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Silica-supported, bimetallic palladium-copper catalysts were prepared in solution under mild
conditions by reacting lithium di(4-tolyl)cuprate with palladium acetate in the presence of silica
particles. Small bimetallic palladium-copper particles were deposited on the silica surface as
confirmed with TEM-EDAX and EXAFS. The new material has been applied as catalyst in the
liquid-phase semihydrogenation of mono- and disubstituted alkynes and showed high selectivity
toward the cis-alkenes. The influence of addition of quinoline or potassium hydroxide to the
semihydrogenation reaction mixture and the effects of exposure of the catalyst to air before use
have been investigated.

Introduction

Alkynes are versatile reagents in organic synthesis
since the -CtCH group can easily be used in the
formation of new carbon-carbon bonds with retention
of the triple bond. The CtC unit can be applied in a broad
range of subsequent reactions. In particular, the alkyne
functionality can lead to a cis-alkene through stereose-
lective addition of hydrogen to form a double bond. This
so-called semihydrogenation to form Z-alkenes is often
an important step in industrial processes as well as in
laboratory-scale reactions.1,2 Many synthetic intermedi-
ates resemble the propargylic alcohol structure,3-13 and
organic compounds containing this structure are often
used as probes for examining the semihydrogenation of
the acetylenic bond.14,15

Selective semihydrogenation of an acetylenic function
is a demanding task. Not only does the stereoselectivity
(E/Z ratio) need to be controlled, but the hydrogenation
of the resulting olefin to alkane must be suppressed as
well.16-20 For a long time, Lindlar’s catalyst,21,22 lead-
doped palladium-on-calcium carbonate in combination
with quinoline, has been used with varying success.23-28

Addition of various activators appeared to enhance the
selectivity. The selectivity of supported palladium cata-
lysts has been increased by addition of carbon monoxide,
(organic) bases, sulfides, and metal ions7,29-33 and by use
of other supports, such as sepiolite and pumice.34,35
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Furthermore, palladium can be alloyed with copper,
silver, platinum, and other metals to improve the
selectivity.29,36-40 Recently, Nosova et al.41 reported on a
bimetallic palladium-copper catalyst supported on alu-
mina with which they were able to selectively semihy-
drogenate vinyl acetylene to butadiene in the gas-phase
at low temperatures. Analogous results were published
by another group.42

In contrast to gas-phase reactions, which are less
sensitive to mass-transport limitations, liquid-phase
reactions with supported catalysts tend to exhibit mass-
transport limitation due to the smaller diffusion coef-
ficients in liquids.43 The support bodies for liquid-phase
catalysts should have dimensions within the range of 3
to about 50 µm, not only to avoid transport limitations,
but also to minimize problems with separation of the
catalyst from the liquid. With support bodies of this size,
the high-temperature hydrogen reduction of the metal
salt precursor(s) to catalysts may present problems such
as blow-out of the solid or channelling. Furthermore, such
reduction does not guarantee the formation of alloy
phases.44,45 Therefore, catalysts for liquid-phase reactions
are mainly restricted to supported metals of which the
salts are readily reduced at ambient temperature or to
unsupported metals in highly disperse form like Raney
metals. To avoid high-temperature reduction, it is also
possible to prepare metal particles by decomposing
organometallic complexes, chemically, thermally, or by
reduction.46-53 For example, Cocco et al. prepared sup-
ported palladium-platinum alloys by reaction of a mix-
ture of palladium and platinum allyl compounds in
pentane with the surface hydroxyl groups of the support,
followed by reduction with hydrogen.54

We here report a fast and facile preparation of sup-
ported bimetallic catalysts, including those of less noble
metals, which is based on the reduction of organometallic
compounds on the surface of a support in solution at room
temperature (rt). This method circumvents high-temper-
ature activation, and the catalyst can be used directly
after the deposition of the metal particles. On the basis
of our earlier work,55,56 silica-supported bimetallic pal-
ladium-copper catalysts have been prepared by reaction

of a lithium cuprate and a palladium(II) salt to give a
bimetallic-organometallic intermediate, in which copper
and palladium are linked by bridging organic ligands.
Subsequent decomposition of this intermediate gives an
Pd-Cu alloy that is deposited. This deposition proceeds
at rt and does not require heating. The atomic mixing of
the two metals present in the precursor prior to deposi-
tion leads to a homogeneous combination of the metals
in the metallic phase, and consequently to more active
and/or selective catalysts.

The PdCu/SiO2 catalysts prepared according to an
optimized protocol have been used in the liquid-phase
semihydrogenation of several multifunctionalized acety-
lenes and propargylic alcohols.

Results and Discussion

Catalyst Preparation. On the basis of earlier work,55,56

silica-supported palladium-copper catalysts were pre-
pared using lithium di(4-tolyl)cuprate (see Scheme 1).
Addition of a toluene solution of the cuprate 2 to a
solution of palladium(II) acetate in toluene at rt most
probably leads to the in situ formation of a thermally
unstable organocopper-palladium complex in which the
lithium atoms of 2 have been replaced by the more
electronegative precious metal. Evidence for the forma-
tion of such a thermally labile mixed metal intermediate
can be found in the isolation and characterization of
copper bis([(dimethylamino)methyl]phenyl)aurate, [Au2-
Cu2(C6H4CH2NMe2-2)4], prepared by the transmetalation
of the lithium aurate with copper(I) bromide.66 The
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Scheme 1. Preparation of Lithium
Di(4-tolyl)cuprate and PdCu/SiO2
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formation of this copper aurate clearly demonstrates the
mixing of the two metals on an atomic scale. Supported
bimetallic palladium-copper particles are formed after
reductive elimination of the organic group from the
unstable organometallic palladium(II)-copper(I) inter-
mediate. When the reaction is performed in the presence
of suspended silica powder, this intermediate is deposited
onto the support.

