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A hexanuclear palladium cluster supported by two silylene units was readily linked by molecules of a linear
ditopic isocyanide to afford a coordination polymer that retained the core Pdg(SiPh,),Cl, framework. The
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Introduction

Heterogeneous catalysts such as metal nanoparticles immobi-
lized on solid supports are fundamental materials in a wide
range of fields in modern materials science." For example, Pd/C,
which is composed of Pd nanoparticles embedded on charcoal,
serves as a good catalyst in various organic transformations.?
Considering the superior catalytic performance of certain metal
clusters such as Pd, clusters,® solid-supported metal clusters are
another class of heterogeneous catalysts that have attracted
attention.* More recently, coordination polymers with 2D or 3D
network architectures consisting of molecular-based metal
species as the core and bridging organic ligands as linkers have
attracted increasing attention as heterogeneous catalysts. A
typical example of such coordination polymers is metal-organic
frameworks, which have been intensively investigated and
applied as catalysts.® In these materials, the judicious selection
of appropriate core metal-containing molecules and bridging
organic linkers is crucial for developing effective catalyst
systems.

Considering the superior catalytic performance of Pd(0)
aggregates, the construction of coordination polymers by
incorporating Pd species as the core can be envisaged as
a straightforward approach to synthesizing effective

“Department of Applied Chemistry, School of Engineering, The University of Tokyo,
4-6-1, Komaba, Meguro-ku, Tokyo 153-8505, Japan

*Institute of Industrial Science, The University of Tokyo, 4-6-1, Komaba, Meguro-ku,
Tokyo 153-8505, Japan

‘Department of Chemistry, Graduate School of Science, Tokyo Metropolitan University,
1-1 Minami-Osawa, Hachioji, Tokyo, 192-0397, Japan

t Electronic  supplementary information (ESI) available: Experimental,
crystallographic details, and crystal data for 2. CCDC 2375542. For ESI and
crystallographic data in CIF or DOL:
https://doi.org/10.1039/d4sc05663a

other electronic format see

4450 | Chem. Sci,, 2025, 16, 4450-4455

Furthermore, the obtained coordination polymer showed sufficient stability during the hydrogenation in
order for it to be recycled and reused.

heterogeneous catalysts. However, this strategy remains
scarcely explored.® In fact, McPherson, Pedersen, and coworkers
have recently reported the only example of a coordination
polymer consisting of Pd(0) cluster molecules, namely, a trian-
gular Pd; cluster-based organometallic 2D-coordination poly-
mer, which was synthesized via the reaction of trinuclear
[Pd(CNXyl),]; (Xyl = 2,6-Me,-C¢H3) with a linear ditopic iso-
cyanide. However, the obtained coordination polymer showed
limited catalytic performance in the hydrogenation of styrene,
with the conversion reaching only 5% when the reaction was
performed at 40 °C for 4 h under 1 atm of H, with 0.5 mol%
catalyst loading.” Thus, a more sophisticated strategy to
construct Pd-based coordination polymers as catalysts needs to
be established.

We have recently focused on the synthesis of Pd-based
cluster molecules supported by organosilicon ligands and
their application as catalysts.>® For instance, a planar tetranu-
clear Pd cluster that functioned as an effective homogeneous
catalyst in the hydrogenation of various alkenes was synthe-
sized via the reaction of [Pd(CN'Bu),]; with a cyclic tetrasilane
(SisRg; R = 'Pr, cyclopentyl).”* Motivated by the high catalytic
performance of silylene-bridged Pd clusters, we planned to
develop a heterogeneous catalyst by linking organosilicon-
supported Pd clusters with appropriate bridging linkers to
construct structurally rigid 3D coordination polymers. Herein,
we wish to report the facile synthesis of a coordination polymer
by linking a silylene-supported Pds cluster having an edge-
sharing tetrahedron framework with a linear ditopic iso-
cyanide and its application as a heterogeneous catalyst in the
hydrogenation of alkenes. A characteristic feature of this cata-
lyst system is that it was effective in common organic solvents
and protic solvents such as H,O, enabling the hydrogenation of
alkenes bearing polar substituents such as -SO;~ and -B(OH),.
Furthermore, the high stability of the framework structure of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the heterogeneous catalyst even during the reaction in H,O
allowed it to be recycled and reused.

