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A Bis-Thiosemicarbazone Pd(II) SiO2 Nanoparticle
Conjugate for C─C Coupling Catalysis
Eric Tobechukwu Anthony, Selina Olthof, Stefan Roitsch, Klaus Meerholz, Sanjay Mathur,
and Axel Klein*

Pd(II) complexes of thiosemicarbazones (TSCs) have previously
been used as homogenous precatalysts for constructing C─C bonds.
Herein, the first SiO2-supported homogeneous Pd(II)-TSC catalyst
[PdL]–APTES–SiO2 (APTES= (3-aminopropyl)triethoxysilane) is
reported for this purpose. This Pd complex–SiO2 nanoparticle
(NP) conjugate is synthesized through covalent binding of
the pentadentate bis(N4-(2-ethylphenyl)) 2,6-diacetyl-pyridine
TSC onto monodispersed SiO2, followed by coordination
of Pd(II). Characteristic shifts of resonances in the Fourier-
transform infrared spectra allowed confirming the SiO2

functionalization and the Pd-binding. High-resolution X-ray

photoelectron spectroscopy (XPS) analysis of N 1s, C 1s, and
S 2p shows that the binding energies of the atoms in the
C═N, C═S, C─N, N─H, pyridine-N, and imine-N groups shift
to lower values upon Pd coordination. The absence of chloride
in the XPS of the H2L–APTES–SiO2 conjugate strongly supports
the successful covalent binding of the TSC onto the SiO2 NPs
and is in line with the Sthiolate^Nimine^Npyridine^Namide coordina-
tion of Pd(II) in the conjugate that is also found in the model
complex [Pd(L)]. The [PdL]–APTES–SiO2 NPs are used as
precatalyst in Suzuki–Miyaura-type cross-coupling reactions
with yields ranging from 70% to 83%.

1. Introduction

The Pd-catalyzed Suzuki–Miyaura cross-coupling reaction that
uses organoboron and organohalide precursors is a powerful
method to construct C(sp2)─C(sp2) bonds.[1–4] Pd (pre)catalysts
such as Pd(OAc)2, [Pd2(dba)3] (dba= dibenzylideneacetone),
and [Pd(PPh3)4] combined with suitable ligands represent typical
homogenous catalytic systems.[1–6] Homogenous catalytic system
generally show higher chemo and regioselectivity.[1,2,4,6] However,
the separation of the catalysts from the reaction products is dif-
ficult and hampers an industrial-scale use of this method.[4,6,7]

Heterogeneous Suzuki–Miyaura catalysts such as so-called
ligand-free Pd catalysts,[4,8,9] 3D-printed Pd complexes,[10] or Pd
nanoparticle (NP)-based systems,[4,11,12] can be easily separated,
but show reduced efficiency in terms of reactivity per Pd atom

and low regioselectivity.[11–13] The combination of both approaches,
homogeneous Pd catalysts (complexes) that are covalently
anchored on a solid support,[12–20] allows easy separation, recycling,
and reuse of the catalyst, while the Pd reaction center is identical to
a homogeneous catalyst center and the same reactivity and selec-
tivity can be expected.[12,16,20] For the anchoring on a Pd complex
onto an NP support, the ligand must offer the opportunity of simple
modification to allow the covalent bonding (conjugation) without
changing the binding properties of the ligand.

Thiosemicarbazones (TSCs) are a class of remarkable ligands
featuring soft thione or thiol(ate) S atoms for coordination, along
with several soft imine or amine N atoms (Scheme 1A and B). What
makes them especially attractive as ligands for NP-supported Pd
catalysts is their modular synthesis from carbonyls and thiosemicar-
bazides allowing to introduce up to four different substituents R
(Scheme 1A).[21–28] and the possibility of extending the primary
N^S donor set, creating polydentate TSC ligands (Scheme 1B).[21–28]

The thione–thiol tautomerism (Scheme 1A) contributes further to
the design of such polydentate TSC ligands as it can help to balance
the charge of the coordinated metal ion with either a neutral thione
or an anionic thiolate (Scheme 1B).[21,26,28–30]

In a very recent study, Pd(II) complexes containing tridentate
TSC ligands with a remarkable structural wealth, were
used for Pd-catalyzed Suzuki–Miyaura cross-coupling reactions
(Scheme 1C).[31] Nevertheless, the number of Pd(II) TSC complexes
used in Suzuki–Miyaura cross-coupling or related C─C cross-
coupling reactions remained relatively small so far.[21,24,25,31–42]

TSC Pd(II) complexes covalently anchored on solid supports
as catalysts in the Suzuki–Miyaura cross-coupling reactions were
not yet reported, while the covalent anchoring of TSC ligands
on various supports for other purposes has previously been
reported.[28] C-based polymers like chitosan or cellulose have
been functionalized with thiophenes for Cu(II) binding.[43,44]
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Multiwalled carbon nanotubes (MWCNs) were modified with isa-
tin TSC for Pb(II) removal[45] and SiO2–isatin TSC conjugates were
used for potentiometric monitoring of Cu(II) ions.[46] We have very
recently contributed to this topic by covalently linking the
pentadentate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (BTSC)
through APTES (APTES= (3-aminopropyl)triethoxysilane) to
Fe3O4–SiO2 core–shell NPs.[47] The Fe3O4@SiO2–APTES–BTSC con-
jugate was used for Pd(II) binding from aqueous solutions, while
the formation of Pd(II) complexes with such potentially pentaden-
tate S^N^N’^N^S TSC ligands was studied on the model complex
[Pd(BTSC)] (Scheme 1D) experimentally and through density
functional theory (DFT) calculations.[47]

