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. ABSTRACT

The mechanism of the- decomposition of benzyldimethylsulfonium
salts has been studied in chloroform solvent. ‘The redction goes to
8 & L4 A9
completion; dimethyl sulfide and a benzyl compound, containing the

ani Il‘“(;f the salt, are the only products.

alonfa and O;l equimolar mixtures w:ltj*m n«tetrabutylamon:{um salts vere
carried out v}ie}r’allowed the calcuiation of the concentrations of

the diflft?urt ionic specles present in‘ chloroform solution. The

. addi:tioﬁ gqf the ammonium salt dramatieally inereases the concentration
of the triple ion of the g:ypt; XSX , while drastically reducing that
6% ‘§XS+. The concentrations of the different ionic species we,r? used

in conjunktion with the kinetic rvesults, and product i&eug:ities, to

deduce thenmechanxsm of the reaction, ——

* o o
The kinetie studies show that the reaction rate is proportional

to, the conductivity rather than molar concentration of the salt, and ,
~ iy .
is controlled by the nucleophilicity of the anion. This is shown by
‘ L
the fact that benzyldimethylsulfonium perchlorate does not decompose;

*

alone, but does so in the presence of n-tetrabutylammonium bromide,
producing dimethyl sulfide and benzyl bromide.
The addition of a small amount of ammonium salt causes a sharp

decrease in the rate constant which then becomes gradual and linear

2t
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“ b . ¢

with subsequent additions of the ammonium salt. This négative salt

v

effect is very insensitive to the identity of the ammonium salt
anion. , v <

i1

The rate constant chagges ‘produced. by variation of the ®
concentration and anion 6f,the salt, by the addition of other

nucleophiles, and the secondary deuter%um {éétope effects, all
¢

2

© k4 %
sfiggest a mechanism which involves only the traiple ion, consisting
1 N

A

of two sulfonium éations and one anion, and™o other ionic species,
. 4 ” L]

/ . 2o W '
/

‘ .
e
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. INTRODUCTION

| .
T

. Nucleophilic substitution reactions, with espegial reference

to the sulfonium salt ®
(a) Terminology of nucleophilie reaction ’
» ;

0f the various classes of organic/reactions in solut:}on,

nucleophilic substitution reactions o carbon have probably

1

‘been studied most intensively. In general, a nucleophile
s {i.e., an electron pair donating reagent), using a pair of its
i

\ * + electrons, forms a new bond te the carboh atom under attack,
\ while the leaving group departs with the pair of electrons
\
g . .
\\ from the bond that has been broken. A widely used classification

b

. of these reactions, largely through the pioneering investigations
\ of Ingold, Hughes, and co—workersl is based on the molecularity

\\ of the reaction. The following schemes represent the two
\\extremes of. the nucleophiliec reaction,

\

| Scheme A Y + RX —* Y=—rR-—X ——YR + X

\

Scheme B Rx 2L, R++x‘§%+ RY

|
|
} )
In Scheme A {where no charges or partlal charges are shown due
'!

to their variable nature) the synchronous bond making (between
|

Y and R) and bond breaking (betwﬁe'en_R and X) are assumed, and

«
s

|

I -
| ff T

|

|

. / 1

t




°
-~ &

! [
. inversion of configuration occurs in the product, The reaction

is one step and passes through a trangition state (or, activated

N
= 3
3

. . complex) which contains both Y and RX and consequently second
. N 4 \ 4 o
- ~ order kineticé?%re exhibited: ¢
) . maex ; : ‘
S Cov o= H2E L o : @

a » o .
» o » -

P
Scheme A is generally abbreV1aE§d as the SN2 (Sub§titnt§onr

Nucleophilic~Bimolecular) . .
. Scheme B represents the, two step SN& (Substitut%on—Nuclegghilic-
Unimpleeu}ar) mechanism, where the trangition state does not
contain any Y, but involvé:.the formation of a metastable
carbonium 1o§ in the rate controlling step, which is rapidly
convért?d to racemic products or revertsg to reactants: Since

the rate is independent of the nucleophile, ard proportiodal

only to the concentration of RX, first order kineties are

observed: .
: . _ m@R) . y
v = H& K (RY) e}
4 n 2

(h) Modern theories of nucleophilic :gactians: $neen's theory:

4 -

1) Sy s
However, in the case of solvolytic reactions, where the
reaction media themselves are also the nucleophiles, the situation
a9

e

becomes more complicated2 and Winsteina,proposed an alternative




T

.
‘f&\ i1
L
-1y -3\:%“3\\, '
o b

st w7 W -

_nomenclature for these reactions where tlHe transition state is

being regarded as consisting of canonical structures I, II, and .
S L e +

III (Scheme C). | .
Scheme ¢ Y R-¥ Y R X L Y-R X '

i ' T . It ’

pnby,whenléll the three structures (I, II, and III) contribute

v

significantly to the transition state, the mechanism is termed

nucleophilic (N); otherwise, for the activated’ complex with .

¥

insignificant role of structure IXI, the mechanism is sald to
be limiting (Lim.). .- . i

-

It was long felt that, although Ingold's theory was unique
»in explaining most of the reactions, it becomes less satisfactory
in the mechanistic "barder-line" region which appears to require

4
two operative mechanisms, distinct Sﬂl and SNZ processes in .

! COmpetition4“6. The mechanisms developed by w1nstein7-9 and ¢
’ bl %
otherslo_lz includes two intermediates: (1) an intimate‘&on’pair

¢ a

QR*X’) formed by the intervention of the medium and (2) a solvent

separated lon pair (R+1IX~) as shown below (Scheme D):

K K k
Scheme D RX =t—  RY —% |z > ¥ +x
K % k »
e N T A
. 1n ban %30 " K -
P P P’ P
’ B o st
w,
. : . en o en
:ﬂ} ‘f‘




@

Acéording to this scheme, tﬁe substrate as well as the other
species (i.e., RfX_, K+][X—, and the free i;ns §+ + X))
derived from it may react with the wmucleophile to form the :
éroduct (P}, The constants kl;fu—* kﬂn constitute the
nucleophilie parts while the "rate constants k, —> k¢ form
the ionic components of the overall reaction. The most
distinctive feature of this mechanism (Scheqe‘;) 1s the
de-emphaﬁgs offthe concerteg processes, and recently Sneen

‘«,}‘*( e
and cowori%erslS"l6 have postulated that in nucleophilic media,

)qﬁé solvolysid®goes exclusively by nucleophilic attack on an

iptimate lon-pair intermediate and thereby excludes the .
possibility of any reaction with the initial state of the
reactant. 1In such medi;, for primary and’secoﬁdary centres

having good leaving group "a truncated" version of Scheme D

can explain all the experimenfal“facts, as shown in Scheme Elﬁz
Scheme E Rx——k—l-+ ' Eg-%
cheme P
. kz
In Scheme E, the absence of kln shows that the Heitler—Londoh
mechanisn' 2% of the classical S, 2 reaction is kinetically

N

insignificantlg.



{(c) A survey of the reactions of sulfonium salts:

Sulfonium salts (RSSX) have been found to decompose intq
thioether and alkyl halide, when X represents a halide ion,
Since the formal c@arge is dispersed in the transition state
in such a system, the reaction rate was found to be higher in
a medium of lower dielectric constant’l 22, Dimethyl-t~
butylsulfonium chloride has been thoroughi; studied and is

believed to be Snlﬁtn a medium of high dielectric constant22 27,

Similar results were obtained by others20~28 for the decomposi~
tion of triéthylsulfonium bromide and first order kinetics was
observed in a variety of solvents. Gleavez9 and coworkers found

+

é}imethylsulfonium c¢hloride, ~bromide, and —carbonate inqethanol
to give constant and identical first order rate constants, ﬁyereas,
the second order rate constants wvaried by more than a factor of
two in the course of a run., In addition, since the added carbonate
ion (as tefraéth&lammOnium carbonate) did not alter the reaction

rate of triethylsulfopium carbonate, the conclusion was of a

unimoXecular reaction with

+

. A}
o}
(CH3)38 e CH3 + (cn3)25

as the rate determining step.

v

Later, Hughes and coworkersBO investigated the decomposition

of trimethyisulfoniﬁm chloride, -bromide, and -iodide in ethanol

8

-



3

B3
g

"

and founé that the rate of decomposition followed the order
I7>Br >C1~ and concluded that the anion was involved in the
rate-controlling step. Swain and Kaiser31 congsidered the
éarticipagion of ion-pairs in the rate—controlling step but
have rejected the idea since in the reaction medium (D=25),
good agreement was observed between the measured equivalené
conductances and those calculated by\the Onsager-Debye equation
for strong electrolytes. While trimethylsulfonium perchlorate
did not decompose in 90X acetone (D=25), the same reaction in
the presence of added lithium chloride showed the éonSumptionP
of chloride ion with good second-order kinetics, indicating
that the anion was involved in the transitiop state, focker
and Parker32 not only found the decomposition of trimethyl-
sulfonium salt in methanol and in ethanol to be SNZ’ they ,

fhowed that the Swain~Scott nucleophilicity of the anion was

33

linearly related to the rate constants.. Hyne's™~ studies of

t-butyldimethylsulfonium iodide, ~bromide, and —~chloride in

water, and in various water—ethanol mixtures indicate that the
dependence of the rate on the anion character and on ;he
concentration of the salt begins to develop as the dielectric
constant of the medium is 1owé;éd, Unlike the explanation offered
by Swain and Kaiger3l, he interpreted the results in terms of the

s 2N
increasing importancewéf an ion-pair mechanism as the dielectric



%

33,34

constant of the medium is lowered + Although, the kinetic‘

-

effect of added common anion in the solvolysis in aqueous -
ethanol i$ analysed in term; of an ion pair mechanism, Hyne and

Abre1134 observed that the simple ion pair fale fails to account

for the kinetic behaviour with higher concentrations of éhe added

common anion. An explanation consisting of a normal salt effect

and further involvement of the ion pair in 52 attack by common

anion has been cited as a possibility for the observed kinetic

35-36

effects. Khim and Oae studied the mechanism of the alkaline

decomposition of ‘triaryl sulfonium bromide with various bases.

On the basis of the ratio of the products formed, they considered
the reaction to proceed via three mechanistic routes, depending

on the nature of rhe attacking age;t; (1) a nucleophilic attacg/fa\
ongthe sulfur atom, (2) a nucleophilic attack on the aromatic
carban,' and (3) a benzyne type mechanism, On the otheé»hand,

Lail and MbEwen37 isolated a mixture of aromatic hydrocarbons, *
alkyl aryl ether, diaryl sulfide, and aldol resin, together with
a small amount of biaryl, from the reactlon of triarylsulfonium
halides with sodium alkoxide in corqupouding alcohol. These
authors proposed that the alkyl aryl ether is formgf by a competing

aromatic nucleophilic displacement, whereas, the other products

are formed via a free radical mechanism.

#




More recently, the effect of dielectric pénstant of the

medium on the rate of decomposition of trialkyiSulfonium

38

hydroxide™ and the kineties of the sulfonium ion decomposition

in dodium hydroxide has been reinvestigated39. Thornton and

40-42 studied the reaction of dimethyl-4-nitro—

his coworkers
benzylsulfonium ion with sodium hydroxide, and obtained
4,4'~dinitrostilbene ds the only product; and reported that the
redgetion was first order in both the hydroxide and the sulfonium

ion. In their reinvestigation of this reaction, Closs and Goh39

obtained 4,4'-dinitrostilbene oxide as a by-product besides "
trans-4,4'dinitrostilbene as the major product. Furthermore,

they have found that the reaction was sensitive tg the presence
of oxygen,land,bverall thixd order kineties (first -order in
hydrexide and second order in sulfopium idon) in nitrogen

atmosphere, while an overall second order kinetics ‘was o;served
in the presence o; oxygen. In interpreting their experimental
data, they pxefezfed an SNZ’ or a radical mechanism 1n such
systems. .
Darwish and Taurigny43 reported that tert~butylethylmethyl-
sulfonium bromide ieacts more rapidly than the cdrres;onding
perchlorate in ethanol, acetaic acid, and 50% acetic acid-acetic
anhydride: A higher yiézd of olefin is obtained for the bromide

than the corresponding perchlorate beside the substitution productsav

’
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’
'

from solvolysis of these salts. The addition of lithium chloridé
to the perchiogate salt yielded tert-butyl chloride as one of the
products, indicating that the préduct of the solvo}ysis depends i
on the nature of the counter-ion. anm.thé ratio,of the products

and other experimental data these authors have given an ion pair

wmechanism for the decomposition of these salts in such media.

4 - The effects of isotopic substitution on the displaced

group we?e first studied by Asperger and §aunder84a for the

decomp&sitions of sulfonium iouns, and observed that the sulfur
-5 -

isotope effect was larger for carbonium ion reactions than for

],bimolecular elimination where the carbon-sulfur bond is little
stretched in the trangition state, For thé SH2 reactions between
hydroxide and benzyldimethyléulfcnium ions the sulfur isotope
gffect is increased by electron supply to the reaction centre45
suggesting that the amount of bond-breaking in the transition
state is increased by electron donating substituents. Hogsver,

39 have argued that the éulfur~isotope effect cannot

Closs and Goh
provide unambiguous evidence for a particular mechanism of thi§
reactlon; because the observed isotope effect is an intermediate
value between those which would be expected for SNI and SNZ
mechanisms., During the course of the writing of this Fhesis, Sneen
and coworkers46 have reported the decomposition of benzyldimethyl-

, Ssulfonium ion in water as competitive substitutions, by solvent

»
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~

water and added nucleophile; a unifying mechanism of nuc&eophilic
p’ e
substitution into sulfonium ions has been suggésted by these

authors to expiain thé borderline behaviour of these reactions.

o

Tonic compounds in non-aqueous solvents -

2

(alﬁihlncomplete dissociation of salts:

’ . »
Walden's classical investigation on umivalent electrolytes

made it clear that so far as the behaviour of ionlc compounds is

concerned, the solvents fall into two distinct classes: (1)

"differentiating” and (2) "levelling" solventsa7. The latter

class consists of the hydroxylic solvents in which the inorganic

salts tend to be strong;ﬂ even in ethanol, with a low dielectric

constant, the pK's are surprisingly low, and samilar to one another,
On the other hand, in the "differentiating" solvent$ the

°

pK's é}e generally larger and cover a wide range of magnxtudef
Another characteristic feature of theseosolveﬁ;s 1s that wherever

a comparison amongst the alkali metal salts is possible, the lithium
salt is the strongest and caesium salt the weakest %n the "levelling"
solvents unlike the case in the "differentilating" solvents. These
differences between the two types of solvents have been assigned

to differences in solvation energy. It is supposed that the cations

are more strongly solvated in the hydroxylic solvents and that the



~—
¢

11

donor propgrties of the hydroxylic solvents make them form
solvates with the anilons,

However, a somewhat differént gsituation arises with
salts of the larger cations, such as, quartenary ammonium
1°n548_ _In such cases, the main factor in determining the
extent of ion 7:fociation is the dielectric constant of the
medium. This is in accordance with the assumption that these
cations are too large to be strongly solvated. The order of

strength of tetraethylammonium salts in non<hydroxylic solvents

is: Cl <Br , N0;<I‘<0104 contrary to that in the hydroxylic
solventsag. It would seem as if the strength of the solvation
of the anion must be the deciding factor in such cases. The
fact that the chloride ;;d bromide are somewhat stronger in the
nitro solvents than would be expected by comparison with
acetonitrile indicates .that hinor solvation influences must be
conceded even amongst the "differegtiating" solvents.

Results of Kraus and coworkers®0 > for ammonium salts
Indicate that these §a1ts have much lower dissociation constants
than the fully substituted ammonium salts, owing to hydrogen-
bonding between cation and anion or to solvolysis of the weakly
aclid and basic congtituents (ingomplete salt formation). Cations
with central atoms other than nitrogen have also been studied.

The pK value (in ethylene chloride, at 25°C) of methyl-tributyl-
NMevin

ammonium picrate is 3.921, of ethyl-~triphenylphosphonium picrate




sl

o

2

3.424, and of eEBylltriphenylarsonium picrate 3.465. The

o

perchlorates and nitrates fall in thq same fashion. Tetra~ -«

butylarsonium~, tributylsulfonium-, and diphenyliodonium he

picrate have pK value of 3.848, 4.348, and 5.633 resﬂéctively."

&

The reason for this increasingdweakness on passing from the

tetrahedral cation through the planar sulfonium to the linear

iodonjum radical is supposed to be due to a closer approacy
of the picrate ion to the cation as the latter becomes more

-

open.

(b) Concept of ion-pair:

The fact that the ionic compounds behave like wedk
electrolytes in hon-aqueous medium of low polarity was first
reported by Krau554. The conductance of such a solution
indicates that only a small .fraction of the dissolved salt
is dissociated i;to free ions. To account for these observations,
Bjertum55 proposed that in noﬁ—aqueous solvents, the oppositely(
charged ifons are associated into neutral ion~pairs which do not
contribute to.the ei;ctrie conductance. He defined an ion~-pair
as two counter-ions at any separation whose electrostatic

r

attraction is greater than their fean thermal energies. In
solvent856 of higher dielectric constant an ion-pair will be a
more compact assembly compared to that in solvents of lower

dielectric constant.
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37,58 and mfuen:ei.ns9 independently suggested

In 1954, Fouss
‘that ion-pairs may exist iﬁn two distinct forms: the loose and
the tight i?n—pair:;. The loose ion pairs may exist only in thase
solvents in which at least one of the_‘ im: is golvated; while a

weak interaction of both the ions with the sclvent gives rise to

1

el

tight ion-paiy. .

2

(e)  Aggregation of ion-pairs: -,

,Thorougﬁ studies of cenductance of highly polar solutes
in non~aqueous medium indicated that at higher salt concentratio%ts

simple ions will associate with lon-pairs to form triple ionsﬁo:f:

+5 - 4 i

+ - 4
A,B +A —> A, B,4A - Ry ,
F o= o - -

and A,B +B —* B ,A,B K, . ‘,

The formation of triple ions increases the specific conducfande,
A » which is given by: /
IRV -
A o= AR+ BT - / CY

where ¢ is the concentration of the salt. This dependencé léads ‘

@

to 2 minimum in the A-c relation. In their original treatmént of

60

trfi.ple ion f,omation, Fuoss and Kraus  assumed that K+_+ 7 K et

Although tl}lis generality holds very well in most cases, exéeptions

{ -
have also ?een cited by othersﬁl'm,

s —

/
/

. .
j /

/

oo

o

‘
3
oo
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The aggregation may proceed, furtyer with the formation
. Vd -
quadrupoles,and these may associate into even larger
F'a

e ' -
qggregate863’64 the binding ene}igy being su\p_liljled mainly by s

the dipole~dipele interactioms. ~
v -
An extensive series/of measurement$ on tetrabutyl- .

ue to_Fuoss and Krau560 as well

as Hughes, Ingold, their coworkersﬁﬁ. The latter group

mainly as ion~pairs; an(d) at 10—5H a few millionths of total salt g‘l—
concentration are dissociated into simple ii.ons that carried most
of the current. At 10-414, the simple ions add to ion-pairs
producing ion triplets, to the extent of a few millionths of

the total salt concentration, which now carry most of the current.
At aboyt 10:—311, the triplets are being replaced by uncharged
quadruplets.: And finally around 10~2M, charged aggregates higher ;

than quadruplets are formed in greater amount, and simple kinetics

in reactions of salts are not to be expected.

(d) Solvation of ion.—-pairs by external agentss

0 h - i
.

A suitable agent E added”to solution of ion-pairs may form

new specles and equilibria such as




§A+,+E — At B

+

A, BE+E — 2, 2 ete., .

o
g

may be established. The external agent, E may react with a

| .1 1

tight ion-pair in two different ways: (1) it may form ax//{:ight:

A+, B pair coordinated on its periphery with E, or (2%11: nay

a

form a loose A+, E, B pair in which E sépa{'ates the ions. These

a® o

T o '".’xmr-pﬁi‘i*s‘,“(l)‘iﬁrﬁﬂay lead to an isomerization equilibrium,

At B, E — 4N B, B,

7
0

\ and was first reported by Slates and Szwarcﬁs, while carrying\

> &,
out spectrophotometric studies of an equilibrium between an oL

¥ .

,
b

electyon acceptor (biphenyl) .and metallic sodium.

Ty

.

-

c, Effect of added salts in th:z‘ reaction medium

1

(a) Tonic strength éffect: R -

»
-

g

The rate of a reaction between two ionic components,A and

B, in which the activated complex A,B formed in the first step

v, A
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will be transformeéd into the final product, is governed by the
Brfnsted-Bjerrum theo::yﬁG—68 and is given by: -

-de/dt = key g 4)

e Teos/fa 5 = Kap’ - 3

where the c¢'s are concentrations, the f's the appropriate

Ed

activity coefficients, k, rate constant, and K the dissociation

constant of the activated complex. Combination of (4) and (5)

o

&
gives,

- 3
3

-

7%

~de/dt = (k/KA’B)cAcB(KfAfB/fAJ) 6) .

n = kb'cAcB'F (7)

-
e

Calculation of the effect of the add;d salt on the activity

»

coefficients should give a quantitative relation between rate

and ionic strength. The activity coefficients can be cdlculated

¢

from the Debye-Hiickel limiting equation. For aqueous solutions

Lo
at room temperature, it reduces to69,

- -3
log ¥ = R 2 (8)

whexre z's are the charges and I is the ionic strength of the

-

meaium.

P

-

\.\‘\“
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The gquation (8) was applied to interionic reactions as

well as to reactions between ions and neutral molecules; and

b ) .

found sat#sfactory for only veiy dilute aqueous solugions.
It: i8 now known that the electrolytes fall into two

classes: (1)° those in which the ratio'fA_fB/fA B in equation
3

(62 is indep%naent of the fhature of}the salt, even though

the individual activity dpefficients vary widely. Many

. inorganic s&lts are of this type. These salts exert two-fold

effecta: one due to their interactions with the initial and

-

transition states, and the other due to their ionic atmospheres.

Since the interactions of these electrolytes with the initisl
and tranqitioﬂ‘staces cancel outﬁin the Brénsted-Bjerrum rate
equation, the only effect of the electrolyte is due to its
ionic,atmosphere, the magnit;de of which agrees reasonably

a

according to equation (8). .
(2) But wiéh the second type of electrolytes, their
speeific effectsxon the initial and transition states do not
&ancelﬂout, and as a result the ilonic atmosphere model does
not apply to reaquxns carried out in the presence of this
class of electrolytes which includes mineral acids, tetra~

alkylammonium and carboxylate salts etc.

»°




“for SNfl reactions. This increase is attributed to_the increase
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(b) Common ion retardation: .t "

Although for many alkyl halides the specific rate of

hydrolysis increases during the reaction, this is not common

v

in the ionic strengthm. On the other hand the solvolysis of
many halide; shows a gradual decrease iIn the sApeci}:'ic rate during
the reaction: and added common halide ion retards the solvoly3137o’7l.
'l.'h:ls retardation can be explained by the fact that the intermediate

carbonium ion is reconverted to reactant hy the added halide ion:

\\ k M * °
R-X 1, grax -iﬁkﬁ-» ROS + H'
% 2 \
|k
4D K, k, (RX) K, (RX)
“Tar T ) T ) EY

where o measures the relative réactivities of X and the solvent .

S
o 7’

on the carbonium ion. When the carbonium ion is sho;:t-lived glt

-

is so reactive that it is largely captured by the.specles in

excess, the solvent. W/hereas, a more stable carbonium ion will

be more selective towards a stronger nucleaqphile, and thus give %

a greater value for o and a greater retarda,ation by the common ion.
The carbonium ion may be trapped by the addition of ]

nucleophiles other than the solvent or the common anions, which

thus lower the rate of -sc;lvolygia, but not of the averall

rei'ct:ionn’n . .
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{c) Salt effects in solvents of low dielectric constant:

. -

The siwple electrostatic theory based on the concept of
an ionic atmosphere suffers a complete break down when the salt

effect is considered in non-poelar solvents. Since ions are

e -

much less strongly solvated in such medium)\ they come together
as ion-pairs, triple ions, or even as higheh ionic aggregates,
as already discussed. The retardation of the specific rate

due tc common ion addition will alsc be large, because the

. comgon ion will be weakly solvated and so_more nucleophilie,

in such solvents.

o In aprotic solvents, salts can be very effective catalysts

for SNI reactions. For example, the rate of decomposition of

p-methoxyneophyltoluene~p-sulfonate in ether is increased about
105 times by the addition of M/10 1lithiuvm perchlorate. And the
reaction in the presence of the salt ishfaster in ether than in

acetic acid unlike the usual Solvent effect for SN1 reactionsTS.

In non-polar ethyl ether medium the polar transitlon state will
not be very stable, but the weakly solvated salt will react very?
strongly with the transition state. ché@er, in such a medium,
the réaction might be regarded as taking place on some ionic

a

aggregation and not in the general body of the solution.

,\ -

\




.~20

(d) Ion pairing and the reactivity of the nucleophilic anjons:

ca
@

Since the electrolytes affect the reaction rate due to their
interactions with the initial and transition states, it is expected

that the second order rate constants should decrease with increasing

,

salt concentrations, when the anion of the salt itself is one of the
reactants; and is associated in solution. This effect, which is
actually observed, is explained assuming that the free anion is
very much more reactive than the associated ion pair; and sinc; the

concentration of the former decreases with increasing concentration,

the second order rate constant also decreases76’77.

Generally, the ion pairing decreases with$increasing size
of the ions, and becomes less impqrtant for tetraalkylammonium salts,

as mentioned earlier, The reactivities of EﬂE halide ions in

acetone are found to be in the following sequence:
CL>Br>1

Whereas, it is ifi the opposite order for reactions in hydroxylic

golvents; and fﬁé reason is not only the solvation of anions by
the hydroxylic "solvents due to hydrogen bonding, but the small
chloride ion will be much more effectively deactivated than the

large iodide ion. .



{e) "“Special salt effect": .

