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ABTRACY

The bromide ion catalysed rearrengement reaction of Xemethylallyl
brozdde in acetone was studled by Frgland and Hughes and essigned an
82" mechanism, and this was the only jgomeric rearrengement reaction
procseding by this mechanism which had been thoroughly inwestigated, '>*) 20

The kinetics and mechanism of the chloride ion catalysed isomerdc
rearrengement resctions of oe and Y e-methylallyl chloride in acetow-
mtulohmmbewmugahdeS‘@'mhﬂhm
ascigned to these reactions, varicus other possible mechanisms having
been excluded,

The kinetics and mechenism of the isotope exchange resctions of the
twc iscmers in acetonitrile have also been studied and these reactions
mmnnawmsuzm

The isotope exchange reactions of both the methylallyl brocdides
nd the methylallyl chlorides in acetone were studied by Znglend and
Fughes, the reaction medium being unfavoursble for a study of the &,2°
reactiona of the latter substrates.

A comparison of the kinetic data for the remrrengement and
isotope exchange resctions of the mr thylallyl chlorides in ecetonitrile
with that for the corresponding reactiocns of the methylallyl brouddes
in scetone is mde, The two systems are aimiler in behaviocur as may be
seen from the data tabulated below,



Substrate Mochantsm X2 (%°C) Aw As
(Ys0e.Y) (koad.mode™) (cel.dag. 'mie™)

-l

-methylallyl chloride 8,2  2.87x10 20,8 13,9
x-setiylallyl chloride  Sy2'  1.3310°° 2,2 A3l
¥-mothylallyl chloride 8,2  3i5xi0™* 18,8 ~11,6
yemothylallyl chloride  Sy2'  5.30x10™0 2.3 k9
emotiylallyl bromdde S, 2  B.79x107% 15,9 19,1
xemethylallyl bromide  5,2° 1,490 188 “17.7
¥ -methylallyl broxdde 8,2  1.44x10° Yot 1540
ocemothylallyl chloride 5,2 2. 30x10°7 19.9 22,1
¥ ~metiylallyl chloride 5,2  2,88x10™ 15.8 26,2

A comparison of the kinetic data for the isotope exchange
reactions of the methylallyl chlorides in acetonitrile and acetone io
also made, fSngland and Hughes' data for the latter solvent is shown
shove,

Relative rates of mwleophilic attack at saturated carbon,
Tl-bonded carbon and hydrogen are disoussed for these substrates, a
Mcnmmtdmﬁmmﬁmmausnz'mor
o=methylallyl chioride in acetonitrile providing informetion on the
latter,

The mucleophilic reactivity of the halide ions is much greater
for attack at a seturated cerbon atom than for attack at a TT-bonded
carbon atom, while towards hydrogen these ions ere very wesk mucleophiles



as shown by the rate ratios given below for the chleride ion
catalysed reactions of o=methylallyl chloride in acetonitrile,

%‘ﬁ?gm,)’_w(wo‘c) %‘%}’_M,(m> ;:%)mm(m)

In the sbsence of chloride ions a slow surface-catalysed
elimination reaction takes place which promotes hydrogen chloride
catalysed rearrangement, The addition of 0,05i Kthm prevents the
latter reaction from occurring and gives a rate ratio of 5,5 for the
chloride ion catalysed and surface-catalysed elimination reactions.

By compayison with other dpolar sprotic solvents, acetonitrile
appears to be particularly suitable for slow reactions requiring
prolonged reaction times at elevated temperatures, Acetone, as
mentioned ebove, and both dimethyl sulphoxide and dimethylformerdde
were found to be unsuitable for S,2' studies, the latter two being
investigated during the search for a suitable solvent in which ¢o
study the reactions of the methylallyl chlorides.
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) USE THE

kl = the composite first-order or peseudo-first-order rate
constant for rearrangement, the former being for
uncatalysed rearrangement and the latter for catalysed,
° = the compoeite second-order rate constant for rearrangement.
- k;“ + k;?(
k;“ = the second-order rate constant for rearrangement of
x=methylallyl chloride.
k;x = the second-order rate constant for rearrangement of
Y=-nethylallyl chloride.
k" = the rate constant for uncatalysed eliminations
klg(obo.) = the peeudo-first-order rate constant for the
overall elimination resction.

= the rate comstant for catalysed elimination.

o
2
]

the second-order rate constant for the isotope exchange
reaction of o-methylallyl chloride,

the seconde=order rate constant for the isotope exchange

N
"

reaction of YPe-methylallyl chloride,
!(".) = the equilibrium oconstant for the rearrangement
reaction,

K (oal,) = $he calibration comstant of the GLG's detector.



SYMBOLS USED IN THE TEXT (oomnt,)

GLC = gas=liquid chromatography or chromatographe
VeDeCe = vapour phase chromatography.
|§| = the peak area ratio of cx-methylallyl chleride to
Y=methylallyl chloride on vepeCe chromatograms.
x=( ¥ =)8AC = ox~(}=)methylallyl chleride.
But, = butadiene.
AN = goetonitrile.

¥R see Appendix II.
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Hughes, Ingold and co-workers were largely responsible for
creating from the data of early organic chemistry end from extensive
investigations of their own, a theory of organic chemistry based on a
fundamental understanding of the nature of the atom and chemical
bonding. Chemical reactions were divided into types, reagents were
classified, mechanisme were postulated or clarified and the effect
on rates and mechanism, of vaerying different parameters, wes
investizated.'

Much of their experimental work involved the use of the
solvents ethancl, methanol, formic acid, acetone and aguecus mixtures
of these, For example, the alochols, or alcohole-water mixtures,
were the usual solvent employed for studies of mucleophilic aliphatioc
substitution reections with the anions phenoxide, hydroxide and
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alkoxide, while for halide ion exchange reactions, acetone was
of'ten u-od.z
Their theory of solvent effects on mucleophilic substitution and

clefin=forming elimination reactions of various charge types, which
states that "a change to a more polar solvent will decrease or increese
the enthalpy of activation according to whether the trensition state
is more or less polar than the initial state", (where solvent polarity
is correlated with the molecular dipole moment of the solvent and the
shielding of the dipole charges), derives most of its experimental
support from data in alcohol-water mixtures.”

In common with attempts to relate the effect of solvent changes
on ion=ion or ion-molecule reactions to the dielectric constant of
the solvent,® this theory ignores specific solute-solvent intersctions
such as hydrogen bonding, and also entropy ofi‘.ots.s

The limited success of such theories, which hold for very
restricted sets of dats, has been superseded by other treatments,**®

(11)

Linear free-energy relationshipe such as the Crunwald-Winstein

equations 7

l.og-f--l!
(]
where I represents the capacity of the solvent to facilitate ionisation
of a covalent halide, (and which uses t=butyl chloride at 25°C in 80%
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ethanol-water as reference reaction and is extended to non=hydroxylic
solvents using pemethoxyneorhyl toluene-pesulphonate) .8 have
coreiderable success in correlating, for example, sclvolysis rates,
vhile at the same time indicating specific interactions and differing

mechanisms, 6

(4i1) Speetrel Relationshipe

An easily obtainable measure of solvent ionising power hes been

proposed by Komr.w

A paremeter Z, based on the transition energy
derived from theg.=%. band position in the spectrum of
{=ethyl=i~carbomethoxypyridinium icdide, is dependent upon the
solvation of the ground state of the compound. Correlation with

Y wvalues is good and measurements can be made in both hydroxylic and

non=hydroxylic aolnntn.a’w

In ion=molecule reactions, neglect of solvent effect=-on enion
nucleophilicity, ionepairing and the nature of the nucleophile
(e.ge» proton trensfer with the solvent), has added to the confusion
caused by ignoring specific solute-solvent intersctions,'2’!Jelé

It was however the review by Parker of dipolar aprotic solvents
which focussed attention on the very different effects of the solvents

commonly used for kinetic studies, due to their capacity or incapecity



be

%o participate in certain specific solventesolute intersctions.'?
Thus, conaidering the following two groups of solvents:

Group I Group II
Solvent o' Solvent '
Hzo 78. 3 D0 L6,7
MeOH 32,6 P 3.7
F40H 2he 3 leCN 367
aon/ﬂzo - FhIO,, 3.8
lozco 207

(D & dielectric constant)

tranafer of an ion-molecule reaction from a solvent in Group I %o
one in Group II of similar dlelectric constant cen prodice a 10°-fold
increase in ntc" and a reversal of mucleophilicity ordor.u while
transfer of an ion-forming reaction may cause a large change in the
posi tion of equilibrium'' The effects on electrolyte and non=
electivlyte solubility, acidebese properties, spectra and conductance
can also be dramatic,'’

Therefore, the knowledge that mecroscopic solvent properties
are inadequate for relating dbeerved behaviour end that specific
solute-solvent interections must be considered, has resulted in the
separation of pelar solvents into two groups, where polar applies
to those solvents which have a dieleotric constant greater than 15,
Group I comprises those solvents which have hydrogen atoms which they
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can donate to form strong hydrogen bonds, i.e., protic solvents

such as methanol and Group II comprises those solvents which do not

have suitable hydrogen atoms, i.e., dipalar aprotic solvents such as

d:lmthylfomom
There are four kinds of strong solvent-solute interaction:

ion-dipole, dipole-dipole, TT-complew=forming and hydrogenebonding.

Parker has shown, that it is the difference in anion solvation in

the two groups, which is mainly responsible for the emormous differences

in solute behaviour, While anion solvation in protic solvents iz due

to hydrogen bonding, greatest for small ions, superimposed on ione

dipole interections, anion solvation in dipolar aprotic solvents is

duo to the latter with a superimposed matusl polarisability interactien,

which is greatest for large i.om.m
Whereas behaviow in verious members of a group, or binary

mixtures of solvents from the same group, is similar, behaviour in

binary mixtures consisting of one member from each group cean be dependent

upon specific interactions between one member and solutes, which make

interpretation impossible without considering these interactions, 2! #22023

Data on the degree of cation and anion solvation comes from

solubility measurements, polarography, spectroscopy, conductance
measurements and dissociation mmu.&



64

For example, the solubility of electrolytes depends on the
golvation enerpy of the ions, and, while cations tend to be well
solvated in dipoler aprotic sclventa having a negative charge located
on a bare oxygen atom (e.g., dimethyl sulphoxide) anions tend to be
poorly solvated with solvation increasing with anion size, so that
salts of emell anions such as chloride have a lower solubility in
these solventa relative to protic sclvents, which inoreases with
increasing anion size, Chlorides tend to be weak electrulytes in
dipoler aprotic sclvents, while iodides are much styonger. In protic |
solvents the dissociation constants are cimi.hr.zs

Further evidence for the poor solvation of anions in the absence
of hydrogen bonding comes from the dissociation constants of acids,

The hydrogen halides are weak acids in most dipolar aprotic solvents
and have the strength order:

HI > HBr > HQ

this being the reverse of that in protic solvents, which level acid
strength, Many acids hydrogen bond to solvent molecules or their

However, it is in the field of reaction kinetice that recognition
of the importance of hydrogen~bonding sclvation has proved most fruitful,
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The reactivity of an anion towards hydrogen is very mach
greater in dipolar aprotic solvents than in protic, due to the absence
of hydrogen~bonding stabilisation., For example, methoxide catalysed
HeD exchange is 10° times faster in dimethyl sulphoxide then in
methanol, at carbon o« t0 CN, CO.MR, and COR.Z Similarly, halide
dors , conventionally regarded as very poor eliminating agents in protic
solvents, are, as far s the limited data available cen revenl, good
eliminating agents for olefin formation, especially if the acid
produced is prevented from back adding by either self-scavenging or
added weak base mmm'a’”

The protic to dipoluapmticoolmtohnngofwsnznndsnu
reactions inwolving anionic mucleophiles can cause an increese in
reaction rate of the order of 10° times, The change in rate is
greatest for small anions of low polmmty.”

Miller and Parker have attributed this encrmous change in the
reactivity of small anicns to the removal of hydrogen-bonding
stabilisation, and to possible steric hindrance to solvation of small
anions in dipolar aprotic solvents,” They consider that the bulky
solvent dipoles may not be able to fit closely round a smell anion
but may fit much better round a large, polarisable one, sc that the
solvent can be envisaged as having holes in which a small enion is
poorly solvated and a large anion better solvated, Thus, not only is
the change in stabilisation greatest for smell anions, but also, large,
polarisable transition states should be well solvated, sco there is the
possibility that these are more stabilised in d@ipolar aprotic than in
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protic solvents, resulting in the enthalpy of activation being
lowered both by destabilisation of the anion and stabilisation of
the transition state,

In a recent series of pepers, Parker and co-workers have
attempted to put the theory of hydrogen-bonding solvation on a semi-
quantitative basis, utilising hydrogen-bonding activity coefficients
for anions and transition states derived mainly from comparative rate
studles in solvent members from the two groups, > o °

The effects of solvent group change on the rates of reactions
not inwlving anions are much smaller, but the equilibrium position
may be greatly altered, Again, these effects can be explained in
terms of hydrogen-bonding solvation, e

Dipolar aprotic soclvents do not solvate anions, especially
szall anions , effectively, so that 8y! reactions are less promoted by
these solvents than by protic solvents of comparahble dielectric
constant. The effect of the abaence of hydrogen-bonding solvation is

reflected in the "Y valuez" for these solvonh.s

The vexed problem of mucleophilicity, reviewed recently by
M.‘a requires careful consideration of hydrogen-bonding solvation,
A mcleophilicity order towards carbon of G > I >so >N, >

>
Br~ > C1", based on Swein and Seott's macleophilic m:mt-ul,x is

sometimes quoted for some substrates in protic aolmh.‘z’y while
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for some substrates in dipolar aprotic solvents, an order of
C1” > Br" > I has been 13,3162 mperetore, & correlation
with "polarisaebility" in one solvent group could be due to a
correlation with "basicity" distorted by hydrogen-bonding solvation.
However, mucleophilicity is sc dependent on external factors,
one such being the solvent end others the type of carbon attacked and
the displaced group, that these attempts to define reactivity orders
are of very restricted validitys >

The foregoing discussion has been an attempt to emphesize how
profoundly the solvent chosen for a particular kinetic and mechanistic
study can affect the rate and mechanism, due to its capseity or
incapacity for certain specific interactions, which affect, for example,
solvation of ions, molecules and transition states and ionisation
and dissociation of solutes.

