea is further substantiated by the observation that a catalytic 

quantity of pyridine markedly increases the rate of reaction. Pyridine 
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acts as a base and catalyses the tautomerism step. The rapidly formed 

enol then reacts with thionyl chloride before reverting back to the 

keto form. ‘Thus the overall reaction is very much faster. 

CH,COCH,CO,Et + B ——> CH, COCHOO, Bt + HBY 

CH. C-CECO_Et ————> CH_CaCHCO.Et 
A e 3% ‘ 

+ 

CH,C=CHCO,Et + HB -——}» CH,C=CHCO,Et + B 
a Sb? 

B =a base, e.g. pyridine. 

Ethyl a-chloroacetoacetate is formed from di(acetylethoxycarbonyl) 

methyl sulphide by treatment with thionyl chloride at room temperature. 

The reaction is not clean and leads to a dark green oil from which the 

a-chloro compound may be extracted. This reaction is not thought to be 

the main source of ethyl «-chloroacetoacetate, as chlorination of the 

keto-ester by sulphuryl chloride, produced in the reaction, seems more 

likely. Although sulphuryl chloride reacts with the sulphide by 

removing both enolic protons, the rate is slow compared to the rate 

of reaction with ethyl acetoacetate. The formation of a green, and 

eventually black, oil in the thionyl chloride reaction mixture itself, 

clearly results from the decomposition of the sulphide in the presence 

of thionyl chloride. This also causes the low overall yield of 

sulphide (25-35%), as longer reaction times merely result in the 

decomposition of the sulphide. 

It was found that both methyl and ethyl acetoacetate gave very 

similar products when treated with thionyl chloride and hence it was 

decided to study the reaction with other enolic compounds. ‘The 

success with those compounds having a high enolic content was limited 

however. In most cases the reaction yielded complex tars, but there 

are indications that sulphides, polysulphides and sulphinyl chlorides 
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87 
are formed with certain compounds . Those compounds with low enol 

content, however, showed great potential and a study of the reaction of 

these compounds occupied the major part of this work. 

It was found that ethyl cyanoacetate gave diethyl dicyanofumarate 

in good yields when treated with thionyl chloride, and that diethyl 

malonate also yielded the corresponding tetra~substituted alkene. 

Consideration of the list of compounds in Table 1 led to further 

investigation of various different compounds. The list of products 

obtained is given in Chapter 4 (Table 3). 

There was still doubt as to whether the attacking species was 

thionyl chloride or some other sulphur chloride. The matter was 

resolved by taking a mixture of sulphuryl chloride and disulphur 

dichloride, and adding it to diethyl malonate. If disulphur dichloride 

reacted much faster than sulphuryl chloride, by adding 0.1 mole 7 

quantities of each reagent to 0.1 moles of diethyl malonate, no diethyl 

a@-chloromalonate would be formed and no information would have been 

obtained. The products did, in fact, include both the chlorinated 

compounds and tetraethoxycarbonylethene showing that sulphuryl chloride 

and disulphur dichloride react at fairly comparable rates. If an 

equilibrium existed between thionyl chloride and the above reagents 

there would inevitably be a similar mixture of products when diethyl 

malonate was treated with thionyl chloride. As only the tetra~ 

substituted alkene was obtained it may be concluded that it is formed 

as a direct result of attack by thionyl chloride on dfethyl malonate. 

It was not known if the reaction mechanism involved an enolic 

intermediate, since both ethyl cyanoacetate and diethyl malonate have 

measurable enol contents. It was found that both malononitrile and 

phenylacetonitrile yielded the appropriate alkenes on treatment with 

thionyl chloride. A keto-enol tautomerism is not possible in these 

cases but an imine may appear as the reactive species. 
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PhCH,CN ¢——) Ph¢=C=H 
H 

‘AL Ghouati a mechanism may be postulated for the preparation of a 

chlorosulphinyl intermediate via this route, it seems unlikely. 

Furthermore, the formation of a thiiran and a sulphinyl chloride, as 

probable reaction intermediates, from the treatment of diphenylmethane 

with thionyl chloride cannot take place via some form of tautomer. It 

would seem that the main requirement for reaction is a carbon-acid 

strength that is sufficient to allow thionyl chloride to remove a 

proton under the reaction conditions. 

An interesting preparation of tetraethoxycarbonylethene from 

diethyl a-bromomalonate and sodium trichloroacetate was reported by 

Krapcho and Huyffer?”. They proposed a mechanism which could have been 

applicable to the thionyl chloride reactions and so it will be discussed 

briefly. 

Br-CH(C0, Bt), + CCl, ara Br-C(CO, Et), + CHCL, 

Br-C(C0,Et), + BrCH(CO, Et), ——> (Et0 C),¢-¢ (Co Et), + Bro 
H Br 

2 2 

— (Bt0,C) C=C (CO,Et), + CHCl, + Br 
3 

(Et0,C),C-C(CO,Et), + CCl 2 af a aie 3 

A aintier scheme could be proposed assuming thionyl chloride was able 

to act as a base in the same way as the trichloromethyl ion in this 

reaction. The second stage of the reaction would involve the formation 

of tetraethyl ethane-1,1,2,2-tetracarboxylate and the loss of a hydride 

ion. This is unlikely, as is the next step where a molecule of 

hydrogen would have to be eliminated rather than a molecule of hydrogen 

bromide. Before the idea was dismissed, however, the intermediate 

alkane was prepared by a known route and treated with thionyl chloride. 
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No reaction occurred, as expected, and the mechanism was discounted as 

highly improbable. 

The most feasible first step in the reaction is the formation of 

@ sulphinyl ee but it is unlikely that it is produced by the 

reaction of thionyl chloride with a carbanion, formed from the 

starting compound by loss of a proton. i.e. 

>cH, ——> >cu™ + ut S0CLS_sscHsocl + HCl 

Several attempts were made to trap any such carbanion that was formed, 

by adding to the system a compound that readily forms a carbonium ion, 

for example, benzyl bromide or triphenylmethyl bromide. It was hoped 

that a compound resulting from the interaction of the oppositely 

charged ions would be recovered from the reaction mixture. For 

example, diethyl benzylmalonate would be found using benzyl bromide as 

the trapping agent. 

- i 7 x (Et0,¢),cH +, PhCH —-> (Et0,C) ,CHCH,Ph 

Such a compound should be fairly easy to isolate from the rest of the 

reaction products and readily detectable by n.m.r. spectroscopy in the 

presence of other reaction products. Diethyl benzylmalonate would have 

two new absorptions in the region +t 6-7, one a triplet and the other a 

doublet. In no case was there any evidence for the existence of a 

carbanion intermediate. 

Since no a~substituted compounds were found it is reasonable to 

suggest that the carbanion does not exist as a capturable species. 

Thionyl chloride will be polarised, C150, and hence will probably 

attack the slightly negatively charged methylene group with subsequent 

loss of hydrogen chloride and formation of a sulphinyl chloride. 

Alternatively, the acidic proton may be removed by the oxygen atom of 

the thionyl chloride, followed by attack of the positively charged 

~15—



  

sulphur atom of the protonated thionyl chloride on the methine group. 

——) >€H + H-0-3-cl ——» SCHSOC1 + HCl >CH, + SOC1 
Cl 

2 

It is envisaged that the two charged species exist together as an ion 

pair and hence no interaction with a carbonium ion can occur. The 

actual mechanistic pathway probably falls somewhere between the two 

alternatives and it would be unwise to propose one version in preference 

to the other. 

There is little doubt that a sulphinyl chloride is the first 

formed intermediate. These compounds are well-known derivatives of 

sulphinic acids and have been prepared by a number of routes although, 

until now, it was ccmmon to use thionyl chloride only when it was 

desired to convert a sulphinic acid or its metal salt to a sulphinyl 

chloride. Although generally unstable in air and moisture, they are 

stable in a sealed tube at 5°C. It was not possible to detect a 

sulphinyl chloride in a reaction that yielded an alkene due, 

presumably, to its instability. However in cases where the sulphinyl 

chloride is relatively stable it may be isolated and this has been 

achieved in the reaction between diphenylmethane and thionyl chloride, 

and in some other work on isopropyl ketones”, 

From the study of two sulphinyl chlorides, chlorosulphinyl- 

diphenylmethane and methyl 2-chlorosulphinylpropionate, it was shown 

that the methine proton on the carbon atom adjacent to the chloro- 

sulphinyl group appears at about + 4-5.5 in the n.m.r. spectrum. By 

following the course of the reaction of ethyl cyanoacetate and thionyl 

chloride, using n.m.r. spectroscopy, it was hoped to detect a proton 

in this region. It turned out to be impossible, however, and only 

igri of the starting materials and the end product were observed. 

As it is probable that a sulphinyl chloride is an intermediate in the 

reaction, the reason for its non-appearance in the spectrum must be 
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due to its low concentration compared with the other compounds present. 

The fact that only a low concentration of an intermediate is 

present can be explained in a logical qualitative way. If the 

intermediate is a reactive species then, naturally, it will react at 

a rate that is comparable to its rate of formation and, hence, very 

little will be present at any one time. It is possible to calculate 

the quantity of intermediate present in a series of consecutive 

reactions and a brief example is given here. The treatment is that 

94 
given by Benson” " for two consecutive second-order reactions. This 

particular case has been chosen because of the proposed E2 elimination 

of hydrogen chloride from a sulphinyl chloride to give a sulphine. 

If this postulate is incorrect then an alternative treatment is 

required but the presence of a low concentration of sulphinyl chloride 

can still be demonstrated. The reaction scheme may be written as 

A+B -3t5 0c 

Bo do —*a-5-D 

A = methylene compound; B = thionyl chloride; C = sulphinyl chloride; 

D = sulphine; k, and ky are the rate constants. 

