Results in Chemistry 4 (2022) 100435

& >

FI. SEVIER

Contents lists available at ScienceDirect
Results in Chemistry

journal homepage: www.sciencedirect.com/journal/results-in-chemistry

Results in

Chemistry

»

Check for

Atomically precise rhodium nanoclusters: synthesis and characterization of &
the heterometallic [Rh188n3C12(CO)33]4_ and [Rh7Sn4C11O(CO)14]5_

carbonyl compounds

Guido Bussoli ?, Cristiana Cesari °, Cristina Femoni > , Maria Carmela Iapalucci?,

Silvia Ruggieri ”, Cristina Tiozzo ™', Stefano Zacchini®

& Department of Industrial Chemistry “Toso Montanari”, University of Bologna, Viale del Risorgimento 4, 40136 Bologna, Italy
b Laboratory of Luminescent Materials, Department of Biotechnology, University of Verona, Strada Le Grazie 15, 37134 - Verona, Italy

ARTICLE INFO ABSTRACT

Keywords:

Rhodium

Tin

Carbonyl
Nanocluster
Molecular structure

This paper presents a deepening on the investigation of the Rh-Sn system of heterometallic carbonyl clusters.
More specifically, we herein report the synthesis and isolation of the new [RhySn4Cl;o(C0)141°~ (1) compound
and the atomically precise [Rhlgsngclz(CO)gg]“’ (2) nanocluster, where the la. Cluster 1 can be obtained by
reacting the [Rh7(CO)16]3_ homometallic cluster with hydrated Sn(II) chloride, in acetone; conversely, cluster 2
derives from the previously known [Rhlzsn(CO)23C12]4’ precursor after controlled addition of diluted sulphuric
acid. Notably, only 2 has retained the recurrent Sn-centred icosahedral structural feature, while 1 shows a

Icosahedral
molecular structure based on two Rhy tetrahedra joint by one vertex and stabilized by SnCl, and [SnCl3]™
fragments. Both species have been characterized by infrared (IR) analysis in solution, single-crystal X-ray
diffraction and Electrospray Ionization Mass Spectrometry (ESI-MS).

Introduction nanoparticles has been exploited for electrocatalytic oxygen-reduction

The preparation of atomically precise nanoclusters based on transi-
tion metal carbonyls has been widely explored in the last few years. [1]
In the case of rhodium-based heterometallic species, the best strategy
has turned out to be the redox condensation, [2] which combines two
compounds containing the desired metals but with different reduction
potentials, so to ensure the reaction driving force. When reacting
together, they spontaneously produce a series of metal complexes and
clusters, the latter usually with a higher nuclearity than that of the
precursor. [3] This is mainly due to the high cohesion energy of Rh and
the strength of Rh-CO bonds, [4] which enable the formation of large
nanoclusters, stabilized by carbonyl ligands. [5].

Carbonyl clusters can be of interest in various fields, spanning from
catalysis, [6] to biology [7] through nanoparticle preparation. [8] For
instance, molecular intermetallic clusters represent good catalyst plat-
forms due to their ordered structure and stoichiometric composition,
which is known with atomic precision. Within the specificity of Rh-Sn
systems, their combined activity in the form of bimetallic

* Corresponding author.

and ethanol-oxidation reactions. [9] Moreover, carbonyl ligand loss
may occur in clusters (for instance promoted by temperature) making
them potential candidates as CO-realising molecules (CORMs).

In consistence with our line of investigation on heterometallic Rh-
based carbonyl nanoclusters, we herein report the synthesis and isola-
tion of new Rh-Sn compounds, namely [Rh7Sn4Cl10(CO)141°~ (1) and
[Rhlgsngclz(CO)gg]“’ (2). The former has been obtained by reacting the
[Rh7(CO)16]3’ cluster precursor [10] with hydrated Sn(II) chloride,
while the latter can be derived by controlled addition of diluted sul-
phuric acid to the [Rh;5Sn(CO)43Cly] 4~ pre-formed heterometallic
cluster. [11] The above-mentioned species have been characterized by
infrared (IR) analysis in solution, single-crystal X-ray diffraction and
Electrospray Ionization Mass Spectrometry (ESI-MS).