The work of Hughes, Ingold and co-workers for each reaction
typre, and that of subsequent workers, needs therefore to be considered
in terms of solvent clessification,
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II  Mechanisms of Mucleophilic Substitution

The reaction tyres initially relevant to the present project
were (a) mucleophilic substitution at saturated cerbon, and (b)
nucleophilic substitution with enionotropic rearrangement. Both of
these types have been studied in a range of soclvents drewn from the
classes protic, dipolar aprotic and low polarity aprotiec,

(a)

There are two mechanisms of mucleophilic substitution at
saturated carbon available to the mejority of substrates. These are
the 5,1 and S 2 mechenisms, first proposed by iughes and Ingold® end
ref'ined by subsequent workers.

(1) Zhe S, Meohenisn

The SN‘Q mechanism involves rate-determining heterclysis of a
substrate to form a carbonium ion, which repidly reacts with available
micleophiles to form the products,

R-x EMs RN+ X7 L R-Y

¥hile the concept of a "free" carbonium ion mey be adequate to
deseribe behaviour in protic solvents of fairly high dielectric constant,
reactions in low polarity protic solvents and members of the other




".

solvent classes require the use of more subtle concepta, Thus the
ionisationedissociation scheme of Winstein and coeworkers, which
involves a seqence of ion-pairs culminating in the free carbonium iong

+ = H- + -
RX = RX = RX = R+X
separated (free ions)
ien-patr) ionepaix)

hes had considerable success in interpreting salt effects in
solvelysis reactions and substi tution reactions in which the rate of
stereochemical chenge is greater than that of substitution, 2+
Hughes, Ingold and co=workers have postulated a quadmupole
intemediate for halide exchange reactions in b-'lm.u
If the rate of reversal of the heterolysis is much greater
than the rate of reaction with other mileophiles, then the rato-
determining step becomes the bimolecular atteck of a micleophile
on the carbonium fon and the mechmnisn is designated $,20+ "4+

(11) Ihe 5,2 Mechenisn

The Su2 mechenism involves concerted attack by the nucleophile
and departure of the leaving group.
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This mechanism has been developed in terms of a transition
state in which bond-meking and bond-breaking are not necessarily
equally far advanced and in which the relative extents of these
processes are widely different for various reactions and reaction

conditions, “6

The use of linear frec-eneryy relationships and kimetic
isotope effects tc probe trensition ctate character is yielding
valushle Anformation 46 947 3148 5149 450,451

The s,,z mechanism is more favoured by dipolar aprotic sclvents,

than it is by protic, because of their lesser ability to promote
8,52

ionisation,

(111)

An allylic compound, i.e., one having a vinylic substituent
on the saturated orecarbon atom, or the basic structure :O.g-c::-x,
differs from its alkyl analogue in being considerably more reactive
in micleophilic substitution resctions proceeding by either the 51
or the 5,2 mechanism® Correlation of Y-carbon substituent effects
by a Hanmett-type plot is not good, tut the effects on 5"2 reactivity
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are closely similar to, though asmaller than, those on SN"%

The faclilitating effects of (ealkyl subsetituents follow the
hyperoonjugation order ke > Et > Bu¥ > 1,27

Therefore, the transition states for reactions of allylic
compeunds proceeding by both the Su‘t and 8,2 mechanisms are considered
to be stabilised by conjugative and hyperconjugative electron release,
In the case of the 5,2 mechenism, facilitation of the bond=breeking
process takes precedence over the electronic requiremesnts for
faciliteting bondemaking,”> e.g.

n
1

e
O
Lz
1
()
T
e e Y v
o

ax
[

R—CH-‘-CH-CH2X + Y

|

no

Nucleophilic substi tution with three-carbon anionotropic
rearrangement is an additional mode of reaction available to allylic
compounds, which differentiates them from their saturated analogues,

(1) Zhe Si1° and S.i° Mechanisme
mm\mtoninhmdnhotthosn‘l mechanism can be
regarded as a resonance hyirid of the two -tmcm:“
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CH

%
O
b
"
O
I
!
L
-
N
V

+
R-CH-CH
3

Mucleophilic attack at the 1-position gives norual products, while
attack at the 3-position gives rearranged products. This mechanism
of rearrangement is duiguhdsﬂi'.uxdtorlm time this was the
only mechanism of smionotropic allylic rearrangement observed, i.e.,
those reactions giving a mixture of normel and rearranged products
were shown to be unlmlomlu'.s 7

A cyclic mechanism, designated SNJ.'. in which the departing
group also attacks the double bond, has been atiributed to the
rearrangement reactions of compounds such as allylic hydrogen
phthalates, chlorosulphinic eaters end thionbensoates,

R-CHYCHLXCH-R' — S0, + R-CH=CH-CH- R’
|
0 50<Cl C|

However, as bond=breaking aprears to be further advanced than
bondemaking in these reactions,” *20060:61 44 01d seen & matter of
choice whether they, and isomeiic rearrangements prooeeding siml teneously
with noneisomeric substitution with rearrangement reactions, are
clessified as Sy1' or Sgi'. It may be useful nevertheless tc heve the
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conoept of a concerted cyclic mechanism with bondsbreeking and meking
eqally far advanced in the trensition state (although hypothetical),
for placing a reaction, according to the degree of bondebreaking in
the transition state, along & carbonium ionecyclic contimmum of
trensition states,”’ The rearrengement of allylic thionbensoates

epparently inwlves a trensition state of very low pohri.v.eo

(1) Zhe S,2° ¥ochanion

The possibility of anionotropic rearvangement by e bimolecular
mechenism, analogous to the 5,2 mechanism, was postulated independently
by Bughes and Winatein in 1938,525% iy nechenism 1s decignated
32" and it may be formlated as follows:

RCH=CH-CH..X ﬂ»[?—--ChH'—'CH“-'CHé--;( X, RCH(Y)-CH=CH

2 2

Early attenpts to establish exasmples of the mechanism were

fruitless, e.g., ethoxide ion in ethanol gave only the normal product
with Ommethylallyl chloride,

In 1942, Roberts, Young and Winstein studied the reactions of the
above substrate with ethoxide and acetate anions, and also obtained only
noymal pmdmtl-“
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Meisenheimer and Link (1930) were the firet to obtain
rearrenged products from the reaction of an amine with an allylic
l'nuda.67

In 1944, VWebb obtained unly ma'x'eexmed procuct from
Owmethylellyl chloride and diethylacﬂ.m.sa and in 1945, Kepner, Young
md Winstein found that both ocemethyl end or=othylallyl chloride, with
the diethylemalonate ion in ethanol, gave some rearranged product =
105 and 2% mpogtive:u.s’ The reaction was shown to be second-order,

Jones, Lacey and Smith, in 1946,obtained abnormal products from
the reaction of diethylamine with ww(m)m,.m

In 1948, the reection of orephanylallyl penitrobenscate, with the
lithiwe salt in acetonitrile and sacetic enhydride, was shown to fit the
SN" mechanisrn, while prelialnery work with O(e-methylallyl bromide and
lithium bromide in scetone, indicated an exchange to rearrangement rate
rotio of the order of 10%, /' #72

" At this stage, Mughos and Ingold considered reaction by the SNZ'
mechanism to be $00 slow % be important experimsntally.’’

However, in 1549, Winstein, Kepner and Young took the view that
the rearranged products obtained with amines were significant and in
1951, Young, Webb and Goering found thet ot=methyylallyl chloride gave
rearrenged roduct with diethylamine in bensene and followed kinetics
which were in socord with an Sy2' mechanism?*’> The former suthors
considered prelindmayy hydrogen bonding could aid the operation of
th.-dunhn.s,mtltvulmodb:tho London group that such a
mechanism more resembled an Syi' than en 82" mechanism, '0>*®
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The d-wnsmﬁm“ of the formation of rearranged products in a
secmni-ordar reaction with the diethylmalonate ion was conaldered
acbijuous , beocause the rearranged products ocould result from attack
on the X~gcarbon atom by micleophilic oxygen and subsequent rearrange=
ment, (7970

In 1951, England and Hughes publisbed their work on the
resctions of X= end Y-methylallyl bromide with lithium bromide in

760,79 slhowing, under relatively unambiguous conditiona,

acetone ,
(a) that the mechanism was realisable, and (b) that it could not
compete to a aignificant extent with the 5,2 mechanism for either
of these halides, but that the rate ratic for the secondary halide
favoured thosuz' mechaniam far more than did that for the primvy
halide, This work was of considerable velue in indicating the
condi tions necessary to promote the operation of he 9“2' mechanism,
Consequently, between 1951 and 1954, de la kare anu Vemmon published
results for the sterically hindered compounds 3, J=dichloropropene,
353, 3=trichloro-g-nethylpropene and 1,i-dimethylallyl chleride
rencting with thiophenoxide, phenoxide wnd othoxide ions in oﬂuuol.m“
The latter tw coumpounds gave the rearranged product almost exalusively,
whils the first gave a mixture of the normal and abnormel products,

it was elso shown, between 1951 and 1956, that preliminary
hydrogen bonding is mwot necessary fuor the operation of the mechanism
in reactions using amines as mucleophiles, Thus, Xemethylallyl
chloride with trimethylamine in acetone gave 707 of the rearrenged
product in & secondeorder prooess,> ™*® while even allyl chloride

gave 7% with trimethylamine in buumo.&
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The operation of the mechanism in cyclohexenyl compounds was
demors trated by Stork end White in 1953, in the reactions of
irenge6ealkyle2-cyclohexen=i=yl 2,6=dichlorobenmates with piperidine,
in xylene or the amine as m:lven‘t.e‘5 Unly frens products were obtained,
in accordance with the gis relationship of entering and leaving
groups postulated by Young, Webb and Coering in 1951.75

A number of other reactions, not investigated kinetically,

which give reerrenged products and thus may also utilise the suz'

mechanism, have been emumerated by De VWolfe and Young in their rarvi.«-.a5

(av)

Up to 1956, knowledge about the effect of various factors on
the operation of the SNZ' mechanism was confined to that outlined in
the following discussion.

(1)  Substituents on the x=carbon atom, by eterically hindering
attack by the §,2 mechanism, allow the §x2' mechanism to assume
pmmomo.m.'. Thus , while primery halides, except in special

o roums tances,’?*™ undergo only S,2 attack, secondary halides mey give
a mixture of products and tertiary halides give almst exclusive
rearrengement. It was saggested, that chlorine substituents on the
xecarbon atom activated the Ye-carbon atom for mucleophilic attack,
by inductively shifting the Tl-eleotron cloud of the double bond away

from 1to“
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(2) Hlectron-releasing substituents, which can release electrons

to the Oxecarbon atom by either the indiotive or mesomeric mechanism,
were conasidered to increase the rate of reaction by the SNZ' mechanism
by stabilising the transition state, as for sua muom.a? For
exanple, the following rate orders were oburndta.’

G, = Cff = Qe £1 > CHy = Cif = CillieCl (Pns™/eeon)
CH, = Ciie = CC1, > Gy = O - OHCL, ( =)
CHy = CH = CHieCl > CH, = CH - (01 (lth(/Csﬁs)

(3) The nature of the mucleophile hes a considerable effect on the

8N2:SN2' product ratio, with uncharged nuocleophiles such as amines
being considerably less dlscriminating than anionic mucleophiles in
their position of attack, %8
Amines capable of hydrogen bonding seemed more effective than
tertieary amines in promoting mm,&

mggested that anlonic mucleophiles in which the charge is delocalised

and it was also

(@sge » the diethyl malonate ion) may be more effective than other
-x:l.cam.aa

For anionic mucleophiles, the rate of reaction by both ﬂnSNZ
and 5,2' mechenisms appeared to be more dependent on the mucleophile
than @id the product ratio, Thus, 3j,3-dichloropropene with ethoxide,
phenoxide and thiophenoxide ions in etharwl gave approximately the
sane product ratio, while the oversll rate constant for the reactions
with the thiophenoxide ion was about 260 times greater than that for

the other i:uo.&”°
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Tlectrostatic facilitation of leaving group departure by
anionic attack at the o-carbon ubm.aa and electrostatic repulsion
between the entering and leaving groups in the gis transition state
for the S;2' reaction with enionic micleophiles,’” were suggested

to explain the less discriminating attack by uncharged mucleophiles.

() The gis trensition state postulated by Young, Webb and Goering,
mentioned aboves

in which the electrons being transferred to the XXecarbon atom enter
from the opposite side to that from which the leaving group is
departing, was considered to best satisfy the electronic requirements
of the oxecarbon lbln."

(5) Prom the small amount of data on solvent effects, it appeared
that the Pughes~Ingold theory for lonenesutral substrate charge-type
reactions was not valid, For example, 3,3-dichloropropene and

593, 3=trichloro=2emethyl=iepropene react more than twice as fast
with thiophenoxide ions in 75 ethanolewater than they do in 100%
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otlnml.m This is similar to the behaviour afunsuzmuom

of ellylic halides, which frequently contradicts the above unory.”"b

(v) Erogress Simoe 1995

Progrese since 1955 involving further demonstrations of the
operation of WSNT mechenism, the effect of varicus factors on the
operation of the mechanism and the nature of the trensition state is
outlined in the following peges, but not neccessarily in chromclogical
ardor,

Fried and Miller (1959) confirmed their suspiclons that perhalo
mumpounds reect with halide ions by the 5,2' mechenism, e.g.

Nal

Me 00 2
by studyirg compounds which do not give identicel products by both
the 8,2 and s,,z' mechanisms, e.g.
i
and found that these gave rearranged products m]mivoly.”

A gualitative estimation of mucleophilicity order was made from

qum-mzy iy ﬂ}-ﬂi-m

reaction conditions using a variety of salts and solvents, but was
later confirmed for the tetragthylammwmnium salts in chlmror-."‘
The order obtained was ¥ > C1~ > I,
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An interesting observation was the inertness of compounds with
two chlorine substituents, or one chlorine and one fluorine substituent,
on t.e Yecarbon atom, as opposed to two fluorine substituentas,

In 1958, de la Mare, Vernon and co=-workers showed that
1=tert.~butylallyl chloride with ethoxide ions in ethanol gives
essentially exclusive mgwf.”

