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Abstract
Heterogeneous acid and base catalysts play a crucial role in many important chemical processes. Hard
Lewis and Brønsted acid catalysts like silica-alumina and zeolites have been widely applied in numerous
reactions; however, developing reusable and active soft Lewis acid catalysts remain a challenge. Herein,
we demonstrate for the �rst time that a highly dispersed supported platinum catalyst can act as a
heterogeneous soft Lewis acid. High turnover numbers and reusability were observed in the isomerization
of allylic esters under solvent-free conditions. Moreover, the as-prepared catalysts are characterized by X-
ray photoelectron spectroscopy (XPS) and X-ray absorption �ne structure (XAFS) analyses, revealing that
the highly dispersed Pt clusters with Pt–Cl bonds play a key role in the high activity. The residual chloride
anion enhances the Lewis acidity of the Pt metal center and thus improves the catalytic activity.
Simultaneously, the high catalytic activity of Pt/CeO2 with residual chloride and the soft Lewis acid
mechanism are also proved by density functional theory (DFT) calculations based on the model reaction.

Introduction
Supported platinum catalysts have been extensively researched and proven to play crucial roles in
multiple applications, such as fuel cells1,2, automotive three-way catalysts3,4, catalytic redox reactions5,6,
and value-added �ne chemical reactions7,8. Here, most applications of supported Pt catalysts are based
on the redox function. In contrast, to the best of our knowledge, there are no reports on the supported Pt
catalysts utilizing soft Lewis acidity, although homogenous Pt(II) complexes have been employed in the
hydration of alkynes and nitriles9–12, isomerization of allylbenzenes13, cyclization of alkynes14, etc. Thus,
a heterogeneous supported platinum catalyst with soft Lewis acid function would be a promising
practical catalyst.

According to Pearson’s hard-soft acid-base (HSAB) principle, Lewis acids are classi�ed into hard and soft
acids which can activate corresponding hard or soft bases15. In many industrial reactions, zeolites,
typical hard acids, have been widely used16,17, including �uid catalytic cracking as commercial catalysts.
On the other hand, most reactions based on soft Lewis acids have still been developed over
homogeneous metal catalysts. The low-valent noble metals have soft characteristics and thus should
function as a soft Lewis acid to activate soft bases, i.e., p electrons of C–C double and triple bonds, to
undergo nucleophilic attack with various nucleophiles. Although these catalysts provide many useful
synthetic applications, the poor reusability and small turnover numbers (TONs) hinder their practical
utility; therefore, their applications remain limited.

Over the last decade, several catalytic reactions over recyclable supported Au nanoparticles as a soft
Lewis acid were reported. Corma et al.18,19, Parida et al.20, and Zhao et al21. reported catalytic
hydroamination with supported Au catalysts. Gryparis et al22. realized the cyclization of 1,6-enynes with
TiO2-supported Au nanoparticles. Toste and Somorjai et al23. also successfully used supported Au
nanoparticles with N-heterocyclic carbene for lactonization. In Lewis acid-base catalysis, the
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counteranion is important to expand the Lewis acid function. The stronger the conjugated acid of the
counteranion is, the greater the Lewis acidity displayed by the central metal. Lewis acidity can also be
enhanced when the cation is isolated, as in frustrated Lewis pairs24. However, soft cations such as Au(I)
and Pd(II) are easily reduced to zero valences and easily aggregate, which makes it di�cult to maintain
activity when developing them as immobilized soft Lewis acids25,26.

In recent years, considering the goal of atom e�ciency and the scarcity of platinum resources, high-
activity and low-cost platinum catalysts that contain highly dispersed Pt or even single-atom Pt catalysts
have attracted widespread interest27,28. Moreover, a special strong metal-support interaction between Pt
and CeO2 was discovered and studied in-depth, revealing that the trapping of platinum on the CeO2

surface can facilitate and sustain atomic dispersion29–31. Because of the particular properties of
supported Pt in current applications, We infer that it is signi�cant to performing research and
development on supported Pt catalysts acting as soft Lewis acids.

