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ABSTRACT. 

The investigation l a concerned with the ef fect of 

electrolytes on the rates of reaction of p-nietho:qjrbenzyl chloride 

and banzhydryl chloride i n 70% acetone, where both compounds 

hydrolyse entirely "by mechanism Q^i , The work v/as designed "too 

test the poss ib i l i ty that better nucleophllic reacente than water 

could react with p-mothoxybenzyl chloride by the concurrent oper­

ation of mechani&Tis 8̂ 1 and %2 # Since electrolytec had been 

previously demonstrated to have (specific ef fects on the rates of 

ionisation of organic compounds 2 ^^*^, i t was aloo necoosary 

to measure their effoct on an ionization process before the 

quantitative treatment of the f i r o t problem rcas possible. Benz-

hydryl chloride, vihich io not susceptible to bimolccular attackf 1 1 

wa3 chosen for t h i s purpose becau.ee i t s rate of ionization vas 

knov/n to have the same sens i t iv i ty as that of p-iaethoxybenzyl 

chloride to changes in the solvent composition and to additions 

of sodium perchlorate 2 ^. 

The studies have shown that the spcclf io ef fects of e lec­

trolytes on the rate of reaction of benshydryl chloride in the 

present solvent are consistent with the operation of Ewo ef fects 

1) a non-specific acceleration of the rate of reaction due to 

ion-atmosphere s tabi l i sat ion of the transit ion state for i o n i s a ­

t i o n 8 0 , i i ) a speci f ic change i n the "effective" solvent 

http://becau.ee
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composition due to solvation of the electrolytes*^. The ef fect 
I s greater for p-methosqrbenzyl chloride than for benzhy&ryl 
chloride "by a constant small amount. The application of these 
principles to the effects of electrolytes on the rate of reaction 
of p-methoxybenzyl chloride, has confirmed that azide ions and 
chloride ions react with th is compound by the simultaneous 
operation of the 3̂ 1 and SK2 processes. This i s probably also 
the case for the substitutions by bromide, n i t ra te and f luoride 
ions . The non-electrolyte, pyridine, has also been shown to 
react with p-methoxybenzyl ohloride by concurrent operation of 
the two SJJ mechanisms, but no allowance for the medium effect 
could be made i n t i l ls case, because other iner t non-electrolytes 
were found to af fect the rates of ionlsation of benzhydryl 
chloride and p-mothoxyhenzyl chloride I n dif ferent ways. 

Additional evidence i s provided for the va l id i ty of the 

c r i t e r i o n ^ of mechanism on which i t was concluded2^ that p -

methoxybenzyl chloride hydrolases by mechanism 3̂ 1 I n 70% aqueous 

acetone. This mechanistic cr i ter ion requires that the value of 

the rat io A O / A S * should be independent of the nature of the 

substrate for %1 reactions. The value of th i s rat io for the 

hydrolysis of p-nitrobenzhydryl chloride I n 50% aqueous acetone 

i s shown to be the same as the corresponding values for the 

structural ly dif ferent compounds tert-butyl chloride, benzylldene 

chloride, p-methylbenzylldene chloride and b en zotri ohloride i n 

the same solvent , where the reactions a l l follow the Sjji path. 
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CHAPTER I 

MECHANISM 3 OF SUBATI TUTI ON AT A SATURATED CARBON ATOM. 

1 • 'Typea of subst i tut ion. 1 

Organic substitution reactions are essential ly e l e c t r i c a l 

phenomena. I t i s now recognised that chemical bonding involves 

interactions bctv/een the bonded centres and on associated pa ir 

of electrons. Formation or rupture of bonds crust therefore 

bo accompanied by modifications of the bonding electron p a i r . 

I n substitutions such as 

Y + R - X > Y - R + X 

i n which a single, bond i s exchanged, two main typos of bond 

rupture are recognised. 

In homolytic or symmetric f i s s i o n , • 

Y . + R . . X > Y . » X + »X 

(The dots represent electrons) 

the departing group separates with one of the bonding electrons 

and a new bond i s formed by the pairing of an electron on the 

reagent with that l e f t on R. Such reactions, although common 

i n the gas phase, are not the concern of the present studies 

and.wil l not be given any further consideration. 

In hoterolytio or dissymmetric f i s s i o n , which i s 

frequently observed for reactions i n solution s the departing 

group either loaves behind,^sTCgisg&ratos with the pa ir of 
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"bonding" electrons. I t i s therefore necessary to subdivide 
hotcrolytic f i s s ions into tv/o classes* 

( i ) Y&ien the reagent I s .electron dcfiolent and malcos up a 

complete "octet" by u t i l i s i n g the discarded pair at the 

reaction centre, the process I s termed eloctrophil ic 

substitution 

Y + R ; X > Y s R + X 

( i l ) tthen the deficiency of electrons ar ises at the reaction 

centre and the product i s formed by co-ordination \7ith a pa ir 

of electrons on the reagentp the process i s termed a 

nuclcophillc substitution (S^)* 

Y: + R : X > Y : R + :X 

I t can b© seen that ouch reactions are accompanied by a transfer 

of electrons from the substituting group Y to the oubotitutloiT 

centre and from here to the expelled group X» I n nuoleophilic 

substitutions, therefore, Y becomes one unit more positive and 

X one unit more negative and provided that th i s condition i s 

f u l f i l l e d the charged states of the species involved need not 

bo restricted^ The follovvlng examples, which cover a variety 

of charge distributions, m i l serve to I l l u s t r a t e th i s p o i n t 1 » 2 • 

+ RC1 > RII-j + C l ~ 

R^u + R C I — >. R N R | : + c i " 

IT 2 0 + RBr > ROH + Br" 

O H " + R ^ N * * ROH + R 3 N 

file:///7ith


Since the present studies are res tr i c ted to nuclcophil ic 

substitutions, a more detailed consideration or th is c lass of 

reactions w i l l now be given. 

2, •Mechanisms of nuclcophilic substitution. 

Two mechanisms are ourrently recognised for nucleophiilc 

substitution' reactions. 

When the product i s formed from the reagents i n a single 

step, i n which two molecules simultaneously undergo covalency 

change, the reaction i s a bimolecular one and io designated SJ.J2 

For an ionic reagent the reaction i s 

Y ~ + RX > [ Y - - - - F . ~x] — > YR + X ~ 

transit ion 
state 

Vvhen the reagent lo not ionic , the charge distributions are 

suitably modified* The hydrolysis of methyl bromide i n aqueou 

ethanol follows t h i s mechanism"-'. 

When the rate of reaction . i s determined by a preliminary 

slow ionization of the compound R X , to give a highly reactive 

carbonium ion which then rapidly co-ordinates vrith the reagent, 

the mochonlsm io .designated ST.J1 , Since only one molecule i s 

undergoing covalency change i n the rate determining step, the 

process i s regarded as unimolecular^ 

[ + . « * . +• «* 

R X J » R + X 
transit ion 

j . _ state 



The magnitudes of the energies required for the 

ionisation step i n the gas phase, are too large to give a 

reasonable rate of reaction by such a mechanism, a fact which 

has caused considerable opposition to the ionisation concept**. 

However i t i s now recognised that i n condensed systems 

solvation of the polar transit ion state for ionisation can 

reduce the activation energies to more accessible values^. 

Tert-butyl chloride I n aqueous acetone hydrolyses by 

t h i s mechanism^. 

. 3» Recognition of mechanism. 

The k inet ic cr i t er ion i s often used as a method of 

determining the mechanism of a reaction. Provided that both 

reacting species are i n small and controllable concentration, 

the bixaolecular process should lead to second-order k ine t i c s 

while the unimolecular mechanism requires f i r s t -order k i n e t i c s . 

Thus, r - I • r - i 
, Rate » k 2 [RXj | _ Y J . (%2) 

Rate « 5c, [RX] 

However i n solvolytio reactions, with which these 

investigations are concerned, the substituting reagent i s a 

major constituent of the solvent and i s therefore present i n 

v i r t u a l l y constant excess. The rate equation hence reduces 

to a f i r s t order form, irrespect ive of mechanism. The k ine t i c 

cr i ter ion cannot therefore bo used to determine the mechanism 
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of eolvolytic reactions* I t must be stressed, at th i s point, 

that unimolecular reactions may exhibit small but character is t ic 

deviations from f i r s t -order k ine t i c s (see Chapter I I I ) * 

Several c r i t e r i a of mechanism are available for 

solvolytic reactions, each of which has a l imited range of 

u t i l i t y * I t i s the general rule to apply as many of them as 

possible to the solution of a part icu lar problem* Hughes has 

reviewed the methods i n some deta i l • They are l i s t e d below, 

and those of most significance i n these investigations w i l l be 

discussed l a t e r i n th i s chapter* 

( i ) The effect of s tructural changes i n the compound 

substituted. 

( i i ) The ef fect of var iat ion i n the substituting reagent, 

( i l i ) The effect of solvent changes on reaction rates and 

products. 

( iv ) The stereochemical course of the substitution. 

(v) The lcinetic form of the substitution reaction. 

(Vi) The effect of sa l t additions on rate and products. 

U. Ion-pair intermediates i n so lvolys is . 

Since the Ŝ 1 mechanism leads to a planar carbonium 

ion, unimolecular substitution of an opt ical ly active compound 

should lead to a racemic product. Hughes, Ingold and the ir 

co-workers^ have found i t necessary to postulate shielding 

effects by the departing group, i n order to account for the 



p a r t i a l inversion of a-phenylethy^L chloride during solvolysia 

"by the %1 mechanism. Objections have been raised to th i s 

proposal 3* Hammett̂  f i r s t suggested that an explanation may 

l i e i n the formation of an "ion-pair'* intermediate, pr ior to 

the attainment of f u l l ionisation of the substrate and that 

reaction of th i s entity with solvent would lead to inversion* 

The re lat ive rates of reaction of the "ion-pair 1 1 and the 

oarbonium ion, then control the rat io of Inversion to 

racemisation. 

I n recent years Winstoin and h i s co-workers have modified 

Hammett's original suggestion i n order to explain the resu l t s 

of the ir solvolytic studies with optical ly active ary l 

sulphonates i n acetic a c i d ^ , where they believe the Sjfl 

mechanism to operate. Racemisation was found to be several 

times fas ter than acetolyeis and for compounds with long-lived 

carbonlum ions a two stage acceleration of the l a t t e r rate was 

induced by lithium perchloratej i ) an i n i t i a l steep r i s e i n 

the f i r s t - o r d e r rate coeff ic ient for small concentrations of the 

sa l t ("special sa l t effect") 11) a subsequent gradual Increase 

which was almost l inear with sa l t concentration ("normal s a l t 

effect")* 

These workers proposed that ionisation occurs through 

two metastable Intermediates, an "Internal" lon-pair and an 



"external" ion-pair . The former, i n which the partly 

seperated ent i t ies are surrounded by a common solvation she l l , 

can return to the i n i t i a l state ( internal return) with accom­

panying racemisation. The solvent-seperated "external" 

ion-pair may either form the f u l l y developed carbonium ion, • 

return to the i n i t i a l state through the "internal" form 

(external return) or react with nucleophillc reagents. The 

internal form i s much loss reactive but i t i s also susceptible 

to a t t a c k 1 0 0 . The "special sa l t effect" was. explained by 

postulating that the external ion-pair may be progressively 

s tabi l i sed by electrolytes , thus preserving I t for acetolysis 

and reducing return to the I n i t i a l s tate . The reaction steps 

may be represented thuis, 

Internal External Dissociated 
ion-pair ion-pair ' ions 

Products 

Winstein and h i s co-workers 1 1 have recently demonstrated 

that the racemisation of p-chlorobenzhydryl chloride process 

more rapidly than substitution by radio-active chloride ions i n 

acetone, and more rapidly than hydrolysis and chloride exchange 



n 
< > m 

i n 80% aqueous acetone, Poclcer*^ has reported oimilar rcoulta 

for the roactiona of an unsymmetrical, doutorated benzhydryl 

chloride in 70% aqueous acetone. Since the substitutions 

of benzhydryl chlorides are considered to occur entirely by 
61b 

mochanism 3̂ 1 , these results are consistent with "internal 

return" but they do not show that any of the substitutions 

involve attack on ion-pair intermediates* Indeed the only 

evidence indicating that such reactions may occur in aqueous 

organic solvents arises from a statement by Poclcer (loc. c i t . ) 

that the rate of exchange between benzhydryl chloride and 

isotopic chloride ions i s somewhat greater than that normally 

associated with a mass-law effect. No details were given 

but the effect appears" to be small and to become progressively 

less important in more aqueous media. On the other hand, i t 

has been concluded, from studies of the effects of mixed 

chlorides and bromides on the rate of hydrolysis of dichloro-

diphenylraethane in aqueous acetone, that any ion-pairs formed 

in these systems do not react significantly compared to the 
13 

ful ly forraod carbonium ion. I f this io the general case for 

aqueous solvents, then ion-pair intermediates have no effect 

on the overall course of unimolecular nucleophilic substitution 

and i t i s therefore concluded that they may be neglected for the 

time being. 
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5a Factors a f f e c t i n g rate and mechanism^ 

( i ) Variations J i n the e j A s t l t u t l n ^ j a ^ e n t i 

I n reaotion "by mechanism % 1 , the rate I s controlled "by 
tlx© ionioatlon of RX and the n u c l e o p h l l l c power o£ tho reagent 
should therefore have no e f f e c t on the rate.* I n p r a c t i c e the 
nature of the reagent may influence the r a t e s l i g h t l y "by the 
operation of "medium" e f f e c t s , which are however not r e l a t e d 
to the n u c l e o p h l l i c power, These medium e f f e c t s are discussed 
i n more d e t a i l i n Chapters I I I and V I , 

The blmolecular mechanism requires c oval en t attachment 
of the reagent i n the rate determining step and i t s nucleo-
p h i l i c power i s thus an Important f a c t o r governing the r a t e of 
reaction "by t h i s mechanism. Tables of n u c l e o p h i l i c i t i e s have 
been compiled using the data from a number of s o u r c e s ^ , 

\ 

I t follows 'from these considerations that i f the addition 
of a strong nucleophile does not a l t e r tho rate of reaction of 
RXp the o r i g i n a l reaction must occur unimolocularly „ Te r t -
but^rl chloride and benzhydryl chloride, are s t e r i c a l l y hindered 
to bimolecular attack, and i t has been demonstrated that the 
hydrolyses of these tv/o compounds i n aqueous ethanol are 
p r a c t i c a l l y unaffected by the addition of hydroxide i o n s 1 20 

The converse of t h i s c r i t e r i o n w i l l c l e a r l y not apply 
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sinco i t l a quite possible to v i s u a l i s e & compound reacting toy 
mechanism 8^2 with powerful nucleophiles, "but finding the 3̂ 1 
path enex'getically more favouratole whan only weak reagents are 
present. Indeed i t has "been demonstrated that chlorodimethyl 
other, i n ethanol and ether/ethanol mixtures, solvolyses "by 
the unimolecular mechanism i n the atosence of ethoxide ions, 
tout reacto predominantly "by the tolmolecular mechanism i n the 
presence of t h i s powerful reagent"* S i m i l a r l y the rate of 
reaction of the trlmathylBulphonium ion with various anions 
i n ethanol 19, follows the sequence Oir^> PhO~ ̂  CO* ̂  Br~ ̂  C l " % 
and t h i s has toeen interpreted a3 i n d i c a t i n g a progressive 
decrease i n S K2 sutostitution as the n u c l e o p h i l l c power of the 
reagent f a l l s . She mechanism was regarded as 3̂ 1 f o r the 
l a s t three anions, tout S t r e i t w e i s e r 1 ^ 0 has pointed out that the 
r e s u l t s are equally consistent with toimolocular attaclc toy the 
solvent which, though a v/ealcer nucleophile than these ions, 
i s present i n much l a r g e r amounts. 

Figure 1-1 
i 

I n n u cleophilic substitutions the departing group 
c a r r i e s the p a i r of "bonding electrons away from the reaction 

( i i ) Strucjturalj/ai^ations. I n JR. 

C 



centre and tho recall t ing electron deficiency i s made up by 
co-ordination with tho reagent. These processes are indicated 
&i chromatically i n Figure 1-1 k- The bond "breaking proceso w i l l 
"be enhanced "by an increase of electron r e l e a s e to tho reaction 
centre "by the groups attached to i t . I t follows that tho 
tendency to reacts "by the ioni e a t i o n process (SJJ1 ) w i l l i ncrease 
with increasing electron accession to tho reaction centre. 
Therefore, since methyl, groups can release electrons towards 
the reaction centre "by the inductive e f f e c t , a t r a n s i t i o n from 
mechanism SJJ2 to % 1 i o to be expected f o r the eerie a 

; CH* CH, 
H—CH2X, CH^—CH2X, ^CHX, CH^-^CX 

I t has "been observed f o r t h i s s e r i e s of bromides that the rate 
of s o l v o l y s i s i n aqueous ethanol i s l e a s t f o r the isopropyl 
compound and that hydroxide ions have no e f f e c t on the rate of 
hydro l y s i s of the te r t - b u t y l compound,although the corresponding 
rates f o r the others are affected i n the ord^r methyl "7 ethyl y 

•A 5 20 
iso-propyl-"*" . Tert-butyl bromide must, therefore undergo 
SJJ1 s o l v o l y s i s , and methyl and ethyl bromides % 2 s o l v o l y s l s . 
Bimolecular substitution of iso-propyl bromide by water i s not 
unambiguously indicated by the small accelerating e f f e c t of 
hydroxide ions (compare page 1 0 ) . The region of minimum 



reaction rate, which approximately corresponds with iso-propyl 
bromide, marks the so-called ""border-line region" where the 
mechanistic t r a n s i t i o n occurs. Border-lino reactions w i l l "be 
disoussed i n more d e t a i l l a t e r i n t h i s chapter. 

Whereas the inductive mode of electron r e l e a s e i s the 
important one f o r a l k y l compounds, phenyl groups can release 
electrons by the conjugative e f f e c t . Therefore the s e r i e s 

- Eh. Ph 
. H—CHgX, Ph^—CiyC, .^^CHX, Ph — C X 

¥i\ P i i ^ 

should also show an increasing tendency to react by the Sjqi 
mechanism. This s e r i e s has been studied s u f f i c i e n t l y to 
ind i c a t e a t r a n s i t i o n of mechanism approximately corresponding 
to the "benzyl compound19» 21,22^ Consistent with these con­
clusions, hydroxide ions have "been observed to increase the 
rates of hydrolysis of methyl ha l i d e s i n aqueous raedia3»5f20 
but to have l i t t l e e f f e c t on the r a t e s of hy d r o l y s i s of benz-
hydryl h a l i d e s 1 7 ' 2 3 ' 

The s o l v o l y s i s of benzyl chloride i n aqueous solvents 

displays features of both the % 1 and S N2 processes. Tiros 
the acceleration produced by hydroxide Ions 2** argues i n favour 
of mechanism 3^2 but does not preclude mechanism J%1 (see 
page 10). The small retardation caused by chloride ions 2-* 
i n d i c a t e s a mass-law retardation, the most common diagnostic 
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feature of % 1 reactions, "but i t has a l s o been explained as a 
neutral s a l t e f f e c t on 3^2 su b s t i t u t i o n . Bensley and 
Kohnstara 2? have conoluded, from a consideration of the a v a i l ­
able evidence, that the mechanism i s mainly, i f not e n t i r e l y , 
S^2 I n 50% aqueous aoetone. 

Va r i a t i o n of electron r e l e a s e to the reaction centre 
can also be r e a l i s e d by the introduction of polar substituents 
i n the ring of aralphyl compounds. Experiments with such 
compounds have the advantage that s t e r i c e f f e c t s , which may 
a r i s e with substituents at the reaction centre, can be avoided. 
Thus the e f f e c t s of meta- and para- substituents a r i s e s o l e l y 
from polar influences. For example the para- substituents 

N02; H; CH^; p-MeOGgH^; PhO; MeO; 

i n an aralphyl halide, represent a s e r i e s with increasing 
f a c i l i t y of electron release towards an electron-demanding 
reaction centre. I t has been shown that, i n aqueous acetone, 
only the l a s t two substituents induce 3JJ1 s o l v o l y s i s f o r para-
substituted benzyl ch l o r i d e s 2 * * * 2 ^ . The para-methyl and para-

9 

a n i s y l compounds are regarded as border-line cases and the 
parent compound and i t s para-nitro d e r i v a t i v e appear to undergo 
S N2 s o l v o l y s i s . 

I n reaction by the bimolecular mechanism, electron release 
towards the reaction centre w i l l f a c i l i t a t e the f i s s i o n of the 
R-X bond but w i l l , a t the same time, tend to i n h i b i t the 
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approach of tho reagent by e l e c t r o s t a t i c i n t e r a c t i o n with i t o 
bond-forming electron p a i r , the e f f e c t "being more pronounced 
for anionic reagents. Depending, therefore, on whether the 
bond-forming or bond-breaking tendency predominates i n the 
ac t i v a t i o n process, electron r e l e a s e to the reaction centre can 
increase or decrease the r a t e s of Sj^2 s u b s t i t u t i o n s . This 
has been demonstrated for the bimolecular exchange between 
para-substituted benzyl bromides and radio-active bromide ions 
i n ethylene d l a c e t a t e ^ 0 , and the Finlc e l s t e i n reaction with 
benzyl chlorides i n acetone-'1, where the J%2 mechanism a l s o 
operates (see Table 1-1). 

TABLE 1-1 
Relative Rates of Substitution of Benzyl Halides i n 

Ethylene Diacetate* and Acetone^. 
Substituent 

Reaction H0 2 CN C l H Me t-Bu OMe , n e f ^ 

* RBr + Br" 
/ RC1 + I ~ ' 

11.2 10.0 - 1,0 - - 6.2 j 30 

6*19 - 2.12 1.00 1.17 1-35 * I 31 I 

I t might be expected, with formally neutral reagents 
such as water, that e l e c r o s t a t i c I n t e r a c t i o n s would be l e s s 
than with charged reagents. I n consequence the main e f f e c t 
of a change i n electron release to the centre of sub s t i t u t i o n 
would be on the bond breaking process, f or such r e a c t i o n s . Thus 
an increase of electron accession to the reaction centre 



should bo accompanied "by. an increase i n the rate of r e a c t i o n . 
This i s substantiated toy the progressive Increase i n the r a t e s 
of s o l v o l y s i s of para-N02» -H, and -Me toenzyl chlorides i n 
p a r t l y aqueous solvents 29>32 # On the other hand the r a t e s of 
reaction of methyl, ethyl and iso-propyl "bromides with ethanol 
exhibit a progressive d e c r e a s e d 4 This has toeen attrltouted 
to increasing s t e r i c hindrance to tolmolecular a t t a c k - ^ and i s 
supported toy the s i m i l a r e f f e c t otoserved for a v a r i e t y of 
reactions with the a l k y l s e r i e s methyl, ethyl, jso-toutyl and 
neopentyl^^, The retardation otoserved f o r the neopentyl 
compounds, for which conslderatole s t e r i c hindrance has toeen 
t h e o r e t i c a l l y demonstrated^^3:, i s p a r t i c u l a r l y l a r g e . I t i s 
noteworthy that i n formic acid, where reactions are u s u a l l y 
conceded to toe ,. the s o l v o l y s i s r a t e s for methyl and neo-
pentyl p-toluenesulphonates d i f f e r toy only a f a c t o r of two^^, 

6. Mechanism i n the toorder-line region.. 

Up to t h i s point, although considerable attention has 
toeen given to the extreme 8̂ 1 and S^2 mechanisms, the toorder-
l i n e region, where the actual t r a n s i t i o n from one to the other 
occurs, ha3 only toeen toriefly mentioned. The true nature of 
toorder-line reactions, which are almost, tout not quite, SJJ1 , 
has toeen the subject of a great deal of controversy. 

I t i s i n s t r u c t i v e to consider nucleophillc substitutions 
i n terms of the valence toond c o n c e p t ^ . The t r a n s i t i o n state 



of any such reaction can "be regarded as a resonance hybrid of 
the canonical foras ( I ) , ( I I ) and ( i l l ) . 

Y: R — X Y—-R :X Y« R :X 

(I) (ID (HI) 
Vtticn structure ( I I I ) does not contribute to the t r a n s i t i o n 
state the operative mechanism i s % 2 and when only ( I ) and 
(113) do so i t i s S]j1 . On the other hand, i f a l l three canon­
i c a l forms make contributions to the t r a n s i t i o n s t a t e , the 
me,chanism must be regarded as bimolocular, since covalent 
.participation by the reagent i s s t i l l an e s s e n t i a l feature of 
the a c t i v a t i o n process^?. 

Two p o s s i b i l i t i e s must be considered f or reactions 
occuring i n the mechanistic border-line region. Both have 
been proposed by a number of d i f f e r e n t authors^" 0* 38,39. 

( i ) I t has been asserted that such reactions proceed 
through a single intermediate reaction path. The t r a n s i t i o n 
state has contributions from a l l three canonical forms and 
the mechanism must hence be bimolecular. The greater the 
contribution from ( I I I ) r e l a t i v e to ( I I ) , the more does the 
reaction tend to. be % 1 i n character, 

(11) The second a l t e r n a t i v e postulates that the i n d i v i d u a l 
acts of substitution may occur through a 'continuous spectrum' 
of t r a n s i t i o n s t a t e s . The contributions from the canonical 
forms vary f o r each and some may have none at a l l from ( I I ) » 
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The SJJ1 and 3-̂ 2 mechanisms can, therefore, operate concur­
r e n t l y and independently* A v a r i a n t of t h i s view i s that 
reaction involves separate operation of the extreme cases of 
.SJJ1 and 8^2. 

At the begining of the present work, no unambiguous 
evidence i n favour of the two general a l t e r n a t i v e s was 
a v a i l a b l e , 

Winatein, Qrunwald and Jones^^ 0 considered that a 
l i n e a r freec energy rela t i o n s h i p applied to the e f f e c t of 
solvent changes on the r a t e s of oolvolytio reactions and 
suggested that 

log JC m- l o g K° + 1 1 ^ . . . . . . 1-1 

where./ i s a measure of the i o n i s i n g power of the solvent, 
r e l a t i v e <fco a standard solvent (80$ aqueous ethanol), to which 
k° r e f e r s , and m i s a constant which i s independent of the 
nature of the substrate hut dependent on the reaction mechanism. 
Values of $ fo r various solvents were obtained by assuming 
that m was equal to u n i t y f o r S^l reactions* and studying the 
s p l v o l y s i s of t e r t - b u t y l chloride with various solvents, when 

log ( l c A ' ^ B a d a y 

* A d i f f e r e n t mechanistic c l a s s i f i c a t i o n was a c t u a l l y proposed 
by these workers but they showed that t h e i r two c l a s s e s , Ljm. 
and H, c l o s e l y correspond to the and S^2 mechanisms. 
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Valuoa of m fo r SJJ2 reactions (ra2) were. obtained from the 
application of equation 1-1 to studies on n - a l k y l h a l i d e s . 
These wore found to ho appreciably l e s s than u n i t y . 

I f a mechanistically border-line o o l v o l y s i s Involves 
tho concurrence of mechanisms 3^1 and % 2 , then 

k « k<| + k 2 

Therefore, from equation 1-1 

k antilogy 0-m2.y • ^1 a n t i l o g y o ^ " " a 2 ^ + k 2 • • 1 - 2 

The s o l v o l y s i o of iso-propyl bromide i n aqueous ethanol was 
chosen as a possible border-line reaction and studied i n a 
s e r i e s of solvents which v a r i e d from pure ethanol to water. 
The r e s u l t s showed that k did not vary i n the manner predicted 
by equation 1-2 and much b e t t e r agreement with t h e i r observa­
tions was obtained by using equation 1-1 with a value f o r m 
intermediate between m2 and u n i t y . I t was therefore concluded 
that t h i s reaction involved a single reaction path intermediate 
between SJJ1 and the extreme form of 3jj2. 

This approach, though not n e c e s s a r i l y the conclusion 
about the nature of border-line reactions, has been severely 
c r i t i c i s e d . S t r e i t w i e s e r 1 ^ 1 3 has pointed out that m i s not 
independent of the nature of the substrate f o r S^l reactions 
and Bird, Hughe3 and I n g o l d ^ have shown that log k, f o r the 
s o l v o l y s i s of methyl of* ethyl bromide, doe3 not vary l i n e a r l y 
wlthV , as required by equation 1-1 • Wlnstein and h i s co-
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workers have accepted these c r i t i c i s m s * 4 ^ "but t h e i r r evised 
views of the e f f e c t of solvent changes on the r a t e s of 
s o l v o l y t l c reactions do not contribute to the i n t e r p r e t a t i o n 
of border-lino reactions. 

The reactions of m-chlorobenzhydryl ohloride i n l i q u i d 
sulphur dioxlde39. with f l u o r i d e ions and also trlethylamino 
and pyridine, have been studied. The substitutions by the 
amines showed "mass-lav/" retardations with added chloride ions. . 
a feature u s u a l l y associated with the unlmolecular mechanism 
(see Chapter I I I . page However the dependence of rate 
on the reagent and the v a r i a t i o n of rate with reagent concen­
t r a t i o n were inconsistent with substitution by mechanism !%1 
or by the concurrent operation of the % 1 and extreme S K2 
processes. I t was suggested that the reactions occurred 
through t r a n s i t i o n s t a t e s which were intermediate to various 
degrees between those for the two mechanistic extremes. The 
suggestion was only a - q u a l i t a t i v e one and, moreover, no 
allowance was made fo r medium e f f e c t s (see Chapter V I ) . T h i s 
work cannot therefore, be regarded as meklng a v a l i d contribu­
tion to the border-line problem. 

The s o l v o l y t i c reactions of benzyl chloride i n p a r t i a l l y 
aqueous solvents have been discussed i n terms of the two 
mechanistio a l t e r n a t i v e s for border-line r e a c t i o n s 2 ? . The 
k i n e t i c data were consistent with e i t h e r of the views already 
put forward (see page 15) but i t was considered u n l i k e l y that 
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the extreme 3j$1 and Q$2 mechanisms were operating together. 
N a i r ^ has studied the e f f e c t of cyanide ions on the 

reactions of "benzyl chloride i n 80$ aqueous ethanol. The 
considerable increase i n the rate, which depended on the concen­
t r a t i o n of the reagent, could not "be explained as a s a l t - e f f e c t . 
However the constant f i r s t - o r d e r rates, obtained with a s l i g h t 
excess of the reagent, precluded the p o s s i b i l i t y of d i r e c t 
bimolecular substitution by cyanide ionse Am unstable pehta-
valent state was postulated f o r carbon, analogous to s i m i l a r 
suggestions made by Peering and Zeiss** 2. G i l l e s p i e ^ h a 8 a l s o 
suggested that carbon may u t i l i s e i t s 3d o r b i t a l a i n bond 
formation but Dewar^ has shown that any such contributions 
from the 3d o r b i t a l s would leave the general configuration of 
carbon unchanged. Nalr's assumption of s o l v o l y s i s f o r 
benzyl chloride i n 80% aqueous ethanol i s open to serious 
c r i t i c i s m , since Bensley and Kohnstam 2? found that the reaction 
was mainly 8^2 i n 50% aqueous ethanol, a b e t t e r i o n i s i n g medium. 
I t cannot therefore be maintained that* t h i s work makes a 
valuable contribution to the knowledge of "border-line" mechan­
isms and i n the author's view an a n a l y s i s of the products of 
reaction i s required before Hair's postulates are s e r i o u s l y 
considered. 

The exchange between radioactive bromide ion-and tert-r 
b u t y l bromide i n anhydrous acetone has been Interpreted as the 
concurrent operation of the SJJ1 and SJJ2 processes, but l a t e r 
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work "by de l a Mare has not conflmcd the k l n e t l o d a t a 1 ^ . 
The v a l i d i t y of the conclusions dravai by "both sets of workers 
has "been questioned recently "by Winstcin^ 7 who has shov/n that 
eleimination i s the predominating reaction occurring i n the 
presence of lithium bromide or chloride. The r e s u l t s suggest 
that elimination and exchange Involve the same rate determining 
stage, probably i n n i s a t i o n of tort-butyl ehloride. Ww-f^. 

Several sots of workers have considered the h y d r o l y s i s 
of benzoyl chloride as a border-line n u c l e o p h i l i c substitution 
reaction and the r e s u l t s have been interpreted i n terms of the 
concurrent operation of mechanisms % 1 and 8^2. 

Crunden and Hudson assumed that the reactions of para-
substituted benzoyl chlorides i n anhydrous formic acid involved 
only mechanism SJJ1 and that the rate was the saiac as for the 
Ojfl reaction i n aqueous acetone, a solvent o f the sar.ie 
i o n i s i n g pov/er (see page 1 7 ) • Any difference between the 
rate observed i n t h i s solvent and that calculated for the 3^1 
reaction was ass\iraed to a r i s e from the incursion of mechanism 
% 2 . On t h i s view the parent compound and i t s prira-motiiyl 
d e r i v a t i v e hydrolysed unimolecularly, the para-nitro compound 
bimolecularly and the -Qara-bromo compound by both mechanisms. 
I t must be stressed that t h i 3 approach, even i f v a l i d , does not 
consider the p o s s i b i l i t y of a single reaction path intermediate 
between mechanism SJJ1 and the extreme form of mechanism 3^2. 
The concurrence of the two mechanisms 13 therefore assumed at 
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tho outset. Similar objections apply to K e l l y and Watson's*^ 
conclusion of simultaneous Sv>1 and % 2 h y d r o l y s i s of benzoyl 
chloride i n aqueous acetone. These workers found that the 
observed rates v/ere consistent with the assumption that the SJJ1 
rate was proportional to [1*2^ ̂  0 1 1 ( 1 * n e % 2 rate to j l ^ C - J 2 1 * 1 , 
where n and q v/ere independent of solvent composition. The 
proportionality constants were obtained by assuming only the 
S N2 reaction to occur i n solvents of low water content. I t 
must be stressed, however, that there i s no reason why an 
expression such as k <=< ^ o j ^ should hold over a large range 
of solvent v a r i a t i o n , even f o r the operation of a single 
mechanism. 

Gold, Hilton and J e f f e r s o n ^ studied tho intervention of 
aromatic amines i n the reaction between benzoyl chloride and 
aqueous acetone, pointing out that the concurrence of the two 
mechanisms would r e s u l t i n a decrease i n the rate of h y d r o l y s i s 
and an increase i n the o v e r a l l rate of decomposition of tho 
chloride on addition of tho base. They concluded that each 
mechanism was responsible for about h a l f the observed rate i n 
50% acetone. Although these workers were not able to make on 
allowance for the medium e f f e c t caused by the addition of the 
amine (see Chapter V I ) , t h e i r conclusion of concurrent operation 
of the uniiaolecular and blmolecular mechanisms would be unas­
s a i l a b l e i f the hydrolysis of benzoyl chloride involved only 
the SJJ mechanisms. Recent work^ has shown that the reaction 



of benzoyl chloride with water can, however, Involve other 
paths. "Unreacted" chloride, i s o l a t e d from experiments con-
ducted i n aqueous solvents containing H 20 , were found to 
contain i s o t o p l c oxygen. The i n t e r p r e t a t i o n of t h i s observa­
t i o n - i s analogous to that previously proposcd52 for the 
hydrolysis of carboxylic e s t e r s by mechanism B ^ 2 . I t i s 
assumed that the f i r s t 3tep i n the reaction involves the addi­
t i o n of a water molecule to form the intermediate ( I V ) , which 
i s s u f f i c i e n t l y stable to undergo rapid proton exchange before 
i t decomposes to the i n i t i a l s t a t e . 

0 0 0 
u 2o + C — C I H 2 O — C — C I ^ H + + HO—C + CI 

R ' R 
(IV) 
.11 
0HU OH *2 I 

0=G—-CI + H o0 0 - — C — C I ^==^ H + + 0 = C + C I " 
I fc ' I • " I 
•R R R 

1 A 

The o r i g i n a l a c i d chloride may therefore contain 0 . I t must 
be stressed that these r e s u l t s do not show that the h y d r o l y s i s 
of benzoyl chloride procedes exclusively by t h i s mechanism, 
but they do show that the reaction does not only involve % 
processes. As a r e s u l t , conclusions based on the study of 
a c y l chlorides are not considered to provide information about 
the mechanism i n the border-line region of nucleophilio sub-
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s t i t u t i o n . I t must be held, therefore, that there i s no 
evidence favouring e i t h e r of the a l t e r n a t i v e views of the 
nature of tho operative mechanism (see page 15). 

• The present t h e s i s describes an attempt to obtain e v i ­
dence for, or against, the concurrent operation of the two % 
mechanisms i n such reactions. After t h i s work had been 
commenced, Pocker-^ reported reaction by simultaneous f l r s t -
and second-order processes between benzhydryl bromide and 
bromide, chloride and azlde ions as well as triethylamine, 
a n i l i n e and pyridine i n solvent nitromethane. These r e s u l t s 
suggest the concurrent operation of mechanisms S^l and 8^2 but 
i t must be stressed that reactions i n t h i s solvent have been 
considered to involve the p a r t i c i p a t i o n of p a r t i a l l y heterolysed 
s p e c i e s ^ . These may, or may not, be the ion-pairs postulated 
by Winstein and h i s collaborators as intermediates i n reactions 
c a r r i e d out i n media of low d i e l e c t r i c constant (see page 5 ) . 

Information about the possible concurrence of tho tv/o 
mechanisms has now been sought by studying the intervention of 
added substances i n the SJJ1 hydrolysis of an organic halide 
(p-methoxybensyl chloride) whose structure did not render i t 
s t e r i c a l l y unfavourable to bimolecular attack. Since carbonium 
ions must be formed i n the present reacting system, reaction 
between these ions and the added material may occur; t h i s 
corresponds to unimolecular s u b s t i t u t i o n . I f however the added 
substance i s a b e t t e r nucleophlle than water, d i r e c t reaction 



with the unionised substrate i s also possible, leading to 

bimolecular substitution. 

Most of the organic halides which are recognised to 
a1 

undergo 3̂ 1 solvolysis are also s t e r l c a l l y hindered to subst i ­

tution by the bimolecular mechanism and could not, therefore, 

be used i n the present studies. Examples of such compounds 

are tert-butyl chlorido^and benzhydryl c h l o r i d e ^ . p-Methoxy-

benzyl chloride does not suffer from th is drawback but part of 

the evidence from which i t was concluded that i t s hydrolysis 

occurs by mechanism Sw1 * depended on the Value of the rat io 

AC*/A9* for t h i s reaction, whore AC* and AS* are the heat 

capacity and entropy of activation, respectively. Densley and 

Kohnstam2? had previously proposed that th i s rat io should be 

independent of the substrate i n %1 reactions but confirmatoi?y 

evidence for th i s hypothesis was s t i l l required at the beginning 

of the present studies. The relevant experimental work which 

was carried out for th i s purpose, i s discussed in Chapter I I 

together with the hypothesis on which i t i s based. 

I t must also be stressed that the addition of substances 

to the reaction mixture w i l l a l t er the rate of ionisation of 

organic hal ides . P a r a l l e l experiments were also carried out 

with benzhydryl chloride as the substrate i n an attempt to 

measure the magnitude of the effects of added materials on the 

rate of an S ĵl reaction. I t i s generally accepted that th i s 

compound reacts entirely by th i s mechanism i n aqueous solvents?* 



/ Foot-note to .page'25 . 

