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ABSTRACT: Heterogeneous single-site catalysts contain spatially isolated, well-defined active sites. This allows not only their 
easy recovery by solid-liquid separation, but also the detailed active site design like in homogeneous catalysts. Here, hetero-
geneous Pd(II) single-site catalysts were assembled, based on mesoporous metal oxide-bisphosphonate materials as sup-
ports. This new family of hybrid organic-inorganic materials with tunable porosity was further functionalized with thioether 
ligands containing S,O-binding sites that enhance the activity of Pd(II) for C-H activation reactions. The structures of the re-
sulting Pd(II) single-site catalysts were carefully analyzed via solid-state NMR spectroscopy, via texture analysis by N2 phy-
sisorption, infrared spectroscopy, and transmission electron microscopy. Furthermore, the immediate environment of the 
isolated Pd(II) active sites was studied with X-ray absorption spectroscopy. A clear relationship between thioether ligand 
surface density and catalyst activity could be established. Significantly higher yields were obtained using highly porous metal 
oxide-bisphosphonate materials as supports compared to materials with lower porosities, such as conventional metal oxides, 
indicating that the high surface area facilitates the presence of isolated, well-accessible S,O-supported Pd(II) active sites. A 
wide scope of model substrates, including industrially relevant arenes, can be converted with high yields by the optimal het-
erogeneous Pd catalyst.

1. INTRODUCTION 
Over the past decades, homogeneous catalysis has been in-
creasingly applied for the production of fine chemicals and 
especially active pharmaceutical ingredients (APIs), ensur-
ing that reactions proceed with high efficiency, high yield, 
and minimal unwanted by-products.1,2 However, high costs 
and price volatility are generally associated with the transi-
tion metals that are commonly applied as homogeneous cat-
alysts or catalyst precursors, and traces of noble metals in 
APIs are strictly regulated.3,4 Hence, immobilization of the 
active complex by grafting the ligand on a solid support is 
an attractive strategy that generates a recyclable heteroge-
neous catalyst with isolated, well-defined active sites, while 
potentially preserving the structure-activity relationship of 
the homogeneous complex.5–8 As solid support, the use of 
inorganic materials offers various advantages over organic 
matrices, such as high chemical, thermal and mechanical 
stability, and also swelling can largely be avoided.5 A pow-
erful approach to convert such inorganic metal oxide sup-
ports into heterogeneous catalysts with well-defined active 
sites is by immobilizing molecular complexes on inorganic 
supports via ligands with silane, carboxylic acid, or phos-
phonic acid grafting groups.5,7,8 Nevertheless, reaching sim-
ilar activities with the immobilized complexes as with the 
analogous homogeneous catalysts can be particularly diffi-
cult.9,10 Especially for new synthetic strategies that have 

only been explored fairly recently in homogeneous cataly-
sis, the development of heterogeneous single-site catalysts 
remains challenging.11  

Metal-catalyzed coupling reactions via C-H activation have 
received increased research interest over the past decade 
as a novel synthesis methodology to couple organic frag-
ments via a C-C bond without the need for prefunctionaliza-
tion.12–15 Although many elegant synthesis procedures have 
already been proposed, they generally rely on substrates 
bearing directing groups that assist the challenging C-H ac-
tivation step, which often limits the substrate scope.16,17 Al-
ternatively, ancillary ligands can be employed to promote 
the metal-catalyzed cleavage of the C-H bond, even for sub-
strates without directing group.18 In particular, ligands 
based on amino acids19,20, pyridines21–23, pyridones24,25, phe-
nanthrolines26,27, and 4,5-diazafluoren-9-one28,29 have been 
reported to increase the reaction rates of various metal-cat-
alyzed undirected C-H activation reactions. Recently, the re-
search teams of Fernández-Ibáñez and Carrow developed a 
new group of thioether-based ligands.30–35 These ligands 
contain a carboxyl group at the α-position of a thioether 
group and promote the Pd(II)-catalyzed oxidative C-H 
alkenylation30,32–35, arylation31, and acetoxylation32 of a 
wide selection of (hetero)arenes. However, even this new 
generation of Pd catalysts often needs high loadings (5‒10 



 

mol %) to reach excellent yields, which hinders their indus-
trial breakthrough.36 Nevertheless, few heterogeneous cat-
alysts for oxidative C-H alkenylation and arylation reactions 
have been reported so far,37,38 of which only a handful are 
single-site catalysts with well-defined active sites.39–43 Only 
very recently, we reported the synthesis of a new family of 
hybrid organic-inorganic mesoporous materials with tuna-
ble porosity and functionality.44 These bridged metal oxide-
bisphosphonates could be promising catalytic supports 
given their high stability and outstanding textural proper-
ties.  

