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Abstract: We report here the development of Pd-supported 
catalysts for the selective C-3 arylation of free-indole using thiol-
functionalized silica supports to anchor the palladium centers. The 
palladium (II) complex, Pd(OAc)2, was efficiently loaded into various 
thiol-functionalized mesostructured silicas at room temperature. 
These materials exhibit different contents of surface SH groups (0.3 
to 1.8 SH/nm

2
) and various SH/Pd molar ratios from 6 to 65. It was 

found that the catalysts containing the most isolated surface SH 
groups (0.3 SH/nm

2
) and the highest loading of Pd were the most 

active, reaching 70% of conversion, 1400 as turnover numbers and 
100% selectivity in the C-3 arylated product using only 0.05 mol% of 
Pd. However, a leaching of active Pd species (1.7 ppm) was 
detected. The best compromise was found for a specific solid 
containing isolated surface thiol groups (0.3 SH/nm

2
) and a very low 

loading of Pd (SH/Pd = 65). It exhibited a high TON (608) with a very 
low Pd leaching of 0.5 ppm in the course of the catalytic reaction. 
These results thus illustrate that both surface SH site isolation and 
concentration, as well as the SH/Pd ratio are key parameters to 
access high catalytic performances and very low leaching of metal 
during catalysis.  

Introduction 

Heterobiaryl compounds, among which aryl-indole 
derivatives, were identified in the last decade as promising 
synthons in active pharmaceutical ingredients to cure, for 
instance, diseases caused by microbial agents.[1,2] They could 
also take part of potential treatments for non-microbial illnesses, 
such as diabetes, by acting directly on specific enzymes.[3] Thus, 
elaborating new efficient chemical synthesis methods to yield 
these compounds is of the utmost interest.  

To reach this goal, active molecular catalytic systems were 
therefore developed[4–12] to address the challenging chemo- and 
regio-selective arylation of indoles at the C-3 position. The few 
reported systems, based on palladium or iridium metals, that 
were able to achieve this reaction with high selectivity toward the 
C-3 arylated product, exhibited moderate TONs of ca 80 at 
maximum.[13–19] One exception is the catalytic system based on 
Pd(OAc)2 and lithium bis(trimethylsilyl)amide that our group 
recently reported and that was able to achieve this targeted 
reaction with a TON of 1800 and very high yield in C-3 product 
(90%).[20]  This reaction was also studied using transition metal 
free systems. Two salient examples are worth of note: i) the 
system reported by Chen et al., using four equivalents of 
potassium tert-butoxide and an excess of indole, allowed to 
reach high yields (76% of the C-3 arylated product), albeit with 
low regioselectivity;[21] and ii) the system developed by 
Ackermann et al. which involved the use of substituted 
diaryliodonium salts as reagents, afforded the exclusive 
production of the C-3 arylated products, albeit with moderate 
yields.[22] Overall, one can notice that most of the reported 

systems face two major problems: the lack of productivity and/or 
regioselectivity when using standard experimental conditions. 

Moreover, the reported metal-based catalysts have a 
common drawback: the metal complexes or their deactivated 
forms (metallic particles) are not easy to separate from the 
reaction products and residual metal species are present in the 
products, even after several purification steps. This metallic 
pollution represents an issue, especially for the pharmaceutical 
industry, for which a threshold limit of palladium in drugs was set 
at 5-10 ppm by the European Agency for the Evaluation of 
Medicinal Products (EMEA). To overcome this issue, 
heterogeneous catalysts could be of huge interest and preferred 
since they can be easily separated from the reaction mixture by 
a simple filtration step when used in batch reactors or without 
any purification step when used in continuous flow reactors. 