After the deposition of the bimetallic particles has been
completed, hydrogen is added to the system to ensure
complete reduction. Following this protocol, salt-free
palladium-copper catalysts Pd(4 wt %)Cu(2.4 wt %)/SiO2

(I) and Pd(4 wt %)Cu(4.8 wt %)/SiO2 (II) with atomic
metal ratios Pd/Cu of 1:1 and 1:2, respectively, were
prepared. The presence of both palladium and copper at
the surface of the catalyst has been established by X-ray
photoelectron spectroscopy (XPS). In Figures 1a and 2a,
transmission electron microscopy (TEM) images of the
two catalysts are shown. The supported metal particles
(dark spots) are well dispersed over the larger silica
spheres and have a size ranging between 2 and 4 nm.
Energy Dispersive X-ray Analysis (EDAX) (see Figures
1b and 2b) revealed a metal composition equal to the
amounts of metal precursors added. No pure palladium
or copper particles have been detected, which indicates
that the two metals are well-mixed. This is most likely a
result of the fact that not only the two metals in the

organometallic precursor are linked by aryl ligands, i.e.,
are premixed on an atomic scale, but also that the
reductive elimination to give the reduced metals occurs
in an intramolecular way. As this process as well as the
subsequent treatment with hydrogen occurs at rt, sin-
tering and segregation do not occur.

The silica-supported palladium-copper catalysts were
also characterized using extended X-ray absorption fine
structure spectroscopy (EXAFS). Two samples with dif-
ferent Pd/Cu atomic ratios were characterized: Pd/Cu )
1:1.5 and 1:2.7. The fit parameters of the calculated
spectra are given in Table 1. The calculated coordination
numbers (N) of the Pd-Pd and Pd-Cu coordination are
proportional to the amount of palladium and copper
present in the sample. For both samples, the total
coordination number around palladium is 11, which is
indicative for an average particle size of about 40 Å.
Within the limits of accuracy, this particle size is in
agreement with the metal particle size as observed with
TEM. The Pd-Pd distances differ from that present in
bulk samples (2.74 Å). This difference is caused by the
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b

Figure 1. (a) TEM image of PdCu/SiO2 (Pd/Cu ) 1:1, atomic
ratio). (b) Elemental composition (atomic %) of particles of
PdCu/SiO2 (Pd/Cu ) 1:1 atomic ratio).

b

Figure 2. (a) TEM image of PdCu/SiO2 (Pd/Cu ) 1:2 atomic
ratio). (b) Elemental composition (atomic %) of particles of
PdCu/SiO2 (Pd/Cu ) 1:2 atomic ratio).

Table 1. Fit Parameters (∆k: 3.5-14.5 Å-1, ∆R: 1-3 Å)
for Pd(1.92 wt %)Cu(1.75 wt %)/SiO2 and Pd(1.95 wt

%)Cu(3.10 wt %)/SiO2

catalyst scatterer N
R

(Å)
∆σ2

(10-3 Å2)
∆E0
(eV)

Pd(1.92 wt %)-
Cu(1.75 wt %)/SiO2

Pd 4.1 2.69 18 0.67

Cu 6.9 2.56 7.3 12
Pd(1.95 wt %)-

Cu(3.10 wt %)/SiO2

Pd 2.7 2.65 25 -2.9

Cu 8.2 2.57 6.1 3.6
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fact that the metal particles are small and that the
electronic structure is changed by the presence of copper.
The data obtained by EXAFS measurements do not
provide information about the presence or absence of
surface enrichment by palladium or copper. However, it
is clear that palladium and copper are well-mixed within
the particle. When the results of the EXAFS measure-
ments and the results of the semihydrogenation tests
(vide infra) are combined, it can be concluded that the
palladium present at the surface is diluted by copper
resulting in small ensembles. The EXAFS data presented
here do not exclude that the surface of the metal particles
is to some extent enriched by copper or palladium.

Catalytic Hydrogenations. We tested the catalytic
performance of the silica-supported palladium-copper
catalysts I and II in the hydrogenation of several func-
tionalized acetylenes. We choose 3-methyl-1-pentyn-3-ol
(eq 1) as a test substrate, because of its fast rate of
conversion and the usefulness of converting a propargylic
alcohol into its semihydrogenated product.67-69 Also,
(semi)hydrogenation of propargylic alcohols is generally
not very selective.16

All reduction reactions were performed in a 250 mL
reactor with three baffles equipped with a mechanical
stirrer. To check whether diffusion-limited processes
occurred, we varied the stirring rates, the amounts of
substrate, and the amounts of catalyst. Variation of the
stirring rate showed that the rate of the reaction remains
constant above 2000 rpm. While at low substrate con-
centrations (2.5 mmol substrate/125 mL of ethanol) the
rate depends on the substrate concentration, it remains
constant for substrate concentrations larger than 5 mmol
per 125 mL of ethanol. This may be explained by
assuming that at low substrate concentrations this is the
limiting factor while at higher concentrations the rate is
limited by hydrogen diffusion from the bulk of the
solution to the catalyst surface (under the reaction
conditions the solubility of the hydrogen is at least 1 order
of magnitude smaller than that of the substrate).

Comparison of the Performances of Catalyst I,
Pd(4 wt %)Cu(2.4 wt %)/SiO2, and Catalyst II, Pd(4
wt %)Cu(4.8 wt %)/SiO2. Comparison of the catalytic
performances of catalyst I and II when used in the
hydrogenation of 12.5 mmol of the test substrate indi-
cates that the selectivity of the catalysts toward the
formation of the semihydrogenated product, 3-methyl-1-
penten-3-ol, is virtually identical (see Figure 3a,b).The
lower activity of catalyst II (about 50% of the activity of
catalyst I) is probably due to the fact that palladium is
more diluted with copper and less palladium sites are
exposed. Because of the small differences in selectivity
between both catalysts, we have further studied the
properties and performances of catalyst I only.

Performance of Catalyst I, Pd(4 wt %)Cu(2.4 wt
%)/SiO2. When catalyst I was used in the hydrogenation of 3-methyl-1-pentyn-3-ol, within a few minutes the

alkyne was completely reduced to alkene (97%), while
only 3% of alkane was formed by over-reduction (Figure
4a). The performance of catalyst I was compared with
that of a palladium catalyst with very small (<1 nm)

(67) Sokol’skii, D. V.; Omarkulov, T. O.; Zhubanova, L. K.; Muka-
taev, Z. H.; Popova, N. I. Zh. Org. Khim. 1987, 23, 1430.