 

Sustainable production of C4 chemicals is signi�cant in industry32. During the series of catalytic
reactions for C4 compounds, there are still several intermediate byproducts, such as but-3-ene-1,2-diyl
diacetate (3,4-DABE) (Fig. 1a). 3,4-DABE is an isomer of but-2-ene-1,4-diyl diacetate (1,4-DABE), which is
an important intermediate for the synthesis of tetrahydrofuran (THF). THF is produced million tons/year
for polyesters and polyethers and several thousand tons/year of 3,4-DABE is wasted. The sustainable
transformation of 3,4-DABE into 1,4-DABE will be valuable in industry and environmental protection and
will be conducive to moving toward a low-carbon society.

In previous reports, several kinds of metal complex catalysts were developed for this reaction via the p-
allyl intermediate33,34 or soft Lewis acid mechanism35,36 (Fig. 1b). Also, only low catalytic activity was
obtained when testing hard Lewis acid catalysts like montmorillonite and ZSM-5, hence, we focus on
developing e�cient soft Lewis acid catalysts and thus choose the isomerization of 3,4-DABE as a model
reaction.

In this research, for the �rst time, we report that Pt/CeO2 with residual chloride can act as soft Lewis acids
and can facilitate the e�cient isomerization of allylic esters (Fig. 1c). Interestingly, the active species in
this reaction are demonstrated as highly dispersed Pt clusters consisting of Pt–Cl and Pt–O bonds.
Supported Pt catalysts with soft Lewis acid functionality were successfully developed, and the residual
chloride anion enhanced the Lewis acidity of the Pt metal center. This should be the �rst example of the
application of supported Pt soft Lewis acid catalysts. Also, this is the �rst use of supported noble
catalysts in the isomerization of allylic esters. The active catalyst can be prepared via a simple
impregnation method without complex fabrication steps. The reaction can be realized under solvent-free
conditions, and the TON of the catalyst reaches 5400. The unique role of Pt–Cl bonds in the
isomerization reaction was clearly explained by the results of the reaction and density functional theory
(DFT) calculations. Furthermore, based on the success of this study, our �ndings introduce a new
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approach for the valuable reaction of unsaturated compounds over high-performance supported Pt soft
Lewis acid catalysts and provide a strategy to adjust the acidity of supported metal Lewis acid catalysts.

Results
Isomerization of 3,4-DABE. The direct transformation of 3,4-DABE to 1,4-DABE was investigated as a
benchmark reaction for the isomerization of allylic esters using various heterogeneous catalysts. The
equilibrium between 3,4-DABE and 1,4-DABE was determined to be 37/6333, as shown in Fig. 2a. The
distillation separation of 3,4- and 1,4-DABE is established in the industry. Catalyst screening was carried
out with the metal oxide-supported Pd, Ir, Au, Pt catalysts, which may act as soft Lewis acids and
facilitate the reaction based on the soft Lewis acid mechanism, according to the reported reaction with
the Pd complex36 and Au complex catalysts35, where the highest TON is 33. To develop excellent active
catalysts for the catalytic isomerization of allylic esters, we mainly chose ZrO2 and CeO2 as supports,
which may promote the high dispersion of noble metal atoms on the surface, owing to the strong
interaction37,38. Among the discussed supported noble metal catalysts, Au/ZrO2 and Pt/CeO2 afforded
(2) in 11% and 52% yields, respectively (Supplementary Table 1). A high TON (5400) was also detected at
the reaction scale of 10 mmol. With the optimized 1 wt% Pt/CeO2, the isomerization reaction reached

equilibrium after 30 min and obtained a turnover frequency (TOF) of 2120 h-1 with a catalyst amount of
0.05 mol% (Supplementary Figure 1). Pt/CeO2 catalysts with Pt loadings less than 3 wt% showed high
activity (Supplementary Table 2), which is probably related to the atomically dispersed Pt species that
was only achieved with Pt loadings less than 3 wt%39. Pt/CeO2 also exhibited better reusability than the
other catalysts after reacting 3 times (Supplementary Figure 2). The optimized catalyst in this research is
two orders of magnitude more active than previous catalysts (Fig. 2b).