Herein, we report the first metal oxide-bisphosphonate-
based solid single-site catalyst containing Pd(II)-thioether 
active sites that greatly accelerate C-H activation. 

 

2. EXPERIMENTAL SECTION 
2.1. Synthesis of the Thioether Ligands S1 and S2. 

The syntheses of thioether ligands S1 and S2 are described 
in detail in section 1. of the supporting information. 

2.2. Synthesis of the Metal Oxide-Bisphosphonate 
Supports. 
2.2.1. TiOP. The titanium oxide-bisphosphonate material 
was synthesized as described in the literature.44 Additional 
samples were prepared by changing the molar ratio of the 
linker (0.2 eq. of 4,4'-bis(diethylphosphonomethyl)bi-
phenyl (L1) instead of 0.1 eq.). All other parameters were 
kept unchanged. 
2.2.2. AlOP. The aluminum oxide oxide-bisphosphonate ma-
terial was prepared similarly, using 0.63 g (3.08 mmol) alu-
minum (III) isopropoxide, 0.14 g (0.31 mmol, 0.1 eq.) L1, 10 
mL toluene, and 0.47 g (0.46 mmol) acetic anhydride. 
2.2.3. ZrOP. The zirconium oxide oxide-bisphosphonate ma-
terial was prepared similarly, using 1.74 g (5.3 mmol) of pu-
rified Zr(OnPr)4, 0.24 g (0.53 mmol, 0.1 eq.) L1, and 10 mL 
2-pentanone. The synthesis time in the autoclave at 200 °C 
was extended to 72 h. 

2.3. Synthesis of the Metal Oxide Supports 
2.3.1. TiO2. The TiO2 anatase support was prepared as de-
scribed in the literature.45 
2.3.2. Al2O3. The amorphous Al2O3 support was prepared as 
described in the literature.46 
2.3.3. ZrO2. The ZrO2 support was obtained via a non-hydro-
lytic sol-gel procedure. 10 mL 2-pentanone was added to 
1.74 g (5.3 mmol) of purified Zr(OnPr)4. After stirring for 5 
min, the resulting solution was transferred to a 23 mL stain-
less steel autoclave with a PTFE liner. The sealed autoclave 
was then heated at 240 °C for 72 h in an oven. After the re-
action, the gel was thoroughly washed with ether (5 x 30 
mL), EtOH (5 x 30 mL), and acetone (5 x 30 mL). Then, it was 
dried under vacuum (100 Pa) at 120 °C for 5 h. Finally, the 
material was ground into a fine white powder and was cal-
cined in a muffle furnace at 500 °C (heating rate 10 °C/min) 
for 5 h in air. 

2.4. Grafting of the Thioether Ligand (S1) on the 
Supports. 

2.4.1. TiOP-S1. 0.84 g (3 mmol) thioether ligand (S1) was 
added to 1 g TiOP in 30 mL deionized water. The resulting 

mixture was stirred at 30 °C for 48 h under an inert atmos-
phere. After the reaction, the precipitate was thoroughly 
washed with water (10 x 30 mL) and acetone (5 x 30 mL). 
Finally, it was dried overnight under vacuum (100 Pa) at 
room temperature and then ground into a fine powder. 
2.4.2. AlOP-S1. S1 was grafted on the aluminum oxide-
bisphosphonate support similarly, using 1 g AlOP. 
2.4.3. ZrOP-S1. S1 was grafted on the zirconium oxide-
bisphosphonate support similarly, using 1 g ZrOP. 
2.4.4. TiO2-S1. S1 was grafted on the zirconium oxide sup-
port similarly, using 1 g TiO2. 
2.4.5. Al2O3-S1. S1 was grafted on the aluminum oxide sup-
port similarly, using 1 g Al2O3. 
2.4.6. ZrO2-S1. S1 was grafted on the aluminum oxide sup-
port similarly, using 1 g ZrO2. 

2.5. Pd-loading of the functionalized supports 

The functionalized supports were loaded with typically an 
equimolar amount of Pd(OAc)2 relative to S1. For instance, 
14 mg (62.5 µmol) Pd(OAc)2 was added to 190 mg TiOP-S1 
in 3.75 mL dichloromethane at room temperature. After 
stirring for 24 hours, the solution became transparent and 
a pale yellow powder was obtained, implying that the Pd(II) 
centers migrated to the TiOP-S1 support. After removing 
the loading solvent under reduced pressure, the active 
Pd@TiOP-S1 catalyst was collected and stored under an in-
ert atmosphere. 