(68) Alper, H. Eur. Patent 338 730, 1988.
(69) El Ali, B.; Alper, H. J. Org. Chem. 1991, 56, 5357.

Figure 3. (a) Hydrogenation of 3-methyl-1-pentyn-3-ol (12.5
mmol) using Catalyst I (0.030 g). (b) Hydrogenation of 3-meth-
yl-1-pentyn-3-ol (12.5 mmol) using catalyst II (0.030 g).

Figure 4. (a) Hydrogenation of 3-methyl-1-pentyn-3-ol (5
mmol) using catalyst I (0.035 g). (b) Hydrogenation of 3-meth-
yl-1-pentyn-3-ol (5 mmol) using a Lindlar catalyst (5 wt % Pd,
3 wt % Pb, 0.028 g).
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metal particles supported on the same silica support (to
avoid differences in transport properties). This catalyst
was prepared by ion exchange with the silanol groups of
the silica support at pH 9 using an aqueous solution of
tetra-amine palladium(II) nitrate followed by oxidation
and reduction. Using the same conditions as with catalyst
I, the alkyne was converted to alkene with a selectivity
of 80%. Apparently, atomic mixing of copper with the
catalytically active palladium does increase the selectivity
in the semihydrogenation of propargylic alcohols. We also
compared catalyst I with a standard Lindlar catalyst
under the same conditions using the same weight of
palladium. The selectivity of catalyst I toward the semi-
hydrogenated product is measurably better (97%) than
that of the Lindlar catalyst (94%). Also, the rate of
overhydrogenation (ro) to the alkane is lower for I (see
Figure 4a,b).

With catalyst weights of 30, 50, and 70 mg the specific
rates of the semihydrogenation (mmol‚min-1‚mg Pd-1)
agreed within about 5%. Therefore, in this range trans-
port limitations are minimal and the reaction runs in the
so-called kinetic regime. With low amounts of catalyst
(16 and 8 mg), it was found that the activity per mg of
catalyst decreases to 60% and 4%, respectively. A possible
explanation is that such small amounts of catalyst may
be poisoned by trace impurities present in the solvent
used.

In conclusion, the catalytic hydrogenations should be
performed using at least 5 mmol of substrate and 35 mg
of catalyst (1.4 × 10-2 mmol palladium and 1.4 × 10-2

mmol copper), 125 mL of ethanol with 2000 rpm stirring
rate, and atmospheric hydrogen pressure. Using this
standard protocol, the alkyne conversion plot is linear
up to a few percent of residual alkyne. This confirms that,
as stated above, under these conditions the availability
of hydrogen is rate-determining.

The catalyst stability in the reduction of 3-methyl-1-
pentyn-3-ol and of diphenylacetylene was tested by
successive reduction of portions of 5 mmol of substrate
using the same batch of catalyst. The new portions of
alkyne were added directly after completion of the
semihydrogenation step. For 3-methyl-1-pentyn-3-ol the
catalyst activity remained constant up to the third
successive reduction. After the fourth reduction the
activity decreased to 70% and after the fifth to 50%. For
diphenylacetylene the activity decreased by 50% after
each reduction. The constancy of the catalyst activity
during the first three additions may be explained by
assuming that in that regime the reaction rate is still
limited by hydrogen diffusion and that catalyst activity
becomes the limiting factor only if it has decreased
sufficiently. To check if the loss of activity was caused
by competitive adsorption of the alkene, the concentration
of which rises after each reduction, we reused the catalyst
after a workup which consisted of washing with ethanol
and drying in vacuo. A small variation in catalyst activity
was observed, but the variations were not proportional
to the number of hydrogenation runs. Apparently, the
catalyst is quite stable in the liquid-phase reductions of
alkynes. It could be stored under nitrogen for several
months without loss of activity and selectivity.

Effect of Catalyst Preparation on the Perfor-
mance of Catalyst I. The mode of addition of the
palladium salt solution and the organocopper solution
appeared to be very important for the performance of the
catalyst. Under optimal conditions the catalyst selectivity

toward 3-methyl-1-penten-3-ol was 97%. The rate of
semihydrogenation (rs) was high, viz., 0.81 mmol‚min-1‚mg
Pd-1 compared to that of the consecutive reduction (ro),
viz. 0.026 mmol‚min-1‚mg Pd-1, which corresponds with
a ratio of rs/ro of 31. This is better than found for the
Lindlar catalyst (without quinoline addition) (96% selec-
tivity, 0.8 mmol‚min-1‚mg Pd-1, rs/ro ) 13).

In the optimized preparation procedure the palladium
salt is added via a peristaltic pump at least 3 h prior to
the addition of the organocopper solution. This ensures
uniform, homogeneous mixing of the palladium salt
solution and the support material. Reaction of the result-
ing well-mixed suspension with a freshly prepared light
yellow solution of the lithium cuprate, introduced again
via a peristaltic pump, then leads to the formation of
small bimetallic particles of high activity and selectivity.

Lithium di(4-tolyl)cuprate is very sensitive to light,
oxygen and water. Reaction with traces of oxygen or
water immediately results in the formation of metallic
copper particles that causes the light yellow organocopper
solution to assume a green color. This metallic copper
will not be involved in the deposition reaction with the
palladium compound. When a palladium(II) acetate/silica
suspension is reacted with such a green lithium di(4-
tolyl)cuprate solution, part of the palladium(II) acetate
will remain before exposure to hydrogen. TEM-EDAX
observations showed the presence of relatively large
palladium-rich particles. This results in a quite active
catalyst (part of the palladium is not alloyed or covered
with copper) of a lower selectivity (96%) and significantly
lower rs/ro, viz., 6. During all experiments mentioned here
catalyst batches were used that had an activity varying
by no more than 10% from the mean level of 0.8
mmol‚min-1‚mg Pd-1 and had an rs/ro ratio of 30 ( 5.

Effect of Quinoline Addition, Air Exposure, and
Potassium Hydroxide Addition on the Performance
of Catalyst I. Since it is well-known that addition of
quinoline has a beneficial influence on the selectivity of
the Lindlar catalyst,2,21,22 we investigated the effect of
quinoline on catalyst I. Addition of 1 equiv of quinoline
to the reaction mixture resulted in a decrease of the rate
of overhydrogenation ro. Increasing the palladium/quino-
line ratio from 1:1 to 1:50 and 1:100, respectively, brought
about a larger decrease of ro compared to the decrease of
rs (see Figure 5), while the selectivity further improved
from 97% to 99%.

