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ABSTRACT 

Flavonoids, which are ubiquitous plant secondary metabolites obtained from chalcones, mostly 

possess 6-membered C-ring derived from 6-endo-trig cyclization of chalcones. However, aurones, 

which are a class of flavonoids that rarely occur naturally, possess unusual 5-membered C-ring 

biosynthesized from chalcones by mainly performing B ring oxidation. Therefore, the chemical 

catalytic transformation from simple chalcones into aurones is attractive, because it overcomes the 

drawback of known limited enzyme catalysis. The catalytic transformation, however, has not yet 

been reported because of the preferential 6-membered ring formation as with the biosynthesis and 

the need for rare intramolecular olefinic C–H functionalization. Here, we developed the catalytic 

olefinic C–H functionalization of simple chalcones toward various aurones enabled by the rational 

design of a function-integrated heterogeneous catalyst—a Pd-on-Au bimetallic nanoparticle catalyst 

supported on CeO2—using O2 in the air as the sole oxidant without any additives. In this system, the 

four conditions that were required for the challenging transformation toward aurones were achieved 

by the respective components of the catalyst—a) a supported Pd catalyst: a catalyst for the olefinic 

C–H functionalization of chalcones toward aurones, b) an Au promoter: an improvement in the 

catalytic activity by stabilizing Pd(0), c) a CeO2 support: the inhibition of the 6-endo-trig cyclization 

utilizing the adsorption of chalcones, and d) a Pd-on-Au structure: the inhibition of Au-catalyzed 

flavone synthesis. This catalytic transformation will promote not only the pharmaceutical study of 

aurones but also the rational design of a heterogeneous catalyst for the development of organic 

reactions that are not yet realized by homogeneous catalysts or biocatalyst
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INTRODUCTION 

Flavonoids—ubiquitous plant secondary metabolites possessing a C6–C3–C6 skeleton, which 

originates from chalcones (2-benzylidene-2ʹ-hydroxyacetophenone and its derivatives)—exhibit 

various biological activities such as anti-oxidant, anti-oncogenic, anti-inflammatory, cardiovascular 

action, and so on.1 Almost all of the flavonoids possess 6-membered C-ring that was derived from 

flavanone through 6-endo-trig cyclization of the chalcones that were easily catalyzed by chalcone 

isomerase (CHI) (Figure 1, I).1  

 However, aurones (2-benzylidene-coumaran-3-one and its derivatives), a class of minor 

flavonoids naturally that occur in limited plants such as Antirrhinum majus and Cosmos, possess an 

unusual 5-membered C-ring because of an exceptional mechanism (Figure 1, I).1,2 Aurones are 

biosynthesized directly from chalcones via the oxidation of B-rings2a mainly by polyphenol oxidases 

(PPO), such as aureusidin synthase (AmAS1)2b,c and aurone synthase (AUS1)2d, or by peroxidases 

(PRX), such as MtPRXs.2e,f Therefore, the chemical catalytic transformation from simple chalcones 

into aurones that do not occur naturally is attractive, which overcomes the drawback of known 

limited enzyme catalysis. Further, the above-mentioned transformation is one of the most useful 

synthetic methods to produce aurones as compared with that of the other synthetic methods3–6 

because chalcones are easily available through synthesis from simple aldehydes and ketones via the 

Claisen–Schmidt condensation or by extracting from the plants. Recently, various biological 

activities of aurones have also been revealed along with that of other flavonoids,2g–k which have 
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elevated the importance of the transformation into novel aurones in terms of their pharmaceutical 

application.  

 However, the literature contains no report about the catalytic transformation from simple 

chalcones into aurones.7 For one thing, the control of 5-exo/6-endo-trig cyclization of chalcones is 

quite difficult; only 6-endo-trig cyclization—i.e. intramolecular oxa-Michael addition—proceeds to 

produce flavanones8 that is similar to the biosynthesis of flavonoids in nature; to the best of our 

knowledge, the literature contains no reports about the 5-exo-trig cyclization. Thus, the direct 

oxidative cyclization of chalcones, 5-membered/6-membered oxidative cyclization, is also difficult 

to control; 6-membered oxidative cyclization dominantly proceeds to produce flavones via 

6-endo-trig cyclization (Figure 1, II-a).9 Only when (super)stoichiometric amounts of metal oxidants, 

typically Hg(OAc)2, are used, does the 5-membered oxidative cyclization into aurones proceed 

because of the intermediate formed by the coordination of a chalcone to a metal species to inhibit the 

6-membered cyclization (Figure 1, II-a).6 For another thing, the catalytic transformation from 

chalcones into aurones is regarded as “intramolecular α-olefinic C–H functionalization” (including 

formal C–H functionalization; in this manuscript, an olefinic C–H bond closer to a directing group is 

defined as α-olefinic C–H), which has been rarely reported. To the best of our knowledge, a formal 

intramolecular α-olefinic C–H functionalization even via Pd-catalyzed Wacker-type cyclization has 

never been reported.10 Recently, a Rh-catalyzed pioneering formal intramolecular α-olefinic C–H 

functionalization of β-substituted-2ʹ-hydroxyacrylophenone was reported by Glorius et al; however, 

the system could not be applied to the transformation of chalcones into aurones that was observed in 
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the literature (Figure 1, II-b).11 As for intramolecular directed α-olefinic C–H functionalization, a 

recent report by Yu et al. to synthesize 4-imino-β-lactams was observed to be pioneering,12 while 

numerous examples of β-olefinic C–H functionalization have been reported.13 Therefore, the 

development of innovative multifunctional catalysts to control difficult cyclization and rare C–H 

functionalization is indispensable to achieve this challenging catalytic transformation into aurones.  

 Novel difficult organic transformations have been mostly developed on the basis of 

homogeneous catalysts; however, in terms of the integration of multiple functions to achieve unusual 

reactions, heterogeneous catalysts also exhibit considerable potential. Indeed, as for comparatively 

typical organic syntheses, the literature contains several reports about tandem reactions and 

concerted catalysis via function-integrated heterogeneous catalysts.14 Heterogeneous catalysts are 

mainly composed of a) a main active species for the target reactions, b) a promoter for the catalysis, 

and c) a support to disperse and stabilize the active species.15 Furthermore, the design of d) the 

morphology of these three components enables control of catalytic activity, selectivity, and longevity, 

which can lead to a novel unique catalysis that differs from homogeneous catalysis. 

