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The effect of pressure on the solvolysis rates of representative primary, secondary, and tertiary tosylates was

investigated in three representative solvents—formic acid, aqueous acetone, and methanol.

The calculated ac-

tivation volumes for these reactions were found to depend on the substrate structure and on the nature of solvent

in a systematic manner.
actions.
tial molal volume of the initial state.

In previous papers concerning the pressure depend-
ence of the solvolytic rates of secondary tosylates,?
we have discussed some correlations between the ac-
tivation volumes, AV *, and the reaction mechanisms.
It was suggested that the activation volume for the
reactions of a series of substrates in a given solvent
became less negative with an increase in the k,-char-
acter of the substrate. It was also found that a re-
action in formic acid resulted in a less negative value
of activation volume than the corresponding reaction
in methanol. If these observations are common to
various types of substrates and solvents, this activation
parameter could be expected to provide an additional
criterion for examining the detailed reaction mecha-
nisms. However, much of the published data on the
activation volume is of limited usefulness for this pur-
pose; there has been no systematic investigation of
the activation volume upon changes in the type of
substrate and the nature of solvent.

From this point of view, in this report we wish to
extend our solvolytic studies under pressure to primary,
secondary, and tertiary substrates in three different
types of solvent—formic acid, 859, aqueous acetone
(v/v), and methanol. It is generally accepted that
primary substrates are solvolyzed by a solvent assisted
pathway (k,), and tertiary substrates by a solvent
unassisted pathway (£,). It may, then, be anticipated
from our previous assumption? that the activation
volume for a tertiary system is less negative than for
a primary system. Methyl, isopropyl, and adamantyl
tosylates were chosen as model compounds for primary,
secondary, and tertiary systems respectively. Methyl
tosylate, possessing the lowest m-value® of 0.30, has
often been used as a reference standard for £,-type be-
havior.¥)  On the other hand, adamantyl system has
been well established to exhibit limiting behavior (£,).%
Formic acid was chosen as a polar solvent which
facilitates the k,-process, whereas methanol was em-
ployed as a solvent of high nucleophilicity promoting
the k,-process. An aqueous organic solvent was ex-
pected to be intermediate in character between the
above two solvents. The composition of the aqueous
binary solvent (859, v/v) was adopted so as to give
appropriate rate constants at the temperatures employed
in this investigation.

Results and Discussion

The solvolysis rate constants of typical primary,
secondary, and tertiary alkyl tosylates were measured

The activation volumes for k.-like reactions were less negative than those for k¢-like re-
In the case of the nearly kg-like reactions, the activation volume was found to be governed by the par-

at various pressures (Table 1), and the activation vol-
umes, 4V*, were estimated by means of the following
equations;

AV* = —RT(d1n kjoP), (1)
Ink=a+ bP (2)

The parameter b in Eq. (2) was determined by the
least-squares method in the range from 1 to 700 kg/cm?2.

