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ABSTRACT

The reaction between hypochlorous acid and 2-chloropropene was
studied. The products were analysed as chloroacetone (85%) and 2,3-
dichloropropene (15%). The absence of any 2,2-dichloropropanol,
formed by nucleophilic attack of water at the terminal carbon atom,
is discussed in terms of polarisation of the molecule caused by
electron-release from the 2-chhiloro substituent., The formation of
_2,3—dichlor0propene by proton-loss in the carbonium jion from C-3
.(rather than of 1,2-dichloropropene formed by loss from C-1) is
explained in terms of steric strain.

The effect of silver ions on the course of the reaction was also
studied. A product analysis revealed no change in the yield of
chloroacetone, nor any sign of any unusual products. The kinetics
were also unaffected by the presence of silver jioms. This behaviour
contrasts with that of 2,3-dichloropropene, where silver ions have
been found to cause autocatalytic behaviour, and to be responsible
for abnormal products. The kinetics of 2-chloroprop-2-en-l-o0l were

studied, and found to show characteristics midway between the other

2-chloro compounds.




When radioactively labelled hypochlorous acid was used in the
addition reaction, the chloroacetone produced was found to contain
less than the full activity, showing that some chlorine exchange
takes place. The extent of the exchange was found to be reduced by
the presence of increasing concentrations of silver iomns. In a
series of experiments in aqueous acid solution; chloride, bromide |
and iodide ions were added to hypochlorous acid in the presence of
silver iohs. Exchange was found to occur, to an increasing extent
along the series chloride - bromide - iodide, and to a decreasing
extent with increasing silver ion concentration. The rate of ex-
change between hypochlorous acid and silver chloride was found to
be slow, of the same order as that between chloride ion and silver
chloride. There was very little exchange between chloride ion and
hypobromous acid. The 2,3-dichloropropene produced in the reaction
between hypochlorous acid and 2-chloropropene was found to be of the
same specific activity o§ the chloroacetone, and to be exclusively
3-labelled. The conclusion was reached that the chlorine exchange
in the addition reaction proceeded by an inter- rather than an
intra-molecular mechanism. The addition of hypocilorous acid to
2-bromopropene resulted in the producticn of some browoacetone, as
expected.

The kinetics of the addition of iodine in aqucous solution té

the series of terminally substituted 1- alkenes CH, = CH(CHz)nBr’

were followed. A rate maximum at n = 3 appeared to indicate bromine

participation in a 5-membered ring, although calculations based on




the fall-off of inductive effect with the progressive removal of the
bromo substituent from the reaction centre showed the effect not to

be very large.
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CHAPTER 1

INTRODUCTION

Addition of various halogzen species

i

(a) Addition of hydrogen halides

The addition of hydrogen halides to olefins is considered to be
initiated by attack of a proton on the more negatively polarisable
end of the C=C bond, which in turn is determined by the inductive,
mesomeric or hyperconjugative effects of the substituents in the
olefin molecule. This initial electrophilic attack is followed by
nucleophilic attack by the halide ion on the carbonium ionic centre
thus formed. For example, the addition of hydrogen chloride to
J-methylpent-2-ene gives exclusively 3-chloro-3-methyvlpentane, since
the double bond is polarised by the electron-repelling methyl zroups

in the sense shown:

CH cH CH CH cH
N 3 . A 3
H {
s elde  —Hy 5—C<I{ — s c-C—H
\\Ei H_ CH H
CHBCHZ CHBCH2 H Cc 3C 2 Cl

An alternative description of the observed orientation is

that the proton will attach itself to the olefin molecule in




such a way as to form the more stable of the possible carbonium
ionic intermediates., Calculations by Bodot and Jullien1 of
electron densities at each carbon atom in an unsymmetrically
substituted ethylene derivative have shown that although in
some cases the carbon atom attacked by the electrophile is the
more negative one, in others it is the more positive end that
is attacked., The same workers calculated the relative energies
of the two possible carbonium ions and find that the one of
lower energy correspénds to the product actually formed. In
other words, the orientation of the initial electrophilic attack
is such as to produce the more stable carbonium ion,

Generally, tertiary carbonium ions are more stable than
secondarf, which in turn are more stable than primary carbonium
ions. This is the basis of the Markovnikov rule, which states
that in the addition of HX to an olefin, X becomes bound to the
more highly substituted of the carbon atoms.2 Apparent except-
ions to this rule can be explained in terms of the electronic
movements within the molecule. For example, acrylic acid yields
the so-called anti-Markovnikov product,3 while a proper consid-
‘eration of the system shows the carboxylate group to be electron-

withdrawing, and hence the polarisation of the double bond will

be as shown:

HO




It may be noted here that a 2-halo substituent is found
to polarise the bond in the scheme shown in I (below), preéum-
ably due to the existence of canonical forms such as II, where
the carbon-halogen'bond has double bond character and the

halogen atom takes a positive charge:

\,:\___0;01 | \6_0/61
~ A - ~

Alternatively, the 2-halo substituent can. be thought of as
conferring an added stability on the carbonium ion, formed
when the electrophile is attached to carbon 1, by a contribution

to the structure by the canonical form IV. i.e. by

. +
. o + Cl
AN /Cl € \ +/Cl ~ =
/C c /lc C /C \
E E
I1T Iv

a delocalisation of the positive charge. Thus in the addition



of hydrogen bromide to 2-halopropenes, 2-bromopropene yields
2,2-dibromopropane and 2-chloropropene yields 2-bromo-2-

chloropropane.

Br

Br
CH ——'é‘lsaH -——ji:é CH EB CH ——~E:;* ,
a— CH H
3 2 3 r 3 3CBrC 3

This behaviour is similar to the effect of a chloro substituent
on the orientation and rate of electrophilic aromatic substit-
ution. Thus the partial rate factors (i.e. the rate of sub-
stitutioh compared to that in benzene) for the 0- and p-

5a

positions in chlorobenzene are as follows:

Cl1

0.139

Note, however, that while the chloro-substituent directs
electrons into the o- and p- positions, the overall effect is
one of deactivation.

Also, the CHZCl— group is found to polarise a double bond

in the same sense as does a single chorine atom. Thus various

=4




allyl halides, e.g. allyl chloride,6 2-methyl—3-chloropropene7

all give "Markovnikov products"8 with HCl, showing that hyper-
conjugative electron release by the hydrogen atoms of the
-CHZCl group supervenes over the inductive effect of the

chlorine atom, polarising the double bond in the sense shown:

e * - &
_c1<1§}—c}1 = CHZ—L>CH201 - CH - CH, 1, CH,Cl - CH - CH,

The CH2C1— group, however, has the effect of deactivating
the molecule towards electrophilic attack. Thus bromination

of ethylene in methanol takes place some 14 times faster than

bromination of allyl chloride under the same conditions.9’10

The CH201- group also is o-p- directing in electrophilic

aromatic substitution. The partial rate factors are as follows:

Hd

0.2 0.2

0.95

However, consideration of these figures shows the CHZCl- group

to be neither so deactivating nor so exclusively o-p- directing

5b



as the Cl-substituent.

The stépwise nature of the addition reactions is well-
established, since rearrangement may accompany the reaction,
under conditions where neither the adduct nor the olefin could
rearrange. Thus, the addition of hydrogen chloride to 3-
methylbutene yields 2-chloro-2-methyl butane as well as the
expected 2—chloro-3—methylbutane.ll The rearrangement to give
the tertiary chloride presumably results from the migration of

a proton in the intermediate carbonium-ion, as shown below.

1
+ + -
MeZCH-CH = CH —H, MeZCH-CH-CH LN Mech—gH-CH3

2 l 3

- 1
ci g
Mezé-CHZ-CH ~—— Me ,C-CH;CH

3 3

A similar example is the production of both 2-iodo-2,3-dimethyl-
butane and 2—iddo;3,3-dimethylbutane from the dddition of
hydrogen iodide to 3,3-dimethylbutene.12 The former product is
held to result from a rearrangement of the initially produced

secondary carbonium ion into the more stable tertiary carbonium

ion, as shown:

-6-




-

He+ + I I

Me C-CH = CH - ——> Me C—CH—CH_  —> &~
3 5 ey 5 Me 4C tn CH,

|

+ | .
Me,C-CH-CHy —r Me ,C-CH{Me)CH

Me

3

The addition of hydrogen halides to double bonds is not
conveniently studied in hydroxylic solvents, since hydrogen
halides are largely dissociated in such media, and acid-catalysed
hydration (or alcoholation, etc.) of the olefins will compete
with and possibly overshadow the desired addition. The kinetics
of such reactions in non-iornising solvents are rather complex.
For instance,-the addition of hydrogen chloride to isobutene and
that of hydrogen bromide to propene (both in pentane) have been
observed to be first order in olefin and of indefinite order
(about three) in hydrogen halides.13 This seems to indicate that
besides the HX molecule actually involved in the addition, two or
more extra molecules of HX cluster around the activated complex
for the slow step. Thus the polarity of the medium in the immed-
iate vicinity of the reaction site would be increased, facilitat-
ing heterolysis of the attacking HX molecule. The extra molecules
may even directly attack the halogen atom in the attacking mole-

cule, thus further assisting heterolysis, as shown below:



>c = ¢+ 3mx £22% ¢ c
~ eq,u.\ tbeiom
H
|
/X
: ' slow?
X HX
¢ | N B ‘
-C -C-¢— -C -C_ &—r c T ¢’
t { l N .
fast H ut HX

The addition of hydrogen chloride to isobutene in nitromethane,
however, has been found to be first order in olefin and second orader
in hydrogen chloride.lu The following wmechanism is proposed, in
which the rate determining step involves attack of HClé- ions (which
are stable in ndtromethanels) on the carbonium ion formed by initial

attack of a protomn.

I-’IeZC = CH2 + H+ —’,MeBC+

Me3C+ + HCl2 > MeBCCI + HC1



(b) Addition of halogens16

The addition of halogens to olefins is considered to be
initiated by electrophilic halogen attack at the more negatively
polarisablé of the unsaturated carbon atoms, followed by nucleo-
philic halide ion attack at the carbonium ionic centre.

The electrophilic nature of the additions is evident from
the fact that reaction is facilitated by electron-release to the
reaction centre and retarded by electron-withdrawal. Some data

17-24

are presented in the following tables.

CHR is increased

Thus, the rate of halogen addition to CH2
where R = phenyl or allyl and decreased when R = CH201, CHZCN,
etc., as shown in Table 1.16Also, it will be noted that in the

series RCH = CHCO,H, two methyl groups are superior to a phenyl

2

group in promoting reactivity, while the latter is superior to a

single methyl group.

Table 1

Relative Rates* of Addition Reactions in Acetic Acid at 24°C.

Compound Clzaddition Brzaddition

- CE 8l
CH2 CII2

= 2,000

CuH9CH CH2 ’
PhCH = CH2 11,000

= 106
CH2 CHCHZCl

= loo
CH2 CHCHzBr




CH, = CHCH,CN 0.23
CH, = CH(CH2C1)2 . 0.019
CH, = CHCHCL, 0.60

CH, = CHBr . 0.28 : 0.0011
CH, = CHCCI, : 0.006

CH, = CHCO,H | 0.018

cis HO,C.CH = CHCO,H 0.00011

trans Me. CH = CHCOZH 0.62

trans Ph.CH = CHCOZH | 4.9

MeZCi

* k, (1itre mole™ ! min

CHCO,H 51
-1
)

The marked increase in rate due to a methyl group, whether
it is attached directly to the double bond or through a conjugated
system is evident from Table 2. Electron-withdrawing groups
greatly decrease the rate; for example the introduction of a p-

nitro group into cinnamic acid reduces the rate by a factor of

1000.
Table 2
Values of k2 for Cl2 addition
R = p-Me H p-Cl m—NO2 p-NO2
R.C6H4,CH = CHCOPh 800 61 23 0.23 -
R.CgHy .CH = CHCO,H 103 4.9 - 0.011 0.0049

-10-



Table 3 shows electron-withdrawing groups arranged in order

of effectiveness in reducing reactivity:

Table 3
Values of k., for Cl2 addition to Ph.CH = CHR.

2

R k2 R k2
H very rapid*¥* CHO 1.8
COPh 61 CN 0.022
COZEt 10 NOz 0.020
COzH L,9 SOZCl 0.001

*¥ By analogy with the rate of bromination,

probablyﬂ-lo.7

That the addition is a two-step process, the first step

being electrophilic addition to yield a carbonium ion, is demon-

strated by carrying out the bromination of ethylene in the pres-

ence of sodium chloride or sodium nitrate.25 In addition to the

expected dibrOMOethane, a bromochloride or a bromonitrate is

produced:

-11-



CHzBrCHZBr
8r°
Ci- CH2BrCH2Cl_

Br. + CH, = CH. —3 BT + BrCH_GH_ —2% , cH_BrCH_ONO
2752 2 2

2 2 2 2
H,04 +
2 CHZBI‘CHZOH2

Since difect substitution by nitratéﬁion, etc. on dibromoethane,
and also reaction via the BrCl or BrONO2 species can be ruled
out, the clear inference is that the reaction proceeds via a
carbonium ionic intermediate.

Further, the bromination of stilbene in methanol yields
stilbene methoxybromide as well as stilbene dibromide.26 Again,
direct addition by methyl hypobromite is ruled out, since the
rate of reaction is found to be independent of the acidity,

while the equilibrium shown below would be dependent on the hydro-

gen ion concentration.

Br2 4+ MeOH T————= MeOBr + H+ + Br

The kinetics of halogen addition to unsaturated linkages in
non-polar solvents is extremely complicated, the additions being
catalysed by light, small quantities of polar substances, or
glass surfaces.

In hydroxylic solvents, however, the kinetic picture is
much simpler, and most of the information known at present is

based on studies in such solvents, particularly water and alcohol.

-12-




The reactions are found to be first order in both olefin and

halogen.27

= k, (olefin) (012)

This kinetic form est,blishes that the transition state for the
rate-determining step contains the olefin and the electrophile,
It has been shown that addéd chloride ion, added hydrogen chloride,
and added sodium acetate affect the rate of addition only slightly

18,21 So it is most unlikely that

and through a j salt effect.
either Cl+, ClOAcH+, or Cl10Ac is the true electrophile, since the
following equilibria would be powerfully affected by the presence

of hydrogen chloride or sodium acetate:

012 + HOAc &—— Cl1l0Ac + HC1l

c1, + HOAc =— c1o0acH” + c1~

c1, —c1" + c1”

It seems probable therefore that the transition state relevant to
the rate-determining stage of the reaction contains both the
electrophilic and the nucleophilic fragment of the attacking halo-
gen, As for aromatic substitution, therefore,28 it is reasonable

to describe the reaction path as follows:

-13-




+7

-
-C1 s /C ——C\———?products

1 - C1

The effect of change in solvent on the rate of reaction is
consistent with this view of the reaction path, and can be inter-
preted in terms of the Hughes-Ingold theory of solvent action.29
In this theory, the initial and transition stages are considered
differentially. 1In a reaction, such as this one, in which initia-
11y neutral or slightly dipolar molecules form a transition state
involving much development of charge, the rate of ﬁéction must be
greatly facilitated by increasing the ionising power of the medium.
S0 chlorination in non-polar solvents is less rapid than in acetic
acid, and addition of water to acetic acid markedly increases the
rate of reaction.

Added electrolytes also facilitate addition in acetic acidqd,

usually by virtue of a primary salt effect.l8 The results suggest,

however, that chloride ions have also a special effect in these
18,30

reactions, introducing a new kinetic form:

:Eﬁgigl = (olefin) (Clz) (c1™)

dt

A similar form seems established also for bromine addition,

though the function of the halide ion is not knownm.

~14-




I, and the interhalogens BrCl, IBr and

For additions of Br2, 2

ICl in poorly ionising solvents such as acetic acid and nitrobenzene
another term, second order in halogen, must be included in the rate

equation, and becomes predominant at moderate halogen concentrationg%

-d(xz)

" = k, (olefin) (xz) + kg (olefin) (x2)2

The second term could be interpreted in the same way as for addition
of HX in non-polar solvents. In poorly ionising media, the for-

mation of the presumed halogenonium-ion intermediate, requiring

-charge separation is difficult, but is aided by a second molecule

of halogen which helps to disperse the negative charge by formation

of the large trihalide, x3' .

x
c=c’ X et Y c’—-2——>c—c + X
e+ x, ot - ;
equilibrium X slow +
‘ I
X X
l fast
._?_
+ X
—C-X 2
|

In keeping with this suggestion, no third order term has been

found for the additions of chlorine, which forms the Clé' ion only

2
with extreme diff‘iculty.3

The individual rate constants for attack by the bromine

-15-




molecule and the tribromide anion Br. can easily be obtained from

3

the variation of the observed composite rate constant with the con-

33

centration of added bromide ion.,

-16-




(c) Addition of hypohalous acids

In considering the addition of a hypohalous acid HOX to an

unsaturated linkage, the HOX is thougﬁt to be polarised in the

sense:s

The evidence for this comes from a study of the products of addition
of hypohalous acids to various olefins. Thus, the reaction of pro-
pene with hypochlorous acid yields l-chloropropan-2-o0l as the main

31

product.

ClOH ,
- = .____—__—-—’
CH3 CH CH, CHBCH(OH)CHZCl
Comparing this with the addition of hydrogen chloride to the same

compound:

CH.CH = CH —HCL CH. CHC1CH

3 2 3 3
the halogen atom of ClOH is seen to attack the same carbon atom
as does the proton of hydrogen chloride and is therefore the
electrophilic moiety of the molecule.
Reaction is considered to proceed in two stages, as in the

-17-




other electrophilic additions so far studied. The first stage in-
volves electrophilic halogen attack to form a carbonium ion, the
second, nucleophilic attack by water on this carbonium ion, to give

a chlorohydrin.

7~

N -~ + ~ - H, O N
c = ¢ + Xt — Sc-t CX - COH
X -H+

Unsymmetrical olefins often yield a mixture of both possible

isomeric products. For example, allyl chloride yields 70% 2,3~

dichloropropanol and 30% 1,3—dichloropr0pan-2-ol.31"35
CH, = CHCH,C1 __Ci+ [?HZClCH.CHch N H,0 CH2C1CH(OH)CH201
| N~ +
CH,OHCHC1CH,C1

It has been established that the ratio of isomeric chlorohydrins is

|
34,35

little affected by the nature of the halogenatihg species.
That is to say, chlorination under conditions where the active
species is presumed to be Cl+ or H2001+, yields the same ratio of

products as chlorination by Cl2 or 0120.

The products of addition of hypochlorous acid to some olefins

are given in Table 4.

-18~-



(2)
(3)
(%)
(5)
(6)
(7)
(8)

Olefin
(CH3)20=CH2

CHBCH=CH2

C,H, CH=CH,
25

CHZOHCH=CH2

CH2010H=CH2

CH2Br0H=CH2

CH201CMe=CH2

CH2ClCC1=CH2

Reactions (1)

Table 4

®-Chlorohydrin

d,
(CHB)ZC(OH)CHZCl 100%

CH

3CH(OH)CH c1

5CH(OH)CH c1
CHZOHCH(OH)CHZCI
CHZClCH(OH)CHZCl
CHzBrCH(OH)CH201
CHZClCMe(OH)CHZCI

CHZClCOCHZCl

95%
85%
75%
30%
32%
8u%
97%

~-Chlorohydrin

(CH3)2C01CH20H
CH,CHC1CH, OH

CzHSCHC1CH OH

CHzCchClCHZOH

CHZClCHClCHZOH

CHZBrCHCICHZOH

0%
5%
15%
25%
70%
L4 o%

CH,C1CMeC1CH,0H 6%

CHZClCCIZCHZOH

3%

Ref
36

36

36
34,37
34,35
38a
39

Lo

(4) appear to accord with the idea of initial

attack by positive chlorine at the terminal carbon, which is nega-

tively polarisable due to electron-repulsion by the substituted

methyl groups.

