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The solubilities of ethylene and propylene in 0-60%, aqueous perchloric acid at 30° are reported. An estimate for the
minimum energy of w-complex formation is obtained. The observed ‘‘salt effects” on olefin solubility are discussed.

Introduction

In an earlier paper kinetic evidence has been pre-
sented indicating the existence of a w-complex pre-
ceding the rate-determining step in the acid-cata-
lyzed hydration of ordinary aliphatic olefins lead-
ing to t-alcohols.? The solubilities of such olefins
in acid solutions up to approximately four molar,
however, show no evidence of a measurable conver-
sion to the w-complex. Usual “‘salting in”’ or ‘‘salt-
ing out’’ behavior is exhibited.*

In the present work we have determined the solu-
bilities of the much less reactive olefins, propylene
and ethylene, in concentrated perchloric acid solu-
tions at 30.00°. The results provide further evi-
dence that the m-complex, if it exists, must be a very
unstable reaction intermediate in olefin hydration.

Experimental

The apparatus and methods employed were those previ-
ously described.¢ Temperature was maintained at 30.00 =
0.01°.

Ethylene (99.5%) and propylene (99.7%,) were obtained
from the Matheson Company. Perchloric acid was Baker
C.p. grade.

Results

The distribution constants, %, between the vapor
phase and the aqueous solutions are listed in Table
I. Each value reported is the average of ten to
fourteen determinations.

TABLE I

DISTRIBUTION CONSTANTS, #, FOR ETHYLENE AND PROPYL-

ENE BETWEEN THE VAPOR PHASE AND AQUEOUS PER-

CHLORIC AcIp SoLutions AT 30.00° 1N Units oF 102 MoLEs-
L.~ latm. ¢

HC10q4, Concn,,

wt. % M h, ethylene h, propylene
0.00 0.00 4,11 =0.06 4.36 = 0.04
9.75 1.027 3.97 = .06 4.28 = .04
20.80 2.34 3.74 £ .04 4,48 £ .04
32.01 3.90 3.79 = .03 4,40 = .06
43.60 5.85 3.24 = .03 4.01 = .04
53.73 7.80 2.54 = .03 3.11 = .04

60.71 9.36 2.10 = .03
& Uncertainties are given in terms of standard error.

No measurable rate of reaction was detected for
ethylene at acidities up to and including 9.36 M.
In 11.7 M (70.49,) perchloric acid solution, how-
ever, the rate of reaction of ethylene was too fast to
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permit solubility measurements. In the case of
propylene, no measurable rate of reaction was de-
tected at acidities up to and including 5.85 M solu-
tions. In 7.80 M solution the hydration rate of
propylene was quite perceptible, but solubility
data were obtained by the technique described ear-
lier.* In 9.36 M solution the hydration rate of
propylene was too fast to permit solubility measure-
ment.

In the concentration range 0-2.5 M the solubil-
ity of propylene is nearly constant (perhaps slightly
“salted in’’). Ethylene is “salted out” in this
range. Both olefins show virtually no change in
solubility in the region 2.5-4.5 M. Near 4.5 M,
however, the solubilities of both olefins are charac-
terized by an abrupt and marked ‘‘salting out” with
increasing acid concentration. A Setschenow-like
equation is followed with precision in both the di-
lute and concentrated acid regions, but different
parameters are required. In Table II the Setsche-
now-like parameters, K = log(h*/k)/c, are re-
ported along with their ranges of applicability. For
the range 5-10 M acid, »* is the solubility in about 5
M acid. For the 0-2.5 M range, K is the usual
Setschenow parameter since 42* in this case refers
to the solubility in pure water.

The precise linear relationship between log 4 and
acid concentration observed in the 5-10 M region
is of interest, especially if it represents a general be-
havior of the inert non-electrolytes in concentrated
electrolyte solutions.

