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'The acid-catalyzed hydrolysis of methylal has been studied at 25° in solutions of hydrochloric, sulfuric and perchloric
acids at concentrations ranging from 0.4 to 4 M and also in mixed solutions of perchloric acid and sodium perchlorate having

a total electrolyte concentration of 6 17.

) The first-order rate constants &y increase very rapidly with increasing acid con-
centration and a plot of log % vs. the Hammett acidity function, Ho, gives a straight line with a slope of —1.15.

This cor-

relation is eyidence that the activated complex for the reaction behaves like the conjugate acid of methylal and this in turn
is added evidence for the ‘‘unimolecular’’ reaction mechanism already postulated by Ingold and by O’Gorman and Lucas for

the acid-catalyzed hydrolysis of acetals.

Several recent investigations have involved the
use of the Hammett acidity function Hy to aid in the
determination of the mechanisms of acid-catalyzed
hydrolysis reactions.!~¢ The basic idea stems from
a suggestion by Zucker and Hammett’ that for
hydrolysis by concentrated solutions of strong acids
the rate will correlate with H, if the activated cowm-
plex- does mot contain a water molecule and will
more closely correlate with concentration of hydro-
gen ion if water is involved in the activated com-
plex. Consider, for example, the following sche-
matic hydrolysis where two alternate slow steps are
proposed

E+H*+*=EH* Equil.

{(a) “Unimolecular”’ slow step
EH+ = M+ = R+ + B Slow
R++4+ H,O0=C+4+ H+ Fast

(b) “Bimolecular” slow step
EH*+ 4+ H;,0 = M+ = CH* + B Slow
CH*=C 4+ H* Fast

For the ‘“‘unimolecular” slow step it is reasonable

®
to assume that the activated complex, M+, will
still structurally be the conjugate acid of E. With
this slow step the Bronsted equation for medium
effects on the first-order hydrolysis constant is

log kn = log ko + log Ca*{(fatfe/fi+)

where the f’s are activity coefficients and Cg-+ is
concentration of hydrogen ion.
The Hammett acidity function is defined as

—H, = log Ca+(fa*fs/fer+)

where fg and fgu+ are activity coefficients of a neu-
tral base indicator and its conjugate acid, respec-
tively. Since both of the ratios fp/fem+ and fr/
Sfii+ refer to a base and its conjugate acid, it is rea-
sonable to suppose that they vary in the same way
with medium changes and this will lead to a parallel
behavior of log by and —H, For a mechanism
which involves the “bimolecular” slow step (b)
a parallelism between rate and Hy would not be ex-

pected since one would no longer expect IT&'F to
behave as the conjugate acid of £. A final point is
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that this diagnostic use of Fj necessarily involves
studies of the hydrolysis rates with strong acids at
concentrations above roughly two molar since only
above this concentration does —FH, depart signifi-
cantly from log Cu+.

In this paper we wish to report on the application
of Hy to the acid-catalyzed hydrolysis of methylal
in aqueous solutions of strong acids. Ingold gives
as the most likely mechanism for acetal hydrolysis
(particularized to methylal)®

H+

MeOCH,;OMe + H+ = MeOCH;OMe Equil.
MeOCH,OMeH * = MeOCH;* 4 MeOH Slow
MeOCH,+ 4+ H,0 = MeOCH,0H 4+ H* Fast

(MeOCH,0OH —> MeOH + HCHO, very fast by similar
mechanism?)-

As evidence he adduces the stereochemical studies
of O’Gorman and Lucas” and the known large in-
crease in rate with increase in number of alkyl sub-
stituents on the methylene group.! This mecha-
nism fallsin the “unimolecular” category mentioned
earlier and a parallelism of rate and H, should thus
be added evidence for its correctness or, more spe-
cifically, for the fact that the activated complex is
the conjugate acid of the reacting acetal.

Studies of the acid-catalyzed hydrolysis of meth-
ylal have been reported previously by Skrabal,®
Palomaa and Salonen!” and Lobering and Fleisch-
mann,!! but in all cases data are available for only
fairly low concentrations of catalyst acid. The
reaction goes to completion, and, as expected, the
rate is first order in both methylal and hydrogen
ion concentrations and hence pseudo-unimolecular
for a given concentration of acid. The best value
of the bimolecular rate constant at 25° appears to
be that of Palomaa and Salonen who obtained by
dilatometry a value of 1.87 X 107%1./mole min. in
a solution of 0.333 M hydrochloric acid.

Experimental

For the majority of the kinetic studies the reaction was
followed by dilatometry. The dilatometers had volumes of
about 50 ml. and were of two types, one type with only one
capillary tube for volume measurement and with a stopcock
to close off the other side!-? and the open, double capillary,

(6) C. K. Ingold, “Structure and Mechanisms in Organic Chemis-
try,” Cornell University Press, Ithaca, N. Y., 1953, p. 334.

