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The present microreview focuses on different typologies of
isomerism documented along the years for metal carbonyl
clusters (MCCs), and outlines their analogies to other classes of
ligand-protected molecular clusters and nanoclusters. Isomer-
ism in molecular MCCs is discussed within two main categories,
that is, surface isomerism and core isomerism. The first Section
presents some representative examples of surface isomerism
involving inorganic (carbonyls and hydrides) and organic
ligands, as well as isomerism due to ML fragments decorating

Introduction

Isomerism is a key topic in organic and coordination chemistry,
widely discussed in most undergraduate textbooks. Isomeric
compounds may be broadly classified into two major catego-
ries, that is, stereoisomers and structural isomers. More recently,
isomerism has been investigated also in the field of molecular
metal clusters and atomically precise metal nanoclusters, in
view of their relevance to nanochemistry and
nanotechnologies."™ Most of these studies have been dedi-
cated to Au nanoclusters, and related coinage metal ligand
protected molecular nanoclusters. Examples of isomerism in
such nanoclusters include enantiomerism, and different types
of structural isomerism, that is, core isomerism, staple isomer-
ism and complex isomerism. Ligand protected metal nano-
clusters are composed of a metal core and a ligand shell. Thus,
isomerism may involve the stereochemistry of the ligands, their
position and/or coordination mode, the staple motives on the
surface of the cluster, the structure of the metal core, the
disposition of different metal types within the metal kernel, or a
combination of these.'*"”

Even though isomerism is possible and has been docu-
mented for other classes of molecular metal clusters, systematic
studies are very rare or completely missing."®'¥ Probably the
first example of cluster core isomerism is represented by the
organometallic cluster [Pt;(u-PPh,);Ph(PPh;),], whose two iso-
mers have been described for the first time in 1985.2°%% Since
then, other examples of isomerism in organometallic clusters
and, in particular, metal carbonyl clusters (MCCs) have been
reported (Scheme 1). It must be remarked that the study of
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the cluster surface. The second Section focuses on three major
categories of core isomerism, that is: (1) isomers that mainly
differ on M-M distances; (2) isomers displaying different
structures of the metal kernels; (3) isomers possessing almost
identical metal kernels and ligand shells, but differing for the
positions of different types of metal atoms within the metal
kernel. The third Section briefly discusses two related and very
rare cases of isomerism, that is, polymerisation and coordination
isomerism. General conclusions are outlined in the final Section.

MCCs of increasing sizes may contribute to a better under-
standing of atomically precise metal nanoparticles, metal nano-
clusters, ultra-small metal nanoparticles and nanomaterials in
general>*3% Moreover, MCCs have found applications in
catalysis and electrocatalysis.”’ > In this perspective, a ration-
alization of isomerism in molecular MCCs could help deepening
our insights into isomerism at nanometric and sub-nanometric
sizes.

Within this framework, we report herein a microreview on
isomerism in MCCs. This is not intended to be a systematic and
comprehensive review. Instead, general principles will be
discussed and supported by some representative examples,
particularly focusing on our own recent contribution to the
field. The first Section deals with surface isomerism in MCCs.
This may involve inorganic (mainly CO and hydride) or organic
ligands, as well as ML fragments decorating the surface of the
cluster. The following Section focuses on core isomerism, and it
is broadly divided into three sub-sections: (1) isomers that
mainly differ on M-M distances; (2) isomers displaying different
structures of the metal kernels; (3) heterometallic MCCs
possessing almost identical metal kernels and ligand shells, but
differing for the positions of different types of metal atoms
within the metal kernel. The third Section briefly discusses two
related and very rare cases of isomerism, that is, polymerisation
and coordination isomerism.

It must be remarked that, in some cases, different types of
isomerism occur at the same time and, thus, their classification
within a single category is not straightforward. Where possible,
the different types of isomerism will be discussed considering
MCCs of different sizes, in order to show how these concepts
apply across different size regimes. All the examples reported in
this microreview are based on isomeric MCCs structurally
characterized by single crystal X-ray diffraction (SC-XRD), in
some cases further supported by spectroscopic studies in
solution. Details of their syntheses may be found in the cited
literature. In some cases, different isomers have been selectively
obtained following different synthetic procedures, whereas
other isomeric MCCs have been obtained as mixtures, that can
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or cannot be separated. Dynamic equilibria in solution between  of isomerism is reported in each Figure. The following

isomers have been also sometimes detected.

discussion will be mainly focused on examples where all

IUPAC definition of isomer has been used all along this isomers have been isolated and structurally characterized.

