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Abstract

Treatment of palladium precursor Pd(PPh3)Cl2 with equivalent arylfluorodithiophos-
phato ligand [PPh4][(4-EtO-C6H4)FPS2] in chloroform at reflux resulted in a mononuclear
palladium(I)–sulfur complex cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}]. This complex was
characterized by UV-Vis and IR spectroscopic analysis, thermogravimetric analysis, and
XPS analysis, and its molecular structure has been established by single-crystal X-ray
diffraction. SBA-15, as a mesoporous material, was selected as a mesoporous silica sub-
strate to further form a homogeneous catalyst, Pd@SBA-15, which has been characterized
by IR spectroscopy, electron microscope and N2 adsorption–desorption test. In addition,
the catalytic activity of Pd@SBA-15 for the Suzuki–Miyaura cross-coupling reaction was
also investigated.

Keywords: palladium(I) complex; crystal structure; immobilization; heterogeneous catalysis;
mesoporous material

1. Introduction
The formation of carbon–carbon bonds in catalytic Suzuki–Miyaura cross-coupling

reactions has been widely investigated for decades due to its significant role in aromatic
compounds, pharmaceuticals, agrochemicals and potential bioactive compounds [1–3]. On
the other hand, this reaction has various advantages, such as easily prepared boronic acids,
the commercial availability of aromatic precursors, and high stability towards moisture and
mild reaction conditions [4]. Palladium, a well-known heterogeneous catalyst, is widely
recognized as the most effective transition metal for the Suzuki–Miyaura cross-coupling
reaction [5,6]. Palladium complexes mainly occur diamagnetically and show 0, +2 and
+4 oxidation states at Pd centers. On the contrary, paramagnetic Pd(I) species have been
demonstrated as intermediates in Pd-catalyzed reactions and act as pre-catalysts. However,
to the best of our knowledge, only a few Pd(I) complexes have been structurally reported
so far [7–10].

Mesoporous silica material SBA-15 has attracted sustained interest in the immobi-
lization of various homogeneous organometallic complexes for catalytic reactions due to
its attractive features such as high surface area, large pore size, inert to many chemical
substrates and enhanced accessibility to active sites [11–13]. In addition, the solubility
could be adjusted to meet the needs of different solvent systems. Despite widespread
use of Pd(0) and Pd(II) complexes immobilized on mesoporous silica material SBA-15 in
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organic cross-coupling reactions [14–17], no reports exist on the investigation of Pd(I)
with hybrid phosphine–sulfide ligands supported on SBA-15 in the Suzuki–Miyaura
cross-coupling reaction.

Recently, Mirika’s group [7] reported a mononuclear palladium(I) complex, which is
stabilized by the dithiapyridinophane ligand and exhibits catalytic reactivity in the Kumada
cross-coupling reaction, which is superior to its Pd(0) or Pd(II) analogs. It is noted that the
mononuclear Pd(I) species could act as the active intermediates in Pd-promoted organic
reactions. In this manuscript, the synthesis and characterization of a mononuclear Pd(I)
complex with triphenylphosphine and dithiophosphato ligands have been described. The
structure has been established by X-ray single diffraction. In addition, immobilization of
this Pd(I) complex on silica support SBA-15 was conducted via a post-grafting strategy,
which could retain a highly ordered meso-structure and enhance accessibility to active sites
compared to Mirika’s work. Silane coupling agent was also used to enhance the interaction
and stability between Pd(I) complex and SBA-15. The activity of this homogeneous catalyst
for the Suzuki–Miyaura cross-coupling reaction was also investigated.