 Herein, through the rational design of a function-integrated heterogeneous catalyst based 

on the aforementioned components, four requirements for the catalytic transformation of chalcones 

into aurones were achieved—a) a supported Pd catalyst: a catalyst for α-olefinic C–H 

functionalization of chalcones, b) an Au promoter: an improvement of the catalytic activity by the 

stabilization of Pd(0), c) a CeO2 support: the inhibition of the 6-endo-trig cyclization utilizing the 

adsorption of chalcones, and d) a Pd-on-Au structure: the inhibition of Au-catalyzed flavone 
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synthesis (Figure 1, III). That is, we have successfully developed an unusual catalytic transformation 

from simple chalcones into aurones over Pd-on-Au bimetallic nanoparticles supported on CeO2 

(Pd/Au/CeO2) using O2 in air as the sole oxidant without any additives for the first time. 
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Figure 1. Overview of the transformation from chalcones into aurones: I) Biosynthetic routes of flavonoids from chalcones that includes the exceptional route toward aurones; II) 

Key problems of chemical catalytic transformation into aurones; a) difficulty with 5-membered ring formation from chalcones and b) rare “intramolecular α-olefinic C–H 

functionalization”; III) Strategy used in this work: Design of a function-integrated heterogeneous catalyst controlling each reaction to achieve the four requirements; a) novel catalysis 

for transformation into aurones, b) improvement of catalytic activity, c) inhibition of 6-endo-trig cyclization, and d) inhibition of flavone synthesis. 
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RESULTS AND DISCUSSION 

Catalyst Preparation and Characterization. Hutchings et al. reported Au@Pd core–shell 

structures formed from Au and Pd species impregnated on metal oxides by calcination at 

approximately 200–400 °C.16 Referring to the report, in the present work, we prepared Pd/Au/CeO2 

through calcination at 300 °C for 2 h after Au and Pd species were supported on CeO2 separately in 

this order via a deposition–precipitation method (see Experimental Section). Transmission electron 

microscopy (TEM) images of the Pd/Au/CeO2 revealed that the metal species were dispersedly 

supported on CeO2 as nanoparticles with a mean diameter of 2.2 nm (σ = 1.0 nm) (Figure 2a,b). The 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image in 

Figure 2c and STEM energy-dispersive X-ray spectroscopy (STEM-EDS) mapping images 

(Figure 2d–f) indicate that the nanoparticles consisted of both Au and Pd. Each particle observed by 

HAADF-STEM possessed almost the same structure, though clear direct observation of the 

Pd-on-Au structure was quite difficult because of the small nanoparticle size (Figure S1). In addition, 

X-ray photoelectron spectroscopy (XPS) spectra of the freshly prepared Pd/Au/CeO2 catalyst 

indicate a Pd valence of II and an Au valence of 0 (Figure 2g,h). Given the aforementioned results, 

the proposed structure of Pd oxides covering the surface of Au nanoparticles is valid. According to 

the X-ray diffraction (XRD) (Figure S2) and Ce LIII-edge X-ray absorption near edge structure 

(XANES) analyses (Figure S3), the structure of the CeO2 support was not affected by the preparation. 

Thus, the Pd-on-Au bimetallic nanoparticle catalyst supported on CeO2 was successfully prepared. 
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Figure 2. Characterization of Pd/Au/CeO2: a), b) TEM images and nanoparticle size distributions of 

Pd/Au/CeO2 (mean diameter: 2.2 nm, σ = 1.0 nm). The size distributions were determined using 200 

particles; c) HAADF-STEM image and STEM-EDS mapping images of Pd/Au/CeO2, showing the 

distributions of d) Pd (yellow), e) Au (magenta) and f) Au and Pd together; g), h) XPS spectra of 

Pd/Au/CeO2 around the Pd 3d region and Au 4f region, respectively; peak positions were calibrated 

using the C 1s peak (284.2 eV).
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Catalyst Design and Optimization of Conditions for Aurone Synthesis. We attempted the 

transformation from 2ʹ-hydroxychalcone (1a) into aurone (2a) using various catalysts in butyl 

acetate (BuOAc) at 100 °C under an open air atmosphere (Table 1). Although homogeneous Pd 

species catalytically produced 2a, the yield was not satisfactory (entry 1, Table 1); the production of 

2a stopped in the middle with the formation of Pd black (Figure S4), and the formation of flavanone 

(4a) could not be suppressed. To stabilize Pd species and to inhibit the 6-endo-trig cyclization, we 

prepared supported Pd catalysts (represented as Pd/support). Pd/Al2O3 and Pd/TiO2 effectively 

increased the 2a yield, although flavanone 4a was still formed to some extent (entries 3 and 4, 

Table 1). Pd/CeO2 effectively inhibited 4a production; however, 2a was obtained in a low yield 

(entry 2 vs entry 11, Table 1). The inhibition of 4a was possibly due to the coordination of phenoxide 

species derived from 1a toward Ce species, analogous to the typical aurone synthesis using 

stoichiometric reagents such as Hg(OAc)2.
6 In fact, when 1a and the CeO2 support were mixed under 

the same conditions described in Table 1, the CeO2 support was colored, as revealed by both its 

appearance and its DR UV–Vis spectrum, suggesting that the phenoxide species derived from 1a 

was adsorbed onto CeO2 (Figure S5).17 When only the CeO2 support was used, 2a was not produced 

at all (entry 1, Table S1). Among the other metal catalysts (Au, Cu, Ru, Rh, and Ni) supported on 

CeO2, only Au showed the catalytic activity toward the synthesis of 2a (entry 5, Table 1 and entries 

2–5, Table S1); however, the selectivity toward 2a was remarkably low because of the dominant 

formation of flavone (3a) catalyzed by Au.9c Bimetallic nanoparticles composed of Pd and the other 

metal species (i.e. Pt–Pd, Cu–Pd, Rh–Pd, Ni–Pd, Pb–Pd, and Zn–Pd) supported on CeO2 did not 
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improve the 2a yield (entries 6–12, Table S1). Exceptionally, Au–Pd bimetallic nanoparticles 

supported on CeO2 (Au–Pd/CeO2) boosted the production of 2a concomitantly with considerable 3a 

production by Au catalysis (entry 6, Table 1). The physical mixture of Au/CeO2 and Pd/CeO2 also 

promoted the production of 2a; however, the yield was not comparable to that achieved using Au–

Pd/CeO2 and 3a production was dominant because of the bare Au catalyst (entry 7, Table 1). Thus, 

the Pd-on-Au bimetallic nanoparticle catalyst supported on CeO2 (Pd/Au/CeO2) was designed to 

retain the Au promotion effect while inhibiting the Au catalysis toward 3a production; this catalyst 

resulted in a high yield of and high selectivity toward 2a (entry 8, Table 1).18 The inhibition effect of 

Pd/Au/CeO2 on the production of 3a was also observed when the reaction was carried out starting 

from 4a instead of 2a (Figure S6). 

