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Abstract

Exploring novel catalysis by less common, metal-non-metal nanoalloys is of great interest in organic
synthesis. We herein report a titanium-dioxide-supported nickel phosphide nanoalloy (nano-
Ni2P/TiO,) that exhibits high catalytic activity for the deoxygenation of sulfoxides. nano-Ni2P/TiO;
deoxygenated various sulfoxides to sulfides under 1 bar of Ha, representing the first non-noble metal
catalyst for sulfoxide deoxygenation under ambient H pressure. Spectroscopic analyses revealed that

this high activity is due to cooperative catalysis by nano-NizP and TiO».
KEYWORDS: nickel phosphide, heterogeneous catalyst, deoxygenation, sulfoxide, titanium dioxide

Introduction
It is well known that metal-metal nanoalloys often exhibit unique physicochemical properties that are

superior to those of nanocrystals comprised of individual metals.>? In the field of catalysis, significant
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enhancements in activity, selectivity, and/or durability have been made by alloying two or more
metals.>-5 In contrast, further extension beyond the use of traditional metal-metal nanoalloys to novel
catalysis by metal-non-metal nanoalloys has not yet been widely explored. Recently, the rapid advance
of nanoengineering technology has enabled the precise synthesis and catalytic application of metal—
non-metal nanoalloys. Accordingly, metal-non-metal nanoalloys, e.g., metal phosphide nanoalloys,
have been gaining attention as electrocatalysts for energy conversion reactions®® and petroleum-
reforming catalysts for hydrotreating reactions.>' However, despite this catalytic potential, the
catalytic applications of metal phosphide nanoalloys for the organic synthesis of fine and bulk
chemicals are less developed.'>-8 In this context, our research group has recently focused on exploring
the novel catalysis by metal phosphide nanoalloys, finding that non-noble metal phosphide nanoalloy
catalysts can outperform conventional metal nanoparticles for hydrogenation reactions.'®?° For
instance, a nickel phosphide nanoalloy (nano-NizP) represents the first example of a non-noble metal
catalyst for the selective hydrogenation of biofuranic aldehydes to diketones in water.® In addition, a
cobalt phosphide nanoalloy (nano-Co2P) exhibits outstanding catalytic performance for nitrile
hydrogenation, with 20-500-fold greater activity than previously reported non-noble metal catalysts.?
Thus, catalysis by metal phosphide nanoalloys for liquid-phase molecular transformations represents
an exciting research area that still has unexplored possibilities, especially for organic synthesis.

The deoxygenation of sulfoxides is an important transformation in organic synthesis because
sulfoxides are utilized as chirons in asymmetric transformations.?*-?* A target chiral compound can be
synthesized through a series of reactions including the introduction of a chiral sulfoxide and its
subsequent deoxygenation. To date, many stoichiometric methods using metal hydrides,?-?" hydrogen
halides,?®-% thiols,31:32 and phosphines®*-3> have been reported for the deoxygenation of sulfoxides.
Alternative catalytic methods employing Mo, Re, Cu, Au, and Ru combined with phosphorus
compounds,®-3 hydrosilanes,3** BHs,*>* and alcohols*>’ have been also developed. However,
these catalytic systems still suffer from low atom efficiency. In contrast, the catalytic deoxygenation
of sulfoxides with Hy represents the most environmentally friendly method for the synthesis of sulfides
with high atom efficiency because water is formed as the sole by-product.®®-53 Our research group
recently found that Ru/TiO; has a high catalytic activity for the deoxygenation of various sulfoxides
under ambient H pressure.*® Subsequently, Pt-MoO/TiO2,*° Pt/V7Cro3-Hol,*® and Pt/HxM003.,°*
catalysts were developed. As alternatives to expensive and rare noble-metal-based catalysts, low-cost

and earth-abundant non-noble metal catalysts for the deoxygenation of sulfoxides have been also



developed. In this context, only two non-precious metal catalysts have been reported for the
deoxygenation of sulfoxides using H2.°2% One is a high-valent oxo-molybdenum(VI) complex
catalyst which requires harsh reaction conditions (50 bar Hz, 120 °C).>2 The other is a Co-Mo/NC
catalyst which operates well at room temperature but requires pressurized H, (10 bar) and a long
reaction time (60 h) to obtain sufficient sulfide yields.>® Therefore, the development of a new and
efficient catalytic system based on a non-precious metal catalyst operating under mild conditions
would greatly advance the utility of sulfoxide deoxygenation. Herein, we report that a titanium-
dioxide-supported nickel phosphide nanoalloy (nano-Ni>P/TiO.) exhibits high catalytic activity for the
deoxygenation of sulfoxides to sulfides using Hz (Scheme 1). In contrast to the previously reported
non-noble metal catalysts requiring high Hy pressures, nano-Ni2P/TiO; is the first example of a non-
noble metal catalyst that promotes the selective deoxygenation of various sulfoxides to the

corresponding sulfides under ambient Hy pressure.
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Scheme 1 Catalytic deoxygenation of sulfoxides to sulfides using Ha.