2. Materials and Methods
All the reactions were carried out under N2 atmosphere using standard Schlenk

techniques. Solvents were analytically pure and distilled prior to use. Pd(PPh3)Cl2,
(3-aminopropyl)triethoxysilane (APTES), SBA-15, bromobenzene, 4-methylphenylboronic
acid and potassium carbonate were purchased from Energy Chemical Co., Ltd. (Shang-
hai, China) and used without further purification. The fluorodithiophosphato ligand
[PPh4][(4-EtO-C6H4)FPS2] was synthesized according to the literature [18]. UV-Vis spectra
were measured on a Shimadzu UV-2600 spectrophotometer (Shimazu Co., Ltd., Kyoto,
Japan). Infrared spectra were recorded on a PerkinElmer 16 PC FT-IR spectrophotometer
(PerkinElmer Inc., Waltham, MA, USA) using pressed KBr pellets. Elemental analyses
were carried out using a PerkinElmer 2400 CHN analyzer (PerkinElmer Inc., Waltham,
MA, USA). XPS analysis was carried out on a K-Alpha analyzer (Thermo Fisher Scientific
Inc., Waltham, MA, USA). The thermogravimetric analysis (TGA) was carried out on a
Hitachi STA 200 simultaneous thermal analyzer (Hitachi Ltd., Tokyo, Japan) with a heating
rate of 10 ◦C/min from room temperature to 800 ◦C in a N2 atmosphere. SEM images
were collected on a Sigma 500 electron microscope (Carl Zeiss AG, Oberkochen, Germany).
TEM images were collected on a JEM-2010 electron microscope (JEOL Ltd., Tokyo, Japan).
N2 adsorption/desorption isotherms were obtained at 77 K with a Micrometrics ASAP
2020 M + C system after the samples were first degassed at 120 ◦C for 6 h. GC-MS was
recorded on Agilent 7890B and 5977B (Agilent Technologies Inc., Santa Clara, CA, USA).

Synthesis of cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}]: A mixture of precursor
Pd(PPh3)Cl2 (0.03 g, 0.043 mmol) and equivalent [PPh4][(4-EtO-C6H4)FPS2] (0.024 g,
0.043 mmol) were stirred in chloroform (20 mL) at 60 ◦C for 4 h. After filtrating, the
bright yellow solvent was pumped off in vacuum and concentrated to about 3 mL. Slow
evaporation at 2~8 ◦C gave colorless block crystals suitable for X-ray diffraction overnight.
Yield: 23.0 mg, 62.2%. Anal. Calc. for C44H39FOP3PdS2: C 61.01; H 4.54; S 7.40%. Found:
C 61.12; H 4.52; S 7.35%. IR (KBr disc, cm−1): 3432 (br), 2965 (m), 1634 (m), 1435 (w),
1260 (m), 1099 (s), 1028 (s), 804 (s), 692 (m), and 518 (m).

Preparation of immobilized Pd@SBA-15: A mixture of cis-[Pd(PPh3)2{κ2-S,S′-(4-
EtO-C6H4)FPS2}] (43 mg, 0.05 mmol) and APTES (12 µL, 0.05 mmol) was stirred in
dichloromethane (20 mL) at reflux for 2 h, during which the color was changed from
yellow to light orange. The solvent was pumped off in vacuum, and the residue was washed
with diethyl ether (2 mL × 2) to give [Pd(PPh3){NH2(CH2)3Si(OC2H5)3}-{κ2-S,S′-(4-EtO-
C6H4)FPS2}] as an intermediate. The intermediate (10 mg) and SBA-15 (0.1 g), dried for 10 h
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at 100 ◦C in advance, were added to ethanol (20 mL), and the mixture was heated at 90 ◦C
overnight. After cooling to room temperature, the solvent from the filtrate was removed in
vacuum, and the residue was washed with cold ethanol (2 mL × 2) and diethyl ether (2 mL
× 2) in turn to produce products as white powders. IR (KBr disc, cm−1): 2982 (w), 1054 (s),
802 (m), 447 (s).

X-ray crystallography: Intensity data of palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-
(4-EtO-C6H4)FPS2}] was collected with a Bruker SMART APEX 1000 CCD diffractometer
(Bruker AXS Inc., Karlsruhe, Germany) X-ray source system. The collected frames were pro-
cessed with the software SAINT (Bruker SAINT). The data were corrected using SADABS
(Bruker APEX2) for absorption. Structures were solved by the direct methods and refined
by full-matrix least-squares on F2 with the Olex2 software (Olex2 1.3) package [19–21]. All
non-hydrogen atoms were refined anisotropically. The positions of all hydrogen atoms
were generated geometrically (Csp3−H = 0.96 Å and Csp2−H = 0.93 Å) and included in
the structure factor calculations with assigned isotropic thermal parameters, but were
not refined.

