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Abstract

The pyrolyéis of giE—l—chloro—2—butene<has been studied in
the temperature range 564 - 617 K. The predominant reaction
is the elimination ofrHCl by a pathway that is believed to
be homogeneous and unimolecular. The Arrhenius paramete;s

suggests a six-centred activated complex :

V -1
log 1 = 12.81 + 0.77 - 18180_0_'*_'8700 J mol

-1 2.303 RT

This reaction is accompanied by a relatively slow isomerisa-
tion, cis~trans, which is shown to be heterogeneous.

Subsequent polymerisation of the product, butadiene also occurs.

Comparisons of the rate data for the elimination reaction
with that of structurally similar compounds and with alkyl
halides can be made. It appears that in the six¥centred
meohanism the hydrogen’plays‘a more important role in the
formation of the incipient hydrogen halide moleculé than it
is generally thought to do in the‘more usual four—ceﬁtrod
mechanism. Nevertheless, electron-releasing . groups have a
large effeot on- the rate, similar to that observed in ester
pyrolysis; and hence it is inferred that there is substantial

development of polarity in the six-centred mechanism.
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Chapter-l'

INTRODUCTION

-The main purpose of this kinetic study is to investigate
“the mechanism of - the decomposition of l—chloro-2-butene
in the gas phase. : In the pyrolysis, the compound has
been found to decompose by the expected elimlnatlon
reaction and tO'un?ergo some isomerisation. The effect
of temperature on the rate constant, kl, of the
elimination reaction has been studied,and found‘to'obey
an Arrhenius equation. The actlvatlon parameters have
been evaluated. From the interpretation of the rate

of reactioh_and its response to a variable environment,‘
the mechanism of the pyrolysis reactions have been |

inferred.



Gas phase elimination reactions

Elimination reactions of alkyl halides proceed by a

Variety of meChanisms..v This was first pointed out in

1939 by Dan;glﬁ qnq yelﬁmgn‘l)!;k;Qhey,proposed that |
there wére threebpossiblo.mechénisms of homogeneous
decomposition of alkyl halides, namely, radicai non-chain, 

radical chain and unimolecular reactions.

The radical non-chain mechanism

An example of a radical non-chain reaction is given by

the thermolys1s of allylbromide (3-bromopropene) 1n a

»seasoned vessel(z)

The mechanism was proposed to be:

C3H5Br-———e»C3H5-‘ + Bre
Bres + »C3H5Br~—~—>C3H4Br- + HBr

C3H5’ + C3H5Br-——;C3H4Br- + C3H6

C3H4Br- + C3H4Brw___9 complex products

The radlcal non-chain mechanism in this case is conflrmed
-1

by the fact that the activation energy (189.7 kJ mol )

is in close agreement with the homolytic bond dissociation

' ‘ Lo . -1
energy of the C-Br bond in allyl bromlde(z) (190.2.kJ mol 7).,
The radical chain mechanism

A possible radical chain mechanism for the pyrolysis of



(2)

bromoethane is shown below:
CszBr. > Cszo + Br- (1)
Br. + CoHgBr —=C,HBr- + HBr (2)]\
C,H ,Br- —— C,H, + Br. | C(3)
2Bre + M _—= Br, + M | (4)
Br. + CH,Br. — CH, + .B‘rz‘ TS

274

C2H5‘, C2H4Br-, Br. + Wall—eend qfcmain (6)

In this mechanism, (1) is the initiating.stép, (2)vand
(3) are the propagating steps, and (4), (5), (6) are
possible chaih—énding'steps; ‘ The bromine-catalysis of
this reaction dan be explained in terms ofﬂgteps,(4f, (2)

and (5)..

The radical chain mechanism is often recognised by the
use of radical chain inhibitors, such as cyclohekene;
propene or nitric,oXide. »'Thus if the raterf a.
homogeneous Qas-phase reaction is reduced in_the»presence'
of inhibitoi, then it can be said that ét'least part of

the reaction proceeds by a radical mechanism,

The effect of an inhibitor on many radical reactions is-
to reduce the rate (or rate constant) to some value which
is then independent of further addition of inhibitor

(Fig. 1.1).

(3,4,5)

Although Hinshelwood’ proposed that in the region of

maximal inhibition, a molecular mechanism was operating in



Figure 1. Effect of an inhibitor

"
e——;——-Rate~of,uninhibited reaction

Rate of maximally inhibited reaction

3
o

Pressure of inhibitor

the decomposition of alkanes, aldehydes and ethers, this
has been dlsproved by several workers. The ma;n objection
to this proposal has come from studles,of ieotopic.mixing.
Rice and,Varnerin(6) decomposed C2D6 in the presence ofv

CH They found that the ratio of CH,D to CH4 formed

4° 3
was independent of the concentratlon of nltrlc ox1de.
The Hinshelwood mechanism predicts that this ratlo should

be zero at maximum inhibition and is therefore in direct

- conflict with experiment. Amongst the alkyl halides,

however, the obseruation of a maximally inhibited»reaction
in the normal bromoalkanes has been 1nterpreted as a
molecular process(7)._ Thus Capon has studied the pyrolysis
of mixed bromoethane and chloroethane in the presence of

. cyclohexene and found that there was no interaction



between bromoethane and chloroethane,
The molecular mechanism

The majority of elimination reactions of alkyl halides
proceed by a molecﬁlar mechanism; EVidence for this
assertion comes from the agreement betWeen the results
obtained by the Varlety of methods used in the study of

these reactlons. These include static, flow(s)

(9) (10)

single-pulse shock tube and chemical activation

The static method has been used in the present~work and

is described in more detail in Chapter 2. Table 1.1

shows a comparison of results obtained by static methods

and by shock tube studies; the agreement is excellent.

Table 1.1

Comparison of results by static and shock tube techniques

Compound

A . ..EA

Static system Shock tube system.

Ea

- , T ' A
oz log =— ———3 | °¢ ~ log =1
: -8 kJ mol : s

kJ mol T

chloroethane 420-500  13.63  237.8 ' |550-730  13.16

2-chloropropane | 370-410  13.40 211 480-680  13.64

2-chloro-2 methyl | 290-330  13.72 188  |480-680 ~ 13.73

propane

235.8, "

213.6

186.8

Although no sufficient condition exists to test for a .



unimolecular reaction in static systems, a set of

requirements for a molecular mechanism can be stated:

(i) first order kinetics at high pressure
(ii) fall-off behaviour at low pressure
(iii) absence of induction periods

(iv)  lack of effect of inhibitor added

(v) lack of effect of increase in surface area

In the presént work these criteria,-With the exception
of (ii), have been used to indicate the molecularity of

the reaction.
The pyrolysis of alkyl halides

Since 1939 the elimination of hydrogen‘halides from alkyl
halides to yiéld the corresponding alkenes has been

studied in some detail. The nature df the reaction,which '
occurs upon pyrolysis of‘én alkyl halide, i.e. whether
unimolecular or freé radical, homogeneous or heteiogeneous,."
depends upon the halogen involved ahd upén the structuré |

of the alkyl group concerned.

For fluoroalkanes; it was first thought that direct
investigation of the pyrolysis reaction could not be
studied using static or dynamic systems. This is because

the liberated hydrogen fluoride -attacks the carbonaceous

- coating and subsequently, the glass walls of the reaction

vessel. Initially shock tube ‘1) ang chemical activation (19"



methods were used éuccesSfully in the study of thermal
decomposifions of fluoroalkanes. But more recently,

kinetic studies have been made in conventional static

systems(lz)._ The pyrolyses are reported to be clean

uﬁimolecular reactions in vessels seasoned with

fluoroethane(lz).

.In most of‘the Cthrbalkane pyrblyses the rate appears
to be unaffected by the addition of known radical
scavengers and there are no induction periods. With a
few exceptions, e.q. l,2—dichloroethane, 3-¢hloro—1—prqpahe,_
the chloroalkanes appear to decompose by a ﬁblécular

mechanism,

As evidence for the mechanism of the process, the activation 
parameters of chlorOethéne decomposition obtained by

previous workers, are éet-out in Table 1.2. it can be

seén from the reproducibility Obtainéd by different |
methodsvthat the mblécularity’bf‘the reaction is not in

doubt.

Table 1.2 '

The Arrhenius parameters for chloroethane;decomposition.