The decrease in the proportion of terminally halo-

genated isomer in the product on going from (1) to (4), and the

corresponding increase in 2-chloro isomer, is explained by the de-

crease of electron-releasing capacity of the substituted groups.

The electron-releasing ability of these groups is in the following

order:

~-19-




The preponderance‘of 2-chloro over l-chloro isomer in reactions

(5) and (6), however, appears at first sight to be anomalous, since
the CHZCl group is also regarded as electron-releasing as discussed
in hydrogen halide additions earlier. The interpretation of this
behaviour will be discussed later. Briefly, the incoming halogen
is thought to interact with the carbonium ionic centre, giving an
intermediate such as shown below. Subsequent nuclebphilic attack
on such an intermediate would occur, by analogy with ring-cleavage

of epoxides, principally at the terminal carbon atom;

\ /
_CX - c(0H)
N - \ , \
_C = ¢ + X+ —C - & +
v \ \

I Pl - - 7”7
X c(o#a)-cx
- \

Reaction (7) indicates that the electron-release of the methyl
group in P-methyl allyl chloride so strongly reinforces the polar-
isation of the double bond that the orientation of addition is
completely reversed compared with allyl chloride, the "normal"
(Markovnikov) addition product completely predominating.

The inclusion of ae-chloro substituent has likewise the effect
of strongly polarising the double bond so that the positive halogen
species becomes very firmly attached to C-1, with correspondingly
less interaction with the carbonium jionic centre, and hence little
production of 2,2,3-trichloropropanol from 2,3-dichloropropene (8).

In a product analysis of the reaction between ClOH and allyl

-20-




chloride labelled with 36 Cl, de la Mare and Pritchard isolated and
measured the radiocactivity of the 2,3 dichloropropanol produced.hl
This was then converted to the epichlorohydrin, which was found to

contain only ca.94% of the activity of the chlorohydrin.

cn. = cu-cu®c1 -C*, cm - cm - o1 o+ cm - cm - cm3be1
2 2 , 2 l 2 I 2 l 2
OH c1 c1 OH
l alkali . removed

CHz/;/CH - CH26Cl

The authors concluded that about 4% of the chlorine originally in the
3-position in allyl chloride had migrated to the 2-position in the
2,3-dichloropropanol product, and therefore that 12% of the 2,3-
dichloro isomer was derived from a symmetrical intermediate such as

ITI in the scheme set out below.

_ 36 C1OH, + _ 36 H,0 o 36
CH, = CH - CHj Cl 2} cm, j,én - cHyUcl 2, fHZ ?H CH, C1
or Cl+ 17 (1) 61% OH Cc1 65%
36 '
HaO
- l (,31 )=
36 H_O I H,0
- - - CH - CH 2 CH. - CH - CH_OH
CH,, fH CH; Cl 2 Ci, - C 5 o, 32 2
Cc1 OH c1” c1 c1
31% (11) _ 4%

It was suggested that the major proportion of the products was
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yielded by nucleophilic attack of water on the initially formed
intermediate (I), before it could become completely symmetrical (II).
The extent of rearrangement due to allylic halogen migration is

summarised for the other allylic halides in the following table:

Table 5
Percentages of addition products yielded by the addition
of ClOH
Compound Markovnikov Product Anti-Markovnikov

CH,=CHCH,C1% CH201CH(OH)CH201*(31) CH20H0H01CH201"(65)

CH,=CHCH,Br CHZClCH(OH)CHZBr (32) CH,OHCHC1CH,Br (40) cont,

2 below

CH,=CHCH,I CH201CH(OH)CH21 (30) CH, OHCHC1CH, I (22)

Rearranged Anti-M., Refs.
CH,C1CHC1%*CH,,OH (4) L1
CH,C1CHBrCH,O0H (28) 38a
CH,C1CHICH,OH (48) 38b

The extent of rearrangement is seen to increase with the known

migrating ability of the halogen atoms: Cl< Br{I, It is to be

expected that this ability will depend on both the neighbouring

group interaction of the halogen and the ease of heterolysis of the

carbon-halogen bond, and will be discussed more fully later.
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The rather complex kinetics of chlorination by hypochlorous
acid have been studied extensively by Shilov et;al. and by Israel
et.al.uz, and will be discussed in Section E., The reactive halo-
genating species in a dilute solution of hypochlprous acid in the
presence of strong acid is believed to be the hypochlorous acidium

ion HZOCl+ and/or the chlorinium ion Cl+, as well as the hypochlor-

ous acid molecule itself.
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B Substitution accompanying addition

It is a well-established fact that elimination reactions from
certain allyl halides (viz.El reactions) involve proton-loss from
carbonium ions. By analogy with this mechanism, any reaction pro-
ceeding through a carbonium ion could give olefinic products by
proton-loss, as well as the products of nucleophilic attack on the
carbonium ion. For unsymmetrical structures a number of different
isomeric olefins could theoretically be formed.

Thus in the case of the addition of halogens or hypohalous

acids to olefins, we have the possibility of addition or of overall

substitution by the halogen,

XCH, H
\C(OH) ccl
H0 oy ’
CH
XCHZ\C_C/H Cl+ XCH2_<H i X 2 c1
N - SR
\
T XCH  w
/c-c\01

For example, the bromination of triphenylethylene gives,
depending on the conditions, mainly the product of addition, 1,2-

L3

dibromotriphenylethane, or of substitution, bromotriphenylethylene.
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PhZCBrCHBrPh
— A Lr+
Ph2C = CH-Ph ______, thé ~ CHBrPh

PhZC = C3rPh

Also, one of the products of chlorination of isobutene was

found to be 3—chloro-2—methylpropene.7’415’1‘5

o MeZC(CH) CH,C1

+ T
Me,C = CH, + C1OH, ——>Me25.ca €1 —> Me,C = CHC1

2
CH, = CMeCH,C1

2 2

Other workers investigated similar reactions46 and the reneral
conclusion drawn was that olefins which reacted readily with mineral
acids (i.e. those capable of forning tertiary halides), gave sub-
stifution as well as, or instead of, addition products. Another
observation was that the ratio of substitution to addition products
was increased for a given reaction by raising the temperature.

Tischenko showed, by examination of addition of cnlorine to
many substituted ethylenes, that the reaction leading to a chloro-
‘substituted oglefin was not one of simple substitution by chlorine,
but that a shift of a double bond was taking place.h7

Reeve, Chambers and Pr:‘LckettLL8 confirmed this by labelling

isobutene (at OOC) in the 1- position with lLé'C. Both the starting

material and the product were treated with ozone. The starting
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material was found to give inactive acetone and active formaldehyde,
while the product, 3-chloro-2-methylpropene, yielded active acetone

and inactive formaldehyde,

4 14

CH C = CH,. > i i i
( 3)2 o O3 CH20 derivative + CHBCOCH3 deriv.
012 : active inactive
e, = c(cu,)-cu,c1 —23 —» CH,O derivati CH CégH c1
> 3 2 2 erivative + 5C! 2
inactive lZn
14
CHBCOCH3 deriv,
active

(The formaldehyde was converted to its dimedone derivative
for counting, and acetone to its 2,h-dinitrophenylhydrazone). These
;esults indicate that the mechanism is not one of direct attack by
912 on one of the methyl groups, but involves electrophilic attack
by chlorine on the terminal carbon atom, followed by proton-loss
from one of the methyl groups of the carbonium ion formed.

Further evidence for the tvo-stage carbonium ion mechanism for
halogen substitution accompanying addifion reactions is provided by
a comparison of the products in aqueous solution of the chlorination
of.isobutene and of the hydrolysis of 1,2-dichloro-2-methylpropane.

These were found by de la Mare and Salama to be produced in essen-

tially the same pr0portions.49 It is assumed therefore that the
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two reactions proceed via a common carbonium ionic intermediate,

the reaction scheme being set down as follows:

CH

MezC 2

H,0
MeZCCchzcl-___N__JL__¢///2

MeZC
Hydrolysis

Addition

To summarise,

by Taft,so

(1)

appears

carbonium ion;

(2)

+ C1O0Hg — Me, é—CH c1

N T~

= CHC1 CH, = CMe.CH,C1 Me2C(OH)CH201
6% 10% 84
0.4% 12% 87.6%

then, the chlorination of olefins, as suggested

to proceed in two stages:

the rate-determining addition of positive halogen to form the

two distinct fast reactions of the carbonium ion to give

(a) substitution and/or (b) addition products.

Setting out such a scheme in full:

/ 3 slow> | / 3
H-¢ = ¢ CI, H-¢-&  +c1
H CH,, C1 CH
/’ (QJ
> .
@\ VE}, %&b 4‘
H H CH, ?_
| CH I _CH
H-c-Cc~~ 3 H-C-C andfor C = ¢~ °
|\ |\ |\
C1 C1 CH, C1 cH, c1 CH,,
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The ratio of addition products to substitution products was
found to bear a rough relationship to the number of hydrogen atoms
on the carbon atom adjacent to the positive carbbnic centre.
Generally speaking the greater the number of such x-hydrogen atoms,
the higher the substitution: addition ratio. The reason suggested
was that the greater the number of hydrogen atoms in the molecule,
the greater the number of resonance structures that can be written
for the intermediate carbonium ion, and hence the greater the extent
to which the positive charge is delocalised. The charge density at
carbon-2 is therefore reduced and the proportion of nucleophilic
attack accordingly lessened.

The orientation of elimination, that is, the direction of proton
loss, has given rise to some speculation.

Taft, for example, suggested that the orientation would be
determined by the polar effects of the substituents attached to the
carbonium ionic centre.u5 For example, the ion below, produced by
the addition of 012 to isobutene, has greater electron density
around the carbon atom of the methyl group than around the carbon
atom of the chloromethyl group, because of the inductive effect of
the chlorine atom. This suggests that proton-loss would take place

from the chloromethyl group rather than from the methyl group.

Ha

C
2 6 //f/
| ™~ .

H
Cl 3
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Further, the glectromeric effect of this chlorine atom also would
increase the tendéncy to form a double bond between the carbonium
ionic centre and the carbon atom of the chleromethyl group. These
predictions, however, are contrary to the experimental findings,
which are that 3-chloro-2-methylpropene is formed in much greater
quantities than the isomeric l-chloro-2-methylpropene.

Arnold and Lee, from their work on the chlorination of methy-
lene cyclohexane,51 suggested that a cyclic traﬁsition state was
involved in the formation of allylic monochlorides from isobutenes.
In this mechanism, the attachment of a chlorine atom, elimination

of hydrogen chloride, and rearrangement of the double bond all take

place simultaneously.

CH CH,
2
I 2 1
o C
CH, CH, S CH CHH
I | | |
R R R R
uzl
?Hé—-Cl ?ﬁf}fc{~
C =~ I: c1
Secn + HC1 < c\ !
]
CH, ‘ / CH - H
I
R R CH,R
R

de la Mare and Salama put forward a theory based on stereo-

chemical grounds to explain the predominant loss from the methyl
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group in the addition of hypochlorous acid to isobutene described
earlier. They suggested that there was some distortion towards a
three-numbered ring in the chloromethyl group produced by interactian

between the C-Cl dipole and the carbonium ionic centre.

CH3 CH3 CH3
\ . .
/ /
(’5---0}128+ & L4 & _ ¢
\\ / \\ /\ /\\ /\
‘\ \ H H ‘\ H
CH bl 8- CH El \\C bl
3 3 /
< |
H

I IT IIT

This distortion was considered to be stereochemically unfavourable
for proton-loss from this chloromethyl group as in II, but not to
affect the ease of proton-loss from one of the methyl groups as

shown in IITI.

. A better test of Taft's theory was the examination of proton-
loss from a formally symmetrical intermediate, such as that produced
from hypochlorous acid and 2,3-dichloropropene. Ballinger, de la
Mare and Williams: found the following proportions of isomeric sub-

stitution produc-.ts.52
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a
36 [ -+ 36

CH2 = CC1l - CH2 Cl — CH2 - Cccl - CH2 Cl — other products

36 36
CH201. H CH201 Cl1 H Cl H CH2 Cl
\ / / \ / \ /
/ 36 yd \ / 36 /

Cl Cl Cc1 H Cl CHZCl Cl Cl1
cis,vinylic- trans,vinylic- trans,allylic- c¢is,allylic-
ally ally ally ally
labelled labelled labelled labelled

2.9% 3.8% . 0.5% 0.8%

Thus, about 84% of the substitution products is vinylically labelled,
that is, derived from proton—los; from the CH236CI already present
in the olefin molecule. Since equal amounts of proton-loss do not
occur from the two possible branches of the carbonium ion, it is
apparent that the intermediate involved in this reaction cannot be
completely symmetrical about the central carbon atom, Thus both the
classical carbonium ion (I) and also an intermediate in which both
1- and 3; substituted chlorine atoms interact equally with the
central carbon atom (II) are ruled out. An intermediate such as III
is suggested, in which the C-Cl diéole of C1 interacts with the
positive centre, producing a strained configuration, which stereo-

chemically hinders the loss of a proton from the attacked carbon

atom. The main product would then be the vinylically labelled

isomer.
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36

+ 36 + ,’/'?l &+ + b
CH.Cl - CC1 - CH - - - -
) ,C1 ?Hz - ccl - cH, <|3H2 -, CCL - CH,C1
c1’ $c1”
I 1 ITT

It will be noted that in the formation of the main product,
i.e. the vinylically labelled trichloropropene, the trans isomer is

formed in predominant amount. This sugsests a tendency for the

chlorine atoms on carbons 2 and 3 to take up a conformation so that

they are as far apart as possible, to minimise the repulsions of the

Proton-loss is then more likely to take

dipoles of the C-Cl bonds,

place in such a way as to leave these two chlorine atoms trans- to

each other in the product i.e.

to favour the formation of trans-

(l - 36 Cl) 1,2,3-trichloropropene.
Cl Cl1
H C1l + H | C1 H I C1
\ / ci” N\l ~/ AN
cC =2¢C E— cC -C —_— c -2¢C
/ \ H / \ A /N
H C H C H C—H
3 Cl Cl Cl

Marmor and Maroski advance the theory that the addition of

HOCl to olefins involves a free-radical process.53 They found that

in the addition of HOCl to various hindered olefins, such as unsym -

dineopentylethylene and 3,3,5,5,-Betramethylmethylenecyclohexane,
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substitution was the wain or only reactiown, with the double bond
remaining in the original position., Since direct halogeustioin of
alkanes is believed to occur via a frce-radical process, they say

that it is reascnable to as<ute that substitutior accowpanyinag

A

addition in renctions of alkenes with helo_ens is also due fto a

fres radical »rocess. They propose that the concept of "aolectle-
. . . - iy 4
induced homnolysis" (first put Torward bty lartin anl Drev et.al.5 )

is operative in reesctions of IHCC1l with olefins. The MUC1l .Llolecule
is largely undissociated in aqueous solution, and as such it is
analogous to a chlorime molecule., Turthermore, it has been estab-
lished that HCC1l can and does react with unsaturated kctones, iu tie
presence of peroxides, via a free-radical viechenisz. It is being

assuned, therefecre, that soue of the IICC1l undergoes houolysis, witaz
the generation of chain-propagating redicals. The fact that o c-CI
structures are formed is exnlained on the basis of tus greater

stability of the CH radical as co.pared vitih the Cl racdical. In

‘the free-radical —eactior of JICCl with quinones and vnsaturated
52
4

ketones no hydroxy cowmpounds were observedl in the products eitl.er,

The following scheme is psroposed as a representotion of the possidble

rmnechanisms.
’OH
c1 c1
~ ~ T ~ SN N~ l/ v
_C=0C_ + HCC1 ;:Z/C»— C\_;Z/C - C\ + !
‘ = é 0]
- - H - v
? 1 + OH = . + i,
! ! .
—C- + “"HOCl — -C - C1 + O, etc.
. 1




MHarmor and liaroski also studied %he reaction of hypocilorous
acid with a mixture of dineopentylethylene and cyclohexane. Chloro-
cyélohexane was formed, indicating that free radicals were generated
if we are to assume that substitution of H by Cl proceeds only by a
free radical mechanism,

These results, however, can also e interpreted »y the usual
ionic mephanism. The preponderance of substitutioii products arises
giiply bescause in these hindered olefins tlhere is steric hinlerance

to nucleophilic attack by the solvent on the cerbonium ion.
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[% Neighbouring group participation

Winstein57 termed the phenomenon of interaction between a

substituent and a developing carbonium ionic centre the neighbouring

group effect. There are three principal types of evidence which

point towards neighbouring group participation.

First, if such participation occurs during the rate-determining
step, the reaction is almost certain to be significantly faster than
other reactions which are similar but do not involve such partici-
pation. Tyéically, the F -chloro sulphide CHZClCstEt is hydrolysed
over 10,000 times as rapidly as is the corresponding ether

ClCHch OEt (in aqueous dioxan).58 This rate difference is far too

2
great to be attributed to differences in inductive, conjugative, or

steric effects, but suggests rather that the hydrolysis of the
sulphide (but not the ether) proceeds through a cyclie 'onium ion
(in this case, sulphonium ion). The intermediate, because of the

strained three-membered ring, is readily hydrolysed to the observed

products.

| -c1 H,O
S//ﬂs\\‘CHz-——C}bl > S CH, 2_, B+SCH,,CH,,0H
/ \ / N\ / very
Bt CH, Bt  CH, fast

Second, sometimes the stereochemistry of a reaction suggests

'that neighbouring groups become involved. Thus the hydrolysis of

(- bromopropionate ion in water or dilute base yields lattate with
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retention of configuration about the oc-carbon atom.59 Since nucleo-
philic displacements at secondary carbon atoms almost invariably
resulf in partial or complete inversion of configuration, it was
assumed that two displacements were actually involved: the first a
displacement of bromide by the neighbouring carboxylate group to
form the non-isolatable &-lactone, the second a very rapid cléavage
of the lactone by water. Inversion presumably occurred in both

displacements, the second inversion "nullifying" the first,

Me H Me H Me H
N/ N/ N
C-Br -Br C HZO C —— OH
s )

7 i N
T \c\ &= o
\\O

Evidence for this mechanism comes from a study of the relative rates
" of solvolysis of m—bromopropionate6o and isopropyl bromide. In
methanol, x-bromopropionate is the faster by a factor of 20, while
in water, ?he relative rates are reversed. It is found that x-bro-
mopropionate is not sensitive to solvent and salt effects. Since
SNl reactions involving ionisation typically depend markedly on
solvent effects, it is apparent that such a mechanism is not invol-

ved here. The evidence strongly suggests that the rate-determining

step involves a direct intramolecular displacement by the carboxy-

late group.
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Finally, neighbouring group participation may lead to re-
arranged or cyclic products. The neighbouring group remains attached
to the reaction centre and either breaks away from the atom to which
it was originally attached in the substrate, yielding a rearranged
product, or remains bonded to both, yielding a cyclic product.