Results and discussion

nano-NizP was synthesized by a solvothermal method using nickel(11) chloride (NiCl,) and triphenyl
phosphite as the nickel and phosphorous precursors, respectively.!® For comparison, nano-CozP and
nano-Fe;P were prepared by similar methods (Fig. S1 and S2). The formation of nano-Ni.P was
evidenced by X-ray diffraction (XRD). In the XRD pattern of nano-NiP (Fig. S1), the diffraction
peaks located at 20 = 40.8°, 44.7°, 47.3°, and 54.1° can be ascribed to the (111), (201), (210), and
(300) planes of Ni,P (JCPDS card no. 03-0953), respectively.>* Fig. 1a shows a transmission electron



microscopy (TEM) image of a collection of spherical nano-Ni-P particles, which have a mean diameter
of 5.2 nm. A high-magnification TEM image shows the well-resolved lattice fringes of hano-Ni2P (Fig.
1b), where the lattice spacings of 0.236 and 0.224 nm correspond to the (102) and (111) planes of
hexagonal Ni.P, respectively (Fig. 1c and 1d).>> Moreover, the selected area electron diffraction
(SAED) pattern is consistent with that of hexagonal NixP (inset, Fig. 1b), which further verifies the
formation of crystalline Ni,P.%® Next, nano-Ni,P was immobilized on TiO>. nano-Ni,P was dispersed
in hexane and then stirred with TiO», giving nano-NiP/TiO2. The high dispersion of nano-Ni.P on
TiO2 was also confirmed, as depicted in Fig. le. These results clearly showed the successful

immobilization of uniform and crystalline nano-Ni-P on TiOa.
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Fig. 1 a) TEM image and histogram of nano-Ni.P. b) High-magnification TEM image of nano-NizP
(the inset in (b) shows the corresponding SAED pattern). ¢) and d) Enlarged views of the area selected
by the red and yellow square in (b), respectively. €) TEM image of nano-NiP/TiO> with nano-NizP
marked in yellow circles.

We initially assessed the catalytic potential of various metal phosphide nanoalloys for the
deoxygenation of diphenyl sulfoxide (1a) under 10 bar of Hz at 120 °C for 1 h, as summarized in Table
1. nano-NizP promoted the deoxygenation of 1a, affording diphenyl sulfide (2a) in 14% vyield (entry
1). In contrast, other non-noble metal phosphides, namely, nano-Co2P, nano-Fe;P, and bulk NiP,
showed almost no activity (entries 2-4), revealing the unique deoxygenation catalysis by nano-NizP.
Next, active nano-NiP immobilized on various supports, such as TiOz, ZrOz, NbOs, SiOy,
hydrotalcite (HT), and Al.Os, were tested for the deoxygenation of 1a (entries 5, 9-13). While most
of the supported Ni2P alloys provided 2a in yields similar to or lower than that with unsupported nano-
Ni2P, nano-Ni>P/TiO2 and nano-Ni>P/ZrO, had 2—3-fold higher activities, giving 2a in 33% and 28%

yields, respectively (entries 5 and 9). These results showed that the combination of the Ni>P nanoalloy



with TiO2 provides the best activity among the tested metal phosphide nanoalloy catalysts, suggesting
that metal-support cooperation plays an important role in the present deoxygenation reaction. With
nano-Ni2P/TiO, in hand, the reaction conditions were optimized. When 4A molecular sieves (4A M.S.)
were added to remove the water generated during the reaction, the yield of 2a was further improved
to 56% with a reaction time of 1 h and reached 98% when the reaction time was extended to 2.5 h
(Table 1, entries 6 and 7). Notably, with nano-Ni>P/TiO, the reaction proceeded under just 1 bar of
Hy, providing 2a in 97% yield (Table 1, entry 8). This is the first example of sulfoxide deoxygenation
using a non-precious metal catalyst under ambient H, pressure.