The evidence for th i s view has "been recently summarised2*^ 

and preliminary experiments had shown that i t "behaved I n a 

s imi lar manner to p-methoxybenzyl chloride when the solvent 

composition was changed, or v/hen weakly nucleophilic e lectro­

ly tes were added. Most of the reagents employed i n the 

present experiments were ionic and previous work on the effect 

of electrolytes on nucleophilic substitution reactions i s 

discussed i n Chapter I I I . The results now obtained are sum­

marised and discussed i n Chapters IV and V* I t was also 

necessary to study the ef fects of unreactive non-electrolytes 

on the SJJ1 solvolyses of henzhydryl chloride and p-methoxyhen^yl 

'chloride* Chapter V I deals .with th i s aspect of the worlc. 

F u l l experimental deta i l s are given i n Chapter VII« 
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CHAPTER I I 

ACTIVATION PARAMETERS IN 8 f f 8QLVOLY3I3. 

The temperature dependence of the Arrhcnius parameters* 

The Arrhenius equation^ defines the variat ion of 

reaction rate with temperature by the relationship 

E 
l n l C a B - o . o o . .11-1 

' RT 

where k i s the rate constant, R the gas constant, T the absolute 

temperature, B a constant and E another constant with the dimen­

sions of energy. 

Experimental resul ts usually indicate that E , the energy 

of activation, i s independent of temperature but several 

workers have concluded on theoretical grounds that the ac t iva -

tion energy should vary v/ith temperature57. I t i s therefore 

better to define the activation energy by the d i f f eren t ia l form 

of equation I I - 1 , 

d i n k E 
*"" • •••• jy II—2 

dT RT^ 

Equation I I -1 i s then s t i l l v a l i d i f i t i s recognised that E 

and B may not be constant and that 

dB 1 dE 
d — «s —. • __. • » . • • #11-3 

dT RT dT 



Eyring's absolute rat© equation may be written i n the 

form 

£ T AS* AH* 
I n k o I n — + — - — . . . .11-4 

h R RT 

where le i s the Boltzmann constant, h i s Plank's constant., 

R i s the gas constant, T i s the absolute temp'erature. 

A3"" i s the entropy of activation, 

AH* i s the enthalpy of act ivat ion. 

The energy of activation, E , can be expressed i n terms of these 

parameters by dif ferent iat ing equation with respect to 

temperature and remembering that 

d AH* d AS* 
» T . . » AC* . . . . .11-5 

dT dT 

where AC* i s the heat capacity of act ivat ion. Therefore, 

E » • All* + RT . . . . . I I - S 

Making th i s substitution for AH* i n equation I I - h and 

comparison with equation I I - 1 leads to . - " ' ' 

icT AS* 
B = I n — +• — + 1 

h R 
* 

The Arrhenius parameters can therefore be expressed i n terms 

of the entropy and enthalpy of act ivat ion. 
I t also follows from equations I I - 5 and that the 
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temperature dependence of the activation energy i s given "by 

the relationship 

dE 
— « AC + R 
dT 

so that any detectable variat ion i n the value of E with tem­

perature must be due to a difference i n the heat capacit ies of 

the i n i t i a l and transit ion states* 

Temperature dependent activation energies for: 'reactions 

i n solution have been reported on a number of occal^sions^7»59f 63 

and the e a r l i e r reports have been revlev/ed i n a number of 

places 2 ^*^ 0 *^ • Despite the considerable number of studies 

that have been made of the effect of temperature on reaction 

rates, many of the measurements were not accurate enough to 

reveal variations i n E and th i s applies to some cases where 

temperature dependence has been r e p o r t e d - ^ ' N e a r l y a l l the 

re l iab le resul ts refer to aolvolyses of organic hal ides, n i trates 

and arlysulphonates, for which the transit ion states are more 

polar than the i n i t i a l s tates . In a l l cases the energy of 

activation decreased with temperature. 

Possible causes for the f i n i t e heat capacit ies of 

activation w i l l now be considered. . 

Causes for changes i n heat capacity.-

1. Electrostat ic , SPEroacli^ 
Reactions which involve a change I n polarity on passage 
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into the activated complex have often been discussed on a simple 

e lectrostat ic "basis, by assuming that the solvent merely acts 

as a continuous d ie l ec tr i c and that solvent changes a l t er the 

rate by changing the s t a b i l i t i e s of dipoles in the d i e l e c t r i c . 

Xirlcwood's equation0-' gives the change i n free energy, 

AO, for the transfer of a dipolo from a continuous medium of 

unit d ie lec tr ic constant to one of d ie l ec tr i c constant D; thus 

u 2 (D-1) 
AO » - -rr • .11-7 

. P 12D+1) 

v/here n i s the dipole moment, r the radius of the molecule 

containing the dipole and D the d ie l ec tr i c constant of the 

medium. Differentiat ion of th i s expression with respect to 

temperature gives the e lectrostat ic contribution to the entropy 

of activation by the expression 

———— n ASj) 
dT 

? 9 

r t r i ' 

3D d I n D 
. .11-8 (2D+1)2 dT 

D always decreases with increasing temperature so that AS^ 

must be temperature dependent. I f (d I n D)/dT i s not temper­

ature dependent, vihich i s the case for aqueous ethanol and 

aqueous acetone solutions*^, the e lectrostat ic contribution to 

the heat capacity of activation l a obtained by di f ferent iat ion 

of equation I1-8 with respect to temperature and application 

of equation II -5» 



Thus, 

3DT(2D-1 ) 

(2D+1 )3 

d I n D 2 
• .11-9 

For the reactions under consideration, u t i s greater than u± 

and the theory therefore predicts a negative value for the 

of the C—*C1 linkage,. however, show serious discrepancies from 

those calculated using equations I I - 8 and I I - 9 The theory 

predicts that the entropy and heat capacity of activation should 

he affected in the same manner "by a change of solvent. For benz-

ylidene chloride and benzotrichlorlde, the two compounds studied, 

an increase i n AS* was accompanied "by an appreciable decrease 

i n AC* on changing from 50% acetone to 50% ethonol. The calcu­

lated values of the rat io AC^/ASp were consiotpntly lower than 

the observed ratio AC*/*S*» I t must be concluded, therefore, 

that the e lectrostat ic approach does not account for the values 

of the heat capacities of activation for reactions which involve 

a transit ion state which i s more polar than the i n i t i a l s tate . 

Other objections have been raised to the general theory. 

Thu3 i t has been reported that only part of the heat capacity of 

ioni3atlon of weak acids can be accounted for by the electro­

s ta t i c treatment^ and that the constant i sodie lectr io 

heat capacity of activation, i n agreement with experiment. 

The observed values of AC* and AS* for the ionisation 
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activation energie predicted by the theory are not oboerved 

i n p r a c t i c e . y 1 w I t has also been shown that the rates of 

ionization of triphenylmethyl chlorides and tert-butyl chloride 

do not vary v/ith D i n the expected manner^ e Caldin and 

Peacock*w have compared experimental All and A9 values for a 

number of bimolecular reactions involving an increase of polar­

i t y i n the transi t ion compared to the i n i t i a l state. They 

have reported s ignif icant discrepancies between the tv/o. 

The simple e lectrostat ic treatment i s therefore inade­

quate to explain the variat ion of the Arrhenius parameters and 

an alternative approach i s preferred i n the present studies. 

2» Solvation h^othesiSjj. 

Both SJJ1 and S N 2 reactions involve the development of 

e l ec tr i c charges on passage into the trans i t ion state. I t i s 

now widely accepted that, i n polar solvents such charge develop­

ment i s f a c i l i t a t e d by solvation forces which result from the 

e lectrostat ic interaction between solvent molecules and the 

charged centres. The exr/istence of these solvation forces i s 

considered to reduce the large ionisatlon energy of carbon-

halogen bonds to the accessible values of the activation energy 

v/hich are observed for %1 reactions?''. 

Since solvating molecules are l e s s free to move than 

The solvent i s varied i n such a way that D remains constant 
as the temperature i s changed* 
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normal molecules I n the bulk of the solvent, the$ are l e s s able 
to absorb energy and thus have a reduced heat capacity. 
Observations of negative p a r t i a l molar heat capacities for 
eloctrolytos i n so lut ion? 2 and negative changes I n the heat 
capacity for the ionlsation of weak ac lds^ 7 , 7 -* are consistent 
with th i s view. 

Since both the %1 and SJJ2 solvolyses of organic halidea 

involve an increase i n solvation on passage into the activated 

complex, i t i s to be expected that these reactions should also 

be associated with negative heat capacit ies of activation, as 

observed. On the simplest interpretation, the heat capacity 

of activation ar ises entirely from the Increase I n the number 

of solvent molecules attached to the activated complex, re lat ive 

to the i n i t i a l s t a t e 2 7 ' g 1

0 

3. Other ^ievra. 

Robertson and h i s co-workers7"* have recently pointed 

out that the neutral substrates employed i n solvolytic reactions 

usually have positive p a r t i a l molar heat capacities i n water. 

They have suggested that the observed negative heat capacit ies 

' of activation i n solvolysis ar i se from t h i s factor and from the 

negative heat capacity of the highly polar complex, since, 
* — _ 

AC a C-fc - C-i 

where C i s the p a r t i a l molar heat capacity and the subscripts 

1 and t re fer to the i n i t i a l and trans i t ion state, respectively. 
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Moelwyn-Hughes-'-'0, had previously suggested that the 

activated complex represents a state of maximum enthalpy and 

that consequently the heat capacity of activation should equal 

tenable when i t i s real i sed that the heat capacity of the 

activated complex depends in ter a l i a on vibrations i n parts of the molecule not involved i n the activation process- An e a r l i e r 

suggestion7**, based on the co l l i s i on theory of reactions, i s 

not considered to require serious comment now* 

The simple solvation approach discussed on page 31 

suggests that the heat* capacity of activation in 3̂ 1 solvolysls 

arises almost entirely from the increase i n solvation on 

passage Into the activated complex. Solvation results in an 

Increase i n the degree of order for the solvating molecules 

and should, therofore, cause a reduction i n the entropy. I t 

has been suggested 2?"^ that t i l l s factor i s mainly, i f not 

entirely, responsible for the entropy of activation i n SJJ1 

reactions, since the contribution from the p a r t i a l l y heterolysed 

bond i s l i k e l y to bo small . This interpretation requires that, 

i n unimolecular reactions, the same factor controls the magni­

tude of the heat capacity and entropy of act ivat ion. Therefore 

the rat io AG/'AS''' should be independent of the nature of the 
27 

substrate , %2 solVolysis i s characterised by the p a r t i a l 

& , since dHj/dT « C t » 0 This interpretation l a hardly 

rbn< 

Mechanistic Interpretations, 



covalent attachment of a single water molecule and i t has been 

assumed2? that the associated loss of heat capacity i s approx­

imately the same as for solvation. However the greater degree 

of ordering, which resul ts from covalent binding, should result 

in a greater loss of entropy^9&»71+# Thus, for negative values 

of AC* and AS*, a new cr i t er ion of solvolyt ic mechanism becomes 

available; the rat io AC^/AS* should bo independent of the 

substrate for 3^1 reactions and i t s value should be greater 

than for 3^2 solvolys is . 

Measurements carried out i n the laboratories at Durham 

have now confirmed these predictions for a variety of chlorides 

and b r o m i d e s 2 ^ * p - M e t h o x y b e n z y l chloride v/as chosen as a 

suitable compound for the present studies of the possible con­

current operation of mechanisms Sjj1 and SJJ2 i n substitutions 

by powerful nucleophlles (see Chapter I , page 2 3 ) , partly on 

the basis of t h i s cr i t er ion of mechanism. I t v/as known that 

the value of the rat io A C V A S * for th i s compound i n 70/t> aqueous 
pq J 

acetone J was "the same as that for benzhyd|*l chloride in the 

same medium . The l a t t e r compound was known to react 

entirely by the unimolecular mechanism^-*15' ̂ 1 1 > . However at 

the beginning of the present work, the constancy of th i s rat io 

had s t i l l to be established for the 8̂ 1 solvolysis of a number 

of s tructural ly different halideo. Results were avai lable 

for the hydrolyses of tert-butyl chloride, bensylidone chloride 

p-methylbenzylldene chloride and benzotrichlorlde i n 50% 



aqueous acetone and the reaction of p-nitrobcnzhydryl chloride 

with th i s solvent was therefore studied i n an attempt to obtain 

further confirmation. 

Robertson and h i s co-workers^ have recently discussed 

the factors contributing to the magnitude of AG* and AS* for 

solvolysis i n water. Their interpretation (see page 32) leads 

to the conclusion that AC* and AS* are affected in di f ferent 

ways by variat ions i n the structure of the substrate, a con­

clusion which would invalidate the use of the ratio AC*/A8° 

as a cr i ter ion of mechanism. I t may well be that the factors 

controlling the heat capacity and entropy of activation are not 

the same i n pure water as i n aqueous organic solvents where one 

of the components can "solvate" an organic substrate. Thus, 

for example, the entropy of activation for the hydrolysis of 

t c r t - b u t y l chloride i n water decreases markedly on the addition 

of small amounts of acetone to the solvent although the change 

i n the p a r t i a l molar entropy of water i s very aaall^^,1'*' 

The hydrolysis of p-nitrobenzhydryl chloride in 50% aqueous 

acetone. 

The hydrolysis of p-nitrobenshydryl chloride i n 50% 

aqueous acetone was studied at f i v e temperatures i n the range 

2 0 O - 6 0 ° C . In order to permit comparison with the compounds 

previously investigated i n th i s solvent, the solvent now 

empioydd was monitored by studying the rate of hydrolysis of 
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bensotrichloride. Tho runs were followed by noting the devel­

opment of acidity; deta i l s are given i n the experimental 

section (page i 2 9 ) • • • 

The rates and activation parameters are summarised i n 

Table I I - 1 , detai l s of the individual runs are given i n Appendix 

A, experiments 1 - 6 , and the methods employed i n tho calculation 

of activation parameters and the ir errors i n Appendix B . 

v.. TABLE 11-1 

Activation Parameters for the Reaction of p-Nitrobenzhydryl 

Chloride with 50$ Aqueous Acetone, 

Temp*. 10 F O k Mean 
Temp. 

°K. 

E k c a l . -AS 1 9 

e K . -1 sec. 

Mean 
Temp. 

°K. obs. c a l c . 4 
obs. c a l c . 

2 9 3 , 7 6 5 - 3 2 0 

16.81 
293-29 22.430 2 2 . 4 7 9 8 . 1 4 8 . 1 5 

302.81 16.81 
3 0 7 . 6 4 

8 . 1 4 8 . 1 5 

3 0 7 . 6 4 2 2 . 1 8 7 22.137 9.17 9 . 1 5 
3 1 2 . 4 7 5 2 . 5 5 

22.137 9.17 9 . 1 5 

317.51 21 *839 21.879 1 0 . 1 9 1 0 . 2 1 
3 2 2 . 5 5 . 158 .1 

328.06 

21.879 1 0 . 1 9 1 0 . 2 1 

328.06 21 .539 21.550 1 1 . 3 4 1 1 . 3 4 
3 3 3 - 5 7 4 7 9 . 9 

dE 

dT 
» - 3 1 . 2 + 0 . 4 (slope) 

£ From equation B-3^ 
\ Appendix B 

p Prom equation B - 4 ) 

A S 5 0 ° C . A 1 0 ' 8 1 

E 5 0 * C . a 2 1 - 7 ° 3 

A C * 
— * - 3.10 
A S 5 0 u C 
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The resultB. I n Table I I - 1 show the expect6d decrease of 

activation energy with increasing temperature. Energies and 

entropies of activation, calculated on the assumption that AC* 

i s constant over- the experimental temperature range, can bo seen 

to be i n good agreement with those observed. 

A comparison of the present resul ts with those previously 

obtained for 3̂ 1 reactions i s given in Table I I - 2 and i t can be 

seen that, within the l i m i t s of experimental error, the ratio 

AC*/A3* for these reactions I s c lear ly independent of the nature 

of the substrate. The value of th is rat io i s larger than for 

the Sfl2 solvolysis of ben^rl c h l o r i d e 2 7 . and i t 3 p-nltroderiva-

t i v e 2 ^ . i t therefore seemed l i k e l y that a v a l i d mechanistic 

test could be based on the values of the rat io AC*/A3*. 

TABLE I I - 2 

Activation Parameters for %1 solvolysis i n 50% 

Aqueous Acetone at 5 0 °C 

Substrate E -AS* -AC* AC /A8 

PhCCXL̂  £ 19.315 16*17 • 45.8 2,83 1 0,28 

PhCHd 2 A 22.917 11.33 29.7 2.62 £ 0.32 

p-HeCglfyCHCl / 20.1 M) 11.97 39.1 3.27 + 0.31 

p-N02CgH1+CfIFnCl 21,702 10.81 33.5 3.10 +0 ,22 

tert-BuCl 19.917 10.28 27.0 2.63 + 0,21 

AS* and ACV^S* per replacable chlorine atom. 
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Mechanism I n the Hydrolysis of tMnothoxyfoeantayl Chloride in 70$ 

amieoxTQ acetone. 

Results already available at the commencement of the 

present studies had shown that ACV^S''' f or the hydrolysis of 

p-meth oxybenssyl chloride i n 70J5 aqueous acetone had the came 

value as for the hydrolysis of benzhydryl chloride in the same 

solvent(sco page 3 5 ) . Mechanism wa3 thoreforo indicated 

for the hydrolysis of the substituted benyyl compound. Other 

evidence supported th i s view. The hydrolysis of both compounds 

showed almost the same sens i t iv i ty to changes I n the solvent 

composition, and to additions of sodium perchlorate*^, and both 

reactions were s igni f icant ly retarded by the addition of sodium 

chloride 2 ^, a fact which' provided c lear evidence for the 

operation of .the mass-lav/ effect which i s spec i f i c to 8̂ 1 reac­

t ions , (compare Chapter I I I ) . 

I t Iras therefore concluded that the reaction of p-

methoxyben2yl chloride with 70JS aqueous acetone occurred 

entirely by the unimolecular mechanism 



CHAPTER I I I 

THE EFFECT OP ELECTROLYTES ON THE RATES OF S fj REACTION9, 

1• Qualitative discussion. 

The hydrolysis of alley 1 and aralphyl halldes can occur 

either by the synchronous bimolecular mechanism (3^2), 

RCl + H 20 

or by the multistage unimolocular mechanism (SJJ1 ) , 

+ 
H 20 R CI ROH • H + CI" 

RCl R- Clj R + + Cl" 

R + + HgO * ROH + H* 

Since the reagent i s present i n v i r t u a l l y constant excess in 

most aqueous solvents, both processes should lead to f i r s t -

order k inet ics , provided that i n the l a t t e r the ionisatlon 

step i s rate determining* 

The transit ion states for both mechanisms are more polar 

than the i n i t i a l states* I t i s therefore to be expected, by 

analogy with the situation for f u l l y formed ions, that the 

activated complexes w i l l be subjecti £o ion atmosphere s t a b i l ­

isat ion in the presence of e lectrolytes / irrespect ive of t h e i r -

nature* This s tabi l i sat ion , which leads to an acceleration of 

the rate of reaction, i s ca l led the "ionic-strength effect" . 

I t has much l e s s effect on 3^2 reactions than on %1 reactions, 
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clue to the more d i f f u s e d i s p o s i t i o n o f charge i n the biraolecular 

t r a n s i t i o n state* 

E lec t ro ly t e s conta ining the common anion, X", can cause 

a reversa l o f the i o n l s a t i o n o f the organic h a l l d o , RX, and 

hence r e t a rd the rates o f 3̂ 1 r eac t ions . This i s c a l l e d the 
80 

"ma^s-law , , effect , , and qu i te obviously cannot operate i n %2 

s u b s t i t u t i o n s . 

Clear ly "both e f f e c t s w i l l operate dur ing the hydro lys i s 

o f an organic ha l i de , even when no e l e c t r o l y t e i s i n i t i a l l y 

present, because ac id i s formed as the reac t ion procedes. Since 

the tv70 e f f e c t s act i n opposite ways on the ra te o f reac t ion , 

the o v e r a l l r e s u l t w i l l depend on t h e i r r e l a t i v e s izes . Thus 

constant f i r s t - o r d e r ra tes have been observed f o r the reac t ion 

o f benahydryl ch lo r ide w i t h aqueous acetone**"', whereas the 

corresponding reac t ion o f t e r t " b u t y l bromide**2 i s progress!veiy 

accelerated as the reac t ion procedes and tha t o f d i c h l o r o -

diphenylmethane 1^ a i s progress ively re tarded. However the 

e f f e c t s are usua l ly qu i te small i n the d i l u t e so lu t ions which 

are normally employed i n k i n e t i c experiments and can genera l ly 

be neglected. 

2, Quant i ta t ive treatment. . 

The SJJ1 hydro lys i s o f an organic ha l i de , RX, procedes 



through the f o l l o w i n g stops. 

.) RX J=°* R + + XT 

R* -2-> 'ROH 

Slnoo stag© 1 i s slow ( r a t e determining) and stages 2 and 3 are 

r ap id , the concentrat ion o f the carbonium i o n , R + , must always 

"bo very small and i t i s the re fore v a l i d to apply tho steady 

s ta te p r i n c i p l e to t h i s species* I t then f o l l o w s tha t the r a te 

c o e f f i c i e n t , k^, f o r the hyd ro ly s i s i s g iven by / 

* '1 d RX • k. 
k x » - — * • 1 I I I - 1 

* RX d t • 1 + aX" , 

where p. i s c a l l e d the mass-law constant and has the value kgA^* 
The subscript numerals i n d i c a t e the stage to which a given 

ra te c o e f f i c i e n t k r e f e r s . 

E l ec t ro ly t e s accelerate the rates o f un ino lecu la r 

react ions "by increas ing the ra tes o f i o n i s a t i o n and t h i s i s 

r e f l e c t e d i n the ra te c o e f f i c i e n t k.j• The e f f e c t o f e l e c t r o ­

l y t e s on stage 1 i s given "by the Brpnsted equation*^ i n the 

form 
f p v 

^ a !£« _JHL . . . . . I H - 2 
f t 

f .Throughout t h i s thes i s the normal square brackets denoting 

concentrat ion are omitted* Thus f o r a species X, the more 

usual [x~Jie replaced "by X* alone*' 



where f i o the a c t i v i t y c o e f f i c i e n t r e l a t i v e t o u n i t value a t 

aero i o n i c s t rength, to which. k ° , r e f e r s , and the subscr ipts 

RX and t i nd i ca t e the i n i t i a l and t r a n s i t i o n s ta tes , 

r espec t ive ly , ' 

Hughes, Ingo ld and t h e i r co-workers® 0 have developed a 

simple e l e c t r o s t a t i c theory to account f o r the observed e f f e c t s 

o f un l -un iva len t e l e c t r o l y t e s on 3̂ 1 r eac t ions . 

I n t r e a t i n g stage 1 they proposed tha t the e f f e c t o f 

e l e c t r o l y t e s on the t r a n s i t i o n s tate was so much more than t h e i r 

e f f e c t on the i n i t i a l s ta te t ha t the l a t t e r could he neglected. 

A value o f u n i t y v/as the re fore assumed f o r f ^ . 

I n order to ca lcu la te f ^ , the t r a n s i t i o n s tate v/as 

regarded as a permanent d ipo le cons i s t ing o f two p o i n t charges 

(+ ze) separated by a distance d . The Debye-Poisson equation 

f o r the p o t e n t i a l ^ a t a p o i n t , due to any cen t r a l d i s t r i b u t i o n 

o f charge i n a d i l u t e atmosphere o f un iva len t ions , was appl ied 

to t h i s simple model t o g ive the expression 

- l o g 1 0 f t a - B . ( a 2 d ) . c I I I - 3 

where c i s the molar i o n i c - s t r e n g t h o f the so lu t i on and B i s 

a constant f o r a g iven solvent and temperature. I t has the 

value . >. 
1 u r r . Ne^ 1 0.912 x 10 b 

B a * - . . . . . • • » • . . . . . • B — 

2.303 1000 £2 (DT )2 ( D T ) 2 

where K i s Avogadros number, 
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D l a the d i e l e c t r i c constant o f the medium, 

ic I B Boltmann's constant, 

T I s the absolute temperature. 
• 

Equation I I I - 3 contains one unknown parameter, z^d a 

which Hughes and Ingold termed the " i on i c - s t r eng th" constant . 

I t has the dimensions o f l eng th and i s a measure o f the. i o n -

atmosphere s t a b i l i s a t i o n o f the t r a n s i t i o n s ta te f o r i o n i s a t i o n . 

I t v/a3 pointed out t h a t the expression i s a l i m i t i n g one, only 

s t r i c t l y appl icable to very d i l u t e solut ions* However, because 

o f the r e l a t i v e l y smaller v a r i a t i o n s i n the densi ty o f tho i o n -

atmospheres around d ipoles , i t was^'that i t would apply over a 

greater range o f concentrations than the corresponding l i m i t i n g 

law f o r i o n s . I t was also concluded tha t v a r i a t i o n s i n mole­

c u l a r shape would be absorbed i n t o the parameter o\ 

. Equations 111*2 and I I I - 3 were then combined and the 

appropriate s u b s t i t u t i o n made f o r z 2 d t o g ive 

k 1 « k f a n t i l o g 1 0 - B o o . • . • • I I I - U 

The Bronsted equation was appl ied to stages 2 and 3 

t o g ive the e f f e c t o f e l e c t r o l y t e s on these processes; thus 

r t f + a q 

where f + and f „ are the a c t i v i t y c o e f f i c i e n t s o f the carbonium 
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i o n and expelled i o n X * , r e spec t ive ly , r e l a t i v e t o u n i t value 

at zero i o n i c s t r eng th , f + a ( 1 i s t n e a c t i v i t y c o e f f i c i e n t o f 

the t r a n s i t i o n s tate f o r the col lapse o f the so lva t ion s h e l l . 

Since t h i s i s associated w i t h a very l a rge spa t i a l d i s t r i b u t i o n 

of charge, i t was conoluded t h a t f + a q must approximate t o 

u n i t y . Therefore, since a i s equal to Tn^lHy ' 

f -
a • a 0 — * • » • • • 

I t was then assumed t h a t the a c t i v i t y c o e f f i c i e n t o f the anion 

could be evaluated from Debye's l i m i t i n g law. 

« l o g 1 0 f _ a «Ac^ . . . . o , I I I - 6 

where, 
2 W ê3 1 1.813 x 10^ 

fl •_ . • I ' . _____ a a «» i 

2.303 J 1000 St* (DT)a ( D T ) § 

Hence thei e f f e c t o f e l e c t r o l y t e s on the mass-law constant v/as 

obtained from equations I I I - 3 , I l l - i j . and I I I - 6 , 
i " 

a » a ° ant i logyQ(ACH - Bore) . • • . • I I I - 7 

Making the appropriate subs t i t u t i ons i n equation I I 1 - 1 then 

gave / ' • 

1 d RX k • 

RX . d t ant i logy QBOC + a^antilog.j QAC"--

I I I - 8 

x-/ 



Equation I I I - 8 p r ed i c t s tha t the acce lera t ing e f f e c t o f 

added e l e c t r o l y t e s i s independent o f t h e i r nature and depends 

only on the i o n i c s t r eng th . I t has been appl ied v/ i th success 

to the Sfl1 solvolysea o f t e r t - b u t y l c h l o r i d e , benzhydryl 

ch lo r ide , subs t i tu ted benshydryl c h l o r i d e s ^ * and d i c h l o r o -

diphenylia ethane J i n aqueous acetone. Consistent w i t h the 

d e f i n i t i o n o f the i o n i c - s t r e n g t h constant, v i z , c « z 2 d , t h i s 

parameter was observed to have the l a r g e s t values f o r those 

compounds f o r which the greates t charge separation i n the t r a n ­

s i t i o n s ta te was to be expected. The mass-law constant, cc% 

was found to increase w i t h Increasing s t a b i l i t y o f the carbonium 

i o n . This was considered reasonable since #° represents the 

ra te o f a t tack o f the common anion on the carbonium i o n , r e l a t i v e 

to the ra te o f col lapse o f the so lva t ion s h e l l around the 

carbonium i o n . 

Contrary to the p red ic t ions o f t h i s simple e l e c t r o s t a t i c 

theory, s p e c i f i c e l e c t r o l y t e e f f e c t s have been reported on a 

number o f occaissions. Most o f these repor ts r e f e r to expe r i ­

ments c a r r i e d out i n media o f low d i e l e c t r i c constant, v/hich may 

w e l l account f o r some o f the e f f e c t s , Hughes and Ingo ld have 
So 

pointed out tha t t h e i r approach leads to a l i m i t i n g expression, 

which i s s t r i c t l y only v a l i d a t inc reas ing ly lower concentrat ions 

o f the e l e c t r o l y t e as the i o n i s i n g power o f the medium decreases. 

Deviat ions from t h i s l i m i t i n g law may w e l l account f o r small 



e f f e c t s i n media o f low ua tc r content* 

Hash arid Uonlc^ a have poin ted out t ha t t l ie e f f e c t i v e 

i o n i c - s t r e n g t h could bo f i l t e r e d by associa t ion o f the ions o f 

e l e c t r o l y t e s to g ive i o n - p a l r e « They inves t iga ted the e f f e c t s 

o f l i t h i u m , potassium and sodium bromides on the h y d r o l y s i s of 

to r i—buty l bromide i n a^aouus acetone and concluded, a f t e r 

allcnilns f o r i o n - p a i r associa t ion, tha t the agreement w i t h Hughes 

and I n g o l d 9 s t h e o r e t i c a l expression was s a t i s f a c t o r y , HoweverB 

the v a l i d i t y of t h e i r conclusions l a oomevfoat impaired by unsound 

mechanistic arguments* 3?or instance, they compared t h e i r 

experimentcil In tegra ted ra tes w i t h the t h e o r e t i c a l Instantaneous 

values derived from equation I I I - A ^ and.also neglected tho mass-

law e f f e c t * Never-tho-less, i o n - p a i r associa t ion nay bo an 

Important f a c t o r i n solvents o f low d i e l e c t r i c constant, and 

could account f o r Spoith and Olson's o b s e r v a t i o n ® ^ tha t the 

ra tes o f hyd ro ly s i s o f t o r t " b u t y l ch lo r i de and t o r t - b u t y l 

bromide were "al tered to d i f f e r e n t ojKtentc by l i t h i u m c h l o r i d e , 

l i t h i u m bromide and l i t h i u m porchlora to and tha t the e f f e c t o f 

each s a l t v a r i e d d i f f e r e n t l y w i t h changing solvent composit ion. 

I o n - p a i r associa t ion could also account f o r repor t s tha t t e t r a -

butylaramonium s a l t s and l i t h i u m , s a l t s have d i f f e r e n t e f f e c t s on 

the rates o f racemlcation, ch lo r ide exchange and so lvo lys io of 

p-chloivabensiiiydryl ch lo r ide ia acetone and QO% aqueous acetone'' 1 • 

Ti l ls also appl ies to a recent r epor t of s p e c i f i c e l e c t r o l y t e 

e f f e c t s on the r a t e of s o l v o l y s i s of benzhydryl c h l o r i d e in 90$ 



aqueous "bis (2 -e thoxyethyl) e ther . However the method used 

to obta in the i n i t i a l rates o f r eac t ion are open to c r i t i c i s m , 

and the r e s u l t s are not regarded as p a r t i c u l a r l y impor tan t . 

I t i s not proposed to discuss the observations o f spe­

c i f i c e l e c t r o l y t e e f f e c t s i n ace t ic ac id which have caused 
10 

V/instein and h i s co l labora tors t o pos tu la te tha t the i o n i s a t i o n 

step i n Sjjl react ions proceeds through meta-stable i o n - p a i r 

intermediates (compare, however, Chapter I , page 6 f o r a d i s ­

cussion o f Wins tc in ' a v i e w s ) . The solvent i s a poor i o n i s i n g 

medium and i n f a c t Hughes, ; I ngo ld and t h e i r co-work e r s ^ have 

c r i t i c i s e d Wins te in ' s proposals, on the ground tha t complete 

d i s soc ia t ion o f the e l e c t r o l y t e s i s assumed. Moreover, i t 

has been shown^ tha t 'the h y d r o l y s i s o f d i ch lo rod ipheny l -

methane i n 70% and 75% aqueous acetone, i n the presence o f 

mixed chlor ides and bromides, i s consis tent w i t h the e l e c t r o ­

s t a t i c treatment o f Hughes and I n g o l d , a f a c t which argues 

against ac t ive p a r t i c i p a t i o n o f intermediate i o n - p a i r s even i f 

they are formed. 
On the other hand the repor t s o f s p e c i f i c e l e c t r o l y t e 

e f f e c t s i n good i o n i s i n g solvents requires explanat ion. Lucas 
V7 

and Hammett observed tha t the r a t e o f i%1 h y d r o l y s i s o f t e r t -

b u t y l n i t r a t e i n aqueous dioxane was a f f e c t e d by e l e c t r o l y t e s 

i n the order C10j^>lT03^> Cl~^> OH-*, the l a t t e r indeed depres­

sing the r a t e . The r e su l t s were explained by assuming 



d i f f e r e n t degrees o f so lva t ion o f the e l e c t r o l y t e s "by water. 

The r e s u l t i n g changes i n the e f f e c t i v e composition o f b ina ry 

solvent were regarded as causing the s p e c i f i c e f f e c t s on the 

reac t ion ra t e , a p l aus ib l e explanation since unimolecular reac-
e/ 

t ions are h i g h l y s i n o i t i v e to change i n solvent composition. 

Hydroxide ions were postula ted to abstract so much water as to 

more than cancel the accelera t ing e f f e c t o f the increased i o n i c 

s t rength . 

Baughmann,. Grunwald and Kohnstaja^ have recen t ly con­

cluded, from inves t i ga t i ons o f the f u g a c i t i e s o f the solvent 

components o f aqueous dioxane so lu t ions o f e l c t r o l y t e s , t ha t 

so lva t ion o f ions by both solvent components needs to be taken 

i n t o account. 

V&ile admi t t ing the p l a u s i b i l i t y o f Lucas and Kammett's 

pos tula te , Benfey, Hughes and Ingo ld have shown that d i f f e r e n t i a l 

so lva t ion o f ions could not account f o r the common anion r e t a r ­

dations observed i n many unimolecular solvolyees. I t was shown 

tha t t h i s was not consis tent w i t h the f a c t tha t broiuide ions 

r e t a rd the ra te o f hydro lys i s o f benshydryl bromide i n aqueous 

solvents bu t increase the ra te o f hyd ro lys i s o f benzhydryl 

c h l o r i d e . On the other hand i t was observed tha t hydroxide ions 

caused a small decrease i n the ra te o f reac t ion i n aqueous 

dioxane, thus supporting Lucas and Haamctt's observation w i t h 

t e r t - b u t y l n i t r a t e , and a s i m i l a r e f f e c t was noted w i t h ethoxide 

ions i n e thanol . These were regarded, however, as forming a 



i 
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special case, only appl icable to l y a t e ions,, which were consid­

ered to d i s t r i b u t e t h e i r charge over a l a rge number o f solvent 

molecules. I t was proposed t h a t the r e s u l t i n g proton de f i c i ency 

i n the solvent impaired the so lva t ion o f the po la r t r a n s i t i o n 

s ta te f o r i o n i s a t l o n , thus accounting f o r the r e t a rd ing e f f e c t . 

Pocker 0^ has studied the e f f e c t o f changing i o n i c - s t r e n g t h 

on the competi'on. between water and azide ions f o r the t r i p h e n y l -

methyl ca t ion i n 75% and, 50% aqueous dioxane. Ko found t h a t 

ionised ch lor ides and perchlorates increased the p ropor t ion o f . 

hydro lys i s f o r the sequence KEt^^ -L i J^> Ha. The problem o f 

the spec i f i c e f f e c t s o f these e l e c t r o l y t e s waB not studied by 

t h i s worker, however.-
. 1 , 

More recent ly Diiynstee, Grunwald and Xaplan? 0 have 

observed s p e c i f i c e l e c t r o l y t e e f f e c t s on the so lvo ly s i s o f 

neophyl p-toluenesulphonate and on the racemieation o f L - ( + ) -

threo -5 -phenyl -2 -butyl p-toluenesulphonate i n 50% aqueous 

dioxane. These react ions f o l l o w the unimolecular path and the 

measured ra te represented the ra te o f i o n i s a t i o n . These authors 

developed a theory to account f o r t h e i r observations, which i s 

based on an extension o f Lucas and Hammett's o r i g i n a l suggestion 

(see page i+8)• I n p a r t i c u l a r , they proposed tha t the e f f e c t 

o f e l ec t ro ly t e s on both the i n i t i a l and t r a n s i t i o n states must 

be taken i n t o account. 

Some e a r l i e r s t u d i e s ^ o f the s o l u b i l i t i e s o f non-

e l e c t r o l y t e s i n aqueous dioxane had shown tha t the e f f e c t o f 



e l e c t r o l y t e s on the a c t i v i t y c o e f f i c i e n t s o f a n o n - e l e c t r o l y t e 

could he expressed by the equation 
a I n f f i v & r \ dutf 

X S = « ARX + BRX U - ^ J — . 1 1 1 - 9 
dc \dJGt / o d x 1 

where K s i s the Setschenow constant, 

f j ^ . i s the n o l a r a c t i v i t y c o e f f i c i e n t o f the non-

e l e c t r o l y t e , RX, r e l a t i v e t o u n i t value a t zero i o n i c -

s t rength , 

c i s the molar concentrat ion o f the e l e c t r o l y t e , 

Xj i s the mole f r a c t i o n o f water I n the solvent , 

i s the standard chemical p o t e n t i a l o f the non-

e l e c t r o l y t e , 

i s the mean standard i o n i c chenical p o t e n t i a l o f the 

e l e c t r o l y t e . The d i f f e r e n t i a l s represent t h e i r 

change w i t h v a r i a t i o n i n solvent composit ion, 

A and B. are empir ica l constants, 

A K x is analogous to the e l e c t r o s t a t i c term employed by Long ond 
go 

McDevitt"* i n discussing sa l t i n g - i n and s a l t i n g - o u t , and i t can 

also be r e l a t ed to the e l e c t r o s t a t i c i o n i c s t rength teim o f the 

Hughes/Ihgold treatment o f e l e c t r o l y t e e f f e c t s i n %1 s o lv o ly s i s 

B i s ra ther i n s e n s i t i v e t o t the nature o f the n o n - e l e c t r o l y t e , 

SJJI processes were t rea ted by applying equation I I I - 9 t o 

the i n i t i a l s ta te , and assuming tha t a s i m i l a r expression, w i t h 

d i f f e r e n t c o n s t a n t s , a n d B T , could also be appl ied to the 

file:///dJGt


t r a n s i t i o n s tato f o r i o n i s a t i o n . D i f f e r e n t i a t i o n o f the 

Bronsted equation ( I I I - 2 ) , i n i t s loga r i thmic form, w i t h respect 

t o e l e c t r o l y t e concentrat ion and comparison w i t h the appropriate 

form o f equation I I I - 9 then gave 

d I n k 1 / dn» dn! \ du° 

dc V dx-j dx-j 7 dx-j 

w • . • . 1 1 1 - 1 0 

where the subscripts RX and t r e f e r t o the i n i t i a l and t r a n ­

s i t i o n s tates, r e spec t ive ly , and k,j 1 B the r a t e c o e f f i c i e n t f o r 

i o n i s a t i o n . 

