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ABSTRACT: A series of Rh-based intermetallic compounds
supported on silica (Rh,,M’,/SiO,, M’ = Bi, Ge, In, Sb, and Sn) P O
were prepared and tested as catalysts for trans-stilbene (trans-ST) -~
synthesis from diphenylacetylene (DPA) in H, atmosphere. Rh,Sb/ O + H
SiO, exhibited high catalytic activity in the semihydrogenation of 2
DPA to cis-ST and subsequent isomerization to trans-ST, with a

smaller capability of overhydrogenation to diphenylacetylene (DPE) than Rh/SiO,, affording a moderate yield of trans-ST (58%)
after complete conversion of DPA. RhSb/SiO, possesses a unique hydrogenation property capable of half-hydrogenation but
minimal overhydrogenation, which enables highly selective isomerization of cis-ST to trans-ST. A tandem catalytic system using
RhSb/SiO, and Pd;Bi/SiO, afforded 88% yield of trans-ST. These results are the first examples of the effective synthesis of trans-
ST from DPA using heterogeneous metallic catalysts.
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he compound trans-stilbene (trans-ST) is an important thermodynamically stable trans-isomer (Scheme 1). However,
building block of useful materials such as dyes, fluorescent it should be noted that overhydrogenation to alkane (diphenyl-
whitener," liquid crystals,” and organic light-emitting diodes.> A
common procedure for trans-ST synthesis employed to date Scheme 1. Reaction Pathways and Strategy for trans-ST
has been the coupling of two aryl components by Wittig-* or Synthesis from DPA in the Presence of Hydrogen
Heck-type reaction.” However, these methods require stoichio- N
metric amounts of organic reagents such as a base. Therefore, O +H, O
the development of an atom-efficient heterogeneous catalytic & — O
system affording trans-ST with high yields is needed. In this O DPA cis-ST
context, semihydrogenation of diphenylacetylene (DPA) is a ”
.. . . +H -H
promising candidate for trans-ST synthesis. In general,

semihydrogenation of alkyne to alkene is achieved over Pd-
based bimetallic materials,®™*! as represented by the Lindlar
catalyst.° We have also reported that a Pd-based intermetallic
compound, Pd;Bi, supported on SiO,, exhibited a high
selectivity in the semihydrogenation of DPA.'" In the case of
inner alkene, however, cis- or (Z)-alkene is formed as a primary
product.'"'* To this day, only a few homogeneous catalysts
have achieved the selective hydrogenation of alkynes to trans-
or (E)-alkenes.'* Therefore, the development of an efficient
heterogeneous catalytic system for trans-ST synthesis from
DPA remains a challenge. In this context, a potentially effective
approach is to develop a catalyst capable of not only the
semihydrogenation of DPA but also isomerization of cis-ST to

half-hydrogenated ST

" “ H

trans-ST

trans-ST. ethane, DPE, for the case of DPA) must be inhibited.

The cis—trans isomerization of alkene always requires the half Therefore, it is an ideal approach to construct reaction sites
breaking of a C=C bond into the corresponding single bond capable of catalyzing the primary addition of a hydrogen atom
so that rotation along with the C—C axis is allowed. In the but inhibiting the secondary addition.

presence of hydrogen, addition of one hydrogen atom to the
C=C bond moiety (half-hydrogenation) enables this bond Received: July 3, 2014
breaking. A reverse reaction, that is, the elimination of the Revised:  August 17, 2014
hydrogen with the C—C bond rotation, can afford a Published: September 9, 2014
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In this study, we focused on intermetallic compounds as
promising materials having such a specific hydrogenation
ability. Intermetallic compounds often have active metal sites
diluted or isolated by second metal atoms inert to hydro-
genation and have specific atomic arrangements on their
surface. Several unique hydrogenation properties of interme-
tallic compounds have been recently reported such as
semihydrogenation of alkynes to alkenes (Al;Fe,'* NiGa,'
Pd3Bi,11 PdGalé), chemoselective hydrogenation of a,f-
unsaturated aldehydes to allylic alcohols (Niln,'” Ni,Sn,'®
RuTi'?), and that of nitrostyrenes to aminostyrenes (Pd,;Pbs,
RhPb,).”° It is expected that secondary H addition is inhibited
effectively in such a geometrically constrained environment
(Scheme 1). Herein, we report efficient catalytic systems for
trans-ST synthesis from DPA by using intermetallic com-
pounds.