 The effect of solvents was also very significant (Table S2). In low-polarity solvents such as 

toluene and diglyme, the production of 3a and 4a was substantially suppressed; however, the yields 

of 2a were low. In polar solvents such as alcohols, N,N-dimethylacetamide (DMA), and 

N,N-dimethylformamide (DMF), the yields of 2a were comparably high; however, considerable 

amounts of 3a and 4a were produced. BuOAc was the most suitable solvent for the efficient 

transformation into 2a with simultaneous suppression of 3a and 4a production. With optimization of 

the reaction temperature (Table S3), the ratio of Au and Pd (Figure S8), and the amount of catalysts, 

the yield of 2a reached 79% (entry 9, Table 1). Under an Ar atmosphere, 2a was hardly obtained, 

which revealed that O2 in air functioned as the sole oxidant in this system (entry 10, Table 1). 
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Table 1. Effect of catalysts on the transformation from 2ʹ-hydroxychalcone (1a) into aurone 

(2a)
a 

 

 

 

 

 

Entry Catalyst 
Conv. (%)  Yield (%) 

1a  2a 3a 4a 

1 Pd(TFA)2 38  12 2 16 

2b Pd/CeO2 7  3 <1 4 

3b Pd/TiO2 37  19 1 13 

4b Pd/Al2O3 47  16 3 25 

5 Au/CeO2 >99  6 80 8 

6 Au–Pd/CeO2 90  52 22 8 

7 Au/CeO2 + Pd/CeO2 94  32 51 14 

8 Pd/Au/CeO2 60  46 6 9 

9c Pd/Au/CeO2 94  79 11 5 

10c,d Pd/Au/CeO2 21  1 <1 13 

11 None 16  <1 <1 16 
aReaction conditions: 1a (0.3 mmol), catalyst (Au and/or Pd: 2 mol%), BuOAc (2 mL), open air 

(1 atm), 100 °C, 24 h. Yields and conversions were determined by GC. bSupported Pd catalyst 

(50 mg, Pd: 1 mol%). cCatalyst (100 mg, Au: 5 mol%, Pd: 5 mol%). dUnder Ar (1 atm). TFA = 

trifluoroacetate. 

 

 

 

 

 

O

OH

O

O

O

OO
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Heterogeneous Catalysis and Catalyst Reuse. To verify whether the observed catalytic reaction 

occurred on solid Pd/Au/CeO2 or arose from leached metal species (Au and/or Pd) in the solution, 

Pd/Au/CeO2 was removed by hot filtration during the reaction and the reaction was again carried out 

with the filtrate under the same conditions. The production of 2a completely stopped with the 

removal of Pd/Au/CeO2 (Figure S8). In addition, Au and Pd species in the filtrate after the reaction 

were not detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Au: 

<0.003%, Pd: <0.02%). Therefore, the observed catalysis to perform the current transformation into 

aurones is truly heterogeneous. After the reaction under the optimized conditions, Pd/Au/CeO2 could 

be readily retrieved from the reaction mixture by simple filtration. The retrieved Pd/Au/CeO2 

catalyst could be reused without a severe loss of its catalytic activity after it was calcined at 300 °C 

for 2 h, although the catalytic activity decreased when the calcination was not performed (Figure S9). 

TEM observations suggested that the size of the nanoparticles slightly increased during the reaction 

and was not affected by the calcination (Figure S10). Thus, the activity loss without calcination in 

the second reaction was not caused by an increase in nanoparticle size. XRD patterns and FT-IR 

spectra revealed no change of the basic structure of CeO2 (Figures S11 and S12). However, in the 

FT-IR spectra collected after the reaction, peaks were observed at 1456 cm−1 and 1418 cm−1, which 

are possibly attributable to phenyl-ring stretching vibrations. These peaks disappeared after the 

catalyst was calcined at 300 °C. On the basis of these results, the adsorption of organic compounds 

onto the catalyst was likely the main reason for the loss of catalytic activity when the recovered 

catalyst was not calcined. 
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Substrate Scope and Limitation. We examined the scope of the present Pd/Au/CeO2-catalyzed 

transformation into aurones. Under the optimized reaction conditions, various aurones could be 

synthesized in a (Z)-selective fashion starting from simple chalcones (Table 2). The desired products 

were isolated by simple column chromatography on silica gel (see Experimental Section).19 The 

conversions of chalcones (1) and the yields of aurones (2), flavones (3), and flavanones (4) 

determined by gas chromatography (GC) are summarized in Table S4. When 2ʹ-hydroxychalcones 

substituted with a methoxy group at their 2-, 3-, or 4-position were used as the substrates, the 

corresponding aurones (2b–2d) were synthesized. In the case of 2ʹ-hydroxy-4-methylchalcone, 

4ʹ-methylaurone (2e) was obtained without benzylic oxidation of the methyl group. The chalcone 

with a 2-naphthyl group as the B ring was converted into the corresponding aurone (2f). The use of 

chalcones with various substituents at these A rings was also possible (2g–2j). In particular, 

5ʹ-fluoro-2ʹ-hydroxychalcone was efficiently transformed into the corresponding aurone with a 

fluoro group (2g), which is an important group in the pharmaceutical field.20 Thus, a novel aurone 

with potential medicinal applications, e.g. 5-fluoro-3ʹ-methoxyaurone (2k), was also successfully 

synthesized. In addition, as a demonstration of using plant-derived substrates, we used flavokavain A 

