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Controlled preparation of ultrafine metal nanoclusters (<2 nm) is challenging, yet important as the
properties of these clusters are inherently linked to their size and local microenvironment. In the present
work, we report the utilization of supramolecular pre-organization of organometallic complexes within
well-defined Mjy,L,4 coordination spheres for the controlled synthesis of ultrafine Ir nanoclusters by
reduction with molecular hydrogen. For this purpose, 24 sulfonate functionalized N-heterocyclic
carbene (NHC) Ir complexes (Ir-s) were bound within a well-defined Mj,L,4 nanosphere that is equipped
with 24 guanidinium binding sites (G-sphere). Reduction of these pre-organized metal complexes by
hydrogenation led to the templated formation of nanoclusters with a narrow size distribution (1.8 +
0.4 nm in diameter). It was demonstrated through *H-DOSY-NMR and HAADF-STEM-EDX experiments
that the resulting nanoclusters reside within the nanospheres. The reduction of similar non-encapsulated
metal complexes in the presence of nanosphere systems (Ir-s + M-sphere or Ir-p + G-sphere) resulted

in larger particles with a broader size distribution (2.3 + 2.1 nm and 6.6 + 3.2 nm for Ir-s + M-sphere
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Accepted 26th October 2024 and Ir-p + G-sphere respectively). The encapsulated nanoclusters were used as a homogeneous catalyst

in the selective hydrogenation of 4-nitrostyrene to 4-ethylnitrobenzene and display absolute selectivity,
which is even maintained at full conversions, whereas the larger non-encapsulated clusters were less
selective as these also showed reduction of the nitro functionality.
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to their unique physical properties and catalytic features. Subtle
changes can result in substantial differences in their electronic

Introduction

The preparation and study of ultrafine nanoclusters (NCs) is
a topic of increasing interest in various fields. NCs are defined
as nanoparticles with a size of =2 nm."? As a result of their high
surface-to-volume atom ratio, particles of such minute dimen-
sions exhibit unique physical and chemical properties
compared to their larger analogues and bulk materials. Due to
their extraordinary properties, these materials have made their
way into various applications such as solid-state memory,*
sensing/imaging*” and catalysis.”® The size, dispersion and
surface environment of nanoparticles and nanoclusters are key
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and geometric properties. Therefore, it is of considerable
interest to develop methodologies to make nanoclusters with
precise control over these properties.*?

In the past decades, various strategies have been reported to
gain synthetic control over the size, shape and distribution
including the use of biphasic systems'" and dendrimers.">*
More recently, templated strategies involving porous materials
such as covalent organic frameworks (COFs),"*"” porous organic
cages (POCs)"** and discrete coordination-spheres®™*> have
been emerging.***® Such porous templates can provide
a protective cavity for nanoparticle synthesis by sterically
impeding certain growth modes, limiting particle aggregation
and enhancing particle stability, solubility and size control.*’

Recently, our group has developed a method for organome-
tallic catalyst encapsulation within well-defined M;,L,, coordi-
nation spheres (M = Pt** or Pd*"),*** internally functionalized
with guanidinium anchors (Fig. 1, G-sphere).”**® These guani-
dinium functional groups were demonstrated to bind strongly
to sulfonate-functionalized molecular catalysts and carboxylate-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the supramolecular pre-organization strategy for controlled nanocluster formation.

functionalized substrates through hydrogen-bonding. This
strategy was proven to be a powerful and versatile tool for
substrate and catalyst pre-organization and was demonstrated
to enhance the catalytic activity and/or selectivity for several
homogeneously catalysed transformations.>*>¢

Motivated by the challenges involved in nanocluster
synthesis and based on our previous results, we were curious if
we could use these nanospheres as templates for confined
nanocluster synthesis. It was previously demonstrated that
porous microenvironments such as dendrimers,">** COFs***”
and POCs'** can limit the growth of nanoparticles prepared
from metal salts through steric confinement and by using
coordinating functional groups such as amines or sulfides to
preorganize metal salts for the initiation of nanoparticle
formation. The pre-organization of organometallic complexes
in confined space has not been demonstrated and subsequent
reduction should lead to the controlled formation of encapsu-
lated nanoclusters that reside in a unique microenvironment in
which the ligand of the metal complex precursor may still be
present. We herein report the supramolecular pre-organization
and reduction of a sulfonate functionalized Ir-NHC complex (Ir-
s-BF,) within a guanidinium functionalized M;,L,, sphere (G-
sphere, Fig. 1). The hydrogenation of encapsulated Ir metal
complexes resulted in ultrafine encapsulated nanoclusters (1.8
+ 0.4 nm), which display excellent selectivity in the hydroge-
nation of 4-nitrostyrene (1).