In the literature, the state-of-the-art shows tin derivatives coordi-
nated to transition-metal carbonyl clusters (TMCC), therefore acting as
ligands, for instance M3(CO)g(p-SnPhy)3(SnPhs)s (M = Rh, Ir), [12]
Ruﬁ(CO)13(C6H6)(SnPh2)(C) [13] and [Ir6(CO)1SSnC13]’. [14] Much
rarer are papers reporting the isolation of Rh-Sn carbonyl clusters where
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tin is interstitially lodged inside the metal framework. To our knowl-
edge, the only example is the icosahedral [Rh12Sn(CO)2714", alongside
with its derivatives obtainable by direct reaction with SnCl, under either
CO ([Rh;2Sn(RhCL)(CO)27147) or Ny ([Rh;2Sn(C0O)23Clo]147), [11] and by
thermal CO cleavage ([RhuSn(CO)zy,X]4_ with x =1, 2). [15] In all
those cases, the tin atom is inserted in icosahedral cavities, which may
be heavily or slightly distorted depending on the hetero- or homoleptic
nature of the cluster, respectively. Notably, in the literature there are
examples of naked Rh-Sn clusters where it is the Rh atom that is inter-
stitially hosted in deltahedral frameworks described by Sn atoms, among
which [Rh@Sn;5]%> and [Rh3@Sn24]1° [16].

Materials and methods

General Procedures. All reactions were performed using standard
Schlenk technique under either No or CO. Solvents were dried and
degassed before use; tetrahydrofuran (THF) was dehydrated with Na-
benzophenone and distilled under Nj. [NEt4]Cl and SnCl, were com-
mercial products. [Rh7(CO)16]%~ was prepared according to the litera-
ture. [10] IR spectra were recorded on a PerkinElmer Spectrum One
interferometer in CaFy cells. Positive/negative-ion mass spectra were
recorded in CH3CN solutions on a Waters Micromass ZQ 4000 using
electrospray ionization. Experimental conditions: 2.56 kV ES-probe
voltage, 10 V cone potential, 250 L/h flow of N3 spray-gas, incoming-
solution flow 20 pL min >,

Molecular structure determination. X-ray single-crystal diffrac-
tion experiments were performed on a Bruker Apex II diffractometer,
equipped with a CCD (Charge Coupled Device) area detector, by using
Ka-Mo radiation. Data were corrected for Lorentz polarization and ab-
sorption effects (empirical absorption correction SADABS [17]). Struc-
tures were solved by direct methods and refined by full-matrix least-
squares based on all data using F2. [18] Hydrogen atoms were fixed at
calculated positions and refined by a riding model. All non-hydrogen
atoms were refined with anisotropic displacement parameters,
including disordered atoms, represented by one ammonium cation in 1
and some heavily disordered CO groups in 2. In refining the crystal
structure of 2, the Platon function Squeeze was applied to account for
acetonitrile solvent molecules that could not be modelled. All structure
drawings were made with SCHAKAL99. [19] CCDC 2172029-2172030
contain the supplementary crystallographic data.

Experimental

Synthesis of [NEt4]5[Rh7Sn4Cl1o(CO)14]-2CH3CN ([NEt4]51-2CHg
CN)

A solution of SnCly-2H50 (0.10 g, 0.53 mmol) in acetone (5 mL) was
added to [NEt4]3[Rh7(CO)16] (0.63 g, 0.40 mmol) dissolved in 20 mL of
the same solvent, under No. The resulting brown mother liquor was
filtered. The mother solution contained [NEt4]4[Rh;2Sn(CO)57]. The
solid was dried under vacuum, washed with water (3 x 10 mL), ethanol
(2 x 10 mL) and THF (2 x 10 mL) to eliminate [NEt4] [Rh(CO),Cl;], then
methanol (10 mL) for further purification. Finally, the residue was
extracted with acetonitrile (20 mL). Precipitation by diffusion of hexane
(1 mL) and di-isopropyl ether (20 mL) gave small red—purple crystals of
[NEt4]51-2CH3CN (yield around 15% based on Rh). The salt is soluble in
acetonitrile, DMF and DMSO. vCO IR (acetonitrile): 1979s, 1971sh,
1838m cm ™ '. Most relevant ESI-MS peaks: 1750, 971, 795 and 699 m/z.