The following differential equations are then applicable 

Ch) Ga. 
at “Kk, AB 

(2) aB Sy = WK AB - k,BC 

(3) ac GB 2dk 
de Kye Ses eee 

(4) ap aB aA 
at oe eS ae 

The capital letters A, B, C and D are concentration terms. Using 

standard procedures, the four differential equations can be solved 

to give the expression | 
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, : Kas where K = kA /k, 
Cm en tm fe 

° E-4 and A = A when t = 0. 

The term A/S is related to the extent of the reaction, e.g. at the 

half-way point, half of the starting material will have been consumed, 

then, 

A 

and os 4 

By changing the value of A/A, a series of values for CK/A can be 

obtained which, if plotted against the extent of reaction (1 - A/A,)» 

result in a series of curves for different values of K (Fig. 9). 

When Ko is considerably larger than k, (K = 50) a constant value 

of CK/A is quickly reached and remains for the entire reaction. When 

K = 50, CK/A = 1.02 and C/A is approximately equal to 0.02. In real 

terms this Oana! that the concentration of intermediate, C, is only 

2% of the value of the concentration of starting material, A. Since 

starting material is being continuously consumed, to maintain a constant. 

value of CK/A, the amount of intermediate will decrease along the flat 

part of the curve. As K decreases the amount of intermediate present 

at any one time increases and this may be seen by considering the 

curve for K=10 at the point where it cuts the curve for K=50. At that point 

exactly the same amount of A has been consumed and the ratio,CK/A is the same. 

ise. when K = 50 and A & al 

then C,K — 50C ‘ 
eS 1! = constant 

at A 

also when K = 10 and A = al 

then €,K _ 10C 
2 2 = constant 

erat 

therefore 10C, ze 50C, 
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Fig. 9 Concentration of intermediate in consecutive reactions.



If the calculation is continued then, when K = 1, (C = C;) and K = 0,1, 

(C = Cy) for a particular value of CK/A, (Fig 9) 

= 1.8C 908, = 10C = 0.750 
2 3 & 

These figures indicate the marked increase in the concentration of an 

intermediate (relative to A) as K decreases, and it is only as the 

value of K begins to approach unity that the chance of detecting the 

intermediate becomes significant. When the sulphinyl chloride is 

relatively stable the second reaction, 

B +c —Xo5 D 

will be much slower than the first so that kD Ky and the intermediate, 

C, will increase in concentration and be the only product, i.e. the 

reaction will give a sulphinyl chloride and very little else. 

On treatment with a base, usually triethylamine, sulphinyl 

chlorides lose hydrogen chloride to give compounds collectively known 

as sulphines,. 

SCH-SOC1 + Et,N ——> >C<S=0 + Et,N.HC1 
3 3 

72 This was originally shown by Sheppard’~ and has been enlarged upon by 

Strating et soe It is proposed here that thionyl chloride can act as 

a base towards the labile methine proton of the unstable sulphinyl 

chloride, and remove hydrogen chloride, probably in the form of an E2 

elimination reaction. 

bs 
| RE a EY H-0-BCt +o" 
& 401 

Sc1 

H-0-Sc1, + C1” ——» SOC1, + HCl 

95 It was reported by Sheppard that the sulphine he prepared from 

9-chlorosulphinylfluorene was unstable when heated, and at its melting 
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point a large percentage of it gave 9,9' -difluorenylidene. 

tee 

Old = 
By analogy, it is reasonable to propose that a less stable sulphinyl 

    

chloride, such as those used in this study, might decompose readily 

at the temperature of refluxing thionyl chloride (80°C) to yield a 

tetra-substituted alkene. 

Sulphines on treatment with certain compounds give adducts”?; 

one such compound is 3,4,5,6-tetrachloro-1,2-benzoquinone which adds 

across the carbon-sulphur double bond. 

; Cl x! 

Bet oused e0° a Ear 
R b 

0 Cl 
Cl Cl Cl 

Gl Cl 

“It was thought that this principle could be applied to trap the 

sulphines proposed as intermediates in the thionyl chloride reactions. 

When a small amount of the benzoquinone (about 5% of the total weight 

of reactants) was added to a refluxing mixture of thionyl chloride and 

diethyl malonate the red colour of the benzoquinone disappeared within 

ten minutes. When a stoichiometric amount of benzoquinone was used, 

however, the red colour remained and the only isolatable compound 

different. from the starting materials was tetrachlorocatechol., A 

possible explanation is that the experiment worked with a small 

quantity of quinone but that there was insufficient adduct to be 

isolated, whereas with larger amounts of quinone complications may 

a



have arisen, altering the course of the reaction. Sulphines are 

reactive compounds and it is possible that two molecules will react 

with one another more rapidly than they react with any form of trapping 

species that is added to the reaction mixture. The harsh reaction 

conditions (thionyl chloride at 60°C) may decompose any adduct that 

happens to form; if a lower temperature could be used, success would be 

more likely. 

When deoxybenzoin was treated with thionyl chloride it yielded 

a thiiran. 

PhCOCH,Ph + SOCL PhCO.,__.-Ph GS Serre 
Ph7 ‘SS -COPh 

a! This is precisely the same product as that obtained by Kresze~' when 

he treated deoxybenzoin with p-toluene-N-sulphinylsulphonamide 

and anhydrous aluminium chloride. 

CH,C,H,S0,N=S=0 + PhCOcH,Ph “1°15, Pncoy,_,Ph_ + CHC, H,S0, NH 
cee - pr“s*\con 27°94 2 2 

He proposed a reaction sequence in which a sulphine was initially 

formed and then dimerised to give a cyclic intermediate followed by 

loss of sulphur dioxide to yield a thiiran. 

2PhCCOPh ——» PhCO Ph W902 PHCO\,_,-Ph 
Ph-C C-COPh Ph7“S”"cOPh 

‘ORo 

The formation of a sulphine as an intermediate in this reaction is 

perfectly feasible since the sulphinyl structure (=S=0) is present at 

the beginning of the reaction and a simple scheme can be devised to 

show that it may be transferred to the deoxybenzoin structure. (Ar 

represents the group CH,C,H,S0,.) 
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Ph—G*H + 5 ——> |Ph—O” H'| + [48 
 phco he Phoo N 

Ar Ar 

H 
\y a hs @ _— Ph—(=Se0 + ArNH, 

NH Phcoo 

Ar 

If the two molecules of the sulphine dimerise, a cyclic structure will 

be formed which is unlikely to be very stable. Although the preparation 

of 2-ox0-1,2,5-oxadithiolans does not seem to have been reported, a 

slightly more stable ring, 2,5-dioxo~1,2,5-oxadithiolan or ethane- 

disulphinic anhydride, is known”! , | 

The loss of sulphur qieside from a 2-o0x0-1,2, 5-oxadithiolan 

resulting in a thiiran is a very likely event and it is envisaged as 

the next step in the reaction pathway. This type of reaction is well 

98 
known’~ when the species being extruded is stable e.g. sulphur 

dioxide or carbon dioxide. 

Another common extrusion reaction is that of sulphur from a 

thiiran to give an alkene, often accomplished by heating the material, 

although sometimes reagents such as triphenylphosphine are used. At 

the temperature of refluxing thionyl chloride (about 80°C) enough heat 

would probably be available to extrude sulphur from the thiiran to 

give an alkene. When the intermediate thiiran is stable, an alkene is 

not obtained from the reaction mixture. This is the case with 

diphenylmethane and deoxybenzoin, both of which yield thiirans on 

treatment with thionyl chloride. 

There is also the possibility of a direct reaction between two 

molecules of a sulphine to form an alkene without passing through the 

oxadithiolan intermediate. previously proposed. This entails the loss 

of two sulphinyl groups (S=0) which would disproportionate to sulphur 
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dioxide and sulphur. Sulphur monoxide (SO) is known to exist and 

disproportionate in this way. Its appearance in chemical reactions 

has been proved by trapping it with 2,3-diphenylbut-2-ene””. The 

following sequence < suggested to explain the appearance of an 

alkene. 

N\ fa SA ae = 
7C5S=0 S0 a 50, Sca0% + $0 

250 ——> 50, +5 

Such a mechanism would explain the evolution of sulphur dioxide and 

loss of sulphur that occurs when alkenes are prepared, but it would 

not explain the production of thiirans. The possibility of the 

sulphines dimerising to give a four-membered ring (analogous to the 

dimerisation of ketene) has also been considered but will be dealt 

with in Section 5.4. 

The evidence to suggest that sulphinyl chlorides and thiirans 

were reaction intermediates in the preparation of alkenes from 

thionyl chloride and compounds containing active methylene groups was 

not conclusive. It was decided that these intermediates should be 

prepared but, as described in Chapter 4, neither of them could be 

made from diethyl malonate or ethyl cyanoacetate for a variety of 

reasons. It was possible that the problem could be tackled in 

another way, namely the use of different starting materials. 

The first compound used for the new approach was fluorene. It 

has already been described how an alkene was produced when 9-sulphino~ 

fluorene was heated. Since 9-chlorosulphinylfluorene is fairly easy 

"to prepare, from 9-lithiofluorene and sulphur dioxide, it was decided 

to experiment with this.- It was anticipated that treatment of 9-chloro- 

sulphinylfluorene would yield either a thiiran or an alkene, or both. 
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s0C1 S0C1., ) 

      

  

Ss0C1 

    

  

Unfortunately, the sulphinyl chloride was too stable to react with 

thionyl chloride and so no further evidence for the theory was 

gained. It was not considered useful to prepare the sulphine, by 

treating the sulphinyl chloride with triethylamine, and then see the 

effect of thionyl chloride on the sulphine. It was already known that 

the alkene resulted from heating the sulphine 99, and its preparation 

using thionyl chloride would not be a conclusive experiment. 