Results and discussion
Strategy/design of system

The strategy is illustrated in Fig. 1. To start, 24 sulfonated metal
complexes (Ir-s) should be bound and pre-organized in a well-
defined M;,L,, nanosphere as the sulfonate groups form
hydrogen bonds with the 24 guanidinium binding sites located
at the inside of the sphere (G-sphere). Then, upon subsequent
reduction by these pre-organized metal
complexes should lead to the templated formation of

hydrogenation,

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanoclusters. The metal precursor (Ir-s-BF,) was chosen based
on three specific requirements: the metal complex should be (1)
stable and remain strongly bound to the sulfonate-bearing
ligand during encapsulation, (2) readily and cleanly be con-
verted upon reduction by hydrogenation and (3) function as
a stabilizing ligand for the resulting nanocluster to retain the
cluster within the nanosphere. We anticipated that the N-
heterocyclic carbene-based (NHC) metal complex Ir-s-BF,
would embody these requirements.>”*

Synthesis of the host (G-sphere) and guest (Ir-s)

The guanidinium functionalized building block (GuaniBB) and
corresponding coordination sphere (G-sphere) were prepared
via a modified literature procedure (pages S15-S257).>*** The
formation of the Mj,L,, spheres (M = Pt*" or Pd**) was
confirmed with "H-NMR, DOSY NMR and cold-spray-ionization
time-of-flight mass spectrometry CSI-TOF-MS (Fig. S19-S297),
which correspond to previously reported values.>»** The sulfo-
nate functionalized iridium complex (Ir-s-Cl) was synthesized
via a modified literature procedure through transmetallation of
the corresponding silver carbene (Ag-s, Scheme 1).°> The chlo-
ride counter ion of the Ir-s-Cl complex was exchanged with
BF, , to prevent possible compatibility issues of the chloride
ions with the Pt;,L,, coordination sphere (Ir-s-BF,4, Scheme 1).

0\\S,O'PPh,,‘ O, _OPPh,* 0\ OPPh4
\‘o \\O
< <\
cl ‘/]}
Ag* Ir* ‘ X
N [Ir(cod) cu2 (0.5 eq) N AgBF
o &

CHZCIZ rt,2h CD4CN, r.t., 15 min

Ir-s-Cl Ir-s-BF,

Scheme 1 Synthesis of Ir-s-BF,.
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The sulfonate functionalized metal complexes (Ag-s, Ir-s-Cl and
Ir-s-BF,) were characterized by "H-NMR, *C-NMR and CSI-TOF-
MS (pages S3-514%).

Encapsulation of the metal complex

Endohedral binding of Ir-s-BF, inside the nanosphere (G-
sphere) was established by CSI-TOF-MS analysis and various "H-
NMR experiments, which will be discussed in more detail in
this section. Direct evidence for the binding of Ir-s-BF, was
provided by CSI-TOF-MS spectra of a solution of nanosphere in
the presence of 8 equivalents of Ir-s-BF4, which display multiple
charged species that can be assigned to the nanosphere hosting
different numbers of Ir-s complexes, ranging from 5-9 equiva-
lents of Ir-s-BF, per nanosphere (Fig. S44, S45 and Table S27). It
should be noted that under the MS conditions, water coordi-
nation and hydrolysis of the carbene ligand to its imidazolium
salt is observed, resulting in a variety of encapsulated metal
complex/imidazolium salt/H,O combinations (Fig. S46-S49 and
Table S31). As a result, the signals in the MS spectra are
substantially broadened obscuring precise interpretation.
Consequently, as the number of variations increases with the
number of Ir-s complexes bound in the nanosphere, the signals
become too broad for detection or meaningful interpretation
for mixtures containing more than 9 equivalents of complex
with respect to the sphere.

Encapsulation was further confirmed by DOSY-NMR
(Fig. S36-S39%) of a solution containing 8, 12 or 24 eq. of Ir-s-
BF, complex with respect to the G-sphere, as in such experiment
the complex (Ir-s-BF,) has signals at the same diffusion as that
of the host, in line with encapsulation (Log D = 9.51 m*s™ " for 8
eq.). In contrast, the free complex in absence of the nanosphere
displays a significantly lower diffusion coefficient (Log D = 8.93
m?® s ). It should be noted that at full capacity of the host, i.e.
24 equivalents of Ir-s-BF, with respect to the sphere (Fig. S32
and S34t), there is a subtle increase in the diffusion coefficient
for some of the signals of the sphere. This suggests that the
hydrodynamic radius of the sphere slightly increases as a result
of the crowded interior of the host at full capacity.