As an example of the former type, 2-chloro-n-propyldiethylamine
vields on basie hydrolysis a rearranged aminohydrin, preéumably

because the intermediate imonium ion is attacked preferentially at

the xx~carbon atom.62

OH
/’—\ "
Et, N CH(Me)—Cl —> Et, % - cH-Me —> Et,NCHMeCH,,0H
\ \ /
CH, CH,,

The hydrolysis in formic acid of PhBC.CHZCl yields in addition
to the solvolysis products, a rearranged olefin, formed by migration

63

of a phenyl group in the carbonium ionic intermediate:
#n
HZO

Ph. C - CH.C1 —= thc-CHz_yphzé-CHzph

3 2 _C1- _
M % |-+

; - = CH
Ph3,c .CH,OH PhZC(OH ) CH,Ph Ph,C Ph

Neighbouring group interaction is also found in carbonium ions
produced by electrophilic additions to olefinic double bonds. For
example Tamelen and Shamma found that the addition of iodine to

unsaturated carboxylate ions yields iodolactones.
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R I

, CH - CH
RCH = CH - CH, - Co0™ ____i2____, o/ \CH2
N,
lc;

The authors sugsest that iodolactonisation proceads by way of an
initial positive iodine attack on the double bond followed by

carboxylate ion displacement on the resulting iodoniua porticn of

the intermediate zwitterion.

I I

e =c” >c'/-\c/ ¢ cl:—-
\ TN N\
/CH2 —_— /CH2 —_ c,

0 -¢C 6 - C 0 -C
\, \, \

65

Thev point out that the view of Linstead, who visualizes an
acyclic intermediate which subsequently lactonizes, is essentially
the same.

\ I N | _
_C = C - CH, - C00T —» & 222 C - CH, - CO0" —> lactone

| 2

I

Tt was further found that 5- and &- menbered rings were favoured in

these iodolactone formations, and that the double bond must be
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isolated, i.e. not conjugated.

Bartlatt and Tarbell found similar lactone formeation in the

addition of bromine to dimethylmaleic acid.66

Me Me Me Br IMe Me Br Mc
\c=c/ . \/\/ \/ C/
/ \ —— / \ —> f | Scoo
0= ¢ cC =.0 C =0 C -0
| l #\, \ /
0 0 00 0 0

Mlore recently Norman and Thomas found that addition of Br? to

PhZC(Ar)CH = CH2 involved migration of the aryl group.67 They
described the sequence as follows:

Ar Ar

| Br, | Br-
Ph,C.CH = CH, —=E ¢.CH,Br Ph,ArC. CIIBr.Cl,

S ,

Ph c - CHCH Br

Ar k(//
-H+

Ph,C = CArCH,Br ¢——— théCHCHZBr

The ratio of rearrangement nroduct to dibromnide was fcund to increase
with the change from Ar = phenyl to Ar = anisyl, and also with an
increase in the >olarity of +the solvent. These increases are
attributed in the first case to an increszse in the electron-releasing
ability of the p—MeO.C6Hu - group as co ipared to C6H5—, and in the

second case to an increase in the lifetime of the carboniun ionic
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intermediate, thus allowing greater participation by the neighbour-
ing group. The same changes were also found to increase the rate of
the reaction, as would be expected.

Reaction of thArCCMe = CH2 with Br2 produced similar results.

Here, however, there are two possible directions of proton loss from

the carbonium ijionic intermediate, leading to isomeric products.

Ar ' Ar i thArCMe = CH-Br
l l + /
Ph,C - CMe = CH, —» Ph,CC(Me)- CH_Br
2 2 2 -H
Ph,ArC - CH,Br

I
CH,
thécMeAr - CH,Br

SOHlf H+
thcCMeAr - CH2Br

0S

The allylic bromide was found to predominate over the vinylic
isomer. This is interpreted in terms of the steric strain involved
in proton loss from the CH2Br group, as discussed earlier.

Internal competition by halogen, giving rise to rearranged
products, has been described by de la Mare and others in electro-
philic addition to allyl halides.38 The following table gives the

percentage of 2-G product yielded by the addition of Cl0H to CH2 =

CRCHZG.
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Table 6
R H Me Cl1 H H H H H H H H
G Cl C1 Cl1 Br Br Br I I I OH H

40% 70% 4Lo% dioxan

Solvent HZO H20 H20 H20 dioxan dioxan H20 dioxan 70% H20
% rearrangement 4 2 0 28 18 11 48 30 18 0
% Markownikoff
Orientation 30 94 96 32 137 39 30 31 32 73 9
% Anti-M.
Orientation 66 U L 4o 45 50 22 139 50 27

These results indicate increasing neighbouring group participation
in the order IYBr>Cl. The increase in migration with increase in
solvent polarity is interpreted in terms of the greater stability
of carbonium ions in more polar solvents, leading to increased
opportunity for neighbouring group interaction.

More recent evidence for neighbouring halogen participation in
electrophilic reactions is given by Peterson et.al. Thus, addition
of trifluoroacetic acid to 5-chlorohexene proceeds some 7 to 10
times faster than would be expected, and also involves a 1, 4

6
chlorine shift to yield a rearranged product. Sa

_ _ ?yr—jLPZC‘CFs
D H+ H D Cl D
3/——ﬁ¥_ - ‘A<~j>£ ’///////////3
Cl 91” .~\902C.CF3><j——Ty?
. O OH 60%




A similar 1, b-chlorine shift was observed in the addition of

CEBCOZH to 5—chloropeﬂ%l-yne.62b

-~

i Red B

91
OZC.CF_3

50%

Further, in a study of the rates of addition to a series of
5-substituted l-hexenes, the 5-Cl,-Br, and -I compounds were found
to react several times faster than would be expected merely by a

69

consideration of their inductive effects. It was assumed that

internal assistance'by the halogens largely offset their inductive
effect,

Moreover, the rates of addition of CFBCOOH to 5-bromopentene
and 6-bromohexene reépectively were found to be very similar, again
indicating neighbouring group interaction by halogen counteracting
its inductive effect.

Peterson bases his calculations of the "expected" rate constant
for electrophilic addition to a terminally substituted polyvmethylene
.l—alkene or l-alkyne on the observation that the inductive effect
exerted by the substituent at the reaction centre falls off by a
constant factor per methylene group (see Chapter 2).70
Evidence has been obtained by Peterson and Bopp for fluoronium
~ion intermedistes in the reaction of trifluoroacetic acid with 5-
T1.

fluoropentyne and 5-fluoro-2-pentyl ‘Bosylate. In the former case

the reaction scheme proposed is:
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/ \ participation
i LY —\
F _

I

1T
normal
addition

_‘//f__——“\\wv'F =¥/r—_—\\~OCOCF3
N\ | AN

0COCF F
-
v \[ 11T
0COCF,
\\\///———\*OCOCF

OCOCF F

VI Iv, 15%

CF 618 ————4<j—__“\\vm

N/
/

0
VII VIII, 12%
(VI + VII, 15%) F~J -
OCOCF < ;0:
J +
~ -
X, 52% IX
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Their evidence for fluorine participation in solvolysis in
CFBCOOH of 5-fluoro-2-pentyl Tosylate is obtained from comparison
of the rates of various w-fluoroalkyl fosylates. There is an in-
crease over the expected (unassisted) rate by a factor of 2.4

Hydroxyl participation in electrophilic addition reactions has
been established by Williams, who studied the initial rates of
addition of iodine to the series of unsaturated alcohols CH2 = CH
(CHZ)nOH'72 The rate constants for n = 1-4 were found to be 0.011,
0.023, 2.2 and 0.38 l.wole T tminT?t respectively. Clearly OH -5 and
OH -6 participation are involved, with the 5-membered ring particu-
larly favoured.

The bromination of the series of alcohols CH, = CH(CHz)nOH in
water and in methanol73 also demonstrates participation by the
~-0H group, particularly for n = 3, although the effects are consid-
erably smaller than for the corresponding iodinations. The rate
constants for n = 1,2,3 and 4 for the bromination in methanol are
284,525,2630 and 1730 l.moleflminfl respectively. Cyclic products,
tetrahydrofuran derivatives for n = 3 and tetrahydropyran derivatives
for n = 4 were isolated from the reaction mixtures. The more
effective partiéipation by the OH-group in iodination than in
bromination was thought to arise from the greater selectivity of
the less reactive iodine molecule. Appnroximate calculations show
that for iodination the ratio of rate constants for the assisted
reaction to that for the unassisted reaction (ka/ ks) is 60 for

n = 3 and 8 for n = 4 whereas for bromination in methanol the
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corresponding ratios are 1.5 and 0,2,

A similar result for hydroxyl participation is found for the
hydrolysis in water of the series of chlorohydrins Cl(CHz)HOH.7u
A rate maximum and also the formatiop of a cyclic product occurred
for n = &4,

Further, a study of the reaction of 12 with the sodium salts

of olefinic carboxylie acids reveals a rate maximum corresponding

75

to 0-5 participation.
The rates of addition o Br2 to the series of w-Br-l-alkenes,

cH, = CH(CHz)nBr, in methanol, has also been studied, but here there

is no clear indication of a particular ring size being favoured :

73

for n = 1-4, kx, = 1.5,75,500 and 1170 l.moleTtmin7? respectively.

2
The optimum ring size for neighbouring group interaction is
determined by the interplay of several quantities.56’76
(l) Formation of a ring results in loss of rotational freedom and
hence is accompanied by an entropy decrease. VWith increasing length
of the chain that is closed, the loss of rotational freedom increases.
Hence there is an increasing unfavourable loss of entropy on ring
closure, with increasing ring size.

(2) There is an unfavourable strain factor on ring formation, which
decreases on going from a three- to a six-membered ring, then in-
creases with ring size up to nine members and decreases again with
rings of larger size.

(3) Since most leaving and neighbouring groups are electron with-

drawing inductively, the electronic effects of these groups on one

(;n nuclgophilic subski h\l‘h\’Ox\ VQOQt;Q.\S)
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another act to decrease the nucleophilicity of the latter and to
decrease the tendency of the former to depart. They therefore tend
to decrease the rate of ring formation, the decrease being greatest
for three-membered rings, when leaving and neighbouring groups are
attached to neiéhbouring carbon atoms, and decreasing with increas-
ing ring size.

With ring closures of unsubstituted polymethylene chains invol-
ving an intramolecular nucleophilic attack on a saturated carbon
centre, five-membered ring formation is most highly favoured when
the element of the nucleophilic group is oxygen or nitrogen. With
the more highly ﬁolarisable thioether group, the ring strain factor
and the electronic effect appear to be relatively less important,
since the three-membered ring is most readily formed.

Winstein made a study of the effect of various neighbouring
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groups on the rates of replacement reactions.” Allowance having
been made for inductive effects, thelfree energy of activation con-
tributed by the neighbouring group to reduce the overall free energy
of activation could be calculated. This was termed the driving

\

force resulting from neighbouring group participation.

Table 7T

Driving force estimated for neighbouring group (¢) participation in

solvolysis of G.CHZ.CHQX in acetic acid.

-




Neighbouring Group I NH, 0O Br OH Cl1 s(chZOH

Driving force (kcal/mole) 9 8 6 5 1 0 13

Different numerical values would be obtained for different
systems but those above do provide a sequence (IYBrYOH)Cl) for rela-
tive importance of neighbouring group interaction which will prove
significant in later discussions.

Also, the existence of neighbouring group phenomena can be
useful in certain cases in defining the lifetime of intermediates.
Thus, if a carbonium ion is formed, where two neighbouring groups
could participate, such as Cl and X in ClCHzéHCHZX, where X is a
much better participator than Cl, and the ion exists long enough

for the most stable configuration to be adopted, then structure II

rather than I will be taken up.

cH, - 8H - CH,X € ---2

-
g

C1
I 11

If, however, the nature of the products indicates that the reaction
has occurred through intermediate I rather than II, the deduction is
that the ion did not last long enough to establish the above equili-
brium, and also that the geometry of the ion at the momient of pro-

duction more closely resembled I than II.
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D The nature of the intermediate

It is well known that addition to olefins initiated by electro-

77

philic halogen often proceeds in the trans sense. Thus, the

addition of chlorine to cis-but-2-ene gives the racemic (f)2,3-

78

dichlorobutane, whereas the trans-isomer gives the meso-isomer.

H H Me H

\ / C1 \'
c=c 2y €1-C-C-Cl

/ \ / |

Me Me H Me

Similariy, addition of hypochlorous acid to cyclohexene gives
sterospecifically trans—é-chlorocyélohexanol.79

Clearly, then, the halogen atom in the carbonium ion is bound
in such a way that the configuration of the system is retained. The
"classical" carbonium ion, with the halogen attached specifically to
one carbon atom, as in GHZ-CH2C1, and free rotation about the C-C
bond, does not provide an explanation of this phenomenon.

Further, the results of addition of bromine chloride to propene
in water in the presence of chbride ions,80 make it apparent that

some intermediate with considerable interaction between the entering

halogen and the carbonium ionic centre is involved. The following

figures were obtained:
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CH2 = CH - CrI3

1,0 \\Qg_

CH. - CH - CH - A CH. - CH -~ CH
2 2

| | 3 79% I I 3

Br OH Br 1

CH. - CH -~ CH C H - CH - CH

| 2] PR i ?

OH Br Cl Br

Since no dichloride or chlorohydrin was produced, despite the excess

of chloride ions present, the possibility of reaction through free

chlorine can be ruled out, For the same reason

attack on the olefin molccule of BrCl polarised

Spectrophotometric evidence appears to establish

from mixfures of Br2 and 012 reacts in addition

were polarised in the sense g;———éi.gl

we can rule out
in the sense Ef...gi.
that 3rCl prepared

reactions as if it

The fact that the ratio of chloride to water nucleophilic

attack at the terminal carbon atom (i.e.D:C) differs from the ratio

of chloride to water attack at the central carbon atom (i.e.B:A),

indicates the necessity of postulating at least

possibly three (I, II and III) intermediates.
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' Br+ i n 'ﬁ
CH_.CH = CH ——> CH36H - CH2 2 CH, - CH - CH (—— cH CH - 611

- 2 .
’ .| \/ N
r -
a- 1,0 //////
%‘zo \/Hzo

CH,CH - CH CH, - CH - CH CH_CH - H -
3| l 2 3 ] l 5 3' l c BfH CH20H

C1 Br OH Br Br C1 Br

Thus, the l-browo isomers are derived from intermediate I and the
2-bromo isomers from II and/or III., It is reasonable to suppose that
intermediates I and II/III should differ in the ratios in which they
react with éhloride and water.
It was Roberts and Kimball82 who first interpreted trans-
addition of bromine in terms of "bromonium structures':
\\C ——C
e \\\i”// N
In any intermediate of this type, the interaction between halogen
and the carbonium ionic centre would prevent rotation about the
original C= C double bdnd, and would ensure that the entering nucleo-
phile attacked from the side of the double bond opposite to that on
which the electrophile had become attached.
This theory was extended to addition initiated by chlorine by

Lucas and Gould,78 "chloronium" structure being proposed for the

addition of chlorine to but-2-enes,
N /

C ~—~——0rZC
7N+
Cl
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. .8 i '
Winstein 3 supported the idea of cyclic’

onium structures for
intermediates in these addition reactions, and suggested that they
could be regarded as resonance hybrids involving the following four

canonical forms:;

N / N / N / N s
/c - G 8 - Co ,C - L. = C{
| l '\ // o
Br Br Br Br”

84 .
Dewar described the intermediates as II-complexes, in which
the bond is formed from the bonding p-orbitals of the unsaturated

carbon atoms and the s-and p-orbitals of the acceptor ion.

/CTC\
+

Br

This in fact is equivalent to Winstein's fourth canonical form

above. It may be important in explaining the formation of complexes

with heavy metal ions, e.g. Ag+. However, Dewar85 has since shown

that for the addition of deutgrium halides to acenaphthalene,

indene and cis and trans l-phenylpropene in methylene chloride sol-

vent that neither II—complexes nor free carbonium ions are involved.
Of the various other speculations on this topic should be noted

that of Arcus,86 who suggested a ternary bond where the three atoms

are bonded By one electron pair (besides the normal bond between A

and B)*
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and of Walsh,87 who suggested that it was nct necessarily the non-
bonding electron pair which contributed to the coordinate link, but
possibly also the bonding electrons.

It is instructive to coﬁpare the three-membered cyclic inter-
mediate halonium ions postulated earlier with the stable three-mem-
bered cyclic'compbunds, the epoxides, and té consider the mechanism
of the ring-opening of.these compounds,

It seems generally agreed88 that anion-catalysed ring openings
involve nucleophiLic attack on the oxide molecule, with, correspond-
ingly, the expected orientation of attack at the primary position.
The HC1- calysed ring openings generqlly have the kinetic form:
rate o (oxide) . (H+) .(c17) ; on the whole they preserve orientation
involving nucleophilic attack at the primary carbon atom, and they

are therefore considered to involve to a predominant extent nucleo-

philic attack on the oxonium cation shown below. The proportion of

- CH/X

CH, /CH 5
\;
OH

the other isomeric product formed under acid conditions is thought

. to indicate partial reaction through the "linear" classical carboni
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ion. Ring opening in this direction will be facilitated by increas-
ing electron release from the CHZX group, as exemplified in the
horizontal comparisons of Table 8;3h’35’1327135

Table 8

Percentage of nucleophilic attack on the central carbon atom in

ring openings of substituted ethylene oxides.

0 0 O
c d H/ H - CH CH/ NeH B ch e
ompoun CH, - CH - CH, » - - CH,OH CH,-CH-CHC1
Reagent: OR 2 0 0
HC1 25 ' 10 o)
ROH - H,S0, 50 22 ca.2

In the addition reactions, as compared with the oxide ring
openings, there is always formed a much greater proportion of the
isomer derived by nucleophilic attack at the central carbon atom.
(See corresponding compounds in Table 2). If then, the oxide (I)
and the oxonium cation (II) undergo ring-opening by nucleophilic

attack at the terminal carbon atom,

- - H, - CH - CH CH, - CH - CH
QE&\ CH CH3 C 3 2 "~ 3

&1

e
/

I IT III

=5k~



there appears to be no reason why the intermediate (III) should
undergo ring opening in the opposite direction. Various authors

have recognised this point, and proposed various descriptions of the
intermediate.89 de la Mare35 has suggested that the best represent-
ation of the intermediate is a structure where the entering halogen
is attached by a bond to the carbon atom usually attacked by electro-
philes, at the same time allowing electrostatic ion-dipole interactim

with the carbonium ionic centre.

8+ +
\ s
/? = C\
5-C1l

Interaction of this type is consistent with retention of configuratia
de la Mare and Pritchard87 also discuss the possible intermed-

iates involved in additions to allyl compounds. Migration of the

allylic substituent, giving rise to rearranged products (Table 6)

clearly indicates interaction between the allylic substituent and

the carbonium ionic centre in the intermediate. The authors suggest

the following scheme for the reaction of ClO0H with allyl chloride.

-55.




S~
Ci

-~

RN 1
CH, = CH - CH, 3601 CH2 5): SN CH2 L - CH236C1

CH, 3601

e\ /

Hz20 h »
8+ CH - CH - CH II
Cl

H20 HZO\ Cl 8-
CH, - CH - CH Cl CH - CH - CH2 OoH

2 2 2
| N
OH Cl

'They suggeét that I is very quickly attacked by nucleophiles, and
that only a small proportion of the reaction goes through II.

As seen in Table 6, the proportion of migration of halogen
increases with increaéing "driving force" of the halogen (Table 7).
The absence of migration of the hydroxyl group in addition to allyl
alcohol, however, indiéates that the ease of heterolysis of the bond
between carbon and the neighbouring group also plays a part in

determining the possibility of migration.