 

The use of H2PtCl6·6H2O as a precursor through the simple impregnation method could promote the

creation of stable oxidized Pt species, such as PtOxCly40 and Pt(OH)xCly41. Many reports on residual

chloride in Pt catalysts revealed its poisoning effect on the catalytic activity40,42. Moreover, the promoting
effect of the residual chloride was also investigated in a few cases43. To remove the in�uence of the
residual chloride, we also examined Pt/CeO2 prepared by Cl-free precursors, such as Pt(acac)2 and
Pt(NH3)4(NO3)2 (Table 1). The existence of chloride was con�rmed by X-ray photoelectron spectroscopy
(XPS) spectra (Fig. 3a). Cl-free Pt/CeO2 showed no catalytic activities (Table 1, entries 2 and 3). In
contrast, Pt/CeO2 prepared from H2PtCl6·6H2O and HCl-treated catalysts exhibited high catalytic activity,
affording 1,4-DABE in approximately 60% yield (Table 1, entries 1, 4, and 5). The same effect was
observed with the Pt/CeO2-containing bromide anion. The reaction with CeO2 treated by HCl was also
investigated (Table 1, entry 6), and no yield for the target compounds was detected. Considering these
results, the chloride anion enhanced the Lewis acidity of the Pt metal center, which is essential for the
catalytic activity in this reaction.
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Characterization of the Catalysts. High-angle annular dark-�eld scanning transmission electron
microscopy (HAADF-STEM) coupled with energy-dispersive X-ray spectroscopy (EDS) mapping was used
to determine the presence and size of Pt species on the prepared Pt/CeO2 catalysts. The generation of Pt
particles was not observed, which might be due to the high dispersion of Pt or the high atomic weight of
Ce in the support.37 Notably, the EDS mapping of Pt con�rmed the high dispersity (Supplementary Figure
3). The existence and �ne dispersion of chlorine atoms could also be detected from the EDS mapping of
Cl.

To analyze the chemical state of the supported Pt species, the XPS spectra of the prepared catalysts were
measured (Fig. 3). The quanti�cation of the detected peaks and the spectra of Ce 3d regions are
presented in the Supporting Information (Supplementary Table 4 and Figure 4). In the Cl 2p spectra
shown in Fig. 3a, two peaks at 198.3 eV and 200 eV with a spin-orbit separation of 2 eV corresponding to
2p1/2 and 2p2/3 were observed for Pt/CeO2_Cl, Pt/CeO2_A_HCl, and Pt/CeO2_N_HCl. The results reveal the
existence of residual chloride ions in the catalysts prepared by H2PtCl6·6H2O and Cl-free catalysts with
HCl posttreatment. According to the reaction results, the crucial positive effect of chloride in Pt/CeO2

catalysts was shown.

 

XPS spectra in the Pt 4f regions of Pt/CeO2 prepared by various precursors and Cl-free catalysts with HCl
posttreatment were collected and analyzed by peak deconvolution (Fig. 3b). From the spectra, Pt species
on the surface of CeO2 were primarily in the Pt2+ oxidation state (72.7 eV, Pt 4f7/2, Pt(OH)2, yellow curves)

with a component from Pt4+ (74.1 eV, Pt 4f7/2, PtO2, blue curves) 44. The invisible Pt nanoparticles in the

HAADF-STEM image and the dominant Pt2+ oxidation state also support that most of the Pt atoms may
be trapped and strongly bound on the CeO2(111) facet by achieving 4-fold coordination31,45. For the

catalysts containing chloride ions, the Pt4+(Cl) component (74.8 eV, Pt 4f7/2, red curves) was noticed,

considered as the Pt species with Pt–Cl bonds40. After HCl treatment, peaks attributed to Pt4+(Cl)
emerged. They appeared simultaneously with peaks for Cl 2p (198.3 eV, Cl 2p3/2). The ratio of Cl/Pt was

roughly consistent with the ratio of Pt4+(Cl)/Pt among the measured catalysts, supporting the
assignment of the peak at 74.8 eV (Pt 4f7/2) as Pt4+(Cl) (Table S2). Consequently, Pt/CeO2 prepared from
H2PtCl6·6H2O and HCl-treated catalysts contains residual chloride ions, exhibiting high catalytic activity
(Fig. 3c).