(A^JJ. - Aj.) was then combined i n a s ing le constant, C , and a 

quant i ty B" def ined by. the r e l a t i o n s h i p 

I ^ dx 1 * cbt, / / \ dx, dxj 

These values v/ere subs t i tu ted i n equation 1 1 1 - 1 0 t o g ive 

d I n k1 / du^ Y dixj \ dn£ 
» C l + B ' ( - _JL J ~ £ . . . . . 1 1 1 = 1 1 

dc V ^ l tol y dx^ 

Since the Oibb's f r e e energy o f a c t i v a t i o n , A G * , i s given by 
A G * kT 

- B I n k* - I n _ . ' 
RT h 

where k , h and R are un ive r sa l constants and T i s the absolute 

temperature ( compare pages 27 and U3) the term i n the bracket 



on tho r i g h t hand side o f equation 1 1 1 - 1 1 v;as modi f i ed i n the 

f o l l o w i n g way* 

d ia^ du£ d AO* d I n k f 
• . . .i m • " ™ • » — I « 3 RT •• i • 

dx,j dx^ dx^ cb:,j 

at constant temperature. This s u b s t i t u t i o n was made i n 

equation 1 1 1 - 1 1 to g ive 

d l n l o / d I n k f \ du£ 
- » C» + D j — • 111-12 

do \ dx 1 / dx-j 

where D « RT.B' 

I t i s considered necessary t o emphasise, at t h i s p o i n t , 

the f a c t o r s governing the empir ica l constants C and D e Both 

are governed by the solvent , the temperature and the nature o f 

the substrate but are independent o f the nature o f the e l e c t r o ­

l y t e , C may be cor re la ted w i t h the Hughea/Ingold e l e c t r o ­

s t a t i c i o n i c - s t r e n g t h terra and then has the value -2.303 B o- / . 

(compare page i*2). 

Equation 111-12 p red i c t s s p e c i f i c e l e c t r o l y t e e f f e c t s on 

9^1 react ions i f the value o f duj/dx^ depends on the nature o f 

the e l e c t r o l y t e . Fugacity measurements on so lu t ions o f 

e l e c t r o l y t e s i n 50% aqueous dioxane have shown tha t t h i s I s 

indeed the case®^. 

Duynstee, Grunwald and Kaplan were able t o i n t eg ra t e 

equation 111-12 by assuming t h a t the parameters, C and D : , 



and the d i f f e r e n t i a l s wore independent o f the concentra t ion o f 
i 

the e l e c t r o l y t e ; hence they obtained the expression 

1 k 1 / d I n k? \ an* 
8» a — I n - L = C» + D L . I — Z - . * . . 1 1 1 - 1 3 

c k f ^ dx 1 / dx 1 

Equation 111-13 p red ic t s t ha t f o r a given solvent , 

temperature and substrate, 8' should vary i n a l i n e a r fash ion 

w i t h (dn+/dx-f)« This v/as confirmed w i t h heophyl p - to luene-

sulphonato as the substrate and simple inorganic s a l t s , but 

l a rgo discrepancies were noted f o r e l e c t r o l y t e s having la rge 

organic i ons , With L- (+) - th reo-3-pheny l -2 -bu ty l p - to luene-

sulphonate, although most o f the p l o t t e d po in t s l a y on a 

s t r a i g h t l i n e , i t . ..appeared tha t a second l i n e cou}.d be drawn 

through the po in t s f o r the sodium ha l ides w i t h tha t f o r the 

ch lo r ide common to b o t h . E l e c t r o l y t e s w i t h l a rge organic 

ions d i d not correspond w i t h e i t h e r l i n e . Short range i n t e r ­

act ions between the substrate and the e l e c t r o l y t e were the re ­

f o r e regarded as becoming s i g n i f i c a n t f o r the except ional cases 

and i t was considered poss ible , bu t u n l i k e l y , t ha t some degree 

o f SH2 attack was occuring w i t h the ha l lde ions.and the phenyl -

b u t y l compound. 

TMs approach i s open to . c r i t i c i s m since i t i s assumed 

tha t e l e c t r o l y t e s a f f e c t the a c t i v i t i e s o f non-e lec t ro ly te s 

i n saturated so lu t ions i n the same way as they a f f e c t t h e i r 



a c t i v i t i e s i n so lu t ions which arc f o r from satura ted. I t I s 

f u r t h e r ase-taed tha t the I n i t i a l s t a te and the po l a r s ta te f o r 

i o n i c a t i o n are subject t o s i m i l a r e f f e c t s . However,, there i s 

l i t t l e doubt tha t e l e c t r o l y t e s have s p e c i f i c e f f e c t s on Sgl 

roaotlona, and t h i s approach represents the boot theory 

ava i l ab le a t the moment* I t would appear t ha t e l e c t r o l y t e s 

may in f luence react ions on three ways; 

( l ) By lon-atmoophcre s t a b i l i s a t i o n o f t l io t r a n s i t i o n 

s t a t e . This e l e c t r o s t a t i c e f f ect i s independent o f the nature 

o f the e l e c t r o l y t e and i s g iven by the parameter C v (equat ion 

111-13). 

( i i ) By an e f f e c t which depends on the so lva t ion o f the 

e l e c t r o l y t e and i s def ined by the second term on the r i g h t hand 

side o f equation I I I - 1 3 * 

( i i l ) By short-range i n t e r a c t i o n s between the e l e c t r o l y t e s 

and the substra te . These e f f e c t s are not amenable to t r e a t ­

ment, since noth ing i s laiov/n o f t h e i r nature* 

I n the present worlc i t was proposed to examine the 

e f f e c t s o f added e l ec t ro ly t e s on the ra te o f reac t ion o f p -

mcthoxyben-yl ch lo r ide i n aqueous acetone. Attack by bo th 

Sf* mechanisms i s f e a s i b l e w i t h t h i s compound when the reagents 

are b e t t e r nucleophi lcs than water, and any de t a i l ed analysio 

o f the r e su l t s obtained i i i the present systems c l e a r l y r e r u i r e s 

a laiowledgo o f the ef fects , o f e l e c t r o l y t e s on the ra te o f 



ioni3ation o f the substra te . Shillaker' :* , / had prev ious ly 

observed s p e c i f i c e l e c t r o l y t e e f f e c t s on the Sjj1 react ions o f 

benzhydryl ch lo r ide and p-methoxybensyl c h l o r i d e , and had also 

shown tha t bo th compounds were s i m i l a r l y a f f e c t e d by changes 

i n the solvent composition and by add i t ions o f sodium popchlo* 
79 

r a t e ' ^ . An attempt was the re fo re made to ob ta in a measure o f 

the e f f e c t o f e l e c t r o l y t e s on an i o n i s a t l o n process by also 

studying the e f f e c t o f e l e c t r o l y t e s on the. r a t e o f r eac t ion o f 

benshydryl ch lo r ide i n the same so lven t . I t was assumed t h a t 

t h i s compound was no t subject to %2 a t tack by the present 

reagents (compare Chapter I , page 25)• I t was hoped, i n c i d e n t -

l y , t ha t these experiments would supply a d d i t i o n a l evidence f o r 

the s p e c i f i c e f f e c t s o f e l e c t r o l y t e s on SJJ1 processes. . The 

r e s u l t s are discussed i n the next chapter* 



57. 
CHAPTER IT 

THi-i EFFECT C^J^LtCCTROLYTE?! 01-7 TKfl RATiiS_ OF REAOTIOT? OF 

BZ^^mn^J^LOl^i AND p-r^TJIOXYBENZYL 07&OKIDIS IN 

1. Results. 
The solvolyses of approximately 0.02 radar solutions 

of bonshydryl chloride and p-methoxybensyl chloride i n 70% 
•o 

aqueous acetone were studied at 20.03 C. The e f f e c t s of 
added IJaClO^, NaBF^., PhflO^Na, ITaKO^, Me^ITF, MCI, ITaCl, KBr 
and NaN^ on the rates of disappearance of the halides (rate 
c o e f f i c i e n t Ic,-,,) and on the rates of hydrolysis (rate 
c o e f f i c i e n t kg) were determined. S e c t i o n s were followed 
by noting the development of chloride ions and the development 
of a c i d i t y . The e f f e c t s of ionisud chlorides w r o also 
studied by working w i t h the organic chlorides containing C l ^ 
and noting the appearance of r a d i o - a c t i v i t y i n the reac t i o n 
products (rate c o e f f i c i e n t k^).• F u l l d e t a i l s are given 
i n Chapter V I I and d e t a i l s of the k i n e t i c runs i n Appendix A, 
pag^s 173-217. 

The integrated f i r s t - o r d e r rate c o e f f i c i e n t s (k , k 
CI H 

and k_J usually stayed constant throughout the course of the 
reaction but decreasing vnlues of k ^ were obtained when HaN^ 
was present i n small amounts, probably because.of the 
reduction i n the concentration of N^" r e s u l t i n g froci the 
formation of RN̂  and undissociated HE^ values of k̂ . 



J O • 

also decreased s l i g h t l y f o r the experiments w i t h p-methoxybonayl 
chloride <?nd 0.1 molar sodium chloride, probably because the 
rapid rate of chloride exchange caused the concentration of 
active chloride ions to approach the eq u i l i b r i u m value. 
Increasing values of k j j , "which approached the constant vnluos of 
I c ^ , were obtained f o r the reaction of the came substrate i n the ! 
presence of KBr and NaKO^. This probnbly arose from tho form­
a t i o n of s i g n i f i c a n t amounts of the organic bromide and n i t r a t e , \ 
and f o r these reactions only tho values of 1:^ (or the values of 
kjj r e f e r r e d to a "aero" reading taken a f t e r tho ronetion had 
proceeded f o r some time) w i l l be considered i n t h i s chapter. 
The e f f e c t of 0.0J? molar concentrations of the e l e c t r o l y t e s ^ on 
the rates of roaction of the organic hnlide (rate c o e f f i c i e n t s 

lc = It or k.,) are summarised i n Table IV-1. X CI & • 

& I t was assumed that the percentage chnnge i n tho r i t e due to 
the a d d i t i o n of e l e c t r o l y t e varied i n a l i n e a r fashion with, the 
concentration of the e l e c t r o l y t e . While t h i s w*?s not s t r i c t l y 
the case f o r the cases where n stable product was formed 
(Y"~ = N,y IT"), the errors a r i s i n g from t h i s assumption are not 

i 
important i n a q u a l i t a t i v e discussion. j 

i 

t I n some cases where k
C j _ . = ̂ y (compare Chapter V I I , . page 1 38) j 

the l a t t e r values are used, without comment, i n the tables of • j 
re s u l t s given i n t h i s chapter. j 

• i 



TABLE I V-1 

The Effect of Electrolytes on the Rates of Reaction of 
Benahydr y l Chloride end p-Metlioxybenzyl Chloride i n 

70$ Aqueous Acetone at 20.06°C. 

Added % change i n on addi t i o n of 0.0^I-I. e l e c t r o l y t e 

E l e c t r o l y t e PhCH^Cl MeOCgĤ CH CI 

MaCLOij +15.08^ +15-93 

NnBF?+ +11.96 +13-13 

Ph30.jNe. + 5-70 +10.91 
+ 6.05 • +l lt.2*i-

Me, EI? 

NaCl 
HCl 

- 5.21 
. / 

+ 2.33 

+ 7.02 

+ 1.96 
+16.30 

•A 
+21.62 

K3r + 9.15 
+11.20 

+25*67 

Naff 
+ 9.15 
+11.20 —. 

HaCL (0.1) 
NaCl (0.02?) 

-A 

+ 1.90 
+ 2.95 

+13-39 

+17.67 

KaN^ (0.02) + S-^fl +H3.96 
NaN^ (0.03) + "8.9H 1 +60.13 

NaN, (0.0»0 - +62.69 



ft) • 
6 From r e s u l t s obtained by ShillrJcer"'. 
t Referred to an i n i t i a l e l e c t r o l y t e concentration of 0.05 K. 

e l e c t r o l y t e . 

X Calculated from experiments where the e l e c t r o l y t e concentration 
was not 0.05 M. by assuming that the percentage change i n k,>. 
varies l i n e a r l y w i t h e l e c t r o l y t e concentration.. The i n i t i a l 
concentration i s indicated i n the brackets. 

. Since only Sj j l s u b s t i t u t i o n i s possible w i t h benzhydryl 
chlorido, the values of k f o r t h i s compound are usually very 

A. 
nearly the same as k 1, the rate c o e f f i c i e n t f o r l o n i s a t i o n (see 
Appendix C). The f i g u r e s i n Table r / - l thus represent the 
percentage change i n the r a t e of l o n i s a t i o n due to the added 
e l e c t r o l y t e s and hence-are a measure of the i o n i c - s t r e n g t h e f f e c t . 
I t i s evident that each e l e c t r o l y t e has a d i f f e r e n t e f f e c t on the 
r a t e of i o n i s a t i o n , contrary to the requirements of the e l e c t r o ­
s t a t i c theory of Hughes and Ingold. Ion-atmosphere s t a b i l i s a t i o n 
of the t r a n s i t i o n state f o r i o n i s a t i o n ( i o n i c - s t r e n g t h e f f e c t ) 
requires that a l l e l e c t r o l y t e s should accelerate the. rate of 
i o n i s a t i o n of organic compounds. I t i s impossible, therefore, 
to account f o r the observed r e t a r d a t i o n of the rate of reaction 
of benzhydryl chloride by added tetrarnethylammonium f l u o r i d e i n 
terms of ion-pair association of the e l e c t r o l y t e or departures 
from the l i m i t i n g - l a w . 

p-Kethoxybenzyl chloride hydrolyses e n t i r e l y by mechanism 
SH1 (see Chapter I I , page 37) but, unlike benshydryl chloride, 



i t i s not s t o r i c a l l y unfavourable to 5^2 attack. The 
following i n t e r e s t i n g points emerge from a consideration of 
the r e s u l t s given i n Table I.V-1. ITaC10i( r>n& N«33?, , whose 
anions are such poor nucleophilos that they rsre u n l i k e l y to 
react w i t h the substrate by oithor of the F>K mechanisms, have 
much the same offoot on the rates of hydrolysis of benzhydryl 
chloride and p-methoxybenzyl chloride. Other e l e c t r o l y t e s , 
however, accelerate the rate of reaction of the l a t t e r compound 
more than that of the former, and the difference between the 
eff e c t s produced by a given e l e c t r o l y t e increases i n tho order 
KaC 10^tfaEFj^PhSO^Ka^ITaEO^^1-fe, EF<NaC 1=%ECl<^KBr <JiaH 3; 
that i s i n tho order o f increasing nucleophilic power of the 

11+ 
unions . This suggests that the differences arise from an 
increasing degree of 8^2 attack on p-methoxybeni;^l chloride as 
the e l e c t r o l y t o i s changed along t h i s series. I t i s i n t e r e s t i n g 
to note that t h i s arrangement o f the e l e c t r o l y t e s i s i n no way 
connected w i t h t h e i r e f f e c t s on the rat e of i o n i s a t i o n of 
benzhydryl chloride. 

Before i t i s possible t o discuss the SrT2 sub s t i t u t i o n s of 
p-methoxybortsyl chl o r i d e , i t i s necessary to es t a b l i s h the e f f e c t 
of electrolytes, on S^l i o n i s a t i o n . The q u a n t i t a t i v e treatment 
of t h i s problem w i . l l , therefore, now be discussed. 

http://wi.ll


The Effect of B l o c t r a l y t e s on the Rater, of I o n i s p t i o n of 
Organic. 1 .Icier.* 

r.n 

Duynstce, Grunwald .and Kaplan' considered that 
e l e c t r o l y t e s altered the rates of S.^l reactions "by a f f e c t i n g 
the a c t i v i t i e s of both the i n i t i a l and t r a n s i t i o n states f o r 
i o n i z a t i o n . By assuming that the e f f e c t s f o r both states 
could be expressed by equations of the srrae form, they derived 
a t h e o r e t i c a l expression (111-12) f o r the e f f e c t of e l e c t r o l y t e s 
on the rate of i o n i s a t i o n and were able to integrate i t by 
assuming that the various parameters and d i f f e r e n t i a l s were 
independent of the concentration of the e l e c t r o l y t e . The 
approach has been discussed i n d e t a i l i n the preceding chapter. 
Their f i n a l expression (111-13) hos the form 

S - I i n JS « c + p d l n k ° £/j± 
c k? dx, dx, 

where c i s the molar concentration of the e l e c t r o l y t e , 
lCj i s the rate c o e f f i c i e n t f o r i o n i s a t i o n i n the presence 

of e l e c t r o l y t e , 
k° i s the rate c o e f f i c i e n t f o r l o n i s a t i o n at aero ionio 

strength, 
x'j i s the molar f r a c t i o n of water in,tho solvent, 
j/r i s the mean ioni a standard chemical, p o t e n t i a l of the 

e l e c t r o l y t e , 
C and D are constants which dopend on the solvent, 



temperaturo and the nature of the substrato but 
are Independent of the nature of tho e l e c t r o l y t e . 

For the purposes of the present discussion, t h i s equation 
may be re l a t e d to tho experimental data f o r 0.0*> M. e l e c t r o l y t e s 
vhon I t may bo conveniently w r i t t e n i n the form 

3 = i l o g ^ l . - C + D d l Q g k1° ......... j r . ! 
0.0? k? dx 1 dx,, 

wit h the parameter C equal to C*/2.303. 

I n tho present studies k„ I s usually equal to k, to a very 
X 

close approximation (see Appendix C) to that equation IV -1 can 
be modified to 

S = J L . i o g ^ - C + D d l 0 g kX i v . 2 

0.0? k£ d X l dx 1 

where k° i s the rate c o e f f i c i e n t f o r the reaction I n the absence 
of added e l e c t r o l y t e . Since i t s value was i n v a r i a b l y determined 

by observing the development of a c i d i t y , k̂ ? « k^. 
k i s the rate c o e f f i c i e n t f o r the o v e r a l l reaction of the 

substrate I n the presence of added e l e c t r o l y t e . 
At constant temperature and w i t h a given substrate, C, D 

X 
lin e a r manner w i t h d/£/d*( (compare Chapter I I I , page 
and (d log k°)/dxr are constant, so that S should vary i n a 

X ' •• . 



Unfortunately no rigorous t o s t of equation IV-2 i s possible 
w i t h the present r e s u l t s , since no values o f ^ . I t / ^ x , are 
available f o r aqueous acetone solutions. However1, i t can be 

n n 

seen from Table IV -2 that the values f o r $0% aqueous dioxane 
vary i n much the same manner as the present values of S f o r tho 
reactions of bonzhydryl chloride i n 70% aqueous acetone containing 
e l e c t r o l y t e s . Tho only clear exception occurs w i t h potassium 
bromide. I n Figure IV-1 the values of S are plo t t e d against 
the available values of U/*V^*i f o r $0% aqueous dioxane. Most 
of the points l i e on a s t r a i g h t l i n e , but those f o r potassium 
bromide and hydrochloric acid are exceptions. I t i s probably 
incorrect to assume an exact c o r r e l a t i o n between tho values of 
^j/r/cU, f o r aqueous acetone and aqueous dioxane solutions, 

which may account f o r these anomalous r e s u l t s . However, Duynstee 
Grunwald and Kaplan have noted that potassium bromide has a 
s i m i l a r l y anomolous e f f e c t on the rate o f i o n i s a t i o n of 
L - (+) - threo - 3 - phenyl - 2 - b u t y l p-toluene sulphonate 
i n $0$ aqueous dioxane. Since the bromide i o n i s a f a i r l y 
powerful nucleophile, i t i s possible that bimolecular attack by 
t l i i s reagent on the phenyl-butyl compound i n aqueous dioxane 
and on benzhydryl chloride i n tho present solvent needs to be 
considered. Sterlc f a c t o r s make t h i s form of s u b s t i t u t i o n 

•^b 
u n l i k o l y i n tho present studies'^ , and other evidence leads to 
the same c o n c l u s i o n ^ 1 Moreover, sodium perchlorate 
and sodium borofluorldo, whose weakly nucleophilic anions 
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probably do not ronat with ban;:.hydryl ohlorlda by oi.thor r.X* 1:110 

fly iiiooh.inirims, noaolorMio tho iv»to of roao(;,lon of t;h1.o oomp'»nri'l 
muoh r.ioro than potnunlum bromide dooa. .If mt:f:fcilr. l>y i»roi:i.1il<i 
iona were approoiablo, i t would bo expected that n/.ido ion:j would 
be even more e f f e c t i v e , since t h e i r n u c l e o p h i l i c i t y i s creator. 
Table IV -1 shows, however, that tho e f f e c t of sodium azide on the 
rate of r e a c t i o n i s less than that of sodium perchlorato. I t 
must be hold, therefore, that binoloculnr attack by bromide ions 
on bon.'-.hydryl chloride i s not indicated by tho pronont r o s u l t o 
and the same must apply to aside- ions. 

The offwot of 0.05 M. Ulootrolyto on tho H"to of ttonatlon 
of Donzhydryl Chloride i n T/0% Aquoous- Aootono at. 20.0U°C. 

Ele c t r o l y t e l£° 
t r 

rl.,...?. 
2. T,— k c n l . 

KClOi. 
"T 

1.2111* + 0.6 
NaC10j+ 1.1507 - 11..0 

1.1196 -
l.U:?0 *m 

1.001.'; -11.1 
X.oyo;-! - y.v 
J . . (jC,i:,'J 

1.0570 
JiaGl 1.0:2 3 V -Hi. u 
Mc, MF 0.9500 — 

/ From r e s u l t s obtained by Phi1laker . 
^ Data f o r e l e c t r o l y t e s i n $0% aqueous dioxo.ne(iL\ 



*7. 
I n view of tho q u a l i t a t i v e agreement between the 

present values of S f o r benzhyclryl chloride i n 70% aqueous 
acetone and those of diJ.+/dx^ f o r $0% aqueous dlox-^no, I t seoms 
worth while comparing the r e s u l t s w i t h other requirements of 
equation IV-2. I t has been considered convenient, however, 
to employ a d i f f e r e n t appronch to,-that of Duynstee, Grunwald 
and Kaplan i n order to obtain t h i s equation. Luc.^s ̂ and 
Hanmott 0' suggested that e l e c t r o l y t e s , i n addition, to t h e i r 
e l e c t r o s t a t i c e f f e c t s on reactions, a l t e r reaction rates by 
changing the " e f f e c t i v e " solvent composition. The f i n a l r e s u l t 
i s thus the sura of an e f f e c t depending only on the concentration 
of the e l c t r o l y t e at constant solvent composition and- an e f f e c t 
due to'a change i n the solvent composition. Making the plausible 
assumption t h a t , f o r the present d i l u t e solutions, the dependence 
of rate on solvent composition i s independent of the concentration 
of the e l e c t r o l y t e , the t o t a l e f f e c t on the rate of i o n i s a t i o n 
can be expressed i n the form 

d I n k 1 : _ I n k 1 \ dX (^^\ A I n k f 
dc \ ^ c jy. dc U X / e 0 \ d X l 

whore c i s the concentration of tho e l e c t r o l y t e , 
%\ i s the mole f r a c t i o n of water i n the ( solvent 
X i s a measure of the e f f e c t i v e solvent composition^ 

1V-3 



Tha f i r s t teria on tho r i g h t hand sido of equation IV-3 

csn bo correlated w i t h tho e l e c t r o s t a t i c ionic-strength e f f e c t 
of Hughes and Ingold (see Chnpter I I I , prge ko), since i t 
expresses the dependence of rate on the concentration of the 
e l e c t r o l y t e , independent of i t s n-ture. The second terra 
represents the Influence of changes i n the e f f e c t i v e solvent 
composition duo to solvat i o n o f the e l e c t r o l y t e . I t seems 
reasonable to assume a siraple r e l a t i o n between X and the 

97 
a c t i v i t i e s of the solvent components. Grunwsld and Dacarella 
have shown that the a c t i v i t i e s of the solvent coniponents, a J t 

and a_, are related to the mean standard ion i c cheaicnl 
p o t e n t i a l of the e l e c t r o l y t e , /*t,by the expression 

d I n a 1 :/a 2 2M 1 2 . du£ 
dc 1000RT dx„ 

i 
where R i s the gas constant, T the absolute temperature and K j ^ 
the nolar weight of the binary solvent} dX/dc i s therefore 
proportional to dia.?./dx̂  • Hence making t h i s s u b s t i t u t i o n i n 
equation IV-2 and i n t e g r a t i n g the r e s u l t i n g expression, w i t h 
respect to e l e c t r o l y t e concentration, assuming that the 
parameters and d i f f e r e n t i a l s are Independent of t h i s v a r i a b l e , 
leads t o 

c \ 3c /x ' \ lta0 \ d X l / d X l 

where P i s a p r o p o r t i o n a l i t y constant r e l a t i n g d ^ d x ^ to d#dc. 
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For 0.05 M. e l e c t r o l y t e t h i s becomes equation IV -2 w i t h , 
however, the following difference. Since D involves only 
the constant P and the d i f f e r e n t i a l ( 3 - K , ) c_Q, whioh depends 
only on tho solvent and tho temperature, t h i s parameter i s now" 
independent of the nature of the substrate and the e l e c t r o l y t e . 
For a given substrate, RX, and a given e l e c t r o l y t e , MY, 
equation IV -2 can thus be conveniently w r i t t e n i n the form 

*m.Kt = CBX +' .D- VJC FHX • • W J ( 

where D i s a constant f o r a given solvent and temperature and 
i s independent of the nature of the e l e c t r o l y t e or 
substrate. 

\ri * S etJU3'"- t o ^ i / ^ l i s independent of the nature 
of tho substrate. 
and F T { X, which i s equal to (d log k°)/dx1» are 
independent of the nature of tho e l e c t r o l y t e but depend 
on the nature of the substrate. 

I t i s now possible to consider and te s t the requirements 
of equation IV-h and thus attempt to establish tho v a l i d i t y 
of the present approach. This w i l l now be done. 

The difference between the ef f e c t s of a given e l e c t r o l y t e 
on two d i f f e r e n t substrates (RX and R1 X), which react e n t i r e l y 
by mechanism S i , i s obtained by subtraction of the corresponding 
forms of equation IV-4; thus 

;-i*'-'-!t!"l"!L-V.'-*1.V" • 'T-
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Since FJVJ- and Fp ̂  measure- tho s e n s i t i v i t y of the two compounds 
to chnngcs i n the composition of the solvent, t h i s expression 

reduces to 

SRX " Vx = ~ ^ • log RX - C m - CR, x . . !v.5 

V*i R« X 

f o r two substrates \ / i t h the same values of F = .(d log lc°)/dx1 • 
Under these conditions ( S ^ - Ŝ '-̂ ) should therefore be 
independent of the nature o f the e l e c t r o l y t e . 

Benzhydryl c h l o r i d e , p-methoxybensyl chloride nnd 
p-phenoxybenzyl chloride a l l hydrolyse by mechanism S^l I n aqueous 
acetone s o l u t i o n s 2 ^ and i t has been shown*^* ^ that the rate of 
each re a c t i o n i s affected to very nearly the same extent by 
changes i n the water content of the binary solvent. This i s 
shown i n Table IV-3. Since perchlorato and borofluoride ions 
are oven less powerful nucleophlles th.?n water, no Sj-2 attack by 
these anions should occur w i t h the present systems and hence 
equation TV-5 should bo obeyed. The appropriate data are 
available from the present studies and those of S h i l ^ k e r 4 " ' and 
Kohnstnm snd'Ribar^, and i t i s shown i n Table I V t h a t the 
r a t i o (kx/kx^v w i t h RXI. = p-MeOC^CI^Cl and p-PhOC^CH^l, 

(V kX )ph.CHCl • ] • 
depends only on the nature of RC1 as required by tho present 
approach^. 
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t I t 1G e a s i l y shown from tho d e f i n i t i o n of S (see equations 
IV-1 and IV-2) that a constant value of (S„v - S_i ) i 3 

equivalent to a constant value of ̂ x/^O^X when the k^ values 

r e f e r to the same e l e c t r o l y t e concentrations.-

TAiJLiS IV -3 
Solvent Effeots i n Unir;iolecular Solvolysis I n Aqueous 

Acetone at 20.00°C. 

Substrates 
Ph2CHCl MeOC6Hj.CII2Cl PhOC6IIl+CH?Cl 

log A ^ * / 
1.1+610 l.hOkl 

(k°) . log 70P 
(k°), . X 60% 

0.85"77+ 0.87^0 

+ Proa r e s u l t s obtained by Sh i l l a k e r 
^ From r e s u l t s communicated by Kohnstam and Ribar. 
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TABLE IV-4 

Values of the Ratio ^ V ^ R X f o r tho e f f e c t of 
. ( k x / I ^ ) p h ^ C I I C 1 

0.0£ M. El e c t r o l y t e s on Unimolecular Kolvolysis i n 
70/̂  Aqueous Acetone at 20.0o°0. 

E l e c t r o l y t e 
Substrate 

E l e c t r o l y t e 
HeOC^CHgCl *PhOC II CH CI 6 4 2 

HCIO^ - 0.9742 
HaClO^ 1.0074 0,9761 
KaBF^ 1.010J? 0.9812 

+ ' 96 
+ From r e s u l t s obtained by Kohnstam and Ribar' . 

Baughman, Grunwald and Kohnstam u have shown that the 
value of d|j.|/dx1 , which i s designated by E.^ i n the present 
discussion, i s lar g e l y controlled by the solvation of the 
in d i v i d u a l ions i n solution. I t i s therefore reasonable to 
assume, f o r a given e l e c t r o l y t e MY, that the ions independently 
and a d d i t i v e l y contribute to t h i s f a c t o r ; hence 

E ^ = E + + 

sim i l a r expression w i l l apply to any other e l e c t r o l y t e 
and i f t h i s has the same anion, Y~, but a d i f f e r e n t cation, i l + , 
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then f o r a giver, solvent, temperature and substrate 

V " e h ' y " V " V • H"6 

Subtraction of the appropriate foras o f oqmtlon IV- 1* f o r the 
e f f e c t s of tvio Qloctrolytos* w i t h tho same anion, on a given 
substrate» and comparison w i t h equation 2V~(S> lands t o tho 
02:prc salon 

G. 

Shus ( 3 - G„i„) I s independent of tho neturo of tho anion 
and should* noreover, have tho s*aso value f o r a l l cubstratos 
which 1V5VQ tho eono value f o r F , This l a t t e r requirement 

I'M* 

I s mot by bonshydrylj p-sothosybensy'l -and 'p-phonoa/benzyl 
chlorides i n aqueous acetone .{compare pngo 70 and Table IV-3), 
Appropriate experimental data ore Available f o r those throe 
compounds and tho e l e c t r o l y t e pairs HClOj/lJoClQ^ and HClAraCl'* 
i n 70/o nquoous acotono. Table .17-5 gives values of tho r a t i o 
C%/I^)rrv and i t can be soon that the values are constant 9 i n 

agreement w i t h the predictions of the present approach. 

^ Whon the added e l e c t r o l y t e i s hydrochloric acid the concentration 
of t h i s speclos incronees throughout tho course o f tho experiment 
duo t o hydrolysis of the substrate. The menu concentration f o r 
the kinetic- run w i l l thus be higher than tho i n i t i a l value. I t 
Rust be emphasised, tha t the r a t e data. f o r the e f f e c t o f acid and 



s a l t must r e f e r to the same i n i t i a l value or 0.05 M« e l e c t r o l y t e . 

TABLE IV -5 

Values of the Ratio ^ X f f l f o r the e f f e c t s of 

0.05 M. Eleatrolytes on Unimolecular Solvolysis i n 
70$ Aqueous Acetone at 20.00°C. 

Anion 
Substrate 

Anion 
Ph CIIC1 MeOCJLCHCl *PhOC>H, CIT Cl 2 6 h 2 6 ^ 2 

CIO? 
4-

C l " 

1.052*/ - 1.0512 

I.O51+3 1.05^6 1.0483 

t From r e s u l t s communicated by Kohnstsra and Ribar. 
/ Data f o r IIC10, were obtained by S h i l l a k e r 2 9 . 

I t would therefore appear that the requirements of 
equation IV-h are obeyed and that the treatment on which t h i s 
equation i s based can be accepted. As a r e s u l t , the e f f e c t 
of e l e c t r o l y t e s on the rate of i o n i s a t i o n of p-methoxybenzyl 
chloride can be obtained from t h e i r e f f e c t on the rate of 
i o n i s a t i o n of benzhydryl chloride by using equation IV-5> since 
the two compounds are equally sensitive to changes i n tho 
solvent; i . e . they have the same value f o r F p v (compare page70) 
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3« Calculation of tho E f f o c t of E l e c t r o l y t e s on Rates of 
I o n i s a t i o n . 

Tho present discussion has so f a r boon based on the 
assumption that k,/k° = l c ^ / l ^ f o r S^l reactions. S t r i c t l y , 
t h i s i s not correct (though the error caused by t h i s 
assumption i s usually very small) since the o v e r a l l r a t e (k^.) 
i s affected by the operation of mnss-law e f f e c t s . I n the 
q u a n t i t a t i v e treatment of the e f f e c t of e l e c t r o l y t e s on the 
rates of i o n i s a t i o n of the present compounds i t has been found 
to be more convenient to employ the Hughes/Ingold formulation 

o MY MY" k } = k,, a n t i l o g y - Bo- c x iv-6 

but i t must be recognised that tho "ionic-strength" parameter, 
MY 

or , now depends on the nature of the substrate and, on the 
nature of the e l e c t r o l y t e . Comparison of equations IV ;-1, 
IV-1* and IV-6 shows tha t 

and, since F j ^ has the same value f o r p-methoxybonzyl chloride 
and bonzhydryl c h l o r i d e , (compare page "70) i t follo*rs that 
f o r a given e l e c t r o l y t e 

- or, = - I ( C n x ~ C n O = Constant . . IV-7 RX R X B R z 
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MY MY 

The value of ( c ^ - ĉ , ) i s therefore Independent of the 
nature o f the e l e c t r o l y t e and values of c f o r the reactions of 
p-methoxybensyl chloride i n the presence of e l e c t r o l y t e s may 
thus be obtained fr.om the corresponding values f o r benzhydryl 
chloride, provided that the constant I n equation IV -7 can be 
determined. • This should be possible from experiments w i t h these 
two compounds i n 70$ aqueous acetone containing unreactive 
e l e c t r o l y t e s . 

I n practice at least two e l e c t r o l y t e species are present 
i n most experiments (the added e l e c t r o l y t e and the acid produced 
by hydrolysis) and equation IV-6 must therefore be w r i t t e n i n 
the more general form 

k,, = k° ant Hog - B Z q C i IV-8 

where XojCj sums the e f f e c t of a l l the e l e c t r o l y t e s present. 

Before discussing the ap p l i c a t i o n of t h i s expression t o 
the determination of the cr parameters i t i s necessary t o consider 
an experimental d i f f i c u l t y which now arises. The r a t e c o e f f i c ­
ients so f a r considered r e f e r to instantaneous values, as do the 
t h e o r e t i c a l rate equations derived i n Chapter I I I . On the 
other hand, the experimental measurements are more conveniently, 
and more accurately, reported i n the form of Integrated rate . 
c o e f f i c i e n t s . Admittedly, the t h e o r e t i c a l expressions.could 
be Integrated but t h i s procedure would have to be carried out 
graphically f o r each k i n e t i c run, a very lengthy task. 
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Fortunately a. shorter approach was available. 
I n the present studies the Integrated f i r s t - o r d e r rate 

c o e f f i c i e n t s were generally constant throughout the course of 
the reactions, and whore t h i s was not the case the v a r i a t i o n s 
were only small. I t seems reasonable, therefore, t o assume 
that the Integrated rate c o e f f i c i e n t , k", f o r the time i n t e r v a l 
0 - t represents the Instantaneous value at t / 2 . . The 
concentrations of the various species, to which t h i s instantaneous 
rate c o e f f i c i e n t r e f e r s are also those at t / 2 . The mean of the 
integrated rates may then be equated to the instantaneous value 
at the stage when 

C l " = C l ~ - RCl'Vn. Z RClf °? o t 
where n i s the number of determinations of k and the subscript 
t r e f e r s to the experimental sampling time. F u l l d e t a i l s of. 
.the d e r i v a t i o n and ap p l i c a t i o n of these expressions are given 
I n the experimental section (pages U1.3-1/45 ) • The v a l i d i t y 
of the assumption i s examined and oonfirmed I n Appendix. E 

When the anion of the added e l e c t r o l y t e reacts w i t h the 
carbonium i o n to give a product, RY, the reaction scheme out­
l i n e d previously (Chapter I I I , page l±2) must be extended to 
Include the steps 1 

R+ + Y~^=± RY 
where k r may bo n e g l i g i b l y small (e.g. Y = N,'). The 

^The exceptional cases have already been discussed on page 57. 
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s u b s t i t u t i n g onion, Y", thorofore competes w i t h water f o r tho 
carbonium i o n i n tho same way that the common anion, X", does. 
A competition f a c t o r (3 may thus be defined by the r a t i o k^/k^ 
and i s thus s i m i l a r t o the mass-law constant, a = k2/l£,. 
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The? Parameters CS P and c^for the Re-net ions of Bonzhydryl 
Chloride i n 70% Aqueous Acetone containing E l e c t r o l y t e s . 

The appropriate rate equations and methods of c a l c u l a t i o n 
used to obtain the parameters a , (3 and o'for the reactions of 
benzhydryl chloride i n 70% acetone containing 0.05 M- electrolytes 
are f u l l y described i n Chapter V I I (pages 5$ "-nd the values 
aro given i n Table IV - 6 . 

TABLE IV-6 

The Rates of Reaction of Benzhydryl Chloride with 
70$ Aqueous Acetone containing 0.05 M. Ele c t r o l y t e s * 

E l e c t r o l y t e 10° 0* . a 3 

HaClO^ • 1.1507 1.80 - • 0 

IlaBFj^ 1 .1196 • 1.W6 0 
PhSO^Na 1.0570 0.71 - -• 

NaNO "1.0685 0*86 - am 

He, MP 
i 4 
HaCl 

0.9500 

1.0237 

-0.68 

0.30 2.35* 

0. 

HC1 
' K3r 

1 .0702 

1.0915 

0.89 

1.13. 

0 OCT C • *- J 

MaIT3 1 .1120 1.81 . - 6.k6 

$ These are experimental values. I n ca l c u l a t i n g the 
values a mean value of 2.30 was assumed f o r a . 



00. 
( i ) Tho £-vn l u o s i 

I t can bo seen that the crvalues closely f o l l o w the 
same sequence as the observed volues of k~/k,° f o r 0.05 M» 
e l e c t r o l y t e , as would be expected \from tho present treatment. 
I t should bo noi'ticod that the retarding, of foot of t e t r a -
methylammonium f l u o r i d e i s r e f l e c t e d i n a negative value f o r & 
This i s i n accord w i t h the usual assumption that the small 
f l u o r i d e i o n i s r e l a t i v e l y h i g h l y hydrated i n aqueo\is media, 
which would be expected to lead to an e f f e c t i v e l y " d r i e r " 
solvent and hence to a decrease i n the rat e of i o n i s o t i o n . 
I t should also be observed th a t i o n i c chlorides, which also 
re t a r d the rate of react i o n , have po s i t i v e values of c^. This. 
means that sodium chloride and hydrochloric acid are hydratod 
to a less extent than tetramethylaramoniuia f l u o r i d e and that 
the mass-law e f f e c t i s responsible f o r the re t a r d a t i o n . The 
re s u l t s f o r these two io n i c chlorides, however, mean that 
sodium chloride r e s u l t s i n an e f f e c t i v e l y " d r i e r " solvent than 
hydrochloric acid. This would be surprising i f s o l v a t i o n of 
the ions involved only water, since, the proton i s usually 
regarded as being h i g h l y hydrated i n aqueous media. However 

88 
Braughiuann, Grunwald and Kohnstam have shown that s o l v a t i o n 
of e l e c t r o l y t e s by the organic component of tho solvent i s 
import.:.nt i n aqueous dioxane solutions. The r e s u l t s therefore 
suggest that the o v e r a l l e f f e c t depends on the r e l a t i v e nmounts 
of the solvation of the e l e c t r o l y t e s by acetone and water. 

file:///from


The large value of c r f o r sodium perchlorate suggests a high 
degree of solvation by acetone and hence an e f f e c t i v e l y "wetter" 
solvent, which i s i n agreement wi t h the observations made w i t h 
t h i s e l e c t r o l y t e i n $0% aqueous dioxane u and I s also consistent 
with i t s high s o l u b i l i t y i n pure acetone. 