The studies of salt effects upon the rates of SNI. reactions
in solvents of low polarity have shown that salts can play an
important role in converting the ion-pairs into free carbonium

ions. Winstein and his covorkers>2* 78

first reported this "special
salt effect" in acetic acid when they obsexrved that for some alk’yl
arenesulfonates there was a very sharp rate increase when small
amounts (<1072M) of lithium perchlorate was added. Addition of
larger amounts of the salt incresases the rate in a way typical of
a normal ionic strengttf effect. The explanation of this special
salt effect is that the solvent separated ion-palr is a reaction
intermediate that may collapse to reactant, or dissoclate to give
a free carbonium ion, and thence product. The special sa}t, €s8ey
lithium perchlorate is believed to intervene in this lon-pair
scheme, converting the ion-pair R')]| X~ into another ion-pair
R+H(104'. This change reduces the likelihood of the reversal to
an intimate ilon-pair, thus increasing the overall rate of

solvolysis, as shown below:

y_‘f
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Scheme F R ’
RX ionization R*kf solvation R+llX' dissociation Kt*x— )
4 intimate i solvent dissociated
ion-pair, separated ions
. ion-pair

Rl

o v v - o o~

external
return
(can be promoted
by common ion)

a

internal ion~pair return .
return (inhibited by

LiClOA) products

e——-n-u-q—--'—-.-
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(£) Salt effects in non polar aprotic solvents

It is now an established fact that in such solvents
reacticds 1ight have more than one intermediate. Swain and his

73,80 o 81,82

cowork.r» , and Hughes, Ingold, and thelr coworkers

have (arried out reactions in such nou-pa}arsaprotic medium as

.

benzen2, and came to the conclusion that ion~pairs are inter-
madiates for nucleophilic substitutjon reactions in benzené:
However, the latter group, places considerable importance on \ -
the great foree range that would be exerted by the different
components in benzene.

According to their postulation, when a substrate RY is }
ionizéd to an ion pair K'Y in a non-polar aprotic sclvent
containiné a reactive salt H*Y" in moderate concentration, the
carbonium ion will jimmediately react with the saline reagent
which is already within its force range. The encounter probability
Loing unity, an increase in reagent concentration cannot increase
that, Sut if the reactants, after first comtact, undergo an
activated redisposition of the ions, before the latter can
covalently react, then the rate may depend on the ideantity and

L »
not on the concentration of the reagent, because, the reagent

is present in a kinetically significant second activation.

’

«
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Hughes, Ingold, and their coworkers postulated that the
consequence of the great force range in benzene is widespread
electrostatic catalysis, of no fixed kinetic oxder. On a polar
transition state polar ambient séecies will ‘exert their kinetic

-

effect in various numbers, from var%ous contig?oug and non- .

contiguous positions whi;h need not be specifically prescribed.
Suéh,catalysis.by ambient ion-pairs becomes important at ab;ut
IO-ZM, and becomes more prominent with increasing concentrations.

-

The Eecondary kinetic isotope effect:

©

{(a) Primary and secondary isotope effects:

¢

-

The kinetic isotope effect, expressed as the ratio of the

rate of the normal compound to that of the isotopicglly substituted

.

analogue is tefmed 'primary’ when the isotopically substituted s
bondfs) is(are) ‘formed or broken in the rate-controlling step;
othe%wiée, it is termed as the 'secondary' isotope effect. Primary
isotope effects‘are generally large in magnitude and 'normal'-in

character, i.e., kHIkD>1, while the secondary effects can be

extremely small and may be gither 'mormal’ or 'inverse' i.el,
kH/kD<183,84

of the masses of heavy and light isoiopéf is maxiwized, deuterium

« Since the isotope effects are liargest when Zhe ratio

B
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isotope effects are studied to a greater extent than any other

elementsas“87.

o

Secondary deuteriuvm isotope effects can be classified as

x, B, v ete., effects depending on the position of the isotopic

element relative to that of the leaving group X, as shown:

\
§ &

\' ’
.S

Y

a
8 LG

Generally, the a-effect is considered as a probe of the
Sy1~5y2 axis and B-effect as a measure of -the degree of the

positive charge concentration at the reaction centre in the

‘transitidn state.

(b} The Biggleisen-ﬂhyer'f@imulation:

8-90

Bigeleisen and coworkers8 have put forward a theory

on the effect of isotopic¢ substitution on the reaction rate.
7 s

In this theory,rfhe isotope effect is quantitas;vely related
to the molecular vibrational frequencies of the initial and the

transition states. From absolute rate theory, and statistical

t

mechanlcs, they dertVed a relation, which written after

Wolfsberg and Stern, gives 1

~ .

o
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ke, jlz 32 . {n)l/z( )3/2 st

3N-6 (1 VBN--G 1_;11 i)

x t —F . (EEXé)
3N1r 7 1—-eU )ﬁ 1~e
exp. 3N-—6{/ 1/2 ( UD:[)}]

x’ o [ (12 Qﬁ:ﬂi uﬁﬁ)ﬂ _(=zPE)

\

The s;implest way to use this equation is to consider the
ZPE factor, since each of the other two terms is ap?roximately
unity (assuming large molecules are involved, and all the
isotopic vibrational frequencies are greater than 700 cm_l).
In the language of thermodynamics, this means that the isotope

effect arises mainly from enthalpy of activation changes,

AAH+(=AHD - AHI), the entropy of activation changes, MS+

(=-=A$D -~ ASI)., the latter belng of less importance. So when
the ZPE separation increases in the transition state compared
to thfat in the initial state, BH>ED’ an inverse effect, i.e.
(kHIkD)Q, is observed, as shown in the figure (1). A normal

effect, (kﬂlkn>1) will be obtained when E <E, .
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shiner92 has summarized the wvarious sources of observed
isotopic effects. From figure (2), due to him, it is apparent
that the sources éf isotope effects, usually. cited, are, in
faet AAHﬁ=ef£ects; although, in certain cases AAS+:effécts
may be impo;tant93’94.

The secondary, kinetiq;fdeuterium isotope effect together'
with other experimental facts, can be very helpful in under-
standing the nature of the transition state, and thus provide

support for the mechanism of the reaction.



FIGURE (2)

Sources of the Secondary Isotope Effects
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» the different species present in the medium of low dielectric

' type of investigation.

x -

The _aims of the present studies:

z

w

From the survey of the chemical literature in the foregoing

introduction, it is apparent that although the decomposition of

the sulfonium salts has been a topic of active interest over the

past seventy years, the mechanism and the order of the reaction

could not be assigned with certainty; this is especially true

when the reaction was performed id a medium of low polarity, I

where incomplet}g :d:issoeiation of the salt makes the situation more .
= .

complicated. The purpose of the present work was to investigate

the decomposition of the sulfoniuvm salt W@a&rg of

. -

e ———

]

constant, such as chloroform. The nature and the conceatration
of the di’fferent species pregent, both in the presence and in the
absence of added celf:et'rolytes should supply valuable information;
and the kuowledge?;hi%‘ained from the secondary, deuterium isotope
effects, should be hﬁeiﬂpuful in establishing the mecbianism of the
reaction. As far .as %he author is aware, the decomposition of
the sulfonium -salts'has not previously been subjected to this

3]

Another aim of this study was to make a comparisog with the

earlier project carried out in this laboratory on the decomposition

_of the ammonium salts in chloroform solution, and to gain support

on the mechanism and the kinetics that have been proposed for

such Systemgs"ga.
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A. Introduction

z

Since the decompesition 05 the sulfonium salts wds to be

< ;

-investigated, both aloné and in <the presence\of added nucleophiles,
the latter in the form of al;mfonium salts, we decided to study the -
eiectrochemistry of the pure salts, as well as of their equimolar
mixtures, in chloroform solution. \ il

Itdwas. hoped that such studies would supply information
regarding what happegs te; this reaction, which depends on ionsg in
polar solv;nts, when performed in a solvent of 10\':7 polarityfsuch
as ehllorofom. .

Although in thelactual kinetic measurements benzyldimethyl-

sulfonium salts were used, we have deliberately selected‘ the

diethylmethylsulfonium salts for electrochemical studies in the

P

chloroform solvent, to avdid the difficulties arising from the
def:omposition of the benzyldimethylsulfonium salts, under\ the
experimental conditions. This changeover will definitely produce
some differences in the ‘Experimntal‘re,sults, but,, ‘nevert,heless,
will furnish information regarding the relative stability and
concentration of the different si)eciesﬁpresent in the actual reaction
mixture. ®

The calculation og the concentration of difi;erent specles

requires a knowledge of the equilibrium constants for the ion-pair

32 !
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and for the triple lon dissociation. These constants are'ob&ined/ when
the limiting equiconductance for the particular salt is available, and
it is in these calculations of the limiting equivalent conductance, that

the greatest ufcertainties remain,

- [l

-

Equivalent conductance. at infinite dilution (A®) -

3

(a) Single n—-tetrabutylauuqniuu saltg .

The equivalent conductance at infinite dilution for n-tetrabutyl-

[}

ammonium bromide, ~chloride, -iodide, and -perchlorate were evaluated

59,100

by means of Walden's rule » which states that, for a given

electrolyte, the product of its limiting equivalent conductance, and

the viscosity of the solvent is approximately constant, and is :\[ndependent‘

of temperature, i.e., N .

-

A°R® = ConSEANE  ..uceenvercesanvavvesnanies (11)

.where n°® is the viscosity of the solvent, in which A° is the limiting

equivalent conductance. The usual graphic meéhod, such as the plotting

of equivalent conductance against square root of concentration, was ﬂ‘found |

w

to be unsatisfactory, as the equivalent conductance increased very sharply,
=

with increasing dilution, making the extrapolation of A®, at zero~
concentration, very difficult, and uncertain. Therefore, once the
painstaking part of determining A®, of a compound in a particular qglvent
is obtained, Walden's rule becomes very convenifent to determine the A®

of the same compound in a different solvent.
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However, ions of small size, o‘r of unsymmetrical shape, 0}-/
charge distribution, shpw most serious departure from Walden's rule,
especially when cémpared in solvents of widely differing polariza-—
bili.h& and molecular volume. This break down of Walden's rule, is
probably due to the solvation of the ions. Sinc«_:a the exter:t of
Dsolvation, as well as the-size of the solvating molecules, varies -
with the nature of the solvent, the efft;ctive radius of the ion
will not be constant, as required by Walden's rule. Walden's rule
appears to be most c]:osely obeyed by very la)rf e spherical ions of the
type, NRZ, which are poorly splvated due to low charge density on
their surfaces, and therefore the magnitude of their radii would be
independent of, the nature of the solvent.

The A° values of n-tetrabutylammonium bromide, -chloride, -iodide

101,102
]

and -perchlorate, have already been determined.by Kraus in

acetone at 25°C. From these kpown values the corresponc!ing value of

A® in chloroform at 25°C were computed, and are presented in Tahle 1,

s

Table 1. Limiting equivalent conductance of n~tetrabutylammonium salts

in chloroform at 25°C.

*
Viscosity Walden Constant.

Anion n°C p) n° % A° & n':homlcm2 mole™t
- C

Bromide 0.00524 0.578 110

Chloride ML 0.544 104

Iodide " 0.567 108

Perchlorate " 0.576 110

*
Ref.103 -

-
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(b) Single sulfonium salts

Unfortunately, for sulfonium salts, such as, diethylmethylsulfonium
bromide, —-chloride, -iodide, -perchlorate, and benzyldimethylsulfonium
‘perchlorate, Walden's rule could not be applied due to the non-availability

of A°-~values for these salts in any solvent in the literature. The

-

graphic methods, such as extrapolating the equivalent conductance to

zero-concentration, were again fournd to be unsatisfactory, as was the
4 v

case with the smmounium salts. Therefore the trial and error method
10

formulated by Fuoss and Kraus 4, although time-consuming and labarioud,
i

i

was used to obtain the values of A® for the sulfonium salts. The
derivation of the method in detail has been preseﬁted in Appéndi_x A.

The values of A®, so obtained, have been tabulated below:

¥
Table 2. Limiting equivalent conductance of the sulfonium salts in

*

chloroform at 25°C.

2

W

Salt A°mho L enPmole ™t
Diethylmetixylsulfonium bromide o 65 ° g
Diethylmethylsulfonium chloride - J 63
Diethylmethylsulfonium iodide 65 .
Diethxlmethylsulfoniuxg perchlorate 66 p
Benzyldimethylsulfonium.perchlorate 65
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C. Dissociation constants for single salts

o

, The value of A°, having been determined for the simple Tomium &
salts, the limiting conductance of the triple ions was assumed to be \
one~-third of that of s:l/mple :lonsms. Knowing the values of A® for ﬂyﬁﬁ
the simple and tripie ions, the equilibfium constant, K?.’ for the
ion-paix &issociation, and K3 for the dissociation of triple ions
into an ion-pair, and“a simplerion, can be calculated from the curve

, of the logarithms of equivalent conductance, A, versus the logarithm

of salt concentration; it has been assumed that K3 is equal to the

R dissociation constant of both the triple ions,

ME] — M1+ X1 K, = MOIEUDNE
4
MM — X+ ity - - -
, — : X, - Nl | KK
2 R o Ly
XM%"] . p'x"1 *+ [X7] Mx M) XMX]

&

The plot of log, A - log, c for the ammonium and sulfonium salts,
passes through a minimum, cmin’ around the concentration of 2x and
4x10"3M respectively, Figs. 3 and 4. The experimental data are shown
¢ in Table 3A~3C and in Table 4A~4E for ammonium and sulfonium_ salts
respectively. At these minima, simple and triple ions each carry one-half
of the current, When the simple ions carry almost all the current; Ostwald's

law for weak electrolytes should be obeyed. The broken line on the left—
g .




EN
2

PLOT OF LOG,oA—LOG,oc FOR n-TETRABUTYLAMMONIUM SALTS

Fig. 3

+0.3 T I L ML ! i T
+0,| - . i a < Y / -
: " A e N n -B’U4N C'O4 / * -

+ o »
-OQ‘ B (] @ .
) ¥y - . o
- N\ o n-Bu,N"Br 4 -
e )
-013 k ‘\. ® A
N\ Y 4
s ‘\. ) » * / -
\\ S N //

-0.5 |- AN \ " . /// ~
- N O s ]

0.7 | \ig i 1 1 i A i

~-46 -4.2 -3.8 -3.4 -3.0 -2.6‘%% -2.2 -1.8 -|.4 ~1.0

Log,,c




38

-

Table 3A. Equivalent conductance of n-tetrabutylammonium bromide in

chloroform at 25.0°C. -

. Cell #3, const.: 0.2375 cu™" Co-

Concentration logyg Conc. . Conductance Equiv. Cond. logigh

(M/1)x103 (1 mho) (Awho—lend)

50.0 w300 257.26 1.222 0.0871
45.0 -1.350 212.21 1.120 0.0492
40.0 ©,  =1.400 169.00 1.010 0.0043
5.0 ~1.460 135.58 0.920 ~0.0362
30.0 -1.520 92.98 0.736 -0.1331
25.0 ~1.600 64.87  0.616 _~0.2104
20.0 ~1.700 42.58 0.506 -0.2958
"15.0 "-1.820 25.83 0.409 - -0.3882
10.0 -2.000 13.40 0.318, ~0.4975
5.0 ~2.300 5.24 0.249 -0.6037
4.0 -2.400 4.00  0.237 -0,6251
3.0 ~2.520 2.96 0.234 -0.6307
: 2.0 . -2.700 ” 2.09 0.249 ~0.6037
1.5 -2.820 1.62 0.256 ~0.5917
1.0 ~3.000 1224 0.294 -0.5316
0.5 ~3.300 0.75 0.357 -0.4473
0.4 ~3.400 0.68 0.404 ~0.3935

. 0,25 -3.600 0.50 0.477 ~0.3214
_0.20 -3.700 0.45 0.532 ~0.2740
0.10 -4.000 0.31, 0.744 -0.1284
0.05 ~4..300 0.22, 1.050 - 0.0212

0.025 ~4,600 0, 14’8 1.403 0.1470
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Table 3B. Equivalent conductance of n—tetrabutylammonium iodide in

chloroform at 25.0°C.

Cell #3, const.: 0.2375 cm v )

P

v

Concentration log;pConc. Conductance Equiv. Cond. logjpA

. (471)x10° e (e who)  (Amho tem?)
s0.8%  -1.300 306,00 1.454 0.163
40} -1.400 ©  -210.00 1.247 0.096 '
30.0  -1.520 125.50 0.994 ~0.003
20.0 T -1.700 61.70 0.733 ~0.135
10.0 - -2.000 18.73 0.445 -0.352
- 5.0 -2.300 7.30 0.347 ~0.460
4.0 -2.400 5.45 0.324 _-0.490
3.0 -2.520 3,92 0.310 -0.508 )
- 2.0 ~2.700 2.57 0.305 -0.515
1.0 -3,000 1,33 0.317 o ~0.460
0.5 ~3.300 0.78, 0.373 ~0.429
. 0.4 ~3.400 0.64g 0.385 -0.415
0.3/ -3.520 0.55, 0.439 -0.357
0.2 -3.700 0,43 0.510 ~0,292
0.1 ~4..000 0.29, 0.700 -0.155

-
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Table 3C. Equivalent conductance of n—-tetrabutylammonium perchlorate

%)  in chloroform at 25.0°C. - ‘

Cell #3, const.: 0.2375 cu—l.

Concentration log)gConc. Conductance  Equiv. Cond. logipd

01/1)x10% (v mho)  (Amho eul)
50.0 -1.300 312.00 1.482 0.171.
40.0 - -1.400 215.00 1.276 0.106
30.0 7 -1.520 128.40" 1.016 0.007 -
20.0 -1.700 63.75 0.754 -0.121
10.0 -2.000 18.90 0.449 -0.348
5.0 * -2,300 7.58, 0.360 ~0.444
4.0 ., =2.400 5.81, 0.345 > ~0.462
3.0 ~2.520 4.08 0.323 -0.491
2.0 #%2,700 2,62 0.311 -0.507
1.0 -3.000 1.35, , 0.323 ~0.491
0.5 ~3.300 0.754 0,360 -0.444

0.4 ~3.400 0.62, 0.372 ~0.430
0.3 ~3.520 L 0.52¢ 0.416 -0.381
0.2 -3.700 0.41; 0.488 ~0.312

0.1 -4.000 0.29 0.680 -0.167
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Table 4A, Equivalent conductance""oif diethylmethylsulfonium bromide

:{u chloroform at 25.0°C.

i
a

Cell #3,. const.: 0.2375 cm .

‘

Concentration log)pConc. Conductance Equiv. Cond. lo'gi gh

/D=0 (u who)  (Awho ‘en?)

60.0 -1.222 7.200 0.0285 -1.5452
50.0 -1.300 ° - 5,718 0.0272 -1.5655,
40.0 . -1.400 3.887 0.0231 ~1.6364

© 30,0 T -1.520 2.564 0.0203 ~1.6926
20,0 -1.700 ., 1.536 0.0182 ~1.7400,
10.0 ~2.000 > 0.668 0.0159 ' ~1.7987
8.0 2,100 0.512 0.0152 -1,8181
5.0 -2.300 0.310 0.0147 -1.8327
4.0 S <2.400 0.255 . 0.0151 -1.8211 -
3.0 - -2.520 0.189 0.0150 -1.8239
2.0 . -2.700 0.132 0.0156 ~1.8069
1.0 -3.000 0.080 " 0,0185 -  -1.7382
0.5 - =3.300 0.049 0.0233 -1.6326
0.4 -3.400 0.043 0.6255 -1.5934
0.3 -3.520 0.037 0.0289 15390
0.2 ~3.700 0.027 0.0340 -1,4685
0.1 - -4.000 0.020 0.0480 -1,3188

) { ¢
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Table 4B. Equivalent conductance of diethylmethylsulfonium chloride -

in chloroform &t 25.0°C.

Cell #3, const.: 0.2375 cm‘l.

-

- Concefitgation logjgConc. Conductance Equiv. Cond.  logjph

{M/l)xi5§~4\\ . (n ho)  (Awho Yem?)
50.0 -1.300 5.910 0.0281 ~1.551
40,0 ~1.400 4.227 0.0251 ~1.600
30.0 -1.520 2.400 0.0190 -1.699 -
20.0 -1.700 1.432 0.0170 -1.769
10.0 -2.000  0.568 0.0135 -1.869 ’
« 7 8.0 -2.100 0.429 0.0127 -1.894
6.0 ° -2.220 0.296 0.0117 -1.930
5.0 -2.300 ,0.238 0.0113 - -1.948
* 4.0 -2.400' 0.189 0.0112 -1.949
3.0 ~2.520 0.133 0,0105 -1.976
2.0 -2.700 0.08% 0.0103 -1.986
1.0 -3.000 0.047 0.0112" -1.950
0.8 -3.100 0.038 £ 0.0113 -1.946
0.6 -3.220 0.031 0.0122 -1.912
0.4 ~3.400 0.025 0.0150 -  -1.824 |
0.2 -3.700 _ 0.017 0.0199 -1.702

Ool —4¢000 0-0129 o 000280 "“1‘553

\
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Table 4C. Equivalent conductance of diethylmethylsulfonium iodide

in chloroform at 25.0°C,
Cell #3, const.: 0.2375 cm-l.

N

A

Concentration logigConc. Conductance Equiv. Cond. logypdt

M/1)x10° "(umho)  (Amho Yem?)
50.0 - -1.300 _  9.650 0.0458 -1.338
40.0 ~1.400 6.874 0.0408 -1.389
30.0 1,520 421 0.0374  -1.447
20.0 -1.700 3.010 0.0357 -1.446

‘ 10.0 -2.000 1.300 : 0.0309 -1.510
8.0 -2.100 0.855 ° 0.0254 -1.595
6.0  -2.220 0.619 _  0.0245 ~1.610
5.0 -2.300 0.514 0.0244 -1.612
4.0 -2.400 - 0.406 0.0241  ° -1.618
3.0 -2.520 0.309 0.0243 =~ -1.6l4
2.0 -2.700 0.216 0.0257 -1.590

. 1.0 ~3.000 0.122 0.0290 -1.540
0.8 -3.100 0.109 0.0325 -1,488
0.6 -3.220 0.092 0.0363 ~1.440
0.4 -3.400 0.070 0.0416 -1.381
0.2 -3.700 0.050 0.0589 ~1.230

0.1 ~4.000 0.034 0.08D0 -1.090 .
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Table 4D. Equivalent conductance pf diethylmethylsulfonium perchloraté

¢
~

in chloroform at 25.0°C. g

S Coe ” , .
Cell #3, const.: ,0:2375 cm . . s

L ’ M -

< -
%

. Concentration- logjpConc. Conductance Equiv. €ond. logjph

(un)xm3_ “(u mho) (Anmo_licmz)
-4 ' ’
50.0 -1.300 °  11.458 0.0544 -1.264
. 40.0 ~1.400 7.854  ° 0.0466 -1.330 ‘
- - 30.0 -1.520 4.450  0.0352  =-1.453
20,0 ~1.700 2,675 . 0.0318 -1.498
10.0 -2.000 1.171 . 0.0278 -1,556 -
. 8.0 -2.100 . 0.876 0.0260 -1.585 o
) 6.0 -2.220 0.647 0.0256 -1.591 :
g 5.0 -2.300 0.539 0.0256 . -1.591
] 4.0 -2.400 - 0.431 0.0256 -1.591 .
3.0 . =2.520 0.333 0.0264 -1.578 & °
- 2.0 ~2.700 0.241 0.0286 ~1.543
1.0 -3.000 0,147 0.0348 -1.458 ’
) 0.8 ~-3.100 0.126 0.0375% ~1.426
0.6 ~3.220 0.106 0.0420 . -1.377 ' ,
0.4 -3.400 ,  0.084 0.0500 -1.300
0.2 -3.700 0.057 0.0673 -1.172

Y

0.1 - ~4,000 0.040 . 0.0950 ~1.022

s,
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Table 4E. Equivalent: conductance of benzyldimethylsulfonium perchlorate

" in chloroform at 25.0°C.

., Cell #3, const.: 0:2375 ewt,

M 1

- Concentration loglj](:onc. ‘Conductance Equiv. Cond. logjgl '
- (4/)x10° ' (2 mho)  (Amho ‘en?)
4 R s

* . ' o 5

%

v

. 50,0 -1.300 | - 13.221 0.0628  ~1.202
40.0 -1.400 . 8,421 . 0.0500 -1:300
30,0, ¢+ -1.520 ,5.547 © Co.e432 -1.365 | .
26,0  °, -1.700 © . 2.989 0.0355  -1.450 | .
© 10.0 . '  -2,000 .. . 1.170 0.0278  -1.556

8.0 . <2100 0,904 - 0.0268 = -1.572 .
. 6d. 420,  o0.666  , 0.0262 -1.582 ,
o, Th s Corazedt e Hse0 - - ‘a.0266 -1.575

o

f

Jfe0, 2,400 0 04537 0.029 -1.570 _-
: 3.0 1 -2.520 0.355 0.0281 -1.551 -
20 ¢+ | -2,700 ' 0.256 0.0304 . ‘~1.517
10 7 -30000 ,  C, 0.57
. p 7 0.0406 ~1.375 ’
0.6.. .0 -3.220 0.115:  "0.0457° . -1.332 .
L4 <3400 Y T0.093,  sit0.0552, © -1.258
., 0.2 " =3.700 - 0.063 " 0:0750 . -1.125 iy

° ©0.0373 <1.428
0.8« - -3.100 ' -.13
: 5
ST 0.1 L -400000  C 0.043 0.1020 20,991
1 -7 .
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botuton of log, A-log;.c, has the Ostwald-law slope -, when simple

lons carry the current, vhile the one on the right-bottom with & slope

of % is obtained if triple ifons carxied ail the current. These
theoretical slopes are shown to compare with those cbtained in the
present study. Immediately on the high ¢ tration side of the .
miniwum, of these\logma\-logu;c plots,rthe main carriexs of the current
are the triple fons. With still highef concentrations, quadrupoles,

and other charged complexes are formed. The equation that takes

account of all species up to quadrupoles, mentioned before, is givean

byﬁo (showm in Appendix B) . '

A = Ac_;i%‘ Bet Y (3)

where A = /K,A°;, and B = R A% /Ky A°; and A°, being the
limiting conductances of the single and triple ions respectively.
' Differentiating eqn (3),’we see that the condition For a minimum

in A as a function of -concentration, c, is,

a3 e < 0 12)
or, B(:“!‘5 - Ac"al 2 .
(13)
or, C, = A/B

o



http://log.QA-log.-jC

1

‘With thig value of C nin 10 €9R 3,

-

% 4 sarm)®

e
L]

A(B/A)

(A% + (aB)*®

[}

i}

1,
2(aB)* (14)

3

From eqns (13) and (14), the equilibrium constaunts K, and K, can

be obtained in the following way:

¥ alculation of Kq

- L]
c - é'.. = —@A.:—l— = Ka A"—;-L
4 ¢ ,_2_..—1 a
- ’ K3
A® .
SRR o a
Calculation of Ks
1%
A = 2 /AB 7

I I
2 /(R2) A% x (Ko)* A°g
\ . K3

ft

s

= o fRaAaA%7
K3

i (Amin)zz 4 .gl%.ﬁ.



s

or, Kp = RINTA .

