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Kinetics of the Reactions of Thiosulfate Ion with Methyl and Isobutyl Bromides

By PuvrLis M. DunBAR! aND Louls P. HaMmMeTrT*

A recent paper? from this Laboratory has de-
scribed an accurate kinetic study of the reaction
of ethyl, n-propyl and isopropyl bromides with
thiosulfate ion under strictly comparable condi-
tions. The work was undertaken in order to de-
termine quantitatively the comparative impor-
tance of energies and entropies of activation in
the interpretation of the relative reactivities of
saturated alkyl halides toward nucleophilic re-
agents in bimolecular displacement reactions of
the type

RX 4+ B~ —> RB 4+ X~

The results show that the difference in reactivi-
ties between ethyl and isopropyl bromides is due
primarily to a difference in heats of activation
while the difference in reactivities between ethyl
and n-propyl bromides is accounted for solely by
an entropy decrease.

It was important to extend the study to include
other members of the series in which a- or 8-hydro-
gens have been replaced by methyl groups, CHz—,
CHsCHr—', (CH3)2CH—', (CHs)gC—' and CHs-
CH,—, CH;CH.CHy;—, (CH;):CHCH,—, (CHj);-
CCH;— in order to ascertain to what extent
these same energy and entropy effects are found.

t-Butyl and neopentyl bromides were omitted
from the study, the former because of the predom-
inance of unimolecular reaction with the solvent,
the latter because its reaction rate is too slow for
accurate measurement.

The reaction of methyl bromide posed more
than the usual difficulties, not only because it is so
rapid but also because the change in thiosulfate
ion concentration during the reaction corresponds
to only about 90 mole 9, of the methyl bromide
added. This fact had led a previous observer? to
suppose the reaction to be reversible. The situa-
tion had to be investigated before the kinetics of
the reaction could be studied. The results are dis-
cussed in a later section.

There follows a description of the kinetics of
the reactions of thiosulfate ion with methyl bro-
mide between 0 and 20° and with isobutyl bromide
between 12.5 and 50°.

Experimental

Apparatus.—The thermostats used were accurate to
+=0.01°. Thermometers were calibrated by the National
Bureau of Standards.

Volumetric apparatus was calibrated for each tempera-
ture and solvent composition for which it was to be ised.
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Materials.—The reactions were carried out in a solvent
509, water and 509, U. S. P. ethyl alcohol by volume
(44.05% alcohol by weight). The measured density was
4%, 0.9229,

The NagS;0;-5H,0 used was Baker & Adamson reagent
grade, free from sulfate ion.

Methyl bromide (Matheson & Co.) was passed from a
tank through Drierite into cold absolute alcohol until the
concentration of the solution was approximately 0.3 M.
The solution was stored at 8°, but never kept more than a
few days.

One sample of isobutyl bromide, an Eastman Kodak
Co. product, was fractionated in a 24-in. column packed
with glass helices and the main fraction, boiling within a
0.1°range, used. This was analyzed by allowing a sample
weighed in a sealed ampule to hydrolyze in the presence of
excess 1 N alcoholic sodium hydroxide for one week at 50°
and determining the bromide ion produced by the Volhard
titration. The result corresponded to 98.4 mole 9, iso-
butyl bromide.

A second sample from the Paragon Chemical Co., b. p.
91-93°, was first partially hydrolyzed to remove any terti-
ary alkyl halide, then fractionated and the fraction boiling
between 90-92 ° collected. This fraction was washed with
concentrated sulfuric acid, water and potassium carbonate
solution, distilled from dry potassium carbonate, and the
fraction boiling at 91.2° (uncor.) used. The bromine
analysis indicated 99.9 mole 9, isobutyl bromide. The re-
fractive index (Abbe refractometer) was #2°p 1.435.

The primary standard for the determination of sodium
thiosulfate was resublimed iodine; that for the Volhard
titrations was both dried sodium chloride and dried silver
nitrate.

The Thiosulfate Reaction with Methyl Bromide.—Reac-
tion mixtures were prepared in volumetric flasks, whose
stoppers were sealed with silicone grease, from an alco-
holic solution of methyl bromide, an aqueous solution of
sodium thiosulfate and 509, alcohol, all at thermostat tem-
perature. The flasks were held in the thermostat and
sampled at appropriate intervals by an automatic pipet
which delivered into an amount of iodine solution just in-
sufficient to react with the thiosulfate. The titration was
completed with 0.005 N iodine solution using starch indi-
cator. At the same time that the reaction solution was
prepared a sample of the alcoholic methyl bromide so-
lution was delivered into excess 1 N sodium hydroxide
solution, allowed to hydrolyze at room temperature for
twenty-four hours, and titrated for bromide ion. An
““infinity’’ titer on the reaction mixture was obtained from
a sample of the mixture which had reacted at least ten
times the half time of the reaction. Sampling times were
read from a continuous electric timer.