E

log-éti ———A—Q:T" Techniques ’ - ‘Ref,
] - kJ mol :

13.63 237.8  static _ 13

13.16 236.2 shock tube | 9

13.51 236.6 static | 14

12.37 229.9 - chemical activation- 15




N

The behaviour bf'bromoalkanes is more diverse, although
they can . in general be classified into two groups. The
addition of inhibitor réduces,the rate of decomposition
of primary broﬁoaikahes to a minimum value, and further
addition of inpibito;‘up ;Q,high cpncentration does not
produce\an>induced reaction, Secoﬁdary and tertiary
bromides are not affected by the addition of inhibitors.
This indiéatés that the decomposition of priﬁafyvbromides,
is a'mixture'of unimolecular and radical chain reactions;

while secondary and tertiary compounds decompoSe by

‘unimolecular reactions..

The activation parameters of some bromoalkane
decompositions, reported by previous workers, are listed

in Table 1.3.

Table 1.3

The Arrhenius parameters for some bromoalkane pyrolyses

v . ' E —

Compound log A:T o ———é——:T Ref.

: . s kJ mol — :
bromoethane ; 12.86 . 218.6 : 8
13.19 224.5 9
2-bromopropane - 13.62 199.8 » 16

» * 13.60 S 199.4 8

In iodoalkane pyrolyses the unimolecular elimination (7)

is complicated by an iodine—atdm-catalysed elimination

which may be a concerted process (8) and by the



iodine-atom-catalysed reduction by hydrogen iodide (9).

The scheme proposed is represented by reactions (7) to

(9).
RCH,CH,I— RCH = CH, + HI (7)
H
RCH,CH,T + I — R = C == CH,—> RCH=CH, + I (8)
! i .
H_ + HI
I
I + RCH,CH,T—RCH,CH, + T,
(9)
RCH,,CH, + H}I—-)RCH2C‘H3 + I
2RCH,CH,T — RCH = CH, + RCH,CH; + I, (10)

The overall stoichiometry of iodoalkane pyrolysis is

(17)

thus represented by (10). ‘Benson regards the
pyrolysis of iodoalkanes as effectively rate-controlled

by the elimination of HI either via a direct four-centre
route or via an iodine-atom-catalysed path. The Arrhenius

parameters for the pyrolyses of a number of iodoalkanes

are listed in Table 1l.4.

Table 1.4

The Arrhenius parameters for iodoalkanes pyrolyses

Compound log é:T ——EA——:Ib ' ﬁef.
s kJ mol
iodoethane 13.53. 206.1 18
13.60 - 209 19
2-iodopropane 13. 44 183.9 20

13.67 188.5 9




The transition state in molecular gas phase ellmlnatlon
reactions

Before the mid 1950 s, it was generally accepted that all

gas-phase reactions, whether radical or molecular, were

in principle homolytic. Thus the decomposition of alkyl

halides in the gas phase could be considered to proceed

through a homopolar four-centre transition state I

1)

However, in 1953, Maccoll, et a1 (2 observed that in the
elimination of bromoalkanes, d—methylafion produced a
large increase in rate whereas B-methylation produced
only a small increase. They concluded that the carbon-
bromine .bond strength was the main factor in determining
the rate. Moreover, since‘the effect'of changing the
B-carbon from primary to tértiary was small, then the

influence of the BFcarbon~hydrogen bond on the rate was

correspondingly slight,

In the elimination reactions of alkyl halides, the effects
of many substituents have been investigated and all have
been found to support an ionic transition state. This

observation has been summarised by Maccoll(zz): électron

releasing groups in the'«Fposition produce a large increase

~in rate and in the B-position a small increase in rate.

The effects of {-methyl and B-methyl substitution for a

23)

number of alkyl halides( are shown in Tables 1.5 and

1.6.

10



Table 1.5

A-methylation: relative rates of decomposition

Tt/ °c Ethyl i-Propyl . t-Butyl
chloride 360 1 143 25,900
bromide 320 1 292 61,000
iodide 280 1 117 28,800

' Thomas

Table 1.6

B-methylafion: relative rates of decomposition

T /% Ethyl n-Propyl i-Butyl

o
chloride 437 ' 1 3.3 3.2

bromide - 405 1 3.7 _ 6.7

Further studies on Substituéntbeffécts led Maccoll and
(24) to point out that an analogy existed between
these gas phase elimination reactions and SNl and El
reactions in polar solvents, and they postulated a

'quasi'~heterolytic mechanism involving a very polar,

intimate, ion-pair transition state as depicted in II.

11



)

IT

The polar character of the transition state is depicted
to develop mainly in the C - X bond as consistent with

the substituent effects.

The drhYdrogen_was suggested to possess the role similar
to that of the solvent in a polar reaction iﬁ soiﬁtion.
Ingold(35) went further to suggest "a rate~determining
step involving halogen heterolysis but no hydrogen

loosening of any kind" and represented this by III.

l
! { . 7
—Cc—cCc— T, ot fi&-t;/\czc\

H X \ Hf X~ +
| HX

IIT

Othér electron releasing groups‘have also been repofted

to increase the rate of elimination.  ~phenylation
produces an increase in rate equal , roughly to thé effect
of between one and two «-methyl groups, and B-phenylation
is only roughly equal to B-methylation. The concept of
an ionic transition state is also supported strongly by

the effect of p-substituents in the ring in the



x—phenylchloroethanes(25). The effects of ¥~ and

B-halogenosubstitution have also been investigated(ZB),
and relaiive rates are shown in Table 1.7. It is seen
that whereas K{~halogenosubstitution increases the rate
of elimination, B-halogenosubstitution decreases it,

which again parallels the effec;é observed in solvolysis(26).

Table 1.7

The effects of X-and B-halogen substitution

X = Bromine

Relative elimination rates

(@] : :
T'/ C CH3CX3 CH3CHX2 CH3CH2X C§2XCH2X
416 - 9.6 1 0.25
437 32 8.2 1 0.55

Thomas(27) has investigated theysubsﬁance l1-chloroethyl
methyl ether which provides an extremé'example of an
electron releasing group,‘the‘ﬁethoxy%group. In this‘
study E, = 139 (237) kJ mol™! and log}fti = 11.46 (13.43),
the values in brackets being those for chloroethane.

At 330 0C, thé rate constaht.relative to chloréethane

is 7 x 105, mainly as a result of a decrease of 98 kJ mol”t

in the activation energy. Thus the K-methoxyl group

markedly enhances the rate of elimination.

The proposal of a heterolytic transition state is further
supported by the relation between the activation energy

and the heterolytic bond dissociation energy. Maccoll



ALY

14

(24)

and Thomas have observed that there is a general
correlation between the activation energy and the
heterOlytic‘bond dissociation energy, i.e. D(R% X’),
for a range of RX, while a less general correlation
exists with the homolytic bond dissociation energy
D(R-X) . The observed activation energy EA(HX) for
elimination was found to be_linearly related to the

heterolytic bond dissociation energy. The relationship
obtained was
. + --,
E,(HX) = 0.29 D (R X))

A plot of EA»(HX) against D (R+ X_).is shown in FigﬁreL«Z

A modification of the polar representation of the transition

state proposed by Maccoll has been suggested by Benson

(28) who postulated a semi-ion pair transition

and Bose
state for gas—-phase elimination represented by IV.

Using this model, good

~N e
/C < C
Ho X
IV

agreement was observed between the experimental'activation' '
energies and those calculated from electrostatic interactioh“ 
theory. Subsequentlkaenson’and Haugeh(zg) depicted |
the.transition state as quadrupolar structure, symbolised

in V.
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kJ mol

18.44

15.

25.11
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Figure 1.2 Plot of mwﬁmxv against UAw+,xnv
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In this model, the transition state is formed by an
intimate association of two semi-ion pairs into a
four-centre quadrupole with the formal charge separation

of ¥ electron on each centre.

\

Recently, a model of the transition state has been

proposed on the basis of the chlorine heavy atom kinetic

(30)

isotope effect in the elimination reaction of

chloroethane. This model gives support to an extention



of the C-Cl bond together with a contraction of the C-C
bond and an increase in the C-C-Cl bond angle in the
activated complex, and appears to add support to the
polar formulation shown in II.

Substitpent effects as a measure of the polarlty of

gas- phage reactions

The effects of (-methyl substituent on the rate of gas
phase reactions have been interpreted as a measure of
the degree ef polarity which develops in.the transition
state. For example, reactions which are non-polar

and do not respond to changes in the polarity of the
environment also fail to respond to methyl substitution;
e.g. the decomposition of cyclobutanes reported by Frey
and Walsh(3l). At the other extreme lie the ehloroalkanes;
where o(~methyl substitution inereases the rate by a
factor of 150. In between one finds the esters where a

factor of about 25 results from ol-methyl substitution.