L 3

2.
m-in) cninﬂ 3

A.
= TapErs . L Fam Gy ,
AL\ 2 '
win s
K2 = Cain (z:r1 ) ) (16)

From eqn. (3), a plot of IL(t:)32 against (c) will give
initially a straight line, the intercept of which is ‘A", while
'8' equals ’the slope. Such plots together with the Tables, are
given m; pp.50~-60. The values of A, and B b;eing knowm, LY and
K4 can be calculated from eqn. (16) and ({15). The values of A, B, .
A nin® Y min® am{ Kz and K3 obtained for the single ammonium and

sulfonium salts have been collated in Table 8 on p.6l1.
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* Table 5A. Values of I&(c)!5 at different concentrations of n-tetra-

»

butylammonium bromide in chloroform at 25.0°C.

A

-1

-

Cell #3, const,: 0.2375 cm

)

Concentration (r:)35 Equiv. Cond. I&(c:)sé

(c)x103 (Amho~lem?)

10,00 0.1000 0.318 0.0320
5.00 0.0707 0.249 0.0176
4.00 0.0632 0.237 0.0150
3.00 0.0548 0.234 0.0128
2.00  0.0447 0.249 0.0111
1.50 0:0387_ 0.256 0.0099
1.00 0.0316 0.294 0.0093
0.50 0.0223 0.357 0.0080
0.40 0.0200 0.404 0.0080
0.25 0.0158 0.477, 0.0075

0.20 0.0141 0.532 0.0075
0.10 0.0100 0.744 0.0074
0.05 - '0.0071 1.050 0.0074
0.02, 0,0050 1,403 -0.0679

|
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Table 5B. Values of ﬂ(c);i at different concentrations of n—-tetra—

but§lammonium iodide in chloroform at 25.0°C.

Cell #3, const.: 0.2375 cm .

1

Concentration (c);é . Equiv. Cond, A (c)ZE

(c)x103 (Awho~tcm2) )
5.00 0.071 0.347 0.0245
4.00 0.063 0.324 0.0205
3.00 0.055 0,310 0.0170
2.00 - 0.045 0.305 0.0136

Pl.OO 0.032 0.317 0.0100 |

0.50 0.022 ~ ° 0.373 0.0082
0.40 0.020 0.385 0.0077
0.30 o .0173 0.439 0.0076
0.20 0 .0141 0.510 0.0072
0.10 0.010 0.700 0.0070

LR

e
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Table 5C. Values of Mt:)55 at different concentrations of n-tetra-

butylammonium perchlorate in chloroform at 25.0°C.-

Cell #3, const.: 0.2375 cn T, .

-

4 - N\
Concentration {c) Equiv. Cond. Adc)
(c)x103 {(Amho~lcm?)

5.00 0.071 _ 0.360 0.0255
4.00 0.063 0.345 " 0.0218
3.00 0.055 0.323 0.0177
2.00 . 0.045 ’ 0.31T ‘ 0.0139
1.00 0.032 0.323 0.0102
0.50 0.022 ., 0.360 - 0.0080
0.40 . 0.020 ) 0.372 0.0074
0.30 0.017, . 0.416 0.0072
0.20 0.014; 0.488 0.0069

0.10 0.010 - 0.680 0.0068

o

[
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Table 6A. Values of A(c)l" at different concentrations of diethyl~

: L4
wethylsulfonium bromide in°chloroform at 25.0°C. °

°

Cell #3, const.: 0.2375 cm -.

Concentration (c);i' Equiv. Cond. 'u!\(r:);i !
* (e)x103 (A,u!m"lcmz) i
10.00 0.100 0.0159 ) 0.00160
8.00- 0.0894 0.0152 0.00136
s 5.00 0.071 0.0147 0.00104
4.00 0.0632 - 0.0151 0.00095
3.00 0.0535 0.0150 0.00082
2.00 . 0.044? 0.0156 0.00070
1.00 0.03]:6 - 0.0185 ' 0.00059
0.50 ; 0.0223 0.0233 , 0.00052
0.40 - 0.0200 0.0255 . 0.00051
[ 0.30 0.0173 0.0289 ) 0.00050
. Q.20 0.0141 0.0340 0.00048

0.10 0.010 0.0480 . 0.00048
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Table 6B. Valuea of A{c)> at different concenttrations of diethyl-~

methylsulfonium chloride in chloroform at 25°(}.
Cell #3, const.: 0.2375 cm .

Concentration (c:f)s‘fI Equiv. Cond. 1\((:);5
o  (e)xod v (fmho~len?)

10.00 0.100 0.0135 0.00135
8.00 0.089, 0.0127 . 0.00114
6.00 0.077, 0.0117 0.00091
. .5.00 0.071 0.0113 . 0.0080
. : 4.00 0.063, 0.0112 " p.00071
3,00 0.055 . 0.0105 * 0.00058
) 2.00 0.044, 0.0103 0.00045
, : 1.00 0.031, _0.0112 0.00035
0.80 0.028, 0.0113 0.00032
. ° 0.60 " 0.2 0.0122 0.00030
0.40 0.020 0.0150 0.00030
0.20 0.014; 0.0199 0.00028

0.10 0.010 0.0280 0.00028

ae
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x) Fig. 7 PLOT OF A Yc AGAINST ¢ FOR
DIMETHYLSULFONIUM SALTS
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Table 7A. Valuggwo‘f"ﬁ(c);é at_different coucentrations of diethyl~

,;,"‘n ® . N '

‘methxlsulfoniu;a iodide in chloroform at 25.0°C.

Cell-¥3, const.: 0.2375 "cm—l. B !

. y

]

Concentration (L Equiv, Cond. ' Mc)!é
) (c)x103 (Amho™lem?)
8.00 0.089, ° 0.0254 0.00227
6.00 0.077, 0.0245 0.00190
% 5.00 0.071 0.0244 0,00173
4.00  0.063, ° 10.0241 0.00152
3.00 0.055 - 0.0243 - 0.00134
2.00 //X?‘W‘? 0.0257 0.00115
1.00 031, 0.0290 . 0.00092
0.80 0.0283 0.0325 0.00092
0.60 0.0245 0.0363 0.00089
10.40 0.020 0.0415 0.00085
0.20 0.0141 . Posss 0.00083

© 0.10 ~ 0.010  0.0800 - 0.00080
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Table 7B, Values of -Ih(c)!} at different concentrations of diethyl-

methylsulfonium pexchlorate in chloroform at 25.0°C.

§
Cell #3, const.: 0.2375 c .

Concentration (c);i Equiv. Cond, Mc);i
(e)x10% - (Amho~tcm2)
8.00 0.0894' 0.0260 0.00232
6.00 0.077, 0.0256 0.00199 ,
5.00 0.071 0.0256 0.00182
400 0.063, _ 0.0256 0.00162 ~
3500 © = ,0.055 0.0264 0.00145 .
2,00 - 0.044, 0.0286 0.00128"
.00 " 0.03 . 0.0348 0.00110  °
0.80 - 0.028, . 0.0375 0.00106
0.60 0.024, . 0.0420 0.00103 ;
0.40 0.020 0.0500 0.00100 ’
0.20 v 0.014; 0.0673 0.00095 2

0.10 0.010 0.0950 0.00095

A

& - R
s
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Table 7C. Values of A€g)* at different concentrations of benzyldimethyl-

sul fonium perchlor.:ate in chloroform at 25.0°C.

Cell #3, const. 0.2375 cm—la ~
‘ « Conceutratic:n (c)ffz - ) Equiv. Cond. I:L(c)!"z
(e)x103 7 o (Amho™}em?)
P 8.00 0.089,, 0.0268  0.00240 -
A 6.00 0.077 0.0262 0.00203 :
5.00 0.071 . 0.0266 0.00188
, ° " 4.00 0.063, . 0.0269 0.00170 )
3.00  0.055 0.0281 0.00154
2.00 0.044,, . 0.0304 0.00136 {
1.90 0.031 0,0373 0.00118
0.0 * 7 0.028, 0.0406 0,00115
... w0 0,024, 0.0457 0.00112
o 0.0 0.020 0.0552 0.00110
~ 0,20 0.014, 0.0750 0.00106
: 0.10 0.0100 0.1020 0.00102
A

D ]
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Table 8A. Electrolytic &mstants of single ammohium and sulfonium

. salts in chloroform at 25.0°C.

o

& n-Tetrabutylamwonium salts Br 1 €10

10328 (ohn Yeatmo1e 021503 72 L e 6.2

1 2 -1.5,-0.5

Blohm cm mole 71, °7) 1.98 3.52 3.88
Amin(obm FemZmole ) 0.239  0.300  0.310
Y gminmole™ | 0.0036 0.0018  0.0016
10", (mote 171 45.66  35.20  34.00
10K, (mole 171 _ 121 21 0.54 .

Y

Diethylmethylsulfonium salts  Br_ €L I  ° Cl0; @$CHyS(Me),ClOy
‘ /

-1 2 -—0'51:0.5)

16%xa (chm L enPmole 4.7 2.4 7.8 9.3 10.2

. B(ohn ‘emmole 1*7170+3) 0.113 0.111 0.186 0.175  0.170
min(obn Yen’mole 1) 0.0146 0.010 0.024 0.025,  0.026
’ cnintmote 171 & 0.0042 0.002 0,004 0.005 ©0.006
1020, (mote 171 0.510 0.14 1.45 1.98 2.38
1o3xx§(male 1Y 139 0.72 L40 177 2.00
.
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Dissociation constants for mixed salts

(a) Salts with one :comnon ion:

¢

o

In order to study the methauistic problem, it was :thought to be
instructive to calculate the actual fr;ctions‘ of the saits -which ame
.present as simple fons, and as triple ions. Fu’rtherniorg. ;wtq gain
information of-the extent to which the ion-pair form of one salt
could provide a stable seat for the simple anmion of another: condue~
timetric studies of the mixed salts were undertaken wi;ereby, dissociation
constants of the unsymmetrical triple ions could be obtained. The
method of deriving the new'equilibriun; constants for the equimolar
mixtures of t:hémammofx:nium and sulfoniuni salkts, from conductance data,
that w::zs followed in the present investigation is due to Ingold and
co—workersﬁ. According to this procedure, tlie following efght

»

equilibria are-to he considered:

+ - Lok - — retrrecm1 reaton}
_ SBr =S +Br ... K0 {S 1{Br 1/{s'Br }
NBr™ — N 4 B ....... Ky, = (vFer T3/ N
-t - - P S -t -
Br SBr ——+ Br S #Br ..evcss KBx = [5Br 1[Br }/[Br 5 Br ]
- R I . b b e
) S BrS -+ S Br+5 ceceine K3x [s Br ]IS']/[S Br 5]
- -t P " L e - -
Br NBr _— Br N4Br ....... Ky = [NBr 10Br 1/[Br N'Br }
+ -t +o - IR, S S I
NBr N —— N Br N “inrseme Ksy = LN Br IIN ]IIN Br N ]
4. = R T S .
S+Br“‘N+ —— S Br +N v~¢ucn; Kaxy = [S BrJIN ]/IS Br N } ™
¥eest — wWeerst . x = e s /B sT)

3yx

——



&

Also, l"“33;::’ sz = KBxy 2y

SD,Dthere are actually five independent equilibrium constants, four
of which ca;l be ravaluated ft;)m the conductances of the pure salts;
the remaining equilibrium constant can be derived from the conductance

of the mixture. Besides these, charge balance ptovides the relation,
(B 1+ [Be S Br 1B W B ] = (8T RN (S B S N B W s e W an)

and material balance two more relations, which can be simplified

to,
[s"nr"i = [N*Br"] = ¢f2 u (18)

because only a very swmall fraction of the ions carries the current.
- However,‘by introducing some auxiliary quantities, the concentra-

tions of the different species can be more conveniently expressed. Let

3 2°73 1
their sum b'e defined as: ’ }

¢ ©

the arithmetic K mean, a harmonic K mean, and three K /X, ratios, and

1 V
Ry = 5Ky K, )5 Ky = By, "4y ™ @9)
Px = KZxIKSx; py = KZy, K3y"‘ Qxy KZx,KByx RZyIK3xy; 0)
+ +
8= gy Qxy a S

3

In rerms of the above K combinations, and of the concentrition c, a




pure number ¥ is defined as:

-

Finally, ::fﬁx;centrati
o

a

: R = (cK,

The simple and triple

S

-3z

2
145 .
sz] [ ,

on R is rela;:ed to ¥, by:

)% ¥ _ ~

ion concentrations can now be expressed as

follows, the First expression being shown jin Appendix C:

1]

[Br']
s'1 =
+
N] =
(BrsTBe"] =

(Br'N'B:"] =

]

[sfnr“s"']

e vty

ister )

if

2
s KZX/&RK

R
CK2 ]/{/ 2R ' »
csz/ZR =

CR/2K, i

cR/ 2K3y

3x

2

¢ K2y14RK3y .

%k 74K = o’k 4K .
2x" T 3yx 29" T 3xy ‘

" The results of these calculations allow one to derive the

equation for the equivalent conductance of the mixed salts, the

equation being,

A = A°¢+A°

<

-

3‘3

&

64

"

vhere_ ‘1 d4nd J3 are the fractions of total salts present as single

L
‘~
t

o7

(22)

23)

(24)
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and triple ions respﬂely. Here again, ‘1 and ‘2 can simply be

expresséd with'the help of the function F:

5 ( zm) (F 41 ) - @5)
Zm Fr-l
U3dy = R, ) F *( ) ( 2;-‘) , (262,

The equation .for \ can be expanded in ascending povers of ¢, and
it can be shown that:, ’ .
‘( <

v-A‘ o
A;_dl contains terms in e 5, - , c3/,2, 05{2 cermnas

1
and 3

i -
A;ﬁg contains terms in -, c?, c3/2, cS/Z chnease

ROE -
Since both ¢ ““-and/ ¢? are present in the equation for & , the
10310 ~log;,c curves for mixtures, like the 1o 810 -1ogloc curves

for the single salts, pass through the minimum, Fig.8. Neglecting

the terms in c3[ 2 and higher powers, the practically useful equation
for X is given by, T
- =l Y= 3
L B = &2 4BeH .iian - (27)
S Bom s ‘
_where I = A;ﬁ(; 3 B = A:‘; T , (28)
u M 8K,

1.
%hen from the experimental data, A(c)” is plotted against ey
for the mixed salts, we get an initial straight line, having an intercept

A, and a slope B, Fig.9 ,°K2m and, KBM being known from the studies of

°




single salts, B permits one to calculate the.sum of ratios, S.

Since Dy and p_ are similarly known, the remaining one can be

¥
; deduced, and l:hetef;:om;a the equilibrium constants,' K3xy and K3yx
. for .the mixed triple anion, can be worked out.
Y




Flg 8 PLOT OF LOG;oA—LOG,gc FOR EQUIMOLAR MIXTURES OF
AMMONIUM AND SULFONIUM SALTS

+0.1 T T :; ) ! ] ] ; T
- © n-BuyN*Br~ + Et,S*MeBr”
ou bk & n-BuyN*CIO; + Et,S*MeBr™
N N ® n-Bu,N*I” + Et,S™MeBr™-
...0.3 -: b A . )
-O.5k » D
. -\\\ \' ) N V ® 0
N N A
1
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Table 8B.

“

s

68

Equivalent conductance of equimolar mixture of diethyl-

methylsulfonium bromide and n-tetrabutylammonium bromide

Cell #3, éonst.: 0.2375 cm

in chloroform at 25.0°C.

1

~

Concentration logigCone. Conductance -Equiv. Cond. logigh
- (M/1)x103 ( 1 mho) - (Amho™'cn?) )
50.0 -1.300 104.70 0.4974 ~0.3034
45.0 -1.350 79.41 0.4191  -0,3777
40.0 ~1.400 61.00 0.3621  -0.4411°
30.0 +1:520 * 42.60 0.3372 -0.4720
25.0  , -1.600 30.26 0.2875  -0.5414
20.0 -1.700 21.60 0.2565 -0.5909
15.0 -1.820 12.40 0.1963  -0.7070
10.0 -2.000 7.70 0.1829  -0.7378
8.0 -2.100 5.88 0.1745 -0.7582
6.0 -2.220 4:23 0.1675  -0.7532
5.0 -2.300 3.40 0.1615  -0.7918
4.0 -2.400 2.77 0.1645 -0.7833
2.5 -2.600 1,79 0.170r  -0.7692
2,0 -2.700 1.43 0.1701  -0.7692
1.0- -3.000 0.8, 0.2104 - -0.6759
0.80 -3.100 0.814 0.2416  ~0.6168
0.60 -3,220 0.680 ' 0.2679  -0.5720 _
0.40 ~3.400 0.508 0.3016  -0.5206 °
0.20 ' - ~3.700 0.282 0!3288 -0.4831
0.10 ~4..000 © 0.188 0.4466 -0.3501
0.05 -4.300 0.118 0.5622 ~0.2501
0.02, ~4.400 0.066  0.6283  : -0.2107 -

’
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Table BC. Equivalent conductance of equimolar mixture of diethyl-

methylsulfonium bromide and n-tetrabutylammonium iodide

in chloroform at 25.0°C. it

Cell #3, copst.: 0.2375 cm - oo

Fl

Concentration log;gGonc. Conductance Equiv, Cond., logjgh

(M/1)x103 B ( v mho)  (Amho™‘cm®)

50.0 -1.300 . 79.10 0.3752 ~ -0.426 /
45.0 -1.350 58143 0.3085 > -0.511

40.0 ~1.400 46.21 0.274% = -0.562 .
35.0 -1.460 39.10 0.2653 - -0.576

3.0  -1.s520 30.51 0.2415 -0.617

25.0 -1.600 23.30 0.2210 -0.655
20.0 -1.700 | 17.65 0.2400 -0.678

15.0 -1.820 11.41 0.1800 -0.743

10.0 -2.000 7.10°-  0.1680  .-0.773

8.0 ~2.100 5.36 - 0.1590 -0.798

6.0 -2.220 3.98 0.1575 -0.803 ..
4.0 -2.400 2.68 0.1590 >0.800

2.0 ~2.700 1.44 0.1710 ~0.767

1.0 -3.000 0.94 0.2230 . ~0.651 ° ¢
0.8 ~3.100 080 %' 0.2375 -0.624

0.6 -3.220 T D.66 0.2610 ~0,583

0.4° -3.400 0.53 0.3110 ~0.507

0.2 -3.700 0.35 " 0.4200 -0.377

0.1 ~4.000 0.24 0.5800 -0.237

al
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Table 8D. Equivalent conductance of equimolar mixture of diethyl-~

methylsulfonium bromide and n—tetrabutylaﬁ‘ﬁfum perchlorate
T8
H <, -
. in chloroform at 25.0°C, :
¢ o~
Cell #ﬁ const.: 0.2375 cnbl

Concentration loggConc. Conductance Equiv.’Cond. logygh

(n/%\)xlo”a" ﬂ ( u mho) {Amho~cm*)
50.0 -1.300 108.50 ~0.515 -0.288 ,
, 45.0 ~1.350 90.21 0.476 -0.322
I ] 40.0 ~1.400 79.95 0.475 -0.32%
. 35.0 ~1.460 62.34 0.423 -0.374( ‘
- 0.0 1520 47.32 0.375 ~0.426 /
‘ _ 25.07  -1.600 %.25 0.334 ~0.476 "
20.0 -1.700 24,00 0.285 -0.545 .
. 15.0 -1.820 16.54 0.262 -0.582
0.0 °  -2.000 ° 9.8 0.233 ~0.633
8.0 -2.100 7.64 0.227 -0.644
6.0 ~2.220 5.51 0.218 ©  -0.661
’ 4.0 -2.400 " -3.51 0.208 -D.681
2.0 -2.700 1.87 - 0.222 -0:654
. 1.0,  -3.000 1:07 0.254 .°  -0.595
0.8 -3.100 0.93 0.276 -0.559
0.6 ~3.220 0.76 0.303 -0.518
) 0.4 ~3.400 0.61 0.365 -0.438
, 0.2 -3.700 °  0.42 0.495 ° -0.305

0.1 ~-4.000 0.29 0.680 ~0,162

rl
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Fig.9 PLOT OF AVc AGAINST ¢ FOR
EQUIMOLAR MIXTURES OF AMMONIUM AND
SULFONIUM SALTS .
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Table 9A.

72

Values of 1\(«‘:);s at «different concentrations of equimolar

mixtures of n-tetrabutylammonium bromide and diethyl-

, b ‘
methylsulfonium bromide in chloroform at 25.0°C. }

n

-

Cell #3, const.: 0.2375 cm*l « ’

1
N

-

Concentration (c)% Equiv. Cond. Agcfi
c)xi03 - . ¢ (Amho~*cm*) .
10.00° 0.100 " 0.1829 . 0.0183
8.00° 0.099, 0.1745 . 0.0156
6.00 0.077, 0.1675 0.0130 =
. 5.00 0.071 0.1615 0.0115
4.00 0.063, 01645 0.0104
2.50 . 0,050 0.1701 0.0085
2.00 0.044, 0.1701 . 0.0076 '
1.0, 0.031, 0.2104 © 0.0067
&3 .
0.80} . 0.028, 0.2416 ; 0.0068
0.60 0.024, 0.2679 0.0066 i
0.40 0.020 0.3016 6.0063 ok
#
“ f;«
v L
, .
-
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Table 9B. Values of A(c);ﬁ at different concentrations of eguimolar <f gt
’ L .
2 mixtures of n-tetrabutyldmmonium iodide ‘and diethyl- } ‘.
methylsulfonium bromide in’ cﬂlorofoz;g at 25.0°C. . , o
. Cell #3, c;:nst.: 022375 cm"l . \ o :
I SR
L Concentration (&*. Equiv. Cond, A(c)li 7
- . (©)x10° N (Amho™cm®)
. ! \
10.0 0.100 0.1680 0.0168 ©
- f ) a o @
. ‘ ) 8.00 -0.1590 ° W \0.014; J 5
’ 6.00 0.1575 ° S.mzz oo -
’ 4.00- 0.1590 .0100 e
) ) :'z.oo S 0.044, 0.1710 0.0076 . |
s 1.00 . 0.31, 230 0.0070 )
: LT 0.80 - 0.028, 032375 * 0.0067 ,°
. 0.60° * -~ 0.0245 °  0.2610 0.0064 .o
7 e, N P! . L
s - 0340 ~ . 0.020 0.3110 0.0062 :
s . 0.20 . 0.014y & 0.4200 & . 0.0059 ,
( h A .
N o000 - © 0,010 i 0,5800 0.0058 - ‘
o , 3 , : . ¢ N .7 i N 5 .
— )/ 0 ’ . ’ o " ! ; . ‘
= ’ ‘fi; - ’ o ’ e ‘. hd ‘ - ' -
- . ) ' ) o . )
S o ' -
¢ ° -p ¢ ’
- ) . . “ .o ’ 4
. Q F o o 1 ‘i
P ’ Vo 3 b / ¢ ¢ . ;
;ﬂ;}:{’ T ! L
‘\) #5 L L. o ’ =5 o ¢
¥ ' ’ ’ d “
- P v » ”
LR . & ! .
3 . 5) = £
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. - 1 ‘
Table 9C. Values of I\((:)/2 at different concentrations of ‘equimolar

Cell #3, const.: 0.2375 cm

mixtures of n—-tetrabutylammonium perchlorate and diethyl-

methylsulfonium bromide in chloroform at,25.0°C.

X

©

I

3

+

»
[}

Concenn:ation ’ (c)lé Equiv. Cond. 9 A(c)35 i
. (c)x103 ) (Amho}cm?) ) ‘
10.00 ° _0.100 ' 0.233 0.0233
8.00 0.089, * 0.227 * 0.0203
6.00 0.077, 0.218 ‘ 0.0169
4.00 ’ 0.063, 0.208 0.0132 .
2.00 0.0, 0.222 0.0099
* 1.00 0.031 0.254 0.0080
0.80 . 0.028, 0.276 0.0078 - '
0.60 0.024, 0.303 0.0074
0.40  0.020 0.365 0.0073
0.20 0.014, 0.495 X 0.0070
0.10 i 0.010 0.680 . 0.0068
VR ’ ' P
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¥ . . !
(b} Salts with no common ions

»

B

° : ¢
The situatidn becomes very coemplex due o a large number of

equilibria coastants, when the mixed salts do not contain any common

»

ion. In this case, instead of two ion-pairs, and six triple ions, as

M .

-
is the case of the mixed salts with one common ion, four ion-pairs
- & #

v S

and sixtégén triple ion dissociations are obtained, as shown below

for §TBr” and N+I_, as an example, .°

N
~ -
’ f B o
+ - + - + T
S Br =+ 8§ 4+ Br ..... szu {s"1[Br'1/IS B 1 . .
T — W+ .l Ry = e/t
P - = reFyre et
§I = § %1 RIS S [s"H1 J/Is' 1]
S+ - + - R P ey
NBr —= N +Br (..., K’zy» [N }iBxr }/IN Br;ﬂ}. .
U » C S — _ e e - - -
Br SBr —— S8 Br + Br ... st— [s Br,l[Br,]/[Br s Bz;]
b - -, [ SO S Sy S
-SBr'S Tt SBr +§ ... Ky =[s"Br HE VIS BrS] G

- e

IR o NI+ T . Ky '= INTHTVITNE ]

M

Ao A= [ S S A
NIN e NI X e Ksy\— NI N J/INTIR] .