To gain more insight into the encapsulation capacity of the
host, the binding behaviour was investigated by a titration
experiment monitored by "H-NMR spectroscopy (pages $30 and
S31t). In the resulting spectra, the N-H-signal of the endohe-
dral guanidinium functionality (G-sphere) most significantly
shifts upon introduction of the guest (Ir-s-BF4,), whereas the
other signals of the sphere display modest to no changes. This
result indicates that binding of the guest indeed primarily
occurs inside the sphere. A linear correlation between the N-H-
signal-shift (G-sphere) and guest (Ir-s-BF,) concentration was
observed up to 18 equivalents of guest. Addition of more
equivalents resulted in overlap of peaks, complicating the
monitoring of the N-H signal by 'H-NMR spectroscopy
(Fig. S427). This indicates that at least 18 equivalents of Ir-s bind
to the inside of the G-sphere, while they are still able to
exchange. Importantly, these experiments combined clearly
illustrate the host-guest complexation and anticipated encap-
sulation capacity of this system.

20024 | Chem. Sci, 2024, 15, 20022-20029
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As a control, we synthesized variations of the nanosphere
and metal complex for which the binding element on each side
was removed (M-sphere and Ir-p Fig. 3). Naturally, the lack of
encapsulation for both combinations was confirmed by DOSY-
NMR and "H-NMR experiments (Fig. $40 and S417).

Nanocluster formation

To demonstrate that nanoclusters could be prepared within the
nanospheres, reduction of the iridium complexes was per-
formed in the presence and absence of nanospheres. The
clusters were prepared by hydrogenation of a 24 : 1 mixture of Ir-
s-BF, and G-sphere to ensure full loading, (1 ml, 8.7 mM, Ir-
s@G-sphere), and the CD;CN solution was kept at 50 bar H, and
50 °C for 18 h to allow full reduction. After 18 h, the solution
had changed colour from light orange to amber brown and no
precipitation was formed, indicating that all iridium was still in
solution and no agglomeration had occurred (Fig. 2). The
observed colour corresponds to observations reported in liter-
ature for small Ir(0) nanoclusters.®® In contrast, when the Ir-s-
BF, complex was hydrogenated in absence of the nanosphere,
under otherwise identical conditions, precipitates were formed
and a dark film was visible on the reaction vessel (Fig. S507).
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Fig. 2 Top: nanocluster synthesis conditions and representative
images of the solutions of Ir-s@G-sphere before and after hydroge-
nation (Ir-s@G-sphere*) respectively. Bottom: representative TEM
image of Ir-s@G-sphere* and corresponding size distribution (in
diameter).
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The dimensions of the Ir clusters formed inside the sphere,
were characterized by transmission electron microscopy (TEM).
The clusters were determined to be 1.8 £+ 0.4 nm in diameter
(Fig. 2), which is much smaller than the size of the nanosphere
(5 nm).**** However, for nanoparticles consisting of 24 Ir-atoms,
a particle size of 0.9 nm would be expected. As the metal
complexes are pre-organized in a supramolecular fashion, the
Ir-s-BF, complexes can exchange between nanocages, and as
this apparently is faster than nanoparticle formation, the final
number of Ir-atoms per particle can be larger. Importantly,
these results altogether indicate that pre-organization of the Ir-
s-BF, within the G-sphere results in controlled nanocluster
formation (Ir-s@G-sphere*).

