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In this Frontier Article, the work carried out within our research group in Bologna in the field of surface
decorated metal carbonyl clusters will be outlined and put in a more general context. After a short
Introduction, clusters composed of a metal carbonyl core decorated on the surface by metal-ligand frag-
ments will be analyzed. Both metal-ligand fragments behaving as Lewis acids and Lewis bases will be
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considered. Then, the focus will be moved to clusters composed of a naked metal core decorated and
stabilized on the surface by metal-carbonyl fragments. The structure and bonding (where theoretical
studies are available) of such surface decorated metal carbonyl clusters will be presented, and compared
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to atomically precise ligated nanoclusters.

1. Introduction

“

According to F. A. Cotton, metal atom clusters are “...com-
pounds containing a finite group of metal atoms which are
held together entirely, mainly, or at least to a significant

extent, by bonds directly between the metal atoms even
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though some non-metal atoms may be associated intimately
with the cluster...”.! There are nowadays several categories of
compounds that fall within Cotton’s definition, including clus-
ters composed of many types of transition and main group
metals, in low to high oxidation states, and stabilized by a
large variety of inorganic and organic ligands.>”® Metal carbo-
nyl clusters (MCC) represent one of the most important cat-
egory of organometallic and low-valent molecular metal
clusters.”>* The chemistry of MCCs is well developed, and
they played a fundamental role for Cotton’s definition of metal
clusters.

A similar consideration applies to gold-phosphine clusters,
another category of low valent metal clusters, that was devel-
oped almost contemporarily to MCCs.?® Indeed, following the
pioneering work of Malatesta and Naldini in the 1960s,>°7>°
several gold-phosphine clusters were characterized between
1970 and 2000. Since the turn of the century the range of gold
cluster compounds has been greatly extended by the study of
organothiolato-gold clusters. Indeed, molecular gold clusters
and nanoclusters protected by thiolate ligands represent a very
important field of research in modern inorganic chemistry
and nanochemsitry.**** This field has been further expanded,
including other organic ligands, as well as other metals, and
alloy nanoclusters.>®3® Molecular clusters find nowadays
several applications, including catalysis, electrocatalysis,
material chemistry, sensing, medicine, biology.>*™**

As in the early days of metal cluster chemistry, single crystal
X-ray diffraction (SC-XRD) represents the most important tech-
nique for the complete characterization of the structures of
metal clusters. The SC-XRD analysis of [Au;g,(p-MBA)4,] (p-MBA
= p-mercaptobenzoic acid) represented somehow a milestone
and showed some interesting features.** First of all, its metal
core does not possess a ccp structure, as found in larger Au
nanoparticles and bulk Au, but is based on an icosahedral
structure. Moreover, the thiolato ligands are not innocent, but
strongly interact with surface Au atoms, forming [Au,(SR),.1]”
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staple motives which decorate the surface of the cluster. Similar
structures have been found for several other thiolate protected
Au nanoclusters, and linear RS-Au-SR staple motives are nowa-
days a common features in cluster chemistry.*®

Different models have been developed for the interpretation
of bonding in molecular metal clusters. In the case of low
valent metal clusters, including MCCs, the most noticeable
models for their electron counting are the effective atomic
number (EAN) rule, Wade’s rules, the polyhedral skeletal elec-
tron pair theory (PSEPT), and topological electron counting
(TEC).>>*® Regarding thiolate protected gold nanoclusters, and
related molecular nanoclusters, their bonding has been
usually rationalized based on the superatom model.*” *°
Recently, the superatom model has been successfully applied
also to some MCCs, in particular Pt MCCs decorated on the
surface by Cd-halide or Au-phosphine fragments, as well as
Au, Ag and Cu clusters stabilized on the surface by Fe-CO, Ni-
CO, Nb-CO or Ta-CO fragments.’*”>® These are representative
examples of the two main categories of surface decorated
MCCs, that is: (1) clusters composed of a metal carbonyl core
decorated on the surface by ML fragments; (2) clusters com-
posed of a naked metal core decorated and stabilized on the
surface by metal-carbonyl fragments. These theoretical studies
suggest some analogies between surface decorated MCCs and
atomically precise ligated nanoclusters. Further analogies
become evident when their structures are analyzed. Indeed,
the metal-ligand and metal-CO fragments decorating the sur-
faces of such MCCs are somehow reminiscent of the staple
motives found in atomically precise ligated nanoclusters. One
of the aim of this Frontier Article is to stimulate further theore-
tical studies in order to investigate the possibility of extending
the applicability of the superatom model to other MCCs and,
at the same time, to compare it with other theoretical models.
This might lead to a general unified approach for the interpret-
ation of the different categories of molecular ligated metal
clusters.
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Our group has worked in the field of surface decorated
MCCs over the last 15 years, and the most noticeable results
are summarized in this Frontier Article. After this short
Introduction, section 2 will be dedicated to clusters composed
of a metal carbonyl core decorated on the surface by ML frag-
ments. This will be further divided based on the fact that the
surface ML fragments may act as Lewis acids (section 2.1) or
Lewis bases (section 2.2). Then, section 3 will be focused on
clusters composed of a naked metal core decorated and stabil-
ized on the surface by metal-carbonyl fragments. For each cat-
egory of surface decorated MCCs, the most representative
examples taken from our work will be presented together with
the most relevant compounds published in the literature. The
structure and bonding (where theoretical studies are available)
of such surface decorated MCCs will be presented, and com-
pared to atomically precise ligated nanoclusters. The appli-
cations of MCCs in catalysis and electrocatalysis have been
recently reviewed.>'® A short perspective on the potential and
prospects of MCCs in practical applications will be reported in
the Conclusions. All the structures reported in the following
figures have been determined by SC-XRD.

2. Metal carbonyl core decorated on
the surface by metal-ligand fragments

2.1. Metal-ligand fragments as Lewis acids

There are several examples of MCCs decorated on the surface
by metal-ligand fragments of general formula {M,L,}* (x, y = 1,
2, 3...; z = 0, positive or negative; M = transition or p-block
metal; L = neutral or anionic ligand). These fragments may act
as Lewis acids or Lewis bases. The former behaviour will be
discussed in this section, the latter in section 2.2.
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Cationic [Au(PR;)]" groups are the archetype of metal-
ligand fragments that can coordinate as Lewis acids on the
surface of MCCs. Indeed, several examples of MCCs decorated
by [Au(PR;)]" fragments are known, and this topic has been
recently reviewed.'® [Au(PR;)]" fragments possess 12-electrons,
and the d'° Au(i) centre may accept electron density from the
MCC surface on its empty orbitals (s, p or hybridized orbitals).
It must be remarked that coordination of a 12 electron frag-
ment does not alter the electron count of a MCC. This concept
can be extended to other 12 electron ML fragments, including
group 12 metals [ML]** and [MX]" fragments (M = Zn, Cd, Hg;
L = neutral ligand; X = anionic ligand), group 11 metals [ML]"
and [MX] fragments (M = Cu, Ag, Au), group 10 metals [ML]
fragments (M = Ni, Pd, Pt), and group 9 metals [ML,]" frag-
ments (M = Co, Rh, Ir).

Earlier interest was due to the isolobal analogy between [Au
(PR;)]" and H*.**7 As soon as structures of MCCs containing
two or more [Au(PR;)]" fragments were discovered, it was rea-
lized that Au(1) centres could reciprocally attract due to auro-
philic interactions.?®®* Indeed, peraurated MCCs revealed to
be suitable platforms to study aurophilicity. This generates
[{Au(PR;)},,]*" fragments, which are strictly related to the Au-
thiolate staple motives found in molecular Au nanoclusters.