Procedure for Suzuki–Miyaura cross-coupling reaction: Homogeneous catalysts
Pd@SBA-15 (10 mg), K2CO3 (0.28 g, 2.0 mmol), bromobenzene (105 µL, 1.0 mmol) and
4-methylphenylboronic acid (0.16 g, 1.2 mmol) were added to a Schlenk tube in mixed
EtOH/H2O (20/5 mL) and the mixture was heated to 80 ◦C for 3 h. After cooling to room
temperature, the filtrate was poured into water (100 mL) with stirring. Dichloromethane
(20 mL) was then added, and the mixture was shaken sufficiently. The organic phase was
collected, and MgSO4 was added for drying. The solvent was removed under vacuum, and
a white solid was obtained. The sample of the product was dissolved in dichloromethane
and analyzed by GC-MS.

3. Results and Discussion
As is shown in Scheme 1, treatment of Pd(PPh3)Cl2 with equivalent [PPh4][(4-EtO-

C6H4)FPS2] resulted in a rare neutral mononuclear palladium(I) complex cis-[Pd(PPh3)2{κ2-
S,S′-(4-EtO-C6H4)FPS2}]. The two chlorine atoms were replaced by one fluorodithiophos-
phato ligand and the oxidation state of the Pd center was +1, indicating the reducibility of
the conjugated electron-rich system.

Scheme 1. Synthetic route and structural sketch of cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}].

Figure S1 shows the UV-Vis spectra of the palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-
(4-EtO-C6H4)FPS2}] in dichloromethane at room temperature. The strong band at 305 nm is
assigned to the π → π* transition of the PS2 fragment as well as the PPh3 groups.

The IR spectra (see Figure 1) exhibit stretching vibrations at 804 cm−1, which is as-
signed to the typical ν(P–F) [22] and two bands at 518 and 692 cm−1 owing to characteristic
νas(PS2) and νs(PS2), respectively [23]. These two observed bands at 1634 and 1435 cm−1,
as well as one band at 2965 cm−1, are assigned to the stretching vibrations of ν(C=C) and
ν(C–H), respectively. Moreover, the asymmetric C–O–C stretching vibration and symmetric
C–O–C stretching vibration are observed at 1260 and 1099 cm−1, respectively.

Thermogravimetric analysis (TGA) of palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-(4-
EtO-C6H4)FPS2}] was carried out (Figure 2). The first stage showed elimination of organic
residues, and the second stage occurred at around 435 ◦C. Finally, the residual weight was
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reduced to 15.91% and no longer changed with the increase in temperature. The result
matches well with the molecular weight (866.18), and the component of the last residue can
be accurately inferred as PdS (molecular weight: 138.48).

Figure 1. IR spectrum of palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}].

Figure 2. Thermogravimetric curve for palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-
C6H4)FPS2}].

Slow evaporation from chloroform resulted in crystals of palladium(I) complex cis-
[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}], which was confirmed by single-crystal X-ray crys-
tallography. The molecular structure is illustrated in Figure 3. Crystallographic data and
experimental details are also summarized in Table 1. The mononuclear complex was crys-
tallized in the space group Pı̄. The Pd center is surrounded by two phosphorus atoms
of PPh3 ligands and two chelating sulfur atoms of [(4-EtO-C6H4)FPS2]− ligand. The Pd
center is coordinated in a square-planar configuration, and the sum of the four bond angles
around Pd is about 360.2◦, indicating that the center of the Pd atom and two phospho-
rus atoms, as well as two sulfur atoms, are located in the same plane. The Pd–S bond
lengths are 2.363(2) and 2.331(2), respectively, which are within the normal Pd–S range of
2.2–2.5 Å [24] and in good agreement with the values of other palladium–sulfur complexes
(2.2780–2.4063 Å) [25–28]. The mean deviation from the plane of the PdPS2 four-membered
chelating ring is calculated as 0.0631 Å, suggesting its near coplanarity. The two P–S bond
lengths are approximately equal (2.045(3) and 2.055(3) Å), indicative of the delocalized
electron system of the PS2 group [29]. The phosphorus atom of one PPh3 ligand lies cis to
another, together with the P–Pd–P bond angle, which is 99.32(8)◦, possibly due to the high
steric hindrance of the PPh3 ligand. In addition, the Pd–P bond lengths are 2.314(2) and
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2.309(2) Å, respectively, which compare well to the values of palladium complexes with
PPh3 ligands (2.2534(10)–2.320(2) Å) [30–32].

