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ABSTRACT: The modification of metal nanoparticles (NPs) by incorporating additional
metals is a key technique for developing novel catalysts. However, the effects of
incorporating nonmetals into metal NPs have not been widely explored, particularly in the
field of organic synthesis. In this study, we demonstrate that phosphorus (P)-alloying
significantly increases the activity of precious metal NPs for the deoxygenation of
sulfoxides into sulfides. In particular, ruthenium phosphide NPs exhibit an excellent
catalytic activity and high durability against sulfur-poisoning, outperforming conventional
catalysts. Various sulfoxides, including drug intermediates, were deoxygenated to sulfides
with excellent yields. Detailed investigations into the structure−activity relationship
revealed that P-alloying plays a dual role: it establishes a ligand effect on the electron
transfer from Ru to P, facilitating the production of active hydrogen species, and has an
ensemble effect on the formation of the Ru−P bond, preventing strong coordination with
sulfide products. These effects combine to increase the catalytic performance of ruthenium
phosphide NPs. These results demonstrate that P-alloying is an efficient method to improve the metal NP catalysis for diverse
organic synthesis.
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■ INTRODUCTION

Incorporating additional metals is one of the key nano-
technologies used to impart unprecedented or significantly
improved catalytic properties to single-metal nanoparticles
(NPs). The resulting metal−metal nanoalloy catalysts have
been widely studied and have delivered great benefits in
diverse fields, including automobile exhaust cleaning, energy
conversion, and industrially important reactions like petroleum
reforming and fine chemical synthesis.1−4 Compared to
metal−metal nanoalloys, the catalytic effect of incorporating
nonmetals into metal NPs has not been widely explored.
Among metal−nonmetal alloy catalysts, metal phosphide NPs
have attracted increased attention as hydrotreating catalysts
and electrocatalysts.5−8 However, despite their unique proper-
ties the use of metal phosphide catalysts in organic syntheses
has rarely been investigated.9−13 Our group recently reported
the unique catalytic properties exhibited by nonprecious metal
phosphide (Ni2P and Co2P) NPs in selective liquid-phase
molecular transformations, e.g., the transformation of biomass-
derived molecules;14−18 the hydrogenation of nitriles, carbon-
yls, nitroarenes, and sulfoxides;19−22 the reductive amination of
carbonyls;23 and the alkylation of oxindoles.24 These studies
revealed the potential of nonprecious metal phosphide NPs to

serve as a novel class of highly efficient heterogeneous catalysts
for versatile liquid-phase reactions, outperforming conven-
tional single nonprecious metal NPs. These results motivated
us to study the catalytic properties of precious metal
phosphides for organic synthesis. Owing to their rarity, studies
on improving precious metal NP catalysts by alloying them
with phosphorus are of great interest.25−29

The deoxygenation of sulfoxides to sulfides is one of the
important reactions in organic chemistry.30,31 Recently,
sulfoxides have served as effective directing groups in catalytic
C−H functionalizations.32−34 Following functionalization,
sulfoxide groups can be removed through deoxygenation,
followed by desulfurization.35,36 Deoxygenation of sulfoxides
also plays a crucial role in the pharmaceutical chemistry.37 For
example, some sulfide-containing bioactive molecules, such as
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sulindac sulfide (anti-inflammatory drug) and ufiprazole
(antiulcer drug), are synthesized by the deoxygenation of
sulfoxide analogues.38,39 Molecular hydrogen (H2) is the most
efficient reducing agent for deoxygenating sulfoxides to sulfides
because water is formed as the sole byproduct. Although some
precious metal NPs promote the deoxygenation of sulfoxides
under mild conditions (e.g., atmospheric H2 pressure),
catalysis using precious metal phosphides has not been
reported to date.40−43 In this study, we investigated the effects
of phosphorus (P)-alloying on NPs made of Pt, Pd, Rh, and Ru
and found that the alloying significantly improved the catalytic
activity of precious metal NPs for the deoxygenation of
sulfoxides using H2. In particular, P-alloying increased the
activity of Ru NPs by ten times; thus, they outperformed
previously reported catalysts. Spectroscopic analyses, control
experiments, kinetic studies, and density functional theory
(DFT) calculations revealed that P-alloying causes two
important effects. One is electron transfer from Ru to P,
which facilitates the heterolytic dissociation of H2 to produce
active hydrogen species for the deoxygenation of sulfoxides
(ligand effect). The other is the modulation of the surface
structure of Ru NPs by formation of the Ru−P bond, which
suppresses the strong coordination with sulfide products
(ensemble effect). This dual role of P-alloying significantly
enhanced the catalytic activity and durability of Ru NPs
(Figure 1).

