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Hydrogenolysis of 24 aliphatic esters of primary alcohols on rhodium was studied by the method
of competitive reactions at 300°C with reactants in gasous phase. Reaction products were corre-
sponding carboxylic acid and hydrocarbon. For each ester relative reactivity with respect to methyl
butyrate was determined. Structure effects observed were found to correlate with boiling points,
heats of evaporation, and with v(C=0) frequencies. The Taft equation correlates data after its
extension by the term expressing the number of hydrogens on a carbon atoms. A mechanism is
suggested which involves coordination of the acyl oxygen of an ester to electrophilic center on
catalyst surface, which results in formation of the electrophilic center on the alkoxyl carbon.
This center is then attacked by a nucleophilic species, likely by hydride anion formed on the
surface, which brings about cleavage of the C—O bond.

In connection with the study of structure-reactivity dependences (e.g.'”>) and in
continuation of the study of kinetics of hydrogenolysis of esters on rhodium*®
in this work we were concerned with effects of the structure of alkyl groups R! and
R? on the reaction of esters with hydrogen (Equation (A4)) carried out on a Rh/C
catalyst at 300°C with reactants in gaseous phase. As we wished to include as many
compounds as possible to the set of substrates studied, we chose the method of
competitive reactions for determining the relative reactivities.

RICOOCH,R? + H, — R!COOH + R2CH, (4)

EXPERIMENTAL AND RESULTS

Apparatus, experimental procedure and analysis were described in the previous work®, Boiling
points of the compounds used agreed with reported data and their purity was confirmed by gas
chromatography.

Relative reactivities of the ester i with respect to the ester j, R;;, were calculated from the earlier
derived and confirmed® relation

Ry; = log(l — xpflog(l — x7), %)
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where x; and x; denote conversions of the esters. For selected pairs of esters several pairs of con-
versions, usually from 3—6, were obtained at the total pressure of esters in the feed 0-4 atm,
hydrogen pressure 0-6 atm, and at the molar ratio of esters in the feed equal to one. By series of
more detailed experiments the independence of Rij on these parameters as well as on total con-
version was confirmed. The values of R;; calculated from individual couples of conversions were
averaged. Esters were arranged to pairs considering both possibilities of chromatographic analysis,
i.e. ensuring good separation of peaks, and relative reactivities of esters, since at great difference
in conversions the result is less accurate. Methyl butyrate was chosen as a standard substrate.
Reactivity of several esters was evaluated by competitive experiments with this standard. Relative
reactivities (with respect to methyl butyrate) of the other esters were calculated from 28 relative
reactivities for different pairs of esters, using Eq. (2). The validity of this relation was verified in
several cases by comparing R;; values obtained by experiment with the values calculated from Eq.
(2), or by comparing the values of R;;j calculated from Eq. (2) with the use of different R;, and
Ry

Ri;= Ry /Ry« ) (%))
A good agreement was always found, which proves that the set of data obtained is consistent.
Relative reactivities with respect to methyl butyrate are given in Table 1. In composing Table I
from a set of experimental reactivities, i.e. the reactivities determined directly by experiments with
corresponding pairs of esters, several rules were followed. Experimental reactivities were preferred
to the reactivities calculated according to 'Eq. (2). Of calculated reactivities, those calculated from
the least number of experimental reactivities, i.e. from two or three, were preferred. In calculations
the reactivities determined from the greater number of couples of conversions were used preferen-
tially.

Reactivity of neopentyl esters of acetic and butyric acids was evaluated by non-competitive
experiments. As these compounds did not react, it was verified that they do not poison the catalyst,
this being made by their intermittent feeding with pentyl acetate or with butyl butyrate.

The reactivity of isopropyl and tert-butyl acetates was estimated from preliminary experiments.
While the former ester is not liable to thermal decomposition under conditions used, the ester
of the tertiary alcohol undergoes elimination followed by hydrogenation of the olefin and this
process competes with hydrogenolysis. However, though corsidering this phenomenon isopropyl
acetate reacts at a rate which is as fast as or only little faster than the rate of hydrogenolysis of
propyl acetate, and the reactivity of tert-butyl acetate is comparable within one order of magnitude
with that of butyl acetate. Reactivity of butyrolactone is low; under conditions where butyl
acetate gives conversion 0-5, the conversion of y-butyrolactone is 0-1.

