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H,C—=C=0 ——» CH,C*=0 (6)
H,C=C=0 —— CH,~C*OH )

A mechanism according to eq 6 or 7 was suggested to
occur in the hydration of di-tert-butylketene in aqueous
solution.!® Since we found no influence of pH on the rate
of acetic acid formation from unsubstituted ketene, reac-
tions 6 and 7 are not considered to be the rate-determining
steps for this case in the pH range studied. Because of the
expected high rates for the irreversible reaction of water
with the cations formed in eq 6 and 7, the latter reactions
are not assumed to be the first steps in the hydrolysis.

The second possibility for the first step of the hydrolysis
is the uncatalyzed nucleophilic addition of water to ketene,
whereby a ketene hydrate may be formed as an interme-
diate. In the case of the unsubstituted ketene, this spon-
taneous hydrolysis takes place with a rate constant of 0.79
M1 s Comparatively, Tidwell and co-workers found a
rate constant of less than 10 M s7! for the uncatalized
hydrolysis of di-tert-butylketene. This at least 105-fold
decrease in the rate constant of the neutral hydrolysis is
surprisingly large and is explained to be due to steric and
to electronic factors introduced by the two tert-butyl
groups. This low rate constant for the neutral hydrolysis
renders the proton-catalyzed hydrolysis of di-tert-butyl-
ketene observable.l It is expected that, above and below
the pH range studied in the present work, proton- or
base-catalyzed hydrolysis appears also with the unsub-
stituted ketene. Because of the limitation of the con-
ductivity method, these pH values were not accessible.

For the 4-substituted phenylketenes the reaction rate
constants were correlated with the o values of the sub-
stituents leading to p = +1.2. This result as well as the
independence of the hydrolysis rate constants from pH
suggest a nucleophilic addition of water to be the primary
step in the hydrolysis also with these ketenes.?

The results of the experiments with dioxane/water and
acetonitrile/water mixtures as solvents show that no

specific solvent effect is contributing to hydration of the
unsubstituted ketene, since the first-order rate constant
of the reaction was approximately proportional to water
concentration in the mixture. A strongly polar transition
state has been proposed for the spontaneous hydrolysis of
acetyl fluoride'® and acetic anhydride,'” whereas less polar
cyclic transition states have been suggested for the spon-
taneous hydrolysis of dimethylketene.”® The size of the
observed solvent kinetic isotope effect for ketene is in the
range reported for neutral hydrolysis of various com-
pounds.!®
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Product analysis data for the reaction of the ammoniated electron with benzene-water mixtures in liquid ammonia
show that the dominant product is evolved hydrogen and not 1,4-cyclohexadiene.

The hydrogenation reactions of unsaturated systems
with metal-ammonia reagents (Birch reductions) are of
considerable synthetic utility.!® However, surprisingly
little is quantitatively known about the mechanism of the
Birch reductions.* The first reported kinetic studies of the
hydrogenation reactions were for the reduction of benzene
to 1,4-cyclohexadiene by alkali metals and alcohols in
liquid ammonia.® The overall reaction is

CGHG + Zem' + 2ROH - CGHS + ZRO— (1)

where R = H or C;H;. The mechanism originally suggested
by Birch® appeared to be in agreement with the kinetic
data reported by Krapcho and Bothner-By.> However, in
a later report, Eastham and eo-workers’ give strong ex-
perimental evidence that the reaction of the metal (or
solvated electron) with the weak acid (alcohol in their
experiments) competes with the benzene reduction. The
competing reaction is

%e.,~ + 2ROH — 2RO" + H, @)
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TABLE I: Results of Product Analysis for the Reaction of the Ammoniated Electron with Benzene-Water Mixtures in
Liquid Ammonia at ~-34 °C

103(initial C.H,,
concn of initial initial hydrogen hydrogen by

NH,, Nametal), initial mole fraction benzene, sodium, collected, recovery,® GC,?
expt no. mol M H,0, mmol H,0 mmol mmol mmol % %
SJ1-20 2.35 1.90 275.9 0.105 3.55 0.222 0.108 97 c
8J1-29 2.42 1.63 8.63 3.65 x 1073 6.33 0.984 0.482 98 ¢
SJ1-30 2.18 41.8 20.0 9.12x 1073 1.55 2.36 1.20 102 2.0
SJ1-31 2.48 1.76 50.2 1.99x 1072 4.44 0.110 0.0556 101 0.0
BS1-51 2.25 38.1 21.8 9.58 x 107® ©6.97 2.14 ¢ ¢ 4.3
BS1-56 2.20 4.42 33.7 1.51 x 107 5.21 0.122 0.0593 97 0.0

@ Based on initial sodium. ? Estimated uncertainty of 2%.