The effect of addition of quinoline to our palladium-
copper catalyst I was compared with that found with the

Figure 5. Effect of quinoline addition on the rate of hydrogen
uptake in the hydrogenation of 3-methyl-1-pentyn-3-ol.
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Lindlar catalyst. The rs/ro observed for I changed from
31 (no quinoline present) to 75, when 25 equiv of
quinoline was present. The addition of 25 equiv of
quinoline to the Lindlar catalyst resulted in an increase
of the selectivity (96%), and a decrease of the ro (see
Figure 6a,b). However, addition of quinoline to the
Lindlar catalyst brought about a drop in rs by a factor of
6 (this drop is only a factor 2 for catalyst I) while the
drop in ro is comparable with both catalyst systems. The
higher rs/ro ratio found for catalyst I (75) as compared to
that found for the Lindlar catalyst (27) under the same
conditions, indicates a far higher selectivity for semihy-
drogenation of catalyst I, which facilitates the formation
and isolation of the desired alkene. Quinoline addition
in reductions of other substrates gave similar results. In
almost all cases the selectivity toward the alkene forma-
tion was raised by a few percent and the rate of
overhydrogenation was decreased.

Influence of Oxygen. In all our catalytic runs, the
palladium-copper catalyst was kept under a nitrogen
atmosphere because the hydrogenation rate decreases
when the catalyst is exposed to air. Exposing the catalyst
to an atmosphere of hydrogen (1 atm at rt) prior to
catalysis did not restore the initial activity of the air-
exposed catalyst (see Figure 7). It is interesting to note,
however, that the ro is affected more than rs (rs/ro ) 68),
resulting in the same type of selectivity vs activity as we
found with the catalysts upon addition of quinoline. The
drop in activity and the increase in selectivity may be
caused by copper segregation to the surface of the
bimetallic particles, which can lead to smaller palladium
ensembles (diluting effect) and/or because a (greater) part
of the aselective palladium sites is being covered. Both
phenomena can increase the selectivity toward the alk-

ene.36,39,70 Another explanation may be that oxidation of
the copper to a higher oxidation state is responsible for
the high selectivity in the semihydrogenation, whereas
the completely reduced alloy particles are less selective.
For example, it has been demonstrated that metal ions
(e.g., Pb2+) present in palladium particles do not get
reduced (under hydrogenation conditions) to the zerova-
lent state. The nonreducible metal ions are suggested to
interact with their d-electrons forming intermetallic
bonds at the palladium surface thus causing obstructive
occupation of the catalyst surface.71 The selectivity
increases due to exposure to oxygen can be of great
synthetic use in isolating the desired alkene.

The uptake of hydrogen during the semihydrogenation
of 3-methyl-1-pentyn-3-ol also almost completely ceased
after uptake of 1 equivalent, when 1-2 equiv of potas-
sium hydroxide (as ethanol solution) were added to the
reaction mixture. The large influence of potassium
hydroxide on the selectivity of semihydrogenation cata-
lysts has been reported earlier.72,73 Besides the extremely
high rs/ro ratio (330), the yield of the alkene is also high
(99.5%).

Influence of the Solvent. The type of solvent used
in hydrogenation reactions can have a large influence on
the activity and selectivity.74-76 When the solvent is
varied in the semihydrogenation of 3-methyl-1-pentyn-
3-ol using the silica-supported palladium-copper cata-
lyst, all reactions remain pseudo first order with respect
to hydrogen independent of the solvent used. The supply
of hydrogen is therefore still the rate-determinating step.
The semihydrogenation is faster in methanol than in
ethanol (see Figure 8a). A higher rate of conversion was
also found when a small amount of water (3%) was added
to the reaction mixture, when ethanol was employed as
a solvent.

When pure and dry toluene or pentane was used, the
semihydrogenation proceeded very slowly. Apart from the
lower solubility of hydrogen in these solvents, this is most
probably due to clustering of the catalyst particles (see
Figure 8b).

An increase of the polarity of the solvent apparently
raises the rate of semihydrogenation. The hydrophilic

(70) Sárkány, A.; Weiss, A. H.; Guczi, L. J. Catal. 1986, 98, 550.
(71) Maxted, E. B. J. Chem. Soc. 1949, 1987.
(72) Tedeschi, R. J. J. Org. Chem. 1962, 27, 2398.
(73) Tedeschi, R. J.; Clark, G. S., JR. J. Org. Chem. 1962, 27, 4323.
(74) Koopman, P. G. J.; Buurmans, H. M. A.; Kieboom, A. P. M.;

van Bekkum, H. Recl. Trav. Chim. Pays-Bas 1981, 100, 156.
(75) Wauquier, J. P.; Jungers, J. C. Bull. Soc. Chim. Fr. 1957, 1280.
(76) Cerveny, L.; Prochazha, A.; Zenezny, M.; Ruzicka, V. Collect.

Czech. Chem. Commun. 1979, 44, 2328.

Figure 6. (a) Hydrogenation of 3-methyl-1-pentyn-3-ol (5
mmol) using catalyst I (0.035 g) in the presence of quinoline
(25 equiv). (b) Hydrogenation of 3-methyl-1-pentyn-3-ol (5
mmol) using a Lindlar catalyst (5 wt % Pd, 3 wt % Pb, 0.028
g) in the presence of quinoline (25 equiv).