microreview: “One of several species (or molecular entities) that
have the same atomic composition (molecular formula) but
different line formulae or different stereochemical formulae and
hence different physical and/or chemical properties.”** In order
to help the reader, the sum formula of the isomers and the type
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Isomerism in Metal Carbonyl Clusters (MCCs)

Same composition

Surface isomerism

Same metal core, different
arrangement of the ligands or
metal fragments on the surface

Core isomerism

Different structure of the metal
core, same arrangement of the
ligands or metal fragments on the

Polymerisation and
coordination isomerism

L In"#n
Same elemental composition,
different molecular weight

surface

Scheme 1. Isomerism in Metal Carbonyl Clusters (MCCs). Two MCC isomers have the same composition, but they have a different arrangement of the ligands
or metal fragments on the surface (surface isomerism), or a different structure of the metal core (core isomerism), or different molecular weights

(polymerization and coordination isomerism).

Surface Isomerism
Surface Isomerism Involving Inorganic and Organic Ligands

The most straightforward source of isomerism in MCCs is
represented by CO ligands, that can bind to the metal core in
miscellaneous fashions.”>*¥ These include terminal, edge bridg-
ing and face capping coordination, with different levels of
asymmetry as well as other less common coordination modes.
Often MCCs are fluxional in solution, indicating rapid exchange
of the CO ligands. In some cases, isomers showing a different
stereochemistry of the carbonyls have been isolated and
structurally characterized in the solid state.

[Co,(CO),] adopts in the solid state a C,, [Co,(n-CO),(CO),l
structure, but unbridged D;, and D, isomers have been also

spectroscopically detected in solution (Scheme 2).®” Eventually,

the D;, isomer has been trapped and structurally characterized
by SC-XRD as the [Co,(CO)]-Cqo adduct.

Isomers showing a different stereochemistry of the CO
ligands have been structurally characterized also in the case of
[Rh3Cp5(C0);1,8 [Irg(CO),6],%% [Fe,Au(CO),¢] (Figure 1),%" [Rus,lr-
(CO)y517,"*? [HRu,lr,(CO) .17, and [Co,(CO),,1%~.1*

Isomerism due to CO ligands may arise not only from their
coordination mode, but also from their disposition (stereo-
chemistry) around the metal core. Just to exemplify this
concept, three isomers of the heterometallic cluster [Cu{Co-
(CO)51- have been characterized by SC-XRD. All of them
contain only terminal carbonyls, but they differ for the overall
arrangement of the CO ligads around Co-atoms, that is, TBP-
TBP eclipsed, TBP-TBP staggered, and TBP—Td (TPB=trigonal

C4Co0,0g - Terminal vs. edge bridging CO

0
OC\ 8 C 0]
6

6;C0»..4,,,,,
\ “co

oC CcO
C2v
Co,(u-CO),(CO)g \
oC

oc™/

Scheme 2. Surface isomerism - Different coordination mode of the CO ligands. Solution equilibria involving the bridged C,, [Co,(u-C0),(CO)4], and unbridged
D,4 and D, [Co,(CO),] isomers. The three isomers have been spectroscopically (by IR) detected in solution. The bridged C,, [Co,(u-CO),(CO),] isomer is the one
usually present within crystals. The unbridged D;, isomer has been trapped and structurally characterized by SC-XRD as the [Co,(CO)g]-C4, adduct.
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Ci6Au Fe O ¢ - terminal vs. edge bridging CO

equilibrium in
solution

[Fe4Au(CO)j6]”

[Fe4Au(CO)14(n-CO), I

Figure 1. Surface isomerism - Different coordination mode of the CO ligands. Molecular structures of the [Fe,Au(CO),¢]™ (all terminal) and [Fe,Au(CO), (1~
CO),]” (bridging) isomers. Sub Van der Waals Au--C(O) contacts are represented as fragmented lines (yellow, Au; green, Fe; red, O; grey, C). The two isomers
are in equilibrium in solution, being the all terminal isomer [Fe,Au(CO),s]~ the major species.*” The isomer found in the solid state depends upon
crystallization conditions. The all terminal isomer has been isolated as [NMe;(CH,Ph],[Fe,Au(CO),¢]Cl, whereas the bridging isomer has been crystallized as
[NEt,][Fe,Au(CO),4(n-CO),] and [EtV][Fe,Au(CO),,(n-CO),]-2THF (EtV =ethylviologen =1,1"-Diethyl-4,4"-bipyridinium).