Synthesis of [NEt4]4[Rh1851'13C12(CO)33] ([NEt4]42)

An acetonitrile solution of [Rhlzsn(C0)23C12]4’ was put under CO
and controlled addition of diluted sulphuric acid was carried out, until
the disappearance of the IR signals of the starting material. At the end,
the mother solution was dried under vacuum, washed with water (2 x
10 mL), ethanol (2 x 10 mL) and THF (2 x 10 mL) to eliminate [NEt4]
[Rh(CO)2Cl;], then methanol (10 mL) for further purification. The
subsequent extraction in acetone isolated the already known [Rh;3Sn
(RhCl)(CO)27]4’, while 2 was extracted in acetonitrile. Precipitation by
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diffusion of hexane (1 mL) and di-isopropyl ether (20 mL) into the so-
lution gave black crystals of [NEt4]42 (yield around 10% based on Rh).
The salt is soluble in acetonitrile, DMF and DMSO. vCO IR (acetonitrile):
1989s, 1863m cm .

Results and discussion

The redox condensation reaction performed on [Rh7(CO)16]3’ upon
addition of post-transition metal halides has been the object of in-
vestigations over the last decade. [3] The results of such studies high-
lighted the possibility of synthetising heterometallic rhodium
nanoclusters of various nuclearity, depending on the reaction condi-
tions. All chemical systems object of this analysis gave rise to the
isoelectronic and isostructural [Rh12E(CO)27]"" species (n = 3 with E =
Sb, [20] Bi; [21] n = 4 with E = Ge, [22] Sn [11]), whose structural
feature consists of icosahedral Rh frameworks centred by the E element.
Beyond that, different heterometallic systems behave differently upon
addition of further EX, halide (X = Cl, Br). We decided to further
investigate the Rh-Sn system, both by varying some reaction conditions
and by performing some reactivity tests on the existing species.

More specifically, we carried out the reaction between
[Rh7(CO)16]3’ and hydrated SnClj until a stoichiometric ratio of around
1:1.3, respectively, but in acetone as opposed to acetonitrile. While in
acetonitrile, where both the reactants and all products are well soluble,
the reaction with this stoichiometric ratio mainly leads to the formation
of [Rhlzsn(CO)23C12]4’, in acetone a solid species precipitates and
separates out from the mother solution, which contains [Rh;3Sn
(CO)27]4’. After filtration and washing of the solid, extraction with
acetonitrile and layering hexane onto the cherry-red solution, the new
[Rh7Sn4Cl10(CO)141°~ cluster was obtained in crystalline form, albeit in
poor yield.

The molecular structure of 1, illustrated in Fig. 1, was determined
through single-crystal X-ray diffraction. It consists of two Rh4 tetrahedra
sharing one vertex, each capped by a stannyl [SnCl3]™ fragment, acting
as alkyl-like ligands, and joint by two carbene-like stannylene SnCly
units. The cluster is further stabilized by fourteen carbonyl ligands, of

Fig. 1. Molecular structure of 1. Rh atoms are depicted in blue, Sn atoms in
orange, Cl atoms in green, C atoms in grey, O atoms in red.
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which six terminally coordinated to every Rh atom, six edge-bridging
the triangular Rh3 edges, and the remaining two ligands bridging the
Rh-Rh edges not connected by the SnCl, units.