Results and discussion
Ligand exchange reaction of silylene-supported Pdg cluster 1

Hexanuclear Pd cluster 1 was selected as the building block of
the coordination polymer because the six Pd atoms in 1 are
arranged into a 3D-shaped edge-sharing tetrahedron architec-
ture.’® First, ligand-exchange reactions involving the eight
CN'Bu ligands in 1 were examined; however, no reaction
occurred between 1 and 8 equiv. of nitrogen-containing ligands
such as pyridine, 4,4'-bipyridine, and 1,4-diazabicyclo[2.2.2]
octane at room temperature. In addition, complete decompo-
sition of 1 was observed during the reaction of 1 with 8 equiv. of
PMe,Ph or N-heterocyclic carbene 'PriM™¢ (‘PriMM¢ = 1,3-
diisopropyl-4,5-dimethylimidazol-2-ylidene) at room tempera-
ture. In contrast, the ligand-exchange reaction between 1 and 8
equiv. of CNMes (Mes = 2,4,6-Me;-C¢H,) readily proceeded in
toluene at room temperature to afford cluster 2 in 47% isolated
yield after 2 h of reaction (Scheme 1).

Although the data are not sufficient with an R; value of
8.69%, presumably due to the small and low quality of the ob-
tained crystals, the molecular structure of 2 was determined by
an X-ray diffraction (XRD) analysis (Fig. 1). Consistent with the
solid-state structure, the 'H spectrum of 2 at room temperature
showed four singlets assignable to the methyl groups on the
mesityl group of CNMes at 1.82, 1.93, 2.06, and 2.38 ppm with
an integral ratio of 12:12:24:24 (Fig. S20%). The >*C NMR

Bu ‘Bu Mes M
f N, SN oy 8 o N, Phe N
BuNC_  C.Si..C /CN Bu MesNC.  C._.Si. C CNMes
PA N pd el S ey
Pd—p 7 N (CNMes) ,Pd\;P d/Pd\
Cl\l >};é‘ |/CI toluene, r.t. 2h Cl\l \/é /CI
/Pdf/".ivpd n /Pdé }3 '.:?Pd
BUNC' N§i N CNBu MesNC &N “CNMes
Bu Ph, Bu Mes Ph, Mes
1 2, orange crystals, 47%

Fig. 1 Molecular structure of 2 with thermal ellipsoids at 50% proba-
bility. All carbon atoms except for those in the coordinated —CN
moieties are shown in wireframe style, and all hydrogen atoms are
omitted for clarity.
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signals derived from the methyl groups of the mesityl groups
appeared at 18.77,19.24, 20.74 and 20.90 ppm (Fig. S21%). In the
?°Si NMR spectrum, a singlet appeared at 104.70 ppm, which is
slightly shifted to a lower field compared to that of 1 (98.8 ppm)
(Fig. S227). In the infrared (IR) spectrum, two strong absorption
bands derived from the C=N bond were observed at 2054 and
2104 cm™ ' (Fig. S237). The elemental analysis of 2 was consis-
tent with the theoretical values.

Construction of coordination polymer 3 via the ligand-
exchange reaction between 1 and a linear ditopic aryl
isocyanide

Having demonstrated that 1 undergoes ligand-exchange reac-
tions with aryl isocyanides, we selected a linear ditopic aryl
isocyanide, ie., 3,3,5,5-tetramethyl biphenyl-4,4’-bisocyanide
(BXyDI), as the bridging linker to construct a coordination
polymer based on the Pdg cluster framework. Treatment of 1
with 4 equiv. of BXyDI in toluene at room temperature for 2 h
furnished 3 as a red powder in 71% yield. Unfortunately, several
attempts to obtain single crystals of 3 were unsuccessful, which
prevented the determination of the molecular structure of 3 by
a single crystal XRD analysis.

Compound 3 is insoluble in organic solvents including THF,
toluene, Et,0, pentane, CH;CN, EtOH, and MeOH as well as in
H,O0. Its elemental analysis was consistent with the theoretical
value calculated for the coordination polymer consisting of
a Pd¢(SiPh,),Cl, core unit supported by eight surrounding
BXyDI ligands (Scheme 2). In other words, two central Pd atoms
are connected to two isocyanide ligands, and each of the four Pd
atoms located on the edge bears one BXyDI ligand. In addition,
an X-ray fluorescence (XRF) microanalysis of a powder sample
of 3 indicated that the Pd: Si:Cl molar ratio was 29.90:3.44:
2.36, which agrees well with the theoretical value (Pd: Si:Cl =
30.18:3.35:2.66). To gain further insight into the structure and
electronic state of 3, an X-ray photoelectron-spectroscopy (XPS)
analysis of 1-3 was performed (Fig. S12-S177). First, the
elemental composition of 3 was estimated tobe Pd: Cl: N =6:
2.05:7.94, which is consistent with the formula shown in

4 CNNC
(BXyDI)

toluene, r.t. 2h

3, red powder, 71%
(L =BXyDI)