2.6. Characterization of the Heterogeneous Single-
Site Catalysts 

A Spectrum II Perkin-Elmer spectrometer was used to col-
lect the Fourier-transform infrared (FTIR) spectra. The 
structure of the materials was analyzed via scanning elec-
tron microscopy (SEM) using a Hitachi S-4800 electron mi-
croscope equipped with an Oxford Instruments X-
Max N SDD for energy dispersive X-ray spectroscopy (EDX). 
The high angle annular dark field scanning transmission 
electron microscopy (HAADF- STEM) images were meas-
ured on a JEOL 2200FS-200 kV microscopy equipped with a 
JEOL CENTURIO detector for EDX. Nitrogen physisorption 
was conducted on a Micromeritics 3Flex surface analyzer at 
77 K. The specific surface areas were calculated via the mul-
tipoint BET method, the pore size distribution in the 1 to 5 
nm range via the DFT method, and in the 2 to 100 nm range 
via the BJH method applied to the isotherm desorption 
branch. Solid-state 13C CP-MAS NMR measurements were 
performed on a  300 MHz VARIAN VNMRS system using a 
3.2 mm T3 probe with a sample spinning frequency of 
12 kHz. Solid-state 31P MAS NMR spectra were measured on 
400 MHz Varian VNMRS spectrometer equipped with a 
3.2 mm Varian T3 HXY probe. The spinning frequency was 
20 kHz and a 90° excitation pulse with a duration of 3 μs 
was used in combination with 100 kHz spinal-64 1H decou-
pling. Two hundred scans were recorded with a recycle de-
lay of 30 s. Hydroxyapatite Ca10(PO4)6(OH)2 with a signal at 
2.8 ppm (relative to 85 wt% H3PO4 in water) was used as an 
external reference to determine the 31P chemical shift accu-
rately. Powder X-ray diffraction (PXRD) data were recorded 
on a Malvern PANalytical Empyrean diffractometer 
equipped with at PIXcel 3D 1x1 detector. The patterns were 
recorded in transmission geometry within a 10° - 70° 2Θ-
range with a step size of 0.013°. The theoretical patterns 



 

were simulated by Mercury 3.10 based on the correspond-
ing CIF-files. X-ray absorption spectroscopy (XAS) data 
were collected at the Structural Materials Science beamline 
of the Kurchatov Synchrotron Radiation Source (Moscow, 
Russia) in transmission mode for pelletized samples. The 
energy was selected by a Si(220) channel-cut monochrom-
ator. The spectra processing and analysis were conducted 
using Demeter software.47 First-shell fitting was performed 
in R-space in the 1 - 2.6 Å region for k2-weighted data Fou-
rier-transformed in the 2 - 8.2 Å−1 k-region. Theoretical 
phases and amplitudes were calculated by Feff 6 code.48 

2.7. Catalytic Reactions 

Generally, 0.75 mL acetic acid (glacial, Fischer), 0.354 mL 
(2.50 mmol; 10 eq.) 2,6-dimethylanisole (98%, TCI), 36 µL 
(0.25 mmol; 1 eq.) n-butyl acrylate (99+%, Acros), 48 µL 
(0.25 mmol; 1 eq.) tert-butyl peroxybenzoate (TBPB) (98%, 
Alfa Aesar) and 50 µL hexadecane (internal standard) 
(>99%, J&K) were added to 40.8 mg (12.5 µmol; 5 mol %) 
Pd@TiOP-S1 in a 1.5 mL glass vial. The vials were closed 
and placed in a preheated 15-well aluminum heating block. 
The reactions were conducted at 100 °C for 2 hours while 
stirring. After the reaction, the vials were cooled on ice to 
quench the reaction and the catalyst was separated from the 
reaction medium via centrifugation. Product quantification 
was performed on a Shimadzu GC-2010 with a CP-Sil-5 CB 
column and a flame ionization detector. Product identifica-
tion was carried out via GC-MS on an Agilent 6890 gas chro-
matograph with an HP-1 MS column and a 5973 MSD mass 
spectrometer.  

2.8. Hot filtration test 

The reaction was performed under the standard reaction 
conditions. After 45 min, the reaction was stopped, quickly 
centrifuged, and the reaction solution was separated from 
the catalyst powder. The reaction solution was filtered and 
heated again to 100 °C for the remaining reaction time. Ali-
quots of 20 µL were taken during the reaction to assess the 
yield.  

2.9. Pd leaching 

The leached palladium content in the reaction solution was 
determined by ICP-OES. After reaction at the standard reac-
tion conditions, the mixture was centrifugated and the reac-
tion solution was separated from the catalyst powder. Next, 
the organics were evaporated and the remaining metal res-
idue was redissolved in aqua regia. Finally, the aqua regia 
solution was diluted with a 5% HNO3 solution and the metal 
content was analyzed using a Varian 720-ES. 

