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Abstract

In this paper we present a comparative study of the redox properties of the icosahedral [Rhi2E(CO)]""
(n = 4 when E = Ge or Sn; n = 3 when E = Sb or Bi) family of clusters through 7» sitn infrared
spectroelectrochemistry experiments and DFT computational studies. These clusters show shared
characteristics in terms of molecular structure, being all E-centred icosahedral species, and electron
counting, possessing 170 valence electrons as predicted by the electron-counting rules, based on the
cluster-borane analogy, for compounds with such metal geometry. However, in some cases, clusters of
similar nuclearity, and beyond, may show multivalence behaviour and be stable with a different electron

counting, at least on the time scale of the electrochemical analyses. The experimental results, confirmed

by theoretical calculations, showed a remarkable electron-sponge behaviour for [Rhi2Ge(CO)z]* (1)

[Rhi2Sb(CO)27]* (3), [Rhi2Bi(CO)27]* (4), with a cluster charge going from —2 to —6 for 1 and 3, and from
—2 to =7 for cluster 4, making them an example of molecular electron reservoirs. The [Rhi2Sn(CO)z7]*
(2) derivative, conversely, presents a limited ability to exist in separable reduced cluster species, at least
within the experimental conditions, while in the gas phase it appears to be stable both as a pent- and
hexa-anion, therefore showing a similar redox activity as its congeners. As a fallout of those studies,

P

during the preparation of [Rhi2Sb(CO)27]*~ we were able to isolate a new species, namely [Rh11Sb(CO)x]

b

which presents an incomplete Sb-centred icosahedral metal structure.



Introduction

Transition metal carbonyl clusters are a wide class of compounds with a variety of metal composition,
nuclearity, geometry and chemical properties. Usually they adopt close-shell electronic configuration, so
they exhibit an almost perfect correspondence between their number of Cluster Valence Electrons
(CVEs) and metal structure. “>>* These correspondences have been rationalized and modelled by
exploiting the analogy with the borane chemistry, > and with the suppott of semiempirical calculations. °
However, when certain ad-hoc conditions occur, they may exceptionally present multivalence behaviour,
which means being able to reversibly accept and release electrons at given potential while maintaining
their stability. ” For instance, the presence of one or more interstitial metal atoms has proved to trigger
such redox behaviour, as inner atoms strengthen the metal core by increasing the metal-metal
interactions. The same role can be played by lighter carbon or nitrogen atoms in carbide and nitride
species, respectively. ° Moreover, doping of a metal cluster by inserting a different element may
favourably alter the molecular orbital diagram so to facilitate electron addition/removal, not only in
carbonyl clusters but also in gold nanoparticles. ' A nuclearity of around ten-twelve metal atoms, and
beyond, is also a common factor among carbonyl metal clusters with multivalence features, although
some notable exceptions with lower nuclearity are known. "> One of the most fascinating carbonyl
species showing such properties is the [NixCs(CO)s2]* hexanion, a pseudo-spherical carbide compound
stabilized by carbonyl ligands showing a solely edge-bridging coordination, which can reversibly undergo
one oxidation and four reduction monoelectronic steps. " Another notable example of redox activity
involves the mixed-metal [OsisPd;Co(CO)45)* carbide cluster, * whose metal structure consists of two
tri-capped carbide-centred octahedral joint by a triangular platinum unit. This species acts as an electron
reservoir by accepting up to four extra electrons without significant decomposition. A similar electron-
sponge behaviour has been reported for the Co-centred pentagonal antiprismatic Co11Te;(CO)qo and
Co11Tes(CO)1s cluster anions. ° More recently, heterometallic high nuclearity homoleptic Ni-Pd '* and
Rh-Sb, '" and heteroleptic Au-Pd '"* and Au-Pt "’ nanoclusters — all possessing interstitial metal atoms —
have proved to be multivalent. However, the high nuclearity and the interstitial atoms may not be per se
sufficient to ensure such feature. For instance, the large heteroleptic [Pd33Nig(CO)41(PPhs)s]* does not
show multivalence, as the small cohesive energies of Pd-Pd and Pd-Ni bonding do not allow reversible
redox changes to occur without metal-core breakdown. * Nonetheless, it is important to undetline the
fact that, despite some species seem to somehow escape the electron-counting rules based on the borane
analogy, those rules still very well apply to metal carbonyl clusters for predicting the most stable electronic
configuration in association with a given structural geometry.

In the last few years, * we were able to synthetize and characterize the icosahedral [RhiE(CO)27]"” family
of clusters, where E represents a post-transition metal (Sn, * Ge, » Sb, *** and Bi *) and the negative

charge varies from -4 to -3, depending on whether the metal belongs to group 14 or 15, respectively.