bipyramid; Td =tetrahedron).*”’ All the three isomers contain a
linear Co—Cu-Co core, with four terminal CO ligands per Co-
atom (Figure 2). In the TBP-TBP eclipsed and TBP-TBP staggered
isomers, both Co-centres adopt a trigonal bipyramidal coordina-
tion, with three carbonyls in the equatorial plane, whereas the
fourth CO and Cu occupy the apical positions. The TBP-TBP
eclipsed and TBP-TBP staggered isomers differ because the two
TBP Co(CO), groups adopt an eclipsed conformation in the
former, and a staggered conformation in the latter. The same
two isomers have been isolated for the neutral Hg[Co(CO),l,
cluster.” In the third isomer of [Cu{Co(CO),},]~ (TBP—Td), one
Co centre is TPB and the second one displays a tetrahedral
coordination, with Cu capping one edge of the Co(CO),
tetrahedron. In all isomers, sub van der Waals Cu---C(O) contacts
are present, three per each TBP—Co(CO), group, and two for
Td—Co(CO),.

Isomerism due to the different stereochemistry of the CO
ligands is not limited to lower nuclearity MMCs, and is some-

how related to carbonyl fluxionality detected in solution by
variable temperature NMR spectroscopy. Nonetheless, only in
very few cases such isomers differing for the CO binding mode
have been isolated and structurally characterized in the case of
larger MCCs. For instance, in the case of [Rh;,Sn(CO),,]*", two
isomers are present within the unit cell of the same crystal, one
displaying 13 terminal and 14 edge-bridging CO ligands,
whereas the second isomer possesses 12 terminal and 15 edge-
bridging carbonyls (Figure 3).*” For these two isomers, also
some Rh—Rh and Rh—Sn contacts are sensibly different, even
though the average values are very similar. C-{'*Rh} HMQC
NMR studies show a single broad resonance at 273 K for the CO
ligands (8.=220.5 ppm) and the Rh atoms (8z,=—610 ppm),
indicating rapid scrambling of the carbonyls around the metal
icosahedron. Coalescence of the CO resonances occurs at 213 K,
and two almost equally intense broad resonances appear at
183 K, attributable to terminal (8.=206 ppm) and bridging
(8 =236 ppm) carbonyls. A similar isomerism due to a different

C4Co,Cu;Og - Carbonyl ligands sterochemistry

HAL ok

’ TBP-TBP staggered

TBP-TBP eclipsed

TBP-Td

[Cu{Co(CO)4},] isomers found in the solid state

Figure 2. Surface isomerism - Different stereochemistry of the CO ligands. Two views of the three isomers of [Cu{Co(CO),},]1". Sub Van der Waals Cu---C(O)
contacts are represented as fragmented lines (brown, Cu; blue, Co; red, O; grey, C). Isomer TBP-TBP staggered has been determined as [NEt,][Cu{Co(CO),},]
salt, TBP-TBP eclipsed as [Cu(dmpe),][Cu{Co(CO),},] salt, TBP—Td as [PPN][Cu{Co(CO),},] salt (dmpe =Me,PCH,CH,PMe,; [PPN]* =[N(PPh,),] *; TBP =trigonal

[45]

bipyramid; Td=Tetrahedron).
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C,70,7Rh;,8n; - terminal vs. edge bridging CO

rapid exchange in solution
by VT NMR

[Rh,Sn(CO),3(1-CO)14]*

[Rh;,Sn(CO);»(u-CO);51*

Figure 3. Surface isomerism - Different coordination mode of the CO ligands. Molecular structures of the [Rh,,Sn(CO),5(1-CO),,1*~ (left) and [Rh,,Sn(CO);,(u-
CO),5]* (right) isomers of [Rh;,Sn(C0),,1*~ (blue, Rh; orange, Sn; red, O; grey, C). The two isomers are present in the same unit cell in a 1:1 ratio, and rapidly

exchange in solution."”

stereochemistry of the CO ligands accompanied by some slight
variations of the Rh—Rh contacts has been documented for
[Rh;1(CO)y5] "

A further source of isomerism is introduced in MCCs by
hydride ligands, which can be found in terminal, edge bridging
and face capping positions as in the case of CO ligands. In
addition to the coordination mode, isomerism may arise also
because of the different location of the hydrides around the
metal cage of the cluster, sometimes also referred to the CO
stereochemistry. Hydride MCCs are often fluxional in solution,
and in several cases different isomers have been detected by VT
'H NMR spectroscopy. The structural characterization of such
isomers by SC-XRD is rather rare, and [H;Ru,(CO),,]” represents
the most significant example.”*" Two isomers, with C, and C,,
symmetry respectively, have been isolated, both displaying 12
terminal CO ligands (three per each Ru atom) and three p-H
ligands (Figure 4). The C, and G, isomers differ solely because
of the different location of the three p-H ligands around the Ru,
tetrahedron.