At f i r s t sight the values of crand k^/lc- f o r sodium 
azide appear to be I n poor agreement. Despite the f a c t that 
t h i s e l e c t r o l y t e i s associated w i t h a value of "cr which i s ti:e 
same as that f o r sodium perchlorate, i t s accelerating e f f e c t I s 
much less than that of the other s a l t . However, the concen­
t r a t i o n of azide ions progressively decreases throughout the 
course of the reaction due to formation of unroactivo RN and 
undissoclatcd Hŵ  (compare page 57 ; , so that the value of 
k,yiv,. f o r t h i s e l e c t r o l y t e r e f e r s to a mean sodium aside 
concentration which i s loss than 0.0;? K. This f a c t has been 
allowed f o r i n the c a l c u l a t i o n of o- but not i n the q u a l i t a t i v e 
values of k 

( i i ) The y^lucE__of a aria J3 ̂  
The values of the mass-law and i n t e r v e n t i o n constants, 

a and 3 , require some comment. When the e l e c t r o l y t e s wore 
PhSO^Ha, NaKO, and KBr the products farmed by reaction of the 
anions w i t h the carbonium i o n , ionised again much more r a p i d l y 

6 
than bonzhydryl chloride . I t may be r e a d i l y shown that when 
~~~T 226 
6 yaker and Hoggs have concluded that organic n i t r a t e s Ionise 

Oft 
almost as r a p i d l y as bromides and Robertson'' has shown that the 



Footnote- cont'd. 1 

rates of solvolysis of organic substrates decrease f o r the i 
sequence RSO^Ph, RDr, RNÔ . 

t h i s s i t u a t i o n obtains, the o v e r a l l e f f e c t i s k i n e t l c a l l y ! 
i 

i n distinguishable from an ionic-strength e f f e c t , and that j 
although RY i s formed i t i s not possible to calculate p (compare ' 
Chapter V I I , pageli+1). The vnlues of a and p hnve boon 
determined f o r the other reactive e l e c t r o l y t e s (Y" = C l ~ , N̂ " , F " ) . 
Since these parameters measure- the a b i l i t y of the reagent to 
compete w i t h water f o r the enrbonium i o n , i t might be expected 

, that t h e i r sizes would depend on the nucleophilic power of the. 
snions. On the other hand the hi g h l y reactive carbonium ion 
w i l l not be very discriminating w i t h respect to t h i s property^-" 
which may also be subordinated to the a b i l i t y of the anion to 
penetrate the solvation s h e l l surrounding the carbonium i o n , 
before the collapse of t h i s s h e l l leads t o hydrolysis products. 
The small increases of the I n t e r v e n t i o n constants w i t h nuclco-
p h i l i c power nre therefore i n accord w i t h expectations. 

I t can be seen thr?t the values of p, f o r 0.05 M. sodium 
chloride and hydrochloric acid are i n good agreement, as they 
should be. The value quoted f o r the -salt i s a mean vr'lue of 
three independent determinations w i t h d i f f e r e n t concentrations 
of sodium chloride, and i t w i l l be .shown i n Chapter V I I that the 
experimental values a l l agree w i t h i n the l i m i t s of the experimental" 



errors. A value of 2.30 was therefore assumed f o r the ir^ss-lnv 
constant I n order to calculate the values of or . These points 
are f u l l y discussed I n the experimental section (p?ges U1.6-156 ) • 

The value of |3 f o r f l u o r i d e ions i s subject to the 
p o s s i b i l i t y of large e r r o r s , duo to uncertainties which arose 
i n the determination of a c i d i t y i n the presence of tetramethyl-
ammonium f l u o r i d e (see p.?ge 132). However, neglect of t h i s 
parameter has been shown to have no e f f e c t on the value of 3 

(compare Table VII - 2 ) and i t i s d i f f i c u l t to decide whether or 
not f l u o r i d e ions do react w i t h the carboniura ion i n the present 
system. Bftteman, Hughes and I n g o l d * 0 ^ have concluded that 
the chloride i o n i s twenty times as reactive as the f l u o r i d e i o n 
towards the p: p -»diniethylbonzhydryl carboniurn ion i n l i q u i d 

« 

sulphur "dioxide. The value of 0 f o r the reaction of azide ions 
with the benzhydryl cation i s also i n agreement w i t h previous 
conclusions that t h i s reagent I s more reactive t h r n chloride ions 
towards enrboniuin l o n s ^ ' 

The Effect of E l e c t r o l y t e s on the Hate of Reaction of 
P-^ethoxybenz?/1! Chloride I n 7011 Aqueous Acetone, 
( i ) The_ d_e;berjnJLn?tipn of__the__cr_ values.*. 

Since the values of of f o r the reactions of benzhydryl 
chloride i n 70% aqueous acetone containing e l e c t r o l y t e s are now 
available, i t i s possible to obtain the corresponding values f o r 
the e f f e c t of the same e l e c t r o l y t e s on the rate of i o n i s a t i o n of 



p-mothoxybensyl chloride I n tho same solvent, v i a equation IV-7. 

Tho constant i n t h i n equation c-̂ n be calculated from tho present 
re s u l t s w i t h benahyclryl chloride and p-mothoxybenzyl chloride 
i n 70;'̂  aqueous acetone cont.fining 0.0[? M. 3od5.uia perchlorwto 
and O.Ô  H. sodium borofluoride. Since theso two e l e c t r o l y t e s 
have very weakly nucleophillc anions, no reaction occurs between 
them and e i t h e r of the substrates and tho & values nay thus be 
obtained f o r both compounds by simil a r methods. The appropriate 
equations *nd methods of c a l c u l a t i o n are given i n Chapter V I I 
(p-^ges 156-162 ) • Both e l e c t r o l y t e s yielded values of o" which 

-3 

were 0.12 x 10 cms. greater f o r p-raothoxybensyl chloride than 
f o r bcnzhydryl chloride, and i t w>is assumed that t h i s difference 
applied to e l l e l e o t r o l y t o s . The r e s u l t i n g values of cy f o r 
the e f f e c t of e l e c t r o l y t e s on the r a t e of i o n i s a t i o n of 
p-mothoxybensyl chloride are given i n Table IV - 7 . 

( i i ) The determination of_blinolecul£r_substitution. 
The mass-lav and i n t e r v e n t i o n constants, o, and (3 

(see pages 1+2 and 73 ) , must be f i r s t determined, using the 
calculated values of 0- . The methods of c a l c u l a t i o n are 
f u l l y described i n the experimental section (Chapter V I I , pages 
155 - 162) and the values are discussed l a t e r i n t h i s chapter 
(page 93 ) . 

Tho values of a , (3 and <y^7 now be used to calculate 
tho rate of s u b s t i t u t i o n of p-nethoxybenzyl chloride by 
mechanism SM1. This leads to a r a t e c o e f f i c i e n t , ( k ) , , 



•O . 

which may bo compared wi t h the experimental rate coof l ie l e n t , 
00 , . Any difference between these two values must, on 

.k, ODS* 

the present view, be due to bimolecular attack on p-methoxyborizyl 
chloride by the anion, Y". The difference i s thus equal to 
kgY", since 

( kX>obs. = fc<1+ ° * V " • ^ - 8 -
I + aCl" + 3 Y" 

Sj r l SN2 

(compare Chapter V I I , pagelij.i)» 
where k^ i s the rate c o e f f i c i e n t f o r the d i r e c t s u b s t i t u t i o n 

of the substrate by Y", 
Y represents the concentration of the reagent. 

The appropriate equations and methods of c a l c u l a t i o n are f u l l y 
described i n the experimental section (pages 156-162) and the 
res u l t s are summarised i n Table IV-?. 



TABLE IV-7 

Tho Rates of S u b s t i t u t i o n of p-Itothoxybenzyl Chloride 
i n 70% Aqueous Acetone at 20.08°C. 

Ele c t r o l y t e 
I n i t i a l 

Concentration 108c 10 ^ ^ ^ c n j _ C t 

1 0\> 4 
10 k obs. 6 

NaClO^ 0.05015 1.92 (2.981) 2.975 0 

HaBP. k 0.05001 1.58 (2.325) 2.335 0 

PhSÔ Na 0.01+997 0.83 2.H75 2.574 1.931 
KaNO 0.05021 O.98 2.586 2.750 3.253 

Me^KF 0.0>4677 0.56 2.396 2-554 4.234 

UaCl 0.02W+ 0.42 2.400 2.577 7-692 

NaCl 0.0515U 0.42 2.390 2.7H 6.610 
NoCl 0.10070 " 0.1*2 2.500 2.995 5.222 

IIC1 0.051^6 1.01 2.431 2.824 7-268 

KBr 0.050U1 1.25 2.629 3.026 7.893 

ITal^ 0.01983 1.93 2.740 3.160 34.01 

N a H 3 0.0310U 1.93 2.322 3.634 35-89 

NaN 0.03997 1.93 2.910 3.972 33.20 

t 



07. 
I t can be seen that the values of k^ Increase i n the 

sequence NaClOj.^ H a B F ^ 0 <^ PhSC^Ma <^Nan0 3<^Me l MF < ^ 
ITaCl^HCl<^KBr <^NaW3j that i s , i n the order of increasing 
power of the anion as a nucleophllic reagent. This should bo 
compared w i t h the differences between the values of ^ ^ k ^ ) 
f o r 0.05 M. e l e c t r o l y t e f o r p-methoxybonzyl chloride and benzhydrjl 
chloride, which also Increase I n the same sequence (see Table 
These r e s u l t s are i n accord w i t h the c o r r e l a t i o n of k^ as a rate 
c o e f f i c i e n t f o r bimolecular attack on the substituted benzyl 
compound by Y~, sinoo i t s value must depend on the nucleophilic 
power of the reagent. 

Comparable studies have been carried out recently using 
p-phenoxybenzyl chloride under the same conditions as those 
employed i n the. present s t u d i e s ^ . This compound has been 
shown to undergo hydrolysis e n t i r e l y by mechanism S I , but i s 
also susceptible to S..2 attack by reagents which are better 
nucleohhilos than water. The values of k, f o r the two compounds 
are compared i n Table IV-3 and i t I s g r a t i f y i n g to f i n d that they 
both increase f o r the same e l e c t r o l y t e sequence. I t I s 
in t e r e s t i n g to note that even such poor nucleophilic reagents 
as PhSO " and NO *" are capable of displacing the chlorine atom 
by the blmolecular mechanism. 



TABLE IV-3 
Tho Effect of Varying the Polar Substituent on the 

Rates of Binolecular S u b s t i t u t i o n of para-Substituted 
Benzyl Chlorides by Anions i n 70$ Aqueous Acetone at 20.0o°C. 

E l e c t r o l y t e 
6 * ̂  

0 PhO 
( V M O O 

6 PhO 
NaCIO, 0 0 
NflBF. 

k 0 0 -
PhSO Na 1.93 1.77 112 
HeMO 3.2? 2.35 133 
Ke^MF *+.23 . 5.15 82 
NaCl 6-5?l 3.^3 77 
HC1 7.27 •> -
KBr 7.90 53.05 1^.9 
NaN 3^.37 731.3 

2.500 x 10 -k ± 
= 13 V 

1-856 x 10 -6 
-

t The data f o r p-phenoxybenzyl chloride were communicated 
by Kohnstam and Ribar. 

/. The subscripts MeO snd PhO r e f e r to p-methoxybenzyl 
chloride and p-phenoxybenzyl chloride, respectively. 
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There i s one feature of the r e s u l t s w i t h the two ; 
substituted benzyl compounds which demands an explanation. ( 

A l l previous evidence suggests that bimolecular s u b s t i t u t i o n 
by a given negatively charged reagent should be much less 
sensitive to changes i n the polar e f f e c t s of substituents 
(compare page Ik) Table 1-1), than S^l reactions (see pages j 
10-lU). Since the two compounds now under consideration ' 
d i f f e r only i n the i d e n t i t y of the para-substituont, the r a t i o 

^ / ( k . ) i s a measure of the s e n s i t i v i t y of a given 6 MeO 6 PhO 
bimolecular s u b s t i t u t i o n to the polar e f f e c t s of the substituents. ! 

I n the same way, the r a t i o ^ MeO 7 ( P h O > f o r t l l Q solvolysos 
! 

of the two compounds i n the absence of added e l e c t r o l y t e , i s a j 
i 

measure of the s e n s i t i v i t y of the i o n i s n t i o n process to the j 
polar e f f e c t s of the substituents. These r a t i o s are given i n ! 

. . . . , 

Table IV-S and comparison of t h e i r values reveals the very j 
i n t e r e s t i n g f a c t that the rates of bimolecular attack by the 
very weakest reagents (PhvSO^, HÔ "; show almost the same 
s e n s i t i v i t i e s to polar e f f e c t s as the ra t e of i o n i s n t i o n . \ 

i 
More-over, the s e n s i t i v i t y decreases w i t h increasing nucleophilic 
power of the anionic reagent, and the r a t i o ^^^qq / p j l 0 

f o r the attack by azide ions has a low value, i n reasonable 
t The subscripts MeO and PhO r e f e r to p-methoxybenzyl chloride 
and p-phenoxybenzyl c h l o r i d e , respectively. 
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agreement w i t h the data Given f o r other Sj,2 su b s t i t u t i o n s i n 
Table 1-1. These r e s u l t s argue strongly against the operation 
of the extreme form of mechanism Ŝ ? f o r attack by the work 
reagents, although they suggest that t h i s process probably 
operates i n the s u b s t i t u t i o n by azide ions. 

I t i s suggested that the processes, which have been 
i d e n t i f i e d as "bimolecular" i n the present studies, represent 
attack by the reagent on a p a r t i a l l y heterolysod species. As 
the nucleophilic power of the reagent increases, t h i s attack 
can occur at progressively e a r l i e r stages i n the i o n i s a t i o n 
process and biraolecular attack by azido ions most probably 
commences when l i t t l e or no extension of the carbon-chlorine . 
has occurred. On the other hand i o n i s a t i o n i s probably almost 
complete before the bensenesulphonate i o n p a r t i c i p a t e s i n the 
reaction. Since covalent attachment of the reagent i s s t i l l , 
however, a feature of the a c t i v a t i o n process, such reactions 
must s t i l l be regarded as bimolecular . The energy-profile 
diagram (Figure IV=1) gives a q u a l i t a t i v e representation of 
the nucleophilie s u b s t i t u t i o n of a p a r t i a l l y heterolysed 
substrate, the broken l i n e i n d i c a t i n g the modified energy 
requirements compared to the i o n i s a t i o n process (continuous 
l i n o ) . I t i s not envisaged that attack by a. given reagent 
occurs only at a single stage i n the bond-breaking process, 
but rather that i t may commence at some minimum stage, which 



w i l l depend on the nucloophilic power of the reagent, ??nd 
probably continue up to the stnge when f u l l i o n i c ^ t l o n i s 
rttn.ined. I t m*y w e l l be that nearly a l l of the *tt?»ck by 
very powerful reagents occurs w i t h l i t t l e preliminary bond-
extension. • The overall' r e s u l t w i l l thus be an average of the 
attacks at a number of d i f f e r e n t stages i n the i o n l s a t i o n 
process. 

FIGURE IV-1 FIGURE IV-2 

m c Ul 
on 

Ul 

Reaction Coordinate Reaction Coordinate 

Energy profile-diagrams f o r the reaction of a nucleophilic 
• i 

reagent with a p a r t i a l l y , heterolysed substrate (Fig. IV-1) 
and an ion-pair (Fig. IV-2). 



92. 
I t i s of I n t e r e s t to consider whether or not tho 

r e s u l t s might be better explained i n terms of the mota-stablo . 
ion-pairs, which Winstein and h i s co-workers have proposed as 
intermediates i n S^l processes (see Chapter I , page £ ) . The 
existence of such intermediates implies a degree of statrfLisation 
f o r each v a r i e t y , which should r e s u l t i n a numbor of 'troughs' 
i n the energy-profile diagram. Hitherto Winstein has only 
found i t necessary to invoke two forms of i o n - p a i r , and tho 
s i t u a t i o n i s indicated diagramatically i n Figure IV-2j where 
I and E represent the " i n t e r n a l " and external i o n - p a i r , 
respectively. Any attack by tho reagent on e i t h e r of these 
intermediates must be considered a unimolecular process, since 
the charges i n both I and E are f u l l y developed p r i o r t o the 
covalent attachment of tho reagent, although i n the absence of 
attack at t h i s stage energy i s s t i l l required to form the 
completely separated ions. However, the bond-breaking process 
i s the same f o r the formation of ion-pairs and the carbonium 
ion , and i t would therefore be expected that polar substituents 
would a f f e c t the r e a c t i v i t i e s of a l l these species i n much the 
same way. This being so, i t must be allowed th a t kg f o r the 
substitutions by azide ions measures predominantly, i f not 
e n t i r e l y , attack by mechanism 8^2. Even i f i t i s maintained 
t h a t the increasing s e n s i t i v i t y o f kg to the polar e f f e c t s of 
the para-substituents i s due to ion-pair i n t e r v e n t i o n , i t must 
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nevertheless be conceded that t h i s rate c o e f f i c i e n t f o r the 
substitutions by chloride and bromide ions (and probably by 
f l u o r i d e ions) also measures a considerable amount of attack 
by the extreme form of mechanism SJJ2. I t i s thereforo 
concluded that k^ can bo l e g i t i m a t e l y regarded as measuring 
some form of bimolecular attack, and i n the author's viow 
the present r e s u l t s are more convincingly explained i n terms 
of attack by the reagents on a p a r t i a l l y heterolysed substrate, 
than i n terms of attack on ion-pair intermediates. 

( i l l ) The determination, of_ t h Q_rnte of^unimolecula.r formation 
of_RY. 
The t o t a l rate of reaction of p-methoxybenzyl chloride 

i n aqueous acetone containing an anionic reagent, Y~, I s given 
by equation IV-8, which may be w r i t t e n i n the form 

a * o b . = , * — r i k l ? * k * ) I " 

1 + aCl + pY \l + aCl + pY / 
f o r the purposes of the present discussion. The f i r s t - o r d e r 
r a t e c o e f f i c i e n t f o r the formation of RY i s given by the second 
term on the r i g h t hand side of t h i s expression, and the u n i -
molecular formation of RY thus i s given by 

1 + aCl*" + (3Y~ 

where lc^ i s the f i r s t - o r d e r r ate c o e f f i c i e n t f o r hydrolysis 
(compare Chapter V I I , pageU|.l ) . 



Experimental values of a and p have been obtained 
only f o r tho cases where the e l e c t r o l y t e s were 1IC1, Ha.Cl, 
KaN^ and Mo^NF. The l a t t e r s a l t , however, gave a s n a i l 
negative value f o r (3^-and, while t h i s probably arose from 
inaccuracies i n the experimental determination of the a c i d i t y . 
of tho reaction mixture (compare Chapter V I I , page 132),.no 
estimate of S-jl attack by f l u o r i d e ions was possible. 

No values of (3 could be determined f o r the reactions of 
p-methoxybenzyl chloride w i t h PhSO^", N0^~ and Br , since the 
product, RY, ionised again more r a p i d l y than the c h l o r i d e , and 
the e f f e c t on the r a t e of hydrolysis was indistinguishable from 
an i o n i c strength e f f e c t (compare Chapter V I I , page 1^1)* 
Since the carbonium i o n reacts w i t h chloride ions, I t must also 
react w i t h bromide and n i t r a t e ions (and possibly w i t h benzene 
sulphonate ions) and 3 values f o r these reactions had therefore 
to bo assumed. Approximate^ experiments w i t h p-methoxybcnzyl 
bromide i n 70$ aqueous acetone at 0°C. indicated that t h i s 

^ The f i r s t - o r d e r rate c o e f f i c i e n t s decreased by about 12$ 
throughout the course of the reactions. The small e f f e c t of 
added potassium bromide precluded the p o s s i b i l i t y of explaining 
t h i s as a mass-law e f f e c t . Although the bromide was prepared 
by halogen exchange between bromide i o n and prmethoxybensyl 
chloride, i t was considered u n l i k e l y that the product contained 
any unreacted chloride. I t i s possible that the acid formed i n 
the hydrolysis reacted w i t h the solvent, but there was no time 
to investigate t h i s p o s s i b i l i t y . 
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compound reacts about ton times more quickly than the 
chloride and that P_ i s equal t o a„,„. I t .was therefore 

Br . Cl 
assumed that these parameters had the same values i n the 
present systons. Ko experiments were carried out w i t h the 
n i t r a t e and no values o f s - have previously been determined, 

PN03 
. although p-mcthoxybonzyl n i t r a t e has been investigated i n 

2 2 9 9 aqueous ethanol solutions . However, i t has been concluded 
that n i t r a t e ions are less reactive than chloride ions towards 
the p:p -dlmethybenzhydryl catio n i n aqueous acetone and 
si m i l a r conclusions have been drawn^ 0 from studies w i t h 
p-toluene sulphonates i n aqueous acetone. A value of £a was 
therefore assumed f o r P N 0- i n t n Q present reactions. Those 
values are probably not seriously d i f f e r e n t from the true ones, 
since carbonium ions are generally not very discriminating w i t h 

5 3 l*+b 
regard to the nucleophilio power of the reagent 1 . However 
the iS^l contributions f o r these ions can only be regarded as 
rough estimates of the true, values. No s i m i l a r assumptions 
have been made f o r the rea c t i o n of the very weakly nucleophilic 
benzenesulphonate ion, but i t i s thought l i k e l y that any S f fl 
attack by t h i s reagent on the p-methoxybenzyl carboniura ion 
was very small. 

The methods used to calculate the S^.l rates are described 
i n the experimental section (Chapter V I I , page 1 5 5 ) and the 
values -are given i n Table'Iff-9 together w i t h the values of the 
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parameters a and (3 . I t can be seen t h a t , as the 
nucleophlllc power of the reagent increases, the percentage 
of unimolecular attack by the anion decreases. This i s 
considered reasonable, since the amount of bimolecular attack 
on the unionised substrate (or p a r t i a l l y hetorolysed substrate) 
depends d i r e c t l y on the nucloophllio power of the reagent and 
the carbonium i o n i s much less sensitive to t h i s property'"" 

TABLE IV-9 
The Relative Amounts of Unimolecular and Bimolecular 
S u b s t i t u t i o n of p-Methosrybensyl Chloride by Anions i n 

70$ Aqueous Acetone at 20.08°C. 

Electrolyte I n i t i a l 
Concentration 

I n t e r v e n t i o n 
Constant 

k - do i 
A IT 

NaClO^. 0.0501? ' - . - mm -
EfaBF^ 0.0500.1 - mm - -
PhSÔ Na- 0.0^997 • - - 0.099 -
NaNÔ  0.05021 2.0 # 0.253 0.16k 60.7 

0.0 -̂677 ( - 0 . 5 ^ - 0.158 -
HaCl 0-02UG»+ ' 3-0.1 0.203 0.177 53. k 
HaCl. ^.05 0.388 0.321 5k. 7 
NaCl 0.10070 4.22 0.677 0.>+95 57-8 

HC1 •0.051V6 3.73 ' 0.398 0.3LO 53.7 
KBr . 0-050W1 k.</ 0.V61 0.397 53.7 
NnNj 0.01983 8.68° 0.2^3 0.W20 36.7 
ITaN3 0.0310^ 7-5T G.i+33 0.812 3}+.S 
•KaŴ  0.03997 7.6Z6 o.59'+ 1.062 35.9 

(Footnote o v e r l e a f ) . 



Footnote : 
^ was neglected i n the c a l c u l a t i o n of kg. Ho S^l rate 

was determined because of possibly large errors i n 
the value of B̂ - i 

•. * ' • ' I 
A mean value of k,0 was assumed f o r a i n a l l these calculations.' 

# I t was assumed that B^ _ = £a 
3 

/ I t was assumed that 0 B r- = a 

6 A moan value of 7.96 vas assumed f o r Btt- i n a l l these 
calculations. 

Tho r e s \ i l t s are therefore considered to provide 
considerable evidence f o r the concurrent operation of f i r s t -
and second-order processes, which 'may be i d e n t i f i e d w i t h 
mechanisms S^l and S^2, i n the s u b s t i t u t i o n of p-methoxybenzyl 
chloride by aside, bromide and chloride ions i n 70% aqueous 
acetone. Both processes probably operate f o r the corresponding 
substitutions by n i t r a t e end f l u o r i d e ions. I n view of the 
t h e o r e t i c a l importance of t h i s conclusion, i t i s considered 
necessary to re-oxamlne the evidence on which i t is.based. 
This w i l l now be done. 

The q u a n t i t a t i v e treatment of the i o n l s a t i o n process f o r 
p-methoxybenzyl' chloride depends on the e l e c t r o l y t e s o l v a t i o n 
approach, which developed t o account f o r the sp e c i f i c e f f e c t s of 
el e c t r o l y t e s on the rat e of re a c t i o n of benzhydryl chloride. 
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I n developing t h i s approach i t was assumed that t h i s compound 
reacts e n t i r e l y by mechanism S j j l , even w i t h such powerful 

f i v» 

reagents as aaid© ions. Kohnstam has recently summarised 
a. considerable amount of evidence supporting t h i s view whioh i s 
also substantiated by previous studies of the rates and products 
of i t s r e a c t i o n w i t h sodium aside i n aqueous aoetone solve n t s 0 . 
I n addition Winstoin and h i s co-workers^ have r e c e n t l y , 
concluded that only a. small f r a c t i o n of the exchange r e a c t i o n 
between p-chlorobenzhydryl chloride and isotopio chloride ions 
could possibly be blmolecular. On the other hand the same 
group of workers postulate that lon-pair intermediates ronct 
to a s i g n i f i c a n t extent i n t h i s system and thnt even i n 80$ 

aqueous acetone the active p a r t i c i p a t i o n of such species i s not 
n e g l i g i b l e 1 l l c . Pocker 1 2 h.-̂s recently drawn s i m i l a r 
conclusions from studies of the rates of racemls-tion and 
chloride exchange w i t h an unsynmetrical, deuterium substituted, 
benahydryl chloride i n Q0% aqueous acetone. However the e f f e c t 
i s very small and diminishes very r a p i d l y as the water content 
of the solvent i s increased. I n s u f f i c i e n t data were given to 
allow any conclusions to be drawn regarding the importance of 
ion-pa.ir p a r t i c i p a t i o n i n the present systems. I t i s quite 
clear, however, that complete i o n i s a t i o n of benzhydryl chloride 
i s the predominating r-->te-determining process. Thus even i f 
the assumption that t h i s compound reacts so l e l y by mechanism 
S j T l i s not q u i t e correct, t h i s only means that the values of 



tho cr parameters are s l i g h t l y too largo. This error w i l l 
bo carried oyer i n t o the values f o r tho reactions of 
p-methoxybenzyl chloride and w i l l r e s u l t i n m over-estimate 
of the rate of i o n i s a t i o n and hence i n an u n d o r - e s t l ^ t e of 
the bimolecular s u b s t i t u t i o n by the reagent, Y". However 
the depression of the rate of hydrolysis of t h i s substrate by 
chloride ions and azide ions confirms,that some fi^l attack by 
these reagents occurs. Moreover, the very large acceleration 
of the t o t a l r a t e of reaction by azlde ions cannot possibly 
be explained as an ion i c - s t r e n g t h e f f e c t , so that S^2 attack 
by t h i s reagent must also occur. Concurrent operation of 
the two S,j mechanisms must therefore be s t i l l conceded, even i f 
objections are raised'to the method^ of c a l c u l a t i n g the r e l a t i v e 
proportions of each. 

The method used to calculate the bimolecular rates 
depends on the acceptance of the view that the i o n i s a t i o n 
processes f o r benshydryl chloride and p-methoxybenzyl chloride 
are affected i n the same way by e l e c t r o l y t e s , although the 
sizes of the e f f e c t s on the two compounds are s l i g h t l y d i f f e r e n t . 
I t i s d i f f i c u l t to see why t h i s should not be the c-^se. However, 
on the u n l i k e l y view that p-methoxybenzyl chloride reacts 
e n t i r e l y by mechanism S j j l , values of cr iaay bo calculated f o r 
the reactions of t h i s substrate i n 70% aqueous acetone 
containing e l e c t r o l y t e s . The equations and methods of 
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c a l c u l a t i o n are the game as those employed i n c a l c u l a t i n g 
the <y values f o r bonzhydryl chloride (see pages ) 
and the values are given i n Table IV-10, where they are 
compared w i t h those f o r benshydrjsl chloride. I t can be 
seen that whereas the values f o r benzhydryl chloride have no 
connection w i t h the nucleophilic power of the reagent, those 
f o r p-methoxybenzyl chloride lnorease w i t h t h i s property. 
The values f o r t h i s compound, moreover, are considerably 
larger than those f o r benzhydryl chloride, and the value f o r 
c" J i s so improbably large as to exclude the p o s s i b i l i t y 
that p-methoxybenzyl chloride reacts e n t i r e l y by mechanism S,^l 
i n the presence of t h i s reagent. 

' TABLE IV-10 
Values of the <y Parameters assuming Mechanism S^l f o r 

the Decomposition of Benshydryl Chloride and p-Kethoxybenzyl 
Chloride i n 7Q% Aqueous Acetone at 20.0o°C. 

Electrolyte 
10 uo-

Electrolyte Ph0CKCl Ko0C 6H uCII 2Cl 

NaClO^ . . . 1 . 80 1.39 
NaDFĵ . 1 M 1.65 
PhSO^Na 0.71 1.3W 
IlallO^ •0.86 2.19 , 
Me, KF • ' - 0 . 6 8 . • 0.21 
•NaCl 0.30 1.91 
IIC1 0.89 2.66 
KBr 1.13 3.0? 
N«N3 ' i .81 9.67 
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I t I s therefor© concluded that although the values 
of k^ and Sjjl percentages may be i n error by an unknown amount, 
the concurrent operation of mechanisms S^l and.F>K2 I s f i r m l y 
established f o r the reactions of p-methoxybenzyl chloride w i t h 
aside and chloride ions, i s extremely probable f o r i t s r e a c t i o n 
w i t h bromide ions and may possibly also apply to the 
corresponding, reactions w i t h f l u o r i d e and n i t r a t e ions. 

The Nature of the Mechanistic T r a n s i t i o n . 

I t i s considered l e g i t i m a t e to speculate about the 
nature of the mechanistic t r a n s i t i o n from the .extreme form 

of Sjf2 to SJJ1 . 

I t was concluded e a r l i e r i n t h i s chapter t h a t as the 
nucleophilic power of the s u b s t i t u t i n g anion increases, attack 
can occur at a progressively e a r l i e r stage i n the bond-breaking 
process* I t was also mentioned tha t , i n agreement with the 
views of B i r d , Hughes and I n g o l d ^ , i t v/as not envisaged t h a t 
such attack could take place only at a single stage, but rather 
that i t occurs a t a l l stages a f t e r a necessary minimum amount 
of bond extension. . This would depend on the nuc l e o p h i l i c 
power o f the attacking group, and the o v e r a l l e f f e c t i s thus 
an average o f the reactions at a l l of these stages. The f a c t 
t h a t unimolecular attack i s observed to occur together w i t h 
3 2 attack, suggests th a t a continuous spectrum of t r a n s i t i o n 
s t a t c B i s available f o r n u c l e o p h i l i c attack, some of which 
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s t i l l involve covalcnt p a r t i c i p a t i o n "by the reagent. I t has 
already been stressed (see pages l^oncMo) t h a t such procoosee 
must 'be considered to be bimoleculnr* Those which do not 
involve covaleat attachment o f the reagent, before i o n i s a t i o n 
i s complete, are uainolecular. Thus reactions occuriug by 
mechanistically border-line processes are considered to involve 
the concurrent operution o f the 8̂ 1 and 3^2 processes, where 
tl i e l a t t e r processes can involve varying degrees o f 
bond-stretching p r i o r to the covslent attachment o f the 
reagent* Gold**®0 ha3 previously jiropounded c o r b e l l i n g 
arguments f o r the same view without, however, being able t o 
c a l l upon any supporting evidence. 



103. ' CHAPTER V 

THE EFFECT.. OF PYRIDINE OH TK.S RATES OF REACTION .OF, 
T)-T1ET?I0.\TP,ENZYL 'CHLORIDE AND BEHZHYDRYL CHLORIDE WITH 

70% AQUEOUS ACETONE. 

The e f f e c t of pyridine on the ra t e of reac t i o n and rate 
of hydrolysis of p-methoxybenzyl chloride i n 70% aqueous acetone 
was studied as an extension of the investigations oarried out 
w i t h i o n i c reagents (aompare Chapter I V ) • I t was hoped that 
evidence would bo obtained f o r the concurrent operation of 
mechanisms Sj j l and SJJ2 i n the s u b s t i t u t i o n by t h i s reagent. 
However preliminary work had shown the reaction to be slow 
compared to hydrolysis i n 70% aqueous acetone. This necessitated 
the use of r e l a t i v e l y large amounts of pyridine w i t h consequently 
large changes i n the I o n i s i n g power of the medium. I t was 
therefore necessary t o obtain an independent estimate of the 
ef f e c t of pyridine on the rate of i o n i s a t i o n of p-nethoxybenzyl 
chloride before i t was possible t o es t a b l i s h s u b s t i t u t i o n by 
eith e r mechanism. 

29 

Preliminary work by Shill a k e r had shown that changes i n 
the i o n i s i n g power of aqueous acetone solvents, when caused by 
v a r i a t i o n i n the acetone content, affected the rates of hydrolysis 
of p-methoxybenzyl chloride and benzhydryl chloride to tho same 
extent. Shillaker*s work was therefore extended by studies of. 
the e f f e c t s of a number of I n e r t non-^eleetrolytes on the rates 
of hydrolysis of the same two compounds i n 70% aqueous acetone, 



i n tho hopo that tho s i m i l a r i t y would oontlnuo to hold* Had 
t h i s proved to bo tho caco i t would hava boon ron.r.onnblo to acsucio 
that tho o o r r o l n t i o n oould bo oxtondod to tho corroa ponding o f f o o t 
of addod py r i d i n e , Uiu'ortviintoly t h i s hopo i/oc not f u l f i l l e d 
(soo Chapter VI) and i t has not been possible 9 t h e r e f o r e 9 to allow , 
q u a n t i t a t i v e l y f o r tho o f f o o t o f p y r i d i n e on tho rat© of i o n i z a t i o n 
o f p-mothoicybonsyl chlorido. JIovortholosG tho o f f oat o f pyridine j 
on tho r a t a o f i o n i s a t i o n o f boni'-hydryl chlorido amy bo used to ! 