Exchange experiments were carried out with the couples methyl butyrate-butyl acetate and
methyl propionate—ethyl acetate. These experiments were aimed at finding whether assumed equi-
librium adsorption of esters is dissociative; in such a case the esters with exchanged alkyl groups
could be found among reaction products. Such substances were not, however, detected.

DISCUSSION

As established by a detailed kinetic analysis for four esters in the previous paper*
and demonstrated by the data in Table 1, the reactivity of esters increases with their
molecular weight. At the same time, a decrease in reactivity is observed for esters
with branched R* or R? groups. The rate increases with the size of the alkyl group
attached to both the acyl and alkoxy part of the molecule. Literature search revealed
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TasLE L

Relative Reactivities R;; of Esters RICOOCHZR2 with Respect to Methyl Butyrate at 300°C
on 3% Rh on Activated Carbon

R

RrRZ _——— e o — =

CH, C,Hs  C3H; i-C3H,; i-C4Hy t-Cy4Hg

H 012 036 1-00 0-88 1-31 1-65
CH,4 0-35 0-68 51 1-03 - —
C,Hs 1:42 2:58 4-39 2:77 621 4-67
C3H, 4-65 10-4 13-6 - — -
i-C3H4 1:94 3-02 697 — - —
C,4H, 746 — - - - -
i-C4Hg 588 - — - — -

that this behaviour is unique. In so far known reactions their rate decreases with
increasing size of the acyl group and usually decreases with increasing size of the
alkoxy group, in olefin-forming climinations it sometimes slightly increases. This
rules out the possibility to seeck for mechanistic similarities between hydrogenolysis
and solvolytic or elimination reactions. The structure of esters exerts, however,
a similar effect on their boiling points. Fig. 1 shows that reactivities in hydrogenolysis
correlate well with normal boiling points of esters, t, (log R;; = 0-0176 t, —1-80,
correlation coefficient r = 0-966) as well as with their heat of evaporation at boiling
point of esters AH,, (log R;; = 0-852 AH, — 696, r = 0:946, four esters for which
the heat of evaporation was not found in literature are not included in this correlation).
Simultaneous validity of these correlations follows from the well-known Trouton
rule AH, = konst. x t,. These correlations indicate that intermolecular forces
playing an important role in the liquid are similar to the forces affecting reactivity.
As the reactivity obtained include both the ratio of rate constants and that of adsorp-
tion coefficients®, one can believe that this forces influence adsorptivity. This
assumption is in harmony with kinetic analysis® which on the basis of Langmuir-
Hinshelwood model made it possibile to separate the rate and adsorption coefficients;
the adsorption coefficients increased with molecular weight. In view of the fact that
the rate constants also increased with increasing molecular weight, this explanation
does not seems to be exhaustive.

The attempt to correlate obtained relative reactivities with the Taft equation by
means of inductive ¢* and steric E, constants® has not met with success. When
using the sum of inductive constants of R' and CH,R? groups in the ester
R!COOCH,R? i.e. Yo* = o*(R") + o*(CH,R?), we observed that data are grouped
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to the lines according to the sum of the number of o hydrogen atoms in groups
R! and —CH,R?2. After introducing the corresponding term to the Taft equation

log Ri; = ¢*Yo* + hAn + C, 3)

where An =6 — Y n (n is the number of o hydrogens) we obtained a good correlation
which is shown in Fig. 2, with parameters ¢* = —257, h = —2:28, C = —0-67,
and r = 0-956. A similar modification of the Taft equation (for review see!®) was
used for hydrogenation of aldehydes and ketones!!. The value of ¢* obtained by us
is unusually high. This may be due to the fact that this constant is the sum of the
slopes for two consecutive steps (equilibrium adsorption followed by surface reaction)
which are of the same sign. Correlations of structure and properties in which the
numbers of o hydrogen atoms play a role are usually interpreted as being indicative
of occurence of hyperconjugation. This effect can also be expc'cted to take place in
our case. The same direction of inductive and mesomeric effects is evident from the
same signs of the constants of Eq. (3). Due to both effects electron density on the
ester group is changed, and its increase obviously facilitates the reaction.

