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GRAPHICAL ABSTRACT

C-S/C—-Br metathesis by a supported
Au-Pd alloy nanoparticle catalyst
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i) Multiple oxidative adduct formation on Pd active sites

ii) Transmetalation by spill-over of anion species through Au sites

iii) C-Br reductive elimination promoted by the steric hindrance of
moderately adsorbed thioether-derived species
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SUMMARY

Metathesis via C—S bond oxidative addition and reductive elimination has recently witnessed
considerable development as a functionalization of ubiquitous sulfur-containing molecules with the
molecular frameworks intact. Despite the synthetic utilities, C—S/C—Br metathesis has not been
reported so far because of the difficulties in managing both reversible C-Br oxidative
addition/reductive elimination and sterically sensitive transmetalation between the oxidative adducts.
Herein, we report C—S/C—Br metathesis between thioethers and bromoarenes enabled by an Au—Pd
alloy nanoparticle catalyst with a high Au/Pd ratio via utilization of unique multiple adsorption/active
sites. This catalytic system was applicable to different thioethers and bromoarenes to afford both
metathesis products in high yields, and late-stage bromination of C—S bonds in various thioethers
possessing bioactive structures and depolymerization of polyphenylene sulfide to 1,4-dibromobenzene

were also demonstrated.
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INTRODUCTION

Metathesis, a reaction that involves the exchange of the functionalities between the reactants, has been
an important molecular transformation as complementary functionalization approaches toward
established carbon framework building methods like cross-coupling reactions.!™® Recently, metathesis
via C-S oxidative addition/reductive elimination to/from transition-metal catalysts has been attracting
much attention as a functionalization of sulfur-containing molecules while the molecular frameworks
are intact (Figure 1A)°!° because thioethers are widely seen in various chemistry fields including
polymers, natural products, bioactive compounds, and pharmaceuticals.?>?*> Especially, C—S/C-Br
metathesis between thioethers and bromoarenes is attractive based on the fact that bromoarenes
represent one of the most useful functionalities because it offers various transformative
functionalization into valuable compounds in addition to the importance of bromoarenes themselves
in diverse fields of chemistry,>-?® which is underpinned by the facile C-Br oxidative addition to
transition-metal catalysts;?>>42° however, C—S/C—Br metathesis has not been reported so far despite
its synthetic utility (Figure 1A).

The proposed reaction mechanism of C—S/C—Br metathesis is as follows: (i) oxidative
addition of C—S and C—Br bonds to transition-metal catalysts respectively, (ii) transmetalation between
the two kinds of oxidative adducts, and (iii) C—S and C-Br reductive elimination to afford the
metathesis products (Figure 1B). Considering that reversible C—S oxidative addition/reductive
elimination has been realized in the aforementioned several C—S metathesis reports (Figure 1A),”1°
among the elementary reactions that constitute the C—S/C—Br metathesis, C—Br reductive elimination
seems to be one of the most difficult steps to proceed. In the case of Pd-based catalysts, the C—Br
oxidative adducts (C—Pd"-Br complexes) are generally reluctant to proceed with reductive elimination
due to the high stability of C—Pd"-Br complexes (Figure 1C).2>?42? Sterically encumbered ligands,
such as tri-fert-butylphosphine and Buchwald ligands, were reported to enable the thermodynamically
and kinetically unfavorable reductive elimination from C-Pd"-Br complexes (Figure 1C),?32429.30-35
but they also inhibit other steps such as transmetalation between oxidative adducts.’®3’ In fact, Pd
complexes with the aforementioned sterically hindered ligands did not catalyze the C-S/C-Br
metathesis between p-tolyl sulfide (1a) and bromobenzene (2b) at all (Table S1). In the related works,
Yamaguchi et al. reported novel thioether synthetic methodologies via aryl exchange between
thioethers and (pseudo)halide compounds including haloarenes,*® but the haloarene counterparts were
not produced at all via the aryl exchange reactions probably due to the use of a stoichiometric amount
of Zn to promote the catalyst turnover. Morandi and Lee developed intermolecular C-COCl/C-1
metathesis between aroyl chlorides and aryl iodides via reversible C—I oxidative addition/reductive