i 
Civo a. q u a l i t a t i v e estlsmto o f i t s e f f e c t on tho r n t o l o n l s a t i o n 
of tho cubstitutod boccyl compound* 
Renult.s, 

Reactions vera ca r r i e d out w i t h fcpproxlsatoly 0*02 nolar 
solutions o f bonahydryl chloride and p-sactl^cybGnsyl chloride i n 
70% aqueous acetone,containing 0.25$ 0.5 and 0*75 rsolar concen­
t r a t i o n s o f pyridine. The t o t a l rates of reaction o f tho 
substratos woro dotorminod by obsorving tho' production o f chlorido 
ions. Tho r n t o of hydrolysis of p-notlao^ybonRyl chior i d o was also 
dotominod by observing tho dovolopjnont of a c i d i t y - I n a l l cases 
constant f i r s t - o r d e r " integrated r a t e c o e f f i c i e n t s woro obtained, 
Tho r e s u l t s aro. susnarisoil i n Tablo V - l mid also as a p l o t o f 
(l«l/.U°)^ ngftinct tho ooiicontr??.tica o f pyridine (Flgur© V - l ) . 
F u l l GsporJUaentfcl dotails. and nothods o f calculation, are c*von i n j 
Chapter V I . ' 

/• 1c a nd lc° are tho rr.to c o e f f i c i e n t s i n tho prooonc© and absence 
of pyridino respectively. Whon k r e f e r s to tho t o t a l r n t o o f 
reaction of RC1 i t i s called I s ^ and vhon i t r e f e r s to tho r a t e 
o r hydrolysis i t I s c a l l e d 3q^ 
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TABLE V - l 

The E f f e c t of Pyridine on tho Rates of Reaction of 
Benshydryl Chloride and p-Methoxybonzyl Chlorido 

i n 70% Aqueous Acetone at 20.U9°C. 

Substrate Pyridine % change i n tho rate c o e f f i c i c n t s Substrate concentration KC1 hi 

0.2^02 - lf .37 
Bonzhydryl 

. 0.1*932 
Bonzhydryl 

. 0.1*932 - 9.2? -
Chlorido 

• 
0.7^78 -12.85 

p-Mothoxy .0.2*+72 + 2.63 - 13.36 
benzyl 

.0.2*+72 

* 3.95 
benzyl 

Q.k9k2. * 3.95 - 25.61 
Chloride • 

0.7^20 + 6.10 - 35.73 

Figure V - l shows that the changes i n the rates of t o t a l 
reaction and hydrolysis, for which the rate c o e f f i c i e n t s are 
a n<l kg respectively, have a l i n e a r dependence on the concentration 
of the pyridine. I t i s reasonable to suppose that the ionising 
power of the medium would vary i n such a simple fashion with the 
amount of pyridine, e s p e c i a l l y since the range of concentrations 
employed was small when considered i n terms of solvent v a r i a t i o n . 
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I t does not seem l i k e l y that bimolecular s u b s t i t u t i o n of 
bonzhydryl chloride by pyridine could occur i n the present 
systems e s p e c i a l l y since such powerful reagents as hydroxide 
ions and aside ions (compare Chapter IV) have been shown to be 
incapable of promoting t h i s mode of attack. I f t h i s I s so 
then k must correspond c l o s e l y to k,, the- rate c o e f f i c i e n t for 

C I 1 . 
io n i s a t i o n (see Appendix C ) . I t can be seen that the rate of 
reaction of benzhydryl chloride i s retarded by added pyridine, 
a f a c t which, suggests that the addition of t h i s reagent lowers 
the io n i s i n g power of the medium. 

The rate of re a c t i o n of p-raethoxybenzyl chloride i s 
accelerated by added pyridine. I f i t i s accepted that the 
addition of pyridine 'to the aqueous acetone solvent r e s u l t s i n 
a decrease i n the i o n i s i n g power of the medium^ then t h i s r e s u l t 
i s completely Inconsistent with the view that the reagent e i t h e r 
does not react at a l l or that any re a c t i o n which does occur 
follows the uniinolocular path. • Substitution by pyridine i s , 

i 
indeed, !confirmed by the fa c t that the rate of hydrolysis of 
p-methoxybenzyl chloride i n the presence, of t h i s reagent i s l e s s 
than i t s t o t a l rat© of reaction. I t i s therefore c l e a r that 
SJJ2 attack must be taking place. 

i 

The status of S ^ l s ubstitution by pyridine i s not so 
ce r t a i n . I f the whole of the attack by t h i s reagent occurs 
bisioleoularly, then v i r t u a l l y a l l of the formed carbonium ion 
must react with water** and the rate of hydrolysis must correspond 
^ The small r e v e r s a l of the i o n i s a t i o n can be neglected i n a 
q u a l i t a t i v e discussion. _ . 



c l o s e l y to the rate of i o n i s a t i o n (sea Appendix C ) . I n order 
to preoludo SJJL attack by pyridine, therefore, i t I s necessary 
to postulate that the rate of i o n i s a t i o n of p-methoxybonzyl 
chloride i s depressed 2.3 times as much as that of benzhydryl 
chloride by a decrease I n the ionising power of the medium., due 
to the addition of the base. The r e s u l t s v;ith i n e r t non-
e l e c t r o l y t e , however, show that a decrease i n the ionising 'power 
of the solvent usually has a greater e f f e c t on the rate of 
io n i s a t i o n of benzhydryl chloride than on the corresponding rate 
for p-methoxybenzyl chloride and, moreover, the largest factor 
observed was 1 .8 . I t i s d i f f i c u l t to see i/liy pyridine should 
act i n a diametrically opposite way to the other non-electrolytes 
benzene, toluene, chlorobenzene, nitrobenzene and acetone. I t 
must be held, therefore, that the rate of hydrolysis of 
p-methoxybenzyl chloride i s l e s s than the rate of i o n i s a t i o n , i n 
the presence of pyridine, and hence that pyridine captures some 
of the oarboniura ions. S H1 attack i s therefore strongly 
indicated by the present r e s u l t s and since S^2 attack has already 
been concluded the concurrent operation of both mechanisms must 
be allowed. 

Unfortunately there i s not enough information a v a i l a b l e 
to j u s t i f y the assumptions that would be necessary i n order to 
obtain an estimate of the r e l a t i v e amounts of sub s t i t u t i o n by 
the two processes. I f i t i s assumed, however, that the e f f e c t 
of pyridine on the rate of i o n i s a t i o n of p^methoxybenzyl chloride 
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i s the same as i t s e f f e c t on the rate of i o n i s n t i o n of 
benzhydryl c h l o r i d e 9 then 52.6$ of the s u b s t i t u t i o n by t h i s 
reagent follows tho ST̂ 1 path. D e t a i l s of t h i s c a l c u l a t i o n 
are given I n Chapter V I I (page 1 6 2 ) . 
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110. 

THE EFFECT OF UNREACTIVE N0K-EL.3CTR0LYTES OH THE RATES OF 

SOLVOLYSIS OF BEN2TIYDRYL CHLORIDE AMD, 

p-METHOXYBEI-rZYL CHLORIDE. 

Results* 
I n t e r e s t i n the problem of the e f f e c t s of i n e r t non-

e l e c t r o l y t e s on the ra t e s of s o l v o l y s i s of benzhydryl chloride 
and p-methoxybenzyl chloride arose from the studies of the 
e f f e c t s of pyridine on the rates of rea c t i o n of these two 
compounds (compare Chapter V ) . The substances used were 
acetone, benzene, toluene, nitrobenzene and chlorobenzene. 
The same quantities C5 ml*) were made up to exactly 100 ml. with 
70$ aqueous acetone and the rate of hydrolysis of the two organic 
chlorides examined at 20.k^C* Constant first-border r a t e s were 
obtained i n a l l cases. The experimental d e t a i l s and methods 
of c a l c u l a t i o n are given.in the experimental section (Chapter V I I ) 

and t h e ! r e s u l t s summarised i n Table V I - 1 . 
29 

Preliminary work by S h i l l a k e r ' had already shown that 
v a r i a t i o n of the acetone content of the aqueous acetone solvent 
had the same e f f e c t on the rates of hydrolysis of both compounds 
and i t was hoped that t h i s would be the case when other non-
e l e c t r o l y t e s were added. 

S h i l l a k e r ' s r e s u l t s have been confirmed with added 
acetone but the other non-electrolytes had considerably 
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different e f f e c t s on the ra t e s of reac t i o n of benzhydryl 
chloride and p-raethoxybenzyl chloride. Each of tho added 
substances decreased the ioni s i n g power of the medium and t h i s 
wns accompanied by a retardation of the rate of hydrolysis. I t 
oan be soen from tho r e s u l t s given i n Table VI - 1 that tho effects 
wore always greater for benzhydryl chloride. Moreover, the 
magnitudes of the retardations caused by the same volumes of 
diff e r e n t non-electrolytes were considerably d i f f e r e n t for t h i s 
compound but almost the same for p-methoxybenzyl chloride. 

TABLE VI - 1 

The E f f e c t of Non-Electrolytes on the Hydrolases of Benzhydryl 
Chloride and p-Methoxybenzyl Chlorido i n 70/1 Aqueous Acetone 

at 20. ,i9°C. 

Non-
E l e c t r o l y t e 

PiuCHCl p-HeOC 6II J.CII 2Cl^ 
Non-

E l e c t r o l y t e Concentration Retardation Concentration Retardation 

Acetone j 16 088^ 23.63 1.0S90 23.98 
Benzene 0.5606 36.1+0 0.5606 22.1*1 

Toluene ; • 0.6276 39.28 '0.6271 2k. 39 

Nitrobenzene 0.}+903 28. 51* O.U913 21.67 

Chloro-
benzene 

0.1+018 38.̂ +9 0.1*02** 22. IS 
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2. Discussion. 
Since the present studies were only concerned with 

the e f f e c t s of added i n e r t non-electrolytes on unimolecular 
(Sjjl) s o l v o l y s i s , the discussion w i l l bo r e s t r i c t e d to thi3 
c l a s s of reactions. 

6̂ 

Winstein, Grunwald and Jones have attempted to 
correlate the rates of s o l v o l y t i c reactions with the io n i s i n g 
power of the medium by means of a l i n e a r free-energy r e l a t i o n ­
ship, 

log k = log k° + mY VI-1 
where k and k° are the rate c o e f f i c i e n t s for r e a c t i o n with 
the given solvent and standard solvent, r e s p e c t i v e l y , i s 
a measure of the ionising power of the solvent and in i s a 
constant which i s c h a r a c t e r i s t i c of the reaction mechanism. 
Reactions whose rates depend only on the ionising power of 
the solvent were c l a s s i f i e d as l i m i t i n g and shown to correspond 
c l o s e l y to the unimolecular (Sjjl) c l a s s of Hughes and Ingold. 
A value of unity was assumed for the constant m for l i m i t i n g 
reactions* These points and tho methods used to obtain 
values o f y have been discussed i n Chapter I (see page 16). 

Winstein, Grunwald and t h e i r co-workers-^» have 
reported l i n e a r correlations between log 1k and X for a number 
of uniinoleoular solvolysos, i n agreement, with the requirements 
of equation VI-1. However the approach i s of limited use 
when i t i s necessary to corrolate s o l v o l y s i s r a t e s i n a 
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101, 102 T J . , 101 . quantitative manner 1 . I t has been shown that 
- o f t e n 

different substrates / • require; values of m which d i f f e r 
appreciably from unity .and that, i n some esses, a single 
substrate gave plots of log k against Y which showed marked 
dispersions into separate l i n e s for d i f f e r e n t solvent systems. 
This l a t t e r tendency was p a r t i c u l a r l y marked for benzhydryl 
chloride" 1" 0^ and i t seems l i k e l y that the present r e s u l t s with 
t h i s compound are examples of t h i s dispersion. 

C l e a r l y the.present r e s u l t s are not I n accord with the 
requirements of the Grunwald/Wlnstein c o r r e l a t i o n and t h i s f a c t , 
coupled \i±th the other contradictory evidence, i n d i c a t e s that 
ionising power cannot be the only fac t o r governing s o l v o l y s i s 
by the uniraolecular mechanism* 

The rates of s o l v o l y t i c reactions might be expected to 
depend on the d i e l e c t r i c constant of the medium (compare 
Chapter I I , page 29)• I t . has been showfl 1 0^ that the application 
of Kirkwood*s equation^ 3 (see Chapter I I , equation I I - 7 ) to the 
unimolocular prooess leads to 

I n k = I n k° .- 1_ . <D-1 > , 
icT (2D+1) 

whore k and k° are the rate c o e f f i c i e n t s I n the media of 
d i e l e c t r i c constant D and unity, r e s p e c t i v e l y . 

£ i s the Boltzmann constant. 
p. and r are the dipolo moment and molecular radius> 

re s p e c t i v e l y , and the subscripts i and t r e f e r to the 

. . . . . VI-2 



I n agreement with the predictions of oquotian Vi-2, 
l i n e a r plots of (D-i)/(2D+'l) against log k have been reported 
for a number of s o l v o l y t i c r e a c t i o n s ^ 0 ' 5 9 f ' 1 0 3 > 1 0 ^ ' I n 
general, however, only a small range of solvents have been 
investigated and even so marked deviations from l i n e a r i t y 
have been observed. Fainborg and V/instein" 1* 0^ plotted the 
values of log k and CD- I )/(2D-H) for t e r t - b u t y l chloride using 
a l l the available data. Not only was there a considerable 
dispersion into separate l i n e s for each solvent p a i r , but 
pronounced curvature of the l i n e s was apparent. Linear plots 
were obtained only for media with high d i e l e c t r i c constants. 
This approaoh could be r a t i o n a l i s e d with a non-linear v a r i a t i o n 
of log k with (D-I)/(2D+!) i f tho value of ( n | / r j - u f / r f ) 
varied with the d i e l e c t r i c constant (compare equation V I - 2 ) . 
I t i s d i f f i c u l t to see, however, why there should bo no 
•correlation between the r e s u l t s for benzhydryl chloride and 
p-methoxybenzyl chloride when the i o n l s a t i o n s of these two 
compounds proceed through s i m i l a r t r a n s i t i o n s t a t e s . 

L a i d l e r and Landskrooner"1"0^ have recently concluded that 
log k should vary l i n e a r l y with d-D)/d+D), or nearly so with 
VD. Moelwyn-Eughes and K l l p l 1 0 ? have proposed s i m i l a r 
r e l a t i o n s h i p s . Eowever, for media of d i e l e c t r i c constant 
greater than 7 or 8, (D-i )/(2D+l ) i s l i n e a r with 1/D to an 
excellent approximation. The r e l a t i v e merits of these 
a l t e r n a t i v e s cannot, therefore, be established. I t follows 
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that they a l l exhibit the same deviations from l i n e a r 
r e l a t i o n s h i p to log k. 

Bohmo^"0^ p.nd Fainberg and Winstein^ 0^ have concluded 
that the best function of D, so f a r as l i n e a r i t y with log k 
i s concernedj i s log D. Conversely, Tommila and h i s 
collaborators"'" 0^ have shown that such plots for the s o l v o l y t i c 
reaction of benzyl halides are decidedly non-linear, and i n 
f a c t that a superior straight l i n e ofton r e s u l t s from plotting 
log k against D. I t i s quite c l e a r that the simple e l e c t r o ­
s t a t i c approach i s inadequate for the treatment of s o l v o l y t i c 
reactions, and the importance of the water content of aqueous 
solvents, which overshadows any v a r i a t i o n i n d i e l e c t r i c constant, 
has been previously e & p h a s i s e d ^ * 1 1 0 » I t can be seen that 
equations VI-1 and VI-2 are s i m i l a r i n form and yet there i s no 
c l e a r c o r r e l a t i o n between Y and functions of D. For instance 
s o l v o l y t i c r ates and X values are very nearly the same for 
s i m i l a r l y aqueous acetone and dloxane solutions but the d i e l e c t r i c 
constants d i f f e r considerably. 

The application of the Bronsted e q u a t i o n ^ (compare 
Chapter I I I , page kl) to the rates of unimolecular s o l v o l y t i c 
reactions leads , to the expression 

k = k° 

where k and k° are rate c o e f f i c i e n t s i n the given solvent and 
standard solvent, r e s p e c t i v e l y . 



f and f are tho a c t i v i t y c o e f f i c i e n t s of the i n i t i a l i t 
and t r a n s i t i o n s t a t e s , r e s p e c t i v e l y , r e l a t i v e to unit 
value i n tho standard solvent- This may be conveniently 
defined as 70$ aqueous acetone for the purpose of the 
present discussion. 

I t h?.s been assumed i n the past that the a c t i v i t y c o e f f i c i e n t 
of the t r a n s i t i o n state i s so much greater than that of the 

O n 

i n i t i a l state that the l a t t e r msy be taken as unity . Medium 
eff e c t s are thus usually considered I n terms of e f f e c t s on the 
t r a n s i t i o n state only. I f t h i s assumption i s not v a l i d , 
changes i n the medium could give r i s e to s p e c i f i c e f f e c t s on the 
rates of i o n i s a t i o n of differen t compounds i f the r a t i o f - j / f ^ 
does not vary i n the same way for a l l uniaolecular solvolyses. 

I I 1 

This p o s s i b i l i t y has been previously recognised * but so f a r 
there has been no systematic i n v e s t i g a t i o n of the problem. I t 
has been concluded for reactions i n aqueous ethanol, however, 
that t h i s r a t i o i s almost independent of the substrate"" '". The 
analogous s i t u a t i o n for reactions occuring i n the presence of 
el e c t r o l y t e s has already been considered from t h i s point of view 
(compare Chapter I I I ) . 

The most relevant data for the e f f e c t of solvent v a r i a t i o n 
on a c t i v i t y are those derived, from studios of the s o l u b i l i t i e s 
of <f-amino ncids, which e x i s t I n solution as switter-ions ( I ) , 
r?nd t h e i r ^'-substituted derivatives •( I I ) , which cannot form 
zwittcr-ions*'^. From the point of view of i t s function as a 



117. 

dipole, a zwitter-lon i a formally s i m i l a r to the S^l t r a n s i t i o n 
state, although d i f f e r i n g somewhat i n having f u l l y developed 
charge separation. The de r i v a t i v e s , moreover, "bear roughly 
the same r e l a t i o n to the zwitter—ion-.-as the I n i t i a l state of 
an Sjj1 reaction does to the t r a n s i t i o n s t a t e . The analogy must 
not "be tal:en too far, but can nevertheless prove a u s e f u l one. 

B-CH-COQ- R-CH-CCOH 
1
 + ' 
NH3 KHCOR* 
( I ) ( I I ) 

For saturated solutions of substances of low s o l u b i l i t y , 
i t may be Bhovm that 

S/S° = 1/f 
o 

where S and S are the s o l u b i l i t i e s i n the given solvent and 
standard solvent, respectively, and £ i a the a c t i v i t y c o e f f i c i e n t 
of the dissolved substance, r e l a t i v e to u n i t value i n the standard 
solvent. Hence, for two substances, which may be c a l l e d ( I ) and 
( I I ) f o r the purposes of the present discussion, 

( S / S ^ ^ S / S * ^ » f j / f ^ . 

The s o l u b i l i t y data f o r the amino acids glycine ( I ; R=:H) 
and a-aminobutyric a c i d ( I ; IfcsEt) and t h e i r Nrformyl d e r i v a t i v e s 
( I l j R»H or Et; RV » Me) have been referred, to ethanol as the 
standard solvent.. Table VT-2 l i s t s values of ff/frr f o r these 
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substances, r e l a t i v e t o tho standard s o l v e n t . I t c r n be 
seen t h a t the values are dependent on the s t r u c t u r e oi" the 
substances. I t can be argued, by analogy, t h a t the r r t i o 

, f o r uniraolecular r e a c t i o n s , might be expected t o show a 
dependence on tho nature o f the s u b s t r a t e and hence t h a t s o lvent 
changes nay hnve s p e c i f i c , e f f e c t s on d i f f e r e n t S„l s o l v o l y s e s . 

TABLE VI-2 
Values o f f j / f ^ f o r a-Amino Acids ( I ) and t h e i r II-Formyl 
D e r i v a t i v e s ( I I ) i n Aqueous Ethanol S o l u t i o n s , R e l a t i v e to 

. Ethanol as the Standard Solvent. 

Parent 
a c i d 

A. queous e the no 1 so l v ent s 
Parent 
a c i d 

Glycine 
a -amino b u t y r i c 

a c i d 

81.2 19-9 5.91 
50.3 12. k 3.V8 

Unf or tun? 11 e l y no comparable d. nt^ are a v * l i a b l e f o r t h r e e 
component solve n t s . I t does not seem l i k e l y , however, t h a t 
such solvents w i l l prove any less complicated t h ~ n b i n a r y 
s o l v e n t s . I t i s not p o s s i b l e , i n the present st-^te o f 
knowledgej to fo r m u l a t e a q u a n t i t a t i v e approach t o tho problem 
of these medium e f f e c t s , but i t might prove p. f r u i t f u l approach 
i f s u f f i c i e n t data could be obtained. 



A. Possible Explanation, o f the S p e c i f J L c J B f f ectz of Yion-
E l o c t r o l y t c s on the Solvolyscs o f BcnpJiydryl C h l o r i d e and 
p-Methoxybenzyl C h l o r i d e i n , 70ft Aqueous Acetone^ 

I t i s t e n t a t i v e l y suggestod t h a t the s p e c i f i c e f f e c t s 
o f the n o n - e l e c t r o l y t e s nay n r i s o f r o m - s o l v a t i o n o f the 
i n i t i a l and t r a n s i t i o n s t a t e s by the n o n - o l e c t r o l y t c s . I f 
i t i s p o s t u l a t e d t h a t t h i s s o l v a t i o n i s associated w i t h the 
aromatic r i n g s o f the a r a l p h y l compounds, the e f f e c t should 
be l a r g e r f o r bonziiydryl c h l o r i d e than p-me thoxybensy 1 c h l o r i d e . 
S t o r l c f a c t o r s i n the former compound could, however, prevent 
t h e ' s o l v a t i o n being t w i c e as much as f o r the s u b s t i t u t e d benzyl 
compound. On passage i n t o the t r a n s i t i o n s t a t e , which tends 
t o the planar c o n f i g u r a t i o n o f the f u l l y developed carbonium 
i o n , s t e r i c hindrance would be reduced. Such c o n s i d e r a t i o n s 
do net a r i s e t o any great extent f o r p-raethoxybonsy1 c h l o r i d e . 
I n consequence the t r a n s i t i o n s t a t e o f i o n i s ? t l o n f o r benzhydryl 
c h l o r i d e could bo. more s o l v a t e d , r e l a t i v e to the i n i t i a l s t a t e , 
than the corresponding t r a n s i t i o n s t a t e f o r p-^Gthoxybenzyl 
c h l o r i d e , w i t h a consequent g r e a t e r r e t a r d i n g e f f e c t on the 
s o l v o l y s i s o f the former compound. I t i s l i k e l y t h a t t h i s 
e f f e c t w i t h acetone i s already at a maximum f o r the present 
s o l v e n t s , so t h a t changes i n t h e acetone content o f aqueous 
acetone solvents w i l l make l i t t l e or no d i f f e r e n c e , as observed* 
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CHAPTER V I I 
EXPERIMENTAL 

Preparation and p u r i f i c a t i o n of materials. 

p-Nltrobensnydrol« 

p-Nitrodiphenylmethane v/as prepared by F r i e d a l - C r a f t s 
react!on between p-nitrobenzyl chloride and benzene J and the 
crude product p u r i f i e d by d i s t i l l a t i o n under reduced pressure* 
I t was. converted into p-nitrobenshydryl bromide by refl u x i n g 
a solution i n dry carbon t e t r a c h l o r i d e with H-broiaosuccinimide 
and a small quantity of benzoyl peroxide fov 3 hours 1' 1' 1. After 
f i l t r a t i o n and evaporation of the solvent, the product was 
refluxed for 2 hours with 5Cfo aqueous acetone, the acetone then 
removed and the alcohol extracted with ether. I t v/as p u r i f i e d 
by r e c r y s t a l l ! n a t i o n from petroleum ether (l}Qo/60o) and had 
m.p. 73—7U°C. A sample v/as also prepared by Heerwein-Ponndorf 
reduction of p-nitrobenzophenone and had the same m.p. and 
mixed m.p. 
p-»Hitrobcnshydryl chl o r i d e . 

A stream of dry hydrogen chloride gas was bubbled into 
a solution of p-nitrobenzhydrol i n benzene/ether ( 8 : 1 ) , i n the 
^presence of anhydrous zinc chloride f or 3 hours. The solution 
v/as v/ashed with water and 5% sodium bicarbonate solution, dried 
over anhydrous magnesium sulphate and the crude product 



obtained "by evaporation of the solvent. I t was p u r i f i e d by 
repeated r e c r y s t a l l i s a t i o n from petroleum ether (Z|0°/^0°) and 
had m.p. 1|.3«5—-UU.5°C. The hydrolysable chloride content was 
100% of the t h e o r e t i c a l amount. 
Benzhydryl chloride. 

Dry hydrogen chloride gas was passed through a solution 
of benshydrol (DD3-I., 25 gm.) i n dry ether (200 ml.) i n the 
presence of granular calcium chloride, for 10 hours at 0°C. 

The excess HC1 and most of the other were removed at the water 
pump and dry petroleum ether (hQ°/60°) (200 ml.) was added to 
the residue. After washing with water, 5% sodium "bicarbonate 
solution and water, the solution was dried over potassium 
carbonate. The solvent was then removed on the water-bath 
and the r e s i d u a l o i l p u r i f i e d by d i s t i l l a t i o n under reduced 
pressure, the product being a colourless l i q u i d , B.P. 102+—105°C 
at 0.4. mm. The hydrolysable chloride content of a sample was 
never l e s s than 99.2/3 of the t h e o r e t i c a l amount. 
Radioactive bcnshydryl chloride. 

This was prepared i n small samples, as required, by the 
exchange between a pure i n a c t i v e sample of benshydry1 chloride 
and a large excess of a c t i v e tetramethylammonium chloride I n 
l i q u i d sulphur dioxide at -10°C. The solvent was prepared i n 
the anhydrous state i n the following way: The gas from a 
commercial cylinder \?as bubbled through concentrated sulphuric ' 
acid, then over molecular seives (Linde, type UA) and f i n a l l y 
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over P2°5* v / a s condensed onto the dry s a l t by cooling the 
receiver i n an i c e / s a l t mixture at -20°C. and the benzhydryl 
chloride then introduced. After 2 hours the solvent was 
allowed to evaporate at room temperature and petroleum ether 
(k0°/&0°; 200ral) added. The p r e c i p i t a t e d s a l t was f i l t e r e d 
off, the solution washed with i c e - c o l d water and dried with 
anhydrous magnesium sulphate. The concentration and s p e c i f i c 
a c t i v i t y of the benzhydryl chloride i n t h i s solution were 
determined by hydrolysing a sample i n aqueous acetone, a f t e r 
removal of the petroleum ether, and then making up to a known 
volume. A 10ml. sample was counted i n a l i q u i d counter and 
the a c i d i t y determined with standard sodium hydroxide solution. 
I n a c t i v e benahydryl chloride was added to give the required 
s p e c i f i c a c t i v i t y (about 3-5 x 10^ counts/mole/minute i n the 
apparatus used i n these studies).. Samples were prepared for 
k i n e t i c runs by evaporating the required volume of the p e t r o l 
solution on a water bath at 70°C. and removing the l a s t t races 
of solvent at kO°G. and 0,5nun« pressure. 
p-Methoxybensyl chloride. 

This was prepared from a n i s y l alcohol by a method s i m i l a r 
to that used f o r benzhydryl chloride. D i s t i l l a t i o n under 
reduced pressure yielded a coloux^less o i l , B.P. 8l+-8^°C/o.24mm. 
The hydrolysable chloride content was never l e s s than 99.1$ of 
the t h e o r e t i c a l amount. 
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Radioactive p-mcthoxybcngyl chloride. 
The preparation of t h i s v/as exactly the same as for 

benzhydryl chloride except that the exchange was c a r r i e d out j 
for h days i n dry acetone at room temperature, using a c t i v e ' 

i 

lithium chloride instead of the tetramethylaramonium s a l t . 
p-Methoxybcnayl "bromlde. 

p-Methoxybcnzyl chloride (k gm.) was reacted f o r 8 days j 
I 

v/ith a large excess of dry sodium "bromide i n . b o i l i n g anhydrous j 
i 

i 

acetone (25 ml.). The mixture was allowed to cool and the j 
solution decanted from the c r y s t a l s which formed. These were, 
washed with a l i t t l e dry acetone (5 ml.) and the solution 
rofluxed with more sodium "bromide f o r a further 18 hours. 
Petroleum ether (l|O°/^0°; 200 ml.) v/as then added, the solution 
f i l t e r e d and the solvent removed on a water bath at 80°C. The j 
residue was dissolved i n p e t r o l (50 ml.), t h i s solution washed j 
with water, dried over anhydrous magnesium sulphate and worked j 
up i n the usual way. The crude yellow product was d i s t i l l e d 
under reduced pressure, to give a s l i g h t l y yellow l i g h t - . ( 

s e n s i t i v e o i l , B.P. 93oC/0.2mm. The hydrolysable bromide content 
was 99*9% of the t h e o r e t i c a l amount. A sample was hydrolysed ! 
i n 70% aqueous acetone and the solution tested for t r a c e s of 

i 

chloride ion '•' 2 The t e s t indicated that t h i s ion was absent. 
However a t r i a l run i n 70/S aqueous acetone at 0°C. gave f i r s t i 
order rate c o e f f i c i e n t s which decreased as the reaction pro-
ceded. The product was therefor© refluxed f o r a further k 



days'with dry lithium "bromide, i n case the f a l l i n g r a t e s wore 
duo to email amounts of unreacted ch l o r i d e . The product was 
worked up as "before. 

AnhydroxiB acetone v;aa prepared f o r the exchange reactions by 
standing tho p u r i f i e d Analar grade over molcculax* solves 
( Linde, type Ua) f o r several • days. 
Sodium -perchlorate (B.D.H.) was r e c r y s t a l l i s e d from aqueous 
dioxano and driod to constant v/eight i n a p i s t o l at 100°C. and 
a pressure of 0.5 mm. 
Sodium 'oprofluorido was r e c r y s t a l l i s e d from water and dried i n 
a p i s t o l at 100°C. and a pressure of 0.5 mm. f o r £' hours. 
Sodium aside (llopkin and Williams) was r e c r y s t a l l i s e d from 
water and dried i n the oven at 120°C. f o r 2h hours. 
Potassium "bromide (B.D.Ii.m Analar) was dried i n the oven at 
120°C. for 12 hours. 

Sodium chloride (Analar) was dried i n the oven at 120°C. f o r 
12 hours. 
Sodium n i t r a t e ( A n a l a r ) was dried i n the oven at 120°C. for 
k hours. 
So dium "O eris one sulphona t e was r e c r y s t a l l i s e d from ethanol (95/») 
and dried at 100°C. and 0.5mm. pressure for 6 hours. 
Totramcthy 1 ammonium fl u o r 1 de was prepared i n the following way. 
S i l v e r carbonate was prepared ( i n a darkened room) from a 

solution of s i l v e r n i t r a t e (10$) and an equivalent amount of 

sodium hydroxide solution (10$), through .which a slow stream 
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of carbon dioxide had been passed f or 12 hours. After f i l t e r ­
ing and washing with water, the s i l v e r carbonate was suspended 
i n water and treated with an equivalent amount of 5% hydro-
f l u o r i c a c i d . The r e s u l t i n g solution was evaporated i n a 
platinum dish to about 50 ml. and then treated with methanol 
(200 ml.) and ether (1 l i t r e ) . The p r e c i p i t a t e d s i l v e r f l u ­
oride was I s o l a t e d by decanting the l i q u i d and washed several 
times with a mixture of methanol and ether ( 1 : 2 ) . I t was 
dissolved i n water (250 ml.) and the solution f i l t e r e d . The 
etrength was determined I n two ways, a f t e r d i l u t i n g a 5.0 ml. 
sample to 500.0 ml. 

( i ) 5.0 ml* was treated with a measured excess of standard 
hydrochloric a c i d solution and the excess cl i l o r i d c - i o n s deter­
mined by potentiometric t i t r a t i o n with s i l v e r n i t r a t e solution. 

( i i ) 5.0 ml. was passed down a column containing a c a t i o n i c 
exchange r e s i n (Amber/ite lR.\2o) and t i t r a t i n g the l i b e r a t e d 
hydrofluoric a c i d with standard sodium hydroxide solution, 
using mixed methyl red/methyleno blue as i n d i c a t o r . 
Both methods gave the same r e s u l t and the solution contained 
no free hydrofluoric a c i d . 

The solution of s i l v e r f l u o r i d e was treated with an 
equivalent amount of tetramothylaramoniura bromide, the s i l v e r 
bromide p r e c i p i t a t e f i l t e r e d o f f and the solution saturated 
with hydrogen aulphidp. No s i l v e r sulphide was formed. 
After f i l t r a t i o n the solution v/as evaporated to a viscous o i l , 



which gave c r y s t a l s of tetramethylaiimionium fluor i d e on t r l t - . 
urating with a l i t t l e acetone, These were dried i n a p i s t o l 
for 12 hours at 150°C. and 0.3 mm* pressure* . Tlxe f l u o r i d e 
ion content, determined "by method ( l i ? ) , was 99/6 of the theor­
e t i c a l amount. 
Hydrochloric acid was introduced into the 70% aqueous acetone 
"by passing a slow stream of the dry gas, prepared "by dropping 
concentrated sulphuric acid onto 'voltoids', into a s n a i l 
volume of the solvent at 0°C. and then adding s u f f i c i e n t 70% 
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acetone to make the f i n a l strength 0.05 molar* S h l l l a k e r has 
shown that t h i s procedure does not cause any s i g n i f i c a n t change 
i n the proportions of the solvent components. 
Radioactive lithium chloride was prepared from the sample of 
acti v e hydrochloric a c i d ( Radiocheailcal Centre, Amershaia.) "by 
tre a t i n g i t with on equivalent amount of lithium carbonate and 
evaporating the solution to dryness. The s a l t was dried at 
100°C. and 0.5 2ua« pressure. 
Radioactive tetrar.iethyl-?jiuT.onium chloride was prepared by 
pr e c i p i t a t i n g the act i v e chlorine as s i l v e r chloride and shaking 
