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The hYlirogenation of cinnamyl methyl ether and allylben~ne in hexane and acetone at 20°C and 
atmospheric pressure of hydrogen has been studied 0'1 eight palladium catalysts. The hydro
genation of cinnamy' methyl ether is accompanied by C-O bond splitting giving rise to propyl
benzene and methanol, the hydrogenation of allylbenzene is associated with the isomerization 
of the double bond resulting in its conjugation with the benzene ring. A marked soivent effect 
on the selectivity of hydrogenation of cinnamyl methyl ether has been observed and ascribed to 
the effect of solvated protons on the adsorbed molecules of the ether which is promoted by polar 
medium. The solvent effect on the isomerization of allylbenzene during the hydrogenation is 
little pronounced, which suggests that this reaction is not of ionic nature. 

The problem of bonding of hydrogen to metal surfaces is very complicated; it relates 
with the distribution function of the active centres, the hydrogen species present being 
affected by the heterogeneity of the surface 1 ,2. The situation becomes more intricate 
if hydrogen not only adsorbs on but also dissolves in the metal, penetrates into the 
crystal lattice and even changes the crystal parameters. 

It is clear that owing to the diverse interactions with the metal, hydrogen can get 
activated in different ways, and the various hydrogen species that result can exhibit 
different properties, e.g., in the interaction with organic substances, 

Among the most complex is the Pd-H system. Of alJ metals, palJadium exhibits 
the highest sorption capacity for hydrogen 3 . Sokolskii and Zakumbaeva suggest4 

that dissolved in paIladium, hydrogen occurs in the form of protons, the electrons 
from its atoms occupying sites in the palJadium d orbitals. 

Cerveny and Ruzicka published5 a survey of reactions which give evidence of the 
protonic nature of hydrogen activated by paIladium catalysts; the catalytic activity 
is shown for the Pd-H system in typical acid catalyzed or acid-base catalyzed reac
tions (isomerization of olefinic compounds, isomerization of paraffins and cyclo
paraffins, alcoholysis of oxirane compounds, formation of esters during the hydro
genation of aldehydes and ketones in alcohols, dehydration, decomposition of copper
(n) formate in aqueous solution, splitting of hydroxy and ester groups from tertiary 
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carbon atoms, splitting ether bonds). These reactions take place on palladium catalysts 
only in the presence of hydrogen, although this presence actually is not required by 
their stoichiometry. 

In the present work, the properties of the Pd-H system are studied on eight palla
dium catalysts using two test reactions, viz. catalytic hydrogenation of cinnamyl methyl 
ether, which is accompanied by splitting of the c-o bond, and hydrogenation of 
allylbenzene, which is accompanied by isomerization of the double bond to form 
a conjugated system with the benzene ring. 

EXPERIMENTAL 

Chemicals. Cinnamyl methyl ether was prepared by reacting cinnamyl chloride with methanol 
in alkaline solution6 ; the other chemicals were commercial products: allylbenzene (Soyuzkhim
eksport, Moscow), n-hexane and acetone pure (Lachema, Brno), hydrogen of electrolytical grade 
(Technoplyn, Prague), palladium dichloride in a 40% solution (Kovohute, Vestec). 

Catalysts. 1 - Pd black prepared conventionally 7 , 2 - 5% Pd/CaC03 (Koch-Light, U.K.), 
3 - 5% Pd/CaCOJ modified with Pb (Lindlar's catalyst, Farmakon, Olomouc), 4 -- ?% Pd/C 
(Cherox 4100, Chemical Works, Litvinov), 5 - 10% Pd/C prepared as No.4 using Supersorbon 
Degussa as support, 6 - 5% Pd/C prepared as No.4 using graphitized carbon black as support, 
7 - 5% Pd/alumina prepared as No.4 using alumina for commercial Cherox 4000 catalyst (0'56% 
Pd/Alz 0 3 ) as support. 

Apparatus and procedure. Kinetic measurements were carried out using a conventional appa
ratus8 comprising a magnetically stirred glass reactor and a gas burette. Samples for chromato
graphic analysis were taken p~riodically. The size of crystallites was measured by the X-ray line 
broadening (XRLB) method. 

Analytical methods. Ga~ chromatographic analyses were p~rformed on a Chrom-4 gas chroma
tograph (Laboratorni pi'istroje, Prague) with flame ionization detection, using a 2'5 m X 2'5 mm 
glass column packed with 15% Carbowax 20 M on Chromaton NAW-HMDS. Isothermal mea
surem~nts were made at 170°C for the hydrogenation of cinnamyl methyl ether and at 140°C 
for the hydrogenatiolJ of allylbenzene. 

RESULTS AND DISCUSSION 

The model reactions were chosen so as to enable not only the hydrogenation activity 
of the catalysts but also their activity in reactions of different kinds, viz. splitting of 
ether C-O bond (Pathway 1) and isomerization of a double bond to a thermodyna
mically more stable position (Pathway 2), to be evaluated. 

The courses of the two reactions were treated in terms of the time dependences 
of concentrations of the reaccion mixture components. Typical examples are shown 
in Figs 1 and 2. The initial rates of hydrogen takeup were determined as the slopes 
of the tangents to the time dependences at time r = O. The results are given in Table I 
along with the selectivities S defined based on the maximum fractions of the side 
reaction products (propylbenzene for the hydrogenation of cinnamyl methyl ether 
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(SI) and l-phenyl-l-propene isomers for the hydrogenation of allylbenzene (S2») in 
the reaction mixtures. 