Admitting organic ligands within the coordination sphere of
MCCs introduces an additional potential source of isomerism.
This can be due to the stereochemistry of the organic ligands,

including coordination mode, orientation and/or position, as
well as their structures. Several examples have been reported,
involving different types of ligands. Only a few examples will be
discussed herein, and the reader can find further examples in
the literature.5>>%

Among the different organic ligands employed in MCC
chemistry, phosphines are probably the most common ones.
Indeed, a large number of phosphine substituted MCCs is
known.***?721 phosphine migration along a cluster core has
been often observed in solution, and this may be somehow
related to the fact that phosphine ligands may bind to the
cluster core in different positions. As a consequence, isomers
may arise due to phosphine coordination to different sites of a
MCC.

For example, two isomers have been structurally character-
ized for [WRu;(p,-Se),(CO);;(tpnp)] (tpnp =trispyrrolidinylphos-
phine) (Figure 5).°* In one isomer, tpnp is coordinated to Ru
bonded to W, whereas in the second isomer tpnp is bonded to
Ru opposite to W. The two isomers may be separated and
display a slightly different electrochemical behaviour. Similarly,
two isomers have been reported for [HOs;(CO)g(OH)(PPh,),],
that differ in the substitution positions of PPh,.*®

C,H50,,Ru, - Hydride ligands sterochemistry

rapid exchange in solution
by VT NMR

[H3Ruy(CO) o]
C, isomer

[H3Ruy(CO) o]
C5, isomer

Figure 4. Surface isomerism - Different stereochemistry of the hydride ligands. Molecular structures of the C, and C;, isomers of [H;Ru,(CO),,]~ (orange Ru; red
O; grey C; white H). Both isomers are present in solution as shown by VT NMR experiments. Depending on the experimental conditions, the two isomers can

be crystallized as separate compounds, or co-crystallized together."*~*" Adapted from Ref.
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Cy3H4N30; 1P Ru;3Se, W, - Phospine coordination position

[WRu3(pg-Se)r(CO)y; (tpnp)]
tpnp on Ru close to W

separation by
chromathography

[WRu3(pi4-Se)(CO)y; (tpnp)]
tpnp on Ru opposite to W

Se
W/@{;Ru —Pp
N

Figure 5. Surface isomerism - Different coordination sites of phosphine ligands. Molecular structures of the two isomers of [WRu;(j,-Se),(CO),,(tpnp)]
(tpnp =trispyrrolidinylphosphine) differing for the location of the tpn ligand (orange Ru; yellow, W; green, Se; purple, P; red O; grey C; white H).*

Two isomers may contain the phosphine ligands bonded to
the same sites, but with a different orientation. For instance, in
the case of the Chini-type heteroleptic cluster [Pty(CO),4(R-
dppp)]>” (R-dppp =R-Ph,PCH(Me)CH,PPh,), the chiral R-dppp
ligand bridges one outer and the inner triangular units, and two
isomers are present both in solution and in the solid state due
to the different orientation of R-dppp (Figure 6), as shown by
3'P{'H} NMR spectroscopy and SC-XRD."”

In addition, bidentate phosphines may act as bridging or
chelating ligands, and this may generate isomers, as found in

C43H,60,4P,Ptg - Diphospine orientation

[Pto(CO);6(R-dppp)
No exchange in solution - 1:1 mixture in the solid state

Figure 6. Surface isomerism - Different orientation of an asymmetric
diphosphine ligand. Molecular structure of the two isomers of [Pt,(CO),¢(R-
dppp)l*~ (Pt, purple; P, orange; O, red; C, grey; H, white). The two isomers are
present in a 1:1 ratio in the solid state structure. Adapted with permission
from Ref.*” Copyright 2017 American Chemical Society.
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[Fe;Pt(u,-Se)(CO)s(dppm)] (dppm =Ph,PCH,PPh,): in one isomer,
dppm is chelating on Pt, whereas in the second isomer dppm
bridges Pt and Fe (Figure 7).5% These isomers may be separated
by chromatography, but attain equilibrium in solution after one
month as monitored by *'P{'"H} NMR.

Surface isomerism in MCCs may be generated by several
other classes of ligands and, indeed, numerous examples are
known. A systematic discussion on this topic is outside the
scope of the present microreview, and only a few representative
cases will be herein presented.