A yeactivity order by the SN2' mechanism of’:

CH yaCRimClie 1 > ClyCli~0C1, > Gl mCH=CHCL) > CH, mCHiaGitBu 'C1

could be deduced from data on the reactions of the above substrates
with ethoxide or thiophenoxide ions in othmol?s Two opposing polar
effects of substituents operate in members of this series of sterically
hindered compounds, (a) hyperconjugative electron release for the
ox¢=alkyl substituted compounds, and (b) inductive electron withdrewal
for the X=halogen substituted ones, It appears therefore that
facilitation of the bondebreaidng process by effect (a), or facilitation
of the attack of the mucleophile by effect (b), (attributed to
polarisation of the Tl-bond electron cloud), promotes the operation of
the S,2' mechanism, the 52 mechenism being retarded by steric
hindrence to bondemaking for both types of substituents and also by
mwwwwrﬂnmmmmuumu?s
Thus the operation of the mechanism in poly-halogenated compounds is
not unexpected,
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De la lu'o” has suggeated some other possible base-catalysed
mdes of anicnotropic rearrengement:

(1) mwmx.r’—»[mz-cmx]’——»mnz-m-cm.x”

(2) CH =CH-CHRX + T — [marm-clm]‘ % YCH CH j=CITRX

YCHoCH,=CHIX TS YCH, ~CHuCHR

X +IY
(3) CHy=CiCIRX ———>-m,-m" Clis0sCHR ~ ———> YCH~CHaGHR
(1) CH sCHaCHRX ﬁ CH ,=ClimCR ... S YCH=CHaGHR

His view is that, as these mechanisms could fulfil the conditions
atated by l'e Wolfe and Yourg as having to be met before a reaction
can be designated BNZ'.” these conditions are not an unambiguous
eriterion of mchanism,

Little is known about such reactions, but, for carbenion
B maticn followed by expulsion of a terminal substituent, which is
analogous to the mschanism of attack on sultably sctivated ethylenic
derivatives,”’ the work of Bordwell and co-workers' - *!00®
(1960).

They found that compound (4) rescts with piperidine, thiourea and
thiophenoxide icns to give only normal products, while compound (B)
gives only resrranged products,

is relevant




(A)

)

By varying the leaving group (X = C1, Br, I) and comparing
the rate of reaction of these compounds, Axsozai-a{-cxzx,
sz and GI’-CHZ-Gng with thiocurea in methenol, they showed
that the effect of varying the leaving group was large and similar
for all types of compound, irrvespective of the mechanism. This was
considered proof egainst an additioneelimination type mechanism, and
for a concerted mechanism in general for the 5“2' process, as the
AzS0 = group is strongly alectron withdrawing,

The work of Fry (1964) is in acoord with concerted bondemaking
and bond=breaking rather than a carbanion-type mechanism, as he
observed kinetic isotope effeets for chlorine and successive carbone-il
labelling of uuc,.camac,m.m in the reaction of
xemathylallyl chloride with diethylamine, which indicated that
bonding changes were taking place at all positions’”

Thiourea and substituted thioureas in acetone, like thiophenoxide
ions in ethancl, react with 1,ledimethylallyl ehloride by the §,2°
mechanisn (1957)"
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Dittmer and liarcentonio have investigated the theory that
hydrogen bonding between secondary amines and allylic halides assists
the operation of the 5,2 mechanism, by using Nedeuterated amines, ' o>
Only with Nemethylanilineeled and oX-methylallyl chloride in neheptene
wes an isotope effect cbserved and it was in the thirdeorder term of
a mixed-order kinetic expression, of whioch a second=order term was
attribited to the SNZ' mechanism and the thirdecrder term to an 5,20+
mochanism, The isotope effect was considered to arise from elective
philic catalycis «f the lonisation ete; by a mlecule of the amine,

The sbsence of an isotope effect in these 3,2' reactions des not
necessarily mean that hydrogene-bonding sssistance to leaving group
departure is uninportmt.‘”

The promotion of the sNa' mechanism at the expense of other
mechanisms by secondary emines compared with tertiary (demonstrated with
Ocems thylallyl chloride and allyl chloride)®'®s® saine another exemple
in the work of Cignerella, Testa and co-workers (1964), 02 They found
thet secondary amines, in acetone, sthanol, carbon {strachloride or the
asleence of additicnal sclvent, gave with O(=(pwnitrophenyl)ealiyl
chloride, prodcts corsistent with the operation of the 8.,2‘ and 3831'
mechaniszs of rearrangement, No 3“2' product was obtained with a tertiary
emine,

Although prototropie reesrraigesents in allylic systams which
underge endonotropic remTengements ere quite possible, because of the
inductive clectroun-withdrawing effects of meny substituents .106 they are
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not common and the above is reported to be the first example in an
Owpubs td tuted allylic halide., (e.g., 3y3~dichlero=i-propene, when
reacted with ethoxdde ions in etharol, shows no significant resrrangement
to 1 ,1=dichloroei=propene ).

The sterecchanical ccurae for the SN2' wechaniem, involving the
glo relationship of entering end leaving groups, found further support
in sdditiondl mrk by Stork sad Thite (1956).108

The tpangbealkyledecyclohexensteyl 2,6=-dichlorcbenmates with
piperidine in pexylene and scdium dlep=butyl melonate in pebutyl alcohol
gave, as far as could be ascertained, exclusively SNZ’ products with
R = le, uozm and ncjc excert, signifiountly, for the methyl compound
and the malonic cster anion, vhich gave SN?. The kimetica were shown
 be seondeorder and the frans product wes obtained from all the
82" maoctions, o« and p-Chicrocodide have also been ghown to
react by a gis 5,2' mchanism, ' 07

Application of the "frontier eleotron theory” of Fukui,' 0 to the
stercochenis try of S,2' reections, hss predicted the gig relationship
of enterirg and leaving groupa for an allylic gystem, a trong
relaticnship for & system of two conjugated doutle bonds end altermate

Slo and frang for still longer ehum.'"

Little mechanistic work has
been done on extended conjugated systems.

The work of Bordwell and co-workers (mentiomed eeriier) provides
soms information about the stiucture of the transition state in the

reactions of allyl oupwnd-.‘m‘
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The geometry of the chloromethylbenzothiophene 1,1=dloxide
structure allows 5,2 substitution only in conformations in which the
axis of the carbon=halogen bond is parallel to the Tl-bond orbitals,
i.e,, in conformations suiting the stereochemical requirements for
Sy2' attack., The absence of any apprecisble differences between A
and AS* for this and less demending systems was considered to show
that this transition state geome try is general for allyl halides. Such
a transition state geometry should also be fairly insensitive to
nucleophile bulk in 5,2 reactions and Y= substituents gis to the
-cmix group in SN2 reactions,

The gis transition state of the 5,2' mechanism can be formed
from either of the two conformations given belows

H /H
2 N -X 2
'\Y C\‘~‘X \C—-—"Me
N |
H
trans
Y~ H /H
277 .- -X 2
NG Ng—+
Me

cis
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and therefore the product of the reaction is a mixture of the

geometrical isomers in which the frans predominates, reflecting the
difference in thermodynamic stability between the two Muu?“’wa
Nesmeyanov and co-workers (1956) have reported some work with

¥-substituted allylic halides of the type RR'Cam CHeCCl,.''? The ~CC1

3
group is inert to mucleophilic attack so that reaction is confined to

3

attack at the Y-carbon atom. Using the substituents R = H, H, Me, H
end R = lie, Fh, Me, $~Bu and the rucleophiles R,Ola, Btzm.lhz‘." in an
aloohol, or in the absence of additional solvent where appropriate, it
was qualitatively shown that the t=Bu group sterically hinders
micleophilic attack and that the capacity for O=-alkylation, i.e.,
reaction with the solvent, increases to the exclusion of 5= and Ne
alkylation along the series:

ai.‘,-m-ocl’ < m—&l’ < Pwmu.ml, < (Hc)’C-Cﬂ-CE-(xIB
< (IC)ZC-CH-G:I,

i.e., in the order of decreasing electrophilicity of the Ye-carbon a tom.

Andrac end Prevost (1964) allow the S,2' and S,1' mechanisms a
negligible contribution to the mechanisss available for the reactions
of allylic compounds, which theylugguttoboihoﬂnh thosnimda
range of intermediate mechanisms involving considerable rupture of the
bond to the departing group before interaction of the mucleophile with
the positions of substitution occurs, Electrophilic assistance to the
bondebreaking step hlﬁ'ﬂld?a
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Their work on extended conjugated systems to refute the
concerted cyclic six-centred (Syi') mechanism, shows that attack is by
mummﬁMbﬁoO}nrbonnb-,mdwchooomnMu
positions along the chain.

(vi)

Two further types of substituent ofrmonthosuiumm

of ellylic compounds are of interest.

In some reactions, m electron-withdrawing substituent such as
cr,- or ArS0,~ on the p~ or y-carbon atom facilitates bimolecul ar
substitution, For example, Y-trifluoromethylallyl chloride is more
reactive then Yemethylallyl chloride and allyl chloride with lodide
ions in acetone, and 3=bromo=i=petoluene sulphonyl=1=propene and
2<bromome thylbensothiophene 1,1-dioxide are more reactive, with

thiourea in methanol, than allyl hcomido:'ooa

114 these substituents
are strongly electron withdrawing so stabilisation of the transition
state by election relsase t%© the O(-carbon atom cannot be invoked to
explain their activating effect. In the former case the increased
reactivity is attributed to fecilitation of mucleophilic attack to

form a transition state of the following type:
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similar to that suggested for substitution in oc~halo ketones, In
the latter case it is attributed to decreased carbonehalogen and TT-bond
repulsions and an increased extent of ccnjugation,
It also appears that the reaction of Ocetriflucromethylallyl
Pebromobengeresulphonate with iodide ions in acetone and azide ions
in 70% acetone-water goes by the 8,2 mchanin‘.u
It has been obaerved by Hatch and coeworkers that a yealkyl
substituent gis to the chloromethyl group of an allylic chloride
increases the reactivity, over that for the unsubstituted chloride,
appreciably more then it does in the trans po:ittm‘.‘é The effect is
considerably greater with iodide ijons in acetone than with ethoxide
ions in ethanol and spplies to Yelie, Et, i=Fr and t{~Bu substituents.
An inverse effect with ethoxide ions was obtained for the t~Bu group.
A suggested explanation is that the enhanced reactivity is due to London
interactions between the gis-alkyl group and the attacking muclecphile,

Mmtmnmmme&nwormmitimsuu!W

Although the foregoing cutline of the development of knowledge
about the 5.2' mechanism is confined almost exclusively to allylic helides,
which the majority of the published work involves, in general, the
fectors gpplicable to these have their parallels in the reactions of
allylic esters and other compounds,
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The reactions of allylic halides discussed in the preceding
seotions are tabulated below,

JABLE 1

Group Seection Solvent ~ [inetle g  Reh
¢ alzcm.m(m)cz/h:m - S 10G 67
(v} mgcm.cnuc)cwszm Cglig second 100 75
¢ mzncu.m(xo)c:/n,u CeHe - w00 75
c Oﬂatmi.aﬂm)(:l/h,ﬂ e 0 second 70 81
c Gl 1CH. Gl C1/kie i C H - 7T @
¢ aizsm.mzcx/\uzm C B, second 5 82
¢ i, $CHa CH( Me )01/ FPhitite BeCJ, ¢ m " 10D
c CH,, 1, Cli( Me )C1 /Bt Cglg second 100  102a
[ CH}C, CHCH, CH( Mo JC1/ B¢ i1 MeCH second ~16 118
c mio.mzm-x.w(m)c:/wn, BiaCN second 0 18
D CH ;307 CHOL/( @ ) dmPr T dmbr il - 5 105
(u)ru’ﬂ B - 0 .
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B [y R +) - v
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/oontimnued, .,
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groups on the basis of mubstrate type and micleophile cherge-tyre,
and discussed in terus of these and solvent groups or classes, e.g.

JABLE IX
Group Mucleophile Type Solvent Substrate Type
A Anions _ highly activated
So o PhS EY0H Cﬂzﬂi-amz
B Anions _ poorly activated
.2« Br lozw mzwwl
C Uncharged poorly activated
Sefie Etzﬂi 0656 cnz-cu-aw1
D Uncharged highly eactivated
€o o Rzlli - oazucn.m.cl

A highly sctivated substraie is one in which there are strong
=l effect subatituents such as halogen, or one or more alkyl substituents,
other then & single methyl or ethyl, on the cx~carbon atom,

(viis)

Considering first the reactions with smionic mucleophiles, if
it is postulated that mucleophilic attack on the y-carbon atom becomes
easier as the Tl-electron cloud-density decreases, because of reduced
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repulsive interaction between the mucleophile and the TT-electron
cloud’®® hen substituent offects or mechanisss of substitution
involving polarisation of the double bond over the small amount due
to a single halogen substituent on the O-carbon atom, should facilitate
macleophilic attack. In other words, a prerequisite for the operation
ofthoSNQ' mechanism is polarisation of the double bond, This could
be achieved in two ways. (a) Strong «I effect substituents on the
=carbon atom produce polarisation of the double bond in the initial
state, DBy analogy with the mechanism of nucleophilic attack on ethylenic
derivatives, which requires activation by electron-withdrewing
substituents snd involves the formation of an unstable cerbanion
intermediate, which may then ejeot a mbotimmt,” micleophilic attack
on the polarised allylic compound could result in bondemaking being
ahead of bond=breeking end consequently, a trensition state on the
carbanion side of a symmetricel one in which bondemsking and breaking
are advanced to the same extent, This type of mechanism in which
bond-making and breaking are concerted but not equelly far advanced
would be in accordance with the results discussed in Section (v).
(b) Alkyl substituents on the orecarbon atom by hyperconjugative
electron release can facilitate departure of a leaving grour and the
developing carbonium ion is stabilised by electron release from the
double bond, which reduces the electron cloud density on the Yecarbon
atom, Therefore, a mechanism involving bondebreaking running ahead of
bondemaking would polerise the double bond for mucleophilic attack and
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result in & trensition state on the carbonium ion side of symmetrical,
Thus a spectrum of transition ctates for suz' substitution can be

envisaged renging from a carbanion extrere type thivugh a2 symmetrical
one % 2 carbonium ion extreme type with the symmetrical one being of

low probability,

(ix)

Now, considering Groups A and B of the clessification ebove,

Group A reactions of substrates with -1 effect substituents should
have a carbanicn-type transition atate; therefore the ability of a
perticular solvent cless to facilitate departure of the leaving group
should be leses important then ite effect on the reactivity of the
micleophile, the neaver the trensition state is to the carbanion
extrere. Table I showe that protic asclvents and nucleophiles which
are very resctive in these solvents with reapect ‘v attack at saturated
carborn, or halide ions in dipolar aprotic or arrotic solvents, which are
also very reactive in these solvents with respect to attack at
saftureted carbon, heve been uned. Deta on the effectivensss of various
micleophiles in nucleophilic attack at ethylenic carbon is scarce but
the conventional mucleophilic reagents in their conventional solvent
clasa sppear to be reasonably dfnﬂ.w?z Group A reactions of
substrates activated by or-alkyl subetituents should have a transition
state on the cerbonium ion side of symmetrical and therefore specific
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solvent effects assisting the departure of the leaving group should
be important. As these reactions have been studied in protic solvents
hydrogen=bonding assistance is readily available,

In these Croup A subatrates ms“zmuwby
steric hindrance to mucleophilic attack and also polar hindrance to
bond-breaking in the case of I effect lubltihlonh?e

Examples of Group B are scarce, which is not unexpected
considering that pohxhution of the double bond by carbonium ion-type
tranaition state formation is dependent upon a single methyl substituent
which is only moderately efficient in suppressing the 5,2 mechanism,

The reaction of Oxemethylallyl bromide with bromide ions in acetone gains
soms assistance from the oe-methyl group, but little from the poor
aion-sclvating solvent, to form a carbonium ion-type transition state.
The examples with the malonic ester anion involve protic solvents, which
can better assist leaving group departure and this, together with
increased steric effects, increases the contribution of the SN2' reaction
to the overall reaction,

Rate data for comparison is scarce but the reactivity order:”’

i, 1CiCle 01 > CH,tCHeCOL> G4 CHCHCL, > G, 3CHGHBu'GY

is in eccord with facilitation of mucleophilic attack by either of the
processes of double-bond polarisation described above,

The solvents used for Group A and B type reactions have fairly
high dieleotric comnstants, i.e., they belong to the dipolar sprotic or
protic classes so that electrostatic repulsion between the gis entering
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and leaving groups is much smaller thean it would be in aprotic solvents
of low dieleetric constant.

