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Hydrogenation of alkenes over palladium and platinum metals
supported on a variety of metal(IV) phosphates
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Abstract

Platinum(0) and palladium(0) catalysts have been prepared by first exchanging the acidic protons in a variety of metal(IV)
phosphates with platinum or palladium ions followed by their reduction to metal. The resulting supported catalysts were
examined for their effectiveness in the hydrogenation of 1-octene, 1-, 3-, 4-methylcyclohexenes and cyclododecene. Rates of
reduction and stereoselectivity were compared with a standard commercial palladium-on-charcoal catalyst and were found
to vary widely by a factor of about 500, depending on the support used. Data are reported as relative rates of reduction. Steric
effects due to substrate/support interaction played a major role in selectivity to hydrogenation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Amorphous polymeric metal(IV) phosphates have
been known for some time. Unlike the crystalline
varieties, they have irregular structures and somewhat
variable elemental composition, depending on the
method of preparation[1]. X-ray analysis suggests
that the amorphous materials consist of microcrys-
talline domains arranged randomly. Zirconium phos-
phate was the first of these inorganic polymers to
be crystallized[2]; it was shown to have a lamellar
structure[3,4] with the layers comprising zirconium
atoms lying in a plane and bridged by phosphate
groups located alternately above and below this plane.
Other tetravalent metal phosphates crystallize sim-
ilarly so that the topography of the planes differs

∗ Corresponding author. Tel.:+44-151-794-3502;
fax: +44-151-794-3588.
E-mail address: rj05@liv.ac.uk (R.A.W. Johnstone).

with the metal, while retaining some similarities. In
addition to the variations possible in the four-valent
metal, it has been shown that organophosphonates
can be prepared from almost any phosphonic acid,
organophosphonic acid or mono-organophosphate
[5]. The wide variety of topographies available can
be enhanced further by formation of solid solutions
of different metal(IV) phosphates and of solutions
incorporating metal(III) and metal(V) phosphates
[6,7].

Amorphous metal phosphates are valuable catalysts
and behave as solid acids. They have greater surface
areas than the crystalline forms and hence greater spe-
cific catalytic activities. Such phosphates and phos-
phonates are particularly valuable in areas in which
stability to high temperatures and high acidity are re-
quired [8]. It is also possible to make use of their
ion exchange capacities to deposit other metal ions
such as platinum or palladium onto their surfaces and
then to reduce the metal ions to the zero-valent state,
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giving a product[9,10] which is active in catalysing
hydrogenations[11]. Although some experiments on
these supported catalysts have been reported, they in-
volve only one metal(IV) phosphate as support and no
attempts have been made to study the effects of gross
changes in the topography of the catalyst support on
the course of reduction.

Therefore, in the present work, a wide range of
metal phosphate catalyst supports has been examined
for their effects on the course of hydrogenation. Such
a preliminary study is inevitably somewhat empiri-
cal since detailed topographic studies of amorphous
metal phosphates have not been carried out. Never-
theless, by examining the results of hydrogenation
of pairs of compounds, it is possible to show that
different metal phosphates can have significant ef-
fects on relative rates of reduction of the pairs of
substrates.

The catalysts used in this work consisted of plat-
inum or palladium deposited on a variety of metal(IV)
phosphates. The Pt and Pd metals were deposited us-
ing published procedures[9] and the resulting cata-
lysts were investigated for their effects on the rela-
tive hydrogenation rates of a small range of alkenes
(1-octene, 1-, 3-, 4-methylcyclohexenes and cyclodo-
decene), selected for their stereochemical variation in
ease of access to the double bond to be reduced. Ad-
ditionally, a commercial palladium-on-charcoal cata-
lyst was chosen as a standard against which to assess
changes in selectivity in the metal phosphate supported
catalysts being studied.