Closed glass tubes were introduced to the flask as samples
were removed to keep the level of the liquid high enough to
be reached by pipet. Reactions run with and without
these pieces showed no distinguishable difference in rate.

Some of the possible causes for the failure of the de-
crease in thiosulfate titer in this reaction to be equivalent
to the methyl bromide present were eliminated by the
following experiments.

Thiosulfate is stable to air in the presence of the reaction
products since the thiosulfate titer of solutions remaining
at the completion of reaction was not changed by bubbling
air saturated with the solvent through the solution for
one half hour. Titer before, 13.57; after, 13.63; in an-
other experiment, before, 14.44; after, 14.48.

Silicone grease has no effect on thiosulfate solution.
Closed pieces of glass tubing coated with the grease were
left in a reaction mixture for five hours: titer before,
22.69; after, 22.67.

Loss from volatilization of methyl bromide is negligible.
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A 0.01 M solution of methyl bromide in 509 alcohol was
sampled six times over a period of three days by the
method used in sampling the reaction mixtures for the
thiosulfate reaction. The sample was hydrolyzed by al-
kali and titrated by the Volhard method. The first and
last samples differed in titer by 0.02 ml. of 0.032 N potas-
sium thiocyanate. If this were a real difference it would
represent a 0.5%, loss in methyl bromide. Further three
pairs of identical runs were made in which one flask of the
pair was sampled at the normal intervals and the other
titrated only after the reaction had gone to completion.
The titers of the first “‘opened” runs were indistinguish-
able from those of the other ‘“‘closed’’ runs.

“Opened’’ “Closed”

17.65 ml. 17.74 ml. of 0.005894 N iodine
17.98 17.96 ml. of 0.005894 N iodine
22.71 22.66 ml. of 0.003147 N iodiue

The reaction is not reversible. Two reaction mixtures
of 0.01 M methyl bromide and 0.02 M sodium thiosulfate
in water—alcohol solvent were allowed to go to completion.
At this time the iodine titers on 10-ml. samples were 28.76
ml, and 28.83 ml. of a 0.005065 N solution. Thisindicated
that a 0.004 M bromide ion solution had been formed.
Then 0.2 g. of sodium bromide was added to the 230 ml. of
reaction mixture left in each flask, tripling the bromide ion
concentration. After twelve hours, 10-ml. samples were
again titrated. The titers were 28.75 and 28.82 ml., re-
spectively.

A second methyl bromide does not react with the CH;-
SS0O;~ produced in the reaction. A reaction between
0.005 M methyl bromide and 0.01 M sodium thiosulfate
in 509, water—alcohol at room temperature was carried
to completion. Titration of 10-ml. samples with stand-
ard iodine solution showed that, for duplicate experiments,
an amount of thiosulfate equivalent to 93.1 and 93.39, of
the methyl bromide put into the reaction mixture had re-
acted. Ten ml. of 0.25 M methyl bromide and 10 ml. of
0.5 M sodium thiosulfate were added to this same mixture
and the fresh reaction thus started allowed to go to com-
pletion. Titration with iodine showed that this time 89.9
and 91.89, of the methyl bromide had reacted. A second
set of determinations on solutions in which the concentra-
tions of the reactants had been doubled gave 90.9 and
88.49, of the first samples reacting and 92.6 and 90.2%, of
the second.

The Thiosulfate Reaction with Isobutyl Bromide.—
Reaction mixtures were prepared by bringing a solution of
a known amount of sodium thiosulfate in 509, alcohol
(prepared either from the hydrated salt or from a concen-
trated aqueous solution plus enough alcohol to compensate
for the water added) to thermostat temperature, breaking
under the solution a sealed ampule containing a known
amount of isobutyl bromide, mixing and adding the requi-
site amount of 509, alcohol at thermostat temperature to
bring to volume. Stoppers were again sealed with silicone
grease. Samples were delivered at suitable intervals into
100 ml. of ice-water and titrated with 0.03 N iodine using
starch indicator. The temperature at the eud of the titra-
tion was about 10°.