t h i s with an equivalent amount of a 10$ solution of t e t r a -
nethylejoaonlum bromide for 2 days. the solution, which con­
tained no brosii&e ion, was evaporated down-and the s a l t dried 
as for the lithium s a l t . 
70% aqueous acetone was made up made up by mixing 70 volumes of 
acetone and 30 volumes of water and 50$ aqueous acetone by 
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mixing equal volumes. The acetone was the Analar grade solvent 
which had been refluxed with sodium hydroxide and potassium 
permanganate for four hours 1 1 8 and d i s t i l l e d , before being 
fractionated from hydroqulnonc. The water was d i s t i l l e d water 
which had been passed down a column containing mixed i o n -
exchange r e s i n . 

Solvents were standardised by determining the r a t e of 
hydrolysis of benshydryl chloride or p-raethoxybenzyl chloride 
at 20.08°C, i n the absence of added e l e c t r o l y t e . 
T i t r a t i o n acetone was prepared from the commercial grade solvent 
by refluxing with sodium hydroxide and potassiom permanganate 
for four hours and then d i s t i l l i n g . When a c i d i t y was to be 
determined lacmoid i n d i c a t o r was added and the solution 
n e u t r a l i s e d . 

Benzene was the analar grade which was extracted several times 
with concentrated sulphuric acid, washed with water, 10$ sodium 
bicarbonate solution and water, and dried over anhydrous 
potassium carbonate. I t v/as then fractionated through a small 
column* The other i n e r t non-electrolytes were Analar grade 
toluene, nitrobenzene and chlorobenzene, which were used with­
out further treatment. 

Pyridine v/as the analar grade reagent which was fractionated 
several times, a f t e r drying over Analar potassium hydroxide. 
I t was stored over t h i 3 compound and samples d i s t i l l e d p r i o r to 
use. • 

Petroleum ether U00/gO°was the Analar grade which had been 
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extracted several times with concentrated sulphuric acid, washed 
with water, 10$ sodium bicarbonate solution and then pure water. 
I t was dried over anhydrous magnesium sulphate and f i l t e r e d . 

Estimation of Added E l e c t r o l y t e s . 

Sodium perchlorate, solium borofluoride, sodium azide, 
potassium bromide, sodium chloride,, sodium n i t r a t e and sodium 
benzencoulphonate were weighed into a standard grade A f l a s k 
and made up to the required volume with 70$ aqueous acetone, at 
the thermostat temperature. The concentration of sodium azide 
-was also estimated by potentiometric t i t r a t i o n of the azide ion 
with standard s i l v e r n i t r a t e solution. Tetramethylammonium 
fluorid e was estimated by rapidly adding about the required 
amraount of the s a l t to 70$ aqueous acetone and determining the 
fluo r i d e ion by the method described on page 1 2 5 . Hydrochloric 
ac i d was determined by t i t r a t i o n with standard sodium hydroxide 
solution. 

Preparation of Solutions of Non-Electrolytes. 

The non-electrolyte3 employed were pyridine, acetone, 
benzene, toluene, nitrobenzene and chlorobenzene. Samples 
were measured by means of a pipetfte, v/eighed and made up to 
100 ml, i n a standard f l a s k with 70$ aqueous acetone at the 
thermostat temperature. 
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Thermoatata. 
The thermostats were of conventional design and conaisted 

of a large, well-lagged tank containing water, a large s t i r r e r , 
a xylene/nercury regulator, a permanent heater varying i n size, 
f o r the d i f f e r e n t temperatures and a 60-100 watt intermittent 
e l e c t r i c lamp "bulb heater. Temperatures were constant within 
+ 0.01°c. 

Ra t e MeaGurement s 
K i n e t i c runs were c a r r i e d out i n the thermostats de­

scribed. The reactions were always allowed to precede for at 
l e a s t ten ' h a l f - l i v e s ' i n order to obtain ' i n f i n i t y * values. 
Velocity constants were therefore c a l c u l a t e d from a knowledge 
of the a c i d i t y a f t e r various time i n t e r v a l s and at 10OP'S reaction 
without the necessity of using weighed amounts of the ch l o r i d e s . 
Two methods were used f o r the k i n e t i c runs, 
( i ) Tjubejruns. 

This method was only used at temperatures aboce 30 °C 
where there was a p o s s i b i l i t y of evaporation of the solvent 
during the course of the k i n e t i c run. p-Hitrobenzhydryl 
chloride was added to about 150 ml. of the solvent and well 
shaken. The reaction mixture was run into tubes using the 
apparatus shown i n figure V I I - 1 . The tubes were sealed off, 

% attached to sinkers and placed i n the thermostat and well 
shaken f o r about two minutes.. After suitable time i n t e r v a l s 
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tubes were withdrawn from the thermostat and plunged into a 
mixture of ace-tone and "dr i - c o l d " i n order to atop the reaction. 
They were then cleaned, broken under n e u t r a l i s e d acetone and 
the a c i d i t y determined as detailed below. 

* 

(11) Flask runs. 
About 100 ml, of the solvent was brought to thermostat 

temperature, the organic chloride added and the f l a s k thoroughly 
shaken. A zero sample of 5 ml» was removed as soon as possible, 
and other samples at convenient time i n t e r v a l s . The reaction 
was quenched by running the samples into about 150 ml. of cold 
acetone. 

Runs containing NaCIOij., KBr, NaC1, NaUO-, NaO-SPh and HC1 
were followed by measuring the development of a c i d i t y i n the 

" / / 
solution. Runs containing KaBP,,, NaII0 ?, IlalT » and Me, HI? were 
followed by determining the change i n chloride ion concentration. 
The rate of reaction of azide ion was determined by potentiometric 
determination of azide Ion plus chloride i o n . This was 

* l t v/as found that the BF^ ion v/as slov/ly hydrolysedji and 
that the r e s u l t i n g hydrofluoric a c i d caused a buffering e f f e c t 
at the end-point of the t i t r a t i o n with sodium hydroxide solution. 
/ Aside ions reacted with the carbonium ion forming a product 
which did not i o n i s o . The rate of formation of hydrogen ion 
v/a3 therefore l e s s than the rate of reaction of the substrate. 
This also applied to f l u o r i d e ions. 
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necessary because the development of a c i d i t y (equivalent to the 
amount of ROH formed) could not be accurately determined. I t 

'I 20 

has been reported that a suitable i n d i c a t o r for t h i s purpose 
i n the presence of aaide ion i s bromothymol blue, but the end-
pointo with tho weak solutions used i n present work were found 
to be fugative. I n consequence of the adoption of the potentio-
metric method of determining RN^, the large t i t r e s (approx­
imately 35mlo for i n i t i a l l y 0.05M sodium aaide) could lead to 
large inaccuracies i n the integrated r a t e s of h y d r o l y s i s . 

Vfhen Mê WP was tho e l e c t r o l y t e , development of a c i d i t y 
was also followed by quenching samples i n i c e - c o l d petroleum 
ether (UOVSo*), extracting with carbon dioxide free water and 
t i t r a t i n g v/ith standard sodium hydroxide solution using methyl 
red/methylene blue as i n d i c a t o r . I t was confirmed that no 
hydrolysis occured during t h i s extraction. However i t was 
found that an a c i d i c solution of Mej+NP i n 10% aqueous acetone 
became l e s s acid at a rate which- depended on the a c i d i t y of tho 
solution. The reason f o r t h i s was not investigated but 
independent experiments- (Appendix A, experiments 50 and 5'i ) 
were c a r r i e d out v/ith 0.05 M. solutions of tetramethylammoniura 
fluoride i n 10% aqueous acetone containing hydrochloric a c i d . 
The rate of decrease of a c i d i t y wa3 found to be almost propor­
t i o n a l to the time and the concentration of the a c i d . A mean 
rate of l o s s of a c i d i t y , equivalent to 0.10 ml. of 0.01036 N. 
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sodium hydroxide solution per hour i n the presence of an 0,01 M. 
concentration of acid, was estimated from these experiments* 
Hence, 

d IZ+ _ 0.1 x 0.01036 
= ml. of N Na0H/5 ml.- sample/sec. 

dt. 3<5 

i n a 1.0 I I . solution of hydrochloric a c i d . 

Therefore, 

AH + « 2.88'x 10~ 5 / H+ dt 
Jo 

where AH + i s i n ml. of normal sodium hydroxide solution per 
5 ml. sample of the reac t i o n mixture and H4* i s the molar 
concentration of a c i d . 

I t was assumed that t h i s correction could "oe applied to 
the k i n e t i c experiments with benzhydryl chloride and p-methogy-
benzyl chloride and the appropriate corrections i n the a c i d i t y 
t i t r a t i o n s accordingly made. 

Potent!ometric Determination of Chloride ion. Aside ion and 
Hydrogen ion Concentrations 

The apparatus i s shown diagramatically i n Figure V I I - 2 . 
The acetone containing the sample had a volume of about 300 ml. 
and was contained i n a beaker standing i n i c e - c o l d water* The 
solution was well s t i r r e d . I f only chloride ion was to be 
determined, a, few drops of concentrated n i t r i c a c i d were added, 
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and standard s i l v e r n i t r a t e added from a burette u n t i l within 
O.fjml. of the end-point. The o.m.f. between the g l a s s e l e c ­
trode and the s i l v e r (or Ag/AgC1) electrode was determined using 
a Doran pH. meter (model ) . The procedure was repeated 
a f t e r each addition of 0.1ml. of s i l v e r n i t r a t e solution u n t i l 
the equivalence point was passed. At the end-point the change 
of e.m.f. per un i t t i t re, was a maximum. 

When both chloride and azide ions were to be determined 
the procedure v/as modified as follows. A single drop of 
lacmoid i n d i c a t o r i n acetone solution v/as added to the solution 
which was to be t i t r a t e d . 0.1 IT n i t r i c a c i d was added u n t i l i t 
was s l i g h t l y a c i d and chloride ion then determined as above. 
2ml. of a saturated solution of sodium fluoride v/as then added 
from a pipette and the second equivalence point determined i n a 
s i m i l a r way. The changes of e.ra.f. per un i t t i t r e .($$>-) were 
very much smaller than for the chlorldo ion determination. 

Yvhen hydrogen ion was determined, i n the prcocnco of 
pyridine, the procedure was exactly the same, except that sodium 
hydroxide solution v/as added instead of s i l v e r n i t r a t e solution. 
I f chloride ion wa3 also to be determined t h i s v/as c a r r i e d out 
as detailed above, a f t e r the determination of the a c i d i t y . 

Rate Measurements with Radioactive Coin-pounds. 
5ml. samples of the reaction mixture were withdrawn at 

suitable times and the reaction stopped by running them into 



petroleum ether (U0°/60°j 25 ml.) and water (approximately 
8 ml. accurately measured from a dispenser - see figure V I I - 1 ) , 
cooled i n an i c e - s a l t mixture. A f t e r shaking f o r three minutes, 
most of the aqueous l a y e r was separated and stored i n a stoppered 
toot-tube u n t i l ready f o r counting. A 10 ml. samplo of the 
aqueous extract, a f t e r standing f o r a h a l f hour i n a thermostat 
at 20 °C, was counted f o r one hour. A standard halogen-quenched 
l i q u i d counter, a thermostated l e a d - l i n e d " c a s t l e " and standard 
counting equipment were used. The background count was 
determined several times, f o r periods of a h a l f hour* The 
procedures were standard ones and have been adequately described 
i n several publications dealing with radio-chemical t e c h n i q u e s ^ ! 
The counted samples were then run in t o neutral acetone containing, 
lacmoid in d i c a t o r and the a c i d i t y determined with standard 
sodium hydroxide solution. ' Any s l i g h t h y d r o l y s i s of the sub­
s t r a t e during extraction was-shown to make no difference to the 
value of ( k E - k H ) . This i s shown i h appendix D* I n general, 
good f i r s t - o r d e r h y d r o l y s i s r a t e s were obtained, i n d i c a t i n g that 
hydrolysis during extraction was unimportant and t h i s was con­
firmed by independent experiments. 
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Theoretical Rate Expressions. 

Tho dif f e r e n t processes which concern the present 
investigations are represented by the following step3. 

RC1 1 . R+ +' c i " 
2 

i 
R+ ROH 

R + + Y~ RY 
<L""* " 

RCl + Y~ 6v RY + C l " 
" 7 

Since stages 1 and 5> are slow (rate determining) and stages 3 
and h are very f a s t , the carboniuni ion must always have a very 
small concentration, so that i t i s v a l i d to apply the 
"steady-state" principle to t h i s species. I t i s then possible 
to derive expressions for the rate of hydrolysis of the substrate 
(rate c o e f f i c i e n t k^) and for I t s t o t a l rate of disappearance 
( r * t e c o e f f i c i e n t , Thus5*, 

dR + * , 
= k RCl - k R +C1 - k / - k, R Y + k-RY = 0 

dt 3 \ 5 
«+ 1 knRCl + k«-RY therefore, R + = — . 1 5 

k 3 1 + o.Cl" + $T 

t Throughout t h i s t h e s i s tho, normal square brackets denoting 
concentration have been omitted, i n order to avoid overcrowding 
the rate equations. Thus, for example, where-ever a term X 
appears i t i s equivalent to the more usual [x-] . 



and i t follows that 
d ROH = kjRCl + I^RY 

dt 1 + aCl" + |3Y" ' 

and/ d RC1 k , R C l ( l + pY") *• *kc£l~.BY 
= - i 2 + k^RCl.Y" -k_RY.Cl . 

dt 1 + oCl" + pY" 7 

where, a i s the inass-law constant, defined as ^ j j / k ^ 

p i s s i m i l a r l y defined as kl+/k 

Y ~ i s the anion of the e l e c t r o l y t e KY. 
Therefore 

d ROH 
RC1 A RY 

~ . q A W 1 = * RC1 + RY K5RG1 + RY 
RC1 + RY dt 1 + a C l " + pY~ 

find/
 k - . I d RC1. 

fcCl 
RC1 d 0 

1 + a C l + pY 0 /RCl 

I t i s convenient to consider separately several d i s t i n c t 
cases, which a r i s e as a r e s u l t of the differences i n the 
nucleophilic power and identity.of the anions of the added 
e l e c t r o l y t e s . This w i l l now be done. 
(1) When the e l e c t r o l y t e i s either an ionised chloride or the 
anion does not react with the substrate, steps L;-, 5, 6 and 7 
are not applicable, and the rate c o e f f i c i e n t s , k,T and k , 
become equal. They are given by the expression 

* = h~ . v n - 3 
1 + a C l " 
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( i i ) A s p e c i a l case a r i s e s when the substrate contains 
radio-active chlorine and the e l e c t r o l y t e i s an inacti v e 
chloride. Y becomes C I * , where the superscript s t a r indicates 
a radio-active species, 1^ = k£, k 2 = k£ and. kg = .k . The 
rate of hydrolysis i s s t i l l given by VTI-3 but the rat© of 
disappearance of EC1 (rate c o e f f i c i e n t k_) involves k,. 

£i -6 
The concentration of carbonium ion i s given by 

R + _ k x (RC1 + RCl*) 

1 + a ( C l " + CI*) 
kjRCl 
1 + aCl 

since the i n a c t i v e species is'always present i n great excess-
Therefore, 

J3 
1 

RC1* 
a R c r 
dt 

= k L - C I * . 
1 +,aC.l 

RC1 
RCl" 

+ k RC1*:C1~ - RC1CF" 
6" RCl -

1 +. oCl 
I n addition 

RC1!::C1 - RClCl My 
1 + ( a •+ 

RCl* k j / C l +aci ) 

C T = CI + RC1 - RC1 = C l ^ - RC1 o o oo 
and/ C I * = RC1| - RCl* 
where the subscript 1 o' r e f e r s to the experimental zero of 
time and 1 i ' r e f e r s to i n i t i a l values. 
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Therefore, 

1 + a C l 
1 + k 

L 
k j / U + a C l )/ \ 

C £ -RC1* 
1 RC1* 

k. 

1 + aCL 
+ CI R * J + aCl 

+ k. VII-'f 

v/here, C l " = C l ^ - RC1* . RC1 
RCl* 

( l i i ) When reaction between the anion and the substrate lends to 
a product (RY) which Ionises again much more rapidly than the 
chloride (e.g. Y~ = PhSO^ , I?0 and B r " ) , another s p e c i a l case 
.iri s e s . The concentration of RY must always be very small nnd 
the l a s t term on the ri g h t hand side of equation V I I - 2 can 
therefore be neglected, since the amount chloride ion produced 
i n the reac t i o n i s also small. Moreover,'RY/RC1 i s much l e s s 
than unity so that i t i s possible to write, 

RY 

1 + aCl +3 Y 
RY 

and/ k, C l 
k x ( l + pY") C l 

1 + aCl + (3Y 
When kj| and k c i are equal . 

+ k 6Y 

*1 + k 5 E L = k (1 + PY ) - i HYcf + k , Y " ( l + oCl" + pY") 
* ^ 1 PRC1 6 

or/ 

RC1 

RY 
^ RC1. 1 * aC.r 

k jPY" '+ k 6 Y " ( l .+ a C l " + pY") 
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Therefore, 
, k, + k/Y" 
\ - 1 6 V I I - 5 

l + a C l " 

This i s i d e n t i c a l with equation V I I - 3 when k^=o , which i s the 
case when bonshydryl chloride i s tho substrate. The o v e r a l l 
e f f e c t on Sjj l s ubstitution i s therefore kinetlca.lly i n d i s t i n g ­
uishable from an ionic-strength e f f e c t , and i t i s not possible 
to calcula.te p. for the reactions of such anions with carbonium 
ions. 

When kjj and k ^ are not equal, i t i s necessary to make some 
ass umptions about the s i z e of (3. I t w i l l be shown l a t e r i n 
t h i s chapter that t h i s s i t u a t i o n need only be considered f or 
the reactions between p-methoxybenzyl chloride and n i t r a t e and 
bromide ions. 

( i v ) The f i n a l case to be considered a r i s e s when the reaction 
y i e l d s a product (RY) which does not react s i g n i f i c a n t l y compared 
to the chloride (Y** = U F ~ ) . The rate coefficients,- and 
k c^, are then not equal and are given by the equations 

% ~ i . V I I - 6 
1 + a C l " + pY* 

and/ k c l = __1 'Z + k v i I - 7 
1 + a C l " + pY" • 
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lonio-Stronnth, E f f e a t s 
The t h e o r e t i c a l treatment described i n Chapter IV 

(psgos 75 - 78 ) defines the eff e c t of a single e l e c t r o l y t e 

on the'rate of l o n i s a t i o n by the expression 
o 

l c l = k i a n t i l o g 1 0 - B o f 

whore, k^ i s the ra t e of i o n i s a t i o n at the molar ionic 
strength, c. 

o 
. k^ i s the rate of i o n i s a t i o n at zero i o n i c strength. 
o~ i s a parameter with the dimensions of length (cms), 

whioh i s c h a r a c t e r i s t i c of the e l e c t r o l y t e for a 
given substrate. 

B i s a constant with the value given on ppge 1,3 
'In practice, at l e a s t two e l e c t r o l y t e species are present 

i n most runs (the e l e c t r o l y t e and the acid produced by hydrolysis). 
A more general expression for the e f f e c t of e l e c t r o l y t e s on the 
rate determining l o n i s a t i o n i s therefore necessary; thus 

l c 1 k° a n t i l o g 1 0 - B Zcr i C ; i . '- V I I - 8 

i n which Zo^cj sums the e f f e c t of a l l the. e l e c t r o l y t e s present. 
This value of k^, i n the form appropriate to the conditions of 
the experiment, i s substituted i n the r a t e equations derived i n 
the preceding pages. 
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Instantaneous and I.ntop.ratod Rates. 
The t h e o r e t i c a l r a t e equations derived e a r l i e r i n t h i s 

chapter, r e f e r to instantaneous r a t e s , i/hereas the values 
determined i n the present studies were a l l integrated ones. 
I t was found to bo more convenient to use these equations i n 
t h e i r present form than to attempt the task of integrating then, 
a process which would have to be repeated for each experiment 
(compare Chapter IV, page 7$ ) . The integrated rate 
c o e f f i c i e n t s were therefore converted to instantaneous values, 
i n the following way. 

The observed f i r s t - o r d e r integrated r a t e c o e f f i c i e n t s , 
apart from a. few exceptional cases (compare Chapter IV, page 5 7 ) , 
wore constant throughout the course of the reactions. I t was 
therefore assumed that the integrated rate c o e f f i c i e n t , k^, 
for the time i n t e r v a l o - t , represented the instantaneous 
value at V 2 * The concentration of chloride ions at t h i s time 
i s given by 

C l ^ = C I " + RCI 0 ^ R C l ^ . 

Assuming that the r e a c t i o n of the substrate follows f i r s t - o r d e r 
k i n e t i c s , the concentration of RCl at time V2 i s given by 

'• RC1,., = RCl .e"" k t / / 2 • • • 
= R C l j . ( R C l 0 . e " k t ) * 

= (RCl 0.RCl t)* 



The chlorido ion concentration at V2 i s therefore 

C 1 t ^ = C 1 c o - ( > C l 0 . R C l t ) ^ 

The mean 01" tho integrated rate c o o f f i c i o h t s therefore 
corresponds to an instantaneous value at a moan chloride-ion 

where n i s the number of determinations of and the subscript 
t r e f e r s to the experimental times at which the i n d i v i d u a l 
values wore determined. 

Tho v a l i d i t y of t h i s assumption i s examined, and confirmed 
i n Appendix E $ for an extreme case where constant f i r s t order 
r^to c o e f f i c i e n t s were not observed. 

A quantity C l was defined e a r l i e r i n t h i s chapter 
(see page M+Q) for the experiments with substrates containing 
CI- 1 . I f the same assumptions regarding the r e l a t i o n between 
integrated and instantaneous rates i s accepted for the co e f f i c i e n t 
l c P > the value of C L , to which the mean of the integrated values 
of SL r e f e r , i s given by 

concentration which has the value 

C l 
n « n u 

V I I - 9 

RCi ( c i - ) Cl V2 CO RC17 t 



I f th© rea c t i o n of RCl follovrs f i r s t - o r d e r k i n e t i c s . 

U i : 3 . 

.1 
( R C l * ) ^ = R C f = ( R C l ^ R C l p * 

and therefore 

C 1 R 

More-over, 

Real' /RCI0V V7RCI.W 
n VRCl o LRCI:, VI1-10 

'RC1„ .RCl., \« 
.RcT^.RCl'*/ 

1° . e ( k E " ^ i ) ^ 2 

R C 1 o 
RClnr 
RCi; 1 + £(k E - k H ) t + 

when (kg - k,.) i s very much l e s s than unity, only tho f i r s t 
two terms of tho expansion i n the square bracket are s i g n i f i c a n t . 
For such esses.the value of C l " can be calculated from 

C l R = CL, - RCl RCl 
RCl' 



Ionic Strengths. 

Tho ionic strengths to which these instantaneous r a t e s 
r e f e r , were calculated from the following equations; 
For most e l e c t r o l y t e s , the i o n i c strength, c, i s given by 

V 11 Gl MY [ " V I 1 - 1 2 

2_c = 0 + 0 , 1 

When the e l e c t r o l y t e s were Me^KF and NaN , the anions were 
removed from the solution by reaction with the substrate and 
also as undlssoclated hydrofluoric and hydrazoic 
these cases the ionic strengths are given by, 

• MGl 
C = = C I " 
MY c = f.IY 

= •- CI • • 

r = • 
MY • MCI = c + c = c MY i ' 

For 

. . . . . . v i i - 1 3 

I t can be seen that the i o n i c strengths, i n tho presence of 
these s a l t s , stay constant throughout the course of the reactions. 

The jQetermination of the Parameters a, g and o-'for the Reactions 
of Ben zhy dry 1 Chloride i n 70% Aqueous Acetone i n the Presence 
of E l e c t r o l y t e s . 

I n t h i s section, the following nomenclature w i l l be used* 
c i s the molar Ionic-strength of the.solution f o r a given 

e l e c t r o l y t e , MY, 

The subscript o r e f e r s to experiments c a r r i e d out i n the 

: I I C 1 = 4 C 1 - C I " *\ 
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absence of added e l e c t r o l y t e . 
2c-°v i s the rate c o e f f i c i e n t f o r the hydrolysis of the sub-)-

s t r a t e i n the absence of added e l e c t r o l y t e . 
k° I s the rate c o e f f i c i e n t for the i o n i s a t i o n of the sub­

s t r a t e at zero ionic-strength* 

'CI 
1 d RCl 

RCl dt 

i d RC1* 
" E RCl* dt 

i d HOH 
RCl dt 

where RC1* i n d i c a t e s a substrate containing Cl^S ( C I * ) . The 
rate c o e f f i c i e n t kg i s sei*o for the reactions of benzhydryl 
chloride. 

( i ) cr and a. 
The c a l c u l a t i o n of the e f f e c t s of e l e c t r o l y t e s on the 

rate of i o n i s a t i o n requires a loiowledge of the parameter cy 

(defined i n eouation IV-6). I t was f i r s t necessary to 
c a l c u l a t e the mass-law constant, a, and t h i s was done by using 
the data from experiments with benshydryl chloride containing 
CI , i n the presence of ionised c h l o r i d e s . Equations V I I - 3 
and Itfll-Lj. v/ere combined to give the expression 

k E - k H 

a = 
kHClR 
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Pour estimates of a were obtained from the experiracntc 
with added HCl (0.05M) and NaCI (0.1 1 0.05 and 0.025 H ) . The 
values are given i n Table VII-1 and i t can be seen that they 
do not vary with the ionic-strength. This point v / i l l be 
discussed a f t e r a description, of the method used to c a l c u l a t e 

I n the absence of added e l e c t r o l y t e equation V I I - 3 takes , 
the form 

k° a n t i l o g y - B o ^ c * 1 0 1 

k£ « — — — VII-14 

With added hydrochloric acid i t becomes 
, 0 JIC1 I-IC1 kjr antilo&, n-- Bo- c 

k H - —• '-^-z : VII-15 
n 1 + aCl 

and with added sodium chloride 
fc« a n t i l o g y - B ( o g a C 1 c M a C 1 + o ^ o " 0 1 ) . vn-16 

tt 1 + a C l ~ 

I t was assumed that a did not vary v/ith i o n i c strength (compare 
page Ufi). Therefore f o r added HCl, equations VII-1 h and VII-15 
were combined to give 

^ - ( 1 * f t Q L ; > ; a n t i l o g y - B o i I C 1 ( c H C 1 - c g ^ ) VII-17 
kg (1 + aCl - ) . . . 
and f o r added sodium chloride equations VII-1h and VII-16 
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s i m i l a r l y gave 

1:H • (1 + aCl~) 

• H 
antilogy,-, B 

(1 + OLGL") *° 
NaCl NaCl HC1, HC1 HCIN c .+ o- Cc — c 0 ) 

VII-18 
The noan value of a was inse r t e d i n these equations to give 
three estimates of o N a C L

 Q.J> o ? 0 1
# i n G values are given 

Table VIX-1. I t can be seen, that the values of o ^ a C 1 decrease 
as the i o n i c strength increases, which i s unexpected. This 
may "be r e a l , but i t seems more l i l c c l y that the v a r i a t i o n s are 
vdLtUin tiie l i m i t s of the experimental e r r o r s and that the d r i f t 
i s a r t i f i c i a l * This may be e a s i l y demonstrated. The o-values 
are s e n s i t i v e to errors i n | | , p a r t i c u l a r l y f o r s n a i l concen­
t r a t i o n s of e l e c t r o l y t e . I f tlie experimental error i n r ? i s 
tfS, the error i n c r i s given by 00). . ( 3ee 

- B c M a C 1 

Appendix F ) . 
Table VI1-1 gives the mean value of -these errors, assuming a 
value of 0.05 for x. The discrepancies are serious for the 
addition of 0.Q25M. e l e c t r o l y t e and s i g n i f i c a n t a t 0.051i. 

The apparent constancy of a i s more serious. The t r e a t ­
ment developed by Hughes and Ingold, and adopted with, v a r i a t i o n s 
i n the present studies, r e l a t e s the mass-lav/ constant at a 
given ionio strength to i t s value at zero i o n i c strength by the 
expression 

a = a° antilogy q(A2JC| - B ^ o c j c ^ 
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(see Chapter I I I , page i«-5). The parameter a should therefore 
decrease with increasing i o n i c strength, Values of a.°, 

c a l c u l a t e d from the present data using a mean value of 0.30 f o r 
NaCl 

<y , are included i n Table V I I - 1 . I t can "be seen that they 
are markedly d i f f e r e n t . Values of k a arc also calculated, 

H a d 
assuming that a° = 3 and cr> » 0.30, and are very d i f f e r e n t 
from the experimental values. 

Hughes and Ingold assumed that the a c t i v i t y c o e f f i c i e n t 
of the anion, x!~, could be expressed by the Debye-Huckel 
l i m i t i n g expression 

Consideration of the more extended form of the Debyo-Huckel 
equation, 

v/here fia8 i s a measure of the distance of c l o s e s t possible 
approach, shov/o that s i g n i f i c a n t departures from the predictions 
of the l i m i t i n g law should aride a t the i o n i c strengths employed 
i n the present v/orlc. Proa studies of a c t i v i t y c o e f f i c i e n t s 
of sodium chloride i n v/ater i t appears that 'a* should be of the 
order of h — U.3 Angstrom u n i t s . Accepting toe lower figure* 
as a mean value f o r tho present s i t u a t i o n , the appropriate 
modification of the Hughes/Ingold treatment leads to 

I n f 
(DT; 1000 k 

1 i M e n 
I n f r l 1 + 

(DT; 1000 1000 



A en 

a a a 9 a n t i l o g y c( ̂ ) '.- 'f' ° i < ! i 

8ITNQ h 
where C » • 1 =» 1 oC6 f o r 70/5 aqueous acetone 

10001c (M 1 )^ 

at 20°C. 
The new values f o r a° and calcul a t e d kji, assuming a 

value of It.O f o r a 9 , are also given i n Table V I I - 1 . The agree­
ment i o now acceptable, and i t i s probahle that i t could have 
been much improved e i t h e r by using the value of A f o r 'a', 
or lay employing one of the empirical a c t i v i t y c o e f f i c i e n t 

1 27i 
r e l a t i o n s h i p s v/hich have been proposed . 

Since moEt of the remaining work was c a r r i e d out with 
0.05 molar solutions of the e l e c t r o l y t e s , the constant values 
were accepted for a. The values are i n any case very small and 
a considerable refinement of the present techniques would be 
required i n order to eliminate the u n c e r t a i n t i e s due to 

experimental error. 
*1 -ft 

A mean value of 2.3 wae accepted f o r a, 0.^3 x 10 cms. 
for o ^ 0 1 and 0.30 x 10~ 8cms'. f o r o ^ a C 1 . I t was now possible 
to t r e a t the remaining e l e c t r o l y t e s by analogous procedures. 

Mien the anion of the added leltjctrolyte was unreactive 
(MY ta WaC10ij_, ITaBI?^), or when i t reacted to give a product which 
ioni s e d f a s t e r than ben shy dry 1 chloride (MY = EhSOjjNa, KaNO^ 
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KBr) the procedure VA?.S exact ly the Acme as tha t i n nection ( i ) , 

"because the ra te equations .uere the oame (see pages 137-1U0). 

Equation VII -1S wae thus employed, v/ i th o ^ a C 1 and c ^ 0 1 replaced 

by the corresponding values f o r the e l e c t r o l y t e , MY, 

( i i ) c£ and 

I t was only poss ib le to ca lcu la te values o f the i n t e r ­

ven t ion constant, (3, f o r the react ions o f the benzhydryl ca t ion ; 

w i t h f l u o r i d e ions and asides ions* Equations VI1-6 and V I I - 7 

were combined to g ive 

p - k C l " k H 

where Y~ = or NT. The values o f (3, ca lcula ted from t h i 3 
expression, are given i n Table V I I - 2 and they B i l l he discussed 

a f t e r a desc r ip t ion o f the method used to obta in the o^ va lues . 

The concentrations, o f the e l e c t r o l y t e s v/ere given "by 
29 

equations V I I - 1 3 . Since Shil lafcer ' had shov/n that Me. KBr 

and NaBr accelerated the ra te o f reac t ion o f "benzhydryl chloride,-

i t was assumed tha t Hê NGL and N a d were equivalent . Equation 

V I I - 7 thus took the form, 

j& Since k c l and not k^ v/as determined f o r the reac t ion i n the 
< K & ( X C C X / 

presence o f t h ^ N a B P ^ , the r a t i o i s kciAJ f o r t h i s 

e l e c t r o l y t e . 



CI 
(1 + p O 

1 «• aca~ + PY~ 
^ a n t i l o g y - B ^ c 1 * + o ^ a C 1 c I I a C 1 ) 

where HY «= -Ue l̂TF or ITaNy 

Con.-blnat.ion o f t i l l s equation and.equation V I I - 1 1 ; then gave 

k c i (1 + aOL 0

, )(1.+ 3T-) U Y Mjf N a C i NaCl 
—— = ant H o g . A - B ( o - o + o- c 
leg 1 + a C l - + (3Y- 1 0 HC1 HOI, 

VII -19 

Values o f o^ 6 ^^ and o ^ 3 ^ v/ere then oalcula ted from thifcs 

expression "by i n s e r t i n g the other known values, and they are 

shorn i n Table V T I - 2 . 

TABLE V I I - 2 

Values o f (3 and <r f o r the Reactions o f Bensftydryl Chloride 

w i t h Sodium Asidi- and Tetramethylaamoniura l l u o r i d c i n 70/4 

Acueous Acetone at 20 .08°C. 

E lec t ­
r o l y t e . J** c P 108o- .0* 

¥~ 
10 8 o- I O A O -

0.04530 0.54 -0.53 — — -0.53 

HalTj 0.01254 5.02 2.01 1.0003 0.9933 2.05 + 0.25 

KaN 3 0.01955 5.07 2.01 0.2355 0.9934 2.08 + 0.15 

HaH3 0.041 21 5.45 1.74 0.9357 1.81 + 0.08 

(1 + aCl~) ( l + BY") 
R a 

1 + aCl"* + p r " 

£ Values obtained by neglec t ing p . 

1 •*• o.Cl' 

1 + aca" 

http://Con.-blnat.ion


I t can be seen f r o n Table V I I - 2 tha t the values o f 

are much grcnter than (3^-. Since f l u o r i d e ions are r a the r 

poor nuo lecph i l i c rer-gents, the sna i l vclue o f f j p - I s no t 

unreasonable. However, the values o f Icxj from which I t was 

determined were probably not very accurate (comparo page 132) 

bu t i t can "be seen tha t neglect o f (3 has no e f f e c t on the value 

