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ABSTRACT

The transition from homogeneous to heterogeneous synthetic chemistry enabled
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Accepted: 29 October 2016 by nanocatalysts necessitates investigations of the reaction mechanism and

structure-activity relationships for inorganic nanoparticles and organic

© sl Uity iy s substrates. Herein, we report that hydrothermally synthesized ruthenium nano-

ang. Bpingee=teday Eedin particles performed differently in the Se-Se bond activation and selenylation of

Heidelberg 2016 heterocycles, exhibiting a volcano-shaped relationship between catalytic activity
and composition. A synergistic effect was observed for Ru-RuQO, nanocatalysts,
KEYWORDS with numerous characterizations and density functional theory (DFT) calculations
nanoparticle, suggesting that a PhSeSePh molecule can initially be adsorbed on the metallic
ruthenium, Ru sites and cleaved into two PhSe* species, which subsequently migrate to RuO,
selenium, sites and react with the nucleophile to achieve the selenylation of heterocycles.

heterogeneous catalysis,
synergistic effect

1 Introduction separation [1-18]. Compared to homogeneous catalysts,

studies on nanocatalysts are still in the preliminary

The development of green chemistry has made nano-
catalysis a new frontier, bridging homogeneous and
heterogeneous catalytic processes and uniting their
advantages. The large nanoparticle surface area leads
to enhanced contact between the catalyst and the
reactants, and the insolubility of these nanocatalysts
in the reaction medium enables their convenient

stage, owing to the more complex structures and
complicated structure-activity relationships involved.
Various factors including size, shape, exposed surface,
oxidation level, and structure of the nanocatalysts
may significantly influence their catalytic properties.
Thus, to develop novel nanocatalysts with high activities,
a deep understanding of the related catalytic mechanism

Address correspondence to Chunhua Yan, yan@pku.edu.cn; Yawen Zhang, ywzhang@pku.edu.cn; Lingdong Sun, sun@pku.edu.cn

TRINGHNA ) Springer



Nano Res. 2017, 10(3): 922-932 923

and structure-activity relationships is required.

The activation of chalcogen—chalcogen bonds is of
great significance in chemistry, as the formation
of carbon—chalcogen bonds can produce numerous
biologically active compounds and organic materials.
In particular, Se-Se bond activation and C-Se bond
formation are vital for biological systems, being widely
applied in industrial catalysis, organic electronics, and
the fabrication of semiconductors and nanomaterials
[19-21]. The still challenging synthesis of ideal catalysts
for these processes is thus of great interest. Dinuclear
Ru complexes are common catalysts for activating
Se-Se bonds via the oxidative addition of diaryl
diselenides on two metal site (Scheme S1 in the
Electronic Supplementary Material (ESM)) [22-30].
However, dinuclear catalysts are usually synthesized
and stabilized using complex ligands, which is
challenging. Moreover, the produced dinuclear Ru
metallacycles are often stable, hindering the following
C-Se bond formation step to afford the product. Thus,
Ru nanoparticles with multiple Ru centers on their
surface are considered suitable candidates for catalyzing
Se-Se bond activation.

Herein, we report that Ru nanospheres (NSs) support
the Se-Se bond activation and selenylation of hetero-
cycles under ambient conditions, with their catalytic
activities related to the synergistic effect of metallic
Ru and RuO,. Based on the results of systematic
characterization and DFT calculations, a plausible
mechanism is proposed.

2 Experimental
21 Materials

RuCl;xH,O (A.R., Sinopharm Chemical Reagent Co.,
Ltd.), sodium malonate (Na,C;H,O,H,O, A.R., Beijing
Chemical Works), polyvinylpyrrolidone (PVP; My ~
29,000, Sigma-Aldrich), formaldehyde solution (HCHO,
40 wt.%, A.R., Beijing Yili Fine Chemical Reagent Corp.),
and acetone (A.R.) were used as received. Ultrapure
water was used in all experiments (Millipore, 18.2 MQJ).