■ RESULTS AND DISCUSSION

Catalyst Characterization

The SiO2-supported precious metal phosphide NPs (M−P/
SiO2; M = Ru, Rh, Pd, or Pt) were synthesized by high-
temperature pyrolysis using inorganic phosphorus reagents
(see catalyst preparation in the Supporting Information).44

Initially, the metal precursors (RuCl3, RhCl3, Pd(NH3)4Cl2, or
H2PtCl6) and ammonium hypophosphite (NH4H2PO2) were
impregnated into SiO2. The as-obtained solid was heated at
823 K under flowing H2 gas, producing the SiO2-supported
precious metal phosphide NPs (M−P/SiO2; M = Ru, Rh, Pd,
or Pt). As references, unmodified SiO2-supported precious
metal NPs (M/SiO2; M = Ru, Rh, Pd, or Pt) were prepared
using a method identical to the aforementioned one except for
the absence of NH4H2PO2.
The X-ray diffraction (XRD) patterns of M/SiO2 and M−P/

SiO2 are shown in Figure 2a−d. After the phosphorus
treatment, the XRD patterns of M/SiO2 corresponding to
the metal nanoparticles changed to those of the metal
phosphides. The peaks of Ru−P/SiO2, Rh−P/SiO2, Pd−P/
SiO2, and Pt−P/SiO2 were attributed to Ru2P, Rh2P, Pd5P2,

and PtP2, respectively.
45−48 Representative images of M−P/

SiO2 obtained by transmission electron microscopy (TEM) are
depicted in Figure 2e−h. Ru−P/SiO2, Rh−P/SiO2, Pd−P/
SiO2, and Pt−P/SiO2 have spherical NPs with mean diameters
of 3.0, 2.9, 6.7, and 2.6 nm, respectively (Figure 2i−l). The
distributions of metals, phosphorus, and silicon in M−P/SiO2
were determined by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) coupled
with energy-dispersive X-ray spectroscopy (EDX) for ele-
mental mapping (Figure S1). Elemental mapping revealed that
the precious metals formed NPs, and the phosphorus atoms
were homogeneously distributed within each NP. The NPs
were also highly dispersed on the SiO2 support. TEM images
of M/SiO2 confirmed the formation of spherical metal NPs of
Ru, Rh, Pd, and Pt, with mean diameters of 3.7, 3.2, 9.3, and
3.0 nm, respectively (Figure S2).

Evaluation of Catalytic Activity

The catalytic activities of M−P/SiO2 and M/SiO2 were
assessed using the deoxygenation of diphenyl sulfoxide (1a) to
diphenyl sulfide (2a) in H2 gas at atmospheric pressure and
373 K for 30 min (Figure 3). Interestingly, each of the metal
phosphide NPs tested provided a higher yield of 2a than that
obtained using the original metal NPs. Particularly, P-alloying
of Ru NPs drastically enhanced their catalytic activity, resulting
in a 77% yield of 2a that was approximately 10 times higher
than the yield obtained using original Ru/SiO2 (8% yield) and
the highest yield obtained using the M−P/SiO2 catalysts (the
yields were less than 10% using Rh−P/SiO2, Pd−P/SiO2, and
Pt−P/SiO2). The effect of the P/Ru molar ratio used in the
preparation of Ru−P/SiO2 on the catalytic activity was also
investigated (Scheme S1). The curve showing the dependence
of the yield on the phosphorus amount had a volcano shape,
with a maximum value at P/Ru = 0.86. To clarify the effect of
P-alloying on NPs of metals other than Ru, the deoxygenation
of 1a was performed by increasing the metal loadings and
prolonging the reaction time from 30 min to 1 h (inset in
Figure 3). Under these conditions, M−P/SiO2 NPs exhibited a
catalytic activity 7−30 times higher than to their corresponding
M/SiO2 counterparts. These results clearly demonstrate that P-
alloying enhances the catalytic activity of metal NPs for the
deoxygenation of sulfoxides.
The scope of sulfoxides was investigated in the Ru−P/SiO2-