These clusters are not only isostructural but also isoelectronic, as they all possess 170 CVEs; moreover,
they share the same synthesis, as they have been prepared by the same type of redox condensation
reaction between a Rh-cluster precursor, namely [Rh7(CO)¢]*, ¥’ and the heterometal halide. Consideting
their nuclearity, the presence of an interstitial metal atom, and in light of their many shared features, we
decided to perform a comparative study on their ability to sustain addiction or depletion of electrons.
Similar research by combining spectroelectrochemistry and cyclic voltametric experiments had been
conducted in the past, for instance, to investigate the redox activity of the large [Pt2(CO)s0]™,

[Pt26(CO)32)"” and [Pt3s(CO)4a]™ (n = 0 to 10) homometallic carbonyl clusters. **

In the case of [Rhi2E(CO)27|*" family of clusters, chemical experiments with reducing and oxidizing agents
had been previously reported, but they had been inconclusive due to the lack of characterization of the
obtained products. Conversely, spectroelectrochemical investigations reported here on the four clusters
of this family showed a remarkable redox activity, and the results were confirmed by theoretical DFT
calculations.

Finally, as a fallout of the performed studies, during the preparation of [Rhi2Sb(CO)2]*~ we were able to

isolate a new species, namely [Rhi1Sb(CO)2|*", which presents an incomplete Sb-centred icosahedral

metal structure.

Results and Discussion

As mentioned before, in the past few years we exploited the redox condensation method for cluster
synthesis to prepare several heterometallic thodium carbonyl compounds. ' A peculiarity that emerged
after studying the Rh-Ge, Rh-Sn, Rh-Sb and Rh-Bi systems is that they have in common one specific
isostructural species, obtained mostly through the same synthetic pathway, and also possessing the same
number of CVEs. More specifically, the [Rhi2E(CO)7|" clusters (E = Ge, Sn, Sb, Bi; n = 3 or 4) consists
of a centred-icosahedral metal frame made by the twelve Rh atoms, with the interstitial position always
occupied by the heteroatom, and stabilized by the same number of carbonyl ligands. As for the anionic
charge, this varies in accordance with the number of valence electrons carried by E; therefore, n is 4 when
E belongs to group 14 (Ge and Sn), while it is equal to 3 if E belongs to group 15 (Sb and Bi). This way,
all four [RhipE(CO)»7|™ clusters are not only isostructural but also isoelectronic, as they possess 170
CVEs, in compliance with the electron-counting rules. More in details, the valence electrons come from
the twelve Rh atoms (12 x 9), the twenty-seven carbonyl groups (27 x 2), the interstitial atom (4 for Ge,
Sn — or 5 for Sb, Bi) and the negative charge n (4 or 3, respectively).

Once we had the availability of such class of compounds, in consideration of their nuclearity and the

presence of the interstitial metal atom, which represent key conditions that may indicate multivalence



properties, we decided to investigate the redox activity of all four clusters through electrochemistry, 7
sitn infrared spectroelectrochemistry (IR SEC) experiments and DFT calculations.

The molecular structure of the [Rhi;E(CO)27|™ cluster is illustrated in Figure 1.

Figure 1. Molecular structure of the [Rhi2E(CO)27]"~ family of clusters (E is depicted in red).

The icosahedron described by the twelve Rh atoms shows some deviations from a regular polyhedron

that are directly related to the interstitial-metal size. As a consequence, a less distorted geometry is
observed for [Rh12Ge(CO)~]" (1), being Ge the smallest heteroatom, whereas the farthest to the ideal
polyhedron is that of [RhiBi(CO)»]>~ (4), containing the largest Bi element. The remaining

[Rh12Sn(CO)27]* (2) and [Rhi2Sb(CO)27]*~ (3) are somewhere in between.In Table 1 the average distances
for the Rh-Rh and Rh-E distances obtained from the crystallographic analyses are reported, along with
the longest and shortest ones, as an indication of the extent of icosahedral distortion. We also inserted
the Rh-Rh and Rh-E average distances obtained by DFT computations of isolated clusters in vacuum (all

computed distances have been included in Table S1, in the SI section).

[Rh1zGe(CO)27]47 [Rh1er1(CO)z7]47 [RhnSb(CO)zﬂ% [RhnBi(CO)zﬂB*
Bond lengths
g ) @ 3) @)

Rh-Rh average (A) 2.935 (3.088) 2.978 (3.120) 2.982 (3.129) 3.024 (3.169)

longest 3.336 3.349 3.368 3.470

shortest 2.808 2.810 2.821 2.812
Rh-E average (A) 2.788 (2.929) 2.830 (2.963) 2.823 (2.971) 2.859 (3.008)

longest 2.929 2.933 2.941 2.978

shortest 2.645 2.741 2.707 2.736

theoretical values are reported. The latter are in brackets.