To compare the effects of sphere interaction and encapsu-
lation on cluster size and distribution, the non-encapsulated
metal complexes (Ir-s + M-sphere and Ir-p + G-sphere, Fig. 3)
were hydrogenated under otherwise identical conditions. From
TEM analysis (Fig. S51 and S521) it becomes evident that the
resulting particle size and distribution for these systems (Fig. 3)
are generally larger and significantly broader than the encap-
sulated clusters (2.3 + 2.1 nm and 6.6 + 3.2 nm for Ir-s + M-
sphere and Ir-p + G-sphere respectively). The non-encapsulated
sulfonate functionalized metal complex (Ir-s + M-sphere)
displays a smaller particle size than the non-sulfonated metal
complex (Ir-p + G-sphere). Importantly, the superior control
over the size and size distribution of the encapsulated clusters
(Ir-s@G-sphere) clearly demonstrates the power of pre-
organization.
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Fig. 3 Schematic representations of control groups and resulting
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G-sphere and M-sphere, middle and bottom: Ir-s + M-sphere and Ir-p
+ G-sphere and corresponding size distribution (in diameter).
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To gain further insight into the conversion of the metal
precursor and the spatial relationship between the sphere and
the encapsulated Ir cluster, the resulting mixture was studied by
"H-NMR and DOSY-NMR. The 'H-NMR spectrum of Ir-s@G-
sphere* (Fig. S541) shows the disappearance of the Ir-s ligand
signals and the formation of its corresponding imidazolium
salt, which is expected to form upon nanocluster formation. In
addition, the formation of cyclooctane (COT at 1.54 ppm) is
observed, which is a result of Ir-catalysed hydrogenation of the
cyclooctadiene (COD) ligand. Integration of this signal,
compared to an internal standard (1,3,5-trimethoxybenzene),
confirmed full conversion (Table S4t). Notably, the signals of
the nanosphere have become broadened after hydrogenation,
which is commonly a result of local restricted motion and the
heterogeneous character of the encapsulated Ir clusters.®®
Importantly, the DOSY-NMR spectrum (Fig. 4f) shows that the
diffusion coefficient of the encapsulated clusters (Ir-s@G-
sphere*, 9.49 m” s~') remains similar to that of the host-guest
system before hydrogenation (Ir-s@G-sphere, 9.48 m> s ).
These results combined confirm that the nanospheres remain
of similar dimensions after nanocluster formation and indicate
that the clusters are residing inside the spheres.

The formation of an encapsulated cluster was further evi-
denced by an energy-dispersive X-ray spectroscopy (EDX) study
in combination with high-angle annular dark-field scanning
transmission microscopy (HAADF-STEM) imaging (Fig. 4). The
images reveal that Ir and Pt are clearly located together,
affirming the Ir clusters are indeed encapsulated within the
sphere. Moreover, quantification of the Pt and Ir atom fraction
through area scanning (Fig. 4c and e) confirmed the 12 : 24 ratio
that is expected from the nanosphere - guest system and
corresponds to values found with Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) analysis (Table S57).
To further confirm the integrity of the sphere and the formation
of metallic Ir nanoclusters in the sphere, the encapsulated
systems were studied by XPS analysis before and after hydro-
genation conditions that lead to nanoparticle formation
(Fig. S5971). The resulting spectra after hydrogenation (Ir-s@G-
sphere*) display two characteristic signals centred around
61.3 eV (Ir 4f,;,) and 64.2 eV (Ir 4f5;,). These signals were
determined to be composed of Ir° clusters that are partially
oxidized (47% Ir°), confirming the formation of metallic Ir°
species under hydrogenation conditions.®”””® Additionally, the
doublets centred around 73.8 eV and 76.8 eV, corresponding to
Pt 4f for the Pt" cornerstones of the sphere,” remain unchanged
after hydrogenation (Fig. S591). These results confirm that Pt
atoms remain unreduced and further support that the sphere
remains intact. Overall, these results, combined with the STEM-
EDX and DOSY-NMR analyses, clearly demonstrate that the
formed Ir° nanoclusters are indeed residing within the guani-
dine containing Pt;,L,, nanospheres.

Catalysis

To evaluate the catalytic activity of the newly formed encapsu-
lated nanoclusters, the hydrogenation of 4-nitrostyrene (1) was
explored by monitoring the reduction reaction over time (Fig. 5).

Chem. Sci., 2024, 15, 20022-20029 | 20025
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This reaction was chosen because it can provide insight into
both activity and selectivity. For these experiments, the encap-
sulated and non-encapsulated clusters/NPs (Ir-s@G-sphere*
and Ir-s + M-sphere* respectively) were compared and used as
prepared. The hydrogenation reactions were carried out in
CH;CN under hydrogen pressure (50 bar) at 50 °C, using
2 mol% of Ir vs. 1. The product composition was monitored over
time by means of GC-MS with an internal standard (Fig. 5).
From the observed product compositions, it became evident
that both catalytic systems display a preference for alkene
reduction, thus favoring the initially selective formation of 4-
ethylnitrobenzene (2). Notably, the product compositions over
time reveal that the Ir-s@G-sphere* clusters provide fully
selective conversion toward 4-ethylnitrobenzene (2) over 17 h
(Fig. 5¢). In contrast, in the presence of nanoparticles formed by
the mixture of Ir-s + M-sphere*, 1 is rapidly converted to 2 and
further reduced to form 4-ethylaniline (3) (Fig. 5b). This result
highlights a striking difference in catalytic behavior between
the encapsulated (Ir-s@G-sphere*) and non-encapsulated
particles (Ir-s + M-sphere*). Importantly, in the presence of Ir-
s + M-sphere* over-reduction of 2 to 3 already commences
before full conversion is attained (@30 min 66% conversion
with 1% of 3), thus invariably leading to an impure product
mixture and a maximum product yield of 87% after two hours
(Fig. 5a). On the contrary, in the presence of Ir-s@G-sphere*
complete conversion to 2 occurs entirely selectively without any
observable side product formation even at full conversions.
Thus, although Ir-s + M-sphere* may be a faster catalyst, Ir-