Figure 7. Hydrogenation of 3-methyl-1-pentyn-3-ol (5 mmol)
using catalyst I (0.035 g) after exposure of the catalyst to air.
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character of the silica support will promote dispersion of
the catalyst in a more polar medium, resulting in higher
activity. The increase in the rate of conversion when
methanol or the mixture of ethanol and water are used
was similar for both the alkyne and the alkene. The ratio
rs/ro did not change significantly as compared to that
obtained when pure ethanol was used. The selectivity
toward the alkene was also not influenced by these types
of solvent. When toluene was used, over-hydrogenation
was much faster. The ratio rs/ro is the smallest in toluene,
ro being almost equal to rs. Addition of only a small
amount of ethanol to the toluene was sufficient to restore
the favorable adsorption constants and, thus, to achieve
a high rs/ro value, which is even a factor of 1.5 higher
than that found in pure ethanol. Both toluene and
ethanol can be adsorbed on the catalyst and interact with
the substrate. Change of solvent, especially the layer
covering the catalyst bodies,74 can change the relative
adsorption constant of the alkyne as compared to that of
the alkene thus influencing the rs/ro value. The substan-
tial increase of the reaction rate cannot be ascribed to
an increase in the amount of dissolved hydrogen, but may
be caused by a better distribution of the catalyst in
toluene/ethanol as compared to pure toluene. Addition
of a small amount of pentane (3%) to ethanol lowered
the rate of the reaction, whereas addition of 3% of toluene
to ethanol led to an unexpected rise in activity (the
activity reached the level found in methanol) (see Figure
8a). Presumably the addition of small amounts of other
liquids affects the dispersion of the catalyst bodies within
the liquids. The effects on the dispersibility are difficult
to predict.

Performance of Catalyst I in the Semihydroge-
nation of Functionalized Acetylenes. The perfor-

mance of catalyst I was tested in the semihydrogenation
of mono- and difunctionalized acetylenes containing a
variety of functional groups (see Table 2).

Phenylacetylene was converted into styrene with 95%
selectivity, which is the same as found for a CaCO3-
supported palladium-lead alloy catalyst, which was
reported to be more selective than the Lindlar catalyst.77

Changing the substituents R and R′ in monosubsti-
tuted propargylic alcohols (HCtCCRR′OH) does not
affect the catalyst selectivity toward the alkenol sub-
stantially. However, for R ) R′ ) Me and R ) Me, R′ )
Et the hydrogen uptake after completion of the semihy-
drogenation step slowed significantly, while for propynol
(R ) R′ ) H) rs ≈ ro. The rate of conversion of the latter
substrate was also higher. 1-Ethynyl-1-cyclohexanol could
be semihydrogenated with a selectivity of 94%. Hydro-
genolysis of the propargylic alcohols and aldehyde or
ketone formation was not detected in any of the semi-
hydrogenations. To prevent loss of the acetoxy group in
propargylic esters, usually the hydrochloric or ammonium
salts are reduced.78,79 However, using our catalyst, the
hydrogenation could be performed selectively in high
yields without hydrogenolysis of the acetate.

Both internal and external alkynes such as 3-hexyne,
2-hexyne, 1-hexyne, and 2-pentyne were reduced at a
higher rate than the propargylic alcohols. Especially the
rate of conversion of the disubstituted 2-hexyne and
3-hexyne were strikingly high as compared to that found
for the propargylic alcohols and 1-hexyne. This is in
contrast with the observation that the monosubstituted
alkyne 3-butyn-2-ol is converted slightly faster than the
disubstituted alkyne 2-butyn-1-ol. A marked difference
was also found in the rate of conversion of 2-pentyn-1-ol
and 3-pentyn-2-ol. The influence of steric hindrance on
the rate of conversion for this substrate couple is opposite
to that of 3-butyn-2-ol, 2-methyl-3-butyn-2-ol, and the test
substrate. However, the selectivity toward both the cis-
alkenols 2-penten-1-ol and 3-penten-2-ol was high.

The selectivity in the semihydrogenation of 3-hexyn-
1-ol (99%, cis/trans ) 99/1) to the enol in 97% yield can
very well compete with the reported semihydrogenation
of this substrate over palladium-on-barium sulfate.80

Semihydrogenation of 3-hexyn-1-ol over palladium-on-
calcium carbonate was found to give only 89% selectiv-
ity.81

The long-carbon-chain substrates 2-dodecyn-1-ol and
2-undecyn-1-ol are hydrogenated at a low rate. For
substrates of a similar structure the rate usually de-
creases with increasing molecular weight. This effect
could explain the difference in conversion rate between
2-butyn-1-ol, 2-dodecyn-1-ol and 2-undecyn-1-ol.

When an amine function is present, the selectivity of
the catalyst is very high with 99% of the alkene being
formed. Most probably the amino group in the substrate
has the same function as quinoline in the reactions
discussed above. Not surprisingly, the presence of a
sulfide substituent poisons the catalyst and hence no
activity was found. In an attempt to hydrogenate a

(77) Sotczak, J.; Boleslawska, M.; Pawlowska, M.; Pakzewska, W.
Stud. Surf. Sci. Catal. 1988, 41, 197.

(78) Marszak, J.; Marszak-Fleury, A. C. R. Acad. Sci., Paris, Ser. C
1949, 1501.

(79) Marszak, J.; Marszak-Fleury, A. Bull. Soc. Chim. Fr. 1950, 17,
1305.

(80) Takei, S. Chem. Ber. 1940, 73, 950.
(81) Sonheimer, F. J. Chem. Soc. 1950, 877.

Figure 8. (a) Solvent effects on the hydrogenation of 3-meth-
yl-1-pentyn-3-ol (5 mmol) using catalyst I (0.030 g). (b) Solvent
effects on the hydrogenation of 3-methyl-1-pentyn-3-ol (5
mmol) using catalyst I (0.030 g).
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methyl propargylic ether, we observed that instead of the
hydrogenated product a polymer was formed. Addition
of this substrate to catalyst I in the presence or absence
of hydrogen immediately results in polymerization,
whereas addition of the substrate to either a silica-
supported palladium catalyst, palladium salts or copper
salts does not. This indicates that the combined pal-
ladium-copper phase is responsible for the polymeriza-
tion.