It is known that thionyl chloride gives sulphoxides in some 

100 ' 

reactions and it was reported that fluorene gave 9,9 ~-difluorenyl~ 

sulphoxide when treated with thionyl chloride and anhydrous aluminium 

+ SOC1, es ink 4 . 

“BT s 

chloride. 

n
=
O
 

     



If this was true, an interesting new reaction would have been open to 

investigation. The paper gave no experimental conditions and no 

yields. The evidence for the structure was a change in its melting 

point after treatment with hydrogen peroxide, presumably proof of an 

oxidation from a sulphoxide to a sulphone. Several attempts to repeat 

the preparation resulted in approximately 95% yields of a brown, 

infusible solid. The infra-red spectrum of the material indicated that 

it was a polymer but no further work was attempted on the reaction as 

it was deviating from the purpose of the experiment. 

Having found that 9-chlorosulphinylfluorene did not react with 

thionyl chloride, another starting material was sought. The reason why 

a sulphinyl chloride had not been made from diethyl malonate was that 

both the thiol and the disulphide needed for the preparation were 

unstable. What was needed was a compound similar to diethyl or 

dimethyl malonate in some way, but that had a stable thiol; such a 

compound is methyl propionate. Replacement of one alkoxycarbonyl 

group by a methyl group is sufficient to stabilise the thiol and 

render the parent ester stable to treatment with thionyl chloride. 

Methyl 2-chlorosulphinylpropionate was prepared and treated with 

thionyl chloride under gentle reflux conditions for twenty~four hours. 

Subsequent analysis of the product showed that the major component 

was dimethyl dimethylfumarate. The scheme can be written as follows. 

,. several 

[se 
CH CCO,.Me 

3 I) 2——> Me0,CCCH, 
sO0Cl 

Development of this particular route may be useful in synthesising 

tetra~substituted alkenes from compounds that do not react directly 
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with thionyl chloride. . 

The overall reaction sequence suggested for the preparation of 

alkenes, from compounds containing active methylene groups by treatment 

with thionyl chloride is summarised below. 

CH, + SOC1, HCL 5 scusoci EEA pp0n8=0 

3 -SO -S 7 4 250-520 ——> S_ ye ee 

No single reaction has been found which shows every step described 

above, but enough evidence from several different reactions points to 

the series of events just discussed. When diphenylmethane is treated 

with thionyl chloride, the major product is ah lonomal pHinylds phony) = 

methane. There is also a small amount of tetraphenylthiiran produced 

which can also be prepared treating chlorosulphinyldiphenylme thane 

with thionyl chloride. 

Ph. ven 
+ S0C1, > Ph,.CHSOC1 + PhP 

Ph,CHSOC] + SOC1 at 
2 2 

PhCH, 

It is thus reasonable to suppose that the sulphinyl chloride is a 

stable reaction intermediate in this particular case. The preparation 

of two thiirans, from deoxybenzoin and diphenylmethane, is a good 

indication that the proposed mechanism involves a thiiran intermediate 

even though it was not possible to prepare and treat the thiiran 

derived from diethyl dicyanofumarate. Methyl propionate was useful 

because its similarity to the malonates and cyanoacetates makes direct 

comparisons with such compounds more meaningful than, for example, the 

comparison of the reaction of thionyl chloride and diphenylmethane 
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with the reaction of thionyl chloride and dimethyl malonate. The 

reaction of 2-chlorosulphinylpropionate with thionyl chloride to give 

an alkene is a reasonable indication that other compounds containing 

active methylene groups react through sulphinyl chloride intermediates 

to give tetra~-substituted alkenes. 

The arguments put forward in this chapter, up to this point, have 

given a very strong indication that a particular reaction mechanism 

exists but the possibility of a free-radical mechanism has not been 

considered. This aspect of the work together with some proposals 

about the stereochemistry of the reactions will be dicussed in the 

following sections. 

5.2. The Feasibility of a Free-Radical Reaction Mechanism 

Up to this point it has been assumed that the reaction mechanism 

involves purely ionic steps but, in this section, the possibility that 

free-radicals play some part in the overall scheme will be discussed. 

It is well-known that sulphuryl chloride is an efficient 

chlorinating agent and that it reacts by a free-radical mechanism. 

The overall equation for the chlorination of a saturated hydrocarbon is, 

RH + 50,01, ponent ROD. 50, + HCl 

The mechanism has been proposed to be similar to the chlorination of 

hydrocarbons by chlorine itse1r'°?, 

peroxide . 

50, + Cle 

RH + Cly- ——> R- + HCl 

Re + 50,C1, ——) RCl + 80,C1- 

The reaction is not quite as simple as this because. sulphuryl 
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chloride has been shown to be a more selective chlorinating agent than 

chlorine, This has been attributed to the possibility of an equilibrium 

between the chlorosulphonyl radical, sulphur dioxide and the chlorine 

radical. The chlorosulphonyl radicals would then be present in 

solution as distinct species in addition to chlorine radicals and 

hence selectively abstract protons !°?, 

S0,Cl* == SO, + Cl 

RH + SO,Cle ——> Re + HCl + SO 
2 2 

Re + S0,C1, eee ROL 50,Cl* 

47 Wyman et al. have used sulphuryl chloride to chlorinate compounds 

containing active methylene groups. They explained their results by 

suggesting that the relative reactivity of such compounds towards 

sulphuryl chloride is enhanced by electron-withdrawing groups around 

the double~bond of an enolic ttécued tate. i.e. 

SRR Ryo! + te electron-withdrawing 
HO Hi group 

The double-bond is polarised in this way and the electron pair is 

localised towards the abstracting carbon atom. The reaction of 

compounds containing active methylene groups with serpy! chloride is 

considerably faster than the reaction of hydrocarbons with sulphuryl 

chloride under similar conditions. Hydrocarbons usually require 

treatment with sulphuryl chloride at reflux temperatures in the 

presence of a peroxide initiator whereas compounds containing active 

methylene groups require no peroxide to be added and room temperature 

is sufficient to bring about a reattion. 

There is no obvious reason why thionyl chloride does not follow 

a similar route to sulphuryl chloride when added to compounds 
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containing active methylene groups. The first step would be the 

formation of chlorosulphinyl and chlorine radicals from thionyl 

chloride but then several alternative pathways are possible as shown 

below. 

SOCl, ——> SOCl+ + Cl oA 

R'-CH,-R" + Cle ——> R'-GH-R" 4 HCl os 

or R'-CH,-R" + SOCl) ——> R'-CH-R" 4 #S001 i 

. HCl + SO 

then, R'-CH-R" 4 socl, —— ees + SOClé os 

or R'-CH-R" + SOC1, ——-» R'-CH-R" + Cl: ys 
2 Cl 

These steps seem quite feasible, but a number of arguments may be 

proposed against such a mechanism. 

In equation (1), the initiation step, one of the differences 

between the thionyl chloride reaction and the sulphuryl chloride 

reaction lies in the nature of the products. 

S0C1,, >. SOCL*> + Cle -——-> 50 + 20l¢ 

sO Cl, En OU 9 oi* + Cle -— > 50. 4 200° 
2 2 

The change in enthalpy (AH) for the two reactions may be obtained 

using the published figures 4 for the enthalpies of formation 

(4H,) of the reactants and products since, 

AH, (products) - AH, (reactants) = AH 

Thus, for thionyl chloride, 

“92% 

e (4) 

(2a) 

(2b) 

- (3a) 

- (3d)



59.5 - (-59) = AH = 118.5 kcal/mole 

and for sulphuryl chloride, 

-12 ~ (-94) = AH = 82 kcal/mole 

Hence, the sulphuryl chloride reaction is energetically more favourable 

because of the formation of the more stable sulphur dioxide molecule 

rather than sulphur monoxide. 

If such a homolytic fission did occur in thionyl chloride, 

however, the next stages (2a and 2b) would be possible although 

equation (2b) is less likely because, once again, one of the products 

will be sulphur monoxide making the reaction less favourable than the equi- 

valent step in the sulphuryl chloride reaction. The second propagation 

step involves either equation (3a) or (3b). The chlorine abstraction 

‘reaction (equation (3a)) suffers from the disadvantage of having 

sulphur monoxide as a product, but even so seems more feasible than 

the rather unusual substitution reaction of equation (3b). 

| Other reactions are likely to occur in the termination steps, @.. 

the combination of two radicals. 

X-CH-Y + Cle 

  

oe 

This reaction, together with that in equation (3a), indicates that any 

free radical reaction occurring at this stage would almost certainly 

give rise to an&-chlorinated product as well as the ~sulphinyl 

chloride leading to the obtained alkene. Careful analysis of the 

reaction mixture from diethyl malonate and thionyl chloride showed no 

chlorinated compounds present. It was also found that very pure ethyl 

cyanoacetate did not react with thionyl chloride but the addition of 

aluminium chloride (only in catalytic quantities) started the reaction. 

This was useful in that it was a good indication that the initial stages 
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of the reaction were ionic. Further evidence was obtained by adding 

dibenzoyl peroxide to the reaction mixture. Peroxide did not initiate 

the reaction and thus it was assumed to be ionic rathee than free- 

radical. It seemed fairly certain that the first stage of the reaction 

was formation of a chlorosulphinyl cation which went on to attack the 

active methylene compound as explained in the previous section. 

S0Cl, + Alc, ——> faroa 1 “soct 

SCH, + [are 4] “soci* ——} “SCHsocl + HT’ + AlCl, 

In an effort to induce a free-radical reaction, thionyl chloride. and 

ethyl cyanoacetate were dissolved in redistilled decalin and heated 

at 100°C for twelve hours. It was thovght that a high temperature and 

a non-polar solvent would favour a Gescupliical rather than an ionic 

reaction. Dibenzoyl peroxide was added to the stirred mixture but the 

only product isolated was diethyl dicyanofumarate. The products of 

the reaction were 95% unchanged starting materials and 5% of the 

alkene. As explained earlier, a radical reaction should give rise to 

some chlorinated products, but none was detected. | 

The experiments just described suggest an ionic mechanism for the 

formation of a sulphinyl chloride. The next steps in the proposed 

mechanism could still be free-radical however. Sulphur dioxide is 

evolved in the latter part of the reaction and the measure of the rate 

at which it is evolved from the solution was investigated. 

