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ABSTRACT: The preparation of novel efficient catalysts—that could be
applicable in industrially important chemical processes—has attracted great
interest. Small subnanometer metal clusters can exhibit outstanding catalytic
capabilities, and thus, research efforts have been devoted, recently, to synthesize
novel catalysts bearing such active sites. Here, we report the gram-scale
preparation of Ag) subnanometer clusters within the channels of a highly L~
crystalline three-dimensional anionic metal—organic framework, with the
formula [Ag)]@Ag',Na',{Ni",[Cu",(Mesmpba),];}-48H,0 [Mesmpba*~ =
N,N’-2,4,6-trimethyl-1,3-phenylenebis(oxamate)]. The resulting crystalline
solid catalyst—fully characterized with the help of single-crystal X-ray
diffraction—exhibits high catalytic activity for the catalytic Buchner ring
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expansion reaction.

B INTRODUCTION

The preparation, stabilization, and characterization of sub-
nanometer metal clusters (SNMCs) has been a main challenge
for chemists during the last years.'™” Indeed, the preparation
of such ultrasmall entities is highly complex and often requires,
for instance, the use of stabilizing blocking ligands8 that
prevent their agglomeration into larger metal nanoparticles
(MNPs) but, in turn, may worsen their catalytic properties.
Moreover, the characterization of such tiny SNMCs is really
not an easy task and requires the use of high-resolution
microscopy techniques—for example, high-angle annular dark-
field—scanning transmission electron microscopy (HAADF—
STEM)—whose electron beam can, with time, degrade the
sample that is being observed.” However, despite such
complications, the outstanding medical, optical, and/or
catalytic properties of SNMCs make it well worth the
effort, 341011

Focusing on the catalytic properties of SNMCs, stabilizing
capping ligands of SNMCs dramatically reduces their catalytic
activity as they prevent a proper contact with reactants and
trigger their decomposition under reaction conditions. There-
fore, it seems clear that “naked” SNMCs, with all metal atoms
exposed, are called to offer the best catalytic performances.'” In
this context, a proper strategy to obtain ligand-free SNMCs
consists in supporting these metal species in porous solids such
as zeolites or organic porous materials.” More recently,
another type of porous materials, the so-called metal—organic
frameworks (MOFs),'* have emerged as a suitable platform
not only to host SNMCs but also to be used as chemical
reactors for the in situ chemical synthesis of the SNMCs.'*'°
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MOFs are crystalline porous materials that have attracted
significant attention in the past 2 decades due to the myriad
applications they can be used in.'” Moreover, aiming at
encapsulating/synthesizing SNMCs, or even single-atom
catalysts,">* MOFs offer clear advantages compared to
other porous materials such as a fine control of the
functionalities decorating the channels—which allows us to
retain and align metals in specific positions and controlled
stoichiometries—and the possibility to use single-crystal X-ray
crystallography”* ™ to unveil the crystal structure of these
ultrasmall metal species.

In this context, we recently used,” as a chemical reactor, a
highly robust anionic three-dimensional MOF, with the
formula Ni",{Ni",[Cu",(Mesmpba),];}-54H,0 [Me,mpba*"
= N,N’-2,4,6-trimethyl-1,3-phenylenebis(oxamate)], for the
MOF-driven preparation of ligand-free tetranuclear [Pd,]**
clusters after two consecutive post-synthetic steps consisting of
first replacing the Ni** cations hosted within its channels by
Pd** ones and the concomitant reduction to form the final
tetranuclear species within the empty space of the MOF. The
resulting host—guest material had the following formula:
[Pd,]os@Nay{Ni",[Cu",(Mesmpba),];}-56H,0 (Figure 1).
Overall, the anionic nature of the MOF allowed a fine control
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Figure 1. Crystal structure of the previously reported [Pd,],s@
Na,{Ni",[Cu",(Me;mpba),];}-56H,0 MOE.*!" Atoms constituting
the framework and Pd atoms are represented by light yellow and blue
spheres, respectively.

of the number of inserted Pd** cations in the first step, which
were occupying specific positions by interacting with the
carboxylate oxygens from the network. Then, the confined
space, as well as the mentioned controlled stoichiometry,
allowed the formation of the small [Pd,]** clusters,
homogeneously distributed within the walls of the MOF
(Figure 1). As expected, such naked clusters, possessing all four
metal atoms outwardly exposed, exhibited outstanding catalytic
activity, outperforming state-of-the-art metal catalysts in
carbene-mediated reactions, also showing high yields (>90%)
and turnover numbers (up to 100,000). However, considering
the high cost of palladium, it would be highly desirable to
achieve highly performing SNMCs with lower prices.

B RESULTS AND DISCUSSION

Herein, aiming at expanding these results to more affordable
metals, we report the two-step post-synthetic preparation of
Agy nanoclusters using the same MOF
Ni',{Ni",[Cu",(Me;mpba),];}-54H,0 (1) as the host matrix
(Figure 2a). First, nickel(II) cations, located in the pores of 1,

are exchanged by Ag" ones, yielding the novel compound
Ag' {Ni",[Cu",(Me;mpba),];}-S1H,0 (2) (Figure 2b). Then,
after introducing NaBH,, the reduction process occurs to give
the final compound [Ag)]@Ag',Na',{Ni",[Cu",(Me;-
mpba),];}-48H,0 (3) (Figure 2c). The whole process could
be followed by single-crystal X-ray diffraction (SCXRD),
unveiling certain details about the nanocluster formation,
which constitutes one of the very few examples of MOF-hosted
silver subnanometer clusters”® and the first whose crystal
structure could be elucidated.