elimination using a Pd catalyst with a Xantphos (4,5-bis(diphenylphosphino)-9,9-dimethylxanthene)
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ligand* (Arndtsen and Macias also reported the same reaction using almost the same catalytic system
in the same period);** however, the transmetalation proceeded not via anion exchange between two Pd
complexes but via C—P bond metathesis in one Pd complex enabled by reductive elimination to form
phosphoniums with halide anions (Cl and I) using the non-innocent ligand working as a temporary
aryl group storage unit,* which is considered to be difficult to be applied to C—S bond metathesis
because of too strong interaction between thiolates and metal catalysts for reductive elimination to
form the corresponding phosphoniums. Therefore, the construction of catalytic systems compatible
for reversible C—Br reductive elimination/oxidative addition and fast transmetalation between two
kinds of oxidative adducts is quite difficult, leading to no previous reports on the C—S/C—Br metathesis.

In this study, to achieve the unprecedented C—S/C—Br metathesis, we focused on an Au—Pd
alloy nanoparticle catalyst as the novel catalytic system different from metal complex catalysts
frequently used for the development of organic reactions. In our recent report, differently from
previously reported Pd-complex-catalyzed indirect C—S/C—S metathesis of thioethers in the presence
of strong base and thiol additives (successive thiol/thioether metathesis for the promotion of
transmetalation steps),®!%!12 we achieved direct C—S/C-S metathesis of diaryl thioethers by a TiO»-
supported Au—Pd alloy nanoparticle catalyst with the Au/Pd molar ratio of 4.4 (Aus4—Pdi/TiO,)
without any additives, wherein the diluted Pd ensembles by alloying Au(0) species probably promoted
the oxidative addition step of multiple thioethers to other Pd sites on the same nanoparticles and the
transmetalation step via thiolate spill-over onto Au(0) species with suppressing the too strong =-
adsorption of diaryl thioethers on Pd ensembles (Figure 1D)." In addition to the aforementioned
functions, based on the previous reports that the decreased ensembles of active metal species exhibit
a single atom-like character,*! we assumed that Pd active sites surrounded by Au metal atoms in the
Pd—Au alloy nanoparticle catalysts were also possible to work like the Pd complex with sterically
encumbered ligands, which would promote the C-Br reductive elimination on the Pd sites.
Additionally, Sakurai et al. reported that oxidative addition of C—CI bonds could be promoted by spill-
over of Cl species to Au(0) species on Au—Pd alloy nanoparticles*’ and that C—Cl oxidative adducts
to Pd(0) species in Au—Pd alloy nanoparticles were reluctant to leach into the reaction solutions via
spill-over of Cl species onto Au(0) species.** Thus, we hypothesized that Au—Pd alloy nanoparticles
can facilitate oxidative addition/reductive elimination of C—S and C—Br bonds without inhibiting the
transmetalation steps thanks to the spill-over of thiolates and Br species on the Au—Pd alloy
nanoparticle surface to achieve unprecedented C—S/C—Br metathesis.

Herein, we have developed C—S/C—Br metathesis between thioethers and bromoarenes for
the first time in the presence of Aus4—Pdi/TiO: (Figure 1E). Aus4—Pdi/TiO> was proved to function as

a heterogeneous catalyst and could be reused several times. This catalytic system was applicable to
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different thioethers and bromoarenes to afford both aryl-exchanged thioethers and bromoarenes in
high yields. In addition, this catalytic system enabled late-stage bromination of various thioethers
possessing bioactive structures and polyphenylene sulfide (PPS) depolymerization via C—S/C—Br
metathesis. The reaction mechanism involved in reversible C—S and C—Br oxidative addition/reductive
elimination was corroborated by several control experiments combined with density functional theory
(DFT) calculations using Au;sPd; cluster models, which suggested that this unprecedented reaction is
enabled by the characteristics specific to bimetallic alloy nanoparticle catalysts utilizing multiple
adsorption/active sites on the surface: multiple oxidative addition, spill-over of anion species, and

