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The rate of hydrolysis of several iminium ions has
been measured! at 1 and 550 bars. The volume of acti-
vation for the hydrolysis of the ethyleneiminium ion
calculated from these results is 1.8 em.? mole—!, and
Earley, et al.,! drew no conclusion from this. In fact,??
the simple conclusion based on analogy with the hy-
drolysis of ethylene oxide and other epoxides* is that
the ethyleneiminium ion hydrolyzes unimolecularly.
This conclusion is not easy to reconcile with other evi-
dence, and so the volume of activation for the hydroly-
sis of the ethyleneiminium ion has been remeasured.

Experimental Methods and Results

Ethyleneimine, obtained from Chemical Intermedi-
ates and Research, Cuyahoga Falls, Ohio, was puri-
fied by distilling from sodium at atmospheric pressure
and retaining the central half, which boiled at 54.0
+ 0.2° (uncor.) at 748.6 mm. It was stored over
sodium hydroxide pellets. Analysis by gas chroma-
tography and by titration with perchloric acid using
a pH meter showed it to be 99.99%, pure. All other
chemicals were of reagent grade.

The reaction was followed by analyzing the 2-
aminoethanol formed in the hydrolysis by oxidizing
it to formaldehyde and ammonia with excess periodic
acid and estimating the excess periodic acid by adding
potassium iodide and titrating with sodium arsenite
solution.” Five milliliters of the reaction mixture was
pipetted into 10 ml. of 0.002 A periodic acid, and more
than enough sodium bicarbonate was added to keep
the solution saturated. This keeps the pH constant
at about 7.8. After 0.5 hr., 2 ml. of 1 M potassium
iodide was added and the solution was titrated with
0.002 N arsenious oxide in 8 X 10=* N NaOH. The
rate constants were determined graphically in the
usual way for first-order reactions.

The reactions were carried out at 65.00 = 0.05° in
the range 1-3000 bars. The reaction solutions were
initially about 0.003 A in ethyleneimine and 0.04 3/
in perchloric acid, at which concentration less than 1
in 10° remains unprotonated. These concentrations
were chosen in order to minimize polymerization which
is liable to occur in concentrated solutions.®” Six
or seven samples were taken for each run. The pres-

sure {echniques were those described previously.®
Because the rate constants are first order, no allow-
ance was made for the compression of the solution.
The rate constants are summarized in Table I and are
shown graphically in Figure 1. Our rate constants at 1
bar (see Table I) agree reasonably with the value 105 X
10~ sec. ! at 64.9° reported by Buist and Lucas,” but
they agree less well with the value 81.5 X 10— sec.™!
reported by Earley, et al.! The latter value is ques-
tionable as concentrated solutions of imine and acid
were used and there may be polymerization. The vol-
ume of activation (= RT 0 In k/dp) at 65° is

AV*¥ = —2.4 + 0.3 em.? mole—!

Table I: Rate Constants for the Hydrolysis of the
Ethyleneiminium Ion in 0.04 M Aqueous Perchloric
Acid at 65°

Pressure, bars 10%k, sec. -1
1 110,112,110, 111, 114, 112,113
1000 121, 122
2000 134, 134, 132
3000 144, 141, 144

There is no discrepancy between this and the value
of Earley, et al.,! because their measurements were at
21°, their temperature control was in a range of 1°,
which corresponds to a range of rate constant of about
139% and this causes an uncertainty in the volume of
activation of =3 em.? mole—! for their pressure range of
8000 p.s.i., and their value was determined from only
two rate constants.

Discussion

The hydrolysis of the ethyleneiminium ion un-
doubtedly occurs by the bimolecular attack of a
molecule of water.!¢
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The main evidence for this is the entropy of activation,
which is —9.4 =+ 1.0 cal. deg.~! mole—',! and analogy
with the hydrolysis of the ethylene oxonium ion.*
There are also supporting arguments from the general
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Figure 1. Effect of pressure on the rate of hydrolysis of the
ethyleneiminium ion in 0.04 M aqueous perchloric acid at 65°.

chemistry of the reactions of the ion.>® The volume of
activation, however, is in the range expected, and
normally found, for the unimolecular decomposition of
an ion,? 7.e., for the mechanism

CHg\ slow CH2+ fast CHZOH
s
CH. CH:NH, = CH,NH;*+

It is, in fact, similar to the value of —1.8 + ~0.7
em.® mole~! found™ for the acid-catalyzed depolymeri-
zation of trioxane, which is undoubtedly largely uni-
molecular. We must inquire, therefore, whether it
can be understood on the basis of the bimolecular
mechanism.

The transition state for the bimolecular hydrolysis
can be represented as

H.0—CHy, Yo
|  ONH,
cn”

Before discussing the volume of the transition state,
we shall discuss the volume change expected in the
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complete slow step of reaction 1. The main changes
affecting the volume are the formation of a new C-O
bond, the breaking of a C—N bond, and the transfer
of a positive charge from nitrogen to oxygen. A
three-membered ring is opened, and it is probable
that empty space in the ring can be occupied by sol-
vent in the product and lead to a reduction in volume.
The volume changes due to the formation of the
C-0 bond, the breaking of the C—N bond, and the open-
ing of the ring are probably similar to those occurring
in the hydration of ethylene oxide

CHa CH.OH
H,0 + | g |
CH; CH;OH

for which these are the main processes contributing
to the volume change. The presence of a charge should
have only a small effect on these contributions. The
volume of hydration of ethylene oxide is —9.4 = 0.5
em.® mole—! at 0°, —10.3 + 0.5 em.? mole—! at 25°,
and —11.2 £ 0.7 em.® mole—! at 40°.* The remaining
important contribution to the volume change is the
transfer of the charge from nitrogen to oxygen. This
can be predicted approximately from the volume
changes of reactions of the kind

RsNH+ + H,O — R;N + H;0+

For a number of aliphatic amines the volume change of
this reaction is close to +4 em.? mole—1.1213 The vol-
ume change for the complete slow step is therefore
expected to be about —10 + 4 = —6 c¢m.? mole—.
There will no doubt be a further decrease in volume
of about —4 em.? mole—! when the proton is trans-
ferred from oxygen to nitrogen in the fast step of re-
action 1.

The volume of activation of the slow step is expected
to be appreciably less negative than the volume change
of this step, because the empty space in the imine
ring has not yet been lost. It is impossible to predict
what the volume of activation would be, but clearly
the experimental value of —2.4 ecm.? mole~! is quite
consistent with the bimolecular mechanism. As it is
also consistent with the unimolecular mechanism, it is
not therefore diagnostic of mechanism.

It is clear that if useful conclusions about mech-
anism are to be obtained from volumes of activation,
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