B + - - v et S
LI ST > S5I +I wueen K3y ISI][IJ/IISI:]

g5t — strast .., Ky, = B T PR VA 3

Br*N+Br—,, —— ) N-.’:’h’fﬂ + yr. - Kix = 'EN+Br“][Br’]/ [BrwNTBUr_]
+ =+ +oo- .+ R S R s -
N Brab. —= NBr +N ... 1‘5::", IN'Br Iy 1/[NBry']
NBrst — sTacT 4 nT L. Ky tstec 1w 1/ Be s )
LBESTT e SR ORI e Ry o= [S'BHT VTSR]
+ -+ 4~ & O . s
NIS§S == NI #+#8§ .ieev K, =[NTJSIINTS
T it TSI
Be NI — NI+ B il Ky ¥ 11T/ IBe N LT

-

4
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- - - - . -
uBrSI b S'F  BrT iesecnccnes K°3xy

N S O . _

51 N —~—> S I+ N IEAARERTELEY K3xy'—

° T INBrT o NBE AT eeenn.. K, =
’ e 3yx

. + "+ "" - + [] —

. B NBr S ) r———)- NBr"l' S -;;cq-.h:-- K =

3yx

- 76

(st 1/ (7S B ]
st st -
INBe [T 1/ (TN B}

€

B 1sT 1/ N B s

-

Besides these, from charge and material balance, the following

two relations are obtained respectively,

- 4 °

~

¢

(st s B s I T e s e W R T s e st s R i R ) ;

= [Br I 1B s e TN TS e T B W IS T e B W B Y

1

and, [s'Br HIN'B:T] = (SYTTRINTTTT = o2

. F & [s*ﬁr"]+{s+1“] = [N+Br—]+[N“+I—] = ¢f2

© ? e
. ~

\ 7

in t:he‘analogous manner, as was done for the previous é:xample: - !
» ) , ® " , ? ¢ LY
P - \\‘ - e 4 ‘ =)
1 = L ] ] -
Kom “(K2x+K2y+I‘( 2x % 2y) L . G0
—1 1. "1 "1 ¥ "“1 1 —1 5
A KSM = 4(K3x -I—K:,’y +K 3x £ 1d 3y ) (31)
2 ’J: i . + p‘ =
- . =, [, T .Y o Rt v,
' Bx KZx/K3x’ Ly KZy‘/ KSy’ b K 2x'l¢K 3> b y K Zy/ K Iy, (32)
! ‘ = kb Rt =g v ! -
P xy = Kﬂx/KByx xKZy/ KBxy K Zk‘l K 3yx K Zle 3xy . (33 5
a % . > a
- ndialse’ S = ‘p_tg! g 34
Aa !d‘ ] ‘,p x'*p x‘*‘ﬁy"‘p y'*'nyK ] ) ( )
L :, “\ ’ \ . - ’ s . q'%',__ : .
@ T e ! S b //\
d [ s /9 -
I3 - ° ) ')
- . ‘ ’ e Q'.
we € « ' 2
*s ! . P | ‘ :
I . v . . i | b4 v
° &

(29a)

(29b)

A ,

For mixed salts having no common ion, we define the following terms
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Y ' \

s

. i
Tn contrast to the salt mixtures with a common it{n, in this case,"{Y

° ~ ¢

we have calculated the concentrgu:'ions of (s'*') and (N+) from two different

£,
sets of reacrions, gund then followed a "successive approximation procedure’
1= ° 2

‘until the goncen‘ttation of each of the simple fons wag constant. The

reason for following this procedure is to calculate the concentrations

s

of the four different iop-pairs, which are used to obtain the concentra- .

tions of the triple icus. In the-case of salt mixtures, with a

-3

’ L
common .ion, the number of ilon-pairs is only two, the concentration of
3

eéach must be equal to c/2. However, with 4 different igh—pairs the
- 9

individual concentrations cannot be assumed to be c/4. .

LS e
As an example ff tha successive approXimation procedu:e‘
¥ &
(S+Br +N I ) system(is* chosen, and the following equ:.hbrla are *e
consideyed. . \ ° - '
o * L - )
+ - +y shipey 0
- SiBr. ——— S % Br I N v ‘ "
, - {S Br ) .
poostT =~ stea I m___]_[s 10 . - -
L 5™ S g
. P . 5 \v N+ I— . : -
c N — ¥ ok, = B ) .
. y INT 1~ .

4 - .
+ = ' + - . K'Z - ].N +!!Bf ]
< P . ) .. y [N'Br' ],

7
@ ¥

The equilibrium constants for ion-pair dissch:atiyn were obtained

from the experiments with the single salts and are shown in Table 8A '

g
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~

Step 1 , 8

”
©

) . + -
. The concertrations of (S+), (N'), and (Br ) ions-are obtained

¢

from the following reactions:

N

&

a

stBr™ — . st + B

vy

[
» e

From these reactions,

n

NBr™ —— N+ B

3 0
-
T, .
. 1 »
. 78
.
- s
=
. 1
¢
. /. ‘
. N 3

©a

.

{Br} == R = (csz ;éxF (35)

3

where ¢ = 0.025 M/1

1 ' .
T LN .

2

4

!
b

and F = 0.37
r

[S+] - csz
T 2£R}»

~
.

cK'2

2[R}

and [N+] =

. Similarly from the reactions

° ¥,
N === N+ 1"

P -
o

©

(it
-

st —s gt

[T7] = R = (cKZmSEF

”

o .

»



o

t — } 3 -l al Py
' where sz = 2(k2 + K Zx) &
e § !
(571 = gt |
, © 3R] '
., . szj ,
apd ) N1 = 2[R] ‘ ° N

Step 2. )

79

.
2
3

5

The avéﬁige‘value of [S+] from (36) and {39) and that of {ﬁ+]

from (37) and (50) are obtained.

!

Step 3.

f I3 i

Wy

i

This average value. of [§+] (Step 2) is put in equs. 536) and

(39)

(40)

(39) to get new values of [Br ] and [IL] respectively. From the average

o

' value of [N+] in step 2, apother set of {Br | and [I ] are calculated

from (37) and (40): °

"~ Step 4, 4 T

LY

»

.

&

-

5

;
h

‘¢

”

v

The values of [Br ] and .[I ] of step 3 are averaged, and used

in eqns. {36), €37), .(39) and (40) to.get a new set of [S+] and [N+],

< Step 2 is then repeated and the cycle followed until -the'

nf-different lons 4re constant as
o

.4

»
° T

shown below,

@
&

v °

.

v

values

T

’

-



, Concentration of simple ions cxlO5

+ } -
cyele S+ N+ Br . 1

- o ’
1st 0.0460 1.880 0.219 0.314
2nd 0.0435 ' .2,004 0.216 0.3184
Ird 0.0432 2 .912 0.2157 0.319
4th 0.0432 2.012 © 0.215, ’ 0,319 -

i

As a further test\ aof internal consistency, these simple ion

é

¢

“concentrations are used to calculate the ion~pair concentrations .

which should add te 0.050 M/1. The jon-pair concentrations obtained

from the simple ion concentrations are:

£[S+Br—] = o.0u3 ML 3 |

'l = 0.0095 ﬁ/} . v R ,)'

N1 = 0.018, ML “
' s T 0,009, M/1 1

The results show an approximate 10% discrepancy from the actual

ES

v @ z .
value of the ion-pair concentrdtions. As a sfurther tesr, We use, these

. P
» lon~palr concentrations to verify the relations {2%a)’and (29b) on p. 76.

Py

is'Be71 + BTl = 0.0275 MA1 .
A - e
1]+ INI1 = 0.027, ¥/1
1steeT1 + {g"’x"] = odersmn \
- ,*. - +,_ Ne ® o
. N'BeTT o+ NTIT1 - =L 0.027, ML

I a 14 e
Here again we find the results approximately 10% more than the

. ) F
actual value of 0.025 M/1 in each case. s .

“

“v
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) This 10X %iscrepancy in Epe value of the ion-pair concentration

is probably accumulated expgtgmental and other érrors. One of these

is the limitations to which the eighc equilibrium constants, used in
this caleulation, are obtained. They are calﬁul&ted by graphic methods
and the graphs could be fead only to two significant f%gures. An ',
error i; each e&hilibrium constant of about 1.5% will account for the

10X discrepancy. In fact the error in the equilibrium constants is

4
+

probably significantly greater than this. -

2

S . e  Because of the-approximatigns which have to be made in assuming

thati the equilibrium constants of different dissociation processes
s 1isted on pages 75 and 76, it is not possible to galculate the

concentrations of the unsymmdkrical triple ions except in a semi-

N

o

quantitative mander.

. Aii tﬂ% electrolytic constants, obtained for the mixed salts,

<

are shown in Table 10. From these equilibrium constdnts, we can,

&

N\
* calculate the concentrations of the different ionic species for mixed
b - ) . »

salts.rp& similar calculation égnoalso be done for s;ngle’salts.
+ - - z q T o
Concentrations of the dffferentJSpecies; up to triple ions, of.single

g 3 @

and mixed salts are collated in Table 12, For those triple ions whose
concentrations can he obgained only sem14quant1tative1y%'an error

range is shown which represen%s an estimate of the limits within whiciﬂ

v ‘ LR

1 the concentration of thérparticular ion probably falls.

3
o
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Table 10. Electrolyte constants of equimolar binary mixturés of sulfonium
' - [ - ! - i

. - and amvonium salts in chloreform at 25.0°C. v

AY . & > ) . v
» o AP o .

‘ £ B .
- Diethylmethylsulfonium salts: - Br “Be Br

. n-Tetzabutylammonium salts: R ao;

Obsé’rv“ed resuits flo'r mixed .salts . ) 00 ’

xA (ohm cm mt:)le‘—o s31;0- 5)* ) .05:6 I :'5.8 T 6.5
5 (ohn LeaZmole 0-3170+5), ©eL2s . 2.07. - 1.9
Cal(:uléttt;d ‘from data on pure salts T T -

' l‘éloszliémo]:;‘zcl_l)’ L0+ e 723009 . 20,45 o ‘20,54 -
1o3xxm(;;61e [1'1,) ) : ‘; N 1.29 . " 1.30 , i‘“’hl.m o
C\alculated ;Eromh data on migefl ‘salt$ ‘ o T 0 , ’k}, - Q: =
* 167xs :, e o se2 2900 _p 46.4 -
10 xK (mole 1 ) AR 3.22. ; L, 0.09 ,:' 0.61

10° ;:1(3 (mole- 1 H ool

v

10 xi(' (mole 1 ) -
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I 1ﬂ XK'B (mole 1 )
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/ Table 11, Concentrations of simple and triple ions of z;ure sulfonium
» / .
£ . " and ‘ammonium salts in chloroform at 25.0°C. .
. n ) ) )
Sulfonium salts, 0.05M/1 soln. ? '
(©x10° - s stam  sh stcion 06H2§(He)%clof
(X1 . - .0.160  0.082  0.269 ' 0.314 . 0.345
.- 1Y © 0.160  0.082  0.269  0.314 _ - 0.345
xst] 5.770.  5.690  9.600  8.870 8.620
C (stxst1 . 5770 s5.630  9.600 ~ 8.870 " 8,620 ’ :
o ) “ r . . i //T + ) <
Ammonium salts, 0.05M/1 soln. ‘ oo @fﬁr‘ -
; g T - oo .
o+ 4e)uo0S . NB . NI el - o
X1 o111, - 1327 1.30%
. . VoL , .
: (K1 . . ° 1511 o k37 1304 . .
; « VIXNET - 62.30 .. sk . I22.3 :
. . R v, , L o>
oL INERL 62,30m 47, .54.80  122.3 ‘
, L \ - '
¢ » ") 1 “6 r_q - ¢
. X. = anion’ of ‘the salt ’ . ‘ \ N
T T - Et,S(Me) - ) CL
.«; . 5‘ . 1 n = n_B'J4N ° ; ‘7‘ ¢ Y . .
o @ B A .-
w 4 n 5
s \ v R e ¢ & ; v R OL ’ hd
- B Y ¥ '
i o R , ‘:‘a . 1' . . [
! o ' rol . s ’
SRR oy o
¢ ,J . 1 S .
~ Yo p *
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Table 12. Concentration of different ionic species of diethylnenhyl—

[

) sulfonium Bromide and that of its equimolar mixture with

aanmoninmyx _ialts in chlorofoim at 25.0°C.

] v

Concentration: 0.05 M/1 o, .

- 1

)

’ »

(2)x103 6By HETEWED) BT ustecwtoont

¢

[Bz~] - 0.16 0.94 ‘. 0.21; . 0.21
‘st 0.16 0.01, 0.043 e 0.05
[n*] - - 7 s 12 - r 201 . 1.95.
[1-1 v —— o= . 032 . T o8, e
. [c105] . - - - i 0.36
[S*Br"] ca.5000 ca.2500 1830 -+, 2000
[s*17} o o— -, 950 L e
" [s*c105] . - — ) — . N800
[N*Br-] -~ ca.2500 ) 950 T2 T2 Tuog
IN'IQ] w_“__::__&,ad - Nt 1820 - 1 .
N*e10%] - -— . -— 2000 .~
[3: s“Bfa 5.77 16.9 R X
. [S*Br™ 5%} 5.77 < 0.25 i 0.56 . 0.72
© - CIs*BCN*] - 2,0 - 35£15 ’ 39224
[BY N¥BE ] - 19,2 oy ctr 1,56
- [N¥BUNY] - 25.00- + - 15,8 ’ 14,50
[Br‘: s"]‘_"] - ey ‘ 12+5 A T e s
[N*I-st] - -~ 4820 - -
[I"N*1"] - . - . 4.8 T
[NtI"N*] _— e 0T 3012 W -—
[BF R*I-) - , = 190+100 - e
Jxes*rp . - - 2,17 . - - -
N ‘c{S"I'S‘] —— i} - o’ ‘029 ., ¢ \ —
[B 8%C1031 - - - T T
[N*c1035%) - . S _— " 6040
., [c103N*c107] — . - ' = - 13,33
[N*clol,n’} yo— - L . 72522,
{ClON*B T - ‘ -, e -264£156
[cm;,s*cm 1 -, -~ ' _— . 1.63
«[5%C103,8%] - — - - 0.23° .
e L L . I .o
* - s .~ ) L
S - EtZSHe N = anualI " . ) - 9
< \‘ : ‘l - ¥ & l“ .
Coe, T . &




+ s 85

s .

&

e As mentioned earlier; we studied the diethylmethylsulfonium salts
« instead of benzyldimethylsu}goniutg salts, in order !;q avoid the difficulties,
alrising from the 4ecomp§sition of the latter, under the experimental
conditions s dﬂﬁwei‘rer, this replacement is justified only if both the
salts had similar e‘lectmchemicélp properties. In order to check this
similarilty, w; studied -t;oth diethylmethylsnlfonimg— and benzyldimethyl-
sulf;mium perchlorate, in addition to other sulfonium salts.

. If we compare the experimental results of the two sulfonium “

i perchlorates, in,*l‘al;le 8A,we at once find soie strikinug similarities in

LS

&

then. E:cr example, t:h:e similar An:in anzl C min \Vj]:ﬁ;s of i.:he salts slxgpges’t -*“;’r:‘ -

that both these salts start to form the triple ion at about the same
;zoncentration. Thé‘values x;f A and B are also simil;r for both the

. - salts. -Al1 these similar values, together with tﬁf. 6’ar;:l.osema-hss of the

" res}:ective Kz and 'K3 f:‘alués, iuggéstt that t}ie f:oncentratiou of simple

¢

and triple ions of the two perchlorates should be similar. That this «

! 15 actually so, .can be easily seen from the concentrations of these -
s # ' 5 . ) , . K
species, presented in Table 11. " §

P4 “
: Therefotre, the results .of these two perchlorates, suggest that:the
- e te 5
electrochemical properties of diethylmethylsulfonium salts very -

redsonably represent tliose of the benzyldimethylsulfonium analogues;
b o »

and thus jpstﬁy the validity c':aE7 replacing the latter by the diethyl-"
*

P

« methylsulfonium salts in' this electrochemical study. N

+
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* B PR
. results_to propose the reactim;mﬁhanism. N

o

All the experimental data obéaingd in this electrochemical smdyn
[ |

of the pure sulfopium and animoxﬂiium salts, and of’ their’ equimolar, e
Ed

?nixéures, are presented in.Tables 8-11. If we compare the results of ‘

. 3

. ” . F
pure sulfonium and amonium salts it is seed that in ill cases the

3

concentrationseof different ionic speé'ies of the ammonium salt is '

@

several-fold greater than the concentratiom of thoge of the sulfdniump
! = 1
salt. Table 8A shows that except fof the chloridé, the' sulfo’n,ium salt:

P

start forming the triple ion, beyond'a concen%ration of about 0. 00414/1, !
i

compared to arqund 0.002!{[1 for the ammonium galts. Since onlymél smal}l

fraction of both the ammonium and sulfonium salts is, pi'fesent as’simple ~

- P v

1
©

and triple ion, im a 0.05M/1 solut;:'}, these salts undoubtedly remain’

mainly as fon-pairs in such a As‘ystu , .

In the case of mixed salts, the ions which are common to all
-~ - B <
mixtures are the following: Br , s+, Br~S+Bfr‘, S+Brfs+, N+, and N'Be 5. '

Only the first four species have been conside:;ed‘ in the case of pure
| .

“

sulfonium salts; and it is seen from Table 12 that the addition bf

E)

ammonium salts drastically changes the concentratioy of these séecicfi;.

' e

For example, irrespective of the nature of the anion of the ammonism - L7

salt, the concentration of Brster” goes up, while the concentration of -

e

S+Bx:—s+ goes down dramatically. The condentrations of the different

+

ionic species will be further discussed in conjufict:ion with the kinetic

» &
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In order to study the mechanism of the decomposition of the

sulfonium salts in c%broforn, we decided-to stxidy the reaction of
benz¥ldimethylsulfonium bromide in detail, starting with ;:he analysis

-~
of .the reaction products.
-~

Product analysis of the decomposition of benzyldimethylsulfonium

bromﬁe\in ‘ chloroform.

The reaction products of the decomposition of this sulfapium

salt' were analysed by (a) vapour phase chromatography, and (b) nuclear

magnetic resonance spectroscopy, ds deseribed in the experimental

"

section. . b T

’

{a) The pas chromatographic analysis, in Fig. 1D, showed only three
peaks which were identified as (1) dimethyl sulfide, (2) chloroform
solvent, and (3) benzyl bromide, by comparing their retention times

with those of the authentic samples, under exactly the same experimental ”

’
’
°

conditions. \

(b) 1In the case of the NMR spectroscopic analysis of the decomposition
products of benzyldimethylsulfonium bromide, five peaks were obtained
of which peak 'l" was due to methyl proton of TMS; which wag used as
the intermal referemce. Peak '2' is due to methyl proton of (01_1_3) 98
(8=2.1; 1it. (2.1)1%),(; " peak '3' is for the methylene proton of

¢CH__2Br (5=4.42: 1lit. (4 .111)107). Two more peaks (not shown in the
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' Fig.10 _GAS CHROMATOGRAPHIC ANALYSIS
‘ OF REACTION PRODUCTS

=

2  ®CH,5*(Me),Br—> ®CH,Br + Me,S

e
k)

}X

»
w
N [
a. Me,S
b. CHC!3
‘ \ c. ®CHBr
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“figure) are due to the proton of chloroform {§ = 7.3: 11:?(7.28)108)
. S

#
End proto&é of the benzene ring (§ = 7.4: litc. (6~9)109) respectively,

¢ ‘ N
Thé apalysis shown in Fig.ll, indicates that the reaction goes to
completion and benzyl bromide and dimethyl sulfide are the only

o v -

products.

Kinetic measurements of the decomposition of sulfonium salts -

The decomposition reaction was not followed by titrating the

¥
remaining bromide ion of the reactant against silyver nitrate solution,
&

because benzyl bromide, which is one of the reaction products, easily
hydrolizes during t%e titration and regeneratgi the bromide ion. Since -
the decomposition of benzyldimethylsulfonium bromide gives électrically
neutral species, i.e., benzyl hromide and dimethyl sulfide, it was .
decided that the conductimetric method to follow the reaction would be
tiuch more convenient ?nd prec¢ise. Attempts were élso made to follow

the reaction by NMR spectroscopy by following the disappearance of the
signal due t? methyl proton of (0§3)25+, present as ion-pairs mainly;
these peak-heights were then converted to concentration and to
conductance by means of the calibration curve (Figs. 30, 31 9. When’

the Gugéenheim method was applied to these concentration and conductance ®

data, the points were sgattered, Fig. 12, 13, indicating that the NMR

technique is not a good method to follow this reaction. However, a
L~

e .
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Fig.1ll, Products analysis-of benzyldimethylsulfonium bromide decomposi}.ion by NMR spectroscopy. -
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Table 12A, Decomposition of benzyldimethylsulfonium bromide (0.05M/1)

Gy
. n in chloroform at n33°C, ’ k?
z ¢ '
Time Concentration (ﬁ/l)* S \Ga
(t,min) (c, at t) (c',at B4+t) (c - c") logiglexe')
. 0 '0.0432 0.0125 . 0.0307 -1.5134
) . "3 0.0423 0.0120 _, 0.0303 ~1,5489
6 0.0385 0.0115 0.0270 -1.5686
.. 9 0.0368 0.0110 0.0258 ~1,5892
12 0.0343 0.0105 0.0238 -1.6244
. 15 0.0330 0.0100 0.0230 -1.6383
18 0.0303 0.0090 0.0213 ~1.6727
23 0.0285 0.0080 0.0205 -1.6882
24 0.0275 0.0075 N 0.0200 ~1.6990
- 27 /0.0268 0.0072 0.0195, -1,7100
‘ 30 0.0255 0.0070 0.0185 -1.7328
. 33 0.0245 0.0067, 0.0177 ~1.7508
36 0.0230 0.0062 0.0167, 21.7760
(39 0,0220 0.0060 0.0160 ~1,7959
42 0.0215 0.0057 0.0157, -1.8027

calibration curve on p.l1l68.

“g

17

* .
Concentration data were obtained from NMR peak-heights by the

«3‘ N
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Tablé 13A. Decomposition of bengyl&imethyisulfonium bromide (0.05M/1)
- * o ; /r
in chlofoform at 33°C.
> ; * "
.. Iime - Conductance (u mho) < .
*" (t,min) (C,at t) (CY,at 84+t) (c -¢cy logyp(c—C")
\ 0 504 0.95 3.49 . 0.5428
3 4.00 0.90 . 3.10 0.4914
6 3.76 . 0.86 ) 2.90 0.4624
9 3,56 ’ 0.83° 7,73 0.4362
o5,
12 3,14 . ,0.86 2.34 . 0.3692
7/ 15 3.02 0.78 2.26 0.3541
[ . . s
18 2.68 -~ 0.68 2.00 0.3010
21 2.46 0.61 . 1.85 0.2672
CM 236 0.58 1.78 . 0.2504
2 N 2.28 0.56 C1.72 ' 0.2355
30 T 2.14 0.54 1.60 0.2041
K 33 2.08 0.52 - 1.56 0.1931 x
, 36 1.90 0.48 1.42 0.1523
39 1.8 0.46 1.34 0.1271

42, 1.74 0.43 1.31 < 0.1173

Ry

;o \
-
-

*
Conductance data were obtained from the concentration dat:aI of Table 12A

by the calibration curve on p. 166.

.
.
. |

@
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I§) . . ,

compa;::ison of the rate constant ‘obtained at +33°C from the concentration

-5

(k, = 27310 Seec™l) and conductance data (k, = 40x10 " sec” 1y witn “that

measured by the conduc:imetric method (k = 60x10 5sec: l, at 40°C) shows

that they are all of the same magnitude. Th:ts agreement in the

-

magnitude of the rate canstancs by Lwo mdependent techniques suggests

that the same reactmn is bemg; ﬁollowed bythe MR and conductlmetric

methdds. i - © .

In the conductimetric method in order to convert the observed - -
conductance to molar concentration, a conductance-concentration
<

calié“%}ation curve was made (p.166) which reveals that the ﬁb'se?véd

conductance is not directly proportional to the mnlar concentration.

ooy

_This is expected from the results of the electrochemical studies which

showed that in a 0.05M solution, the sulfonium sa]:twis mainly present
as ion-pairs and the observed conductance is largely due to triple

14
ions. . .
o

A very significant result was obtained when both the conductance

data, and the molar concentrations obtained from them by the calibration
curve, were treated by the Guggenheim method (p-170), to evaluate the

rate constant. It was observed that, in a conductimetric run, when X

I

the xgte constant was calculated from the molar coneentration, the

-

Guggenheim plot was curved. On the other hand a straight line was

obtained from the' observed conductance, as seen in Fig.l4. While the

’

correlation coefficient of the line obtained from the concentration

[/}
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Fig.14 PLOT OF LOG(C—C') AND LOG(c—c) Vs.
TIME_FOR THE DECOMPOSITION OF BENZYLDIMETHYL-
~..  SULFONIUM BROMIDE IN CHLOROFORM AT 25.0° C.
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Table 14A.