 

3. RESULTS AND DISCUSSION 

3.1. Design and Synthesis of the Metal Oxide 
Bisphosphonate-based Single-Site Catalysts 

Inspired by the bidentate S,O-ligands designed by 
Fernández-Ibáñez et al.,32 we synthesized a new thioether 
ligand with an additional phosphonic acid group (S1), 
which allows for grafting the ligand on a metal oxide sup-
port. As supports, bridged titanium oxide-bisphosphonate 
materials (TiOP) were synthesized by a one-step non-hy-
drolytic sol-gel route (Scheme 1a).44 These materials were 
developed only very recently by the group of Mutin and owe 
their high pore volumes, surface areas, and tunable meso-
porosity to the combination of TiO2 nanodomains held to-
gether by rigid aromatic linkers with fully condensed 
bisphosphonate groups.44 In the present work, 4,4'-
bis(phosphonomethyl)biphenyl (L1) was used as a rigid 
bisphosphonate linker. As shown in Scheme 1b, the S1 lig-
ands were grafted post-synthetically onto the resulting 
mesoporous titanium oxide-bisphosphonates and the struc-
tural formulas of the functionalized materials were deter-
mined from the Ti/P/S ratio measured by energy dispersive 
X-ray (EDX) spectroscopy and assuming complete conden-
sation (Table S1). After grafting the S1 ligands, the BET sur-
face area and pore volume decreased from 525 m2/g to 430 
m2/g and 1.20 cm3/g to 0.80 cm3/g, respectively. Neverthe-

Scheme 1. (a) Sol-gel synthesis of the TiOP support in non-aqueous media. (b) Graphical representation of the syn-
thesis steps to transform the TiOP support into the active Pd@TiOP-S1 single-site catalyst. 



 

less, the type IV isotherm of the functionalized material con-
firmed that the grafted support was still mesoporous (Fig-
ure 1a). The titanium oxide-bisphosphonate materials were 
also characterized by solid-state nuclear magnetic reso-
nance (NMR) techniques to gain more information on the 
structure of the materials. The 13C cross-polarization magic 
angle spinning (CP-MAS) NMR spectra of TiOP and TiOP-
S1 confirm that the bisphosphonate linkers (L1) and thi-
oether ligands (S1) remain intact after synthesis, while the 
lack of features around 60 ppm (O-CH2-CH3) and 75 ppm 
(O-CH-(CH3)2) implies that the P-OEt and Ti-OiPr groups, re-
spectively, are fully condensed (Figure 1b). In accordance 
with the literature, the broad signal centered at 21 ppm in 
the 31P MAS NMR spectra can be ascribed to the tridentate 
C-P-(OTi)3 sites of the bridging bisphosphonate linkers (Fig-
ure 1c).44 Furthermore, an additional signal at 12 ppm can 
be noted in the spectra of TiOP-S1 and TiO2-S1, which is 
ascribed to the tridentate C-P-(OTi)3 sites of the grafted S1 
ligands (Figure S9).49 More information on how the S1 lig-
ands are grafted onto the titanium oxide-bisphosphonate 
materials was obtained via Fourier-transform infrared 
(FTIR) spectroscopy (Figure 1d). As for the pure S1 ligand, 
a clear carbonyl signal at 1700 cm‒1 in the spectrum of 
TiOP-S1 can be noted, confirming that the S1 ligand is 
grafted via its phosphonate group rather than via its carbox-
ylic acid group and that the active S,O-moiety (i.e., a car-
boxyl group at the α-position of a thioether group) thus 
remains preserved for Pd(II) anchoring. Finally, analysis of 
the X-ray diffraction pattern of the TiOP-S1 material re-
vealed that it consists of anisotropic titanium dioxide ana-
tase nanodomains, which are elongated along the c-axis 
given the more intense and narrower (004) reflection com-
pared to the (200) reflection (Figure S1). The presence of 
such anatase nanorods was further evidenced via HR-TEM 

images, implying that the three-dimensional mesoporous 
structure of TiOP-S1 consists of anatase nanorods that are 
interconnected by the bisphosphonate linkers (Figure S3). 