(2ʹ-hydroxy-4,4ʹ,6ʹ-trimethoxychalcone), which is a flavonoid extracted from kava plants, as the 

substrate to obtain the corresponding aurone efficiently (2l). However, this system was inapplicable 

to some substrates (2m–2o), possibly because their hydroxy groups could not easily access the Pd 

catalysts coordinated by the other groups.  
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Ratio: 67%, E/Z = 2/98

46% (37%)b

Ratio: 67%, E/Z = 3/97

2d

29% (20%)b,c

Ratio: 44%, E/Z = 3/97

2e 2f

45% (37%)c

Ratio: 70%, E/Z = <1/>99

84% (39%)

Ratio: 86%, E/Z = 1/99

2h2g

80% (60%)d

Ratio: 84%, E/Z = 3/97

2l

80% (72%)b,f

Ratio: 88%, E/Z = 7/93

2j

28% (19%)b,e

Ratio: 45%, E/Z = <1/>99

2k

68% (36%)

Ratio: 73%, E/Z = 1/99

36% (16%)b,c

Ratio: 43%, E/Z = <1/>99

<1% 

2m 2n 2o

2%4%

Table 2. Scope of transformation into aurones (2)
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aReaction conditions: 1 (0.3 mmol), Pd/Au/CeO2 (100 mg, Au: 5 mol%, Pd: 5 mol%), BuOAc 

(2 mL), open air (1 atm), 100 °C, 24 h. Ratio of 2 = 2 × 100/(2 + 3 + 4) (%). The E/Z ratios were 

determined by GC analysis using biphenyl as an internal standard. The GC yields including the (E) 

isomer are shown. The values in parentheses are the isolated yields of the (Z) isomer. b48 h. 
cPd/Au/CeO2 (200 mg, Au: 9 mol%, Pd: 9 mol%). d50 h. eDMA (2 mL). fThe isolated yield including 

the (E) isomer. 
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Mechanistic Studies. The present transformation into aurones possibly proceeds through one of the 

following three paths (Scheme 1): directed α-olefinic C–H activation/reductive elimination (Path A), 

migratory insertion/β-hydride elimination (Path B), or single electron transfer (SET)/radical 

cyclization/hydrogen-atom transfer (HAT) (Path C).21 The directed α-olefinic C–H activation 

included in Path A has rarely been reported;12 however, the reductive elimination from the 

6-membered palladacycle was the major reaction mechanism proposed in reported aurone syntheses 

from ynones.3 The reaction in Path B is well known as the Wacker-type cyclization;10 however, a 

formal intramolecular α-olefinic C–H functionalization via Pd-catalyzed Wacker-type cyclization 

has, to our knowledge, never been reported. Path C was declared in previous reports for aurone 

synthesis using a stoichiometric oxidant such as Pb(OAc)4 or Mn(OAc)3.
6d,e 

 

 

 

 

 

 

 

 

 

Scheme 1. Possible paths of transformation from chalcones into aurones. 
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 First, to verify whether a radical species is involved in this system, we carried out the 

reaction under the optimized conditions in the presence of an equimolecular amount of 

2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) or 2,6-di-tert-butyl-4-methylphenol (BHT) as a 

radical scavenger with respect to 1a (Figure S13). The production rates of 2a from 1a did not 

decrease, indicating that radical species are irrelevant to this reaction; thus, Path C was excluded. 

 Next, to verify whether the reaction proceeds through Path A or Path B, we conducted the 

following control experiments (Figure 3): a) the reaction using [α-D]-2ʹ-hydroxychalcone 

([α-D]-1a) or [β-D]-2ʹ-hydroxychalcone ([β-D]-1a) as the substrate to confirm a scrambling of 

deuterium atoms; b) isomerization of (Z)-aurone; c) oxidative cyclization of 2-allyl phenol and the 

reaction of 1a under the reported Wacker-type cyclization conditions;10a and d) oxidative cyclization 

of 2-allyl phenol and the reaction of 1a under the present aurone synthesis conditions. 

 If the β-hydride elimination included in Path B occurs, the deuterium atoms would likely 

be scrambled between the aurones and Pd catalysts to produce partially D-labeled or non-labeled 

aurones when using [α-D]-1a or [β-D]-1a, respectively (Figure 3a). 1H NMR analyses of the 

reaction solutions after the reactions indicated no scrambling of the deuterium atoms in this system 

(Figure S14)—hence, the existence of Path B cannot be confirmed. If reductive elimination included 

in Path A occurs, only (Z)-aurone should be produced. In the present system, the aurone was 

obtained in a (Z)-selective fashion, whereas small amounts of (E)-aurones were produced in the case 

of several substrates (E/Z = 1/99–7/93), which are derived from β-hydride elimination included in 

Path B or natural isomerization of (Z)-aurones.3d The (Z)-isomer of 2a was treated under the 
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optimized reaction conditions for 24 h, resulting in isomerization into the (E)-isomer whose ratio 

was approximately the same as that of the product synthesized from 1a (Figure 3b). Thus, the small 

amounts of (E)-isomers are possibly produced by isomerization after the (Z)-selective aurone 

formation through Path A. As previously reported,10a the oxidative cyclization of 2-allyl phenol 

efficiently proceeded reproducibly under the Wacker-type cyclization conditions using PdCl2. The 

production of 2a from 1a, however, did not proceed at all under the Wacker-type cyclization 

conditions (Figure 3c). By contrast, under the aurone synthesis conditions using Pd/Au/CeO2 in 

DMA, 2a was produced from 1a, whereas the Wacker-type cyclization of 2-allyl phenol hardly 

proceeded (Figure 3d). 