Since aurophilic interactions are rather weak, MCCs deco-
rated by [Au(PR;)]" fragments may show fluxionality and/or iso-
merism (Fig. 1 and 2).54%

Moreover, coordination of [Au(PR)]" fragments may favour
the stabilisation and isolation of MCCs, that otherwise cannot
be observed as free species.®® For instance, perauration allows
the isolation of Ni carbide MCCs such as [Nig(C)
(CO)o(AuPPh;),]*~ and [Nig(C)(CO)s(AuPPh;)]*", containing a
carbide atom within an octahedral Ni4 cages (Fig. 3).°7°

The reaction of [Pt;o(CO),,]*~ with CO affords a purported
[Pt;0(CO),,]*" cluster, which has never been isolated, since the
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[CosC(CO);2(AuPPhs),]
isomer 1

[CosC(CO) (2(AuPPhs)4]
isomer 2

[CosC(CO)12(AuPPh3)4]
isomer 3

Fig. 1 Three isomers of [CogC(CO);2(AuPPhs)4] are formed upon crystallization, as found in the crystals of [CogC(CO);2(AuPPh3)4l, [CoeC
(CO)12(AuPPh3)4]- THF and [CogC(CO)12(AuPPh3)4]-4THF (blue, Co; yellow, Au; green, P; red, O; grey, C; white, H). Adapted with permission from ref.

64 Copyright 2014 American Chemical Society.

reaction is reversed upon crystallization. Nonetheless, it
has been possible to trap this [Pt15(CO)pa]*™
species by addition of 3-4 [Au(PPh;)]" fragments, affording
the surface decorated clusters [Pt;o(CO)y4(AuPPhs)s]™
and  [Pt;o(CO),4(AuPPh;),]  (Fig.  4).”'  Interestingly,
[Pt;19(CO),4(AuPPh;)5]” is decorated by three isolated [Au
(PPh;)]" fragments, whereas [Pt;o(CO),4(AuPPh;),] contains
two [{Au(PPh;)},]*" fragments showing one aurophilic inter-
action each.

The cluster [0s;oC(CO),,Au(AuPCy;);] is rather peculiar,
since it may be viewed as a [Os;oC(CO),,] tetrahedron of fre-
quency two decorated on one edge by a [Au,(PCys);] tetrahedral
unit (Fig. 5).”* This is a rare case of a MCC decorated by an Au-
phosphine cluster.

The concepts developed for [Au(PR;)]" fragments can be
applied to related fragments obtained using other monodenate
or polydentate ligands, or replacing Au(i) with other coinage
metal ions, that is, Cu(i) and Ag(i). Several examples of MCCs
decorated by [ML]" (M = Cu, Ag, Au; L = neutral ligand) or MX
(M = Cu, Ag, Au; X = anionic ligand) fragments are, indeed,
known.

NHC ligands have recently attracted a large interest in cata-
lysis, coordination and organometallic chemistry. Examples of
MCCs decorated by [M(NHC)]" (M = Cu, Ag, Au) fragments
have been, also, reported, even though their nuclearity is
usually rather limited.”>®* The largest species reported so far
are [Pts(CO);,(AgIPr),] and [Pto(CO),s(AgIPr),] [IPr =

elusive

This journal is © The Royal Society of Chemistry 2025

C3N2H2(CGH3iPr2)2] obtained from the reactions of Chini clus-
ters [Ptg(CO)1,]°~ and [Pto(CO)ys]”~, respectively, with Ag(IPr)Cl
(Fig. 6).%° In these cases, the two [AgIPr]" fragments cap the
external triangular faces of the Chini clusters with retention of
their prismatic structures.

Clusters with higher nuclearities have been obtained
upon capping Ni carbide MCCs with CuCl and [Cu(MeCN)]"
fragments (Fig. 7), as in the case of [HNig,Cg(CO)4s(CuCl)]”™
and [H,Nizg4,(CO)331,{Cu(MeCN)},]*~ (x = 0, 1).3*®° The
two [Cu(MeCN)]" fragments in the latter cluster may be
formally replaced with isoelectronic [CdX]" (X = Cl, Br, I) or
Ni(CO) fragments, affording [He_,NizC4(CO)s4(CdX),]""
(n = 3-6), [H;_,NizC4(CO)s6(CAX)]"~ (n = 5-7), and
[He_nNizgxCa(CO)zs:x]™™ (n = 5, 6; x = 0, 1).3/%% All these clus-
ters are based on the same tetracarbide Niz,C, core. Similarly,
replacing the CuCl fragment of [HNi,Cg(CO)44(CuCl)]’~ with
[CdX]" (X = CI, Br) or Ni(CO) fragments results in related
[Ni42+xc8(00)44+x(CdCI)]7_ (x = 0, 1), [HNig,Cg(CO)sax
(CdBr)]®~ (x = 0, 1), [HNisCgs(CO)ss]””, [HNigyCs(CO)ys]”™,
[H,Niy3Cs(CO)4s]°", and [H,NigyCs(CO)s6]®.24%>% All these
clusters possess a common Ni,,Cg core differently capped by
miscellaneous [CuCl], [CdX]", and [Ni(CO)] fragments and may
be viewed as borderline compounds between molecular and
quasi-molecular clusters. It must be remarked that from a syn-
thetic point of view, clusters containing Cu and Cd are usually
obtained from the reactions of preformed Ni carbide MCCs
such as [NigC(CO);7]*~, [Nizo(C2)(CO)16]*", [Niys(C2)2(CO)as]*™,

Dalton Trans., 2025, 54, 2224-2251 | 2227
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[HFe4(CO) o(AuPPhs);]

+ Au(PPh;)Cl

CH,Cl,

o 1*

+ Au(PPh3)Cl

[HM4(CO) 1>

M =Fe, Ru

View Article Online

Dalton Transactions

acetone

[HM4(CO);(AuPPhs),|™

+ AU(PPh3)C1 CHzclz

M =Ru

[HRuy(CO);2(AuPPhs3)s]

Rapid exchange in
solution

Isomer 1

Isomer 2

Fig. 2 Reactions of [HM4(CO),1°" (M = Fe, Ru) with increasing amounts of Au(PPhs)Cl result in the formation of [HM4(CO).>(AuPPhsz),]~ and
[HM4(CO)12(AuPPhs)s]. Anionic Fe and Ru clusters are isostructural, whereas noticeable differences are detected for the neutral clusters.
[HFe4(CO)12(AuPPhs3)3] displays the unique hydride within the tetrahedral Fe,4 cavity, and its formation is reversed in polar solvents such as acetone.
[HRu4(CO),2(AuPPh3)3] exists as two isomers in rapid exchange in solution, both displaying the hydride ligand on the surface of the cluster (orange,

Fe or Ru; yellow, Au; purple, P; red, O; grey, C; white, H).

and [NizsCs(CO)4,]%", with CuCl, [Cu(MeCN),][BF,] and CdX,.
Homometallic Ni species are obtained from the chemical
oxidation of the same carbide species. Thus, since Cu(1) and
Cd(u) salts may act also as oxidants, sometimes mixtures
of species are obtained, that contain a variable amount
of [CdX]"/Ni(CO), CuCl/Ni(CO) or [Cu(MeCN)]*/Ni(CO)
fragments.

Capping a cluster with Ni(CO) fragments is very common
and, indeed, several Ni MCCs displaying the same metal core

2228 | Dalton Trans., 2025, 54, 2224-2251

decorated by a variable amount of Ni(CO) fragments are
known (Fig. 8).8%%>8979" gEven though apparently different, it
must be remarked that both in the cases of Ni MCCs and Au
thiolated nanoclusters, capping fragments and metal core are
based on the same metals, that is, Ni in the case of Ni MCCs
decorated by Ni(CO) fragments, Au in the case of Au nano-
clusters with Au-SR staple motives.