2. Experimental

The alkenes and the corresponding alkanes are
all known compounds, for which commercial sam-
ples were obtained (Aldrich) and used as such.
Palladium-on-charcoal catalyst (5% w/w) was used
as received (Engelhardt). Analyses of the progress of
reaction were carried out on a Dani 3800 gas chro-
matograph with flame ionisation detector and either an
SE30 or an FFAP capillary column (0.3 mm× 25 m).
GC/MS data were recorded on a Fisons gas–liquid
chromatograph, using a similar column to that for the
analytical work. Surface areas were measured on a
Micromeritrics ASAP 2000 instrument, using nitro-
gen absorption.

2.1. Hydrogenation of alkenes

2.1.1. Reduction of 4-methylcyclohexene with
platinized or palladized metal(IV) phosphate catalysts

Catalyst (0.06 g), 4-methylcyclohexene (0.025 g),
dodecane (0.022 g) and ethanol (5 ml) were placed in
a 25 ml flask. After flushing out the air with hydro-
gen, the mixture was stirred at room temperature and
pressure under hydrogen. The progress of reaction
was monitored by removing samples through a rubber
septum at intervals and analysing them by GC. The
amount of unreacted alkene was calculated from peak
areas, using dodecane as internal standard. At the end
of reaction, the products were analysed by GC and by
GC/MS. Other alkenes were hydrogenated similarly.

2.1.2. Calculation of rates of hydrogenation
The raw experimental data for yields of individual

products was difficult to compare but the rate of dis-
appearance of alkene was obtainable from its variation
in concentration with time. Since the reactions at all
times involve excess of hydrogen, they were treated
aspseudo first order and the logarithm of alkene con-
centration was plotted against time. These plots were
generally linear and enabled relative rate data to be ex-
tracted easily by comparison of the slopes of the graph
plots. The rate of hydrogenation of 1-octene over Pd/C
(5% w/w) was taken as a standard and its measured
rate was arbitrarily assigned a value of 100 (units of
per time).

It should be emphasised that these reported relative
rates cannot be regarded as true rate constants. The
rate at which hydrogen is adsorbed or diffuses to the
surface of the catalyst may be significant but, because
all reaction conditions remained the same throughout
the series of experiments except for changes in the
type of catalyst, the comparison of rates reported here
is a valid procedure.

Data for the hydrogenation of 4-methylcyclohexene
over palladized amorphous zirconium phosphate are
given inTable 1. Hydrogenation of 1-octene over Pd/C
gave a similar plot but hydrogenation over palladized
metal(IV) phosphates gave different effects. Thus, hy-
drogenation of 1-octene over palladized pellicular zir-
conium phosphate gave the rate data shown inTable 2.
In this last case, the hydrogenation had clearly ceased
when only 27% complete. Analysis of the products
showed that the 1-octene had rearranged to isomeric
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Table 1
Hydrogenation of 4-methylcyclohexene over Pd0ZrPAa

Time (min) 4-Methylcyclohexene
remaining (A; %)

log10(A)

0 100 2.000
5 60 1.778

10 50 1.703
15 36 1.559
20 22 1.346
30 9 0.949

a 4-Methylcyclohexene (24 mg) in ethanol (5 ml). SeeSection 2
for other details.

octenes, which were not reduced to octanes, unlike
the initial 1-octene. The log plot was curved and so
the rate of hydrogenation of 1-octene was taken from
the initial slope of the graph. This result is somewhat
less accurate than the results obtained in those cases
where isomerization was not observed.

2.1.3. Preparation of catalysts
In the following sections, the various phosphates

are referred to by such descriptions as ZrPC (zirco-
nium phosphate, crystalline) and ZrPA (zirconium
phosphate, amorphous). Synthesis of amorphous zir-
conium phosphate ZrPA[11], titanium phosphate
TiPA [7], tin phosphate SnPA[11] and pellicular
zirconium phosphate ZrPpel[12] have been de-
scribed elsewhere. Crystalline zirconium phosphate
ZrPC was prepared by the published method[1].
Crystalline phosphates were further specified by de-
scriptions such as ZrPC (11:126), denoting that the
sample had been refluxed in 11 M phosphoric acid
for 126 h.