The nature of the final hybrid material, 3, containing Ag,
clusters (together with unreduced Ag* ions) has been further
confirmed by the combination of a variety of techniques
including inductively coupled plasm—mass spectrometry
(ICP—MS) (Table S1, Supporting Information), elemental
mapping, powder X-ray diffraction (PXRD), thermogravimet-
ric analysis (TGA), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy (SEM). The N, adsorption
isotherms at 77 K confirmed the permanent porosity of 2 and
3 (see below). Finally, as previously mentioned, SCXRD with
synchrotron radiation allowed the resolution of the crystal
structure of 2 and 3 (Table S2, Supporting Information) and
the observation of ultrasmall silver dinuclear entities and
surroundings within the solid in 3 (Figures 2 and S1).

The anionic Ni",Cu"y open-framework structures in both 2
and 3 are isoreticular and crystallize in the P4/mmm space
group of the tetragonal system. Compound 2 exhibits the Ag*
cations situated within the walls of the hydrophilic octagonal
pores (virtual diameter of 2.0 nm), where they are stabilized by
noncovalent interactions involving oxamate oxygen atoms
[Ag" O ggamate Of 2.72(1)—2.79(1) A], with no evidence of
previously Ni** cations of 1, thus indicating that they are
completely exchanged by Ag" ones (Figure 2b). Ag' ion
surroundings unveil interacting oxygen atoms likely belonging
to nitrate anions (the whole fragments were not found from
the AF map, see Supporting Information, Figures S1—S3) or
solvent water molecules [Ag*--O distance range of 2.38(3)—
2.56(3) A], together with Ag'--Ag* with a separation of
2.74(2) A, which is shorter than the van der Waals contact
distance, and they might be considered as precursors of the Ag)
dimers observed in 3. On the other hand, the crystal structure
of 3 reveals the stabilization provided by the nano-confined
space of the MOF on the as-synthesized Ag) dimers,
constricted into the walls of the hydrophilic octagonal channels

4
5

Figure 2. Design approach showing the crystal structures of 1 (a), 2 (b), and 3 (c) showing the two-step post-synthetic process consisting of the
exchange of the Ni" cations in the pores of 1 by Ag' ones to yield 2 and the reduction process to form the AgJ clusters in 3. Virtual diameters of
larger octagonal pores are 2.0 nm for MOFs 1—3, respectively. Copper and nickel atoms from the network are represented by cyan and orange
polyhedra, respectively, whereas organic ligands are depicted as gray sticks. Orange, yellow, and blue spheres represent Ni, Na, and Ag atoms,

respectively.
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of the anionic Ni,**Cu,’* open-framework net (Figures 2c, $4,
and SS), together with unreduced Ag*---Ag* dimers in smaller
square pores (Figures 2c and SS). Further hydrated charge-
counterbalancing alkali Na® cations are retained in the
preferential cationic sites, which stabilize the final material,
showing an outstanding robustness (Figures S4 and SS). The
poorer accessibility to the small square pores for solvated
NaBH, is most likely the reason for still unreduced Ag*---Ag*
dimers [blocked by Ag"™+-Oamate interactions at a distance of
2.84(1) A] (Figure SS). Figure 3 shows that Ag) dimers

Figure 3. One single channel of 3, showing supramolecular
interactions involving oxamate ligands of the network (distances are
reported in angstroms).

[intradimer Ag-+-Ag distance of 3.19(1) A] are well-fixed and
stabilized inside the walls of the largest pores of the network by
means of supramolecular interactions involving oxamate
ligands [Ag-Ogyumye distance range of 2.93(1)—3.05(1) A]
and very weak connections with solvent molecules [Ag’+-O
distance of 3.25(1) A].

SEM coupled with energy-dispersive X-ray spectroscopy
(EDX) measurements of 2 and 3 are given in Figures S6 and
S7. EDX elemental mappings for Cu, Ni, Ag, and Na (3)
elements show a heterogeneous spatial distribution of Ag
atoms always located next to Cu and Ni atoms. Moreover,
aberration-corrected HAADF—STEM (AC-HAADF—STEM)
images are shown in Figure S8. They allow a direct
visualization of both Ag, dimers together with Ag; species—
most likely to silver atoms residing in smaller square channels.

TGA of 2 and 3 (Figure S9) established the solvent contents
for both materials, which are reflected in their chemical
formulas. PXRD patterns of 2 and 3 (Figure S10) indicate that
the bulk samples are crystalline and pure, with no typical peaks
of Ag’ nanoparticles. Indeed, experimental diffraction patterns
of 2 and 3 are identical to the theoretical ones extracted from
the SCXRD data. XPS spectra of compounds 2 and 3 are
depicted in Figure S11. For 2, only possessing Ag" cations, two
bands at 367.6 and 373.6 eV, ascribed to Ag 3d;,, and Ag 3d;,,
binding energies, respectively,”” are observed (Figure S11a). In
turn, for MOF 3—where SCXRD and elemental analyses
suggest that Ag" cations and Ag) nanoclusters coexist—apart
from the same Ag 3ds/, and Ag 3d;/, bands at 367.6 and 373.6
eV, respectively, indicative of Ag®, two additional peaks at