Strictly speaking, the formation of the [Rh7Sn4Cl19(CO)141°~ species
is not the result of a redox condensation, having both metals retained
their oxidation states. In fact, considering the initial Sn(II) unaltered, the
two SnCl, are neutral ligands, while the two [SnCl3]™ units bear a
negative charge each. The former groups are two-electron donor ligands,
whereas the latter units donate one electron each to the unsaturated
[Rh7(CO)14]3’ cluster, which in turn is four-electron short with respect
to the [Rh7(CO)16]3’ precursor. The final result is a penta-anionic spe-
cies with 102 Cluster Valence Electrons (CVEs), given by the 9 Rh atoms,
the anionic charge, the two-electron donor carbonyls and the Sn-bearing
ligands. This number is in compliance with the Wade-Mingos electron-
counting rules which, for a species composed of two metal tetrahedra
joint by one vertex, predict a total 60 x 2 — 18 = 102 CVEs. [23].

The Rh-Sn and Rh-Rh bond distances are reported in Table 3S. While
the latter are in line with those of other heterometallic compounds, the
former are significantly, and expectedly, shorter if compared with those
involving interstitial Sn in Rh icosahedral clusters.

The formation of 1 was quite unexpected as it had never been
observed before during the reaction of [Rh7(CO)16]3’ with SnCl, under
Ns. In fact, in acetonitrile the reaction had been pushed up to a stoi-
chiometry of 1:1.7, respectively, at which point cluster degradation was
observed. As for intermediate stoichiometries, an equimolar ratio
allowed to obtain [Rhlzsn(CO)23C12]4’, while a 1:1.5 ratio is known to
give rise to the [RhuSn(RhCI)(CO)zy]“’ derivative, albeit under CO.
However, the isolation of 1 may seem to suggest that this cluster could
be a highly reactive intermediate in the reaction between [Rh7(CO)16]%~
and SnCl,, and its subtraction from the reaction medium, due to its
insolubility in acetone, prevents it from reacting further. At the moment,
this is only a hypothesis which would need to be confirmed with addi-
tional experiments.

Cluster 1 was also characterized by IR spectroscopy and ESI-MS. The
corresponding spectra are reported in the Supporting Information (SI)
section.

As aforementioned, some reactivity tests were performed on the
already existing compounds with the aim of exploring different syn-
thetic paths to obtain heterometallic species. As reactivity tests had been
previously reported for the high-yield [Rh12Sn(CO)47]*~ cluster, others
were performed on the [Rh12Sn(C0O)23Cly]1*~ derivative, which in turn
can be originated by adding SnCl; to the parent [Rhlzsn(c0)27]4* under
No atmosphere, in fairly good yields. More specifically, we tried to
oxidize the cluster through the addition of diluted sulphuric acid, with
the purpose of generating new higher-nuclearity heterometallic species.
In fact, among the different methods with which carbonyl clusters can be
prepared, there is the formation of unstable hydride cluster through
addition of H' and their subsequent rearrangement to larger species,
with evolution of Hy. [24] In our case, the controlled addition of sul-
phuric acid to [Rh12$n(CO)23Clg]4’ under CO atmosphere led to the
formation of a mixture of more oxidized products, among which [Rh
(CO)oCl] 7, mostly, [Rhlzsn(RhCl)(CO)gy]“’, and traces of an unknown
compound. The latter was purified and extracted with acetonitrile, then
hexane was layered on top of the solution to afford slow precipitation of
black crystals that, after X-ray diffraction analysis, allowed the identi-
fication of 2.

The molecular structure of 2 is depicted in Fig. 2 and it is based on a
distorted Sn-centred icosahedron of rhodium atoms onto which two
additional {Rh3SnCl} fragments are coordinated, on opposite sides.
Thus, the icosahedral core of the parent [Rh12Sn(CO)571*~ has been
retained. The cluster is further stabilized by thirty-three carbonyl li-
gands, and notably only those coordinated to the Rh atoms of the two
additional {Rh3SnCl} fragments are terminally coordinated, while the
remaining ones are edge bridged.