Initially, we examined the suitability of metal elements for
trans-ST synthesis from DPA as an active component of
intermetallic compounds. The catalytic performances of several
monometallic catalysts supported on silica (M/SiO,: M = Pt,
Pd, Rh, Ru, and Ni) were tested in the hydrogenation of DPA
in a batch system (Table 1).

Table 1. Catalytic Performances of Monometallic Catalysts
in Hydrogenation of DPA®

selectivity (%)

M/SiO, time/min  DPA conv. (%) trans-ST ~ ¢is-ST ~ DPE
Pt/SiO, 60 75 7 77 16
90 99 7 70 23
Pd/SiO, 60 95 3 82 15
Rh/SiO, 60 63 13 47 40
90 99 19 22 59
Ru/SiO, 60 33 10 60 30
Ni/SiO, 60 13 3 80 17

“Reaction condition: catalyst, 100 mg (metal loading, 3 wt %); DPA,
5.6 mmol; solvent, 7 mL (THF); temperature, 298 K, gas phase,
flowing H, (20 mL-min™").

Although Pt/SiO, and Pd/SiO, exhibited high DPA
conversions after 60 min, selectivities to trans-ST were low.
Elongation of the reaction time (90 min) did not increase the
selectivity because overhydrogenation to DPE occurred. Ru/
SiO, and Ni/SiO, showed much lower DPA conversions than
Pd or Pt catalysts and poor selectivities to trans-ST. In contrast,
Rh/SiO, gave a DPA conversion comparable to that for Pt/
SiO, and the highest trans-ST selectivity. The selectivity at
complete conversion was much higher than those of Pt/SiO,
and Pd/SiO,. Thus, Rh had an intrinsic suitability for trans-ST
synthesis from DPA compared to other metals. This is probably
due to its hydrogenation ability being milder than those of Pt
and Pd but sufficient to catalyze the semihydrogenation of
DPA. The strong hydrogenation ability of Pd comparable to Pt
may be related to the easiness of #-PdH, formation, which is
active for overhydrogenation.”’ We subsequently prepared a
series of Rh-based intermetallic compound catalysts (Rh—M’/
SiO,: M’ = Bi, Ge, In, Sb, and Sn) by successive impregnation
with Rh/SiO, (see Supporting Information for detailed
experimental procedures). Figure 1 shows XRD patterns of
the prepared Rh-based catalysts. Monometallic Rh catalyst
exhibited broad peaks characteristic to 111 and 200 diffractions
of fcc Rh at 41.0° and 47.2°, respectively. RhIn/SiO, exclusively
generated a peak assigned to a 111 diffraction of RhIn with B2
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Figure 1. XRD patterns of Rh-based catalysts.

structure (space group: Pm—3m), indicating the formation of
RhlIn intermetallic nanoparticles in single phase. Similar results
were also obtained with other bimetallic Rh catalysts, with the
exception of Rh—Sn. In the case of Rh—Sn/SiO,, a Rh;Sn,
phase was also observed in addition to the RhSn phase.
Crystallite sizes of the intermetallic nanoparticles estimated
using the Scherrer’s equation on the most intense peaks were
2—4 nm. In the case of RhSb, the peaks were broad and their
positions were close to that of monometallic Rh, making the
assignment unclear. Although elongation of the H, reduction
time made the diffraction peaks more clearly to be reasonably
assigned to RhSb phase (Figure S1), this resulted in a
significant sintering of the particle. TEM observations
combined with nanobeam diffraction (NBD) and energy-
dispersive X-ray (EDX) analysis were therefore performed for
further characterization of RhSb/SiO,. As shown in Figure 2,
the particle size was 2—3 nm, consistent with the crystallite size.

o nm

Figure 2. TEM image and NBD pattern (inset) of RhSb/SiO,. The
NBD pattern was acquired at the region designated by the white
dotted circle.

Moreover, the NBD pattern focused on a single nanoparticle
showed diffraction spots assigned to orthorhombic RhSb (space
group: Pnma), confirming that the nanoparticles were truly
intermetallic RhSb. Lattice fringes with d 2.88 A
corresponding to the d-spacing of RhSb {111} was obsrved
in a HR-TEM image of RhSb/SiO, (Figure S2). Moreover, an
EDX analysis confirmed that the Rh/Sb atomic ratio of the
nanoparticle was 1:1. These results also support the successful
formation of intermetallic RhSb nanoparticles. Although the
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formation of RhSb was thus confirmed, we cannot completely
exclude the presence of small Rh clusters that are hardly
observable by XRD.