 

Pt LIII-edge X-ray absorption near edge structure (XANES) spectra of Pt foil and Pt/CeO2 prepared by
various precursors in an air atmosphere are shown in Fig. 4a. The characteristic peak, the white line, at
11568 eV was observed for the catalysts, which indicates that the Pt in the catalysts had high oxidation
states46. The intensity of the white line for Pt/CeO2_Cl was higher than those for Pt/CeO2_A and
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Pt/CeO2_N. After HCl treatment, increased intensities of the white lines were observed in the spectra of
Pt/CeO2_A_HCl and Pt/CeO2_A_HCl, revealing the increased oxidation state related to the generation of
chloride (Fig. 4c).

In phase-uncorrected radial structure functions (RSFs) for Pt/CeO2 prepared by various precursors (Fig.
4b), two peaks were mainly observed at approximately 1.65 Å and 1.95 Å in Pt/CeO2_Cl. Compared with
the peaks of the reference sample of Pt foil, PtO2, and K2PtCl6, the peak at approximately 1.65 Å were
attributed to Pt–O coordination, and the peak at approximately 1.95 Å was attributed to Pt–Cl
coordination. The weak peak intensities at 2.60 Å and 2.85 Å, corresponding to the Pt–Pt coordination
distance in Pt foil and the Pt–O–Pt coordination distance in PtO2, respectively, were much smaller than
those of the reference compounds, supporting the high dispersion of Pt species and the formation of Pt
nanoclusters or even atomic Pt species. This �nding was also consistent with the results of HAADF-TEM.
In the spectra of Pt/CeO2_A and Pt/CeO2_N, peaks at approximately 1.65 Å and 2.85 Å were observed,
and almost no peaks at approximately 1.95 Å were found, revealing the generation of PtOx species. After
HCl treatment, in the spectra of Pt/CeO2_A_HCl and Pt/CeO2_N_HCl, peaks at approximately 1.65 Å and
1.95 Å were observed (Fig. 4d). No obvious peaks were found around the distances of other bonds.
Considering the reaction results and the XPS spectra, the active species were proven to contain both Pt–O
and Pt–Cl that were highly dispersed. Additionally, the k3-weighted Pt LIII-edge extended X-ray absorption
�ne structure (EXAFS) oscillation patterns of Pt/CeO2_Cl, Pt/CeO2_A_HCl, and Pt/CeO2_N_HCl were
compared with those of PtO2, Na2Pt(OH)6 and K2PtCl6 (Supplementary Figure 5). The oscillation patterns
of Pt/CeO2_Cl, Pt/CeO2_A_HCl, and Pt/CeO2_N_HCl were between those of K2PtCl6 and PtO2, supporting
the existence of Pt–O coordination and Pt–Cl coordination in the active catalysts.

Furthermore, the structural parameters of the Pt/CeO2 catalysts discussed above were obtained by
EXAFS curve-�tting analysis (Supplementary Table 5). The coordination numbers (CNs) of Pt–O for the
�rst shell of the Pt/CeO2 catalyst prepared from three kinds of precursors were approximately between 3
and 4. For Pt/CeO2_Cl, the CN value of Pt–Cl was 1.49 ± 0.78. After HCl treatment, the CN values of Pt–Cl
were approximately 1.76 ± 1.03 (Pt/CeO2_A_HCl) and 1.79 ± 0.27 (Pt/CeO2_N_HCl). A similar CN ratio
(x/y, PtOxCly) between Pt–O and Pt–Cl of approximately 2.4 was found for Pt/CeO2_Cl and
Pt/CeO2_A_HCl. For Pt/CeO2_N_HCl, the ratio was approximately 1.2. This result also correlated with the
observation of Pt(OH)xCly and PtOxCly.

For further investigation, Pt LIII-edge XANES spectra of Pt catalysts supported by various metal oxides
were measured in an air atmosphere. Estimating the intensities of the white lines, the oxidation states of
Pt species supported on other metal oxides were lower than those on CeO2 (Supplementary Figure 6). Pt–
O and Pt–Cl bonds were also detected in the phase-uncorrected RSFs of these catalysts, and a relatively
low intensity was observed for the catalysts with low catalytic activity. The oxidation state of Pt species
in the catalysts was analyzed by the edge energy of Pt LI-edge XANES spectra (Supplementary Figure 7).
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The oxidation states of Pt in Pt/CeO2_Cl were nearly 4+ and higher compared with those of Pt/Al2O3_Cl.
These results suggest that a higher oxidation state of Pt shows higher catalytic activity.