The heterolytic character of the transition state in
gas phase reaetions is not confined te‘alkyl halides.
For instance, esters such as formates and acetates are
found to decompose:unimolecularly through.avsix;centrea
transition state and are strongly affected by
electron-releasing substituents. ”Here_drmethylation
produces a rate increase by a factor of about 30 which
is consistent with the redistribution of charge in the

transition state shown in VI (e.g. see Ref. 32).



A

1.5

OQ H VI

In thlS work the effects of methyl substitution on the

rate of ellmlnatlon of chloroalkenes is investigated.
Multicentre elimination reactions

Many 'studies show that arlarge number of gas-phase
unimolecular reactions take place via multi-centre
cyclic activated complexes. The Arrhenius parameters
for these reactions often provide clues to the geometry
of the activated complex; Activation energies are
always lower than the bond dissociation,energies of the
weakest bonds in the molecule (indicative of concerted,
bond~break1ng-bond -forming processes) and activation

entropies are usually quite negative.

Three-centre elimination reactions

\

The only likely route for the pyrolysis of halogenated
methane is the elimination of hydrogen halide to give

i

a carbene VII

VII



19

This has been shown to be the bnly mode of molecular

decomposition of tfifluoromethane(33’34) and

(35,36)

difluorochloromethane together with a competitive

pathway by a radical route initiated by carbon-bromine

(37). All

fission in the case of difluorobromomethane
these dééompositions yield difluorocarbene which rapidly
dimerizes.‘ The o-elimination of HCl to give
dichlorocarbene has been proposed in the pyrdlysis of

trichloromethane(38)

, but it is likely that this pathway
is less~important‘than‘the rédical route. The Arrhenius
parameters for &-elimination from the difluorohalomethane
are given in Table 1.8. For the three-centre transition
state suggested, the A factors'would_be‘expected to lie
petween 1013 71 and 10 s71.  There is little
difference in the rates of elimination of’hydrogén

chloride and hydrogen bromide whereas hydrogen fluoride

elimination is a much slower process.

Table 1.8

A-hydrogen halide elimination from halomethane

oy il

log T EA/kJ mol Ref.

S
CFZHF~—>:CF2 + HF 12.2 - 249 : : - 337
11.8 244 34
CF,HCl— :CF, + HC1 13.8 233 ' 35
12.6 221 36
- CF,HBr—s :CF., + HBr 14.3 232 37

2 2




2(

It can be seen that agreement between different workers
is poor, and the wide range of values of A factors does
not help to illuminate the detailed mechanism of this

1,3 elimination.
Four-centre elimination reaction

In the earliest studies of the unimolecular elimination

of HX from alkyl halides, the four-centre nature was

~already known, although the 'ionic' character of the

reaction and its mechanistic importance were not realised
until Maccoll and Thomas first proposed a 'quasi—hetérolyticf_
reaction path (see Section 1.4). The concept cf a highly -
polar or quasi-ionic activated complex II involved in

this cis-elimination process has generally been accepted

in view of the large amount of experimental data discussed

earlier.

R

P

A
+
R%—~ C ——‘C-—-R4

N

H. - X

II

- Six-centre elimination reaction

Some work on six~-centre tran51t10n states in reactlons

1nvolv1ng halogen compounds has been communlcated(39).

In a study of the pyrolysis of l-chloro-2- butene,

(40)

Rodgers observed fast starts, which were later

“interpreted by Harding(4l) as the rapid decomposition of

a small amount of the Cis-isomer in a mixture dominated

'
{
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by the‘trang isomer. It was thus suggested that a
six-centred transition state VIII is plausible for the

elimination of cis-1l-chloro-2-butene

ITT

In 1968, Wong(42) observed elimination»of hydrogen chloride

from - -chloro-o-xylene IX

CH.-Cl
7N T2 ~ 4 Ei A + HCL
S N |

= |
\§§//\<CH2-H ‘\

IX

and conclﬁded fhat in the formation of benzocyclobﬁtene,
o-quinodimethane was first produced. . The mechaniém‘, |
involved avsimilar six-centred transition state to that
suggestéd'for-gig—lfchloro-Z—butene~whi¢h at,thét.time
~had not béen studiéa in é purebform in kinetic runs.
Harding(4l) in his study of l-chloro-3-methyl-2-butene
v‘pyrolysis; found thét the rate of reaction was appreciably

faster than that of-3-chloro—3-methyl—2-butené pyrolysis,

‘indicating that former compounds followed a six-centred reaction



- path which is not accessible to the latter compound,

Waish‘43)

has also observed elimination of HI from
cis-l-iodo-but-2-ene through a six-centred reaction

path.

8) have studied the

RXcently, Robihsoh and coworkers(5
thermal decbmposition of gi§—4—chloro—pent-2—ene.» The
very low A factor is consistent_with the expected loss,
of internal rotation in the transition state, althdugh
it is rather low in comparison with othef six-centred
‘mechanisms and with estimates of the A factor such as

(44) (45)

those made by Benson and Umana

Apart from suitable substituted allylchlorides, other
compounds such as esters which possess a Béhydrogen in
the alkyl Qroup, may decompose into acid and alkenes
via a six—centred tranSition state(46)x

H " H

H T +7 N\ L
HO N 00! CR, 3 -
o\ 1 R I CR,
R—C CR2 —s | R—C CR2 —s R—C + 1 =
\\ l I N/ - A\S . CR,
9 ------.C}R2 \ | J 0o’ )
X

The work described in this thesis is in cohnectiOn with

the gas-phase elimination of HC1l from cis-l-chloro-2-butene

~which 1is also supposed to undergo a six~-centre elimination

- of HC1. The concluSions drawn from this work depend, as

- do most of the studies of six-centre mechanisms on the

22
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and Benson

interpretation of 'low' A factors, and on the relative

values of activation energies.
Interpretation of activation parameters for gas phase reaction

A simple interpretation of transition state theory for a

unimolecular reaction is given by

ekTm_ .
A= eXP{

ﬁ*}' O ay
s |

Calculation of A factors requites estimates of AS*,
the entropy of activation. pBenson and coworkers(zg)
have, on the basis of transition state theory; combined
with relatively«simple Valence bond and;eleCtrostatic'
semi-empiriCal concepts, derived a method of aemi—

qualitative predictions of activation energies and

entropies for a few classes of compounds.

For multicentre unimolecular concerted reactions, o' Neal

(44)

derived a method for calculatlng entropies

‘of actlvation AS¢ Wthh served to predict log A, by

a851gning bending, stretching and torsion frequencies.

. to one and three electron bonds in the transition state.

A recent approach to the interpretation of activation _
energies has been developed by Woodward and Hoffmann(49)
1nvolv1ng the conservation of orbital symmetry. They
predicted that reactions Wthh occur with cOnservation

of orbital symmetry would have activation energies much

lower than related reactions which occur without



cénservation of_orbitél symmetry., The ease with which
1,4-elimination and 1,4—addition of HX to 1,3-alkadienes
océurs is‘consistent with the deduction that such 1,4-
‘. : processes are symmetry allowed. By contrast, the
1,2-elimination reactions are symmetry forbidden, and -
it has'béeﬁ‘suggééféd(49)'Ehatuﬁhéwpblar nature of the.
transition state imparts some degree of allowedness to
these reactions, although ﬁheir activation ehefgies are

still relatively high.

e
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Chapter 2

Description of apparatus

The vacuum liue was built as shown in Figure 2.1l. The
reaction vessel was a Pyrex glass tube with hemispherical
ends. It was 5.2’cm’in diameter and 14 cm long, giving
a-volume of approximately 300'cm3. It was situated in

a thermostatted furnace. A thin glass diaphragm

: pressure gauge was mounted above the vessel to enable

pressure measurements to be carried out witout contact:

of the reactants and products with the manometric liquid.

The furnace and control

The furnace consisted of a cylindrical aluminium block

"and was surrounded by an asbestos box contalnlng micafill

and glass fibre wool for mlnlmlslng'heat losses. The
block was bored out centrally to accommodate the reaction

vessel. ThelbloCk.Was'heated,with‘a nichrome element

wound on sheets of mica around the~block; the windings

being more' closely spaced at the top, in order to
compensate for the heat loss through the insulation on

the top of the furnace.