The low polarity aprotic solvents usually used for Group C type
reactions are not capable of much assistance to leaving group departure,
and polarisation of the double bond is dependent upon initial state
polarisation and usually a single msthyl or ethyl substituent on the
X=garbon atom, to assist the formation of a carbonium ion-type
trensition state.

However, the production of an electrostatic interaction between
the developing charges of the oppositely charged gis entering and
leaving groups in the transition state, which in these low polarity
solvents should be strong, mey result in a self-stabilised transition
state from which formation of the products as an ion-pair should require
little further charge separetion. The energetic advantage of this
over an 8”2 transition state, in which the developing charges are
separated by a greater distance and the reaction centre, with formation
of an ion-pair requiring the migration of one of the ions formed, may be
considereble,

s_
I
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This may be partly the reason for the efficiency of uncharged
muclecphiles such es amines in promoting Sy2' reactions at the expense
of 5,23 inoreasing the polarity and ionesolvating power of the
solvent should reduce this ndvmtagc.a There is no suitable data for
unanbiguous comparison, but while ox-methylallyl chloride with diethyle
amine in bensene gives 100/ rearrengement, {range=5-chlorohsx=jeen=1-yne
with diethylamine in acetonitrile gives only 16%/2*'1C The latter
reaction in the amine as solvent gives 82/ of the rearranged product,
while dimethylamine and piperidine give 19% and 3.¥ respectively, the
anire being the solvent in each cese and addition of water to the emine
solvent lowers the proportion of rearvenged product. The polarity order
of the andnes 1s ke M, (CH,)JH, Ft)H, while their basicity order is
(%)5m > Bt JH > Mo, il and the decresse in the proportion of
resrranged product with incresse in sclvent polarity is attributed by
the euthors (Bell, Madrofierv and ¥hiting) to greater stebilisation
of the s,,z transition state than of the SNZ'-"B

The use of primery and secondary amines as both mucleophile and
solvent constitutes a situation in which hydrogen-bonding solvation
is availeble in a solvent of low polarity and therefore these solvents
should be classified as "low polarity protic”, e.g.




Gxoup XI1 Sxoup IV,
(low polarity aprotic) (low polarity protic)
1

cHel 4o 81 Mol 9ol
&Gl g 1.92 e i1 5026
05 H5N 12.0 mzta 36
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The role of the hydrogen atom of seocondary amines is not clear,
Secondary amines show a tendency to be more effective then tertiary
emines in promoting the S;2' reaction and stabilisation of the product
by decomposition of the quaternary ammonium ion to a neutral amine
ooours in low polarity sprotic solvents. 20201023 por example,
x-methylallyl chloride reacts with diethylamine in benzene to give
1007 rearreangement end 2 stable product, while with triethylamine in
bengene the products, though rearrsnged, are not lhblc.n However,
with trimethylamine in acetone the product is stable and 707
nmod,m"hioh is in eccord with the better capacity of the
dipolar sprotic solvent for solvating and stabilising ions,

The factors which may influence promotion of the 5,2' mechenism
at the expense of the Sy2 mwechanism, by secondary amines compared
with tertiary in low polarity aprotic solvents, are as follows:
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(a) hydrogen-bonding assistance to leaving group departure and
subsequent decomposition to neutral products, and greater dispersion
of charge in the transiticn stats, (b) Lless ahielding of the K = X
dipole interaction by a hydrogen atom than by an alkyl group, and
(o) steric hindrance to en 52 resction being greater for tertiery
amines, which have three bulky groups on the nitrogen atom compared
with two for secondary emines,

The associaticn of quaternary emmonium salts having a partially
substituted ammonium ion is mach greater than that of tetrae-alkyl-
amoniun salts in dipolar aprotic solvents' '2°0 ani has been attributed
to hydrogen bonding between the anion and cation'’ This suggests
such an interaction oould assist the operation of the 8"2' mechanism
with partially substituted amines, while the concurrent mechanisms
observed by Dittmer and Marcantonio with XX-methylallyl chloride and
Nemethylaniline in n~heptane, suggeat that, if one path involves an
ionepair intermediate formed with hydrogen-bonding essistance to
leaving group departure, then the more concerted path could also
involve some hydrogen-bonding facilitation of bond=breaking o2

Steric hindrance to 8,2 attack may divert uncharged nucleophiles
such as secondary and tertiayy amines to the Yyecarbon atom, in comparison
with primary amines and anionic mucleophiles, as the former have two ar
three large groups attached to the mcleophilic atom compared with
one or none for many anions, For example, the primary amines ethylamine
and pebutylamine with {range5echlorchex=3J-en-i=yne give almoat
exclusively normal products in the amine itself as solvent, end also
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in acetonitrile for the former '© while secondary and tertiary
amines give some rearranged product in members of any of the solvent
classes-1I, III or IV,

Similar considerations epply tc Group D reactions, which differ
fyom Group C in that the Yecarbon atom of the substrate is more
eccessible to mucleophilic attack, while the cX«carbon is sterically
rrotected.

A substrate type that does not fit into either substrate group
is that of primery halides wi th strongly elestron-withdrawing
substituents on the ¥« or € -carbon atom, Thucmhholied!in
Table I. The substrates are extended conjugated systems and electron
withdrawal through both the K.MQ.MFpuiﬂommoocurh
activate the system for 8,2' attack,

The oyclic ester system classified M, is included for comparison.
In this substrate, an alkyl substituent, other thsn methyl, sterically
prevents an 8“3 reaction,

(x) Puture Progress

Some systematic studies of selected muclecphiles with a number
of substrates in members of the various solvent groups would help to
clarify some of the sbove points,

Therefore, although the volume of work reporting rearranged
products, possibly formed in an S, 2' reaction, is considersble, the
proportion involving a kinetic and mechanistic study is relatively small
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and unsys tematic from the point of view of present knowledge.

dodern technicues of analysis such as infre-red spectroscopy
and gas chromatogrephy have made enalysis of isomeric mixtures mach
simpler end much valuable information could be gained from some
systematic studies and the use, for example, of specifio solvent
effects, linear free-energy relationshipe and kinetic isotope effects.

(i) Only one reaction of this type has been thoroughly investigated,
namely, the reaction of ocemethylallyl bromide with lithium bromide in

acetone,

CH,=CH=CHMeBr + B Ol BreClisCillie + By
The study by "ngland and fughes of the following syetan:76b’79
52

CHaClimCliMeBr + Br™ ——> CH,sCleCillteBr + Br~
sz,nr¢Bc' L e MeCHaCH=CH Br + By
provided valuable information about the conditions necessary to observe
bimolecular noneisomeric rearrangement,
By using redicactive bromide ions, mmmams,a

reactions ocould be studied without affecting the identity of the substrate
and therefore the much slower 8N2" reaction could be studied without 8“8
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complications, Use of the dipolar eprotic solvent acetone, which has

a poor ceproity for mucleophilic intervention with substrates and which
does not particularly favour SN' reactions, but in which the bromide
ion is highly micleophilie, eliminated solvolysis problems.’ Therefore,
the Bu2' mechanism could be isclated in a poorly activated substrate
unacconpenied by the 5,1 and multiple reaction complications

associated with polyhalogence and polyalkylecresubstituentse ’>> This
meant that the relative rates of mucleophilic attack at vinylic and
saturated carbon could be determined under conditions of low initial
polarity of the double bond and moderate steric hindrance at the
X=garbon atoms

Their techniue inwvolved following the SN2 reactions by means
of a radioactive, isotopically-labelled mucleophile and the 8N2' by
estimation of the relative amounts of each isomer present versus time,
wsing a kinetic analysis method, By determining muhofsuzudmngo
of an isomeric mixture of unknown composition and comparing it with data
on the rates of exchange of mixtures of known composition, the relative
amounts of the two isomers could be estimated, The composition of
equilibrium mixtures of the uom'uuﬁ.hrly&md.

As the free enerygy differemce between the two isomwers is small,
apprecisble amounts of both are present at equilibrium'?!  The
equilibrium composition in acetone was 79% Yeisomer and 25% O(-isomer,

Substitution of the data into the apprupriate integreted
rate eqationss




(x_«X )
- 2203 -2 0
"2 ° (et 12810 (X X,) (y2)
iy = 203 R a0, (g (s20)
10%t (Xg=Xy)

(which are derived in Appendixes I and II) enabled the rate constants
to be caloulated,

Tris technique applies simply only when exchange, i.e., the
8,2 reaction, is much faster then rearrangement, i.e., the 8N2'
reaction,

Ergland and Hughes determined the 5,2 rate constants for both
isomers reecting with bromide ions in scetone and the 5,2' rate
constant for the Xe=iscmer., lHowever, the kinetic analysis method,
while accurate for low (up to 50%) percentages of the Yeisomer, due
o mhmoanmmm-suamumnumrmmum.
which makes the method feasible, becomes inoressingly insccurate at high
percentages of the fast-exchanging Yeisomer. For this reason,
together with the fact that there is only a small proportion of the
Ox~isomer present in the eilibrium mixture (25%), the rate constant
for the 5,2 resction of the Y-isomer could not be determined dlrectly.
u—-obmmam-mm.ls,,a' rate constant determined with the

X=isomer and the equilibrium constant; l(.q’) = [L:T% .
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Englend and Hughes' results are tabulated below:

ZABLE LT
6

Substrate Mechanism l‘ 1 3‘1‘10‘.1 ' 5(25:::)

(koalemole ) (M mess” ') (M "sec.” ')
oc=mothylallyl bromide 5,2 16.5 5.06 819
" " " SN2' 194 e 40 4.9
¥ =methylallyl bromide 52 47 993 141,000
L] L] " sngt ~ ’9 ~ 9 ~ 5

mmmmammmxms“z'mmm
been ariticised in De Wolfe and Young's review, on the grounds that
neither a lithium ion cetelysed S1' or 8,4 mechanism was ruled out,
and this will be discuseed in Chapter V. '/

Some preliminary work on the 5,2 reacticns of the corresponding
isomeric chlorides with lithium chloride in acetone was also carried
out, but decomposition of the substrate end polymerisation of the
acetone, at the temperatures necessary for the rearrangement % go at
a reasonsble rate, precluded a study of the $,2' resction'’  Their

Bntmlhmhmhhdhln.




ZABLE IV
Subs trate B log, A 107k, (25°%)
(koalemole™')  ('sees’)  ('secl?)
ox=mothylallyl chloride 20,6 847 2,30
b’-nﬂvh.uyl chloride 16.5 756 288

(41) The Aim of this Frojeot

The aim of this project was to study the isomeric chlorides
in a suiteble solvent and cbtain the rate constants for the reactions
of toth isomers by both mechanisms, thus extending the data on isomeric
rearrangements and providing a system for comperison with that of the
isomeric bromides.

It has therefore inwlved finding a suitable resction medium,
establiching the mechanisme of the reacticns and deteradning the rate
cors tants and activation parameters for them,
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I Introduetion

he initial problem of this project was to find a dipolar
aprotic solvent in which the isomeric = and ¥ emethylallyl chlorides
were stable, with reapect to both decomposition and rearrangement, at

the temperatures required for the chloride ion catalysed rearrangement
reaction to go at a rate suitable for study.

The firet soclvent considered wgs dimethyl sulphoxide,

The work carried out in this solvent may be divided into three
sectionsi= (a) a preliminary study of the reaction of allyl chloride
with chlorine-3% lebelled lithium chloride, (b) a study of the solvolysis
reactions of the allylic chlorides, and (c) a study of the reactions of
ocemethylallyl chloride in the presence of lithium chloride, using
qualitative analysis by ges chromatogrephy to follow the rearrangement
reaction.




(1) Introduction

Dimethyl sulphoxide is a dipolar eprotic solvent with a high
voiling~point (189°)%'! end a fairly high aielectric constent
(46.7)'®, and 1t is also a good solvator of catioms,'” Lithium end
tetra=alkylammonium salts are reported to be the most readily
soluble in these solvents. > Comsidering the fairly high temperatures
that would probably be necessary to observe a chloride ion catalysed
reaxrrangement reaction by the SNZ' mechanism and the advantage of having
a hichly dssociated nucleophilic reagent, a solvent of fairly high
dielectric constant and boiling-point seemed suitable,

The 5,2 reactions of o<=methylallyl chloride, ¥ =methylallyl
chloride and allyl chloride, with lithium chloride in acetone, have
been studied by Fnglend and Vernon using lithium chloride labelled
with the radicsotive isotope of chlorine, chlorine=3%.72°"'% rherefore,
a knowledge of the rate of the reaction of an allylic chloride with
lithium chloride in dmethyl sulphoxide would enable en estimate to be
made, from the data for the allylic chlorides in ecetone and for the
Sye end SNZ' reactions of o=-methylallyl bromdde with lithium bromide
in acetone, of the probable rate of the rearrangement reaction of
ox=methylallyl chloride with lithium chloride in dimethyl sulphoxide
and hence a suitable temperatwre range for preliminary work on this
reaction,
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To enable this estimate to be made and to try cut a technique
for following exchange reactions in a solvent of low volatility and
high boiling-point, some preliminary work on the exchange reaction
of allyl chloride with chlorine=3 labelled lithium chloride in dimethyl
sulphoxide, was carried out,

(11) Erocedure

Buns with allyl chloride and chlorine=3% labelled lithium chloride
in dimethyl sulphoxide were carried out at 25.0%, )5.0°c and L5.0°C.
The solvent was dried using "Linde" molecular sieves (type 4A).