Even though supported catalysis seems promising regarding 
purification considerations, palladium leaching during the 
catalytic reaction could occur. The use of scavenger materials to 
trap metal ions released from the catalyst during the reaction 
was reported.[23] Most of these scavengers contain thiol groups, 
which strongly coordinate metal atoms. Indeed, several 
scavengers have been described for the entrapment of 
mercury[24], platinum[25], palladium[23,25], cadmium[26],  zinc[27], 
silver[28] and gold[29,30] cations. In addition to their scavenging 
properties towards metals, these materials can be very efficient 
catalysts for various C-C cross coupling reactions, such as 
Heck-Mizoroki[31–34],Suzuki-Miyaura[31–37], Sonogashira[36,38,39] 
reactions, olefin hydrogenation[40] and thiophene derivatives 
arylation[41] for instance. In this context, we envision here the 
development of thiol containing materials to strongly coordinate 
palladium atoms, as scavengers could do, but that would be 
able to catalyze efficiently the chemo- and regio-selective 
arylation of free-indole in C-3 position.  

To achieve this goal, we prepared Pd-supported catalysts by 
coordination of Pd(OAc)2 onto several mesotructured silica 
supports containing different densities of surface thiol groups 
and compared their catalytic performances to commercially 

available sulfur-containing polymeric supports (smopex) 
classically used as scavengers. Our catalysts are based on 
specific mesostructured silica matrices that contain regularly 
distributed thiol groups at the surface of the pore channels with 
various thiol contents. All these solids were successfully 
metalated with Pd(OAc)2 and used as catalysts for the selective 
C-3 arylation of free indole.  

Results and Discussion 

 The silica matrices containing surface thiol groups were 
prepared by sol-gel process using a templating route. The 
materials were obtained via co-hydrolysis and co-condensation 
of (3-mercaptopropyl)triethoxysilane and tetraethyl orthosilicate 
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(TEOS), in different molar ratios using Pluronic P123 as the 
structure directing agent in acidic conditions (aqueous HCl 
solution, pH = 1.5), and the subsequent addition of NaF at 45°C.  
The suspensions were further stirred for 72 h and the resulting 
solids were recovered by filtration. The P123 surfactant was 
then removed by Soxhlet extraction and the solids were 
collected, washed and dried at 135 °C under vacuum (Scheme 1 
- see experimental section for details).  
This synthetic protocol was chosen as we demonstrated in 
recent years that it allows to secure the regular distribution of the 
surface organic groups throughout the pore channels of these 
silica solids, exhibiting a 2D hexagonal arrangement of the 
porous network comparable of that observed in the well-known 
SBA-15 silica[42–46]. Indeed,  we have reported using the same 
protocol some hybrid silica materials containing TEMPO units 
and we demonstrated the regular distribution of such radicals 
using advanced NMR techniques (Surface Enhanced  NMR 
using Dynamic nuclear Polarization) and EPR.[43] Here, the as-
obtained thiol containing solids will be named SBA-PrSHx, where 
x corresponds to the theoretical TEOS:(3-
mercaptopropyl)triethoxysilane molar ratio (Scheme 1). 

 

Scheme 1. Synthesis of the thiol containing mesoprous silica matrices. 

Three mesostructured materials, SBA-PrSHx (x = 6, 10, 30), 
were fully characterized by N2 adsorption-desorption at 77K and 
elemental analyses (Si and S), and the results are summarized 
in Table 1. 

Table 1. Texture and SH loading of the thiol-containing solids. 

Entry Solids 
SBET 

[m
2
/g] 

Vp 
[cm

3
/g] 

Dp 
[nm] 

Si:SH
[a]

 
mmol 
SH/g 

SH/nm
2
 

SH 
distribution 

1 
SBA-

PrSH
30

 
970 1.4 8 28 0.5 0.3 isolated 

2 
SBA-

PrSH
10

 
930 0.8 5 9 1.4 0.9 

not-
isolated 

3 
SBA-
PrSH

6
 

627 0.4 3 6 1.9 1.8 
not-

isolated
b
 

[a] Si:S ratio according to elemental analysis.  

 
We first chose a TEOS:(3-mercaptopropyl)triethoxysilane  

molar ratio of ca 30 because, in these conditions, thiol sites are 
isolated and very distant from each other (0.3 SH group per 
nm2), whereas for a ratio of 10, these sites remain regularly 
distributed but are closer to each other (0.9 SH group per nm2). 
Finally, we decided to prepare a thiol-containing silica support 
using a TEOS:thiol ratio of 6. With such a high loading of surface 
SH groups (theoretical SH density of ca 1.8 SH per nm2), the 
thiols distribution and isolation was no longer controlled and the 
porous network of the silica framework was not mesostructured 
anymore (see below). This solid was intentionally prepared to 
check the influence of site isolation/distribution on the catalytic 
performances.   