Temperature was‘measured using a chromel-alumel
thermocouple which was placed in a glass.tube, previously
sealed ihto the reaction vessel. Themhot”jundtioh was‘
placed in the thermocouple sleeve end:the cold junctieu

was immersed in a vacuum flask filled with wet, crushed

25
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Figure 2.1 Apparatus for kinetic measurement

o}
Fag
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Reaction vessel
Constant temp. furnace
furnace v
Thermocouple

D.Gauge
E. Finger tube
F. Sample collector

G. Sample storage

H.Pirani gauge
'I.J. Liquid nitrogen trap
K. Diffusion pump

L,M,N Gas storage bulb
O. Air valve

. P. Manometer

Q. Chromotograph



!
ice, The thermocouple votential was measured to within
0.0001 millivolts with a potentiometer, Type PlO"7
(Croydon Precision Ihstrument) . The temperature of the
furnace was controlled by a Versicon Type 10l (C.N.S.
Insfrument.Ltd.) controller coupled to a platinum
resisﬁance thérmomeﬁgr‘whiépNWas iﬁserted intova hole in

the metal block;

To prevént heat losses from the tubes connecting the
reaction vessel, heating tape and asbestos paper were
. «

wound onto these sections.

The vacuum system

The vacuum system is shown diagrammatiéally in Figure 2.1.

The reaction vessel A was cylindrical with a capacity of
about 300 cm3.. The sleeve C housed the hot junction of
the thermocouple which was used to measure the temperature
of the reacting system. A second vessel of a similar-

design contained four concentric glass cylinders. This

was the~packéd vessel used for the homogeneity tests.

The vessel was connected by heated capillary tubing to

the pressure gauge D and by heated tubing to the sample
valve of the gas chromatograth-and to 'finger' E.
Finger E was used to condense the reactant before it was
introduced into the vessel. Tap T2 isolated thé vessel
from the rest of thé vacuﬁm system. The capillary tubing
between T2 and the vessel A constituted the 'dead épace',

which was wound with nichrome wire and heated to a

27



témperature above 100 °c to.prevent condensation. Taps
Tl and T2 were mounted as close as possible to the

vessel in order to minimise the dead space;' Trap F,
which was removable, was used for condensing the reaction
products:for'analyses for HC1. Tube G waé used for
storing 1iqu;qiteactants. j Beservoirs L, M, N were used

for gas storage.

The pressure gauge on the top side of the reaction vessel

was connected to a Ferranti Minicom transducer.

The reaction system was evacuated by é rotary oil pump
and a mercury diffusion pump K. A pirani gauge H was
used to determine thé pressure in the vacuum system, .

which could be reduced to approximately 10_4 torf with

the pumping system.

Gas chromatography

- All quantitative analyses were made by gas chromatography

using a Varian 1400 gas chromatograph with a flame

ionisation detector., A number of columns were made for

this work. The procedure emplioyed is described in the

literature(so). The columns are listed below (Table 2.1),

and the retention times under the operating conditions

~are listed in Table 2.2

Column 4 consisted of two stationary phases connected in
series. The squalene was added because, on column 3,

vinly cyclohexene, a dimerisation product of 1,3-butadiene,

28



fTable 2.1

Columns for gas chromatography

‘Column Liguid -phase Concentration Support Length
No.

1 ‘Di—lauIyl~phtﬁalate 5% 80-100 chrom. W 6 ft
‘ A.W. DMCS

2 B,B-Dithiopropionitrile 10% 80-100 éhrom. W 10 ft
A.W. DMCS

3 .B,B-Dithiopropionitrile 20% 80-100 chrom. G 20 ft
A.W. DMCS

4 B,B-Dithiopropionitrile 20% 80-100 chrom. G = 20 ft
A.W. DMCS

Squalene 20% 80-100 chrom. G 1 ft

A.W. DMCS

had a retention time between those of cis- and trans-l-chloro-

;Z;butene, while cyclohexene had a retention time between

 1,3-butadiéhe and 3 chloro—l-butene,

Quantitative analysis of the reaction prbducts was made using

column 4. The relative response of the flame ionisation

'detector to the reactants and products was established by

analysing mixtures of known composition.

It was found

that the response to each of the chlorobutenes was equal,

but that to 1,3-butadiene was higher:

butadiene : chlorobﬁtene

1.20 : 1,00
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This ratio was subsequently used in the determination of

the partial pressures of chlorobutenes and 1,3-butadiene

in the reaction mixture. Peak areas were measured by

triangulation.

Table 2.2

Column 1 : T/°c = 85

Flow Rate / ml mir'l-—l = 25

* Substance

Retention time/min
Propyn-3-ol 3.2
but-2-yn-l-o01 8.7
iodomethané 0.9

Substance
butanol : 12.5
trans but-2-en-1-ol ‘22;2
"gigfbut—Z—en-l;ol .30.9

Column 2 : ,T/OC = 70

Flow rate / ml min—l = 25

Retention time/mih_u

3 buten-1-ol 17.1

Column 3 : T/OC = 50

,:Flgw rate / ml min'-1 =.25

Substance Retention
_ time/min
3 chloro-l-butene 15.1

trans-l-chloro-2-butene 31.2

cis-1-chloro-2-butene 34.4

Substance Retention time/miﬁ
1,3 buﬁadiene 5.1
3~chloro-l-butene | 16.6
.Ezgggfl—chloro~2-butene’ 34,2
¢is-l-chloro-2-butene . 38

Column 4 : -T/oc = 50

Flow rate / ml min“l = 25

4~vinylchclohexene 50




Preparation of materials
Alkyl bromide

High purity allylbromide was obtained by repeated

distillation.
Cyclohexene

A commercial sample was shaken with ferrous sulphate to
remove peroxides. It was dried over calcium sulphate

and distilled in an atmosphere of nitrogen.
2-Butyn-1-ol

The method followed is that described in reference 51.

The following reactions were followed:

Liq NH3

HCECCH,OH + 2LiNH, ———— LiCSCCH,OLi

LIC=CCH.OLi + CH,I ——3 CH

2 3

HZO' :
—_— CH3CECCH20H

CECCHZOLi

The 2-Butyn-1-ol was prepared by adding 2 moies of

propyn-3-ol intd a suspension of 4 moles of»LiNH2

.-vigorously stirred in 2.5 litre of liquid ammonia. The

suspension became very thin after the addition,
Subsequently 2 moles of iodomethane was added to the
mixture while_nitrogen was bubbled throuéh the flask. At
the end of the'reactién, the ammonia was allowed to

evaporate overnight. The so0iid residue remaining was
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dissolved in 1 litre of eold water ( oC). The resulting
solution was subjected to eontinuous extraction with
ether for 40 hours. (A perforator of sintered glass

was used, shown in Figure 2.2. ).v The ethereal
solution was drled over lOO g of magne51um sulphate.
After the greater part of ether had been dlstllled off,
the residue was carefully fractlonated through a 30 cm

long vigreux column at reduced pressure.

The compound CH3C5CCH20H had Tb = 48 °C (15 torr

The yield was 76-80% .
cis-but-2-en-1-o0l

The gi§—but-2-en—l—ol was»preparedvby hydrogenetion of
but-2-yn-1-o01. 290 ml of methyl alcohol, 8 g of
palladium on barium sulphate and 25 g (0.357 mole) of
but-2-yn-1-ol were stirred in contact with hydrogen for
three hours in a 1 litre flask. | In this time 0.357 mol
of H2 was cohsumed, after which the methanol was removed
by distillation through a 30 cm long vigreux fractionating

column. The cis-2-buten-1-o0l was then distilled through

the same column at reduced pressure.

The compound CH,CH = CHCH,OH had T, = 63°-64°C (60 torr)

The yield was typically about 75%.
cis-1l-chloro-2-butene

A mixture of 2 moles of cis-2-buten-1l-ol obtained as
above and 44.5 g of pyridine was added slowly to 0.8 mole

of phosphorous trichloride. The reaction flask was

32



Lot

33

Figure 2.2 Apparatus

for continuous extraction
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Figure 2.3 Trap for HCl analysis




surrounded by‘iced/water during this addition. When all
the alcohol had been added, a liquid-nitrogen trap was
connected directly to the reaction flask and the éystem
was maintained at a‘p£éssure of 100 torr. The reaction
flask was then placed in a water-bath at SO °C and the
cis-2-buten-1-o0l distilled into the trap. The distillate
was wasHed:with dilute sodium carbonate solution to remove
traces of hydrogen chloride and then placed over | |
anhydrous potassium carbonate to dry overnight. The \

organic chloride was decanted from the potassium carbonate

and distilled through a 30 cm long vigreux column.

The compound cis—CH3CH = CHCHZCl had Tb = 84,1 OC (758 torr)

The yield was usuaily about 50%.