 On the basis of the aforementioned results, the present transformation from chalcones into 

aurones likely proceeds through Path A (Figure 3e). After the coordination of deprotonated 1 to the 

Pd center, intramolecular olefinic α-C–H activation directed by the phenoxide group occurs to 

produce a 6-membered palladacycle. Then, 2 is produced through reductive elimination from the 

palladacycle with concomitant formation of a reduced Pd species, e.g., Pd(0), which is then 

re-oxidized by O2 in air to complete the catalytic cycle. Under an O2 atmosphere instead of an open 

air atmosphere, the production rate of 2a increased (Figure S15). Moreover, as shown in Figure S13, 

TEMPO possibly worked as the re-oxidant of the reduced Pd species to promote the production rate 

of 2a, although only TEMPO did not produce 2a at all.9c,22 These results suggest that the 

re-oxidation of the Pd species is included in the turnover-limiting step of the present transformation 

into aurones under an open air atmosphere. 
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 Finally, to demonstrate the effect of Au, we measured the reaction profiles for the 

transformation from 1a into 2a using Pd/CeO2 or Pd/Au/CeO2 under an open air atmosphere or an 

O2 atmosphere (Figure S16). Compared with the catalyst with only Pd, that with coexisting Pd and 

Au exhibited improved catalytic activity and catalyst longevity. Moreover, in the absence of Au, the 

production rate of 2a was independent of the O2 partial pressure. XPS spectra revealed that Pd(II) 

species were stabilized in Pd/CeO2 (Figure S17), which is consistent with previous reports23 

indicating that the reductive elimination step is difficult to induce. By contrast, when Pd/Au/CeO2 

was used, as previously mentioned, the re-oxidation of the reduced Pd species was included in the 

turnover-limiting step. Furthermore, Pd(0) species considerably formed in Pd/Au/CeO2 after the 

reaction, whereas no Pd(0) species were present before the reaction (Figure S18). Therefore, Au 

species likely contributed to the stabilization of Pd(0)24 during the reaction to promote the reductive 

elimination step. 
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Figure 3. Overview of the mechanistic studies on the transformation into aurones: a) Scrambling of deuterium using [α-D]-1a or [β-D]-1a as a substrate 

under the optimized reaction conditions; b) Isomerization of (Z)-aurone under the optimized reaction conditions; c) Oxidative cyclization of 2-allyl phenol 

or 1a under the reported Wacker-type cyclization conditions as shown in the figure; d) Oxidative cyclization of 2-allyl phenol or 1a on the aurone 

synthesis conditions as shown in the figure; e) Proposed mechanism of transformation into aurones in this system. 
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CONCLUSION 

We have achieved the first catalytic transformation from simple chalcones into various aurones over 

Pd-on-Au bimetallic nanoparticles supported on CeO2 through the rational design of a 

function-integrated heterogeneous catalyst; the designed system included the following four roles 

indispensable for the catalytic transformation—a) a supported Pd species: a novel catalyst for aurone 

synthesis via rare directed α-olefinic C–H functionalization, b) an Au promoter: an improvement of 

catalytic activity as a result of stabilization of Pd(0), c) a CeO2 support: the inhibition of the 

6-endo-trig cyclization on the surface, and d) a Pd-on-Au structure: the inhibition of Au-catalyzed 

flavone synthesis. This catalysis was confirmed to be heterogeneous, and the catalysts could be 

reused. In addition, O2 served as the sole oxidant and no additives were needed, making this system 

truly environmentally friendly. This system was also significantly useful as an aurone synthesizing 

method; various aurones were synthesized starting from simple chalcones, including a natural 

compound extracted from plants, which will promote the pharmaceutical study of aurones. This 

study demonstrates the considerable potential of a heterogeneous catalyst design for novel difficult 

organic syntheses that have not yet been achieved using homogeneous catalysts or biocatalysts. 
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EXPERIMENTAL SECTION 

Preparation of Pd/Au/CeO2 

The Pd-on-Au bimetallic nanoparticle catalyst supported on CeO2 (Pd/Au/CeO2) was prepared as 

follows. CeO2 (2 g) was added to an aqueous solution of HAuCl4 (3 mM, 100 mL), and the slurry 

was stirred for 2 min, followed by the addition of 10% aqueous NH3 (360 µL). After stirring for 14 h, 

the resulting mixture was filtered, washed with deionized water (1 L), and dried in vacuo, affording 

a supported Au precursor. This Au precursor was then dispersed in an aqueous solution of K2PdCl4 

(3 mM), which was generated in situ from a mixture of PdCl2 (0.3 mmol) and KCl (1.2 mmol) in 

100 mL water, and stirred for 10 min. The pH of the solution was adjusted to 12.3 using an aqueous 

solution of NaOH (2 M). After the reaction mixture was stirred for 14 h, the precursor was filtered, 

washed, and dried in the aforementioned manner to give a supported Au–Pd precursor. After 

calcination of the Au–Pd precursor at 300 °C for 2 h, the desired Pd/Au/CeO2 (Pd: 1.5 wt%, Au: 2.7 

wt%) was obtained as a black powder. The catalysts for which the Pd/Au ratio is 1/3 (Pd: 0.7 wt%, 

Au: 4.0 wt%) or 3/1 (Pd: 2.2 wt%, Au: 1.2 wt%) were prepared using a similar procedure after 

adjusting the initial concentrations of metal sources to obtain the desired ratios. Similarly, 

Au/Pd/CeO2 was prepared, by simply reversing the aforementioned order of the supporting metal 

species. 

 

Catalytic reaction 
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The catalytic reaction was typically carried out according to the following procedure. Into a Pyrex 

glass reactor (volume: ca. 20 mL) were successively added Pd/Au/CeO2 (100 mg, Au: 5 mol%, Pd: 

5 mol%), biphenyl (0.1 mmol, internal standard), 2ʹ-hydroxychalcone (1a, 0.3 mmol), BuOAc 

(2 mL), and a Teflon-coated magnetic stir bar; the mixture was then stirred at 100 °C under an open 

air atmosphere. The yields of products were determined by GC analysis using biphenyl as an internal 

standard. With respect to the isolation of products, after the reaction, the catalyst was removed by 

simple filtration and the filtrate was then concentrated by evaporation of BuOAc or DMA. The crude 

product was subjected to column chromatography on silica gel (typically using hexane/EtOAc = 8/2 

as an eluent), giving the pure aurones. 
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Shadnia, H.; Amini, M.; Samadi, N.; Faramarzid, M. A.; Shafiee, A. Synthesis, Antibacterial 

Activity, and Quantitative Structure-Activity Relationships of New 

(Z)-2-(Nitroimidazolylmethylene)-3(2H)-Benzofuranone Derivatives. Bioorg. Med. Chem. 2007, 

17, 6354–6363. (j) Kayser, O.; Kiderlen, A. E. Leishmanicidal Activity of Aurones. Tokai J. Exp. 

