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ABSTRACT

Halogen exchange reactions of benzyl halides have been studied in absolute acetone. Rate constants
were calculated using an integrated rate expression derived for the reaction involving ion-pair association.
The order of nucleophilicity of halide ions in acetone was found to be a reverse of the order in 90%
aqueous enthanol solvent. This was interpreted by means of HSAB principle and solvation of halide ions.
Net increase in rate of reaction in acetone compared with the rate in protic solvent resulted from
large increase in AS* rather than decrease in AH* The solvation of the transition state also contribute

to the net increase in rate.
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INTRODUCTION

In the previous reports” of this series, we have
reported halogen exchange reactions of benzyl halides
in a protic medium, 909 enthanol water solution,
showing that the relative nucleophilicity of halide ions
was in the order I">Br~—>Cl-.

We have now chosen a typical dipolar aprotic sol-
vent, acetone, to study the same reactions to see
whether the above order of the nucleophilicity for
halide ions still hold or not as is well known that the
order reverses in soft solvents such as acetone.

For the solvent medium, acetone, the equilibrium
between ion pairs and the separated ions.

M*Y"=M* (solvated)+ Y~ (solvated)

is not displaced completely to the right. ® For the
halogen exchange reactions of benzyl halide, in which
both ions and ion pairs are involved, the rate of
exchange may be represented by the equation®®

Rate=k;a [A][C]+k,(1—a) [A][C]...ceueea(1)
where k; and k, are second-order rate constants for
the reactions of ions and ion-pairs respectively, a is

and [A] and

[C] are the concentrations of benzyl halide and the

the degree of dissociation of the salt,

total concentration of the salt, respectively. As recent
work indicates the ion pairs are relatively unreactive
@GSO and thus the eq. (1) is reduced to eq. (2).
Rate=k;a[A][C] .ceererreersraceercarasesosnoeceses(2)
Therefore the observed rate constant is given by®
k b =Ki 0 corrnnnenisinnisiiinennerisiasieesssesnnnd(3)
In this work k; is evaluated by means of a new
integrated rate expression for the reaction;
GCH X+ Y* " 2gCH,Y*+ X7 vrvecrenresnnnnnenns(4)

in acetone.

EXPERIMENTAL

1). Material ; benzyl chloride was prepared by

photochlorination of toluene and benzyl bromide by

bromomethylation of benzene, as reported previously.
M Acetone (G.R) was purified by drying over calcium
chloride, distilling fractionally, and flowing through
the aluminum oxide column. This treatment reduces
the water content to 0.08% or less. ® Radioactive
bromine was obtained in ammonium bromide form
from the Radioisotope Production Group of the Atomic
Energy Research Institute. Ammonium bromide was
converted to lithium bromide by adding equivalent
amount of lithium bydroxide and evaporating the solu-
tion to dryness, which was diluted to suitable activity
of Bromine 82. ¢® Iodine 131 radioisotope used was
supplied by the Radio Chemical Company in Nal
form. Anhydrous acetone solutions were prepared at
room temoerature and protected from the moisture of
the air.

2). Kinetic runs; A weighed amount of benzyl
halide was dissolved in 50 ml of prepared acetone sol-
ution, quenched by means of liquid air and transferred
to the ampoules. After sealing they were maintained
in the thermostat at desired temperature. The extrac-
tion of benzyl halide and removal of residual salts
were performed - with 10 ml benzene and 5ml distilled
water for 5ml sample. The bromine activities were
measured in a well-type scintillation counter. The
decay correction was made at each counting. ®

3). Determination of Rate Constants; For the exc-

hange reaction (neglecting the reverse reaction)

GCHX+Y™ —gCH Y +X iirerennasennnans .(4)
from eq. (2), the rate is
dx

—d—t—=ki(a-—-x)a (b—X)reeneercnensensecronnaness(5)

where 2 and b are the initial concentration of

benzyl halide and salt respectively, and z is the
amount reacted at time t.

The degree of dissociation of salts, @, was substi-
tuted for by sussessive approximation from the mass-
action law.

ke @b-—a . —KEVETRG=D
1—a ’ 2(b—z)

rerereertrr et esearearatnnes ceenseesornssasesansensanes{6)
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where K is ion-pair dissociation constant and 7 is
the activity coefficient, which can be considered as
unity when concentration is low.