‘water

368.4 and 374.4 eV can be observed, which are attributed to
reduced Ag’ atoms, with a 1:1 ratio respect to Ag" (Figure
S11b). CO-probe diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was conducted on MOF 3, run at 77
K to avoid any in situ reduction of Ag" and to observe
potential Ag’—CO species (Figure S12). The results show
three main peaks, one at 1938 cm™’, consistent with CO
bridged-bonded to Ag’ atoms,”® a second at 2059 cm7},
attributable to Ag(CO)" species,” and a last peak at 2043
cm™, corresponding to free CO, after saturation. It is known
that the adsorption of CO on Ag is lower than AgJ';30 thus, the
lower intensity of the former makes sense and could very well
correspond to a 1:1 ratio between Ag oxidation states. These
results strongly support that 50% of Ag" present in 2 are
reduced by NaBH, forming Ag) nanoclusters, whereas 50% of
Ag" cations remain untouched, occupying inaccessible
sheltered interstitial positions where the reducing agent cannot
accede (see the structural description). The N, and CO,
adsorption isotherms for 1—3 confirm their permanent
porosity (Figures S13 and S14). N, adsorption isotherms for
1-3, with calculated Brunauer—Emmett—Teller’' surface
areas of 974, 1013, and 625 m’/g, respectively, indicate a
very similar permanent porosity for 1 and 3, which is in
agreement with their identical estimated virtual diameters of
2.0 nm. In turn, MOF 2 exhibits lower N, adsorption despite
having the same virtual diameter (2.0 nm), which could be due
to a partial collapse of the structure upon solvent evacuation
treatment. Remarkably, CO, adsorption isotherms show a 66%
uptake increase for 3, suggesting quadrupole interactions
between CO, molecules and Na* cations.

The Buchner ring expansion reaction was attempted with
catalytic amounts of 3. The results show that the reaction
between toluene (4) and ethyl diazoacetate (5) (EDA)
proceeds rapidly (30 min) in a very high yield, under standard
reaction conditions (Figure 4 top).”"”” Blank experiments
without any catalyst gave a 8% conversion, and the use of

Me
O 0,
Nzyj\ MOF 3 (5 mol%) = OFt
+ OBt «— .
60°C, 30 min Mg 6,95.2%
4(08mL)  5(0.1 mmol) (78.3%)?
100
90
80
R
= 60
S
w50
£
2 40
Q _ - - -
S 30 s 2 —
20 Leaching < 10%
10
0
0 5 10 15 20 25 30
Time (min)

Figure 4. Top: results for the Buchner ring expansion reaction
between toluene 4 and ethyl diazoacetate S catalyzed by MOF 3.
Bottom: Hot filtration test after adding S at once, error bars account
for 5% uncertainty. (a) GC yield after syringe pump addition of §,
with the result after the addition of $ at once given in parentheses; the
result with Rh,(OAc), as a catalyst (S mol %) is 63%.
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MOFs 1 and 2 as catalysts showed the lower catalytic activity
of these MOFs than that of 3, with a 3 times lower initial rate
for the former (Figure S15). Commercial Ag NPs on alumina
only gave a 16% conversion, and remarkably, the state-of-the
art catalyst for this reaction, that is, Rh,(OAc),, gave a lower
result than MOF 3 in this study, under identical reaction
conditions (63% after the addition of § at once). An optimum
>95% yield of product 6 was obtained after maintaining a low
concentration of § during the reaction, which was achieved by
adding a solution of § (in dichloromethane) into the reaction
mixture using a syringe pump, instead of adding it at once.
Otherwise, the unwanted dimerization reaction of § occurs. It
is worth noting here that product 6 corresponds to the typical
mixture of cycloheptatriene isomers, in accordance with
previous results.”"*> A hot filtration test, where the solid
MOF catalyst 3 is removed from the reaction mixture at the
reaction temperature (60 °C) at an early conversion (~30%),
shows that the catalytic active species are not present in
solution within the experimental error (<10%, Figure 4
bottom), which supports the relative stability of the solid
catalyst. In accordance with this result, MOF 3 can be
recovered at the end of the reaction by centrifugation, washed,
and reused six times, maintaining a good catalytic activity
(Figure S16). However, the catalytic yield of MOF 3 decreased
to 30% after six uses, which could be due to the progressive
(although minor) leaching of active species during the
reaction.

The Buchner ring expansion reaction catalyzed by 3 could
be expanded to other aromatic substrates (Table 1).

Table 1. Results for the Buchner Ring Expansion Reaction
between Different Aromatics 7—12 and 5, Catalyzed by
MOF 3¢

o
5 (0.1 mmol),
N MOF 3 (5 mol%) = OEt
| 5~ —_— S
60°C.2h R 1348
7-12 (0.8 mL)
entry aryl substrate substituent(s) product yield (%)
1 7 Cl 13 66.5
2 8 Br 14 64.9
3 9 CN 15 92.8
4 10 OMe 16 82.6
s 11 CH,Br 17 50.2
6 12 Me-ortho-F 18 72.7
“GC vyields after syringe pump addition of 5.

Halogenated (products 13, 14, and 17), cyano (product 15),
methoxy (product 16), and ortho-disubstituted (product 18)
aromatic compounds react with § in good to excellent yields
and still in short reaction times (<2 h). These results should be
remarked upon as this is difficult to find in the open literature
Ag-catalyzed Buchner ring expansion reactions.”” "> The
slightly lower results obtained for the bigger substrates 11
and 12 can be explained by the size discrimination associated
to the microporous structure of MOF 3. To check this, 1,3,5-
triisopropylbenzene 19 was tested as a substrate for the
reaction, and product 20 was not found (Figure S17). Besides,
diffusion tests with varying stirring speeds confirmed that the
initial reaction rate is dependent on the stirring, which
confirms that the reaction occurs inside the MOF’s channels
(Figure S18). Indeed, 1,3,5-triisopropylbenzene 19 reacted

when the Rh,(OAc), salt was used as a catalyst (3 mol %, 69%
yield, Figure S17). Therefore, for MOF- or zeolite-stabilized
Pd clusters,”* the formation of Ag, clusters in micro-
structured solids enables not only the catalytic use of this metal
in this complex organic synthetic reaction but also its recovery
and reuse.””*” Interstitial Ag* cations must be excluded as
catalytically active species since reagents cannot access these
sites; besides, leaching does not occur under the reaction
conditions employed. Finally, the integrity of MOF 3 is
ensured by PXRD (Figure S19) and XPS (Figure S20) after
catalytic experiments.