As expected, surface area, pore volume and diameter of 
these materials increased when the TEOS:(3-
mercaptopropyl)triethoxysilane molar ratio increased, and the 
most diluted samples,  namely SBA-PrSH30 and SBA-PrSH10 
exhibited key physical features corresponding to SBA-15 type 
materials: large surface area from  930 to 970 m2/g, important 
pore volume from 0.8 to 1.4 cm3/g, calibrated large pore 
diameters from 5 to 8 nm (Table 1) and the expected 2D 
hexagonal arrangement of the pore channels as demonstrated 
by HR-TEM images and type IV N2 adsorption/desorption 
isotherms (see ESI). At the opposite, the important amount of 
thiol precursor used to prepare SBA-PrSH6 materials prevented 
the efficient structuration of the porous network and the regular 
distribution of the SH groups as shown by TEM micrographs 
(see ESI) and the modification of the texture compared to SBA-
PrSH30 and SBA-PrSH10. Indeed, this material exhibits lower 
surface area (627 m2/g) and pore volume (0.4 cm3/g), along with 
a large distribution of small mesopores (from 2 to 7 nm with a 
mean diameter of ca 3 nm - see ESI, Figure S9). This lack of 
structuration was expected since functional silicas with low 
“Si:organic” molar ratio were often found disordered and this cut 
off ratio mainly depends on the size of the organic group.[47] 

 
Different loadings of Pd in the final materials - and thus the 

number of SH putatively coordinating the palladium centers - 
were targetted and obtained by varying the concentration of the 
solution containing Pd(OAc)2. Substoichiometric SH:Pd molar 
ratios were chosen, from 6 to 65, depending on the type of SBA-
PrSHx supports. The experimental SH:Pd ratios were 
determined by elemental analyses of sulfur and palladium and 
were found quite similar to the targeted nominal values as 
presented thereafter in Table 2. 

Table 2. Pd loadings in the mesoporous silicas supports according to 

elemental analysis. 

Entry targetted materials SH:Pd from 

EA 

μmol Pd/g 

from EA 

Pd wt% 

1 SBA-PrSH
30

·Pd
6
 8 63 0.67 

2 SBA-PrSH
30

·Pd
12

 12 42 0.45 

3 SBA-PrSH
30

·Pd
50

 57 9 0.10 

4 SBA-PrSH
30

·Pd
65

 65 8 0.08 

5 SBA-PrSH
10

·Pd
6
 7 190 2.02 

6 SBA-PrSH
10

·Pd
65

 67 21 0.22 

7 SBA-PrSH
6
·Pd

6
 7 266 2.83 

8 SBA-PrSH
6
·Pd

65
 50 35 0.37 

 
For SBA-PrSH30 (Table 2, Entries 1-4), SH:Pd ratios of 6, 12,  

50 and 65 were targeted, and the experimental SH:Pd ratios as 
determined by elemental analyses were 8, 12, 57 and 65 
respectively. The good accordance between the expected and 
the experimental ratios highlights the efficiency of the metallation 
method. For sake of clarity, all the metallated materials will be 
quoted SBA-PrSHx·Pdy with x corresponding to the Si:S molar 
ratio and y to the targetted SH:Pd molar ratio. Similar SH:Pd 
ratios of 6 and 65 were targeted for SBA-PrSH10 and SBA-PrSH6 
materials. The experimental SH:Pd ratios were found equal to 7 
for both SBA-PrSH10·Pd6 and PrSH6·Pd6 (Table 2, Entries 5 and 
7) and 67 and 50 for SBA-PrSH10·Pd65 and SBA-PrSH6·Pd65 
respectively (Table 2, Entries 6 and 8).  