Taking plus sign of the square root,

& - 24 [—K+ yRFIK(b=2)]
— 52 K- 1
E YR+ VKT 4K (—2)

_ 2K k;(a—2) (b—2x)
— K+ vK*+4Kb (1__4Kx )%
K2+4Kb
_ 2Kk;(a—x)(b—2x)
VRS (; | e T T K
2K?+4Kb™ 4 \K2+4Kb

............................................... !
4K :,
(‘KZ—:-4Kb ) o
rearranging the eq. (7),
dx _ kj(a—x)(b—1) vKZrakb )
I = IR R b=~
let vK*+4Kb =D, D+ ]}){ =C,
dx k. D(a—x)(b—x) )

de (c—x)
Integraying the eq. (9),

(A=) W (B55) (=) = (75

In case, a>b therefore a> z, eq. (10) is simplified

into®

( e —b ) log (1 i) 21?;‘6; ..... ereen(11)
or k=238 (20 log (1=F)uurrrsesrrn a2

where F is equivalent to (*:g—) in eq. (11).

Rate constants were determined using eq. (10) and
(12), and early results® were recalculated accordin-
gly.

Ton pair dissociation constants in acetone were taken
from the literature. @® Temperature dependence of K
was neglected®UD since it is within the accuracy of
experiments when the temperature range is small as

in the present work.

RESULTS AND DISCUSSION

The rate constant, k;, for a reaction in which both

jons and ion pairs are involved, is usually determined

from equation (3) using an a value estimated with
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salt concentration at a certain intermediate reaction
time, normally at 509 completion of the reaction'®
Sometimes, k; is determined from equation® with
initial rate and a« value calculated at initial salt con-
centration. ™ None of these methods, however, use
an integrated rate expression but use a differential
rate, and consequently determination of the rate con-

On the other hand,

calculation of k; with the integrated rate expression

stant is rather inconvenient.

(10) derived in this work is no more complicated
than the others and no unreasonable assumptions are

involved in its derivation.

TABLE 1. ION PAIR DISSOCIATION CONSTANTS, K,
OF VARIOUS SALTS AT 25°Ca®
Salt K x10*
Licl 0. 033+0. 001
LiBr 2.1940. 07
K1 55.740.3

TABLE 2. SUMMARY OF RATE CONSTANTS FOR THE
REACTION; SCH.X-+Y @ CH,Y X~

IN ACETONE
X Y Temp®C  k;X10*[I mole™ sec™?]
cl cl 18.6 6. 11(»
cl cl 25.0 26. 5
cl Br 25.0 18. 0%
cl Br 30.0 37.4
cl Br 40.0 163
cl 1 24. 8 16.2
cl i 30.0 34.0
Br Br —17.0 308
Br Br —14.8 321
Br 8r 0.0 400*
Br 1 —18.5 66. 4
Br I ~13.0 108
Br ! 0.0 330*

(a) Ref (9); Recalculated using. eq. (12),

* Calculated value from the linear plot of log k vs. Jf

Table 2 shows that the rate of halogen exchange
in benzyl halide in acetone is 25 to 2500 times faster
than that in 90% aqueous ethanol; V(M benzyl
chloride-chloride exchange rate increases 2500 times

and benzyl bromide-iodide exchange rate increases
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~25 times. These are consistent with the general rule
that the rate of nucleophilic displacement reaction in
a dipolar aprotic solvent is faster than that in a protic
solvent, (YUDADAHS)(16)

Comparison of activation parameters for aprotic
50%
aqueous ethanol, ¥ (Table 3) shows that the rate is

solvent, acetone, with those of protic solvent,

largely controlled by the entropies of activation. Thus
for exchanges in benzyl chloride AH#* is greater by
12 to 20 kcal in acetone while AS* is also greater
by about 40 e. u., which is more than enough to
compensate for the unfavorable AH* effect resulting
net increase of rate in acetone. For exchanges in
benzyl bromide, hcwever, there is no change in AH7,
but there is an increase in AS* of about 15. e. u.
These

findings are in direct contradiction to the result of

in acetone resulting also the rate increase,

Parker et al, %08 Their result indicated that in
bimolecular substitution reaction there was no change
in AS* when reaction medium was varied from protic
to dipolar aprotic, and the net increase in rate acco-
mpanied with the medium change was mostly due to
the decrease in AH*%

TABLE 3. SUMMARY OF ACTIVATION PARAMETERS
FOR THE REACTION: $CH,X+Y™— $CHY+X"
(A) IN ACETONE,
(B) IN 90% AQUEOUS ALCOHOL(D

G

X Y AH® [Keal) AST (e v ]

Cl cl 39.0@ (18. 1)® 24. 5 (-18,5)®
cl Br 30.9 10.1

cl I 24.6 0.7

Br Br 14.2 —9.7

Br 1 11.2 —-15.7

(a) Ref (9), Recalculated from the rate constants using

eq. (10).

