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The molecular basis for the high cis-alkene selectivity over intermetallic PtSn for alkyne semi-hydrogen-
ation is demonstrated. Unlike the universal assumption that the bimetallic surface is saturated with atomic
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hydrogen, molecular hydrogen has a higher barrier for dissociative adsorption on intermetallic PtSn due
to the deficiency of Pt three-fold sites. The resulting molecular behavior of adsorbed hydrogen on inter-
metallic PtSn nanoparticles leads to pairwise-hydrogenation of three alkynes to the corresponding cis-

rsc.li/nanoscale alkenes, satisfying both high stereoselectivity and high chemoselectivity.
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Introduction

The semi-hydrogenation of alkynes to alkenes using rationally
designed catalysts continues to benefit industries and acade-
mia. An important example is the selective hydrogenation of
acetylene to ethylene in order to remove trace acetylene impur-
ity from ethylene feed, which is essential for the long lifetime
of polymerization catalysts and the production of high-quality
polyethylene." Also, in pharmaceutical and fine chemical
industries, designing new catalysts to achieve high chemo-
selectivity and stereoselectivity of cis-/trans-alkene products is
indispensable to synthetic methodology development.® cis-
Alkenes are kinetically controlled products in this reaction,
and thus are more difficult to be stabilized and isolated than
the thermodynamically favored ¢rans-alkenes. Lindlar catalyst
is a commonly used heterogeneous catalyst for selective hydro-
genation of alkyne to cis-alkene. In this reaction, alkyne mole-
cules adopt the syn geometry on the Lindlar catalyst surface,
where the adsorbed hydrogen atoms approach from the same
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side of the carbon-carbon triple bond to form the cis-alkene
products.” However, over-hydrogenation to alkane by-pro-
ducts can prevail in the syn addition, and minimizing such
reaction requires deliberate deactivation of Lindlar catalyst.

Stabilizing cis-alkenes while inhibiting ¢rans-isomerization
and over-hydrogenation is challenging for heterogeneous cata-
lysts due to the heterogeneity of the active sites and the lack of
understanding of the structure-property relationship. Previous
studies have attempted to address this challenge from the per-
spectives of either stereoselectivity or chemoselectivity. Lee
and Zaera et al. have demonstrated that Pt(111) can be a
specific facet to stabilize cis-alkenes compared to trans-
isomers.® Furukawa and Komatsu et al. have reported that
chemoselective hydrogenation can be performed over Pd-
based bimetallic alloys, and hydrogen accessibility to the
adsorbed alkyne is critical to the chemo- and stereo-selectivity
for alkene production.”’ Hu and Li et al have also
revealed the strong structure-property relationships in hollow
Ni;Ga multishell catalysts and single-atom Pd supported
catalysts with high ethylene selectivity in acetylene semi-
hydrogenation." ™ These studies indicate that both the cata-
lyst structure and the hydrogenation pathway are crucial for
controlling the selectivity in alkyne semi-hydrogenation.

Here, we envision the pairwise-addition as a special hydro-
genation pathway that could ensure both high stereoselectivity
and high chemoselectivity in alkyne semi-hydrogenation to cis-
alkene. Pairwise-addition refers to the transfer of both hydro-
gen atoms in a H, molecule to one carbon-carbon triple bond
in an alkyne molecule. During this reaction, adsorbed H,
molecules do not dissociate into hydrogen atoms on the cata-
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lyst surface. The weak H, adsorption' and catalytic addition
of H, to propene with high pairwise selectivity over the PtSn
intermetallic nanoparticles (iNPs)"> have been studied in our
group. In this work, we demonstrate that the pairwise-hydro-
genation of alkynes over PtSn leads to high chemo- and stereo-
selectivity to cis-alkenes.

Results and discussion

PtSn iNPs have atomic-level homogeneity and high surface
stability, differentiating them from random alloys prepared by
the impregnation method. These PtSn iNPs are specially
designed to be encapsulated in a mesoporous silica shell
(Fig. 1a) that endows PtSn iNPs with accurate structures after
synthesis and allows reactants to access the PtSn intermetallic
surface during catalysis.">'®'® We have also used selective
hydrogenations to probe and illustrate the structure of these
PtSn iNPs and its correlation to catalytic behaviors.'*'®"
Additional details of the structural characterizations of PtSn
iNPs and impregnated catalysts are summarized in the ESI
(Fig. S1, S2 and Tables S1, S2t). The surface uniformity and
stability of PtSn iNPs affords structural clarification that
renders this material an ideal platform for studying funda-
mental structure-property correlations. As an example, Fig. 1b
and c¢ show the atomically ordered PtSn structure as confirmed
by aberration-corrected scanning transmission electron
microscopy (STEM). The bulk and surface structure of the PtSn
iNPs are also stable under a reducing environment up to
500 °C (ESI, section 27)."*'”