catalyzed deoxygenation using H2 at atmospheric pressure
(Scheme 1). Aryl, benzyl, and alkyl sulfoxides were efficiently
converted to the corresponding sulfides with excellent yields
(Scheme 1 2a−2f and 2n−2p). Ru−P/SiO2 also promoted the
chemoselective deoxygenation of various functionalized
sulfoxides. Aryl (2a−2c, 2e−2m, and 2s), benzyl (2c and
2d), carbonyl (2g and 2h), ether (2i), halogen (2j−2m),
thioether (2q), amino acid (2r), and thiophosphate (2s)
moieties were tolerated under the aforementioned reaction
conditions, and high yields of their corresponding sulfides were
obtained. Furthermore, this catalytic system could be applied
for the preparation of some existing drug molecules; for
example, structurally complex sulfoxides, sulindac (1t),
omeprazole (1u), and oxfendazole (1v) were efficiently
deoxygenated to produce the corresponding sulfide-containing
bioactive molecules, namely sulindac sulfide (anti-inflamma-
tory drug, 2t),37 ufiprazole (antiulcer drug, 2u),49 and
fenbendazole (anthelmintic, 2v),50 in excellent isolated yields,
demonstrating high utility of Ru−P/SiO2 for fine chemical
synthesis. Ru−P/SiO2 was easily recovered by centrifugation

Figure 1. Effect of P-alloying on the catalytic properties of Ru NPs.
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after the reaction was complete and could be reused to afford
2a in a quantitative yield (Scheme 1). Ru−P/SiO2 was also
applied to a gram-scale reaction, where 4.04 g of 1a was

converted to 2a with a >99% yield (Scheme 2a). Based on the
total number of Ru atoms in Ru−P/SiO2, the turnover number
(TON) was 12 500 (32 000 based on the number of surface
Ru atoms). Moreover, Ru−P/SiO2 operated well under 1 bar
of H2 (Scheme 2b), and the TON reached 8900 (22 800 based
on the number of surface Ru atoms). These TON values are
greater than those of homogeneous and heterogeneous
catalysts reported to date (Table S1 and Scheme S2).
To confirm that the sulfoxide deoxygenation is a

heterogeneous catalytic system, Ru−P/SiO2 was removed by
filtration at a ∼40% yield of 2a. Further treatment of the
resulting filtrate under similar reaction conditions did not yield
any product (Scheme S3). Additionally, inductively coupled
plasma−atomic emission spectroscopy (ICP−AES, detection
limit: 0.3 ppm) confirmed the absence of Ru species in the
filtrate. These results demonstrated that the catalysis was not
derived from leaching metal species. The TEM image and size-
distribution histogram of the used Ru−P/SiO2 showed no
significant aggregation or growth of ruthenium phosphide NPs
after the reaction (Figure S3). These results are consistent with
the durability of Ru−P/SiO2 in the gram-scale reactions and
reuse experiments.

Evaluation of Durability

It is well-known that the sulfur atom strongly coordinates with
the active sites of metals, significantly decreasing their catalytic
performance.51,52 However, Ru−P/SiO2 exhibited remarkable
durability against poisoning by sulfide products. To further
assess the durability of Ru−P/SiO2, the influence of product

Figure 2. XRD patterns of (a) Ru−P/SiO2 and Ru/SiO2, (b) Rh−P/SiO2 and Rh/SiO2, (c) Pd−P/SiO2 and Pd/SiO2, and (d) Pt−P/SiO2 and Pt/
SiO2. TEM images and size-distribution histograms of (e and i) Ru−P/SiO2, (f and j) Rh−P/SiO2, (g and k) Pd−P/SiO2, and (h and l) Pt−P/
SiO2.