Table 2
Hydrogenation of 1-octene over ZrPApela

Time (min) 1-Octene
remaining (B; %)

log10(B)

0 100 2.000
20 86 1.935
40 75 1.913
60 73 1.875
80 73 1.863

600 73 1.863
1400 73 1.863

a 1-Octene (25 mg) in ethanol (5 ml). SeeSection 2for other
details of the standard conditions.

2.1.4. Amorphous yttrium phosphate [YPA]
An aqueous solution of yttrium chloride (YCl3·

6H2O; 9.1 g) in water (75 ml) was added slowly to an
aqueous solution of trisodium phosphate (9.84 g) in
water (120 ml) with rapid stirring at room temperature
[6]. After 60 min, the resulting gelatinous precipitate
was washed with water several times. Each time, the
gel was stirred in fresh water and allowed to stand
for some time. The supernatant liquid was decanted
off until it reached pH 7. Finally, the gel was dried
gently at 110◦C under a vacuum of about 20 mm Hg.

2.1.5. Amorphous zirconium/yttrium phosphate
(Zr/YPA)

A mixture of amorphous zirconium phosphate (3 g)
and amorphous yttrium phosphate (3 g) was added to
phosphoric acid (12 M; 400 ml) and the whole was re-
fluxed until all of the phosphates had dissolved (6 h).
The solution was diluted to 3 l with water and then
neutralised by addition of solid sodium carbonate. The
mixture was allowed to stand and the excess of liquid
was decanted off. The residual precipitate was washed
with water by decantation until the pH of the super-
natant had dropped to 7. The residue was washed with
distilled water and air-dried at 80◦C for 16 h[6].

2.1.6. Amorphous zirconium/titanium phosphate
(Zr/TiPA)

A mixture of amorphous zirconium phosphate (2 g)
and amorphous titanium phosphate (2 g) was added
to phosphoric acid (14 M; 400 ml) and the whole was
refluxed until the phosphates had dissolved (480 h)
[6]. After cooling it to room temperature, the resulting
clear solution was diluted with distilled water to 3 l,
after which it was neutralised to pH 7 by addition of
solid sodium carbonate. The product was worked up
as for Zr/YPA.

2.1.7. Amorphous zirconium phenylphosphonate,
ZrPhPA and amorphous titanium phenylphosphonate,
TiPhPA

These were prepared by the general method for
metal(IV) phenylphosphonates[13].

2.1.8. Platinized metal(IV) phosphates
These were prepared following a published proce-

dure[9]. Sufficient catalyst was prepared in one batch
to study all of the alkenes, thus ensuring that all results
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Table 3
Relative rates of hydrogenation of alkenesa,b

Catalystc 1-Octened 4-Methylcyclohexene 3-Methylcyclohexene 1-Methylcyclohexene cis-Cyclododecene

Pd/C (5% w/w) 100 151 8.1
PdZrPA 40 125 7.9
PdTiPA 344 2.3 6.0
PdSnPA 260 8.1 3.0
PdZrPpel 8.5 7.9 0.2
PdZr/TiPA 6.8 1.5 0 0 0
PdTiPhPA 62 11.9 2.1 0 0
PtZrPA 0 0 0 0 0
PtZrP (11:126) 0 0 0 0 0
PtZr/TiPA 182 24 5.4 4.7 0
PtZr/YPA 23 3.2 0 0 0
PtZrPhPA 0 0 0 0 0
PtTiPhPA 0 0 0 0 0

a Reactions were carried out at room temperature and atmospheric pressure. Detailed conditions are given inSection 2.
b These are relative pseudo first-order rates of hydrogenation, compared with the rate of hydrogenation of 1-octene over Pd/C (5%

w/w) set arbitrarily to 100.
c See text for designations.
d The rate of initial reaction was used because the substrate rearranged during the hydrogenation.

obtained for any one catalyst were comparable and
that there could be no variations due to variations in
batches of catalyst. In a typical reaction, a solution of
PtCl2 (1 g) in aqueous HCl (1 M; 2 l) was treated with
aqueous ammonia (14%; approximately 350 ml) until
pH 4.8–5.4. At this stage ZrPA (3 g) was added and
the mixture was stirred at room temperature for 24 h
to enable exchange to take place. The resulting solid
was filtered off, washed with distilled water (50 ml)
and dried at 50◦C to give Pt2+/ZrPA. This material
was spread through a copper tube and heated to 400◦C
in a stream of hydrogen for 14 h to give Pt0/ZrPA as
a light grey solid.