(111) Experimental

The purification of allyl chloride and dimethyl sulphoxide and
the preparation of lithium chloride labelled with chlorine-3 is
described in Chapter VI, The salt was heated to fusion-point in a
silica flask flushed with dry nitrogen, cooled, and dissolved up in
dimethyl sulphoxide., The solution was then filtered and stored in a
tightly stoppered flask, Frecautions egainst the uptake of atmospheric
moisture were taken during the above procedure, as both dimethyl
sulphoxide and lithium chloride are extremely hygroscopio. A solution
of allyl chloride in dimethyl sulphoxide wes prepared by edding
approximately the required weight to a given wolume of solvent,

All the glass apparetus used was baked in an oven and cooled in
e desiccator or a stream of dry nitrogen,
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The runs were carried out by the "Y tube" technique used for
studying moderately fast reactions, Reacticn tubes shaped like an
inverted "Y", with side-arms of 8 nl. oapacity and ground-glass
Joints, were used. Aliquots (5 ml,) of each reagent solution were
placed, one in each side-arm, in the tubes, which were then stoppered
with stoppers lightly greased with silicone grease and placed in a
thermostat at the required temperature to come to thermal equilibrium,
The resction was initiated by repidly inverting the tubes a mumber
of times and yeplacing them in the thermostat. Reaction tubes were
then removed from the thermostat at suitable intervals and the reaction
was quenched by pouring their contents intc a 50 ml.conical flask
containing a slight excess of a solution of silver nitrate in dimethyl
sulphoxide (ca. O.4 ml. ). The tubes were washed with about 2 ml, of
ethanol and the samples were shaken and left for 3 mimutes. The
precipitated silver chloride was then collected by filtration through
a Cooch crucible containing en asbestos mat supported on a disc of
filter paper and the precipitate was washed with small volumes of
ethanol,

To ensure precipitation of lithium chloride wes complete using
this procedure, 5 ml, aliquots of the labelled salt in dimethyl
sulphoxide were treated as sbove and the filtrate was tested for
activity, There was no residual eactivity. Resction of silver nitrate
with allyl chloride during the precipitation of the chloride ions of
the salt wes also tested for, by treating aliquots of allyl chloride

o
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in dimethyl sulphoxide as sbove, Io sign of the formation of silver
chloride was observed during the time interval used for runs (3 minutes).
On stending, reaction occurred slowly, The reaction was much faster
in the presence of water, the solutions becoming quite cloudy in a

few mimites.

The Gooch crucible was then transferred to the special filtration
epperatus shown in Fig, 1 and portions of sodium thiosulphate solution
(2«31) were added to the crucible and stirred to dissclve up the
silver chloride, before being sucked through into the calibrated bulb,
The crucible and flask were washed thoroughly and the solution was made
up to the mark. It was then run out into a 50 ml, flask, shaken and
an M6H (20th Century Kleotyonics Ltd,) liquid counter wes filled. The
eotivity of the sample was then determined in the conventional counting
assembly described in Chapter IV,

This method of separating labelled chloride ions from reaction
mixtures, by precipitating them with silver nitrate solution and
then dissolving up the precipitated silver chloride in concentrated
soddum thiosulphate solution, to enable its activity to be determined,
was developed by Millar for studying the exchange reactions of
Nechloroecompounds2'2  As the high boiling-point of dimethyl sulphoxide
made isclation of the lithium chloride by other methods difficult, and
es ocounting of volatile organio solutions also has problems, this
method was considered to have possibilities,




FIG. 1
Millar's Apparatus

<
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Subtraction of the background counting rate from the counting
rate of the sample gave Y = the activity of the lithium chloride, end
subtraction of this value fyom Z - the initial activity of the lithium
chloride (determined by treating 5 ml. aliquots of the reagent solution
as above) gave X = the activity of the substrate,

The initial concentration of lithium chloride wes determined by
titrating 5 ml, aliquots with standard silver nitrate by the potentioe
metric titration method, while that of allyl chloride was obtained by
reacting aliquots to "infinity" with excess of a solution of sodium
methoxide in methanol and titrating the liberated chloride ions with
standard silver nitrate by the same methods (See Seetion VII, Chapter
1II)s Dimethyl sulphoxide did not interfere with these analyses.

Substitution of the data into the integrated rate oquation
for an exchange reaction:

which is derived and defined in Appendix II, ensbled the rate constants
%o be calouleted,

Corrections for solvent expansiocn were made using the data
reported by Mirto for dimethyl sulphoxide® Arrors in the activation
paremeters were calculated by the method given in a peper by Peterson,
Markgraf and Ross. >
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The solvent used for these runs was dried with "Linde" type
4A molecular sieves and had a freesingepoint of 18,45-18,50°C, The
literature value is 18,52+18,55°C and the molal freesing=pointe
depression constant is he 3%°C/mole, 8o that this corresponds to 0,012-
0,025 impurities, these being moet rrobebly traces of waterc  *2'3

(4v) Results and Discussion
The results are shown in Tebles V-VIII and a plot of log, k.

versis & 1s shown in Fig. 2. The rate constents corvected for solvent
expansion and the sctivation perameters are given in the Table below,

The stendard deviation of the rate corstants from the mean value
is shown in the tables and an error of 57 in the rate constants, based
on this, was assumed in caloulating the errors in the activation
parameters.

ZABLE IX
m“ta (1 s0e.*Y) 2,28 6o 3h 17.2
7 (%) 25,00 3he 99 e 95
E, (koal.mole™) 19.0 £ 0,9
logyoh ("'sec.™!) 10,32 £ 0,6

The method of amalysis for activity was not, at this stage,
producing very good rate constants, Those near the beginning of the
reaction showed large errors, with reasonable values only being

S
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obtained after about 207 of the theoretical exchange had occurred,
However, elthough the precision needed improving, some reascnably
reliable rate constants were available, from data over the 20-80%
theoretical exchange range, for an estimation of a suitable reaction
tenperature for an S-NZ' s tudy.

The rate constant for the exchange reaction of allyl chloride
end 1ithium chloride-3% in acetone at 44.6°C (it has been studied at
only one temperature) is 5087 x 10 k" sec,”’ ;0@
at u..s"c in dimethyl sulphoxide, obtained from the Arrhenius plot, is

1.65 x 10'5 K"soc..‘. Therefore, sssuming the latter reaction to

and the rate constant

be an 5,2 reaction, the rate constant in dimethyl sulphoxide is 28 times
that in acetone,

As the 3,2 reection of oCemethylallyl chloride in acetone went
at a convenient rate for study at 60=80°C with similar reagent
concentrations, then, by assuming that the rate of this reaction would
be increased by a similar factor on transference to dimethyl sulphoxide,
and that the rate of the 8,2' reaction of this compound would be
spproximately 1/60 that of the 5,2, it appoared that at 60-80°C an
8y2' reection of ox=methylallyl chloride in dimethyl sulphoxide might
ge at a suitebls rate for lW.‘m

It is interesting to note that the ebsolute rate constant ratio
is not that above, because of the different dissociation constants for
lithium chloride in dimethyl sulphoxide and acetone. In the former
solvent the value for the dissociation constant at 30°C is reported to
ve 2,59 x 107,103 ynite in the latter at 25% it is 3.3 x 107,178

S
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Therefore, for a lithium chloride concentration of 0,03, the velue
for the degree of dissociation is 04905 in dimethyl sulphoxide at 30°C
and 0,010 in acetone at 25°C, from caloulations essuming sotivity
coefficients to be unity.

Assuning ijonepaires to be kineticelly unreactive and the values
%o be not greatly altered by a change in temperature fram 25°C or 30°C
to L4e6°C, a rough comparison of the sbsolute rate constants at this
terperature can be made, The corrected rate constant ratic is now
inverted with thie rate constant in acetone being eprroximately three
times that in dimethyl sulphoxide,

Therefore the rate constant is little altered by the solvent
chenge, being slightly grester in the solvent of lower dieleotric
cons tant (20,7 compered with 4.6.7)'6, a result which is in accord with
the Hughes~Ingold theory of solvent effects>, and the main effect is a
large increase in the degree of dissociation of lithium ciloride on

going ¢c the more polar solvent.




(1) ZIntxeduction

Besides the possibility of elimination of hydrogen chloride
fyom ocemethylallyl chloride to form tutadiene, on heating the compound
with lithium chloride in dimethyl sulphoxide at the fairly high
teuperatures estimated to be required for studying an 5,2' reactiom,
resotions of the type reported by Smith and Winstein®'* and Kornblum
end Blackwood,Z'> which involve mmleophilic intervention by the
solvent with alkyl halides to form salts or dehydrchalogenation
products, were a possidble complication,

A8 the product of elimination of hydrogen chloride from
allyl ohloride is allene ~ an unstable compound not essily formed -’ -
allyl chleride sppeered a suitsble substrate to test for solvolysis
reactions other than elimination,

(44) Exccedure

A preliminery test of the stability of allyl chloride in
dimethyl sulphoxide at 35.0°C wes cerried out, which showed solvolysis
as indicated by the production of chloride ions to occur, Consequently,
further work at various temperatures up to 75.0°C wes carried out.




(111) Eperimental

Solutions of allyl chloride in dimethyl sulphoxide were prepared
and aliquots (5 ml.) were added to a series of constricted test tubes,
each one being stoppered with a dried rubber tung immediately af'ter
being filled. The tubes were then cocled and sealed, before being
immersed similtanecusly in a thermostat at the required terperature,
At intervals, ampoules were rezoved from the thermostat and cooled in
ice water to quench any reaction,

Bach ampoule was opened and its contents wore added to 20 ml,
each of hexane and water in a separating funnel, which was then
vigorously shaken to extract the allyl chloride into the organic phase,
The aguecus layer was then run off and titrated for chloride ions with
standard silver nitrate by the potentiometric titration method. 4s a
check on the method, ampoules kept at 0°C were treated as above and
titrated, or an aliquot of standard potassium chloride solution was
added to an extracted aliquot, which was then titrated, The averege
concentration of chloride ions in these blanks wes 1 x 1077 M,

The reaction times were chosen on the besis of the probeble 5,2'
reaction rate of ocemethylallyl chloride.

(iv) Results and Digcussion

The results for the solvolysis runs with allyl chloride at
temperatures 35,0°C, 45.,0°C and 65,0°C are shown in Teble X, The
preliminary observation at 35°C was confirmed by these subsequent
runs, concentrations of chloride ions of 0,03~0,04H being produced




Time [c1™]
(hr.) (10%x)
264, 2,22
L32 5,09

[Allyl Chloride] = 0,185M

T = 35,0%
48,0 1.29
120 2.9
34 04y
30 3040
480 3.68
656 397
[A11y) Chloride] = 0,228
T = 45,0%

Time [c17)
(hr.) (10%x)
20 2,47
72,0 2,82
9640 2.97
168 3,08
384 2,82
[A11y1 Chloride] = 0.186M
T s 65.0%

2.4 0e27
2,40 1,81
48,0 2.1
96,0 2.52
288 3.21
432 227

[A11yl Chloride] = 0,259
? = 685,0%
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by interaction of allyl chloride with the solvent.

With the possibility of an elimination reaction ruled out, two
other possible vessons for the solvolytic production of chloride ions
were considered, These were (a) salt formation due to nucleophilic
intervention by the solvent, ana (b) hydrolysis of the allyl chloride
by small quantities of water not removed from the solvent during the
drying process or picked up during the preparation of runs, although
precautions to avoid against the latter were taken,

The production of chloride ions showed signs of reaching
equilibriun at about 15-207 reaction, which would be in accord with
either o reversible salt-forming reaction, or hydrolysis by a limited
quentity of water in the solvent, As the salt-forming reaction gives a
produot ususlly hydrolysed by water- "
aquecus layer of extracted aliquots of the reaction mixture wes no

the presence of acid in the

indication of whether either mechanism was operative. The concentration
of impurities (probably water) in the eclvent, which wes estimated from
the freeming=point depression (as described previcusly) was 0,012-0,025,
so that the concentration of solvolytic chloride ions could be due, or
partially due, to a specific reaction of the substrate with water in the
solvent,

To test these possibilities further, a run with ¥emethylallyl
chloride in d&methyl sulphoxide, dried with calcium oxide instead of
molecular sieves, was carried out at 65,0°C, and to test the effect of
water on the solvolysis reaction, 0,554 water was added to half of the
reaction tubes,

The results are shown in Table XI,




Time (ex™], (er™ )y
(br.) (10%) (10%)
2.0 1.56 -
72,0 1.63 6408
120 1.% 6¢19
168 1,35 6020
250 1.35 6.15

[ YaMethylallyl Clloride] = 0,117
(Hzo] s 0,554
T = 6500%

A denotes the run in the anhydrous solvent.
B denotes the run in the solvent + 0,55M “20'

VePeCo

Unknown peak
formed and

o X=isomer
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The solvolysis reaction in the "anhydrous" solvent is rapid
at 65.0°%C, pro&mi.ng/ammm of ehloride ions which remains
fairly eonstant over & ten-fold change in time, The concentyation
is lower thean that observed in the allyl chloride runs and corresponds
to sbout 127 solvolysis of the substrate. The reaction in the “"aqueocus”
solvent behaves similerly in that a fairly comstant concentration of
chloride ions is formed rapidly, but this conoentration is about 4.5
times that observed in the "anhydrous" solvent and corresponds to
ebout 55% solvolysis of the substrate, Therefore, there is some
correlation between the amount of water in the solvent and the extent
of solvolysis. It was not possible to tell if the increased ampunt of
solvelysis in the presence of added water was due to a specific hydrolysis
reaction between the substrete and water, which did not go to completion
beosuse hydrogen chloride is & strong acid in dimethyl sulphoxide’'®
or whether the small emount of added water in the solvent stabilised a
salt formed by reaction of the substrate with the solvent,

In a further attempt to establish the minimum concentration of
solvolyais peoduct attainable, dimethyl sulphoxide was dried with
calcium oxide until its freesingepoint was 15,5°C and another run wes
prepared, Finally, & few reaction tubes were prepared in a dryebox,
tested for efficienay by determining the freesingepoint of a sample
of dimethyl sulphoxide, exposing it to the atmoarhere of the dry-box for
1 hour and redetermining its freeszingepoint, No change was observed,
The freesing-point of e sample of dlmethyl sulphoxide drope repidly
on exposure to atmospheriec moisture. The concentration of allyl chloride
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was also increased in these runs to see if the position of "equilibrium"
was concentration dependent.