2.2 Preparation of Ru nanospheres

2.2.1 Hydrothermal synthesis of Ru nanospheres

In a typical synthesis, PVP (100 mg, My, ~ 29,000) and

Na,C;H,0,HyO (140 mg) were dissolved in ultrapure
water (10 mL), followed by the addition of RuCl;-xH,O
(0.24 mmol) and formaldehyde (400 uL, 40 wt.%). The
reaction mixture was diluted to 15 mL, loaded in a
25-mL Teflon-lined container, and sealed in a matched
steel autoclave. The autoclave was subsequently heated
in an oven at 160 °C for 8 h. After the reaction, the
autoclave was allowed to cool to room temperature,
and acetone (45 mL) was added. The product was
collected by centrifugation at 7,800 rpm for 10 min.
The precipitate was washed by a water/acetone
(1:3 v/v) mixture for three times, and the product
(denoted as Ru-NSs-1), was dispersed in methanol by
ultrasonication. The yield of Ru nanospheres was
determined as ~90% by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis.

2.2.2  Hydrothermal oxidation/reduction of Ru nanospheres

The as-synthesized Ru-NSs-1 were post-reduced by
hydrogen under hydrothermal conditions for 1, 4, and
12 h (denoted as Ru-NSs-2, Ru-NSs-3, and Ru-NSs-4,
respectively) and post-oxidized by oxygen for 1 and
4 h (denoted as Ru-NSs-5 and Ru-NSs-6, respectively).
The reduction process generating Ru-NSs-2 was used
to adjust and regulate the surface composition of
Ru-NSs-1. The as-obtained Ru-NSs-1 was dispersed
in water (15 mL) containing PVP (100 mg), and the
dispersion was loaded into a 50-mL Teflon-lined
reactor subsequently filled with H, to a pressure of
2.0 MPa. The reduction was performed at 150 °C for
1 h. After the reaction, acetone (45 mL) was added, and
the Ru nanospheres were collected by centrifugation
at 7,800 rpm for 10 min. A similar process was used
to obtain Ru-NSs-3 (2.0 MPa of H, 150 °C for 4 h),
Ru-NSs-4 (2.0 MPa of H,, 150 °C for 12 h), Ru-NSs-5
(2.0 MPa of O,, 150 °C for 1 h), and Ru-NSs-6 (2.0 MPa
of O,, 150 °C for 4 h).

2.3 Characterization

Samples for transmission electron microscopy (TEM)
imaging were prepared by drying a drop of an
ethanolic dispersion of the samples on copper grids
coated with amorphous carbon membranes. TEM
and high-resolution TEM (HRTEM) images were
recorded on a FEG-TEM instrument (JEM2100F, JEOL,
Japan) operated at 200 kV. More than 100 particles
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were sampled to calculate the average size of Ru
nanospheres for each sample. X-ray diffraction (XRD)
patterns were recorded on an X'Pert Pro diffractometer
(PANalytical B.V., the Netherlands) at a scanning rate
of 1 °min™ using Cu Ke radiation, with the Ko, line
contributions in the XRD patterns subtracted. X-ray
photoelectron spectroscopy (XPS) characterization
was performed on an Axis Ultra spectrometer (Kratos
Analytical Ltd., Japan). The content of Ru in different
oxidation states was determined by fitting the high-
resolution Ru 3d XPS spectra in the range of
270-295 eV. The concentration of the Ru nanosphere
dispersion was determined by ICP-AES. A 50-pL
aliquot of the dispersion was initially transferred into
a 25-mL Teflon-lined container and dried. Hydrochloric
acid (4 mL) and nitric acid (0.05 mL) were added, and
the container was sealed in a matched steel autoclave
and transferred into an oven kept at 180 °C. The
autoclave was removed after 12 h and cooled to room
temperature. The yellow solution was diluted to
10.0 mL and used for ICP-AES analysis, which was
performed on a Profile Spec ICP-AES spectrometer
(Leeman, USA). Ru K-edge and Se K-edge X-ray
absorption fine structure (XAFS) analyses were
performed in transmission mode on the BL14W1
beamline of the Shanghai Synchrotron Radiation
Facility (SSRF) and on the 1W1 XAFS beamline of the
Beijing Synchrotron Radiation Facility (BSRF).