S

3
1
i

¢
i

(0.05M/1)

,Cell #3, constant: 0.2375 cm

Decomposition of benzyldimetkiy‘ls“lfmiium bromide
X

|

“in chloroform at 25°C.
1

/!

|
1

l

¥

-

vl

Time Cohductance (p mho) .
t,min)  (C.at t) €' at 320+1) € -c") logig(c-c') 7
& \ °

_ 5,286 J~200 4.086 0.6113 ‘

10 5.0 1.137 3.899 * 0.5909

20 4.816 1.074 T 3.742 . 0.5731

30 " 4.59 1.018 3.578 0.5536

40 4.384 0.958 ° 3.426 0.5348

50 4,184 . . 0.930 3.254 0.5124

60 3.987 »..0.855 3.132 0.4958 °

70 3.803 | 0.806 2.997 0.4767

80 3.626 0.760 . 2,866 < 0.4573"

90 3.459 ' 0,715 2.744 0.4384

100 3.297 0.674 2.623 0.4188 ° )
110 3.143 0.634 2,509 0.3995

120 2.990 0.596 2,394 0.3791

130 2.850 0.559 2.291 0.3600

140 2.715 0.523 2.192 0.3408

150 2.586 0.491 - 2.095 0.3212

160 2.454 0.460 1,99 0.2097 . -

: g
-
. , e '
\ ‘
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. -c Table Y4B Decomi:osi};icm of, ben, jldimethylsulfonium bromide (0. 05M11)

N o 5 Cin chl:oroform at 25 6 c. ) o v s
, .. Gell #3; corlstant: 0. 2375 sm o ] - .
. T h‘ e . ) il
Time. - . Eoncent,:;atio“:{ any*. i Do o 7 ’
LCtymin) .. (e,at &) . (e',at 320+&) (c - ) logm(m-f:,‘)
N . N i = = — LN
‘ oo = 0.0475 * 0.0160° 0.0315 -1.5014
10 0.0463 " oo.0154 - d.0309 | ~1.5098 :
. 20 . '0.0650 - - 0.0147 .  ,0.0303 - ©o-1.5183 ° ° ¢
. 0.0438 . . 0.0140 - °  0.0298 °  ~_ -1.5255
40 0/0425  °. 0,0133 . 0.0292 -1.5343
C o, s ¢ 0.3 d.o128 . -0.0285 - 7 -l.s4sd
o 60 .0.038 . 0.0118 - . 0,020 . . | -1.5525
’ 70, 0.0386 6.0113 0.0273 ~1.5636 .
80 0.0373 , 0.0106° ..  0.0267 5732 . '
, % 60360 . 0.0 0.0260  *  -1.5847
100 7 0.0348 * 0,009 0.0254 ° -1.5949
. ‘ + 110 . ' 0.0336 . 0.0088 030248 .+ -1.6053  » -
.. 120 * 0.0326 -, 0.0084 0.0242 . -1.6159
' 130 0.034 . ' 00077 - 0.0237 ', -1.6250
140 0.0306 0.0073, 0.0231 ~1.6361
' 150 0.0294 . B 0.0068 ‘ 0.0226 ] 16456
160 - 0.0283 £0.0063 0.0220 -1.6573

O ~ 3

LI

* v ’ )
. Concentrations obtained by converting the conductance data of Table 144 M\

by means of the calibration curve on p. 166, o
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;a\ﬁr is only 0,99642, it is 0.99996 for the graph obtained fro{n the
. cmic_Iuctaucg data. Although the former correlation coefficient may
be acceptable in certain instances, it 1s obvious that in the present
case 'the reaction is first order with respect to conductance, rather
than concentration. The rate constant, k, was then measured from the
slope; ~k/2.303, of the straight line, obtained from logarithm of the
conduc_t_ance versus time. In all ca;es, very good straight lines
(correlation coefficient, 0.9999+) were f)btained from the observed

conductance ‘data. In this-reaction, the rate is proportional not to

~“the molar concentration, but to fonic concentration.

'S

13

« From the foregoing observation, the following cases may be i

conside{'ed . ' .

-
"

(a) Suppose the reaction is a unimolecular decomposition of

s

" . .- L e
the ion~pair, it may be ex;ressmf by equation (41), in which fox v
simplicity, the sulfonium salt is givem the symbol R35+x“,

R, sT%” ka>Rs+R++x“-———-rRs'+Rx 1)

3 slow 2 fast” & 2

then the rate is given by, i

~a[R,sYX1/at = Kk _IR,STX7] T (42)

3 a3

Ignoring the activity coefficients, the association constant, K,

£33
for the sulfonium salt is given by,
- . ¢ ‘

o]

R
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<k

” —d[R33+x']/dt

101

+ - + -
J/)? . R35 +X /= R3S X (43)‘
. ,.‘:"‘ AN )
A:j -5
£ - s _oe (1-w)e .

vhere o is the degree of ionization at molar concentration ‘c'

K o= (RS /RS K]

. Q
= (1-o) n::/ozzc2 » , :

Substitu;ibn in equation (42) yields -
};" ' L ..

o+ -
k KIR,ST1XT]

|}

e
[

§\

- kh(l—a)c

Since this compound is a weak electrolyte in chloroform solvent,

. .
o Is negligible compared to ug%;y; and hence the rate becomes,

-dmss+x”]/dt- = ke

Thus for this mechanism, the rate of the reaction is proportionzl
to the molar concentration; and is contrary to our experimental

results.

(46)

47)

«q

(48)



102
0

() For a unimolecular decomposition of an ion:
-5 3 L- + % + X s
RSSK ;——* RBS + X3 RBS Tow RZS+R szs'&-llx (49)
-1
The rate expression for this mechanism 1393,

o

"
©

o -argstVa = KRS (50)

“e

+

= kac [RE'] = ac] : (1)

In this expression the rate is proportional mot to the molar °

concentration, but to the iomic concentration.

{(c) If both the mechanism (a) and (b) are operative simultaneously,

then, invariably, n:ixed kinetics' would be obt;ainedgﬁ.

e =

{d) An Sy2 reaction, such as the decomposition of trimethyl-

sulfonium cation in ethanol, has been studied by Pocker and Parkersz.

The authors suggested the following rate expressions:

In the SN‘i process, ° » °
+. - %
RS +X —=_ RS+ RX (52)
3 2
S A =
and . =d[R,s'}/dt = k [RS8 ]JIX ] (53>
3 c* 3 \
= k.a’c? (54)
c a
= k (1-a)e/K C1) I

= Lk'c {56)




) 103
\ "\

L

2
first order kinetics in molar concentration (equation 56) if the
* X

So, the bimolecular reaction: R3S+ + X ~—— R,5 + RX will follow

sulfonium salt in chloroform solution is a weak electrolyte; whereas,
a second order kineties in molar concentration would be given, if the%
salt were a strong electrolyte in the solvent (54).

‘Equation (51) on integration gives the rate constant ~

o . g
2.303 %«f .
kb = t log a\ (a—x) ‘ 571

)

where o, and o, are the degrees of ionization of the molar concentration

t
a_and (a - x) at the beginning time and at time t, respectively. For

#

weak electrolytes,
o = A[A° . (58)

and A® is a comstant. By definition, the egquivalent conductivity is

given by
_ %1000 1

C (59)
eq

A

-

The specific conductance L is obtained from the cell constant ¢ and

the observed conductance G, from the relation,
. . M 4+

L = pG “ (60)

1

A‘pplying the relationship from (57) to (60), the rate constant is

given by, N
C : 4
_ 2,303 0
kb = == log T s 61)
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Since the rate of deromposition is ﬁoc dependent on the concentration,

|
and the observed rate is constant on the basis of the measured

'
-

conductance, {equation (50)), case (b) is the most probable mechanism gi
F e T
for the decomposition of the sulfonium salt in chloroform, and the

reaction must go via either a single or a triple ion, Since at 0.05M
the cﬁitent is carried by triple ions almost exclusively, it is most

Likely that the reaction is going via the triple ion and not the single

.

ion.

°

{a) Effect of salt concentration

4 -

Finding from the kinetic measurements that the decomposition of
tﬁe sulfonium salt in chloroform is a first order reaction, which
involves ionic concentration rather than molar concentratiom, it was
thought to be useful to study the dependence of the first order rate
constant with reséect to the initizl concentration of th? sulfoniu4 salt.

Hyne has studied the efféct,of salt concentration on the reaétion
rate for the solvolysis of dimethyl-t-butylsulfonium chloride in water
and 0.55 mole fraction ethan0133. The point of major interest in these
data is the effect of change o% initial concentration of the salt on
the observed rate. For solvolysis in water, vartation of the concen~
tration of the salt has no measurable effect on the rate; but in 0.55
mole fraction ethanol, the observed rates are significantly different
at différent concentrations of the sulfonium chloride used, aund are

®

higher for higher salt concentrations,
’ 4
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In the prese;t studies, the rate constants for the decomposition
of benzyldimethylsulfonium chloride, -bromide, and -iodide, hayve been
measured at different concentrations, and thg results are in Tables 15-17
respective]i; ;:he corresponding graphs are shown ‘ianigs. 15-17.

In every cas;, it is found that the rate of decomposition
decreases with :lncreasini concentration of the salt, and at higher
concentrations, this decrea%in rate tends to reach a minimum,
Considering the particular case of benzyldiﬁethylsulfonium bromide,
it 1is seen that, this salt suffers a decrease of about 15% in rate when

" the salt concentration is raised from 0.025 to 0.05M. Irrespective of
whether the mechanism is unimolecular or bimolecular in the decomposition
of sulfonium salts, the formal charge is dispersed (although to a (

.

different degree) in the transition state:

et +8 +5 -
Byl 3 Ry "R e sr ] Fast RS HRX v
' (transition“state) . . -
- 5 6 ~s g

(transition state)
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Fig. IS DECOMPOSITION OF BENZYLDIMETHYLSULFONIUM CHLORIDE

AT DIFFERENT CONCENTRATIONS IN CHLOROFORM AT 40.0°C.
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féble 15. Decomposition of benzyldimethylsulfonium chloride at
. &

¥

different molar conegntrations in chloroform at 40.0°C.

Concentration
(M/1)x103

»

Rate constant
(k%105 sec™1)

14.00
22.50
31.40
37.60
50.76
57.00

25.8
23.1
21.7
21.1
20,6

20.6

?



Fig. 16 ,
DECOMPOSITION OF BENZYLDIMETHYLSULFONIUM BROMIDE
AT DIFFERENT CONCENTRATIONS IN CHLOROFORM
- 20k AT 40.0°C.
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Table 16. Decomposition of benzyldimethylsulfonium browmide at
- different molar concentrations in chloraform at 40.0°C.
, , - z
Concenération Rate comnstant
(/1)x103 (k1x105 sec!)
25.0 73.2
30.0 68.6
35.0 ") 65.8"
40.0 63.7
45.0 " 61.3
* 50.0 60.0
55.0 60.0
60.0 60.1 )
65.0 . 60.0
70.0 '60.0

L4
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Fig. I7

DECOMPOSITION OF BENZYLDIMETHYLSULFONIUM IODIDE

AT DIFFERENT CONCENTRATIONS IN CHLOROFORM
AT 25.0° C.

CONCENTRATION { c(*.4)xI10°

-0t
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Table 17. Decomposition of benzyldimethylsulfoniom iodide at

different molar concentrations in chloroform at 25.0°C.

. -
Concentration ~—J “ Rate constant
(4/1)x103 (k x105sec™?)
20.0 69.8
30.6‘ 63.5
35.0 61.8
40.0 60.3
45.0 ' 59.2
50.0 + 57.3
5?.0 §6.8
65.0 . 55.6
80.0 53.9

(\J"

+
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.Therefore, if th;a would have been only an effect due to increasing
idnizlstrength of the medium, tﬁenxthe rate would continue to fall
with increasing concentration of the salt, since irrespective of
the mechanism, the charge 1s dispersed in the transition state.

From the electrochemical studies, it is evident that the
sulfonium sal? is mainly present as ion-pairs in chloroform solution,
in the concentration range of the experiments. S}nce'the decomposition
of the {on-pair is incon§istent with the kinet?# observation, and the
rate is proportional to fonic concentration, it is possible that the
deéoﬁpositidn proceeds via single sulfonium fon and/or a triple iom,
which are present in this concentration range. At this stage it is
difficult to explain the variation of ;he rate constant with the
concentration of the substrate, but it is probable that, with
increasing coucentratian,,more sulfonium salt is tied up as stable
species, such as Ion-pair or other higher ifonic agpregates. At
sufficiently high concentration such as (.05M) the concentration of

v

the decomposable species is also high and tgg reaction rate is not

' ;
affected in noticeable degree. )

In the case of the decompqsition of ammonium salts, which was
studied previously in these laggratories, the rate constant of the
decomposition reaction, was found to be independent of the initial
concentyation of the ammonium salt. In this case, the ionic species

that yndergoes -decomposition, is probably present in larger quantity,

v
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e 8 h ,

and 1s not affected by the change in concentration. If we compare °*

the concentrations of the triple ions bf the ammonium salt to that .

“of the corresponding sulfonium salt, we see from Table 11, p.83 -

that the concentration of the ammonium triple ion is several times

f "

greater than that of the sulfonium triple ion.

’

(b) Effect of anion type

a
° LS . a
<
3

The influence of the anion type on the decomposition of the
sulfonium salts has been studied quite extensiveiy in differeﬂt I

solvents and solvent mixtures ‘other than chloroform. Pocker and : . N

3

Parker 2 studied the decomposition of,the ?é%imethylsulfoniu;mation : \

3
with different anions at ifonic strength 0.04 ¥ in ethanol at 100°C, -
and observed that the reaction rates fit equation (62}, where 'n’ )

is the Swain and Scétt nucleophilic constant of the anion :;.n water: -

-

20'0‘2 - 5750 + 0.81(n) . ' ’ (62)

. r

Hyne33 found that for }:—butyidimthylsulfonium salts, the rate

log k

dependence on the anion character is shown to develop as the dielectric
constant of the medium is lowered; in pure aqueous medium, the rate of

the sulfonium salts decomposition was independent of the nature of the

—~

anion. p

Hughes, Ingold and Poaker30 observed that for the reaction of

@

trimethylsulfonium bromide, —chloride, and —iodide, although the flrst
*

v
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order rate coefficients appear to be more coustant than the second -
& 0
order rate co;fficients, the reactivity of the variods halide iomns

is not the same. With 0.0IM solutions at 100°C in ethanol, the .
® L) s -
. iodide is ca. 9 times more reactive than the bromide, which in turn

v

- ‘ is about 4.4 times more reactive than the chloride,

o

° ¢ All these results indicate that the-anion is playing a

L4 Fl

significant role in the decompositien of the sulfonium salt.,
Q N
« In the present work, in order to investigate the dependence of
the rate constant on the anion 'character, in chloroform medium, five

(”\,\\ gulfonium salts, qgmely,pbenzyldimethylﬁulfonium bromide, -chloride,
y\ =
~io s =cyanide, and -perchlorate were examined although the cyanide

was found to be too insoluble in chloroform. It is apparent from

Table g that in a 0.05M solutien, the iodide decomposes 8 times faster
T . T v
an the bromide, anqithe latter is 3 times more reactive than the

chloride; while theaperchlorate did nét decompose in‘chloroform even

%
€

" 9
at elevated temperatuore. ) .

When the nucleophilicity of these anions was plotted against
1 . - ’
the logarithm of respective rate constant, a linear relationship is
, . o
observed, Fig.18, The nucleophilicity of the anions according to the
[ - - ;

Swain-Scott equation together with the rate constants is given below.

"

!
!

,
N
}
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Table 18. The nucleophilicity of the halid#s and the rate cohstants

for the decomposition of benzyldimethylsulfonium halides

in chloroform at 25.0°C.

e

Anion Nucleophilicity of—anion(nx--)110 klxlossec"ln loggk,
N
¢ | 2.7 2.4 . ~4.62
Br 3.5 .73 ~4.14
I 5.0 "57.3 ~3.24 ’

A
The slope of the straight line (Fig.18) equals 0.6. The slope ‘measures

the sensitivity ‘of the sulfonium salt to changes in nucleophili;ity,
and %s a comstant of the substrate. This value of 0.6 is comparable to
0.8 obtained by Pocker and Parker for the decomposition of tri;ethy1~”
sulfonium salts in ethanol. This indicates that the benzylsulfonium
cation in chloroform has similar sensitiwvity to that of trimethyl-
sulfonium cation in alcohol towards nucleophiles.

This linear relationship between the nucleophilicity of the anjon
and the logarithm of rate comstant clearly indicates that the anion is
directly involved in the decomposition of the sulfonium salt. This is
further confirmed by the fact that benzyldimethylsulfonium perchlorate
did net decompose even at elevated temperature, das expected, because

o +

0
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Fig.18 PLOT OF LOG, K, vs

NUCLEOPHILICITY (n,~) OF THE ANION

T
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perchJ:orate is a very poor nucleophile. A similar result was also
obtained by Swain vand Kaiser, who obse{xed that trimethylsulfonium

« perchlorate remained undecomposed in 90% acetone, even at 100°C.

Since the decomposition of the sulfonium salt onvigusly
requires the nux;leophilicity'of the a;lion, the decomposition canmnot
proceed via a single sulfonium ion. The gdeccmposition via an ion-pair
has already been shown inconsistent with the ékinetic results.

That the rate of decomposition is proportional to ionic concentration,
and it requires the nucleophile, is consistent only with the mechanism,
which proceeds via a triple ion. Therefore, the decomposition of the
sulfonium salt must proceed through STBr™ST andfor Br sTBe .

Although ammonium salts with different anions have not beed?®
studied in thgse laboratories, a comparison of the rate constant,
obtained here, with that by Stewart.and Wealelll for the bromi“de hows
that the iodide decon;poges approximately ten times faster than the ﬂ
bromide. This result is similar to that obtaitned in the present [investi~
gation for the sulfovnium salt; and indicates that in both the ca es,' the

. anion plays a significant role in the reactiom.

-

Effects of added nucleophile

t

From the result of the previous experiment, that the nucleophilicity
of the anion is essential in order to decompose the sulfonium salt, it

was decided to study the decomposition of the sulfonium salt in the
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presence of n-tetrabutylammonium salts; the nucleophilic:!;ty of the

R

anion of these salts varied’ from ‘zero' (for perchlorate) to ‘several
hundreds" (fo; phenoxide, and th:‘.ot\:henoxidé) 112. It is hoped that

I )
the manner in which these added nucleophiles will affect the reaction

rate and Jthe produets of the reactiom, will furnish Information

valuable in establishing the reaction n;echanism.

Benzyldimethylsulfonium bromide was allowed to decompose in the

h

’ presence of each of n~tetrabutylammonium bromide, -jodide, —-perchlorate,

-phenoxide, and=thiophenoxide. In addition to these, both benzyldimethyl-
sulfoni:; perchlorate and ~iodide, were allowed to react in the preselice
of n-tetrabutylammonium bromide. Thé rate constants a‘re presented in
Tables 19A-224 together with the respective graphs in Figs. 19-22.

The results of this study are very interesting as seen from
Figs. ’19-2,2. Irrespective of the nature of the added anion, there is
2 sharp decrease in the rate constant of benzyldimethylsulfonium bromide
decomposition for adding only 0,00125M of the ammonium salt in the
reaction medium, Except for n~tetrabutylammonium iodide, this sharp
fall in the rate constants then slackens and by the time the concentration
of the added salt reaches 0.0025M the decrease in the/rate constant is

not only gradual but also linear.




Fig. 19 DECOMPOSITION OF BENZYLDIMETHYLSULFONIUM
BROMIDE IN THE PRESENCE OF n-TETRABUTYL~ )
AMMONIUM -SALTS IN CHOROFORM AT 400°C.
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0 O THIOPHENOXIDE
Q 44} :
»
=
36}
0 0 15 20 25

~

} CONCENTRAT!ON OF AMMON!UM SALT (m/2)xi0°

.
Su
bt



120

{

Table 19A. Decomposition of benzyldimethylsulfonium bromide in the

presence of added tetra-n-butylammonium bromide in

»

chloroform at 40.0°C.

Concentration of the Sulfonium ~Sa:l.t:: 0.05 M/1

-

Concentration of added Rate constant
n-BuyN¥Br™ (M/1)x103 (k1x105sec=1)
0.00 _ 60.0
1.25 T s
2.50 ’ 39.6 ,
3.75 - 37.2
5.0 ‘r' '36.7
N 10.00 35,5
" 15.00, %.4
20.00 - 32.9

25.00 , e 31.5
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Table 198, Decomposition of benzyldimethylsulfoniym bromide in

the presence of added tetra-n-butylammonium perchlorate

at, 40.0°C. .

-

7 Concentration of the sulfonium salt: 0.05 M/1l. Solvent: CHClg
Concentration of added . " Rate constant
n~Buy, NHC105; (M/1x103) o (kyx105sec~1)

0.00 60.0
' 1.25 46.0
2.50 s 43.0
- 3.75 “ 42,2
5.00 1 41.8
10.00 38.9
15.00 36 .‘8
20.00 . w5
- Wfﬁ 25.00 32.3

30.00 29.%

%y
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Table 19C. Decomposition of benzyldimethirlsulfbnium bromide in the

§ presence of added Tetra-n——Butylamonium-phenoxide dn

, chloroform at 40.0°C,

Concentration of the sulfonium salt: 0.05 M/1

Concentration of added Rate constant
0-BuNtPhO~(M/1)x103 ~ (k.x10%sec™1)
0.00 60.0 7
1.25 . 45.8 ,
2.50 37.0 )
3.75 - 36.0
"5.00 ) 35.9
) 10,00 " . 34.8
15.00 . 34.0
20.00 ] 32.9 . ’
25,00 31.3 »
f
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Table 19D. Decomposition of benzyldimethylsulfonium bromide in the

presence of added tetra-n-hutylammonium thiophenoxide

in chloreoform at 40.0°C:

. 1 Concentration of the sulfogtium salt: 0.05 M/1
] Concentration of added Rat;e constant
n-Bu,NPhS—(M/1)x103, (k x105sec~1)
0.00 60.0
1.25 42.0
2.50 37.0
) 3.75 . 36.2 f
. 5.00 354
. 10.00 ) 34.6
. . | 15.00 34.0
2Q.00 ‘ 32.7

25.00 ’ 31.3
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Fig. 20
DECOMPOSITION OF BENZYLDIMETHYLSULFONIUM
46 b '
o PERCHLORATE IN THE PRESENCE OF ADDED
n—-TETRABUTYLAMMONIUM BROMIDE IN
‘e ¥ CHLOROFORM AT 40.0°C.
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Table 20A. Decomposition of benzyldimethylsulfopnium perchlorate in

the presence of added tetra-n-butylammonium bromide in

’

chloroform at 40.0°C.

GConcentration of the sulfonium salts u 0.025 M/1 ) \w
Concentration of added - Rate constant
n-BuyNBr~(M/1)x103 (k-x105sec™1)
Nt 0.00 ‘ -

5.00 51.3

10.00 45.0

12.50 41.1

20.00 ' 35.3

) 25.00 33.0

30.00 : 31.3

40.00 i 27.6

50.00 R 26.6

0



Fig. 21 DECOMPOSITION OF BENZYLDIMETHYLSUL FONIUM IODIDE

6l - -
IN THE PRESENCE OF ADDED n-TETRABUTYLAMMONIUM

BROMIDE [N \CHLOROFORM AT 25°C.
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“. Table 21A. Decomposition of benzydimthx{lsulfonium iodide “in the

. presence of added tetra-n-butylammonium brbmide in

°

chloroform at 25.0°C. .

Concentration of the Sulfonium salt: 0.05 M/1

- »

Concentration of added Rate constant

n-Bu,NTBr-(M/1)x103 -+ {k x105sec-1)
. 0.00 , 57.3
’ 1.25 . 42.9
" 2,50 ° 29,1
3.75 27.2

: 5.00 - 26.8 %
10.00 25.6
15.00 g 24.0

-~ ,\g:
’ 20.00 22.9 °
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. Table 22A. Decomposition of benzyldimethylsulfonium promide in the

N presence of added tetra-n-butylammonium iodide in

¢

& , chloroform at 40.0°C. ’ T
s Concentration of the gulfonium galt: 0.05 M/1' )
Concentration of added Rate constant
n-Bu, N1 T-(1/1)x103 (k x10%sec1)

f i)

. 0.00 60.0
1.25 . 44,2 ‘
: 2.50 : 2.7
. ) 5,00 © 45.4 )
- 10.00 ] 51.3
o 15.00 . " 596
29.00“"‘ ) 67.9
2500 74.1
. L ;
R ) ? .
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TIo the case of n~tetrabutylasmonium iodide and benzyldimethyl-
sulfonium bromide, although the initial addition of the ammonius salt

causes a sharp fall in the rate constant, the subsequent addition of

< .

the latter gradually increases the rate constant. When n-tetrabutyl-
a‘oniua bromide is ‘added to benzyldimethylsulfonium iodide, a sharp
decrease in rate counstant is observed,ﬂ followed by a gradual one.

Another very int:‘eresti;x'g result is the decomposition of beneyl~
dimethylsulfonium perchlorate in the presence of added n-tetrabutyl-
apmonium bromide. From tlfév"'t‘ésults of the experiments with the pure
sulfonium salts, we know that beniyldiuethylsul%on;un perchlorate does
not decompose at all; but the addition of n-tetrabutylammonium bromide
makes the sulfonium perchlorate decompose. In this case, instead of
the usual sharp fall i:} the r;aaction rate, a rather gradual decrease
in the rate constant is observed, as the concentration of the ammonium
salt is increased. )

In order to explain the characteristic sharp decrease, in the -
rate constant, due to the addition of ammonium sfalt:s, we must refer

back to the electrochemical studies, which, together with the kinetic

‘resiilts; showed that the sulfonium salt decomposes via triple ions,
-

which may be 5'Br"ST andfor Br'sTBr .
The results of the electrochemical studies of the mixed salts
in Table 12, p.8% clearly show that the addition of ammonium salt

to sulfonium salt dramatically increases the concentration of Br-S*Bx:"

e

wahiy
s
N
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and drastically redWes the concentration of § Br 8°. So, it is

-

obvious that the decomposition of the sulfonium salt cannot be through
Br'STBr™, otherwise the addition of the ammonium salt would result in

at;harp increage in the reaction rate. Similarly it cannot be the

‘ sit;mltaneous decomposition of both the triple ions, i.e., Br STBr™ and .
sterst; because, in this case, the reaction rate should go up as the
addition obf the ammonium salt increases the concentration of the former.
Furthermore, it also cannot ‘be the decompczsitﬁ,.ou of the unsymmetrical
triple ions, shown in Table 12; otherwise wt; would not, expect the

,sulfon;hm salt to decompose at all, in the a“bseuce of the}amoniun salt,

as these unsymmetrical triple ione are not formed in the pure sulfonium
salts. - i

Therefore, \it 1is now obvious from all these cons:lderz;t:lons that
in chloroform medium, the sulfonium salt undergoes decomposit:fon, through
a symmetrical triple lon, consisting of two ’+ and an anion, i.e.,' S+X~S+. “:;

)

g If this hypothesis is correct, then, we can explain, why benzyl~
dimethylaulfonium perchlorate does not decompose alone, but does s¢ in
the presence of n—tetrabnéylamnium bromide. In the pure sulfonium salt,
the triple ion S+f!10; S+, does not decompose, because of the poor
nucleophilicity of the (}10;. But in the presence of n-tetrabutylammonium
bromide, obviously some 5'Br S' is formed, as shown in Table 12, That

this 1s actually the decomposition of s'Br7s" is confirmed by the product
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a

mlysis of the reaction mixture, v}\ich shows t:haf benzyl bromide and
dimethyl sulfide are formed during the reaction, Fig. 23.