Figure 3. Catalytic performances of various SiO2-supported metal
phosphide NPs for the deoxygenation of 1a compared to those of the
unmodified single-metal NPs. Reaction conditions are as follows:
catalyst (metal: 0.5 mol%), 1a (2.5 mmol), n-dodecane (5 mL), 30
min; for the inset, catalyst (metal: 2.5 mol%), 1a (0.5 mmol), n-
dodecane (3 mL), 1 h. Yields were determined by gas chromatog-
raphy−mass spectrometry (GC−MS) using an internal standard
technique.
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poisoning on the catalytic activity of Ru−P/SiO2 was evaluated
using Ru/SiO2 as a reference catalyst. Figure 4 depicts the time
courses of the deoxygenation of 1a in the presence and absence
of phenyl-p-tolyl sulfide using Ru−P/SiO2 and Ru/SiO2. Ru−
P/SiO2 completed the deoxygenation of 1a in 1 h (red
spheres). Even in the presence of 200 equiv of phenyl-p-tolyl
sulfide per Ru, Ru−P/SiO2 quantitatively promoted the
deoxygenation of 1a for 6 h, although the reaction rate
decreased (red crosses). This catalytic behavior was in sharp
contrast to that of Ru/SiO2. The initial reaction rate with Ru/
SiO2 (33.5 mol molRu

−1 h−1) was lower than that with Ru−P/
SiO2 (218 mol molRu

−1 h−1). Thereafter, the reaction rate
decreased significantly at ∼30% conversion of 1a, and the
reaction finally stopped at 45% conversion of 1a (blue
spheres). Furthermore, the deoxygenation did not proceed at
all in the presence of phenyl-p-tolyl sulfide (blue crosses),
indicating strong poisoning of Ru/SiO2 by the sulfide product.
These results clearly demonstrate that P-alloying significantly
enhances the activity and durability of the Ru NPs for the
deoxygenation of sulfoxides.

Ligand Effect by P-Alloying

The temperature dependences of the deoxygenation of 1a
using Ru−P/SiO2 and Ru/SiO2 were further studied in the
temperature range 333−363 K (Figure 5a). The initial reaction
rates were determined at low conversions (<20%). The initial
reaction rates increased with as the reaction temperature

Scheme 1. Deoxygenation of Various Sulfoxides Catalyzed by Ru−P/SiO2
a

aReaction conditions are as follows: Ru−P/SiO2 (2.5 mol%), substrate (0.5 mmol), n-dodecane (3 mL), 373 K. Yields were determined by GC−
MS using an internal standard technique. bRu−P/SiO2 (0.5 mol%), substrate (2.5 mmol), n-dodecane (5 mL). cSecond reuse. dIsolated yield.
eH2O (3 mL). fRu−P/SiO2 (10 mol%), 1s (0.125 mmol), THF (3 mL), 333 K. gTHF (3 mL), 333 K. hRu−P/SiO2 (10 mol%), 1u (0.125 mmol),
anisole (5 mL), 353 K. iRu−P/SiO2 (10 mol%), anisole (3 mL), 333 K.

Scheme 2. Gram-Scale Deoxygenation of 1a using Ru−P/
SiO2

a

aReaction conditions are as follows: (a) Ru−P/SiO2 (8 mmol%), 1a
(4.04 g, 20 mmol); (b) Ru−P/SiO2 (10 mmol%), 1a (3.24 g, 16
mmol). The value in parentheses is the isolated yield.

Figure 4. Time courses of the deoxygenation of 1a using Ru−P/SiO2
and Ru/SiO2 in the presence or absence of phenyl-p-tolyl sulfide.
Reaction conditions are as follows: catalyst (Ru: 0.5 mol%), 1a (2.5
mmol), phenyl-p-tolyl sulfide (2.5 mmol), n-dodecane (5 mL), H2 (1
bar), 373 K.
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increased, and the Arrhenius plots for Ru−P/SiO2 and Ru/
SiO2 showed good linearities. The apparent activation energy
(Ea) calculated for Ru−P/SiO2 was 13.5 kJ mol−1, which was
lower than that for Ru/SiO2 (21.1 kJ mol−1). The dependences
of the initial reaction rates on the partial pressure of H2 and the
concentration of 1a were also investigated. The initial reaction
rates were dependent on the H2 partial pressure and
independent of the concentration of 1a (Figure 5b and c).
Furthermore, the H2/D2 kinetic isotope effects (KIEs) in the
deoxygenation of 1a were observed using Ru−P/SiO2 (kH/kD
= 1.6) and Ru/SiO2 (kH/kD = 1.7) (Figure 5d and e). These
results suggest that the rate-determining step includes the
reaction with a hydrogen species. To compare the H2
activation ability of Ru−P/SiO2 and Ru/SiO2, the H2−D2
exchange reaction was carried out (Figures 5f and S4). When
Ru−P/SiO2 was used, the H2−D2 exchange reaction rate was
197 mol molRu