In this study, three very similar pentadentate 2,6-diacetyl-
pyridine-bis-(4-N-2-pyridyl) TSCs, a TSC–APTES–SiO2 conjugate
and its corresponding Pd(II) complex were synthesized
(Scheme 2). H2L is a typical pyridine-1,3-carboxaldehyde-based
bis-TSC. The Cl derivative H2L–Cl bears a chloro functional group
at the 4 position of the central pyridine moiety for covalent
functionalization. Silica (SiO2) NPs are attractive as support
because of its chemical and mechanical stability, optical transpar-
ency, and biocompatibility.[48,49] The pentadentate TSC was
covalently bound to SiO2 NPs through APTES and the corres-
ponding TSC–APTES–SiO2 conjugate was coordinated to Pd(II)
to form the [PdL]–APTES–SiO2 conjugate. By a combination of

A

B

D

C

Scheme 1. A) General formula and thione and thiol tautomers in TSCs. B) Metal complexes with bi- and tridentate TSC ligands and tetra- and pentadentate
bis-TSC ligands. C) Previously reported Pd(II) TSC complexes for D) Suzuki–Miyaura-type reactions. Adopted from ref. [31]. A previously reported Pd(II)
complex with a bis-TSC ligand. Adopted from ref. [47].

Scheme 2. Schematic drawings of the TSCs H2L, H2L–Cl, and H2L–APTES, and the H2L–APTES–SiO2 and [PdL]–APTES–SiO2 conjugate studied in this work.
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Fourier-transform infrared (FT-IR) spectroscopy, UV–vis absorption
spectroscopy, and especially X-ray photoelectron spectroscopy
(XPS), we were able to monitor the generation of the [PdL]–
APTES–SiO2 conjugate step-by-step. This conjugate represents the
first NP-supported homogeneous TSC-based Pd(II) precatalyst and
was used in Suzuki–Miyaura type of C─C cross-coupling catalysis.

2. Results and Discussion

2.1. Syntheses and Characterization of the Materials

The TSC H2L and its 4-chloro derivative H2L–Cl were obtai-
ned from 4-(2-ethylphenyl)-thiosemicarbazide and 2,6-diacetyl-
pyridine or 4-chloro-2,6-diacetyl-pyridine in 49% and 29% yield,
respectively. H2L–Cl was reacted with APTES to obtain H2L–APTES
in 63% yield. In parallel, H2L was reacted with K2PdCl4 to produce
the model complex [Pd(L)] in 75% yield (Scheme 3, details in the
Experimental Section).

Single-crystal X-ray diffraction of the model complex [Pd(L)]

(data in Table S1 and S2) showed a tetradentate coordination

through Sthiolate^N1imine^NPyridine^N2’amide (Scheme 3), leaving one

uncoordinated thione (C═S) group (Figure S12–S15), exactly what

has been found for the previously reported [Pd(BTSC)]

complex containing 2-pyridyl at the TSC N4 position instead

of 2-ethyl-benzene (Scheme 1D).[47] DFT-calculated metrics and

the FT-IR spectrum of [Pd(L)] (Figure S16) agreed quite well with

the experimental data (Table S2).
We then prepared monodispersed APTES–SiO2 NPs with a

mean diameter of 207 nm as determined by transmission elec-
tron microscopy (TEM; Figure S17). They were reacted with
H2L–Cl to yield the H2L–APTES–SiO2 conjugate NPs, which were
coordinated with Pd(II), generating the [PdL]–APTES–SiO2 NPs
(Scheme 4). The formation of the Pd-coordinated material was
monitored through UV–vis absorption (Figure S22), and FT-IR
spectroscopy (see later).

Scheme 3. Synthesis of H2L, H2L–Cl, H2L–APTES, and [Pd(L)].

Scheme 4. Synthesis of H2L–APTES–SiO2 and [PdL]–APTES–SiO2 NPs.
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2.2. Thermal Analysis and Powder X-Ray Diffraction

The thermogravimetric analysis (TGA) shows weight loss of about
10%, 15%, and 28% for SiO2, APTES–SiO2, and H2L–APTES–SiO2,
respectively (Figure S18). The initial weight loss of about 10%
for all samples at temperatures between 30 and 300 °C is attributed
to adsorbed solvents. The additional 5% and 13% between 400
and 800 °C are attributed to the decomposition of APTES and H2L.

The powder X-ray diffraction patterns of all materials
appeared amorphous (Figure S18), with a single broad peak at
2θ slightly above 20°, indicative for spherical SiO2 NP from a
Stöber-type preparation (2θ= 21.18°).[50–52] The noncrystalline
nature of the particles is preserved after functionalizing with
APTES and covalently bonding with the TSC ligand.[46]

2.3. FT-IR Spectroscopy

The spectrum of H2L–Cl shows intense peaks at 748 and 864 cm�1

(Figure 1B), corresponding to C─Cl and C═S vibrations, and
strong bands between 1515 and 1588 cm�1 (Figure 1A)
corresponding to C═N stretching, based on comparison with

