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The rate constants were determined for both processes of the Finkelstein reaction in acetonitrile-alcohol mix-

tures at 30 °C:

k
CH,Br + I~ —k(.: CH,I + Br-

Theoretical equations were derived describing the dependence of the rate constant on the composition changes

in the solvent mixtures.
tivity coeflicient.
have multiple solvation equilibria with alcohols.

These equations describe the change in the rate constant in terms of changes in the ac-
The results were analyzed by means of the equations; they lead to the conclusion that anions
The relative magnitudes of the step-by-step association con-

stants and of the solvation numbers thus determined agreed with the results determined spectrophotometrically.

In various fields of solution chemistry, quantitative
discussions of solvation phenomena are often based on
the concept of multi-step solvation processes. The
present authors developed a theoretical expression in
terms of multi-step solvation for the activity coefficient
when a solute is dissolved in a binary mixed solvent.
The solvation behavior of a proton in methanol-water
mixtures) was discussed in terms of such processes.
Even though it is intuitively reasonable, however, the
weakness of the concept lies in the lack of experimental
evidence directly pertaining to the phenomenon.

According to Parker,? protic and dipolar aprotic
solvents most clearly manifest their characteristics on
anion solvation. Recent spectroscopic investigations
of the anion-protic solvent interactions successfully sup-
port the idea, and quantitative data have been accum-
mulated.®4 The Finkelstein reaction, for which re-
action rates have been extensively reviewed,?® can be
expected to be a good probe for searching into the
relation between solute-solvent interactions and reac-
tion rates in solution.

In the present work, the authors have measured the
reaction rates in alcohol-acetonitrile mixtures. After
analyzing the results on the basis of theoretical expres-
sions derived by the authors, the anion-alcohol inter-
actions and reaction rates in solvent mixtures are dis-
cussed.

Experimental

Materials: The tetra-n-butylammonium bromide and
iodide were prepared by refluxing tri-n-butylamine and the
corresponding halide in methyl ethyl ketone. The crude
products were recrystallized three times from an acetone—
ether mixture and dried in vacuo at 65 °C for a few days
before use.

The methyl iodide was shaken with a dilute potassium
carbonate solution, washed with water, dried over anhydrous
calcium chloride for one day, and distilled.

The methyl bromide was washed with concentrated sulfuric

* This should be referred to as “Reaction Rates in
Binary Mixed Solvents, VII,” part VI; Y. Kondo, K. Uosaki,
and N. Tokura, This Bulletin, 44, 2548 (1971).

acid in a pressure vessel, distilled twice, and kept over phos-
phorus pentoxide in a pressure vessel.

The acetonitrile was refluxed over calcium hydride and
distilled, and then distilled two times from phosphorus
pentoxide and calcium hydride.

The methanol, ethanol, 2-propanol, and ¢-amyl alcohol
were treated as has been described elsewhere,?

Kinetic Procedure: The solutions of alkyl halide and tetra-
alkylammonium salt were prepared by weight. 5 ml aliquots
from each stock solution were mixed in a glass test tube, a
capacity of 20ml: and with a ground glass stopper; the
reaction was then carried out in a thermostated bath held
at 30.04-0.05 °C. After a given period of time, the reaction
mixture was poured into a mixture of petroleum ether and
water. The electrolytes were extracted from the organic
layer, and the concentrations were determined by poten-
tiometric titration using a silver nitrate solution.

Calculation of Rate Constants: The reaction scheme is as
follows:

k
MeBr + I- 4_—_*’__ Mel + Br~ )
ke

a—x b—x x x
x2
. —
(a—x)(b—x)
where a and & are the initial concentrations of the reactants.

The rate law and the forward rate constant, &, are given
by these equations:

(dx/dt) = ki(a—x)(b—x) — kx? (@)
ko= 2(1(-11— DB ln{ iiiﬁﬁfg } )
K = (ki/k.) 4)

= “ﬂ%ib_) Iy ©)

When the contribution from the reverse reaction is negligibly
small, the rate constant is given by this equation:

1 b(a—x)
1
w5 " e @
The reaction rates were followed starting from the appro-
priate direction; i.e., for the measurement of k; we started

K =
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TasrLe 1. DEeNsITIES OF SOLVENT MIXTURES (30 °C)
faiole  MeCN-  MeGN- MeCN-  MeCN-
MeCN MeOH EtOH 2-PrOH +AmOH
0.0 0.782 0.781 0.777 0.800
0.2 0.782 0.780 0.775 0.797
0.4 0.779 0.778 0.773 0.792
0.6 0.777 0.775 0.771 0.785
0.8 0.774 0.773 0.770 0.778
0.9 0.772 0.772 0.770 0.775
1.0 0.771 0.771 0.771 0.771

from methyl bromide and tetra-n-butylammonium iodide,
and vice versa.