GLC analysis showed that the compound usually contained

*
an isomeric mixture of the following composition .,

3 CB ~ 3.5%.
trans 1C2B ~ 95%

cis 1C2B ~ 1.5%

*It is convenient to refer to the three 1somers using a
shorthand notation:

3C1B = 3=chloro-1- butene

éis 1C2B = c1s l—chloro—2 butene

érans 1C2B = trans-l-chloro-2-butene
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The compound was normally prepared a day before the
kinetic runs were performed because isomerisation tended
to occur if the compound was kept, even at OOC.

Experimental technique

Seasoning of the reaction vessel

It has been found.from early studies that the decompbsitibn
rate of many compounds when studied in -a clean glass

vessel are fast and irreproducible; The décomposition,
however, usually becomes reproducible and proceeds at a
slower rate if the surface of the vessel is coated with

a carbonaceous film. Maccoll(z) has shown that
allylbromide yields a useful carbonaceous coating, and in
this work allylbromide was the source of the'coating for

all the runs.
Procedure for a typical run

The material to be pyrolysed was placed in a specially
made tube G (Figure 2.1) which was fitted to one of the

sockets on the vacuum line. The material was degassed,

- and a small amount (0.1 to 0.5 cm3 depending on the

'required initial pressure) was then distilled into the
finger E and tap T2 was closed. By heating E with

a stream of hot air, the reactant was vaporised through
?1 into the reaction vessel. Tap T1 waé then closed
immediately. From this moment, the pressure was

¢recorded on a chart recorder connected to the gauge

meter. .o
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Before the end of the run, tqg section of the line
betweenvtaps T2 and T19 was evacuated ﬁnd T2 Jas then
closed. The vessel tap Tl was opened and a small sample
. of product was injected into the GLC for analysis and. |
the rest of the product wag t;appeq in tube F for
titration of hYdrogen chlbride; | The amount used for

gas chromafographic ahalysis.wés about 2 cm3 in volﬁmg,
i.e. less than 1% of the total reactor volume.

Therefore no correction was necessary to the analysis

of hydrogen chloride.

The main interest of this work is the determination

of the Arrhenius parameters for reaction (12), the
elimination. The rate constant for this reaction was
estimated from the HCl reaction profile which was
measured over a range of temperatures. At three
temperatures in this range, a complete reaction profiie
of elimination and isomeric products was determined to
examine the extent of the competing isomerisation
reactions. Only iﬁ these three extensive studies was

gas chromatographic analysis carried out.

cis-CH,CH = CHCHZCl———? CH

3 2

=CH—CH,=CH2 + HC1 = (12)

B T o .
For the runs to which inhibitor was added, the, inhibitor
was introduced into the ;reaction vessel before the

reactant. Care was taken to openethe vessel tap for
e .
only a very short time ‘to ensure that the reactant entered
. . . <
the vessel without releasing any inhibitor into the line.
- (4 . :

. . .
. . € R .
.
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Analytical techniques y

(a) Calibration of the reactor volume
. ) . , 6

Before the estimation of the pértial pressure of hydrogen
chloride in the_products was made, it was'necessary to
find thé volume of thevreaction veséel. This was done
separately by relating the pressure of hydrogen chloride
in the veséel to the volume of standard alkali solution
required to neutralise the hydrogen chloride. - A

certain pressure of hydrogeh chloride was admitted to
the vessel from the storage bulb and this pressure was
recorded using the pressure gauge. The vessel was‘then
opened to a trap F which was attached to one of the
éockets as shown in Figure 2.1. This trap was cooled

by liquid nitrogen and the gas condensed quantitatively
into it. After removal of the trap, about 20 em’ of
water were introduced through the upper end of the trap
and the trap was shaken to dissolve the hydrdgen chloride.
The acid solution was tranéferred into a conical‘flask

and titrated with sodium ethoxide solution using

- Phenolphthalein as indicator.  The procedure wasv

- repeated several times with good agreement. Thg volume

- of the reaction vessel was then calculated on the’

assumption that at the temperature and pPressure concerned,

- HC1 obeys the ideal gas law.

¢ . : : . )
(b) Determination of amount of hydrogen chloride from a run .

¢
¢ N . ¢ (‘ . ¢

L]

- The procedure of trapping the reaction products for

»hydrogenvchloride analysis was as follows:



st

Approximately 20 cm3 of A,R, acetone was put into the
trap, degassed and cooled to ~196’od by liquid nitrogen.
At the end of the run, the reaction products were
condensed inéo this trap and dissolved in the acetone.
The trap was shaken thqrggqh}y toZQissolve the hydrogen
chloride. | fhis solutioﬁ Qaéltréﬁsferred into a conical
flask and titrated with sodium ethoxide solution using
phenolphtﬁalein as indicator. This analytical technique
was tested to show that solvolysis of the organic chloride
did not'happen during the titration. Tests were also

Vmade to show that no additionvof hydrogen chloride to the

alkene occurred in the sampling procedure.
(c) Gas-liquid chromatographic analyses

The gas chromatograph was connected to the vacuum system
as shown in Figure 2.1. At the end of the run, the
vessel tap Tl was opened (tap T2 was closed) and the
products allowed to expand into the sample lodp. This
sample was then injected from the sample loop iﬁto the
GLC and the analysis was performed. Tests were
performed on the chloroalkenes and mixtures of HC1 and.
butadiene to examine whether isomerisationé or addition
océured during sampling, ‘No isomerisation was found to
occur, and the extent of addition was less than 1% of an

~equimolar mixture of HC1 and butadiene,
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CHAPTER 3

Pyrolysis of cis-1-chloro-2-butene

]

Stoichiometry of the reaction

cis-1l-chloro-2-butene was pyrdlysed in the temperature
range_291 - 344 OC. By analogy with the decomposition
of other unsaturated organic chlorides previously
studied, it was expected that the predominant reaction
would be the elimination of hydrogen chloride (12),
although it was glso expected that as with other
chloroalkenes, isomerisation would occur(4o). This
reaction would be followed by a much slower dimerisation
of the alkene product, butadiene under the studied

temperature range(szi.

cis CH

CH = CHCH,Cl — HCl + CH, = CH - CH - CH, (12)

3

According to equation (12), during the pyrolysis of
gi§—l—chioro-2—butene, the total pressure shouldfincraase
smoothly and the ratio of the final pressure-to the

initial pressure should be two. However, by comparing the'_
extent of the reaction measured by the pressure gauge

and by hydrogen chloride analysis (shown in Table 3.1),

it was apparent thatlthe pressure increase as measured
by'the gauge was always lesé than the partial pressure

of HC1, This was due to the subsequent polymerisation

of the elimination product, butadiene, mainly to form



(52)

vinylcyclohexene ,.at lpng reaction timés. It

was alsovfoundlthat pressures measured with the gauge
were less reproducible than partial pressure measurements
made by titration of HCl; . It was therefore decided to

measure hydrogen chloride using titration ihsteadlof

by measurement pressure increase.

An extreme study of the pyrolysis of the compound was
carried out at three temperatures and the reaction

profiles were obtained.

In the extensive study, GLC was used to measure the

relative concentrations of butadiene, cis-l-chloro-2-butene -

trans l-chloro-2-butene and 3-chloro-l-butene. Hydrogen
chlordie was measured separately by titrating with a
standard alkali solution. The relative concentrations

of the organic substances listed were converfed to

partial pressures using the totai pressure and the partial
pressure of HCI. This procedure ignores the polymerisation
ofvbutadiene, but since the kinetic measurements were

based mainly on the first 56% of the elimination reaction
whén the extent of polymerisation is ‘very low(sz), then

this assumption does no£ affect the reaction profile

substantially. The partial pressure of HCl1l is, in any

case, unaffected.

The results of the extensive studies (reaction profiles)
are shown in Figures 3.1, 3.2 and 3.3. . The vertical
axes of Figures 3.1, 3.2 and 3.3 are graduated in

relative pressure units '‘based on;k)(total) = 1.
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Thé,diagrams shéw clearljvthe smooth disappéarahce of -
cis-l-chloro-2-butene and the formation of hydrogen
chloride and butadiene at approximately the same rate, -
The increasing~difference‘with time between hydrogen
,chloride and‘butédigne can be attributed to the
dimerisation 6f butadiene?J‘ The 3-chlorofl;butene'and
Egggg—l—chloro-z-butene‘only contributed a very small

amount to the total pressure.

