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Hydrogen Transfer Reactions

IV, Substituent Effect in the Reduction of Benzaldehydes by
Isopropyl Alcohol Catalyzed by Aluminal
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A linear Hammett correlation is reported for the reduction of substituted benzaldebydes by
isopropyl alcohol catalyzed by alumina containing 2.2% (by weight) sodium ions, at 300°C
in the vapor phase. The positive nature of the slope supports the hydrid transfer mechanism

proposed for this reduction.

INTRODUCTION

Alumina and other catalysts are known
to catalyze hydrogen transfer reactions
both in the vapor phase (I-4) and in the
liquid phase (4, 6). Stereochemical studies
on the reduction of (—)-menthone with
isopropyl alcohol (7) catalyzed by alumina
in the vapor phase have led to the conclu-
sion that the reaction involves a direct
transfer of hydrogen from an adsorbed
alcohol molecule to an adsorbed ketone
molecule. This paper describes the study of
substituent effects in the reduction of
benzaldehydes by isopropyl aleohol over
alumina. The result supports a hydrid
transfer mechanism.

EXPERIMENTAL

Pure alumina and alumina impregnated
with 2.29, Nat (2.29, Nat/Al:O;) were

1 Taken in part from the Ph.D. dissertation of
D.V.R.,, Indian Institute of Technology, Madras
(1970). For Part III of the series, see: Unni, M. P.
K., Santhanagopalan, S., and Pillai, C. N., J. Indian
Chem. Soc., 582 (1973).

2 To whom reprint requests should be addressed,
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used in the present study. The catalysts
were prepared as reported earlier (7). The
reactants were introduced into the reactor
(7) at the required flow rate using a syringe
pump. The products for the first 15 min
were rejected and the products for the next
30 min were collected and analyzed by gas
chromatography, Material balance and
stoichiometry were checked for each reac-
tion. The catalyst activity was verified
after each reaction. In the present study
the activity remained constant throughout.

RESULTS AND DISCUSSION

The reaction between carbonyl com-
pounds (cyclohexanone and substituted
benzaldehydes in the present case) and
isopropyl alcohol over 2.29], Nat/Al,O; at
300°C gave acctone and the aleohols de-
rived from the carbonyl compounds as the
only products. Dehydration of alecohols did
not take place on this catalyst. However,
on pure alumina dehydration of the alco-
hols was a competing reaction.

Figure 1 shows the results of reaction
between mixtures of isopropyl alcohol and
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as diluent.

benzaldehyde of different compositions over
pure alumina at 300°C. Propene, by the
dehydration of isopropyl aleohol, and benzyl
alcohol and acetone, by the hydrogen trans-
fer reaction, were the products. The latter
two products were formed in equimolar
quantities. From Fig. 1 it can be seen that
benzaldehyde strongly inhibits the dehy-
dration of isopropyl alcohol. This inhibiting
effect is partly due to the parallel reaction
undergone by isoprepyl alcchol, namely,
hydrogen transfer. To determine whether
this inhibition is also due to competitive
adsorption by benzaldehyde on the dehy-
dration sites, some studies with t-butyl
alcohol were carried out. Figure 2 shows
the effect of benzaldehyde and also of
cyclohexane on the dehydration of t-butyl
alcohol. This aleohol can undergo only de-
hydration and not hydrogen transfer. Benz-
aldehyde does not undergo any reaction
and its role is only that of a diluent. From
the figure it can be scen that benzaldehyde
strongly inhibits the dehydration reaction,

unlike cyclohexane, which can be con-
sidered to be an inert diluent and whose
inhibition effect is only due to dilution. At
low partial pressures of the diluent, where
cyclohexane has very little effect, benzalde-
hyde has a strong poisoning effect. This
clearly shows that benzaldehyde and ¢-butyl
alcohol, and by analogy isopropyl aleohol,
compete for the same adsorption sites.