As an alternative to Ni(CO), MCCs may also be decorated by
M(PR;) or M(NHC) (M = Ni, Pd, Pt) fragments (Fig. 9).°>™°

This journal is © The Royal Society of Chemistry 2025
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(b)

Fig. 3 Perauration of Ni-carbide MCCs results in the encapsulation of the carbide within an octahedral Nig cage. Usually carbides are present within
larger Ni cages, such as capped trigonal prismatic or square-antiprismatic. Molecular structure of (a) [Nig(C)(CO)g(AuPPhz)gl?*, (b) its Nig(C)Aug cage,
and (c) its [Nig(C)(CO)gl®~ core (green, Ni; yellow, Au; purple, P; red, O; grey, C; H-atoms have been omitted for clarity). Surface decoration with [Au
(PR3)I* fragments results in the stabilization in the otherwise unknown [Nig(C)(CO)gl®~ cluster. Adapted from ref. 70 with permission from The Royal
Society of Chemistry.

-

W
+3Au(PPh3)Cl So8) + 3[Au(PPhs)(THF)]
CO (1 bar) CO (1 bar)
[Pt15(CO)p]* [Pt19(CO)24(AuPPhs3)3]" [Pt;9(CO)24(AuPPhs),]

Fig. 4 The elusive [Pt;5(CO),4]%" species has been trapped upon reaction of [Pt;5(CO)»,]*~ with three moles of Au(PPhs)Cl under CO atmosphere.
The resulting [Pt;o(CO),4(AuPPhs)s]~ monoanion further reacts with [Au(PPhs)(THF)]* affording neutral [Pt;9(CO),4(AuPPhs),]l. The homoleptic pre-
cursor [Pt;o(CO),4]1*~ possesses a centered pentagonal prismatic structure, whereas the three- and tetra-aurated clusters display a compact ccp
metal core (purple, Pt; yellow, Au; green, P; CO ligands and Ph-groups have been omitted for clarity).

(b)

Fig. 5 A rare example of the MCCs decorated by an Au-phosphine cluster. (a) Molecular structure of [Os;oC(CO),4AU(AUPCys3)s], and (b) its
Os;0CAu4P5 cage (orange, Os; yellow, Au; purple, P; red, O; grey, C). Hydrogen atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 2224-2251 | 2229
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(b)

Fig. 6 MCCs decorated by [M(NHC)I* (M = Cu, Ag, Au) fragments. The
molecular structure of (a) [Ptg(CO)12(AglPr),] and (b) [Ptg(CO)1g(AglPY),]
(purple, Pt; yellow, Ag; blue, N; red, O; grey, C; white, H). Adapted with
permission from ref. 83 Copyright 2017 American Chemical Society.
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Some impressive examples of MCCs decorated by Ni(PRj)
and Pd(PR;) fragments are the homo and heterometallic Pd
CO/PR;-ligated clusters described by Dahl and Mednikov
(Flg. 10)'12,97,98

Group 9 metal fragments of the type [ML,]" (M = Rh, Ir; L =
neutral ligand) are isoelectronic to those described above and,
thus, may be used in order to decorate MCCs. Nonetheless,
very few examples are known.”®*

As shown above, some MCCs decorated by [CdX]" fragments
have been reported, and the literature may be extended to
related [ZnX]" and [HgX]" fragments. Cd(u) is rather versatile
for this purpose, and other Cd-based fragments may be found,
that is, CdX,, [Cd,Cl;]" and [Cds(p-Br)sBrs_.(solvent),J*". 01

Thermal decomposition in dfm at 120 °C of Chini clusters
[Pts,(CO)s,]”~ (n = 2-6) in the presence of CdBr,-H,0O under
different experimental conditions selectively afford the surface
decorated Pt-Cd nanoclusters [Pt;3(CO)12{Cds5(p-
Br)sBry(dmf)s},]*7, [Ptyo(CO);7{Cd5(p-Br)sBrs(Me,CO),HCds(p-
Br);Br(Me,CO),}]>~, and [H,Pty6(CO),0(CdBr),]% . 0017

[Pt13(C0O)1,{Cd5(u-Br)sBry(dmf);},]>~ is composed of a
Pt;3(CO),, core decorated by two {Cds(p-Br)sBr,(dmf);} rings
(Fig. 11). Its electron count may be justified adopting either an
ionic or covalent (radical) model. In the ionic model, the oxi-

(d)

Fig. 7 Ni-carbide MCCs decorated by Cu and Cd-based fragments: (a) [H2NizoC4(CO)s4{Cu(MeCN)},]*" (green, Ni; orange, Cu; grey, C; red, O; blue,
N; white, H); (b) [NizgCg(CO)36(Cd2Cl3)I°~, (C) [Nig24xCs(CO)assx(CACUI’™ (x = 0.19) (green, Ni; yellow, Cd; orange, Cl; grey, C; red, O); (d)
[HNis2Cs(CO)44(CuC)”~ and (e) [HNis3.xCs(CO)as.d”~ (two CO ligands with partial occupancy factors have not been located) (green, Ni; purple, Ni
with partial occupancy factor; orange Cu; yellow, Cl; grey, C; red, O). Hydride ligands have not been located by SC-XRD. Adapted from ref. 84 and

85 with permission from Springer and Elsevier.
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(b)

Fig. 8 Different Ni(CO) modes found in the [HNizCg(CO)aa(CuCl)’",  [HNigz4xCs(COassxd’™,  [HaNigzxCslCO)asixl®™,

capping
[Nig24xC8(CO)444x(CACDI"™ and [HNig,4Cs(CO)as.x(CdBNI®~ clusters. (a) Uncapped NisCg(CuCl) core; (b) mono-capped Nig,Cs core; (c) mono-
capped Niy3Cg(CdX) core (green, Ni; grey, C; blue, Ni not bonded to carbide; purple, Ni with partial occupancy factor; orange, Cu; cyan, Cd; yellow,
Cl or Br). Hydride ligands have not been located by SC-XRD. Adapted from ref. 84 with permission from Springer.

- four fold

edge bridge

rapid
interconversion

[RusC(CO);5{py-Pt(P'Bus)}] [RusC(CO);5{p-Pt(P'Bus)}]

Adatom hopping mechanism on a metal surface

s

four fold edge bridge four fold

Fig. 9 (Top) Molecular structures of the two isomers [RusC(CO);s{4-Pt(P‘Bus)}] and [RusC(CO);s{i-Pt(P'Bus)}] (orange, Ru; yellow, Pt; green, P; red,
O; grey, C; white, H). The two isomers rapidly interconvert in solution, mimicking the shift of a metal atom from a 4-fold to a 2-fold bonding site
and back on a metal surface during the hopping process. (Bottom) A schematic representation of the adatom hopping mechanism on a metal
surface. Empty circles represent the metal surface; the shaded circle represent the atom that moves. Adapted with permission from ref. 92
Copyright 2003 American Chemical Society.

dation states of Cd and Br are assumed to be +2 and -1, as a pseudo m-allyl ligand, contributing three electrons (one

respectively, and the cluster may be partitioned into two cat-
ionic [{Cds(p-Br)sBry(dmf);}]** rings and one [Pt;3(CO)q,]%"
anionic core. The two rings act as Lewis acids via the Cd(u)
centers, and overall [Pt;5(C0O);,]®~ displays 162 cluster valence
electrons (CVE) [13(Pt) x 10 + 12(CO) x 2 + 8(negative charge)].
In the covalent model, each {Cds(p-Br)sBry(dmf);} ring is
assumed as neutral, and binds the inner [Pt;5(CO);,]*~ cluster

This journal is © The Royal Society of Chemistry 2025

per each Cd bonded to dmf). The overall electron count is still
162 CVE [13(Pt) x 10 + 12(CO) x 2 + 2(negative charge) + 2(Cd
rings) x 3]. Based on the cluster-borane analogy, an icosahe-
dral transition metal cluster should display 170 CVE rather
than 162 CVE.'°® Nonetheless, most gold icosahedral clusters
display 162 CVE, as in the case of [Au;;Cl,(PMe,Ph);,]** and
[AusM,Cl,(PMe,Ph);0]" (M = Cu, Ag, Au).'” Mingos rational-
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Fig. 10 MCCs decorated by Ni(PRs) fragments: (a) [Pd1gNis(CO)22(PPhs)412~ and (b) [Pd33Nis(CO)41(PPhs)gl*~ (orange, Pd; green, Ni; purple, P; grey,

C; red, O). H-atoms have been omitted for clarity.