Next, we carried out a hot filtration experiment using nano-Ni»P/TiO; to confirm the occurrence of
hydrogenation on the catalyst surface. After the removal of nano-Ni.P/TiO, by filtration at
approximately 50% conversion of 1a, no further conversion was observed (Fig. S3). In addition, the
concentration of Ni in the filtrate was below the detection limit of inductively coupled plasma atomic
emission spectrometry (ICP-AES), and the Ni loading amount of used nano-Ni,P/TiO, was almost the
same as that of the fresh catalyst (Table S1). These results showed that nano-NiP was strongly
immobilized on the TiO, support and there was no leaching of Ni species from the catalyst, indicating

that this is the active species for the deoxygenation of sulfoxides.

Table 1 Deoxygenation of diphenyl sulfoxide (1a) catalyzed by metal phosphide catalysts?

0
u Catalyst s
SR . OO
la 2a
Entry Catalyst Time (h) Yield (%)°
1 nano-NizP 1 14
2 nano-CozP 1 <1
3 nano-Fe;P 1 <1
4 bulk Ni.P 1 <1
5 nano-NizP/TiO> 1 33
6° nano-NixP/TiO; 1 56
7° nano-NiP/TiO> 2.5 98
g nano-Ni,P/TiO, 12 97
9 nano-Ni2P/ZrO; 1 28



10 nano-NizP/Nb,Os 1 15
11 nano-NizP/SiO; 1 11
12 nano-NixP/HT 1 10
13 nano-NizP/Al,O3 1 8

2 Reaction conditions: catalyst (5 mol% metal), 1a (0.5 mmol), toluene
(3 mL), H2 (10 bar), 120 °C. ® Determined by gas chromatography-mass
spectrometry (GC-MS) using naphthalene as an internal standard. ¢ 4A
M.S. (0.1 g). “4A M.S. (0.1 g), Hz (1 bar), 160 °C.

The substrate scope of the sulfoxide deoxygenation reaction catalyzed by nano-Ni2P/TiO2 under
atmospheric H, was investigated (Scheme 2). nano-NiP/TiO, efficiently promoted the selective
deoxygenation of various sulfoxides, including aromatic (2a—2e) and aliphatic (2f-2i) substrates,
giving the corresponding sulfides in high yields. Notably, functional groups such as halogens (2j and
2k), ether (2I), carbonyls (2m and 2n), and alkene (20) were tolerated because nano-NiP/TiO,
operated under mild conditions. In particular, selective deoxygenation of sulfoxide while retaining an
aldehyde group was achieved for the first time, with nano-Ni>P/TiO, chemoselectively deoxygenating
4-(methylsulfinyl)benzaldehyde to the corresponding 4-(methylthio)benzaldehyde (2m). Furthermore,
nano-NizP/TiO2 was applicable to the gram-scale reaction: 1.0 g of 1a was successfully converted to
2a with a yield of 92%, where a turnover number (TON) reached 92 (Scheme 3). This value of TON
is significantly larger than those of previously reported non-noble metal catalyst systems (Table S3).
This result demonstrates that the nano-Ni-P/TiO. shows high catalytic activity and durability for the
deoxygenation of sulfoxides. Conclusively, the use of nano-Ni>P/TiO; provides a powerful method for
the selective deoxygenation of various functionalized sulfoxides to the corresponding sulfides under

ambient H, conditions.
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Scheme 2 Deoxygenation of various sulfoxides catalyzed by nano-Ni2P/TiO,. Reaction conditions:
nano-Ni2P/TiO, (0.145 g, 5 mol% Ni), substrate (0.5 mmol), toluene (3 mL), 4A M.S. (0.1 g), Hz (1
bar), 160 °C, 12 h. Yields were determined by GC-MS using naphthalene as an internal standard. 210
mol% Ni, 140 °C. ® 10 mol% Ni. 10 mol% Ni, 120 °C, 24 h.
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Scheme 3 Gram-scale reaction of diphenyl sulfoxide using nano-Ni2P/TiO5.