After palladium coordination onto these supports, the 
samples were fully characterized using N2 adsorption-desorption 
and HR-TEM microscopy. The results show that the texture and 
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the structuration of the pore networks were not affected by the 
metallation step (HR-TEM pictures in ESI). Only a decrease in 
surface area of ca 100 to 200 m2/g (depending of the quantitiy of 
loaded Pd) was observed as expected (see ESI for the exact 
quantification). HR-TEM analyses (bright field and HAADF-
STEM) and Pd quantification by EDX also allowed to get more 
insight into the distribution of Pd within the samples. Concerning 
the mesostructured samples possessing regularly distributed SH 
groups (SBA-PrSH10·Pd6, SBA-PrSH10·Pd65 and SBA-
PrSH30·Pd6, SBA-PrSH30·Pd12, SBA-PrSH30·Pd50, SBA-
PrSH30·Pd65), a homogeneous distribution of Pd was detected 
by EDX without the formation of Pd NPs according to HR-TEM 
(See Figure 1 - A and B2 and ESI). This result suggests the 
presence of isolated Pd atoms or very small undetecteable Pd 
clusters throughout the solids. At the opposite, for samples SBA-
PrSH6·Pd6 and SBA-PrSH6·Pd65 in which the regular distribution 
of surface SH groups was not secured, small palladium 
nanoparticles were observed (See Figure 1-C and ESI). HR-
TEM analysis also highlighted the presence of Pd 
nanoparticles/aggregates outside the silica frameworks for the 
most concentrated samples (SH/Pd = 6) containing a high 
content of surface thiols (namely SBA-PrSH10·Pd6 and SBA-
PrSH6·Pd6 - Figure 1-B1 and C1). In these samples,  the 
palladium content as given by elemental analysis is thus not 
representative of the amount of Pd coordinated to the thiol 
groups into the pores of the materials. Unfortunately, our 
attempts to quantify such Pd content by EDX were not 
successful, giving unrealistic Pd loadings (higher than those 
given by elemental analysis in some cases).  

Overall, these data highlight the fact that the regular 
distribution of the SH groups along with the density of surface 
SH groups and the SH/Pd ratios are important parameters to 
secure the distribution of Pd into the silica matrices as single 
atoms and not as Pd nanoparticles, in or outside the silica 
supports.  

For sake of comparison, two commercially available thiol 

containing polymers, namely smopex-234 and smopex-111 
(scheme 2), known as Pd scavengers[48] for coupling reactions, 
were used and metallated with palladium using the same 
protocol.  Here again, high and low SH:Pd molar ratios were 

targetted and the resulting solids are quoted smopex-234·Pdx 

and smopex-111·Pdx (x = 6 or 50, see table 3). 
 

 

Scheme 2. Thiol functionalized polypropylene fibers: smopex


-111 and 

smopex


-234 

These materials were fully characterized by elemental 
analysis, N2 adsorption/desorption and HR-TEM, before and 
after Pd incorporation. These polymers were found non-porous 
(surface area < 3 m2/g), with SH:Pd ratios determined by 
elemental analysis in the expected range (see Table 3). 

Relatively large Pd nanoparticles/aggregates, exhibiting a 
broad size distribution, were detected in the most concentrated 

samples (SH:Pd = 6) for both types of smopex whereas smaller 
Pd NPs were detected for the most diluted solids (see Figure 2).   
 

  

  

  
Figure 1. HRTEM micrographs of SBA-PrSH

30
·Pd

y
 materials (A-1: y=6 and A-

2: y=65) and SBA-PrSH
10

·Pd
y
 materials (B-1: y=6 and B-2: y=65). HAADF-

STEM micrographs of SBA-PrSH
6
·Pd

y
 materials (C-1: y=6 and C-2: y=65). 

Palladium nanoparticles aggregate is indicated by a yellow arrow (B-1) and 
isolated palladium nanoparticles are highlighted by yellow circles (C-1) 

 

Overall, in all cases, the smopex samples exhibited Pd NPs 
even at low Pd content (Table 3 – entry 2 and 4) whereas the 
mesostructured samples containing similar Pd loadings did not 
exhibit Pd NPs (SBA-PrSH30·Pd6 and SBA-PrSH30·Pd12 – Table 
2 entries 1 & 2). 

Table 3. Pd loadings in the smopex
 

polymers
[a]

 according to elemental 

analysis. 