All the calculations were performed on the basis of Egs.
(3) and (7) with a NEAC 2200-700 computer.

Measurements of Density: The densities of the solvent mix-
tures, i.c., acetonitrile-methanol, —ethanol, —2-propanol, and
—t-amyl alcohol, were measured with a single-stem pycno-
meter with a capacity of ca. 30 ml. The interpolated values
are summarized in Table 1.

Results

Rate measurements were carried out for both forward
and reverse processes; the results are summarized in
Table 2. They are the average values for duplicate
or triplicate runs; the experimental uncertainty was
estimated to be less than 4-29.

In 2-propanol and its mixtures with acetonitrile, the
rate constants showed a slight dependence on the

TABLE 2. RATE CONSTANTS IN PURE AND
MIXED sOLVENTS (30 °C)

k:x 104 (1.mol"1.571)

Mole
f’aﬁwé‘l\?f MeCN- MeCN- MeCN- MeCN-
€ MeOH EtOH 2-PrOH #+AmOH
0.0 17.3 48.8 144 445
0.2 25.4 63.0 168 600
0.4 38.2 80.5 194 692
0.6 58.6 112 295 627
0.8 120 187 292 593
0.9 209 281 374 604
1.0 705 705 705 705
Mole k.x 104 (1.mol-1.571)
f’aﬁmé‘l\?f MeCN- MeCN— MeCN- MeCN-
€ MeOH  EtOH 2-PrOH t+AmOH
0.0 1.36 4.80 20.8 112
0.2 2.86 9.51 37.9 286
0.4 5.85 17.4 59.9 422
0.6 13.6 34.2 99.2 514
0.8 47.9 93.7 216 727
0.9 150 259 485 1100
1.0 2580 2580 2580 2580
Solvent k% 104 k.x 104
n-PrOH — 6.0
i-BuOH 79.4 8.33
+-BuOH — 127
n-AmOH — 9.3
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initial concentration of the tetra-n-butylammonium
salts used as a nucleophile. This might be partly due
to the partial dissociation of the electrolytes. For such
a case, the data were determined over a four-fold
change of the initial concentration of the salt at ca.
0.001—0.01 M; the listed average values differed by
ca. 4—59, from the extrapolation to a zero concen-
tration of the salt, but not more. Usually rate measure-
ments were carried out at concentrations of 0.001—
0.01 M for both reactants.

Discussion

Equilibrium Constants and Rate Constants in Single Sol-
vents. It is important to determine whether or
not the Finkelstein reaction proceeds exactly as indi-
cated by this equation:

MeBr + I- (,—ké Mel + Br-
That is, it is important to determine whether or not
the reaction has only one transition state.

The equilibrium constants as determined from the
rate constants presented in Table 2 (K=k;/k,=0.273
in acetonitrile) and by approaching equilibrium from
both directions (K={(MeI). (Br~) }/{(MeBr), (I7)}=
0.274 in acetonitrile, where the equilibrium concen-
trations were determined after letting the reaction mix-
ture stand over four half lives) were in excellent agree-
ment. The present result is a necessary corollary of
the postulated mechanism.

The rate constants in methanol are much smaller
than in acetonitrile, as was pointed out by Parker
et al.? FEven in the series of protic solvents, the rate
constant shows a marked dependence on the solvent
characteristics. :

In the classical treatment of the solvent effect on the
reaction rate,® the logarithmic rate constants are
plotted against the reciprocal dielectric constants of the

solvents. Such a plot is presented for our data in
o*
0.0 -0.10 -0.20 -0.30
T T T T
7
2 8

! 1 1 | 1 Lol

3 4 5 6 7 817
(1/D) x 102
Fig. 1. Plots of log k. vs. (1/D) and of log k. vs. o*

1: MeOH, 2: EtOH, 3: n-PrOH, 4: 2-PrOH
5: -BuOH, 6: n-AmOH, 7: -BuOH, 8: :-AmOH
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Fig. 1. Also, the same data are plotted against the
Taft ¢* values.?

For the Finkelstein reaction, even for a homologous
series of solvents, the dielectric constant does not seem
to be an adequate solvent parameter. The Taft ¢*
values correlate much better with the rate data. Fur-
ther, it should be noted that the Taft o* values are
fairly well correlated to the E; values!® for the present
series of alcohols.