Table 1. Average, longest and shortest Rh-Rh and Rh-E bond lengths observed in [Rhi2E(CO)27]*". Both experimental and




The theoretical bond length values are consistently higher than the experimental ones of about 0.15 A.
This difference may be explained by the fact that the former values are associated with isolated
[RhizE(CO)]™ clusters in gas phase, while the experimental data refer to a solid state where counterions,

solvent molecules and packing effects are present.

Electrochemistry and IR spectroelectrochemistry

Electrochemical characterizations were performed on all four [RhipE(CO)»|™ clusters in
CH;CN/[N"Buy]PF; solution, under either Ar or CO atmosphere, depending on the cluster stability. The
cyclic voltammetric profiles registered at both Pt and Glassy Carbon (GC) showed low currents
associated with the redox processes, which did not allow to obtain well-resolved peaks. These low
currents did not depend on insufficient cluster solubility in the experimental conditions, as solutions with
concentration higher than 1 mM could be prepared for all the compounds, and similar phenomena have
been previously observed in other carbonyl clusters. * We are aware that the diagnostic critetia of the
electrochemical and chemical reversibility of electron transfers, their formal potentials and the number
of exchanged electrons can be straightforwardly obtained mainly by CV studies and controlled-potential
coulometric measurements. However, from our experience, the presence of multiple stable redox states

of a carbonyl cluster can be as clearly inferred by its iz situ IR SEC studies, **"*

conducted in an Optical
Transparent Thin Layer Electrochemical (OTTLE) cell, * by the comparison between the sequence of
IR spectra and the profile of the i/ E curve. These curve profiles for [RhizE(CO)]"" family of clusters
are reported in the Supporting Information section (Figure S1).

DFT computations on the four clusters are described in the following subsections to support the

conclusions of the experimental studies.

The [RhpSb(CO)21]* (3) cluster.

The zn situ IR spectroelectrochemical measures for cluster 3 were performed under CO atmosphere to
maintain the cluster stability. The IR spectra were recorded every 60 seconds. The first slow scan
(ImV/sec) between +0.3 and —1.6 V (ss Ag pseudo-reference electrode), showed a shift of the CO
stretching frequencies towards lower values upon reduction, as a result of the increased negative charge,

and towards higher values under oxidation conditions (Figure 2).
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Figure 2. Infrared spectra of [Rh12Sb(CO)27]* recorded in an OTTLE cell during the progressive decrease of the working
electrode potential E from +0.3 to —1.6 V(ss Ag pseudo reference electrode) in CH3CN containing 0.1 mol dm=3

[N"Bug] [PFg]. The solvent and supporting electrolyte absorptions have been subtracted. The red arrow indicates the initial

spectrum.

These shifts were completely reversible, as demonstrated by the fact that an IR spectrum superimposable
to the starting one was obtained in the reverse scan (Figure S2). A thorough analysis of the registered IR
spectra and the i/E profile curve (Figure S1, yellow curve) made possible to separate the complete
sequence in four groups, each belonging to a different redox step (Figure S3), and to identify five long-
lived different negative charge states in which cluster 3 can exist: -2, -3, -4, -5 and -6. Their corresponding
IR spectra are illustrated in Figure 3 and the related frequencies are reported in Table 2. The charge of
each species was assigned considering mono-electronic steps, also considering that the shift values related
to the stretching frequencies of terminal CO ligands are within a range of around 15-25 cm™ per
added/removed electron, which is a correspondence that has been previously ascertained for similar
carbonyl clusters. ** The presence of well-defined isosbestic points for each process, along with the
quantitative restoration of the IR bands of the starting cluster, confirm the remarkable stability of 3 with

different electron numbers.
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Figure 3. Selected infrared spectra of [Rhi2Sb(CO)27]" as a function of the cluster charge n in CH3CN containing 0.1 mol

dm™3 [N"Buy|[PF¢]. The absorptions of the solvent and supporting electrolyte have been subtracted.

Cluster charge n | v'co (cm™) V’co (cm™)
-2 2025 1826
-3 2011 1812
" 1995 1806
-5 1977 1778
6 1959 1761

Table 2. Infrared stretching frequencies (cm™!) of terminal (Vico) and bridging (VPco) carbonyl groups for 3 in CH3CN

solution as a function of the cluster charge.