o f the ff"parameter. Since t h i s i s determined frosr. k ^ , which 

i n not subject to the same inaccuracies as l c n , the experimental 

value can be accepted wi thout reserve. Aside ions Are gener­

a l l y regarded as ra ther powerfu l nucleophi les and the values o f 

are i n agreement w i t h previous conclusions tha t these ions 

are more reac t ive than ch lo r ide ions (compare Table IV-1 ) 

towards carboniura ionsi, Sodium aside was used a t three 

d i f f e r e n t concentrations (0.02M, 0.03K and 0.0521).and the re fo re 

three estimates o f p?C v/ere obtained (see Table V I I - 2 ) . The 
"3 

value a t the highest concentrat ion i s i n poor agreement w i t h 

thoso a t the lower concentrat ions. This probably o r ig ina t ed 

i n the values o f which are open to the p o s s i b i l i t y o f l a rge 

e r rors (see page 132). However, i t i s obvious from the 

r e su l t s given i n Table V I I - 2 tha t 

(1 + aCl~)(1 * 03$) 1 + a d " 
and •• , 

1 + ad" + pri^ 1 + aGl" 
d i f f e r by less than the experimental e r ro r i n £ 0 1 „. 



Comparison o f values o f o*' 3 ca lcula ted us ing the experimental 

values o f (3 and those obtained "by neglec t ing ft™- show tha t the 

d i f f e r ences are unimportant, and the second method avoids the 

uncer ta in ty o f e r rors i n k g . The d i f f e r ences i n the o-values 

moy "bo a t t r i b u t e d to the experimental e r rors i n the ra te 

c o e f f i c i e n t s , l c c l . I f the r a t i o k g j A j i i s i n e r r o r by x?o, 

the e r ro r i n p i s given by ^ ° S ^ 1 w j ^ 1 0 0 ^ . (see Appendix F ) . 
—Be 3 

Table V I I - 2 gives the values o f these e r ro rs , assuming a value 

o f 0,5 f o r x, and i t can be seen tha t such a Email e r ro r i n the 

experimantal value o f could account f o r the observed d i f f e r ­

ences i n the c v a l u e s . I t was the re fo re decided tha t the bes t 

value o f 0 ^ 3 v/as tha t f o r i n i t i a l l y O.OfjM e l e c t r o l y t e , c a l c u l ­

ated on the assumption" t ha t fi was. jsero« The value o f 1 «81 

was therefore accepted* 

The Determination o f the Parameters q , f l and' o - f o r the Reaction^ 

o f p-lvletho^ybensyl Chloride i n 70% Atgaeous Acetone i n the Press 

once o f Slectrolyteao 

The nomenclature used i n t h i s sect ion i s the same as 

t ha t employed i n the preceding sect ion (see page '46). 

( i ) £-and a. l-

Any c a l c u l a t i o n o f tho e f f e c t s o f e l e c t r o l y t e s on the 

r a t e o f i o n i s a t i o n (8^-1) o f p-methoxybensyl ch lo r i de requires 

a kno\7ledge o f the parameter o~ (def ined i n equation JV-6 ) , I n 
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general , t h i s parameter cannot "be determined d i r e c t l y from 

observed rates o f reac t ion since added nucleophilfce may react < 

d i r e c t l y (!%2) v / i th the substrate . This ob jec t ion does n o t , 

however, apply to r e a c t i o n s . i n the presence o f the very weakly 

n u c l c o p h i l i c sodium porchlora te and sodium b o r o f l u u r i d e . Values 

o f o-were the re fo re obtained d i r e c t l y from experiments v / i th these 

compounds and c v a l u e s f o r a l l e l e c t r o l y t e were obtained by ! 

u t i l i s i n g the r e l a t i o n 

°&X " ^ X " Constant » A . . . . . VII -20 

where RX and R'X r e f e r to p-methoxyben^/1 ch lo r ide and benz-

h y d r y l ch lo r ide , respect ive ly (compare Chapter I V , page "75) 

V/e time have, by analogy v/ i th equation VII-10 

k H l + o C l o T MY MY HC1, HC1 HClJ 
— 1 = a n t i l o g y - B io - c + c r (c - c Q ) 
k £ 1 + a C I ' 

Whence i n view o f equation IV-20 

• l i H 1 + a C l 0 r MY MY HC1, HC1 _ f MY MY HC1, HC1 HCU] e n t i l o s 1 0 - B [ o ^ c + o£ (c - c Q

 A )J 
kg 1 * a d " 

a n t i l o g y - B A ( c M Y + c U C 1 - c H C 1 ) VII-21 * 

where o ^ r e f e r s to the e f f e c t o f the e l e c t r o l y t e s on the ra te 

o f i o n i s a t i o n o f benahydryl c h l o r i d e . Equation VII-21 contains 

4 Since ICq^ and not lc-^ wa3 detenalned f o r the reac t ion i n the 

presence o f NaBF^, t h i s r a t i o i s k ^ / k g f o r t h i s e l e c t r o l y t e . 
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two unlaiovffi parameters, A and a.t the aass-law constant f o r the 
p-acthoj iybcn^ ' l c a t i o n . However, tho appropria te ch lo r ide 
i o n conoci^trcition i s i x i a l l i n the ruiis w i t h these e l e c t r o l y t e s 
ar.d morcover„ no t g r e a t l y d i f f e r e n t from the value 0 1 " (see 
Appendix A, Tables A1 and A 2 ) . As a f i r s t approximation tho 
terao i n v o l v i n g d i n enuatioa V I I - 2 1 can be c^tpectod to cancel, 
so tha t we have 

hi , _ [ MY MY , HC1, IIOL l i d * « a n t i l o * . - 3 os c oi (c - c 0 ) 
H 

a n t i l o g y - a&(oII3r + c l I C 1 - o 1 1 0 1 ) V I I - 2 2 

App l i ca t i on o f t h i s equation to tho r e s u l t s w i t h 0.05 U, sodium 

pcrchlora to arid 0.05 -4» sodium b o r o f l u o r i d c gave 10^A as 0.11 

and 0.12, respect ively* A value o f 0.12 x 10 cms. was 

the rc fo ro accepted f o r A and c f o r the other e l e c t r o l y t e s were 

ca lcu la ted from equation IV-20 on t h i s ba s i s . 

I t must be stressed tha t the neglect o f the terms 

containing a causes no e r r o r . Values o f a were ca lcula ted on 

the assumption t h a t 10^A i s equal to 0.12 (see next sect ion) 

and t h e i r o u b s t i t u t i t a n i n equation V I I - B d i d no t a l t e r the value 

o f A . 

( i i ) ffie d e f a l c a t i o n o f cu/ 

. ffiie rates o f h y d r o l y s i s o f p-motiio^ybensyl ch lo r ide i n 

the presence of_nddcd hydrochlor ic ac id o r sodium ch lo r ide arc . 

given by equations V I I - 3 ' . .•.TheIratios:'.'kHAl?I are the re fore 
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given by equations V I I - 1 7 and V I I - 1 8 , respect ively* Once the 
values o f craro lcaown, a can be ca lcu la ted wi thout d i f f i c u l t y * 

The values obtained arc-given i n Table VTI -3 . 

TABLE VI1-5 

Mass-law Constants f o r the Reaction o f p-Methoxybensarl 

Cli loride i n 70$ Aqueous k e t o n e n t 20.08°C„ 

E l e c t r o l y t e MCI 
c 

HOI 0.051 li£ 3.73 
H a d 0.02l|.8U 3.81 

N a d 0.0515h U.05 
N a d 0.10070 U.22 

. I t can be seen tha t the values o f a are constant w i t h i n 

the l i m i t s o f experimental e r ro r , • While a v a r i a t i o n o f t h i s 

parameter w i t h changing i o n i c - s t r e n g t h i s to be expected 

(compare page 1i' r9). the present r e su l t s are completely analogous 

to those obtained w i t h ben.ThydryX c h l o r i d e , and the constancy 

o f the value o f a f o r t h i s compound hs.o alroacty been discussed 

(see j?age 151 ) . I t must be stressed tha t although the a 

values are now almost twice as la rge as those v/ i th bensshydryl 

ch lo r ide , they are s t i l l small and qu i t e unsui table f o r any 

d e t a i l e d discussion o f the e f f e c t o f changing experimental 
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condi t ions on the mass-law constant . A mean vnlue o f U.00 

was accepted f o r u r and assumed to "be the same f o r a l l the 

other 0:5?criiriaits. 

( i i i ) The determination o f 

I t I s r ead i ly shown from equation V I I - 6 tha.V-.the r a t i o 

kjj/k-J , f o r the hydro lys i s o f p-methoxybenzyl ch lo r ide i n tho 

presence o f sodium azldc o r tetrametliylammonium f l u o r i d e , i s 

g iven by 

\Hhcz>o MY K IL̂ ê W2i, o r NaN-j. < Since p i s the only unlcnom 

parameter i n t M o expression i t may r ead i l y bo determined, and 

tho values obtained are l i s t e d i n Table VJI -4 . 

TABLE V I I - 4 

Values o f p f o r the Reaction o f p-Mcthoxyben;iyl Chlor ide 

vr i th Sodium Azlde and Tetramethyiamraonium Fluor ide i n 70% 

Aqueous Acetone a t 20 .08°C. 

E l e c t r o l y t e P 

0.03731 -0 .54 • 
1 1 ^ in 

17a% 0.01234 0.58 + 0.91 

0.02263 7.53 + 0.-54 

HaH 3 . 0.03199 7o68 + 0,40 

http://tha.V-.the
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Foot-note to page 160. 

0 I t was assumed tha t Me^Cl and NaCl were equivalent (compare 

page 153). 

I t can b© seen tha t the @ values f o r the aside I o n 2mly 

agree t o l e r a b l y w e l l w i t h each other* bu t the agreement I s 

w i t h i n the l i m i t s o f experimental e r r o r , A small e r ro r i n the 

observed hydro lys i s r a t e has the most serious e f f e c t on the 

value o f p, p a r t i c u l a r l y those determined from experiments w i t h 

the most d i l u t e s o l u t i o n s . I t may eas i ly be shown tha t an 

e r r o r o f +x# i n the r a t i o ten/kg leads to an e r r o r o f 

x / 1 + c,CH.~ 
AfJ rt + { £ + 

100 \ • 
These, e r rors are shown i n Table VII-2+ assuming a value o f 7.96 

f o r B and an e r ro r o f \% i n kjjAjj • They e n t i r e l y account 

f o r the observed d i f f e r ences i n the value o f t h i s parameter 

and the mean value o f 7.96 was there fore accepted f o r 3 f o r the 

reac t ion betv:een azide ions and the p-methoxybenijyl c a t i o n . 

The r e su l t s i n Table V I I - U show a small negative value 

f o r 6 f o r the reac t ion i n the presence o f tetramethylammonium 

f l u o r i d e . I t seems l i k e l y tha t t h i s value ar ises from the 

experimental e r ro r i n the determination o f kjj j , since an 

allowance had to be- mado f o r the disappearance o f ac id from the 

reac t ion mix tu re . 



Calculated Values o f k f o r the Reactions o f p-i'tcthoxybfcnz?/!, 

Chloride i n the Presrai.ee o f KLeotrolytes , Assnminp: only %1 

Reaction.. 

Hie ra tes o f decomposition o f p-methoxyben?.;yl ch lo r ide 

( k x ) , e j e c t e d on the assumption tha t there v/ao no %2 s u b s t i ­

t u t i o n o f the substrate, were ca lcu la ted by i n s e r t i n g the 

appropriate values o f a, p and c i n the expressions f o r k^ , k c l 

and k j j which have already been derived f o r benzhydryl c h l o r i d e . 

The Calcula t ion o f the Rela t ive Amounts o f Unimolecular and. 

Bimolccular Attack by Pyr id ine on p-Methoxybensyl Chloride i n 

10% Awueous Acetone a t 20.U9°C. 

The ra te o f hyd ro lys i s (S j j l ) and ra te o f t o t a l r eac t ion 

(%1 + S^2) o f p-methoxybenzyl ch lo r ide by water and p y r i d i n e 

are given by 

k„ 

1 + a C I " pP 

fc, (1 + PP) 
and/ k ^ a — 3 ~ + k ,P 

0 1 1 + a CI + pP b 

« k H ( 1 + pp) + k^P V I I - 2 3 

respec t ive ly , (compare equations V I I - 6 and #11-7) , where P i s 

the concentrat ion o f the reagent. 

Thus at tack by p y r i d i n e i s g iven by 

k c l - k H « kHPP + kgP 

http://Presrai.ee
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Assuming tha t the at tack on t h i s substrate fo l lowed only 
mechanism 8^1, a value ( k d i c a i f c could be determined from 
equation VI1-23, o m i t t i n g kg ; thus 

0 : Ci)calc. a 1 C H C 1 + PP) 

Therefore 

^ C l W c . - *H - • V I I - 2 5 
SK1 . 

The value o f (^ci) c ai; c could not be determined d i r e c t l y , since 

the e f f e c t o f p y r i d i n e on the r a te o f i o n i s a t i o n o f p~methoxy-

bensyl ch lo r ide could not be determined (Compare Chapter V ) . 

I t was assumed, however, tha t t h i s e f f e c t was the same as the 

corresponding e f f e c t on the r a te o f i o n i o a t i o n o f benzhydryl 

c h l o r i d e . The e f f e c t o f p y r i d i n e on the ra te o f reac t ion o f 

ben shy dry 1 ch lo r ide i s given by the r a t i o k ^ / k g , v/here kg 

i s the ra te c o e f f i c i e n t f o r the hydro lys i s o f t h i s compound i n 

the absence o f p y r i d i n e . 

Therefore, 

( l c Cl)ca lc 

•I / PhCT^Cl k H 

and comparison w i t h equation VII -25 g ives 

Ekg - k H « k H pP V j I - 2 6 

.. . V 
where kg i s the r a t e c o e f f i c i e n t f o r the hydro lys i s o f p -
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metho:*ybenzyl ch lo r ide i n the absence o f p y r i d i n e . The 

percentage o f the at tack by py r id ine on t h i s compound which 

proceeds by mechanism %1 can be r ead i l y ca lcula ted from 

equations VII -2k and VII~26. The values obtained are given I n 

TableVTI-5 and can be seen to be constant w i t h i n tho l i m i t s o f 

experimental e r r o r . 

TABLE V I I - 5 

The Reaction o f U r i d i n e w i t h p-llethoxybenzyl Chloride 

i n 10% Aqueous Acetone a t 20.39°C. 

Pyr idine 
Cone ent r a t i on i o^ c l 1 0 ^ K 

calc. ' 
* V 

0.2U72 2.573 * 2.172 0.9W-i-3 2.369 U9.1 

0J-.9.'-:-2 2.606 1.865 0,9093 2.280 56.0 

0.7^20 2.660 1.611 2.169 52.8 

j£ 10 i ! k£ « 2.507 

Calcula t ion o f Resul ts . 

21 can ra ta c o e f f i c i e n t s , k^ , were obtained f o r oach ran . 

Tho standard dev ia t ion o<k) was obtained from tho r e l a t i o n 

a. 

where n i s the number o f asperate determinations o f k . 



SMrst-or&er ra te c o e f f i c i e n t s were obtained from the 

equations 

dRCl CL RG1 

dROH 
RCI 

/ 1 
d R a * k a 

RC1* 

where the s t a r ind ica tes a r ad io -ac t i ve species. 

The k i n e t i c runs are shown i n d e t a i l i n Appendix A a t 

the end o f t h i s chapter and are summarised i n Tables A1 , A2 

and A3 (pages 23b—2k5)o 
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CHAPTER V I I , APPENDIX A» 

1 . HYD5QLYai3 0? p-NITRODENZTIYDRYL CHLORIDE IN 50% AQUEOUS 

ACET0N7T..-

2 . REACTIONS OF BENZHYDRYL CHLORIDE AND P—METH0XYBEN2YL 

CHLORIDE I N 10% AQUEOUS ACETONE IN THE PRESENCE OF ELECTROLYTES.-

AND NON-ELECTROLYTESy. 

D e t a i l s o f k i n e t i c runs . •> 

Rate c o e f f i c i e n t s are a l l f i r s t - o r d e r values ca lcu la ted by 

the equations given on page 165. I n each case f u l l d e t a i l s 

o f one run i s given and the mean ra te c o e f f i c i e n t s k ' f k M e t c . 

o f the dupl ica te runs are quoted. 

A l i s t o f solvents i s given a t the end o f t h i s sect ion and 

also a summary o f the mean values o f the ra te c o e f f i c i e n t s 

and the ion ic - s t r eng ths o f each experiment* 



Expt .1 . i j^Mtrobenghydryl Chloride I n 50% ao.Acetone at 20.50.' 

5 m l . t i t r a t e d w i t h 0.003273 H HaOH. 

•'Time*' T l t r q 10 1c 

0 1.37 — 

1119 4.55 5.340 

1435 5.21 5.252 

1755 5.95 5.375 

3052 7.93 5.309 

4270 . 9.21 5.305 

0 
• 

0.20 ** 

353 1.47 5.253 

2518 5.75 5.224 

2921 7.35 . 5.374 

3959 3.52 5.322 

00 11.92 

. ,1c a 5.307 ( 9 readings) 

dup l ica te Experiment* k 1 » .5.332 (10 readings) 

Mean 1c - 5.320 + 0.0124. 

* Time I n minutes. 
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I3xpt.2, p-Ritro'benghyaryl Chloride i n Off, an.Acetone n t 29.56°C 

6 n l „ t i t r a t e d w i t h 0,003286 SI NaOfU 

Tino* 

0 

700 

842 

1018 

1200 

T i t re 

0,21 

6.U6 

7.30 

8«/l6 

8.90 

9.65 

1 0 5 k 

1.680 

1.696 

1.697 

1.697 

0 00.29 -
123 1.71 1o673 
241 2,92 1.674 

363 4,-02 1.669 

433 4.99 1.672 

603 5.82 1.662 

725 6.68 1-697 
773 7.01 1.678 
C O , 12.53 

k « 1,681 + 0.0013 

(12 readings) 

* Time i n minutes. 
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Espt.3.... p^l t robenshydryl Chloriao i n . 50?? ag'.Aco-fcono at 59,51 °C 
6 n l . t i t r a t e d with 0.003553 W HaOHL 

Tine* T i t r o • 10 5 It 

0 0.25 -
32 1 .50 5-220 

61 2,51 5-192 
102 3o80 5.1 QU 
122* 4.52 5.323 
157 5.33 3.231 
202 6,33 5 - m 
262 7.57 3.233 
322 0.61 5.295 
h02 9.63 5.316 

10i50 5.311 
563 m i 3 - 3.310 
CO 13*30 

& a 3.254 (11 roaOlngo) 
JXrplicats Kgporlacat. te9 a 5.236 (12 readlngo) 

1 

Mean Is « 5„255 + 0„bl04 
1 

* Tine i n Eiinutes* 
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Ejcot.Il- T)fHit3X>T3Cgi3hyaryl Chloride I n 507$ aci. Acetone at k9.39°C 
6 m l . t i t r a t e d vdth 0.003333 H NaOH» 

Time- T i t r c 102* lc 

0 0.36 mm 

360 0.99 1.580 

600 1.1*0 1.589 
1140 2.22 1 -557 
1860 3.27 1.577 
2500 4.19 1.579 
3420 5.10 1.563 
4330 6.10 1.590 
54ocT 6.89 1.565 
6480 7.70 1.582 

76G0 8.45 1.597 
9000 9.04 1.577 

101A0 9*65 1 -597 
12240 10*19 1.598 

GO 11.81 

Is » 1.581 (13 readings) 

Su-plicate Experiment. 1c9 1,582 (13 readings) 

Moan 1c « 1.581 + 0.0023 
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Expt.5• u-Hitro'bonahycLgyl Chlorido I n $0% afl.Aeotono at 6o.U1°C 

6 n l . t i t ra ted, t d t h 0.003333 H HaOII. 

Time T i t r o i o k 

0 0.G0 -
2iiO 2*01 4.760 

630 "3-71 4.780 

2290 8-22* 4.704 

2890 9-21 4.828 

3600 10.03 4.852 

4425 10*65 4.811 

0 1.10 -
400. 2*99 4.773 
710 .4*21 + 4*745 

1103 5»58 4*804 
1410 6.48 4.840 

1845 7.2*8 • 4.787 
00 11.98 

3c o 4«797 (11 readings) 

Duplicate l&cperimant. • k f = 4.801 (11 readings) 

Moan Is * 4*799 + 0.0087 



Expt. 6. Benzotrlchloride i n 50% ag.Acetone at 2Q.59°C 

No added sa l ts . 

5 ml . t i t r a t e d with 0.009259 N NaOH. 

Time . T i t r o • 101* k 

0 0.10 -
1495 1.12 5-900 

3120 2*13 5-889 
4720 3*02 5-856 

6480 3.90 5-818 

81 60 • 5-848 

10080 5-45 5-792 

11820 6.08 5-776 

12990 6.51 5-808 

k a 5-835 ( 8 readings) 



I 

' IJ • 

Expt. 7. Dcnshydryl Chlo-rido i n 10% an.Acotono V at 20.08°C 

No added sa l t s . 

5 m l . t i t r a t e d v/itla 0.007093 H WaOH. 

Tino T i t r o 10t!" J: 
0 0.20 -

423 1.48 2.498 

850 2.65 2.522 

1350 3.88 2.540 

1745 4.71 2.515 

2345 5.88 2.533 

2995 6.90 2.506 

3650 7.81 2.510 

4440 8.77 2.554 
5255 9.52 2.523 

6195 10.25 2.535 
7230 10.03 2.515 
00 12.89 

le b 2.524 + 0.0040 (11 readings) 
1 

k f « 2.530 +0.0064 (11 readings) 
1 

i 
1 



Expt.8. Banshydryl Chloride I n 10% aei. Acetone I at 20,05°C 

Added IIC1 0,04762 M. 

5 m l . t i t r a t e d t r i t l i 0.02215 H NaOII.. 

Time T l t r e . , 10^ k 
0 10.81 -

495. 11.42 (2.433) 
1055 12.07 2.537 
1585 , . 12.62 2.592 
2060 . . 12.99 . 2.523 
2615 12.42 2.546 
3255 13*86 2.578 
4000 14.27 

• 
2.585 

4745 12.58 2.552 
5395 14.85 2.588 
6390 . . 15*13 2.554 
7070 15.39 2.543 

CD 16.18 

fc a 2.560 +0.0070 (10 readings) 

Duplicate Experiment. 

Added HC1 0.05086 -H. 2c' « 2.566 + 0.0105 ( 9 readings) 



17.0. 

Expt.9. Bonrihydryl Chlorido i n 70rA an«Aootono I I at 20.0QCC 

Added HaCl 0.02519• 

5 m l . t i t r a t e d wi th 0.008726 IT ITaOH. 

Tina T i t r o 10 ,+ k 
0 0.20 -

435 1 .40 2.435 
865 2.49 2.462 

1275 3.40 2.449 

1735 4.30 2.427 
2285 5.30 2.441 
2890 6.24 2.442 
3610 7.20 2.448 

4435 8.10 2.447 
5345 8.85 2.416 

6395 9.60 2.425 
7630 10.31 2.465 
00 12.13 

k o 2.441 +0.0043 (11 readings) 
Dupllcato Experiment. 

Added KaCl 0.02303' I I . k* * 2.457 + O.OO56 (11 readingc) 
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Expt.10. Denahyaryl Chloride i n 7Q'/S aq.Acetone I I I at 20.08°C 

Added NaCl 0.05144 M. 
5 m l . t i t r a t e d wi th 0.008726 H NaOII. 

Time. T i t r o 

0 0.27 
• 

-
300. 1 .52 2.372 

895 '2.41 2.396 

1383 3.38 2.360 

2290 4.90 2.353 

2865 5.71 2.345 
3520 6.50 2.334 
4260 7.29 2.342 

5040 7.99 2>351 
6025 8i69 2.350 
7290 9*40 2*360 

k « 2.353 + 0.0 (10 readings) 

Panli c at c Exp erimont 3. 

Added HaCl 0.05149 U. k ? « 2>365 + 0.0 ( 9 readings) 

. 0.05092 M» k H « 2.360 + 0.0 (10 readings) 

' 0.05133 H. k«"» 2,375 + 0.0 (12 readings) 

fyyr. k- -a-36if /"V/A.a Hi' 



Expt.11. Bonshyflryl chloride I n 707* an.Acetone V at 20.00°C 

Added NaCl 0.1004 M. 
5 ml, t i t r a t e d t j i t h . 0.007093 H NaOH* 

Tine T i t re 10*t lc 
0 0.15 -

475 1.44 2.119 
980 2.70 2.146 

1505 3.82 2.112 
1980 4.77 2.122 
2665 5.95 2.113 
3435 7.15 2.135 
4200 0.30 2.171 
5225 9.14 2.107 
5940 9.01 2.127 
6795 10*41 2.111 
7855 11 ,10 2.133 

CO 13.62 

Ic o 2.127 + 0.0054 (11 readings) 
Popli cate Experiment3. 

Added Had 0.1003 M. • 2.140 + 0.0056 (11 readings) 

0.1003 M. 1c" m 2.115 + 0.0039 (11 readings) 

http://Expt.11
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Expt.12. Bonshydryl Chloride i n 70% ag.Acetone I at 20.0S°C 

Added HC1 0.03000 U. 

10 m l . of aqueous extract counted f o r 1 hour and t i t r a t e d 

VriLth 0.02215 1? KaOH. 
Time Count/min. T i t r e 10^ lcH 

0 175 9.92 -
465- 893 10.39 2.764 2.496 
870 1454 10.76 2.793 2.509 

1270 1954 11,11 2.813 2.566 
1700 2449- 11.44 2.846 2.582 
2150 2863 11.70 2.809 2.501 
2630 3316 

« -
12.04 2.863 2.600 

3105 3664 12.28 2*859 2.582 
3590 3946 12.50 ,2.814 2.573 
4200 4285 12.73 2.813 2.545 
4885 4623 12.95 2.834 2.520 
5400 4818 13.10 2.830 2.516 
6105 5059 13*30 2.842 2.555 
00 6105 14.20 

Duplicate Experiment. 

Added HC1 0*05000. If . ' 

k E « 2.824{ k H "* 2*545. 

(lcET k H ) " 0.279 + 0,0066 (12 readings) 

(k^.-3cJ)a 0.277 + 0.0166 ( 9 readings) 
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Expt.13. Bcnahydryl Chloride i n 70?$ aq.Acetone XXX at 20.08°C 

Added NaCI 0,02513 M. 

10 ml. of aqueous extract counted f o r 1 hour and t i t r a t e d 

wi th 0.008726 H NaOII. 

Time Count/min. T i t r e 101* lew 10^ )cH 

0 231 0.20 . - -
455 1083 1 *21 2.551 2.490 
980 1965 2.20 2.592 2.432 

1485 2697 3.05 2.585 2.418 

1945 3277 3.84 2.572 2.507 
2420 3815 4.57 2.569 2.489 
2910 4300 5.01 2.563 2.1*49 
3555 4873* 5*62 2.574 2.401 
4160 5302 6.22 2*559 2.441 
4800 5726 6.71 2.577 2.438 

5615 6139' 7.19 2.565 2.402 

6445 6497 7.67 2.571 2.432 
7600 6872 8.20 2.567 2.475 

(SO 7973 9.64 

« 2.570; k H m 2*448. 

a 0.122 + 0.0103 (12 readings) 

Duplicate Experiments 

Added NaCl 0*02511 M. (k£- k&)» 0*163 + 0.0077 (10 readings) 
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Expt.14. Bengjhydryl Chloride I n 10% aq.Aootone IV at 20.08°C 

Added Had 0.05150 M. 

10 m l . o f aojuoous extract counted f o r 1 hour and t i t r a t e d 

wi th 0.009560 H HaOH. 

Time Count/min. T i t re 1PU k H 

0 290 0.23 - mm 

755 1549 . 1.40 2.875 (2,709) 
1210 2173 1.94 2.854 2.606 

1585 2653 2,40 2.876 2.649 

2065 3169 2.86 2.861 2.601 

2545 3670 . 3 0 2 2.915 2.632 

2980 4G80 3.71 2.969 2.679 
3610 4359 4.01 (2.757) 2.589 
4140 4771 4.40 2.363 2.597 
4690 5006: 4,70 2.902 2.611 

5655 5456 5-07 2,394 2.559 
6655 5770 5.40 2.854 2.551 
00 6745 6.56 

k E » 2.881; k H « 2.607. 

(k E ~ k 1 £ ) m 0.274 1 0.0092 (10 readings) 
Duplicate Experiment.; 

Added KaCl 0.05133 M. ( k E - k^ ) " 0.286 + 0.0137 ( 9 readings) 
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Expt.15« Bcnshydryl Chloride I n 70;» aq.Acetone I I at 20b08°C 

Added NaCl 0.1005 Ifi. 

10 ml." of aqueous extract counted f o r 1 hour and t i t r a t e d 

vrlth 0.008726 N HaOII. 

Time Count/aiin. T l t r e 10'+ kf l 1 0 U k B 

0 269 0.26 -
455 1 0 9 7 . 1 .05 2.769 2.136 

985 1910 1 .92 2 . 7 1 7 2.191 

1555 ' 2699 2.78 2 . 6 8 0 2.190 

2030 3205 . 3 .31 . 2 .683 2.171 
2650 3804 3.97 2.661 2.147 
3340 • 4390 . . .4.69 2.667 2 . 1 8 6 

4225 • 4958 5.14 2.630 ( 2 . 0 0 3 ) - ^ 

5060 5404 5.84 2.622 • 2 . 0 9 0 

5945 5815 6.42 2.653 2.145 

6885 6104 6*87 2.615 2.155 
775C 6325 7.17 2 . 5 9 8 2 ,131 

8760 6535 7.50 2.621 2 .142 

CO 7259 8 . 8 1 

- - - - - - • Mean k E s 2 . 6 6 0 ; kg e 2.153. 
-

^ H ) » 0.505 + 0 .0135 ( 1 1 readings) 

— 

3<\ 
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Expt.16. Bcnghyfayl Chloride I n 70# ao.Acetone VI at 20.0&°C 

Added ITaBF^ 0,05082 M. 

5 m l . t i t r a t e d vnUft 0.009560 K ASNO3.. 

Time T i t r e 10^ ic 

0 0.19 -
300 1.18 5.101 

605 2,09 3*091 

925 2.97 3.102 

1273 3.82 3.091 

1705 hnlh 3.077 

2165 5.65 . 3*109 

2703 6.56 3-132 

3335 7.34 3*075 
4160 . 8.23 3.070 
5040 8.97 , :. 3.074 
5335 9-23 3*121 
6050 9.62 3.089 
CO 11.34 

l£ o 3.094 + 0.0054 (12 readings) 

Duplicate ExTJerimbnts. ' ••" '~" . ~~ \ 

Addod NaBF^ 0.05036 M. lc» « 3.040 + .0.0029 ( 9 readings) 

0.05082 M. lc" » 3.055 + 0.0067 (11 readings) 
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Expt.17. Benghydryl Chloride i n 70'̂  ag»Acetono V I I at 20.08°C 
Added Mê NP 0.03752 M. 

( i ) 5 m l . t i t r a t e d with. 0.009775 H A0NO3 

( i i ) 5 m l . t i t r a t e d with 0.01036 H HaOH* 

Time CI" loft k ^ Time* (a-x), H Sohe. n + 

i icorr . 
1 Pit k H 

0 0.33 • - 0 9.18 1.12 1.12 -
660 1.92 2.620 660 7.72 2.59 2.60 2.672 

1265 3.13 2.592 1255 6.60 3.66 3.68 2.615 
1905 4.25 2.606 1905 5.56 4.65 4.68 2.592 

2575 5.21 2.593 2490 4.76 5.50 5.55 2.642 

3255 6.08 2.621 3300 3.85 6.26 5.33 2.577 
3990 6.86 2.644 3990 3.21 6.89 6.99 2.592 

1+645 7-43 2.656- 4640 2.70 7.34 7.46 2.579 
5315 7.93 2.674 5225 2.32 7.71 7.86 2.590 
6010 8.35 2.682 5995 1.89 8.04 8.22 2.567 
6690 8.73 (2.718) 6680 1.58 8.35 8.57 2.584 
7290 8.92 2.672 7270 1«35 8.50 8.74 2.565 

00 10.35 

I S Q B 2.636 + 0.0102 (10 readings) 

l c a _ « 2.596 + 0.0095 _(11 readings) 
Duplicate Experiment. 

k ^ » 2*570 + 0.0055 (11 readings) 

(Time* » Time + 115 seconds) 
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Espt.18. Bcnahydryl Chloride i n 70% aq.Acetone X at 2Q.'08°C 

Added PhSO^Na. 0.04933 M. 

5 m l . t i t r a t e d vdth 0.009398:•el NaOH. 

Tine T i t r o 101* fc 
0 0.21 -

450 1.48 2.677 
800 2.36 2.660 

1200 3.26 2.637 

1695 4.30 2.673 

2195 5.19 2.671 
2860 6.20 2.665 
3590 7.11 2.655 

4365 7.92 2*658 

5200 8.63 2.665 
6120 . 9.28 , 2.694 
7220 9.82 2.682 
00 11,44 

I 

fee 2.667 ± 0.0043. (11 readings) 
Duplicate Experiment. 
Added PhSO^Na.. 0*0~500yM. - - - - - - - - - -

• 2.679 £ 0.0034 (11 readings) 
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Expt.19. Bonshydryl Chloride i n 70$ acuAcotono IX at 20.00°C 

Added HoHOj 0.05015 M. 

5 ml . t i t r a t e d vdth 0.01008 H ITaOH. 

Tirno T i t r c 10^ Jc 
0 0,20 -

380 1*38 3.122 

825 2.57 3.107 
1300 3.70 3.120 

1675 4.49 3.138 

2115 5.28 3.127 
2575 5.98 3.107 
3115 

• 
6.78 3.164 

3725 7.48 3.174 
4530 8.22 3.186 
5400 8.80 3.166 
6560 9.3^ 3.139 

00 10,70 

& * 3*141 + 0.0079 (11 readings) 
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Expt. 20. Boizhydryl Chloride i n aq.Acetone IX at 20.08*0 

Added KaN03 0.05032 M. -

5 m l . t i t r a t e d v/ith 0,008170 2J A2NO3. 

Time T i t re 10^ ic 
0 0.47 -

370 1.87 
1 

3.062 
840 3 . I& 3.150 

1930 6.32 3.180 
2400 7.24 3.155 
2825 7.96 3.135 
3550 9,05 3.148 
4220 9*78 3.105 
4845 10.44 3.144 
5415 10.90 3.147 
6325 11*38 3.0^5 

13.22 

eo» , a = =o « , ^ ^ 

Is » 3.129 + 0,0105 (10 readings) 
Duplicate Experiment. 

Added !TaK03 0.05025 H. k» e 3*147 + 0,0082 (10 readings) 
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Expt.21 • Denghydryl Chloride i n 707& ag.Acetone IX at 20.08°C 

Added KBr 0.05008 M, • 

5 m l . t i t r a t e d wi th 0.009560 N HaOH. 

Time T l t r e 10^ 1c 
0 0.21 -

U70 1-78 3o151 
830 2*89 3*221* 

1170 3.75 3*11U 
1530 U.62 3.191 
1900 5*40 3*190 

2355 6.28 3*221 

2855 7*06 3.195 

3395 . . 7*80 3*220 

iv295 , 8*78 3*232 
501*0 9*U0 3*21+1 

5805 9*88 . 3.232 
6500 10*23 3.229 

00 11.63 

lc - 3.206 + 0.0089 (12 readings) 
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Expt.22. Bonzhydryl Chloride i n 70# aq.Aoetono IX at 20.08°C 

Added KBr 0.05010 M. 

10 ml . of aqueous extract counted f o r 1 hour and t i t r a t e d 

vrtth 0.009560 H NaOH. 

Timo Count/mln •' T i t re 104 * K 101* k H 

0 266 0.33 - -
430 1113 1.5^ 3.069 3.112 

830 1880 2.64 3.224 3.224 
1220 2409 3.43 3.069 3.109 
1525 2828 4.00 3.063 3.063 

1995 3431 4.90 3.097 3.135 
21*30 3838 . 5.41 3.022 2.993 
30i].5 4387 . 6,26 3.011 3.036 

3705 4850 6.83 2.972 2.922 
4565 • 5350 7.58 2.954 2.931 
5470 • 5761 8.18 2.945 2.934 
6485 6063 8.59 2.867 2.829 

00 7133 10.16 



1 0 9 . 

Expt.23. Benzhydryl Chloride i n 10% aq.Aeetone V I I I at 20.10°0 

Added NaNj 0.02026 M. xio° ' 

5 m l . t i t r a t e d vrtLth 0.009132 H AgNOj 

v, i l l ' 1 ' 
Time CI" Cl"*+ N3- A/* 1PU. *T 

0 0.39 11.89 I, •,'.-> -
825 2.84 14.12 2.677 2.457 v 

1295 4.03 15.21 / i l l 2.698 2.473 
16?0 4.85 . 16*05 

|| cl 
2.682 2.524 

2250 6.03 17.11 
|| cl 2.708 2.522 

2815 6.86 17.87 ll-ol 2.634 2.446 

3470 7.83 18.72 /(//'I 2.657 2.441 
4210 8.64 19.67 

it '\L 

2.615 2.516 -

4965 9.31 ' 20.34 || Hi 
.. ft' 

2.577 2.494 
5950 10.10 21.05 2.589 2.480 

6940 10.66 21.56 2.562 2.440 
CD 12.75 

0-

Duplicate Experiments. 

Added NaN-j 0,01980 Mo 

kci • 2.640 + 0.0163 (10 readings) 

k H a 2.479 + 0.0110 (10 readings) 

k ^ e 2.640 + 0 .0154_0° re^^^gs) 
k£ • 2.489 +0*0109 ( 7 readings) 



•: 1 9 0 . 

Expt.21*. Bcnzhydryl Chloride i n 10% aq.Acetone V I I I at 20.10°C 
Added NaNj 0,029(56 M. 

Ltrated v/ith 0*009132 IT AgW03 

Time CI" C l % N" 1P>,k,oi 101* k H 

0 1*72 18.17 -
1+10 2.85 19.20 2.691 2.1*51* 

825 3*93 20*15 2.766 2.1*81 

1315 k.9U 21.05 2.685 2.1*03 

1850 6.03 , 21.99 2.71& 2.1*32 

21*90 7*02; 22.95 2.700 2.1*51 

3120 7.81* 23 .71* 2.670 2.1*51* 

381+5 8.60 21*.1*1 2.625 2.397 

1*615' 9.36 2i+*98 2.61*9 -
5530 10.07 25.61* 2.666 2.396 

61+80 10.66 , 26*21 2.695 2.1*55 
00 12.55 

*C1 « 2*689 + 0.0125 (10 readings) 

k H a 2.1*36 + 0.0122 ( 9 readings) 

Da-plicate Experiments. . 

Added KaN3 0.02983 -M, _ _ k j ^ » 2*692 .+ 0.013h ( 9 readings) 
t 

k« a 2.1*56 + 0.0225 ( 7 readings) 



191.. 

Expti25. Benshydryl Chloride i n 10% an.Acetone I at 20.08°C 

Added lfaN 3 0.0501Q"M. 

5 ml* t i t r a t e d with 0.009461 2 AgNO-jo 

Time T l t r o 10** k 
0 0 . 3 4 -

420 1-9.1 ( 3 . 0 3 8 ) 

720 2.86 2.965 

1115 4 .06 2.993 

1715 5.61. 3.001 

2270 6*76 2,968 

2685 7.53 2.966 

3275 8 . 4 8 2.966 

2995 9.38 2,933 
4630 10.06 2.927 

6275 11.37 2 .941 

00 1 3 . 4 4 

^ ~ • 

l£ a 2.962 + 0 . 0 0 8 3 ( 9 readinga) 

Duplicate Experiment. 

Added M 3 0.05023 M. 1c' * 2.945 + 0.0147 (11 readings) 



Expfc.26. todyrtryl Chlorldo i n 70,1 an.Aootono I at 20.10°0 

Added NoH-j 0,05017 M. 

5 m l . t i t r a t e d wi th 0.009461 M A3MO3. 

cor . 10* HcGL 
0.27 26.97 -

l£5 1.66 • - 2.996 -
815 2.83 28.85 3.049 2.289 

1225 3.34 29.65 2.990 2.287 
1715 4.88 (30.1i4) 2.941 
2360 6.13 (31.36) 2,968. -
3045 7.16 32.22 y 2.9l»4 2.331 
3710 8.02 

* 
32.95 2.955 2.373 

4390 8.73 33.52 2.956 2.377 
5105 9.26 33.96 2.899 2.342 

5065 ̂  9.77 34.37 , 2.889 2.334 
6695 10.25 34.76 2.911 2.356 

CO 11.91 

tecl « 2.954 + 0.0134 (11 roadinss) 

ICH • 2.336 + 0.0111 ( 8 readings) 

Duplicate Experiments,., . 

Added HaN3 0.05051 H. ^Cl = 2 » ^ 6 +.0.0226 (11 readings) 

*e 2.321 + 0.0029 ( 8 readlnco) 



193 

Expt• 27«p-Mcth07qrt>onzyl Chloride i n 70# ag.Acotono XISI at 20.08°C 

No added sa l t s . 

5 m l . t i t r a t e d Tilth 0,003881 N HaOH. 

Time . T l t r e 10^ k 
0 0-1S? -

355 . 1.23 2.297 
725 2.28 2.354 

1150 , , 3.29 2.301 
1640 4.40 2.321 

2175 5.50 2.336 
2850 6.60 2.302 

3440 7.51 2.319 
W O 8.30 2.306 
4820 9.12 2.303 
5635 9.90 2.317 
6620 10.So 2.298 

7415 11*10 2.306 
00 13.51 

lc » 2*313 + 0.0048 (12 readings) 

k ' o 2.315 + 0.0054 (11 readings) 



194. 

Expt.28«p-Mothorcvbensyl Chloride I n 707S ao.Acetone X I I I at 20.08°C 

Added E d 0.03177 M. 

5 m l . t i t r a t e d wi th .0.02168 N BaOH. 

Time . T i t r e 10** & 
0 11.81 -

490 12.31 2.002 

910 12,73 2.075 
1330 13*10 2.076 

1865 13-51 2.055 

2U65 13-94 2.064 

3275 - 14*W 2*106 

3840 14*75 2.083 
4680 15*17 2.099 
5525 15*49 2*115 

6393 15*72 2*061 
7300 16.00 2.104 

00 17.15 

Dupli c at e E:co o r i aent • 

Added l i d 0,05133 M. 

,fc - 2.072 + 0.0092 (11 readings) 
• a ± »•><» ( i t , (,w, (»>*) 

lc» a 2.059 + 0.0141 (10 readings) 



Expt.29.p-Mothoxybonzyl Chloride I n 10% an.Acotono XIV at 2QnQ3<>C 

Added NaCl 0.02477 M» 

5 ml , t i t r a t e d \-vith 0.008013 N NaOII. 

Time T l t r e 10'"!- 1c 
0 0*21 -

400 .1.58 2.269 
930 2.72 2.255 

1415 3.79 2.220 
2060 5.00 2.211 
2430 5.72 2.203 
2940 6.56 2.208 

3533 7.40 2.109 
4260 8.29 2.196 

5165 9.22 2.191 
6250 10.14 2.197 
7510 10.93 2.184 

00 13.51 

lc a 2.211 t 0.0075 (11 readingo) 
Duplicate Esrperlment. 

Added" ITaCI ~;0702512r'2S7~ Ic' « 2.212 £"0.0044 (11 readings) 

file:///-vith


196 

Expt.30.prMethoxybenaarl Chloride I n 70# go.Acetone XV at 20.0fl°C 

Added NaCl 0,05202 M. 

n l , t i t r a t e d vrflth 0.009398 K NaOH. 

Tine T i t r o 10lh.c 
0 0.20 

510 1 .32 1.973 
856 2.05 1,991 

1320 2.90 1.992 
1935 3.95 2,002 
2595 4.92 1.995 
3325 5.89 2.007 
4065 6,70 2.001 
48 60 7.51 2.022 
5995 8.35 1 .996 
6910 8.94 I .996 
7910 9.50 2.012 

CO 11*88 
I 

k « 1.999 + O.OO36 (11 roadinge) 
Duplicate Experiment. 

Added HaCl 0.0~5i"40 1.994 + O.OO65 (11' readings) 



197. 

Expt .31 .pWJethoxypcnayl Ohio r l do I n 10% an .Acetone XVI at 20.08°,C 