Scheme 2 Synthesis of 3 via the reaction of 1 with linear ditopic aryl
isocyanide BXyDlI.
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Scheme 2. The XPS spectrum of 1 and 2 showed Pd 3ds,, signals
at 335.8 eV for 1 and 336.1 eV for 2, respectively. Because these
signals could not be deconvoluted, the oxidation state of all
palladium atoms in 1 and 2 could be considered identical due to
the electronic delocalization. Clusters 1 and 2 consist of six
palladium atoms surrounded by two silylenes, eight iso-
cyanides, and two chloride ligands. Among them, both sily-
lene™ and isocyanide could be regarded as neutral ligands, and
thus, the oxidation state of the Pds core could be regarded as +2.
The Pd 3ds,, signals in 1 (335.8 eV) and 2 (336.1 eV) are located
in the region between the signal for Pd(0) metal (335.2 eV)*> and
that of palladium(u) oxide (337.1 eV).*”* These spectral features
agree well with the slightly electron deficient nature of Pd atoms
in 1 and 2 compared with the Pd(0) oxidation state.

The XPS spectrum of 3 showed Pd 3d signals at 335.20 eV
(3ds/,) and 340.52 €V (3d3,,), which are slightly shifted to lower
energies compared with those of the parent cluster 1 (335.8 and
340.9 eV). This result suggests that the Pd center in 3 might be
slightly electron rich compared with 1, but the electronic envi-
ronment around Pd atoms is almost maintained upon the
formation of the coordination polymer. It should be noted here
that the Pd(0) center in a recently reported silylyne-bridged
tetranuclear Pd cluster (335.8 and 340.8 eV)." In the IR spec-
trum of 3, a relatively broad absorption band derived from the
coordinated BXyDI appeared at around 2064 and 2095 cm™ .

Subsequently, 1 and 3 were subjected to a Pd K-edge X-ray
absorption spectroscopy (XAS) analysis to obtain more insight
into the structure of 3. It should be emphasized here that the
XANES spectrum of a powder sample of 3 was almost identical
to that of a powder sample of 1, indicating that the solid-state
structure and electronic state of the Pdg cluster core were
maintained in 3. A curve-fitting analysis of the Pd K-edge
Fourier transform extended X-ray absorption fine structure
(FT-EXAFS) spectrum of 1 revealed that each of the Pd atoms is
bound to adjacent Pd, Si, and Cl atoms with Pd-Pd, Pd-Si, Pd-
Cl, and Pd-C (isocyanide) bond distances of ca. 2.78, 2.33, 2.50,
and 1.96 A, respectively (Table 1). The coordination numbers
(CNs) of the Pd-Pd, Pd-Si, Pd-Cl, and Pd-C interactions were
determined to be ca. 2.7, 0.9, 0.8, and 1.0, respectively. These
bond distances and CNs are in accordance with those of the
single-crystal XRD structure of 1.*> Based on the FT-EXAFS
spectrum of 3, the Pd-Pd, Pd-Si, and Pd-C bond distances
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were estimated to be 2.74, 2.52, and 2.00 A, and the CNs for Pd-
Pd, Pd-Si, and Pd-C were ca. 3.1, 0.5, and 1.1 (Table 1). The
estimated Pd-Pd and Pd-C bond distances are in good agree-
ment with those estimated based on the FT-EXAFS spectrum of
1. In contrast, the Pd-Si bond in 3 is relatively longer than that
in 1, and no apparent Pd-Cl bonding interaction was observed.
Instead, the CN of Pd-Pd increased and that of Pd-Si decreased
upon the formation of coordination polymer 3. Considering the
results of the XRF, XPS, and elemental analyses, which indicate
the presence of Cl atoms in 3 in a Pd:Cl ratio of 6:2 (vide
supra), the XAFS results suggest that the disappearance of the
Pd-Cl bond and the change in the CN value of the Pd-Pd and
Pd-Si bonds in 3 might stem from the slightly shrunken
hexapalladium-cluster-framework core with relatively weakened
Pd-Cl and Pd-Si bonds. Considering these results, we
concluded that 3 is composed of a Pd¢(SiPh,),Cl, core archi-
tecture similar to cluster molecule 2 and that this core unit is
linked by molecules of the linear ditopic isocyanide BXyDI.

Unfortunately, several attempts to obtain single crystals of 3
suitable for single crystal X-ray diffraction analysis were
unsuccessful. Thus, a powder X-ray diffraction analysis of 1 and
3 was performed. The powder X-ray diffraction pattern of 1
might be comparable to the simulated pattern, which was
estimated from a molecular structure determined by a single
crystal X-ray diffraction analysis, but it is difficult to draw
conclusions due to the low signal to noise ratio of the experi-
mental diffractogram (Fig. S18f). In contrast, powder X-ray
diffraction analysis of 3 showed only background noise and
a halo pattern, suggesting that 3 was obtained as an amorphous
material.