2.4 Se-Se bond activation for the selenylation of
heterocycles catalyzed by Ru nanocatalysts

The reactions were stirred using Teflon-coated magnetic
bars. Elevated temperatures were maintained using
thermostat-controlled silicone oil baths. Organic
solutions were concentrated using a Biichi rotary
evaporator with a desktop vacuum pump. Chemicals
were purchased from Acros, Aldrich, Alfa Aesar, Beijing
Chemical Works, and Beijing Yili Fine Chemical
Reagent Corp. and were used without further
purification, unless otherwise indicated. Analytical TLC
was performed using 0.25-mm silica gel G plates with
a 254-nm fluorescent indicator. The TLC plates were
visualized by ultraviolet light and phosphomolybdic
acid staining followed by gentle heating. Product
purification was accomplished by flash chromatography
on silica gel, and the purified compounds showed a

single spot in analytical TLCs.

The concentrations of colloidal methanolic solutions
of Ru nanoparticles were determined by ICP-AES.
The concentration of Ru-NSs-1 (5.61 mg-mL~, 8 mol.%)
was calculated in accordance with the Ru atomic mass.
The catalyst was dissolved in the solvent mixture (H,O/
CH,OH, 1:1 v/v) together with 1 equiv. of indoles and
2-3 equiv. of selenide derivatives. The mixture (0.10 M
concentration) was stirred for 96 h at room temperature,
and the reaction tube was also immersed under
room temperature. When TLC analysis indicated the
disappearance of the starting material, the reaction
mixture was filtered through a thin pad of silica gel.
The filter cake was washed with petroleum ether (PE)/
ethyl acetate (EA), and the combined filtrate was
concentrated. The crude product was purified by flash
column chromatography on silica gel.

3 Results and discussion

Ru nanocatalysts were prepared using a hydrothermal
strategy [31]. In this method, RuCl; (0.24 mmol)
was reduced by formaldehyde (400 puL, 40 wt.%) in
the presence of PVP at 160 °C. Na,C;H,0,-H,O was
introduced to strongly coordinate with Ru®* ions and
retard their reduction. The obtained Ru NSs (denoted
as Ru-NSs-1), as revealed by the TEM images shown
in Figs. 1(a) and 1(b), were poorly crystalline particles
with an average diameter of 3.1 + 0.3 nm and a specific
surface area of 159 m*g™. Their XRD pattern (Fig. S2
in the ESM) shows no diffraction peaks of Ru oxides,
such as RuO,. Ru-NSs-1 was then used to activate
the Se-Se bond of diphenyl diselenide (PhSeSePh),
achieving the selenylation of indole [32-35] in high
yields (up to 99%, entry 1, Table 2). The catalytic
behavior of Ru NSs after recycling was also examined,
with only slight changes in the yield of the gram-scale
reaction observed (Fig. 1(c), 93% yield for the freshly
prepared Ru NSs, with 89%, 92%, 90%, 88%, and 84%
yields obtained for recycled NSs).

To determine the nature of the investigated catalytic
processes, one needs to test if the Ru ions can leach
from the nanoparticles into the reaction system.
Otherwise, it would be difficult to determine if the
reactions correspond to heterogeneous or homogeneous
catalysis, since the leached metal ions might also be
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Figure1 (a) TEM image with a size distribution chart and
(b) HRTEM image of Ru-NSs-1. (c) Recycling capability of Ru
NSs according to the yields of 3a. (d) C 1s and Ru 3d XPS spectra
of Ru-NSs-1, deconvoluted into three C 1s peaks (violet curves)
at 284.80, 285.80, and 287.63 eV, assigned to C atoms in C-H,
C—N, and C=0 moieties, respectively, and into Ru 3d doublets
(3ds, and 3d;), 4 = 4.17 V) with Ru 3ds, binding energies
of 279.5-279.9, 281.2-281.4, and 282.6-282.8 eV, assigned to
Ru(0) (red curves), Ru(IV) (green curves), and Ru(VI) (blue curves)
states, respectively [36, 37]. All results of the Ru 3d XPS spectra
fitting are listed in Table S2 (in the ESM).

catalytically active. Therefore, after the reaction was
complete, the Ru NSs were removed from the mixture,
and the remaining solution was examined by ICP-AES.
No Ru was detected in the organic or water phases,
and the TEM images (Fig. S3 in the ESM), XPS spectra
(Figs. 2(a) and 2(b)), and R-space EXAFS spectra
(Fig. 2(c)) of the recycled Ru-NSs showed no significant
difference from Ru-NSs-1 in the morphology and
oxidation level. These results indicate that the Ru
nanocatalysts remained stable during the reaction.
Furthermore, the solution recovered after removing
Ru NSs was unable to catalyze the model reaction.
Thus, it was concluded that Ru NSs did not leach to
form a homogeneous active catalyst in this catalytic
system.