Moreover, the structural parameters of Cl-containing Pt catalysts supported by other metal oxides were
also estimated by curve-�tting analysis (Supplementary Table 5). Although the CN value of Pt–Cl in
Pt/ZrO2_Cl was similar to that of Pt/CeO2_Cl, the CN value of Pt–O was much lower than that of
Pt/CeO2_Cl. Summarizing the above results, the high oxidation state, CN value of Pt–Cl and dispersity
were core factors affecting the catalytic activity, and CeO2 could help the Pt species on its surface

maintain a high oxidation state and dispersity45,47.

Hydrogen temperature-programmed reduction (H2-TPR) was performed to investigate the active Pt
species (Supplementary Figure 8&9). Active Pt species were mainly considered Pt(OH)xCly and PtOxCly
with the reference peaks obtained48–50. This result was consistent with the result of the EXAFS spectra.
The shift in the temperature may be related to the difference in the ratio of x/y of the species. Based on
the above experimental results, the formed Pt–Cl bonds in Pt/CeO2 catalysts play an essential role in the
high catalytic activity, which should be due to the stably enhanced acidity of Pt in the presence of
chloride anions. The active species on CeO2 are considered Pt(OH)xCly and PtOxCly, which can be
obtained from a simple impregnation method or HCl posttreatment. Also, because of the strong
interaction between Pt and CeO2, Pt-Cl clusters can easily be highly dispersed and help Pt maintain a high
oxidation state.

Catalytic Isomerization of Allylic Esters. The reaction mechanism of the catalytic isomerization of allylic
esters could be primarily classi�ed into the p-allyl intermediate mechanism and the soft Lewis acid
mechanism. Pentanoic acid was added to the reaction system to con�rm the actual mechanism of the
reaction using Pt/CeO2 catalysts. Only the products of (E)-2a and (Z)-2a were detected after the reaction,
no exchange between externally added pentanoic acid, demonstrating that the mechanism for the
isomerization of allylic esters over Pt/CeO2 should be a soft Lewis acid mechanism (Fig. 5).

A substrate scope investigation was carried out under the optimized reaction conditions. The prepared
active Pt/CeO2 catalysts also provided excellent reaction activity for the catalytic isomerization of other
allylic acetates (Supplementary Figure 10) and allylic benzoates (Supplementary Figure 11).
Homogeneous Pt and Pd catalysts were also examined for allylic benzoate (results listed in
Supplementary Table 6). The soft Lewis acid complexes including PdCl2(MeCN)2 afforded the product for
allylic benzoate as well as Pt/CeO2 although TON was low (5000 for Pt/CeO2 cf. 6 for PdCl2(MeCN)2). It
is noteworthy that Pd(0) and Pt(0) complexes, that can catalyze the reaction through a p-allyl
intermediate, only gave eliminated diene due to the low nucleophilicity of benzoate.  These results also
supported the soft Lewis acid mechanism for Pt/CeO2 catalysts.

The proposed catalytic cycle for the isomerization of allylic esters was presented, and the hexatomic ring
state on the Pt catalysts was considered to be a transition state (Supplementary Figure 12).
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Result of Calculations. Since the Pt-Cl clusters supported by metal oxides were con�rmed as the active
species for the catalytic isomerization of allylic esters, the quantum chemical calculation was utilized to
investigate the role of the charge on Pt clusters. Fig. 6 illustrates the typical reaction pro�le for the
catalytic isomerization of allylic esters based on cationic Pt cluster model systems.

Primarily, DFT calculations on the isolated cluster model were performed with Gaussian09 to discuss the
relationship between the activation energies and the charge of the Pt cluster. The calculation results of
the reaction process based on the cluster model agreed with the proposed Lewis acid mechanism, and
INI-TS1 was considered the activation energy barrier because of the major energy gap between TS1 and
INI (Fig. 6a). In other words, the catalytic activities of cationic clusters are much better than those of
neutral clusters. The detailed results are not shown here. The change in energy of the transition state
corresponds to a reversible reaction.