3.0

04 0.6 0.8 1.0 .2

1.0 :

log (k/k.)
Fig. 2. Plots of log k; vs. log (k./k,)
1: MeOH, 2: EtOH, 3: {-BuOH, 4: 2-PrOH,
5:¢t-AmOH.

The logarithmic forward-rate constants, which reveal
a marked solvent dependence, are plotted against the
logarithmic equilibrium constants in Fig. 2. The slope
is ca. —3.0. Since the solvent effect on the equilibrium
constant is suspected to come mainly from the per-
turbation in the solvation free energies of the reactants
and products due to the change in solvent, the abscissa
may be taken as reflecting the sensitivity to the environ-
mental change of the differential solvation energy be-
tween the two anions. In a similar way, the ordinate
would serve as a measure of the solvent effect on the
differential solvation energy between the reactant, the
iodide ion, and an activated complex. Thus, the slope
of —3.0 corresponds to an indication that the charge
density difference between the iodide and the activated
complex is considerably larger than the difference
between bromide and iodide ions. In addition, the
negative sign of the slope indicates that the charge
density is more less in the transition state than in the
initial state.

Generally speaking, the rate constants of the re-
action in alcohol-acetonitrile mixtures show a marked
negative deviation from the line connecting the values
in pure salvents, i.e., x; In k42,10 k,. According to a
previous publication by the present authors,! this type
of behavior can be expected where a solvent effect on
the reaction rate mainly originates from the specific
solvation of the reactant by the solvent slowing the
reaction.

The above features appear to substantiate the position
that, for the present system, the specific solvation of
halide ions by alcohols is the major factor in producing
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such a big solvent influence on the reaction rate.

Reaction Rates in Binary Mixed Solvents:  For the
quantitative treatment of the solvent effects on the rate
constants, the activity coefficient of a solute, M, in a
solvent, s, was defined by Eq. (8):12

ﬂ]l,s = (mgﬂl/mul)s (8)

where m,» and mys stand for the molar concentration
of a solute, M, in a gas phase over the solution and
that of the solute, M, in solution.

Let us consider a case where a solute, M, exists in
equilibrium with such a cluster as M- (Sy)z°-n*(S)),,,
where Z° is the true solvation number, where S, and
S, stand for the 4 and 1 solvents, where these clusters
are related to each other by the equations, and where
the unsolvated solute, M, is in a vapor-liquid equi-
librium:

M + Z°8, = M- (S,) ; Ko
M- (Sq)ze- 417 (S1) y-1 + Sy
= M- (8g)z-;+(S1); + Sa 5 K;

When the mixture forms an ideal associated solution,
the activity coefficient of a solute, M, in a solvent
mixture composed of the 1 and 4 solvents, fu,mix, is
given by this equation 1)

5im B s = LK1+ 3) (K e8] (Ve RT) - (9)

where x, and x, stand for the mole fraction of the 1
and 4 solvents respectively; f% is the fugacity of a
pure solute, M, and V;, is the molar volume of the
mixed solvent.

Strictly speaking, all the solvation sites might not
necessarily be equivalent to each other. In other
words, the equilibrium constant on one solvation site
might not be equal to that on the other site. We
denote by K., the equilibrium constant for the
solvent-exchange process on the mth solvation site.

The _)f‘.(jl?l(j)xf""'xl" term in Eq. (9) expresses the

distribution of the clusters as a function of the solvent
composition. In the solvent mixture each solvation
site is occupied either by 1 or 4 solvents and, with
respect to the mth solvation site, the ratio of the fre-
quency of the occupation by the 4 solvent to that by
the 1 solvent is x, to K. ,,%,;. Since there are Z° solva-
tion sites around the solute, the distribution of such
clusters as is specified by the occupation of the respec-
tive site either by the 1 solvent or the 4 solvent is given

7
by the K Il (x;+ K., nx,) term. The activity coefficient

of a solute, M, in the solvent mixture is given by this
equation:

3im B ie = [+ Kol (51 + Ko i) N (Vo RT). (10

For a given solvent pair, there would exist a critical
value, z, within the range, 1=2=<Z° beyond which
the equilibrium constant, K. ,, could approximately
be equal to unity; that is to say, K, =1 for z4+1<m<
Z°, when the solvation sites are arranged and numbered
in decreasing order of the equilibrium constant, for
example, from the inner site to the outer site. Under
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z°
these conditions, the II (x4+ K, ,%,) term can be ap-
m=1

proximated by I'{ (%4 +Ke,m*;). When the term is ex-

panded in series, Eq. (10) reduces to Eq. (11) and the
K’s are related to K. ,,’s by the following equations:

5 B = L/ +3) (K5 Vans/ RT) (1)

z z z z
Kl = El(se,m’ K1K2 = ZKse,mKse,n’ A HKJ = IIKse,m
me1 nisn =1 m=1

The z value means the “experimentally detectable”
solvation number for the solvent pair or, in other
words, the number of solvent molecules responsible for
bringing about the observed difference in the solvation
energy; it will be referred to as “specific solvation
number”’, in contrast to the true solvation number.