9-undecenal-TSC.[53] The bands at 2956 and 3330 cm�1 are
assigned to asymmetrical N─H stretching, based on comparison
with coumarin–TSC and benzaldehyde–TSC conjugates.[54,55] On
the pristine SiO2, the intense bands at 450 and 1076 cm�1 corre-
spond to the bending and stretching of Si─OH and the asymmet-
ric stretching of the Si─O─Si bond, respectively.[47–49] When
coating SiO2 with APTES, two additional bands appeared at
1863 and 2982 cm�1 corresponding to C─H and N─H vibrations
alongside the Si─O deformation band at 1634 cm�1. Additional
bands were observed at 1494, 1561, and 2885 cm-1 on covalent
functionalization with H2L–Cl (Figure 1C and D). The bands were
assigned to N─H bending, C═S vibration and N─H stretching,
from comparison with ethyl-pyrrole–TSC.[56] New bands were
observed after the coordination of Pd(II) at 668 and 1384 cm�1

(Figure 1B and D) assigned to Pd–N and Pd–S stretchings.[57]

2.4. XPS

The main peaks observed in the survey scan for H2L–APTES–SiO2

NPs are Si 2p, Si 2s, Cl 2p, C 1s, N 1s, and O 1s centered around 103,
153, 285, 400, and 532 eV (Figure 2). For the survey scan of

A B

C D

Figure 1. FT-IR spectra of H2L–Cl, SiO2, APTES–SiO2, H2L–APTES–SiO2, and [PdL]–APTES–SiO2.
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[PdL]–APTES–SiO2 NPs, additional peaks appeared for Cl 2p and
Pd 3d centered around 198 and 338 eV, respectively (Figure 3).
The absence of Cl 2p in the survey scan of H2L–APTES–SiO2 is a
strong indication that the covalent anchoring of H2L to the SiO2

NPs was successful.
The high-resolution XPS C 1s spectrum of H2L–APTES–SiO2

can be deconvoluted into three peaks: C─C (284.5 eV), C─N

(286.2 eV), and C═N (288.3 eV) (Figure 3).[58,59] On coordination
with Pd(II), C─N (285.9 eV) and C═N (287.9 eV) shifted to a lower
binding energies, in line with the C═N binding to the metal
(Figure 4).[60] In contrast to this, the binding energy of C─C
(284.6 eV) remains unchanged as the C─C group is not involved
in metal-binding. The N 1s spectra are deconvoluted into two
peaks: pyridine N (401.1 eV) and amine N (399.6 eV).[61] After

Figure 2. XPS survey scans for H2L–APTES–SiO2 and [PdL]–APTES–SiO2 NPs.

Figure 3. XPS high-resolution spectra of H2L–APTES–SiO2 NPs. The measured datapoints are shown, the fitted individual peak contributions are highlighted
in color while the total fit is given by the red solid line.
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coordination, the N 1s spectrum can be deconvoluted into three
peaks; the binding energy of pyridine N (400 eV) and imine N
(399.1 eV) is shifted to lower values by 1.1 and 0.5 eV. The third
contribution at 401.1 eV is assigned to alkyl–NH. The S 2p peak
was located at 163.5 eV and shifted slightly to a lower
binding energy (162.8 eV) by 0.7 eV on metal coordination
(Figure S19).[60,62] The Si 2p spectra of both materials (Figure 3
and 4) are deconvoluted into two doublets, centered around
103 eV for SiO2 and 102 eV for Si–O–Si.[63] The Pd 3d core-level
spectrum (Figure 4) exhibits the characteristic spin–orbit doublet
consisting of the Pd 3d5/2 and Pd 3d3/2 components. Each com-
ponent appears nonsymmetric, as they represent contributions of
two oxidation states. For the 3d5/2, these are located at 336.3 and
337.9 eV and the corresponding ones for d3/2 are found at 341.6
and 343.2 eV. These binding energies agree with the expected
values of Pd(II) (343.2 and 337.9) and Pd(0) (341.6 and
336.3 eV). Similar binding energies have been reported for
Pd(II) complexes of dithiocarbamates and poly(styryl)phenan-
throline.[64,65] The binding energy for Pd(0) oxidation states is
comparable with that of metallic Pd.[66–68]

2.5. Suzuki–Miyaura-Type C─C Coupling Catalysis

The [PdL]–APTES–SiO2 precatalyst was investigated for the
Suzuki–Miyaura cross-coupling reaction. In a first set of

experiments, bromophenyl and phenylboronic acid were
selected to find the optimum conditions (Table 1).

EtOH showed the best results out of the three tested solvents
THF, EtOH, and H2O, while K2CO3 showed the best results among
the tested bases K2CO3, Na2CO3, and Et3N (Table 1). Increasing the
catalyst load from 0.4 to 0.6 and to 0.8 g increased the product
formation. The same is true for increasing the reaction tempera-
ture from 60 to 80 °C, while increasing the temperature further to
100 °C did not give a higher yield. Reaction in water failed to yield
the product, in line with a report on the N^N^S-coordinated cat-
ionic complex [Pd(TSC-1)Cl]þ containing a 8-hydroxyquinoline-2-
carbaldehyde TSC ligand which gave only 7% yield for the
coupling of iodobenzene with phenylboronic acid in H2O as sol-
vent.[31] This stands in contrast to a report in which water-soluble
sulfonized TSC Pd complexes such as the O^N^S coordinated
[Pd(TSC-S)(PPh3)] containing a 4-SO3-salicylaldehyde-TSC ligand
performed well with 92% yield for the standard Ph–Ph coupling
in aqueous solution.[36]

We chose the optimized reaction conditions (Table 1), EtOH,
K2CO3, at 80 °C for 20 h for coupling of further substrates
(Table 2). Compared with the standard reaction between
bromophenyl and phenylboronic acid, the yields of other
substrates are slightly lower, which is due to the formation of
undesired homocoupling products, which were removed.
Bromobenzenes with electron-donating (CH3, NH2) groups
show slightly higher yields compared to 4-dibromobenzene or

Figure 4. High-resolution XPS spectra of [PdL]–APTES–SiO2 NPs. The measured datapoints are shown, the fitted individual peak contributions are
highlighted in color, while the total fit is given by the red solid line.
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bromopyridines. 4-Pyridylboronic acid was successfully coupled
to 1,4-dibromobenzene.