(b) Ref. (9), Value obtained without correction for ion-
pair association of salt

(8)
X Y AR [keal) —AS* [e.u.]
cl ci 20.2 21.6
Cl Br 17.3 26.8
ci 1 12.7 36.3
Br cl 19.4 16.8
Br Br 15.7 24.5
Br 1 11.7 28.8

TABLE 4. RELATIVE NUCLEOPHILICITY OF HALIDE ION
FOR THE REACTION
ACH X+ Y g CHLY +- X~

kY/kBr
N Cl Br I
Cl 1. 47 1¢® 0. 90¢=)
Br —_ 1 0. 83®
(a) at 25°C
(b) at 0°C
They, however, seemed to have overlooked the

possibility of ion-pair association of salts in dipolar-
aprotic solvents, @®®® and this may have been the
cause of the contradictory conclusion. In fact the
neglect of this ion-pair association effect in the rate
constant determination results erroneous AHS and
AS* values as can be seen from Table 3 where we
have listed two values for comﬁarison.

Large increase in activation enthalpy for exchanges.
in benzyl chloride as compared to benzyl bromide is
an indication that bondbreaking has large influence
on AH¥ in acetone solvent, (V090D

Relative nucleophilic reactivity of halide ions in
acetone is reported to decrease in the sequence, Cl">
Br->I-, (2una9ana9a an exact reverse of the
Table 4

shows that the results of this work are consistent

order of nucleophilicity in protic solvents.

with the trend expected for acetone, 1, e., the order
of nucleophilicity for halide ions in exchanges of
benzyl chloride is Cl">Br~>I" and the order for
benzyl bromide is Br=>I".

Dipolar aprotic solvents are much less structured
than protic solvents and are highly polarizable, 9

According to HSAB (Hard and Soft Acids and Bases)
soft (dipolar
should solvate strongly large, soft anions through

principle, (20909 aprotic) solvents
strong dipole-dipole interactions and the London dis-
persion forces, while hard (strong hydrogen-bonding,
protic) solvents should solvate preferentially small,
hard anions. This means that in dipolar aprotic solvent
Cl- will be less solvated than I~ at the initial state
and reactivity will decrease in the order CI->Br~>I-
due to desolvation energies required in the formation
of the transition state.

Another interesting feature to be noted in Table 4
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is that the relative nucleophilic reactivity differences
for halide ions are quite small compared with the
differences in protic solvent reported in the previous
paper,

It is known that the relative reactivity order of
halide ions does not change in change of solvent
from protic to dipolar aprotic if the softness of reaction
center is sufficiently great. ¥ Very small reactivity
differences observed in this work means therfore the
medium softness (or boderline case) of benzyl carbon

as we have correctly assumed previously. ¢

TABLE 5. RELATIVE LEAVING ABILITY OF HALOGEN
FOR THE REACTION:
GCHX+Y ™ —PCH,Y -+ X~

kx/kc
X
\:\\\\\\. @ B
Br 1 22.2
1 1 20.2

(a) at 23°C
(b)Y at ¢°C

Table 5 shows that the relative leaving ability of
bromide is about 20 times greater than that for chloride
irrespective of nucleophiles. The relative insensitiviness
of the leaving ability to the nucleophiles provides a
good contrast with the degree of susceptibility of the
leaving ability to the nucleophiles in protic solvents. ()

Hard sclvents have the basicity leveling effect on
halide ions while soft solvents have no such effect. O®
But the results shown in Table 5 indicate that soft
solvents have polarizability leveling (symbiotic) effect
and the basicity difference becomes important in dete-
rmining the reactivity difference. ¢® This conclusion
is of course true at the temperature studied, and the
susceptibility may change at other temperatures.

Change of solvents also influences the solvation of
the transition state. 19U% General increase in rates
of halide exchanges in acetone compared with 90%
aqueous ethanol may be partly due to the increase in
the transition state stabilization by increased solvation
of the soft transition state by the soft solvent. For
an example, in spite of the strongest solvation of I~

in acetone in the initial state, AS* observed was the
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least positive value for benzyl chloride series (Table
3A). Since AST is the difference in entropies between
the transition state and the initial state, AS¥=S;—
5,, we would expect larger AS¥ if the S; is smaller
(or solvated stronger) as for . However, the trans-
ition state formed by the three-center overlap™® incl-
uding the entering I” becomes softer by the symbiotic
effect of the soft I~. This will increase the solvation
of the transition state resulting smaller —S; and AS*.
This type of solvent stabilization of the transition

state will be absent in polar protic solvent.
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