B CONCLUSIONS

In conclusion, ligand-free Ag) clusters have been prepared,
stabilized and characterized within an MOF and used as
efficient and recoverable catalysts for the Buchner ring
expansion reaction. These results expand the toolkit of readily
affordable Ag species for heterogeneous catalysis in organic
synthesis.

B EXPERIMENTAL SECTION
Preparation of Ag',{Ni",[Cu",(Me;mpba),];}51H,0 (2). Well-

formed deep green prisms of 2, which were suitable for XRD, were
obtained by immersing crystals of 1 (ca. 0.0015 mmol) for 48 h in §
mL of a AgNOj; aqueous solution (0.004 mmol), which was replaced
three times. A multigram scale procedure was also carried out by using
the same synthetic procedure but with greater amounts of both, a
powder sample of compound 1 (ca. 20 g, 5.8 mmol) and AgNO,
(2.38 g, 14.0 mmol), with the same successful results and a very high
yield (20.33 g, 96%). Anal.: caled (%) for CugNi Ag,CrsH ;N ;O
(3707.7): C, 25.27; H, 4.40; N, 4.53. Found: C, 25.34; H, 4.37; N,
4.59. IR (KBr): v = 3008, 2961 and 2926 cm™! (C—H), 1601 cm™
(C=0).

Preparation of [Ag,]Ag',Na',{Ni",[Cu",(Me;mpba),];}-48H,0
(3). Both crystals (ca. S mg) and a powder polycrystalline sample of 2
(ca. 10 g) were suspended in S0 mL of a H,0/CH;OH (1:2)
solution, to which an excess of NaBH,, divided in 26 fractions (each
fraction consisting of 1 mol of NaBH, per mole of 2 to give a final
NaBH,/MOF molar ratio of 26 or a NaBH,/Ag atom molar ratio of
13, which is the same), was added progressively in the space of 72 h.
After each addition, the mixture was allowed to react for 1.5 h. After
this period, samples were gently washed with a H,0/CH;0H
solution and filtered on paper, giving high yields (ca. 98%). Anal.
Caled (%) for CugNiyAgyNa,CrH (N1,0g4 (3699.61): C, 25.32; H,
425; N, 4.54. Found: C, 25.28; H, 4.17; N, 4.59. IR (KBr): v = 3011,
2971 and 2928 cm™ (C—H), 1605 cm™ (C=0).

Gas Adsorption. The N, and CO, adsorption—desorption
isotherms at 77 and 273 K were obtained on polycrystalline samples
of 2 and 3 using a BELSORP-mini-X instrument. Samples were first
activated with methanol and then evacuated at 348 K during 19 h
under 107 Torr prior to their analysis.

Microscopy Measurements. SEM elemental analysis was carried
out for 2 and 3 using a HITACHI S-4800 electron microscope
coupled with an EDX detector. Data were analyzed using QUANTAX
400.

HAADF—STEM characterization for 3 was performed using an
HAADEF-FEI-TITAN G2 electron microscope. 5 mg of the material
was re-dispersed in 1 mL of absolute EtOH. Carbon-reinforced
copper grids (200 mesh) were submerged into the suspension 30
times and then allowed to dry on air for 24 h.

PXRD Measurements. Polycrystalline samples of 2 and 3 were
introduced into 0.5 mm borosilicate capillaries prior to being
mounted and aligned on an Empyrean PANalytical powder
diffractometer, using Cu Ka radiation (1 = 1.54056 A). For each
sample, five repeated measurements were collected at room
temperature (26 = 2—60°) and merged in a single diffractogram.
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XPS Measurements. Samples of 2 and 3 were prepared by
sticking, without sieving, the samples onto a molybdenum plate using
a scotch tape film, followed by air-drying. Measurements were
performed on a K-Alpha XPS system using a monochromatic Al
K(alpha) source (1486.6 €V). As an internal reference for the peak
positions in the XPS spectra, the C 1s peak has been set at 284.8 eV.

DRIFTS of Adsorbed CO. DRIFTS using CO as a probe molecule
was used to evaluate the electronic properties of MOF 3. The
experiments have been carried out in a homemade IR cell able to
work in the high and low (77 K) temperature ranges. Prior to CO
adsorption experiments, the sample was evacuated at 298 K under
vacuum (107% mbar) for 1 h. CO adsorption experiments were
performed at 77 K in the 0.2—20 mbar range. Spectra were recorded
once complete coverage of CO at the specified CO partial pressure
was achieved. Deconvolution of the IR spectra has been performed in
the Origin software using Gaussian curves where the full width at half-
maximum of the individual bands has been taken as a constant. The
peak areas are normalized to the sample weight.

X-ray Crystallographic Data Collection and Structural
Refinement. Crystals of 2 and 3 with ca. 0.06 X 0.08 X 0.08 and
0.08 X 0.12 X 0.12 mm dimensions, respectively, were selected and
mounted on a MITIGEN holder in Paratone oil and very quickly
placed on a liquid nitrogen stream cooled at 90 K to avoid the
possible degradation upon dehydration. Diffraction data for 2—3 were
collected using synchrotron at the 119 beamline of the DIAMOND at
A = 0.6889 A. Crystallographic details can be found in the Supporting
Information

General Catalytic Reaction Procedure. MOF 3 (9.5 mg, 10
mol % Ag) was weighed in a 2 mL vial with a magnetic stirrer, and the
aromatic substrate (0.8 mL) was added. Then, the vial was placed in a
pre-heated oil batch at 60 °C, and ethyl diazoacetate 5 (0.1 mmol)
was added, either at once or using a syringe pump (solution in
dichloromethane). The mixture was allowed to react for 0.5-2 h.
After the reaction was complete, filtration was carried out to separate
the solid catalyst. The reaction mixture was analyzed by gas
chromatography (GC) and GC—MS. Further details can be found
in the Supporting Information.