X-ray absorption fine structure (XAFS) analysis was used to investigate the structure—activity
relationship of nano-Ni>P/TiO,. The X-ray absorption near-edge structure (XANES) spectra of Ni foil,
NiO, nano-Ni2P, and nano-Ni>P/TiO, measured in air are shown in Fig. 2. The absorption edge energy
of nano-Ni2P (Fig. 2, red line) is close to that of Ni foil (Fig. 2, blue line), which indicates that the Ni
species in nano-Ni2P are in a metallic state.!® Further, the absorption edge energy of nano-Ni,P/TiO>
(Fig. 2, green line) is similar to that of nano-Ni.P, suggesting that the Ni species in nano-NizP retain

their metallic nature after immobilization on TiO,. However, slight changes in the spectral features of



nano-NizP/TiO, suggest that TiO, affects the local structure and/or electronic state of nano-NizP.
Hence, the nano-Ni;P/TiO; catalyst has an air-stable metallic nature that is active for hydrogenation,
unlike conventional nickel(0) catalysts such as Raney Ni which are oxidatively degraded in the
atmosphere.>” The Fourier transform of the extended XAFS (FT-EXAFS) spectrum of nano-Ni,P
showed two peaks at 1.7 and 2.3 A, which are assigned to Ni—P and Ni-Ni bonds, respectively (Fig.
$4).5859 The absence of Ni—O bonds indicated that nano-NiP is not oxidized, which is consistent with
the XANES analysis. Curve-fitting analysis suggested that the Ni—Ni bond length of nano-NizP (2.58
A) was longer than that of Ni foil (2.48 A) owing to the formation of vertex-sharing NiP4 tetrahedra.
Interestingly, nano-Ni;P was significantly different from bulk Ni2P, in terms of the coordination
number (CN) ratio, with the CNni-ni/CNni-p ratio of nano-NizP (1.0) being smaller than the ideal value
in bulk Ni2P (3.3) (Fig. S5 and Table S2). This small value for the CNni-ni/CNni-p ratio in nano-NiP
indicates the presence of highly coordinatively unsaturated Ni—-Ni sites on the surface which can
activate H.*41° The crystal structure of Ni,P and an exposed (300) plane are shown in Fig. S6. We
infer that the lower CNni-ni/CNni-p ratio of nano-Ni2P is due to the exposure of the (300) plane because
many Ni—Ni sites are arranged on this plane. Hence, the difference between the deoxygenation
activities of nano-Ni2P and bulk Ni2P is derived from the highly coordinatively unsaturated active sites

for H on the exposed (300) plane of nano-NizP.
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Fig. 2 Ni K-edge XANES spectra of Ni foil, NiO, nano-Ni2P, and nano-Ni2P/TiOs..

Next, X-ray photoelectron spectroscopy (XPS) measurements of nano-Ni.P were carried out. The



Ni 2p XPS spectrum of nano-NizP showed two peaks located at 853.1 and 870.2 eV, which were
similar to those of metallic Ni 2ps» (852.8 eV) and Ni 2p12 (870.0 eV) (Fig. S7), supporting the
metallic nature of the Ni species in nano-NiP. Furthermore, XPS measurements of nano-Ni,P/TiO;
were performed to elucidate the role of TiO; in the deoxygenation of sulfoxides. Fig. 3 shows the Ti
2p XPS spectrum of nano-NiP/TiO2, where the Ti 2ps/» peak located at 458.8 eV corresponds to Ti**
of TiO; (Fig. 3a). After treating nano-Ni>P/TiO; under deoxygenation conditions without sulfoxides
(10 bar Hz at 120 °C for 1 h), a peak assigned to Ti* appeared at 458.2 eV, suggesting that Ti** species
on TiOz is partially reduced to Ti®* accompanied by the formation of oxygen vacancy (O.) sites (Fig.
3b).6%61 Furthermore, the Ti®* peak disappeared by the subsequent treatment of nano-Ni,P/TiO, with
la in toluene under an argon atmosphere (Fig. 3c), resulting in the production of 2a (Scheme S1). This
result indicated that the in situ generated Ti3* species are oxidized by sulfoxide, that is, the Oy sites on
TiO2 could deoxygenate 1a to 2a.

Based on these results, we proposed a reaction pathway for the deoxygenation of sulfoxides
catalyzed by nano-Ni2P/TiO, through the cooperative behavior of nano-Ni>P and TiO, (Scheme 4).
First, Hy is activated at a coordinatively unsaturated Ni—Ni site on nano-Ni2P (I). Subsequently, the
spillover hydrogen diffuses onto the TiO. surface (Il), where it reduces TiO, to form an Oy site
(111).8282 The O, site in TiO, deoxygenates the sulfoxide to give a sulfide (1V), thereby completing
the catalytic cycle. The cooperative effects of nano-NizP and TiO; play key roles in the activation of
H, followed by the formation of Oy sites and the deoxygenation of sulfoxide, respectively. This hybrid

catalysis system leads to the high performance of nano-Ni>P/TiO; in the deoxygenation of sulfoxides.
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Fig. 3 Ti 2p XPS spectra of a) nano-Ni.P/TiOy, b) (a) after treatment with Hy, and c) (b) after treatment

with 1a. The curve-fitted data are shown as dash lines in (b).
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Scheme 4 Proposed reaction pathway for the deoxygenation of sulfoxides through the cooperative

catalysis by nano-NizP and TiO support.