This time, the Rh-Rh and Rh-Sn distances are completely in line with
those observed in its [Rhlzsn(CO)27]4’ congener.
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Fig. 2. Molecular structure of 2. Rh atoms describing the icosahedral frame are
depicted in blue, while the capping ones in pale blue, Sn atoms in orange, Cl
atoms in green. The carbonyl groups have been omitted for sake of clarity.

Cluster 2 was also characterized by IR spectroscopy, 'H NMR and
ESI-MS. Unfortunately, the latter was not diagnostic as the clusters
heavily fragmented in the experimental conditions. As for the 'H NMR
analysis, the results indicated the total absence of hydride signals.

This species represents an unexpected evolution in the Rh-Sn system,
and it is its highest heterometallic nuclearity cluster, with dimensions of
around 1.5 x 1.0 x 1.2 nm. Moreover, [Rhlgsngclz(CO)gg]“’ is struc-
turally very similar to one of the Rh-Bi derivatives, namely
[Rhy7Bi3(CO)33]*~, which originates from the reaction between
[Rh7(CO)16]3’ with BiClz in a 1:1.5 ratio. [21] More specifically, the Rh-
Bi congener possesses, too, a Bi-centred icosahedral frame symmetri-
cally capped by two additional Rh — Bi — Rhy fragments (x = 3/2).
Within the highest-nuclerarity Rh-E nanoclusters (E = Ge, Sn, Sb, Bi),
these two compounds are undoubtedly the most similar ones in terms of
metal framework. Their main difference lays on the lack of halides and
one Rh atom in the Rh-Bi congener, while the number of carbonyl li-
gands and the negative charge are the same. The molecular structure of
[Rh;7Bi3(CO)33]* is illustrated in Fig. 3.

As for the electron counting, [Rh;5Sn3Clo(CO)33]4~ reaches 242
CVEs given by all Rh atoms, the negative charge, the two three-electron
donor [SnCl]" units and the carbonyl ligands. This value is in perfect
agreement with the counting rules for an icosahedral cluster (170 CVEs)

Fig. 3. Metal skeleton of [Rh;,Bi3(CO)33]*~. Rh atoms describing the icosa-
hedral frame are depicted in blue, while the capping ones in pale blue; Bi atoms
are in magenta. The four hatched pale-blue Rh atoms possess a 75% occupancy
factor as opposed to 100%, de facto giving rise to three atoms. The carbonyl
groups have been omitted for sake of clarity.
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capped by six Rh atoms (12 x 6 CVEs).
Conclusions

In this paper we presented a further investigation of the Rh-Sn het-
erometallic cluster system, which resulted in the isolation and charac-
terization of two new species, namely [Rh7Sn4C110(C0)14]5_ (1) and
[Rhlgsngclz(CO)33]4’ (2). The latter represents the highest nuclearity
nanocluster within the Rh-Sn system, and it shows a Sn-centred icosa-
hedral-based metal frame onto which additional heterometallic frag-
ments coordinate. It also well fits into the category of atomically precise
intermetalloid species, as it shows similarities to the structure of metals.
[25]

The icosahedral structural feature shown by cluster 2 did not come as
a surprise as it is very common in high-nuclearity TMCC. For instance, it
has been observed in several Ni, [26] Pd, [27] and Pt derivatives, [28]
not to mention the Au [29] and Ag-based [30] giant nanoclusters sta-
bilized by thiolate ligands. One of the reasons, at least for heterometallic
species, is that interstitial heteroatoms in icosahedral species have
shown to impart extra stability to TMCC, even under reduction and
oxidation reactions under electrochemical experiments. [31].

The obtained results demonstrate, once more, how the mechanism of
metal-carbonyl cluster growth still continues to be a speculative aspect
in this chemistry. In fact, while it may be possible to increase the cluster
nuclearity by oxidizing a suitable precursor with acids, a slight differ-
ence in the reaction conditions may lead to the opposite result, that is in
breaking down the cluster precursor into smaller compounds. [32] This
may be the case for cluster 1, but further experiments will be necessary
in order to better understand its formation.
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