20026 | Chem. Sci,, 2024, 15, 20022-20029

s@G-sphere* eventually provides significantly higher attainable
yields. To the best of our knowledge, this is the first iridium
nanocatalyst reported to selectively hydrogenate nitrostyrene to
ethylnitrobenzene.

To compare the selectivity of Ir-s@G-sphere* to nanoclusters
with a similar size and size-distribution in a different micro-
environment, polyvinylpyrrolidone (PVP) supported Ir-
nanoclusters were prepared (Ir@PVP) according to a literature
protocol.”” Hydrogenation of 1 under H, (40 bar) at 50 °C in the
presence of Ir@PVP (2 mol%, based on Ir) afforded a mixture of
the fully hydrogenated product 3 (4-amino ethylbenzene, 44%)
and 4-vinylaniline (<5%). This is in large contrast to the results
obtained for Ir-s@G-sphere* which resulted in complete and
selective conversion of 1 to 2 (4-nitro ethylbenzene), whereas 2
was not observed at all by "H-NMR nor GC-MS (Fig. $58) when
Ir@PVP was used at catalyst. This demonstrates that the unique
second coordination sphere around the Ir-nanocluster formed
by the cage is crucial for the selectivity displayed by the enclosed
nanoparticle. To gain more insight into the role of the guani-
dinium groups of the G-sphere during the catalytic reaction,
styrene and 3-vinylbenzoic acid were hydrogenated with Ir-s@G-
sphere*. We anticipated that the guanidinium sites should still
be hydrogen bonded to the sulfonate groups from the Ir-s
ligand. If some of the guanidinium groups would be available
for H-bonding, the substrates with carboxylate groups in prin-
ciple could be pre-organized in close proximity to the nano-
cluster, and hence should be hydrogenated faster, in line with
other previously reported catalytic transformations within the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Hydrogenation of 4-nitrostyrene (1): product composition at full conversion in the presence of Ir-s + M-sphere* (left) and Ir-s@G-

sphere* (right), (b) hydrogenation of 1 over time in the presence of Ir-s + M-sphere* and (c) in the presence of Ir-s@G-sphere*. ([1] = 60 mM in

CH3CN, 2% Ir vs. 1).

guanidinium functionalized nanosphere.** Although both
substrates undergo selective hydrogenation to their ethyl-
benzene derivatives, there is no rate acceleration observed for
the carboxylate functionalized substrate (Fig. S561). Apparently,
the guanidinium sites are sufficiently engaged in hydrogen
bonding to the sulfonate functionalized ligand and thus
unavailable for binding additional substrates. Overall, these
experiments show that the Ir-s@G-sphere* system contains an
iridium cluster with a defined size and a unique second coor-
dination sphere, altogether resulting in a selective catalyst for
the hydrogenation of nitrostyrene to ethylnitrobenzene.

Conclusions

To summarize, we have demonstrated supramolecular pre-
organization in nanospheres as a effective strategy for
controlled nanocluster synthesis. We have shown that hydro-
genation of the organo-metallic Ir-s-BF, complex encapsulated
inside a Pt;,L,, nano-sphere (G-sphere) led to the formation of
fine nanoclusters with a narrow size distribution, whereas non-
encapsulated precursors did not. These results together
demonstrate that pre-organization within the nanosphere can
indeed facilitate the templated formation of ultrafine metal
nanoclusters. Moreover, we were able to establish that the
nanocluster remains encapsulated inside the nanosphere upon
formation, underlining that the cluster is indeed formed and
stabilized within the sphere. The encapsulated clusters (Ir-s@G-
sphere*) displayed outstanding selectivity in the hydrogenation
of 4-nitrostyrene (1). We envision this new system can provide

© 2024 The Author(s). Published by the Royal Society of Chemistry

a unique nano environment for nanocluster formation and
catalytic conversions, which can be extended to other metals
and combinations thereof. Furthermore, we conceive that this
preorganization strategy can provide flexibility for subtle ligand
modifications and promises to be a versatile tool for controlled
synthesis and fine-tuning of small nanoclusters.
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