Conclusion

We found that a TiO,-supported NizP nanoalloy efficiently promoted the selective deoxygenation of
sulfoxides to sulfides under mild conditions. This system is the first non-precious metal catalyst to
achieve sulfoxide deoxygenation to sulfides under just 1 bar of H,. A wide variety of sulfoxides bearing
reducible functional groups were chemoselectively converted to the corresponding sulfides in high
yields while retaining the functional groups. XAFS and XPS analyses revealed that the Ni>P nanoalloy
and TiO; efficiently and cooperatively functioned to activate H, and deoxygenate the sulfoxide,
respectively, leading to high catalytic performance. These results confirm the potential of metal
phosphide nanoalloys for catalysing a wide variety of molecular transformations under mild conditions.
We envisage that our study will make a significant contribution to expand the unexplored catalytic

potential of metal phosphide nanoalloys for organic synthesis.

Experimental section
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General information

X-ray diffraction (XRD) studies were conducted on a Philips X'Pert-MPD diffractometer with Cu-Ka.
radiation. Transmission electron microscopy (TEM) was carried out FEI Tecnai G2 20ST instruments
operating at 200 kV. Gas chromatography—mass spectrometry (GC-MS) was performed using a
GCMS-QP2010 SE instrument equipped with an inert Cap WAX-HT capillary column (30 m x 0.25
mm i.d.). The oven temperature was programmed as follows: Starting temperature of 100 °C held for
2 min, then ramped to 280 °C at 20 °C /min. Ni K-edge X-ray absorption spectra were recorded at
room temperature using a Si (111) monochromator at the BLO1B1 line of SPring-8 at the Japan
Synchrotron Radiation Research Institute (JASRI), Harima, Japan. The obtained spectra were
analyzed using Athena software. After normalization at edge height, the k3-weighted y spectra were
extracted. XPS analysis was performed on a KRATOS system equipped with a mono Al X-ray source
and a hemispherical analyzer operating in the fixed analyzer transmission mode. The spectra were
obtained at a pass energy of 40.0 eV with an Al-K X-ray source operating at 50 W and 154 kV. The
analysis area was 0.7 x 0.3 mm? while the working pressure in the analysis chamber was less than 1 x

1078 Pa. The C 1s peak at a hinding energy of 285.0 eV was used as the internal reference.

General procedure for the synthesis of nano-Ni;P/TiO,

All reactions were conducted under an argon atmosphere using standard Schlenk line techniques. In a
typical synthesis, NiCl,-6H,0 (1.0 mmol) was combined with hexadecylamine (10 mmol) and
triphenyl phosphite (10 mmol) in a Schlenk flask. The mixture was stirred at 120 °C for 1 h.
Subsequently, increasing the temperature to 315 °C while stirring gave a black colloidal solution. The
mixture was allowed to cool down to room temperature and the black product was then collected by
centrifugation. The obtained powder was washed with a chloroform-acetone mixture (1:1, v/v) and
dried in vacuo overnight to give nano-NizP. Next, nano-NizP (22 mg) was dispersed in hexane (100
mL) with sonication for 1 h and then stirred with TiO (1.0 g) for 6 h at room temperature. The obtained
powder was dried in vacuo overnight to give nano-Ni,P/TiO; as a grey powder. Similar procedures

were used to prepare the other nano-Ni2P/support (ZrO2, Nb,Os, SiO;, HT, and Al,Os) catalysts.

Typical catalytic reaction

As a representative catalytic reaction, the transformation of 1la to 2a using nano-NiP/TiO, was
typically performed as follows. First, nano-Ni2P/TiO, (0.145 g) and 4A M.S. (0.1 g) were placed in a
50 mL stainless-steel autoclave with a Teflon inner cylinder, followed by the addition of 1a (0.5 mmol)

and toluene (3 mL). The reaction mixture was stirred vigorously at 120 °C under 10 bar of Ha. The
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reaction solution was then analyzed by GC-MS to determine the conversion and yield using

naphthalene as an internal standard method.
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