We investigated the catalytic performances of Rh-based
catalysts in the hydrogenation of DPA. Figure 3 shows the

. trans-ST
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Figure 3. Product yields in the hydrogenation of DPA over various

Rh-based catalysts. Reaction condition was identical to that in Table 1
footnote.

product yield after 90 min of reaction. Most intermetallic
compounds exhibited lower DPA conversions and trans-ST
yields than Rh/SiO,. In contrast, Rh,Sb/SiO, exhibited a
complete conversion of DPA with much higher selectivity to
trans-ST than Rh/SiO,. The time course of the product yields
with Rh,Sb/SiO, is shown in Figure 4.
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Figure 4. Time course of product yield in the hydrogenation of DPA
over Rh,Sb/SiO,.

Semihydrogenation of DPA to cis-ST dominantly proceeded
until 60 min. After the complete conversion of DPA, the cis-ST
yield significantly decreased, whereas those of trans-ST and
DPE increased. This result indicates that isomerization of c¢is-ST
to trans-ST and overhydrogenation to DPE occurred and that
these two reactions were slower than the semihydrogenation of
DPA to cis-ST. The trans-ST yield finally decreased because of
the overhydrogenation to DPE (105 min). Consequently, we
obtained a maximum yield of trans-ST (56%) at 90 min. We
should emphasize that this is the first example of preferential
synthesis of trans- or (E)-alkene from an alkyne using a
heterogeneous metallic catalyst. Comparing the DPA con-
version in terms of Rh fraction (m/m + n of Rh,M’,/Si0,), it
was observed that Rh-based catalysts containing intermetallic
phases with Rh fractions higher than 0.5 (Rh,Sb, 0.667 >
RhGe;,, 0.625 > Rh;Sn,, 0.600) exhibited high or moderate

conversion.
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In general, the formation of an intermetallic phase results in
the dilution of Rh—Rh sites on the catalyst surface. Therefore, a
higher Rh fraction retains more Rh—Rh sites, which are
necessary for dissociative adsorption of H,. Although
dissociative adsorption of H, is mandatory for semihydrogena-
tion of DPA, an excess capability of H, activation causes
undesired overhydrogenation to DPE. Therefore, the highest
trans-ST yield obtained with Rh,Sb may be due to its moderate
hydrogenation ability. Conversely, RhBi, RhIn, and RhSb
exhibited low DPA conversions with almost no production of
trans-ST. This can be attributed to their poor hydrogenation
abilities.

We subsequently performed similar reactions using cis-ST as
a reactant to clarify the catalytic performances of these Rh-
based intermetallic compounds in the isomerization of cis-ST to
trans-ST. Table 2 summarizes the results after 200 min of the
reaction.

Table 2. Catalytic Performances of Rh-Based Intermetallic
Catalysts in the Isomerization of cis-ST*

selectivity (%)

Rh,M’,/SiO, cis-ST conv. (%) trans-ST DPE
Rh,Ge,/SiO, 63 64 36
RhIn/SiO, 33 66 34
RhBi/SiO, 0.4 81 19
Rh—Sn/SiO, 2.7 59 41
Rh,Sb/SiO, 89 70 30
RhSb/SiO, 35 93 7.0

“Reaction condition is identical to that in Table 1, except with a
reaction time of 200 min.

Rh;Ge; and Rh,Sb showed high cis-ST conversions with
moderate trans-ST selectivities, a result similar to that using
DPA. RhSb exhibited a moderate conversion (35%) and high
selectivity (93%). Other catalysts gave very low conversions.
Thus, it was revealed that the hydrogenation ability was
significantly affected by not only the difference in the Rh
fraction but also that in the second metal. The effect of Sb
content on the catalytic property was then investigated. A
volcano relationship was observed between reaction rate and Sb
content with ca. 0.1 of Sb content at the top (Figure S3). A
possible interpretation is competition of a positive ligand effect
of Sb modifying the electronic state of Rh and a negative
ensemble effect of Sb reducing the number of Rh—Rh sites. In
contrast to the catalytic activity, the selectivity increased
monotonically with the increase in Sb content (Figure S3).
The effect of H, pressure (Py,) on the reaction outcome with
RhSb/SiO2 was also investigated. A kinetic study revealed that
both reaction rate and selectivity to trans-ST were almost
independent of Py, (Figure S4).