Solvolysis Reaction.—A niethyl bromide—thiosulfate
reaction mixture of the usual composition was allowed to
stand at 20° for a time sufficient to allow the reaction with
thiosulfate to go to completion, and samples were titrated
with 0.01 N sodium hydroxide and phenolphthalein. The
titer corresponds to a solvolysis of less than 19, of the
methyl bromide. Indeed the data of Dostrovsky and
Hughes* on the solvolysis of methyl broinide in 509, water—
alcohol at 95° and that of Grunwald® for the same reaction
at 50° indicate that only 0.019 of the methyl bromide
would solvolyze.

An isobutyl bromide—thiosulfate reaction mixture of the
usual composition except that it contained 0.02 N sodium
acetate was allowed to react at 25°. Samples removed at
intervals and titrated in ice-water with sodium hydroxide

(4) Dostrovsky and Hughes, J. Chem. Soc., 164 (1946).
(5) Ernest Grunwald, data to he published.
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indicated that less than 0.5, of the total reaction was due
to solvolysis. Similar titration of an isobutyl bromide—
thiosulfate reaction mixture which had reacted to comple-
tion at 50° showed acid equivalent to less than 0.99, of
the isobutyl bromide.

Calculations

The rate of reaction for each individual run was

calculated from the second order rate equation
_ 1 a(d — %)

kt = b . In m
The initial thiosulfate concentration, ¢, was de-
termined by titration with standard iodine solu-
tion and the initial concentration of the alkyl hal-
ide, b, assumed to be equal to the total amount of
thiosulfate reacting and thus equivalent to the
difference between the initial thiosulfate titer and
the titer at “infinite’’ time. The units of k are 1./
mole-sec.

A plot of the quantity 1/(d — a) In [a(d — %))/
[6(e — x)] versus time was found to be a straight
line for both compounds, and while in most cases
this quantity was determined only up to 509, reac-
tion, in several experiments it was followed and
found to give a straight line to 809, reaction.
Therefore the slopes of the plots were calculated
by the method of least squares. The slopes are
tabulated in Tables I and II.

TABLE 1
SPECIFIC RATES OF THIOSULFATE REACTION WITH METHYL
BrROMIDE
Tewmp., 102 k No. of Av.
°C. 1./mole-sec. rins deviation
20.00 5.73 9 (.047
10.00 2.235 4 015
0.00 0.8095 4 .0028
TaBLE 11

SPECIFIC RATES OF THIOSULFATE REACTION WITH Iso-
BUTYL BROMIDE

Temp., 105 k No. of Av,
°C. 1./mole-sec. runs deviation
50,00 26.00 2 0.02
37.50 7.60 5 .05
25.00 2.02 4 .02
12.50 1,459 2 L0005

The curves for the methyl bromide reaction
were consistently found to have a negative inter-
cept ou the time axis, the values of which aver-
aged —20.1 sec. at 20°, —35.7 sec. at 10° and
—124 sec. at 0°. The negative intercept would
indicate a faster rate during the first few per cent.
of reaction. However, since this was comparable
at all temperatures it cancels out in the activation
energy and entropy computations.

Since the curves were straight lines it was not
necessary to use the graphical method of Crowell
antd Hamimett? for the calculation of the energies
and entropies of activation. The energy of activa-
tion, E£¥, was calculated from the Arrhenius equa-
tion. The results are given in Table ITI.

Relative heats of activation and entropies of
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ENERGIES, HEATS AND ENTROPIES OF ACTIVATION OF THE
REACTIONS BETWEEN THIOSULFATE ION AND METHYL AND
IsoBUTYL BROMIDES

E*,  aHF-aRF, asF-asT,
Methyl bromide keal./mole kcal./mole cal./mole-deg.
0-10° 15.6 —2.9 —0.6
10-20° 15.5 -3.0 -0.7
Av. 15.6 —-2.9 —0.6
Isobutyl bromide
12.5-25° 20.0 1.5 —2.6
25 -37.5° 19.5 1.0 —4.0
37.5-50° 19.6 0.9 —3.7
Av. 19.7 1.1 —3.4

activation were determined on the basis of the
reaction of ethyl bromide as standard.

Errors

The probable error of the individual rate deter-
minations for the reaction of methyl bromide with
thiosulfate ion is less than 19, for all runs at all
temperatures. The average deviations of the in-
dividual points from a straight line are 0.4 1./mole
at 20°, 0.6 1./mole at 10° and 0.3 1./mole at 0°.
The average deviation of the rates is 0.39, at 0°,
0.7% at 10° and 0.8%, at 20°.