−1 h−1, which was 1.8 times faster than that
obtained when Ru/SiO2 (109 mol molRu

−1 h−1) was used,
indicating that the H2 activation ability of Ru−P/SiO2 is higher
than that of Ru/SiO2. However, this difference in the H2−D2
exchange reaction rate cannot fully explain the activity
enhancement of Ru NPs by P-alloying for sulfoxide
deoxygenation because the difference in the initial reaction
rate between Ru−P/SiO2 and Ru/SiO2 in sulfoxide deoxyge-
nation (218 vs 33.5 mol molRu

−1 h−1) is much larger than that
in the H2−D2 exchange reaction rate. Based on the kinetic
studies, we concluded that the rate-determining step in the
deoxygenation of sulfoxides is the reaction process between the
sulfoxide and the hydrogen species adsorbed on Ru NPs,
which is enhanced by phosphorus-alloying. The results of the
detailed kinetic analysis based on the Langmuir−Hinshelwood
model agreed with the experimental data, which supports our
conclusion well (Figure 5g and h. For details, see kinetic study
in the Supporting Information).
To gain insight into the structure−activity relationships of

Ru−P/SiO2, we performed X-ray absorption fine structure
(XAFS) analysis. The Ru K-edge X-ray absorption near-edge
structure (XANES) spectrum of Ru−P/SiO2 is depicted in
Figure 6a, with Ru powder, RuO2, bulk-Ru2P, and Ru/SiO2

included for reference. The absorption edge energy of Ru−P/
SiO2 (red line) is close to those of Ru powder (purple line)
and Ru/SiO2 (blue line), suggesting that nearly zero-valent Ru
species exist in Ru−P/SiO2.

53 Figure 6b shows the Fourier-
transforms of the extended XAFS (FTs-EXAFS) spectra of
Ru−P/SiO2, with Ru powder, RuO2, bulk-Ru2P, and Ru/SiO2
included for reference. The spectra of Ru−P/SiO2 and bulk-
Ru2P exhibited two principal peaks at 1.8 and 2.6 Å, which
were assigned to the Ru−P and Ru−Ru bonds, respec-
tively.53,54 To further investigate the local structure of the Ru
species in Ru−P/SiO2, curve-fitting was performed on the
EXAFS spectra of Ru−P/SiO2 and bulk-Ru2P. The curve-fitted
data are depicted in Figure S5, and the results are summarized
in Table 1. The coordination number of the Ru−P shell in
Ru−P/SiO2 (2.8) is nearly equal to that in bulk-Ru2P (2.6). In
contrast, the coordination number of the Ru−Ru shell in Ru−
P/SiO2 (2.8) is much smaller than that in bulk-Ru2P (4.9),
indicating that Ru−P/SiO2 has coordinatively unsaturated Ru
sites that may act as catalytic active sites for the deoxygenation
of sulfoxides. We also characterized the used Ru−P/SiO2 after

Figure 5. (a) Arrhenius plots of the deoxygenation of 1a using Ru−P/SiO2 (red spheres) and Ru/SiO2 (blue spheres). Reaction conditions are as
follows: 1a (2.5 mmol), Ru catalyst (0.5 mol%), toluene (5 mL), H2 (1 bar), 333−363 K. Reaction times are as follows: 3−5 min (Ru−P/SiO2) or
15 min (Ru/SiO2). Dependence of the initial reaction rate on (b) the partial pressure of H2 and (c) the concentration of 1a. Reaction conditions
are as follows: 1a (1.25−5.0 mmol), Ru−P/SiO2 (0.1−1.25 mol%), toluene (5 mL), H2 (0.5−3.0 bar), 373 K, 30 min. KIEs of the deoxygenation
of 1a using (d) Ru−P/SiO2 and (e) Ru/SiO2. Reaction conditions are as follows: 1a (2.5 mmol), toluene (5 mL), 373 K. (f) H2−D2 exchange
reaction using Ru−P/SiO2 and Ru/SiO2. Langmuir−Hinshelwood plots of (g) 1/√r0 vs 1/√[H2] and (h) √[Sulfoxide]/r0 vs [Sulfoxide].
Spheres (●) show the experimental data. These plots fit well with the linear transforms of the kinetic equation based on the Langmuir−
Hinshelwood model.