If sulphur dioxide is evolved as a result of the following 

sequence, 

> = - >cusoc1 #22 y>c.s20 ae eS meee 
=O 

any change in the rate of reaction of the first two steps, brought 
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about by the addition of free-radical initiators or inhibitors to the 

reaction mixture, will be apparent from a study of the graphs of 

sulphur dioxide evolved plotted against time. The addition of a free- 

radical trap would result in an induction period caused by the 

intermediates combining with the radical trap. Once all the inhibitor 

had been consumed, however, the reaction would proceed normally to 

evolve sulphur dioxide at the same rate as a non-inhibited reaction. 

The resulting graph would look something like that shown below. 

Uninhibited Reaction 

So Inhibited Reaction 

  
  

Time — > 

The addition of a peroxide to the reaction mixture should have the 

opposite effect. The moment an intermediate is formed a radical 

species is present which is able to convert intermediates into 

reactive free-radicals. Thus, cere ee dioxide will be formed more 

rapidly as shown below. 

  
  

 Paneide Catalysed 
Reaction 

t Non-catalysed 
80, Reaction 

Time — 
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As shown in Figs. 5 and 6 the addition of neither 2,3,5,6-tetra~ 

chloro-1,2-benzoguinone (chloranil) nor dibenzoyl peroxide had any 

effect on the sulphur dioxide evolution curves. Chloranil had to be 

used rather than the more usual inhibitors, e.g. benzoquinone, 

hydroquinone and phenols, because thionyl chloride reacts with such 

compounds, rendering them useless as inhibitors. 

As a result of these experiments it was concluded that all the 

stages leading to the formation of sulphur dioxide were ionic in 

nature. 

5e3- Discussion of Gas Evolution Experiments 

: The rate of evolution of gases from the straightforward reaction 

of ethyl cyanoacetate with thionyl chloride was measured as described 

in Chapter 3. No attempt was made to study the kinetics of the 

reaction in detail because of the complicated nature of the process. 

It is still not known what effect a solvent has on the reaction, and 

until a good method of following the kinetics is found, changing 

solvents and calculating rate constants from gas evolution studies will 

be of little value. 

Measuring the amount of sulphur dioxide evolved from the reaction 

between ethyl cyanoacetate and thionyl chloride had another use apart 

from the free-radical work described in the previous section. Although 

difficult to imagine how the reaction could proceed without the 

evoliena of sulphur dioxide, it was a possibility that had to be 

considered. The actual weight of sulphur dioxide evolved during the 

reaction was calculated from the iodine titrations and the figure was 

in close agreement with the theoretical weight. The yield of alkene 

was approximately 60%, and the yield of sulphur dioxide was within 5% 

of that figure on each occasion, the yield being calculated from the 

stoichiometric equation, 

2CNCH, CO, Et + 2s0Cl, —_ BOON ean + 4HC1 + S50, +S 

"SANG POCO, BS 
~96~ 
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The rate of evolution of hydrogen chloride was studied but little 

information was obtained because of the two-stage process in which it 

is produced, i.e. 

>CH, + socl,, —— > >CHSOC1] + HCl 
2 

>CHSOC] ———> >C=S=0 + HCl 

It was considered worthwhile plotting the evolution of hydrogen 

chloride in some meaningful way, however, and so the rate of decrease 

of the active methylene compound was studied by converting the quantity 

of hydrogen chloride evolved into the amount of active methylene 

compound consumed. The assumptions that follow are only applicable at 

the beginning of the reaction before any significant amount of hydrogen 

chloride is lost from the sulphinyl chloride. The molar concentretions 

of ethyl cyanoacetate and thionyl chloride were almost equal, and were 

assumed to be so, at the beginning of the reaction and it was also 

assumed that the volume of the reaction mixture (V) did not change. 

Thus, if 'a' moles of each reactant were present initially, after a 

time, t, 'x' moles of hydrogen chloride will have been evolved and 

the concentrations of the reactants and products will be, 

CNCH,CO,Et + SOC1, ——) CNCH(SOC1)CO,Bt + HCl 

a-x anx = = 
V Vv Vv V 

The rate equation for the production of a sulphinyl chloride is then, 

alcncH(soc1)co,Et] = -d[CNCH,CO,Et] = k [a-x]™ 
dt . aes: 

V is an arbitrary volume and therefore may be assigned the value, 1. 

The rate constant is k, and the order of reaction is n. 

It may be shown that for various reaction-orders, straight-line 
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relationships exist if certain functions of [a-x] are plotted against 

time. These are, 

ist order; ln[a-x] against t. 

3/2 order; 1/[a-x]2 against +. 

2nd order; 1/ [a-x] against t. 

The plots for the 3/2-order and 2nd-order reactions are shown in 

Figs. 7 and 8, since these were in good agreement with a straight 

line. In each oni the first seven points lie close to a straight 

line but the best agreement is the 3/2 order plot of 1/ fa-x]® against 

time. After the seventh reading the points no longer lie on the 

straight line indicating that errors due to assumed constant volume of 

the solution, plus additional hydrogen chloride from the second part 

of the reaction, begin to markedly affect the results. 

A straight line for a second order plot would mean that the 

following equation was true. 

~d [a-x]_ = k[a-x] ° 
at 

This may be put into real terms as, 

ae Et] = por co, x4] [soc1,] 

Ethyl cyanoacetate disappears in a reaction which is first order in 

both reactive species. The explanation is therefore in agreement with 

the mechanism already put forward i.e. electrophilic attack by the 

sulphur atom of thionyl chloride on the active methylene group. 

The possibility of a 3/2 order does not rule out this reaction 

mechanism however. It is likely that an equilibrium step appears 

before the main reaction and the scheme is set out below. 

socl, =K1=: soci* + c17 eae AT) 
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>cu, + soc1t —ko_»>cHs001 + Ht co ak 2 

BY 4 O17 es, Boh me. (3) 

It is assumed that the final formation of hydrogen chloride, equation 

(3), is fast and takes no part in any calculation of reaction order. 

Now, ~alcncy,co,Bt] = k, [socr*] [oncx,co,x¢] SIEM CONE 
dt . 

If equation (1) is an equilibrium step then the equilibrium constant, 

K = (soci ci], 
[5001] 

Since the two ions socit and Cl” disappear at the same rate, 

[soca*] a [cx] 

Then, K = [socit]? or [socr*] K? [socn, |? 
‘[s0c1,] OC, ] 

V
e
 

‘-afency co.Et] = KK [50 oc1, | [oxcu 300,Rt| 
de 

i.e. the overall apeay dG 3/2 order, but the formation of the 

sulphinyl chloride is still brought about by electrophilic attack of 

the sulphur atom on the active methylene group. 

It is unreasonable to use these results to confirm conclusively 

a reaction scheme, but it is possible to use them to support rather 

than invalidate the proposed mechanism. 

524. Stereochemical Consideration of the Formation of Alkenes using 

Thionyl Chloride Reagent 

In some of the reactions of thionyl chloride with compounds containing 

active methylene groups, the products formed could have been the cis- 

or trans-isomers of the particular product. This was the case with 

the alkenes formed by treating the cyanoacetates, phenylacetonitrile 

and methyl 2-chlorosulphinylpropionate with thionyl chloride. 
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In the reaction with deoxybenzoin the product was a thiiran instead of 

an alkene, but it could still have had a cis- or trans-configuration. 

The assignment of a particular configuration to the structures actually 

prepared was discussed earlier and so the remarks made on the stereo- 

chemistry in the following paragraphs are of a more general nature. 

In the reaction of ethyl cyanoacetate and thionyl chloride the 

major product of the reaction was diethyl dicyanofumarate (trans- 

isomer). When the progress of the reaction was followed using thin- 

layer chromatography, however, both diethyl dicyanofumarate and 

diethyl dicyanomaleate (cis-isomer) were detected. It was not possible 

to determine if one isomer was formed initially followed by partial 

isomerisation of the product or if both isomers were products of the 

reaction without any interference due to isomerisation occurring. The 

fact that the major product is the pa pies may be significant but, 

on the other hand, it is known that thionyl chloride catalyses the 

isomerisation of maleates to fumarates'?, 

If the reaction is stereospecific, the point at which the 

configuration is determined occurs when a cyclic intermediate is 

formed from two sulphines. 

a Si. ae i Y =. ve Loma Yen Se ee 

ee S { S Cad i 
\ Xs Oe SG 

Hence the stereochemistry of the cyclisation process must be preceded 

by a brief discussion on steric effects in sulphines. 

It is known that sulphines exist as cis- and trans~isomers |9, i.e. 

ee a 

d 
i and. 

5 

co j 
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If the group that is cis to the oxygen atom is large, there is a 

possibility that there will be repulsion between that group and the 

oxygen atom. Such an isomer would be energetically less likely to 

exist than the form in which the bulky group is trans to the oxygen 

atom. If, in the two sulphines depicted above, substituent X is a 

cyano group and the other, Y, is an ethoxycarbonyl group, the linear 

nature of the cyano-group means that there is no possibility of any 

steric hindrance between it and the oxygen atom where they are cis to 

enone This might not be the case when the ethoxycarbonyl group 

is cis to the Sxysed atom and so stereochemical models were constructed 

to observe any steric effects. The bond distances for sulphines were 

taken from the i Ptswatureo°; The two isomers are represented below. 