The individual rate determinations for the re-
action of the isobutyl bromide with thiosulfate
ion have a probable error of 0.49, or less. The av-
erage deviation of the rates is 0.1%, at 12.5°, 0.89,
at 25°,0.79, at 37.5° and 0.19%, at 50°.

Since the rates are accurate to better than 19,
the energies of activation should not be in error to
more than 0.2 kcal./mole, and the entropies of ac-
tivation to greater than 0.4 cal./deg.

In the case of isobutyl bromide three of the
runs at 37.50° and two of those at 25° were made
with a different sample of bromide from that
used in the other runs, at a time separated by sev-
eral months from the others, and with new thermo-
stat settings. The differences between the two
sets of measurements were not significant.

Results
The results of the study are shown in Tables I
through IV.
TaBLE 1V

SUMMARY OF THE DATA ON THE REACTIONS OF THIOSUL-
FATE ION WITH ALKYL HALIDES

MeBr? EtBrd #-PrBré {-PrBrb i-BuBr
Rate at 12.5°C,, & X
104 1./mole-sec. 285 2.43 1.266 0.0677 0.0459
AHF — AHF, keal/
mole —-2.9 (O —0.5 1.6 1.1
as¥ — AS:J:. cal./
mole-deg. —-0.6 (0 -3.0 -0.9 —3.4

@ Concn. of MeBr and 8;0;~ is oue-tenth of that used in
the other reactions. ? Data for these compounds were
obtained from the work of Crowell and Hammett.?

Tables I and II show the rates of the methyl
bromide and isobutyl bromide reactions, respec-
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tivéely. The latter were determined upon 0.046~—
0.048 M isobutyl bromide and 0.097-0.101 M so-
dium thiosulfate alcohol-water solutions. The
methyl bromide reactions were 0.0046-0.0050 A
in methyl bromide and 0.0098-0.010 A in thiosul-
fate ion except for two cases in which the methyl
bromide was 0.0036 M. These latter two were in-
cluded since they reacted at a rate well within the
range of experimental results.

A change of solvent composition by 29, to 489,
water-529, alcohol by volume increased the rate
of the isobutyl bromide-thiosulfate reaction 5%.
The values were & = 4.81 X 107% and 4.78 X
103 1./mole-sec.

The experimental activation energies and rela-
tive heats and entropies of activation for the reac-
tions are listed in Table III, and Table IV puts
the results obtained in this paper and those from
that of Crowell and Hammett? in convenient form
for comparison. In the work on methyl bromide
the concentrations of both the methyl bromide
and the thiosulfate ion were only omne-tenth of
those used for the other alkyl halides. The other
reactions are strictly comparable with respect to
concentrations and solvent.

The rapidity of the methyl bromide reaction
provided some difficulty. This was surmounted
by working both at low temperatures and low
concentrations, which brought the rate of reac-
tion within measurable range but necessitated ex-
treme precision in order to obtain the specific
rates within the desired 19 limit of error.

The amount of thiosulfate used up in the reac-
tion with methyl bromide corresponded to from
89.5 to 93.89, of the methyl bromide added as de-
termined by analysis, the individual averages be-
ing 89.99% at 20°, 92.19, at 10° and 92.69%, at 0°.
This parallels the results of Moelwyn-Hughes?
which indicate that the reaction between methyl
bromide and thiosulfate ion in water solution is
only 869 quantitative., Moelwyn-Hughes sug-
gested that this indicated a reversibility of the re-
action, but this we have disproven, as shown in
the experimental section. The experiments there
described also prove that the effect is not due to
air oxidation of thiosulfate, to the effect of silicone
grease, to evaporation of methyl bromide, to sol-
volysis of methyl bromide, or to further reaction of
methyl bromide with CH;SSO;—. Furthermore,
the fact that the second order law is followed
closely makes any complication involving suc-
cessive reactions of any sort improbable. It
therefore appears highly probable that the effect
in question arises from the presence of a parallel
second order reaction between methyl bromide
and thiosulfate whose product reduces iodine.
Such a product might be CH;0S05S—. This being
the case the procedure adopted of calculating the
rate constant of the process CHsBr + S:0:~ —
CH;SS0;~ + Br— from the infinity titer rather
than from the known concentration of methyl
bromide_is sound and the activation energies and
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entropies obtained from the temperature coef-
ficient of these rate constants apply to this reac-
tion.