reductive elimination assisted by steric hinderance of adsorbed thioether-derived species.
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Figure 1. Background and overview of this study
(A) Metathesis involved in C-S oxidative addition/reductive elimination.
(B) Proposed reaction mechanism of C—S/C—Br metathesis.
(C) Difficult construction of catalytic systems compatible for C—Br reductive elimination and fast
transmetalation.
(D) Our report on direct C—S/C—S metathesis of thioethers by an Au—Pd alloy nanoparticle catalyst.
(E) This study: C—S/C—Br metathesis enabled by an Au—Pd alloy nanoparticle catalyst.
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RESULTS AND DISCUSSION

Effect of catalysts and optimization of conditions

We initially investigated the effect of the catalysts on the C—S/C—Br metathesis between thioethers
and bromoarenes using 1a and 2b as the model substrates under the reaction conditions indicated in
Table 1. Supported metal nanoparticle catalysts were prepared based on our previous report via
deposition-precipitation of metal species on supports followed by NaBH4 reduction (see Supplemental
Information (SI) for the details of catalyst preparation).!® When a TiO»-supported monometallic Pd
nanoparticle catalyst (Pdi/TiO2) was used as the catalyst, phenyl p-tolyl sulfide (1ab) and 4-
bromotoluene (2a) were obtained in 6% and 11% yields, respectively (Table 1, entry 1). Pd complexes
with various ligands (Table S1) and other supported metal species including Ni, Ru, Rh, Ir, Pt, or Au
were not effective at all (Table 1, entries 2—7). Additionally, a TiO-supported Pd hydroxide
(Pd1(OH),/TiO>) did not afford the metathesis products, suggesting that zero-valent Pd species are the
active species for the present metathesis (Table 1, entry 8). On the basis of the strategies mentioned in
the introduction part, we hypothesized the C—S/C—Br metathesis could be promoted in the presence
of Au—Pd alloy nanoparticle catalysts. As we anticipated, Auss—Pdi/TiOs, of which the alloy
nanoparticle structure with mean diameter: 3.1 nm (o = 0.8 nm) was confirmed by various
characterizations as shown in SI (Figures S1-S6 and Table S2), exhibited much higher catalytic
activities, producing 1ab and 2a in 36% and 44 % yields, respectively, concomitantly with the slight
amount of phenyl sulfide (1b) (Table 1, entry 9). When TiO»-supported Au—Pd alloy nanoparticle
catalysts with various Au/Pd ratios were investigated, the yields of 1ab and 2a were higher as the
Au/Pd ratio increased (Table S3). Other supports, such as Mg3Al-COs-layered double hydroxide
(LDH), ZrO,, Al,O3, and hydroxyapatite (HAP) were comparatively ineffective for the present
metathesis (Table S4). A physical mixture of Au;.¢/TiO2 and Pdi/TiO; slightly improved the 1ab and
2a yields (Table 1, entry 10). One of the possible reasons for the improved 1ab and 2a yields by the
physical mixing of Au;¢/TiO; and Pdi/TiO, was that Pd species leached from Pd;/TiO, deposited on
Au, ¢/TiO; to form Au—Pd alloy nanoparticles during the reaction.*>** Through investigations of the
catalysts and the reaction conditions including alloy partners (Table S5), solvents (Table S6), and
reaction temperatures (Table S7), 1ab and 2a were obtained in 69% and 71% yields, respectively, in
the presence of Aus4—Pdi/TiO, (Table 1, entry 11). When increasing the 1a/2b ratio (Table S8), the
yields of 1ab and 2a reached up to 84% and 81%, respectively (Table 1, entry 12). The C—S/C—Br
metathesis between 1a and 2b immediately stopped after the removal of the catalyst by hot-filtration
during the reaction (Figure S7), and Au and Pd species were not detected in the filtrate after the hot-
filtration by inductively coupled plasma—atomic emission spectroscopy (ICP-AES) analysis,

confirming the observed catalysis was truly heterogeneous. Aus4—Pdi/TiO> could be reused at least 5
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times without significant loss of the final 1ab and 2a yields after catalyst regeneration via calcination

at 300 °C for 3 h followed by reduction in water using NaBH4 (Figure S8).