Figure S shows conversion—selectivity curves in the isomer-
ization of cis-ST. To obtain high conversions, the reaction over
RhSb was also performed at 333 K. For Rh and Rh,Sb, the
selectivities declined slightly at high conversion levels. In
contrast, RhSb retained high selectivity even at 97% conversion,
which afforded a 94% yield of trans-ST. This is the first report
of a highly selective isomerization of cis-alkene to trans-alkene
over a metallic catalyst. The small deviation from 100%
selectivity may be due to the presence of a trace amount of
monometallic Rh clusters. Thus, the RhSb catalyst possesses a
unique catalytic property: hydrogenation of DPA and ST was
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Figure 5. Conversion—selectivity curves in the isomerization of cis-ST
to trans-ST for various catalysts.

hardly catalyzed, whereas isomerization of cis-ST occurred
effectively. This trend can be attributed to a specific
hydrogenation ability of RhSb, capable of half-hydrogenation
but minimal overhydrogenation, as described in Scheme 1.
With regard to the reaction at 333 K, higher selectivities were
obtained than that at 298 K. This result suggests that not only
were formation rates of trans-ST enhanced but overhydroge-
nation was also well-inhibited even at 333 K.

The results obtained above led us to an idea of a tandem
catalytic system effective for trans-ST synthesis from DPA using
selective catalysts for semihydrogenation of DPA to cis-ST and
the subsequent isomerization to trans-ST. As mentioned above,
we have reported that Pd;Bi/SiO, selectively catalyzed
semihydrogenation of DPA to cis-ST."" Therefore, a combina-
tion of Pd;Bi/SiO, and RhSb/SiO, is expected to effectively

produce trans-ST from DPA. Figure 6 shows the time courses
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Figure 6. Time course of product yields in the hydrogenation of DPA
using Pd;Bi/SiO, and RhSb/SiO,. Reaction condition was identical to
that in Table 1 footnote, with the exception of the catalyst amount
(Pd;Bi/SiO,, 100 mg; RhSb/SiO,, 200 mg) and temperature (333 K).

of product yields in the hydrogenation of DPA using Pd;Bi/
SiO, and RhSb/SiO,. At the initial stage of the reaction (~90
min), cis-ST was predominantly obtained, suggesting that
semihydrogenation of DPA to cis-ST over Pd;Bi/SiO,
proceeded. This was confirmed by hydrogenation of DPA
over RhSb/SiO, alone at 333 K, which showed much lower cis-
ST vyield (Figure SS).

After an 80% conversion of DPA, trans-ST yield drastically
increased with a steep drop in the cis-ST yield, indicating
isomerization of cis-ST to trans-ST over RhSb/SiO,. Finally, the
trans-ST yield reached 88% at 165 min. Elongation of the
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reaction time resulted in a slight decline in the trans-ST yield.
Thus, as expected, trans-ST synthesis from DPA was
successfully achieved using the tandem catalytic system with
Pd;Bi/SiO, and RhSb/SiO,.

In conclusion, we developed novel catalytic systems based on
intermetallic compounds effective for trans-ST synthesis from
DPA. Rh,Sb/SiO, catalyzes both the semihydrogenation of
DPA to cis-ST and the subsequent isomerization to trans-ST,
affording a moderate trans-ST yield (58%). RhSb/SiO,
possesses a unique hydrogenation property capable of half-
hydrogenation but minimal overhydrogenation, which enables
selective isomerization of cis-ST to trans-ST. A tandem catalytic
system with Pd;Bi/SiO, and RhSb/SiO, effectively produces
trans-ST from DPA. The observed unique catalysis seems to be
originated from the specific atomic arrangements of the
intermetallic compound surfaces. As is the case of the selective
hydrogenation catalysts ever reported,”' ~>* quantum chemical
calculations with specific surface atomic arrangements of RhSb
will provides a strong suggestion for the unique catalysis of
RhSb. Thus, the obtained insights in this study not only provide
an efficient catalytic system for trans-ST synthesis but also open
up a new field of heterogeneous catalysis, i.e., stereoselective
chemical transformation controlled by a highly ordered
bimetallic surface.
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