The possibility that the elimination reactioh was
reversible was ruled out on therfo;iowing evidence. The
pressure of an equimolar mixturebof butadiené and
hydrogen chlofide was found to decrease at exactly the
same rate as that of butadiene alone. An'analysis
showed that no organic chlorides were produced after

an equimolar mixture of butadiene and hydrogen chloride
was left in the reaction vessel for several half—lives.
of the elimination reaction, Furthermbre, no reactant
remained in runs taken for a very large number of
half-lives of the elimination reaction. Thesebexperiments
éonvincingly prove that the isomerisation observédrmust :
have occurred by route 2 and 3 andbdid no£ occur by the

reversal of route 1.

" The reaction scheme is therefore:

3 Do 2 o
3C1B “—; cis 1C2B —-”E trans 1C2B (13)

5 4
: 1

HCl1l + butadiene— dimer + other polymers
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Reactions 4 and 5 are included because they have been

reported to play a prominent part in the pyrolysis of

3C1B and trans 1C2B, at only slightly higher temperatures

than are used in this work(4o).

Table 3.1

T = 598.7K o

Partial pressure/torr
by HCl analysis ’ 24.3 14.2 9.5 60.3

by pressure gauge 23.4 13.3 9.7 - 57

Order of the reaction

" In the pyrolysis of cis-l-chloro-2-butene, the -

production of hydrogen chloride is described by the

reaction profile showing partial pressure by HC1

(Figures 3.1, 3.2, 3.3). After about one half-life

‘of the elimination reaction, the partial pressure of

the isomeric chlorides increased by about 5% of the total

pressure. ‘This relatively slow isomerisatidn did not

significantly affect the kinetic behaviour of the

reaction.

.

A series of decompositions were carried out in the

i ~ temperature range 291 - 344 oC. When examined, the

runs gave'good first order log plots: the typical order -
dp(HC1)
plot was obtained by plotting log T against log

p(R) (Figure 3.4), where p(R) is the partial pressure

- of the reactant at time t, and dp(HCl) is the slope of

dat

1.45



46

8T

‘(@)d soT
=S L

L

500°T ==sodoTs

301d a19pI0 H°€ 2anbTag

(o) mo.d




- 47

1.005. The result clearly indicates that reaction (12)
is a first order reaction. The data used to obtain the

order plot are listed in Appendix 1.

It was also found that the first order integrated rate
equatlon (12) was closely obeyed up to about 50% reaction.
Beyond this time, the dimerisation of butadiene and the
isomerisation combined to produce a deviation from

linearity. Figure 3.5 shows a typical plot of 1ln pO(C) - p(HC1)
) pO(C)

against time, where‘po(c).is the purity of reactant and
p(HC1l) is the partiai pressure of HCl expressed as a

fraction of the initial pressure of reactant. The slope
gave the rate‘constant, kl' It was also_observed that-

there was no variation of the rate constant over the

pressure range 40 - 120 torr.
Homogeneity

It was found that in a coated glass Vessel,_the‘rate of
decomposition of gig-l-chloro—éebutene was reproduoible.
‘~'To test for homogeneity, rhns'wete carfied oﬁt in a
packed vessel, having surface-to-volume ratio of about

3.0 cm -1 compared with about 1.0 cm l.for the unpacked‘v
vessel ., After thorough seasoning of these veesels as
mentioned before (Chapter 2), the rates of decomposition
of cis-l-chloro-2-butene were found to be independent of

v the sorfact - to - volume ratio within experimental error,

as shown invthe Table 3.2
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Table 3.2

Comparison of rate constants for unpacked and packed vessels

-1 3

T/K - . 103 X kl/s 107 x kl/é_l
(packed vessel) - . (unpacked vessel)
609 . . 1 1.445 L 1.491
573.65 . 0.211 v 0.223

I+ was observed that rates of isomerisation depended

heaV1ly on surface-to-volume ratio as shown in Flgure 3.6.°
Effect of added inhibitor

To investigate the effect’ofiadded inhibitor, two series

of kinetie runs wefe carried out’in the presence of
cyclohexene. The results are plotted in Figure 3.7 and
Figure 3.8. By comparing the runs obtained without |
cyclohexene, it can be sald that the addition of the known
1nh1bitor in varying amounts has no effect on the rate of

the reaction. A summary of the runs is shown in Table

3.3 where pivdenotes the pressﬁre of inhibitor and P,

denotes theeinitial pressure of reactant. The

differences in ki in the presence and,absencevof inhibitor, 3' 

are within the reproducibility of the experiments.

Table 3.3

. Effect of added inhibitor on k,

T/K inhibitor pi/torr po/torr 10° kl/s-l 103k1/s_-l

(in absence

of inhibitor)

598.7 cyclohexene 57 65 - 0.98 ~ 0.883

609 cyclohexene 43 53  1.511 . .. - 1,491
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Figure 3.6>Isomerisation of cis-l-chloro-2-butene

cis 1C2B ——— 3C1B

A

£ unpacked vessel -

A packed vessel

A

1000

2000

3000

time / s

(® unpacked vessel
cis 1C2B — - trans 1C2B

& packed vessel

1000

- 2000

time / s

3000

4000



51

s-/ @wr3

SUSX9YOTOAD U3tTh Y

2uUaXaYOTO&D JNOYITM @

M L°86S I® IOATATYUT JO

aouasaad m&u uT wsmusnzmxouoﬁnolalmﬂo JOo STsAT0alkd %nm 2anbT g

(x)d



52

s / awl3y

00§ - oov | ooe . 007

oot

SUSXaYOTO4AD 3InoylzTM ©

2U9XaYOTOAD UM \V4

¥ 609 3I® IOITQIYUT JO oouessid

943 UT SU83INg-Z-0I0TYO-T- STO JO sTsAToxkd g°*¢ =anbtg




Arrhenius parameters

A series of experiments was conducted at each of seven
different temperatures ranging from 291 - 344 OC. About

seven runs were needed to obtain a complete reaction

_proflle for the formatlon of hydrogen chloride. To

obtain the rate constant kl' a graph of In Py (C)-p(HC1)

Py (C)

against time was then plotted similar to that shown in

~Figure 3.5. The results of the experiments are summarised

in Table 3.4. Full details of the kinetic runs are given

in Appendix 2.

Table 3.4
Temperature dependence of kl
T/K » No. of runs 103 kl / sfl

617.4 8 - 2,788
609.0 . 6 ©1.491
598.7 7 0.883
592.5 7 B - 0.647
586.0 7 - | 0.353
573.65 5 - 0.223
564.15 S '55.51 h.fﬂ . o0.083

The results are plotted in Figure 3 9 as a graph of the
logarlthm of the rate constant versus the rec1proca1 of
the absolute temperature and include the results for

the packed vessel study.
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A least squares analysis was made of the rate constants
and the Arrheniusvequation1 including standard errors,

obtained is:

. . _l

- 2.303 RT .

55



.

CHAPTER 4

Discussion
Pyrolysis of cis-l-chloro-2-butene

When cis-l-chloro-2-butene is pyrolysed in the
temperature'rahge 564?617K,4the predominant reaction is
the elimination of hydrogen chloride, while a small
amount of isomerisation occurs. A relatively slow

polymerisation of the butadiene follows.

The reaction scheme is:

3 ' 2 .
3C1B <= cis 1C2B z—= trans 1C2B (13)
5 ll 5 4 '

HCl + butadiene~—sdimer + other polymers

For the predominant reaction, the eliminétibn, the
homogeneity was tested by varying the surface-to-volume
ratib as pointed out in Section 3.3. Heterogeneous
processes can start on the walls of a clean.glass vessel,
To prevent this occurring, a suitable coating of the
reaction vessel was produced by the decomposition of
allyl bromide. The rate constants determined at two
temperatures in the seasoned packéd,veésel; compared
with those in the seasbned unpécked vessel, are .
summarised in Table 3.2.  In view of the large increase
of surface-to-volume ratio, the‘small increase in rate .
indicates that the reaction is predominantly hémogeneous.
This test alone does not rule out a mechanism such as

(53)

the one proposed by Laidler who suggested that the

coating of the reaction vessel may increase the number
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" of active siﬁes above the number on a clean glass
surface. However, this‘éeems an unlikely mechanism
for hydrogen chloride elimination when other techniques
e.g. shock tube studies, have been used to demonstrate

that this type of reaction is‘homogeneous(g);

Figure 3.4 shows a plot of the logarithm of the pressure
change against the logarithm of the partial preésure of
the reactant} A linear relationship exists for the
first 60% of the reacﬁion, where the secopdary reactions
are negligible. As the slope of the linear regién is |
1.005, it can be concluded that the predominant reaction

is first order.