The active Pd@TiOP-S1 catalyst was obtained by loading 
the functionalized titanium oxide-bisphosphonate support 
with Pd(OAc)2. The oxidation state of palladium in the pre-
loaded Pd@TiOP-S1 catalyst is particularly important 
since only Pd(II) centers, rather than Pd(0), are catalytically 
active in oxidative C-H activation reactions. High angle an-
nular dark field scanning transmission electron microscopy 
(HAADF-STEM) together with energy dispersive X-ray spec-
troscopy (EDX) indicated that the Pd(II) centers were uni-
formly distributed over the functionalized titanium oxide-
bisphosphonate support (Figure S15). Furthermore, Pd(0) 
nanoparticles could not be observed in the preloaded mate-
rial, implying that the active sites of the catalyst are isolated 
Pd(II) sites. The single-site nature of the preloaded catalyst 
material was further evidenced by XAS data. Analysis of the 
X-ray absorption near edge structure (XANES) revealed that 
the palladium sites in the preloaded catalyst are present as 
Pd(II) centers and not as Pd(0) species (Figure S17). In ad-
dition, no features resulting from Pd‒Pd interactions could 
be observed in the Fourier transformed extended X-ray ab-
sorption fine structure (FT-EXAFS) spectra, excluding the 
presence of Pd(0) nanoparticles and confirming that the 

Figure 1. Analysis of the structural properties of TiOP (blue) and the functionalized TiOP-S1 material (orange): (a) N2 physisorption 
isotherms, (b) 13C solid-state CP-MAS NMR spectra, (c) 31P solid-state MAS NMR spectra, and (d) FTIR spectra with the reference 
spectrum of ligand S1 in green. 



 

palladium centers are dispersed over the functionalized ti-
tanium oxide-bisphosphonate support as isolated Pd(II) ac-
tive sites (Figure S18). Furthermore, the local atomic struc-
ture of the individual Pd(II) active sites could be determined 
by fitting the FT-EXAFS data, which confirms the proposed 
structure of Pd@TiOP-S1 with Pd-O and Pd-S neighbors at 
1.92 ± 0.02 Å and 2.27 ± 0.02 Å, respectively (Figure 2). 

 

3.2. Catalytic C-H activation reactions 

The activity of the obtained Pd@TiOP-S1 single-site 
catalyst was tested in the oxidative C-H olefination of 
arenes, which has been extensively explored in recent years 
as a more environmentally benign alternative to the widely 
used traditional Heck cross-coupling reaction.13,14 After 
optimizing the reaction conditions (see section 12. of the 
supporting information), a yield of 75% could be reached 
employing 5 mol % Pd@TiOP-S1 as catalyst in the 
oxidative C-H alkenylation of 2,6-dimethylanisole with n-
butyl acrylate. This yield was significantly higher than when 
regular Pd(OAc)2 or Pd(II)-loaded unfunctionalized 
titanium oxide-bisphosphonate (Pd@TiOP) were used as 
catalyst (Table 1, entries 1-3), confirming that the tailor-
made S,O-binding sites of the immobilized S1 thioether 
ligands enhance the activity of the Pd(II) centers. When the 
catalyst loading was increased to 10 mol % or decreased to 
2.5 mol %, the yield changed accordingly to 81% and 65%, 

respectively (Table 1, entries 4-5). Furthermore, when 
Pd(OAc)2 and TiOP-S1 were added separately, a 
comparable yield was achieved as with preloaded 
Pd@TiOP-S1 (74% vs. 75%, respectively) (Table 1, entries 
3 and 6), indicating that the S,O-binding sites of the 
immobilized S1 thioether ligands bind the Pd(II) centers 
with significant affinity and readily combine to form the 
active Pd@TiOP-S1 single-site catalyst in situ. Finally, to 
compare the performance of our heterogeneous catalyst 
with the state-of-the-art homogeneous system, the original 
thioether ligand S2 without phosphonic acid group was 
added to 5 mol % Pd(OAc)2 under the same reaction 
conditions. A yield of 79% was obtained (Table 1, entry 7), 
which is only slightly higher than what is achieved using 5 
mol % Pd@TiOP-S1 (75%). 

As a benchmark material for the titanium oxide-
bisphosphonate-based catalysts, a mesoporous anatase 
TiO2 support was synthesized and subsequently grafted 
with S1 ligands (Table S1). After loading TiO2-S1 with 
Pd(OAc)2 in a similar way as TiOP-S1, the catalytic 
performance of the resulting Pd@TiO2-S1 material was 
analyzed. Interestingly, the yield (43%) was considerably 
lower with 5 mol % Pd@TiO2-S1 than when 5 mol % 
Pd@TiOP-S1 was used (75%) and only slightly higher than 
with 5 mol % standard Pd(OAc)2 (Table 1, entry 8). 
Moreover, even when 5 mol % Pd(OAc)2 and TiO2-S1 were 
added separately (Table 1, entry 9), no significant increase 
in yield (41%) could be noted. Since the presence of S1 
ligands on the TiO2-S1 material was confirmed by EDX, 

Figure 2. (a) Experimental (solid black line) and best fit 
(dashed green line) data of the magnitude (top) and imaginary 
part (bottom) of the Fourier-transformed k2-weighted EXAFS 
spectrum of the fresh Pd@TiOP-S1 catalyst. The Pd-O and Pd-
S contributions are shown by red and yellow dotted lines, re-
spectively. (b) Structure model of the Pd(II) active site of 
Pd@TiOP-S1 that matches the experimental XAS data. The Ti, 
P, O, C, H, S, and Pd atoms are displayed as light gray, orange, 
red, dark gray, white, yellow, and dark blue spheres, respec-
tively. The first and second shell around the Pd(II) center are 
shown as red and yellow dashed circles, respectively. 