We > Ny es 

fe Bg 
ut og he 
cis ; trans 

Only in the case of the cis-isomer was there any close approach of 

the hydrogen atoms of the methyl group and the oxygen atom of the 

sulphine group. Close study of the stereochemical models suggests 

that steric repulsion is unlikely to be high enough to make one isomer 

less energetically favourable than the other. Hence the proportion of 

cis- to trans-sulphines formed would be approximately one to one with 

perhaps a slight excess of the trans-isomer. In the case where the 

ethoxycarbonyl group is replaced by a phenyl group, or even a 

methoxycarbonyl group, there would be no preference between the cis- 

and trans-isomers. 

Having established that there is no stereochemical reason why the — 

two isomers of the sulphine should not be present in approximately 
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equal proportions, 

they will cyclise. 

formation of a new 

combination of two 

it is necessary to try to predict the way in which 

It is envisaged that the first step is the 

sulphur-oxygen bond which is formed by the 

sulphines as shown below. 

Xx x a tes ta a 
I ts ] l 

+5, 5 8 

Ie ae a Oe 
The carbon-sulphur bonds both rotate through 90° to give the cyclic 

structure shown previously (p. 100). 

The formation of an intermediate four-membered ring was considered 

but it is thought that the strained nature of the ring that would be 

formed made the process unlikely. The mechanism would have to be as 

follows (drawing an analogy with the formation of a ketene dimer). 

oe Me ity ees wo 7 < xy G C si ad 7 o+4 f —» Jf Be 2» pe 
\, Ye Lae ve 

Nowy 
i 0 

Having decided that a five-membered ring is the most likely 

product, the nature of the ring closure can be discussed. To complete 

the ring the carbon atoms attached to the two sulphur atoms have to 

approach to within the distance of a chemical bond. If either of the 

groups X or Y is very bulky, this approach becomes rather difficult. 

Once again stereochewical models were used to simulate this process. 

The carbon-sulphur bonds have to rotate through 90° and the substituents 

X and Y move backwards so that the carbon atom may change from a 

planar (sp*) configuration to a tetrahedral (sp?) form. The direction 

of rotation of these groups may be predicted theoretically using the 
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Woodward-Hoffman rules 1°! and will be dealt with shortly. The first 

requirement, however, is to see what effect various rotations have on 

the final configuration of the product. One form of rotation is when 

both bonds are rotated through 90° in the same direction (conrotatory 

motion) i.e. 

KON EX Ces 

K
O
 

K
—
O
—
 

PS
 

Disrotatory is the opposite of conrotatory and the rotations are in 

opposite directions, i.e. 

s
O
 

=
O
 

If the effect of conrotatory motion is now shown on the semi- 

cyclised intermediates it can be seen that either a cis- or a trans- 

isomer may result. 

Conrotatory motions 

: iy 
cis sulphine + cis sulphine woe} xP — Fn eka 

; . k . 

™o7 

xX. oe 
trans sulphine + trans sulphine ~~» Lee hepa) 

S S 
eS 

0 0 

gt i 
cis sulphine + trans sulphine -——_) ror — ay ors. (69 

NSS 
0 0 

xX X 
o trans sulphine + cis sulphine ————~» rope gia CO) 

s Ss 
ah + 
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On elimination of sulphur dioxide the products in (a) and (b) woulda 

yield a cis-thiiran, and similarly (c) and (ad) result in the trans- 

thiiran. It follows that disrotatory motion will give products as 

shown below. 

cis sulphine + cis sulphine ————-} trans product (e) 

trans sulphine + trans sulphine ——->» trans product (f) 

cis sulphine + trans sulphine ———> cis product (g) 

trans sulphine + cis sulphine —> cis product (h) 

  

In the case where X is a cyano group and Y is an ethoxycarbonyl 

group there is a considerable amount of steric repulsion during the 

formation of the carbon-carbon bond, since both the groups’ lie in the 

same plane as the carbon atoms. Stereochemical models indicate that 

it is anlikel? that two ethoxycarbonyl groups wil] be able to approach 

close enough to enable the carbon-carbon bond to be formed. Hence, the 

cis plus trans combination (c or g) is ruled out. 

Xx YY xX 

1... ae a does not 

; d cyclise 

am \ 
eh \ 

If two cis-sulphines (a or e) or two trans-sulphines (b or f) combined, 

the two interacting groups would be different and if only one group was 

bulky there would be less opposition to this process. 

X noe Y 

Ck ae Moc cyclises 
| Le nr 
S 

a 

Both carbon-sulphur bonds would have to twist slightly so that one 

group was above and the other below the plane of the molecule. This 

is necessary to reduce steric interaction, to rehybridise to an sp? 
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carbon atom, and hence to bring about the necessary condition for 

cyclisation to occur. Cyclisation in this way will lead to a cis~ 

product when conrotatory motion occurs and a trans-product for 

disrotatory. 

The twisting action of the carbon-sulphur bonds just described is 

also necessary if two linear cyano groups interact (trans + cis 

cyclisation), However, the shape of this group is such that very 

little steric hindrance is possible, hence making this final 

alternative most likely. Viewing the structure from the side‘will 

give some indication of how such a process would work. 

oS na 

Be oi a cae ~ 8 

= N al 
ra 20, Bt 

5 ee ae 4 

Cc 

EtO,0—~ : ge 

It can then be seen that the only process now possible is conrotatory 

motion about the carbon-sulphur bonds resulting in the trans product 

indicated in equation (da). 

Although the most likely product of the reaction will be a trans- 

substituted ring there is a small chance that a cis=-product will also 

form. Disrotatory motion is very unlikely with any combination of cis- 

and trans-sulphines but conrotatory ring closure in equations (a) and 

(b>) is possible and will yield a cis-product. This explains the small 

amount of cis-alkene that was detected in the reaction mixture. 

Thus, in general terms the sulphines approach each other in such 

a manner that only the smaller groups sterically interact and ring 

closure is a conrotatory process with the smaller groups finishing in 

a trans-configuration with respect to one another. 

The trans cyclic intermediate loses sulphur dioxide and sulphur 
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to yield an alkene and it is possible that some rotation about the 

carbon-carbon bond may occur during the alkene formation. 

- ee Xx ue X 

re, RL ey oe + yor ony 
s Na AN ae a Be ae 

cis- and trans~alkenes 

If the rotation about the carbon-carbon single bond is fast, compared 

with the loss of sulphur dioxide and sulphur and the formation of a 

new carbon-carbon double bond, then some isomerisation will inevitably 

occur. It seems probable however, that if such a process did occur, 

the most stable product would predominate, in this case the trans- 

alkene. 

It was mentioned earlier that the preferred choice between 

disrotatory and conrotatory motion can be decided upon by application 

of the Woodward-Hoffman rules. Ina thermally induced cyclisation, 

the allowed processes are disrotatory for a 4n + 2 pi-electron system 

and conrotatory for a 4n pedelcotrdh avcun 

It is proposed that cyclisation of the two stl phine molecules 

occurs by the formation of a sulphur-oxygen bond followed by the attack 

of one carbon atom on another ee the ring. The major assumption 

in this argument is that the electronic structure of the non-cyclised 

intermediate does not have time to change significantly compared with 

the parent sulphines. This enables a large degree of pi-electron 

delocalisation to exist before the formation of the new carbon-carbon 

bond. The five atoms that constitute the ring may then be said to be 

apm hybridised, leaving eight pi-electrons delocalised around the ring. 

The difference in polarity of the two carbon atoms (see diagram, p. 102) 

will be minimised to a large extent and the Woodward—Hoffman rules then 

predict a thermal conrotatory cyclisation. This is exactly the same 
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conclusion as was drawn fron the previous paragraphs based purely on 

stereochemical considerations. 

The alternative to attack of the oxygen atom on a sulphur atom, 

as the initial step in a cyclisation process, is a 3 + 2 cycloaddition 

reaction. 

. \ . 
N. 
“e tot i 

de ~ slated { a 
0 

Such a process was Hot considered possible for two reasons however. 

Firstly, the polar nature of the sulphines makes it much more likely 

that electrophilic attack of the sulphuratom on the oxygen will occur 

before a concerted cycloaddition is possible. Secondly, such a process 

involves gix pi-olectrons allowing a disrotatory thermal ring closure, 

and this has already been shown to be stereochemically unfavourable. 

A very simple Huckel Molecular Orbital treatment of the semi- 

cyclised system confirms that a conrotatory process is feasible. The 

procedure used is outlined in a book by Murrel, Kettle and Tedder 108, 

Using their assumptions and symbols a set of secular equations may be 

obtained for the system shown below. 

00.0 0 9- 
“00000 

(1)(2)(3)(4)(5) 

(p = 1) xC, + C, = 0 

(p = 2) C, + xC, + C, = 0 - 

(p = 3) C, + x0, + C, “0 

(p = 4) Cz + xC, + C, = 0 

(p = 5) C, + xC, = 0 
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x = X-E = Coulomb integral 

p P= Resonance integral 

E = pi-energy integral 

«and p are defined for benzene, but in a system containing hetero- 

atoms these values have to be modified. For an atom X bound to a 

carbon atom the following equations apply. 

Xy roNe a HP onc 

B CX " Ko Pee 

The values of hy and Rio were obtained from the literature !°7 and the 

following secular determinant was then used to solve the set of 

equations above. 

x 0.8 0 0 0 

0.8 x 0.5 0 0 

0 0.5 xi 0.5 0 = 0 

0 0 0.5 x 0.8 

0 0 0 0.8 <     
For a general case y, = FC, f.. 

Solving the determinant provided the following equations. 