It is apparent from the products of addition of ClO0H to allyl
iodide that the lifetime of the carbonium ion is not long enough
for its most stable form to be adopted, as otherwise iodine, a much
better participator than chlorine, would gain complete control of
the carbonium ionic centre, as in II below, leading to almost

complete predominance of rearrangement in the anti-Markovnikov
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product:

3’01\
'fé - HzO
_ & &
CH, = CH - CH,-T — CH,_, - CH-CH _-I — CH_C1CH(OH)
2 2 ot 2 2 2
CH,-I
H. O
v 2
c1 cl
H,0 | S+
CH_CHICH.OH —2— CH. - CH - CH
~
\Is_

The effect of solvent variation on the extent of rearrangement of
allyl bromide and allyl iodide also supports the theory that the
extent of migration of a group will depend, other things being
equal, on the lifetime cf the carbonium ionic intermediate. Table 6

shows the decreasing amount of rearrangement with decreasing polarity

of solvent, i.e. with decreasing stability of the carbonium ion.
Further, it is observed that a greater proportion of rearrange-
.ment in the anti-Markownikoff product occurs with 3-chloro-2-
methylpropene than with allyl chloride. This is presunied to be due
to an increase in the lifetime of the carbonium ionic intermediate
owing to delocalisation of the positive charge by the methyl group.
Tt is also of interest to consider the effect cf variation of
the entering halogen on the proportion of the product resulting
from attachment of the positive halogen species to the terminal
carbon atom. Table 9 compares the results of addition of C1lO0H and

34,51,80,90,91,92

BrOH to a series of olefins.
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Table 9

The percentage of products resulting from the attachment of the

positive halogen species to the terminal carbon atom.

M H = = = H =

eC CH2 OHCHZCH CH2 ClCHZCH CH2 BrCHch CH2
C10H 91 73 . 30 32

BrOH 79 66 26 20

Thus, on changing the electrophile from positive chlorine to
the better participating positive bromine, there is an increase in
the amount of product which has the electrophile attached to the
2-.carbon atom. Also, the C-Br bond is more easily broken than the
C-Cl bond. This result confirms the ideas outlined earlier on
neighbouring group interaction.

Héwéver, it must be pointed out, as Clarke and Williams have
realised, that the dependence of the course of the reaction on the
entering halogen is not very-marked.93 This may be because the
entering halogen, being so favourably situated for interaction with
the developing carbonium ionic centre, probably attaches itself
simultaneously to éarbon—l and carbon-2. This appears to be borne
out by the fact that in the addition of HOX to various olefins, the
relative amounts of 1-X and 2-X adducts are not markedly dependent

on solvent composition. This indicates that the rate-determining
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step does wot involve developuient of a high charge density, as would
be the case in the for:iation of a classical cerbonium ion.
The theory for electrophilic additions to allylic svste.is mcy

be sumarised as follows:

‘0 &+ + .
An electrophilic reagent X or X attacls the terminal carbon

atom of the double bond in the allylic co.apound CH2 = CYCHZZ to give
the carbonium ion (I), with interaction as shown hetween X and the
carbonium ionic centre. The coripletion of reaction bty nucleophilic

attack of water on the carbonium ion is thought to occur very rapid-

ly after this electrophilic ettacl,.

The following factors then decide the relative auounts of pro-

Aucts formea.
'(l) The greater the neighbouring group participation of X, the

greater the percentage of 2-X isomer foriied.

(2) As the electron-releasing »roperty of the —Csz crolp decreeses

(-cH )-CHZOH)-CHZCl)—CHOBr) the douhle bond becoues less polarised

3

"N
in the sense CH2 = CY.Csz; therefore X is less firuly attached to

§- o+
the terminal carbon atoit, and a greater amount of 2-X product results

(3) The introduction of an electron-repelling group Y (e.z. CH3 or
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Cl conjugated to the double bond) reinforces the solarisztion of the
_double bond (by - CHZZ)’ thus giving rise to a greater aazount of
1-¥X isomer.
(4) Increase in the neighbouring group participation of Z, and in-
creasing ease of the heterolysis of the C-Z bond results in the for-
mation of more of the rearranged 2-Z isorier in the products,
Recently, an increasing number of addition reactions giving
high yields of products derived through cis-addition have been
studied, for example, addition to phenanthrene9h (567 of total addit-
ion products95), naphthalene96 (90! of the addition products aiay be
fqrmed.by at least one cis-addition of cilorine), and the phenylpro-
?ene597.(g£§, L48-50%; trans, 38-39% of total addition products).
Such cis-addition, it is suggested, is the result of the internal
capture of an incinient chloride ion by a developing carbionic cen-
tre in a highly polarised structure9h’96 or the collapse of an ion-
pair94’96’97 (see bélow). Cther onroducts are assumed tc be foraed

by capture of ions or of ion pairs by solvent and by chloride

on, 911 96,97

1

More recently, Johnson and Cebaleiro have studied the kinctics

and products of the chlorination in acetic acid of methyl trauns-

cinnamate.98' It was concluded that the rate-determinin, step invol-

ved a highly polarised transition state involving both the cilorine

molecule and the olefin. This transition state is written as (A)

below, based on evidence that the chloride ion is present until a

£9,100 .
very late stage in the reaction.94’96’97’/9’ It is not, however,
necessarily an exact description of the transition state.
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(4)

Ci

Ph

COZMe

(3) o ' (c)
Products Products

The threo dichloride is produced in high yield. This product of
cis-addition is thought to result from the collapse of an ion pair
such as (C), before the Cl™ ion can escape from the vicinity of the
substrate, rather than by subsequent capture of the ion-pair by
liberated chloride. The erythro-iso.aer is thought to come from (B)
a conformational isomer of (C).

The high yields of cis-addition products forimed in the reactions
of_chlorine Qith sonle cyclic olefinic systems (higher than in the
reactions with open systems) are thought to be due at least in part

to the inability of the ion-pairs to undergo conformational isomer-
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isation other than by migration of chloride ion from one side of'the
carbonium ion to the other.

Very recently, five-membered halonium ions have been observed
by n.m.r. SpeCtPOSCOpY.IOl These have been geherated by ionisation
of l,4-dihalobutanes and also by protonation of 5-halo-hex-l-enes as

shown below,

R.CHX.CH,.CH,.CHXR SbF /S0, R R
—
H + H
X
= - FSO_H/SO CH. . H
X SbFS/ 3 / 2. 3
: 7

7 \\+~ cH

X 3
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E The kinetics of hypochlorous acid addition

The kinetics of addition of CiOH to certain olefins was first
studied by Shilov and co—workers.102 They found the rate equation

to be approximately:

:@_(ﬂ@.) - kz(ClOH)z

dt

(k2 was not quite independent of the olefin concentration). This is

consistent with attack on the olefin by chlorine monoxide,

2C10H —m> (C1,0 + HZO

2

which is known to be about lO6 times more reactive than Cl1OH as a

halogenating agent.loBb

The chlorination of phenol by neutral Cl0H was shown to be

represented by the rate equation:

-d (C10H)

dt

= k(C10H) (OPh)

which suggests that chlorination inveclves molecular C10H as the

electrophile.lolL The rate of reaction was increased by the addition
of hydrochloric acid but not other mineral acids, indicating that

molecular chlorine (produced from hypochlorous acid and chloride
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ions) is a more effective electrophile than C1O0H.

The rate of aromatic chlorination by C10H, under conditions
excluding the possibility of formation of 0120 or 012 (i.e. in the
presence of perchloric acid and silver perchlorate), was found for

various compounds to be represented by the equation

-da(cion) _ k.(cioH). <H+)
at

k being indepéndent of the concentration and nature of the aromatic
substrate.lo5 This suggests that the rate-determining step is the
formation of the chlorinium ion from the hypochlorous acidium ion.

In the rate equation for chlorination of methyl p-tolyl ether,

a second term appears:

- k.(CloH) + k% (ciom), (u*)Lo®

~a(c1om)

dt

This represents rate-determining formation of Cl+ directly from

C10H, and is outweighed by the other term at moderately high acid

concentrations.

For less reactive hydrocarbons, and as the concentration of

the aromatic compound is increased, a further term appears in the
rate equation:

. , i
=d(C10H) _ ' (ciom) + k' (clom). (#+) + k' (crom®7
at
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This expression, at concentrations of C1l0H of 5 x lO—hM and less,

approximates to a first order rate equation

=dfior) k_(C10H)

dt

It has been suggested that as the reactivity of the aromatic
compound increases, the following reactions become rate-determining
in turn.
(1) Bimolecular reaction between the chlorinium ion and the aromatig
compound,
(2) TFormation of the chlorinium ion (ArH term disappears).
(3) Bimolecular attack of the hypochlorous acidium ion on the
aromatic compound (ArH reappears).
(4) Formation of the hypochlorous acidium ion.

The rates of reaction of C1lOH with allyl chloride and allyl

methyl ether have been measured, in the presence of perchloric acid

and silver perchlorate.lo8 Extrapolation of the rate to zero olefin
concentration gave the same value as for the reaction with methyl
tolyl ether and phenol. Clearly the mechanisms of addition reaction
and aromatic substitution reactions are built up of similar steps.
Arotsky and Symons,109 however, have questioned the strength
of the evidence for the participation of halogen cations in many
addition reactions of hypochlorous acid in aqueous solution. They
110

claim that the thermodynamic calculations of Bell and Gelles,

even allowing for increased solvation energy of the halogen cations,

arising from their incomplete outer shell,lll make the participation
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of Cl cations in reactions in aqueous media very improbable. But
since kinetic evidence for chlorination by Cl+ in certain C10H
reactions is very strong, it has become generally assumed that Cl+
is the usual agent in aqueous acidic media.112 A summary of the
evidence, however,lll shows it to be based on the significant obser-

vation that the rate equation for relatively unreactive aromatic

compounds is of the form:

=d (cioH)  _ k (HOC1)  +  k,(HOC1) (H+)

dat

This is interpreted (as described earlier in this section) in terms
of a rate-determining heterolysis of the 0-Cl bond, followed by
rapid attaék of the resulting Cl+ cations on the arowmatic compound.
Accordingly, there is an increase in rate when DZO is used as the
solvent.106 This has been accepted as good evidence for the trans-
ient formation of Cl+ cations in solution. The authors take the
view, however, that the large excess of silver perchlorate present
in these reactionle6’1O7 (to suppress the reaction Cl  + H2001+—a
Cl2 + HZO) is significant, although it has been concluded that
sinceé the rates are unaffected by small changes in the concentration
of silver perchlorate, silver ions are not involved in the reaction
whose rate was measured., There is strong evidence, however, that
AgI; is of considerable stability and is a powerful iodinating

13 There is also some evidence from spectrophotometric,

+
solubility and conductometric studies for the formation of AgBrz'and

agent.l

-66- e




+ 114
Ag Clz, and hence for the participation of AgClZ in the addition

reactions,

The steps involved would then be:

k '
AgCl(s) + H,0C1+ —» AgCly + H,O0 (1)
agc1.t 4+ BrH Ko arca c1(
gCl, s Ar + AgCl(s) + H+ (2)

Agreement with the kinetic data requires that k2>>kl and(AgClz+))>
(Clz} Since the forwara reaction of (1) is the rate-determining step,
the overall rate is independent of(Aé+)and of(ArH)

Further, the authors suggest that doubiless several other mechan-
isms‘could be found which would accommodate the kinetic data for
these complex systems.

Williams has studied the effect of silver ion concentration on
the products and kinetics of hypochlorous acid addition to 2, 3-
dichloropropene.uo’115 In the absence of silver ion the reaction is
very fast, occurring via free chlorine, and the products are 1,3-
dichloroacetone (76%), 2;2,3—trichloropropanol(3%) and 1,2,3-

trichloropropene (cis + trans, 22%), together with chloride ion (80%)

To study the kinetics of the reaction it is necessary to have excess
silver ion present, to remove chloride and hence prevent the reaction
going via free chlorine. With the concentration of hypochlorous acid
below lO-BM, a bare excess of silver ions, mineral acid present and
olefin in ten times excess, good first order‘(in HOCl) kinetics were

obtained. There was also a linear dependence on mineral acid

67—




concentration, and the graph of the first order rate constant, kobs’
(at constant olefin concentration) against (acid) gave an intercept
showing that there is a non-acid-catalysed component in the rate
equation. The reaction order in olefin was approximately unity,

giving as the rate equation
1
rate = k, (C10H)(olefin) + kZ"(CloH)(H+)(olefin)

This suggests rate determining attack by both ClOH and C10H2+.

On studying the kinetics of this reaction at high concentrations
of silver ion, however, Williams discovered auto-catalytic behaviour.
This behaviour was shown to be markedly dependent on the reactant
concentrations, being more apparent at low mineral acid and high
silver ion and HOCl concentrations. The products of the reaction
were redetermined at various silver concentrations. The yield of
1,3-dichloroacetone was found to.decrease from 76% at zero silver
concentration to 38% at 0.02 M Ag” and to 7% at 0.09 M Ag*. The
yield of 1,2,3-trichloropropene also fell with increasing silver

concentration, the amount of silver chloride precipitated increased,

and a ketol, CHZOHCOCHZCl was formed.

Clearly, another reaction is competing with the normal electro-
philic reaction, and the author suggests that the results are con-
sistent with nucleophilic attack by hypochlorite ion on the olefin,

giving an epoxide, which undergoes ring opening to give the observed

ketol product.
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CH, = C —_— CH2 - CClCHzcl-———9 CHZOHCOCH2C1

(»7 CH,C1 0
~0 +AgC1 : +agC1 + HT

This mechanism is consistent with many of the observed facts
viz.
(1) the nature of the products;
(2) catalysis by silver ion; and
(3) increased rates as the effective hypochlorite ion concentration
is increased, both by decreasing the acidity and by increasing the
initial hypochlorous acid concentration.
Several possibilities can be ruled out:-
(1) the reaction is not catalysed by the final products, since the
same kinetic form was observed in the presence of the products;
(2) no rate determining sequence involving the olefin and silver ion
only can be involved, since again the same kinetic pattern was ob-
tained after a solution containins both the olefin and the silver
salt had been allowed to stanc before the run;
(3) similarly, no rate determining sequence involving the hypochlo-
rous acid and the silver ion only is possible since again the same
kinetic form was found after a solution containing hypochlorous acid
and silver ion had bcen left to stand;

(4) since the precipitation of silver chloride by the addition of a
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sodium chloride solution during the early stages of the run had only
little effect on the kinetics it secems unlikely that solid silver

chloride (possible colloidal) can be the agent responsible for the

autocatalysis.

It is sugzested that the mechanism is probably of a chain type:
A-—>B and A + B— products (slow) and probably involving several

stages. A possible sequence would be:

/

C10H + :C = C, —> Couplex I
Complex I + Ag+ ——> Complex II

Complex II + Cl10° —— Epoxide -—» Ketol

Possibly the attacking reagent is not the hypochlorite ion

itself, but some species derived from it.
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CHAPTER 2

THE PRESENT TTORK

A Selection of topics for investigation

During a study of the addition of hypochlorous acid to 2, 3-
dichloropropene, Williams reported a curious effect of silver ions
on the course of the reaction.h'O In the absence of silver ioms, the
products were analysed as follows: 1,3-dichloroacetone (IIX)(767)1,
2,3-trichloropropene (1x1)(22%) and 2,2,3-trichloropropanol (zv)(25),

as set out in the schewme below,

c1 .o
- 4,7
CH, = CC1.CH,C1 ———> CH, 1-CH,C1 > CH,-CC1-CH,C1

2 2 “ce
H20 (I) \(II)
XHzO

CH,CL.CO.CH,C1 CHC1 = CCl - CH,CLl (IV) CH,O0H.CCL,.CE,Cl (V)

76 (111) 22

Jhen silver ions were present, however, to prevent tie reaction »sro-
cecding via free chlorine, produced in the reaction Cl1 ~+ H2001

012 + H,0, a .marked change in the awmounts of the various.products
occurred. The yield of chloride ion produced (as silver chloride)
was greatly increased, while the yields of IIT and IV dropped to 33¢

and 8% respectively, and a further product, VI, was isolated, and

identified as l-hydroxy-3-chloroacetone. On increasing the initial
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concentration of silver perchlorate, the yields of III and IV dropped
markedly, whilst that of VI increased (to about 90% at 0.12M silver);

The formation of this uwnexpected product was shown to be con-
nected with an unusual accelerating effect when the rate of this re-
action was measured.115 This effect was markedly dependent on the
reaction conditions, being favoured at low mineral acid, high silver
ion and high Cl10H concentrations.

Now since no such interference by silver ions had been observed
in the corresponding reactions of allyl chloride, 3-chloro-2-
methylpropene, or isobutene, it was suggested that the substitution
of a 2-chloro- (or, generally, a 2-halogeno-) atom in the olefin
molecule played some important part in this anomalous reaction, It

was concluded that the reactions of 2-chloropropene with hypochlorous

acid would be of interest.

The aims of the present investigation were: firstly, to estab-

lish the products of the reaction, and interpret them in the light of
the factors discussed in Chapter 1, viz the influence of the substi-
tuent on the orientation of addition and of substitution. Secondl ’
it was hoped to detect any unusﬁal effect of silver ions in the
course and/or the rate of the reaction.

During thé course of these investigations, it was discovered

that when Cl0H labelled with radioactive 36Cl was added to 2-

chloropropene, the full activity of the 36ClOH was not retained in

the'product. The nature of the mechanism of this chlorine exchange

reaction, and the effect of the concentration of silver ions on its
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extent were therefore also studied. ‘In particular it was hoped to
establish whether this loss of activity took placé by some intra-
molecular exchange process involving bridged carbonium ions or
whether the loss of radioactivity could be accounted for by some
inter-molecular process involving chlorine exchange between the
hypochlorous acid and some other chlorine-containing species, during
the course of the reaction. Most of the detailed product analyses
(including the radioactive work) and rate were done with 2-chloro-
propene but the investigation was extended to cover the addition to
2-bromopropene, while kinetic measurements of hypochlorous acid
addition were carried out with 2-chloropropene, 2,3-dichloropropene

(to confirm the original observations) and 2-chloroprop-2~en-1-ol.

Fairly extensive kinetic investigations of neighbouring group
participation accompanying electrophilic addition reactions have
been made. For example, hydroxyl participation has been established
bv Williams, who ébtained rates for addition of jiodine to the series
of unsaturated alcohols CH2 = CH(CHz)ﬁOH.72 The rate constant was

greatest for n = 3, indicating particularly strong participation by

OH in a 5-membered ring. This compares with the results of the

hydrolysis in water of the series of chlorohydrins Cl(CHZ)nOH, where
NG

a rate maximum and formation of a cyclic product occurred at n
Further, a study of the reaction of iodine with the sodium salts of

olefinic carboxy&lic acids reveals a rate maximum corresponding to

75

O - 5 participation.
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The picture with hzlogen participation, however,.is less clear.
de la IlMare et.al. have described internal coapetition by halogen in
the electrophilic additions to allyl halides,38 which resulted in
the foruation of rearranged 2-halo-products. The extent of tl:is
rearrangenent was greatest for the iodo substituent and the sequence
I>Br>Cl was observed, as expected from the decreasing nuclcophilicity
Also, rearrangeiient occurred to a lesser extent in less polar sol-
vents (dioxan-water mixtures). This was interpreted as beinyg due to
the decreased stanility of the carbonium ion in the less polear
medium, allowing less- tiue for the neighbouring sroup interaction
by the allylic halogen to becomne established.