Figure 3. Molecular structure of palladium(I) complex cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}].
Thermal ellipsoids are shown at the 30% probability level and hydrogen atoms are omitted. Selected
bond lengths (Å) and angles (deg): P(1)–C(1) 1.829(8), P(1)–C(7) 1.822(9), P(1)–C(13) 1.838(8), P(2)–
C(19) 1.833(4), P(2)–C(25) 1.798(8), P(2)–C(31) 1.803(8), Pd(1)–P(1) 2.314(2), Pd(1)–P(2) 2.309(2), Pd(1)–
S(1) 2.363(2), Pd(1)–S(2) 2.331(2), P(3)–S(1) 2.045(3), P(3)–S(2) 2.055(3), P(3)–F(1) 1.481(6), P(3)–C(37)
1.810(9), O(1)–C(40) 1.363(11), O(1)–C(43) 1.440(11), P(1)–Pd(1)–P(2) 99.32(8), S(1)–Pd(1)–S(2) 82.67(8),
P(1)–Pd(1)–S(1) 87.64(8), P(2)–Pd(1)–S(2) 90.57(8), P(1)–Pd(1)–S(2) 169.49(8), P(2)–Pd(1)–S(1) 172.45(8),
S(1)–P(3)–S(2) 98.25(12), S(1)–P(3)–F(1) 117.3(3), and S(2)–P(3)–F(1) 114.3(3).

Table 1. Crystallographic data and experimental details for palladium(I) complex cis-[Pd(PPh3)2{κ2-
S,S′-(4-EtO-C6H4)FPS2}].

Complex cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}]

Empirical formula C44H39FOP3PdS2
Formula weight 866.18
Crystal system Triclinic

Space group Pı̄
a (Å) 13.514 (3)
b (Å) 14.156 (3)
c (Å) 14.493 (3)
α (◦) 82.459 (5)
β (◦) 66.538 (5)
γ (◦) 67.332 (5)

V (Å3) 2346.0 (8)
Z 2

Temperature (K) 293.0
Dcalc (g cm−3) 1.226

F(000) 886.0
µ(Mo-Kα) (mm−1) 0.620

Total refln 15018
Independent refln 8121

Rint 0.0523
Parameters 459

R1 a, wR2 b (I > 2σ(I)) 0.0859, 0.2165
R1, wR2 (all data) 0.1319, 0.2501

GoF c 1.024
a R1 = ||Fo − |Fc||/|Fo|. b wR2 = [w(|Fo

2| − |Fc
2|)2/w|Fo

2|2]1/2. c GoF = [w(|Fo| − |Fc|)2/(Nobs −
Nparam)]1/2.
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Immobilization of cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}] on the mesoporous silica
substrate SBA-15 is shown in Scheme 2. The intermediate [Pd(PPh3){NH2(CH2)3Si(OC2H5)3}-
{κ2-S,S′-(4-EtO-C6H4)FPS2}] could be recognized as the ligand exchange from PPh3 to
APTES. The process of immobilization was conducted in EtOH at reflux overnight, in
which APTES acts like a linkage to connect the SBA-15 substrate and Pd(I) complex via a
Pd–N coordination bond.

 
Scheme 2. Synthetic route and structural sketch of Pd@SBA-15.

The IR spectra (Figure 4) of Pd@SBA-15 show strong vibration at 1054 cm−1 and
medium vibration at 802 cm−1, assigned to νas(SiO) and νs(SiO), respectively [32]. In addi-
tion, the strong band at 447 cm−1 is assigned to the Si–O–Si bending vibration frequency.

Figure 4. IR spectrum of Pd@SBA-15.

The scanning electron microscope (SEM) as well as transmission electron microscope
(TEM) images of Pd@SBA-15 are shown in Figure 4. Tests under the same conditions for the
original SBA-15 were also conducted for comparison. Figure 5a,b exhibit a similar ordered
mesoporous structure, but the Pd complex loaded on the channel cannot be clearly seen.
However, the presence of Pd on SBA-15 is determined in the contrastive TEM images (see
Figure 5c,d).

The pore structures of SBA-15 as well as Pd@SBA-15 were also detected by low-
pressure N2 sorption measurements at 77 K (Figure 6). The characteristic shape of N2

sorption isotherms of SBA-15 did not change due to the loading of Pd complex, indicating
that the original pore structure of SBA-15 was still maintained after immobilization. The
average pore widths and the BET specific surface area of Pd@SBA-15 are 3.23 nm and
372.32 m2/g, respectively, and are decreased compared to the values of SBA-15 (4.34 nm

https://doi.org/10.3390/cryst16040235

https://doi.org/10.3390/cryst16040235


Crystals 2026, 16, 235 7 of 10

and 1145.97 m2/g), indicating that the Pd complex occupied the partial inner surface of
SBA-15 [33].