Before entering into discussion of mechanism of hydrogenolysis, it seems useful to
give a brief account of the knowledge concerning the structure of esters. In aliphatic
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esters planar Z-conformation of the ester group is preferred'?:*3; the E-conformation
is encountered only with lower lactones. Rotation around the ester C—O bond is
then strongly restricted. Dipole moment measurements show that this occurs also at
elevated temperatures'®. In the ester group there is mesomerism between structures
I and IT which causes that the C—OCH, bond acquires some double bond character,
this being the reason of restricted rotation around this bond. From interpretation

-

Ve 3
P R4
RI=C - RI—C
P 2
O—CH.R? Q-CH;R?
/ 1

of changes of the stretching'* v(C=0) and deformation'® §,, 5, (C—O) vibrations
in dependence on structure it follows that structure IT for the ester RICOOR? becomes
increasingly more important as the size of alkyl groups R! and R? increases. On
increasing size of the acyl and alkoxyl groups the wavenumber of the stretching C=0
vibration decreases, this being indicative of decreasing double bond character in
the sense of the structure II. Morgan and Unwin'# found a good linear correlation
between #(C=0) and y ¢* for 16 esters (seven of which are included also in our set).
(This correlation cannot be interpreted as being solely due to inductive effect, since
for the set of esters studied by the above mentioned authors the relation An =
= 6 + 10 ) o* is practically accurately fulfilled, so that to speak about hyperconjuga-
tion effect seems to be at least similarly justiﬁed.) When discussing the effect of
structure on reactivity we concluded that the increase of electron density on the ester
group brought about by the inductive and hyperconjugation effect of alkyl, i.e. the
shift to structure II, is favourable for the course of hydrogenolysis. This may be
expected if one of reaction steps will involve interaction of the ester with electrophilic
species or with electrophilic center on catalyst surface. In similar interactions the
carboxylic oxygen acts as nucleophilic center, which was confirmed for proton*®-*’
and Lewis acids!®'®. By this way the importance of the structure II increases, as
depicted in scheme III in which X stands for the acid. In hydrogenolysis either
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surface metal atom, or positively polarised hydrogen atom H’*, formed by dis-
sociative adsorption of hydrogen molecule on rhodium, can be regarded as an elec-
trophilic particle. Further reaction step should be then the attack of the nucleophilic
particle on an electron-defficient centre in the adsorbed ester. This center is the
alkoxyl oxygen and adjacent carbon. Nucleophilic particle may be metal atom or,
more likely, negatively polarised adsorbed hydrogen atom H®~. It is also possible to
assume a synchronous, or nearly synchronous, process involving two hydrogen atoms
adsorbed on neighbouring sites of surface, oppositely polarised (I¥). A similar
heterolytic dissociative adsorption of hydrogen on metal was considered to take place
in hydrogenolysis of chlorobenzenes on palladium® (compare?®>').An analogous
cyclic mechanism was suggested also for hydrogenolysis of benzyl acetate on palladium
on the basis of the study of the effect of substituents attached to aromatic ring?>.
A similar mechanism was also postulated for reactions of some sterically hindered
esters with Grignard reagents?®.

It remains to appreciate how this assumption agrees with further observation.
y-Butyrolactone, which is in the E conformation'? and has high value of »(C=0)
(ref.24), could be expected to react reluctantly, which is the case. The exchange of
alkyl or alkoxy groups does not proceed, which indicates the absence of a dissociative
step in the course of the reaction. Unreactivity of neopentyl esters can probably be
attributed to steric hinderance which prevents the ester from acquiring a suitable
position with respect to either hydrogen or adsorbed hydrogen atoms. This may be
regarded as an indirect support of the cyclic mechanism which will be relatively
strongly sterically demanding.
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