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Direct thioether metathesis enabled by in situ formed Pd 
nanocluster catalysts 

Takehiro Matsuyama,a Takafumi Yatabe,*ab Tomohiro Yabe,a and Kazuya Yamaguchi*a 

Thioether metathesis has been noted as a complementary thioether synthesis methodology with cross-coupling reactions, 

which can be applied to late-stage diversification. However, despite its utility, versatile direct C–S/C–S cross-metathesis of 

thioethers has not been previously reported. Herein, direct catalytic metathesis of various thioethers was enabled by Pd 

acetate and tricyclohexylphosphine precursors with no additives, affording unsymmetrical thioethers. Detailed 

characterization and control experiments confirmed that Pd(0) nanocluster homogeneous catalysts formed in situ are the 

actual active species enabling this versatile direct transformation. This work will pave the way for novel organic molecular 

transformations driven by metal nanocluster catalysts.

Introduction 

Metathesis reactions, which involve the interchange of two 

functional groups between two reactants, are among the most 

powerful molecular transformations in synthetic organic 

chemistry.1 Thioether metathesis in particular has attracted an 

increasing share of attention because late-stage diversification 

of already existing useful thioethers, which are widely found in 

polymers,  natural products, bioactive compounds, and 

pharmaceuticals, will be enabled with the molecular 

frameworks intact.2 In addition, thioether metathesis can be 

combined with well-developed C–S bond-formation methods 

such as cross-coupling reactions2a,3 to widen the range of 

molecular transformations as the complementary 

functionalization approach (Scheme 1a),1h although thioether 

metathesis is an equilibrium reaction inherently affording the 

mixture of products and requiring driving force to push the 

equilibrium forward to achieve high yields. C–S bond 

metathesis of thioethers was pioneered by Morandi et al. in 

2017, who demonstrated C–S/S–H metathesis between thiols 

and thioethers or thiols catalyzed by N-heterocyclic carbene 

(NHC)-ligated mononuclear Pd complexes.4,5 However, this 

system requires an excessive amount of lithium 

bis(trimethylsilyl)amide (LiHMDS) to generate off-catalytic 

cycle byproducts that shift the equilibrium forward. Although 

metathesis via C–S bond scission has progressed since the first 

efforts,1h,6 few examples of thioether metathesis have been 

reported. In the reports by Morandi et al.4,7 C–S/C–S cross-

metathesis of thioethers was achieved via C–S/S–H metathesis 

between thioethers and thiol additives in the presence of a 

strong base (LiHMDS), which caused limited substrate scopes 

(Scheme 1b). To our knowledge, direct C–S/C–S cross-

metathesis of diaryl thioethers has not been reported. 

This study presents the first example of direct thioether 

metathesis in the presence of two catalyst precursors: 

palladium acetate (Pd(OAc)2) and tricyclohexylphosphine 

(PCy3). 
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Scheme 1 Metathesis via C–S bond scission. 

This system requires no thiols or strong base additives, which 

is advantageous for the selective transformations of complex 

molecules with base-sensitive or electrophilic functional 

groups. This catalytic system exhibits a wide substrate scope 

and functional group tolerance and achieves good to excellent 

product yields by utilizing Le Chatelier’s principle. The actual 

active species in this reaction are not mononuclear Pd 

complexes but in situ formed Pd nanoclusters, which likely 

enable the efficient direct metathesis of thioethers (Scheme 

1c). Despite outstanding properties of nanoclusters different 

from those of mononuclear complexes or bulk metal species,8 

most investigations of Pd nanocluster catalysts have focused 

on fundamental and well-developed molecular 

transformations including cross-coupling reactions.9 Pd 

nanocluster catalysis in novel molecular transformations such 

as direct metathesis are underexplored so far. We also develop 

a previously unreported tandem reaction starting from two 

kinds of symmetrical thioesters, which affords unsymmetrical 

thioethers through decarbonylation/thioether metathesis.  