For the previously reported homogeneous S^N^O coordi-
nated Pd(II) TSC precatalyst [Pd(TSC-2)(PPh3)] containing a
3-acetyl-4-hydroxycoumarin-based TSC ligand (Scheme 1C), a
yield of 78% for the coupling of iodobenzene with phenylboronic

acid using EtOH, K2CO3, 1 mol% catalyst, 90 °C, in 6 h was
reported.[31] A 97% yield was reported when using PEG-400 as
solvent. Similar high yields were also reported for benzene deriv-
atives containing electron-donating 4-Me and 4-MeO, while intro-
duction of electron-withdrawing groups 4-NO2 and 4-OHC gave
slightly lower yields of around 87% in PEG-400.[31] The N^N^S-
coordinated cationic complex [Pd(TSC-1)Cl]þ containing a 8-
hydroxyquinoline-2-carbaldehyde TSC ligand performed overall
quite similar but showed only 71% yield in EtOH, K2CO3,
1 mol% catalyst, 90 °C, in 7 h and only 7% in H2O as solvent.
Thus, our catalyst system can easily compete with those from this
report and also with that of other Pd(II) TSC catalyst systems,
where maximum conversions ranging between 70% and 100%
along with isolated yields ranging from 60% to 95% were
reported.[31–42]

The very recently reported SiO2-supported Pd(II) catalysts
[Pd(NHC)Br2(Py)] with the N-heterocyclic (NHC) ligand presum-
ably bound to SiO2 through an (benzimidazol-ylidene)
N–ethyl–N(iPr)–O–Si function showed 100% yield for the
standard Ph–Ph coupling when using H2O/iPrOH, K2CO3, 40 mg
catalyst, at ambient temperature in 10 min,[14] while a Fe3O4@SiO2

core–shell nanoparticle-supported Pd(NHC) complex based on
benzimidazol-ylidene gave 92% yield under the otherwise same
conditions, at 80 °C in 5 min.[17]

Recovery and washing of the [PdL]–APTES–SiO2 precatalyst
allowed recycling experiments. Using the standard conditions,

Table 2. Suzuki–Miyaura cross-coupling reaction of different aryl halides with phenylboronic acids.

Substrate Ia) Substrate II Product Isolated yield [%]

82

70

77

75

73

66

70

a)Reaction condition: 15 mL degassed solvent, 0.8 g catalyst, 6 mmol K2CO3, 1 mmol aryl-halide, 1.2 mmol aryl-boronic-acid, 80 °C, 20 h reaction time. The
products were analyzed using 1H NMR and 13C-DEPTQ-[1H] NMR spectroscopy, as well as GC–MS–HR–EI mass spectrometry (Figure S24–S44).

Table 1. Results of Suzuki–Miyaura coupling reactions between
bromobenzene and phenylboronic acid.

Entrya) Solvent Base Catalyst
load [g]

Temp.
[°C]

Isolated
yield [%]

1 THF K2CO3 0.4 80 54

2 EtOH K2CO3 0.4 80 70

3 H2O K2CO3 0.4 80 traces

4 EtOH Na2CO3 0.4 80 50

5 EtOH Et3N 0.4 80 45

6 EtOH K2CO3 0.6 80 75

7 EtOH K2CO3 0.8 80 82

8 EtOH K2CO3 0.8 60 66

9 EtOH K2CO3 0.8 100 81

a)Reaction conditions: 146 mg (1.2 mmol) phenylboronic acid, 157 g
(1 mmol) bromobenzene, 6 mmol base, 15 mL degassed solvent, 20 h
reaction time. The optimum conditions are marked in gray. The biphenyl
product was analyzed using 1H NMR and 13C-DEPTQ-[1H] NMR
spectroscopy, as well as GC–MS–HR–EI mass spectrometry (Figure S24–S26).
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0.8 g catalyst and K2CO3 as base in EtOH, 80 °C and a reaction time
of 20 h with bromophenyl and phenylboronic acid as substrates,
the yields dropped from the initial 82% to 80% for the first, to
about 60% for the second and third cycle, and to about 35%
for cycles 4 and 5 (Figure 5).

For the abovementioned homogeneous precatalyst [Pd(TSC-
S)(PPh3)] containing a 4-SO3-salicylaldehyde-TSC ligand, the
yields dropped from 93% to under 20% within 4 cycles.[34] The
authors ruled out the formation of Pd particles from decoordina-
tion in the Pd(0) oxidation state during catalysis through addition
of Hg.[34] At the same time, an Fe2O3-supported [Pd(NHC)Cl2(iPr)]
precatalyst system providing a covalent imidazolydene-N–
APTES–Fe2O3 conjugation showed high cycling stability for the
coupling of 2-Me-iodobenzene and phenylboronic acid in
DMF, NaCO3, 50 °C, 12 h with a drop from 95% conversion (yield
87%) for the first cycle to 93% for the fifth cycle.[69]

In NMR-based stability experiments exposing the catalyst to
EtOH solutions containing huge amounts of bromobenzene and
phenylboronic acid, no changes in the NMR signatures of the two
substrates were found, which would indicate reactions with Pd
leached from the catalyst. In future experiments, various possibil-
ities of catalyst deactivation, such as leaching of Pd(II) from the
precatalyst material or leaching of Pd(0) from the reduced cata-
lyst system through decoordination, will be studied through
Pd-scavenging. Furthermore, the potential cleavage of covalent
bonds of the conjugate under the catalytic conditions, which
are in a far more dilute concentration regime than our preliminary
NMR-based stability tests, will be investigated.