Table 1. Comparison of the Activity of the different Cat-
alysts for the Oxidative C-H Alkenylation of 2,6-Dime-
thylanisole with n-Butyl Acrylatea 

aReaction conditions: 1a (2.5 mmol), 2a (0.25 mmol), 
Pd@TiOP-S1 (5 mol % Pd), TBPB (0.25 mmol), and AcOH (0.75 
mL) at 100 °C for 2 h. bReaction yield was measured via GC-FID. 
c10 mol % Pd@TiOP-S1. d2.5 mol % Pd@TiOP-S1. 



 

FTIR, and 31P NMR measurements (Table S1 and Figures S9, 
and S13), these catalytic results suggest that the grafted S1 
ligands are not well accessible in TiO2-S1. Compared to the 
mesoporous TiOP-S1 material, the BET surface area of 
TiO2-S1 is 4 times lower, while the S1 ligand loading is only 
1.7 times lower (Table 2, entries 1-2). As a result, the S1 
surface density is more than two times higher on TiO2-S1 
(1.04 S1/nm2) compared to TiOP-S1 (0.46 S1/nm2). Hence, 
compared to Pd@TiO2-S1, the active S,O-supported Pd(II) 
sites are more isolated and better accessible on Pd@TiOP-
S1, resulting in a better single-site catalyst. Additionally, the 
presence of bisphosphonate linkers with a biphenyl 
backbone might also increase the affinity of the aromatic 
substrates towards the active sites on the surface of the 
supports. 

Besides Ti-based materials, functionalized Al and Zr oxide-
bisphosphonates and their respective metal oxides were 
synthesized similarly. EDX, FTIR, and solid-state NMR 
measurements confirmed that S1 was incorporated in all 

materials and that the active S,O-moieties were preserved 
(Table S1 and Figures S8, and S10-13). After loading with 
Pd(OAc)2, the obtained catalysts were tested in the 
oxidative C-H alkenylation reaction to explore the 
generality of this new catalyst system (Figure 3). While 
excellent yields could be achieved using Pd@ZrOP-S1 
(73%), the activity of the Pd@AlOP-S1 catalyst (50%) was 
considerably lower and only slightly higher than when just 
Pd(OAc)2 was added (40%). Furthermore, for both metal 
oxide-based catalysts, Pd@Al2O3-S1 and Pd@ZrO2-S1, the 
yield was lower than 50%. Again, a clear inverse correlation 
between the activity and the S1 surface density of the 
single-site catalyst could be noted. While ZrOP-S1 
displayed a low S1 surface density in line with the TiOP-S1 
material, the ligand surface densities on AlOP-S1, Al2O3-S1, 
and ZrO2-S1 materials were all significantly higher (Table 
2), confirming that a low S1 surface density ensures 
excellent accessibility to the isolated, S,O-supported Pd(II) 
active sites and ultimately high yields. The remarkably high 

Table 2. Comparison of the Structure Formula, BET Specific Surface Area (SBET), Total Pore Volume (Vp), Average Pore 
Diameter (Dp), S1 Loading, and S1 Surface Density of the Functionalized Metal Oxide and Metal Oxide-Bisphospho-
nate Supports 

aStructure formulas were determined based on the Ti/P/S EDX ratio assuming complete condensation. bBET specific surface area. 
cTotal pore volume at P/P0 = 0.99. dBJH average pore diameter in the 2-80 nm range calculated from the desorption branch. eThe S1
loadings of the supports were determined based on the structure formulas and molecular weights of the bisphosphonate linker L1
and thioether ligand S1.  fThe densities of the S1 ligands on the surface of the supports were calculated based on the S1 loadings and 
BET surface areas. gTwice the amount of L1 added during synthesis. 

 

Figure 3. Performance of the different Pd(II)-loaded metal oxide-bisphosphonate catalysts for the oxidative C-H alkenylation of 2,6-
dimethylanisole with n-butyl acrylate under the standard reaction conditions (cfr. Table 1). aThe S1 surface densities were calculated 
based on the S1 loadings and BET surface areas (cfr. Table 2). bTwice the amount of L1 added during synthesis (cfr. Table 2). 