In fact, the latter authors state “that any kinetic analysis

¢ Not determined.

of reaction 1 that fails to take into account reaction 2 is -

unwarrantable”. Recently, Gordon et al.? suggested that
the reaction of solvated electrons with benzene in water
is consistent with the scheme

ky
€sq + CgHg — CeHy (3
kg
CGHS.' + H20 —_— C6H7' + OH- (4)

where the protonation step (eq 4) occurs so rapidly that
the benzene radical anion C¢Hg cannot be observed.
Unfortunately, these authors did not identify the reaction
products, so that it is not possible to determine whether
net reaction 1 or net reaction 2 occurred. Using laser-flash
photolysis, Schindewolf and Neumann® extended the work
of Gordon et al. and found that the observed second-order
rate constant for the disappearance of solvated electrons
in H,O-NH, mixtures decreases by more than seven orders
of magnitude with decreasing water content. Again, the
results of these authors do not allow one to decide between
net reaction 1 or net reaction 2, Therefore, we exposed
solvated electrons produced by the dissolution of sodium
in liquid ammonia to benzene-water mixtures in liquid
ammonia to determine the extent of reaction 2, In our
experiments, ammonia and sodium were purified by fol-
lowing procedures reported elsewhere.’? Weighed samples
of water and benzene were prepared by high-vacuum
distillation into tared fragile glass ampules or break-seal
tubes. The reaction cell used in this study was designed
to permit independent preparation of the sodium-
benzene-ammonia and the water-ammonia solutions such
that the two homogeneous solutions could be mixed to
initiate the reaction. No measurable extent of reaction was
observed when benzene was added to the sodium—ammonia
solution as indicated by conductance measurements. A
detailed description of the equipment and procedures used
has been given elsewhere.'%!* When the reaction of the
ammoniated electron in the presence of Hy;O was complete
(bleaching of the blue color), the hydrogen evolved from
reaction 2 was quantitatively collected or the amount of
1,4-cyclohexadiene formed via reaction 1 was determined
by GC. In some experiments, the quantities of both hy-
drogen and CgHg were determined. Table I gives a sum-
mary of the results of this study. Examination of Table

I clearly shows that, under the experimental conditions of
this present work, reaction 2 must be considered the
dominant reaction. We also did a few preliminary ex-
periments (not under high-vacuum conditions) in which
concentrations were ~0.5, 0.5, and 0.25 M in sodium,
ethanol, and benzene, respectively. The yield of C;Hg was
between 40 and 60% (based on sodium) and in agreement
with reports by other investigators.52 Moreover, Eastham
and Larkin'® have shown that the alkoxide ion has a
profound effect on the rate of hydrogen liberation and that
reaction 2 could be virtually brought to a halt if sufficient
alkoxide ion is present. In fact, this observation is in
agreement with a kinetic analysis* of reaction 2, The re-
sults of the present study plus those reported by Eastham
and co-workers’ do indeed show that reaction 2 is the
dominant process but give limited insight concerning the
mechanism of reaction 2. Since added base was reported
to have a pronounced effect on the rate of reaction 2, a
mechanism involving ammonium ions seems to be impli-
cated. In water~ammonia mixtures, the equilibrium given
by eq 5 must be present. The evolved hydrogen can then

N]H3 + Hzo = NH4+ + OH_ (5)

result from reaction of the solvated electron with NH,*,14
We, therefore, conclude that the scheme described by
Schindewolf and Neuman® cannot be a major pathway for
the disappearance of relatively high concentrations of
solvated electrons in benzene-water-ammonia mixtures.
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