It_is‘usually possible to judge whéther.a reaétion
occurs by a radiéal non-chain mechanism by consideration
of the energetics of such a process. ‘HOWever,-for
cis-1l-chloro-2-butene, the homolytic bond dissociation
energy is not known. By comparison with 3-ch16ropropene‘
for which the C~-Cl bond dissociation energy has been

1

estimated as 252 kJ mol r the value for cis-l-chloro-2-

butene is not likely to be less than 210 kJ mol-l. The
observed activation energy for elimination of
cis-l-chloro-2-butene is about 181 kJ mol_l; Therefore

it is possible to rule out a radical non-chain mechanism.

Another pathway for the reaction is a radical chain
mechanism. This can be detected by using a radical

chain inhibitor, such as cyclohexene. The most likely



propagating steps for such a scheme would be

C4H7Cl + Cl'———§C4H6Cl° + HC1

C4H6C1-———yC4H6 + Cl.
If this occurred, thé addition of cyclohexene would
very likely reduce the F??FF%OQ ;ate. Since no rate

decrease was‘observed by.adding a radical scavenger,

it can be concluded that no radical chain process occurs.

Since thefe was no induction period, no inhibition
effects, and the reaction exhibits first order kinetics,
it can be said that the reaction under investigation is

a unimolecular process.

Apart frbm the maih'elimination reaction, iSomeriSationk~
of the cis-l-chloro-2-butene was also observed. A

very small améunt 6f trans isomer was normally present
in the feactant at the start of the pyrolysié, and its
concentration increased steadily with time. By changing
the surface-to-volume ratio using a packed vessel, |
the rate‘of increase of this EEEEi isomer was found to
vbe higher, indicatihg a hetérogeneous proqess..
Examination of the extent of this effect (see Section
3.3 ) shows that for an increase in surface-to-volume

1, the rate of

ratio from about 1 cm”l to about 3 cm~
production of trans isomer increased by about a factor
of three. Since the packed and unpacked vessels were
- of similar volume, there appears to be a linear

dependence of this rate on the surface area.
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Isomerisation of cis-1C2B to 3Cl1lB was also found, but
the rate was observed to be rather slow and could not
be measured accurately by the analytical technique

used. Thomas(54)

has shown that at the temperature
studied the (~isomer does not decompose fast. Although
a slight decrease in the concentration of j{~-isomer was
sometimes detected in these experiments,'this is
probably not significant in view of the errors in

analysis.y No detailed investigation of the surface

reactions was made.

In the studied temperature range (564-617K), it was

found, as previously»reported(ss)

, that dimérisation

| of butadiene to vinylcyclohexene occurred,'but wés
relatively slowl The rest of this discussion is
concerned only with the elimination reaction of the

cis isomer in the scheme (13).
4.2 Nature of the transition state

The Qarious.trahsition states proposed’for the gas
phase elimination (Section 1.4) can now be considered
in the light 6f the results of the pyroiYsis of
cis-l-chloro-2~butene. It has been proposed that
elimination in cis-l-chloro-2~butene proceeded through

a six-centred transition state which can be représented

- o by (XI) or (XII).
/,H-----V- c1 \ | /H . c1l
CH. * “cH CH

XII

. . CHZ
\\C C." XI \*C ...._....l:Q C// B
H



There is a considerable amount of supporting evidence
for the propésed cyclic transition state. Negleéting

a small amount of isomerisation, the product observed
from the elimination reaction of cis-l-chloro-2-butene
was butadiene and hydrogen chloride. If a four-centre
mechanism occurred, this woﬁld involve elimination with
a §in§l érotdn, and would produce methylallene as an
initial product, which has not been observed. Howevér,
at the temperatures at which this study was made,
methylallene would rapidly isomerise to butadiene(56).
Failure to observe methylallene does not, therefore,
rule out the four-centre mechanism, although a molecular
elimination involving the vinyl proton does not occur

in 3—chloropropene'(57).

The most convincing evidence for elimination through
a six-centre mechanism comes from a comparison of the

A factor observed for this reaction (log é—l = 1281)
s
with those of other six-centre reactions.

. The concept of a six-centre transition state for

cis-1-chloro-2-butene has been communicatéd(57)

together with several other proposed six-centre reactions
involving halogens. In the pyrolysis of 1l-chloro-3-

(58)

methyl-2-butene Harding proposed scheme XIIT

(log A/s L = 12.03)

H CH,C1 H CH H CH
/2 NIZEEN 2
. S N\
(l;l S I | > + HC1
/ N\ N A c.
CH CH ! SN AN
3 3 CH;  CH, CHy  CH,
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Thermal decomposition of cis-4-chloropent-2-ene has

(59)

been studied by Robinson who suggested a mechanism

represented by XIV (log A/ss.-l = 9,.85)

CH, CHC1-CH, el CH{ CH-CH, |
-/ \ \ I 4 HCl
\ —> CH, CH-CH,  CH—CH :
CH==CH . 47 -
. CH====C

XI1v

The hydrogen chloride-catalysed isomerisation of
1l,1-dimethyl-cyclopropane produces only 2-methyl-2-butene

for which the transition state has been depicted as XV.

H---- -l
! R CH
ci e
\H' cé cﬁ
] 2
XV

The pyrolyéis of «~chloro-o-xylene (42)

yields
benzylcyclobutene, for which XVI has been pxoposed'as

the transition state, (log A/s'-l = 11.47).

XvI

- Similarly Umaﬁa(45) studied the decomposition of
1,2-bis (chloro-methyl) benzene and proposed the

transition state XVII (log A/s-1 = 11,08)

sl



The Arrhenius A factor, according to transition state

. . . Acd
theory, is given by A = eiTm exp {A% kwhere Tm is the

mean temperature of the study. The entropy of
activation, AS* in these six-centred processes can be
expected to be negative, due to the loss of.internal
rotatibn in forming the cyclic transition state.
Umana estimated the A factor uéing the method of

(28) and obtained the values: for

Beason and Bose
.1-chloro-3 methyl-2-butene, log A = 11.7; and for
o -chloro-o-xylene, log A = 12.0.
a pseudo four-centre transition state for the same
reaction and estimated log 1-\/s-1 to be 11.9 for both
l.-chloro-3-methyl-2~butene and'l-chioro-o-xylene.
While these estimétes confirm a "low" value for A
factors of cyclic transifion state, they fail to agree
precisely with the experimental values, and, more
seriously, they do not discriminate between the two
structures proposed by Umaﬁa. Furthérmore, recent
criticism of the uée of édditivity rules in the

estimation of thermochemical properties does not add

confidence to their use in the type of estimate

Umana then posﬁulated
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made by Umaﬁa(GO). Nevertheless it is to be expected

that the values discussed lie in the range, A = 1012 + 1.0 S-l

This general expectation is largely borne out by a survey

of other analogous six-centre reactions. For ester

(61), the range of A factors fall within

12.78 S-l. With Cope rearrangements(sz)

pyrolyses

O11.3

1 to 10

the range of A values has been found to be within

10° and 10%° 571, ang in Claisen rearrangements the

range is normally between 10° and 1010 71,

Further evidence for the six-centre nature of the
reaction can be inferred from the thermal addition of
HI to conjugated dienes as studied by Walsh(63).. In

these reactions, second order kinetics was observed

| and, on the basis of the Arrhenius parameters, a 1,4

addition of HI was proposed.
Polarity of transition state

In 1955, Maccoll and Thomas(24) noticed a marked
correlation between rate sequencés in thé gas phase
and rate sequences>in the corresponding SN} reactions -
in polar solvents. Later Maccoll dbserved that
electron releasing .groups at the g{~position mérkedly
accelerate the rate of reaction, and in the B-position
produce only a small increase in rate. The B~hydrogen
may stabilize the forming X~ in‘a manner similar to

the polar solvent stabilization in solvolytic reactions.

They also pointed out that a general correlation exists .
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between the activation energy and the homolytic bond
dissociation energy. These observations strongly

support the concept of an ionic transition state.

The increase in rate produced by thé introduction of
electron releasing groups at the reaction centre has
proved to be a useful measure of the extent éf polarity
which develops in the transition state. From a |
number of gas phase reactions, Maccoll(64) has hoted

the various effects of /-methylation, and has classified
them acqording to the degree of heterolysis involved in
the transition state, The decomposition of esters and
alkyl halides are examples where rate increases of

about 25 and 150 respectively are observed; The
proposed six-centre transition state for cis-l-chloro-j
2-butene might be éxpected to involve a smaller degree
of polarity than in the four~-centre transition state of
“the alkyl halides. The reason lieskin the greater
~degree of assistance expected from the hydrogen atom

in the former compound. The following‘table showsra
compérison of the substituent effects 6f the above three

reaction types.