Fig. 11 [Pt13(CO)12{Cd5(p-Br)5Br2(dmf)3)2]2‘ (a) may be described as
composed of a [Pt;3(CO);,1®~ anionic core (b) decorated by two cationic
[{Cds(pu-Br)sBra(dmf)s}** rings (c, tow views). The resulting Ptyz and
Pt;3Cd;o cores are represented in (d) and (e), respectively (purple, Pt;
yellow, Cd; orange, Br; blue, N; red, O; grey, C; white, H). Adapted with
permission from ref. 106 Copyright 2011 American Chemical Society.

ized the low electron count of such clusters based on the pre-
dominance of radial over tangential bonding.'*® Pyykko
further supported the explanation of Mingos, by performing
DFT calculations of the hypothetical 162 CVE [WAu;,(CO)15]
cluster.""" The same electron count has been found also in
[Pt13{Au,(PPh;),},(CO)419(PPhs),] (Fig. 12), composed of a

2232 | Dalton Trans., 2025, 54, 2224-225]

[Pt13(CO)10(PPh3),]*" core [13(Pt) x 10 + 10(CO) x 2 + 4(PPhj) x
2 + 4(negative charge) = 162 CVE] decorated by two
[Auy(PPh;),]*", acting as Lewis acids.''> Using a similar
approach based on Lewis Dot Formulas, staple motives such
as [Au(SR),]™ and [Au,(SR);]™, found in thiolated gold clusters,
may be viewed essentially as four-electron donors. Within this
framework, the [Au,5(SCH,CH,Ph);5]” nanocluster may be
viewed as composed of a [Auy;]°" core [13(Au) x 11 — 5(positive
charge) = 138 CVE] and six [Au,(SR);]” staple motives [contri-
buting 6 x 4 = 24 CVE], with an overall electron count of 162
CVE, as in the above mentioned organometallic carbonyl and
phosphine clusters.

Saillard et al. have analyzed the same clusters within the
framework of the superatom model.>" [Au;;Cl,(PMe,Ph);*" is
a superatom with 8 free electrons (fe = free electrons; nfe =
number of free electrons) [nfe = 13(Au,3) — 2 (Cl,) — 3(positive
charge) = 8] and 15> 1P° closed-shell configuration. In the case
of [Pt;3(CO)1,{Cds(p-Br)sBry(dmf);},]*, the 8— charge of the
[Pt;5(CO).,]*~ core provides the 8 free electrons for the same
superatomic 1S> 1P° configuration. This point has been
further corroborated by the Kohn-Sham orbital diagram of
[Pt;5(CO).,]%", where the 1S and 1P orbitals lie at the bottom
of the fully occupied 5d block, whereas the empty 1D level is
located above the 7*(CO) orbitals (Fig. 13). Similar conclusions
apply to [Pt;3{Au,(PPh;),},(CO),0(PPhs),], which is again a
superatom with nfe = 8. These bonding analyses may be
extended to other Pt-Cd carbonyl clusters, and the reader may
find details in the cited literature.>

Surface decoration of MCCs with Lewis acids may be
extended also to main group metal-based fragments. For
instance, reactions of [Nig(CO);,]>~ with InBr; under different
experimental conditions lead to the selective formation of
[Nig(p5-InBr3)(n*-pe-In,Brs)(CO) 11 P, [Nig(n*-pe-InyBrs)a(CO)10]* ™,
and [Niy,(pe-In)(n*-pe-InyBryOH)(CO),, "~ (Fig. 14)."** These
clusters are composed of [Nig(CO)1;]*™ or [Nig(CO);0]®” carbo-
nyl cores decorated by Lewis-acid fragments such as InBrj,
[In,Br;]", [In,Br,OH]" and [In]**

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 [Pt;3{Au,(PPh3),}(CO);0(PPh3),] (a) is composed of a
[Pt;3(CO)10(PPhs)4]*~ core decorated by two [Au,(PPhs),]?* fragments (b)
(purple, Pt; yellow, Au; orange, P; red, O; grey, C). H-atoms have been
omitted for clarity in (a). CO ligands and Ph rings have been omitted in
(b).

=*(CO)

141eV

i |;
1eV |[65MOs

= 1y, 1P

\ e

ag 1Sj

%
[Pt13(CO)121® ()

Fig. 13 Kohn-Sham MO diagram of [Pty3(CO)1218", as found in the
structure of [Pt;3(CO)1{Cds(u-Br)sBra(dmf)s}.]1>~. Adapted from ref. 51
with permission from The Royal Society of Chemistry.

2.2. Metal-ligand fragments as Lewis bases

Metal-ligand fragments with a Lewis base character may coor-
dinate to the surface of a MCC as monodentate or polydentate
ligands. Such fragments may replace one or more CO ligands
in existing MCCs, or stabilize non-existing MCC cores.
Therefore, these metal-ligand Lewis base fragments may be

This journal is © The Royal Society of Chemistry 2025

View Article Online

Frontier

viewed as organometallic analogues of organic ligands, such
as monodentate or polydentate phosphines.

Among these, Sn(u) based fragments are very effective and
versatile. Simple fragments such as [SnCl;]~, SnCl, and [SnCI]"
may be viewed as two-electron donor ligands, related to alkyl,
carbene and carbyne ligands, respectively (Scheme 1). The
[CLSn(p-OR)SnCl,]™ and [Br,Sn(p-Br)SnBr,|~ fragments may be
described as bidentate (four electron) ligands, whereas
[C1,SnOCOSNCL,*~ is a tridentate ligand, donating four elec-
trons via the two Sn(u)-centers and two electrons via the
C-atom. The species [Ptg(CO);0(SnCl,)4]*~, [Pts(CO)s{CL,Sn(OR)
SnCL};P~ (R = H, Me, Et, 'Pr), [Pts(CO)s(SnCl,)5(SnCl3),]*",
[Pto(CO)g(SnCl,);(SnCl;),(CLSNOCOSNCL,)]*™ and [Pt;o(CO)y,
{CL,Sn(OH)SnCL},]*~ can be obtained from the reactions of
[Pt3,(CO).]>~ (n = 2-5) Chini clusters with SnCl, under
different experimental conditions (Fig. 15)."**'® These may
be further transformed into [Pts(CO)g(SnCl,)(SnCls),]*” and
[Pts(CO)g(SnCl,)(SnCl3),(PPh,),]>~ upon reactions with CO and
PPh;. All these species may be viewed as Pt-CO clusters deco-
rated by the above mentioned Sn-based fragments.