(7) J. M. O'Gorman and H. J. Lucas, THIs JourNAL, 72, 5489
(1950).

(8) A. Skrabal and M. Zlatewa, 7. physik. Chem., 122, 319 (19200,

(9) A. Skrabal, tbif., 99, 2060 (1021).

(10) M. H. Palomaa aud A. Sulonen, Ber., 67, 424 (1034).

(11 T, Labering and A, Fleisclmann, ibid., 70, 1713 (14370



June 20, 1954 INFLUENCE OF STRONG ACIDS AND CORRELATION WITH HAMMETT Acipity FuNcrioN 3241

type used by Benford and Ingold.'? Both gave highly re-
producible results particularly at the lower acidities. The
least accurate runs (errors up to %=109,) are those at the
highest acidities where it is difficult to fill the dilatometer
before a sizable fraction of the methylal has reacted and
where there is the most trouble from heat of reaction errors
of the type discussed by Tong and Olson.!3 In all of the
dilatometric studies the methylal concentration was in the
range 0.17 to 0.23 mole per liter. First-order rate constants,
kn, were calculated from the dilatometric data using the
method of Guggenheim.!4

For a few kinetic experiments the rate was followed by re-
moving aliquots, neutralizing the acid to stop the reaction
and titrating the formaldehyde present by the sodium sul-
fite method.!® The titration procedure is less reproducible
than the dilatometric, but within the limits of the titration
errors the two methods agreed well.

All experiments were made in a 25° water-bath whose
temperature was controlled to ==0.002°.

The solutions of acids were made up from reagent grade
materials and redistilled water. The methylal used was a
reagent grade product which was freed from methanol by
reaction with sodium and subsequent distillation over so-
dium. The refractive index of the purified methylal was
n%p 1.3554 and the corrected boiling point was 42.3°.

Results and Discussion

Table I gives the hydrolysis data for varying
concentrations of three strong acids, hydrochloric,
sulfuric and perchloric and also for mixtures of
perchloric acid and sodium perchlorate at a total
perchlorate concentration of six molar, The first
two columns give acid and its concentration; col-
umn three gives the calculated bimolecular rate con-

TaBLE I
MeravYLAL HYDROLYSIS AT 25°
Acid’
conen., En’ X108 En. X103,
Acd mole/l. 1./mole min. min. =1 —Hy
HCI 0.371 2.02 0.752 —0.43
HC1 .371 2.06 766 — .43
HCl1 371 1.95° .726° — .43
HCl .495 2.056° 1.02% - .31
HCl .495 2.17 1.08 - .31
HCI 507 2.17 1.10 - .31
HCl 1.303 3.81 4.96 .24
HCl 2.606 7.74 20.2 .74
HCL 3.909 35.9. 140 1.30-
HCIO, 0.453 1.98 0.90 —-0.29
HCI0, 0.906 2.32 2.10 — .04
HCI10, 1.460 2.96 4.33 .41
HCI0, 1.813 4.46 8.08 .60
HCI10, 2.719 8.69 23.7 .97
HCIO, 3.395 16.0 54.2 1.25
HCIO, 4.30 49.2 211 1.74
H,S0, 1.226 3.65 4.48 0.26
H,S0, 1.718 5.03 8.63 .53
H,S0, 1.963 5.94 11.68 .64
0.5 M HCIO, -

{5.5MN:1CIO4} 71.6 35.8 1.00
1 M HCIO,

{5MN8.C104} 99.8 99.8 1.31
2 M HCI0O,

{ 4 MNaClO.} 119 238 1.73

@ Rate by titration instead of dilatometry.
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stant, 'y = kn/Cr+ and column four the observed
first-order rate constant, k,. The last column
gives — H, values from the data of Hammett and
Deyrup,!® Hammett and Paul and Harbottle.!$
The bimolecular rate constant for solutions of
0.37 M hydrochloric acid, £y = 2.01 X 107%1./
mole min., is in reasonable agreement with the re-
sults of Palomaa and Salonen for 0.33 A acid.

The most obvious aspect of the data of Table I is
the lack of parallelism between rate and concentra-
tion of acid at the higher acidities, Thus an in-
crease in hydrochloric acid concentration of from
2.6 to 3.9 M causes the first order-rate constant
to increase by 7-fold. Another point is the marked
salt effect indicated by a comparison of the data for
perchloric acid and for perchloric acid-sodium per-
chlorate mixtures.