When the potential was increased from +0.3 to +0.84 V, the oxidation of [Rh12Sb(CO)27]* was followed
by a relatively fast decomposition of the cluster, since the shift of the terminal CO band from 2025 to
2031 cm™ (Figure S3e) was accompanied by a decrease of its intensity and the appearance of CO
absorptions at 2120 and 2063 cm’, which are due to the formation of the mononuclear cationic
[Rh(CO)»(CH5CN)2]" complex. **

DFT computations were used to monitor the geometrical changes and the corresponding variations of
IR spectra of the five long-lived charged states of cluster 3, overall corroborating the interpretation of
experimental evidence discussed above. Geometries optimizations of redox states with charges from —2
to —6 lead to stationary points representing stable local minima on the potential energy surfaces (PES),
in agreement with their long-living nature. Notably, as shown in Figure 5 (see later) and Table S1, the

Rh-Rh and the Rh-Sb bond distances increase systematically with the cluster charge, with —5 and —6



clusters featuring elongation of some Rh-Rh distances above 4.0 A. A similar increase in the metal-metal
bond distances with the increasing of the cluster charge had been previously observed for multivalent
carbonyl compounds.

While these highly charged clusters result thus partially distorted with respect to the [Rhi2Sb(CO)z7]™
crystal structure, their optimized geometries represent local minima on the PES, in agreement with their
assignment as long-living species. In contrast, optimizing the structure with charge —7 led to cluster
disassembling.

DFT simulated spectra of various charged states for cluster 3 (from —2 to —6) confirmed the systematic
red/blue-shifts of the stretching frequencies of CO ligands (in a range of ca. 15-30 ecm™ per
added/removed electron, respectively) observed experimentally, as shown in Figure S4 in the SI,

corroborating the charge assignments based on mono-electronic redox steps for this cluster.

The [RhpBi(CO)21]* (4) cluster.

The 7n sitn IR SEC experiments for cluster 4 were carried out under Ar atmosphere, where the cluster is
perfectly stable. The sequence of spectra showed in Figure 4 was collected in the potential range +0.4 +
2.1 V (s Ag pseudo-reference electrode) at scan rate of 2 mV sec’. No decomposition of the
electrogenerated species was observed within that potential window and, moreover, the IR spectrum of
the starting cluster was re-obtained when the working electrode potential returned to the initial value

(Figure S5), indicating a full reversibility of the redox processes.
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Figure 4. Infrared spectra of [Rhi2Bi(CO)27]? recorded in an OTTLE cell during the progtessive decrease of the working
electrode potential E from +0.4 to —2.1 V(»s Ag pseudo reference electrode) in CH3CN containing 0.1 mol dm=3
[N"Bug][PFg]. The solvent and supporting electrolyte absorptions have been subtracted. The red arrow indicates the initial

spectrum.



As suggested by the absorbance maxima of terminal and bridging CO bands and considering the
stretching frequency of the initial tri-anion (indicated by the red arrow in Figure 4), the frequency shifts
can be attributed to one oxidation and two reduction steps (Figure S6). However, only the oxidation is a
mono-electronic process (Figure S6¢), as the frequency downshifts with each reduction step are in the
range of 40-50 cm™, around twice those observed for the cluster 3 system, suggesting that the observed
reduction processes involve two electrons, leading to a —5 and then a —7 cluster charge. Moreover, the
shift of the IR bands of 4 from 1994 to 1942 cm™' registered between —0.4 and —1.3 V, corresponding to
the first reduction process (the one from —3 to —5), occurred without a well-defined isosbestic point, and
the complex pattern of the intermediate spectra suggested the presence of a transient additional negative
state. The results of a spectral deconvolution performed on the middle spectrum of the reduction
sequence (Figure S7) allowed us to determine the single absorbance contributions and unravelled the —4
cluster charge. The detailed description of this analysis is reported in the Supporting Information.

DFT computations indicate, indeed, that structural modifications of cluster 4 already start at charge —4
where a few Rh-Rh distances rise above 4.0 A, as reported in Table S1 and depicted in Figure 5, and they
continue more significantly at charge —6. Simulated IR spectra (Figure S4) however, indicate that such
structural modifications are not significantly affecting the stretching of terminal and bridging CO groups,
with overall spectral features quite similar to those computed for cluster 3. Thus, DFT results would not
fit with mono-electronic reductions associated to large (40-50 cm™) frequency red-shifts, corroborating
the assighments of mono-electronic oxidation and bi-electronic reduction steps for the IR SEC

experiments.
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Figure 5. (2) Average Rh-Rh (in blue) and Rh-E (in red) bond distances (in A) for clusters 1-4 at various redox states
(charges from -2 to -6) computed using bond distances below 4 A, using DFT optimized geometries. Distance averages

indicated with asterisks (¥) denote decrease of average values due to elongations of bond distances above 4 A, thus excluded

from the average computations. (b) DFT optimized geometries of clusters [Rh12Bi(CO)27]"", with #» =2, 4 and 6.

The selected experimental IR spectra for [Rhi:Bi(CO)2|" (n = =2, -3, -5, —7) are shown in Figure 6, while

Table 3 reports the CO stretching frequencies in solution associated with the cluster charge.
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Figure 6. Selected infrared spectra of [Rhi2Bi(CO)27]" as a function of the cluster charge n in CH3CN containing 0.1 mol

dm™3 [N"Buy|[PF¢]. The absorptions of the solvent and supporting electrolyte have been subtracted.