»  Since there is no sharp depress}tin in the concentration of
S+Brﬂs+, due to the addition of the ammonium salt, the characteristic
shaxp decrease in the rate c:nstant is absent. But 48 the concentra-~
tion of the ammonium salt is increased, th.e formation of the stable
triple lons is favoured more than that of S+Brus+ ions, and“consequently,
the rate constant goes down, with increasing ’foncmtratinn of added
ammonium salt (Table 12, p.B4).

Similarly in the decomposition of benzyldimethylsulfonium bromide,
in the presence of n~tetrabutylammoniom iodide, the synn;.-t:.rinal triple

don, S+I's+, is formed in additfon to S'Br ST. With increasing concen~

tration of the ammonium salt, more and more 5*1°sT mustgbe formed, end

Jconsequently, the rate of the reaction goes up, because I is a better

1

nucleophile than Br . Of the other hand, the addition of n—tetrabutyl-
amnimlﬁ bromide, to benzyldimeth];isulfonium iodide, after the first
sharp decrease,“ shows a gradual decrease in the rate cgpatant with
increasing concentration of the ammonium salt. This should be expected,
if the above explanation is valid. In the latter case, stist 4 already
present in the system; and the addition of the n-tetrabutylammonium
bromide is producing S+Brus+, which gecompoaes slower than S+I—S+ does,

and as a result, the rate goes down. That S Br STas well as ST1 s¥ie
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Fig. 23. Products analysis for the decomposition of henzyldimethylasulfonium perchlorate in the presence of
n~tetrabutylammonium bromide.

g -
n-Bu 41‘3 Br
+ rd

dcu, (tte) L5 B
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formed in both cases, iz in agreement with the product analyses
which show that benzyl bromide and -iodide are obtained together
with dimethylsulfide in each case (Figa. 24, 25).

‘That the addition of n-tetrabutylammonium phenoxide, and

+

~thiophenoxide, decreases the reaction raite in the same way as -
does the addition of the corresponding bromide and perchlorate,
is difficult to explain, In these cases, we should expect the (/I
triple fons like S'Ph0"S" and §'Phs”S" to be forméd and eince
PO~ and PhS~ are several hundred times more nucleophilic than Br™,
the reaction rate should be greatly increased. However, experimentally,
we do pot observe sugh an increase in the reaction rate, nor do we
find any henzyli phenoxide (:’5 for mgzﬁPh = 5.1 or benzyl thiophenoxide
(s fc;r dc}_gzsl’h = 5.3, as suggested f:y Dr. D. L. Hooper) as reaction
- prodl;ct.d Instead in both these cases, the only products cbtained are
benzyl bromide and dimethyl sulfide, ds seen from Fig . 26, 27.
A‘pos'g:l.bdle fxplanation of this can be that the highly nucleophilic
an'ions must be tied up in the fon-pairs and iIn the unsymmetrical triple ,
ions which do not decompose.- r
The gradual fall in the rate constant of the decomposition of
the sulfonium salt can be explained by the fact that with the increasing
concentration of the added ammonium salt, the concentration of the stable
ionic species increases at the expense of the concentration of the

-

“ decompogable ionic species, i.e., s"'x"s"', as seen in Table 12, p.84.

e

£ . R
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Fig. 24. Products; analysis for the decomposition of benzyldimethylsulfonium iodid!;atn the presence of
' n-tetrabutylammonium bromide. -

N
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Fig.25. Products analysis for the decompasition of benzyldimethylsulfonium bromide in the presence of
£ n~tetrabutylammonium iodide.

e
N

N

n-Bu“N'*'I_
+ -
BCH, (Me) ,5" Br
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Fig. 26. /Products analysis for the decomposition of benzyldimethylsulfonium bromide in the pégence of
n-tetrabutylammonium phenoxide.
L 3
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I':l.g. 27.

Products analysis for the decomposition of benzyldiu:hylsulfonium bromide in the presence
of n-tetrabutylammonium thiophenoxide.

>
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c. Reaction parameters -

@

From the rate equation of the transition state theory, the rate

congtant is given byua,

- + ”
K = Cer/mye-tEI/RT oasT/R ) I

where AH+ and AS+ are enthalpy and entropy of activation, respectively.

From equation (63)

In ¥ = 1In(xT/h)- AH’FIRT + AS+IR ° (64)
5
+ +
or, logk = logGI/h) - 21.{303111' + g?sosn (65)

The enthalpy (A}fl:} and entropy (As+) of activation for, the

°

decomposition of the protium compound (benzyldimethylsulfonium bromide)

hY
in chloroform were calculated by means of a least square fit to

equation (65). The values obtained are: o
1 += -.1
ARV = 25,48 % 0.18 keal mole (66)
a8t = 8.03:0.58 cal moleldeg™t (67

>

The ease with which the reaction proceeds even at room temperature
may be seen to be due to the positive entropy of activation. From
equation (65) the plot of Llog(k/T) vs, 1/T should give a straight line.

The rate constants for the decomposition reaction were measured at 5°

£
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intervals between 25 and 50°C; and FPig. 28 shows a graph of '
loglo(le) + 8 versus 1000/T. ' |
The positive value of A§+:indicates that there is more

&

randomess 1in the transition state than {g the initial state

N\g_~%3g¥;thus suggests a unimolecular type mechanism. ’

The fact that the activation energy plot shows no curvature

-

¥

over a reasonably wide temperature range, lends support in terms

of a single mechanism, 7If more than ome lonic species were

[

undergoing simultaneous decomposition, with different activation

energles, deviations from Iinearity would be expected in Fig. 28.

. -

D. Secondary deuterium isotope effect

3

The secondary deuterium isotbﬂe effects for:the decouposition
of gﬁifonium salts are POt available in the literature. A study
of the temperature dependence of the secondary deoterium isotope
effects of benzyldimethylsulfonium bromide in chlorpform solution
over a temperature range of 25°C was carried out and the experimental
results are presented in Table 28C.

The’kH/kD ratio is found to be approximately constént, at
1.08£0.01, The kH/kD ratios were fitted to equatiod’(ﬁB) by the
methed of 1éast Bqugres: )

N ot-ab  aste sl

[logygOy/ky) = —3 3R T LIS R

(68)
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= L _ Table 28A. Tenper&i'ﬁh-re dependence of the decomposition of benzyldimethyl- R
. sulfonium bromide in chlorodform. - ’
A Cell #1. - . .
3 @ * » ’
d Temperature 1/T°K x 103 . kanx 105gec™! lozlo(kﬂll‘) + 8
°C %, T {average)
o :‘a‘é\ ¢ R
.l ) - i} i " ' &
oy 25 298 3.36 . 7.492 ’ 1.400 i
30 303 ©3.36 ¢ 15.241 1.700 -
’ 35 8* - 3.25 © 30.196 " © 19 ¢
40 313 3.26 59.996. YT 2.282 e
45 318, 3.15 115.985 2.560
- 50 " 323 3.10 " 228.185 2.850
t &
.
. 4 ~ - ’
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Table 28B. Temperature dependence of the decompogition of a—do-—

° benzyldimethylsulfonium bromide in chloroform. -
Cell #2 ,

. ienperatq;e N
°c °K 1/T°K x 103 knxlﬁssec"l logyo (k)/T) + 8
N (average)

.25 298 3.36 7.026 1.330
30 303 3.30 14.148 1.670
35 308 3.25 ) 28.258 1,962
40 313 3.20 54.966 2.244
45 . 318 3.15 108.420 2.532
so& 323 - 3.10 -210.260 2.831
- Y
v ’ L
p= 4 2
! {
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Table 28C. Temperature dependence of- secuﬁdarv deuterium isotope

effects for the decomposition of benz}ldimthylsulfanium

bromide in chloroform solution.

-Cell #1 & 2 ' ~

Temp. °C kaIOSSec"'l knxlosaec“l ;’kw
25.0 '7.492+0.012 7.02430.006 1.0740.003
30.0 15.241:0.01% 14.148+0.027 1.0840.003
35.0  30.196:0.072 28.2580.057 1.07+0.005
40.0 :59.99620.152 54.966:0.120 1.4ggp-005
45.0 °  115.985%0.197 108.420£0.360 1.07:0.015
50.0 228.185%0.865 210.26040.757 1.08:0.008

£
- I
- 4, 4
- i
’ Y
i

]
¥y

N
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The enthalpy and entropy differencés so obtained are given abelow,

by

together with their standard deviati$ns:

(Ani‘ - Al-l;{;) = -0.07:0.08 kca\]\\;nole—l 2 (69)
\
\‘ .
(Asi= - AS?;) = 10.3620.25 cal mole ‘deg (70)
5

¢

. o .
Because of the larger standard degiatilon in (AH;': - AH;‘;) than

its actual valuve, this result is probably zero. The isotope effect

in this case may be due to the difference, mainly in AS=1= term, rather

than the 'zthalpy, JLenerally expected a zero—point energy difference
Q

explana:inn. -
The isotope effect ebserved in this case, is found to be
approximitely independent of temperat) e (kH/kD ='1.0820.01). This
imiica.tes some t:y?e of compensating ci;anges in force const;m:s, and
hence ze;o-point energy difference. Therefore, it is probable that a
nucleophile is participating in the transition state, such that a
strong interaction between the nucleophile, and the reacting ciarbon
atom increases bending frequencies of the C-H bond, but at the same time
electronie charges associated with the formation of the new bbnd and
breaking of the old bond, tend to decrease stretching frequencies.
Had there been no participati\zr:f ‘the anion, the temperature-

dependency of the isotope efféct would have been expected.

f
|

t
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The normal isotope effect observed previously for the
ammonium salt decomposition was of somewhat greater magnitude,
and origin of which was found to be in both the enthalpy and

v

entropy terms. . : :

-~

\\\

=

T e N
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E. Summary "

The important experimental observations and mechanistic

deductions for the reaction are summarized below.

¢

Electrochemical studies )
L d

1. In a 0.05M/1 solution in chloroform, both the sulfonium

and ammonium salt are present mainly as the jon-pair and the

conductivity of the solution is largely due to triple ions. ‘*“

=l

2, The concentrations at which triple ion formation is appreciable,
are around 0.004 and 0.002M/1 for the sulfonium and ammonium salt
respectively.

3. Addition of ammonium salt to sulfon;}ium bromide, drastically
reduces the concentration of S+Br—s+ and dramat:;.cally increases
that of Br S'Br .

4. In the case of mixed salts, the ionic species that is :En
highest concentration, i; the one consisting of the ion~pair of
the ammonium 5alt and the anion of the sulfonlum salt.

5. A comparison of the concentrations of the lonle species of
pure sulfonium and ammonium salts indicates that the triple ion

concentration of the latter is several-fold higher than that of

the corresponding sulfonium salt.

* :
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Kinetic studies

1. The decunposit:ion of benzyldiuet:hylsulfoniun bromide produces
only benzyl btoti&e and diuethyl sulfide and the reaction goes to
completion. i )
2. The reaction rate of the decomposition of sul:foniun salt is
proportional to the conductivity rather than molar concentration.

3. Y:l:he reaction rate decreases slowly as the concentration of the

salt Increases from 0.025 to 0.05M/1; beyond the latter concentration,

the decrease in the reaction rate is minimal.

v
4

4, There is a linear relationship between the nucleophilicity of
the anion and the logarithm of the reaction rate comstant.

5. Benzyldimethylsulfonium perchlorate does not decompose alone,
but does so in the presence of n-t:etrabutylamoni:um browmide.

6. Addition of small amount of ammonium salt causes a sharp
decrease in the rate constant of the sulfonium salt. Thig sharp
fall in the rate constant then becomes gradual and linear. However,
the addition of small amounts of n-tetrabutylammonium iodide to
benzyldimt:hy]?sulfonium' bromide decreases the rate comstant, but
greater amounts of the iodide graduaily and linearly increase the
rate constant. ,

7. Addition of n-tetrabutylammonium bromide, -perchlorate,

nphenoxide,- and -th:l;phehoxide, to 6bin6'1$imethylsu1fonim bromide

-~
’%
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produces only benzyl bromide and dimethyl sulfide. These two are also
the only products, when n-tetrabutylammonium bromide is afided to

- benzyldimethylsulfonium perchlorate; the latter does not ose

r

alone. .
%l
8. When n-tetrabutylammonium iodide is added to benzyldimethyl-

sul foniun bromide, benzyl iodide, in addition to benzyl bromide and

¢ *

dimethyl sulfide is formed.

“\
i

&

From the results summarized in the previous pages, the
mechanism may be deduced of the decomposition of sulfonium salts in

- s

chloroform.
% 2

The kinetic studies show that the reaction rate is proportional -

to ionic species rather than molar coneentration, which at once suggest:sp
" that for the pure sulfonium salt, the reaction must proceed either

through ;:lngle sulfoniom ion S+, or through triple ions S+X—S+ and
x"s“"x" or their different combinations, since these are the ionic
species present in the sulfonium salt in that concentration range.

Since the kinetic experiments have proved that the nucleophilicity
of the anion controls the ;:ate of decomposition of the sulforiium salt,
the decomposition via a single sulfonium ion 1s inPossible, and so

the decomposition must proceed through the symmetrical triple joms,

i.e., S+X_S+andlor x"s+x'.
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The kinetic studies indicate that the addition of a small amount

of the gsmoniom salt, drastically decreases the rate of decompopition

.

of the sulfonium salt. Now if we compare the concentration of triple

tons which are common to, sulfonium salt alone, and in mixture with the -

ammonium salt, we find that on addition of the ammonium salt, there is

a tren*ous increase in the concertration of Bt-'s+Br~. So it is

conlcluded that the reaction does not proceed via Br-s+nr-, otherwise,
a very sharp increase in rate constant would have been obtained, when
the awmonium salt is added.

On the other hand, the addition of tl:e ammonium salt extensively
cuts down the concentration of S+Br~s+. Therefore, the sharp fall in
the reaction rate of the decompogition of the sulfonium salt, as
observed, due to addition of ammonium salt, is conslstent only if the
reaction is the decomposition of S'Br's'.

That only one type of iconie species is undergoing decomposition
is furthexr supported by the fact that the activation energy plot shows
no curvature over a reaso;{ably wide range of temperature. Simultaneous
decomposition of ‘more than one ionic speéies, with different ‘activation
energies, would lead to non-linearity for such a plot.

- The magnitude and origin of the sécondary deuterium isotope effect
guggests that thfz suh:titution Js not a usual type ?f SNI or SNZ «

substitution. o
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- Therefore, considering all these points, the most likely
mechanism for the decomposition of the sulfonium salts In chloroform

may be formulated as the following: ,

+ - £ *, - + -
3 90H,ST(CH X 2% (OH,S (CHy),), X + $CH,S (CHy) X, (71)

The benzyl group will have some character of a carbonimm ion, due
1

er

to delocalization of the positive charge:
R
-4 &
c - gom,—-S(H), X WS lon,), + doHdEE)E, (72)
N l slow
¢cn2x + (CH3)2S + 2¢CHZ(CH3)2X

This mechanism is then a special type of substitution, which has been
described as an "jonic internal nucleophilic substitution"93.

In the present investigation, we have, therefore shown actually
what happens to a reaction which is particularly dependent on ions in
a polar mediuni when the reaction is carried out in a non-aqueous
golvent of low polarity. It is seen that although the eiectrolyte in
such systems remain mainly as ion-pairs, a certain small fraction must
be present as, simple fons, triple lons, as well as, other more complex
ionic aggregates. This study further reveals that only one particular
type of ionic species is responsible for the reaction, and the reaction

rate comatant is.dependent on the concentration of this ionic species

and the nucleophile of the latter controls the rate of the reaction.

/

{

»

*y
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It is, therefore, very likely that other compounds of similar type,
€.8., substituted ammonium and possibly phosphonium salt;. will
follow a similar type of mechanism, In their reactions when performed

in a non-aqueous solvent of low polarity.

>
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A General . \
(a) Prodedures . -

All salts Were dried for at least half an hour over phosphorus-
peataoxide in vacuum just before weighing. The conductivity cells
were thoroughly cleaned with hot ethanol, ghen several times with -
chloroform, and thereafter, kept filled with the solvent} chloroform.
The cells were rinsed three times with the solution before being filled

-

up to a certain volume for conductance measurements.

. Q

The melting poﬁ!{s (corrected) were recorded on a Fisher-Johns

3

Melting point Apparatus, and the boiling points are more properly the

distillation temperatures.
/_‘. - N ‘0 -

(b) Apparatus i .

\

. The constant temperature bath

For the bulk of the kinetic runs measured by the cénductance
+  method, a Townson and Mercer model TH Series II thermostat with a
temperature constafxcy of 20,02°C was used. The bath was filled with
4

Esso Nuto H4%4 with a viscosity of about 35 centistokes at 40°C.

Conductivity bridge o

e

A Wayne-Kerr Universal bridge, model B221, having a quoted

v

accuracy of 30.2% was used in measuring all the conductance data.

3 &

X,
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* Gas-liquid chromatography (GLC) o

-
- - - s

1
h - v

This was performed on a Wilkens Aerograph Autoprep model A=700,

&

S

Nuclear magnetic resonance ‘spectrometer (NMR) ¥

The nuclear magnetic resonance spectra were recorded on a Varian

T-60 NMR spectrometer, at a frequency of 60 MHz, ' &
Balance '1
) e

L4

A Mettler, type B6 serial #61975 was used in all the weighings

throughout this work.

Calculations (

£
The rate constants and other thermodynamic properties were

w
@

calculated by the computer, model GDC 6400, while e‘quixglent
conductances and other conductgnce parameters were ctomputed ‘in the
Wang electronic calculator, model 320.

B. Syntheses ‘

)

{a) Preparation of thiophenol L

In a 1-1. round bottom flask equipped withﬂ a reflux condenser

2

were placed 360 g of cracked ice, and 65 ml (1.17 mole) of concentrated

sulfuric acid; the temperature being kept at -5 to 0.0°C by an

@
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- .
ice-salt bath. To this, 30 g (0.17 mole) of crude benzenesulfonyl

chloride was graduaily introduced (&shx), with stirring, followed

- by 60 g (0.92 atoms) of zide dust. The latter was added in portions

Af?
and 5_5 rapidly (gats pnss:lble wifhout allowing the temperature to rise
B %
over 0°C. After 1% hr, the ice bath was retiovéd and the reaction

nd:x.'e was allqwed to warm up spontaneausly. After the first

ebulli(:ion had subsided, the.mixture was heated te boiling with

continuous stirring wntil the solution was clear (4 hr). .

«

The thiophenol so formed was steam distilled, separated from

. . Water, and finally dried over anhydrous calcium chloride. The ¢érude

'mat:erial weighed 18 g (962) and the pyre compound distilling at

114 b.p. 166-9°C) was collected.

% o®

167-8°C (Lit.

(b) - Preparation of u-bromo~ua-dp~toluene -

kY 4

To a solution of 2 A0 ge (0.025 mole) a-dz~toluene in carbon
tetrachloride (15 ml), in a 50 ml round-bottom flask, fitted with"
a reflux condenser and a calc¢ium chloride guard tube, 3.56 g (0.02

mole) of N-bromosuccinimide together with a little benzoyl peroxide

4 r

was added. The mixture was refluxed for 20 minutes, and then
bl ‘L -
filtered, The filtrate was distilled first at atmospheric pressure

to remove the solvent and then at reduced pressure to obtain a-da~
- 115

benzyl brouide, 4.12 g (95%), b.p. 137-9°C at 22 om of Hg (L:lt. b.p.

,
v i

135-8°C at 22 mm of Hg,)

.
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x .o
(¢) Preparation of quaternary ammonium salts

a

Since analogous preparative methods were used to obtain these

¢@alts, only one Experimental procedure is given below as an example.

n-Tetrabutylammonium thiophenoxide

To a solutlion of n-tetrabutylammonium iodide (5.0 g, 0.0135

wole) in 25 ml of wethanal, expess of freshly prepared silver oxide .

{(0.01 mole) washed with methefol was addéd with stirring. The

’

stirring was continued until the supernatant liquor gave no test
+ ‘ 1

Ll

for .;Lodide with acidified silver nitrate solutoion. The solution
was then Fiktered, and neutralized with thiophenol in methanol. The

methanolic solution was then evaporated under reduced pressure, and

’

the salt was crystallized from ethyl acetate.

(@) Prepatation of sulfonium galts

* *’3', 4
L) Ay "‘

Sulfonium salts with anions other ‘than halides were synthesized
from the corresponding sulfonium bromide in the similar method to that
used for the preparfifion of quaternary ammpnium salts with anions other
than halides. Since sulfonium halides were prepared in a similar way,

& representative method is given below. All salts were purified by -
recrystallization to their constant melting point, when the purity was
found to be better than 99% by potentiometric titration of the anion

with silver nitrate solution.
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Benzyldimethylsulfoninm bromide

v

P

28.5 g (0.165 mc]lé) of benzyl bromide was allowed to react
with an excess of dimethyl sulfi:le, {15.5 g, 0.257 mole) in a
250 =} tound bottom flask, eguipped with a reflux condenser and
a calcium chloride guard tube. The reaction was allowed to proceed
'ovex,:n:lgbt with continuouns ménetic stirring‘; the white crystals
of benzyldimfhylsulfoniun btonid? were removed- and washed with
dry ether by suction filtra}:icn in nitrogen ’atmosphere, 38;1) g
£982), nv.p. 100~.5°C% Potentiomtrgic analysis for bromide showed:

trial 1, and 2, found 34,31%,calculated, 34.30%. ]
. o ¢
Benzyldimethylsulfonium perchlorate ,

. i | | .
Benzyldimethylsulfonium bromide, (5.0 g, 0.0215 mole) was

d:lsasolved in 25 ml of met‘nanpl, and an excess of freshly prepared
silver oxide (0.02 mole) washed with methanol, was added with
stirring. The stirring was cou{&!ued until the supernatant Yiquor
gave a negative test for bromide with acidified ;ilver nitrate
sc;lution. The solution was then filtered, and the £iltrare was
concentrated under reduced pressure, to obtain benzyldimethyl- "
sulfoxide (3.6 g, 94%). The latter was diss];].ved in 15 ml of water
and the aqueous solution was neutralized with perchloric acld. The

< s
filtered solution, which gave no test for bromide or silver ions, was

-

®
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|
concentrated under reduced pressure at roowm temperature. The white

crystals (4.0 g, 912), recrystallized from acetone-methanol mixture
i

:

was found to welt at 105-7°C (Lit. m.p. 106-7°C (116).).

All the sulfoniuvm and ammonium salts, used in the present work,

o R

together with thelr melting points and titration data, are given
\

. @

below: \
|
Heltin& point °C ~ X of anion
< Anion Solvent Observed Lit. Found Calculated

(a) n~Tetrabutylamsonium salt: -

?

bromide ether-ethanol , 118-9 | 119%  24.80 _ s
\
chloride ether-ethyl~ 108-10 \110a 12.78 12.80
acetate R R
, |
1odide . dilute acetone  145-6 145-6 34,38 -~ 34.40
-~ * \\
perchlorate ether-ethanol 213-5 213®
R G vy
phenoxide ether 132-5 - 27,72 27.72
w% Lot
thiophenoxide ethyl acetate = 69-70 - 31.00 31.02
(b) Benzyldimethylsulfonium salt: , -7 .
. .
bromide ethanol-ether 100-.5 99-100 34.31 34.30
\ b .
chloride 2~propanol— 109-10 105-10 17.94 17.95
ether
b
: fodide °  2-propamol- . 103-5 102-4 ' 45.33 4 45.33
ether
perchlorate < ethanol- 105-7 106-7°

acetone

«
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-

kY

'R ,i L] . M 16_0
. > Melting point °C X of anion
-Anion Solvent Observed Lit. . Found Calculated

(¢) Diethylmethylsulfonium salt: L,
d

bromide ethanol-ether 234-5 235 43.19 43.20

iodide ethanol-ether  40-1 39.59  s54.70 - 54,71

a: ref.117; b: ref.118; c: ref.116; d: ref.119.

O

c. Solvent 'and other chemicals -

T

The chlorofors solvent used throughout this study was chromato-
quality reagent grade 9%+ wol per cent, an‘d vas purchased from Matheson
Coleman, and Bell. This solvent was used without any further purifica-
tion, ':ln gll kiueti:c runs and conductance measurements. An approximate
20 ml sample of this chloroform in the conductance cell lef?. in the
thermostat st 40°C for overnight showed almost no change in conductance,
indicating that no conductance change could be expected from the cell and
the solvent during any particular run. _The gas chromatogram supplied by
Hatheaon; Coleman and Bell, with the chlorpform sample, showed the
presence of traces of hydrocarbon stabilizer, and traces of two other
unidentified impurities.

a~d3-Toluene was purchased from Merck, Sharp and Dohme, of Canada
Ltd., Montreal, Canada; Benzyl bromide f and -iodide, were obtained from

Matheson, Coleman and Bell; while benzyl chloride was procured from

>

» B
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British i)rug Houses (Canada) Ltd., Toronto, Canada. Both diethyl—
and dimethyl sulfide, methyl bromide, beuzenesulfonyl chloride and
n-tetrabutylamnimn bromide were produchts of the Eastna? Organic
Chemicals, Rochester 3, N.¥., U.S.A. Ethyl bromide and ﬁ—bromo-—

' succinimide were supphjed/:y Figher Sefentific Co., Chemical )
Manufacturing Division, Fair Lawn, New Jersey, U.S5.A. ‘ n~Tetra~
butylammonium lodide and -perchlorate were provided by Dr. K.T.Leffek.