3. Conclusions

In the quest for a NP-supported palladium catalyst for the Suzuki–
Miyarua cross-coupling reaction, three new TSCs based on
2,6-diacetyl-pyridine were synthesized. The parent bis(N4-(2-
ethylphenyl)) 2,6-diacetyl-pyridine is potentially a pentadentate

S^N^N^N^S ligand. Its 4-Cl-pyridine derivative allowed the
covalent anchoring of the TSC onto monodispersed SiO2 through
reaction with APTES (3-aminopropyl)triethoxysilane) and subse-
quently coordination with Pd(II) through reaction with K2PdCl4.
An H2L–APTES conjugate was synthesized for comparison. The
synthesis processes were monitored through FT-IR and UV–vis
absorption spectroscopy. XPS of the thus produced [PdL]–
APTES–SiO2 conjugate particles of about 200 nm diameter
(TEM) showed shifts in binding energies for the C─N and C═N
groups of the TSC in both C 1s and N 1s spectra compared
with the noncoordinated H2L–APTES–SiO2 conjugate. Cl atoms
were not found which is in line with a tetradentate
Sthiolate^N1imine^NPyridine^N2’amide Pd(II) binding that was found
for the model complex [Pd(L)] through single-crystal X-ray diffrac-
tion. The herein reported procedure of conjugating a TSC Pd(II)
complex onto a SiO2 NP support, thus, represents a robust and
reliably method. The [PdL]–APTES–SiO2 precatalyst showed
potential in the Suzuki–Miyarua cross-coupling reaction, achiev-
ing up to 82% isolated yield. A recycling test showed a drop from
initially 82% (cycle 0) to 80% after the first recycling of the cata-
lyst. But then the isolated yields dropped to about 60% for cycles
2 and 3 and to about 35% for cycles 4 and 5. Compared with other
homogeneous Pd(TSC) catalysts, this is a remarkable cycling sta-
bility; however, the peculiar two-cycle stepwise loss of activity
must be studied in more detail focusing on potential catalyst
deactivation pathways such as loss of Pd(0) from the reduced
catalyst. Comparison with other catalytic Pd TSC systems also
showed that our choice of EtOH, THF, and H2O as solvent is very
preliminary and other solvent might boost the performance of
our catalytic system.

4. Experimental Section

Instrumentation

Powder X-ray diffractograms were recorded on an STOE-STADI MP
diffractometer (STOE & Cie, Darmstadt, Germany) equipped with a
Cu Kα1 radiation (λ= 0.15406 Å) source and operating in transmission
mode. Single-crystal X-ray structure determination of [Pd(L)] and
the thiosemicarbazide N-(2-ethylphenyl)hydrazinecarbothioamide
was carried out on a Bruker D8 Venture diffractometer (Bruker,
Rheinhausen, Germany), including a Bruker Photon 100 CMOS detec-
tor, at 100(2) K using Mo Kα (λ= 0.71073 Å) radiation. The crystal data
were collected using APEX4 v2021.10-0.[70] The structures were solved
by dual-space methods using SHELXT, and the refinement was
carried out with SHELXL employing the full-matrix least-squares
methods on FO2< 2σ(FO2) as implemented in ShelXle.[71–73] The
nonhydrogen atoms were refined with anisotropic displacement
parameters, and hydrogen atoms were included using appropriate
riding models. Data of the structure solutions and refinements can
be obtained for N-(2-ethylphenyl)hydrazinecarbothioamide (CCDC
2218493) and the complex [Pd(L)] (CCDC 2248575) free of charge
at https://summary.ccdc.cam.ac.uk/structure-summary-form or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: þ44-1223336033 or e-mail: depos-
it@ccdc.cam.ac.uk). Selected crystallographic data and bond metrics
are provided in Table S1 and S2, Supporting Information.