To investigate the origin of the superior catalytic
activity of Ru NSs, an in situ XAFS analysis of Ru
NSs was performed, using the model reaction of
PhSeSePh with indole catalyzed by Ru-NSs-1 at 70 °C.
The Fourier transform (FT) of the k>-weighted extended

X-ray adsorption fine structure (EXAFS) data obtained
for Ru NSs in the reaction system showed peaks at
2.42,2.67, and 1.96 A, attributed to Ru-Se, Ru-Ru, and
Ru-O scattering, respectively (Fig.3(a), and Fig. S5
and Table S3 in the ESM) [38]. The XPS spectra in
Fig. 1(d) also show that the surface of Ru-NSs-1
contained both metallic and oxidized Ru (denoted as
Ru-RuO,). Notably, when Ru NSs were exposed to
the reaction system for 10h, the peak intensity of
Ru-Se scattering (2.42 A) [24, 27, 39-42] was initially
significantly increased. The subsequent intensity
decrease indicated the in situ formation of Ru-Se bonds
on the surface of Ru NSs followed by their cleavage
(Fig. 3(b) and Table S3 in the ESM), related to the Se-Se
bond activation and selenylation of heterocycles in
the catalytic reaction.

Based on Ru-RuO; nanocatalysts and the organo-
catalytic process, DFT calculations were also carried
out to understand the relationship between the surface
composition and catalytic activity (Fig. 4, and Fig. S6
and Table S4 in the ESM) [39, 43, 44]. We compared
the adsorption behavior of PhSeSePh on metallic Ru
and RuO, surfaces. When a PhSeSePh molecule is
placed about 3 A above the Ru surface and allowed
to find a local energy minimum using the conjugate
gradient method, an adsorbed configuration with a
greatly elongated Se-Se distance is obtained (3.9 A,
much larger than the sum of the van der Waals radii
of two Se atoms). Furthermore, the formation of two
isolated adsorbed PhSe* species is exothermic, with
AE = —0.37 eV. These results imply that the cleavage
of the Se-Se bond of PhSeSePh is fairly easy on the
metallic Ru surface. In contrast, when a PhSeSePh
molecule is adsorbed on the RuO, surface, the Se-Se
distance increases by only 0.2 A, indicating a limited
activating effect of the above surface on the Se-Se
bond. Further cleavage of the Se-Se bond on the RuO,
surface is endothermic, with AE = +0.48 eV, suggesting
that PhSeSePh molecules are difficult to split into two
PhSe* species on the RuO, surface. The Bader charges
on the Se atoms of PhSe* species adsorbed on metallic
Ru and RuO, surfaces were calculated as —-0.12¢ and
+0.57e, respectively. The electron-rich Se atom in PhSe*
on the Ru surface is hard to react with nucleophiles,
while the corresponding electron-poor Se atom on
the RuO, surface is easily attacked by nucleophiles to
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Figure 2 Ru 3d and C 1s XPS spectra of Ru-NSs-1 before (a) and after the catalytic reaction (b). These spectra were deconvoluted into
three C 1s peaks (violet curves) at 284.80, 285.80, and 287.63 eV, assigned to the C atoms in C—H, C-N, and C=0 moieties, respectively,
and into Ru 3d doublets (3ds, and 3d;,, 4 = 4.17 eV) with Ru 3ds), binding energies of 279.5-279.9, 281.2-281.4, and 282.6-282.8 eV,
assigned to Ru(0) (red curves), Ru(IV) (green curves), and Ru(VI) (blue curves) states, respectively. The results of fitting Ru 3d spectra,
which are similar to that of the as-synthesized sample, are shown in Table S3 (in the ESM). Due to the desorption of ligand molecules from
the surface of Ru nanospheres, the Ru XPS signals after the catalytic reaction were slightly stronger than those of the as-synthesized sample.

(c) R-space Ru K-edge EXAFS spectra of Ru-NSs-1 before and after the reaction.