D | Analyses

{a) Reaction products-analysis

The products of the decomposition reaction of the sulfonium
salts, with and without added electrolytes were analyzed by (1)
vapour phase chromatography, and (ii) nuclear magnetic resonance

spectroscopy. ‘ o

1) The chromato%taphic anglysis was carried out on an Aut;oprep
chromatograph, model A~700, the column (20'x4" 0.D.) being packed
with silicone gum rubber SE 30 on HMDS chromosorb, mesh size 80-100.

“The reaction mixture was allowed to stand in the thermostat, at the

t
i

temperature of the reaction, for about 25 "half-lives" before it

-

was concentrated under reduced pressure to remove most of the selvent.

The experiment was performed with a 10 pl of the concentrated sample,

4
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at a column temperature of 198:0.5°C, a flow rate of 125 cc/min,

and a filament current of 150 ma, wnitrogen being used as the
carriexr éas. The reaction products were identified by matching

- I . a -
the retention times of the individual components with those of

“ - a

3 N -

the authent:ic samples. ~ s " - - -

s S
fii) The spectrascoixic identification of the’ reaction products
on the actual reactizn mixture was made on a Varian T-60 N.M.K,

' Spectrometer, tetramethyl silane being the internal reference.
The spectra were taken at a frequency of 60 Mcias, under the .

i

following conditions: .

: Spectrum amplitude: 2.5
Spinning rate (RPS}): 28 . i s X
, Swéep tide (sec): 250
L d .
Filter: ot 2 .
RF power level: ° ° ,0.005 i
Sweep width sﬁg ]

)

The products were identified from the 6-va41/ues of the different peaks,

-

of the authentic samples. s

-

{b) Deuterated compounds analysis

s

2

o

Both o-dp-benzyl bromide, and a-dz-benzyldimethylsulfonium bromide ¥

* were analyzed by N.M.R.. apectroscopy. The absence of the peak at abonut

o ¢ ®
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4.5 ppm(3), indlcates that the a-positions of o-dy~benzyl bromide
was completely deuterated, a~d;~Benzyldimethylsulfonium bromide
showed oo peaks due to methylene proto}xs of a—cg2~s+ group,
indicating that a ve(ry high degree of deuteration was achieved in

the sulfonium compound. The N.M.R. spectra of these two substrates

are shown in Fig. 29. -

E. Calibration curves

Sa) Calibration ¢of conductance-concentration relation .

The calibration curve was obtained by measuring the conductance
of chlomfon‘solutions, containing different concentriations of ﬁ
benzyldi;ethyliulfonium bromide and 1t‘s decomposition products. The -
total conceritration was made up to 0.05M. The coneen::ration of the
sglt was det;reased while}that of the;products increase? at 0,005M
intervala, such that the sum of the concentrations of the #alt and
products was al:mys 0.05M. For each system about ten readings were |
taken at definite time intervals from which the conductance of the !
particular system at "zero" time was extrapolated. In order to *

.

minimize the error in the conductance readings due to decomposition

*H

of the salt, the calibration curve was obtained at 25°C.
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Fig.29. NMR spectra of (a) $UH,(CH,),S'Br"

~

T e W ————

o

[P,

and (b) anumanm

+ [
wvnb Br
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Linear conductance-concentration relationship for quaternary

120,121

amonium salta’ have been reported in the literature In the

! : .
present study{‘ on the sulfoniug salt in chlorofprm, the relation ,
i / - s

1 -

resulted in & curve, concave upward gﬁd was very similar to that

[~

/ | -
s obtained préviously in these laboratories, for quaternary ammonium

salts in chloroform'22. The calibration tfrvee obtained in the
present stud;?;« is showm in Fig.30° and the data are presented in

Table 3J0A. - . o

A »

(b) Calibration of peak-height—concentration relation

<

- T .

a . This calibration cuive was obtained by measuring the height

of the peak (arbitrary unit), due to the methyl protons of the

(C§3)ZS+ gr:oup:.~ The calibration solutions were made in'the same way —~——

as described in the previous section. The peak-height thus gave a )
"direct measure of the concentration of benzyldimeghj'isulfonium bromide.
The oPerating“tionditions were similar to those described in section ° .
D(a)ii. The calibration curve so constructed is shown in Fi.g.blil; tlie

, corresponding experimeﬁtgl data are collated in Table 31A.

13

G e
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Fig. 30 CALIBRATION GRAPH OF CONCENTRATION
ol ° _VERSUS CONDUCTANCE FOR

BENZYLDIME THYL SUL FONIUM BROMIDE
' -IN CHLOROFORM AT 25.0°C .

50}

»
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J
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Table 30A. Calibration of conductance-concentratim} relation of

benzyldimethyleyl fonium bromide -in chloroform

solution at 25.0°C.

Cell No.3. -
e NOe2s

: "

Conceéntration (M/1) Conductance"
Salt Product ) {u wmho)
0.050 + 0.000 . ’ 5.80 ..
0.045 +;/ 0.005 - ) . 4.80
0.050 + 0.010 | r ‘ 4.00 |
0.035 + 0.015 ‘ 3.33
0.030 + 0.020 2.70
0.025 +. 0.025 > - 2.40
0.020 + 0.030 1.60
0.015 + 0.035 c * g 1.10 y
0.010 + 0.040 0.75
0.005 + 0.045 . . 0.35
"0.000 + 0.050 ' . 0.13

5

7

»¥



i6~ Fig. 31 CALIBRATION GRAPH OF PEAK HEIGHT FOR METHYL

= PROTONS OF (CH,),S" VERSUS CONCENTRATION OF
a laf -
3 BENZYLDIMETHYLSULFONIUM BROMIDE IN
@ :
% 12l CHLOROFORM AT " 33°C o -
&
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Table 31A. Calibration of concentration-peak height of N.M.R.

|3
signal for methyl protons of benzyldimethylsulfonium

N

ion in chloroform.

’
5

Reaction: acnzs+(cu3)2ar‘ ~—+ CHSCH, + @CH,Br

K S
(products)

. Concentration (M/1) : . -Peak-height
Salt Products farbitrary unit) , .
0.050 + 0.000 ' : 14.8
0.045 + 0,005 ) o - % 13.4
0.040 + . 0.010 . 11.0
0.035 A*, 0.015 X ) 10.0
0.030 + 0.020 ° - . 8.4
0.025 + 0.025 “"Q 7.7
0.020 + 0.030 o, 5.3
0.015 + 0.035 ’ 4.9
0.010 + 0.040 ° - : 3.4
0.005 + 0.045 1.9
0.000 + 0.050 0.0

. ..
. — g v
q .
. !
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F Kinetic Technique , . L . s \
o, » '3

¢ ' , ) : , ] ! } \
1. ° JIn the kinetic rums, two conductivity cells, each having roughly
' - . » 4

‘of 25 ml., and two other mini éonductivity cells, éacl\ of an

o

;e approximhte capacity of 5 nl were used, The kinetic runs fgr the !

l E

ated compounds were always measured in the mini cells. Fo o e
e " N

gsuring the rate ratios of the protium and deuterium compounds

runs in the mini cells were obtained simmltaneously in th\ i

¢ » 2F o ° 85y
mostat. Duplicate runs wére always obtainei simltéaneo ly, ’

&
.

‘ N o ¢ o B ®
he ones at 45 and 50°C when the half-life of the reactfon -

“ . - : i
. ’ wag: inconveniently.ghort. . \

+

- . . -
»

23

n, 2. The Guggenhe:ijix‘method o was applied to all kinetic’ measurements 2’

'

% - B * |
s in order to‘avoid any errors caused by the initial and/or inﬁinity b

4
- ° 4 |

- . E
v - . regc_lipg(s) . ‘T!ds,ﬁmethod fenable% one to ignore the infinity reading in
) a run. The essence of the method may be described as follows: Let '

1 »

e « , , N » N .
N (:1......(:1..."...(7n be‘n ge:f\dingg taken atvri\imes tl"""ti",“'”tn’

- - o

. . e in the first lgaff-lifj/of the Teactiont and that 'n more readings,
. Ei"""c:'l"""c;l“'i b€ recorded in the third half-life , after a constant

time interval t at times (4:1+t)..:...(ti+t)..../..(t:n+t). Then”from the

2] »

ol - [
rate equation,of unimolecular reaction, ‘

o : « .
. A
. B . - . -
- ¢ i
-
¥ \ -
s - o £ » " B M
. . 5 PO S .
f s = o / s R [
f N
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»
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‘ ’ o in

Py »
CaC; = (Ca—co)e‘kti“ . e an
Cog] = (ca-coye“‘ti"‘"‘ 7%)
or, (€]=C;) + (Ca=C) (1-e ¥ty Tty " (75)
or, ke Ha(Ci-C,) = In(Ca-C)(l-e¥E) - O

-

.., = Constant - o an

*

Thus a graph of the log,,{(C,-C}) against time will have a slope

of -k/2.303, where k is the rate constant, the negative‘sign

o

implying that the conductance~value decreases as .time increases. '

s

These rebiults were then treated by a ledst squares analysis.

&

A computgx\ 1{gmgram for a least squares study of the first order-
H IS -

rate constants for the Guggenheim data for model CDC6400 was used. ‘

The output gave both the least squares rate constants and the

“ S

[
standard deviation for each run. The computer programs for rate

-

' ‘constants and for the Arrhenius equation are given in the éppend:’:cés

&

~ 4 - 2 »

3 and E respectively. « 3

i {

A few-representative runs on the decompositior; of the sulfonium

. salts, Both with and without added electrelytes are foiulld* in Figs. 32-36 _

Ll

together with the experimental data in Tables 32A-36A.

4
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Fig.32 PLOT OF LOGglc—c') VERSUS t FOR THE
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- " Table 32A.

¥ £

£

@

Decomposition of benzyldimethylsulfonium chloride in ’

chloroform at 40.0°C. ‘

Concentration.of salt: 0.057 M/1

Cell #3, constant: 0.2375 cm + ‘

<

t @

 Gonductance (i mho (€=C") log;p(Cc—C')
(€, at t) (C', at 110+t)

10
15
20

25

30 :

-’} o

C .55

= 7

= .

5.157 ~ 1.177 3.980 0.5999

4844 1.094 3.750 i 05740 |
4.532 1.016 "3.516 . 0.5460

4.249 " 0.939 _ 3.310  0.5198

3.983 0.872 ° 3011 0.4930

3,729 © 0.805 2.924 ,0.4660
3.496 0.748  2.748 ' 0.4391
3.276 " 0.601 2.585 / 0.4125
3.068 | 0,639 T 2.429  ©0:3854

2.870, " 0.589 2.281  0.3581° .
%.686 0.543 ’ 2.143  '0.3310

2.513 0.499 . 2.014  0,3040 -

&
9 ¢ . %

" From the slope of the straight lipe, ki==20‘,1:6x10~55g(1~1

s 3

P

3
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Fig.33 PLOT OF LOG,glc—c') VERSUS t FOR THE

DECOMPOSITION OF BENZYLDIMET HYLSULFONIUM
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T;blé 33A. Decomposition of benzyidimethylsulfonium bromide in

a

chloroform at 40.0°C. . , \

Concentration of the salt: 0.055M/1 v

Cell #4, constant: 0.2625 cm.'l v
1] v
) Time Conductance (u mho) - (c-c') (logig(C-C")
. (tmin) (@, at ) (€',at 40FD)
S - 0 . 173 2.500 9.231  0.9652
2 10.910 -~ 2.300 . B.610  0.9350 -
» N . v ‘ﬁL&n
X 4 10.733 . 2113 8.020  0.9042
6 9.372 1.941 7.431  0.8710
, 8 8.709 _1.790 6.919  0.8401
v 10 8.101 ' . 1.642 6.459  ’0.8102 -
’ 12 7.497 1.495 . - 6.002  0.7782
<1 6.960 1.370 5.500  0.7474 -
" ‘16 . 6.458 . 1.250  5.208  0,7168
“18 ' 5,982 1.141 L4.841  0,6848

. 20 - 5.540 . 1.051 - - 4,489 0.6522 4

From the slope of the st line, ky = 60.0 x 1075éec‘1 )

»
&t N

¢

%
~
.

R
S



£\

LOG,gfc-¢")

1
[

~

o

176

- [P———
<+ e 3

Fig.34 PLOT OF LOG,(c—c') VERSUS t FOR THE
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Table 34A. Decomposition of benzyldimethylsulfonium iédidé in -
) chloroform at 25.0°C. ‘- I
s ‘ Concentration of salt: 0.05 ﬁ}l j
2f B ' Cell #3, constant:- 0.2375 cm"lu
T C;;dhctance (n who) - (c-Cc'y ' logyg(C-C')
(t,min) (C, at v)  (C',at 36+t) N s
? 0 11.82 o272 9.10  0.9590
Q 2501098 2.47 8.51°  0.9209
4 10.18 2.23 7.95  0.5004
P 9.4 2.02 7.39 0.83686
0’8", © . 8.72 -1.82 © 6.90 © 0.8388
T 0 s, 1.6 3 6.43 0.8082
Pt ‘ " 7.48 147 6.0  0.7783
U oo, La. b 560 0,82
A T T 116, 523 07188
" RS T I ‘ 5.9 1.06 - 4.86 0.686%
T From the slope of tsh;a straight line, k, = 57,3210 gec L
. -
_ L
” B o
w . | -~ ‘ ® ] ‘ \ 3
13 i “ R 3 * . M
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Tahle -35A. Decohpgsition of Bet}zyldimethylsul}anium bromide in the

4 L Q

-presence of ad:ied n—tetrabutyl?mbnium phenoxide in

k:’ £
= ¢hloroform at 40.0°C.. .

Concentration of the sulfdonium salt: 0.05M/1

-

:

Concentration of the ammonium salf: 0.005M/1

F Al
. W, 3 B

‘Time . _ Conductapce (u mho)* (c-c") logig(C-C') L’
(t,min) (C,at t) (C'at 68+t) " - & . s
o . 18.07 6.79 11.28 1.0523 o
-2 T 17.42 ’ 6.63 ’ 10.79 , . 1.0330
4" . 1681 6.49 ' 10.32 ‘1.0136
6 - 16,23 6.35 © 9.88 0.9948 -«
. o . o ey
8 15.70 6.22 : 9.48 | 0.9768 v
10° S 1517 ¢ 6.18, . L 9.07 . 0.9576
12 .- 1469 - 5.99 ., 8.70 0.9395 :
o 14 14.21° 5.87. e B.3% 0.9212 =~ .
16 13.77 . 501 - g.00 7 " 0.9031 ) )
18"~ 13.35 . 5.67 °- 7.68 - o0.8854 " .0 7
200 . 120937 . 5.58 7.3, 0.8663 ”

22. . 12.54 5449 ’ "7.05 - 0.8482. _ - ‘
.24 - ©1217 . 5.42 . 6.75 ".0.8293 u
26 1.82 5.35  ° 6.47 0,8109 -

N & ‘f' % *
28 . n.47 " < 5.28 . 6.19 . 0.7917 ”
"3 ¢ 1.4 - 522 0 5092 0.7723
o 10.83 5.17 5.66 0,7528 ..,
% > s om . [
3% 1053, Y 5.13, . ' v 540 0.7326 * .
- Qg * "3 s !
« * wF . . ' -
Conductance due to the ammonium salt: 4.76 u zlnho ‘ . .
From the algpe of Fig.35, ' kl = 35.9x10 5%ec™} L
* ' - e [ ' 'y o -
: v \,{‘_ 1. ' ’ o s
u % it 3 2 re . .
v ‘ ¢ " ‘ ’ 0 ’ ’ 9’ )
- N /'j_ P E 14
- . Tk N b
) = .
" \,,‘\V ‘\ w ¥ N
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Table 36A. Decomposition of benzyldimethylsulfonium petchlora'te'

in tt/le upresence of”added n—tetrabutylammonium bromide

&

in chloroform at 40,0°C.

COncentraéion of the sulfoninm salt:

6.025 M/1

. Concentration of the ammonium salt: 0.04 M/1

“«

-~

I3

o

0

) *
Conductance (y mho)

3

/

Time .
(t, min) (C, at t) {C', at 9241) (c-chH . logy4(C-C")
0 200.4 174.0 26.4 1.4216
3 119.0 , 173.7 _ 253 14031
6 197.2 1734 23.8 1.3766
9 195.7 173.0 22.7 11,3560
12 1944 17275 21.64 1.3355
15 193.0 172.5° 20.5 1.3118
18 191.7" 172.2 19.5 1.2900
‘21 7 9190.7 1719, 18,7 1.2730
24 189.5 . 1717 17.8 | 1.2504
27 188.5 171.5 17.0 . 1.2304
30. 1874 1712 16.1, 1.2081
*33 186.3 ., 1700, > 15.2 11832
36 185.4 . 170:8, 14.5¢ 1.1629
39 184.5 . 170.7 +13.8 . L.1399
42 - 183.6 170.55 ’ 13.04 " 1.1156

45 182.8 © 170.3, 124  1.0952

’ . !
Y

$

1

-

r

* ’ <
Conductance due to the ammonium salt: 168.0-n mho.

-
X

b

" from' the slope of Fig.36, ky 27.6x10"

5~ -1

v

sec
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G Conductance meagurements
. » . v pa
(a) Single salts ’ . - ., g

a

Conductance was measured for the-following ammonium salts:

<

n-Tetrabutylammonium.bromide, ~iodide, and -perchlorate, at different

concentrations ranging from 0.05 to 0.0001M, in chloroform solvent at

&

25.0°G. N

The sulfonium salts employed for the same purpose were dlﬂei:hyl-»

]

wethylsulfonium chloride, ~bromide, ~iodide, ~perchlorate, and

benzyldimethylsulfoniom bromide; the concentrations ranging from

v

0.05 to 0.00014, in chloroform at 25.0°C.

(b)  Mixed salts -

. -
? " P

The conductance of the mixed salts was always obtained for

Il -

equimolar mixtures of sulfonium and amsonium salts. The concenttation
- ’ 3 !

1

range and the temperature fvére_ gimilar to those of the s‘ing]:é salts,
] “ . - ’ ‘\,( I
Equimolar mixtures of diethylmethylsulfonium bromide with eadh of

n-»teﬁrabu't;rlammonium bromiﬂ‘é, n~tetrabutyfammonium iod;ide, and

- n~tetrabutylapmonium perchlorate’ weres\used in this investigation.

} &
IS a
4 i

I i I; R Pl
/ H . Cell constant and its determination

S &
senr Pt S
1

. ~
~ o

The resistance, R, of any-conductor varies directly as its

length ('4' cm) and i;versely as {ts area. ('a' s§. ci): n;ﬁ,themat:ically,
Ui B ’ s

a . G -
“

-
v )




& R.
- o

v S i :;5 " ag

L %/a ohms, ’ (78)

Ed

©
where the constant, L, is the specific resigtance, or, resistivity, -«

2
<

of the conductjgng matérg@lal. The speéific «conductancé designated i:];,

Ksp’ of a given material is defined as 1/L ohnr;'lcm_l." 5p “equation
(78) becomes ©° , . T .
1 .

o e Ty .
o R R./Kspa ! (79)

> If the conductance of the sSolution 'id C,"’then, ' .

- - g e & ° - < .
. _ _ N N ‘_3_-: - 'pﬁ . ~

¢C = 1/ = ngalﬂ, ohms . . (80)

« E3

For a given cell, '2° ar;d/)a' are constant, and the quantity %/a

. .
is called the 'cell constant', -

{ : : ",
. Instead of‘direct measurement, the cell constant is usuarlly’ ’

» %
4

obtained by means of a solutdon of known sx(:‘eciﬁc conductance.

- r

Potassium chloride solutions ére invariably used for bi:his'purpoée,

o - “

because, they have been ‘measured with great accuracy in cells of,

£ &

known dimensions.

5 3 &

v E)
*

A given solu:‘:ion of KGC1 of specific corxductance,{)Ksp, is

placed in the experimental cell, and its eonductance, Cys is

> ) - z M
megasured;\&ggw’ghe cell constant, p, is equal to, .
L - . . ¥ .
* u
, P T Ksplcu , g {81)
A & .
@ £
[ &=
ht i * - -
- L P’ " 'n ‘,_: ‘ !
| ™ g !
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-
M I3

\ 2
- The cell constant was calculated from the true conductance

2

obtained from the observed conductance of a 0.02M/1 solution of
potassium.chloride. True conductance was obtained from observed

conductance, by making allowance for the 'lead correction', as

g
showm below. ] \
Y

[y

You
e,

Experimental data:

’
-

Observed conductance for 0.02 M/1 KCl in cell #3 ...... 0,011635 mho

Observed conductance for doubly distilled water gqeli'. #3) 0,0000036 mho

<

) Conductance for KCl solution in cell #3 ...... 11.626% mho.

- ~

Lead correctionlzl": A .

: Rp = 1/Cc = 86.01 ohm
) X, = e = 1/10%0.256x10° = 390.6 ohm
. ’ 2 ‘¢ - .
Q = Rp/XP = 0.2202; Q° = 0.0485 b
N y -
PR R, = Rp/(l +.Q2) .= 82.6/3 . .-

The following values were obtained from the literature supplied by

S

Wayne Ker 125.
RS
Rs(transforme% = 0.042 ohm
R(leads) = (.14 ohm . .
LN @ »



o - \
+ ~ \ r
. T
N ™ -
) ;L t
Therefore, B, = R - R (transformer) ~ R(leads)

t

Rp(true) = Rst;(l +Q2) = $5.82 ohm

~

Therefore, the true conductance of KCl solution is,

§ llRp(true) = 11.6523 mho

Therefore, the cell constant for cell #3, |

¢

0.00276870.0116523
0.2375 cm L

-

-

Similar calculations for cell #2 gives

%
0.002768™70.010542
0.2625 cm

* -81.85 ohm

o
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- " APEENDIX A
\ . - .
Calculation of A° @7

°

Assuming the equilibrium between the iopns and the ~

undigsociated molecules of a binary electrolyte AB, i.e., .

. [}

+ -
A"+ B > AB,- .

1f the stoichiometric concentration is ¢, and the average -
fraction of solute free to carry the current is Y, then the

variqus concentrapions are:;

A

A" = 371 = oy
< [AB] = c(l-7) ‘
where .  H([IAT1+ [B7]) + [AB] = ¢

The equilibrium function for reaction 1) lsagiven by
[AE]  +[B }op™ "= K‘ v d )
g = {AB]fAB

o

o
7

where the activity coefficients are repreFented by £, and fAB =1

| N

Assuming fA+ = fB— ’

1)

(2)




) * o

[
B

L4

For convenience in later manipulation, a variable x is defined by:

e
e ©

x = Q- = cfi :

. »

4

For a solution containing cy/1000 equivalents Béf cc of anions and

B
conductancé, k is given by:

cations with moﬁflities v~ and vA+, respectively, the specific

1000 ¢ = Fcy(vAf + vB—).

where F = 96,494 international coulombs per equiyalent.‘the

¢

equivalent conductance is defined as: o

.

A = 1000 &/e

According to interionjic attraction.theory the mobilities vary

linearly with the square root of the ion concentration. Using

Debye's equatiomr to represent this change, we have in view of -

equation (3) and (4),; °

v

A = YgAf —«u/2§) {3’

» i .

, -

where A® is the limiting value of th¢ equivalent conductance,

and a has thebvalue computed by Onsager

- 8.18'x 10°

82
@ A® 4 —
(DT) 3/2 n(DT) 2 N

¥

where n is the viscosity of the solvent. s :

a

L o

3

(5)

(6)
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The value of the limiting conductance A® is obtained from

the condeedance data as follows:

a

An approximate value of y' of v is obtained by replacing y in the

. 3 >
interionic attraction term of (5)-by A/A°, i.e.

a
.y »

< yoae o d - AJAC

A% aavey I A m\"—lv@? . )
) . ®
and y! = .___.‘Uﬂ_;.‘___

1 - oA "Velk

and so on unti‘l it is constant.
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APPENDIX B -
TR

EN s
w~ ° v >

VY )
. . To show A = Ac “+ Be® | RS
‘ By TN
. .

Let us consider the simplified case of an ext;émely dilute

El

I

solution where the activity coefficients: can be equated to umity

and the limiting conductivity at infinite dilution is a sufficient

approximation to the conductivity 6f a fully dis§ocié£ed salt

solution at this low econcentration: let the sblvqnt be one of
low dielectric constant so that the degree of dissociation of
ion-pairs ;s very small.ﬁnd (L ~uw) =1,

Then for the reaction

]

# K I
MR —2— M+ X
2

- Ré - a2c

K
and eyt 3 o) + ot
- K3 -
@)~ A MX + X
' + -
: a r_ IMIxy . IXIDx)
det 5 = Thesr T TomA

’

an equality which implies that there is equal probability of forming .

(MXM+) or (XMX ). The total concentration is,

4
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3

c = [MX]+ ’a[n“}o;k 5IX71 + 3/20M06"] + 3/20007]
bue oy = DEiTIe = DOXVe -

so that if ¢ and a, are small

K

- a «
3 T o e A et ke . J T

T T . . ’
“a 3,\ °

Let A° be the limiting conductiﬁity at infinite dilution of the

simple ions, i.e.

wt X

and A“T that of the triple ions, i.e. “

5 2
- o

o - ° o _
B = Myt P Vi

-

i

.
¢ - A

Then the observed conductivity will be

A = aA® * aTA°T

Py @ ]
P b c B ,
= ..K_?_. A + _.Kz_... A®
] \’Ré T .
which is of the Form ' -

A = AcTZ+4 Bt

-]

=
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To show .[Br ]

‘ s
R

=
.