Entry Samples SH:Pd 

from EA 

μmol Pd/g 

from EA 

Pd wt% 

1 smopex


-111·Pd
6
 6 308 3.28 

2 smopex


-111·Pd
50

 35 46 0.49 

3 smopex


-234·Pd
6
 8 242 2.58 

4 smopex


-234·Pd
50

 45 49 0.53 

[a] smopex


-111 and smopex


-234 contain 2.2 and 1.8 mmol/g of thiol groups 

respectively (Johnson Matthey specifications) and contain non-isolated SH 
groups.  

 

 

A-1 A-2 

B-1 B-2 

C-1 C-2 
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Figure 2.  HAADF-STEM micrographs of smopex


-111·Pd
x 

 materials (A-1: 

x=6 and A-2: x=50) and smopex


-234·Pd
x
 materials (B-1: x=6 and B-2: x=50). 

Palladium nanoparticles, and their aggregates, are highlighted by yellow 

circles (A-1 and B-1) and arrows (A-2 and B-2).  

All the aforementionned solids were further used as 
catalysts for the selective arylation of free-indole. Stoichiometric 
amounts of indole and iodobenzene were used in the presence 
of 2.2 equiv. of lithium bis(trimethylsilyl)amide as the base and 
the catalyst loading was set to ca 0.05 mol% (Scheme 3). 
Finally, the reaction was conducted in toluene at 120°C for 16 
hours.  

 

 

Scheme 3. Catalytic arylation of free indole with SBA-PrSH
x
·Pd

y
 or 

smopex


·Pd
x
 catalysts 

At the end of the reaction, the crude mixture was analyzed 
by gas chromatography to determine the conversion of indole 
and the yields in reaction products. 1H NMR and 13C liquid state 
NMR were also used to confirm the molecular structure of all 
products. The catalytic results are presented in Table 4. 

 
Table 4. Catalytic performances of the SBA-PrSH

x
·Pd

y
 and smopex


·Pd

x
 

solids. 

Entry Materials Pd[a]  
Conv. 
(%) 

Yield[b] 
(%) 

TON[c] 
 

Mass 
balance 

(%) 

1 SBA-PrSH30·Pd6 0,046 65 63 1378 98 

2 SBA-PrSH30·Pd12 0.035 51 50 1415 98 

3 SBA-PrSH30·Pd50 0.044 32 30 691 98 

4 SBA-PrSH30·Pd65 0.061 41 37 608 96 

5 SBA-PrSH10·Pd6 0.043 31 27 630 96 

6 SBA-PrSH10·Pd65 0.034 10 6 151 96 

7 SBA-PrSH6·Pd6 0.034 15 3 98 89 

8 SBA-PrSH6·Pd65 0.061 10 4 83 95 

9 smopex


-111·Pd6 0.043 15 11 228 97 

10 smopex


-111·Pd50 0.053 14 9 180 95 

11 smopex


-234·Pd6 0.031 8 5 161 97 

12 smopex


-234·Pd50 0.068 5 0 3 95 

[a] The quantity of Pd in the catalytic tests is given in mol%. [b] Yield 
corresponds to the yield in C-3 arylated product. [c] TON is calculated from the 
yield of C-3 product (TON = yield/catalyst loading).  
 

First, it is worth noting that the materials were all found more 
or less active in the targeted reaction with a complete selectivity 
towards the C-3 products as demontrasted by the good 
accordance between the conversion of indole, the yield in C-3 
product and the high mass balance (see table 4 columns 4, 5 
and 7). These materials are thus the first examples of 
heterogeneous catalysts capable of performing the chemo- and 
regio-selective C-3 arylation of free indole. Table 4 also shows 
that the best materials for this reaction were the mesostructured 
materials containing the most isolated SH groups, namely SBA-
PrSH30

·Pdx (x = 6 to 65) with remarkable TONs for this reaction 
(calculated from the production of C-3 product) ranging from 608 
to 1378. Only material SBA-PrSH10

·Pd6 competed with SBA-
PrSH30

·Pd65, the less active catalyst from the SBA-PrSH30
·Pdx 

series with a TON of 630. All the other materials which contain 
non-isolated and/or non regularly distributed SH groups i.e. 