A general property of our catalysts is that overhydro-
genation is less pronounced in the semihydrogenation of
disubstituted than of the monosubstituted alkynes. High
yields of the cis-alkenes can be achieved and easily
isolated. trans-Alkenes are accessible by metal-ammonia
reduction of disubstituted alkynes.82

With catalyst I, disubstituted alkynes bearing aromatic
groups can, in general, be converted to the cis-alkene with
high selectivity. Variation of the substituent on the para
position of the aromatic ring in the substrates 4-X-
C6H4CtCC(CH3)2OH did not affect the catalyst selectiv-
ity. For these substrates the reactions were quite slow
and not highly selective. It was found that the presence
of a bulky group such as a trimethylsilyl group, a common

and useful protecting group in organic synthesis,83 com-
plicates the hydrogenation of the triple bond. For ex-
ample, bis(trimethylsilyl)acetylene and 1-(3,5-bis[(dim-
ethylamino)methyl]phenyl)-2-(trimethylsilyl)acetylene
could not be reduced, probably due to steric hindrance
at the triple bond and strong competitive adsorption of
the amine functions. Instead, hydrogenolysis of the
carbon-silicium bond took place. However, 1-phenyl-2-
(trimethylsilyl)acetylene could be hydrogenated without
hydrogenolysis, be it with low selectivity (28%) toward
the semihydrogenated product.

The semihydrogenation of 2-butyne-1,4-diol is remark-
ably selective; 99% of the alkene could be formed in a
cis/trans ratio of 99/1. The commonly found undesired
side products due to hydrogenolysis, condensation, and
ketone formation were not observed.

With most conjugated enynes a modest reduction in
bond selectivity is noted.2 While the isolated triple bond
often shows nearly complete selectivity, the enyn system
gives only 85-90% bond selectivity.84 Reduction of 1-ethy-
nylcyclohexene using a palladium-on-strontium carbon-
ate gave 1-vinylcyclohexene in 81% yield,85 while over the

(82) Reductions, Techniques and Applications in Organic Synthesis;
Smith, M., Augustine, R. L., Eds.; Dekker: New York, 1968; p 95.

(83) Green, T. W. Protective Groups in Organic Synthesis; John
Wiley & Sons: New York, 1981.

(84) Marvell, E. N.; Tashiro, J. J. Org. Chem. 1965, 30, 3991.

Table 2. Performance of Catalyst I (4 wt % Pd, 2.4 wt % Cu) in the Semihydrogenation of Different Substrates

substrate
alkene

max yield (%) cis/trans
rs

(mmol‚min-1‚mgPd-1) rs/ro

3-methyl-1-pentyn-3-ol 97 98a 0.81 31
3-butyn-2-ol 95 2.1 1
2-methyl-3-butyn-2-ol 98 0.56 25
2-butyn-1-ol 99 99/1 1.7 180
2-pentyn-1-ol 99.5 99/1 0.50 280
3-pentyn-2-ol 99 99/1 5.0 85
3-hexyn-1-ol 99 99/1 1.4 1000
propargyl alcohol 85 1.0 1
1-ethynylcyclohexanol 94 97a 0.75 5
3-acetyl-3-methyl-1-pentyne 95 0.60 1000
2-pentyne 99.5 99/1 1.7 40
1-hexyne 91 1.3 8
2-hexyne 97 98/2 4.9 100
3-hexyne 99.5 99.5/0.5 5.1 80
2-dodecyn-1-ol 100 100/0 0.11 30
2-undecyn-1-ol 100/0 100/0 0.06 100
2-butyne-1,4-diol 99 99/1 0.33 25
phenylacetylene 95 96a 0.31 1
diphenylacetylene 91 98a 96/4 0.57 15
1-phenyl-1-butyn-3-ol 80 91a 98/2 0.57 24
1-phenyl-3-methyl-1-butyn-3-ol 58 85b 98/2 0.21 2
1-(4-tolyl)-3-methyl-1-butyn-3-ol 66 95/5 0.10 3
1-(4-chlorophenyl)-

3-methyl-1-butyn-3-ol
65 98/2 0.16 5

1,3-diphenyl-1-propyn-3-ol 88 97/3 0.44 10
1-(4-methoxyphenyl)-

3-phenyl-1-propyn-3-ol
85 99/1 0.49 11

1-trimethylsilyl-1-propyne 98 91/9 0.17 5
bis(trimethylsilyl)acetylene 0.28
1-phenyl-2-(trimethylsilyl)acetylene 28 95/5 0.05 1
[3,5-bis[(dimethylamino)methyl]-

phenyl]acetylene
98 0.03 9

1-[3,5-bis-(dimethylamino)methyl]-
phenyl)-2-(trimethylsilyl)acetylene

propargyl(dimethylamine) 100 0.18 4
methyl propargyl sulfide
methyl propargyl ether c
1-ethynyl-cyclohexene 93 0.4
trans,trans-1,4-diphenylbutadiene 41 0.001
1,4-diphenylbutadiyne 6d, 49e 0.13 4f

a Selectivity toward the alkene when quinoline (25 equiv) is added. b Selectivity toward the alkene when Catalyst II (4 wt % Pd, 4.8 wt
% Cu) is used. c Polymerization of the substrate. d Maximum yield of the enyne. e Maximum yield of the cis,cis-diene. f rC≡C-C≡CfC≡C-CdC/
rC≡C-C)CfC)C-CdC.
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Lindlar catalyst 86% of the diene along with 8% of
1-ethylcyclohexene and 6% of starting material was found
Our catalyst I gave 93% of the desired diene along with
1-ethylcyclohexene and isomerization products.

The addition of quinoline (25 equiv) caused a notable
increase in selectivity toward the alkene, especially for
substrates that gave relatively low alkene yields, such
as 1-ethynyl-1-cyclohexanol and 1-phenyl-1-butyn-3-ol.
The cis/trans ratio remained high.

Conclusions

When the reaction between lithium di(4-tolyl)cuprate
and a palladium salt is performed in the presence of
silica, small, well-mixed palladium-copper particles are
deposited on the support surface. The simultaneous
reduction and deposition of the metals in the liquid-phase
is fast and can be performed under mild conditions. No
high-temperature treatment is necessary. This makes
this preparative method particularly useful for the
synthetic chemist. The silica-supported palladium-cop-
per catalyst is selective in the liquid-phase semihydro-
genation of various monosubstituted alkynes giving high
yields of the olefin (up to 99%) with excellent activity. In
addition, the catalyst shows good selectivity toward cis-
olefins in the hydrogenation of disubstituted alkynes. The
performance of the catalyst is slightly better than that
of the Lindlar catalyst (higher maximum attainable olefin
yield, higher rs/ro) and it seems to be better reproducible.
The semihydrogenation can best be performed in protic
solvents. Addition of quinoline or potassium hydroxide
to the reaction mixture or air exposure of the catalyst
before use increases the selectivity toward the formation
of the alkene and leads to much higher rs/ro.