Bl ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01508.

Experimental preparation, analytical characterization;
selected data from SEM/EDX and ICP—MS analyses;
summary of crystallographic data of 2 and 3; perspective
view along the ¢ crystallographic axis of 2 and 3; details
along ¢ and a crystallographic axes of a single octagonal
pore in 2; one single channel of 2 showing supra-
molecular interactions involving oxamate ligands of the
network stabilizing Ag" dimers; details along ¢ and a
crystallographic axes of a single octagonal pore in 2;
backscattered SEM images of 2 and 3 and corresponding
EDX mapping for Cu, Ni, and Ag elements; AC-
HAADF~—STEM image of MOF 3 showing the presence
of both Ag single atoms and Ag, dimers; TGA curves of
2 and 3 under a dry nitrogen atmosphere; theoretical
and experimental PXRD pattern profiles of 2 and 3; XPS
spectra of 2 and 3; CO-DRIFTS spectra of MOF 3 with
different CO doses; nitrogen sorption and desorption
isotherms for the activated compounds 1, 2, and 3; CO,
sorption and desorption isotherms for the activated
compounds 1, 2, and 3; kinetics for the Buchner ring
expansion reaction between toluene 4 and ethyl
diazoacetate 5 catalyzed by MOFs 1 and 3; catalytic
reuses for the Buchner ring expansion reaction between
toluene 4 and ethyl diazoacetate 5 catalyzed by MOF 3;

Buchner ring expansion reaction between mesitylene 18
and ethyl diazoacetate 5 catalyzed by either MOF 3 or
the Rh,(OAc), salt; kinetics for the Buchner ring
expansion reaction between toluene 4 and ethyl
diazoacetate S catalyzed by MOF 3 under increasing
stirring speeds and the corresponding initial rate—
stirring rate correlation; experimental PXRD pattern of
3 after catalytic experiments; and XPS spectra of 3 after
catalytic experiments CCDC reference numbers:

2155455 (2) and 2155456 (3) (PDF)

Accession Codes

CCDC 2155455—2155456 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Marta Mon — Instituto de Tecnologia Quimica (UPV—CSIC),
Universidad Politecnica de Valencia—Consejo Superior de
Investigaciones Cientificas, Valencia 46022, Spain;
Email: marmoco@itq.upv.es

Nuria Martin — Departamento de Quimica Inorgdnica,
Instituto de Ciencia Molecular (ICMOL), Universidad de
Valencia, Valencia 46980, Spain; Email: nuria.martin@
uv.es

Antonio Leyva—Pérez — Instituto de Tecnologia Quimica
(UPV—CSIC), Universidad Politecnica de Valencia—Consejo
Superior de Investigaciones Cientificas, Valencia 46022,
Spain; © orcid.org/0000-0003-1063-5811;
Email: anleyva@itq.upv.es

Emilio Pardo — Departamento de Quimica Inorgdnica,
Instituto de Ciencia Molecular (ICMOL), Universidad de
Valencia, Valencia 46980, Spain; © orcid.org/0000-0002-
1394-2553; Email: emilio.pardo@uv.es

Authors

Estefania Tiburcio — Departamento de Quimica Inorgdnica,
Instituto de Ciencia Molecular (ICMOL), Universidad de
Valencia, Valencia 46980, Spain

Yongkun Zheng — Instituto de Tecnologia Quimica
(UPV—CSIC), Universidad Politecnica de Valencia—Consejo
Superior de Investigaciones Cientificas, Valencia 46022, Spain

Jesus Ferrando—Soria — Departamento de Quimica
Inorgdnica, Instituto de Ciencia Molecular (ICMOL),
Universidad de Valencia, Valencia 46980, Spain

Donatella Armentano — Dipartimento di Chimica e
Tecnologie Chimiche, Universita della Calabria, Rende,
Cosenza 87036, Italy; ©® orcid.org/0000-0002-8502-8074

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.2c01508

Author Contributions
IE.T. and Y.Z. are contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Ministero dell'Universita e
della Ricerca (Italy), the MICIIN (Spain) (projects PID2020-

https://doi.org/10.1021/acs.inorgchem.2c01508
Inorg. Chem. 2022, 61, 11796—11802


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01508/suppl_file/ic2c01508_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01508/suppl_file/ic2c01508_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01508/suppl_file/ic2c01508_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01508?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01508/suppl_file/ic2c01508_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2155455&id=doi:10.1021/acs.inorgchem.2c01508
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2155456&id=doi:10.1021/acs.inorgchem.2c01508
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Mon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:marmoco@itq.upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuria+Marti%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:nuria.martin@uv.es
mailto:nuria.martin@uv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Leyva%E2%88%92Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1063-5811
mailto:anleyva@itq.upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emilio+Pardo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1394-2553
https://orcid.org/0000-0002-1394-2553
mailto:emilio.pardo@uv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Estefani%CC%81a+Tiburcio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongkun+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Ferrando%E2%88%92Soria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donatella+Armentano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8502-8074
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01508?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

115100GB-100, PID2019-104778GB-100 and Excellence Unit
“Maria de Maeztu” CEX2019-000919-M), and the Generalitat
Valenciana (project PROMETEO/2021/054). Thanks are also
extended to the Ramon y Cajal Program (RYC2019-027940-1)
(. F.-S.) and the Diamond Light Source for the awarded
beamtime and provision of synchrotron radiation facilities
(proposal no. CY22411-1). We particularly acknowledge Dr
David Allan and Sarah Barnett for their assistance at the 119
beamline. E.P. acknowledges the financial support of the
European Research Council under the European Union’s
Horizon 2020 research and innovation programme/ ERC grant
agreement no 814804, MOF-reactors. M.M. thanks MICIIN
from a contract under the Juan de la Cierva program
(FJC2019-040523-1). Y.Z. thanks the China Scholarship
Council (CSC no: 202009350009) for a Ph.D. fellowship.