Clin. Med. 1999, 23, 423–426. (k) Carrasco, M. P.; Newton, A. S.; Gonçalves, L.; Góis, A.; 

Machado, M.; Gut, J.; Nogueira, F.; Hänscheid, T.; Guedes, R. C.; dos Santos, D. J. V. A.; 

Rosenthal, P. J.; Moreira, R. Probing the Aurone Scaffold Against Plasmodium Falciparum: 

Design, Synthesis and Antimalarial Activity. Eur. J. Med. Chem. 2014, 80, 523–534. 
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(3) For aurone synthesis via 5-exo-dig cyclization of propargylic alcohol/ketone, see: (a) Brennan, C. 

M.; Johnson, C. D.; McDonnell, P. D. Ring Closure to Ynone Systems: 5- and 6-endo- and 

-exo-dig Modes. J. Chem. Soc. Perkin Trans. II 1989, 957–961. (b) An, Z.-w.; Catellani, M.; 

Chiusoli, G. P. Palladium-Catalyzed Synthesis of Aurone from Salicyloyl Chloride and 

Phenylacetylene. J. Organomet. Chem. 1990, 397, 371–373. (c) Jong, T.-T.; Leu, S.-J. 

Intramolecular Cyclization Catalyzed by Silver(I) Ion; A Convenient Synthesis of Aurones. J. 

Chem. Soc. Perkin. Trans. 1 1990, 423–424. (d) Harkat, H.; Blanc, A.; Weibel, J.-M.; Pale, P. 

Versatile and Expeditious Synthesis of Aurones via AuI-Catalyzed Cyclization. J. Org. Chem. 

2008, 73, 1620–1623. (e) Saito, K.; Yoshida, M.; Doi, T. An Efficient Synthesis of Aurone 

Derivatives by the Tributylphosphine-Catalyzed Regioselective Cyclizaion of 

o-Alkynoylphenols. Chem. Lett. 2015, 44, 141–143. (f) Chavan, S. P.; Varadwaj, G. B. B.; 

Parida, K. M.; Bhanage, B. M. Solvent-Switchable Regioselective Synthesis of Aurones and 

Flavones Using Palladium-Supported Amine-Functionalized Montmorillonite as a 

Heterogeneous Catalyst. ChemCatChem 2016, 8, 2649–2658.  

(4) For aurone synthesis via Claisen–Schmidt condensation of 3-coumaranones and benzaldehydes, 

see: (a) Varma, R. S.; Varma, M. Alumina-Mediated Condensation. A Simple Synthesis of 

Aurones.  Tetrahedron Lett. 1992, 33, 5937–5940. (b) Sim, H. M.; Loh, K. Y.; Yeo, W. K.; Lee, 

C. Y.; Go, M. L. Aurones as Modulators of ABCG2 and ABCB1: Synthesis and 

Structure-Activity Relationships. ChemMedChem 2011, 6, 713–724. (c) Sudhakar, H.; 
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Mulakayala, N. Facile Synthesis of Aurones Using Amberlyst-15 as a Reusable Catalyst and 

Their Biological Evaluation. Indian J. Adv. Chem. Sci. 2016, 4, 160–167. 

(5) For 4-substituted aurone synthesis under the conditions of Algar–Flynn–Oyamada reaction, see: 

(a) Geissman, T. A.; Fukushima, D. K. Flavonones and Related Compounds. V. The Oxidation 

of 2ʹ-Hydroxychalcones with Alkaline Hydrogen Peroxide. J. Am. Chem. Soc. 1948, 70, 1686–

1689. (b) Dean, F. M.; Podimuang, V. The Course of the Algar–Flynn–Oyamada (A.F.O.) 

Reaction. J. Chem. Soc. 1965, 3978–3987. (c) Gormley, T. R.; O’Sullivan, W. I. Flavanoid 

Epoxides—XIII Acid and Base Catalyzed Reactions of 2ʹ-Tosyloxychalcone Epoxides. 

Mechanism of the Algar–Flynn–Oyamada Reaction. Tetrahedron, 1973, 29, 369–373. (d) Zhao, 

X.; Liu, J.; Xie, Z.; Li, Y. A One-Pot Synthesis of Aurones from Substituted Acetophenones and 

Benzaldehydes: A Concise Synthesis of Aureusidin. Synthesis, 2012, 44, 2217–2224. (e) 

Bhattacharyya, S.; Hatua, K. Computational Insight of the Mechanism of Algar–Flynn–

Oyamada (AFO) Reaction. RSC Adv. 2014, 4, 18702–18709. (f) Ragab, F. A.; Yahya, T. A. A.; 

El-Naa, M. M.; Arafa, R. K. Design, Synthesis and Structure–Activity Relationship of Novel 

Semi-synthetic Flavonoids as Antiproliferative Agents. Eur. J. Med. Chem. 2014, 82, 506–520. 

(g) Cole, A. L.; Hossain, S.; Cole, A. M.; Phanstirl IV, O. Synthesis and Bioevaluation of 

Substituted Chalcones, Coumaranones and Other Flavonoids as Anti-HIV Agents. Bioorg. Med. 

Chem. 2016, 24, 2768–2776. 

(6) For aurone synthesis from chalcones using (super)stoichiometric amounts of metal oxidants, see: 

(a) Grundon, M. F.; Stewart, D.; Watts, W. E. Oxidative Cyclization of 2ʹ-Hydroxychalcones to 
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Aurones Using Mercury(II) Acetate in Dimethyl Sulphoxide. J. C. S. Chem. Comm. 1975, 772–

773. (b) Sekizaki, H. Synthesis of 2-Benzylidene-3(2H)-benzofuran-3-ones (Aurones) by 

Oxidation of 2ʹ-Hydroxychalcones with Mercury(II) Acetate. Bull. Chem. Soc. Jpn. 1988, 61, 

1407–1409. (c) Patel, A. K.; Patel, N. J.; Patel, M. A.; Brahmbhatt, D. I. M. Synthesis of Some 

3-(4-Aryl-benzofuro[3,2-b]pyridin-2-yl)coumarins and Their Antimicrobial Screening. J. 

Heterocyclic Chem. 2012, 49, 504–510. (d) Kurosawa, K. Manganic Acetate Oxidation of 

2ʹ-Hydroxychalcones. Bull. Chem. Soc. Jpn. 1969, 42, 1456–1458. (e) Kurosawa, K.; Higuchi, J. 

Study on Oxidation of Chalcones with Lead Tetraacetate and Manganic Acetate. Bull. Chem. 