NMR spectra were recorded on a Bruker Avance II 300 MHz spectrom-
eter (Bruker, Rheinhausen, Germany), using a triple resonance 1H, nBB
inverse probe head or a Bruker Avance III spectrometer at 499 MHz
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Figure 5. Recyclability of the [PdL]–APTES–SiO2 catalyst for Suzuki–Miyaura
coupling of biphenyl from bromobenzene and phenylboronic acid. The
number of cycles refers to the recycled catalyst. Cycle No. 0 using the
freshly prepared precatalyst gave 82% isolated yield.
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with a TCI prodigy 5mm probe head (Varian, Troisdorf, Germany)
with z-gradient (1H/19F, 13C, 15N, 2H). HR-GC-EI/MS was recorded on
a Thermo Scientific Exactive GC Orbitrap GC–MS system instrument
(TriPlus RSH Autosampler, TRACE 1300 Series GC, Exactive
GC-Orbitrap MS, Thermo Fisher Scientific, Darmstadt, Germany).
HR-ESI-MS(þ) spectra in positive mode were measured on a
Thermo Scientific LTQ OrbitrapXL mass spectrometer with electron
spray ionization and an FTMS Analyzer. FT-IR spectra were recorded
on a PerkinElmer Spectrum 400 (Perkin Elmer, Waltham, MA, USA)
with a Universal ATR sampling accessory in the range 4000 to
400 cm�1. UV–vis absorption spectra were recorded using a Varian
60 Scan spectrophotometer. TGA of the materials was measured
on a Perkin Elmer STA 6000 in the temperature range between 30
and 900 °C and scan rate of 10.0 °C min�1 under an N2 atmosphere.
Cyclic voltammetry was performed at a 100mV s�1 scan rate in 0.1 M
nBu4NPF6 solutions using a three-electrode configuration (working
electrode: glassy carbon; counter electrode: Pt; reference: Ag/AgCl
and a Metrohm Autolab PG STAT 30 potentiostat (Metrohm,
Filderstadt, Germany) with ferrocene/ferrocenium as internal refer-
ence. TEM images were collected using Zeiss LEO912 (Zeiss,
Oberkochen, Germany) at 120 kV accelerating voltage.

XPS was carried out in an ultrahigh vacuum system (base pressure
1� 10�9 mbar). Samples for the XPS measurements were prepared
by fixing a thin layer of the powder on a conductive copper tape,
which was then transferred into the ultrahigh vacuum system. A non-
monochromatic X-ray source (VG) with Mg-Kα excitation was used,
having a photon energy of 1253.6 eV. The emitted photoelectrons
were measured using a Specs Phoibos 100 hemispherical analyzer
(Specs, Berlin, Germany). The powder samples exhibited slight charg-
ing effects during the measurement, which manifested as a uniform
shift of all XPS signals toward higher binding energies by several elec-
tron volts. To account for this in the data analysis, the binding energy
of the adventitious carbon peak was set to 284.7 eV, and the positions
of all other peaks were adjusted accordingly. The XPS data were
fitted by Voight profiles using the software “XPSPEAK 4.1” (http://
xpspeak.software.informer.com/4.1/).

Computational studies were performed using ORCA 5.0.2[74,75];
def2-TZVP basis sets were used for all atoms.[76] The geometry of
all compounds was optimized at the BP86 level of theory, using
Grimme’s Dispersion correction and the conductor-like polarizable
continuum model (CPCM) parametrized for CH2Cl2 and dimethyl sulf-
oxide (DMSO) as an approximate solvation model.[77–81] The geometry
optimization results were followed up with numerical frequency cal-
culations to confirm the optimized structure’s energetic minimum
nature, as indicated by the absence of imaginary modes. Single-point
and TD-DFT calculations were performed on the optimized geome-
tries using the TPSSh functional, Grimme’s D3 dispersion correction,
and CPCM parametrized for CH2Cl2 and DMSO.[82] Chemcraft software
was used for visualization of DFT calculation results.[83]

Syntheses: Materials

K2PdCl4 (98%) was supplied by Alfa Aesar, Germany (Thermofisher,
Haverhill, MA, USA). AgNO3 (99.5%) and CS2 (99.9%) were purchased
from Thermofisher, Germany (Thermofisher, Waltham, MA, USA);
2-ethylaniline (98%), hydrazine monohydrate (97%), 4-chloropyridine
hydrochloride (99%), NH4)2S2O8 (98%), 3-aminopropyl)triethoxysilane
(APTES) (99%), bromobenzene (99%), and 2-bromoaniline (98%) were
received from Sigma–Aldrich (Merck, Darmstadt, Germany). Pyruvic
acid (96%), phenylboronic acid (98%), 4-pyridylboronic acid (98%),
1,4-dibromobenzene (98%), 2,6-diacetylpyridine (97%), pyridine-4-
boronic acid (98%), 4-bromopyridine hydrochloride (95%), and
2-bromopyridine (98%) were purchased from BLDPharm Germany
(BLDPharm, Cincinnati, OH, USA). The materials were used without
further purification.

Syntheses: Synthesis of the 4-(2-Ethylphenyl)-
Thiosemicarbazide

1.28 g (10.6 mmol) 2-ethylaniline was dissolved in 5 mL deionized
water, and the temperature was brought to 0 °C. Thereafter, ice-cold
CS2 (16.4 mmol, 0.99 mL) was added to the solution, followed by
adding 5 mL cold aqueous KOH (11.58 mmol, 0.649 g) solution.
The solution was left for 24 h in an ice bath and refluxed for 2 h
(80 °C) until 2-ethylaniline was completely consumed. A solution
of hydrazine monohydrate (14 mmol, 0.7 mL) was added, and the
reaction mixture was heated under reflux for 2.5 h. On cooling, a
white precipitate formed. The precipitate was filtered off and
washed with cold water and Et2O. Recrystallization from MeOH/
CH2Cl2 led to the isolation of white crystalline material. Single
crystals were obtained from a solution of ethyl acetate (EtOAc)
and cyclo-hexane (cHex) in a 1:1 ratio. Yield: 1.87 g (9.58 mmol,
90%). Elemental analysis for (C9H13N3S, 195.08 g mol�1): found (cal-
culated) C 56.01 (55.35), H 6.80 (6.71), N 21.20 (21.52), S 16.24
(16.42). 1H NMR (300 MHz, CDCl3): δ= 9.04 (s, 1 H), 8.22 (s, 1H),
7.61 (s, 1H), 7.28 (dd, J= 5.9, 2.6Hz, 3H), 4.03 (s, 2H), 2.67 (q,
J= 7.6 Hz, 2H), 1.25 (t, J= 7.6 Hz, 3H) (NMR spectrum: Figure S1,
Supporting Information). HR-GC-EI/MS: [C9H13N3S]þ, Retention
time= 22.90 min, >90% (Figure S7).