 

Figure 5. SEM images of SBA-15 (a) and Pd@SBA-15 (b), and TEM images of SBA-15 (c) and
Pd@SBA-15 (d).

Figure 6. N2 adsorption–desorption isotherms of SBA-15 and Pd@SBA-15.

In the XPS spectrum (see Figure 7a), elements including oxygen, carbon and silicon,
with binding energy values of 532, 284, 154 and 101 eV for O 1s, C 1s, Si 2s and Si 2p,
respectively, were detected. It is noted that Figure 7b shows four peaks at 342.3, 340.3, 337.1
and 335.0 eV, and the first two binding energies are assigned to Pd 3d5/2 and Pd 3d3/2 of
the Pd2+, and the last two binding energies are attributed to Pd 3d5/2 and Pd 3d3/2 of the
Pd0 [34]. However, an additional two peaks located at 341.3 and 336.0 eV are observed.
It may not be exactly accurate to refer to the two peaks as Pd 3d5/2 and Pd 3d3/2 of the
Pd+, and it could be concluded that the coordination of Pd–P induced the redox reaction of
palladium(I) under X-ray irradiation and resulted in the Pd center appearing in a mixed
valence state [35].
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Figure 7. (a) XPS spectrum of Pd@SBA-15: (a) survey spectrum; (b) Pd 3d.

A typical and qualitative test using Pd@SBA-15 as the homogeneous catalyst was
conducted in the presence of the EtOH/H2O co-solvent, which shows advantages toward
green chemistry and the high yield of biaryl [36,37]. Inorganic salt potassium carbonate
was selected to provide an alkaline environment. 4-methylphenylboronic acid and bro-
mobenzene were chosen as reactants for optimizing the reaction conditions. The effect
of temperature was initially investigated, and temperatures of 25–80 ◦C were examined.
When the reaction temperature increased to 80 ◦C, the reaction was carried out well and
with a high conversion of 97.46%. The component was confirmed as 4-methylbiphenyl
by GC-MS analysis (m/z = 168.2, see Figure S2). Usually, Pd-catalysts are prepared by
multistep and expensive routes. Therefore, the stability and reusability of Pd@SBA-15 were
also tested. After reaction, the catalyst was separated by centrifugation and washed with
cold ethanol and diethyl ether. The catalyst was then dried and reused five times without
obvious loss in its catalytic activity. Under the same conditions, the conversion reached
90.36% in cycle 5 compared to the fresh catalyst (97.46%), indicating the good stability and
robustness of the supported catalyst.

4. Conclusions
In summary, a well characterized mononuclear palladium(I) complex cis-[Pd(PPh3)2{κ2-

S,S′-(4-EtO-C6H4)FPS2}] was synthesized. The molecular structure has been determined by
single-crystal X-ray crystallography. This complex is a mononuclear rare case in which the
Pd center shows +1 oxidation state under the auxiliary verification of XPS characterization.
The Pd center is surrounded by two PPh3 ligands as well as one fluorodithiophosphato an-
ionic ligand [(4-EtO-C6H4)FPS2]− and adopts a square-planar configuration. Furthermore,
a post-grafting strategy was used for the preparation of Pd@SBA-15 based on mesoporous
silica material SBA-15. The morphology and pore structure were investigated by an electron
microscope and N2 adsorption–desorption analysis. It is shown that the prepared new
homogeneous catalyst can efficiently catalyze the Suzuki–Miyaura cross-coupling reaction
at 80 ◦C in EtOH/H2O co-solvent, and high conversion can be obtained. Moreover, the
catalyst can be easily separated and reused several times without any significant loss in its
catalytic activity.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst16040235/s1. Additional UV-vis spectrum (Figure S1) and
GC-MS report (Figure S2). CCDC number <2519124> contain the supplementary crystallographic
data for <cis-[Pd(PPh3)2{κ2-S,S′-(4-EtO-C6H4)FPS2}]>. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 28th December 2025) or from the
Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ, UK.
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