Catalytic hydrogenation of alkenes mediated by coordination
polymer 3

As 3 was obtained as an insoluble powder, we turned our
attention to its potential use as a heterogeneous catalyst for the
hydrogenation of alkenes. For that purpose, the catalytic
performance of 3 was initially examined in the hydrogenation of
styrene, which revealed that the reaction completed within 6 h
under 1 atm of H, at room temperature in toluene in the
presence of 2 mol% (for Pd) of 3 to afford ethylbenzene as the
single product (Table 2, entry 2). Similarly, the hydrogenation of
9-vinylanthracene also resulted in complete conversion of the

Table 1 Structural parameters of 1, 3 (as prepared) and 3 (recycled) obtained by curve fitting analysis of Pd K-edge FT-EXAFS®

Compound Atom Coordination number Bond length (A) Debye-Waller factor R factor (%)*
1 C 1.0 £ 0.3 1.96 £+ 0.07 0.005 £ 0.004 13.9
Si 0.9 + 0.2 2.33 £ 0.05 0.004 + 0.001
Cl 0.8 £0.2 2.50 £ 0.08 0.006 £ 0.005
Pd 2.7 £ 0.3 2.78 + 0.04 0.010 =+ 0.005
3 (as prepared) C 1.1+0.3 2.00 £ 0.06 0.003 + 0.002 12.9
Si 0.5+ 0.4 2.52 + 0.12 0.027 £ 0.026
Pd 3.1+0.4 2.74 £ 0.05 0.014 £ 0.014
3 (recycled) C 0.8 +0.3 1.99 + 0.07 0.003 + 0.003 14.8
Si 0.4 £+ 0.2 2.46 + 0.10 0.009 + 0.008
Pd 2.5 £+ 0.3 2.73 + 0.04 0.010 +£ 0.006

ap— (E(ksxdata(k) _ kSXﬁt(k))Z)1/2/(2(k3kdata(k))2)1/2'
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Table 2 Hydrogenation of alkenes catalyzed by 1 or 3¢

cat.1or3
(2 mol% for Pd) H

R/\ +H, — H
(1 atm) solvent R
r.t, time
Entry  Cat. Time (h)  Solvent  Alkene Yield (%)”
1 1 18 Toluene ~ 20°
2 3 6 Toluene >99
3 Pd/C 6 Toluene >99
4 1 6 H,0 25°
5 3 6 H,O >99
6 Pd/C 6 H,0 21
X
7 3 18 Toluene OOO >99
8 1 18 H,0 N 10°
9 3 18 H,0 @A >99 (92)¢
NaO;S
N d
10 3 18 CH;0H >99 (80)
(HO),B
xB(OH),
11 3 18 CH,0H @N >99 (72) ¢

“ All reactions were carried out using 1 mmol of alkene in the presence
of a catalytic amount of catalyst 1, 3 or Pd/C in the solvent indicated in
Table 1 (2 mL). The catalyst loading of 2 mol% indicates the total
catalyst loading of Pd (0.02 mmol of Pd) in all experiments.  The
product yield was determined by 'H NMR spectroscopy in the
presence of 1,4-dioxane as the internal standard, which was used to
determine the conversion of the starting material. ¢ The formation of
a black insoluble material was observed. ¢ Values in parentheses refer
to the isolated yield.

substrate (entry 7). In contrast, the conversion of styrene
reached only 20% when the reaction was conducted with
2 mol% (for Pd) of 1 (entry 1). During the reaction mediated by
1, a black insoluble material was formed after 18 h, suggesting
that decomposition of 1 occurred. Conversely, 3 was sufficiently
stable under the applied hydrogenation conditions, and no
dissolved BXyDI linker was observed in the "H NMR spectra of
the reaction mixture.