(b) Ru-Se bond

3 4 5
Radial distance (A)

Radial distance (A)

Figure 3 Ru K-edge in situ X-ray adsorption spectroscopy monitoring of (a) Ru-NSs-1 and (b) Ru—Se scattering [26]. The spectra
were recorded before the reaction and at reaction times of 0 to 10 h. These peaks were not phase-corrected. The coordination number and

interatomic distance data are listed in Table S4 (in the ESM).

form the coupling product. Therefore, neither RuO,
nor metallic Ru are good catalysts for the coupling
reaction: RuO, lacks the capability to break the Se-Se
bond, while nucleophilic attack cannot occur on the
metallic Ru surface. If metallic Ru and RuO, surfaces
can be combined in one Ru-RuO, nanoparticle for
synergistic catalysis [45-52], a PhSeSePh molecule
can be initially adsorbed and cleaved into two PhSe*
species on metallic Ru sites, subsequently migrating to
RuO,; sites and reacting with the nucleophile (Het =
heterocycles)

(Ru®)gy¢ + 0.5PhSeSePh — (Ru®)y.¢ — *SePh
(Ruo)surf —*SePh + (Run+)surf - (Run+)surf —*SePh + (RU.O)surf

(Ru™)gus — *SePh + Het — (Ru™),,¢ + Het — SePh

According to this synergistic effect, the optimized
catalyst should maximize the connection between
metallic Ru and RuQO, sites, which can be realized
only for Ru-RuO, nanocatalysts with an appropriate
content of metallic and oxidized Ru, which is related
to the Ru(0)/RuQ, ratio of NSs. In order to screen
the nanocatalysts, the as-synthesized Ru-NSs-1 were
post-reduced by hydrogen under hydrothermal
conditions for 1,4, and 12 h (denoted as Ru-NSs-2,
Ru-NSs-3, and Ru-NSs-4), and post-oxidized by oxygen
for 1 and 4h, denoted as Ru-NSs-5 and Ru-NSs-6,
respectively (Figs.S1 and S2 in the ESM). The
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Figure 4 DFT study and proposed mechanism for the adsorption of PhSeSePh, cleavage of the Se—Se bond, and the nucleophilic attack

on the Ru (0001) and RuO, (110) facets.

contents of Ru with different oxidation states were
integrated based on their XPS peaks, showing that
the surface oxidation levels of different Ru NSs were
in the order of Ru-NSs-6 > Ru-NSs-5 > Ru-NSs-1 >
Ru-NSs-2 > Ru-NSs-3 > Ru-NSs-4 (Fig. 5 and Table 1).
All these Ru NSs contained metallic and oxidized Ru
nanoparticles. Since the diameters of all Ru NSs were
quite small (average value of 3.1 + 0.3 nm), XPS could
detect most of the Ru atoms in the sample. Besides,
XAFS analysis was also employed to quantify the
same oxidation level trend for the whole nanoparticles
(Fig. 6 and Fig. 54 in the ESM).

Table 2 shows the apparent turnover frequencies
(TOFs) of different Ru NSs, defined as the average
number of reagent molecules consumed on one surface
Ru site per hour (see the ESM for the calculation
process). Different Ru nanocatalysts exhibited different
catalytic activities under the same ambient conditions
(room temperature, CH,CL,/CH;OH as solvent, open
flask, and absence of energy supplement). In Fig. 7,
the TOF values of all Ru catalysts are plotted against
their Ru(0)/RuQO, ratio, and the obtained volcano-
shaped relationship indicates that Ru NSs with an
appropriate balance of metallic and oxidized Ru
achieved the highest catalytic activity for the Se-Se

activation and selenylation of indole, which further
confirms the synergistic effect of Ru and RuO; in the
nanocatalysts.