Reaction  of  [Pt;5(CO)3]*~  with  GeCl, affords
[Ptg(CO)10(GeCl,)s]*™, isostructural to [Ptg(CO)1o(SNCly),,
that contains four carbene-like GeCl, ligands.''” Several
examples of Ru, Os and Ir carbonyl clusters decorated by
[GeR]" and GeR, (R = H, alkyl, aryl) have been reported by
Adams and Captain.'*®*™2° For instance, thermal reaction of
Ru;(CO);, and ‘BuGeH; in heptane affords a mixture of six
clusters, that is, Rus(CO)s(s-Ge'Bu),, Ru,(CO)s(-Ge'BuH)s,
Ru,(CO);0(ns-Ge,"Bu,)(u-Ge'BuH),, Ru,(CO)s(ps-Ge, Buy)(p-
Ge'BuH),(p13-Ge'Bu)(H), Ru;5(CO)1,(ps-Ge'Bu),(14-Ge'Bu)(H),
and Rug(CO)y,(ps-Ge'Bu)y(H),, which can be separated by TLC
(Scheme 2). All these Ru-Ge carbonyl clusters are composed of
Ru,, Ru;, Ruy, Rus and Rug carbonyl cores decorated by
[Ge'Bu]* and Ge'BuH ligands.

The clusters [Rhg(CO);5(GaCp*)], [Rhe(CO)14(GaCp*),],
[Rhe(CO)13(GaCp*);], and [Rhg(CO);5(GaCp*),] may be viewed
as octahedral Rhg clusters decorated by GaCp* fragments
(Fig. 16)."*"'22 This is a two-electron donor fragment and,
thus, these species are formally obtained upon replacement of
1-4 CO ligands in [Rhe(CO);6] by 1-4 GaCp*. A related InCp*
species has been also reported, that is, [Rhe(CO);5(InCp*)].
The cluster [Niy(CO)s(GaCp*),] is a tetrahedral 60 CVE species,
analogue to the homoleptic [Niy(CO);o] cluster, which has
never been observed (Fig. 17).'%*

3. Metal core decorated on the
surface by metal-carbonyl fragments

Metal-carbonyl fragments may behave as ligands and coordi-
nate to single metal ions, dimers or metal clusters. This
applies to monometallic M-CO fragments, that is, [M(CO), [,
or polynuclear MCC fragments, that is, [M,,(CO),J°". Such M-
CO fragments may exist or not exist as free species.

There are several complexes where a single d'® metal ion
(Cu’, Ag®, Au*, zn**, Cd**, Hg*") is linearly bonded to two

Dalton Trans., 2025, 54, 2224-2251 | 2233
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Fig. 144 MCCs decorated by main group metal-based fragments acting as Lewis acids. Molecular structures of (a) [Nig(pz-InBrs)(n?-pe-In,Brs)
(CO)I*~, and (b) [Niga(pg-1n)(n2-pe-INBrsOH)(CO),,14 (green, Ni; yellow, In; orange, Br; red, O; grey, C). The H-atom of the OH group has not been

located.

Cl |
Cl Cl Cl
n Sn/ \\Sn/e
[SnCI]* [SnCl,] [SnCLy]™

R
Cl .\ ® fl Br .@2 ?r
INle o e/ Brle bl o/ b

S s S s

[CL,Sn(p-OR)SnCl, ]~ [Br,Sn(p-Br)SnBr,]

Cl o0 o0 1
e 20l /'OQaf/Cl
Sn < Sn

[C1,SnOCOSnCl,]*~

Scheme 1 Lewis dot formulas of the [SnClI*, SnCl,, [SnCls]~, [ClSn(u-
OR)SNCl,]™, [BroSn(p-Br)SnBr,]~ and [Cl,SnOCOSNCLL]?~ ligands found in
Pt carbonyl clusters decorated by Sn-fragments acting as Lewis bases.

MCC fragments. Some noticeable examples are represented in
Fig. 18."**"'?® such complexes are closely related to MCCs
decorated on the surface by ML fragments. In the case of com-
pounds described in section 2.1, the central ion is bonded to
one MCC fragment and one L (or X™) ligand, whereas in the
cases reported in Fig. 18, M is bonded to two MCC fragments.
In most of the cases so far reported, the single metal ion is co-
ordinated to anionic MCC fragments. An interesting exception is
represented by [MFe,(CO)y]" (M = Cu, Ag, Au), where the M"
ions are linearly bonded to two neutral Fe(CO)s; molecules.'”
There are also a few examples where a d'° ion is coordinated to
extended cyclic or acyclic MCC fragments, such as [MRug(CO),,]~
(M = Cu, Ag), [AuRu;(CO);o]7,"*® and [HgOse(p-PPh,),(CO),0].1*°
In all cases, the MCC fragments act as Lewis bases, and
they can also bind to larger M, fragments. This point is well
exemplified by the Hg-Ru clusters [HgRug(CO),]"",

2234 | Dalton Trans., 2025, 54, 2224-225]

Fig. 15 Pt carbonyl clusters decorated by Sn-fragments acting as Lewis
bases. Molecular structures of (a) [Ptg(CO)e(SNCLy)o(SNCls)al*", (b)
[Ptg(CO)10(SNCL)41%~, (€)  [Pto(CO)g(SNClo)5(SNCls),(ClSNOCOSNCLL) -
and (d) [Pt;o(CO)14{CLLSN(OH)SNCl,},12~ (purple, Pt; orange, Sn; green,
Cl; red, O; grey, C; white, H). Adapted from ref. 115 with permission from
The Royal Society of Chemistry.

[Hg,Ru,(CO)z6]>~, [HgsRug(CO)s0]*", and [HgRuyo(CO)s]*”
(Fig. 19)."*° These contain [Hg]**, [Hg,]"", linear [Hg;]*", and
rectangular [Hg,]*" cores, respectively, stabilized by [Ru
(COLJ™, [Rus(CO);]*7, and [Ru,(CO),]>~ MCC anions.
Triangular [Hg;]°" cores have been found in [Hg;0so(CO)s5]
and [Hg;0s,5(C)y(CO)s]*~ (Fig. 20)."*""*? The former cluster

This journal is © The Royal Society of Chemistry 2025
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(cc)

Fig. 16 Octahedral Rh carbonyl clusters decorated by GaCp* and
InCp* fragments. Molecular structures of (a) [Rhg(CO)12(p3-GaCp*)4l and
(b) [Rhg(CO)15(nz-INCp*]) (blue, Rh; yellow, Ga (a) or In (b); red, O; grey,
C; white, H). These compounds have been obtained upon reactions of
[Rhe(CO)16] With GaCp* and [Rhg(CO)15(MeCN)] with InCp*, respectively
(Cp* = pentamethylcyclopentadienyl). Adapted from ref. 9 with per-
mission from The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2025

Rug(CO)12(n3-Ge'Bu)a(H),

Scheme 2 The products of the thermal reaction of Rus(CO);, and ‘BuGeHs. The products have been separated by thin layer chromatography (TLC).
CO ligands have been omitted for clarity. Adapted from ref. 9 with permission from The Royal Society of Chemistry.