Figure 6. (a) Ru K-edge XANES spectrum of Ru−P/SiO2, with Ru
powder, RuO2, bulk-Ru2P, and Ru/SiO2 included for reference. (b)
Fourier-transforms (FTs) of the k3-weighted EXAFS spectra of Ru−
P/SiO2, Ru powder, RuO2, bulk-Ru2P, and Ru/SiO2.
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the deoxygenation of 1a using XAFS analysis. The Ru K-edge
XANES spectrum and the result of the curve-fitting analysis of
the EXAFS of the used Ru−P/SiO2 are similar to those of the
fresh Ru−P/SiO2 (Figures S5 and S6 and Table S2), indicating
that the electronic state and the local structure of Ru−P/SiO2
do not significantly change after the reaction.
Next, we analyzed Ru−P/SiO2 using X-ray photoelectron

spectroscopy (XPS) to determine the electronic states of Ru
and P. Figure 7a shows the Ru 3d XPS spectra of Ru−P/SiO2

and Ru/SiO2. The Ru 3d5/2 and 3d3/2 peaks of Ru−P/SiO2

were observed at 279.6 and 283.7 eV, respectively. These
binding energies were similar to those of the metallic Ru
species in Ru/SiO2.

55 This result is consistent with that of the
XANES analysis. The P 2p XPS spectrum of Ru−P/SiO2

showed two peaks (Figure 7b). The peak that appeared at
129.3 eV was close to that of elemental phosphorus (129.9 eV)
and was assigned to the negatively charged phosphorus species
(Pδ−).45 The other peak that appeared around 134.7 eV was
ascribed to phosphate species (PO4

3−).56 We further
investigated the electronic state of the surface Ru species by
Fourier-transform infrared (FT-IR) spectroscopy. When CO
was adsorbed onto the surface of Ru/SiO2, an absorption band
was observed at 2007 cm−1, which was attributed to linearly
adsorbed CO on the metallic Ru species (Figure 7c).57,58 In
contrast, an absorption band corresponding to the linearly
adsorbed CO on the surface of Ru−P/SiO2 appeared at 2060
cm−1 (Figure 7c). This blue-shift indicates the formation of
positively charged Ru species (Ruδ+).29 XPS and FT-IR results
disclose that the P-alloying of Ru NPs induces electron transfer
from Ru to P (ligand effect).45,59 The polarized Ru−P bond
dissociates H2 in a heterolytic manner to produce Hδ+ and
Hδ−,11,12 which are active hydrogen species for the
deoxygenation of sulfoxide.60,61 Therefore, the higher catalytic
activity of Ru−P/SiO2 than that of Ru/SiO2, as shown in
Figures 4 and 5a, can be ascribed to the ligand effect of
phosphorus, which facilitates the heterolytic dissociation of
molecular hydrogen.

Table 1. Results of Curve-Fitting of Ru K-Edge EXAFS for Ru−P/SiO2, Bulk-Ru2P, and Ru/SiO2

sample shell CNa r (Å)b D.W.c R factor (%)

Ru−P/SiO2 Ru−P 2.8 ± 0.6 2.30 ± 0.010 0.006 ± 0.0015 8.6
Ru−Ru 2.8 ± 0.9 2.80 ± 0.009 0.008 ± 0.0018

bulk-Ru2P Ru−P 2.6 ± 0.4 2.32 ± 0.007 0.008 ± 0.0014 3.1
Ru−Ru 4.9 ± 0.5 2.80 ± 0.004 0.007 ± 0.0005

Ru/SiO2 Ru−Ru 9.3 ± 0.5 2.67 ± 0.002 0.005 ± 0.0003 4.5
aCoordination number. bBond distance. cDebye−Waller factor.

Figure 7. (a) Ru 3d XPS spectra of Ru−P/SiO2 and Ru/SiO2. The C
1s signal at 284.5 eV was derived from the adhesive carbon tape. (b) P
2p XPS spectrum of Ru−P/SiO2. (c) FT-IR spectra of CO adsorbed
on the surface of Ru−P/SiO2 and Ru/SiO2.