Results and Discussion 

We initially investigated the effects of the catalysts on 

substrates of 0.5 mmol phenyl sulfide (1a) and 0.1 mmol p-

tolyl sulfide (1b) under the conditions in Table 1. It should be 

noted the yield of 1ab was calculated based on the two 

equivalents of 1b, in other words, 0.2 mmol of 1ab was 

produced from 0.1 mmol of 1b if the metathesis proceeded 

quantitatively. After optimizing the conditions, namely, the 

temperature (Table S1), 1a/1b ratio (Table S2), solvents (Table 

S3), and Pd catalyst amount/concentration (Table S4), the 

desired metathesis product phenyl p-tolyl sulfide (1ab) was 

obtained in 82% yield in the presence of Pd(OAc)2 and PCy3 

(entry 1), whereas Ni and Rh complexes exhibited negligible 

catalytic performance (Table S5). After surveying different 

organic ligands with Pd(OAc)2, we found that pyridine ligands 

or NHCs such as 4-dimethylaminopyridine (DMAP), 2,2'-

bipyridyl (bpy), and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-

ylidene (IPr) are unsuitable (entries 2–4). PCy3 achieved a 

higher 1ab yield than the other phosphine ligands (entries 5–

7). As 1ab was hardly produced in the absence of Pd(OAc)2, 

PCy3, or both, Pd complexes with PCy3 are involved in the 

active species (entries 8–10). The C–S/C–S cross-metathesis of 

diaryl thioethers by Morandi et al. requires thiols and LiHMDS 

for the intermediate C–S/S–H metathesis.1h,4,7 In contrast, our 

catalytic system allows the direct C–S/C–S cross-metathesis 

without additives, suggesting direct cross-over between two 

oxidative adducts of thioethers. This direct metathesis reaction 

was confirmed to be reversible because the forward reaction 

(starting from 1a (0.1 mmol) and 1b (0.1 mmol)) and the 

reverse reaction (starting from 1ab (0.2 mmol)) obtained 

almost the same ratios of 1a, 1b, and 1ab (Table S6, entries 1 

and 2). Moreover, an excessive amount of 1a afforded a higher 

1ab yield than an equimolar mixture of 1a and 1b because 

excess 1a shifted the equilibrium to the product side via Le 

Chatelier’s principle (Table S6, entries 1 and 3). Therefore, a 

large excess amount of one substrate is necessary for 

achieving high product yields. 

When investigating the catalyst effects, we found a 

correlation between the color of the reaction solutions and 

catalytic activity. Rapid Pd black formation (entries 2, 3, 5, and 

9; Scheme 2a) or a small color change (entries 4 and 6; Scheme 

2b) signified a low catalytic activity. In contrast, a dramatic 

color change from yellow to dark red without precipitation 

(entries 1 and 7; Scheme 2c) was consistent with high 1ab 

yield. Fig. 1a shows the time course data of C–S/C–S cross-

metathesis under the optimized conditions. The reaction rate 

gradually accelerated after a certain induction period, which 

lengthened with increasing precursor ratio PCy3/Pd(OAc)2 (Fig. 

S1). 

Motivated by these results, we sought the actual active 

species during the reaction. First, a hot-filtration test of the 

reaction solution confirmed the homogeneity of the observed 

catalysis (Fig. S2). Next, we measured the ultraviolet–visible 

absorption (UV–Vis) spectra of the reaction solution 

corresponding to the reaction profiles. The emerging broad 

absorption peaks around 400–550 nm in the UV–Vis spectra 

(Fig. 1b) are possibly assignable to ultra-small Pd(0) 

nanoclusters.10,§ The appearance and growth of these peaks 

roughly  

 

Table 1 Effects of catalysts on 1a and 1b metathesis.a 

entry metal source ligand 
conversion (%) 

  
yield (%) 

1a 1b 1ab 

1 Pd(OAc)2 PCy3 17 84 82 

2 Pd(OAc)2 DMAP 6 6 1 

3 Pd(OAc)2 bpy 8 11 2 

4 Pd(OAc)2 IPr 4 5 1 

5 Pd(OAc)2 PPh3 4 13 5 

6 Pd(OAc)2 dcype 4 25 22 

7 Pd(OAc)2 dppe 8 56 53 

8 – PCy3
 <1 <1 <1 

9 Pd(OAc)2 – 2 6 3 

10 – – <1 <1 <1 

aConditions: 1a (0.5 mmol), 1b (0.1 mmol), metal source (10 

mol%), ligand (20 mol%), xylene (1 mL), Ar (1 atm), 140°C, 24 

h. Conversions and yields were determined by GC. PPh3 = 

triphenyl phosphine; dcype = 1,2-

bis(dicyclohexylphosphino)ethane; dppe = 1,2-

bis(diphenylphosphino)ethane. 
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Scheme 2 Colors of the reaction solutions. 

 

corresponded to the induction period and exponential 

acceleration, respectively, in the reaction profiles (Fig. 1a). 