Figure 1 is a plot of log &y vs. — H, and, although
there is some scatter in the points, it is evident that
the rate parallels the acidity as measured by the
Hammett acidity function and does not parallel
the acidity as measured by concentration of hydro-
gen ion. In terms of the earlier discussion this
result indicates that the activated complex for the
hydrolysis behaves like the conjugate acid of the
methylal. This in turn is strong support for the
“unimolecular’” mechanism proposed by Ingold and
by O’Gorman and Lucas.
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Fig. 1.—Log &n vs. —H, for hydrolysis of methylal at 25°:
dashed line is predicted curve for log kx linear with log Cu*:
®, HCl; o, H,80,; B, HCIO; A, HCIO-NaClO,.

Although the agreement of the rate data with H,
is good, certainly far better than with concentration
of hydrogen ion, it is not exact. Complete parallel-
ism of rate and Hp implies a slope of unity for a plot
of log kn vs. —H,. The slope of the straight line of
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Fig. 1 is actually 1.15, indicating that the rate of
the reaction increases somewhat faster than does
—H,. A more detailed anlysis of the require-
ments for parallelism between rate and H, suggests
an explanation for this small discrepancy. Assum-
ing the “‘unimolecular”’ nrechanisnr for the hydrol-
ysis of methylal, the Brinsted equation for the
dependence of the first-order rate constant on
medium changes is

kn = k'vo Cat(farfu/f5+) (1)

where fum and f¥% - are activity coefficients of meth-
ylal and the activated complex, respectively. Tak-
ing logarithms and adding and subtracting H, gives
the equationr

—-H, + log%% + const. (2)
where fp is the activity coefficient of the neutral in-
dicator base used in the experimental determination
of Hyand fpu+ is the activity coefficient of its con-
jugate acid. It follows from this equation that a
precise parallelism between log k, and —H, will
occur only if the activity coefficient ratios fur,/fg+
and fs/feu+ change in exactly the same way with
changing medium. However, many studies are
available on the influence of electrolytes (including
strong acids) on the activity coefficients of neutral
molecules!® and these show that the magnitudes of
the “salt effects’” vary considerably with size and

log &y =

log by + 2.

0 |
0 0.5 1
— H.
Fig. 2.—Leininger and Kilpatrick’s data for hydrolysis of
acetal in solutions of hydrochloric acid: upper curve is for
10°, slope is 1.38; lower curve is for 0°,.slope is 1.41..
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chemical nature of the neutral molecule. Hence
one would normally expect the influence of increas-
ing acid concentration to be different for fyr and
B and only in the unlikely event of complete com-
pensation by the changes in f{i+ and fem+ would
one expect the ratio fufpu+/fri+s to remain at
precisely the value unity.

It is shown in the following paper® that for hy-
drochloric acid solutions fyr does not change with
electrolyte concentration whereas fn (for the case
of a typical Hammett indicator, p-nitroaniline)
probably decreases with increasing concentration
of hydrochloric acid, <.e., there is salting in. This
means that the ratio fum/fs increases with increasing.
concentration of hydrochloric acid. If one can
now assume that the ratio fmm+/fi+ is relatively
independent of electrolyte concentration it follows
that the term log (fmfBu+/ffi+/8), increases with
acid concentration. This leads to a slope greater
than unity for a plot of log by v5. —H,, in agreement
with the observed results.

A subsidiary point is to note in Fig. 1 that the
slopes of log &y vs. —H, are actually slightly differ-
ent for the three strong acids, being about 1.25 for
hydrochlorie, 1.15 for sulfuric and 1.08 for perchlo-
ric acid. This slight variation is to be expected in
terms of the previous discussion. Salt effects are
generally somewhat specific and are known to vary
somewhat for these three acids.’* One would thus
expect the change in the ratio fu/fs with electro-
Iyte concentration to depend on the particular
strong acid employed as the catalyst.

This problem of the relation of salt effects to F,
is considered more fully in the following paper which
gives data on salt effects for a variety of electro-
Iytes. However, the tentative conclusion from the
present data is that complete parallelism between
rate and H, is not generally to be expected even
though the activated complex does in fact behave
like the conjugate acid of the reacting neutral
molecule.

Leininger and Kilpatrick?! have studied the hy-
drolysis of ethylal at 0 and 10° in concentrated
solutions of hydrochloric acid and have found that,
as with methylal, the rate increases very rapidly
with increasing concentration of acid. Figure 2
is a plot of log &y for these data against — I, (val-
ues for 25°). As may be seen, fairly good straight
lines are obtained with, however, a slope of 1.4,
7.e., there is an even greater departure from slope
unity than for methylal. In terms of the previous
discussion this is quite understandable. Ethylal is
a larger molecule and would be expected to be
“salted out” more by electrolytes, and in particu-
lar by hydrochloric acid, than is methylal. This
means a relatively greater increase of the ratio
Sv/fe with increasing hydrochloric acid concentra-
tion and hence from eq. 2 a still larger slope for a
plot of log &y vs. — Hj.
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