TABLE II

SETSCHENOW-LIKE PARAMETERS FOR ETHYLENE AND PROPYL-
ENE IN AQUEOUS PERCHLORIC AcID AT 30.00°

Concn,
range, M Ethylene Propylene
0-2.5 +0.0176 = 0.0004 —0.0055 == 0.0015
5~10 +-0.054 == 0.0005 +0.057 = 0.006

Discussion

The “‘salting out’”’ behavior exhibited by both
ethylene and propylene in concentrated perchloric
acid solutions provides no evidence of a measurable
conversion of these olefins to m-complex. The
equilibrium constant, X, for reaction 1 is expected

>c=c/ + H:0* (aq)
(aq) N Tt
Olefin C=C + H.0 (1)
H (aq)
m-complex
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to follow the Hammett acidity function, %% as in-
dicated by the equations

“= = (DE)EDE) - G)6)

and

AF® = —2.303RT [log (¢x/co) + Ho]
where a's refer to activities, ¢ to concentrations, and
v to activity coefficients. The subscripts 7 and o
refer to m-complex and olefin, respectively.

The fact that no measurable conversion of olefin
to m-complex is detected by the solubility measure-
ments over the range of acidities studied indicates
that (cw/c,) probably can be no greater than 10-2
in 659, HClOs. From this and the H, value of
about —6 for 659, HClO,, one obtains the esti-
mate that AF° for reaction 1 must exceed 11 kcal.
This figure may also be used as an estimate for the
minimur enthalpy change for reaction 1, since AS®
for reaction 1 is expected to be near zero.®
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Vol. 78

Hepner, Trueblood and Lucas® have found rather
small structural effects on the formation constants
for the silver ion complexes of ordinary aliphatic

olefins
C==C + ag* | C-C
//’ . N //\\

Ag
By analogy, it seems likely that the estimate of a
minimum figure of 11 kcal. obtained for ethylene
and propylene for the AZ/° of reaction 1 applies as
well to the more reactive olefins such as isobutylene.
The activation energy for the hydration of isobu-
tylene in one molar acid is about 22 kcal.” There-
fore, the activation energy for conversion of the =-
complex of isocbutylene to i-butyl alcchol may be
crudely estimated to be less than 11 keal.
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m-Complex and the Bridged-
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The reaction of isobutylamine and nitrous acid in aqueous solution has been carried out under controlled conditions of
acidity and temperature. Seven products have been identified: #-butyl alecohol, sec-butyl alcohol, isobutyl aleohol, isobutyl-
ene, l-butene, frans-2-butene and c¢is-2-butene. No detectable exchange of hydrogen is found in the hydrogen migration
to give i-butyl alcohol when the reaction is carried out in D,0, showing that the {-butyl cation intermediate does not undergo
direct H-D exchange. Further, in view of Purlee and Taft’s kinetic data on olefin hydration, the present results exclude the
r-complex (of Taft’s olefin hydration mechanism) as an intermediate in the hydrogen migration reaction, The pTesent

results are interpreted on the basis that the structures represented by I and I1 are distinct and different entities: [—C=C—]*

‘ +

m-complex (1 and | —C—C—

bridged protonium ion (1),

|
H

The activation energy for hydrogen migration is about 2.5

keal. lower than that for methyl migration, but the entropy of activation favors the latter by about 5 cal./deg.

The reactions between aliphatic amines and ni-
trous acid give extensive rearrangements. Whit-
more and co-workers? accounted for the variety of
products obtained from the diazotization of ethyl-
amine, n-propylamine and #-butylamine, on the
basis of a carbonium ion intermediate. Roberts and
Yancey® found that ethylamine-1-C!¢ gives ethyl-
ene and ethanol, the latter coutaining 1.5%, of the
rearranged product, ethanol-2-C!4. This result in-
dicates that the ethyl cation formed by the decom-
position of the diazonium ion cannot be a bridged
ethyleneprotonium ion since such an ion would give
cqual amounts of the two labeled alcohols. Rob-
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erts and Halmanu* also applied the use of tracers
to the study of the rearrangement of 1l-propyl-
amine-1-C! and found that of the l-propanol pro-
duced in the reaction, 8.5%, had rearranged. The
above authors have concluded that the reaction of
aliphatic amines and nitrous acid provides as ‘‘free”’
a carbonium ion in aqueous solution as any known
reaction.3—®

Evidence indicating that relatively free isobu-
tyl, sec-butyl, and ¢-butyl cations are formed in the
iscbutylamine-nitrous acid reaction has been pre-
sented.®

The study reported in this paper was made for
the purpose of finding whether a distinction must be
made between the w-complex (obtained as an in-
termediate proceeding the rate-determining step in
the hydration of ordinary branched aliphatic ole-
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