More recently, Peterson et.al. have established halogen partici-
pation in a 5-meubered ring. 2iddition of CF4CCOH to CH, = CH(CH2)2
CHC1.CH, proceeds some 7-10 times faster than expected and also a

.3
. NP A 68a
rearranged product resultingz from a 1,4 Cl shift is obtained.

=

A 1,4 Cl shift can also be observed in the addition of CFBCOOH

—Th



to 5-—chlorohex-l-yne.68b
# . | /l
Cl
?} 02C.CF3
L J

Further, Peterson found that in a series of 5-substituted 1-
hexenes; the 5-Cl, 5-Br and 5-I compounds reacted several tiues
faster than would be expected merely by consideration of their induc-
tive effects. It was assumed that the inductive effect was being
offset by internal participation by the halogen atoms.

Again, the rafe of eléctrophilic addition to 5-bromopentene and

6-bromohexene respectively were found to be very similar, indicating

that greater participation by bromine in the 5-bromopentene (xig a
5-membered ring) tended to counteract its inductive effect.

The rates of addition of bromine in methanol to the series of
unsaturated alcohols CH, = CH(CHZ)nOH73a and bromides CH, = CH(CHz)n
Br73b have been measured. For the alcohols the rate constants were
284,525,2630 and 1730 l.mole?l min'.-1 for n = 1,2,3 and 4 respcctively
This indicates a measure of OH -5 participation (at n = 3), which
was confirmed by the isolation from the reaction product of 2-bromo-

methyltetrahydrofuran, Clearly, the participation is much less than

for the iodination reactions. For the series of bromo compounds,
-1 . -1

the rate constants were 1.5,75,500 and 1170 l.mole.” min, for n =

1,2,3 and b4 respectively. Calculations, similar to those carried

out by Peterson gﬁ.gl.,7o based on a regular fall off of the induc-

tive effect of the bromo substituent show that there is no evidence
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at all for any rate en"ancements, which are generally thought +to

indicate participation in the rate determining step by a nei:hbouring
group. In the present work the rates of addition of iodine to a
series of unséturated bronides, CH2 = CH(CHz)nBr, .were measured, in
order to determine whether participation by a five (or other)-neaber-
ed bromonium ion is kinetically detectable. JTodine was used as the

| electrophile in preference to chlorine or bromine, as its slower

raté of reaction would show up the difference in rate between the
various bromides nore clearly.

The evidence from Peterson's work in trifluoroacetic acid68_7l

is that halogenlé participation is possible in this system, although

the magnitudes of the effect are not large.
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B The addition of hypochlorous acid to 2-chloropropene

The products of this reaction, carried out in aqueous acid
solution, were identified as chloroacetone and 2,3-dichloropropene.
The amounts were estimated by isotope dilution analysis and found to
be 85% and 15% respectively, based on the amount of Cl0H used (the
olefin being in excess). The other possible product of addition,
2,2-dichloropropan~1-0l, was not detected. The course of the re-
action can be described by the following scheme:

cit 7 6+ (+) H,0
CH2 = CCl - CH3 —_— CH2 j,CCl - CHB-——éCHZCl.CO.CH3
§- c1” e
CH2Cl.CCl = CH2

.The absence of any of the isomer produced by nucleophilic
attack by water at the terminal carbon atom is consistent with the
work discussed in Chaptef 1. Thus, addition of C10H to allyl chlor-
ide yielded 70% 1,2-dichloropropan-3-o0l and 30% of the isomer result-
ing from nucleophilic attack at the centre carbon atom. This was
attributed to interaction by the incoming chlorine atoin with the car-
bonium ionic centre, facilitating attack by the nucleophile at C-1
(but not to the extent found in the epoxides, where nucleophilic

attack is almost exclusively at the primary carbon atom). .3-chloro-

2-methylpropene, isobutene and 2,3-dichloropropene, however, all

gave upwards of 96% of the 2-0H isomer. In these cases, it was sug-

gested, electron-release from the 2-substituent makes the C-1 more
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negatively polarisable, and hence the incoming Cl+ becomes firmly
attached here, with consecuently less interaction with C-2. VWith
2-chloropropene, likewise, it is to be expected that nucleophilic
attack will take place predominantly at the centre carbon aton,

giving the observed product, chlorocacetone.
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c Substitution accompanying the addition of hypochlorous acid to

2-chloropropene

The sole olefinic product of the reaction was identified by

V.p.c. and infra-red spectra as 2,3-dichloropropene.

c1*t
| &+ +
CH2 = CCl - CH3 —_— CH2 - CCl1 - CH3————9 CHZClCCl =CH2
8_ 1

Of the two possible sites for proton-loss, then, only C-3 is
involved. This is consistent with the view of de la Mare and
Salama,49 who point out that if the entering Cl atom is interacting
with C-2, then in the transition state (I) for elimination from C-1
it is particularly strained relative to the final position of the
atoms in the product. The unaffected H atoms of the CH3 group, how-
ever, are able to adopt relatively unstrained positions in the re-
quired transition state for elimination from C-3(II), and the dis-

tortion in the CHZCl group does not adversely affect the geometrical

requirements of the double bond.

C1
H//\.} \CH H/ \’\ H
3
P
I IT
Hence, the observed olefinic product of the reaction is 2,3-

dichloropropene, the 1,3 isomer being produced in very low yield or

not at all.
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D The effect of silver ions on the products of the reaction

between hypochlorous acid and 2-chloropropene

.The curious effect of silver ions on the course of the reaction
(i.e. on both products and kinetics) between hypochlorous acid and
2,3—dichloropropene was described earlier in the present chapter.

The "normal" products, CHZCICOCHzcl and CHZCl.CCl = CHC1 (which té—
gether account for 97% of the products of the reaction when carried
out in the absence of silver) are obtained in greatly reduced yield
in the presence of excess silver ions, and a further product has
been isolated, and identified as CHZOHCOCHZCI.L‘O As no such inter-
ference by Ag+ ions is observed in the corresponding reactions of
allyvl phloride, 2-methyl-3-chloropropene or isobutene, it was infer-
red that the 2-chlofo substituent played some important rdle. The
corresponding reaction of 2-chloropropene might therefore be expected
to suffer similar interference by silver ions.

In the present work, the reaction between C10H (0.011 M) and
2-chloropropene (0.022 ﬂ) was carried out in the presence of per-
chloric acid (0.12 M) and excess (0.05 M) silver perchlorate. After
reaction the solution was analysed for chloride ion, which Qas found
to be 113% of the chlorine originally present in the C10H. The yield
of chloroacetone was determined by isotope dilution analysis, and
represented 83% of the C1lOH used.

The yield of chloroacetone is only slightly less than that

obtained in the absence of silver, indicating that this considerable
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excess of silver.ions has no significant effect on the course of the
reaction.

On the other hand, the high yield of chloride ion sugzests that
some sort of hydroxylation reaction is taking place, which we could
represent as

HOC1

CH, = CC1CH, ——==» CH,OHCC1(OH)CH
2 3 Ho 2

2

——> CH, OHCOCH

3 2 3

*uwt o+ oc1” w4+ oc1”

in addition to the usual scheme:

c1?t H.0

+

CH2 = CClCH3 _— CH201jClCH3 2
+
CHZClCCl = CH2 + H

CH201COCH3 + 28t + c1”

However, this postulate would require that the ketol CH20HCOCH3 or
some other hydroxylation product be yielded in appreciable quantities

It should be noted that the chloride produced is computed as the
difference between the amount of silver present in solution before
and after the reaction. Since the silver is in high excess over the
HOC1l, only a small proportion is used up, and therefore the error in
silver determination is greatly magnified.

2-chloropropene was again added to an aqueous acidic solution
of hypochlorous acid, this time 0.10 M in silver, The reaction

solution was extracted by continuous ether extraction, and the
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resulting product analysed by vapour phase chromotograﬁhy. Two
peaks only were detected, one corresponding to chloroacetone, the
other to 2,3-dichloropropene. The complete absence of any further
pfoduct at this fairly high concentration of silver strongly suggests
the absence of.any unusual effect of silver ions on the products of

the reaction.

The kinetics of the reaction are discussed in the following

section.
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E Kinetics of the addition of hypochlorous acid to

2-chloropropene : possible anomalous effect of silver ions

When the kinetics of the reaction between hypochlorous acid and
2,3-dichloropropene were followed in the presence of silver ions, the
observed rate constants showed a sudden and substantial increase
15

during the course of the reaction, This effect was markedly in-

cfeased by raising the silver ion and hypochlorous acid concentrat-
ions and lowering the mineral acid concentration.

In the present work, this reaction was again followed under
similar conditions, and the accelerating effect of silver ions
confirmed,

Then the kinetics of the reaction between hypochlorous acid and
2-chloropropene were followed, to discover whether or not such a
phenomenon.occurred in this case. Initially several runs were done
at low (about 0.002 ﬂ) concentrations of hypochlorous acid. If any
higher concentrations were used (which would have been desirable in
view of the difficulty in obtaining accurate end-points at these low
concentrations), an appreciable amount of 0120 is formed, giving
rise to some second order reaction, when a downward drift of the
rate '"constants" is observed. At 0.002 M hypochlorous acid, with a
ten or more fold excess of 2-chloropropene, gquite good first order

. l)

-l -
kinetics were obtained. The mean value of k, was 5.46 x 107 (sec’

at an olefin concentration of 0.026 M, and mineral acid concentration
11 -

0.02 M. This compares with an extrapolated value 5 of 3.3 x 10 5

(sec.—l)for 2,3-dichloropropene at the same acid strength. The

-83-




presence of the 3-chloro substituent therefore decreases the rate
constant by é factor of ca.l7.

In order to look for the silver-accelerated reaction in 2-
chloropropene, the mineral acid concentration was reduced to zero,
the silver ion concentration raised to 0.11 M (previously 0.036 y)
and the hypochlorous acid concentration increased to 0.005 M. How-
ever, no sign of acceleration by silver was observed under these con-
ditions, where in the case.of 2,3=dichloropropene the reaction would
go almost exclusively by the anomalous mechanism.

However, since 2-chloropropene is much more reactive than the
dichloro compound towards electrophilic gddition, it is possible
that the reaction whereby the silver ions'interfere may be slower

15

than the addition reaction of the former. Williams suggests that

the interfering reaction involves nucleophilic attack by hypochlorite

ion, competing with electrophilic attack by c1t or ClOH2+. The kin-

etics of the addition of hypochlorous acid to 2-chloroprop-2-en-l-ol

were also studied. Here, no increase in the rate constants during

the course of the reaction was observed, even at a hypochlorous acid
concentration of 7 x 10-3y and silver ion concentration of 0.05 M.
But, increasing the silver concentration to 0.20 M resulted in a

marked increase in the rate constant (see Chapter 3). Clearly, then,

the reaction is silver-catalysed to a certain extent. It should be
noted that at this concentration of hypochlorous acid, the reaction

is no longer first order, since reaction via 0120 is now important,

but can be analysed by a graphical method into first and second
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order components. Although the autocatalytic type of behaviour

observed with 2,3-dichloropropene is not observed with 2-chloroprop-
2-en-1-0l, the fact that an increase in silver concentration increa-
ses the reaction rate, suggests that it may just be starting to creep
in at this stage, i.e. af a reactivity intermediate between 2-chloro
propene and 2,3-dichloropropene. It would be of interest to extend

the range of reactivity further, say to 1l,l-dichloroethylene and

possibly to cyano substituted olefins.
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Chlorine exchange accompanving the reaction between

hypochlorous acid and 2-chloropropene

The chloroacetone produced by the addition of hypochlorous
. . 6
acid labelled with 3 Cl to 2-chloropropene was isolated and its
specific activity measured. It was found to contain only 50-60% of

the radioactivity of the initial 36ClOH.

36ClOH -

6
C = 3 )
H2 CClCH3 —_— CH2 Cl CCl-—CH3

_, % - 3
- CHZCl—COCH gL el4cE

3 2Cl-CCl = CH%l

The percentage of reactivity retained was increased by the inclusion

of excess silver ions in the reaction mixture, but still did not

reach 100%.

The same phenomenon had earlier been observed in the case of

36ClOH addition to 2,3-dichloropr0pene.116

Clearly, some exchange has taken place between the entering
chlorine atom and the chlorine substituent in the 2-position in the

olefin molecule. This exchange reaction takes place in the presence

and in the absence of silver ions, and several experiments were done

to establish the relation between the initial concentration of silver

ions and the specific activity of the chloroacetone produced.
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In each case labelled 36C10H of known specific aétivity was
added to an aqueous acid solution containing excess 2-chloropropene.
After the reaction the chloroacetone was extracted with ether, and
after removal of the solvent was converted to its 2,4-dinitrophenyl-
hydrazone. The specific activity of the derivative was then measured
in acetone, and correction made for variation in counting rate with
solvent., The results of several experiments are presented in Table
10, where the specific activities are represented as percentages of

the initial 36ClOH activity:

Table 10
Initial silver Specific Activity of fxperiment
ion concentration the chloroacetone Number
(moles litre~1) " produced (% of

initial HOC1)

0 62, 59 5, 7
0.01 6L 5
0.025 - 0.05 86 9
0.04 91 7
0.05 83 5
0.10 84 6

Apparently an initial silver ion concentration of less than
about 0,015 M allows about 35% exchange, while a concentrestion
greater than 0.025 M reduces the extent of exchange to 20% or less.,

Two possible types of mechanism can be envisaged for this

exchange reaction:
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(a) An intre-moleccular mecihanism, in which the entering chlor-

ine atom interacts with the carbonium ionic centre, while at the
same time the 2-chlorime substituent interacts with carbon-l (7).

The two chlorire atoris could then beco.e equivalent and finally

exchange, as in IIT,

I i} T
c1 c1
36 P .
ct ¥ o0 NN,
CH, = CCl.CHB-——?CHzlj,CCl - CHBT—ﬂ CH, :,c - CHB,“ Cda - ? - CH3
3601’ ///////’ )601, 36C1
HaQ ‘ H,0 it
_H+ _H‘f
4{///l9°////, 360
- b - = H - . il - H =
cH, co.C{3 ?Hz cCl = cH, ?12 o CH3 Cil, - CH = CH,
lo}
36¢1 ’60; c1 c1 _
v ¥ W Vil

——

' This mechanism could accouat for the reduced specific activity

of the chloroacetone compared to the hypochlorous acid. TFurther, it

would predict (i) that some of the 2,3-dichloropropene procucad vouldl

be labelled in the 2- and some in the 3- position, and {(ii) that it

would retain the full activity of the hypochlorous acid. These con-

clusions were subsequently tested.

.3
(b) An intermolecular exchange, betuveen the ’6ClOH and the

inactive chloride ion released from the 2-position of the olefin

molecule,

36ci00 + c1- —— ciom + 3%c1-
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The labelled chloride ions would then be precipitated by silver ions,
and the unlabelled hypochlorous acid would react with the olefin,
yielding a product of diminished activity. It may seem surprising
that the exchange process could conceivably proceed at a rate com-
parable to that of the reaction of silver with chloride ion. This
point will be discussed later with regard to the formation of solid
silver chloride. It might also be considered a possibility that the
hypochlorous acid could exchange chlorine with the solid silver
chloride as well as with any organic chloride present in solution.
These last possibilities are discounted by the experimental evidence,
as will be seen later.

A necessary requirement of the intermolecular mechanism would
be that the 2,3-dichloropropene produced would be of the saine
activity as the chloroaéetone produced, and would be labelled exclu-
sively in the 3-position.

Determination of the specific activity of and the position of

labelling in 2,3-dichloropropene produced by the addition of
36

Cl-0H to 2-chloropropene

. 6
An aqueous solution of hypochlorous acid labelled with 3 Cl was

added to an aqueous acidic solution of 2-chloropropene containing an

excess of silver perchlorate. After reaction, the solution was

extracted with pentane, then with ether. The pentane extract was

evapo&rated down, and the radioactivity of the remaining, 2,3-

dichloropropene measured in alcohol. The specific activity of the

chloroacetone isolated from the ether extract was also measured,
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after conversion to the 2,4-dinitrophenylhydrazone, in acetone.
After making corrections for the variation of the counting rate with
solvent, the specific activities of the two products were found to
be identical within experimental error (about 88% of the initial
C10H).

Now, it has been shown that the S-allyl thiouronium picrate of
CH2 = CCl.CH236Cl has zero activity, within experimental error.h7
This derivative was made of the active 2,3-dichloropropene produced
in the reaction, and was found to retain about 1% of the activity of
the olefin. The 2,3-dichloropropene produced must therefore be al-
most exclusively 3-labelled.

Both of these results, viz the specific activity of the 2,3-
dichloropropene produced being the same as that of the chloroacetone
and the exclusive 3-labelling, argue against the acceptance of an
intra-molecular exchange mechanism.

It was then attempted to gain direct evidence for mechanism(b).

Exchange reactions between chloride ions and hypocirlorous acid in

the presence of excess silver ions

A solution was rade up about 0.01 M in labelled hypochlorous
acid, 0.1 M in perchloric acid, and of a known excess concentration

of silver perchlorate. The specific activity of the C1l0H, computed

as counts per minute divided by titre against standard sodium

thiosulphate solution, was measured, then a known amount of chloride,

slightly in excess over the C1l0H, was added in the form of sodium
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chloride solution., After filtering off the precipitated silver
chloride, the specific activity of the solution was measured.

The experiment was repeated with different excess concentrations
of silver and also without silver; it was also carried out for the

other halide ions, bromide and iodide.

The results, which were obtained in duplicate with very good

agreement, are presented in Table 11.

Table 11 °

Halide Ton %,Exchange
Zero Ag+ L0175 M Ag+ .0350 M Ag+
Chloride 55 35 21
Bromide L2 23
Todide 9L 36

Clearly, then, exchange between C10H and chloride ions can

indeed occur in the presence of excess silver iomns.

It should be noted that the added amount of chloride was about
1.2 times that of ClOH and therefore the figure of 55% exchange in

the absence of silver corresponds to full equilibration:
Cl1 + 36ClOH umd 36Cl + C1CH
with aﬁ equilibrium constant, K, equal to unity:

_(3601) (C10H)

= =1
7 T (61)8%10m)
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Further, the extent of exchange for a given silver concentration
corresponds quite closely to the pércentage loss of activity in the
production of chloroacetone in the addition reaction, as will be
seen by a comparison of Tables 10 and 11.

The extent of the exchange varies, as would be expected, with
variation in the nucleophilicity of the added anion. Specifically,
the nucleophilic power of the halide ions increase in the order C1X
Br € I, and therefore the equilibrium

x~ + 3fciom =xom + 3°

(o3

lies increasingly over to the right. The converse of this was also
checked by the addition of labelled chloride to hypobromous acid.
Very little exchange occurred.

The inference of this series of experiments is that mechanism
(b) is operative in the addition of ClOH to 2-halo-olefins.

This conclusion was confirmed further by the addition of C10H
to 2-bromopropene, when bromoacetone was detected in the products
(see next section).

Two further experiments were done in an attempt to clarify the
precise nature of this exchange reaction.

(i) Chloride ion (as sodium chloride solution) of known
specific activity was precipitated by the addition of excess silver
ions. Inactive hypochlorous acid was then added, and the solution,

containing the precipitated silver chloride, well shaken. Samples
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of the solution were drawn off from time to time, and their specific
activity measured. The solution was observed to becoiie slowly active.
But the rate of exchange was many times slower than the very fast
exchanges with which we are concerned. For example, the ClCH reached
about 20% of the initial activity of the chloride in about 15 hours.
(ii) Labelled chloride ion was again precipitated by silver,

and then this time inactive chloride ion was added. The rate of

- increase in the radioactivity of the solution ﬁas again followed,
and found to be of the same order as the reaction in (i).