Cluster charge n V'co (cm™) V°co (cm™)
-2 2019, 2012 1872, 1828
-3 1994 1864, 1829, 1790
4 1967 -
-5 1942 1823, 1801, 1772, 1736
-7 1892, 1879 1773, 1751

Table 3. Infrared stretching frequencies (cm™) of terminal (Vico) and bridging (Vbco) carbonyl groups for 4 in CH;CN
solution as a function of the cluster charge. The row in italic corresponds to the cluster charge deduced by spectral

deconvolution.

The [Rh;2Ge(CO)x]* (1) cluster

The in situ infrared spectroelectrochemical measures for cluster 1 were performed under CO atmosphere
to ensure the cluster stability. The IR spectra were recorded every 60 seconds during a slow scan
(ImV/sec), overall sweeping the potential between +0.8 and —1.8 V, as shown in Figure 7.

In the oxidation sequence up to +0.5 V (Figure 7a), in analogy with cluster 3 and 4, the isosbestic points
were well-defined and two reversible oxidation processes were observed. The differences in the stretching
frequencies of the terminal CO ligands are in line with two mono-electronic oxidations. The spectral
changes observed when increasing the potential up to +0.8 V indicated that a further oxidation is
complicated by the decomposition of the cluster, leading to the [Rh(CO)2(CHs;CN),]" complex (Figure
7b), like in the case of the Sb congener. When moving towards more negative potentials (Figure 7c), one

reduction process occurred.
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Figure 7. Infrared spectra of [Rh12Ge(CO)27]* recorded in an OTTLE cell during the progressive increase working
electrode potential E from (a) —0.3 to +0.5 V(ss Ag pseudo reference electrode), (b) —0.3 to +0.8 V(s Ag pseudo reference
electrode) and during the decrease of the working electrode potential E from (c) —0.4 to —1.8 V(ss Ag pseudo reference
electrode), in CH3CN containing 0.1 mol dm™3 [N"Buy][PF¢]. The solvent and supporting electrolyte absorptions have been

subtracted.

It is important to note that when the potential scan was reversed, the chemical reversibility of the electron
transfer was not complete and two new weak absorptions at 1905 and 1686 cm™ appeared, (Figure S8)
indicating a partial decomposition of the reduced cluster. The CO shifts in the reducing scan pointed to
a two-electron process, leading to the [Rh12Ge(CO)x]", thus indicating a preferred stability for even-
electron species, in analogy with cluster 4. However, the intermediate spectra in the reducing sequence
show a complicated profile. A deconvolution analysis on a selected intermediate spectrum (Figure S9)
could be matched by three main individual absorbance contributions, related to the —4, =5 and —6 cluster
charges.

In conclusion, through the 7z situ IR spectroelectrochemical study of 1, we were able to identify four long-

lived different negative charge states (Figure 8) in which cluster 1 can exist: =2, =3, —4 (the initial one)



and —6, whose frequencies are reported in Table 4, and to gather evidences of the existence of one more

species of limited stability with a —5 charge.
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Figure 8. Selected infrared spectra of [Rhi2Ge(CO)27]" as a function of the cluster charge n in CH3CN containing 0.1 mol

dm™3 [N"Buy][PFg]. The absorptions of the solvent and supporting electrolyte have been subtracted.

Cluster charge n V'co (cm?) Vo (cm)
n=-2 2024 1849
n=-3 2011 1851, 1822
n= 4 1996 1797
P— 1966
R 1943 1756

Table 4. Infrared stretching frequencies (cm™) of terminal (Vico) and bridging (VPco) carbonyl groups for 1in CH3CN
solution as a function of the cluster charge. The row in italic corresponds to the cluster charge deduced by spectral

deconvolution.

DFT calculations performed on cluster 1 confirmed that reductions to —5 and —6 charges are associated
with partial deformations of the structure, in line with the partial decomposition observed experimentally
for the reduced clusters. Overall, both Rh-Rh and Rh-E distances of 1 (E=Ge, group 14) are shorter than
those of group 15 (3 and 4), as indicated in Table 1, and this trend is conserved along the corresponding
redox series (Table S1 and Figure 5). DFT simulated IR spectra are in line with those of 3 and 4, further
confirming the presence of systematic shifts (< 30 cm™) of CO frequencies for mono-electronic redox

steps, independently of E (Figure S4).