The results are shown in Table XII.

Time [a2”] Time (c17]
(nr.) (10%) (nr.) (10%)
2,0 1,45 2.4 0 81
48,0 1.87 48,0 1.9
72,0 1,88 72,0 1.93

9640 1.70
120 1,90 (A11y1 Chloride] = 0,373
W, 2,10 T = 75,0%

[A11y1 Chloride] = 0,337
Te B.Oec

Run 10 reaction tubes prepared in a dry-box,

Both runs gave an equilibrium concentration of chloride ions
of about 0,024, rather less than that obtained in the previous runs
using allyl chloride. This corresponded to Se6% solvolysis of the




6%

substrate, compared with 15-207 observed previcusly, so that a
concentration of solwolysis product independent of substrate concentration,
but dependent upon the concentration of some other resgent appeared
feasible, These results were more in accord with a reaction involving
solvolysis by water, in which the percentage of reaction would depend

on the amount of water in the solvent rather than the substrate
concentration, than with salt-formation, as the percentage of sclvolysis
for the latter should be less dependent on substrate concentration,

ma.mwx.[m&“'][x.]. However, the results of other
[RX
experiments suggested that the behaviour of the system was more complex

than this and these results will be discussed in the next sections




(1) Introduction

A qualitative investigation of the rearrangement of x-mothylallyl
chloride in dimethyl sulphoxide in the presence of lithium chloride,
using anslysis by gas chromstography to follow the reaction, was carried
out. The stability of oxemethylallyl chloride with respect to
solvolysis and decomposition was also investigated, This work was in
progress simltaneously with that in Seotion (b).

(11) Experimentel

Runs were carried out at 85.0°C and 65.0°C, Reaction mixtures
containing oc=methylallyl chloride and lithium chloride in dimethyl
sulphoxide were prepered and aliquots (>5 ml.) were pleced in a
series of constricted test tubes, which were stoppered with dried
rubber bungs, cooled and sealed, Dimethyl sulphoxide dried with
type LA molecular sieves wes used and the procedure for preparing a
solution of lithium chloride in dimethyl sulphoxide was the seme as
that described for the exchange runs with the labelled salt.
Precsutions sgainst the uptake of atmospheric moisture were taken.
The reaction tubes for the run at 65.0°C were flushed out with dry
nitrogen before being filled,

The tubes were then placed simultanecusly in the thermostat

and at various times one was removed and quenched for analysis.
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wuormmmwmmmnumwmmor-
ges chromatograph to test for reayrangement, (Anelysis by gas
chromatogrephy, OF VepeCe analysis, is deseribed in deteil in
Chapter ILI),

A PYT Argon model with a P-m/ugoa-ioniuucn detector
was used with a 4 foot column packed with tritolyl phosphate on
colite, The operating temperature used was either asbient or 50°C.
uwxmwnamaummmrummmk
several hours to come off the columm, it was prevented from reaching
the detector by injecting the sasmples onto a 3 inch precolum, which
wes then backeflushed, after sufficient time had elapsed for the
volatile methylallyl chlorides to be well onto the main column,

Aliquots (5 ml,) were then added to 20 ml, each of hexene and
ummamummm,Mwuﬂgomﬂgahaan.mm
agueous layer wes titrated for chloride ions by the potentiometric
method, as described in Section (b). The initial concentrations
of the reagents were determined by extracting the allylic chloride
and titrating the inorganic chloride, and by reacting aliquots %
"infinity" with excess of a solution of sodium methoxide in methenol
and titrating the total chloride. Subtraction of the inorganie
chloride concentration from the total chloride concentration gave the
concentration of the substrate,




Time Aler™) V.P.Co

(hr.) (10%x) (% R)

24,0 1.9, peak for O(-isomer
48,0 174 merged with unknown
72.0 16‘&9 p..k

[ ox=liethylallyl Chloride] = 0, 1M

[Lic1]) =« 0.0373

? = 85.0%
2440 1.80 -
72,0 3el46 ~ L0
120 3.51 ~ 55
192 3.87 ~ 85
3% 3.07 ~ 85

[ o(=ifethylallyl Chloride] = 0,158M

(Lic1] = 0.,0566M

T = 65,0%

Dimethyl sulphoxide dried with molecular sieves.
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(444) Results and Discussion

The results are shown in Table XTil,

Assuming the response of the detector of the gas chromatograph
to be the same for both isomwers, some approximate cstimaticns of the
extent of reaction nt verious times owld be made for the yun at
£5.0°C and thess are shown in Teble XIII. The probable equililrium
percentage of the (eiscmer was 70=-75%, sc the figures in the table
give the percentage of the theoretical reaction, or
%,mwammrwbe?%

Therefore at 65.0°c, about 55¢ rearrangement has occurred in
five days - a rate in accord with that expected, However, tiis
reaction is accompanied by the production of chloride ions and
epparently, alsc by decompssition of the solvent, The gas chromatograms
of the reaction mixture showed a large peak just in front of the
oceme thylallyl chloride peak and the solvent smelt of sulphides,
Discoloration of the solvent also occurred as it turned from colourless
to pale yellow, The peaks for the isomeric chlorides were ameller then
expected, by comparison with the sise of the peak for the Oxeisomer at
soro time, while at 85.0°C the unknown peak merged corplstely with that
for the xeisomer end the solvent turned dark yellow.

It appeared probeble that the solvent was decomposing to dimethyl
sulphide (b.p. 37o5-38°0)207.uﬁ1hemm1d acoount for the
smell and the position of the extra peak, which would probably be due
to a compound of boiling-point less than 64°C, i.e, that of the
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a-iaanr.m As the solvent is stable at these temperatures in the
absence of allylic halides, the decompositicn appeared to erise from
interaction of the solvent with the allylic compound, Other decomposition
products could have been lost through the back-flushing procedure used
for the VepeC. Analyses, which would prevent compounds with a retention
time greater then that of Y=methylallyl chloride, from resching the
detector.

At the time that this work was in progress (1964), there were
various reports in the literature of oxidations of alcohols, tosylates
and activated halides by dimethyl sulphoxide,?'! but the properties
of this compound as a reactant, now well documented in verious
reviews, 372211 yore then only in the process of becoming widely known.

The mechanism proposed for the oxidation of most tosylates
and activated halides involves nucleophilic attack by dlmethyl sulphoxide
as followss”*2V7

RGH,X + Ue,50 —>RG-!2£I.2+X.—>RGD+Ih25~m

Halides less reactive than benzyl brorides were reported to be less
easily oxidised by dimethyl sulphoxide alone, although details of just

'IMA

how reactive they were under various conditions were not given.
reactivity order of OTs > I > Br > C1 was deduoed,’*'?” and facile
oxidations of halides by conversion to the tosylate and oxidation in
the presence of an acid scavenger were reported. ' Secondary
compounds of'ten gave elimination products as well as, or to the

exclusion of , oxidation pm&eﬁ.‘”
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Alechols could sometimes be oxidised in the presence of oxygen
but often meeded an activating mgglm‘t.j"'”9 Hydrogen halides were
also reported to be oxidised by dimethyl sulphoxide, to the halogen
and wator.g A recent review by Epstein and Sweat on dimethyl sulphoxide
oxidations conteins mih informations'”’

It therefore appeared that the allylic crlorides could be
sufficiently reactive to undergo oxidation by the solvent when kept at
60-80°C for the resction times given in Table XIIIL,

Rearrangement of Ocemethylallyl chloride end Yemethylellyl
ehloride in dimethyl sulphoxide in the absence of lithium chlovide
also ocourred, st rates compurable with that of the "catalysed"
reaction and these reactions were aocoapanied by the foruzetion of
"sulphides” end the producton of the large extra pemk observed above,
Ag chloride iorns were produced and as hydrogen chloride is a sirong
acid in dmethyl mm“h.ﬂG rearrangement in the absence of lithium
chloride was not unexpected,

It therefore became cbwious, that the chances of ireducing the
woduction of chloride ions to a negligible amount, or an emount
small compered with a reasonable concentration of reactents, were not
god, and that the concentration of chloride ions produced was not
necessarily sn indication ¢f the real extent of deconposition of the
substrate, As salt formation or hydrolysis could be followed by
oxidation by dimethyl sulphoxide, and as the acid produced could be
further oxidiced to chlorine, which could then react further, a very
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complex system was possible. The small sige of the peaks for the
methylellyl chlorides on gas chromatograms and the observation that,
in the run for which the concentration of chloride ions (produced by
solvolysis) was least, the unknown peak wes large, were in accord
with the ebove possibility. (Run 84),

S0, although the nature of the reactions occurring was far from
clear and the exact role of water in the solvent was ambiguous, further
more refined investigations of this solvent were abandoned in the hope
of finding a less reactive and ambiguous one.

Other work, to be described in the next section, indicated that
the unknown peak observed on gas chromatogrems was not due to butadiene,




(1) Introduction

Another dipolar aprotic solvent of high beiling-point (453°%)'%
and fairly high dleleotric constant (36.7)'C is dimetylformemice. This
golvent does not have the oxidiging ability of dimethyl sulphoxide, tut
suffers from the disadvantege of being sufficiently mucleophilic to
participats in salt-forming and dehydrohalogenation resctions with certain
'ubatnhl.m 3

The possibility that it might be a suitable sclvent for studying
the rearrangement reaction of oc=methylallyl chloride was considered
Quring the work in Seection II and & run with Xemethylallyl chloride and

lithium chloride in dimethylformemdide was carried cut at {:5}.0°C.

(11) Experimental
The solvent waas dried with type LA molecular sieves as

described in Chepter VI, The procedure for preparing and performing the
rn was identical to that desoribed for the runs in dimethyl sulphoxide.
Analysis by gas mwmmfgfmmt and decomposition products
was cerried out using the backeflushing procedure, to prevent the sclvent,
which has a similer effect to that of dimethyl sulphoxide, from reaching
the detector, Analyses for the production of chloride ions were also

caryied out,

(411) Results and Discission

The results are shown in Table XIV,




Time Aler™] V.P.Co
(hr.) (10%) (% B)
43.0 0,60 -
89.0 1.56 ~ 4O
137 2.72 ~ 65
192 Je kb peaks small
257 - rearrangement near
equiliorium
276 Lell no extra posks

[ oc=liethylallyl Chloride] = 0,133
(L4c1] = 0,0630M
Ts= 8}.0‘0

Rearrangement coccurred readily at this temperature and some
65% of the theoretical amount was reached in about 6 days, lNo extra
peaks were observed and no obvious decomposition of the solvent was
detected, except for discoloration to pale yellow, However, production
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of chloride ions was again observed with sbout 207 decomposition of
the substrate being observed in about 6 days.

Although no peek which might be attributed to butadiene
(bepe = = 4a51%)"12 was cbserved, the possibility that chloride ion
m&mﬁonn&ghtbodubmdiﬂmﬂnnnuﬂmornﬁnum
mmt.mwwmwtmmmummnux
chloride alone in the solvent. Other methods of drying the solvent
were also used,

(iv) Zxperimental

Solvent dried with barium oxide was used for the first run and
dried with calcium oxide for the second (See Chapter VI)s The reection
mixtures were prepared and the resction tubes were filled in a dry-box,
Semples from the reaction tubes were analysed by gas chromatography for
extra peaks and 5 ml, alicquots of reaction mixture were extracted and
titrated for chloride ions using the Volhard titration Mozu
Dimethylformamide had no effect on the endepoint determination.

The "ferric indicator” was used and "Analar” nitrobensene was added to
the titration mixture.

Two runs were carrisd out, one at 930°C and one at 96,0%.

(v) Results end Diseussion

The results for both 1uns are shown in Table XV,




Time Afer®]
(hr.) (10%)
235 Oe b8
AT.2 0,71
71.8 1,02
16 1.7

[Al1y1 chloride] = 0.377M
v = 93,0%

dimethylformamide dried
with barium oxide.

reaction tubes prejared

in a dry-box for botli runs.

Time Afci™)
(hr.) (10%)
3e5 0.22
22.1 0456
hh.2 0,81
738 1.03
120 1,64
121 1.80
15 1.8,
195 2,22
3% 3.7

[A11y1 chloride] = 0,415
T= %.0%

dimethylformamide dried with
caloium oxide.
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lo extra peaks were observed but discoloration of the solvent
to yellow and then brown ocourred, probably becsuse of polymerisation
reactions, Chloride ions were produced steadily as far as the reaction
was followed,

It therefore appeared that the salteforming reaction observed by
Kornblum and Blackwood with other halides in dimethylformemide was taking
place with allyl chloride and alsc with the o(-mﬂvloonpumd:ns
Consequently, this solvent was alsc too reactive to allow a chloride ion
catalysed rearrangement reaction to proceed without complications from
side reactions,

The less reesctive solvent acetonitrile wes alsc being investigated
at this stage and the results obtained for it will be desaribed in the

next chapter,




(1) ZIntwoduction

The preceding work on the stability of allylic chloridee in
dimethyl sulphoxide and dimethylformemide has shown that allyl chloride
is a useful compound for detecting substrate-solvent interactions other
than elimination of hydrogen chloride. Therefore, a preliminary study
of its interactions with acetonitrile was considered a suitable initial
teat of the nerits of the sclvent.

(11) Erocedure

The solvent - acetonitrile - was purified and dried es
described in Chapter VI.