According to the 31P nuclear magnetic resonance (NMR) 

spectra, Pd(OAc)2(PCy3)2 (22 ppm) 11a dominated in the initial 

state and the Pd(II) complex was almost completely consumed 

after 20 min, but peaks around 40 ppm assigned to Pd(PCy3)2
11 

were not

 

Fig. 1 Characterization of the reaction solutions: (a) reaction profiles of thioether metathesis between 1a and 1b under the 

indicated reaction conditions; (b) UV–Vis, (c) Pd K-edge XANES, and (d) k3-weighted Fourier-transformed Pd K-edge EXAFS 
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spectra of the reaction solutions; HAADF–STEM images of (e) Pd nanoclusters, (f) Pd nanoparticles (pointed by red arrows), and 

(g) Pd mononuclear complexes (pointed by red arrows) in Pd/RGO. 

 

observed. Instead, broad peaks around 46 ppm appeared in 

the 31P NMR spectra at 1 h after starting the reaction (Fig. S3). 

The NMR spectra of ligands coordinating on nanocluster 

surfaces are typically broadened by changes in nanocluster size 

and coordination sites on the nanocluster surface.12 

Accordingly, the broad peaks around 46 ppm were attributed 

to coordination of PCy3 on the Pd nanoclusters. Pd K-edge X-

ray absorption near-edge structure (XANES) spectra of the 

reaction solutions were obtained at 0, 20, 60, and 480 min 

after starting the reaction. The Pd species in the reaction 

solutions were reduced after 20 min and the ratios of the 

reduced Pd species were almost maintained (Fig. 1c). 

Consistent with the 31P NMR and XANES spectra, the k3-

weighted Fourier-transformed Pd K-edge extended X-ray 

absorption fine structure (EXAFS) spectra of the reaction 

solutions revealed scattering originating from disappearance 

of the Pd–O bond after 20 min (Fig. 1d). Additional scattering 

was derived from emergent Pd–Pd bonds in the reaction 

solution after 20 min of reaction. This scattering intensified at 

60 and 480 min (Fig. 1d). As indicated in the wavelet 

transformed EXAFS oscillations, the intensity of the scatterings 

originating from Pd–Pd bonds gradually increased with 

reaction time (Fig. S4), consistent with the increase in the 

broad absorption peak assignable to Pd nanoclusters in the 

UV–Vis spectra. These observations suggest that catalytically 

active Pd nanoclusters formed in the reaction solution. To 

directly observe the Pd nanoclusters, the Pd species in the 

reaction solutions were supported on reduced graphene oxide 

(Pd/RGO) via the equilibrium adsorption method at 1.5 h after 

starting the reaction.§§ Ultra-small particles (mean diameter = 

0.86 nm, standard deviation = 0.14 nm) were visible in the 

high-angle annular dark-field scanning transmission electron 

microscopy (HAADF–STEM) images of Pd/RGO (Figs. 1e and 

S5).§§§ HAADF–STEM images after changing magnification also 

revealed small amounts of Pd nanoparticles (~2–5 nm, Fig. 

1f)§§§§, §§§§§ and mononuclear Pd species (Fig. 1g), but most of 

the Pd species apparently existed as Pd nanoclusters (Figs 1e–

1g and S6), as also suggested by dynamic light scattering (DLS) 

measurements of the reaction solution.§§§§§§ Therefore, Pd 

nanoclusters formed during the reaction are likely the actual 

active species of C–S/C–S cross-metathesis of thioethers and 

possibly enabled the efficient direct cross-over of multiple 

oxidative adducts on the Pd nanocluster surfaces. 

Fig. 2a shows the substrate scope of the Pd-catalyzed C–

S/C–S cross-metathesis of diaryl thioethers. The detailed 

amounts of thioethers after the reactions were summarized in 

Table S7. Unsymmetrical methyl-substituted phenyl sulfides in 

the para-, meta-, and ortho-positions of the aryl groups were 

synthesized (1ab–1ad). Thioethers with bulky substituents 

such  

 

Fig. 2 Substrate scope: (a) Diaryl thioethers. aConditions: 1x (0.5 mmol), 1y (0.1 mmol), Pd(OAc)2 (10 mol%), PCy3 (20 mol%), 

xylene (2 mL), 140°C. bDioxane (2 mL). cXylene (2 mL). dPd(OAc)2 (20 mol%), PCy3 (40 mol%). (b) Polymer decomposition through 