It can be Seen from Table 4.1 that éilylic halides

and esters have quite similar substituent effects. If
the enhancement of the rate by g-methylation is taken

as a measure of the polarity of the transition state,

the elimination from the chloroalkenes is considerably

less polar than the well established four-centre



mechanism in alkyl halides, and compares closely with
esters where there is also believed to be substantial
polarity but also an involvement (bonding) of the

leaving hydrogen in the transition state,

T

Table 4.1

Effects of methyl substitution on elimination rates:

Relétive rates of elimination of alkyl halides, esters and allylic chlorides,
T = 600 K

. Parent Methyl substituent
alkyl halides ethyl chloride (64) iso-propyl chloride (64)
1 150
| (a) (59)
chloro alkenes cis-1-chloro=-2-butene cis-4-chloropent-2-ene
1 S 28
esters ethyl acetate (64) iso-propyl acetate (64)
(a) this work 1 25

Examination of the Arrhenius parameters should also
cast light on the detailed mechanism of the reaction.
However, the A factor cis-4-chloropent-2-ene observed

by Robinson(sg)

is found to be very low compared with
other six-centre reactions. Direct comparison of
Arrhenius parameters for allylic compounds with alkyl
halides therefore appears to be difficult. However
recalculation of the activation‘energy is possible by

selecting an "average" A factor (A = 1012'5 s-l).
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There is some justification for such a comparison while

the Arrhenius parameters are prone to large errors when

the kinetic study spans only about 70 K, the tate data
are more reliable. The determination of Arrhenius
parameters from kinetic stﬁdies of an impurity preSént
at a concentration of aboﬁt 10% inevitably intfoduces

(59). Without such an assumption about

large errors
the A factors, comparison of réported activation
energies is of doubtful value. Table 4.2 shows the .
results of recalculation for allylic compounds and the

comparison with alkyl halides.

Table 4.2
Recalculated EA/kJ mOl-l, setting A = 1012-5 5'1
cis-l-chloro l-chloro cis-4-chloro - e N
2-butene 3-methyl pent-2-ene Etcl | i-Prc1l
2=butene - : :
178 ' 165 161 237 212

* not recalculated

-~

It can be seen very clearly thatvthe "six-centre"
transition state compounds have sﬁaller activation
energies than do”the "four-centre" alkyl halides. This
can be explained by the more facile six~-centre ?athway.
If, as in the alkyl halides, the rate increaée due to

« -methylation appears largely in the 1owering of the

activation energy, this reduction in the energy barrier is

about three quarters of that observed in the alkyl

halides. By comparing the activation energies of the
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above three allylic halides, it can be seen that,/-methyl
substituent has the effect of lowering EA' This can

be explained by the electron releasing effect of the

¥ -methyl group i.e. an inductive effect being relayed

through the conjugated allylic system.

It was stated earlier that there exists an analogy
between gas-phase eliminations from alkyl halides and
their SNl reactioné ih polar solvents. It might be
expected that the rate sequence for allylic systems in
solution would also be roughly parallel to that in the
gas phase. Téble 4.3 shows the relative rates of
unimolecular hydrolyéis at 44.6 °C of a number of
compounds in 0.5% aqueous formic acid, followed by

relative rates of elimination in the gas phase,

Table 4.3
Relative solvolysis rates(65) (T = 44.6 OC)'

ce é£§E§'lCZBA 3C1B -  trans-4C2P.  1C3M2B
0.278x107> 1  1.58 J— “0.42x10°

Relative pyrolysis rates (T = 361.1%)
3P . cis-1C2B 3C1B cis-4c2p (°9) 1c3m2p (41)
.026x10"3 1 0.0756 14.33 10.45

3CP denotes 3-chloropropene
4C2P denotes 4-chloro-2-pentene
1C3M2B denotes l=-chloro-3-methyl-2-butene
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As there is no readily éﬁailable'data for cis~l-chloro-
2~bﬁtene inAsolvolysis, comparison will be made with

the trans isomgr because the isomerism is likely to be
far less important in dissociative reactions in solution
than in the gas phase molecular process. A methyl
group in either theqtor the X'p051tlon produces a large
increase in react1v1ty. Thus 015-4-chloropent-2-ene
and l-chloro-3-methyl-2~butene are more reactive than
the cis-l-chloro-2-butene by a factor of about 104.

It can be seen too that the substituent effects in the

gas phase are in parallel to those observed in solvolysis.

It can be concluded that the elimination of Hx from
allylic halides containing a cis-methyl substituent is 
a particularly facile reaction. Compariéon with well
categorised substituent effects in other'gas’phase
elimination and with dissociative reactions in solution
indicate a rather polar transition state although one
in which thelquasi-heterolytid description applied'to‘
four-céntre elimination from saturated alkyl halides

is less valid.

This difference between four- and six-centred mechanisms
has recehtly been interpretedbaccording to symmetry» |
rules. Thermally, four-centre reactions are normally o
"not allowed".  But it has been suggested by ?earson(48)'
that the polar nature of the transition state destroys

the symmetry and therefore the elimination reaction of

alkyl halides becomes partially allowed, although the
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activation energy is|stili rather high. For exampie,
chloroethane has an activation energy of 237 kJ mol-l.

For the six-centre mechanism, the reaction is "allowed"
according to symmetry rules. Thus for cis=l-chloro-2-

. butene the activation energy is: 181 kJ mol-l.

This ﬁay account for the extreme polar nature of the
transition state in alkyl halides, but it does not aid
the interpretation of the elimination from the
chloroalkenes except to add further weight to the

convincing arguments for a six-centre mechanism.



Appendix 1

Data for order plot

p(R)/ torr

65.1

63.0
56.9
49.4
42.91
37.2
32.6
26.95

21.28

log p(R)/ torr

1.813

1.799
1.76
1.69
1.63
1.57
1.51

1.43

1.33

J/ torr s

0.023835

0.0217
0.01981

'0.01729

0.01512
0.01281
0.010605
0.00805

0.006545

1

‘log J/ torr s~

-1.62278

-1.6635
-1.703
-1.762
-1.820
-1.8925
-1.9744
-2.0942
-2.184

1
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Appendix 2
Data for calculation of rate constants k1
i 1. T = 617 K k, = 2.788 x 107> 71
v o t /st P, / torr ‘p(HC1) / torr
70 77.8 13.32
99 60.0 13.72
156 77.0 23.81
180 69.5 23,54
234 57.5 24,48
267 - 73.5 32.96
. _ 342 46.0 24.48
388 136.0 78.56
2. T =609 K ky, = 1.491 x 107> s~*
£ /st Po , torr p(HCl) / torr
55 59.0 4.6
140 92.5 13.7
270 46.5 14.8
380 63.5 21.0
510 - 70.0 29.3
625 85.5 39,3
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4,

T = 59

t /s

153
273
‘425'
580
714
845
975

T = 59

t /s
300
426
660
830
984

1410

1674

-1

8.7 K kI = 0.883 x 10~

p, / torr

77.8
69.2
R |

69.3

70.0

51.3

123.0

3

2,45k  k, = 0.647 x 10~

1

1 Py / torf
59.8
40.5
196.0
73.8
53.5
58.2

98.7

-l.
s

p(HC1) / torr

9.55
14.19
15.49
'24.52
28.65
24.26
60.26

3 -1
S

p(HC1l) / torr

10.22
10.22
27.74
28.11
23,26
27.86
49.08
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3 -1

5. T = 586 K k, = 0.3525 x 10 ° s
t / s"1 P, / torr : p(HCi) / torr
414 ' 58.5 i ~7.59
780 | 74.0 - 16.69
1290 , 80.0 27.20
1860 ~ 75.3 33.25
2530 123.0 64,00
3000 76.0 | 44,25
3560 70.0 45.26
_ _ -3 -1
6. T = 573.65 K k, = 0.223 x 10~ s
t / g1 ~ p, / torr p(HCl) / torr
910 45.0 o 7.78
1550 | 62.0 . 16.38
2400 41.0 o 11.82
2730 80.5 - 24,60
3360 74.0 28.00
_ _ -3 -1
7. T = 564.15 k, = 0.083 x 107" s
t-/ g1 p, / torr pHCl) / torr
1164 ’ ‘ 47.2 | 4.53
2430 - 50.8 | 8.20
3552 . 55.0 12.73
7404 66.0 26.33

11202 68.5 34.53
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