It was necessary to determine whether
the hydrogen transfer reaction occurred by
the interaction of the adsorbed alcohol
molecules with the adsorbed aldehyde. This
was done by studying the effect of an inert
diluent (cyclohexane) on the rate of reac-
tion of a 1:4 molar mixture of benzaldehyde
and isopropyl aleohol on 2.29, Na*/AlLO,.
This composition of mixture was chosen
because it corresponded to the maximum
reaction rate, as discussed later. The results
are given in Fig. 3. It can be seen that at
low cyclohexane content, the rate of hydro-
gen transfer reaches a maximum and re-
mains independent of cyclohexane concen-
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tration. This region must correspond to
partial pressures of benzaldehyde and iso-
propyl aleohol at which they together

saturate all the adsorption sites. The hori-
zontal portion of the curve could not have
been obtained if either one of the reactants
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TABLE 1

Hammett’s Plot at Maximum Molar Conversions

Reactant No. Max. moles  log (M At mole Hammett ¢ Substituent
reacted X 10%) fraction value -
1. Benzaldehyde 0.0170 0.2304 0.2 0 H
2. p-Methylbenzaldehyde 0.0124 0.0934 0.175 —0.170 p-CH;
3. p-Chlorobenzaldebyde 0.0256 0.4082 02 +0.226 p-Cl
4. p-Methoxybenzaldehyde 0.0108 0.0334 0.19 —0.226 p-CCH;

was reacting from the gas phase. A similar
curve was obtained for the hydrogen trans-
fer reaction between cyclohexanone and
isopropyl alcohol when the effect of dilution
by cyclohexane on a 1:1 molar mixture of
the two was studied (Fig. 4).

From the foregoing it can be concluded
that the hydrogen transfer reaction takes
place by a Langmuir-Hinshelwood mecha-
nism and that both the reactants are ad-

1 |

)

Log (Moles reacted x 10

sorbed on the same kind of adsorption
sites.

In order to evaluate the substituent
effects, the rates of reaction of benzalde-
hyde and three substituted benzaldehydes
with isopropyl alcohol on 2.29, Na*t/Al,O,
were studied. The results were fitted into
a Hammett plot using initial rates instead
of rate constants, a procedure justified if
the initial concentrations of the reactants
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on the surface arc the same. Partial pres-
sures at which this condition was satisfied
were established in the following manner,
deseribed in detail for the benzaldehyde—
isopropyl aleohol system.

Mixtures of benzaldehyde and isopropyl
aleohol were prepared in which the mole
fraction of benzaldehyde varied from 0.05
to 0.8. The total number of moles of
benzaldehyde and isopropyl aleohol was
kept the same in all the mixtures. The
mixtures were passed over 2.29, Nat/AlO,
catalyst at identical contact times (0.2
mole/hr), and the relative rates as repre-
sented by the number of moles of benzalde-
hyde reacted in a specific time were deter-
mined. When these rates were plotted
against mole fractions, a maximum was
obtained at a mole fraction of benzaldehyde

of about 0.2 (Fig. 5). Similar maxima were
also obtained for the substituted benzalde-
hydes (Table 1).

Assuming a Langmuir-Hinshelwood
mechanism for the hydrogen transfer reac-
tion, with the reactants competing for the
same sites, the maximum rate will corre-
spond to the situation where the product of
the surface concentrations of the two react-
ants is maximum. Under these conditions,

rate(max) = K[a][b](m ax)y

where [a] and [b] are the surface concen-
trations of the two reactants and [a] must
be equal to [b] since [a] 4+ [b] is equal to
the total number of adsorption sites and is
a constant. Henee maximum rate would
correspond to the situation where the sur-
face is equally covered by the two reactants.
Logarithms of the maximum rates in ecach
case were plotted against Hammett o
values (Table 1, Fig. 6). A straight line
with a positive slope (p = + 0.76) was
obtained, as expected for a mechanism in-
volving a hydrid transfer to the electron-
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deficient carbonyl carbon. The proposed
mechanism (Fig. 7) (7) was thus supported.

For all the four benzaldehydes the rate
maxima were very nearly at the same par-
tial pressure, indicating nearly the same
adsorption coefficients for the different
benzaldehydes. This would predict that
even at some mole fraction other than the
ones corresponding to the maxima, a linear
relationship should be obtained. Rates at
an arbitrarily chosen mole fraction of benz-
aldehydes of 0.4 were plotted. The linear
correlation was not as good as in the earlier
plot.

A rate versus mole fraction plot for
cyclohexanone-isopropyl aleohol mixtures
is given in Fig. 8. The maximum in this
case occurs at a mole fraction of cyclo-
hexanone of about 0.5, indicating that
cyclohexanone is less strongly adsorbed
than the series of benzaldehydes studied.
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