The activation volumes obtained at atmospheric
pressure, AV,*, are summarized in Table 2 and are
also illustrated in Fig. 1. As the wide range of reactivi-
ties of the substrates prevented rate measurements at
a common temperature, two temperatures were em-
ployed for each solvent (25 °C and 45 °C for formolysis,
and 25 °C and 40 °C for methanolysis and hydrolysis).
The check of the temperature dependence of AV *
was performed in the case of isopropyl tosylate. The
results indicate that an increase in the temperature
results in a slight decrease in AV,* (Table 2).9 However,
these differences are considered to be small enough
to advance our argument without any corrections. In
the case of formolysis, 2-adamantyl tosylate was used
in the place of l-adamantyl tosylate because all ter-
tiary tosylates are too reactive to be measured at 25
°C. This replacement is reasonable since secondary
2-adamantyl tosylate is well known to behave like
tertiary substrates.®
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Fig. 1. Dependence of activation volume on substrate
structure and solvent.
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TABLE 1. SOLVOLYSIS RATE CONSTANTS OF PRIMARY, SECONDARY AND TERTIARY ALKYL TOSYLATES UNDER PRESSURE
Temperature Pressure (kg/cm?)
Solvent Q)
1 100 200 300 500 700 1000
Methyl tosylate 108k (s—1)2
HCOOH 45.0 —c 0.684 — 0.757 0.834 0.924 —
aq-Acetone?’ 40.0 1.12 1.14 — 1.27 1.41 1.57 —
MeOH 40.0 3.72 4.05 — 4.76 5.36 6.03 —
Isopropyl tosylate 108k (s—1)2
HCOOH 45.0 265 286 — 321 363 397 —
ag-Acetone® 40.0 1.62 1.70 — 1.97 2.21 2.50 —
MeOH 40.0 7.08 7.72 — 9.22 10.6 12.3 —_
Adamantyl tosylate 10% (s—1)»
HCOOH? 25.0 0.275 — — 0.300 0.318 0.332 0.354
aqg-Acetoneb:® 25.0 1.88 2.00 — 2.19 2.35 2.48 —
MeOH?® 25.0 5.63 6.13 6.57 6.87 7.42 — —

a) The average of duplicate runs.

TABLE 2. AGTIVATION VOLUMES FOR SOLVOLYSIS OF PRIMARY
SEGONDARY AND TERTIARY TOSYLATES IN VARIOUS SOLVENTS

AVy* (cm?/mol)®

ROTs

R= HCOOH ag-Acetone®  MeOH
Methyl —13.4(45°) —14.2(40°) —18.2(40°)
Isopropyl —14.7(25°)° — —18.9(25°)®

—15.6(45°) —16.7(40°) —20.9(40°)

2-Adamantyl —6.9(25°) — —
1-Adamantyl — —9.0(25°) —11.8(25°)%

a) Accurate to within 1 cm3®/mol. b) 159, Water-859%,

acetone (v/v). c) Taken from Ref. 2a. d) See Ref.

2a, footnote 8.

TABLE 3. PARTIAL MOLAL VOLUMES AND MOLAR VOLUMES
OF METHYL AND ISOPROPYL TOSYLATES AT 25.0-+0.001 °C

§9Ts Solvent Ve V™ Ve—Vm®
HCOOH  154.4 2.6
Methyl  \reOH 142.9 151.8 —8.9
HCOOH  194.5 6.3
Isopropyl \reoH 181.6 188.2 —6.6

a) Partial molal volume of the initial state, cm®mol.
The average deviation from the mean of several trials
is #+0.5 cm3/mol. b) Molar volume of substrate, cm3/
mol. ¢) cm?®/mol.

The partial molal volumes (V,) of methyl and iso-
propyl tosylates were measured at 25.020.001 °C by
the dilatometric method.” The results are presented
in Table 3, together with the molar volumes of the
substrates (V).

Dependence of Activation Volume on the Nature of Solvent.
All the activation volumes listed in Table 2 are
negative. The invariable observation of negative ac-
tivation volumes in solvolyses of neutral substrates is
consistent with the view that the volume contraction
by the electrostriction of the solvent predominates over
the volume expansion due to bond extension during

b) 159, Water-85%, acetone (v/v).
due to the decomposition of formic acid. d) 2-Adamantyl.

c) An accurate value was not obtained
e) 1-Adamantyl.

the activation process.®) Accordingly, the activation
volume which reflects the degree of solvation should,
of course, be sensitive to the solvent change. In fact,
Fig. 1 clearly shows the solvent dependence of 4V,*.
The magnitude of AV,* for a given substrate is seen
to decrease in the order; formic acid, aqueous acetone,
and methanol. Such behavior is compatible with the
previous observation in the Menschutkin reactions
that the change in solvent from a non-polar to a
polar one causes a remarkable increase in AV *.%)
The explanation was given that a polar solvent should
be less constricted by the partly ionic transition state
because of its low compressibility. Owur results may
also be considered to conform to this generalization.