Wi, = 0.216, + 0.386, + 0.798, + 0.386, + 0.21f,3 E= X+ 1.478 

Vv, = 0.58, - 0.506, + 0.502, + 0.50.3 E= X+ 0.8 Pp 

Vv; = 0.58, + 0.296, - 0.558; + 0.298, + 0.51653 E = X+ 0.46P 

Vy = -0.56, + 0.56, - 0.5f, + 0.5853 E= X- 0.8 B 

Ve s -0.48, + 0.526, = 0.26f, + 0.520, - 0644853 E= X= 0.9 B 

The molecular orbitals may be represented diagramatically as follows. 
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There are eight pi-electrons in the systems and so if each orbital is 

filled (two electrons) then only the first four orbitals will be 

occupied. The Woodward~Hoffman rules are decided upon by considering 

the highest energy orbital that is occupied, in this case Vas 

he a 
OO OD 
es 

Vy 

Only conrotatory cyclisation will lead to a situation in which there 

is a positive overlap and hence formation of a new sigma-bond. The 

process is accompanied by a change of hybridisation of the carbon atom 

3 from sp- to sp’. 

1e€e 

ae eae 

OR” of ——> Cie ie -ON OES 2 a 

Thus, the combination of a trans- and a cis-sulphine has again 

been shown to yield a trans-product. 
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Chapter 6 ; . 

CONCLUSION 

The initial investigations carried out in this work were in many 

ways purely exploratory. It was found that the products of the reaction 

of thionyl chloride and compounds containing active methylene groups 

were dependant on the degree of keto-enol tautomerism exhibited by a 

particular compound. In compounds where the enol content was greater 

than about two percent the products were usually sulphides. This 

aspect of the work was not fully investigated but became the subject of 

a separate Ph.D. thesis !'9, 

In compounds containing less than one percent of enol-tautomer it 

was found that an alkene resulted on treatment with thionyl chloride. 

The reaction was developed into a useful synthesis of tetra~substituted 

alkenes! !', There is room for further development of the indirect 

route in which sulphinyl chlorides may be prepared by known methods and 

then treated with thionyl chloride to yield alkenes, and also the use 

of thionyl chloride to prepare sulphinyl chlorides directly in one 

step. : 

The mechanism of the reaction in which sulphides are prepared 

remains speculative as little time was spent on this topic. The 

mechanism of the formation of alkenes has been proposed with 

considerably more certainty however. The postulated mechanism has 

been fully discussed in Chapter 5 but some element of doubt about the 

exact route must inevitably remain until a cemplete study of the 

reaction kinetics has been made. A reliable technique of following 

each step of the reaction is required and this would allow a study of 

the effect of solvents and temperature on the reaction. The effect. of 

catalysts such as aluminium chloride and pyridine will also have to be 

investigated to give a complete picture of what is going on. It would 

be useful to-find a structure which is able to produce either a 
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sulphide or an alkene, depending on the reaction conditions, when 

treated with thionyl chloride. 

When the reaction is thoroughly understood it will be possible to 

predict which ikea tee reaction product will be obtained and also 

help in indicating the optimum reaction conditions. It is this last 

point which will be most valuable since the usefulness of thionyl 

chloride as a synthetic reagent is at present limited because of its 

tendency to produce intractable tars in the presence of some organic 

compounds. 
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Appendix I 

Digico Micro 16 Program for Calculating the Weight of Sulphur Dioxide 

Evolved (see Section 3.2.1.). 

10 ASK I,S 

20 SET S1=0 

30 SET VOL=51 

40 TYPE! " X So SI+so",! 

50.ASK X; IF (X),120,120,60 

60 SET NEW I=X*S/10 

70 SET VOL=VOL-1 

80 SET SO=(32*VOL*(1-NEW I))/100 

90. SET IsNEW I 

100 TYPE % 5.04," "SO," ",S0+S1,! 

110 SET S1=S0+S1 

115 GO 50 

120 QUIT 

KM u Normality of iodine solution. 

~”
 

" “Normality of sodium thiosulphate solution. 

X = Volume of sodium thiosulphate. 
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Appendix II 

Digico Micro 16 Program for Calculating the Weight of Hydrogen 

Chloride Evolved (see Section 3.2.2.). 

10 ASK Y,4% 

20 SET HC1=03; SET Ni=03; SET V=2505 

25 TYPE! "KCNS AGNO3 HC1/ALI TOT HC1 LOG 1/HC1 " 

28 ASK D 

29 TYPE! ;ASK(0)C; TYPE % 3,02,! C 

30 SET C=C+0.05; IF(C),110,28,31 

31 SEP P=-2; SET V=V-5 

32 SET PeP+1; IF(P),34,35,36 

34 GO 40 

35 SET C=0-0.1; TYPE!," "3GO 40 

36 SET CaC+0.05; TYPE!," "5G040 

40 SET Y1=(C*Y)/Z; TYPE " " 

50 SET Y2=D~Y1 

60 SET N2=(Y2*Z)/5 

70 SET H2=(N2-N1)*36.48*(V/1000) 

80 TYPE % 5.04," "ho, * " ,HO+HC1," " , FLOG(H2+HC1)," 4 

85 TYPE 1/(H2+HC1) 

90 IF(P-1), 32,100,100 

100 SET HC1=H2+HC1; SET Ni=N2; GO 29 

110 Quit 

K u Normality of potassium thiocyanate solution. 

NS Hl Normality of silver nitrate solution. 

& " Volume of silver nitrate solution. 

OQ n Volume of potassium thiocyanate solution. 
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ADDENDA 

The De coca tie supplied in Chapters Two and Three is, in some 

cases, incomplete. In order to provide a more unambiguous 

Speke thor of some of the compounds prepared, and to supply 

some additional quantitative data, the following remarks should be 

read in conjunction with the indicated sections. 

Chapter 2 

Preparation of 1,2~Diphenylethene~1,2-dicarbonitrile (p. 16) 

The mass spectrum showed a molecular ion peak at 230 (molecular 

weight of 1,2-diphenylethene-1,2-dicarbonitrile is 230). Using the 

values in Table 4 (p. 57) the M+1 peak was calculated to be 18.51% 

for C4 cH No. The experimental value was 17.30%. 

Preparation of Di(acetylethoxycarbonyl)methyl sulphide (oi. Tt) 

The solid compound prepared from the reaction between ethyl 

acetoacetate and thionyl chloride has been shown (by spectral 

analysis) to be identical to the product prepared from the action of 

disulphur dichloride on ethyl acetoacetate. Both elemental analysis 

(C, 50.0%; H, 6.3%; calculated for CoH, 0,83 C, 49.675 H, 6.3%) and 

mass spectral data, given below, point to the ecniierandh being a 

sulphide rather than the expected sulphoxide (calc. for C1 oH, 99785 

C, 47.0%; H, 5.9%). In addition the formation of a sulphoxide by the 

treatment of a keto-ester with disulphur dichloride is unlikely. 

The molecular ion peak at 290 corresponds to the structure, 

CH,COCHCO,C,H 
3 \ 225 

| 
CH, COGHCO,¢ 5.



Main Fragments of the Mass Spectrum of Di(acetylethoxycarbonyl )methyl 

  

  

Sulphide 

Mass-to- Relative Nature of Fragment 
Charge Ratio Intensity 

290 5 (CH, COCHCO,Et) 8 

248 3.5 (CH,CO,Bt)S (CH, COCHCO,Et) 

202 30 (CH,COH)S(CH, COCHCO,Et) 

156 18 (CHCO)S(CH, Cocco) 

13053 ce CH, COCH,CO,Et 

85 17 C.COOEt 

60 10 S-CO 

45 48 CHO 

43 100 CH,CO           

Using the figures in Table 4 (p. 57) the intensities of the M+1 and 

M+2 peaks (M = molecular ion peak) for C,5H4,0¢S were calculated. 

These are shown below with the experimental figures. 

  

  

M M+1 M+2 

Calculated 100 13.5 6.7 

Found 100 1461 5.6             

The other product of the reaction between ethyl acetoacetate and 

thionyl chloride was shown to be RA coh Toroacetites tate. In 

addition to n.m.r. data, the distillate was analysed by gas-liquid 

chromatography. The solutions compared were as follows, 

(a) ethyl acetoacetate 

(b) ethyl o&-chloroacetoacetate (see Addenda Pe 7) 

ada



(c) ethyl % X-dichloroacetoacetate (see Addenda p. 7) 

(d) ethyl P-chlorocrotonate (see Addenda p. 8) 

(e) distillate from the reaction mixture of ethyl acetoacetate 

(1 mole) and thionyl chloride (1 mole) 

(f) distillate from the reaction mixture of ethyl acetoacetate 

(2 moles) and thionyl chloride (1 mole) 

Using an SE30 column (9 ft) at 180°C the following retention times 

were obtained. 

  

  

  

  

Solution Retention Time (minutes) 

1 2 3 4 5 

(a) et a - - - 

(b) . “ 5 - 

(c) : g : z 6 
(a) : : 34 ; : 

(e) 2b | 3 (19%) - — | 5(e1%) - 
(f) 24 3 (64%) - 5(36%) -             

Key to columns 

1 = Ethyl acetoacetate (enol) 

2 = Ethyl acetoacetate (keto) 

3 = Ethyl B-chlorocrotonate 

4 = Ethyl “-chloroacetoacetate 

5 = Ethyl «,<-dichloroacetoacetate 

The percentage composition (figures in brackets) of ethyl acetoacetate 

in solutions (e) and (f) includes the keto and enol tautomers as one 

compound. The addition of ethyl x-chloroacetoacetate. to solutions (e) 

and (f) and running a g.l.c. on the mixture resulted in no new peaks, 

whereas ethyl B-chlorocrotonate gave a distinct peak when added to 

solutions (e) and (f). 

 



A typical chromatogram is shown below. 