We evaluated the stereoselectivity and chemoselectivity of
PtSn iNPs in the semi-hydrogenation of three alkyne sub-
strates: diphenylacetylene, 1-phenyl-1-butyne, and dimethyl
acetylenedicarboxylate (Fig. 2 and Tables S3-S51). The three
substrates have different degrees of bulky substituent groups
in the vicinity of the alkyne group. PtSn iNPs exhibit high
chemoselectivity and stereoselectivity to cis-alkene products

Fig. 1 (a) TEM image of PtSn iNPs encapsulated in mesoporous silica at
lower magnification showing clear core—shell structure, with its model
illustration. Inset: TEM image of a PtSn iNP at higher magnification and a
model structure of PtSn iNP encapsulated in a mesoporous silica shell.
(b) Atomic resolution aberration-corrected STEM image of a PtSn iNP
displaying the PtSn(110) facet. (c) Aberration-corrected STEM image of
PtSn(110) facet placed aside the theoretical model of PtSn(110) with an
adsorbed alkyne. c views part of the same particle, as shown in b. Pearl
(yellow) dots represent Pt (Sn) atoms. Blue (orange) dots represent
carbon(hydrogen) atoms in alkyne, and red dots represent H, under-
going pairwise-hydrogenation.
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Fig. 2 The product distribution of alkynes hydrogenation with Pt and
PtSn catalysts.

for all substrates. Chemoselectivity of 99%, 98% and 88% were
obtained with respect to diphenylacetylene, 1-phenyl-1-butyne,
and dimethyl acetylenedicarboxylate. For comparison, the Pt
NPs yielded >60% over-hydrogenated product for the same
three substrates. The PtSn iNPs also yielded remarkably high
cis-alkene selectivities of 91%, 86%, and >99% for diphenylace-
tylene, 1-phenyl-1-butyne, and dimethyl acetylenedicarboxy-
late, respectively. In particular, PtSn iNPs maintained high cis-
alkene selectivity at the high conversion of 79.8% at 110 °C for
dimethyl acetylenedicarboxylate (Table S3t). In contrast, trans-
alkenes dominated on the Pt NPs (trans/cis = 2/1 for dimethyl
acetylenedicarboxylate), at only 50 °C. Hence, the hydrogen-
ation pathway leading to cis-stereoselectivity is exclusively pre-
ferred for PtSn iNPs. Due to the dramatic difference in activity
between Pt and PtSn, it is a challenge to compare their cata-
Iytic behavior at the same conversion and reaction conditions.
Nevertheless, PtSn iNPs show much higher cis-selectivity com-
pared to Pt NPs, likely due to the inhibition of both ¢rans-iso-
merization and over-hydrogenation pathways. A further recycle
study of PtSn iNPs shows that the catalyst can be recycled 5
times without a significant loss of activity and selectivity
(Fig. S5at). X-ray diffraction (XRD) and transmission electron
microscopy (TEM) characterization of the used catalyst shows
the stability of the intermetallic phase and mesoporous shell
(Fig. S5b and ct).

Generally, alkynes approach the surface of a heterogeneous
catalyst (e.g., Pd and Pt) in syn geometry. However, syn addition
cannot solely explain both the high stereoselectivity and
chemoselectivity over PtSn. Our previous studies of PtSn-pro-
moted pairwise-hydrogenation can shed light on the molecular
understanding of the hydrogenation mechanism on PtSn iNPs:
molecular H, adds to alkene (propene) in a pairwise fashion
rather than undergoing dissociation into H atoms, which was
experimentally confirmed via operando Nuclear Magnetic
Resonance (NMR) studies."”” We envision that the pairwise-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The suggested hydrogenation pathways for (a) PtSn and (b) Pt.

hydrogenation could be a key mechanism to ensure cis-alkene
stereoselectivity over PtSn iNPs for alkyne semi-hydrogenation.