A solution of allyl chloride in acetonitrile wes prepared in the
dry-box which wes used for all subseguent work (see Section VII), and
slightly greater then 5 ml. aliquots were placed in a series of
constricted test tubes, which were then stoppered with dried rubber
bungs, The tubes, after removal from the dry-box, were cooled, sealed
and placed similtanecusly in a thermostat at 96,0°C, Ampoules were




removed from the thermostat at various times, plunged into an ice-water
umwgmwmm.mmmmmut-zp
sample fOr V.p.os analysis (see Section VII), a 5 ml., aliquot was
added to a 100 ml, separating funnel containing 25 ml, of hexane and
20 ml, of water. This was shaken vigorously to extract the unreacted
allyl chloride into the hexane. The aqueous layer was then extrected
with a further 10 ml, of hexane before being run off into a 150 ml,
conical flask, After the addition of 10 ml, of water and sufficient
sodium hydroxide solution to make it faintly alkaline, the aqueocus
extract was eveporated down to a small wolume (~5 ml,). The flask wes
flushed with nitrogen during this operation,

This procedure was necessary to remove acetonitrile which would
have interfered with the subsequent "Volhard titration" for chloride
1ons, ™% and also to remove traces of unextrected allyl chloride and
organic phase,

To the cold evaporated sclution was added 20 ml, of water,

5 ml, of nitric ecid (6N), 10 ml, of silver nitrate solution (0,01925N),
1 ml, of "Fe”* indicator” and 1 ml. of "Analar” nitrobensene, The
excess silver ions were then titrated with potassium thiocyanate
(0.0235761), A "blank” was analysed to correct for chloride ions
produced by solvolysis of unreacted allyl chloride during the extraction
mdmmnﬂmm.l.o..anuummbptno%mmm
as above,

Each ampoule, before analysis, was examined for disccloration
of the reaction mixture,




(414) Results and Disoussion

The results are shown in Teble XVI,

The low concentration of chloride ions produced and the slight
degree of discoloration of the reaction mixture after 42 deys at 96°C,
suggested that substrate-solvent interactions producing chloride ions
and polymer are not favoured in acetonitrile, The gas chrometograme
showed only the substrate and solvent peaks,

These results were a promising indication that acetonitrile
might be a suitable solvent for a study of the rearrangement reactiocns
of o= and Yemethylallyl chloride,
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Time ml, KCNS [c1”] Colour of
(hr.) (0.02576N) (10%) Sol'n
0.0 7.93 0.0 Colourless
22,3 7.70 144 .
7.9 777 0.8 "
98,2 7.73 0.9 .
168,1 747 2.2 Pale yellow
215.1 7450 2,0 "
3103 7.62 1.5 "
503.1 758 1.7 .
1010.8 739 2.6 .

[A11y1 Chloride] = 0, 355u
T = 96,0°C




A knowledge of the magnitude of possible unimolecular and solvent
assisted rearrangement and elimination contributions to the behaviour of
xemothylallyl chloride in acetenitrile was a necessary precursor to a
study of eny chloride ion accelerated reactions,

To this end, a prelimdnary investigation of the rate of
rearrangement of oxemethylallyl chloride to Yemethylallyl chloride,
in both the sbsence and presence of chloride ions, was mede, Analyses
for chloyide ion production were also carvied cut,

The temperature chosen for the investigation wes 96,0°C, The
campound crosen to provide ohloride ions, i.e., the micleophilic
reagent, was tetrasthylammonium chloride, henceforth to be referred
wum“nn. This compound was known to be readily scluble and
fairly stable in acetonitrile and to have a low essociation constant
for iomepair forma 307 M.uuv&f'mﬂmmwm
require fairly high temperatures and concentrations of mucleophile to
produce a rate convenient for unqjm it seemed a suitable choice,

(41) Erocedure

Mmmmmtst%.o%unmh'mormld
tube” technique. One run (Run 17) contained no ltbl'cl.ﬁﬂo the other
(Bun 18) contained Et,\C1 (ca. 0.05K),
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The anpoules contained 2 ml. or 5 nl, of sclution depending on
their destination - analysis by gas chromatogrephy for rearrangement,
or for chloride ions - but those for the former were scaled down from
the 5 ml, sise and specially made., Analysis by ges chromatography was
semi-quantitative at this stage, and as no pure sample of Y-mathylallyl
chloride was available for the preparation of standards by weight,
mixtures of the two isomers were used and their compositions were
determined by refractive index measurements., Aunalyses for chloride
ion production were cerried out as described in Section I except that
only one extraction with 30 ml, of hexane and 25 ml, of water was
carried cut, Analysis for fotal chlorids ions, after quentitative
solvolysis of aliquots of the substrate, was by potentiometric titration
with standard silver nitrate solution, (For details of the technicue
for preparing, carrying out and analysing the runs, see Section VII).

Before analysis, each ampoule wes examined for discoloration
of the reaction mixture,

(411) Results and Discussion

The results for Runs 17 and 18 are shown in Teble XVII,

hﬂnmori&m rearrangement proceeds at a reascnable
rate to produce 667 of the Yeisomer in 14 days, If the equilibxium
percentage is taken to be 70%, this is approximately 9% reection. On
mowma.umm«mkm.mmm».
very slow rate which tends to increase with time,




36,

900°% =
syefyeue ou =

SPTIOTYD TATVIANRON=XO 8§

8 3

L (g4 wg) WSO = :Qf&
~ (84 uwng) M2E9L*0 = [ovW=x]
V=0 (Ly umy) wW628L°0 = [ovm=x]
¢Ot X 921 4 0000%
- 6 v o902
¢0b X 61 - oo'r
- €~ GeE Ll
- L > 8s0L
- L > ozLY
® P> =414
- P> 6651




87,

The production of chloride ions, enhenced in the presence of
ﬁﬂ.ﬁhh&mmtﬁ@hmﬁrhmﬁtﬂmnﬂdh
expected from substrate-solvent interaction, as indicated by allyl
ehloride in Section I, suggested complications. The sppearance of the
ges chromatograms of the reaction mixtures verified this, These, for
both runs, showed the presence of en extra peak, increasing in sise with
inocreasing reaction time and being considerebly larger for Run 18 anslyses
than for Run 17, in the same reaction periocd. This peak had a low
retention time of the order of 0,5 minutes, compared with that of about
5 mimates for the o(-isomer,

The production of chloride ions and the presence of the extra
peak immediately suggested that sn elimination reaction was ocourring,
rather than acetonitrilium salt m—um?" i.e.

mg-ai-cm-cl —> CR

a.momlwzﬁm

(The detector of the gas chromatograph does not respond to hydrogen
chloride),

Butadiene, the product of the postulated elimination reaction,
is a non-polar gas (b.p. u-4e 51°C at 757 -)"5Md¢hthw
to have a low retention time on the polar GIC column useds This compound
is known to form solid stereciscmeric tetrabromides with bromine
(mpe = 115=117%, mpe = 57-3°)%9115, 5o the contents of a resction
tube were divided into two and one drop of liquid bromine (excess) was
added to one portion, while the other wes used as a reference, After
15 mimates & sample of each was analysed by ges chyomatography and the
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extra peak was missing from the gas chromatogram of the brominated
sample,

A samgle from a tube containing ocxemethylallyl ehloride in
acetonitrile, to which excess sodium methoxide in methanol had been
added before reacting it to "infinity”, was also chromatographed and
showed & peak in the position of that observed in Runs 17 and 18,
Although this peak could have been produced by reaction of ecetonitrile
with methoxide/methenocl « it was absent when the latter was chromato-
graphed by itself - it could also be due to butadiene.

Vernon obtained a 107 yield of butadiene from the reaction of
x=methylallyl chlorids with ethoxide ions in ethanol’=’ so some
butadiens might be expected to be prodiced with methoxide ions in methencl,

The poasibility of the extra peak coming from the solvent or from
dscomposition of the B4, NCL:' "'

(czﬂs)um — (czn',‘),u + cﬁcl

(cgus)km1 ——> CH, =0, ¢ (czn5),mn

(caug)‘xm + (C}ls)’ﬁ — Ui, = cm2 *+ (czus))mm + (CZH5)5N
was ruled out by the previocus work on allyl chloride and by its
presence in Run 17,

Examination of Table XVII reveals that the side reaction could

be of the order of 107 of the total reaction, No disccloration of the
reaction mixture was cbserved,
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In general, although the megnitude of the catalytic effect of
chloride ions on the rearrangement reaction augured well for the
operation of the bimolecular mechanism, the possible effecta of the
products of the postulated elimination reaction had to be carefully
considered.

The produots, butadiene and hydrogen chloride, were considered
to introduce the possibility of two further mechanisms contributing
to the pearrangement reaction. Mm(n)mmd-mhlyudsnﬂ
mechanism, and (b) an elimination-addition mechanism,

(a) The 8,1' mechanism of anionotropic rearrangement is known to
be catalysed by strong acids, i.e., by the proton, and the effect is
mnpmmdthomnhnuﬂwlmmggmsp?aa This is just one
example of the generel phenomenon of eleotrophilic catalysis, by ions
such as g, i, Fe>* and Lewis acids such as BFy, which ascist the
rate~determining ionisation step of the Sy1' mechanism by boading
with the leaving group.

Hydrogen chloride in acetonitrile is a weak acid with respect
to dissociation into hydrogen and chloride ions (K = 1,26 x 10°2),

(conversely the chloride ion is a strong base), but it hes a much

stronger tendency to essociate with chloride ions to form the ion FCl, ,

B+ @ —= Hl, (K=2x10%)

mmumuwwumms,vmm
unﬂnu!“"m
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H

’, / C N
\‘»/ \«*/

CH2=CH-CHMeC| =/C\ /C\ = CH2CI-CH=CHME
L §- /,

“CIY

Assuming rearrangement to occur before the dissoclated
wm-mﬁz‘ i.0,, in some type of ionepair intermediate,
hydrogen chloride by hydrogen bonding to the departing chloride ion,
could asasist the bondebreaking step and increase the lifetime of the
internediate, thus reduacing the chance of collapse to the same isomer
and increasing the chance of the chloride ion being taken up in the
isomeric position,

Rectrophilic catelysis by hydrogen chloride occurs in the
unimolecular racemisation of 1-mesitylethyl chloride in acetone and the
exchenge and racemisation reactions of i-phenylethyl chloride with m1’6
in nitronethans: 2%  liovever, in the presence of ewoess Et,NCL the
chloride ions involved in the formation of the HUl, ion should be
supplied by this salt, thus eliminating the possibility of catalysis
of an S,1' mechanism.

nmmwuag'mwmorwomet
affect the concerted mechanism itself, except by competing as a
micleophile, but by combining with the chloride ions of the mucleophilic
resgent it ooculd decresse the effective concentration of the mucleophile.
The effect on the reaction rate would then depend on the relative
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meleophilicity of the chloride and x-m; jon, but the latter, with
its lerger size resulting in greater solvation stebilisetion and its

d spersed charge, might be expected tc be somewhat less muclsophllic
then the chloride m"

(b)  Butadiene con ndd hydrogen chloride to form either X= or
X-methylallyl ohloride by 1,2 o 1,4 attadk respectively, >

The kinetics end mechanism of hydrogen chloride addition t©
olefing in aprotic solvents is ocomplex and hus been studied inonly a

few cases, OSome interrretations of the mechanlsm are as Ibl].mvesx"!"’9

(1) The effective electrorhile is the hydrogen chloride molecule
wvhich attacks the double bond to form a complex of undetermined
structure, 7o carry addition further, it is necessary to break the
hydrogen to chlorine bond and form the carbonium ion, for which a
catalyst is necessary, one such being the hydrogen chloride molecule,
which Wee a chloride ion from the transition complex by forming &
dihalide ion. Thie interpretation acmuats for catalysis of both
addition to, and polymerisation of, styrene by stannic chloride, in
whiphthe intermediate can Le diverted by reaction with a second
molecule of olefin,

(2) The effective electrorhile is the free proton rrwduced by the

dissoclation process:

ML === H +HQ,
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This mechanism results in the following rate equationt

vs kj[oleﬁn][ml]z

if deprotonation of the carbonium ion formed is faster then

mwcleophilic attack. 12

(3) The micleophile and electrophile trans attack the double bond
simltenecusly, either in a concerted process or by mucleophilic attack
on a rapidly formed olefin-electrophile adduct, with simltanecus
formation of the Cell and C«Cl bonds.

In the case of a conjuzated diene, the position of electrophilic
attack is, as with olefins, determined by the electronic orientating
effects of substituents, but the mwclecphilic fragment can be taken up
in either of two positions. In the extreme case:

b .

s ) - N +C\ 5 CHACI-CH=CH-CH
CHE CH-CH=/gH2 ﬂCH‘i'CH'—'CH—CH?,/ 2 Lty
% CHz CH-CHCI-CHyq

It is generally considered that reaction of carbonium ion-type
intermediates with mucleophiles produces the less stable isomer more
rapidly, but that if the products can easily reverse this step then the
more ctable isomer will eventually predominate in them, i.e., kinetic
control of the products gives way o thermodynsaic contrel,’ >2+!33
In the case of the methylallyl halides the primery halide is the more
stable isomer due to x::-thw].-lm:arcm-n.).rgaim&rm.‘52
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The above interpretations of the mechanism of addition all
require initisl or simultaneous attack by an electrophile on the
unsaturated compound and any reduction in the coneentration or
availability of this electrophile, whether it be the proton or the
hydrogen chloride molecule, should reduce the rate, Therefore,
Mhdid.imfomtimwhm!t‘mlhmwm.nchlomtn
agetonitrile, which produces a pucleophilic ion, should markedly
lower the rate of the butadiene/hydrogen chloride reaction.

Hughes, Ingold and coeworkers found that bromide and chloride
ions reterded back addition to the clefin in the eliminationeaddition
reactions of $~butyl bromide with m‘mx -ndEi,.NBrin ni tromethane,
uhmzt“mmw-ipmdm addition to f=butyl chloride in
the same solvent) **!P

Elimination and back addition would need to ooocur at comparable
rates for this mechanism to be an important contributor to the
rearrangement of oremethylallyl chloride.

Obviocusly it was necessary to have more experimental information
on the relative rates of rearrangement and chloride ion production and on
the effect of added hydrogen chloride on these, together with a
substantiation of the elimination hypothesis and a determination of the
rate of addition of hydrogen chloride ¢ butadiene in acetonitrile, and
'ﬁnoﬂntothﬂ(ﬂ.enthh.bd’onﬁumliﬂmq*mﬂmmﬂd
be elucidated,




(1) ZIntroduction

Two runs were carried out at 9%,0°C. The resction mixture for
one (Run 19) consisted of cx=-methylallyl chloride and E$) NCl in
acetonitrile; for the other (Run 20) substrate, ©t,C1 and hydrogen
chloride in acetonitrile, with [Ei,.m]mﬂl!m]muud.

