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The Kinetics of the Cannizzaro Reaction

The Free Energy, Heat Content, and Entropy of Activation
ATTE MERETOJA and EERO TOMMILA

The Chemical Institute, University of Helsinki, Finland

In a previous paper! one of us (E.T.) reported the results of his investi-
gation of the kinetics of the Cannizzaro reaction with benzaldehyde and
several substituted benzaldehydes in aqueous methanol. The paper contains
the parameters of the Arrhenius equation

k= A EIRT (1)

obtained for solutions of constant solvent composition (E; and 4;). As the
second of the authors (A.M.) has stated 2, the parameters of the Arrhenius
equation in isodielectric solutions (¥, and A,) may be got by a graphical
method from such results. The valucs for benzaldehyde thus oblained are
now given in Table 1.

Plotting the values of E,, against 1/D and through extrapolation with
regard to 1/D to zero (Fig. 1) one obtains for the bond-stretching energy 2
(for the complex Y, see later) the value

E, , = 15.1 kecal/mole

Theoretically, in very dilute solutions log 4, should be constant ?; we see
that this condition is rather well fulfilled, although the k-values are not extra- -
polated to zero concentration. The influence of the concentration on k is in
this case, of course, only very small owing to the fact that one of the reactants
is a neutral molecule. From the values for £, in Table 1 and from equation ¢

Ep = By, + AGE (@)
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Fig. 1. Plotting of Ep against 1/D. . . . l
v ing of Ep ogainat If ) 2 30 W00 4

where AQ} is the repulsion energy, we see that the latter energy is always only
a rather small fraction of the total energy X, of the reaction.

Table 1. The reaction between benzaldehyde and NaOH én isodielectric water-methanol
miwtures. (k is the trimolecular rate constant in mi2 - mole=2 - sec™, Ep keal ).

D kgg Frgo® kgy® Ep log Ap
65  31.6 166 — (17.1) (13.44)
60 191 100 363 17.2 13.26
55 12,0 67.6 282 17.5 13.30
50 8.13 4.7 209 17.8 13.34
45 5.50 31.6 145 17.9 13.24
40 3.72 22.9 105 18.3 13.35
35 2.57 16.2 71.6 18.7 13.46
30 — 11.5 60.3 (19.5) (13.85)
Mean  13.32

It is now generally accepted 1,587 that the rate-determining step of the
reaction is

B—C—0- + C—-R - R-—C—0-C—R (Y) 3)
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and that before this there exists the following equilibrium:

OH
R—C=0 + OH" . R—(’)——O" (x) O]
A X

the corresponding equilibrium constant being

K — [RHC(OH)O-] (5)
[RCHO][OH]
The rate of the formation of the critical complex Y is thus proportional to the

product [RHC(OH)O ] [RCHO] and as net result there follows a reaction
formally of third order:

‘% — ¥K[RCHO] [RCHO] [OH] = HRCHOP[OH ] (8)

where ¥’ is the rate constant of the bimolecular reaction (3), and % the experi-
mentally found trimolecular constant. The values given in Tables 1 and 2
are obtained from k-values for different temperatures in different solvents.
As k is the product of the real bimolecular rate constant ¥’ and of the equi-
librium constant K, k = k'K, the next task is to eliminate the effect of K
and state the details of this bimolecular reaction (3). Because, however,
nothing is known about the absolute values of K in conditions prevailing
during the experiments, conclusions of only general nature can be drawn.
In connection with the experimental determination of the trimolecular
rate constant k at different temperatures and in various solvents, the depend-
ence of the equilibrium constant K on these factors was also measured. As

log k =1log ¥ + log K (7)

we can generally write

Jlog k Jlog ¥ Jlog K
.303RT? = 2.303R7T? 303RT? T = 8
2.303R iy 2.303 o7 + 2.3 5T (8)

or consequently, taking Eq. (1) and the van’t Hoff reaction isochore into
consideration:

Ec=E,+ W, (%)
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which shows that the experimental activation energy, K, is the sum of the
activation energy of the true bimolecular reaction (3), E;, and of the heat,
W, ¢, of the equilibrium reaction (4). From Egs. (1), (7) and (9) it follows
directly:

log Az =log A, +log A4, (10)

or, according to the theory of absolute reaction rates, that
A8% = AS¥ + AST - (11)

For isodielectric conditions the following equations, respectively, are
obtained 4:

Ey,=E,+ W,p (12)
ASE = ASE + 48F, (13)

Thus the non-electrical contribution AS¥ in the Table 2 is also the sum of the
corresponding constants for the reactions (3) and (4).

According to Meretoja ¢, by means of the values of 4., E;, 4, Ep,, and the
constant Ky, the free energy, heat content, and entropy of activation, as
well as their non-electrical and dielectric contributions can be calculated.
These values for benzaldehyde in different methanol-water mixtures are
given in Table 2. In so far as W, and AS}',: are negative, the activation energy
E/ and the frequency factor A/ of the reaction (3) are greater than the experi-
mental values, which would explain the unexpected low activation energy of

Table 2. The free energy, heat content, and entropy of activation and their non-electrical
and dielectric coniributions for the Cannizzaro reaction with benzalde hyde in different metha-
nol-water mixtures. AG and AH in keals, AS in E. U:s.