Table 1. Effect of catalysts on the C—S/C—Br metathesis of 1a and 2b.”

catalyst
/©/S\©\ ©/Br (metal: 2.5 mol%) QSO /@Jr ©/S\©
xylene (2 mL), 120 °C
1a(0.25 mmol) 2b (0.1 mmol) ~ Ar(1atm),3h 1ab 2a 1b
entry catalyst conv. (%) yield (%)
la 2b 1lab 2a 1b
1 Pdi/TiO, 17 22 6 11 <1
26 Nis/TiO, 13 7 <1 <1 <1
Ru/TiO> 30 6 <1 <1 <1
4 Rhy/TiO, 33 <1 <1 <1 <1
Ir1/TiO; 11 5 <1 <1 <1
6 Pt1/TiO, 12 3 <1 <1 <1
7¢ Au, ¢/TiO 13 10 <1 <1 <1
8 Pdi(OH),/TiO2 13 19 <1 <1 <1
gde Aus4~Pdy/TiO; 35 56 36 44
1044 Au, ¢/TiO; + Pdi/TiO; 28 37 16 18
114/ Aus4—Pdi/TiO; 31 87 69 71 12
124/¢ Aus4—Pdi/TiO; 16 93 84 81 7

“Reaction conditions: 1a (0.25 mmol), 2b (0.1 mmol), catalyst (metal: 2.5 mol%), xylene (2 mL), Ar
(1 atm), 120 °C, 3 h in test tube. Conversions and yields were determined by GC analysis using 1,3,5-
trimethoxybenzene as an internal standard. °Ni: 5 mol%. ‘Au: 4 mol%. ‘Pd: 2.5 mol%. ‘Average of

two runs is shown. /140 °C, 24 h. ¢1a (0.5 mmol).
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Substrate scope

Substrate scope for Aus4—Pdi/TiOz-catalyzed C—S/C—Br metathesis between diaryl thioethers and
bromoarenes was summarized in Figure 2. The structural formula of the used substrates and the
substrate/product distributions including thioether byproducts were summarized in Figure S9 and
Table S9, respectively. We initially investigated the substrate scope of thioethers (Figure 2A). This
catalytic system was applicable to methyl-substituted diaryl thioethers regardless of the positions (1ab,
2a; 1cb, 2¢; 1db, 2d). p-Phenyl groups (1eb, 2e) and electron-donating p-methoxy groups (1fb, 2f)
can be utilized in this catalytic system. Surprisingly, diaryl thioethers with fluoro or chloro groups
went well to afford the corresponding unsymmetrical thioethers and bromoarenes without cleavage of
fluoro or chloro groups (1gb, 2g; 1hb, 2h). Diaryl thioethers with strong electron-withdrawing groups
including p-trifluoromethyl (1ib, 2i), p- or m-cyano (1jb, 2j; 1kb, 2Kk), p- or m-acetyl (11b, 21; 1mb,
2m), p-ethyl ester (1mb, 2mn), and p-nitro groups (1lob, 20), which make it hard to proceed with
reductive elimination from C—Pd"-Br species, can be subjected to the present metathesis in moderate
to good yields. In the case of an alkyl aryl thioether, the C(sp?)—S bromination occurred to produce the
aryl-exchanged bromoarene while the counterpart (aryl-exchanged alkyl aryl thioether) could not be
obtained (Figure S10). Although this reaction is not the C—S/C—Br metathesis, this catalytic system
enables a quite useful selective transformation of C(sp?)—S bonds toward C(sp?)-Br bonds, which has
not been achieved using any reagents so far, to our knowledge.