The [RhSn(CO)]* (2) cluster

The zn situ IR spectroelectrochemical measures for cluster 2 were performed under Ar atmosphere, where
the cluster is stable. The IR spectral changes recorded every 60 seconds during the potential sweep
between +0.2 and 1.9 V (s Ag pseudo-reference electrode) at the slow scan rate of 1 mV/sec are showed
in Figure 9. The complete chemical reversibility of the observed electron changes was demonstrated since
the spectrum of the starting cluster was regenerated in the reverse cycle of the potential, both after

oxidation and reduction (Figure S10).
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Figure 9. Infrared spectra of [Rh12Sn(CO)27]* recorded in an OTTLE cell during the progressive decrease of the working
electrode potential E from +0.2 to —1.9 V(zs Ag pseudo reference electrode) in CH;CN containing 0.1 mol dm™3
[N"Buy][PFg]. The absorptions of the solvent and supporting electrolyte have been subtracted. The red arrow indicates the

initial spectrum.

In the oxidation sequence between —0.2 and +0.2 V, (Figure S11a), in analogy with what observed for
the other Rh-Sb, Rh-Bi and Rh-Ge congeners, the isosbestic points are well-defined and one mono-
electron oxidation process is recognizable. In the reduction sequence, up to —1.9 V (Figure S11b), on the
contrary, there is not a net transformation of one charged species into the next reduced one.

Selected IR spectra of the whole sequence are shown in Figure 10. The black spectrum is related to the
initial [Rh12Sn(CO)27]* species, while the red one corresponds to the tri-anion; it is evident that upon
oxidation the spectral shape has been perfectly retained. The green spectrum seems to indicate an
intermediate passage between the starting tetra-anion and the subsequent reduction steps, in pale-blue
and blue. Over the reduction processes, the spectral shape significantly changed, and the downshift
magnitude of the first reduction step, calculated from the absorption maximum, indicates a two-electron

process.
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Figure 10. Selected IR spectra taken from the redox sequence reported observed over the potential sweep between +0.2

and -1.9V

In conclusion, we can affirm that cluster 2 can undergo electron depletion and stably exist also as a tri-
anion, as reported in Table 5. However, upon electron addition, the complicated IR pattern does not
allow to properly identify as single species the more reduced states, at least on the timescale of the

experimental conditions.

Cluster chargen | V'co (cm) V’co (cm)
n=-3 2014 1815, 1793
n=-4 1995 1860, 1795, 1750

Table 5. Infrared stretching frequencies (cm™) of terminal (Vico) and bridging (VPco) carbonyl groups for 2 in CH;CN

solution as a function of the cluster charge.

The distance of the obtained IR spectra from the starting one towards more negative potentials may
suggest that cluster 2 sustains significant, nonetheless reversible, structural modifications upon reduction.
However, as the DFT simulated IR spectra (Figure S4) indicate that intramolecular structural
deformations are not associated spectral shape alterations, the experimentally suggested structural
changes could be related to interactions with solvent molecules, which are not explicitly considered in
the DFT molecular models.

In fact, DFT geometry optimization and IR spectra of cluster 2 do not feature sizeable differences with

respect to 1, with elongation of Rh-Rh distances (around 4.0 A and above) starting at charge —5 and

present also at —6 (see Table S1 and Figure 5).



Synthesis and characterization of the [RhuSb(CO)z]* (5) cluster.

During the synthesis of cluster 3, which was carried out according to the literature, a new species that
had not been previously detected was isolated in the tetrahydrofuran (THF) fraction. More specifically,
at the end of the reaction the mother solution was dried under vacuum and the residue washed with water
and then ethanol. In the present case, the latter extraction eliminated all the [Rh(CO).Cl]~ complex
obtained during the synthesis, unlike in the original procedure where the remaining of the complex was
extracted in THF, being the following one in acetone that containing cluster 3. Therefore, by analysing
the IR spectrum in THF, peaks that were not attributable to any known species could be identified. It is
likely that they had not been detected before as they might have been mixed with those of the Rh(I)
complex, which are quite intense. Single crystals of the new species were obtained by layering hexane
onto the THF solution, and the X-ray diffraction analysis allowed us to identify the new
[Rhi1Sb(CO)a|[NEty]o* THF (5[NEty],* THF) carbonyl cluster.

Cluster 5 crystallizes in the monoclinic P2;/c space group. The unit cell contains four cluster units, eight
tetracthylammonium cations and four THF solvent molecules. Its structure, illustrated in Figure 10
consists of an uncomplete Sb-centred icosahedron composed of the eleven Rh atoms, and stabilized by

twenty-six carbonyl ligands, one less than the parent icosahedral species.

Figure 11. Molecular structure and metal skeleton of cluster 5. Rh atoms are depicted in blue, Sb in green, C in grey and O

in red.

The Rh-Rh distances vary from 2.8404(4) to 3.1133(4) A (average 2.9427 A), while the Rh-Sb bond
lengths span from 2.6422(4) to 2.8654(4), with a mean value of 2.7933 A. They are slightly shorter than
those found in cluster 3, most likely because of the minor metal skeleton distortion required for an open
framework. Crystallographic data and most relevant bond lengths for cluster 5 are reported in the

Supporting Information section (Table S2 and S3, respectively).