C–S bond metathesis. The conditions are indicated in the scheme. (c) C–S/C–S cross-metathesis between 1a and 1J. The 

conditions are indicated in the scheme. (d) C–S/C–H metathesis between 1a and 1J′. The conditions were indicated in the 
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scheme. (e) Diaryl thioesters. Conditions: 2x (0.5 mmol), 2y (0.1 mmol), Pd(OAc)2 (10 mol%), PCy3 (20 mol%), xylene (2 mL), Ar (1 

atm), 140°C, 24 h. Yields were determined by GC. Values in parentheses are isolated yields. 

as 2,4,6-trimethyl phenyl groups afforded the corresponding 

metathesis product 1ae. The catalytic system was also 

applicable to the 2-naphthyl group (1af) and the 4-pyridyl 

group (1ag). The metathesis of thioethers with tert-butyl 

(1bh), phenyl (1bi), methoxy (1aj), trifluoromethyl (1ka, 1la, 

1am), fluoro (1bn), chloro (1ao), amino (1ap), phenolic 

hydroxy (1aq), cyano (1br), N,N-dimethylamino (1bs), 

acetamide (1bt), ester (1bu), acetyl (1av), and nitro (1aw) 

functional groups proceeded with their functional groups 

intact. Notably, the system accommodated base-sensitive 

functional groups such as phenolic hydroxyl (1aq), acetamide 

(1bt), and esters (1bu) because it directly achieves C–S/C–S 

cross-metathesis without LiHMDS. This reaction achieved 

gram-scale synthesis of 1aj (1.03 g, 59% isolated yield, Scheme 

S1). In addition, when polyphenylenesulfide (1a'), a useful 

commercial thermoplastic polymer,13 was subjected to the 

present metathesis with 1b to recycle the polymer into other 

chemical building blocks, 1,4-bis[(4-

methylphenyl)thio]benzene (1bab) was successfully obtained 

via polymer decomposition by consecutive thioether 

metathesis, which cannot be achieved by conventional 

thioether synthetic methods (Fig. 2b). C–S/C–S cross-

metathesis between 1a and 4-methoxy thioanisole (1J) also 

obtained an unsymmetrical diaryl thioether (1aj) (Fig. 2c, 

Scheme S2). Moreover, we investigated C–S/C–H metathesis 

starting from simultaneous placement of 1a and 4-

methoxybenzenethiol (1J′), but no reaction occurred, possibly 

because strong Pd–S bonding between the Pd complexes and 

1J′ inhibited Pd nanocluster formation (Scheme S3). Once the 

Pd nanoclusters had formed, 1J′ addition afforded the C–S/C–H 

metathesis product 1aj (Fig. 2d, Scheme S4). 

The thioether moiety is obtained through decarbonylation 

of thioesters synthesized by carboxylic acid derivatives and 

thiols. In the presence of Pd-based catalysts, we demonstrated 

an unprecedented tandem reaction that affords 

unsymmetrical thioethers from two types of symmetrical 

thioesters. Fig. 2e summarizes the substrate scope of the 

tandem reaction. In all of the cases, thioesters were fully 

converted via decarbonylation, and the detailed amounts of 

thioethers after the reactions were summarized in Table S8. 

Symmetrical thioesters efficiently underwent 

decarbonylation/C–S bond metathesis to unsymmetrical 

thioethers, independently of the substituted position of the 

methyl group (1ab–1ad). The catalytic system was also 

applicable to the 2,4,6-trimethyl phenyl group (1ae) and the 2-

naphthyl group (1af). Thioesters with tert-butyl (1bh), methoxy 

(1aj), trifluoromethyl (1ak, 1al), fluoro (1bn), and chloro (1ao) 

groups also reacted well. Although decarbonylation of 

unsymmetrical thioesters to unsymmetrical thioethers in the 

presence of homogeneous Pd, Ni, or Rh catalysts is well-

known, C–S bond metathesis proceeding from decarbonylated 

unsymmetrical thioethers has not been reported.14 

Conclusions 

In conclusion, we developed the first Pd-catalyzed direct C–

S/C–S cross-metathesis of thioethers in the absence of thiol or 

basic additives. The catalytic system accommodates various 

thioethers, including those with base-sensitive functional 

groups. We also reported a novel tandem reaction (sequential 

decarbonylation/C–S bond metathesis) that synthesizes 

unsymmetrical thioethers. Through detailed characterization 

of the reaction solutions and a series of control experiments, 

we revealed that direct C–S/C–S cross-metathesis of thioethers 

was enabled by in situ formed Pd nanoclusters, which have 

multiple active surface sites. In general, the actual active 

species have barely been investigated in detail in previous 

developments of novel molecular transformations. In some 

cases, the actual active species, presumed as metal complexes 

in previous studies, might actually be in situ formed metal 

nanoclusters as observed here. This study demonstrated the 

unique catalysis of metal nanoclusters enabling 

unprecedented molecular transformations, which will afford a 

novel catalyst system design for the development of organic 

synthetic reactions. 