We next explored the substrate scope of bromoarenes (Figure 2B). The C—S/C—Br metathesis
efficiently proceeded when using electron-donating p-, m-, or o-methyl (1ba, 2b; 1bc, 2b; 1bd, 2b) or
p-methoxy-substituted bromobenzenes (1bf, 2b) to produce unsymmetrically substituted diaryl
thioethers and bromobenzene in good yields. Bromoarenes with electron-withdrawing groups
including trifluoromethyl (1bi, 2b), cyano (1bj, 2b), acetyl (1bl, 2b), or ester groups (1bp, 2b)
tolerated well, providing the metathesis products. 1- or 2-Naphthyl groups (1bq, 2b; 1br, 2b) and
boronic pinacol ester (Bpin) groups (1bs, 2b) tolerated the present metathesis as exemplified by the
production of the metathesis products in moderate to good yields. When 1,4- or 1,3-bromobenzene
was used as the substrate, double-metathesis product 1,4-bis[(4-methylphenyl)thio]benzene or 1,3-
bis[(4-methylphenyl)thio]benzene was obtained, respectively (1ab'a, 2b; 1ab"'a, 2b).

This catalytic system could be applied to large-scale synthesis, giving 1ba and 2b in
excellent yields when starting from 20 mmol of 1b and 8 mmol of 2a (Figure 2C). In addition, by the
present C—S/C—Br metathesis using the solvent amount of 2b, polyphenylene sulfide (PPS, 1b’), one
of the super engineering plastics used in a variety of fields and generally difficult to be
decomposed,*>*® was successfully depolymerized into 1b and 1,4-dibromobenzene (2b’) (Figure 2D),

which could be regarded as the depolymerization into a monomer based on the fact that PPS is
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typically manufactured by the reaction between 1,4-dichlorobenzene and Na>S.#4¢ There are some
previous reports including ours on depolymerization of PPS;!%18194748 however, this is the first
example of depolymerization into the monomer, which will be utilized as the chemical recycling
method.

Based on the aforementioned results, we further investigated the late-stage C(sp?)-S
bromination of alkyl aryl thioethers possessing natural product and/or bioactive structures using
Auy 4—Pd/TiO2 with an excess amount of 4-bromoanisole (2f) (Figure 3). As indicated in Figure 3A,
aryl alkyl thioethers with estrone (1A), testosterone (1B), umbelliferone (1C), flavone (1D), and
xylenol (1E) moieties were viable to C(sp?)-S bromination via Br transfer from 2f. Since bromo
groups are easily subjected to further transformative functionalization, we examined C(sp?)-S
bromination of a bioactive molecule followed by Suzuki—Miyaura coupling in order to demonstrate
the synthetic utilities of the present reaction. In fact, the methylthio group in the methyl ester of
sulindac sulfide (1F), a pharmacologically active metabolite of a kind of nonsteroidal anti-

inflammatory drug sulindac,*-*° could be converted into bromo group to afford 1F-Br in 27% isolated

yield followed by Suzuki—Miyaura coupling to form the corresponding biphenyl (1F’) (Figure 3B).
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Figure 2. Substrate scope of this C—S/C—Br metathesis
(A) Scope of thioethers (1x).* “Reaction conditions: 1x (0.25 mmol), 2b (0.1 mmol), Aus4—Pdi/TiO>
(Pd: 2.5 mol%), xylene (2 mL), Ar (1 atm), 140 °C, 24 h in test tube. Yields based on 2b were
determined by GC analysis using 1,3,5-trimethoxybenzene as an internal standard. Values in
parentheses are isolated yields. “1x (0.5 mmol). ‘Auz ¢-Pdi/HAP (Pd: 5 mol%). “Aus+Pd;/TiO, (Pd:
5 mol%). 160 °C. HAP = hydroxyapatite.
(B) Scope of bromoarenes (2y).* “The reaction conditions are the same as shown above.
(C) Gram-scale reaction. The reaction conditions are indicated in the figure. GC yields using 1,3,5-
trimethoxybenzene as an internal standard are shown.
(D) Depolymerization of PPS (1b') to 1,4-dibromorbenzene (2b') and 1b. The reaction conditions are
indicated in the figure. GC yields using 1,3,5-trimethoxybenzene as an internal standard are shown.
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1X (0.1 mmol) xylene (2 mL), 160 °C, Ar (1 atm), 24 h 1X-Br