B REFERENCES

(1) Liu, L.; Corma, A. Metal Catalysts for Heterogeneous Catalysis:
From Single Atoms to Nanoclusters and Nanoparticles. Chem. Rev.
2018, 118, 4981—-5079.

(2) Li, Z;; Ji, S; Liu, Y;; Cao, X; Tian, S.; Chen, Y.; Niu, Z.; Li, Y.
Well-Defined Materials for Heterogeneous Catalysis: From Nano-
particles to Isolated Single-Atom Sites. Chem. Rev. 2020, 120, 623—
682.

(3) Mitchell, S;; Qin, R; Zheng, N.; Pérez-Ramirez, J. Nanoscale
Engineering of Catalytic Materials for Sustainable Technologies. Nat.
Nanotechnol. 2021, 16, 129—139.

(4) Wang, N; Sun, Q; Yu, J. Ultrasmall Metal Nanoparticles
Confined within Crystalline Nanoporous Materials: A Fascinating
Class of Nanocatalysts. Adv. Mater. 2019, 31, 1803966.

(5) Xu, L; Ma, W,; Wang, L; Xu, C,; Kuang, H,; Kotov, N. A.
Nanoparticle Assemblies: Dimensional Transformation of Nanoma-
terials and Scalability. Chem. Soc. Rev. 2013, 42, 3114.

(6) Grzelczak, M.; Pérez-Juste, J.; Mulvaney, P.; Liz-Marzan, L. M.
Shape Control in Gold Nanoparticle Synthesis. Chem. Soc. Rev. 2008,
37, 1783.

(7) Perezjuste, J.; Pastorizasantos, I; Lizmarzan, L.; Mulvaney, P.
Gold Nanorods: Synthesis, Characterization and Applications. Coord.
Chem. Rev. 20085, 249, 1870—1901.

(8) Kang, X,; Wang, S.; Song, Y,; Jin, S.; Sun, G,; Yu, H.; Zhu, M.
Bimetallic Au 2 Cu 6 Nanoclusters: Strong Luminescence Induced by
the Aggregation of Copper(I) Complexes with Gold(0) Species.
Angew. Chem., Int. Ed. 2016, S5, 3611-3614.

(9) Egerton, R. F.; Li, P.; Malac, M. Radiation Damage in the TEM
and SEM. Micron 2004, 35, 399—409.

(10) Ni, B.; Wang, X. Chemistry and Properties at a Sub-Nanometer
Scale. Chem. Sci. 2016, 7, 3978—3991.

(11) Shang, L.; Dong, S.; Nienhaus, G. U. Ultra-Small Fluorescent
Metal Nanoclusters: Synthesis and Biological Applications. Nano
Today 2011, 6, 401—418.

(12) Boronat, M.; Leyva-Pérez, A,; Corma, A. Theoretical and
Experimental Insights into the Origin of the Catalytic Activity of
Subnanometric Gold Clusters: Attempts to Predict Reactivity with
Clusters and Nanoparticles of Gold. Acc. Chem. Res. 2014, 47, 834—
844.

(13) Liu, L; Lopez-Haro, M.; Lopes, C. W.; Li, C.; Concepcion, P.;
Simonelli, L.; Calvino, J. J.; Corma, A. Regioselective Generation and
Reactivity Control of Subnanometric Platinum Clusters in Zeolites for
High-Temperature Catalysis. Nat. Mater. 2019, 18, 866—873.

(14) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
Chemistry and Applications of Metal-Organic Frameworks. Science
2013, 341, 974.

(15) Viciano-Chumillas, M.; Mon, M.; Ferrando-Soria, J.; Corma,
A.; Leyva-Pérez, A; Armentano, D.; Pardo, E. Metal—Organic
Frameworks as Chemical Nanoreactors: Synthesis and Stabilization
of Catalytically Active Metal Species in Confined Spaces. Acc. Chem.
Res. 2020, 53, 520—531.

(16) Young, R. J; Huxley, M. T.; Pardo, E.; Champness, N. R;;
Sumby, C. J.; Doonan, C. J. Isolating Reactive Metal-Based Species in
Metal—Organic Frameworks — Viable Strategies and Opportunities.
Chem. Sci. 2020, 11, 4031—4050.

(17) Freund, R;; Zaremba, O.; Arnauts, G.; Ameloot, R.; Skorupskii,
G.; Dinca, M.; Bavykina, A.; Gascon, J.; Ejsmont, A.; Goscianska, J.;
Kalmutzki, M.; Lachelt, U.; Ploetz, E.; Diercks, C. S.; Wuttke, S. The
Current Status of MOF and COF Applications. Angew. Chem., Int. Ed.
2021, 60, 23975—24001.

(18) Bilanin, C.; Tiburcio, E.; Ferrando-Soria, J.; Armentano, D.;
Leyva-Pérez, A,; Pardo, E. Crystallographic Visualization of a Double
Water Molecule Addition on a Pt 1 -MOF during the Low-
temperature Water-Gas Shift Reaction. ChemCatChem 2021, 13,
1195-1200.

(19) Tiburcio, E.; Greco, R;; Mon, M.; Ballesteros-Soberanas, J.;
Ferrando-Soria, J.; Lopez-Haro, M.; Herndndez-Garrido, J. C.; Oliver-
Meseguer, ].; Marini, C.; Boronat, M.; Armentano, D.; Leyva-Pérez,
A.; Pardo, E. Soluble/MOF-Supported Palladium Single Atoms
Catalyze the Ligand-, Additive-, and Solvent-Free Aerobic Oxidation
of Benzyl Alcohols to Benzoic Acids. J. Am. Chem. Soc. 2021, 143,
2581—-2592.