Syntheses: Synthesis of 4-Chloro-2,6-Diacetyl-Pyridine

4-Chloro-2,6-diacetyl-pyridine was synthesized modifying reported
procedures.[84,85] Briefly, 2.3 g (1.58 mmol) 4-chloropyridine hydro-
chloride was dissolved in 5 mL deionized water and the pH was
set to 9 using saturated NaOH solution. The mixture was extracted
twice with 90 mL Et2O, the combined organic fractions were dried
over anhydrous Na2SO4, and the solvent was evaporated in a
vacuum to obtain 4-chloropyridine as yellow oil. The freshly
obtained 4-chloropyridine was poured into 100 mL H2SO4 (0.4 M),
and then pyruvic acid (2.1 mL, 31.3 mmol), AgNO3 (0.15 g, 0.9 mmol,
suspended in 1 mL water), and (NH4)2S2O8 (11 g, 43.8 mmol) were
added. The reaction mixture was stirred overnight at RT. The result-
ing solution was extracted with 2� 150 mL CH2Cl2. The combined
organic phases were washed with 5 mL water and subsequently
dried over anhydrous Na2SO4. The crude product was obtained
through evaporation of the solvent and purified using column
chromatography (SiO2, neat CH2Cl2). 4-Chloro-2,6-diacetyl-
pyridine elutes first. Yield: colorless solid, 690 mg (3.49 mmol,
23%). Elemental analysis for (C9H8NO2Cl, 197.62 g mol�1), found
(calculated): C 54.74 (54.70), H 4.04 (4.08), N 7.04 (7.09). 1H
NMR (300 MHz, CDCl3): δ= 8.16 (s, 2H), 2.75 (s, 6H)
(Figure S2).

Syntheses of 2,6-Diacetyl-Pyridine-bis-(4-N-2-Ethylaniline)-
Thiosemicarbazone (H2L)

HL (1 mmol, 0.195 g) and 2,6-diacetyl-pyridine (0.333 mmol, 0.054 g)
were dissolved in 10mL AcOH. Then CF3COOH (0.1 mL) was added
and sonicated for 3 h at 40 °C. The yellow precipitate obtained
was filtered and washed with water, saturated Na2CO3 and Et2O.
Yield: 70 mg (0.135 mmol, 49%). Elemental analysis for (C27H31N7S2,
517.21 gmol�1): found (calculated): C 60.46 (62.64), H 6.24 (6.04), N
18.17 (18.94), S 12.72 (12.39). 1H NMR (500 MHz, DMSO-d6):
δ= 10.67 (s, 2H), 10.10 (s, 2H), 8.58 (d, J= 7.9 Hz, 2H), 7.79
(q, J= 7.7 Hz, 1H), 7.28 (dtt, J= 11.7, 5.9, 2.4Hz, 8H), 2.61 (q,
J= 7.6 Hz, 4H), 2.54 (s, 6H), 1.22–1.04 (m, 6H). 1H NMR (500 MHz,
CDCl3): δ= 9.20 (s, 2H), 9.06 (s, 2H), 8.11–7.88 (m, 2H), 7.81–7.70
(m, 2H), 7.37–7.24 (m, 6H), 2.72 (q, J= 7.6 Hz, 4H), 2.55 (s, 6H), 1.28
(t, J= 7.6 Hz, 6H) (Figure S3). HR-ESI-MS(þ) [m/z]= 518.21551
([H2Lþ Hþ]þ, calc. 518.21551), 540.19732 ([H2Lþ Na]þ, calc. 540.19745)
(Figure S8).
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Syntheses of 4-Chloro-2,6-Diacetyl-Pyridine-Bis-(4-N-2-
Ethylaniline)-Thiosemicarbazone (H2L–Cl)

0.195 g (1 mmol) 4-(2-ethylphenyl)-thiosemicarbazide and 0.066 g
(0.333 mmol) 4-chloro-2,6-diacetyl-pyridine were dissolved in 10 mL
AcOH. Then, 0.1 mL CF3COOH was added and the mixture was soni-
cated for 3 h at 40 °C. A yellow precipitate was obtained, filtered off,
and washed with Et2O. Yield: 160mg (0.289 mmol, 29%). Elemental
analysis for (C27H30ClN7S2, 552.16 gmol�1): found (calculated): C
58.74 (58.73), H 5.47 (5.48), N 17.70 (17.76), S 10.61 (11.61).
1H NMR (500 MHz, DMSO-d6): δ= 10.67 (s, 2 H), 10.20 (s, 2H), 8.72
(s, 2H), 7.37–7.21 (m, 8H), 2.61 (q, J= 7.6 Hz, 4H), 2.52 (s, 6H), 1.17
(t, J= 7.6 Hz, 6H). 1H NMR (500 MHz, CDCl3): δ= 9.34–9.14 (m, 2H),
9.00 (d, J= 22.7 Hz, 2H), 7.98 (s, 2H), 7.88–7.70 (m, 2H), 7.37–7.27
(m, 6H), 2.71 (dd, J= 15.0, 7.5 Hz, 4H), 2.52 (s, 6H), 1.29
(dt, J= 10.8, 7.6 Hz, 6H) (Figure S4). HR-ESI-MS(þ) [m/z]= 552.17690
([H2LCl þ Hþ]þ, calc. 552.17653), 574.15889 ([H2LCl þ Na]þ, calc.
574.15848) (Figure S9).