SR, oy

1A-Br (from estrone) 1B-Br ("0"‘ testosterone) 1C-Br (from umbelllferone)
67% (R = Me) 31%" (R = Me) 39% (R = Me)
Br
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mj@/ o
1D-Br (from ﬂavone) 1E-Br (from chloroxylenol)
26% (R = Me) 40%° (R = "Pr)
B S Br.
O Au, 4Pdy/TiO, 4-bromoanisole O
(Pd: 10 mol%) (2 mmol) |
@ xylene (2 mL), 160 °C  xylene (2 mL), 160 °C @
0= """, Ar(1atm) 24 h, Ar (1 atm) 0=
F o
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(from sulindac sulfide) 27%
|
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100 °C, 24 h, Ar (1 atm)

OQ . K,COj (2 eq.), DMA (2 mL) OQ .
E F o)

1F-Br (0.08 mmol) 616l:/’
‘o

Figure 3. Substrate scope for the present C(sp?*)—S bromination of thioethers possessing bioactive
structures

(A) Scope of thioethers possessing bioactive structures (1X).? “The reaction conditions are indicated
in the figure. Isolated yields are shown. ’NMR yield using 1,3,5-trimethoxybenzene as an internal
standard is shown. °“GC yield using 1,3,5-trimethoxybenzene as an internal standard is shown.

(B) Late-stage functionalization of the methyl ester of sulindac sulfide (1F) via the present C(sp?)-S
bromination followed by Suzuki—Miyaura cross-coupling. The reaction conditions are indicated in the
figure. Isolated yields are shown.
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Mechanistic studies

To obtain insights into the present reaction mechanism, we conducted several control experiments.
First of all, to determine whether this reaction is reversible metathesis or not, the forward reaction
(starting from 1a (0.25 mmol) and 2b (0.1 mmol)) and the reverse reaction (starting from 1a (0.15
mmol), 1ab (0.1 mmol), and 2a (0.1 mmol)) were performed in the presence of Aus4—Pdi/TiO». As a
result, the detected amounts of 1a, 2b, 1ab, 2a, and 1b after the forward reaction were almost the same
as those after the reverse reaction (Table S10), confirming that the present reaction is reversible C—
S/C—Br metathesis. Additionally, when 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) or 4-tert-
butylcatechol (TBC) (0.15 mmol) was added as a radical scavenger into the forward reaction, the 1ab
and 2a yields did not decrease so much, suggesting that radical species are not involved in the present
C-S/C-Br metathesis (Table S11). Then, we examined the effect of the order of substrates added to
the reaction solutions on the time-course plots of the C—S/C—Br metathesis. When 4-bromotoluene
(2a) was injected after heating phenyl sulfide (1b) for 1 h in the presence of Auss—Pdi/TiO,, the
reaction profile was almost the same as that when 1b and 2a were placed in the reaction solution
simultaneously (Figure S11). In contrast, a significant decrease in the yields of the metathesis products
was observed when 2a was heated with the catalyst prior to 1b (Figure S12). Considering that Aug s—
Pd/TiO; also catalyzed reversible C—S/C—S metathesis of thioethers!® and that C—Br oxidative
addition generally easily proceeds,??*?° these results suggested that this C—S/C-Br metathesis
efficiently proceeds after the preferential adsorption of thioethers over bromoarenes on the catalyst
and that thioethers are difficult to access the surface covered with the excess amount of stable C—Br
oxidative adducts, leading to the assumption that C—Br reductive elimination is promoted by the
adsorption of thioethers on the catalyst.

Based on the aforementioned results, DFT calculations were performed to elucidate the
reaction mechanism using Gaussian 16. By referring to the previous reports,'?4>31-53 we adopted an
Au;sPd; cluster model for the calculation of the present C—S/C—Br metathesis catalytic cycle between
phenyl sulfide (1b) and bromobenzene (2b) (Figure S13) using M06 functional with SDD basis sets
for Au, Pd, and Br and 6-311G(d,p) basis sets for H, C, and S (see SI for the details of calculation
methods). The overall Gibbs free energy diagram, the optimized structures, and the transition state
structures were shown in Figures 4 and S14. Assuming that Pd is the active species for the oxidative
addition/reductive elimination and that thioethers are preferentially adsorbed on the Pd sites over
bromoarenes on the basis of the aforementioned experimental results, we initially adsorbed two
molecules of 1b on two Pd sites in the Au;sPd, cluster (Int 2). Naturally, Int 2 was more stable than
the structure where one adsorbed 1b was removed (Int 1). When one 1b was replaced with one 2b