Soc. Jpn. 1972, 45, 1132–1136. 

(7) A manuscript for catalytic aurone synthesis from simple chalcones using CuBr2 in refluxed 

dimethyl sulfoxide has been reported; however, in our experiments according to the manuscript 

using 1a as a substrate, the reproducibility could not be confirmed, mainly affording not aurone 

(2a), but flavone (3a); see: Agrawal, N. N.; Soni, P. A. A New Process for the Synthesis of 

Aurones by Using Mercury (II) Acetate in Pyridine and Cupric Bromide in Dimethyl Sulfoxide. 

Indian J. Chem. 2006, 45, 1301–1303. Also, it is reported in another manuscript that aurones can 

be produced from chalcones in the presence of catalytic amounts of CuBr2; however, as results 

of our investigation, the reported NMR spectral data were not consistent with those of aurones 

but consistent with those of flavones; see: Priyadarshani, G.; Nayak, A.; Amrutkar, S. M.; Das, 

S.; Guchhait, S. K.; Kundu, C. N.; Banerjee, U. C. Scaffold-Hopping of Aurones: 

2-Arylideneimidazo[1,2-a]pyridinones as Topoisomerase IIa-Inhibiting Anticancer Agents. ACS 

Page 30 of 36

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31 
 

Med. Chem. Lett. 2016, 7, 1056–1061. For the correct aurones’ spectral data; see Supporting 

Information and Ref. 4c. For the flavones’ spectral data; see Ref. 9e and the following report: 

Yang, Q.; Alper, H. Synthesis of Chromones via Palladium-Catalyzed Ligand-Free 

Cyclocarbonylation of o-Iodophenols with Terminal Acetylenes in Phosphonium Salt Ionic 

Liquids. J. Org. Chem. 2010, 75, 948–950.  

(8) Johnson, C. D. Stereoelectronic Effects in the Formation of 5- and 6-Membered Rings: The Role 

of Baldwin’s Rules. Acc. Chem. Res. 1993, 26, 476–482. 

(9) (a) Alam, S. Synthesis, Antibacterial and Antifungal Activity of Some Derivatives of 

2-Phenyl-chromen-4-one. J. Chem. Sci. 2004, 116, 325–331. (b) Lokhande, P. D.; Sakate, S. S.; 

Taksande, K. N.; Navghare, B. Dimethyl Sulfoxide–Iodine Catalyzed Deprotection of 

2ʹ-Allyloxychalcones: Synthesis of Flavones. Tetrahedron Lett. 2005, 46, 1573–574. (c) Du, Z.; 

Ng, H.; Zhang, K.; Zeng, H.; Wang, J. Ionic Liquid Mediated Cu-Catalyzed Cascade 

Oxa-Michael-Oxidation: Efficient Synthesis of Flavones under Mild Reaction Conditions. Org. 

Biomol. Chem. 2011, 9, 6930–6933. (d) Naik, M. M.; Tilve, S. G.; Kamat, V. B. Pyrrolidine and 

Iodine Catalyzed Domino Aldol-Michael-Dehydrogenative Synthesis of Flavones. Tetrahedron 

Lett. 2014, 55, 3340–3343. (e) Yatabe, T.; Jin, X.; Yamaguchi, K.; Mizuno, N. Gold 

Nanoparitcles Supported on a Layered Double Hydroxide as Efficient Catalysts for the One-Pot 

Synthesis of Flavones. Angew. Chem. Int. Ed. 2015, 54, 13302–13306. 

(10)  (a) Mitsudome, T.; Umetani, T.; Nosaka, N.; Mori, K.; Mizugaki, T.; Ebitani, K.; Kaneda, K. 

Convenient and Efficient Pd-Catalyzed Regioselective Oxyfunctionalization of Terminal Olefins 
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by Using Molecular Oxygen as Sole Oxidants. Angew. Chem. Int. Ed. 2006, 45, 481–485. (b) 

Zeni, G.; Larock, R. C. Synthesis of Heterocycles via Palladium π-Olefin and π-Alkyne 

Chemistry. Chem. Rev. 2004, 104, 2285–2309. (c) Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. 

Oxidative Cyclization in a Nonpolar Solvent Using Molecular Oxygen and Studies on the 

Stereochemistry of Oxypalladation. J. Am. Chem. Soc. 2005, 127, 17778–.17788 (d) Kotov, V.; 

Scarborough, C. C.; Stahl, S. S. Palladium-Catalyzed Aerobic Oxidative Amination of Alkenes: 

Development of Intra- and Intermolecular Aza-Wacker Reactions. Inorg. Chem. 2007, 46, 1910–

1923. (e) Ye, X.; Liu, G.; Popp, B. V.; Stahl, S. S. Mechanistic Studies of Wacker-Type 

Intramolecular Aerobic Oxidative Amination of Alkenes Catalyzed by Pd(OAc)2/Pyridine. J. 

Org. Chem. 2011, 76, 1031–1044. (f) Weinstein, A. B.; Stahl, S. S. Reconciling the 

Stereochemical Course of Nucleopalladation with the Development of Enantioselective 

Wacker-Type Cyclizations. Angew. Chem. Int. Ed. 2012, 51, 11505–11509. (g) Doháňošová, J.; 

Gracza, T. Asymmetric Palladium-Catalyzed Intramolecular Wacker-Type Cyclizations of 

Unsaturated Alcohols and Amino Alcohols. Molecules 2013, 18, 6173–6192. 

(11)  Shi, Z.; Schröder, N.; Glorius, F. Rhodium(III)-Catalyzed Dehydrogenative Heck Reaction of 

Salicylaldehydes. Angew. Chem. Int. Ed. 2012, 51, 8092–8096. 

(12)  Kong, W.-J.; Liu, Y.-J.; Xu, H.; Chen, Y.-Q.; Dai, H.-X.; Yu, J.-Q. Pd-Catalyzed α-Selective C–

H Functionalization of Olefins: En Route to 4-Imino-β-lactams. J. Am. Chem. Soc. 2016, 138, 

2146–4149. 
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(13)  (a) Kakiuchi, F.; Tanaka, Y.; Sato, T.; Chatani, N.; Murai, S. Catalytic Addtion of Olefinic C–H 

Bonds to Olefins. Chem. Lett. 1995, 679–680. (b) Trost, B. M.; Imi, K.; Davies, I. W. 