The hydrogenation of alkenes catalyzed by the conventional
Pd/C catalyst is generally conducted in organic solvents or
alcohols. However, the development of organic reactions per-
formed in H,O has recently received much attention because
H,O is a safe, nonflammable, inexhaustible, and naturally
abundant solvent. Interestingly, 3 could be used in protic
solvents such as H,O and MeOH. For instance, styrene under-
went complete hydrogenation in H,O under atmospheric pres-
sure of H, at room temperature catalyzed by 3 (entry 4), whereas
the immediate decomposition of 1 occurred under the same
reaction conditions, affording the product in only 25% yield
(entry 5). It is noteworthy that hydrogenation of styrene cata-
lyzed by conventional Pd/C in H,O gave the product only in 21%
yield (entry 6). This indicates that coordination polymer catalyst
3 showed superior catalytic performance to the conventional Pd
catalyst in the reaction performed in H,O.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Next, we focused on the use of p-styrenesulfonic acid sodium
salt as the substrate given that it shows limited solubility in
common organic solvents but good solubility in H,O. It should
be noted here that the hydrogenation of p-styrenesulfonic acid
sodium salt in H,O has been reported to be difficult, even when
using a water-soluble cationic Ru catalyst." The effective
hydrogenation of this substrate has only been achieved using
a Rh complex sorbed on the aluminophosphate molecular sieve
VPIL-5 (ref. 17) or a water-soluble polymer-bound metal cata-
lyst.'® Nevertheless, treatment of p-styrenesulfonic acid sodium
salt with 2 mol% of 3 in H,O at room temperature for 18 h
furnished the hydrogenated product quantitatively in 92% iso-
lated yield (entry 9). In stark contrast, the hydrogenated product
was obtained in a low 10% yield under identical reaction
conditions mediated by 1 (entry 8), most likely due to the high
moisture sensitivity of 1. In addition, we confirmed that the
catalysis mediated by 3 was applicable to the hydrogenation of
alkenes bearing a -B(OH), group. Thus, the hydrogenation of 4-
vinyl phenyl boronic acid and ¢rans-2-phenyl boronic acid was
realized in MeOH under 1 atm of H, at room temperature
(entries 10 and 11), and the corresponding products were iso-
lated in 80% and 72% yields, respectively. These results indicate
that 3 can be used in reactions conducted in both organic and
protic solvents.

Interestingly, we discovered that catalyst 3 can be recycled
multiple times in the hydrogenation of p-styrenesulfonic acid
sodium salt (for details, see the ESIt). The first run of the
catalytic hydrogenation was performed under 1 atm of H, in
H,0 at room temperature for 18 h in the presence of 2 mol%
(for Pd) of 3. Subsequently, the reaction mixture was centrifuged
and catalyst 3 was recovered and subjected to the next run of the
same hydrogenation process. After four cycles, the recovered
catalyst retained high catalytic activity, and the desired product
was obtained in quantitative yield in all runs. Thus, 3 could be
reused at least four times by centrifugation without significant
loss of the catalytic performance.

To gain further insight into the stability of the structure of 3,
the red powder of 3 recovered after one cycle of the hydroge-
nation of p-styrenesulfonic acid sodium salt under the condi-
tions shown in entry 9, Table 2 was subjected to an XAS analysis.
A comparison of the XANES spectra (Fig. S101) revealed that the
spectrum of the recovered catalyst was roughly identical to that
of fresh 3. Based on the FT-EXAFS spectrum of the recovered
catalyst, the Pd-Pd, Pd-Si, and Pd-C (isocyanide) bond
distances were estimated to be ca. 2.73, 2.46, and 1.99 A,
respectively, and the CNs for Pd-Pd, Pd-Si, and Pd-C were 2.5,
0.4, and 0.8 (Table 1). It is important to note here that the signal
of the Pd-Pd bond was not enhanced compared with that of
fresh 3, indicating that no aggregation of Pd atoms to form Pd
nanoparticles occurred. These spectral results suggest that the
structure of 3 consisting of a Pd4(SiPh,),Cl, core unit linked by
linear ditopic BXyDI ligands remains stable during the catalysis.

Conclusions

We have discovered that a hexanuclear Pd cluster supported by
two silylene SiPh, units can be readily linked by molecules of

Chem. Sci., 2025, 16, 4450-4455 | 4453
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a linear ditopic isocyanide to afford coordination polymer 3,
which can serve as a heterogeneous catalyst for the hydroge-
nation of alkenes with excellent catalytic activity. Interestingly,
the catalysis could be performed in common organic solvents
and in H,0, which allows the hydrogenation of water-soluble
alkenes. Catalyst 3 exhibited sufficient stability under the
applied reaction conditions and can be recycled and reused at
least four times. X-ray fluorescence (XRF), X-ray absorption fine
structure (XAFS), and elemental analyses revealed that 3
consists of a Pd4(SiPh,),Cl, core linked by linear ditopic iso-
cyanide ligands and that the Pd cluster framework was retained
during the catalytic hydrogenation in H,O. The results of this
study suggest that linking silicon-bridged metal clusters
provides an effective strategy to construct coordination poly-
mers that can serve as heterogeneous catalysts with high cata-
lytic performance and durability.
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