(Int 3), the structure was unstable compared with Int 2, which was consistent with the assumption of
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preferential thioether adsorption over bromoarenes. Then, from Int 3, C—Br oxidative addition of 2b
proceeded to the Pd center via TS 1, where the neighboring Au was also slightly involved in the C—Br
scission, to afford Int 4. As expected from the transition state structure, in Int 4, the Br anion was
present in a bridged manner between two Au species, which could be called a kind of Br spill-over
from Pd species to Au species. After slight migration (Int 5), C—S oxidative addition of the adsorbed
1b proceeded via TS 2 at the Pd center to form Int 6, and then, thiolate spill-over from the Pd species
onto the neighboring Au species in the bridged manner (Int 7) and migration leaded to a local
minimum (Int 8). Finally, C—Br reductive elimination from the phenyl species derived from 1b on the
Pd active site and the neighboring Br species bridged on the two Au species occurred via TS 3 to
afford Int 9. The desired aryl-exchanged bromoarene product can be obtained (Int 10) via facile
desorption from Int 9. The activation free energies of TS 1, TS 2, and TS 3 were calculated to be 17.6,
30.4, and 27.9 kcal/mol, respectively, which are considered to sufficiently proceed under the
experimental conditions. Noteworthily, the reverse reaction from Int 10 to Int 1 along the
aforementioned reaction coordinate using a bromoarene substrate instead of the aryl-exchanged
bromoarene product affords the desired aryl-exchanged thioether counterpart and completes the
catalytic cycle of the present C—S/C—Br metathesis. The activation free energies of TS 1, TS 2, and
TS 3 composed of the reverse reaction were also reasonable: 23.4, 25.0, and 22.7 kcal/mol,
respectively. Remarkably, the respective activation free energies of oxidative addition and the
corresponding reductive elimination were comparable (TS 1: 17.6 and 23.4 kcal/mol, TS 2: 30.4 and
25.0 kcal/mol, TS 3: 25.0 and 27.9 kcal/mol), indicating this C—S/C—Br metathesis can proceed
reversibly. Therefore, the overall reaction coordinate (catalytic cycle) obtained by the DFT
calculations using the AugPd, cluster model is consistent with the experimental results on the present
C-S/C-Br metathesis catalyzed by Aus4—Pdi/TiO2, which indicates that the formation of multiple
oxidative adducts on the multiple isolated Pd sites in the same Au—Pd alloy nanoparticles and the
transmetalation by spill-over of Br and thiolate anions on the surface through Au sites are the keys to
achieving this unprecedented C—S/C—Br metathesis.

Finally, using the AuisPd> cluster model, we performed DFT calculations about the
aforementioned assumption that C—Br reductive elimination can be promoted by the adsorption of
thioethers on the Au—Pd alloy nanoparticle catalyst. The DFT calculation results of 2b oxidative
addition/reductive elimination at the Pd center of the AuigPd> cluster without 1b adsorption
(Figure S15) were compared with the aforementioned results of the same step in the presence of 1b in
Figure 5. The Gibbs free energy diagram revealed that the oxidative addition of 2b was much easier
in the absence of 1b to proceed than the corresponding reductive elimination of 2b (10.0 vs 28.4