7 OH, COCR. co bt 

© CH, G=CHCO 34 

     

    

Et    

signal 

wb \ Et      
Time (minutes) —> 

Comparison of the n.m.r. spectra of ethyl &-chloroacetoacetate 

and ethyl p-chlorocrotonate shows that the two compounds cannot be 

confused. 

Ethyl “-chloroacetoacetate, Shere 23 

Triplet ™8.70 
Ethyl protons 

Quartet ™5.70 

Singlet t7.65 Acetyl protons 

Singlet t™5.00 Proton adjacent to chlorine atom 

Ethyl B -chlorocrotonate. 

c 7 CO,CH, CH 
#5 Soa exe ee 3 

“ 
cr “C0,CH,CH, cz H 

trans cis 

Triplet 78.75 
Ethyl protons 

Quartet T5.80 

Singlet t7.75 Methyl protons (trans) 

Singlet ~7.45 Methyl protons (cis) 

Singlet t4.00 Vinyl proton (trans) 

Singlet 73.95 Vinyl proton (cis) 

The assignment is in agreement with published data’ '*. 

~4—



Preparation of eedbe Bi benaovis til bens ie. 20) 

In addition to trans-dibenzoylstilbene, triphenylphosphine 

sulphide (Ph, PS) was isolated from the reaction mixture. It was 

characterised by its melting point, 158-9°C (Lit. 157.5°¢)''3, ana 

its infrared spectrum, which was in agreement with published data! !>, 

Preparation of Chlorosulphinyldiphenylmethane (p. 21) 

The first fraction was shown to be unchanged diphenylmethane by 

comparing its n.m.r. and i.r. spectra with a known sample (Lit. b.p. 

125°C at 10 mmtig)!1®, 

The n.m.r. spectrum of the sulphinyl chloride product (which 

showed it to be >95% pure) could have been misinterpreted, since 

chlorodiphenylmethane may have given a similar spectrum. The 

published aata!'4 for the latter compound shows this not to be the . 

case. ae 
(bv) (b) 

“eH A685 

PX 
Cl H 

(2) 

(a) is a Singlet att 3.80 

(bv) is a Multiplet att2.67 + 0.05 

Reaction of Thionyl Chloride with Ethyl 2-cyanopropionate (p. 23) 

Spectral (i.r. and nem.) and g.l.c. analysis showed the first 

fraction to be identical to ethyl 2-cyanopropionate (p. 30). 

Methyl 2-chlorosulphinylpropionate (p. 25) 

In addition to the n.m.r. evidence for the formation of dimethyl 

dimethylfumarate, the infrared spectrum of the product provides a 

further pointer to the structure, 

isr. (thin film): 2990(m), 2960(m), 2930(w), 1730(s), 1440(s), 

1290(s), 1210(s), 1030(s), 950(m), 855(m)cm™’, 

Dimethyl fumarate! !, Y max 1721, 1441, 1312, 1163, 990 on™, 

The loss of the strong cae at 1150 omar indicates that the chloro- 

sulphinyl group is absent,



Preparation of Diethyl Dicyanofumarate (p. 27) 

It is possible that a ad ghar containing ata could result 

from the reaction between ethyl cyanoacetate and disulphur dichloride. 

A Lassaigne sodium fusion test, however, proved negative with respect 

to sulphur, Naik named his product as diethyl dicyanosuccinate 

(C,H,0,CCH(CN)-CH(CN)CO,C,H,) but this assignment was shown to be 

incorrect by the lack of a methine singlet in the n.mr. boed trtn at 

about t6 (e.g. tetraethoxycarbonylethane has a methine singlet at 

T6.05). 

Preparation of Di(acetylethoxycarbonyl)methyl sulphide (p. 28) 

Disulphur dichloride is a known reagent used for the preparation 

of sulphides. Despite the discrepancy between the literature and 

found melting points it is difficult to envisage anything other than 

a sulphide (e.g. sulphoxide) being prepared. The infrared at N.m.r. 

spectra of this compound were identical to those of the product from 

the ethyl acetoacetate/thionyl chloride reaction (p. 17). The mass 

spectrum of the product has also been shown to agree with that 

expected from the postulated sulphide (Addenda p. 2). ‘The infrared 

spectrum shows a peak at 1060 om”! which is also present in 

di(acetylmethoxycarbonyl methyl sulphide. This single isolated peak 

is also present in ethyl acetoacetate (1050 om”) and is assigned to 

C-0 stretching in an ester group, and not to S=0 stretching ina 

sulphoxide. o 

Reactions of Sulphuryl Chloride (SO,C1,) (p. 29) 

(a) Diethyl «-chloromalonate. 

The procedure was the same as that used by Wyman‘! | and the 

product was a pure (g.l.c) colourless diquid<. -sbeps 130-2°C at - 

25 mmHg, (Lit. 127-8°C at 20 mn Hg)4!, 

nmr. (CCl,): Triplet t8.70 6 protons 4)! 
Quartet T5.75 4 protons 

Singlet t5.00 1 proton 

ey



(b) Ethyl &-chloroacetoacetate 

Fractional distillation of the reaction mixture of ethyl 

acetoacetate (1 mole) and sulphuryl chloride (1 mole) provided a pure 

sample of ethyl %-chloroacetoacetate. b.p. 44~-6°C at 5 mmHg (Lit. 

94-6°C at 30 mmHg)4!, 

nem.r. (CCl,): Triplet %8.70 3 protons 
4) : 

Singlet 7.65 3 protons 

Quartet 5.70 2 protons 

Singlet +5.00 1 proton 

(c) Ethyl &-dichloroacetoacetate: 

Using ethyl acetoacetate (1 mole) and sulphuryl chloride (2 moles) 

ethyl 4,4-dichloroacetoacetate was obtained. b.p. 58-60°C at 5 mmHg. 

(Lit. 106-8°C at 30 mmiig)*!, 

nemere (CCl,): Triplet ~8.65 3 protons 4 

Singlet Tis 5D 3 protons 

Quartet T5.60 2 protons 

Both samples (b and c) were checked for purity by g.l.c. using the 

conditions on page two of the Addenda, 

Preparation of 3-Methylpentane-2,4-dione (p. 29) 

The literature values of the boiling point of the dione are 

68-70°C at 26 mmiigt® ana 170-72°C*?, 

Preparation of Ethyl ~methylacetoacetate (p. 30) 

Literature! 16 >. pe 187 Ca 

Preparation of Ethyl 2-cyanopropionate (p. 30) 

Ei teratoree* DieDie 77°C at 9.5 mmHg, 

Preparation of 3,3~-Dimethylpentane-2,4-dione (p. 31) 

116-5 3. 173°C. Literature 

Preparation of t~Butyl cyanoacetate (p. 31) 

Literature Depe 67-8°C at 1.5 mmHg?” ,



Preparation of Ethyl 3-ethoxycrotonate (p. 32) 

The first stage of the synthesis involved the preparation of 

ethyl 3-chlorocrotonate. bp. 50-65°C at 10 mmHg. (Lit. b.p. 

Cis, 26c5 Cat. 1Csuniie, | beanea 69054116 onl ye) © The nameck eueetvee 

and g.l.c. analysis of this compound were given on the third page of 

. the Addenda. 

Ethyl 3-ethoxycrotonate (Lit. msp. 30.2°c)26 was prepared from the 

chlorocrotonate.. ) 

Preparation of 9-Chlorosulphinylfluorene (p. 33) 

The product of the reaction absorbs strongly at 1150 on” which 

is indicative of a sulphinyl chloride. 

Preparation of 2,3-Epithio-1,2,3,4-tetraphenylbutane -1,4-dione (p. 34) 

The product was purified by eluting the oily product through a 

silica-gel column with benzene. Pale yellow crystals, m.p. 95-97°C ‘ 

(Lit. mop. 104-5°)°% ‘The infrared spectrum was identical to that of 

the product from bias tte Puidetae acée tonne reaction. Vmax = 

1) Ph-C=0; 1600, 1580, 3070 ee, aromatic hydrogen atoms; 1680 cm 

1455 on™ ', aromatic C=C stretching; 1215 om", aromatic ketone (C-0 

stretch). 

' The mass spectrum was of little use since no molecular ion peak 

was visible. The main peaks were, 

  

  

n/e | Relative Intensity Structure 

210 255) PhcO,COPh 

105 : 100 Phcoo 

17 , 58 | Ph 

6 C 51 | 4 | 435           

+ 

There were no peaks between 105, and 210,



Preparation of Tetraphenylthiiran (p, 34) 

Investigation of the product by t.l.c. using two solvents of 

different polarity (p. 21) showed the compound to be pure. 

Preparation of Methyl 2-mercaptomalonate (p. 36) 

Boiling point of the product, 50-51°C at 20 mmHg, (Lit. bop. 

44-6°C.at AS) mmbe)°*, 

Chapter 3 

Section 3.2.3 (p. 45) 

Sulphur Dioxide 

The graphs that were plotted (Figs. 5 and 6) to show the weight 

of sulphur dioxide evolved from the reaction mixtures were derived from 

the calculation of 618i on results (Appendix I). To obtain the 

weight of sulphur dioxide that was attributable to thionyl chloride 

being swept over,a 'blank' determination was carried out. The 

figures shown in the Table A below vane plotted in Figure 5 and are 
Aromat 6 : 

seen to be a straight line. 

Table A. Sulphur Dioxide Derived from Thionyl Chloride 

  

  

Vole of Na,S,0, (om) Weight of S0, (g) Time (hours) 

15.90 0.0225 3 
15.80 0.0383 % 
15.60 0.0694, 1 
15555 0.0770 1% 

15.50 0.0844 1% 
15.40 0.0989 2 

15.40 0.0989 24 

45.202 0.1267 23 

15.10 0.1403 3 
15.00 0.1536 33 
15.00 0.1536 3%         
 



Normality of iodine solution (I) = 0.162 

Normality of sodium thiosulphate solution (S) = 0.101 

In order to obtain the exact weight of sulphur dioxide evolved from 

the other reactions, the weight of sulphur dioxide from the 'blank* 

would have to be subtracted. When either tetrachloro-p~benzoquinone 

or dibenzoyl peroxide was added to the reaction mixture the blank was 

the ethyl cyanoacetate/thionyl chloride reaction since only a 

comparison of sulphur dioxide evolution was required. ‘Typical sete. 

of results for three runs are shown in Tables B, C and. D. 