Figure 8. Optimized structures of dimethyl sulfide adsorbed onto Ru2P(210) and Ru(0001) surfaces: (a) b1, (b) b2, and (c) b3 bridge sites of
Ru2P(210). (d) Bridge site of Ru(0001). Gray, light blue, yellow, brown, and light pink balls indicate Ru, P, S, C, and H, respectively. (e) Surface
structures of Ru2P(210) and (inset) Ru(0001). Strong adsorption sites are marked in red.
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Ensemble Effect by P-Alloying

We performed DFT calculations on the adsorption states of
dimethyl sulfide on the ruthenium phosphide nanoalloy to
investigate the origin of the high durability of Ru−P/SiO2.
Based on the XRD patterns of Ru−P/SiO2 and Ru/SiO2
(Figure 2a), the crystal structures of orthorhombic Ru2P and
hexagonal Ru were adopted, with the (210) and (0001) planes,
respectively, being used for the adsorption of a sulfide
molecule (Figures S7 and S8 and Table S3). The adsorption
energies, ΔE = E(surface−sulfide) − E(surface) − E(sulfide),
and the optimized adsorption structures on Ru2P(210) and
Ru(0001) are summarized in Figure 8a−d. The dimethyl
sulfide molecule was stably adsorbed at the Ru−Ru bridge site
on both the Ru2P and Ru surfaces. Three types of bridge sites
are present on the Ru2P surface: the b1 site is located between
two Ru3 hollow sites (Figure 8a), the b2 site is located between
a Ru3 hollow site and a Ru2P hollow site (Figure 8b), and the
b3 site is located between two Ru2P hollow sites (Figure 8c).
The adsorption energy (ΔE) of the b1 site, −51.6 kcal mol−1,
was comparable to that of the bridge site of the unmodified Ru
(Figure 8d; −50.3 kcal mol−1). In comparison, the adsorptions
at the b2 and b3 sites, with ΔE = −37.1 and −31.8 kcal mol−1,
respectively, were less stable. On-top-like adsorptions with
average ΔE values of −44 and −41 kcal mol−1 were also
observed for the Ru and Ru2P surfaces, respectively, as
illustrated in the red frames in Figures S9 and S10. On the
other hand, the hollow sites of the Ru and Ru2P surfaces and
the Ru−P bridge site of Ru2P were less stable than the Ru−Ru
bridge and on-top sites; the sulfide molecules moved to the
Ru−Ru bridge or on-top sites during the geometry
optimization calculations. These results indicated that strong
adsorption of sulfide occurs preferentially at the b1 site of
Ru2P, which is comparable to adsorption on the bridge site of
the unmodified Ru. However, the b1 site accounts for only
12.5% of the total Ru−Ru bridge sites in Ru2P, as illustrated in
Figures 8e and S11. Therefore, P-alloying significantly
decreases the number of strong adsorption sites for sulfide
and reduces the probability of strong adsorption of sulfide on
the Ru surface, thus enhancing its durability against sulfur
poisoning (ensemble effect). In summary, these results
demonstrate that the high activity and durability of Ru−P/
SiO2 are ascribed to the ligand and ensemble effects,
respectively, caused by P-alloying.

■ CONCLUSION

In this paper, we report the effect of P-alloying on the catalytic
properties and performance of precious metal NPs in the
deoxygenation of sulfoxides to sulfides using H2. P-Alloying
drastically improved the catalytic performance of Ru NPs in
the deoxygenation of sulfoxides. The as-prepared ruthenium
phosphide nanoalloy (Ru−P/SiO2) exhibited a high activity
and selectivity for various sulfoxides, including sulfoxide-
containing drug intermediates, to produce the corresponding
sulfides in excellent yields when H2 was used as the reducing
agent at ambient pressure. Furthermore, Ru−P/SiO2 was
applicable to gram-scale reactions to achieve a TON of 12 500,
which is the highest value reported to date. Ru−P/SiO2 was
reusable without any significant loss in activity. Control
experiments, kinetic studies, spectroscopic analyses, and DFT
calculations revealed that the high activity and durability
imparted by P-alloying are due to the ligand effect on the
electron transfer from Ru to P, which facilitates the heterolytic

dissociation of H2, and the ensemble effect on the formation of
the Ru−P bond which prevents strong coordination with the
sulfide products. This dual role of P-alloying greatly improved
the catalytic performance of single ruthenium nanoparticle
catalysts in the selective deoxygenation of sulfoxides. The
results of this study establish P-alloying as a powerful method
for the development of highly active and durable heteroge-
neous catalysts for a variety of organic syntheses.
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