As we propose in Fig. 3a, alkyne first adopts the syn geome-
try upon adsorption onto the PtSn surface. Due to the high
barrier to dissociate H, molecules on PtSn, the H atoms in
molecular H, approach the carbon-carbon triple bond from
the same side, thereby favoring a concerted, pairwise-hydro-
genation leading to cis-alkene. The dilution effect of PtSn
iNPs explains the molecular behavior of adsorbed H,, where
the Pt ensemble sites are eliminated on the PtSn surface,
thus inhibiting H, dissociation (generally achieved by Pt
ensembles)."**°> The weak adsorption of alkene on the PtSn
surface prevents its over-hydrogenation to alkane. In contrast,
the Pt surface is saturated with atomic H due to its barrierless
H, dissociation over Pt ensemble sites (Fig. 3b)."* The alkyne
would still prefer the syn geometry on Pt; however, the abun-
dant surface H atoms could attack the triple bond with equal
probability from the same or opposite side of the bond regard-
less of whether the H addition is sequential or simultaneous.
Therefore, the Pt surface cannot ensure exclusive cis-alkene
stereoselectivity. Moreover, atomic hydrogen could add to one
end of the as-formed double bonds allowing the rotation of
this bond, resulting in the production of both cis- and trans-
alkene.®*® The abundant excess atomic hydrogen on Pt surface
also explains the over-hydrogenation of alkynes to alkanes. It
has not been commonly realized that pairwise-hydrogenation
can lead to the kinetically controlled cis-alkene rather than the
thermodynamically favored ¢rans-alkene, except in the case of
very small (<1 nm) Pt nanoparticles in alkyne hydrogenation at
low H, partial pressure.”> However, the assumption of the
atomic H saturated bimetallic surface does not apply to well-
defined intermetallic PtSn, a model catalyst presenting high
energy barrier for H, dissociation.'*'”**

This hypothesis of pairwise-hydrogenation on PtSn iNPs
was strongly evident in the PASADENA (Parahydrogen And
Synthesis Allow Dramatically Enhanced Nuclear Alignment)
NMR experiments, where intense antiphase NMR signals
occur exclusively through the pairwise-addition of parahydro-
gen. The stereoselectivity of pairwise H, addition to 1-phenyl-
1-butyne is evidenced by the PASADENA NMR spectra pre-
sented in Fig. 4. The hydrogenation reaction was carried out at

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Products of the hydrogenation of 1-phenyl-1-butyne and the
labeling scheme for the protons. (b) 300 MHz NMR spectra collected at
100 °C in dg-acetone. The bottom spectrum is that of the pure substrate
before any H, bubbling. The PASADENA and thermally polarized spectra
(top and middle, respectively), were each obtained after three cycles of
20 s of bubbling of p-H, or normal H, (n-H,), respectively, through the
substrate/catalyst suspension. All the spectra were acquired in a single
scan and are plotted on the same vertical scale. (c) Thermally polarized
spectrum after bubbling p-H; for 140 s. Catalysts are removed prior to
acquisition. Spectrum is acquired at 14.1 T and room temperature.

100 °C by bubbling 50% enriched parahydrogen (p-H,)
through the solution in a 5 mm NMR tube at 7 T. Fig. 4a
shows the three different products obtained in 1-phenyl-1-
butyne semi-hydrogenation. As shown in Fig. 4b, the
PASADENA spectrum (top trace) exhibits intense antiphase
multiplets centered at 6.41 ppm and 5.67 ppm, corresponding
to the chemical shifts of the CH groups in cis-1-phenyl-1-
butene. The formation of a small fraction of trans-1-phenyl-1-
butene was evidenced by the CH peaks at 6.43 and 6.35 ppm
observed in thermally polarized spectrum acquired at
600 MHz spectrometer (Fig. 4c), demonstrating the high
stereoselectivity of alkyne hydrogenation over PtSn iNPs. A
small peak due to the fully hydrogenated butylbenzene is
noticeable in the PASADENA and thermally polarized spectrum
(Fig. 4b, ¢, and S77). A maximum signal enhancement factor of
126 was observed (after correction for destructive interference
in the antiphase multiplets, Fig. S61) on the third cycle of p-H,
bubbling for 20 s. In a complementary experiment, the batch
reaction of 1-phenyl-1-butyne semi-hydrogenation also shows
97.6% chemoselectivity to alkenes and 85.8% stereoselectivity
to the cis-alkene (Table S57).

We also observed that on PtSn iNPs, the high cis-stilbene
selectivity in diphenylacetylene hydrogenation is not signifi-
cantly dependent on solvent, temperature, and reaction time
(Table S47), strongly suggesting the pairwise-hydrogenation
pathway. We also confirmed that the isomerization of cis-stil-
bene to trans-stilbene could not proceed on PtSn iNPs in the
semi-hydrogenation of diphenylacetylene (Table S671). To
further demonstrate the structure-property relationship of
PtSn, we prepared Pt-rich PtSn-1.1 (Pt/Sn = 1.1). We had con-
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firmed in our previous work that Pt-rich Pt-Sn iNPs have Pt
surface domains.'” On PtSn-1.1, we observed more cis- to trans-
stilbene isomerization after full conversion, in sharp contrast
to the high cis-stilbene selectivity on the 1:1 PtSn iNPs
(Table S77).