These results throw light on the possibility thaat the Ag012+
species may be involved in the exchange reaction. As described in
Chapter 1, there is evidencell7 for the existence znd stability of
109

Ag12+, and Arotsky and Syrions argued thet the species AgClZ+

might be the chlorinating agent in electrcphilic arowatic chlorin-

ation:
 o—_— + .
AgCl(s) + H,0C1" T2 AgCl,” + H,0 (1)
agcl,”  + ArH —— Arci + HY + agci(s) - (2)
“

It might be argued that step (l) would account for the observed

chlorine-exchanges. However, reaction (i) above clearly shows thot

AgCl/HOCLl exchange is very uuch slower than the exchange Letwcen
‘ - +
HOC1l and Cl~ in the presence of excess Ag . It would appear there-

fore that the latter must take place in solution.
Also, result (ii) shows that AgC1/BCC1 exchange takes plece at

much the seme rate as AgCl/Cl— exchange. Since the latter could

take place via initial solution and ionisation of the AgCl, followed
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by chloride—exchange in solution; it seems likely that the foruer
does not involve positive chlorine exchange. However, a heterogen-
eous process cannot be ruled out.

Anbar gﬁ.gi.llg have ileasured the rate of exchange between
chloride ion and hypochlordus acid by chlorine_36 labelling and by
carrying out the reaction in an alkaline medium, thus reduéing the
coﬁcentfation of free HOCl, which was thought to be the entity tak-
ing part in the exchange. The rate was given by the expression

Rate k(HcC1) (c17) (a%)

and k was found to be 5.3 x 101t 1 Sec?l. ' In neutrazl solution

we might write

Rate kl(HOCl)(Cl_)

=1 -1
where k = 5.3 X‘lOu M Sec. .

Now the collision rate for

Agt 4+ €17 — agCl

119

may be calculated from the Debye expression.

2
K = uerzlzz eo(Dl + D2)

)

2
lOBGKTgexp (legeo /ekTG)—l)
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where Dl and D2 are the diffusion coefficients of the two ions. By
use of the value of 7.52 for 0, the effective reaction distance
(although k is fairly insensitive to the choice of ), and values of

D. and D2 obtained from ionic mobilities, the value of 3.2 x lO1O

1
-1 120

M secTl is calculated for the encounter rate constant.

Since in the experiments described the concentrations of Ag+
and C10H were of the same order, the exchange'reaction is apparently
not just a simﬁle matter of competition between Ag+ and HOC1l for the
capture of Cl , since the precipitation reaction would be approxim-
ately lO6 faster.

However, Neilsen has found, by the use of a flow technique, that
on mixing Ag+ and Cl1~ ions, there is an induction period before
visible precipitation of silver chlor:i.de.lzl This induction period,

t, was greatest at low salt concentration and from a plot of log t

against log (salt) the number of ions in the critical nucleus could

be ce-lculated. In the case of silver chloride this was found to be

five.

Also, Davies and Jones have studied the rate of precipitafion
by conductivity measurements.122 After mixing Ag+ and C1~ ions, the
conductance of a solution decreased until it reached a steady value.
The rate of precipitation was highly dependent on the initial con-
centrations of the electrolytes, being greater for higher concen-

trations., The work suggested that Ag+ - C1° pairs aggregated in

multi-ion pairs, which have a significant lifetime before nucleation

takes place and silver chloride is precipitated.
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The present work could be interpreted, therefore, in terms of
formation of these ion-pair aggregates, which could then exchange
chlorine with an‘HOCl molecule. The competition is thus between
nucleation of the aggregate té Form solid silver chloride, and ex-

chanze within the aggregate of Cl1-36 with a hypochlorous acid

molecule.
nucleation > Ag36Cl
+ 36 .., - . .
Ag  + Cl -] ion-pair aggregate
I exchange N 36ClOH

~

C10H

Since an increase in the concentration of silver ions in solution

leads to an increase in the rate of nucleation, less exchange would

be expected at higher silver concentrations, as is observed,
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The addition cf hyjochlorous acid ton 2-bro.ioprooscne

The reaction was carried out in aqueous solution in the pres-—
ence of 0,04 M silver perchlorate. .After reaction, t!e solution wns
subjected to coatinuous ether extraction, which, it was assuwued,
would extract all poscible p»roducts.,

The resulting mixture of products was exemined vy vepour phase
chromatography. 7Two peaks co ‘respondin; respectively to¢ chlorc-
acetone and bro.inacetone were obtained, a3 vell ~e a third, vhic
could not be identified. The preportions were calcualated Ly
neasurement of the areas nif the pealis obtained : asswiain, that tlis
area is proportional to the wei_ ht of the compound injected, tie
composition of the product mixture wzs calculated as : cialoroeccetine,
Q2,5%; bro.aoacetone, 11.09%; unidentified compound, §. <.

The production of mro oacetone fulfills the expectation ithat
bromide ion released frowm C-2 in 2-bro.aopropene sihould exchan_e with
HOCl to give 3rCH, which then adds to the olefin gziviia, the “wroao-
ketone.

The experinmental results are colsistent with the follovinyg re-

action scheme:

CH, = CBr - CH, Hoet | séHé—-ﬁBrCHB (1)
S—Cl’ \
HgO ' proton loss
1,C1C0CH, + Br-

Br~ + C10H &—— BrOH «+ C1°

~ +
Agc1ie




§+

BrOH
CH = CBr - CH - -
5 r - C g > fHZ "CBr CH, (1)
8 - Br’ \
H20 - proton loss

CH, - CO - -
| 2 CH3 + Br
Br

It is to be expected from previous discussion that only the products
from 2-attack of H20 and of proton loss from C ~ 3 in both I and II
will be formed. If this is the case, the unknown compound would
most likely be CHZCl.CBr = CHZ' Another possibility is that some
hydroxylation reaction, catalysed by silver ions, takes place.
However, the product in fhis case would probably be hydroxyacetone,
a possibility which has been ruled out by comparison 6f the retention
time of the peak with that of a sample of this ketone.

It should be noted that here a mechanism involving intra-
molecular bromine-exchange has not been directly ruled out as in the
case of 2-chloropropene; however, there does not appear to be any

necessity to postulate such a mechanism, as it has been shown in the

present work that bromide ions exchange to a considerable extent

with hypochlorous acid in the presence of excess silver ions.
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H Possible bromine atom participation in electrophilic

addition to bromo-alkenes

The following rate constants were obtained for the addition of

iodine in aqueous solution to the series CH2 = CH(CHZ) Br.
n

Table 13

Value of n in ko(moleTll.minTl)
CH, = CH(CHZ)nBr

1 0.042

2 0.68

3 3.3

b 2.3.

Simple inspection of the rate constants gives some indication
that we have a rate enhancement for n = 3, since we have a rate
maximum here, whereas one would expect an increase throughout the
series n = 1 to n = hlsince the inductive effect of the bromo-
substituent becomes less effective as it is removed successively
further from the reaction centre. The rate constants for bromin-
ation of the same series of compounds increase steadily from n = 1

to n = 4 and can be satisfactorily analysed by assuming that the

inductive effect falls off by a constant factor (E ) per methylene

group.73b
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If we write the inductive effect as

Alog k¥ = 1log kH - log kX

where kH and kX are the rate constants for the unsubstituted and

substituted compounds resnectively, then
n-m
Alog k = E (Alog km)
whence
log ( Alog kn) = {(n-m) log € + 1log (A log km)

A plot of‘log (A log kn) against the number of carbon atoms in the
chain should give a straight line of slope log €. Any rate enhance-
ments can be picked out if the points lie substantially below the
line. This method has been used extensively by Peterson et.al. for
chain lengths up to 10 or more carbon atoms.7o For the broaination

of the series CH2 = CH(CHZ)nBr in methanol, a gobd straizht line is

obtained, from which € = 0.42, indicating no rate enhancement due to

neighbouring group participation.73b Similar calculations for the

CH, = CH(CHZ)nOH series showed a definite rate enhancement for n = 3

for bromination,73a and k a /ks (the ratio of the rate constant of
the assisted to that of the non-assisted reaction) was calculated to

be 1.5. For the iodination of this series,72 ko /ks for n = 3 was
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g§.60. The values of ka /ks were smaller at n = 4, showing clearly
that OH—s participation is more favcured in this system than 0H-6
participation.

No figures are available for the iodination of the unsubstituted
olefins CH2 = CH(CHz)nH and so the calculations cannot be carried out

in the same way. If, however, one assumes . that kH does not vary

much with n (there are oniy small changes in the rates of brominatzgg

and that there is no participation for n = 1 and n = 2 and additicn-
ally that € = 0.58 as found for bromination of the alcohol series in
water, then estimates can be made for ks (unassisted rate constants)
for‘n = 3 and n = 4, The values calculated are 3.4 and 7.6 l.mole”l
m:'Ln.—l respectively, i.e. the rate for n = 4 is actually calculated
to be larger than the observed value., If one uses € = 0.42 (as in
bromination of the bromide series in .iethanol) the corresponding

values are 2.1 and 3.5 l.mole?lminjl Obviously the data on the

iodination of the browmide series in water cannot be satisfactorily
analysed in this way. It is clear that if there is any Dr-5 partici
pation (as suggested by the rate maximum at n = 3) then the magnitude
of the effect is small - certainly very much smaller than the cor-
responding OH-5 participation - and with such small effects the
assunptions made in the treatment cannot be justified to the degree
of accuracy required to enable any quantitative estimation of the

effect.

In conclusion one can say that there is evidence from the rates

of jiodination that the five-membered bromonium iod&:
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cH,,

I-CH,_ -CH H

2 2
\ e
Br CH
+ 2

is involved in the reaction of iodine with 5-broriopentene, altaough
it is probable that only a simall part of the overall reaction pro-
ceeds via this ion, in contrast to OH-5 participation, whichin
iodination is the dominant reaction, virtually 100 involving the

oxonium iong

CHz_\\\
I-CH, -CH CH
/

2 2

+ T
/O — CE

H 2

It is likely that participation by néighbouring halogen substituents
becomes increasingly important as the nucleophilicity of the solvent
is reduced, consequehtly it would be of interest to examine the

iodination and bromination of the series CH2 = CH(CHZ)nHal. in sol-

vents such as acetic acid or better still trifluoroacetic acid.
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CHAPTZR 3.

EXPERIIMENTAL

PART T. PREPARATION OF MATERIALS

1. Hypochlorous Acidlo7

Mercuric oxide was prepared in a freshly precipitated form by
disolving yellow :.iercuric oxide in conceutrated nitric acid, then
neutralising with caustic soda solution. The precipitate was wasized
several times with distilled water, the aporopriate volume of water
added, and chlorine gas bubtled throush until the resultin_; chlorine
water was approxiaately 0,15 molar, Standardisation was by addition
of excess potassium iodide to an aliquot of the solution and titr-
ation of the liberated iodine with standerd 0.1 N sodium thiosulphate
solution. The chlorine water was then distilled direct from the
mercuric oxide under reduced pressure, at about 3500, using an iced-
water condenser, and collected in a flask surrounded by ice. A
rotary evaporator was used so as to reduce buaping. It was advisable
to use the hypochlorous acid very shortly after preparation, as even
at 0°C soue decoposition to chlorine took place. (However, the 012
could be removid from a solution cf HOCl by shaking up wita .iore
freshly precipitated mercuric oxide and decanting.)

Hypochlorous acid labelled with 36Cl can te prepared by adding

H3601 solution (coruwlercially available) to the chlorine water beforc
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distillation.

2. Hyvpobromous Acid123

Silver phosphate (AgBPOA) was precipitated from solution by
the addition of a scolution of disodium hydrogeﬁ phospiiate (Naszou -
70 grams) to a solution of silver nitrate (30 grams). This yellow
precipitate was washed thoroughly, six or seven times, with distilled
water. 500 mls. of water were thén added, followed by 7 mls. of
liquid bromine. The mixture was then distilled under reduced pres-
sure from a waterbath at about 32°C, using a rotary evaporator. As
with hypochlorous acid, iced water was circulated through the con-
denser, and ice was used to surround the collecting vessel. The
concentration of the hypobromous acid distilled over - determined

by titration with étandard sodium thiosulphate - was about 0,15

molar.

3. 2-chloropropene

(a) The action of PCl_ on acetone.124 Analar acetone was added
J

from a dropping funnel on to phosphorus pentachloride. A vigorous
reaction took place, and the 2-chloropropene evolved distilled over
without the need for external heat. Ice-cold water was circulated
through the condenser, and the product was collected in chilled
water. It was washed with water several times, then with sodium

bicarbonate solution to remove HCl, dried over anhydrous magnesium

o
sulphate, and fractionated. The fraction boiling at 22 ~ 23 was
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collected and stored in a well-stoppered flask at -10°, Greaf care
should be taken to keep this compound at as low a teiaperature as

possible, because of its high volatility.

(b) The action of alkali on 2,2-dichloropropane.~2° A weigzhed

amount of potassium was dissolved in small amounts in allyl alcohol
in an atmosphere of nitrogen. The solution was heated till boiling
(168°), when 2,2-dichloropropane (b.pt.70°) was added in more amyl
alcohol. The 2-chloropropene produced was allowed to distil up
through a reflux condenser surrounded by weter at about hOO, so as to
condense out the reactant aund the solvent. The product (b.pt.23°)
was collected in a chilled flask; the yield was about 65% of the
theoretical. It was then fractionated, again into a chilled flask,

a drying tube being attached to the air outlet to avoid tlie conden-

sation of water on to the product.

2
(¢) The action of potassiua hydroxide on l,2-dichlorqgropane.l 6 A

3-necked IL, flask was fitted with a mechanical stirrer, a dropping
funnel and a column about 70 cm. long with a side-arm to which was
attached an iced-water condenser leading to a collectin; flask sur-
rounded by ice. About 225 gm. of potassium hydroxide were put in
the flask, and about 225 gn. of ordinary alcohol ("meths"). The
mixture was stirred, and 30" gm. of 1,2-dichloropropane gradually
added. At first, not all the potassium hydroxide cissolved, as

there was insufficient alcohol, but it dissolved as the reaction

0
proceeded. Heat was applied to the reaction vessel; at about Lo c,

0
- crystals of potassium chloride first appeared, and at 60-65 the

reaction was observed to be proceeding quite vigorously. Towards
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the end of the reaction, when all the 1,2-dichloropropane had been
added, the temperature was raised to approximately 750C to remove
all the product. The temperature of the distillate varied between
2300 and 40°C. The total yield of mixed chloropropenes (2-chloro-
propene and the isomers of l-chloropropene) was 158 graas. ©On
attempting a separation of the chlorowropenes on a fractionating
column, the distillate came over at a high and not very steady tem-
perature. This may have been due to inefficient packing of the
column, as glass helices of a suitable size were not at that time
available. Separation was therefore achieved by the use of a pre-
parative scale vapour phase chromatographie machine (the Perkin
Zlmer 'Autoprep'). The ultimate yield of pure product was rather
small, and it was not thought that eitiner method (b) or (c) had
proved themselves any superior to the usual method (a).

27

L, 2-bromopropene.

Firstly, sodiuwu phenate was prepared by the addition of caustic

soda (in aqueous solution) to an equivalent quantity of phenol. The

latter dissolves readily, and the water was distilled off under re-

duced pressure on the rotary evaporator. The residval white solid

was washed several times with acetone on a Buchmner funnel.
100 grams of sodium phenate were then taken, and dissolved as

far as possible in 500 mls. of ethanol. 100 grams of 1,2-dibromo-

propane, also in ethanol, were added, and the mixture refluxed for

4 hours.
Product distilled over at 48—500, and proved on examination by

vapour phase chromatography to be a mixture of 1l- and 2-bromopropenes.
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This was dried over anhydrous magnesium sulphate, then carefully
fractionated from aﬁ 0il bath, using a long columnn packed with small
glass helices. 2-bromopropene was collected at 48°C at one-tenth of
the reflux rate and proved to be almost completely freec from 1-
bromopropene, as shown by vapour phase chromatographic analysis.,

5. £36Clli— chlorocacetone.

All methods of preparation of chloroacetone (b.pt.ll9°) by
chlorination of acetone invariably lead to the production of a
significant quantity of 1,l1-dichloroacctone (b.pt.lZOo), which is
difficult to separate frowm the monochloro compound. The dichloro
compound is presumably formed by the further chlorination of the

very reactive enol form of chloroacetone:

' )
C10H

o 0.CH,&—2CH = C.CH, ___ """ 3 CH.C.CH

|H2-C 3 | 3 : 3

C1 Cl (012)

The following four methods of preparation were attempted, with

varying degrees of success,

(a) The action of chlorine water on acetone. 2.5 L, of distilled

water were saturated with chlorine (about 0.1 E), and 3 ml, of a

solution of 3601 - labelled hydrochloric acid (2.24N, specific

activity 142 microcuries per gn. of chlorine) added. The solution

was acidified with 25 ml., conc. sulphuric acid, and an excess of

AnalaR acetone added. The colour of chlorine disappeared after two
or three days, when the solution was saturated with sodium sulphate
and extracted with ether. The solvent layer was dried over anhydrous
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magnésium sulphate, and distilled through a Vigreux column, After
the ether had distilled (350), excess acetone came over (560). The
remaining product was fractionated and collected at 119—1210.
Analysis on a Perkin Zlmer Vapour Phase Gas Chromatograph showed two
components (identified by comparison with authentic samples), chloro-
acetone (about 95%) and l,l-dichloroacetone (about 5%). Separation
of these compounds was possible by use of a preparative scale chroma-
tograph, in this case the Perkin Elmer Autoprep, but recovery of
material was very low, about 35%.

(b) The addition of chlorine to_2-chloropropene. Chlorine gas was

passed into distilled water, with vigorous shaking to aid solution,
until the concentration was about 0.1 molar. The solution was stan-
dardised by the addition of excess potassium iodide to an aliquot,
and titration with standard 0.1 N thiosulphate. Labelled hydrochlaric
acid was added. The chlorine water (1abelled with 36Cl) was then
added from a dropping funnel on to a solution of an excess amount of
2-chloropropene in water, which was chilled, so as to reduce evapor-
ation. The flask used for the reaction was also fitted with a drying
pistol filled with solid carbon dioxide, in order to prevent evapor-
ation of the olefin as far as possible. After salting out with
sodium sulphate, the aqueous solution was continuously extracted with
ether for about 15 hours. Prior removal of the 2,3-dichloropropene
also produced in the reaction was attempted, using hexane, but it

was found that rather too much chloroacetone is extracted at the samne

time. The ether and wafer layers were then separated, the ether
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layer dried, and the ether distilled off. Since distillation of the
chloroacetone at atmospheric pressure tended to produce charring,
the product was distilled under reduced pressure. The lower boiling
point'(about 50°C at 3 cm.Hg pressure) here did not cause charring,
and chloroacetone was obtained in an almost pure state, as shown by
the &apour phase chromatograph traces..

(c) Electrolysis of HC1l in acetone.128 A circuit was set up as

shown, with current passing between platinum electrodes through a
solution containing concentrated hydrogen chloride, active hydro-

chloric acid and excess Analar acetone. Since only small electrodes

l

®

4 X
-

(surface area sbout 1 cm.2) were available, and the recommended cur-
rent density was 0.1 amp.ca. ~, six electrodes were connected in
parallel at X, and six at Y, so as to increase the rate of production
of chloroacetone. The rheostat was used to adjust the current to
0.6 amp., and the reaction left‘for about 30 hours, with occasional
addition of acetone to replace that which was probably lost by

evaporation caused by the heat developed during the electrolysis.