Crystalline zirconium phosphate ZrPC (11:126) was
platinized similarly to give Pt0/ZrPC (11:126). The
remaining phosphates were platinized slightly differ-
ently in that exchange with Pt(NH3)nCl2 was driven
further to completion by refluxing it with the phos-
phate for 8 h instead of stirring them together for 24 h
at room temperature. The platinized phosphates are
listed inTable 3.

2.1.9. Palladized metal(IV) phosphates
The above procedure for platination was followed

except that PdCl2 (1 g) was used in place of PtCl2.
Exchange was carried out exactly as above for 24 h
at room temperature or 8 h under reflux for the corre-

sponding phosphates. The palladized phosphates (e.g.
Pd0/ZrPA) are listed inTable 3.

3. Results and discussion

Catalysts may be prepared by coating a pre-prepared
support with the catalytic metal salt before its reduc-
tion or by mixing catalytic metal salts in with the
preparation of the support material. In the present
work, only the first method was used so as not to dis-
turb the structure of the support material, for which
there are published data. The second method could
well be expected to change the structure and topogra-
phy of a metal phosphate support as well as making
much of the catalytic metal inaccessible and, for these
reasons, this form of preparation was not used.

Relative rates of hydrogenation of 1-octene (1),
4-methylcyclohexene (2), 3-methylcyclohexene (3),
1-methylcyclohexene (4) and cis-cyclododecene (5)
are listed inTable 3. Attempted hydrogenation of�-
or �-pinene for 24 h under the standard conditions
given above showed no evidence for the formation
of any reduced products. Comparison of rates of re-
duction amongst the various catalysts are not valid
since topographies and metal coatings probably var-
ied from catalyst to catalyst. However, as only one
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batch of each catalyst was used throughout the work,
comparison of rates of hydrogenation of the differ-
ent alkenes on the same catalyst are perfectly valid.
Thus, any observed rate variations can be discussed
in the context of any one catalyst but no attempt has
been made to compare such rates for any one alkene
between the different catalysts.

Over the Pd/C catalyst, 4-methylcyclohexene, with
its cis-disubstituted double bond, was reduced most
rapidly. 1-Octene, with a singly substituted double
bond was hydrogenated at only two-thirds of the rate
of that for 4-methylcyclohexene. Since steric effects
would be expected to dictate a reversal of the order,
the greater electron density in the disubstituted bond
may lead to the faster rate. Cyclododecene, also with
a disubstituted double bond was very much slower to
hydrogenate, as might be expected for steric reasons,
the double bond being shielded by the folded ring
system. When all of the catalysts listed inTable 3
are examined for this order of reactivity of the three
alkenes towards hydrogenation, it is found that the
cyclododecene is always the slowest, sometimes
showing no detectable hydrogenation. The amorphous
palladized catalysts gave rates of hydrogenation of
cyclododecene, which were similar but the platinized
catalysts afforded no reduction. However, the order
of reduction of 4-methylcyclohexene and 1-octene
showed a remarkable variation amongst the catalysts.
The results for Pd/C have been discussed above, where
it was suggested that electronic and not steric fac-
tors played a large part in determining which alkene
was reduced fastest. Palladized amorphous zirconium
phosphate was almost as active as Pd/C and revealed
the same order of ease of reduction for 1-octene and
4-methylcyclohexene as Pd/C but palladized amor-
phous titanium phosphate, with a somewhat smaller
specific surface area, gave a remarkable reversal of
this order, the 1-octene being reduced some 3.5 times
faster than for Pd/C and the 4-methylcyclohexene
some 70 times slower than for Pd/C (seeTable 4).
Palladized amorphous tin phosphate gave a similar
result.