(20) Rivero-Crespo, M. A;; Mon, M.; Ferrando-Soria, J.; Lopes, C.
W.; Boronat, M.; Leyva-Pérez, A.; Corma, A.; Hernandez-Garrido, J.
C.; Loépez-Haro, M,; Calvino, J. J.; Ramos-Fernandez, E. V,;
Armentano, D.; Pardo, E. Confined Pt,'* Water Clusters in a MOF
Catalyze the Low-Temperature Water—Gas Shift Reaction with Both
CO, Oxygen Atoms Coming from Water. Angew. Chem., Int. Ed.
2018, 57, 17094—17099.

(21) Fortea-Pérez, F. R.,; Mon, M.; Ferrando-Soria, J.; Boronat, M,;
Leyva-Pérez, A.; Corma, A.; Herrera, ]J. M.; Osadchii, D.; Gascon, J;
Armentano, D.; Pardo, E. The MOF-Driven Synthesis of Supported
Palladium Clusters with Catalytic Activity for Carbene-Mediated
Chemistry. Nat. Mater. 2017, 16, 760—766.

(22) Mon, M,; Rivero-Crespo, M. A.; Ferrando-Soria, J.; Vidal-
Moya, A,; Boronat, M.,; Leyva-Pérez, A.; Corma, A.; Hernindez-
Garrido, J. C.; Lépez-Haro, M.; Calvino, J. J.; Ragazzon, G.; Credi, A.;
Armentano, A.; Pardo, E. Synthesis of Densely Packaged, Ultrasmall
Pt’, Clusters within a Thioether-Functionalized MOF: Catalytic
Activity in Industrial Reactions at Low Temperature. Angew. Chem,,
Int. Ed. 2018, 57, 6186—6191.

(23) Burgun, A.; Coghlan, C. J.; Huang, D. M.; Chen, W.; Horike,
S.; Kitagawa, S.; Alvino, J. F.; Metha, G. F.; Sumby, C. J.; Doonan, C.
J. Mapping-Out Catalytic Processes in a Metal-Organic Framework
with Single-Crystal X-Ray Crystallography. Angew. Chem., Int. Ed.
2017, 56, 8412—8416.

(24) Inokuma, Y.; Yoshioka, S.; Ariyoshi, J.; Arai, T.; Hitora, Y.;
Takada, K,; Matsunaga, S.; Rissanen, K.; Fujita, M. X-Ray Analysis on
the Nanogram to Microgram Scale Using Porous Complexes. Nature
2013, 495, 461—466.

(25) Mon, M.; Bruno, R.; Ferrando-Soria, J.; Bartella, L.; Di Donna,
L.; Talia, M.; Lappano, R,; Maggiolini, M.; Armentano, D.; Pardo, E.
Crystallographic Snapshots of Host—Guest Interactions in Drugs@
metal—Organic Frameworks: Towards Mimicking Molecular Recog-
nition Processes. Mater. Horiz. 2018, 5, 683—690.

(26) Zhuang, P.; Zhang, P.; Li, K; Kumari, B.; Li, D.; Mei, X. Silver
Nanoclusters Encapsulated into Metal—Organic Frameworks for
Rapid Removal of Heavy Metal Ions from Water. Molecules 2019,
24, 2442.

(27) Ferraria, A. M; Carapeto, A. P.; do Rego, A. M. B. X-Ray
Photoelectron Spectroscopy: Silver Salts Revisited. Vacuum 2012, 86,
1988—1991.

(28) Miislehiddinoglu, J. CO Adsorption on Supported and
Promoted Ag Epoxidation Catalysts. J. Catal. 2003, 213, 305—320.

(29) Tarach, K.; Goéra-Marek, K.; Chrzan, M.; Walas, S.
Quantification of Silver Sites in Zeolites: Carbon Monoxide Sorption
Monitored by IR Spectroscopy. J. Phys. Chem. C 2014, 118, 23751—
23760.

(30) Bartolomeu, R.; Azambre, B.; Westermann, A.; Fernandes, A,;
Bértolo, R.; Hamoud, H. I; Henriques, C.; Da Costa, P.; Ribeiro, F.

https://doi.org/10.1021/acs.inorgchem.2c01508
Inorg. Chem. 2022, 61, 11796—11802


https://doi.org/10.1021/acs.chemrev.7b00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-020-00799-8
https://doi.org/10.1038/s41565-020-00799-8
https://doi.org/10.1002/adma.201803966
https://doi.org/10.1002/adma.201803966
https://doi.org/10.1002/adma.201803966
https://doi.org/10.1039/c3cs35460a
https://doi.org/10.1039/c3cs35460a
https://doi.org/10.1039/b711490g
https://doi.org/10.1016/j.ccr.2005.01.030
https://doi.org/10.1002/anie.201600241
https://doi.org/10.1002/anie.201600241
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1039/c6sc00432f
https://doi.org/10.1039/c6sc00432f
https://doi.org/10.1016/j.nantod.2011.06.004
https://doi.org/10.1016/j.nantod.2011.06.004
https://doi.org/10.1021/ar400068w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400068w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400068w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400068w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-019-0412-6
https://doi.org/10.1038/s41563-019-0412-6
https://doi.org/10.1038/s41563-019-0412-6
https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1021/acs.accounts.9b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0sc00485e
https://doi.org/10.1039/d0sc00485e
https://doi.org/10.1002/anie.202106259
https://doi.org/10.1002/anie.202106259
https://doi.org/10.1002/cctc.202001492
https://doi.org/10.1002/cctc.202001492
https://doi.org/10.1002/cctc.202001492
https://doi.org/10.1021/jacs.0c12367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4910
https://doi.org/10.1038/nmat4910
https://doi.org/10.1038/nmat4910
https://doi.org/10.1002/anie.201801957
https://doi.org/10.1002/anie.201801957
https://doi.org/10.1002/anie.201801957
https://doi.org/10.1002/anie.201611254
https://doi.org/10.1002/anie.201611254
https://doi.org/10.1038/nature11990
https://doi.org/10.1038/nature11990
https://doi.org/10.1039/c8mh00302e
https://doi.org/10.1039/c8mh00302e
https://doi.org/10.1039/c8mh00302e
https://doi.org/10.3390/molecules24132442
https://doi.org/10.3390/molecules24132442
https://doi.org/10.3390/molecules24132442
https://doi.org/10.1016/j.vacuum.2012.05.031
https://doi.org/10.1016/j.vacuum.2012.05.031
https://doi.org/10.1016/s0021-9517(02)00014-3
https://doi.org/10.1016/s0021-9517(02)00014-3
https://doi.org/10.1021/jp506820v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp506820v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Investigation of the Nature of Silver Species on Different Ag-
Containing NO, Reduction Catalysts: On the Effect of the Support.
Appl. Catal, B 2014, 150-151, 204—217.