Fig. 17 The tetrahedral 60 CVE [Nis(CO)s(GaCp*)4] cluster (a), com-
posed of a [Nis(CO)e] core (b) decorated by four GaCp* fragments. The
resulting [Nis(CO)sGa,yl framework is represented in (c) (green, Ni;
yellow, Ga; red, O; grey, C; white, H).
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(b) (©)

Fig. 18 Single metal ions stabilised upon coordination to metal carbonyl fragments. Molecular structures of (a) [{CosC(CO)s},Aul™, (b)
[(NiG(CO)Q}ZAu]Z”, and (c) [{Fe(CO)s},Au]* (blue, Co; green, Ni; orange, Fe; yellow, Au; red, O; grey, C).

co 20
/ \Ru CO)3 : Ru)ico
©0nRd | N )
TR
(a) OC—RU(CO:  (COB~Ry(cO),

(CO) 20
Ru(CO),4 u37RU(CO)4

A —
AT He— L/

(OC);RUT RU-
\\\/ (CO)5 O

Ru(CO);
(b) RG(CON

(CO); (CO), (CO)3 20
Ru
ORI od] N RN
4 OCi /Hg-—-; g====Hg RU(CO)4
L / /

(C) (CO); (CO)4 (CO)

Fig. 19 [Hg,l>™* (n = 1-4) cores stabilised upon coordination to metal carbonyl fragments. Molecular structures of (a) [HgRug(CO)».1%~, (b)
[Hg,Ru,(CO),61%", (c) [HgzRug(CO)30l%~, and (d) [Hg4Ru10(CO)s,1*" (blue, Hg; orange, Ru; red, O; grey, C). Adapted from ref. 130 with permission from
Elsevier.
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Fig. 20 (a) The triangular [Hgs]®* unit can be stabilised upon coordination of three [Osz(CO)1,]>~ MCCs on its three edges resulting in the 2-D

surface decorated MCC [HgzOso(CO)s3]l. (b) Alternatively,
[Hgz0s15(C)2(CO)421°~ (blue, Hg; orange, Os; red, O; grey, C).

possesses a slightly twisted 2-D structure, since the three
[0s3(CO),1]*” units are side-by-side bonded to the three edges
of the [Hgs]®" triangle. Conversely, in the case of
[Hg305:5(C)5(CO)42]*, the two [0ssC(CO)y,]*~ fragments are
bonded to the two triangular faces of [Hg;]®", resulting in a
sandwich compound. Mercurophilic interactions are present
in all these compounds.

Square or rectangular [M,]"" cores (n = 4, M = Cu, Ag, Au; n
= 8, M = Cd, Hg) stabilized by MCC fragments are rather
common. Representative examples are [M,Fe,(CO)i]*” (M =
Ag, Au),"** [M4C04(CO)6],>* (M = Cu, Ag), [MsMo,(Cp)4(CO)12]

(OC)4Fe—, g/Fe(CO)4 4=

LN
oA

(OC),Fe—A9——Fe(CO),

(a)

it can be sandwiched between two [OsgC(CO)xl*"

Phy

thP—Au\

MCCs, resulting in

(M = Ag, Au), [MsMo,(CsH,NMe,)4(CO);,] (M = Ag, Au),***
[Cd,Fe4(CO)16), [HgsRU4(CO)16),"*° and [HgsMn4(MeCp)4(CO)s]
(Fig. 21)."%® These 2-D clusters contain [M,]*" (M = Cu, Ag, Au)
or [My]*" (M = Cd, Hg) cores stabilized by [Fe(CO),]*", [Ru
(CO)4*~, [Co(CO)], [CpPMo(CO);]”, and [(MeCp)Mn(CO),]*~
fragments. Anionic [MFe,(CO);6]*” (M = Ag, Au) may be
further decorated by [Auy(dppm)]*" and [Auy(dppe)]*" frag-
ments affording the larger 2-D clusters [AggFe,(CO):6(dppm)s,],
[AgsAu,Fe (CO)i6(dppe)s], [AugFes(CO)i6(dppe).], and,
[AugCu,Fe,(CO)i6(dppe),]."*"**® The species [AugMo,(CO)0(PPhs)4]
is closely related."*®

(?:0)4 (CO)4
e
—AuT | / \Au—P

DR

Au—PPh,

(b)

(CO)4

Fig. 21 MCCs based on square [Ags]** cores stabilised upon coordination of four [Fe(CO)41%~ units, which can be further decorated by two
[Au,(dppe)l?* fragments. Molecular structures of (a) [Ag4Fes(CO)16l*™ and (b) [AgsAusFe,(CO)is(dppe).] (blue, Fe; orange, Ag; yellow, Au, purple, P;

red, O; grey, C). Hydrogen atoms have been omitted.

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Syntheses of the clusters [M3Fes(CO)3,1*™ (M = Cu, Ag, Au) and [M4Fe4(CO):¢l* (M = Ag, Au). In the case of Ag and Au, the trimeric and
tetrameric clusters may be viewed as polymerization isomers. Adapted with permission from ref. 133 Copyright 2019 American Chemical Society.

Fig. 22 (a) The molecular cluster [CugFe4(CO)16]>~ may be viewed as (b) a sp> four-electron [Cugl®>* superatom bonded to four [Fe(CO)4l"~ MCC

radical fragments (blue, Fe; orange, Cu; red, O; grey, C).

Polymerization isomerism has been observed in the case of
[MFe,(CO)16]*™ (M = Ag, Au). Indeed, it has been possible to
synthesize and structurally characterize their triangular isomers
[M3Fe3(CO),°~ (M = Ag, Au) (Scheme 3).'** Conversely, only
[CusFe3(CO)y,]*~ is known in the case of copper.

The species [M;sFe,(CO)6]>~ (M = Cu, Ag, Au) contain a cen-
tered rectangular [M;]>* core decorated on the surface by four
[Fe(CO),]>~ fragments, and formally originate upon addition of
a M ion at the center of [M,Fe,(CO)]*". Interestingly,
complex mixtures of 2-D molecular alloy clusters of the type
[M,M'5_,Fe4(CO)16]>~ (M, M’ = Cu, Ag, Au; M # M’) can be pre-
pared in an almost continuum of compositions."*°

2238 | Dalton Trans., 2025, 54, 2224-2251

In the case of copper, further addition of a Cu" ion affords
the 3-D cluster [CugFe4(CO);6]*~, composed of an octahedral
[Cug]®* core and four [Fe(CO),*~ fragments. Alternatively, this
cluster may be viewed as a sp® four-electron [Cug]*" superatom
bonded to four [Fe(CO),]’”” MCC radical fragments (Fig. 22).
The same model has been applied to anionic [AugNi;,(CO),4]*~
and cationic [AggM,(CO),4]*" (M = Nb, Ta), which contain a
[Me]** (M = Ag, Au) superatom tetrahedrally bonded to four
[Niz(CO)e]"™ or four [M(CO)s]" (M = Nb, Ta) radical metal carbo-
nyl fragments (Fig. 23 and 24).>>> The closely related
[AgeNbs(CO)30]" has been interpreted as composed of a trigo-

nal prismatic [Age]" five electrons core bonded to five [Nb

This journal is © The Royal Society of Chemistry 2025
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M=Nb(3a) Mm(CO),
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M = Nb (4a)
Ta (4b)

,
N 1/
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0C)gM-J3x
(0C T

M(CO)g

Fig. 23 Schematic structural formulae and structures of the metallic cores of the cationic cluster cores of [AgegNbs(CO)z0l™ (3%) and
[AgGM4(CO)24]2+ (M = Nb, Ta) (42%). The counterions [Al(OR"),4]~ and the CO ligands are omitted for clarity in all structures. Ellipsoids were drawn at
the 50 % probability level. Sum of the formally available valence electrons (VE) of the metal cores (Ag*: 10 VE and M™: 6 VE). Adapted from ref. 52

with permission from Wiley.

Fig. 24 The molecular cluster [AugNio(CO),41%~ (a) may be viewed as a sp® four-electron [Augl®* superatom bonded to four [Nis(CO)¢l'™ MCC
radical fragments (green, Ni; yellow, Au; red, O; grey, C). The interaction of one of these radical fragments with the octahedral core is schematically

represented (b). Adapted from ref. 52 with permission from Wiley.

(CO)¢]” radicals, which adopt a trigonal bypiramidal arrange-
ment. Octahedral cores have been found also in
[AugRh;6(CO);36]°” and [HPdgFes(CO)pa P, *"'** but theoretical
studies for their possible rationalization within the superatom
model have not been yet carried out.