SBA-PrSH10
·Pd65, the SBA-PrSH6

·Pdx series and the smopex 
samples were found far less active with TONs from 3 to 228. A 
closer look at the results from table 4 also indicates a decrease 
in catalytic performances when the quantity of thiol groups inside 
the mesoporous materials increases for a given palladium 
loading as follows: SBA-PrSH30·Pd6 (TON = 1380) > SBA-
PrSH10·Pd6 (TON = 630) > SBA-PrSH6·Pd6 (TON = 98).  All in 
one, these results clearly demonstrate the key role of the SH 
isolation and distribution in the silica matrices to yield highly 
active heterogeneous catalysts.  
We could also observe, for each series, an increase of the 
catalytic performances with the loading of Pd. Indeed, for a 
given Si:S ratio, the higher the palladium content, the higher the 
TONs. For instance, we observed for SBA-PrSH30·Pdx (Table 3, 
entries 1-4) and SBA-PrSH10·Pdx (Table 3, entries 5-6) that 
TONs were multiplied by more than 2 and by almost 10 
respectively, from the less palladium loaded material to the more 
palladium loaded material. 

As productivity and selectivity of heterogeneous catalyst are 
not the only key parameters to discriminate the best catalytic 
systems, we thus also evaluted the Pd leaching during the 
catalytic reactions using hot filtration tests (also known as split 
tests) for the more productive catalysts (SBA-PrSH30·Pdx). 
These tests were performed as follows: after 30 minutes of 
reaction at 120°C (conversion of ca 5 %), the catalyst was 
rapidly removed by filtration under argon and the collected 
filtrate was further stired for an extra 15.5 h at 120°C before 
analysis by GC-FID. The Pd content in the reaction products, 
after concentration of the reaction mixture to dryness, was also 
analyzed by ICP-MS analyses. The split tests results indicate 
that the material containing the highest loading of palladium 
(SBA-PrSH30·Pd6) exhibited substantial leaching of highly active 
Pd species as the conversion in the liquid phase increases from 
5% to 46% with a Pd content in the products of 1.7 ppm. At the 
opposite, the most diluted material, namely SBA-PrSH30·Pd65, 

was much more leaching resistant with a conversion in the liquid 
phase reaching only 11% and only 0.5 ppm of Pd was detected. 
The negligible Pd leaching for SBA-PrSH30·Pd65 prompted us to 
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test its re-usability. To do so, a 1st catalytic test was performed 
using 0,051 mol% of Pd and stopped after 16h of reaction. A 
conversion of 31 % (i.e. far from full conversion) and a yield of 
30 % were reached which translate respectively into a TON of 
608 and 598. The solid was further subjected to another catalytic 
run. After the exact same reaction time than that used for the 
first run, the catalyst was removed by filtration and the reaction 
mixture was quenched and analysed. Similar rate, selectivity 
and productivity were observed (conversion = 30 % and TON = 
600; yield = 29 % and TON = 567) showing the re-usability of 
the catalyst.  

Conclusion 

In conclusion, we have developed here, for the first time, Pd-
based heterogeneous catalysts for the selective C-3 arylation of 
free-indole. These materials were obtained using tailored made 
thiol-functionalized silica supports to anchor the palladium 
centers. It was shown that some of the solids exhibited 
remarkable catalytic performances in the targeted reaction, 
yielding exclusively the C-3 product with palladium loading as 
low as 0.05 mol%. It was also demonstrated that the regular 
distribution and the isolation of surface thiol groups along with 
the amount of loaded Pd per SH group play a key role on the 
catalytic performances. The solids containing the most isolated 
surface SH groups (0.3 SH/nm2) were found the best catalysts. 
From the series, the material exhibiting the highest loading of Pd 
(SH:Pd = 6) was the most productive catalyst, reaching 70% of 
conversion and very high TON of ca 1400. However, leaching of 
active Pd species was detected (1.7 ppm). The best 
compromise was found for a specific solid containing isolated 
surface thiol groups (0.3 SH/nm2) and a low loading of Pd 
(SH/Pd = 65). It exhibited a high TON (608) with a very low Pd 
leaching of 0.5 ppm according to split tests. This solid was also 
successfully re-used without any significant loss of catalytic 
activity/productivity/selectivity. These Pd-supported catalysts are 
thus very promising for the preparation of arylated indoles that 
are ubiquitous in active pharmaceutical ingredients.   