For palladized pellicular zirconium phosphate and
platinized crystalline zirconium phosphate, the spe-
cific surface areas of the support are very low and
therefore, the amount of palladium or platinum de-
posited on the surface must be low. Only the palladized
catalyst showed significant activity and this was some

Table 4
Surface areas of the various metal(IV) phosphates

Metal phosphatea Surface area
(m2 g−1)b

ZrPA 271
TiPA 110c

ZrPpel 1.4
ZrP (11:126) 8.7c

Zr/TiPA 338.0d

Zr/YPA 338.2d

ZrPhPA 196

a See text for designations.
b Measured by the BET method.
c Taken from[15].
d Taken from[16].

12 times worse than the best catalysts. In addition,
there was much reduced selectivity. This suggests
that many of the palladium (or platinum) sites on the
amorphous catalyst surfaces are placed in sterically
somewhat hindered positions, whereas the crystalline
varieties of support have only crystal surfaces, which
are not expected to have any marked steric effects.

The steric effects in the substrate would be expected
to show up in the series of methylcyclohexenes, which
were chosen so as to move the methyl group nearer and
nearer to the double bond to be hydrogenated. Over
palladized titanium phenylphosphonate and platinized
titanium phosphate, reduction of 4-methylcyclohexene
was slower than reduction of 1-octene, an inverse of
the order found for Pd/C catalyst. However, the 3-
and 2-methylcyclohexenes were reduced much more
slowly or not at all for some catalysts. It seems clear
that increasing proximity of the methyl group to the
double bond hinders the rate of hydrogenation through
steric effects.

Steric effects are also shown to be important in the
behaviour of 1-octene during hydrogenation. Its rate
of hydrogenation over all of the catalysts was initially
pseudo first order but, before it could be completely
converted to octane, the reaction ceased. Gas chro-
matographic analysis of aliquots from the reaction
mixture revealed that the slowing down of hydro-
genation coincided with formation of other octenes.
Migration of double bonds can occur as a result of
acid catalysis but it can also result from metal catal-
ysis, particularly with platinum[14]. The rearrange-
ment of 1-octene to isomers leads to disubstituted
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double bonds, which would be expected to hydro-
genate at a different rate from the initial singly substi-
tuted double bond. However, thecis-double bond in
4-methylcyclohexene is easily reduced by most of the
catalysts and, therefore, the observed effect is prob-
ably steric. With a terminal double bond, 1-octene
can approach sites on the amorphous supports which
are somewhat sterically hindered. When migration
of the double bond has occurred to give more highly
substituted bonds, approach to the catalyst site be-
comes more restricted and the rate of hydrogenation
diminishes.

Overall, some of the palladized or platinized phos-
phate catalysts were as efficient or more so than was
the commercial Pd/C but others were inferior, some-
times greatly so. There is a general correlation with
steric effects in the substrate but the electronegativi-
ties of the metals in the phosphates (Zr, 1.2; Ti, 1.3;
Sn, 1.7) do not correlate with relative rates. Neither of
these factors could have any bearing on the significant
and unpredictable variations in the order of reactivities
of the two alkenes, 1-octene and 4-methylcyclohexene.
The most likely cause of the effects is a variation in
their interaction with the catalyst surface. Although
the reason for the observed variation remains obscure,
the effects are valuable empirically for indicating how
selectivity in hydrogenation of alkenes might be im-
proved in comparison with many “standard” catalysts.
Because the reactions proceed rapidly, it could be ar-
gued that rates of diffusion of hydrogen to the catalyst
surface would affect results. Since it is difficult to un-
derstand by this argument why rates of hydrogenation
of individual alkenes should reverse with change of
catalyst, it is concluded that any effects of variations
due to diffusion control of relative rates must be very
small.

4. Conclusion

The results demonstrate a substantial variation
in relative rates of hydrogenation of 1-octene and
4-methylcyclohexene over a series of platinized and

palladized metal(IV) phosphates, some of which were
more effective than standard Pd/C catalyst. The vari-
ation may correlate with surface topography but does
not appear to correlate with the electronegativity of
the metal in the metal phosphate.
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