A further intriguing example where M-CO fragments act as
ligands toward a gold cluster is [AugCo,(PPh;)s(CO)g].**® Its
[Aug]*" core consists of two tetrahedra with a common edge,
bonded to four PPh; and two [Co(CO),]” units all acting as
terminal ligands. Alternatively, it could be interpreted as com-
posed of a neutral [Aug] core, four PPh; ligands and two [Co
(CO),]" radicals.

A few examples of larger nanoclusters containing metal
cores decorated by MCC fragments have been reported, that is,

This journal is © The Royal Society of Chemistry 2025

[Ago0813(CO)as]”, [Ag0OSo(13-0)2(CO)30] ", """ [AgsFes(CO)zn]""
(n =3, 4, 5),"*° [Ag16Niz4(CO)40]*,**> [H;_,PdoC0;5C5(CO)zs]"~
(n = 0-3), [He_nPd16C0,0C4(CO)s]™™ (n = 3-6),1071*8
[AuyiFe;5(CO)so]’™, [AUzsFe5(CO)s]®, [AussFe 4(CO)s,]% ", and
[Auz,Fe 4(CO)s0] 0.1

The two Ag-Os clusters are actually composed of three
[Ag;]** units stabilized upon coordination to four [Os;(CO),]*~
and one [0s(CO),]*” fragments in the case of [Ago05s,5(CO)4s],
and two [0s;0(CO),]>~ and three [0s(CO),J*~ units in the case
of [Ags0ss(j13-0)2(CO)z0] . **

The very impressive [Ag;6Niy,(CO)40]*" cluster reported by
Dahl et al.,"* is composed of a ccp Ag,¢ kernel whose surface
is connected to four tetrahedrally disposed triangular
Nig(CO);o fragments. Taking into consideration the negative

Dalton Trans., 2025, 54, 2224-2251 | 2239
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Fig. 25 The molecular structure of the cluster [AgigNi»4(CO)40l*™ (a),
whose AgigNi>4 metal kernel (b) may be derived from the interaction of
a ccp Agse core (c) with four [Nig(CO);0]"™ radicals (d), adopting a tetra-
hedral arrangement (green, Ni; orange, Ag; red, O; grey, C).

[CosC(CO); 51> M

[H2Coy5PdgC3(CO)3¢]™

+H"

_H"

AV
NS 7 N X
27 A N AN
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[H3Coy5PdyC3(CO)s35]
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charge, it may be viewed as a 16 electrons Ag;¢ core bonded to
four [Nig(CO),0] ™ radicals (Fig. 25).

[H;_,PdoC0;5C3(CO)35]"~ (n = 0-3) and [He_,Pd;6C0,0C,4
(CO)yg]™™ (n = 3-6) display some interesting features
(Fig. 26)."°7'*® First of all, they are composed of compact
Pdy and Pd,¢ cores decorated by three or four [CosC(CO);5]
MCC fragments arranged in a trigonal planar and tetra-
hedral geometry, respectively (Fig. 27). Moreover, they
are poly-hydrides and each single hydride species
display some reversible redox processes, as assessed
by electrochemical studies. SQUID measurements indicate
that [HPdoCoy5C3(CO)35]>~ is paramagnetic with two
unpaired electrons. The structure of the Pdy core of
[H;_,PdoCo,5C3(CO)3g]"~ (n = 0-3) reversibly changes from
trigonal prismatic to octahedral upon protonation/deproto-
nation reactions. Core isomerism has been observed in the
case of [HPd,Co;5C3(CO)z5]>~ that may adopt both trigonal
prismatic and octahedral structures of the Pdy core, depend-
ing on packing forces.

[Ho.nCo20Pd6C4(CO)4g]™
(0 =3-6)

YA
FWN
N INGE
b= 7080" A4
2% 27 %

[Co,5PdgC5(CO)35]>

[HCo,5PdyC5(CO)35]*
Two isomers

Fig. 26 Synthesis of [Hg_,C020Pd16C4(CO)4sl™ (n = 3-6) and its transformation into [HPdgCo;5C3(CO)z5]>~ upon reaction with HBF, in CH,Cl.
Protonation/deprotonation reactions of [Hz_,Co15PdgC3(CO)3g]"™ (n = 0-3) are reported. [H3Co15PdgC3(CO)3g] and [H;Co15PdoC3(CO)sgl™ display an
Oh-Pd, core, whereas [Coy5PdoC3(CO)35l>~ adopt a TP-Pds structure (Oh = octahedron; TP = trigonal prism). Both isomers have been found in the
case of [HCo;5PdsC3(CO)z5l%~ (orange, Pd; blue, Co; red, O; grey, C). Hydride ligands have not been located by SC-XRD. Adapted from ref. 147 with

permission from The Royal Society of Chemistry.
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Fig. 27 Schematic representation of (a) one of the [CosC(CO);,] fragment decorating the [Hz_,PdgCo45C3(CO)zg]”” (1 = 0-3) and
[He_nPd16C020C4(CO)46]"" (n = 3—6) clusters, and their (b) Pd;, (c) octahedral Pdy and (d) trigonal prismatic Pdg cores. The tetrahedral and trigonal
planar arrangements of the [CosC(CO);,] fragments around these Pd,, cores is represented in (e) and (f).

(b)

Fig. 28 Molecular structure (a) and metal core (b) of [Au,;Fe;o(CO)40l°~ (yellow, Au; blue, Fe; grey, C; red, O). The central [Auy;]>* unit is bonded to
two [Aus{u-Fe(CO)4}s]°~ rings containing linear Fe—Au—Fe motives.

Absorbance [a.u.)

06 08 1 12 1.4 16
Energy [eV]

Fig. 29 NIR absorption spectrum recorded in CHsCN, molecular structure and Au,,Fe;, frame of [Aux,Fe;2(CO)4sl® (yellow, Au; green, Fe; grey, C;
red, O). Adapted with permission from ref. 50 Copyright 2009 American Chemical Society.
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The [Au,;Fe;o(CO)ao]>~, [AUzsFes5(CO)ss]® ™, [AuygFe14(CO)s, T,
and [Auz4Fe;4(CO)50]'” nanoclusters may be viewed as organo-
metallic counterparts of thiolate-protected gold nano-
clusters.'® Indeed, these Au-Fe-CO molecular nanoclusters
are stabilized on the surface by linear Fe-Au-Fe fragments,
reminiscent of the S-Au-S staple motives present in ligand
protected Au nanoclusters. Because of this, the real nuclearity
of the metal cores of such Au-Fe-CO and Au-SR nanoclusters
are reduced compared to the nominal ones. The linear frag-
ments on the surface may generate larger motives, such as Au
(SR), and Au,(SR); in the case of Au-SR nanoclusters, and Au
{Fe(CO)4}, and Au,{Fe(CO),}; for Au-Fe-CO MCCs. Both an
ionic and neutral model may be used in order to interpret
their bonding. Using the ionic model, [Au,;Fe;o(CO)40]>~ may
be partitioned into a [Auy;]*" core and two [Aus{p-Fe(CO),}s]>~
rings containing linear Fe-Au-Fe motives (Fig. 28).'°%'*
Similarly, [Au,s(SCH,CH,Ph),g]” may be viewed as composed
by a [Auy;]>* core and six [Au,(SR);]” staple motives.

View Article Online
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Hiékkinen and Femoni have further analyzed these iron-car-
bonyl-protected gold clusters by near-infrared (NIR) and
Raman spectroscopy in conjunction with linear-response time-
dependent density functional theory (LR-TDDFT).*° In particu-
lar, the analyses of [Au,;Fe;o(CO)40]°~ and [Au,,Fe;,(CO)4s]®”
(Fig. 29) indicate that their bonding and electronic structures
display some analogies to thiolate-monolayer-protected Au
clusters, and the frontier orbitals responsible for their NIR
absorption may be rationalized in the framework of the gold
superatom model.