kcal/mol) as with general oxidative addition of bromoarenes 2>242° despite almost the same transition
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state structure (TS 1') involved by the neighboring Au site as TS 1 (Figure SA). On the other hand, as
shown above, the activation free energies of C—Br oxidative addition/reductive elimination with 1b
were comparable (17.6 vs 23.4 kcal/mol), and the C—Br reductive elimination was also indicated to be
promoted by the adsorption of 1b on the catalyst from the DFT calculation results (23.4 vs 28.4
kcal/mol) (Figure 5A). To reveal the origin of the C—Br reductive elimination promotion, we analyzed
the natural-bond orbital (NBO) charges of the Pd (a) and Au (b and c) sites related to the reaction in
the respective structures before/after the C—Br oxidative addition/reductive elimination (Int 3, Int 4,
Int 1', and Int 2'") (Figure 5B). As a result, the NBO charges of the Au sites hardly changed by the C—
Br oxidative addition/reductive elimination albeit the presence of Br anions adsorbed on the Au sites.
By contrast, the NBO charges of the Pd sites clearly increased after the C—Br oxidative addition in
both of the cases, indicating the main active species for C—Br oxidative addition/reductive elimination
is the Pd site. In addition, by the adsorption of 1b, the NBO charges of the Pd sites involved in the C—
Br oxidative addition/reductive elimination decreased, that is, the electrons at the Pd sites increased
possibly via c-donation from the S atom of 1b to the adsorbed Pd atom'® (Int 3: —0.919 vs Int 1':
—0.728, Int 4: —0.452 vs Int 2': —0.429). In general, an electron-rich metal center has advantage in
oxidative addition and inhibits reductive elimination.* Therefore, the electronic states could not
explain why the C—Br reductive elimination was promoted by the adsorption of 1b, and the other
factor: steric hindrance from adsorbed 1b should be the main reason for the promotion of C—Br
reductive elimination by referring to the aforementioned metal complex cases realizing reductive
elimination from C-Pd"-Br complexes using sterically encumbered ligands.?3242%3035 In fact, the
distance between the corresponding C atom and Br atom before C—Br reductive elimination was
slightly shorter with the adsorption of 1b than that without 1b (Figure 5B). Thus, considering that too
strong thioether adsorption will inhibit the access of bromoarenes to the catalyst in reverse and that
thioether adsorption on Pd sites become much weaker by alloying with excess of Au than that on
monometallic Pd species according to our previous report,'® C—Br reductive elimination at Au-diluted
Pd active sites assisted by the steric hindrance of thioethers (and C—S oxidative adducts) moderately
adsorbed on the other nearby Pd (and Au) sites is also the key to the successful development of C—

S/C-Br metathesis.
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Figure 4. Overall Gibbs free energy diagram of the present C—S/C—Br metathesis between phenyl

sulfide (1b) and bromobenzene (2b) and the corresponding optimized structures and transition states

calculated using a Au;sPds cluster model. OA: oxidative addition. RE: reductive elimination.
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(B) Optimized structures before and after the transition states of C—Br oxidative addition/reductive
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Conclusions

In conclusion, we have successfully developed the first C—S/C—Br metathesis between thioethers and
bromoarenes by using Aus4—Pdi/TiO; as the reusable heterogeneous catalyst. This catalytic system
exhibited various functional group tolerance and a broad substrate scope including late-stage
transformations from C—S bonds to C—Br bonds in structurally diverse thioethers possessing bioactive
structures and depolymerization of PPS to 1,4-dibromobenzene. Several control experiments and DFT
calculations consistent with experimental results revealed that the construction of catalytic systems
compatible for reversible C—Br bond oxidative addition/reductive elimination and fast transmetalation
between the oxidative adducts, which are indispensable for achieving C—S/C—Br metathesis, was
enabled by the characteristics specific to the present Au—Pd alloy nanoparticle catalyst with the high
Au/Pd ratio: 1) multiple reversible oxidative addition of C—S/C—Br bonds on the multiple isolated Pd
sites in the same Au—Pd alloy nanoparticles, ii) transmetalation by spill-over of Br and thiolate anions
on the surface through Au sites, and iii) C—Br reductive elimination assisted by the steric hindrance of
thioether-derived species moderately adsorbed on the catalyst. We believe our catalytic system
enabling the reversible C—S/C—Br metathesis, especially the C—Br reductive elimination without
additional sterically hindered ligands, will be applied to other unprecedented catalytic functional group
transformations, and exploring novel organic reactions by utilizing the unique catalysis and catalytic

design is now underway.
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