The three alkyne semi-hydrogenations suggest that pair-
wise-hydrogenation on PtSn could be induced by its surface
structure, where the adsorbed atomic H atoms are rare. In our
previous work, we ascribed the absence of H ad-atoms on
intermetallic PtSn to its intrinsic structure where Pt three-fold
sites are eliminated.'” The three-fold Pt or Pd sites (denoted
Mj;) are known to be highly active for H, dissociation.>>?%3?
Although the surface reconstruction cannot be ruled out in the
reactions, we endeavored to examine if the scope of this struc-
ture-property relationship can be extended to other interme-
tallic catalysts, including PdCu (w/Pd3) and Pd;Sn, (w/o Pd;)
bimetallic NPs. Their structural and compositional analysis
are shown in Table S2 and Fig. S3-S4.1 As shown in Fig. 5,
only Pd;Sn, shows both cis-stereoselectivity and chemo-
selectivity coinciding with the absence of Pd; site (Table S8t).
PtSn iNPs also appear as highly selective catalysts among the
literature under similar reaction conditions (Table S97).

The pairwise-hydrogenation on Mj-deficient intermetallic
compounds was further supported by the results of a kinetic
H/D isotope study. First, a gas-phase H/D exchange experiment
using a co-feed of 1:1 H,/D, over PtSn shows that the onset of
exchange occurs at a temperature (150 °C) that is higher than
the alkyne hydrogenation reaction temperature (80-110 °C) as
reported in our previous work.'® Second, we also observed a
strong D, inhibition effect on PtSn, where the reaction hardly
proceeds at all when D, was supplied for diphenylacetylene
hydrogenation. When supplied with 1:1 mixture of H,/D,,
H-substituted trans-alkene is still dominant with a negligible
p-substituted product. The strong D, inhibition is consistent
with pairwise-hydrogenation that likely proceeds by a tunnel-
ing mechanism®” involving the molecular-like H, on PtSn

=) =4 Y . 1)

cis-alkene .lrans-alkene alkane

100 4
80 4
~ 604
E
2 84.9
s 404 722
46.0
20 4
0
Pt PtSn PdCu Pd;Sn,
cis-alkene trans-alkene alkane

Fig. 5 The role of the three-fold M3 sites to pairwise-hydrogenation
exemplified by semi-hydrogenation of diphenylacetylene over Pt and
intermetallic catalysts.
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because the PtSn surface lacks Pt ensemble sites where H,
molecule cannot undergo dissociation to H atoms. The kinetic
isotope effect is reported to be particularly high when invol-
ving tunneling mechanism.”**° Thus, we propose that the
high energy barrier for H, dissociation leads to pairwise-hydro-
genation over PtSn.

Density functional theory (DFT) calculations were performed
to provide molecular insights into the stereoselectivity on Pt
(111) vs. PtSn(110). In general, calculations show that diphenyla-
cetylene (Ph,C,) binds with these metal surfaces more strongly
(3.2 eV on Pt; —1.3 eV on PtSn) than H, (—0.022 eV on Pt;
—0.052 eV on PtSn), as shown in Tables S10, S11 and Fig. S8-
S11.f This binding energy difference indicates that H, could
only be adsorbed within the interspace between Ph,C, mole-
cules on the almost fully Ph,C,-covered metal surface. The weak
binding interactions between the surfaces and H, could be one
of the factors explaining the higher selectivity of the cis-alkene
products observed experimentally. Hydrogenation to cis-pro-
ducts could occur right after the adsorption and pairwise-
addition of H, on either side of the carbon-carbon triple bond.
The trans-alkene is suppressed during hydrogenation because H
ad-atoms are not present on both sides of the carbon triple
bond. In addition, the catalyst surfaces also show interesting
features in the apparent conversion rates and chemoselectivity.
At similar catalyst amounts, Pt (w/M;) exhibits high conversion
rates and a strong tendency to yield fully hydrogenated alkanes.
On the other hand, PtSn (w/o M3) showed low conversion rates
with high chemoselectivity (Tables S3-S5t1). Our calculations
suggest that the conversion rate could be correlated with the
barrier for H-H bond dissociation. As shown in Table S11,T Pt
easily dissociates H, with no barrier, yielding an abundant
atomic H supply that is responsible for a fast reaction rate and
over-hydrogenation. On the contrary, PtSn has larger H, dis-
sociation barriers (0.3 eV) than Pt (~0 eV), leading to slower
hydrogenation kinetics with lower conversion rates.

Conclusions

In summary, we have studied the structure-property relationship
of intermetallic PtSn, where the elimination of Pt three-fold
sites leads to high cis-alkene selectivity in alkyne semi-hydrogen-
ations. Higher hydrogen dissociation barrier and alkyne-domi-
nated surface suggest the exclusive pairwise-hydrogenation over
PtSn iNPs. We anticipate engineering intermetallic structures
for satisfying high chemoselectivity and stereoselectivity in
broader catalytic reactions. A complete understanding of these
correlations in selectivity would also enable the synthesis of
heterogeneous catalysts offering improved parahydrogen
enhanced polarization for more important applications such as
hyperpolarized biomedical magnetic resonance imaging.*'
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