Elaboration of Conjugated Alkenes Initiated by Insertion into a Vinylic C–H Bond. J. Am. Chem. 

Soc. 1995, 117, 5371–5372. (c) Hatamoto, Y.; Sakaguchi, S.; Ishii, Y. Oxidative Cross-Coupling 

of Acrylates with Carboxylates Catalyzed by a Pd(OAc)2/HPMoV/O2 System. Org. Lett. 2004, 6, 

4623–4625. (d) Shang, X.; Liu, Z.-Q. Transition Metal-Catalyzed Cvinyl–Cvinyl Bond Formation 

via Double Cvinyl–H Bond Activation. Chem. Soc. Rev. 2013, 42, 3253–3260. (e) Zhu, R.-Y.; He, 

J.; Wang, X.-C.; Yu, J.-Q. Ligand-Promoted Alkylation of C(sp3)–H and C(sp2)–H Bonds. J. Am. 

Chem. Soc. 2014, 136, 13194–13197. 

(14)  (a) Climent, M. J.; Corma, A.; Iborra, S. Heterogeneous Catalysts for the One-Pot Synthesis of 

Chemicals and Fine Chemicals. Chem. Rev. 2011, 111, 1072–1133. (b) Huang, Y.-B.; Liang, J.; 

Wang, X.-S.; Cao, R. Multifunctional Metal-Organic Framework Catalysts: Synergistic 

Catalysis and Tandem Reactions. Chem. Soc. Rev. 2017, 46, 126–157. (c) Murzin D. Y. On 

Spatial Control in Heterogeneous Multifunctional Catalysts. Catal. Lett. 2017, 147, 613–621. (d) 

Yang, Q.; Xu, Q.; Jiang, H.-L. Metal–Organic Frameworks Meet Metal Nanoparticles: 

Synergistic Effect for Enhanced Catalysis. Chem. Soc. Rev. 2017, 46, 4774–4808. 

(15)  Che, M., Clause, O., Marcilly, Ch. In Handbook of Heterogeneous Catalysis; Etrl, G., 

Knözinger, H., Schüth, F., Weitkamp, J., Eds.; Wiley-VCH Verlag GmbH: Weinheim, 1997; Vol. 

1, p 191. 
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(16)  Herzing, A. A.; Watanabe, M.; Edwards, J. K.; Conte, M.; Tang, Z.-R.; Hutchings, G. J.; Kiely, 

C. J. Energy Dipersive X-ray Spectroscopy of Bimetallic Nanoparticles in an Aberration 

Corrected Scanning Transmission Electron microscope. Faraday Discuss. 2008, 138, 337–351. 

(17)  (a) Sharpe, E.; Frasco, T.; Andreescu, D.; Andreescu, S. Portable Ceria Nanoparticle-Based 

Assay for Rapid Detection of Food Antioxidants (NanoCerac). Analyst 2013, 138, 249–262. (b) 

Nelson, N. C.; Manzano, J. S.; Sadow, A. D.; Overbury, S. H.; Slowing, I. I. Selective 

Hydrogenation of Phenol Catalyzed by Palladium on High-Surface-Area Ceria at Room 

Temperature and Ambient Pressure. ACS Catal. 2015, 5, 2051–2061. 

(18)  When using Au/Pd/CeO2, prepared through supporting Pd and Au species separately in this 

order, the yield of 2a was no more than 2%, indicating Pd did not likely promote Au-catalyzed  

aurone synthesis (entry 13, Table S1). The result that Au/Pd/CeO2 showed the low catalytic 

activity for flavone synthesis is probably related to that 3a was hardly obtained in the presence 

of Au/CeO2 prepared via calcination (entry 14, Table S1), though the reason is unclear. 

(19)  When the separation of aurones and flavanones was quite difficult, especially using 1c, 1g, 1i, 

or 1k as substrates, a large part of aurones were lost during column chromatography operation. 

(20)  Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Fluorine in Medicinal Chemistry. Chem. 

Soc. Rev. 2008, 37, 320–330. 

(21)  Palladation directed by the OH of chaclones as a neutral ligand instead of the phenoxide can 

also possibly occur in this system, but it is difficult to determine which directing groups 

dominantly work. In Scheme 1 and Figure 3, to simplify the mechanism, only anionic 
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coordination modes by deprotonated chalcones are depicted. For the related report; see: Lu, Y.; 

Wang, D.-H.; Engle, K. M.; Yu, J.-Q. Pd(II)-Catalyzed Hydroxyl-Directed C–H Olefination 

Enabled by Monoprotected Amino Acid Ligands. J. Am. Chem. Soc. 2010, 132, 5916–5921. 

(22)  Jin, X.; Taniguchi, K.; Yamaguchi, K.; Mizuno, N. Au–Pd Alloy Nanoparticles Supported on 

Layered Double Hydroxide for Heterogeneously Catalyzed Aerobic Oxidative Dehydrogenation 

of Cyclohexanols and Cyclohexanones to Phenols. Chem. Sci. 2016, 7, 5371–5383. 

(23)  (a) Shen, W.-J.; Matsumura, Y. Low-Temperature Methanol Decomposition to Carbon 

Monoxide and Hydrogen Catalyzed over Cationic Palladium Species in Pd/CeO2. Phys. Chem. 

Chem. Phys. 2000, 2, 1519–1522. (b) Xiao, L.-h.; Sun, K.-p.; Xu, X.-l.; Li, X.-n. 

Low-Temperature Catalytic Combustion of Methane over Pd/CeO2 Prepared by 

Deposition-Precipitation Method. Catal. Commun. 2005, 6, 796–801. 

(24)  (a) Villa, A.; Wang, D.; Su, D. S.; Prati, L. New Challenges in Gold Catalysis: Bimetallic 

Systems. Catal. Sci. Technol. 2015, 5, 55–68. (b) Konuspayeva, Z.; Afanasiev, P.; Nguyen, T.-S.; 

Felice, L. D.; Morfin, F.; Nguyen, N.-T.; Nelayah, J.; Ricolleau, C.; Li, Z. Y.; Yuan, J.; Berhault, 

G.; Piccolo, L. Au–Rh and Au–Pd Nanocatalysts Supported on Rutile Titania Nanorods: 
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