Cluster 5 was also characterized by electrospray ionization mass spectrometry (ESI-MS), by dissolving
some crystals in acetonitrile. In the experimental conditions the molecular ion remained intact, with the
exception of some CO losses that always occur in all Rh homo- and heterometallic clusters.

As for the electron counting, the [Rh11Sb(CO)24]*” cluster presents 158 CVEs given by the eleven rhodium
atoms (11 x 9), the carbonyl ligands (26 x 2), the interstitial Sb atom (5), and the negative charge (2). The
CVEs number is in perfect agreement with the electron-counting rules applied to a one-atom deficient

(=12 CVEs) icosahedral cluster (170 CVEs).

Experimental Section

All reactions and compounds were handled using the standard Schlenk technique and under either
nitrogen or carbon monoxide atmosphere. Solvents were dried and degassed before use, THF was
dehydrated with Na-benzophenone and distilled under nitrogen. Halide salts of Ge, Sn, Sb and Bi were
commercial products. The [Rh7(CO)1]>” cluster precursor, as well as the four [Rhi2E(CO)27]™ compounds,
were prepared according to literature. IR spectra were recorded on a PerkinElmer Spectrum One
interferometer in Cal, cells.

Positive/negative-ion mass spectra wete recorded in CH3CN solutions on a Waters Micromass ZQ 4000
by using electrospray (ES) ionization. Experimental conditions: 2.56 kV ES-probe voltage, 10 V cone
potential, 250 L. h™' flow of N spray-gas, incoming-solution flow 20 pL. min™".

Materials and apparatus for electrochemistry and IR SEC have been described elsewhere. '* IR SEC
measurements were performed on Ar-saturated CH;CN/[N"Buy]PF; 0.1 M solutions of 2 (1.8 mM) or 4
(1.7 mM), and on CO-saturated CH3CN/[N"Buy]PF; solutions of 3 (1.55 mM) or 1 (1.7 mM).

Computational details

All density functional theory (DFT) calculations were performed with the Gaussian 16 package » and
employing the B3LYP exchange-cotrelation functional. *>*»* and using LANL2DZ basis set with
pseudopotential for transition metals, ** whereas 6-31G(d,p) basis set was used for the remaining atoms.
* Geometry optimizations in vacuum wete performed in combination with vibrational analysis in order
to confirm the character of the stationary points and to simulate IR spectra, with vibrational frequencies

computed analytically and rescaled using a 0.961 scaling factor. *

X-ray diffraction analysis

Single-crystal X-ray diffraction experiments were performed at 100 K on a Bruker Apex II diffractometer,
equipped with a CCD detector, by using Ka-Mo radiation. Data were corrected for Lorentz polarization
and absorption effects (empirical absorption correction SADABS). # Structures wete solved by direct
methods and refined by full-matrix least-squares based on all data using F>. ¥ 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. Structure drawings were made with
SCHAKAL99. * In order to obtain a better structural model, the cations and the THF molecule were
treated as positionally disordered and each was split in two positions, using the necessary anisotropic

displacement parameter restraints.

Synthesis of [RhuSb(CO)2]*" (5)

An acetonitrile solution of SbCl; (0.104 g, 0.46 mmol) was slowly added to a solution of
[Rh7(CO)16][NEty]5 (0.950 g, 0.61 mmol) in the same solvent, under CO atmosphere, and in a 0.75:1 molar
ratio, respectively. After 3 hours the resulting brown solution was dried under vacuum and the solid
washed with water (120 mL) and ethanol (100 mL). [Rh;;Sb(CO)2]*” was extracted in THF (10 mL) and
by layering hexane on the solution, black crystals of [RhiiSb(CO)|[NEt]."THF (yield = 15% based on
Rh) were obtained. Cluster 5 is well-soluble in THF, acetone, acetonitrile and DMF, and it is stable in
water. Its IR spectrum recorded in CH3;CN shows vCO absorptions at 2033(vs), 1869(mw), and
1813(mw) cm™'. ESI-MS analysis performed in an acetonitrile solution of 5 shows characteristic signal at
963 m/z, assigned to the [Rhi1Sb(CO)4]*" ion, plus other consecutive signals due to CO loss (Figure
S11).

Conclusions

In this paper we presented a comparative study via spectroelectrochemical experiments and theoretical
calculations of the redox properties of the icosahedral [Rhi2E(CO)27|"™ (n = 4 when E = Ge or Sn;n = 3
when E = Sb or Bi) family of clusters, which have shared characteristics in terms of molecular structure,
being all E-centred icosahedral species, and electron counting, possessing 170 CVEs. The results showed
a remarkable multivalence behaviour for all clusters, albeit with some important differences, making them
an example of molecular electron reservoirs.