The solution was extracted with ether, and the ether extract

dried over anhydrous magnesium sulphate. The ether was distilled

off, and then the product was distilled over, proving to be very

pure.
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. ) 6
(d) Hydration of (3—3 Cl)—2,3—dichlor0propene.129 Six parts of

concentrated hydrochloric acid were added to one part of CHZ = CCLl.
CH236CI (prepared as described later). Care was taken during this
addition, as fumes were rather violently evolved. This reactant
solution was then cautionsly added, with shaking, to a fairly large
excess cof an aqueous solution of silver sulphate, After leaving for
an hour or so, the solution was salted cut and extracte:. with ether.j
The ether was distilled off, and the chloroacetone distilled at
about 40° under a pressure of about 20 mn., The product was over
99% pure.

Measurement of Radioactivity

All measurements were carried out using a Geiger-IlUller counter
with a tube designed for liquid counting. Radioactivity is expressed
as tﬁe "specific activity", in counts minT! moleTt litre. The
counting rate in all cases has been corrected for background radia-
tion and for the change of solvent, where appropriate. Usueily, of
the order of 10,000 counts were made, giving a ha 1% statistipal error
in the specific activity. '

6. Bromoacetone

Acetone was brominated by an equivalent quantity of bromine in

the presence of mineral acid. The product was extracted into ether

after salting out with sodiun sulphate. The ether solution was dried
over anhydrous magnesium sulphate, and the ether distilled off under

reduced pressure on the rotary evaporator. The resulting bromoacetar

was distilled under reduced pressure, and a VPC trace showed it to

be pure.
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7. 3:(3601) - 2,3—dichloropropene52

Unlabelled olefin, which is available commercially, was reflux-
ed in pure, dried acetone (prepared by refluxing over potassium per-
manganate and potassium hydroxide and then distilling) containing
L136Cl (the latter was prepared by adding an excess of lithium cer-
bonate to the commercially available H36C1 until the solution is
neutral). Agfter refluxing for = bout 40 hours, the lithiua chloride
"and most of the acetone were extracted with ice-cold water. The
oléfin was then shaken witia ferrous sulphate, washed with water,
dried over anhydrous magnesiun sulphate, and fractionated. The
boiling point at atmospheric pressure was 9300.

8. Conversion of labelled hyvpochlorous acid to a derivative

suitable for determining fthe counting rate

(a) Conversion to 2Jhédinitrqphenylhydrazone of chloroacetone. A

sanple of the H036Cl was acidified, and a slight excess of Analar
acetone was added. The solution was allowed to stand, with occas-
ional shaking, till the smell of chlorine had disappeared, wvhich
took about two days. The chloroacetone was extracted frox the ace-
tone with ether, then the ether distilled off. Then a solution was
made up of 2 grams.of 2,4-dinitrophenylhydrazine in 10 mls. of con-
centrated sulphuric acid, and'added to a mixture of 50 mls. ethanol
and 125 mls. water. This was filtered, and 1 gram of chloroacetone
was added to the filtrate. On standing overnight, a yellow precipi-
The

tate was obtained, which was recrystallised frou alcohol;

specific activity was then measured in acetone.
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(b) Conversion to lithium chloride. A small excess of lithium car-

bonate was added to a portion of the hynochlorous acid and sulphur
dioxide passed until effervescence ceased. The water was then remov-
ed on a rotary evaporator, and the remaining lithium chloride extrac-
ted intq alcohol, in which solvent the activity was :easured. The
chloride ion was determined by titration (Volhard's method).

(c) Conversion to silver chloride. The unexpectedly low recovery

of lithium chloride in the above experiment suggested that not all
the chlorine was being converted to the chloride species. According-
1y, sulphur dioxide was passed into a solution of the hypochlorous
acid containing excess silver nitrate and acidified with nitric acid.
The precipitated silver chloride was filtered off on a Buchner
funnel, washed with water, dissolved in 0.880 ammonia, and reprecipi-
tated with dilute nitric acid. The precipitate was again filtered on
a Buchner funnel, and washed successively with water, ethanol, and
acetone.

Tt was then dried and a standard solution made up in 0.780
aminonia, to determiﬁe the soyecific activity.

In order to relate the counting rate in ammonia to that in
water, a portion of the silver chloride was converted to sodiun

chloride by .eans of sodium fusion. The resulting sodium chloride

was dissolved in water, the chloride content analysed by titration,
and the radioactivity measured.

9. Allvl bromide

This is available commercially; it was purified on a preparative
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scale vapour phase chrouatograph before use.

10. L-bromobutene

This is @lso available co.nercially, and was purified before

use on a preparative scale v.p.c.

130

11. 5-bromopentene

133 gm. (1.55 mole) of l-penten-5-o0l and 35 zm. (0.4l aole) of
pyridine were mixed in a flask surrounded by an ethanol -COé’bath
(-25° to -30°). 174 gm. (0.64 mole) of phosphorous tribroaide was
added dropwise over a period of 4 hours to the flask, which was fit-
ted with a stirrer. The stirrer was then replaced by a condenser
and the product distilled from an oil-bath. éaution is regrired at
this stage, as the vapours tend to ignite spontaneously, especially
towards the end. The product was washed twice with water, once with
caustic soda, and dried over calcium chloride. The yield of )roduct
boiling tetween 127° and 130° was 180 gm. (73%¢). It was purified by
v.p.c. hefore use.

1
12. b6-khromohexene

The corresponding alcolrol CH = CH(CHz)aOH was treated with
phosphorus tribromide in pyridine, the same relative proportions of

reactants being used as in the bro 'opentene preparation. The boiling

point at 16 mm, was L7-51°, yield 53%.
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PART II, DESCRIVTION OF LXPLRINENTS

Exvmeriment 1

Analysis of the products of the reaction between bhypochlorous

acid and 2-chloropropene

2-chloropropene (ll gns.) was added in small portions, shaking
well in between additions, to an aqueous solution of hypocnlorous
acid (I1., 0.0820 M) containing perchloric acid (0.0040 N). The
reaction mixture was left overnight. No hypochlorous acid wes left
in the morning, as shown hy the absence of iodirve when # s-aple wes
added to a potassiuri iodide solution. The ciloride iou liverated
was determined by titration (Volhard's method) and represeantcd 357
of the aumiount of hypocnlorous acid used up.

Isotope dilution experiaents were then carried out on boti of
the expected products of the reaction, chloroacctone and 2,3-dici:lo-
ropropene. Chloroacetone labelled with 36Cl (2.5522 gu,, specific
activity in acetone 11,225) and 2,3-dichloropropene labelled i tie
3-position with 36Cl (6.2367 gm., specific activity iun etianol
14,547) were added to the reaction mixture and tihe whole thorwulhly
mixed. The solution was extrscted first with pentene, the extrrct
dried, and the pentane removed. 2,3-dichloropropene was distilled
from the residue (b.pt. 9&-950) and was shown to be »ure by vapour

phase chromatography. A standard solution was made ur ii ethanol

and the specific activity determined as 11,592.
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If Yo gm., is the weight of 2,3-dichloropropene foraed in the

reactcion then the isotope dilution expression is

6.23587 11,592
Ho + 6.2367 14,547

6.2367 x_ 2,855
11,502

o =

= 1.524

Therefore the percentage yield, based on the hypochlorous acid used

524
up = 1.524 x 100 - 17 + 7,

0.0820x 111

After the pentane extraction, the solution was saturated with
sodium sulphate and extracted with three portions of ether. The
extract was dried and the ether removed, rather slowly at reduced
pressure, since the chlororcetone tended to char. The resicual oil
wvas shown to e pure chloroacetone by v.p.c. analysis tut Lecause of
the difficulty of obtaining a clear liquid by distillation the
ketone was converted directly into its 2,L4-dinitrophenylhydrazone
derivative for counting purposes. 2,L4-dinitrophenylhydrazine
(24 gm.) was dissolved in concentrated sulphuric acid (120 =1.) and
the solutioh added cautiously to a mixture of ethanol (225 ul.) and
water {600 wl.). Insoluble material was filtered off and to the
reagent solution was adred an equivalent quantity of chlorocacetone.
A vellow preéipitate began to form i.mediately but the solution was

left overnight to allow complete precipitation. The precipitate was
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filtered and recrvstallised from alcohol to constant specific
activity, 3182 in acetone. Again, if Yo gzri. of chloroacetone is

formed in the reaction,

2.5522 - 3182
Wo + 2.5522 11,225
Yo = 2.5%522 x 8043
3182
= 6.451

Therefore the vield of chloroacetone based on the amount of hypo-

6.451 x 100
2.5 x 0,0820

chlorous acid used up
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Ixperiment 2

Investigation of the effect of silver jions on the vield of

chlorocacetone in the reaction between hywoochlorous acid and

2-chloropropene

2-chloropropene (2 gm.) was added to an acueous solution
(1070 nl.) containing hypochlorous acid {0.0105 M), perchloric acid
(0.112 M) and silver perchlorate (0.0491 1). The reaction mixture
was shaken well and left overnight, when all the hypochklorous acid
was used up. The cinloride ion liberated was determined by Volhard's
method, and re»nresented 1139 of the hypochlorous acid used.

Active chloroacetone (1.152h gm., specific activity in acctone
15,910) was added to the sclution, which was vigorously shaken. Thae
ketone was extracted into ether as in Zxperiment 1 and converted
into its 2,4-dinitrophenylhydrazone, whose specific activity in

acetone was found to be 9,131.

1.1524 - 9,131
o + 1.1524 15,910
Wo =

10.8557

Therefore the yield of chloroacetone, based on the anount ol hypo-

© 0.8557 x 100
92.5 x .01124

chlorous acid used up

1+
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Experiment 3

Identification of the products of the addition of hypochlorous

acid to 2—chlofopropene in the presence of a large excess of silver
l-gm. quantities of 2-chloropropene were added to an aqueous
solution (IL) of hypochlorous acid {0.045 M) and silver perchlorate
(0.095 M). Fach addition was shaken vigorously till the olefin
dissolved. After the addition of about 6 gm., it was difficult to
get further olefin to dissolve, and the solution no longer smelled
of hypochlorous acid. The solution was saturated with sodium sul-
phate and the silver chloride and the excess salt filtered off. The
organic products wefe removed into ether by continuous extraction
(about 30 hrs.). The ether was cautiously distilled off, and the
residual o0il examined by vapour phase chromatography. Only two
peaks were produced (apart from ether), which were shown by coiipar-

ison with authentic samples to represent chloroacetone and 2,3-di-

chloropropene.
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Experiment 4

The kinetics of the reaction between hvpochlorous acid and

2-chloropropene

A Determination of the rate constant under "normal" conditions.

An aqueous solution (250 ml.) of hypochlorous acid (0.002 M),
silver perchlorate (0.036 14) and perchloric acid {0.02 H) was allowed
to attain ambient temperature in a 25°C thermostat. Slightly over
0.5 gm. 2-chloropropene (sufficient to saturate this volurnie of
solution) was added with vigorous shaking. 5 ml, samples of the
solution were taken and run into an excess of chilled potassium
iodide solution containing dilute sulphuric acid and saturated with
nitrogen. The time was invariably noted when the liquid began to
run from the pipette into the flask. The released iodine was titrated
again 0.001 N sodium thiosulphate.

Now since the olefin is in large excess over the hypochlorous
acid, its concentration remains effectively constant, and so we iay

use the following form of the rate expression

k2=2_~3_0_2 log = —2—
t.b a - X
where
a = concentration of hypochlorous acid initially
a - x = concentration of hypochlorous acid at time t seconds
b = concentration of 2-chloropropene
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To determine b, a known excess of standard bronide-bromate solution

was added to a saturated solution of the olefin,

acidified, and the

released excess bromine determined by using it to liberate iodine

from potassium iodide, followed by thiosulphate titration. The

solubility of 2-chloropropene in water at room temperature was found

to be 0.0260 moles per litre.

The following tables present the

results of three runs at 250, with kl computed as 2.030 log a .

t a - x

The mean value for the rate constant, k2, is then calculated by

dividing the mean value of k., by 0.026.,

Run 1

t (sec.)

725
950
1205
1680
2190

3395

Titre (ml.)

9.10
6.30
5.4
4.86
3.72
2,92

1.49

Log 5

0.1597
0.223h
0.2724
0.3885
0.4936
0.7858
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X

10

-1
kl(sec. )

5.075
5.42
5.21
5.33
5.19
5.33



L. -1
t (sec.) a - x log —= 10 kl(sec. )
0 9.30
940 5.45 0.2321 5.69
1215 3.85 0.3330 5.97
1520 3.25 0.L4566 5.8¢
1985 2.60 0.5535 5.63
2500 - 2.00 0.6675 5,52
-+ 3265 1.55 0.7782 5.02
Run 3
L -
t (sec.) a - X log = f ” lOs kl(sec. )
0 10.05
-840 6.12 0.2153 5,90
1020 5,63 0.2516 5,68
1440 Lh,60 0.33¢3 5.73
2580 2.85 0.5473 5.06
3180 _ 2,10 0.6799 5,06
3840 1.18 0.9302 5,58

The mean vélue for kl obtained is therefore in run 1, 5.26 x
10’4; in run 2, 5.62 xAlO—A; and in run 3, 5.50 x 10‘4 giving an
overall mean of 5.46 x lO_h. The rate constant, k,, is thus 5.46 x

10_4 = 0.026 = 0,021 sec?l molefl 1.
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B Determination of the rate constant under conditions of low

mineral acid, high silver and high hypochlorous acid concentrations

(a) 2,3-dichloropropene

The reaction was followed by the same method as for the pre-
viously described runs on 2-chloropropene. The concentretions were

3

hypochlorous acid, 3.13 x 10~ M; silver perchlorate, 0.0563 }i;
2,3-dichloropropene, 0.0342 M; and mineral acid, zero. The results

for a representative run are set out below.

10° kl(secil)

t (sec.) a - X log ——
0 11.60

300 11.25 0.0134 10.3

720 10.80 0.0311 9.95
1140 10.05 0,0624 12.5
1440 7.20 0.2067 33.1
1635 5.05 0.3612 50.9
1770 4.60 0.4013 52.2
1920 3.80 0.4847 58.1
2100 3.05 0.5802 63.5
2340 2.60 0.6495 63.9
2700 2.60 0.6495 55.4
3300 2.25 0.7123 Lo,7
3900 1.50 0.8884 52.5

(pb) 2-chloropropene

The concentrations used were : hypochlorous acid, 5.15 x 10'33;
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silver perchlorate, 0,109 M; 2-chloropropene, 0.0260 M; and mineral

acid, =zero.,.

t (sec.) Ao x log 2— 10* k, (sect?)
0 13.15

480 8.25 0.2024 9.71
735 7.20 0.2616 8.20
1200 5.30 0.3946 7.58
1440 . h,25 0.4905 7.84
1800 3.50 0.5748 7.35
2220 : 2,60 0.7039 7.30
2700 1.90 0.8401 7.17
3180 1.65 0.501L 6.53

(c) 2-chloroprop-2-en-l-ol

Runs were done at a concentration of (i) 0.050 M silver per-
chlorate and (ii) 0,200 M silver perchlorate. Both reactions were
followed at a perchloric acid concentration of 0.020 M, hypocilorous

acid, 7 x 1073 M, and 2-chloroprop-2-en-l-o0l, 0.0307 M,
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210
420
720
1140
1680
2280
2820
3360
Lhoz20
4620
5220
Run (dii

t (sec.)

240
420
600
800
1065
1200
1380

1560

15.63
12.78
11.62
10,20
8.70
7.20
5.99
5,02
L.,48
3.80
3.35

2.92

16.02
9.31
7.60
6.61
4,70
4,60
4,02
3.52
2.77

0.2357
0.3238
0.384L
0.5325
0,5418
0.6004
0.6581
0.7621
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L -
10 kl(sec.

9.59
7.06
5.93
5.14
4,61
4,21
3.94
3.72
3.52
3.34

3.21

10° kl(secil)




Run (ii) cont,.

t (sec.)

1740

1920

2.50
2,30

1071

0.8067
0.8429
0.9716
1.0585

1.1254
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Experiment 5

Determination of the specific activity of the chloroacetone

produced by the addition of 36Cl -~ labelled hypochlorous acid to

2-chloropropene

Three aqueous solutions were made up with the following com-

positions (inmoles per litre)

(1) (2) (3)

Hypochlorous acid 0.0697 0.047h 0.06¢97
Perchloric acid 0.0990 0.0990 0.1010
Silver perchlorate - 0.0103 0.0532
Total volume (mnl.) 1010 1485 1010

2-chloropropene (Bgm.) was added to each, in small quantities,
with vigorous shaking. Zach solution was saturated with sodium
sulphate then filtered. The products were extracted into ether,
which was dried and slowly distilled off, the last traces under re-
duced pressure on a rotary evaporator., Tach sample of chloroacetone
was converted to its 2,4-dinitrophenylhydrazone, which was recrystal-
lised from ethanol to constant'specific activity. The specific
activities of the samples in acetone were (1) 17,712 (2) 18,165
(3) 23,724, The specific activity of the hypochlorous acid was
21,919 in water. Th;s corresponds to 21,919 x 1.298 = 28,hSl in

acetone. The percentage activities were therefore (1) 62.3 (2) 63.8

(3) 83.4. (in all cases ¥ 1%)



Experiment 6

Determination of the specific activity of the chloroacetone

36

produced by the addition of HO”"Cl to a continuous excess of

2-chloropropene

5 gm. of 2-chloropropene (dissolved in 20 ml. alcohol so as to
aid dispersion) were added with vigorous shaking to an aqueous
solution (3850 mls.) containing silver perchlorate and perchloric
acid. 130 ml. of labelled hypochlorous acid (0.020 M, specific
activity 31,900) was addéd. The concentration of the HOCl was the:e-
fore 0.0065 M, that of the silver ion, 0,100 M, of mineral acid
0,096 M, and of olefin 0.0163 M.

The solution was worked up for the chloroacetorne product as
described before. The specific activity of the 2,hk-dinitrophenyl-

hydrazone was measured in acetone and found to te 34,781, i.e.

34,781
31,900 x 1.298

x 100 = 84:1% of the specific activity of the

H036Cl used.
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Experiment 7

Determination of the specific activity of the chloroacetone

produced in the reaction between 2-chloropropene and H03601

Hypochlorous acid labelled with 3601 was prepared, and its
specific activity in water determined at 36,182, A sample was also
converted to chloride and its specific activity redetermined as
follows. To 100 mls. of the solution (0.291 M) lithiun carbonate
(2.5 gm.) was added and sulphur dioxide passed till effervescence
ceased. Silver nitrate (8 gnn. in 20 m1. water) was added to the sol-
ution, after acidification with nitric acid. The precipitated silver
chloride was filtered off, dissolved in 0.880 ammonia, filtered, and
reprecipitated by 50 : 50 water : conc. sulphuric acid. It was
washed successively with water, ethahol and acetone, and dried in an
oven. The silver chloride sample obtained was fused in an ignition
tube with an excess of sodium. The tube was dropped into distilled
water, ground up, and all insoluble .1aterial filtered off. The
Sodiumn chloride solution was analysed for chloride content, and its
counting rate determined. The specific activity deteriained by this
method was 35,596. The :1ean of this figure and that obtained by the
usual method of sinply standardising the hypocihlorous acid against
thiosulphate was taken to represent the specific activity of the
mo3%c1 (35,889).