Author Contributions 

T.Yatabe and K.Y. conceived and supervised the project. T.M. 

performed most of the experiments. T.Yabe performed the XAFS 

measurements. All authors contributed to data analysis and 

discussed the results. T.M. and T.Yatabe wrote the manuscript with 

feedback from K.Y. and T.Yabe. 

Conflicts of interest 

There are no conflicts to declare. 

Acknowledgements 

This work was financially supported by JSPS KAKENHI Grant 

No. 21K14460 and 22H04971. This work was supported by JST, 

PRESTO Grant Number JPMJPR227A, Japan. This work is also 

based on results obtained from a JPNP20004 project 

subsidized by the New Energy and Industrial Technology 

Development Organization (NEDO). We greatly appreciate Dr. 

Akiko Nozaki and Dr. Tokuhiko Okamoto (Aichi Synchrotron 

Radiation Center, AichiSR) for giving many supports for XAFS 

measurements in BL11S2 (Proposal No. 202206105). We also 

appreciate Dr. Hironori Ofuchi (Japan Synchrotron Radiation 

Research Institute, SPring-8) for giving great support for XAFS 

measurements in BL14B2 (proposal no. 2022B1656). A part of 

this work was conducted at the Advanced Characterization 

Nanotechnology Platform of the University of Tokyo, 

supported by “Nanotechnology Platform” of the Ministry of 

Education, Culture, Sports, Science and Technology (MEXT), 

Japan. We thank Ms. Mari Morita (The University of Tokyo) for 

her assistance with the HAADF-STEM and EDS analyses. T.M. 

Page 5 of 7 Catalysis Science & Technology



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

was supported by the JSPS through the Research Fellowship 

for Young Scientists (Grant No. 23KJ0669). 

Notes and references 

§ The lack of any broad peaks in the UV–Vis spectra without 1a 
and 1b (Fig. S7) indicates that S-containing molecules are 
necessary for forming the possible Pd(0) nanoclusters. 
§§ The UV-Vis spectrum of the reaction solution filtrate after 
being stirred with RGO showed slight decrease of overall peak 
intensities, indicating that a part of the Pd species were 
deposited on RGO and that the Pd nanoclusters still remained in 
the filtrate (Fig. S8). In addition, even in the filtrate, the 
metathesis reaction between 1a and 1b proceeded to reach the 
equilibrium, suggested that the addition of RGO did not much 
affect the Pd species structures in the reaction solution (Table 
S9). 
§§§ The estimated diameter of Pd nanoclusters composed of 13 
Pd atoms15 approximates the present Pd nanocluster diameter, 
consistent with the similar broad peaks in the UV–Vis spectra of 
the present and previously reported10 Pd8 nanoclusters. 
§§§§ Although a Pd nanocluster could not be mapped by STEM 
energy-dispersive X-ray spectroscopy (EDS) due to instability 
under electron irradiation, STEM–EDS mapping of a small 
nanoparticle (diameter ~2 nm) revealed Pd species ligated with 
S- and/or P-containing molecules (Fig. S9). The Pd nanoclusters 
probably have the same composition as the nanoparticles, as 
also implied by the Pd–P/Pd–S signals in the Pd K-edge EXAFS 
spectra of the reaction solutions (Fig. 1d) and the broad peaks 
assignable to P species coordinating with Pd nanoclusters in the 
31P NMR spectrum (Fig. S3). 
§§§§§ Polyvinylpyrrolidone (PVP)-supported Pd nanoparticles 
and a heterogeneous hydroxyapatite-supported Pd nanoparticle 
catalyst (Pd/HAP) exhibited much lower catalytic performance 
than the in situ formed Pd nanoclusters (Table S10), indicating 
that a small amount of the observed Pd nanoparticles did not 
contribute to the high catalytic performance. 
§§§§§§ Using DLS, we tried to measure the Pd nanoparticle size 
distribution in the reaction solution at 60 min of reaction under 
the conditions listed in Table 1. However, the DLS 
measurements failed, possibly because the main Pd species in 
the reaction solutions were very small like Pd nanoclusters. 
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