Added NaCl 0.1003 M. 
R m l . t i t r a t e d wi th 0.008881 H NaOH. 

Tine T l t r c 10^ 1c 

0 0.21 -
460 1.18 1 .812 

933 2.11 1.777 
1460 3.02 1.801 

2015 3.90 1.797 
2700 4.88 1.796 
3430 5.77 1.783 
4235 

* 
6.63 1.774 

5125 7.43 1.760 
6120 8.27 1.780 
7320 9.01 1.760 
8815 9.83 1.780 

CD 12*36 

Duplicate ISxporiiacnt. 

Added XTaCl 671008"M. " 

is « 1 . 7 8 4 + 0 . 0 0 4 7 . ( 1 1 readings) 

lc' « 1 . 7 9 4 + 0 o 0 0 2 1 ( 1 1 readings) 



190. 
- • 

Expt.32«p.-Metho3cybonigrl Chloride i n 10% aq.Acetone XVII at 20.08°0 

Added Had 0,1008 14. 

5 m l . t i t r a t e d wi th 0.008013 H NaOH. 

Time l i t r e iO^ Is 
0 0.20 -

470 1.21 1.735 

955 2*21 1.777 

1515 3*25 1.783 

2095 4.19 1.769 
2765 5.20 1.774 
3300 6.14 1.763 
4340 7.10 1.764 
5095 7.86 1.769 
6120 8.70 . .1.758 
7325 9.51 1.747 
8680 10.31 1,764 

00 13.10 

Duplicate Experiment. 

Added Nad 0.1012 M. 

It 8 1.764 + 0.0039 (11 readings) 

Is' s 1.762 * 0.0025 (11 readings) 



199. 
i 
i 

3&pt.33.P-Mothoxypenayl Chloride I n 10% aq.Acetone X I I I at 2 0 . 0 Q ° 0 ; 

Added HC1 0 . 0 5 1 4 2 U. 

1 0 m l . of aqueous extract counted f o r 1 hour and t i t r a t e d I 

\rt.th 0 . 0 2 1 6 0 K UaOH, 

Time Count/min* T i t re 10^ kf l 
0 340 10.21 a* -

975 2000 10.91 2.759 2.048 

1395 2 6 0 9 11.18 2.782 2 . 0 1 7 

1810 3131 11.41 2.770 2.051 
2395 3811 11.71 2.825 2.048 
3100 4411 11.98 2.772 1.972 

3785 4920 12.30 2.771 ' 2.052 

4435 5355 12.51 2.793 2.035 
5140 5697 12.74 2.766 2 . 0 6 4 

5870 5987 12.85 2.739 1.951 
6585 6 2 6 5 1 3 . 1 6 2.774 2.182 
7 4 6 0 

i 
6 5 1 6 13.30 2*783 2.147 

CO 7 4 0 2 1 4 . 0 8 

k E « 2.777; JcH « 2 . 0 5 2 * 

mm ""' 

(kj5- k H ) « 0.724 t 0.0186 (11 readings) 
Duplicate Experiment. 

Added HC1 0.05133 M. (kjjj- kg)« 0.703 ± 0.0180 (11 readings) 



2 0 0 . 

Expt.34.p-Methoxybanayl Chloride I n 70% act. Acetone XIV at 20.08°C 

Added KaCl 0.02462 M. * 

10 m l . of aqueous extract counted f o r 1 hour and t i t r a t e d 

wi th 0.006013 IT KaOH. 

Time ' Count/mln. T i t re JP1* k E 
10^ k^ 

0 397 •: 0*51 
960 ' 1687 : . , 2.38 2.538 2.233 

1420 2272 3*16 2.655 2.248 

1915 2757' 3.88 2.623 2.234 

2460' 3269 : 4.65 . 2.646 2.250 

3050 3689 : 5*30 2.627 2.240 
3690" 4033 : 5.e3 2.545 2,162 

4455 4431 - 6.50 ' 2.528 2.165 
5270 • 4910 ; : 7*29 2.675 2.287 
6210' 5172; : 7.80 2.590; 2.253 

7045 • 5356 , 8*10 2.520 2.176 

7840 5547 • 8.38 2,531 2.148 
03 6368 10.19 

I 

k E » 2.589; k H • 2.218. 

(k E - kH)*« 0.371 + 0.0088 (11 readings) 



201 . 

Expt.35.p-Mothoxybensyl Chloride in, 70# an.Acetone XV at 20.0fl°C 

Added KaCl 0,05128 M. 

10 ml, of aqueous extract counted for 1 hour and t i t ra ted 

with 0,008881 23 NaOH, 

Time 

0 

Count/ml n .&t* 

1&B **** 

Tltro 

0.33 W 

10^ k E 
k H 

U35 1371 1,31 3 .13h 2.377 

890 2111; 2*12 2.955 2.215 

1335 2711 2.80 2.821+ 2.130 

1805 3312 3.H2 ta* 2.808 2.198 

2375 3871 U.16 2.711+ 2.02+2 

3060 ¥ t f 3 U.90 2.671t 2.003 

3775 5039 5.1+8 2.686 1.925 

W5 5Mk 6.19 2.676 1.976 

6000 6236 7.13 *iv 2.710 1 .910 

6680 61+16 7.62 2.637 1.967 

7370 6673 7-90 2.706 1.932 

CO 765^ 10.30 

OCE- kll) * 0.71U + .O.OI68 (11 readings) 

Duplicate Experiment. 

Added H a d 0.051U5 UU (kjj- k j ) « 0.714 + 0.0223 (10 readings) 



202. 

Extrt.36.p-Methoxybenzyl Chloride I n 10% aq.Acetone XVI at 20.08°C 

Added NaCl 0.1006 M. 

10 ml* of aqueous extract counted for 1 hour and t i t ra ted 

with. 0.008881 H NaOIi. 

Time Count/mln. T i t r e 10* k n 

0 424 0.35 a . -
475 1500 1.22 3-147 1.775 

1490 3244 2.79 3.040 1*747 

20i|0 4059 3.69 3.106 1.845 

2760 . 4795 4.51 3.011 1.795 

3495 5460 5.39 3.005 1.836 

4275 5990 6.09 2.965 1.812 

5130 6419 6,70 2.887 1.761 

6175 6900 7*42 2.928 1.766 

7215 7188 8.02 2.856 1.766 

8540 7504 8.68 2.872 1.785 
00 8171 11.00 

Mean k E » 2.982; k H » 1.789. 

( lc E - k H ) s 1.193 + 0.0277 (10 readings) 

Duplicate Experiment. • 

Added NaCl 0.1005 M. (k^- 1.224 + 0.0246 ( 9 readings) 



203. 

Expt.37.p-Mothoxy'bcnsyl Chloride i n 707S ag.Aoetono XI at 20.08°0 

Added NaClO^ 0.05015 M. 

5 ml . t i t ra ted with 0.01001 H UaOH. 

Timo ' T i tro 10^ k 

0 0.3U 

U25 1.56 2.959 
880 2.78 2.982 

1350 3.86 2.999 

1855 2.989 

^285 5*89 2.995 

3085 6.69 2.977 

3805 7.51 2.981 

1J585 8.22 . 2.98U 

5576 8.89 2.968 

0*35 9.31 2.935 ' 
7U10 9-73 2.959 

00 10.91 

k * 2.975 + 0.00*^ (11 readings) 

Duplicate Experiment. 

Added NaClOi, 0.05015 M. • 
* k« • 2.975 1 0.00 »* (11 readings) 



?.oh. 

E^pt,33.p-Hotho::yl)cn"7l, Chlorl&o I n 70# aH.Acotono XVIII at 20.03*0 

Added HaBfy 0.05127 U. 

with 0.0095S0 11 AGNO3. 

Tine Ti tro 10^ 1: 

0 0.32 -
5&> 2.09 2.817 

085 2.99 2.839 

1255 3»96 2.876 

1^75 i+.Q7 2.841 

2090 5.76 2.083 
2600 6.65 2.877 

32S5 •. 7-55 2.819 
W o Q*hQ 2.791 
5010 9-U2 2.826 

6230 10.35 2.821 

00 12.34 

te - 2.839 +0.0092 (10 readings) 

Duplicates Experiment. 

Added NaDJfy 0.04875 M. 3c1 • 2.031 + 0.0076 (10 readings) 



205 

Expt.39.p-Methore/foensyl Chloride I n 70# ag.Acetone XIX at 20.08°C 

Added Mô HF 0.01+5WI.-M. 

5 ml . t i t ra ted ul th 0,01071 H A3NO3 

Time Ti tro 10'+ It 

0 '0*1*3 -
360 1.72 2.613 

710 2,83 2*637 

1080 3,89 2*619 

1500 4.97 2,601 

1920 5.93 2.5G6 

21*30 7.01 2.600 

3030 
• 

8.04 2.574 

3755 9.13 2.571 

4655' 10.28. 2.593 

5735 11.25 2.564 

6990 12.11 2.546 

CO 14.1$ 

k to 2.591 + 0.0076 (11 readings) 

Duplicate Sicperinent. 
*m*nmmmm^mtm**m. • • • • • • rtwi* — —i .^———mm 

Added He.NF 0.05089 M* k* « 2.607 £ 0.0080 (10 readings) 



Expt,40,P-Methoxyben:syl Chloride I n 10% ao.Acetone XX at 20.08°C 

Added Mê NF 0.04504 M. 

( i ) 5 ml. t i t ra ted with 0.009569 H ASNO3. 

( l i ) 5 ml, t i t ra ted with 0.01041 K HaOH. 

Tirae/W^ CI"* Time* S O D S , H + 
Scorr , 

0 0.57 0 9.51 1.40 1,40 

715 2.27 2.577 720 7.91 3.05 - -
1395 3.63 2.587 1390 6.67 4.08 4.10 2.429 
2125 4.82 2,569 2115 5.54 5.05 5.09 2.375 
2830 5.75 2.542 2815 4.63 5.97 6.03 2.424 
3520 6.55 2.548 3485 3.91 6,69 6.77 2.450 
4290 7.33 2.579 

• 
4275 3.19 7.39 7.50 2.466 

5015 7.86 2.552 4980 2.67 7.82 7.96 2.451 
rS715 8.28 2.523 5670 2.23 8.23 8.40 2.457 
6545 8.75 2.549 6510 1,80 8.60 8.81 2.489 

7325 9.08 2,524 7295 1,47 8,89 9.14 2.494 
CO 10,67 00 

k C l " 2»555 +0.0067 (10 readings) 

k H * 2.4U8 £0 .0113 ( ? readings) 

Duplicate Experiment, < • 

Added Me NP 0,04584 M. k* » 2,548 + 0,0120 ( 8 raedings) 

k* m 2,439 + 0,0090 (10 readings) 

( Time* * Time - 95) 



207. 

Expt.41 •PrHotiioxy'bensyl Chloride I n 70% an.Acetone XV at 20.0a°C 

Added PhSO^u 0.04970 M. 

rcUh .0.009390 N HaOII. 

Tirao Ti tro 10^ ft 

0.22 -
300 1.31 2.582 

765 2.32 2.601 
1180 3.30 2.606 
1660 4.30 2.601 
2100 5.23 2.578 

2810 . 6,20 2.560 
3510 7.12 2.554 
4320 0.01 2.553 
5145 0.75 2.556 

6053 9.39 2.550 
7020 9.9.2 2.541 

00 11.88 

lc « 2*571 + 0.0067 (11 readings) 
Duplicate Experiment. 

Added PhSO^ffa 0.05016 H. fe» « 2.577 + 0.0079 (11 readings) 



208. 

Added' ITaNOij 0.05026 H. 

5 nil. t i t rated vrlth 0.009398 N HaOH. 

Time Ti tro 

0 0.29 -
1+60 1 -50 2.3^8 

915 2.J+31 
1250 3-1+0 . 2.1+73 
1770 2J+86 
21 60 5.19 2.509 
2760 6.15 2.513 
3560 

« 
7.23 2.522 

1+1+35 8.20 2*539 
5270 8.90 2.522 
6180 9.59 2.562 

6755 9.90 2.51+5 
00 12.00 

Zero at 915 seconds• 

Implicate Experiments 

Added M Q 3 0.05019 M. 

k « 2.557 + 0.0039 ( 9 reading©) 

k* « 2.562 + 0.006$ ( 9 readings) 



209. 

Espt.43.p-Methoxytocngyl Chloride i n 70% aq.Acetone XV at ?0.08°C 

Added HaHO;. 0.05039 U* 

5 xal. t i t ra ted Y,lth 0.009200 » AgHO?j. 

Time Ti tro 
r 1 1 

. 1 o'+ k 

0 0.33 -
370 1.42 2.652 

780 2.50 2.645 

1285 3.74 2.695 

1830 4.84 2.678 

2500 5.97 2.649 

3393 7.33 2.706 

4135 8.15 2.691 
3055 8.94 2.658 

5000 9.54 2.696 

6705 9.96 2*614 
7475 10.37 . 2.648 

CO 11.98 

k - 2.667 + 0.0082 (11 readings) 

Duplicate l&perlinont. 

Added HaII03 0.03015 H. k* » 2.664 + 0.0082 (11 readings) 

0.05034 U» k" * 2*643 + O.OI66 (10 readlngo) 



210. 

tot.44.P-Mctho:tyDcnzarl Chloride I n 70# an.Acetone XXI at 20.08°C 

Added NaNO^ 0.05041 M. 

5 ml. t i t ra ted with ( i ) 0,008772 N NaOH. ( i i ) 0.009050 IT AgNO .̂ 

Time s i 01" lo ik^ 
0 0.32 0.36 - -

355 1.28 1.15 2.485 (2.128) 
760 2.31 2.44 2.530 2.791 

1195 3.31 3.44 2.552 2.786 

1670 4.31 4.39 2.587 2.776 

2285 5.30 - 5.43 2.578 2.746 

3000 6.50 . 6.45 2.612 2.735 
3730 7-34 7.28 • 2.572 2.710 

4570 8.20 8,16 2.581 2.762 

5545 9.00 8.80 2.595 2.696 

6645 9.70 9.43 2.617 2.694 
7505 10.10 9.83 2.614 2.723 
. 00 11.70 11.24 

i 

' k 0 1 =• 2 »742 + 0.0109 (10 readings) 
Duplicate Experiment. •, 

Added NaHO^ 0.05038 M. * 2.750 + 0.0109 (10 readings) 



211 . 

Expt.45,p-rfctho:g;'bcngyl Cftloriao in 70/' an.Acotono XV nt 20400°C 

Added KQp 0.03007 U , 

5 ml . t i t rated td.th 0.009400 IT HaOH. 

Time Titro 10 U ft 

0 0.18 -
355 1.10 2.297 
700 2.30 2.560 

1165 3.31 2.671 
1600 4,34 2.743 
2020 5.23 2.779 

2545 6,20 2*841 
3250 7.25 2.853 

3935 8.10 2.859 

4735 8.86 2.861 
5730 9.63 2.373 

6735 10.21 2.891 
00 11.88 

Zero at 780 oocondo, Is • 2.931 + 0,0052 ( 9 readings) 

Duplicate Experiment. 

Added KDr 0.05025 U. k ' • 2,9*J4 + 0.0077 ( 7 readings) 



Expt»46.p-Mothoxyben2yl Chloride in 70% ag.Acetone XXI at 20.08°C 

Addod KBr 0.05028 M. 

5 ml . t i t rated with ( i ) 0.008772 IT NaOH. ( i i ) 0.01878 K AgllOj. 

Time Si Br-+Cl~ 19u ka 
0 1 .24 14.33 -

850 3.60 15.43 2*882 3.050 

1285 4-66 " 15.81+ 2.943 2.934 

1785 5.70 16.35 2.963 3.051 

2260 . 6.60 16.73 3.010 3.059 

3000 ' 7.60 17.16 2.938 2.942 

3735 8.50 17.60 2.956 3.050 

4485 9.26 17.93 2.990 3.077 

5390 9.92. 18.24 2.980 (3.110) 

6555 10.55 18.55 2.972 (3.151) 

CO 12*10 19*19 

Zero at 850 seconds. 

Daplicate Experiments., " 

Added KBr 0.05030 U. 

0.05033 M. 

k C l " 3 »024 + 0.0215 ( 7 readings) 

kg - 3.011 +0.0125 ( 8 readings) 

k^ « 3.010 + 0.0118 ( 8 readings) 

k" - 3.028 + 0.0244 ( 8 readings) 



21.3. 

Exp t,47.p-Methoxybenayl Chloride i n 70% aq.Acetone X I I at 20.08°C 

Added NaN3 0.01977 M. •• * 

5 ml. t i trated r i t h 0.008711 H AgNOjj. 

Time C l ~ Cl**+ K 
3 

10^ i o ^ i c H 

, 0 0:43 11,53 -
530 2.37 12.94 3.311 2.425 

770 3.13 13.56 3.308 2.499 

1070 3-97 14-20 3.259 2.471 

1435" 4 -86 . 14.92 3.2021 2.468 

1895' 5-90 15.75 3.199 2.491 

21|4Q ' 6.87 16.58 3.141 2.493 

3070 7*80 17-37 3.090 2.492 

3030 8.64 18*15 2.995 2.482 

4730 9.49 : 13.87 2.950 2.466 

5815 10.27 19.58 2.930 2.490 

00 12.46 - -

(10 readings) 

Number of 
readings,, 

10 

• 11 

Koan l c c l a 3.139 ' * Z m l ^ Q 

•Pu-plicate Experiments. .' 

Solvent. Added Naflrj lz^ Iz^ 

X I I 0.01983 M. 3*138 2.465 

XI 0.01990 M. 3.106 2,406 



''Ah . 

Expt.40.p^Mothoxy'bcnsyl Chloride i n 707S an.Aoetono XI nt 20.08°C 

Addod MaN3 0.03131 M. 

5 ml . t i t rated vrith 0.008711 2J AgHO,. 

Tlno c i - GL-+ r ~ 3 IO 1'- *C1 1fA tew 

0 0.64 10.45 
1 

-

235 2.02 19.26 4.040 2.382 

555 3.10 19.88 3.880 2.267 

850 4-12 20.56 3 .782 • 2.307 

1185 5.12 21.21 3.683 2.289 
15^0 6.20 21 .92 3.708 2.337 
2015 ' 7.25 22.65 3.665 2.364 
2550 8.14 25.35 3.521 2.360 

3135 9.00 23.99 3.445 2.368 

3785 ' 9-79 24.56 3.390 2.351 
4510 10.51 25.09 3.354 2.351 

5415 11.13 25.56 3.258 2.314 
CO 13.30 

(11 readings) 

Number of 
readings. 

10 

11 

Mean l c c l » 3.612 " k H * 2.335 -

Duplicate Experiments., 

Solvent. Added NoITj. lCjj 

X I 0.03006 M . 3.302 2.336 

X I I 0.03176 M . 3 .608 2.412 



Exp t•1+9.p-Mothoxybenayl Chloride in 10% an.Acotono X I I at 20.08°C 

Added N0N3 0.03929 M. 

trated with 0.008711 XT A3NO3. • 

Time CI" Cl~+ N3 • 10** k H 

0 0.78 22.09 «• -
300 2.27 23.75 U.O76 2.350 

563 3.U2 23. U2 4.033 2.31+6 

905 1+.67 . 25.19 3.939 2.338 

1225 5.79 . 25*85 3.981+ 2.362 

1550 26.37 3.911 2.314 

1915 7.56 26.99 3.059 2.263 

2302 8.33 27.50 3.788 2.31+8 

2785 9.48 28.02 3.741 2.317 

3355 10.00 28.52 3.694 2.284 

UOl+O 10.80 29.10 3.660 2.330 

WJ95 11.61 29.59 3.671+ 2.325 

00 13.76 

Mean k c l « 3-851 

Duplicate Experiments, 

Solvent. Added KaN, 

X I I 

XI 

*C1 * 

2.331+ 

0.04067 M . 4.034 

0.03993 M . 3*909 

2.310 

2.259 

(11 readings) 

Number of 
readings. 

10 

11 

0 



>16. 

Expt .50, The Reaction of Hydrochloric Acid and Totramethyl-

ammonium Fluoride V 7 i t h 70& aguomis acetone at 20.08°C 

15 ml e of a stock solution of hydrochloric a c i d . 

35 ml* of pure ac id . 

Llo^NF O.26UO gram* 

These were mixed at thermostat temperature to give a solution 

containing 0.05678 

5 ml. t i t rated with 0.01036 N NaOH using screened methyl red/ 

methylene 'blue indicator i n conjunction with a rapid stream of 

nitrogen. 

Time Ti tre £ 2 o 
0 9.23 • -

1U65 ' 9.23 0 

2440 ,9.25 +02 

3405 9.12 -11 

4480 9.06 -17 

5570 8.98 -25 

6930 8.80 -43 

11380 0.40 -83 

" — "Ueaff tTiEre 5" J * 01 Tar. 
air 

dt 
os 0.24 ml . per hour* Mean H F e 0.01867 



f'17. 

K r p t . 51 • The Renctlon of Hydrochloric Acid nnfl TcftroMct.h.yl-

caiyionlitn F l u o r i d e T/ith 70?' r.-raoouo acetone at 20.0fl°C 

33ie otock solut ion ucea i n e:Qerimentn50 v/ao d i l u t e d to twice 

the volume of solvent and a oolutlon mado up cio before uaing 

0.2lv13 Grama of Uoi|KP, 

Molari ty of Mc^HF 0.05139« 

5 m l . t i t r a t e d wi ta 0.01036 NnOH. 

Tine T i t r c 11% 

0 4.87 -
690 4.90 +03 

1710 4,88 +01 
2970 • 4.86 -01 

k9h5 . 4.80 -07 
6280 . 4.73 -14 
7730 4*70 -17 
9235 4.65 -22 
6 

Mean t i t r e » 4.80 ml* 
* 0.10 m l . per hour* 

dt mm 0.009946 

t 



21 ft. 

Expt.52. Bcnshycliyl Chloride i n 70# ag.Acotono XXVII at 20.U9°C 

Added pyr id ine 0.2502 M. 

. v/ith 0.009050 H AgNO^. 

Timo T i t r o 10k k 

0 0.37 -
515 1.9k 2.611 

910 2.99 2.509 
1300 3.95 2* 601 

1725 k.G6 2.506 

2190 5.05 2.6k7 
2700 6.75 2.652 

3330 
• 

2.62k 

U020 0.53 2.640 

4915 9«k6 2.653 

6055 10.U2 2.6k1 

7k95 11.14 2.653 
00 12.85 

fc « 2.627 i 0.0075 (11 readings) 



Expt.53. Benzhydryl Chlor ide i n 70% on.Acetone XXVII a t 20.49°C 

Added p y r i d i n e 0.4922 M. 

. with 0.009050 K AgNO^. 

Time T i t r o 101* k 

0 0.34 -
485 1.82 2.522 

920 2.97 2.494 

1325 3.94 2.485 

1745 4.84 2.476 

2235 5,77 2.462 

2790 6.76 2.487 
3420 7.73 2.509 
4085 8.48 2.463 
4870 9.35 2.488 

5725 10.07 2.481 

6̂ 90 10.81 2.531 

00 13*17 

Impl icate Experiment. 

Added p y r i d i n e 0.4942 M. 

2.491 + 0.0064 (11 readings) 

k» * 2.494 + 0.0075 (10 readings) 



220 

Expt.54- Benahydryl Chlor ide i n 10% an> Acetone X X V I I I at 20.U9°C 

Added pyr id ine 0.7450 M. 

5 m l . t i t r a t e d \7ita 0.009050 N AgWO »̂ 

Time T i t r e IQ 1* k 

0 '0.33 

505 1-.7U 2.375 

925 2,75 2.346 

1395 3*83 2.363 

1940 4.86 2.342 

2545 5.94 2.352 

3205 6,95 2.364 

3980 , 7.95 2.376 

1+940 8.89 2.352 

6095 • 9-83 2.358 

7465 10.72 2.305 

8800 11.29 2o30S 

co 12,79 

k m 2.367 ± 0.0088 (11 readings) 

Dupl icate Experiment. 

Added pyr id ine 0.7506 M. 
k ' s 2.381 +0,001+8 ( 9 readings) 

file:///7ita


221 . 

Expt.55.p-Mcthoxybcnzyl Chloride i n 10% aq.Acetone XXIX a t 2 0 . 4 9 ° C 

Added pyr id ine 0.2473 M. 

5 n l « t i t r a t e d \alth ( i ) 0.01010 N NaOH. ( i i ) 0.009050 IT AgN03» 

Time C I " 10^ k H 

0 0.27 0.35 - -
520 1.43 1.88 2.599 2.203 

940 2.20 2.95 2.570 2.132 

1395 3.05 4.02 2,588 2.197 

1880 3.81 5.02 2.590 2.201 

2380 4.41 5.91 2.583 2.142 

2985 5.14 6.86 2.584 2.160 

3695 5.79 7.80 2.584 2.131 

4590 6.56 8.77 2.589 2.170 

5885 7.35 9.81 2.582 2.179 

7255 7.96 10.58 2.568 2.193 

8810 8.45 11.18 2.551 2.215 
00 12,46 

« 2.581 + 0.0038 (11 readings) 

k H m 2.175 + 0*0086 (11 readings) 

Duplicate Experiment. 

Added pyr id ine 0.2470 H . k ^ « 2.565 +'0.0070 (11 readings) 

kg » 2.168 + 0,0066 (10 readings) 

.1 
\ :< 1 
) 

file:///alth


222. 

Expt.56.p-Mcthoxybensyl Chlor ide i n 10% ag.Acetone XXIX at 20.49qC 

Added pyr id ine 0.4943 M, 

5 m l . t i t r a t e d w i t h . ( l ) 0.01010 H NaOH. ( i i ) 0.009050 H ASNO3 

Time s i • C I " 10^ JcH 

0 0.22 0.38 - -
513 1.22 1.95 2.631 1.867 

933 - • 3.08 2.621 .~-

1413" 2.67 4.21 2.603 1.869 

1903 3.33 5-26 2.615 1.870 

3.95 6.21 2.581 1.853 

3053 4.63 7.23 2.617 1.896 

3768 5.14 8.14 2.592 1.833 
4668- 5.79 9.06 2.620 1.848 

5808 6.35 10.08 2.601 1.827 

7163 6.91 10.05 2.567 1.857 
8708 7.32 11.53 2.595 1.864 
00 • 12.83 

B 2.604 + 0.0055 (11 readings) 

k H m 1,860 + 0«0060 (10 readings) 

Dupli cat e Experim ent . n 

Added pyr id ine 0.4941 M. &Q1 6 3 2.607 + 0.0056 (10 readings) 

kg B 1.870 + 0.0057 (10 readings) 



' 223. 

Expi).57.p-Kothoxybengyl Chloride I n 70% an.Acetone XXIX at 20.49 c0 
Added pyr id ine 0.7422 H . 

5 m i . t i t r a t e d \ d t h ( l ) 0*01010 H HaOH. ( i i ) 0.009050 N AslM^. 

Time s i CI", l o i k c i let* k H 
0 0.20 0.33 - -

570 1*14 2.06 2.659 1.617 

1055 1.83 , 3*36 2.677 1.610 

1570 2-2+3 4*54 2.664 1.574 

2115 3*04 5*64 2.667 1.582 

2800 3-68 6.79 2.655 1.595 
3510 4.26 7*83 2.674 1.621 

4305 4*69 8*74 2.667 1.581 

5260 5.20 9*60 2*655 1.608 

6560 5*64 10*53 • .. 2.683 1.589 
7640 5*96 11.04 2.665 1.621 

CO 12.65 

^ C l " 2.667 + 0.0028 (10 readings) 

l c H B 1.600 + 0.0053 (10 readings) 

Dupl icate Experiment. 

Added pyr id ine 0.741.8 H . k ca * 2 «653 + 0.0027 (11 readings) 

kg u 1.622 + 0.0088 (10 readings) 



E x p t , 5 3 . Benzhydryl Chloride I n 707& aci.Aoetono X X I I a t 2 0 . 4 9 ° C 

Added acetone 1.0334 M. 

5 n l . t i t r a t e d with 0,01010 N NaOH. 

Tirne T i t r o 10^ 1c 

0 0,23 -
430 1,25 2.147 

840 2.11 2.141 

1285 2.99 2.165 

17?5 3.82 2.156 

231Q 4.71 2.180 

2943 5.59 2.189 

3^90 6.49 2.185 

4645 7.41 2.171 

5905 8.42 2.185 

7535 9.33 2.160 

9835 10.16 2.140 

00 11 -52 

k « 2.165 + 0.0043 (11 readlngo) 



225. 

Expt-59. Benshydryl Chloride i n 70% aq.Acetone X X I I a t 20.49°C 

Added benzene 0*5592 M. • • 

5 m l . t i t r a t e d with 0.01010 H NaOH. 

Time T i t r e 10^ k 

0 0.20 -
420 1.01 1.799 
840 1.78 1.821 

1320 2.58 1.820 

1860 3.40 1.819 

2460 4.20 1.807 

3145 5.05 1.817 

3920 5.83 1.795 
4885 6.71 1.796 

5975 7.53 1.793 
7335 8.40 1.813 

9150 9.22 1.809 

00 11.35 

k «• 1.808 + 0.0031 (11 readings) 

Duplicate Experiments. 

Added benzene O.561O M. ... 
k 1 = 1.810 +0.0038 (11 readings) 

0.5615 M. 
,k« « . 1,791 + >0.0056 (11 readings) 



Expt.6o. Bcnghydryl Chloride i n 10% aq.Acotono X X I I I a t 20.49°C 

Added toluene 0.6276 M. 

5 m l . t i t r a t e d vdth 0.009804 N NaOH. 

Time T i t r o 10^ fc 

0 0.16 -
420 1.08 1.776 

865 1.99 1.776 
1315 2.81 1.760 
1010 3.69 1.777 

2345 4.50 1.760 
2900 5.40 1.760 
3750 . 

* 
6.34 1*731 

4645 7.30 U 7 5 2 

6065 4.42 1*759 
7350 9.48 . 1.761 

9020 10.39 1.767 
00 13*00 

k • 1.764 + 0.0026 (11 readinga) 



227. 

Expt .&t . Denahydryl Chloride I n 70?S ag . Acetone X X I I a t 20.49*0 

Added nitrobonseno 0.4908 M. 

5 m l . t i t r a t e d wi th 0.01010 N NaOH. 

Time T i t r e 10^ It 

0 0.20 

420 1.11 2.011 

840 1.99 2.053 

1230 2.79 2.035 

1770 3.61 2.030 

2295 4,40 2.025 

2800 5.20 2.030 

3$75 
• 

6.13 2.024 
4530 7.00 2.011 

5655 7.93 2.038 

7290 8.87 2.000 

9035 9.70 
• 

2.033 
00 11.50 

» 2.02(5 + 0.0042 (11 readings) 



228. 

Expt.62. Benshydryl Chloride i n 70% an.Acetono X X I I I at 2 0 . 4 9 ° C 

Added chlorobenaone 0*4018 M. 

5 m l * . t i t r a t e d wi th 0.009804 N HaOH. 

Time T i t r o 10^ K 

0 0.16 -
420 1 .02 1.755 

840 1 *85 1.737 

1290 2.67 1.799 

1775 3.1+3 1.803 

2315 4.29 1.801 

2975 5.15 1.776 

3720 
• 

6.04 1.780 

4740 7.10 1.794 

6745 8.69 1.304 

7780 9.23 • 1.773 

9855 10.20 1.788 

CO 12.28 

fc > 1*787 1 0.0043 (11 readings) 



229. 

Expt.63.p-Mothoxy'bensyl Chloride i n 70% ag.Acetone XXV at 2 0 . 4 9 ° C 

Added acetone 1.0890 M., 

5 ml . , t i t r a t e d wi th O.0O98OU H WaOH. 

Tine T i t r o 10^ k 

0 0.20 -
415 1.35 2.037 
875 2.51 2.037 

1325 3.57 2.054 
1805 4.53 2.025 
2345 5.58 2.042 
3000 6.65 2.031 
3780 

• 
7*73 2.032 

4740 8.91 2.018 

5880 10.02 2.017 
7020 10.86 - 1.997 
8255 1-1.63 2.001 
CD 14.34 

k m 2.026 + 0.0049 (11 readings) 



230 

Expt . 64 .p-Methoxybenzyl Chloride I n 70% act .Acetone XXIV at 2 0 . 4 9 e C 

Added benzene 0.5612 M. 

5 ml* t i t r a t e d wi th 0.01010 K HaOH. 

Time T i t re 10^ k 

0 0.49 -
420 1-39 1.980 

845 2.23 1.984 

1300 3.07 1.998 

1780 3-82 1.965 

2315 4.68 2.006 

2945 5*47 1-979 
3720 

« 
6.37 1.975 

4625 7.24 1-972 

5770 8.19 1 *989 
7270 

i 
9*13 1.998 

9190 9*99 2,009 
00 11.77 

k - 1.987 + 0.0041 (11 readings) 

Duplicate Experiments. 

Added benzene 0.5615 M. k* * 1.998 + 0,006o, (11 readings) 

0.5591 M. k" -m 2.014 + 0.0106 (11 readings) 

O.5606 M. k * W B 1.991 + 0.0050 (10 readings) 



Expt.65.p-Mothoxy'bcngyl Chlor ide i n 707& ao.Acetone XXVI a t 2 0 . 4 9 ° C 

Added toluene 0.6271 H. 

5 m l . t i t r a t e d with 0.009304 N NaOH. 

Time T i t r e 10^ lc 

e 0.20 

420 1.21 2.007 

830 2.19 2.036 

1280 3.13 2.031 

1755 4.00 2.008 

2300 ;4.96 . 2.021 

2935 ' 5.90 2.007 

3740 . 6.99 2.021 

4705 8*01 . 2.002 

3900 9.08 . 2.005 

7280 10.01 1«997 

8960 10*83 1.981 

Oo 15.00 

lc a 2.015 + 0.0047 (11 readings) 



232. 

Expt.66.p-Methoxybcnzyl Chlor ide i n 70% aq.Acetone XXVI a t 2 0 . 4 9 ° C 
Added nitrobenzene 0.1+912 M. , 
5 m l . t i t r a t e d with 0.01010 H NaOH. 

Time • T i t r e 10*+ lc 

0 0.50 -
390 1.37 2.066 

810 2.25 2.089 

1255 3.09 2.088 

1735 3.92 2.092 

2280 4.76 2.090 

2905 5.60 2.082 

3700 6.50 2.063 

4595 7.35 2.046 

5740 8.25 2.038 

7230 9.19 2.052 

9180 10.04 2.058 

00 11.74 

k « 2.069 + O.OO56 (11 readings) 

Duplicate Experiment. 

Added nitrobenzene 0.4913 M. 

k» » 2.072 + 0.0056 (11 readings) 



Expt• 67.TD-Methoxy'benayl Chloride i n 70# acr. Acetone XXVI at 20.U9°C 
Added chlorobenzeno 0.4024 M. • 
5 ml. t i t r a t e d \ri.th 0.009804 N NaOH. 

Time • T i t re 10^ k 
0 0*20 -

425 1 .28 1.113 
840 2.21 2,081 

1290 3-17 2.096 

17^5 4.01 2.054 
2310 5.00 2.090 

2945 5*92 2.071 
3720 

• 
6.92 2.065 

5015 8.30 2.074 
6195 9-23 2.058 

7870 10,25 , 2.058 

9905 11,10 2.059 
CO 12.73 

k a 2*074 * 0.0054 (11 readings) 



Expt»68.TWiCthoxyTiggyyl Bromide i n 707S sg.Acotono XVII fit Q°0 

No added Bai ts . 

5 B l . t i t r a t e d v/ith 0*009709 H Ha OH. 
Tino T i t re 101* k 

0 o.m -
3&> 1.25 1.981 

845 . 2.27 1.979 

1325 . 3-19 1.969 
1865 1.915 
2460 • 4-90 1.885 

31 CO 5.83 1.868 
4020 • 6-79 1.864 

5035 * 7-70 1.833 
6300 8.70- 1.835 

7685 9.50- 1.811 

9520 - 10.25 1.763 
GO 12-51 

Mean 1c 9 1 .882 (11 readings) 



Expt• 69.p-Mothoagfoengyl Bromide i n 70fl qq*Acetone XVII r.t 0°C 
Added KBr 0.050110 M. 
5 ml. tit-rated v/lth 0*009709 N NaOH. 

Time Titre 10^ k 
0 0.31 MP 

U90 1O0 1-739 
980 2.23 1.767 

1U65 . 3.00 1.723 
2030 3.83 1.699 
2695 h.12 1.686 
31*60 5.6i* 1.676 

6*65 1.661 

5615 ' 7.58 1.6U2 
7080 8.58 1.633 
8730 9^.5 

t 
1*618 

11295 10.30 1.557 
GO 12,38 

» «=» mtr s m a M 

Mean 2c m 1.673 (11 readings) 



IA&Lt A.I L I S T O F S O L V E N T S 

Denzhyclryl Chloride i n 70% .Aqueous Acetone 
No added salts. 

2%< 

Temp. C. Solvent 10 losec. C I 

20.08 

20.1+9 

I 

I I 

I I I 

I V 

V 

V I 

V I I 

V - I J I 

I X 

X 

X X X 

X X I I 

X X I I I 

X X V I I 

X X V I I I 

2 .651 

2 . 5 6 6 

2.532 
2.892 
2 . 5 2 7 

2 .732 

2.73'fc 

2.^3 
2 . 9 3 7 

2 . 5 2 9 

2 . 5 3 5 

2 . 8 3 5 

2 . 9 0 5 

2.7 l *7 

2.72k 

0.0070U 

0 .00806 

0.0068>+ 
0.00763 

0 .0066U 

0 .00658 

0 . 0 0 7 1 7 

O.OO719 

0 .00717 

O.OO71U 

0 .00723 



D-liothoxybe n:',yl Chloride i n 70',J Aqueous A.cofcono 
Ho nddod salts. 

Temp. °C. Solvent . A -1 10 k.sec. Cl~ 
XI 2.565 0.00UU5 
X I I ' 2.646 0.00795 
X I I I 2 . 3 V * 0.00718 

XIV 2.369 0.00684 
XV 2.321 0.00703 

20.03 XVI 2.359 0.00705 
XVII 2.3»+3 0.00719 
XVIII 2.506 0.00658 

XIX ' 2.549 0.00719 
XX 2.50G 0.00762 
XXI 2.404 0.00663 

XXIV '2.575 -
20.49 

XXV 2.607 
20.49 

2.607 

XXVI , 2.665 -
XXIX 2.507 -
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A P P i ^ D I X 33 

Dotorr.iinrt:1on of tho Activation P.-r-r.ctors. 
Knergies of nctivntion wore obtained from tho rate 

oooffioients at adjacent teraporatures by the equation 
RT T ' Ic« E = &• • In -J=. B-l 

(T -T) . k 

snnd AS* from the expression 

AS*= R In k - In E - 1 - In ( T * V + JB. . . a-2 
h 2 RT 

where E has the value given by equation B - l . 
61^ 

I t has "lroady been shown L t h * t tho values of S 
nnd A S * obtained.from these equations refer to the 
temperature 2 i f AC i s constant over the experimental 

2 
temperature range, a condition f u l f i l l e d by the present system 
(see page 38 ) • 

Tho heat capacity of. activation was obtained from 
tho equation 

3£ = A C * + R 
dT 

• (see page 23). The value of dlil/dT was obtained as the slope 
of the "best" straight l i n e , E against T, by the method of 
least squaros. 



Tho energy and entropy of motivation, E and AS*, 

could then bo calculated from the expressions 

13 = E m + dE (T - T m) B-3 
dT 

AS** AS* • AC* [ i n T - (In T)J B-1+ 
vhero E m and ASM are tho means of the observed values of tho 
energy and entropy of activation, respectively, And T^ and 
(In T) the means of tho values of T and In T to which they 
refer. 
Errors i n dE/dT. 

Two methods were used to calculate the standard 
deviation of dE/dT. 
( i ) FronJiheJ'bcstll &tr/<ight J^ne, J^£nin£tjr^ 

The standard deviation of the slope of tho best straight 
l i n o , E against T, i s given by 

J(E - E _ l o > ) 2 

B-5 
_ (n-2)£Cf-Tm)2„ 

where n i s the number of separate doterminations of E and 
E . i s given by equation 3 -3» c a L C • 

( i i ) From^the^stand^rd error ofJS^ 
I f tho rate coefficient k i s subject to a standard 

error cr , i t can easily be shown that the standard error i n 



2kQ. 

the valuo of E, calculated from oqu.itIon 3-1, i s 

O-CE) = R T l T2 
(To - T. ) 

2L f 05 B-6 

The slope of the "best" straight l i n e , E.against T., i s given 
by 

dE 
dT I ( g f c S m ) x ( M w ) 

and the standard error o-(E) for ench value of E therefore 
yields a standard deviation of dE/dT, given by 

O-CdE/dT) = ri(E>En)2(T-Tra)23 ^ B-7 

http://oqu.it
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APPMDIX C, 

Mass-lav/ e f f e c t s i n the Rate of Reaction off Beanzhydryl C h l o r i d e . 

The o v e r a l l r a t e off r eac t ion of benzhydryl c h l o r i d e with 

viator and an anionic reagent, i s g iven by 

k „ m • ' • • • • • • C—1 

Compare Chapter V I I f pages 137-1U1. 

Vlhere lc^ i s the r a t e c o e f f i c i e n t f o r i o n i s a t i o n , 

a i s the mass-lav/ constant, 

{J i s a s i m i l a r in t ervent ion constant (see page 78)» 

For cases where 3 » 0, 

k » •• . .... • • • • a • C—2 
x 1 + aX" 

I n the present s tudies a was 2.3 and t y p i c a l concentrat ions o f 

X" e» C l ~ are 0 o 008 M» and k x therefore approximates c l o s e l y 

•to k^ • ' The va lues of "k^fk^. g iven i n Chapter I V thus correspond 

c l o s e l y to k . j / k | . Even f o r appreciable va lues of 3 (eg* 5-6) 

and 0*05 M* e l e c t r o l y t e , the r a t i o k y t e j i s s t i l l a very c lose 

approximation to k ^ / k j -
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APPENDIX D 

The e f f e c t of h y d r o l y s i s of RC1 during extraction- on the r a t e s 
c o e f f i c i e n t s , k-rc and lew. 

l a one or two of the experiments vftth benzhydryl ch lor ldo 

and p-mothoxybenzyl ch lor ide containing C I , the va l ues of 

the integrated f i r s t - o r d e r r a t e c o e f f i c i e n t s , k E and k H , were 

observed to decrease throughout the course of the react ion* 

Since i n each of these cases an ex trac t ion procedure was 

employed, i t seemed poss ib le that h y d r o l y s i s of the substrate 

-was occuring during the e x t r a c t i o n . The amount o f a c i d 

measured experimentally vras thus greater than the amount p r o ­

duced during the k i n e t i c r u n . I f the observed and true amounts 

o f a c i d are T and T, r e s p e c t i v e l y , then 

T 0 b s » T + KCTqq - T) . . . . . J M 

v/here X i s not a constant hut depends on the amount of RC1 

present , and f-ncroaGeo as (Tgj,— T) decreases . T h i s proviso i s 

equivalent to proposing that i t takes longer to e x t r a c t l a r g e 

amounts of the substrate than small amounts. 

Therefore 
, ^obs m obs 

1 _ Tco ~ T o 1 " E o 
m — I n • 

t T m - T 1 - K 



obs ** ^ * **o 
k „ « k „ + — I n J)-2 

For the rato or production of a c t i v e ch lor ide Ions (d***)» ^ i i 0 

extra CI*** produced must "be the same f r a c t i o n o f the t o t a l RC1* 

present as the f r a c t i o n of RC1 which y i o l d c H * . 

Therefore 

0°** « C + K(Ca, - C) 

ere C i s the concentration o f CI*** produced. 

I t fo l lows that 

k ? B - k - + i n 1 " *° D-3 
B E t 1 - K 

Since K 0 i s greater than K, the va lues o f k ^ 3 8 and k^* 5 8 must 

decrease throughout!the course o f the run and xaust he too small , 

Subtract ion o f e<iuation$>-2 end}-3 shows, however, that 

For runs where the r a t e s were observed to decrease, the va lues 

o f ( k E - k j j ) were therefore accepted. 



Ixi the present worft i t v/as asDunied 'that the Integrated 

r a t e c o e f f i c i e n t Tor the i n t e r v a l o - t could "bo equated 60 

the instantaneous va lue a t t / 2 . T h i s l e d to tho conclusion 

that tho mean instantaneous r a t e c o e f f i c i e n t r e f e r r e d to th© 

time vrhen 
,1 

c r * » - — 2 2 , R G L t e-1 
n * 

(aeo page 11^)*- On the other hand, the integrated mean ch lor ide 

i o n concentrat ion f o r tho t ino i n t e r v a l 0—t i o g iven "by 

< 0 r V t 
t 

" ' - K G 1 o -let 
« ClT + ECL_ * - — - . (e * - 1) 

• w let 

« c i ^ - {car - cap A t 

therefore the mean of those va lues f o r the run i& given 'by 

(ca; - cip 
C l - « G l - Y ~ * . . . . . E-2 

The va lues o f CO," given "by equations B-1 and E-2 f o r exper­

iment 23 (ceo pace I89) are 3*U3 ol»- and 8e(>1 m l . , r e s p e c t i v e l y 

The f i r s t order r a t e c o e f f i c i e n t s were not constant f o r t h i s 

run, but the two est imates o f a ~ agreo w e l l enough foi> the 



purposes of the present I n v e s t i g a t i o n s , I t i s concluded, 

therefore , that the assumptions that havo "been nade concerning 

the r e l a t i o n between instantaneous and in tegra ted r a t e s are 

v a l i d ones. 
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APPENDIX F. •> 

E r r o r s i n the va lues of or f o r the react ion of benzhydryl 

ch lor ide vdth ch lor ide or azide ions i n 70% aqueous acetone. 

( i ) ifthen the e l e c t r o l y t e i s sodium ch lor ide the va lue o f 

or* a C I i may he obtained from 

_ NaCXL flaCl - (1 + a C T ) l c C l H d HC1 HCl TIGU 
-Bo- c » log + log * B(o- c - o- cn ) 

(1 • a d ; ) kg 

(compare equation V I I - 1 8 ) 

I f the ori'or i n fccjAjj i s +x# f the true va lue o f o ^ ( o § a C 1 ) i s 

given "fey 

_ NaCl N a d , (1 + a C Q k ^ x 
-BOm C » lOg : + log—=(1 + ) 

A (1 + a C l ~ ) kg ""100 

Subtration o f these two expressions g ives 

- B c K a C 1 ( c > g a C 1 - ^ a C 1 ) - - B c H a C W » a C 1 . l o g ( l + _ * _ ) 
* ""100 

( i l ) When the e l e c t r o l y t e i s sodium as ide the va lue o f 

o K a N 3 may be obtained from 

A/oA/j 1 + a C l " + 3 N3 ^ c i 
-BO-' C a lOg + log 

(1 + p » 5 ) ( 1 + a C L p k £ 

+ B ( o ? a a c N a C 1 - ^ c g 0 1 ) 
(compare equation V.l l-19). 



A s imilar treatment to that given i n ( i ) may be eas i ly shown 

to give the result 

- B c ^ C o f ^ ~ Jf**3) - - B C ^ A O ^ - log (1 i ^ ) 
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APPENDIX G 

E r r o r s I n the parameter B f o r the reac t ion of az lde Ions Hi th 
p-mothoxybcngyl c h l o r i d e . 

The observed va lue of 3 i s given by 

A n t i l o g y - B C o ^ 0 1 ^ 0 1 + ^ 3 ^ 3 . ^ C I Q H C I ) 

p - — — 1 2 : ft. + acir> 

1 + a C l ~ 

I f the va lue of k j j /kg i s i n e r r o r by +x#, the i r u e va lue o f 0 

( p T ) i s given by a s i m i l a r expression vdth k j ^ k g replaced by 

— (1 + X / 1 0 0 ) 

Therefore, 

A n t i l o g y - B ( o N a C 1 c N a C 1 + - o H C 1 c H C 1 ) 

N3 k H A § 

1 
( 1 * ^ f . T T A - 1 

1 + aca. 
+ [3 + 

H 3 / 1 0 0 + x 

f o r small va lues o f x t h i s reduces to 

1 * a C l ' 
o + I 3 + 

1 0 0 \ K 3 " 
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