Discussion

The results show, with one exception, an in-
crease in activation energy when a- or $-hydro-
gens are replaced by methyl groups. The activa-
tion energy of the ethyl bromide reaction is 2.9
kcal. greater than that of the methyl bromide re-
action. As would be expected, the effect of the
introduction of a second methyl group on the a-
carbon, 1.6 kcal., is not as great as that caused by
the introduction of the first group. Entropy dif-
ferences for the reactions of the members of the o-
methylated series are small. The exact value of
the isopropyl bromide reaction is uncertain. The
value for the methyl bromide reaction is just on
the border line of significance since it is only 0.2
cal. greater than the probable error.

The one exception is found on the introduction
of the first methyl group on a 8-carbon. As one
goes from the ethyl to the n-propyl reaction the ac-
tivation energy drops slightly, yet the reaction
rate is halved due to a 3 cal./deg. drop in the en-
tropy of activation. However, upon introduction
of a second methyl group, <. ¢., the reaction of iso-
butyl bromide, the drop in reaction rate is again
primarily due to a 1.7 keal. rise in the activation
energy. The entropy has not decreased signifi-
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cantly. This result is in close agreement with the
calculations of Dostrovsky, Hughes and Ingold®
which predict a rise of 1.4 kecal. in the activation
energy because of increased steric hindrance.

The data are consistent and, with exception of
the reaction of #n-propyl bromide, they are in
agreement with explanations of the decrease in
reactivity accompanying «- or p-methylation
which are based on increased energy barriers to
the activated complex caused by significantly in-
creased polar and steric effects.

Summary

The rates of reaction of mnethyl bromide with
thiosulfate ion in 509, water—alcohol solvent were
measured at 0, 10 and 20° and those of isobutyl
bromide with thiosulfate ion at 12.5, 23, 37.5 and
50°. From the rates of reaction the energies and
relative heats and entropies of activation of the
reactions were computed.

The amount of thiosulfate ion used up in the
methyl bromide reaction corresponds to only 90
mole %, of that required to react with all of the
methyl bromide added. This has been investi-
gated and it has been shown that this incomplete-
ness of reaction does not interfere with the ki-
netics.

(6) Dostrovsky, Hughes and Ingold, J, Chem. Soc., 173 (1946).
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The Kinetics of Acid-catalyzed Esterification of Dimethylsubstituted Benzoic Acids

By HiLtoN A. SMiTH* AND RUPERT B. HURLEY!

The rates of acid-catalyzed esterification of the
monomethyl substituted benzoic acids have been
previously reported.? It was found that sub-
stitution of a methyl group in the meta or para
position of benzoic acid did not greatly alter the
rate constant, while similar substitution in the
ortho position caused the esterification rate to drop
to one-third of that of benzoic acid. Hartman and
Borders also reported that for each of the toluic
acids, the activation energies were considerably
lower (1100 to 1700 calories per miole) than for
benzoic acid.

Since little work has been done on the dimethyl
substituted benzoic acids, it seemed of interest to
prepare the various isomers, and to measure their
esterification rates. In addition, benzoic acid was
also studied for comparison purposes.

Experimental
Merck. reagent grade, primary standard ben-
zoic acid was used without further purification.
The dimethylbenzoic acids were prepared and
* Harvard University Ph.D. 1934,

(1) Tennessee Eastman Fellow, 1947~1948.
(2) Hartman and Borders, Tars Journat, 89, 2107 (1937).

recrystallized in the manner previously de-
scribed.® Table I shows the melting points and
neutral equivalents of the materials used.

TaBLE 1
MELTING POINTS AND NEUTRAL EQUIVALENTS OF ACIDS
ESTERIFIED

Neutral equivalent
Cor.® Theo-
Acid n, p., °C. Found retical
Benzoic 121.0-121.6 122.3 122.0
2,3-Dimethylbenzoic 144.5-145.5 150.4 150.2
2,4-Dimethylbenzoic 125.2-125.8 150.0 150.2
2,5-Dimethylbenzoic 133.9-134.6 150.2 150.2
2,6-Dimethylbenzoic 115.5-116.2 150.5 150.2
3,4-Dimethylbenzoic 168.6-169.2 151.0 150.2
3,5-Dimethylbenzoic 173.2-173.8 150.8 150.2

o All melting points have been corrected for emergent
thermometer stem and were determined in an aluminum
melting-point block.

Methanol was obtained in a pure, dry state, as
in previously reported work, by careful frac-
tionation of methyl alcohol through a 3-ft.
helix-packed column. The method used to ob-

(3) Smith and Stanfield, #bid., T1, 81 (1949).