The rates of production of Ye-methylallyl chloride, chloride ions
and hyirogen ions were followed for each run and both runs were allowed
to proceed for e time considered long enough for rearrangement to reach
equilibrium, in order to investigate the behaviour of the chloride ions
prodiced during the rearrangement reection and that of the extra peake

(11) Erccedure

For details of the experimentsl technique, see Section VII. As
in Section II, the Vv.p.c, analyses were semiequantitative., The
preparation of a solution of hydrogen chloride in acetonitrile is
described on page 103.

A wolume slightly greater then 5 ml. of reaction mixture wes
plaged in each smpoule, After resction and quenching, samples of the
contents of each ampoule were put through the ges chromatogreph, while
a5 mnl, m@tmmwmn.org-pmmman.-t-mu
a 100 ml, separating funnel and extracted, The extracted aqueous
layer wes yun off into a 150 ml, conical flask and titrated with sodium




954

hydroxide solution (0,02182) to determine the concentration of
hydrogen ions, The solution was then evaporated down, while being
flushed with nitrogen, before being analysed for chloride ions by
potentiometric titretion with silver nitrate solution (0,01925M), The
MMM&W&%MMW@MMW
in an analogous way. The initial concentration of the substrate was
determined by quantitative solvolysis and subsequent potentiometriec
titration for total chloride. The acld analyses of the aliquots used
to determine the initial Et’.m concentration in Run 19 were "blanks",
which were used to correct for solvolysis of the substrate during the
extraction procedure and as an indicator blank,

Despite its being almoat outside the pil range for use in
titretions at this dilution, phenolphthalein gave more easily detectable
and stable endepoints than other indicators such as bromothymol blue,
An extrection blank of 30 ml, of nepentane and 30 ml, of water took
Oe1 nml, of sodium hydroxide solution (0.,01365N) to chenge the indicator
and, 08 all acid snalyses hed to be corrected for hydrolysis of the
substrate during extraction and the effect of acetonitrile, by the use
of "blanks", deviation of the end=point from the tiue equivalence
mmmmwmum.mmaumunm
enalyses wes considered eppropriate, FPrecautions were taken against
carbon dioxide and the titrations were reproduaible to 0,1 ml,

(114) Results and Discussion

The results are shown in Table XVIII,
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The [ ox=#AC] values shown in the table give the sctual concentrations
of oxe-methylallyl chloride at gero time, i,e,, the initial substrate
concentration corrected for rearrangement up % zerv time,

Approximate pseudo-firsteorder rate constants for rearrangemsnt
were determined by the grephical method of plotting log'o(l.-l)w
time, (See Appendix I) . The effeot of chloride fon production wes
neglected, Mplqu.invhlohmmrorx.mda
desaribed in Section XI has been used, are showm in Fig, 3, X, being
the percentage of ¥ -mothylallyl chloride present at equilibrium and X
the percentage present at time t, Division of the pssudo-firsteorder
rate constant by the concentration of zg‘xm gives a value for k2'.
the composite second=order rate constent (see Appemdix 1), of
5,89 x 10™> " 'sec.™" for kun 19 ana 3.53 x 10™ ™eee,™ for run 20,
The pseudo~first-order rate constsnt for Fun 20, when divided by an
effective concentretion of Et,NC1 equated to [E4IC1] = [r.\m]m - [HC1],
gives a value for k,' of 5.97 x 107 1 gee.™ s

The addition of hydrogen chloride to a resotion mixture therefore
causes & decrease in the rute of roarrangement. The megnitude of the
rate depression is, assuming & second=order roaction and within the
limits of the semlecuentitative data, equivelent to a reduotion in the
MMmuondl\mahoMotmmmﬂmof
hydrogen chloride added, i.e,, it is what one wouléd expect if the
equilibrium constant for the formation of the HCl, ion were large
and if the ion were relatively inefficient as a nucleophile,




FIG. 3

The o-MAC|EL4NCI Rearrangement Reaction
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The effect of hydrogen chloride on chloride ion production was
less clear, Rearrangement of the substrate to the Yy -isomer, probable
solvolytic production of chloride ions (~1 x 107M as determined in
Section I) and the comparatively lerge analysis errors in determining
the low concentrations of hydrogen and chloride ions produced during the
early stages of the rearrangement reaction, made comparison difficult.
However, pseudoefirsteorder rate "constants" for "elimination" were
mtﬁbyphtﬁmlq‘o(hx)mum.m.hmmtm
concentration of oxemethylallyl chloride and (e=x) that at time t
assuming only "elimination" and no rearrangement takes place, and
determining the slope over the time interval in which the formation of
207=40). rearranged product does actually ooocur., Data from acid analyses
was used for the plots which are shown in Fig, 4. Values for the rate
constants of 1,66 x 10~ see,”! for Run 19 and 8,95 x 10~ see,”’
for Run 20 were obtained, These values, when corrected for an approximate
depression of 207 due to the method of anslysis, gave values of 2,08
and 1,42 x 10™7 see.”', This method of analysing the “elimination®
data is discussed in Appendix III,

One can conclude that the effect of hydrogen chloride is to
depress, rather than sccelerate, the rate of chloride ion produotion,
but the data is not sufficiently accurate to estimate the megnitude of
the effect.

The pseudo-firsteorder rate constants for Run 19, together with
an examination of product ratios in the data of Table XVIII, enable an
approximate estimate of the relative rates of rearrangement and chloride

ion production to be made,




FIG. 4

The o-MAC|EINCI  Elimination Reaction
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5 0
W f\.:", from product ratios ~ 10,

2,08 x 10"

In the time required for sbout 507 reaction with respect to reerrangement,
approximately L% of the substrate hes decomposed as estimated from
hydrogen ion production, It was therefore expected that the kinetics
of the rearrangement reaction, over at leest an initial fraction of
the reaction, would be reasonebly uncomplicated if the mechanism were
bimoleculer and if back addition of the products of the postulated
elimination reaction were unimportant.

The production of chloride ions is maintained when the
resrrengement reaction is near equilibrium and the extra peak on the
ges chromatograms is large, suggesting that if the products are from
en elimination reaction, back addition to the diene is relatively slow.
If back addition were taking place at an epprecisble rate, one would
expect the rate of chloride ion production to fall off rapidly as the
concentration of products builds up and addition takes place. The
rate does fall, but this is probebly due to removal of ox=methylallyl
chloride by the rearrangement reaction,

As a check on the first Dromination experiments, 1 ml, of the
contents of an "equilibrium" reaction tube wes placed in each of two 5 ml,
stoppered flasks. To one wes added one drop of liquid bromine (excess).
After a reaction time of five mimutes, samples of each were analysed by
ges chromatography. As observed previously, the peak which was
suspected to be due to butadiene was absent from the Lrominated semples.
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The contents of the flasks were then mixed together, and after adding

one drop of btromine, samples were analysed, The peak was again absent,
The rate of production of chloride ions as estimated by titration

with silver nitrate, snd the rate of production of hydrogen ions as

estimated by titration with sodium hydroxide, are identical within

the limits of experimental errore. This indicates that the production

of chloride ions is socompanied either by the production of hydrogen

ions, or by an ion which reacts with water to form hydrogen ions.

It also implies that either method of analysis may be used to follow

the reaction,

s




(1) Introduotion

To test the validity of the hypothesis that eliminetion of
hydrogen chloride from (=methylallyl chloride to form butadiene

was ooccurring and that the extra peak on the gas chromatograms wes due
to the latter, a sample of tutadiene was prepered,

A study of the rate of addition of hydrogen ciloride to butadiene,
mmmaxt‘m«mmuomo-zmmmmum
of hydrogen chloride, wes made at 96,0°C to see (a) if elimination
followed by back addition could comtribute significantly to the rate of
rearrangement, and (b) the effect of Etbmlon the rate of addition,
Analyses by ges chromatogrephy, to determine which isomer was formed
preferentially, were alsc carried out,

(11) Experimental
(a)

The preparation and purification of butadiene is deseribed in
Chepter VI,

Butadiene was regenerated from purified butadiene tetrebromide
as follows: an appropriate weight of the tetrebromide wes mixed
thoroughly with zinc powder in the weight ratio 1,511, in a 100 ml.,
twoenecked flask fitted with a Leibig condenser, Ethanol (25 ml, of 95%)
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was added and the flask wea heated 5o that the ethanol refluxed
vigorously'®? The regenersted butadiens passed through the condenser
and & wash trap containing water intc a trap cooled in liquid air,

Butadiene for kinetiec runs was jrepared as sbove, except that the
weight of butadiene tatrabromide requived to give a solution of
approximately the desired concentration was used,

After heeting for one hour, nitrogea was bubbled alowly
thiough the apperatus to displace the butadiene {filling it into the
ooilnumtnp.

The trap containing the aclid butadiene was then attached to a
chein of apparatus conslsting ofs
(a) e wash trep containing a 107 aclution of sodium hydroxide, woich

was cooled in an ice-bath,
(b) a drying tube containing potassium hydroxide pelletu,
(c) three drying tubes in series containing calcium chloride (fused,
anhydrous, 8=16 mesh),
(@) @ 100 ml., B2, flask containing a suiteble volume of acetonitrile,
which was cooled in en ethenol-bath at «3°C, end
(¢) @ drying tube containing caloium ol
All connections were made with dry polythene tubing and rubber bungs
where glass joints were unsuitable, The receiver flask wes prepared in
the dryebox, i.e., the required volume of ecetonitrile was added and then
an adaptor fitted with drying tubes (calcium chloride) was inserted -

the joint being well greased with silicone grease. The contents of the
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flask were therefore protected from moisture during ell subsequent
operations outside the dry-box,

The frogen butadiene was allowed to warm up slowly and tubble
through the chain into the acetonitrile, When the trap was at room
temperature, a 100 ml. dropping funnel was connected to the previously
sealed off inlet to the trap and water was xun into it alowly to
displace the remaining butadiene, When the water level reached the
outlet of the second trap, the flow wes stopped and the receiver was
disconnected from the chain and allowed to warm up to room temperature,
before being transferred to the dry-box,

The purity of these solutions of butadiene in acetonitrile was
eatimated by v.p.c, analysis for 1-2 hours, Only butadiene and
acetonitrile peaks were present,

(v)

A suitable volume of acetonitrile was added to%oo ml, , B24 flask
in the dry-box and an adaptor fitted with drying tubes (caelcium chloride)
was inserted, The flask was then removed and attached to the hydrogen
chloride generatar,

Hydrogen chloride was generated fyom "Analar" potassium chloride
by slowly adding "Analer" sulphuric acid (econc.) from a dropping funnel,
It was dried, by pessing it through a trep containing "Analar" sulphurie
acid (cone, ), before being passed through the calcium chloride tube into
the solvent!™®  When sufficient had been dissolved in the solvent, the
receiver was disconnected and, while a stream of dry nitrogen wes
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directed ecross the mouth of the flask, the adaptor was quickly
rercved and replaced with a greased stopper., The flask wes then
transferred to the dry-box. Solutions were prepared the day before
use to standardise the effects reported by Jang and Danyluk, Kolthoff
and co-workers, and others, -1 /017!

(¢) Ereveration of Kinetic Runs

Aliquots (ca. 5 ml,) of each solution were trensferred to two
smell stoppered flasks under the anhydrous conditions of the daryebox,
and these were removed for an analysis of the epproximate concentraticns
of the solutions, This enabled the relative volumes of the resgents
and acetonitrile, required for a kinetic run, to be caloulated,

All the specially dried epparatus for a run was then placed in
the drye-box and left for twelve hours, (Overnight).

Porthonminvhichhﬁﬂlmmonmt.mluuom
of it in ecetonitrile were prepared as described in Section VII,

Toﬁbnlu&nofﬂ&&lhtimﬂ.ﬂuk.crﬂuﬂlﬁ
1m1r,unppwpruh.mnddndt!nbulkottblo1nntnqnu6b
give a solution of the desired concentrations of reagents, end to this,
the required volume of each prepared solution was added, The mixture
was shaken vigorously and then transferred to a 100 ml, dropping funnel
fitted with an adaptor and a greased tap and stopper. This funnel was
reroved fyom the dry-box and attached to the reservoir of a calibrated
sutomatic pipette, which wes protected with drying tubes. A drying
tube was substituted for tie stopper and the cutlet from the adeptor
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of the dropping funnel was similerly protected. The reaction mixture
was run into the reservoir of the pipette which, after removal of the
funnel, was closed with a drying tube.

The reservoir was surrounded by a Jacket through which ice water
wes pumped to reduce lose of butadiene from the solution,

The ocutlet of the pipette passed through a dried rubber bung
which fitted into the mouths of the constricted test tubes used for the
runs,

After allowing the reaction mixture to cool down to the jacket
temperature (10 min, ), aliquots (5,03 ml,) were placed in a series of
constricted test tubes, Fach one was quickly stoppered with a dried
rubber bung and placed in an ice-bath after being filled, The tubes
were then frogen in liquid air, sealed, and placed simul tanecusly
in & thermostat at 96,0°C to react, Aspoules were quenched at various
times by plunging them into an ice-water bath.

(a) Agalyeis of Kinetic Rung

(1)

The ampoules were ccoled in liquid eir and cracked open with a
hot, glass point, The contents of each ampoule were then added to
30 ml, of nepentane and 15 ml, of water in a separating funnel and
the ampoule was rinsed with water (<5 mi,). After vigorous shaking
to extract the butadiene and addition products intc the organic layer,
the aquecus layer was run off into @ 150 ml, conical flask and titrated
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with sodium hydroxide solution (0,01365i) for hydrogen ions, using
bromothymol blue as indicator.

The solution wes then evaporated down, while being flushed with
d trogen, before being titrated with silver rdtrate (0,046180) by
the potentiometric method, to determine the total concentration of
chloride ions. Initial acid and chloride ion concentrations were
determined in an identical way.

(2)

Each empoule was cooled and shaken in liquid air until the
@mntents were seniefrogen, It was then opened and the contente were
poured quickly into 10 ml., of a bromine in methanol solution + 25 ml.
of dry methemol ina 150 ml, stoppered flask, The amoule was then
ringed with methenol and the flask was stoppered and gently shaken,

At the same time, 5 ml, of acetonitrile containing hydrogen
chloride at the reaction mixture concentration, was added to a sindilar
solution of bromine in methamol to act as a blank, i.e., to correct
for a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>