 

S1 surface density on AlOP-S1 is related to the low BET 
surface area of this support. While the BET surface area of 
the unfunctionalized AlOP material is high (550 m2/g), it 
decreases considerably after grafting with S1 (220 m2/g) 
(Table S1), indicating that the support is not stable under 
the acidic grafting conditions. Furthermore, varying the 
amount of bisphosphonate linker L1 in the TiOP-S1 
support did not have a considerable influence on the 
activity of the corresponding catalyst (Table 2 entry 3 and 
Figure 3), as long as the S1 surface density remained low. 
Adding Pd(OAc)2 and the functionalized supports 
separately resulted again in similar yields as with 
preloading (Table S7), reaffirming that the differences in 
yield are not due to catalyst preparation but rather due to 
the intrinsic properties of the functionalized materials, such 
as the surface density of the S1 ligand. Finally, Pd(II)-loaded 
Ti-, Al-, and Zr-based oxide-bisphosphonates and metal 
oxides without S1 ligands were also tested as control 
experiments (Table S7). In all cases, only moderate yields 
were obtained, which further evidences that the presence of 
isolated, well-accessible S1 ligands is needed to obtain 
highly active single-site catalysts. 

Having established that the higher yield is due to the 
isolated, well-accessible S,O-supported Pd(II) centers, the 
yield was analyzed at several reaction times to determine if 
this is due to increased catalyst activity or rather to 
increased catalyst stability (Figure S19). The kinetic profiles 
clearly show that while all catalysts start to deactivate after 
1 hour, already in the initial phase of the reaction, increased 
yields are achieved with Pd@TiOP-S1 compared to 
Pd@TiOP or standard Pd(OAc)2, confirming that the tailor-
made S,O-binding sites enhance the activity of Pd(II) for the 
rate-limiting C-H activation step. The slightly higher yield 
with Pd@TiOP compared to Pd(OAc)2, on the other hand, 
seems to originate from higher catalyst stability, which has 
been observed before for other porous supports.41,50 Finally, 
a TOF of 13 h‒1 was reached with Pd@TiOP-S1 after 1 hour, 
which is among the highest values ever recorded for the 
non-directed oxidative C-H olefination of arenes.43 

 

3.3. Stability of the Catalyst 

The stability of the titanium oxide-bisphosphonate support 
TiOP-S1 was assessed by comparing the X-ray diffraction 
patterns of the single-site catalysts before and after the 
reaction (Figure S1). As expected, no substantial change in 
the XRD pattern could be noticed, underlining the excellent 
structural stability of the mesoporous titanium oxide-
bisphosphonate supports. Furthermore, nitrogen 
physisorption measurements showed that the spent 
Pd@TiOP-S1 catalyst was still mesoporous. Despite the 
relatively strong affinity of the tailor-made S,O-binding sites 
for Pd centers, the presence of Pd(0) nanoparticles in the 
spent catalyst was evidenced by HAADF-STEM images 
(Figure S16). This is in line with the kinetic profiles, which 
show catalyst deactivation after 1 hour. Notably, no sign of 
aggregation of the sulfur-containing S1 thioether ligands 
could be observed, implying that S1 remained firmly 
attached to the surface of the titanium oxide-
bisphosphonate support during the reaction. Furthermore, 
inductively coupled plasma optical emission spectrometry 
(ICP-OES) measurements of the solution after reaction 

revealed that Pd leaching was minimized to 12 ppm, 
amounting to a mere 1% leaching. The heterogeneity of the 
single-site catalyst was also demonstrated by a hot filtration 
test (Figure S20), highlighting the feasibility of efficient 
recovery of the expensive Pd centers. Nevertheless, the 
activity of the single-site catalyst decreased considerably 
during consecutive runs (Figure S21). Given the minimal Pd 
leaching and the fact that using an excess of support 
compared to Pd does not improve the recyclability (Figure 
S22), this is likely due to the limited catalyst stability. The 
kinetic profile shows that the catalyst starts to deactivate 
after 1 hour, presumably due to the formation of Pd(0) 
aggregates that are apparent in the HAADF-STEM images of 
the catalyst after reaction and cannot efficiently be 
reoxidized by TBPB to the active Pd(II) centers. Moreover, 
no products could be observed in the control reaction with 
Pd(0) nanopowder (350 – 800 nm nanoparticles) (Table 
S7), which supports our hypothesis that the poor 
recyclability is due to Pd(0) nanoparticle formation. Finally, 
it should be noted that several other Pd-based 
heterogeneous C-H activation catalyst systems encountered 
comparable recyclability problems.42,43 

 