Experimental Section

General Methods. All reactions were performed in an
atmosphere of nitrogen using standard Schlenk techniques.
Toluene, C6D6, Et2O, and pentane were freshly distilled from
sodium benzophenone-ketyl. All other solvents were used as
received.

The support material used was silica OX-50 (surface area
50 m2/g) purchased from Degussa. The silica was boiled in
doubly distilled water and dried in vacuo at 200 °C for 3 days
(to increase the amount of silanol groups) prior to use. In later
work, Davisil 643 was used because its handling properties
are better and it contains sufficient silanol groups to make
boiling in water superfluous.

Pd(OAc)2 (47.35% metal content) was used as purchased
from Degussa. Most of the substrates and other reagents were
purchased from Acros and were distilled prior to use. Other
substrates were prepared according to literature methods57-63

and purified by Kugelrohr distillation. All substrates were
analyzed by GC, GC/MS, and 1H NMR and 13C{1H} NMR
spectroscopy prior to use. The organocopper compound [Cu2-
Li2(4-tolyl)4(Et2O)2] was prepared according to literature pro-
cedures64,65 and analyzed by 1H NMR spectroscopy.

NMR spectra were recorded on 200 and 300 MHz spectrom-
eters at ambient temperature. GC and GC/MS analyses were
performed using capillary columns and flame ionization detec-
tion. Product yields were determined by peak-area analysis
since response factors for the substrates and products were
found to be virtually identical. TEM-EDAX was performed on
an electron microscope equipped with a field emission gun.
XPS was performed on a Vacuo-Generators Microtech Ltd Mt
500 unit combined with a CLAM-2 analyzer. X-ray absorption
spectra of the Pd K-edge were taken at ambient temperature

at Daresbury Wiggler station 92. Both Pd(1.92 wt %)Cu(1.75
wt %)/SiO2 and Pd(1.95 wt %)Cu(3.10 wt %)/SiO2 were
measured directly after preparation (i.e., in the presence of
chemisorbed hydrogen). The final EXAFS function was at-
tained by averaging the individual background-subtracted and
normalized data (three scans). The final fit parameters were
obtained after a full optimization of all parameters in k0-
weighing.

Details of the TEM-EDAX, XPS, and EXAFS analyses have
been added as Supporting Information.

Preparation of Organometallic Complexes. [Li(4-
tolyl)]n. To a solution of 4-iodotoluene (8.76 g, 40.2 mmol) in
toluene (ca. 30 mL) was added 1.05 equiv of n-butyllithium at
0 °C. The resulting white suspension was stirred for 30 min,
after which the slightly yellow solution was decanted. The
white residue was washed with pentane (5 × 50 mL) and dried
in vacuo. The white solid was dissolved in Et2O (30 mL), and
the solution was centrifuged to deposit undissolved impurities.
The clear solution was decanted and after evaporation of the
solvent a white solid was obtained: yield 3.70 g (94%).

[Cu4(4-tolyl)4]. To a stirred suspension of CuBr86 (2.09 g,
14.6 mmol) in Et2O at -30 °C was slowly added a solution of
4-tolyllithium (1.47 g, 15.0 mmol) in Et2O (15 mL). The
resulting suspension was stirred for 1 h at that temperature
and then allowed to slowly warm to 0 °C during one 1 h. The
intensely yellow precipitate, which had formed, was isolated
by decantation, was washed with cold (0 °C). Et2O (4 × 50
mL) and then dried in vacuo: yield 1.34 g (60-75%).

[Cu2Li2(4-tolyl)4(Et2O)2]. To a suspension of 4-tolylcopper
(0.70 g, 5.0 mmol) in Et2O (25 mL) at 0 °C was slowly added
a solution of 4-tolyllithium (0.53 g, 5.4 mmol) in Et2O (20 mL)
over a period of 30 min. The resulting greenish solution was
stirred for 1h at 0 °C during which time a colorless precipitate
of the product formed. This was isolated by decantation,
washed twice with pentane and recrystallized from Et2O: yield
1.08 g (70-90%).

Preparation of Supported Palladium-Copper Cata-
lysts. Several batches were prepared of silica-supported
bimetallic PdCu catalysts with two different metal loadings,
i.e., PdCu/SiO2 (4 wt % Pd, 2.4 wt % Cu; Pd/Cu ) 1:1), catalyst
I, and PdCu/SiO2 (4 wt % Pd, 4.8 wt % Cu; Pd/Cu ) 1:2),
catalyst II.

The catalysts were prepared in a nitrogen-flushed reactor
vessel of 250 mL volume that was equipped with three baffles
(at 120 °C) and mechanically stirred (2000 rpm). A red-colored
ultrasonically pretreated solution of palladium(II) acetate in
toluene (35 mL) was added to an ultrasonically pretreated
suspension of silica in toluene (150 mL) using a peristaltic
pump. The solution was injected at the height of the stirrer.
The orange suspension which formed was stirred for at least
3h. After this time, a yellow solution of the copper precursor
in toluene (50 mL) was added by means of the peristaltic pump
over a period of 30 min and a dark brown suspension did form.
This was stirred for 3 days and then hydrogen was introduced
for 3 h to ensure completion of the reduction process. Stirring
was stopped, and the colorless solution was decanted from the
settled material. The resulting black powder was washed twice
with pentane and dried in vacuo at room temperature.

The activity and selectivity of all catalysts batches were
tested in the hydrogenation of 3-methyl-1-pentyn-3-ol before
use. Only batches of catalyst with a rate of alkyne conversion
of 1.4 × 10-2 mmol‚s-1‚mg Pd-1 and a selectivity of at least
96% under standard conditions (vide supra) were used.The

(85) Robins, P. A.; Walker, J. J. Chem. Soc. 1952, 642.