Afterward, a slab model was built with single-atom tetravalent Pt species containing Pt–Cl bonds and
Pt–O bonds on CeO2(111) surfaces to further simulate the actual reaction path (Fig. 6b), such as
PtOCl2/CeO2, PtCl4/CeO2, and PtO2/CeO2 with VASP code. Cl–Ce bonding was observed in the optimized
model of PtCl4/CeO2, where the Cl–Ce group can act as a Lewis acid and thus likely enhance the acidity

of the Pt metal center in the Lewis acid-assisted approach51,52. The energy of each state for the whole
process was optimized, and the diagram of the results shows that the activation energy barrier and
adsorption-desorption energy were small enough to facilitate this reaction when using Pt/CeO2 catalysts
containing Pt–Cl bonds (Fig. 6c). Additionally, the calculation of the reaction over PtO2/CeO2 was
performed, and the result reveals that the adsorption of 3,4-DABE should occur via di–σ (Pt-O) bonding
between the C=C and Pt–O instead of the p-bond (Fig. 6d). Because of the large activation energy barrier
(1.40 eV) and high desorption energy (2.14 eV), PtO2/CeO2 was proven to show low activity for this kind
of reaction (see the Supporting Information for computational details). The results of DFT calculations
are basically consistent with the results of the reaction and characterization experiments. This �nding
should promote the understanding of the effects of the �ne structure or composition of supported
platinum catalysts on catalytic organic reactions based on ole�n compounds.

Conclusion
In conclusion, the effective isomerization of allylic esters was realized under solvent-free conditions over
metal oxide-supported Pt catalysts, which can act as soft Lewis acids. Stable reusability, a high TON (up
to 5400), and a wide substrate scope are con�rmed with optimized Pt catalysts. With the aid of structural
characterizations, the active species on CeO2 were detected as Pt oxide clusters containing Pt–Cl bonds,
such as PtOxCly. The reaction process with the prepared Pt catalysts was proven to be based on the soft
Lewis acid mechanism, as revealed by experiments and DFT calculations. The analysis results show that
Pt–Cl bonds, the high oxidation state of Pt, and the strong interaction between the support and Pt play
crucial roles in the high activity of supported Pt catalysts in this reaction. This research provides valuable
examples of supported Pt soft Lewis acids that can directly catalyze the isomerization of allylic esters
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under simple conditions. Moreover, the essential role of the residual chloride anion and its enhancement
effect on the Lewis acidity of the Pt metal center and thus the high catalytic activity should also be
signi�cant for heterogeneous catalyst design in the future.

Method
Materials. Chloroplatinic acid hexahydrate (H2PtCl6·6H2O) was purchased from Furuya Metal Co., Ltd.
Palladium nitrate (Pd(NO3)2) and hydrogen tetrachloroaurate tetrahydrate (HAuCl4∙4H2O) were
purchased from Tanaka Precious Metal Co., Ltd. Platinum acetylacetonate (Pt(acac)2),
tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2), and hydrogen hexachloroiridate(IV) n-hydrate

(H2IrCl6·nH2O) were purchased from Wako Pure Chemical Industries. CeO2 (JRC-CEO-3, 81 m2/g) and

ZrO2 (JRC-ZRO-4, 30 m2/g) were Japan reference catalysts supplied by the Catalysts Society of Japan.

Al2O3 with a speci�c surface area of 179 m2/g was purchased from Mizusawa Industrial Chemicals, Ltd.

MgO with a speci�c surface area of 8 m2/g was purchased from Ube Industries, Ltd. TiO2 (PC-101) was
purchased from Titan Kogyo, Ltd. 3,4-DABE was purchased from Wako Pure Chemical Industries and
used as received. All chemicals were used without further puri�cation.