Table B. Reaction between Ethyl Cyanoacetate and Thionyl Chloride 

  

  

Volume of Wa,$90, (cm) Weight of 80, (g) Time (hours) 

: 10.35 3 0.0394 3 

10.10 0.0790 : is 

9.60 | "> 1001566 1 

9.45 0.1793 18 
9.05, 0.2388 1% 

8.45 0.3261 2 

7.80 0.4185 24 

7.20 me 0.5019 2% 

6.65 0.5765 3 

6.20 0.6362 38 

5.85 0.6814, 38 

1.50 4.2297 8       
  

Normality of iodine solution (I) = 0,107 

Normality of Sodium thiosulphate solution (S) = 0.101 

=10= 

 



Table C. Reaction between Ethyl Cyanoacetate and Thionyl Chloride with 

Tetrachloro=p-benzoquinone (5%) 

  

  

Volume of Na,320, (om?) Weight of $0, (g) Time (hours) 

10.35 0.0394 3 
10.00 0.0948 g 

9.65: 0.1491. 4 

9.20 0.2175 . 14 
8.75 0.2844 18 

8.15 0.3716 2 

7.60 0.4499 ee 
6.90 0.5471 28 

6.45 - 0.6082 3 

6.20 7 0.6414 34 
5.85 0.6866 38 

1.60 1.2223 8         
  

Normality of iodine solution (I) = 0,107 

Normality of sodium thiosulphate solution (S) = 0.101 

Table D. Reaction between Ethyl Cyanoacetate and Thionyl Chloride 

with Dibenzoyl Peroxide(0.1%) 
  

  

Volume of Na,$,0, (cm?) Weight of 80, (g) Time (hours) 

10.45 0.0232 $ 
10.00 0.0945 4 

9.50 0.1721 1 

9.10 - 0.2328 1% 

8.85 0.2700 18 
8.30 0.3500 2 

765° 0.4424 24 

7.30 0.4911 23 

6.45 . 0.6064 3 

6.05 0.6594 ae 
5.50 0.7306 38 

1.05 1.2915 8           
= fhe



Normality of iodine solution (I) = 0.107 

Normality of sodium thiosulphate solution (S) = 0.101 

The reactions were allowed to continue for a further four hours 

after which time the reaction was stopped by pouring the mixture into 

chloroform (150 om’). The solution was washed with water and sodium 

bicarbonate solution to remove the thionyl chloride, dried with 

anhydrous magnesium sulphate, and then the solvent was removed under 

reduced pressure. The product (diethyl dicyanofumarate ) was 

recrystallised from the minimum quantity of ethanol (95%). ‘The 

titration figures for the reactions after eight ies were also 

recorded and from these the percentage reaction was calculated from 

the equation below and compared with the figure from alkene value. 

CN _CO,Et 
2CNCH,CO,Et + 28001, ——> ‘pec 

Bt0,07 Non 
+ 4HC]l + S0, +S 

The weights of sulphur dioxide were reduced by 0.25 g (obtained by 

extrapolation of the results in Table A) to allow for sulphur dioxide 

from thionyl chloride. The results are as follows, 

  

  

    

Corrected weight : % Yield of Diethyl 
of 50, (g) * Yield Dicyanofumarate 

Table B. SME 6563-2 61.2 

Table C 0.9723 64.5 60.9 

Table D 1.0415- 69.4 65.4         

All the experiments were repeated three times except the ethyl 

cyanoacetate/thionyl chloride blank which was run with each experiment. 

The main ator in the experiment was from the titration figures which 

were at their worst at the beginning of the experiment, On average 

they were found to be + 0.25 om? in 10 om’, i.e. + 2.5%. 

ate



Hydrogen Chloride 

The weight of hydrogen chloride gas evolved from the reaction was 

calculated from the potassium thiocyanate titration figures 

(Appendix II) after adding an appropriate correction for hydrogen 

chloride derived from thionyl chloride. A typical set of results are 

shown in Tables E and F, 

Table E. Titration Results (Volume of Potassium Thiocyanate in ee) 

  

  

        

Reaction Mixture | Blank | 10,20-Blank | Corrected Volume of KCNS 

9.90 10.20 0 9.90 

9-75 10.15 0.05. 9.80 © 

9.40 10.10 0.10 9.50 

9.20 10.05 0.15, 9.35 

8.95 10.00 0.20 9.15 

8.60 9.95 0.25 8.85 

8.15 9.85 0.35 8.50 

7015 9.90 0.30 as 

6.15 9.90 0.30 6.45 

4.85 9.85 0.35 5.20 

  
h 

The value for the 'blank' is subtracted from 10.20, the value when 

no hydrogen chloride is present, and then added to the Reaction 

Mixture titre to give the Corrected Volume. 

 



Table F. Calculated Results 

  

  

Volume of KCNS (cm?) Weight of HC1(g) CNCH,CO,Bt Remaining(moles) 

9.90 0.0710 0.0449 

9.80 0.0891 0.0445 

9.50 0.1426 0.0430 

9.35 0.1691 0.0423 

9.15 0.2040 0.0413 

8.85 0.2559 0.0399 

8.50 7 0.3158 0.0372 

7645 0.4936 0.0334 

6.45 0.6610 0.0288 

5.20 0.8681 0.0231         
  

Normality of Potassium Thiocyanate solution = 0.0499 

Normality of Silver Nitrate solution = 0.1027 

Volume of Silver Nitrate solution used = 5,0 om? 

The amount of ethyl cyanoacetate remaining after each titration was 

calculated from the equation, 

CNCH,CO,,Et + S0cl, 7 ae + HCl 

s0C1 

anX + a=-X x or oe 

At the start of the reaction x=0 and a=0.0469 moles. From the 

figures in Table F, the results were plotted in the form shown in 

Table G, 

~14-



Table G 

  

  

        

Moles of CNCH,CO,Et 1/(aex) 4/(anx)® Time (hours) 
(a-x) 

0.0469 21.32 4.617 0 

0.0449 22.27 4.720 3 

0.0445 22.47 4.742 2 

0.0430 23.26 4,821 2 

0.0423 23.64 4.861 1 

0.0413 24.21 4.921 14 

0.0399 25.06 5.004 14 

0.0372 26.88 5.185 13 

0.0334 29.94 5474. 2 

0.0288 34.72 5.891 2a 

0.0231 43.27 6.579 23 
  

The experiment was repeated three times. The concentration of the 

potassium thiocyanate solution had to be reduced to half that of the 

silver nitrate solution to reduce titration errors. 

the figures was then + 2.5%. 

The spread of 

323. The Reaction of Diethyl Malonate and a mixture of Disulphur 

  
Dichloride and Sulphuryl Chloride (p. 46) 

The products of the reaction were analysed by g.l.c. using a 

Carbowax 20M column at 175°C. The following retention times were 

obtained and were identical to standard samples, 

  

  

Compound - Retention Time (minutes) 

Diethyl Malonate 12 

Diethyl &~chloromalonate 3 

Diethyl «-dichloromalonate 5s 

Tetraethoxycarbonylethene approx. 14 (poor resolution)       
  

tS



3.8. Detection of Diethyl Dicyanomaleate (p. 52) 

An infrared spectrum of the reaction mixture was found to have 

I gona 4630 onl Witch were attributed. to absorption bands at 2215 a 

diethyl dicyanomaleate (as described in the text). It was stated that 

the spot of Re 0.44 was probably diethyl dicyanomaleate. The 

assignment was based on the fact that the other two spots at Re 0.90 

and Rp 0.23 had been shown to be starting material (ethyl cyanoacetate) 

and diethyl dicyanofumarate respectively by running the known and 

unknown compounds alongside each other on the same plate. Ina 

similar manner, the spot at Re 0.30 (1:1 CgH, :CHCL,) was shown to be 

ethyl cyanoacetate by running an authentic sample alongside it. Since 

@ sample of diethyl dicyanomaleate was not available, this procedure 

could not be used to detect the cis~isomer. 

The mass spectrum of the two samples isolated by preparative. 

elec: (R, 0.44 and Re 0.23) showed that they were ee same compound 

which could only be interpreted by the existence of two geometric 

isomers. Both samples showed a molecular ion peak at an m/e value 

of 222. Reference to the mass spectrum of diethyl dicyanofumarate 

(Fig. 1 and Table 5) will show the spectrum in detail, but a brief 

comparison is given below, 

  

  

  

  

Diethyl Dicyanofumarate 

Diethyl Dicyanomaleate 
Known Compound Compound from t.l.c. 

222 (1.7) 222 (1.1) 222 (241) 
193 (15) 193 (21) 195. (17) 
177 (100) 177 (100) *s S77 (100) 
150 (63) 150 (66) 150 (62) 

122 (40) 122 (39) 122 (40) 

105 (31) 105 (31) 105 (35) 
77 (95) 77 (97) AT OY)     
  

Figures in brackets are relative intensities. 

~16- 

 



In addition to the peaks shown on the previous page, there were 

some fragments in both spectra that did not appear in the known 

sample of diethyl dicyanofumarate. Their relative intensities were 

in the order of 5-20 and occurred at 164 (maleate only), 255, 261, 

279. and 326. These peaks are attributed to impurities, probably 

caused by streaking of a component of high Re value. Thus the same 

extra component would appear in the spectrum of both alkenes. 
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