3.4. Substrate Scope 

The substrate scope was explored by testing a broad range 
of arenes and alkenes (Table 3). The oxidative alkenylation 
of functionalized arenes containing electron-donating 
groups furnished the products 3a − 3d in excellent yields 
(81 – 94%). Particularly, 2,6-dimethylphenol was converted 
in almost quantitative yields (94%), even when only a slight 
excess of 2,6-dimethylphenol was added, and a TON of 83 
could be reached with 1 mol % Pd@TiOP-S1. In contrast, 
the alkenylation products of aromatics bearing alkyl groups 
(3e − 3h) were obtained in only moderate yields (37 – 
54%), and even lower yields (6 – 26%) were obtained using 
arenes without substituents or with electron-withdrawing 
substituents (3i and 3j). Since especially arenes with 
electron-donating groups are efficiently converted by the 
heterogeneous single-site catalyst, several electron-rich 
heteroarenes were also tested. While the alkenylation of 2-
methylfuran (3k) furnished the product in high yield (91%), 
lower yields were obtained using 2,5-dimethylfuran (3l), 2-
methylthiophene (3m), and 1-methylindole (3n) (64%, 
40%, and 42%, respectively). Besides n-butyl acrylate, 
methyl acrylate and ethyl acrylate were also tested as 
olefins, furnishing the products 3o and 3p, respectively, in 
high yields (74 − 77%). Finally, the applicability of our 
heterogeneous single-site catalyst for the pharmaceutical 
and specialty chemicals industry was demonstrated by 
converting industrially relevant reagents. Albeit in 
moderate regioselectivity for the desired para-isomers, 
excellent yields (81 − 82%) were obtained for products 3q 
and 3r, which are extensively applied as sunscreen 
ingredients Amiloxate and Octinoxate, respectively. 

 



 

4. CONCLUSIONS 
In this work, recently developed metal oxide-
bisphosphonate materials were grafted with thioether 
ligands and tested as supports to make Pd(II) single-site 
catalysts. Based on solid-state 13C and 31P NMR 
measurements and FTIR spectroscopy, it was established 
that the thioether ligands were successfully grafted on the 
metal oxide-bisphosphonate material, while preserving the 
active S,O-moiety of the ligands for Pd(II)-anchoring. 
Analysis of the resulting Pd@TiOP-S1 catalyst via HAADF-
STEM, XANES, and FT-EXAFS indicated that the palladium 
centers were uniformly dispersed as isolated Pd(II) active 
sites and excluded the presence of Pd(0) nanoparticles in 
the catalyst before reaction. Moreover, the local 

environment of the S,O-supported Pd(II) single-sites could 
be determined via FT-EXAFS. The activity of the obtained 
Pd@TiOP-S1 single-site catalyst was tested for the 
oxidative C-H alkenylation of arenes. A TOF of 13 h−1 was 
achieved with Pd@TiOP-S1 after 1 h, which was 
approximately 2-times the TOF reached with standard 
Pd(OAc)2 and comparable to the activity of state-of-the-art 
homogeneous systems. Besides the presence of thioether 
ligands, also textural and surface properties of the support 
has a major influence on the activity. Significantly more 
active single-site catalysts were obtained using 
functionalized, mesoporous metal oxide-bisphosphonates 
with high specific surface areas and low S1 surface densities 
as catalyst support instead of the corresponding 
functionalized mesoporous metal oxides. This increase in 
activity seems to be associated with the highly porous 
nature of the metal-oxide bisphosphonate materials, which 
could facilitate the presence of isolated, well-accessible S,O-
supported Pd(II) active sites. Finally, it was demonstrated 
that the optimal heterogeneous single-site catalyst 
furnishes the alkenylation products of several model 
substrates and industrially relevant arenes in good to 
excellent yields. However, further progress on the stability 
and recyclability is still needed to unlock the full potential 
of this new heterogeneous single-site catalyst for oxidative 
C-H activation reactions. Nevertheless, this study highlights 
that the use of such highly porous, organic-inorganic hybrid 
materials as supports can result in significantly more active 
single-site catalysts compared to conventional metal oxide 
supports, which might inspire future research in this 
rapidly growing domain. 
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aStandard reaction conditions: 1 (2.5 mmol), 2 (0.25 mmol), 
Pd@TiOP-S1 (5 mol %), TBPB (0.25 mmol), and AcOH (0.75 
mL) at 100 °C for 4 h. Reaction yield was measured via GC-FID 
and the products were identified via GC-MS. b2.5 mol % 
Pd@TiOP-S1. c1 (0.5 mmol). d1 (0.5 mmol), 1 mol % 
Pd@TiOP-S1. eOnly one regioisomer was formed. f1 (0.5 
mmol), 70 °C. g1 (0.5 mmol), 1 mol % Pd@TiOP-S1, 70 °C. 
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