[

It

I

L]

#

1

+ 1
4 x- z(KZx + sz)

1) . g
.
>
“ R . ] [I}
APPENDIX C -
R
] ¥ .
(Csz) X ‘ »
I
(cxzm) = LQ ,
5 . R
1+ -£8 } = M e K
v, b
i
2

vy
+

e

e ad
;

1, "
(\C\sz) = e x MK+ sz)] %
b

- o
(1L TN L L B
[e x /2\[8 + Br~] + NBr—]

¥

’
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s

1. T S - -
QS+1[Br'] + [N [Br‘])'a (Is™BcT] = B )

1. !
2
cS
1+ 7&—
{ 2m }

X ’
KZ'X sz 2%
3x 3y 3yx

S

PR

g
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18 1[Br7] « 122 s"Br) » 12 RICW! JBr N'Br) |, is' 1] Ls Br ']

sBr"1  [87Br )0Br~ 1 Bl oBesr] | [5%Be m B 1(sT1

2 s 1[Br 1., il ]IBrJ

[S Br ] [N Br }
L-
({S ][Br“s Br~] + m 1[Br Nt Br 1+ Br 115" Bx Nﬁ%} ‘ &
- . )
(t 11Br71 + [N"1[Br 1) 0\“

isT10Bc7) + i 3ErT) + 1sTiBe s TR ") + N iR N BLT) + 1Br")(n+nr’s*1}
Qs"TJ [ Io% v {Br"]) ]

-{* : [S+Br~l = {N+Br"] = C/Z) ) ,n" -

)}f

£61
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=

{s

1+ c } s \\
3m
Let (._1._ . _}.) 2 :
{ Al
-y : ‘
Lr S,Br ] [BrN Br ] ) } "
[S Br 1[Bx~ ] [N Br 1[Br}]
1

ot

rf_‘rh

{
:
-{

R

+ (_LBr][BrSBr]-I»
Z[Br 1 (s78r 108" Be 1

Nin

+

-3z
+L[Bl:‘SBr]+[BrNBr] )
[Bx"]
= L\;:M(!CN
\
— :

-3
(s Br 1 e W e ])}

([Br S'Br ] + [Br NBr })}
[Br™] x 2 x--'

s - -
1sTBr7) = teeT xg-)

-
N



. " 4 ’ ‘_vv\ y - « ©
.t = H . . - ., p \ 2
Coe o . E (L iar - (2,8 281[ x]) pue
~ . . . . . .
L ., C ‘ (L siaa - 3,5 2] [ s10
, . ; oo Q Q,ﬂmznmt;ummum:.:mw
) ,Mﬁnaw o H+z..5+m:+a 1 z.ﬁ L NIT_36] + .” 5.1 ST 3] + [ ST ST+ T 38T 3 ST
A3 2 ~ a uﬁ °
~ 9 - = ~ . ?
A
u . A g N 9] + [ 24,5.36] + [ uav ﬁ [Lxa]l 8] + H ]l mO
v x b .
DR é@ TG I AT P4 ) e AT T SO (TR s
I Lt T
- n,v hd ‘ RS L - .
- o . \ o' : £
. ‘ T ) & w,m,.v;




From charge balance, ;
1 ) i 7 i i
INFT #1877 4+ 187875t F INTRe WD + (8TBe Nl = [BrT] 4 [BrsTBrT] 4 [Br"N'Be)

¢
’

ar

4

I3

- + +, - - - o - .
p oo Bl (sf1 e o+ sTeest) o ety 0 e sT)) k() 3
([Br ]+ [BsYBe7] 4 {Br—N+Br‘-']) . .
< i '*’\
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N N . .
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‘ APPENDIX D

o -

<

’r ’

CDC 6600 FIN V3.0-P213 OPT = 1 19/04/72

.G FOR RATE FROM FIRST ORD"ER, KINETIC DATA

&
c TIMES THEN' CHANGES INJ 0.D. . /

PROGRAM DELTAA (INPUT,OUTPUT)
* ,DIMENSION X (30), Y(30) : .

°

99 FORMAT (15)
&u;o FORMAT (* TOTAL NUMBER OF RUNS*,15) X
101 FORMAT (1/5,2&’4) ) .
102 FORMAT (*QRUN ;“,2A4) ' :
103 FORMAT(10FS.4)
104 FORMAT(6F13.3)
105 FORMAT (*0SLOPE*,E14.5,10X,*P.F.OF SLOPE*,E14.3) '
. 106 FORMAT(* C.C.*,F10.5) '
107 FORMAT(* Y~INTERCEPTX,F10.5,10%,*P,E. OF &-INT. *, mo.s(i;
108 FORMAT(* COMMON LOG OF SLOPE¥, rm,7,1ox:*HA17r—mFE*,1314.5)
READ 99,LRUNS . -~
. PRINT 100,LRUNS . ©
DO 500 J=1,LRUNS
READ 101,N,ID1,IDZ :

PRINT 162,1ID1,ID2

15 2
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READ 103, {£(1),1~1,8) -
y b 103, c{(n,fnl.m . ‘o
PRANT 104, (X(1),I=1,N)

- RINT 104, (Y(I),1=1,N) ) .
- DO 200 I=1,N : .

X(I)=60.0¥X(T) Q
200 Y(I)=ALOG(Y(I))

 SUMK=0.0 ‘.

.éUMY;b.O &

SUMXY=0,0

.' SUMER=0.0 '

SUMYY=0.0  °

. DO, 300 I=1,N ’ . -
SUMK=SUMSHX (I) ’
SUMY=SUMY+Y (1) gk
SUMKY=SUMKY+E(T)*Y (T)
SUMXX=SUMKZ+E () #%2 : . . N
- SUMYY=SUMYY+Y (I)*%2

. 300 CONTINUE> .
YINT= (SUMY*SUMXX~SUMK&*SUMXY) / (N*SUMKX~SUMX**2) '
B (N*SUMXY~SUMX*SDMY ) / (N*SUMKX-SUMX#%2)

DIF=0.0

! DO 400 K=1,N
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' 400 DIF=DIF+(Y (K)~B*X(K)~YINT)%*2
vm-m‘n;j (N-2) T
! DEX=SQRT (N*SUMXX~SUMX*%2)
e nm-sqnmtsmism*u) , ~
" PEI=0.6745*SQRT(SUMKX*VART /DEX**2)
/\‘ PEB=0.6745*SQRT (NSVART /DEX*%2) .
- CC=(N*SUMXY-SUMX*SUMY) / (DEX*DEY)
HL=0.693147/5 ' :
YINT=EXP (YINT)
PEI=EXP(PEI) ‘. . - - .
, PEI=0.5*YINT*(PEI-1.0/PEL) .
DELTAA - CDC 6600 FIN V3.0-P213 OPT=1 19/04/72
PEB=0,6745%SQRT (N*VART /DEX**2)
PRINT 106,CC B

PRINT 105,B,PEB :

Iy

_PRINT 107,YINT,PEI - ,
PRINT 108,BL,HL '

500 CONTINUE.
STOP R
ERD ! . ‘ :

L4 [
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APPENDIX E

- i ror
- {

i

CDC 6600 FIN V3.0-P213 OPT=1 .18/05/72
C  TO CALCULATE ENTHALPY, ENTROPY, ENERGY OF ACTIVATION -
C  TEMPS IN CENTIGRADE, THEN RATES X A SPECIFIED CONSTANT

PROGRAM ACTPAR (INPUT,OUTPUT)

v

DIMENSION X(30),Y{(30) ' \ .
99 FORMAT(15)

v

-

100 "FORMAT (*TOTAL NUMBER OF RUNS*,15)

101 FORMAT(15,2A4)

102 FORMAT(*ORUN  *,244)  »

103 FORMAT (8F10.4) .

104 FORMAT(* TEMP. ~ *,6F12.2) 2

105 FORMAT(* K *,0F12.7) . .

106, FORMAT (* C.C.*,F10.5)

110 FORMAT(*DELTA-H¥,F10.2,10X,*P.E.OF DELTA H¥,F10.2,10X,*E OF ACT.
1 *,F10.2) ﬂ "

111 FORMAT(* A-FACTOR®,E14.3,% AT*,F10.2,*DEG. C. P.E. OF A-FACTOR
1R*,E14. 3) "

112 FORMAT(* DELTA S*,F10,2,10X,*P.E. OF DELTA S*, F10.2)
113 FORMAT(8F12.8)

)

J
READ 99,LRUNS

FRINT 100,LRUNS -

DO 500 J=1,LRUNS
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R0 101,801,102

PRINT 102,ID1,ID2
READ 103, (X(I),I=1,N)  * . q
" READ 103, (Y(I),I=1,N) .

PRINT 104, (X(I),I=1,¥) :
PRINT 105, (¥(I),T=1,Ny
DO 200 I=1,N ) ey
X(I)-1.0/(273116+X(I).) ‘

200 Y (I)=ALOG(Y (T)-+ALOG(X(I))
PRINT 113, (X(I),T=1,N) . ‘
PRINT 113, (Y(X),I=1,N)
SUMX=0.0 ,
50MY=0.0
SUMXY=0.0 .
SUMK=0.0 "
SUMYY=0.0
DO 300 I=1,N .
SUMR=~SUMX+X (1) . ’ g
SUMY=SUMY-+Y (1)
SUMXY=SUMXY+X (L) *Y (1)
STMKR=SUMEEHX (1) %42
sm-gmr+v(1§;;£

300 CONTINUE «




-

}

ad

YINT=(SUMY*SUMXX-SUMX*SUMXY) / (N*SUMXX~SUMX**2)

B (N¥SUMXY~-SUMX*SUMY) / (N*¥SUMXX-SUMR#**2)

202

DIE=0.0 - :
» DO 400 K=1,N S
400 DIF=DIF+(Y (K)~B*K(K) ~YINT)%**2 { 7
‘ VARIADIF/ (N-2) °
DEX=SQRT (N*SUMXX~SUMR#*2) .
DEY=SQRT (N*SUMYY~SUMY**2)
PEI=0.6745*SQRT (SUMKK*VART /DEX#%2)
PEDS=L.9874PEL
ACTPAR CDC 6600 FIN V3.0-P213 OPT-1 18/05/72

PEB=0.6745%SQRT (N*VARL /DEX**2)
PEB=0,001987*PEB
CCs(N*snuxr-sunx*suMY)/(nEx*DEg)
T=1.0/ (SUMK/N)

B=0.001987*B

DS=1.987% (YINT-23.75997) .
E=B+(0.001987+T)

AF=EXP (YINTHALOG(T)+L1.0)
AFL=AF-AF*(1.0-1.0/EXP (PEI))

* AFU=AF+AF* (EXP (PEI) -1.0)
AF=(AFIHAFL) /2.0 D



4

7

o

b}

°

PEAE:*-AF—AFL
T=T-273.16

PRINT 106,cC
PRINT 110,B,PEB,E
_PRINT 112,PS,PEDS

BRINT 111,AF,T,PEAF

. 500 CONTINUE '
: " sTOP .
END ,

+
rE s

203

“a




. G

2‘ E"

BIBLIOGRAPHY .

R °
% -
W

K. Ingold, “Structure and Mechanism in Organic Chemistry",”

Cornell University Press, Ithaca, New York, 1970,

Chaps. V and VII.

£

- ~

R. Thornton, "Solvolysis Mechanisuw", Ronald Press Co., N.Y.,

»

1964, Chap. IV. -

3. S.&"Winstein, E. Grunwald, and H. W. Jones, J. Am. Chem. Soc.,

4. V.
5. G
H

6. A.

7. S.

r 8. Sl
9. 8.
10.‘ H.
1. H
12. H.

73, 2700 (1951).

Gold, J. Chem. Soc., 4633 (1956).

Kohnstam, A. Queen, and B. Shill:iker, Proc. Chem. Soc., 157
(1959). .

Fava, A. Ilieeto, and A. Ceccon, Tetrahedron lett,, #11,

* 685 (1963).

Winstein, P. E. Klinedinst, J¥., and G. C. Robinson, J. Am.
Chem. Soc., 83, 885 (1961). : 7

Winstein, P. E. Klinedinst, Jr., and E. Clippinger,
83, 4986 (1951?’. '

Winstein, R. Baker, and S. C. Smith, J. Am. Chem. Soc., 86,

2072 (1964). °

L. Goering, and J; F. Levy, J. Am. Chem. Soc., 84, 3858 (1962).

I.. Goering, and R. W. Thies, J. Am. Chem. Soc., 90, 2967 (1962),

L. Goering, J. T. Doi, and K. D. McMichael, J. Am. Chem. Soc.,
86, 1951 (1964).

204



i

g

205

13. R. A. Sneen, and H. Weiner, J. Am. Chem. Soc., 87, 287 (1965).
14. R. A. Sneen, and H. Weiner, J. Am. Chem. Socs, 87, 292 (1965). .

N

15. R. A. Sneen, and J. w./ Larsen, J. Am. Chem. Soc., 91, 362 (1969).
16. R. A. Sneen, and W. Larsen, J. Am. Chem. Soc., 91, 6031 (196%9).
17. A. Streitwieser, J. Am. Chem. Soc., 70, 1119 (1948).
18. é. K. Ingold, Chapter VI?f of reference 1. ) ’
19. J. M. W. Scott, Can. J. Chem., 48, 3807 (1970). . «
20. K. A. Cooper, E. D. Hughes, C. K. Ingold, and B.’ J. McNulty,
J. Chem. Soc., 2038 (1948).
21. K. A. Cooper, M. L. Dhar, E. D. Hughes, C. K. Ingold, B. J. MacNultg,
and L. D, Woolf, J. Ghem. Soc., 2043 (1948). : . .
22'. C. G. Swain, L. I. Kaiser, and T. E. C. Knee, J, Am. {hem. Soc.‘, -
80, 4992 (1958). - ) -
.23. E. D. Hughes, and C. K. Tngold, J. Chem. Soc., 1571 (1933).
24. E. D. Hughes, é. K. Ingold, and G. A. Maw, J, Chem. Soc., 2049
(1948). 5

25. W. H. Sauders, Jr., and S. Asperger, J. Am. Chem. Soc., 79, 1942

* ©

€1957). .

26. H. von Halban, Z. physik. Chem., 67, 129 (1909). L

[

27, H. Essex, and O. Gelormini, J. Am. Chem. Soc., 48, 882 (1926).°

2

28. R. ¥, Corran, Trans. Faraday Soc., 23, 605 (1927).

29. J. L. Gleave, E. D. Hughes, and C. K. Ingold, J. Chem. Soc.,

| 236 (1935).




oy

31.
32.
33.
34,
35.
36.
37.
38.

39.

40:

44,
45.

&6.
47.

E-

C.
A.
J.
Je

YI

C.

EI
Dl
w.

Rl

C.

C.

D. Hughes, C. K. Ingold, and A. J. Parker, Chem. & Ind.,

(London) 1282 (1959).

@

206

G. Swain,and L. E. Kaiser, J. Am. Chem. Soc., 80, 4089 (1958).

J. Parl€er, and Y. Pocker, J. Org. Chem., 31, 1526 (1966):

B. Hyne, Can. J. Chem., 39, 1207

(1961).

B. Hyne, and J. W. Abrell, Can. J. Chem., 39, 1657 (1961).

@

H. Khim, and S. Oae, Bull. Chem. Soc. Japam, 42, 1968 (1)969)

H. Khim, and S. an, Buli. Chem. Soc. Japan, 42, 3528 (1969).

C. Lai, and W. E. HcEwen, Tetrahedron lett., #35, 3271 (1971).

A, Sosunov, A. P. Kilimov, and V. V. Smirnov, Z. Obschei

Khimii, 40, 2688 (1970).

L. Closs“, and S. H, Goh, J. Chem. Soc., Perkin Trans. II,

1473 (1972)~
G. Swain, and E. R. Thornton, J.
R. Thornton,-and I. Rothberg, Je
R. Thornton, and I. Rothberg, Je
Darwish, and G. Tourigny, J. Am.

H. Saunders, and S. Asperger: J.

Am. Chem. Soc.,
Am. Chem. Soc.,
Am. Chem. Soc.,
Chem. Soc., 94,

Am. Chem., Soc.,,

A. Sneen, G. R. Felt, and W. C. Dickason, J. Am.

638 (1973).

83, 4033 (1961).
86, 3296 (1964).
86, 3302 (1964).

2191 (1972).

79, 1612 (1957).

Chem. Soc., 93,

G. Swaia, and E. R. Thornton, -J. Org. Chem., 26, 4808 (1961).

W. Davies, "The Conductivity of Solutions™, Chapman and Hall,

London, 1933, Chap. XVIII.

1

I



LY

; . 207

48. L. G. Savedoff’ S. Winstein, S. Smith, I. D. R. Stevens, and :
. X« 8. Gall, Tetrahedron lett. #9, 2& (1960)|. .
49. R. H. Bathgate, and E. A. Moelwyn-Hughes, J. Chem. Soc., 2642 &

C (959,

. . N ‘
50. C. A. Kraus, and L. F. Gleysteen, J. Am, Chem, Soc., 69, 451
(1947).

51.  C. A. Kraus, and L. M. Tucker, J. Am. Chem. Soc., 69, 454 (1947).
52, C. A. Kraus, and E. R. Kline, J. Am. Chem, Soc., 69, 814 (1947).
53. C. A. Kraus, and W. E. Thompson, J. Am. Chem. Soc., 69, 1016 (1947).
‘ 54, C. A. Kraus, and R. M, Fuoss,” J. Am. Chem. Soc., 55, 476 (1933).
55. N. Bjerrum, K. danske Vidensk. Selsk., 7, 9 (1926). .

) 56. E. D. Hughes, C. K. Ingold, S. Patai, and Y. Pocker, J. Chem.’

Soc., 1206 (1957).

57, R. M, Fuoss, and H. Sadek, J. Am. Chem. Soc., 76, 5897 (1954).
58. R. M, Fuoss, and H. Sadek, J. Am. Chem. Soc., 76, 5905 (1954).
* 59. A, H. Fainberg, S. Winstein, E. Clippinger, and G. C. Robinson,

. J. Am. Chem. Soc., 76, 2597 (1954).
60. R. M. Fuoss, and C. A. Kraus, J. Am. Chem. Soe¢., 55, 2387 (1933).
' 61, C. B. Wooster, J. Am. Chem. Soc., 60, 1609 (1938).

62. M. Dole, Trans, Electrochem. Soc,, 77, 385 (1940) .

63. K. Maruyama, Bull. Chem. Soc., Japan, 37, 553 (1964).

64. T. L. Staple, and M. Szwarc, J. Am. Chem. Soc., 92, 5022 (1970).

0 *




208
v . ” hd 14

65. R. V. Slates, and M. Szwarc, J. Am. €hem. Soc., 89, 6043 (1967).

66. J. N. ﬁ“rdnsted, Z. phys. Chem., 102, 169 (1922).

67. }I. Bjerrum,‘z. phys. Chem.,\}_ﬂ__B_, 82 (1924).

68. J. N. Brénsted, Chem. Rev., 5, 265 €l928)'.

69. S. Glasstome, K. J. Laidler, and H. Eyring, “The Theory of Rate
Processes", McGraw-Hill, New York, 1941, pp. 427-30;
pp. 439-42. .

70. L. C, Bateman, M. G. Church, E. D. Hughes, C. K. Ingold, and
N é;Taher, J. Chem. Soc., 979 {1940). r

71. 0. T. Benfey, E. D. Hugﬁes, and C. K. I?gold, J. Chem. Soc.

2488 (1952). . T

72. L. C. Bateman, E. D. Hughes, and C. K. Ingold, J. Chem. Soc.,
974 (1940) .'
73. A, R. Hawdon, E. D, Hughes, and C. K. Ingold, J. Chem. Soc.,
2499 (1952). ‘ -
74. D, Golomb, J. Chem. Soc., 1327, 1334 (1959).
75. 5. Winstein, S. Smith, aqd D. Darwish, J. Afn‘ Chem, Soc., 81,
5511 (1959).
76. S. F. At:r;g, Am, Chem. J., 48, 353 (1912).
’ 77. €, C. Evans, and S. Sugden, J. Chem. Soc., 270 (1949).
78. 5. Winstein, Experienti.;t Supplementum, II, 13? (1955).
79. C. G. Swain, and M. M, Kreevoy, J. Am. Chem. éoc., 77, 1122 {1955).
80, E. E. Pegues, and C. G. Swain, J. Am. Chem. Soc., 80, 812 °(wss).
* 81. C. K. Ingold, Proc. Chem. Soc., 279 (1957).

+




82'

83.

84.

85'

_ 86,

8s8.

89.
80.
91,
92.
+ 93.

94.

95,
96.
97.
98,
99,
100.

s

L]

E. D. Hughes, C. K. Ingold, S. F, Mok; 8. Patai, and Y. Pocker,; , .’

- J. Chem. So}:., 1265 (1957):; and accompanyiné papers.
o ] . - . -

¥. H. Westheimer, Chem. Rév., 61; 265 (1961). * '

L. Melander, “Isotope Effects ‘on Reaction Rates", 'Ronald - o

A

1960.

8 A
v, e

Press Co., New Yor
2

531

E. A. Halevi, Progr Phys. Org. Chem., 1, 109 (1963).

P, Laszlo, and Z. Welvart, Bull. Soc. Chim. France, 2413 (1966).

(H. Simon, and D. Palm, Angew. Chem. Internat. Ednm., 5, 920 (1966).

J. Bigeleisen, and M. Walfsberg, Advances in Chem. Pl;ys. 7// 715
(1958y. »

J. Bigeleisen, and M. G. Mayer, J. Chem. Phys., __1_5_,‘261 (1947).

J. Bigeleigen, J ; Chem. Phys., 17, 675 (1949).

Y. J. Stern, and M. Wolfsberg, Pure and Appld. Chem., 8, 225 (1964).

V. J© Shiner, Jr.; Tetrahedron, 5

=

243 (1959). .
K. T. Leffek, and J. W. Maclean, Can. J. Chem,, 43, 40 (1964).
K+ T. Leffek, R. E. Robertson, and S. E. Sugamori, Can. J. Che&,

39, 1989 (1961).

a

K. T. Leffek, and F. H.~C Tsao, Can. J. Chem., 46, 1215 (1968).

Je T« Burns, and K. T. Lef‘fek, ﬂa;x. J. Chem., 47, 3725 (19‘69).

K. T. Leffek, and E. C. F: Ko, Can. J. Chem., 48, 1865 (19:70).

K. T. leffek, and £E. C. ¥. Ko, Can. J. Chem., 49, 129 (1971).

P. Wald:an, H. Ulich, and G. Busch, Z. phys. chem., 123, 429 (1926).

P. Walden, and E. J, Birr, Z. phys. chem., 1534; 1 (1931).




i

101.
102.
103 -

. 104,

105.

106.

107 L3

108.
109,
110.
111.
112,
113.
114.

l

“‘

M.

-

P ¥
]

B. Reynolds, and C. A. Kraus, J. Am. Chem. Soc., 70, 1709 (19%8).
Je chwell, and C. A. Kraus, J. An, Ch,em. Soc-, 3_3‘, 3293 (1951)0

“Handbook of Chemistry and Physics", p. F-35, 50th edition, The

R.

R.

R.

Chemical Rubber Co., 18901 Cranwood Parkway, Gleveland,

Ohio, 44128.

2 0

M. Fuoss, and C. A. Kraus, .i. Am. Chem. Soc., 55, 47'6 (1933). *
A. Robinson, and R. H. Stokes, "“Electrolyte Solutioms",
Butterworths Scientific Publicatidns, London, 1955, pj 3?2.
Fleming, and D. H. Williams, "Spect“roscopic Methods in brganic
Chemisttx", McGraw-Hill Ijublishinir, Co.Litd., Mqéraw—ﬁ:.tll
Hous;, Maidevhead, Berkshire, England, 1966, p. 126,
M, Silverstein, and G. C. Bassler, "Spectroscopic Idenﬁificatinnu
,Of Organic Compoun;is", John Wiley & Sons Inc., New York:
2nd edition, 1968, p. 142-3. o
90 of Reference No. 106. - .
128 of Reference No. 106'. l
R. Wells, Chen;."Revé., 63, 171 (1963'). . .
M. gtewarg,qand K. E. QEale, J. Chem. Soc., 2849 (1965).
F. Bunnett,‘ and W. D. Merri.t;:, J. Am, Chem. Soc., 79, 5967 (1957).

A

14 of Reférence No. 69.

4

Gilman, and T. Blatt, “"Organic Syntheses", Collected Vol. I,

John Wiley & Sons, New York, 1961, p. 504,



b

115. E.
116.. R.

17. A

8. W,

PRY™S

119,  H,

120° A,

»

121. E.

*

122. F.

123. .E.

<@ ﬁ 3 L
.

211

%

C. F. Ko, and K. T, Leffek, Can. J. Chem., 49, 129 (1971). N

0Oda, and Y. Hayashi, Nippon Kagaku Zasshi, 88, 1202 (1967).

'J. Parker, M. Ruane, D. A. Palmer, and S. Winstein, J. Am.

o - '
, Chem. Soc., 94, 2228 (1972).

D, Burrows, and J, H. Cm:nellf\l. Org. Chem., 62, 3%40
BOhme, ’and W. Krause, Chem. Ber., 82, 426 (1949). . "
A. Frost, and R. G. Pearson, “Kinetics and Mechanism",

John Wiléy & Sons, New York, 1953, p. 35.

-, -

DeFabrizio, S. Fumasoni, and R. Turri.zaiani, La Ricerca

Scientifica, 30, 1688 (1960). ' . \ .

H

H.-C. Tsao, M.Sc. Thesis, Dalhousie University, 1966. "

A. Suggenheim, Phil. Mag., 2, 538 (1936).

124. "Instruction manual for B221 Universal Bridge - Wayne Kerr", p.l3.

"‘125n P.

126, G.

[Y

17 of Reference 121. o

Jones, and B. C. Bradshaw, J.

o

w . <

<

”