0,
:IVt'hA’ Dy AGE 4B Ast A6 AnEx  Asy A6t AT AsT
cohol 60
0 66.6 145 145 0 14 —50 —193 159 95 — 193
85  62.9 145 145 0 17 —44 —184 162 101 — 184
176 592 145 145 0 1.9 —39 —17.5 164 10.6 —17.5
26.9 652 145 145 0 22 —27 —147 167 11.8 — 14.7
362 513 145 145 0 2.5 —22 —141 170 123 — 141
459 472 145 145 0 27 —13 —120 172 132 — 120
55.8 430 145 145 0 2.9 —04 — 09 174 141 — 9.9
71.2 36.5 14.5 14.5 0 3.2 + 0.6 — 7.8 17.7 151 — 7.8
87.9 298 14.5 14.5 0 3.5 +22 — 40 18.0 16.7 — 4.0
100 260 145 145 0 3.9 659 + 59 184 204 + 59
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the Cannizzaro reaction for many aromatic aldehydes (cf. 1, pp. 50, 51), as
well as the fact that the value of the nonelectrical entropy 48F in Table 2
happens to be equal to zero.

The assumption that W, and AS’}= are negative is very reasonable, because
it is quite natural to believe that the extent of the dissociation

RHC(OH)0™ - RCHO + OH™ (14)

increases with temperature, or that K decreases as the temperature rises.

As already mentioned, concerning the value of K nothing certain is known.
However, taking into consideration that E/ for reaction (3) must be equal to
or greater than 10200 cal,® we get

10 200

’ —1 ,2 o
log A; —log ¥ 2 5orapm

= 6.70

As furthermore, for bimolecular reactions, the steric factor®8 P<1 or 4
(= PZ) < 2.6. 10" (when the kinetic collision number Z is given in absolute
system), we obtain at 60°C for benzaldehyde in aqueous solution:

log ¥/ =1log k —log K =2.301 —log K <log A, —6.70 = log 2.6 . 10
—6.70 = 7.72,

and therefore
log K2 —5.42
or
K2=4.10"% mlmole™

The value obtained for K is so great that the complex X in Eq. (4) must be a
true molecule in equilibrium with its parent substances, and not a simple
collision pair with a short life time of the order of a collision duration.

If the second stage of the reaction is not much slower than the first, differ-
ent kinetic velocity laws are possible. This is probably the case, e.g., with
nitrobenzaldehydes ! and furfurol °.

The values of AG¥, AH¥, and AS¥ for the Cannizzaro reaction with a number
of substituted benzaldehydes in 46 wt. per cent aqueous methanol and in
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50 per cent dioxane are given in Table 3. It is interesting to note that although
AH¥ and AS* for various aldehydes are very different, the values of AG*+ show
much smaller differences. Also in both the solvents the AG¥-values for the
same aldehyde are about the same, but AH¥ and AS¥ are very different.
Furthermore, a comparison of the values for benzaldehyde in water given in
Table 2 with those in Table 3 shows that the values in 50 per cent dioxane
are about the same as in water. The influence of methanol on the reaction is
much more powerful.

Table 3. The energy.a,nd entropy quantities for several substituted benzaldehydes in 46
wt. % methanol and in 50 %, dioxane (26— 100°C ).

Solvent 46 9% Methanol 50 % Dioxane

Ak AH¥  AS¥ A6 AHF  AS*F
Benzaldehyde 17.2 132 —12.0 17.6 9.9 —20.6
m-Bromobenzaldehyde 14.6 11.7 — 8.8
m-Chlorobenzaldehyde 14.9 122 — 8.0 153 69 —225
P- » 15.7 14.2 — 4.6 163 7.6 —234
o- » 16.5 18.6 + 63 16.7 8.1 —23.1
p-Methyl benzaldehyde 18.2 140 —12.7
p-iso-Propyl » 18.1 157 — 7.2
p-Methoxy » 18.8 158 — 9.1
m-Nitrobenzaldehyde 13.4 17.1 + 11.1
p- ’ 134 201  +21.9
o- » 14.4 26.5 + 36.2
p-Dimethylaminobenzaldehyde 23.5 230 — 14

SUMMARY

The free energy, heat content, and entropy of activation for the Canniz-
zaro reaction with benzaldehyde and a number of substituted benzaldehydes
in various solutions, calculated on the basis of the experimental values found
by Tommila, and Eitel and Lock, are given, as well as the non-electrical and
dielectric contributions to these quantities for benzaldehyde in different
methanol-water mixtures. This new interpretation brings strong evidence for
the previously proposed mechanism for the reaction.
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