In the case of limiting adamantyl systems, in which
the volume contraction due to the partial bond forma-
tion is negligible, it may be said that the change in
AVy* with solvent directly reflects the difference in the
degree of the electrostrictive volume contraction of
the solvent. Accordingly, the magnitude of the dif-
ference in AV,* between any two solvents could be
regarded as a measure of the relative solvating ability
of the solvent.

It is also interesting to note that a more favorable
solvent for the k,-process gives a less negative ac-
tivation volume. Two solvent parameters, Y- and
Ng-Y) values, are useful for describing the solvent
character under discussion. The comparison of the
Y-values (¥=2.05, —1.27,'® and —1.09 for formic
acid, aqueous acetone, and methanol respectively) in-
dicates that formic acid is the most favorable for the
k.-process, whereas the Ngg- values, recently established
solvent nucleophilicity —parameters (Ngg=—2.05,
—0.4,19 and 0.01 for formic acid, aqueous acetone,
and methanol respectively), indicate that methanol is
the most favorable for the k,-process.

The above-mentioned behavior will become more
obvious if we examine the volumes of the initial state

(V,) presented in Table 3. The most important

point to be noted is that ¥, in formic acid is greater

than V, for a given substrate, while the reverse trend
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is observed in methanol. The observed increase in
the volume of the solution in the case of formic acid,
when one mole of a solute was dissolved in the solvent,
is most likely attributable to the inherent structuredness
of the solvent. On dissolving the solute, the polar
formic acid, already highly oriented itself, should be
compelled to expand in order to make a ‘“hole” to
accept the solute. On the other hand, in methanol, a
less structured medium, the process of the reorientation
of solvent molecules around the dissolved solute
becomes more important than the hole-making process;
hence, the total contraction of the solvent system may
result. As the activation volume is represented by
the following equation;

AV =V, -V, (3)

the partial molal volume of the transition state species,
V,, can be calculated from the values of V, and AVy*.
Calculations were made for ¥, of isopropyl tosylate
to give rise to values of 162.7 cm?®/mol in methanol
and 179.8 cm3/mol in formic acid. The difference in
V, for isopropyl tosylate in these two solvents amounts
to 17 cm3/mol. This large difference in 7, is under-
standable in terms of the general concept in organic
chemistry that methanol has a powerful solvating ability,
while formic acid is a solvent of low nucleophilicity.

Dependence of Activation Volume on the Structure of Sub-
strate. An inspection of Fig. 1 indicates that the
variation in AV,* with the substrate structure reveals
a similar behavior in all solvents. In each case, the
AVy* for adamantyl tosylate is less negative by about
8cm?/mol than that for isopropyl tosylate. This finding
is compatible with our assumption that the more £,-
like process results in a less negative activation vol-
ume.?> However, a conflicting tendency was ob-
served in the case of the primary system; a change in
structure from isopropyl to methyl is accompanied by
an increase in 4V * by 2—3 cm3/mol, in spite of the fact
that the latter is inevitably a more k,-like substrate
than the former. This observed discrepancy can be
explained by assuming a larger contribution of the
initial state volume to AVy* in the case of methyl tos-
ylate than in that of isopropyl tosylate. In our pre-
vious discussion we have considered the activation
volume to reflect chiefly the degree of solvation in the
transition state. Such a view is quite reasonable as
long as the systematic change of the substrate structure
can govern the systematic alteration of solvation, in
situation and degree, in the transition state. How-
ever, once the intensely solvated transition state is
attained, that is, when the reaction is thought to be
classifiable as a nearly pure k,-process, the transition
state volume (V,) can no longer be expected to be
modified by a further change in the substrate structure.
In this case, the contribution of the initial state volume
becomes important, and the activation volume, AVy*,
must be controlled by V, rather than by ¥, This
may be the case for methyl tosylate. In order to get
information about the initial state contribution,? it
would be useful to examine the quantity of V,—V,,.
It may be seen from Table 3 that the value of V,—V,