The species [AuysS{Fe(CO)4}4(IPT),]**

(IPr = C;N,H,

(C¢H3'Pr,),) was obtained upon thermal decomposition of [Fe
(CO)4(AulPr),] in DMSO."° It consists of a ji;,-S centered Auj,-
cubeoctahedron, decorated on the surface by four p;-Fe(CO),
and four ps-AulPr fragments, with pseudo-Tq sSymmetry
(Fig. 30 and 31). Icosahedral Au,; and Au;,M cages have been
found in several ligand-protected molecular gold nano-
clusters,

30,31,35,44,151,152 \whereas the cubeoctahedral core is less

Fig. 30 Two different views of the molecular structure of [Au;eS{Fe(CO)4}4(IPr)412* (IPr = CsN,H5(CeH3Prs),). Au—C(O) contacts [2.636(4)—2.723(4)
Al were represented as fragmented lines. Hydrogen atoms have been omitted (green Fe; yellow Au; orange S; blue N; red O; grey C). Adapted with

permission from ref. 150 Copyright 2020 American Chemical Society.

(@) (b)

Fig. 31 Schematic representation of (a) the Au,S cubeoctahedral core of [AuieS{Fe(CO)4}4(IPr)4l%* (IPr = C3NoH»(CgH3Pro),), and the tetrahedral
arrangements of (b) the four usz-Fe(CO), groups and (c) the four ps-AulPr fragments (green Fe; yellow Au; orange S; blue N; red O; grey C). The

center of the cluster is represented as a white sphere in (b) and (c).

2242 | Dalton Trans., 2025, 54, 2224-2251
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common.'® The electron count of [Au;sS{Fe(CO),}4(IPr),]**
can be derived assuming that the p;-AulPr fragments, isolobal
to ps-H, contribute one electron each, the ps;-Fe(CO); groups
are four electron donors, and the interstitial ps-S atom donates
six electrons.”®® Overall, [Au;¢S{Fe(CO),}4(IPr),]*" possesses
156 CVE [11 x 12 (Au) + 6 x 1 (p-S) + 4 x 1 (pz-AulPr) + 4 x 4
(n3-Fe(CO),) —2 (charge +2)]. According to the EAN (Effective
Atomic Number) rule, a cubeoctahedron should have 168 CVE.
PSEPT (Polyhedral Skeletal Electron Pair Theory) predicted 170
CVE by interpreting a cubeoctahedron as a four-connected
polyhedron. Conversely, assuming that radial bonding predo-
minates, on the basis of Mingos Rules a cubeoctahedron
should have 162 CVE. In all cases, [Au;S{Fe(CO),}4(IPr),]**
results electron poor, as often found for gold clusters.

4. Conclusions

Two general types of molecular clusters may be classified as
surface decorated MCCs. These include clusters composed of a
metal carbonyl core decorated on the surface by ML fragments,
as well as clusters composed of a naked metal core decorated
and stabilized on the surface by metal-carbonyl fragments. All
of these possess a metal core of various geometries stabilized
upon coordination to its surfaces of different metal-ligands or
metal-CO fragments. Most of the work appeared to date con-
cerns the syntheses of surface decorated MCCs and their struc-
tural characterization by SC-XRD. Some of the most noticeable
examples appeared in the literature have been reported in this
Frontier Article, mainly outlining the contribution of our
research group in Bologna to this field.

The examples herein reported show the rich structural and
chemical diversity of surface decorated MCCs, as well as the
possibility of obtained higher nuclearity clusters. Beside the
aesthetical pleasure generated by these species, they allow to
access unusual structural motives and geometries. At this
regard, some structural analogies can be drawn among some
of these surface decorated MCCs and other categories of
ligated clusters, such as ligand protected coinage metal nano-
clusters. In particular, the M-ligand and M-CO fragments dec-
orating some of these surface decorated MCCs display some
resemblances to the staple motives reported for ligand pro-
tected Au nanoclusters and related species. Moreover, the
superatom model, usually applied to coinage metal nano-
clusters, has been recently applied also to some representative
examples of surface decorated MCCs.>** Further structural
and theoretical work will be required in order to fully explore
the potentialities of these analogies, hopefully leading to a
general unified approach for the interpretation of the different
categories of molecular ligated metal clusters.

At this regard, it is noteworthy that, adopting the
electron counting rules of low valent metal clusters
(whose classically employed for MCCs), the surface
decorated MCCs [Pt;3(C0O);,{Cds(p-Br)sBry(dmf);},]>~ and
[Pt;3{Auy(PPh;),},(CO)10(PPh3),], the Au-phosphine cluster
[Au;;Cl,(PMe,Ph);o]**, and the Au-thiolate cluster

This journal is © The Royal Society of Chemistry 2025
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[Au,5(SCH,CH,Ph),5]”, all possess 162 CVE (see section
2.1).19%71%% As predicted by Mingos, this electron counting is
consistent with an icosahedral M,; core where radial bonds
predominate over tangential ones."'®'™ Applying the super-
atom model to the same four icosahedral clusters, they result
to be superatom with 8 free electrons.’® This apparent “abnor-
mal” difference in the electron counting (162 vs. 8) is due to
how and which electrons are counted in the two schemes. CVE
rules add all the valence electrons of the cluster, without
differentiating between core electrons and those used for
binding the ligands. Moreover, also the d electrons of the tran-
sition metals are included, even if the question might be
debated in the case of Au. Of course, the metal framework (M-
M bonding) is due to a reduced number of electrons (as a func-
tion of geometry). Most electrons are used to bind ligands (o
and n interactions) or are inert low lying core electrons.
Conversely, in the superatom model only the electrons respon-
sible for M-M bonds are counted, and d electrons are
excluded. After considering these two points, the two models
perfectly agree for the above mentioned four icosahedral clus-
ters. Somehow, they say the same thing, but in a different
manner. It would be important to extend this theoretical com-
parison among different electron counting models to other
molecular metal clusters, in order to better appreciate such
analogies.

From a practical point of view, MCCs already found several
applications in catalysis and electrocatalysis.”'® 1281547138
Enhanced molecular electrocatalysts might be obtained based
on the electron sponge behavior of larger MCCs."*">°
Paramagnetic MCCs could be exploited as single molecular
magnets.'®® MCCs were employed as models in surface
science, particularly for Fischer-Tropsch chemistry, and gave a
fundamental contribution to the development of the cluster-
surface analogy.'®"'®> More recently, iron carbide MCCs gar-
nered attention in bioinorganic chemistry, as spectroscopic,
structural and functional models of the nitrogenase active site
cluster.'®® Such studies require the partial replacement of car-
bonyls with other ligands, and the introduction of organic and
inorganic sulfur based ligands is rather challenging.'®* CO-
substitution may lead also to water-soluble MCCs, that might
have potential biological and pharmaceutical applications.'®
Isomerism and chirality are two other fields of increasing
interest in molecular cluster chemistry,'®®'®” whose investi-
gation in the case of MCCs is at its beginning.'*®'%° New mole-
cular materials integrated with MCCs can be obtained by self-
assembly phenomena exploiting the formation of homometal-
lic or heterometallic bonds, or employing suitable bidentate
ligands.'"'®'%! Indeed, self-assembly can be exploited for the
construction of cluster-based polymers for optoelectronics,
magnetism, catalysis and nanotechnology.''”>'"* A further
strategy for the preparation of MCC based materials is rep-
resented by their encapsulation within metal organic frame-
work (MOF),"”? affording nanostructures materials for poten-
tial applications in catalysis and electrocatalysis.'”* Finally,
MCCs may be used as molecular precursors in controlled
thermal processes for the synthesis of supported metal cata-
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lysts, metal nanocrystals embedded in porous matrices, mag-
netic nanoalloys, and conductive sub-micrometric metal
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