Catalyst Preparation. Pt/CeO2, Pt/ZrO2, Pt/Al2O3, Pt/TiO2, and Pt/MgO catalysts with a Pt loading of 1
wt% were prepared by the impregnation method. H2PtCl6 aqueous solution (Pt: 19.75 g/L; 511 μL) was
diluted in 1.5 mL distilled water. A metal oxide support (1.0 g) was added to the aqueous solution and
stirred at room temperature for 30 min. After the impregnation process was complete, the catalysts were
dried via a vacuum freeze method overnight. Then, the catalysts were calcined in a furnace at 300 ℃ for
4 h. Pt/CeO2 Cl-free catalysts were also prepared by the impregnation method from Pt(acac)2 and
Pt(NH3)4(NO3)2 and were named Pt/CeO2_A and Pt/CeO2_N, respectively. Pt(acac)2 (20.4 mg) was
dissolved in 2 mL dehydrated toluene, and the following procedures were as described above.
Pt(NH3)4(NO3)2 (20.1 mg) was dissolved in 2 mL 0.5 M HNO3. The following procedures were the same
as described above.

Ir/CeO2 catalysts were prepared by the impregnation method. H2IrCl6·nH2O (Ir: 36.5 wt%; 27.7 mg) was
diluted in 1.5 mL distilled water. The following procedures were the same as described above.

Pd/CeO2 and Pd/ZrO2 catalysts were prepared by the impregnation method. Pd(NO3)2 aqueous solution
(Pd: 200 g/L) was diluted in a small amount of water. ZrO2 or CeO2 (1.0 g) was added to the aqueous
solution and stirred at RT for 30 min. After the impregnation process was complete, H2O was removed by
freeze-drying. The obtained catalysts were calcined at 550 °C for 4 h and then reduced in a �ow of pure
H2 (20 mL/min) at 200 °C for 2 h to obtain Pd/CeO2 or Pd/ZrO2.

Au/ZrO2 was prepared by homogeneous deposition–precipitation (HDP). ZrO2 (1.0 g) was added to an
aqueous solution (100 mL) of HAuCl4∙4H2O (21.1 mg) and urea (7.6 g). The mixture was stirred at 90 °C
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for 10 h. The solid was collected by �ltration, washed with water, and dried in air at 70 °C overnight. The
solid was calcined in air at 300 °C for 4 h and used for catalytic reactions without further treatment.

HCl treatment was performed with Pt/CeO2 catalysts prepared by Cl-free precursors. Treated catalysts
were named Pt/CeO2_A_HCl and Pt/CeO2_N_HCl. The prepared catalysts (100 mg) were added into a 0.1
M HCl solution (1.5 mL) and stirred at 90 ℃ for 6 h. The solid was �ltered and vacuum freeze-dried for 4
h. The obtained catalysts were calcined again at 300 ℃ for 1 h.

Characterization. HAADF-STEM images were acquired with a JEOL JEM-ARM200F operated at 200 kV.
The loading amount of Pt in the prepared catalysts was determined by microwave plasma-atomic
emission spectrometry (MP-AES) via an Agilent 4100 MP-AES instrument. Powder X-ray diffraction (XRD)
was performed using a Rigaku MiniFlex600 instrument equipped with a Cu Kα radiation source. The
nature of the surface species was analyzed by XPS using a Shimadzu AXIS-165 spectrometer equipped
with Al Kα radiation at a pressure lower than 10-6 Pa. The obtained binding energies were calibrated to the
C1s peak at 284.8 eV. XPS spectra were further analyzed using XPS PEAK41 software. The local
structures of Pt species were analyzed by Pt LIII-edge XAFS spectra collected at the BL14B2 beamline of

Spring-8 (Hyogo, Japan) 53,54. XAFS measurement experiments were conducted in �uorescence mode.
The speci�c spectral analysis was performed using the XAFS analysis software Athena and REX2000.
Temperature-programmed reduction of H2 (H2-TPR) was analyzed using a BELCAT instrument equipped
with a thermal conductivity detector (TCD).

Conversions and yields of the compounds discussed were analyzed by gas chromatography (GC) using
an Agilent GC 6850 Series II instrument equipped with a �ame ionization detector (FID) and a J&W HP-1
column using tridecane as an internal standard. 1H and 13C NMR spectra were analyzed on a JEOL JNM-
ECS400 or JEOL JNM-ECA600 spectrometer.