(86) Prepared by a modified procedure from Inorganic Synthesis
(Inorganic Synthesis; Wiley: New York, 1946; Vol. 2, pp 1-4): CuSO4‚
5H2O (250 g, 1 mol), NaBr (108 g, 1.1 mol) were dissolved in 1 L water
and heated to 65 °C. NaOH (36.4 g, 0.9 mol) and NaHSO3 (57.7 g, 0.55
mol), dissolved in 1 L of water was added slowly during 2 h. The
precipitate was washed consecutively with a solution of NaHSO3
(spatula point) and acetic acid (2 mL) in 1 L of water, wet ether, dry
ether, and distilled dry ether. The CuBr should be kept covered by
solvent until the final washing. The CuBr was dried in vacuo and
obtained as a white solid in 80% yield. It should be stored under
nitrogen.
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catalysts that were used for the EXAFS measurements were
also prepared in this way.

Catalytic Hydrogenations. The hydrogenations were
performed at atmospheric hydrogen pressure in a stirred (2000
rpm) double-walled 250 mL glass reactor vessel equipped with
three vertical glass baffles. The vessel was kept at 25 °C by
circulating thermostated water through the wall. In all
hydrogenation reactions, the following procedure was used.
The reactor vessel was filled with dinitrogen. The catalyst (ca.
35 mg) was added to the reactor followed by addition of ethanol
(100 mL). While the mixture was stirring, the (nitrogen)
atmosphere was replaced by hydrogen by repetative evacuation
and filling with hydrogen (five times). Although the activity
of the catalysts varied with the grain size, the selectivity
appeared to be constant (in contrast to what was found for a
silica-supported palladium catalyst). To prevent fluctuations
in the size of the conglomerates of catalyst bodies, and, thus,
of the catalyst activity, the system was ultrasonically treated
(5 min) and stirred for 1 h under hydrogen during all
prereductions. Next, without stirring, a solution of the sub-
strate (5 mmol) in ethanol (1.5 mL) was added with a syringe.
After the first sample had been taken, the hydrogenation
reaction was started by stirring.

Hydrogen uptake was monitored using a gas buret system.
Substrates and reaction products were analyzed with GC and
identified with GC/MS. All catalytic reactions were performed
at least twice.

The (semi)hydrogenation products were isolated for NMR
and GC/MS analysis by separating the catalyst through
centrifugation and concentrating the solution in vacuo. The
residue was extracted with a mixture of a 75% saturated
aqueous NH4Cl solution and 25% pentane. The pentane layer
was separated and concentrated in vacuo. The products were
obtained in yields varying from 80 to 95%.

Preparation of Substrates. Analytical data of all com-
pounds described in this section are given as Supporting
Information.

3-Acetyl-3-methyl-1-pentyne. This substrate was pre-
pared by adding 32.5 g (0.32 mol) of acetic anhydride and a
catalytic amount of phosphorous acid to 26.0 g (0.27 mol) of
3-methyl-1-pentyn-3-ol. After being stirred at room tempera-
ture for 12 h, the reaction mixture was washed twice with 20
mL of cold (0 °C) water. This water fraction was extracted with
diethyl ether. The diethyl ether fraction and the organic
product were combined, and 150 mL of an aqueous (10%) Na2-
CO3 solution was added. The isolated organic fraction was
again washed twice with ice-water (20 mL) and dried on
CaCl2. After removal of the diethyl ether in vacuo 31.9 g of
crude product was obtained. After purification by Kugelrohr
distillation (63 °C, 76 mmHg) 77% yield of a light yellow oil
was obtained.

2-Dodecyn-1-ol and 2-Undecyn-1-ol. These substrates
were prepared according to ref 61.

1-Phenyl-1-butyn-3-ol. General Procedure. To a light
yellow solution of phenylacetylene (40 mmol) in Et2O (50 mL)

was added 1 equiv of n-butyllithium (hexane solution, 1.6 M)
at -78 °C. After being stirred for a few minutes, the dark
yellow solution was allowed to warm to 0 °C using an ice bath.
After 15 min, a solution of 1.1 equiv of acetaldehyde in Et2O
(40 mL) was slowly added at 0 °C using a dropping funnel.
The solution immediately turned red. After being stirred for
2 h, the thus-formed yellow solution was quenched with a
saturated ammonium chloride solution. The organic layer was
separated from the water layer. The water layer was extracted
twice with diethyl ether. The combined organic fractions were
then dried on MgSO4. After filtration, the solvent was evapo-
rated. The raw product was purified by Kugelrohr distillation
at low pressure (105 °C, 0.5 mmHg): yield 6.08 g (81%) of a
yellow oil.

1-Phenyl-3-methyl-1-butyn-3-ol. The general preparation
procedure described above was followed using acetone instead
of acetaldehyde. After Kugelrohr distillation (80 °C. 0.1
mmHg), a white solid was obtained: yield 11.52 g (60%).

1-(4-Tolyl)-3-methyl-1-butyn-3-ol. The general prepara-
tion procedure described above was followed using acetone and
4-tolylacetylene instead of acetaldehyde and phenylacetylene.
After Kugelrohr distillation (85 °C. 0.1 mmHg), a white solid
was obtained: yield 10.70 g (55%).

1-(4-Chlorophenyl)-3-methyl-1-butyn-3-ol. The general
preparation procedure described above was followed using
acetone and 4-chlorophenylacetylene instead of acetaldehyde
and phenylacetylene. After Kugelrohr distillation (80 °C. 0.1
mmHg), a white solid was obtained: yield 8.02 g (53%).

1,3-Diphenyl-1-propyn-3-ol. The general preparative pro-
cedure described above was followed using benzaldehyde
instead of acetaldehyde. After Kugelrohr distillation (130 °C.
1 mmHg), a yellow oil was obtained: yield 6.49 g (75%).

3-(4-Methoxyphenyl)-1-phenyl-1-propyn-3-ol. The gen-
eral preparation procedure described above was followed using
4-methoxybenzaldehyde instead of acetaldehyde. After Kugel-
rohr distillation (176 °C. 0.1 mmHg), a white solid was
obtained: yield 69.57 g (91%).

[3,5-Bis[(dimethylamino)methyl]phenyl]acetylene. The
substrate was prepared according to ref 61 and deprotected
by stirring with KOH in MeOH for 24 h. Propargyl(dim-
ethylamine), methyl propargyl sulfide, and methyl pro-
pargyl ether were prepared according to ref 60.
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