C6H;--CH=CH-CH2-OCH3 ~ C6HsCH2CH2CH20CH3 

H2l W 

C6Hs-CH=CH-CH3 + CH30H ~ C6Hs CH,CH,CH3 + CHpH 

Pathway 1 

C6Hs-CHz-CH=CH2 ~ C6Hs-CH2CH2CH3 

1 H+,W / 
C6Hs CH=CH-CH3 

cis, trans 

Pathway 2 

100 100 

X 

0\ 
X I 

I 
50 0\ ___ t==t=e= 50 

o e""V 
.~ 

~¥ '0 
a 0 

8 10 r 20 0 10 T 20 

FIG. I FIG. 2 

C,)urse of hydrogenation of cinnamyl methyl 
ethcr in acetone on 10% Pd/C catalyst; 
x reaction mixture composition (mole %) 
(solvcnt not included), T time (min). 0 Cin
namyl methyl ether, • l-phenyl-3-methoxy
propane. () propyl benzene 

Course of hydrogenation of allylbenzene in 
hexane on 5% Pdfy-alumina catalyst; x and T 

as in Fig. 1. 0 Allylbenzene, • propylbenze
ne, (), () I-phenyl-I-propene isomers 
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Hydrogenation of cinnamyl methyl ether was accompanied by splitting of the ether 
C-O bond giving rise to I-phenyl-l-propene which was hydrogenated successively 
to propylbenzene. The saturated 3-phenylpropyl methyl ether did not undergo 
splitting, which gives evidence that the reactivity of the ether bond is strongly affected 
by the presence of the double bond. No shift of the double bond to conjugation with 
the electrons of the ether oxygen (formation of 3-phenylallyl methyl ether) was ob
served, which is clearly due to the conjugation of the double bond with the benzene 
rmg. 

In the hydrogenation of allylbenzene, the route leading to I-phenyl-l-propene as 
an intermediate is an intraspheric transfer of hydrogen atoms in the adsorbed state 
on the catalyst. From the orbital theory standpoint this hydrogen transfer IS conceiv
able both via the proton and the hydride forms 9 -11, although the latter should 
proceed more easily. 

The activities of the catalysts in the two hydrogenation reactions were compared 
with the size of the crystallites as determined by the X-ray diffraction method, and 
no correlation between them was disclosed. Since the true surface area of the active 
component of the catalyst could not be determined by any other independent method, 
it is hard to assess to what extent the true size of crystallites, and thus the surface 
area of the active metal, is accounted for by the nonuniform morphological shape 
of the palladium crystaIlites on the different supports and to what extent the hydro
genation rates are affected by the catalytic effect of the support. At any rate, it is clear 
that the X-ray method does not suit to the determination of the surface area of the ac
tive metal on different supports. 

The data in Table I demonstrate that the hydrogenation reactivity is higher for 
allylbenzene than for cinnamyl methyl ether in both solvents and on all of the catalysts 
tested. An approximately linear relationship exists between the reaction rates of the 
two substances in the two solvents and on the catalysts used. 

The hydrogenation rates on Pd black are about 3 - 4·5 times lower in acetone than 
in hexane; on the remaining catalysts the rates in the two solvents do not differ so 
much. (Hydrogenation of cinnamyl methyl ether on Lindlar's catalyst, Pd-PbjCaC03 , 

is a special case, this catalyst having an exceptional position owing to the presence 
of the modifying lead.) The above effect is probably associated with the aggregation 
of particles on the palladium black, which has been observed in the polar acetone. 

The selectivities are more complicated to evaluate. No relation was found between 
the selectivities of the two test reactions, whether for one reaction in the two solvents 
or for the two reactions always in the same solvent. For the hydrogenation of cinnamyl 
methyl ether in hexane, the selectivity was highest on Pd black and nil on 5% Pdf 
/CaC0 3 and 5% Pdjalumina, whereas for the remaining catalysts the sdectivities did 
not differ substantially. The discrimination was somewhat more pronounced in 
the palladium-to-support surface area ratio based on experience. This ratio can be 
expected to decrease in the catalyst series 1 ~ 6 > 8 > 5 > 2 ~ 7 '" 4 ~ 3. 
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The selectivity of hydrogenation of cinnamyl methyl ether increased markedly 
when passing from hexane to acetone (Table I). Taking into account the possibility 
that during its adsorption on the catalyst surface, hydrogen can split up and interact 
with solvent, following, for instance, the pathway 

as discussed by Dorfman 11, it can be assumed that this reaction will occur to a greater 
extent in the polar acetone, where the possibility of stabilization of the proton by 
solvation is considerably higher than in the nonpolar hexane. The readiness of splitting 
of the ether bond is promoted by the adsorption of the cinnamyl methyl ether molecule 
and by the conjugation of the double bond with the benzene ring, which undoubtely 
alters the electronic structure of the adsorbed ether. The splitting of the ether bond 
then can be due to the effect of either hydride hydrogen or proton in H+ Sol, the latter 
being more likely (compare, e.g., with the Zeiss cleavage of ethers). 

In the hydrogenation of allylbenzene, the effect of solvent on the selectivity is much 
less marked, which suggests that the charge of the adsorbed hydrogen plays nearly no 
role in the isomerization reaction. The selectivities, particularly S2"' demonstrate that 
the isomerization ability increases with increasing palladium-to-support surface area 
ratio (see above), hence in the direction where the properties of palladium metal be
come increasingly apparent. The amount of the isomers (1-phenyl-l-propene) 
forming during the hydrogenation of allyl benzene is clearly dependent on the fre
quency of the adsorption-desorption processes of the two substances. The nonzero 
S2 values also document that the rate of intramolecular displacements of hydrogen 
is higher than the rate of the hydrogenation reaction itself. 
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