General Procedure for the Catalytic Reactions. A glass tube was charged with 1 wt% supported Pt
catalysts (Pt 0.01 mol%, 2.0 mg; Pt 0.05 mol%, 9.8 mg; Pt 0.15 mol%, 29.3 mg), but-3-ene-1,2-diyl
diacetate (1 mmol) and a magnetic stirring bar. The reaction mixture was stirred at 150 ℃ under an N2 or
air atmosphere (1 atm). After the reaction, the mixture was �ltered, and the �ltrate was analyzed by GC
using tridecane as an internal standard. In the large-scale reaction of 10 mmol, 19.5 mg (Pt 0.01 mol%)
Pt/CeO2, but-3-ene-1,2-diyl diacetate (10 mmol), and a magnetic stirring bar were added to the glass tube,
and the catalytic activity was tested through the same method mentioned above. In a recycling
experiment, a glass tube was charged with 1 wt% Pt/CeO2 catalysts (0.15 mol%, 29.3 mg), but-3-ene-1,2-
diyl diacetate (1 mmol) and a magnetic stirring bar. The catalytic activity was tested through the same
method mentioned above. The glass tube was cooled in an ice bath for approximately 20 min after
reacting for 2 h. The Pt catalysts were washed with Et2O, collected by centrifugation, and dried under
vacuum conditions. Then, the obtained Pt catalysts were used for the next reaction.
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Computational Methods. DFT calculations for the model cluster systems were carried out using Gaussian
0955. For the model clusters, a 6-31+G(d) basis set for C, O, and H atoms and LANL2DZ for Pt atoms were
used, and hybrid DFT (PBE0 functional) was applied. First-principles calculations using DFT for the
structures and electronic states of the slab models were carried out with the Vienna Ab initio Simulation
Package (VASP) 56,57. The projector-augmented-wave (PAW)58 method was utilized for the calculation of
the ionic core electrons. The Perdew-Burke-Ernzerhof (PBE)59 functional with a cutoff energy of 400 eV
was set for the determination of the exchange-correlation term. To con�rm the possible behavior of
electrons in the supported Pt catalysts, the DFT + U method (U (Ce, 4f)=5.0 eV) was used60.

Data availability

The data that support the �ndings of this study are available from the corresponding authors on
reasonable request.
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Figures

Figure 1
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A sustainable transformation: isomerization of allylic esters with e�cient soft Lewis acid catalysts. a, A
C4 chemical reaction route from buta-1,3-diene. b, Reaction with homogeneous catalysts. c, Research of
e�cient supported soft Lewis acid catalysts.

Figure 2

Evaluation of catalytic activity. a, Equilibrium of 3,4-DABE and 1,4-DABE. b, Turnover number (TON) for
the catalyst prepared in this study (Au/ZrO2 and Pt/CeO2) and those in previous reports (homogeneous
catalysts of Co(II), Pd(0), Pd(II), Au(I))33-36. See Supplementary Table 3 for further details.
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Figure 3

XPS spectra of 1wt% Pt/CeO2 prepared from various precursors or Cl-free catalysts with HCl
posttreatment. a, Spectra of Cl 2p. b, Spectra of Pt 4f. c, Simple structural model correlates the XPS
spectra of three types of catalysts.
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Figure 4

Pt LIII-edge XANES spectra and radial structure functions of Pt/CeO2 (k = 3-13 Å-1). a,b, prepared from
different pre-cursors; c,d, HCl-treated Pt/CeO2 prepared from Cl-free precursors.
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Figure 5

Reaction mechanism investigation by the addition of valeric acid.
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Figure 6

Calculation for isomerization of 3,4-DABE on supported Pt/CeO2 catalysts. a, Basic transition states of
the catalytic isomerization of 3,4-DABE on the cluster model. b, Top and side views of atomic Pt-Cl and
Pt-O species on CeO2(111). Col-or: Pt, gray; Ce, yellow; oxygen, red; chlorine, green. c, Diagram of the
energy calculation of the transition states on the model catalysts PtOCl2/CeO2 and PtCl4/CeO2. d,
Diagram of the energy calculation of the transition states on the model cat-alyst PtO2/CeO2.
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