For the following bimolecular reaction, the rate con-
stant in a mixed solvent is given by this equation:1?

X-4+RY — M* — RX + Y~
kmix = kg(ﬁx‘,mixﬁRY,mix/ﬁﬂe,mix) (12)

where Bx,mixs Pry.mixs and Ps,mix stand for the activity
coefficients of X, of RY, and of the activated complex
in the mixed solvent respectively, and where kg is the
rate constant in an ideal gas.

As was described above, and as will be discussed
below, there are indications that the rate of the
Finkelstein reaction is mainly controlled by the specific
solvation of the anion by a protic solvent and the
concept of multi-step solvation should be taken into
account in the quantitative treatment of the anion
solvation in protic solvents.

In the following treatment, we assume that Eq. (11)
applies only to the anion and that the other systems,
i.e., alkyl halide-solvent mixtures, and activated com-
plex-solvent mixtures, are to be considered ideal mix-
tures; that iS, ﬂBY.mix=ﬁ*«-.mlx= 1.

For electrolytes, the Ko>1 condition will be satisfied ;
as a result, K, drops out of the equations, giving these
approximate formulas, i.e., Eqs. (13) and (14):

Inkp;x =Ink, +1In( i K;) ~In {é (I} Kj)x 4t 4 28}
=1 j=1

j=1
+In (Vmix/Vl) (13)

(kafk) = (LK) (Vi/ V) (14)

The ratio of rate constants in pure solvents, Eq. (14),
is mainly controlled by the jﬁ‘ K; term, since the values

of (k,/k,) lie ca. 10—103, whereas the values of (V,/V;)
are ca. 1—2. The rate constant in acetonitrile is
usually larger than in alcohols. We identify aceto-
nitrile as the 4 solvent and alcohol as the 1 solvent.
Equation (14) gives the boundary conditions for

L3 . . -
JII K;. Under these conditions, the theoretical values of
=1

the rate constants were obtained as a function of the
solvent compositions on the basis of Eq. (13) for a
definite set of z and K;’s. The calculations were
repeated by a trial and error-method, systematically
changing the equilibrium constants for the respective
solvation number and afterwards for the different values
of z. These calculations were performed by hand.
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Fig. 3. Comparisons of the experimental results with
the calculated values.

: calculated.

(O: MeCN-MeOH, @: MeCN-EtOH

A MeCN-2-PrOH, []: MeCN-t-AmOH.

log k,+4

1
[o] 0.5 1.0
[Xcﬂch]
Fig. 4. Comparisons of the experimental results with
the calculated values.
: calculated.

O: MeCN-MeOH, @: MeCN-FtOH,
A: MeCN-2-PrOH, []: MeCN-t-AmOH.

The calculated results are compared with the experi-
mental data in Figs. 3 and 4. The parameters used
in the calculations are summarized in Table 3.

The results in Table 3 indicate that the specific
solvation number decreases with an increase in the size
of the hydrocarbon moieties and of the anion. For the
present systems, the specific solvation number, z, ob-
tained above would correspond to the number of
alcohol molecules interacting with the anion in a
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TaBLE 3. EXPERIMENTALLY DETERMINED PARAMETERS
I- Br-
Alcohols B 2
z 1K, K, K, z K, K, K, K, K,
=1 j=1
MeOH 2 31.36 24.1 1.30 4 1460 133 6.97 1.50 1.05
EtOH 1 16.00 16.0 — 3 595.4 75.5 4.23 1.86 —
2-PrOH 1 7.11 7.11 — 2 180.2 33.0 5.46 — —
t-AmOH 1 3.28 3.28 — 2 47.67 14.0 3.40 — —
different way from acetonitrile. As the protic solvent
bec.omes more b.ullfy, fewer pro?ic solven.t mc.)lecules can t-AmOH i-ProH  EtOH MeOH
be in close proximity to the anion. This will lead to a 1 t-BuOH *
decrease in the specific solvation number, z, that is, 2.2

to a decrease in the number of protic solvent molecules
interacting in a “protic’’ way.