Pressure Effect on Solvolysis 883

for methyl tosylate is smaller than that for isopropyl

tosylate in each solvent. Although AV,* and V, were
not measured at the same temperature, the observed

decreases in V,—V, with the substrate change from
isopropyl to methyl tosylate (about 4 cm?/mol for
formic acid and about 2 cm3/mol for methanol at 25
°C) seem to correspond approximately to the in-
creases in AVy* in the same structural change (2—3
cm3/mol for both of the solvents at either 40 or

45°C). This suggests that V, is more sensitive to
the change in the substrate structure from the second-

ary to primary system than is V,. That is, the transi-
tion state of isopropyl tosylate constricts the surround-
ing solvent to nearly the same extent as that of
methyl tosylate. The importance of the kg -character
of isopropyl tosylate has already been described in the
case of methanolysis.?) It is worthwhile to note again
that the behavior of isopropyl tosylate is far from
limiting solvolysis, even in formic acid. The same
conclusion has been reported by Schleyer and his-
coworkers®) on the basis of a scrutiny of the relative
rates of the corresponding substrates.

It can be seen from our results that the change in
mechanism from a £,- to ak,-process causes a considerable
variation in AVy* (about 8cm?mol). As has been
reported,? this mechanistic change in the case of
formolysis was achieved by means of the successive in-
troduction of alkyl groups into the parent substrate,
isopropyl tosylate. A good linear regression of the
activation volume with the characteristics of the sub-
strate was actually observed; the more £,-like substrate
was characterized by the less negative activation volume.
The most £,-like substrate, 2-adamantyl tosylate, gave
the least negative-value (—6.9 cm3/mol), while the most
k.-like substrate, isopropyl tosylate, gave the most
negative value (—14.7 cm3/mol). The others exhibited
values between these two. However, the leveling effect
on the activation volume?* in the case of the pure £,-
substrate, methyl tosylate, embosses the importance of
the initial state partial molal volume. These observa-
tions lead us to conclude that the activation volume
is a quite useful parameter or criterion for the study
of solvolytic reaction mechanisms, especially for a
series of reactions in which the degree of the k-
contribution to the whole kinetic process varies.

Experimental

Materials. Methyl tosylate was a commercial material.
Isopropyl and 2-adamantyl tosylates were prepared from
the corresponding alcohols by the usual method. 1-Ada-
mantyl tosylate was prepared from l-adamantyl iodide and
silver p-toluenesulfonate according to the procedure in the
literature.!® All the tosylates were found by NMR analysis
to be satisfactorily pure.

Formic acid and methanol were purified as has previously
been described.?2)  Acetone was dried over Drierite and dis-
tilled. The distilled water used was stored out of contact
with air.

Rate Measurements. The high-pressure apparatus has
previously been described.®®) Temperature was controlled
within 0.03 °C for all the kinetic runs. The reaction rate was
measured using the conductance technique.?®’ The concen-
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trations of the kinetic solutions were 0.019, 0.005, and
0.003 M for formolysis, hydrolysis, and methanolysis respec-
tively. ‘The rate constants for all the reactions of adamantyl
tosylates and for the formolysis of isopropyl tosylate were
determined by the Guggenheim method.’® Pre-cooling of
the medium in the high-pressure vessel was required to es-
tablish the thermal equilibrium rapidly.?® For the other
slow reactions, we employed the procedure previously de-
scribed for the methanolysis of secondary alkyl tosylates.?2)

Partial Molal Volume Measurements. The technique
used here was the dilatometric method recommended by
Hyne and his co-workers.” 30 ul of tosylate was injected
into a dilatometer consisting of a 190 cm® bulb containing
a magnetic spin bar and fitted with precision bore capillary,
25 cm in length. The bath temperature during the meas-
urement was kept within 0.002 °C. The density of the
substrate used in calculating the molar volume was determined
by the usual picnometer technique.

The present work has been supported by a Grant-in-
aid for Scientific Research from the Ministry of Educa-
tion.
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