Experimental Section 

Synthesis of SBA-PrSHx materials 
Representative procedure for SBA-PrSH30 

A homogeneous solution of P123 (8.4 g), H2O (333 mL) and HCl 37% 
(878 µL) was added to a mixture of TEOS (20 mL, 90 mmol) and (3-
mercaptopropyl)triethoxysilane (794 µL, 3.0 mmol). The reaction mixture 
was stirred for 2 h at room temperature and then warmed up to 45 °C, at 
which temperature NaF (154 mg, 3.67 mmol) was added. The mixture 
was stirred at this temperature for 72 h. The resulting solid was filtered 
and washed with H2O (100 mL), EtOH (100 mL) and acetone (100 mL). 
The surfactant was removed by Soxhlet extraction with EtOH during 48 h. 
The solid was further filtered, washed with acetone (100 mL) and MeOH 
(100 mL). It was then suspended in an aqueous solution of HCl 2 M (500 
mL) and stirred at 45 °C for 2 h. After filtration, washings with H2O (100 
mL), EtOH (100 mL), acetone and Et2O (100 mL) and drying at 135 °C 
under vacuum (10–5 mbar), 4.7 g of SBA-PrSH30 was obtained as a white 
powder.  
Materials SBA-PrSH10 and SBA-PrSH6 were prepared analogously by 
changing the TEOS:(3-mercaptopropyl)triethoxysilane ratio while keeping 
a constant Si:P123 molar ratio. 

Incorporation of Pd in the SBA-PrSHx materials 
A mixture of SBA-PrSHx material (250 mg), Pd(OAc)2 (Z mg, depending 
on the targeted Pd loading) and THF (10 mL) was stirred under argon at 
room temperature for 4 h. The solid was filtered and washed thoroughly 
with THF (3x10 mL), DCM (3X10 mL) and Et2O (2x10 mL). The resulting 
solid was dried under vacuum (10–2 mbar) overnight.  

Catalytic tests 
To a Schlenk tube equipped with a magnetic stirring bar were added 
indole (0.5 mmol), LiHMDS (1.1 mmol, 189 mg, 2.2 equiv.) and the 

catalyst (either SBA-PrSHxPdy materials, smopex


-111·Pdx or smopex


-

234·Pdx - 0.25 µmol of Pd, 0.05 mol% Pd) in a glove box. The flask was 

sealed with a silicon septum and transfered out of the glove box. Dry 
toluene (4 mL), iodobenzene (67 µL, 0.6 mmol, 1.2 equiv.) and dodecane 
(150 mg as internal standard) were further added through the septum. 
The reaction was capped and stirred at 120°C. After 16 h, the reaction 
mixture was quenched with 2 mL of methanol and stirred for 15 min. The 
organic phase was injected in the GC-FID for analysis. 
 

Leaching tests – hot filtration/split tests 
The reaction was conducted as detailed before at 120 °C during 30 min. 
After 30 min, the catalyst was rapidly removed by filtration under argon 
and the hot liquid phase was transfered to another Schlenk tube under 
argon and stired for an extra 15.5 h at 120°C. The reaction mixture was 
then quenched with 8 mL of MeOH and analyzed by GC-FID. The 
solution was finally concentrated to dryness and the Pd content was 
analysed by ICP-MS. 
 
Recycling tests 
The reaction was conducted as detailed before. After 16 h of reaction, 
the mixture was quenched with MeOH (4 mL). After 5 min at r.t., the 
reaction mixture was filtered, and the spent solid catalyst was further 
washed three times with 8 mL of MeOH. Then, the catalyt was recovered 
and resubmitted to catalysis. 
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A highly active, leaching resistant and re-usable Pd-based supported catalyst for the C-3 selective arylation of free-indole was 
prepared.  It was obtained by coordination of Pd(OAc)2 into a mesostructured silica matrix containing surface thiol groups. It was 
shown that the regular distribution and the isolation of thiol groups along with the amount of loaded Pd per SH group play a key role 
to develop this promising catalytic material.  

 