This trend is observed in the equilibrium constants:
K, >K,>K;>K,---. This same trend was observed
in proton solvation in methanol-water mixtures.))

A final point to be noticed is that, in the respective
K; values, the general trend in the interaction energy
with a halide ion, i.e., MeOH>EtOH >2-PrOH>
t-AmOH, is retained.

According to the features summarized in Table 3,
the solvation energy of a halide ion in a pure alcohol
seems to be a composite quantity determined by two
factors, a specific solvation number and the acidity of
the alcohol.

Conclusions Reached by a Kinetic Procedure and by Spec-
troscopic Measurements. One conclusion about anion
solvation has been drawn from the association equi-
librium studies between phenol and halide ions by
Taylor and Kuntz. Both the static and dynamic
procedures substantiate the concept of a multi-step
solvation of anions due to protic solvents. The gen-
eralization about the interaction coeflicient, i.e., K; >
K,>K,, and the specific solvation number, z.e., 2(Br—)>
z(I7), are also supported by the two procedures. In
addition, three independent studies, i.e., the present
work, IR studies,¥ and NMR studies,? give coincident
results concerning the order of the interaction coef-
ficients between the alcohol and the anion: K;(Br—)>
Kj(I—).

From these results, a smaller anion seems to be
better solvated in a less bulky solvent. The specific
solvation number is larger as well. Among the multiple
steps, the first solvent-exchange process makes an ex-
traordinarily large contribution to the overall difference
in the solvation energy.

Recently NMR studies of halide-alcohol association
have been performed under conditions where one-to-one
complex formation is favored (K.4).» These results
are shown in Fig. 5 as a function of the Taft ¢* values.
The similarity in the slopes of the plots, i.e., 2.8 and
2.5 for log K; vs. o* and log K.q vs. ¢*, lends support
to the internal consistency of the assumptions involved
in the above procedure.

As may be inferred from Figs. 3 and 4, with an
increase in the size of the alcohols the plot of log kp,;,
vs. x tends to reveal an S-shape character. This type
of behavior can not be simulated by the equations
shown above. In such low dielectric solvents as t-amyl

I
~0.20

c*

0.0

! 1
-0.30 -0.10

Fig. 5. Correlations of log K, and log K., values with
Taft ¢*

alcohol or its mixture with acetonitrile, electrolytes are
only slightly dissociated ; this might have some influence
on the observed reaction rates. The possibility of the
exchange of solvents in the transition state has been
ignored in this treatment. The present work is in-
capable of confirming these possibilities.

From the results of our studies, it seems safe to
regard the anion-alcohol interaction as taking place by
means of a multi-step process; in a qualitative sense,
the results obtained by several procedures are consistent.

We are grateful to Professor Donald Rosenthal,
Clarkson College of Technology, for his comments on
this manuscript.

References

1) Y. Kondo and N. Tokura, This Bulletin, 45, 818
(1972).

2) A.J. Parker, Chem. Rev., 69, 1 (1969) and the references
cited therein.

3) R. D. Green, J. S. Martin, W. B. McG. Cassie, and
J- B. Hyne, Can. J. Chem., 47, 1639 (1969).

4) R. P. Taylor and I. D. Kuntz, Jr., J. Phys. Chem., 74,
4573 (1970).

5) C. K. Ingold, “Structure and Mechanism in Organic
Chemistry,” 2nd ed., Cornell University Press, Ithaca and
London (1969).

6) E.A. Moelwyn-Hughes, “Chemical Statics and Kinet-



290 Yasuhiko Konpo, Toshio KaTto, and Niichiro Tokura

ics of Solutions,” Academic Press, London and New York
(1971).

7) “Technique of Organic Chemistry II, Organic Sol-
vents,” 3rd ed. by A. Weissberger, Wiley-Interscience, New
York (1970).

8) A. A. Frost and R. G. Pearson, ‘Kinetics and Mech-
anism,” 2nd ed., John Wiley & Sons, New York (1953).

[Vol. 48, No. 1

9) R. W. Taft, Jr., J. Amer. Chem. Soc., 75, 4231 (1953).

10) Ch. Reichardt, ‘“Lésungsmittel-Effekte in der Organ-
ischen Chemie,” Springer-Verlag, Heidelberg (1969).

11) Y. Kondo, Y. Honjo, and N. Tokura, This Bulletin,
41, 987 (1968).

12) S. Glasstone, H. Eyring, and K. J. Laidler, “The
Theory of Rate Processes,”” McGraw-Hill, New York (1941).