Two solutions, each 0.022 M in HOCl, and 0.096 !i in HClOu were

made up (total volume 2L). Solution (2) was wade 0.041l5 in AzClC,,
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while (l) contained no silver ions. 10 gm. of 2-chloropropenz was
zdded to each, in portions of approxiately 1.5 gm., witi: vigorous
shaking. WVhen all the hysochlorous acid had reacted (sumell) each
solution was worked up to produce a pure samdle of chloroacetonec, as
described before. Derivatives were made and their specific activi-
ties determined. As a percentage of the specific activity of the

+ )
initial HOCl, these were found to be (1) 59 I 1¢ anda (2) 1 I 1¢.
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Experiment. 8

DJetermination of the specific _activity of and the position of

labelling in the 2,3-dichloroprovnene produced by the addition of

H036Cl to 2-chloropropene

This addition was carried out on a larger scale tihaa previous
experiments, since the 2,3-dichloropropene is produced in o.:ly ahout
15% yield. Stock solutions were made up as follows: 3.6 L., 0,200 I
in perchloric acid and 0.183 II in hypochlorous acid (5pecific activ-
ity 22,&77); 1.0 L., 1.00 ¥ silver perchlorate.

For ease of handling, the addition reaction wvas carried out in
four 2L. flasks. In each of these (labelled 1,2,3 =na &), 1.0 L. of
wvater was saturated with Z-chloropropene (ca. 1.7 zm.). To each
solution, 25 ml, of the silvér solution were added (makin_ it ca.
0.025 E), and 50 ml., of the acidified IIOCl solution (m-kin_ it ca.
0.01 ﬁ). 'The flask was shaken up till the siell of I0Cl disappeercd,
when it was resaturated with olefin, and .nore HCC1l a.ced. The pro-
cess was repeated, olefin beinyg added to keep it always iu excecus,
HCCl as soon as it was used u», and silver so as to kecp it always
in excess over the HOC1l, but never at any tiae at a comcentration
above 0,025 M. The following tavle describes the additiors of cach
reagent to solutions 1,2,3 and 4. The units for the olefin are

grams, and for the others, wmillilitres.
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1 2 3 L

. +
Olefin Ag HOC1l Olefin Ag+ HCC1 Olefin Ag+ HOC1 Olefin Ag+ HOCL1

1.7 25 45 1.7 25 20 1.9 25 50 1.6 25 50
35 30 2.1 50 1.9 50
2.0 35 2.1 50 1.8 25 50
1.8 2.1 25 50 50 50
20 15 2.0 25 50 2.0 25 50
25 65 1.8 50 0.9 0.6
35 0.7 25 50 1.8 25 50 1.8 25 50
1.8 25 50 1.9 50 1.8 45 1.8 25 55
50 1.6 25 50 1.8 45 1.8 55
1.7 25 50 2.1 25 50 1.8 50 1.8 50
50 1.0 50 25 25
1.6 25 50 1.8 25 50 1.8 50
1.5 50 50
1.8 25 50 0.6
50 1.8 25 Lo
0.8

Bach solution was then extracted with two half-litre portions of
pentane. The extracts were dried cver anhydrous magnesium sulphate,
and the solvent evaporated off. The product saaples were bulked, end

distilled (b.pt. 94.5°)., The retention time on a gas phase chroma-

tograph column was identical to that of a commercial sample of
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'2,3-dichloropropene. The specific sctivity was measured in ethanol
and found to be 25,300. The specific activity of an active sample
of chloroacetone was then determined im ethanol and found to be
0.9553 times the value for the same sample in acetone.

The S - allylthiouroniwa picrate of the 2,3-dichloropronene
was then prepared. To 0.5 gm. of the olefin were added 0.5 gu.
thiourea in 10 ml. alcohol, and the mixture refluxed for 40 min.
0.5 gm. picric acid was added, and the mixture refluxed for a fur-
ther 10 mins. then allowed to cool., A few drops of water were
added, when yvellow crystals separated out. The derivetive was re-
crystallised from ethanol, m.pt. 1710. The specific activity in
ethanol was determined at 294,

The chloroacetone was next recovered by ether extraction of the
agueous Solution remaining after the pentane extraction. Solvent
was evaporated off and the 2,4-d.n.p. derivative prepared as in
Experiment 1. The specific activity in acetone was found to be
24,963,

The activities may be sumnarised as below, corrected to the

same solvent, acetone.

Material .Specific activity Specific activity
| in acetone expressed as a percentage
3601OH. 29,200 100
36010H2CO.CH3 25,000 85.6
3601CH2001=CH2 26,500 90.7
CH2=CC1.CH2-X 308 1.1
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Experiment 9

Investigation of halogen exchange in aqueous solution

(a) Solutions were made up (200 ml.) containing hypochlorous acid
labelled with 2°C1 (ca. 0.01 M), perchloric acid (ca. 0.1 M) and
varying amounts of silver perchlorate. The specific activity, de-
fined in this case as the counting rate divided by the titre for

5 ml. of the solution against 0.01 N thiosulphate, was messured.

(It was found that with a hypochlorous acid concentration no higher
than about 0,01 M, interaction with the silver ions was not signifi-
cant over a short period of time.) Sodium chloride solution (con-
taining chloride ion in slight excess over the ClOH) was added, the
solution shaken, and the precipitated silver chloride filtered off.
The specific activity of the remaining solution was determined, and
compared with that before the addition of the chloride. The wnroced-
ure was.carried out for two concentrations of silver (each in
duplicate) and in the absence of silver. The addition of bronide ion
at two silver concentrations (each in duplicate) and of iodide at
two silver concentrations was also carried 6ut. The results are set
out in the following tables, showing the specific activity of the

hypohalous acid after the nalide addition expressed as a percentsge

of that before the addition.
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(i) Chloride ion

Molality of: 1 2(a) 2(b) 3(a) 3(b)
CloH © .00939 ,00936 ,00938 .,00939 ,00$37
ag” - L0167  .0168  ,0336  .0¥335
c1~ .0113 .0123 .0115 .0113 .0121
% activity L2, 4 6L 4 64,2 82.3 82.7
retained

(ii) Bromide ion

Molality of: 1(a) 1(vb) 2(a) 2(b)

C10H .00951 .00851 .00951 .00952
agt .0170  .0170  .0340  .0340

Br .0116 .0118 .0116  .,0113

% activity 60.4 56.2 76.2 76.5

retained |

(iii)Iodide ion

Molality of: 1 2
ClO0H . 00540 .C0S40
ag” .0168 .0336
I L0111 .0112
% activity _' ' 5,65 61.0
retained

(b) A solution of hypobromous acid was made up, snd silver perchlor-

ate in excess was added. . Radioactive chloride ion of kncwn specific
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activity was added, the solution shaken, and the precipitated silver
halide filtered off. The hvpohalous acid solution was standardised
against thiosulphate and its activity measured. The specific activ-

ity was calculated and compared with that of the adced chloride.

Holality of:

HOBr .0220
Ag” . 0400
3661~ .0302
% exchange L,2

(c) Labelled chloride ion was precibitated froa solution by an
excesé of silver ions. A sample of the solution was filtered off
and its counting rate weasured and used as a background. Then un-
labelled hypochlorous acid wes added to the main solution, containing
the Ag36Ci precipitate. After shaking up, a sample wns filtered off
and its.counting rate and concentration determined. The counting
rate was redetermined at intervals of approximately % hr., 2 hrs.,

3 hrs., and 16 hrs. The specific activity of the chloride used was
86,405, and the concentrations were: chloride ion, 0.0228 }, silver
perchlorate, 0.0358 M; perchlorié acid, 0.02 M; hypochlorous acid,

0.0196 M. The followin,; table gives the specific activity of the

solution at wvarious tines.

Time {(min.) 0 30 140 205 960

Specific Activity 0 553 2,411 4,588 17,945
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(d) Active chloride solution (specific activity 122,384) was pre-

cipitated by an excess of silver ions. & filtered seaple of solution

was counted for use as a background count. Then inactive chloride
ions were added to the solution containing the active silver cihloride

precipitate. The concentration of chloride ions remaining in solu-

tion was 0.,00904 M. The solutiom was shaken vigorously, and at

intervals samples of the solution were counted.

Time 20 min. 4 hr. 15} hr.  20% hr.
Specific Activity 1,556 1,811 29,000 32,556
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Experiment 10

Analysis of the procducts of addition of hypochlorous acid to

2-bromopropene in the presence of silver ions

An aqueous solution (IL.) was made up 0.0244 M in hypochlorous
acid, 0.0394 M in silver perchlorate and 0.0960 M in perchloric acid.
6 gm. of 2-bromopropene (about a 2-fold excess over the C10H) was
added in small quantities with vigorous shaking. The smell of Cl0H
disappeared, and the lachrymatory smell typical of halo-acetones wis
detected. The solution was saturated with sddium sulphate and ex-
tracted with ether. The extract was dried over anhydrous magne sium
sulphate, filtered, and the solvent slowly distil;ed of f using a
Vigreux column., It was not attempted to remove the last traces of
ether from the product, which was examined on a Perkin Elmer Vapour
?hase Chromatograph. Apart from the ether, three peaks were obtained.
These corresponded t&.chloroacetoge, bromoacetone and an unidentified
compound. The area under the peak for each compound was measured
by means of a planimeter, and assuming that this area is proportional
. to the weight of the compount injected on to the column, the percent-
age composition of the product was calculated to be chloroacetone,
82.5; bromoacetone, 11.0; unidentified compount 6.5.

A sample of hydroxyacetone was injected on to the column, and

its retention time showed that the third component of the proiuct

mixture was not hydroxyacetone.
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Experiment 11

The kinetics of the addition of jodine in aqueous solution to

allyl bromide, U4-bromobutene, 5-bromopentene and 6-broiohexene

(a) ZIodine Solution

A stocli solution of iodine was made up by stirring about
25 grams of the solid with one litre of water for about 12 hours.
The solution was decanted from undissolved iodine, and wade 0.1
molar in potassium iodide. Then the concentration of iodine was
determined by standardisation with sodium thiosulphate. A 1 ml.
sample was run into 100 mls. of water, dilute nitric acid and 2 nl.
of sodium starch glycollate indicator added, then titrated against
0.01 N sodium thiosulphate.

The indicator is made by mixing 5 grams of the finely divided
solid with 1-2 mls. ethanol, adding 100 mls. cold water, and boiling
for a few minutes with vigorous stirring, to give a faintly opales-
cent solution. This 5% stock sclution is diluted to 0.1% strength
as required.

The stock iodine solution was found to be 0.0489 li for the

first series of runs, and was restandardised for the bromobutene

runs at 0.0473 M.

(b) Allyl Browmide runs

A solution of the olefin was made by dissolving 6 gm. in one
litre of water, and standardised by taking a 5 ml. sample, adding

dilute sulphuric acid and 10 ml. of 0.1 N potassium bromide/
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potassiua bromate solution, stoppering well and shaking the flask
from time to time to give the bromine released tiune to react, Theexwss
brovwae wae estimalid by eddition 5 stendacd potaszinrm iodide Sﬁ\\')t\ovx , then
titratiew against 0.1 N sodium thiosulphate. Tice concentration was
found to be 0.0374 M.

120 mls. of this solution were taken and put into a 20°C thermo-
stat until the ambient teaperature was attained. Then 10 mls. of
iodine solution were added. Zero time was taken when the iodine
solution started to run out from the pipette. 10 ml. samples of the

reactant solution were taken at intervals, and run into 100 mls.

water, dilute sulphuric acid and 2 mls, indicator added, and titret-

ed against 0,01 N NaZSZOB'
Now,
s . . 120
Initial olefin concentration = 0.0374 x I§6 srolar
= 0.0345 molar

and
Initial iodine concentration = 0.0489 x 130 molar

0.00376 molar

Therefore we can use the following form of the rate equation

a - X

—_ 2. O
k, = %o, o8

initial concentration of iodine (proportional to titre)

where a
a - x = concentration of iodine at time t minutes (proportional to
fitre)
b = concentration (assumed constant) of olefin.
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The results of the two runs and the calculation of the rate

constant are set out below.

Time (t) is measured from the taking

of the first sample, and a is taken as the first titre.

120
167
217

273

111
157
208

264

a - a
a - x
6.60 1.000
6.03 1.0945
5.56 1.187
5.10 1.294
4,88 1.352
4.30 1.535
- x a
a - X
(ml.)
6.71 1.000
6.17 1.0875
5.70 1.177
5.41 1.240
5.07 1.323
L.4e 1.504

a k
2
log
a (min?lmoleTll.)
0.0393 0.040
0.0745 0.04k1
0.1120 0.045
0.1309 0.040
0.1860 0.046
k
a 2
log
a - X (ninTlmoleTt1.)
0.0365 0.044
0.0708 0.043
0.0934 0.040
0.1216 0.039
0.1772 0.045
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The mean value for k? in each run is 0.042,

(c) A4-bromobutene runs

This olefin was considerably less water-soluble than allyl/
bromide. 150 ml. of a 0.00495 M solution were taken and 10 ml.
iodine solution (restandardised at 0.0473 M) added. Since the olefin

is now no longer in great excess over the iodine, we use the rate

expression

initial concentration of olefin

where a

b initial concentration of iodine

(a-x) and (b-x) are the concentrations of olefin and iodine
respectively at time t minutes.
Now b = 0.,002956, or 11.83 x 2.5 x 10™%, i.e. 10 ml. of the initial
reactant solution would give a titre of 11.83 ml, against 0,01 N
thiosulphate. Similarly, a = 0.004640 = 18.56 x 2.5 x 10—4. I: the

following tables b - x is written as the titre and a - x = b - x +

(18.56 - 11.83). The rate expression reduces to

ko= 2388 .. 0.6374

a—
t b - X
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t b - L, -
- x & x bla - x) k2

(min?lmoleTll.)

0 11.83
(calc.)
50 10.16 16.89 0.0248 0.679
75 .41 16.14 0.0306 0.70L
85 c.22 15.95 0.0426 0.586
120 8.37 15.10 0.0607 0.5¢2
140 8.11 14,34 0.0657 0.652
170 7.45 14,13 0.0839 0.675
190 7.32 14,05 0.0875 0.704
210 6.80 13.53 0.1031 0.671
260 6.16 12.89 0.1252 0.659
320 5.60 12.33 6.1473 0.630
The mean value for k, is 0.675
Run 2
U b - x a-x log Rfa = x 5
(min.) alb - x (minTinoleTt1.)
0 11.83 18.56
(calc.)

50 10.30 17.03 0.0228 0.624
76 29.39 16,12 0.0390 0.702
86 9.19 15.92 0.0430 0.684
101 8,84 15.57 0.0500 0.677
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Run 2 cont.

t foJ -
x D X a X lon bla - x k2
j=)
(rain. ) alb - x (minTlmoleTt1.)

120 8.38 15.11 0.060k 0.689
150 . 7.56 14,29 0.0810 0.739
170 742 1h,15 | 0.,0849 0.683
191 7.10 13.83 0.0S41 0.67h4
240 6.38 13.11 0.1173 0.669
300 5. 50 12.23 0.1517 0.692

Mean value is 0.683 for Run 2. The rate constant for bro.:o-

butene is therefore found to be 0.679 minflmoleTl 1.

(d) 5-bromnopentene runs

Fad

150 ml. of 0.002225 M olefin solution was taken, and 10..11l. of
stock iodine solution (0.0473 E) added. .. a = initial concentra-
tion of iodine = .002956 (= 11.82 x 2.5 x 10—4), and b = initial
*)

olefin concentration = 0.002086 (=8.34 x 2.5 x 10" "), The rate

equation thus reduces to

. 2647 a - X
k = 220 10g  0.7057 §T

b . —lLLB—



15
27
31
37
L5
55
60

S0
110
132

161

Run 2

et

(min. )

20

Lo

11.82
(calc.)

11.25
10.81
9.85
9.73
9.52
9.22
8.69
8.53
8.16
7.82
7.46
7.05
6.75

11.82

(calc.)

10.28
9.70

9.15

8.34

T7.77
7.33
6.37
6.25
6.04
5.74
5.21
5.05
4,68
L.34
3.98
3.57
3~27

6.80
6.22

5.67

log 0.7051

a - X

b - x

0.0095
0.0174
0.0378
0.0411
0.0461
0.0543
0.0708
0.0762
0.0902
0.1045
0.1213
0.14k42

0.1634

0.0281
0.041k

0.0566
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Kz

lmoletll.)

(min.

.59
.07
.71

W W

(W]

.51
030

.20

L]

Jul

.18

(oS W W W W W
W
o)}

.07

-lmolejllJ

3.72
3.65
3.75




Run 2 cont.

t a - x b - x rog B o - x k,
(min. ) alb - x (minTlmoleTt1.)

50 8.84 5.36 0,0660 3.49

63 8.49 5.01 0.0777 3.26

75 8.15 4,67 0.0902 3.18

92 7.75 k.27 0.1075 3.09

The value for k2 obtained from Run 1 is 3.22, and from Run 2,

3.45, The rate constant for 5-broriopentene is thus 3.34 mole?ll.
min,

(e) 6-bromohexene

This olefin was very sparingly soluble in water. 250 ml., of a
0.0003525 M solution were taken, and 5 ml. of iodine solution. In
order to make up the iodide concentration, 12 ml. of a 0.1 N solu-
tion of potassium iodide was also added. 20 nl. samples were taken

and titrated against 0,002 N sodium thiosulphate.

The titre at time zero was this time estimated by extrapolation

of the titre v. time curve, and was 17.52 for Run 1. .ooa = 17.52

x 5 x ].O;'-5 = 0,0008760. b = initial olefin concentration = 0.0002885

(= 11.75 x 5 x 10_5). Thus we have for the rate equation:

. 1982 a-x
kK = t log 0.6707 —
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t a - x b - x a - x k2
(min.) L tog 0-0707 (minTlmoleTl1.)
o) 17.52 11.75
est.
30 16,78 11.01 0.0095 2.53
52 16.30 10.53 0.0162 2,49
75 15.93 10.16 0.0220 2,34
100 15.55 9.78 0.0277 2.21
140 14,85 9.08 0,0402 2.29
170 1k, 34 8.57 ~ 0.0500 . 2.35
213 14,01 8.24 0.0569 2.13
246 13.67 7.90 0.0645 2.09
274 13.55 7.78 0.0674 1.96
Mean value for k, from Run 1, 2.27.
For Run 2, by extrapolation a = 17.46 x 5 x 1077 = 0.0008730.

b = initial olefin concentration = 0.0005875 (= 11.75 x 5 x 10—5).

The rate equation from which the rate constant is calculated is then

k = §9§1 log 0.6730 : : X
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Run 2

fct

(min. )

25
52
70
100
140
180
210
240

270

170&6

est.
17.37
16.93
16,30
15,81

15.52

14,77

14,38
13.89
13.66
13.41

11.75
11.66
11:22
10.59
10.10
9.81
9.06
8.67
8.18
7.95
7.70

log 0.673 %—f—;

X

k,

(min?lmole:ll.)

0.0013
0.0069
0.0154
0.0224
0.0273
0.0402
0.0480
0.0581
0.0629

0.0689

Mean value of k (excluding first reading) is thus 2.25.

There-

fore the mean rate constant for the two runs on bromohexene is 2,26

. =1 -
min., mole.

1

1‘
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