The most redox active species is [Rhi2Sb(CO)]*" (3), which can stably exist with five different negative
charges, from —2 to —6 (going from 169 to 173 CVEs), both from the experimental and theoretical point

of view. The [Rh12Bi(CO)x]’" (4) compound presents an experimental behaviour previously observed in
other carbonyl clusters, more specifically it seems to be more stable with an even number of CVEs, at
least in the reduced form. Therefore, while the di-anion (169 CVEs) can be fully generated and isolated
within the electrochemical experiments, the reduction from the initial tri-anion seems to favour the
formation of the penta- (172 CVEs) and then epta-anionic (174 CVEs) congeners, resulting in a total of
four different negative charges in which cluster 4 can stably exist. The intermediate fifth species with 171
CVEs ([Rh12Bi(CO)27]") could not be isolated within the electrochemical expetiments, even if its IR

spectrum can be obtained by spectral deconvolution, but its existence was predicted by DFT



computational studies. As for the [Rhi2Ge(CO)2]* (1) cluster, again the depletion of electrons leads to
the stable tri- and di-anions (with 169 and 168 CVEs, respectively), while under reduction it is possible
to isolate it only with an even number of electrons up to the hexa-anion (172 CVEs), giving a total of
four different cluster charges. The existence of the fifth odd-electron [Rhi2Ge(CO)2]>" species, however,
was confirmed by theoretical calculations, and its IR spectrum could be obtained by spectral
deconvolution analysis.

The more complicated behaviour is that of [Rhi2Sn(CO)x]*" (2), as it only clearly shows one stable
oxidation process in solution leading to the tri-anion (169 CVEs), while its more reduced congeners
cannot be propetly isolated one from the other, even if the theoretical calculations predict the cluster
stability in the gas phase up to the hexa-anion.

One important outcome emerging from this study is the importance of the performed theoretical
calculations in corroborating the hypothesis deducible from the experimental results. In fact, for all

species, the experimental stretching frequency shifts related to the carbonyl ligands assigned to mono-

1

electronic processes are within the 15-25 cm™ range, and the theoretical ones always of around 20-30

cm™ for the same redox processes. This correspondence validates the assignments of mono-electronic
steps within the experimental conditions, even in the absence of well resolved peaks in the CV profiles
due to low currents, like in the present case.

Another significant result is that, by analysing the DFT simulated spectra of all clusters with different
charges, even in presence of significant intramolecular structural modifications of DFT optimized
structures, the IR spectral shape is always maintained (see Figure S4). This suggests that, wherever there
was a reversible spectral modification in solution, this could be due to either interactions with the solvent,
or the co-existence of more than one species.

Finally, from the analysis of the molecular structure of 5, it could be speculated that this cluster represents
an intermediate species within the growing path of cluster 3, at least from a structural point of view.
However, this cannot be ascertained as the growing mechanism of high-nuclearity metal carbonyl clusters
is still a challenge, as it is driven by different contributions involving, among others, metal-metal and

metal-ligand bond energies and electronic stability. *>*

Supporting Information

Rh-Rh and Rh-E bond distances for clusters 1-4 at various redox in DFT optimized (Table S1)

CV profiles of the four [RhixE(CO)27|" clusters (Figure S1).

IR spectra of [Rhi2Sb(CO)27]* before and after CV experiments (Figure S2); IR spectral sequences of
[Rh12Sb(CO)27]™ during the progressive decrease and increase of potential E (Figure S3).

DFT simulated IR spectra for clusters 1-4 at various redox states (Figure S4).



IR spectra of [Rhi:Bi(CO)z7]* before and after CV experiments (Figure S5); IR spectral sequences of
[Rhi2Bi(CO)»]™ during the progressive decrease and increase of potential E (Figure S6); Spectral
deconvolution of the intermediate sequence in the first reduction sequence of [Rhi:Bi(CO)a]*(Figure
S7).

IR spectra of [Rh12Ge(CO)]" before and after CV experiments (Figure S8); Spectral deconvolution of
the red IR spectrum in Figure 8 for [Rhi2Ge(CO)»]" (Figure S9)

IR spectra of [RhiSn(CO)27]* before and after CV experiments (Figure S10); IR spectral sequences of
[Rh12Sn(CO)27]™ during the progressive decrease and increase of potential E (Figure S11).

ESI-MS spectrum of [Rhi;Sb(CO)a6)*™ (Figure S12); Crystallographic data for [RhyiSb(CO)x6)*™ (Table S2);
Most relevant bond lengths for [Rhi1Sb(CO)x)*™ (Table S3).

Cartesian coordinates of DFT optimized geometries for clusters 1-4 at various redox states.
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CCDC 2088391 contain the supplementary crystallographic data for cluster 5. 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.
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