(31) De Lange, M. F,; Vlugt, T. J. H.; Gascon, J.; Kapteijn, F.
Adsorptive Characterization of Porous Solids: Error Analysis Guides
the Way. Microporous Mesoporous Mater. 2014, 200, 199—215.

(32) Diaz-Requejo, M. M.; Pérez, P. J. Copper, Silver and Gold-
Based Catalysts for Carbene Addition or Insertion Reactions. J.
Organomet. Chem. 2005, 690, 5441—5450.

(33) Lovely, C. J.; Browning, R. G.; Badarinarayana, V.; Dias, H. V.
R. A Silver-Catalyzed Biichner Reaction. Tetrahedron Lett. 2005, 46,
2453-24SS.

(34) Deng, Y.; Jing, C.; Zavalij P. Y.; Doyle, M. P. Hg(OTf) 2
Catalyzed Intramolecular 1,4-Addition of Donor—Acceptor Cyclo-
propenes to Arenes. Org. Lett. 2015, 17, 4312—4315.

(35) Radhika, S.; Abdulla, C. M. A.; Aneeja, T.; Anilkumar, G. Silver-
Catalysed C—H Bond Activation: A Recent Review. New ]. Chem.
2021, 45, 15718—15738.

(36) Garnes-Portolés, F.; Greco, R; Oliver-Meseguer, J.;
Castellanos-Soriano, J.; Consuelo Jiménez, M.; Loépez-Haro, M.;
Hernéndez-Garrido, J. C.; Boronat, M.; Pérez-Ruiz, R.; Leyva-Pérez,
A. Regioirregular and catalytic Mizoroki-Heck reactions. Nat. Catal.
2021, 4, 293—-303.

(37) Oliver-Meseguer, J.; Boronat, M.; Vidal-Moya, A.; Concepcidn,
P.; Rivero-Crespo, M. A.; Leyva-Pérez, A.; Corma, A. Generation and
Reactivity of Electron-Rich Carbenes on the Surface of Catalytic Gold
Nanoparticles. J. Am. Chem. Soc. 2018, 140, 3215—3218.

11802

[0 Recommended by ACS

Atom-Precise Ag Clusters as Precursors for Selective
Bimetallic AgPd Heterogeneous Catalysts

Kazeem O. Sulaiman, Robert W. J. Scott, et al.
SEPTEMBER 19, 2022

THE JOURNAL OF PHYSICAL CHEMISTRY C READ &

Designing Synergistic Nanocatalysts for Multiple Substrate
Activation: Interlattice Ag-Fe;O, Hybrid Materials for CO,-
Inserted Lactones

U. Chinna Rajesh, Jeffrey M. Zaleski, et al.
FEBRUARY 05, 2020

ACS CATALYSIS READ &

Continuous Microwave-Assisted Synthesis of Silver
Nanoclusters Confined in Mesoporous SBA-15: Application
in Alkyne Cyclizations

Roberta Manno, Jestis Santamaria, et al.

FEBRUARY 18, 2020

CHEMISTRY OF MATERIALS READ &

Silver-Nanoparticle-Assisted Modulation of NH; Desorption
on MIL-101

Suhyeon Park, Juyeong Kim, et al.
MAY 27,2022

ACS OMEGA READ

Get More Suggestions >

https://doi.org/10.1021/acs.inorgchem.2c01508
Inorg. Chem. 2022, 61, 11796—11802


https://doi.org/10.1016/j.apcatb.2013.12.021
https://doi.org/10.1016/j.apcatb.2013.12.021
https://doi.org/10.1016/j.micromeso.2014.08.048
https://doi.org/10.1016/j.micromeso.2014.08.048
https://doi.org/10.1016/j.jorganchem.2005.07.092
https://doi.org/10.1016/j.jorganchem.2005.07.092
https://doi.org/10.1016/j.tetlet.2005.02.052
https://doi.org/10.1021/acs.orglett.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d1nj02156g
https://doi.org/10.1039/d1nj02156g
https://doi.org/10.1038/s41929-021-00592-3
https://doi.org/10.1021/jacs.7b13696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b13696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03278?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03278?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03278?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03278?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acscatal.9b04260?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.chemmater.9b04935?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.chemmater.9b04935?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.chemmater.9b04935?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.chemmater.9b04935?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acs.chemmater.9b04935?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
http://pubs.acs.org/doi/10.1021/acsomega.2c01171?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667783114&referrer_DOI=10.1021%2Facs.inorgchem.2c01508
https://preferences.acs.org/ai_alert?follow=1