Syntheses of H2L–APTES

0.12 g (0.22 mmol) H2L–Cl was dissolved in THF (20 mL), and Et3N
(30 μL) was added. After 10 min, 52 μL (49 mg, 0.22 mmol) APTES
(MW= 221.37 g mol�1, σ= 0.946 gmL�1) was added. The mixture
was stirred at RT for 4d. Then the solid was filtered off and dried.
Yield: yellow powder 100.1 mg (736.34 g mol�1, 73.78 mmol, 63%).
1H NMR (300 MHz, CDCl3): δ= 9.19 (s, 2H), 8.92 (s, 2H), 7.98 (s, 2H),
7.87–7.78 (m, 2H), 7.36–7.27 (m, 6H), 5.66 (s, 1 H), 3.87–3.77
(m, 2H), 3.64 (q, J= 7.3 Hz, 2H), 2.73 (q, J= 7.6 Hz, 4H), 2.52 (s, 6H),
1.58 (s, 9H), 1.48 (t, J= 7.3 Hz, 6 H), 1.31 (t, J= 7.6 Hz, 6 H),
1.27–1.18 (m, 2H) (Figure S5). HR-ESI-MS(þ) [m/z]= 737.344
([H2L–APTES þ Hþ]þ, calc. 737.344) (Figure S10).

Synthesis of [Pd(L)]

0.05 g (0.1 mmol) of H2L was dissolved in 10 mL THF and Et3N
(0.05 mmol, 7 μL) was added. 30mg (0.09 mmol) K2PdCl4 dissolved
in 0.5 mL water was added and the mixture stirred for 30min. The
red precipitate was filtered off, washed with cold THF, and air-dried.
Brick red solid 45 mg (0.072 mmol, 75%). Elemental analysis for
(C27H29N7S2, 624.13 gmol�1): found (calculated): C 52.16 (52.13), H
4.70 (4.70), N 15.72 (15.76), S 10.28 (10.31). 1H NMR (300 MHz,
DMSO-d6): δ= 10.66 (s, 2H), 10.50 (s, 2H), 10.09 (s, 2H), 9.42 (s, 1H),
8.58 (d, J= 7.9 Hz, 1H), 8.36 (t, J= 8.0 Hz, 1H), 8.19 (dd, J= 8.3, 1.1 Hz,
1H), 8.04–7.89 (m, 2H), 7.78 (t, J= 7.9 Hz, 1H), 7.43–7.09 (m, 12H),
2.75–2.61 (m, 8H), 2.54 (s, 6H), 2.08 (s, 6H), 1.23–1.05 (m, 12H)
(Figure S6). HR-ESI-MS(þ) [m/z]= 622.1044 ([H1L þ Hþ]þ, calc.
622.1043) (Figure S11).

Synthesis of the NPs: APTES–SiO2

Monodispersed SiO2
[86] and SiO2–APTES conjugate NPs[87] were syn-

thesized as previously reported. Elemental analysis for (APTES–SiO2):
C 12.24, H 2.86, N 4.08.

Synthesis of the NPs: H2L–APTES–SiO2

0.2 g H2L–Cl was dissolved in 20 mL dry THF, degassed for 2 min
and 100 μL Et3N was added to the solution. 0.5 g APTES–SiO2 was
sonicated in 20mL THF and added to the mixture. The reaction
mixture was stirred for 4d at RT. The resulting solid was filtered
off and washed with 3� 50mL THF. The colorless product was
oven-dried at 40 °C for 24 h. Elemental analysis: C 4.77, H 1.37, N
1.44, S 0.33.

Synthesis of the NPs: [PdL]–APTES–SiO2

0.1 g H2L–APTES–SiO2 was dissolved in 50 mL water through sonicat-
ing for 1 h. 320mg (1mmol) K2PdCl4 suspended in 5mL THF was
added and the reaction mixture was stirred for 3 h at RT. The yellow
product was collected by filtration and washed with 20 mL of water,
20 mL THF, and 20mL acetone and dried in an oven (40 °C) for 24 h.

Suzuki-Coupling Type Catalysis

The coupling of phenylboronic acid and bromobenzene was used as
model reaction. In a typical experiment, 15 mL THF was degassed for
5 min, and then K2CO3 (6 mmol, 0.55 g), bromobenzene (1 mmol,
106 μL), phenylboronic acid (1.2 mmol, 0.146 g), and 0.4 g of the cat-
alyst [PdL]–APTES–SiO2 were added. The reaction was heated under
reflux at 80 °C for 20 h. The resulting reaction mixture was allowed to
cool to room temperature, extracted twice using ethyl acetate
(20 mL), and dried over anhydrous Na2SO4. The crude product was
purified using column chromatography (eluent: CH2Cl2/MeOH) to
calculate the isolated yield of the individual reactions.

Recycling and reuse of the catalyst were tested for reuse by recover-
ing the spent catalyst in a centrifuge tube, washing twice with 20 mL
of water to remove the base and with 20 mL THF to remove the
unreacted substrate and then left to dry in the fume hood overnight.
The recovered catalyst was used as described above.
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