The control experiments in Table 3 were performed
to further confirm the synergistic effect of Ru and RuQO,
in the nanocatalysts for the Se-Se bond activation and
selenylation of heterocycles. In agreement with DFT
calculations, neither Ru/C nor Ru powder or RuO,
exhibited catalytic activity in the Se-Se activation
reaction (entries 3-5), with their physical mixture also
being inactive (entry 7). When 4 mol.% of Ru-NSs-4
with the highest Ru(0)/RuO, ratio and 4 mol.% of
Ru-NSs-6 with the lowest Ru(0)/RuQ, ratio were added
to catalyze this reaction, the obtained TOF was only
0.01 h', corresponding to low catalytic activity (entry 8).
More interestingly, the TOF of the model reaction
homogeneously catalyzed by RuCl; (entry 3) is only
0.08 h™!, which is lower than most values obtained for
heterogeneous catalysis. All these results confirmed
the synergistic effect from another aspect, with the
active sites represented by both the low-valence-state
metallic Ru and the high-valence-state RuO, on one
Ru-RuO, nanoparticle, rather than by Ru ions with
an intermediate valence state.

We further explored the generality of this reaction
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Figure 5 XPS spectra of all the catalysts in Ru 3d region.
Table 1 The results of Ru 3d XPS data fitting for all catalysts
Ru(0) Ru(IV) Ru(VI)
Sample Ru(0):RuO,
B.E.?(eV) Ratio(%) B.E.(eV) Ratio(%) B.E.(eV) Ratio (%)
Ru-NSs-1 279.8 76.2 281.3 11.3 282.6 12.5 3.20
Ru-NSs-2 279.8 78.0 281.4 9.6 282.7 12.4 3.55
Ru-NSs-3 279.8 82.5 281.4 5.8 282.6 11.7 4.71
Ru-NSs-4 279.8 85.1 281.5 4.7 282.6 10.2 5.71
Ru-NSs-5 279.8 67.9 281.4 14.8 282.8 17.4 2.12
Ru-NSs-6 279.8 62.8 281.4 18.8 282.8 18.7 1.69
Ru-NSs-1 after reaction 279.8 76.4 281.2 11.0 282.6 12.6 3.24

*B. E., Ru 3ds), binding energy.

under the standard conditions. To our satisfaction,
the reaction proceeded well, resulting in Se-Se bond
activation for the selenylation of heterocycles (Table 4).

4 Conclusions

Hydrothermally synthesized Ru NSs were used for
Se-Se bond activation. Compared to homogeneous
catalysis, this new procedure for the selenylation of
heterocycles is effective, free of energy supplements,

TSINGHUA
UNIVERSITY PRESS

and scalable to gram-scale production. We demons-
trated that this superior activity can be attributed to
the synergistic effect of Ru and RuO, in the nano-
particles. A further DFT study aimed at understanding
the synergistic catalysis by Ru-RuO, nanoparticles
suggested that a PhSeSePh molecule can initially be
adsorbed on metallic Ru sites and cleaved into two
PhSe* species, which then migrate to RuO, sites and
react with the nucleophile to achieve the selenylation
of heterocycles. Therefore, this synergistic effect
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Figure 6 Ru K-edge (a) X-ray absorption near edge structure
(XANES) spectra and (b) R-space EXAFS spectra for Ru foil
(gray, 1/2 intensity), Ru-NSs-1 (red), Ru-NSs-2 (orange), Ru-NSs-3
(green), Ru-NSs-4 (blue), Ru-NSs-5 (pink), Ru-NSs-6 (violet),
and RuO,; (black). The higher Ru K-edge energy in the XANES
spectra reflects the higher Ru oxidation level, which is consistent
with the EXAFS data. The FT of k’-weighted extended EXAFS
data shows two main peaks around 2.0 and 2.7 A, attributed to
Ru-O and Ru—Ru scattering [38], respectively. The intensity ratio
of these peaks reflected the order of oxidation levels, showing a
trend identical to that obtained by XANES.

Table 2 Parameters of the catalytic reactions with different Ru
catalysts

SePh
@\> + PhSeseph ——HaOH/CH.Cly N
N Ru NSs N
1a H 2a Room temperature 33 H
Yield? TOF®
Entry Catalyst Solvent (%) ()
1 Ru-NSs-1 CH3OH/CH,Cl, 99 0.27
2 Ru-NSs-1 EtOH/CH,Cl, 95 1.78°
Ru-NSs-1 post-reduced by H,
N RuNSs2 CHOHICH,Cl, 90 032!
4 Ru-NSs-3 CHZOH/CH,Cl, % 1.58§
i 5 Ru-NSs-3 EtOH/CH,Cl, 97 945705
6 RuNSs4 . St T 0.17;
Ru-NSs-1 post-oxidized by O,
v7 RuNSs5 CH;OHICH,Cl, 8 004!
E 8 Ru-NSs-6 CH30H/CH,Cl, Trace 0.01:

%8 mol.% of Ru-NSs-1, 0.10 mmol of 1a, 2 equiv. of 2a, 0.1 M
concentration. Isolated yield after column chromatography. *The
TOF was obtained for the conversion of substrate 1a below 15%.
The methods used to calculate the number of catalytic sites are
shown in the ESM. ‘Reaction temperature equals 70 °C.

results in a volcano-shaped relationship between the
content of metallic and oxidized Ru in NSs and their
catalytic activities, leading to the rational design,

optimization, and synthesis of nanomaterials with
high catalytic activities. In this context, we have not
only studied the underlying principles and the
associated dominant factors of nanocatalysis for the
development of efficient and versatile approaches
to heterogeneous catalysis under ambient conditions,
but also offered new and valuable mechanistic insights
into inorganic nanocatalysts and organic methodologies.

M Ru-NSs-3

Ru-NSs-1m-" Ru-NSs-2
M Ru-NSs-4

Ru-NSs-5

Ru-NSs-6

T T T T T T

RUWO, 1 2 3 4 5 6 7 Ru
Ru (0) / RuO, |

Figure 7 Plots of Ru NS catalyst TOFs against the surface
Ru(0)/RuO, ratio calculated from Ru 3d XPS spectra.

Table 3 Control experiments

SePh
CH3;0H/CH,CI!
©f\> + PhSeSePh S ke N\
ﬁ Ru NSs N
1a 2a room temperature 3a H
Entry Catalyst Solvent Yield® TOlib
(%) (h™)
1 Ru-NSs-1 CH30H/CH,Cl, 99 0.27
2 Ru-NSs-1 EtOH/CH,Cl, 95 1.78¢
3 Ru/C CH30H/CH,Cl, No reaction -
4 Ru powder CH30H/CH,Cl, No reaction -
5 RuO, CH3;0H/CH,Cl, No reaction —
6 RuCl3 CH30H/CH,Cl, 65 0.08
Ru powder
7 + CH3OH/CH,Cl,  No reaction —d
RUOZ
Ru-NSs-4
8 + CH30H/CH,Cl, 7 0.01¢
Ru-NSs-6

*8 mol.% of Ru-NSs-1, 0.10 mmol of 1a, 2 equiv. of 2a, 0.1 M
concentration. Isolated yield after column chromatography. "The
TOF was obtained for a conversion of substrate 1a below 15%.
The methods used to calculate the number of catalytic sites are
shown in the ESM. “Reaction temperature equals 70 °C. %4 mol.%
of Ru powder and 4 mol.% of RuO,, 4 mol.% of Ru-NSs-4 and
4 mol.% of Ru-NSs-6.
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Table 4 Se—Se bond activation for selenylation catalyzed by Ru
nanocomposites *

SeAr
Ru NSs
+  ArSe-SeAr
CH3OHICH,Cl,
1 2 Room temperature 3
1-Me-indole, 3b, 97%
SePh 4 SePh 2.Me-indole, 3c, 99% SePh SePh
5 N 4-Me-indole, 3d, 90%
) RT M2 5 Meindole, 3e, 99% h )
N 67 "N1 6-Me-indole, 3f, 94% o s
32, 99% 7-Me-indole, 3g, 95% 3j, <5% 3k, <56%
’ 5-OMe-indole, 3h, 86%
SeBn " SeBn 5-Cl-indole, 3i, 94% SePhPMe  SePhPBr
\ Ry, 1-Me-indole, 3m, 96% N N
N LA ~N 2-Me-indole, 3n, 97% N N
H s 1 5-Me-indole, 30, 99% H H
31, 99% 3p, 94% 3q, 93%

SePh SePh PhSe  "Pr

3r, 98% 3s, 93% 3t, 72%

SPh
Co
N
H

4,12%
*Reaction conditions: 8 mol.% Ru-NSs-1, 0.10 mmol of 1a,
2 equiv. of 2a, 0.1 M concentration. Isolated yield after column
chromatography.
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