The reaction of [Os;(CO),o(MeCN),] with closo-0-C,B,oH;o
yields two interconvertible isomers [Os;(CO)y(u15-4,5,9-C;B;Hg) (1~
H),] and [Os;(CO)4(u5-3,4,8-C,B;oHs)(1-H),1, where the carborane
utilizes different atoms to bind the Os cluster (Figure 8).5

Aromatic and unsaturated compounds can bind to MCCs in
several different fashions, and isomers have been often
documented.®®®Y Some representative examples are the cou-
ples of isomers [RusC(CO);,(n*-CeHy)1 and [RusC(CO);,(1s-n>1>1’-
CHa)1,? [055(CO);o(un'-2-Np)(u-AuPPhs)] and [0s,(CO),o(u-n>-2-
Np)(u-AuPPh;)] (Np=2-naphthyl, 2-C,;H,),’® [Os,(CO),(u-n'-2-
Pyryl)(u-AuPPh;)] and [Os5(CO),o(u-n'-4-Pyryl)(u-AuPPh;)] (Pyr-
yl=C6Ho), ' [055(CO);o(115M>1,2-Pyryne)(u-AuPPh,)(u-H)]  and
[055(C0O);o(us-n*-4,5-Pyryne)(u-AuPPh,)(u-H)]  (Pyryne = C,4Hg),"*
[Rug(is-C)(CO)14[m°%-1,2-CgH,4(CO,Me),] and [Rug(us-C)(CO);qlpsn°-
1,2-C¢H,(CO,Me),] (Figure 9), [Os;(u-H),(13-1-OC,4He)(CO) ] and
[055(u-H),(1-1-0C,;Hg)(CO)1.* In all of these cases, the isomers
differ because of the coordination mode of the aromatic ligand
(e.9. M, W M3 pn', un% e ps®) and/or the C atoms used for
coordination.

Three isomers have been isolated for [Os;(CO)s(PPhy){p-
N'k'-CHsN(6-OMe)}(u-H)], which  can  be  thermally
interconverted.® These three isomers differ in the location of
the metal-bound hydride and PPh; with respect to 6-methox-
yquinolinate  moiety. In the case of [Mo,lry(p-
CO)5(AsPh3)(CO)e)(m*-CsHs),l, two co-crystallized isomers differing
for the disposition of the Cp group with respect to the arsine-
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C34Hy,Fes0gP,Se Pt; - Chelating vs. bridging dppm

slow
equilibration

separation by
chromatography

[Fe3Pt(ug-Se)(CO)4(dppm)] [Fe;Pt(py-Se)(CO),(n-dppm)]

Figure 7. Surface isomerism - Different coordination modes of a bidentate phosphine ligand. Molecular structures of the two isomers of [Fe;Pt(u,-
Se)(CO)s(dppm)] (dppm = Ph,PCH,PPh,) that differ for the coordination mode of the dppm ligand: (left) dppm as chelating ligand and (right) dppm as bridging
ligand (green, Fe; purple, Pt; yellow, Se; orange, P; red, O; grey, C). Hydrogen atoms have been omitted for clarity. The different coordination mode of dppm
causes also some variations of the CO stereochemistry. The two isomer may be separated by chromatography, but attain equilibrium in solution after one
month as monitored by *'P{'"H} NMR."®

C11H0B19090s; - nu3-4,5,9-C,BgHg vs. p3-3,4,8-C,BHg

slow
equilibration

separation by
chromatography

[Os3(CO)g(p3-4,5,9-C,B1oHg)(1-H), ] [Os3(CO)o(13-3,4,8-C,B1oHg)(1-H), ]

Figure 8. Surface isomerism - Different coordination modes of a carborane ligand. Molecular structures of the two isomers [Os;(CO)o(15—4,5,9-C,BoHg) (1-H),]
and [0s;(CO)(115-3,4,8-C,BoHg) (u-H),] that differ for the atoms used by the carborane to bind the cluster (blue, Os; yellow, B; red, O; grey, C; white, H). These
two interconvertible isomers have been obtained from the reaction of [0s;(CO),,(MeCN),] with closo-0-C,B,,H,,.*” Adapted from ref.®" with permission from
The Royal Society of Chemistry.

C,5H ;O sRug - n° vs. py-n® arene

50 °C, 5d

CH,Cl,

[Rug(p16-C)(CO)14[p3-n°-1,2-CgH4(COMe)y]  [Rug(ps-C)(CO)y4[N°1,2-CsHy(CO,Me), ]
Figure 9. Surface isomerism - Different coordination modes of an arene ligand. Molecular structures of the two isomeric compounds [Rug(ps-C)(CO),,[n°-1,2-

C¢H,(CO,Me),] and [Rug(is-C)(CO),4[p3-n°-1,2-C4H,(CO,Me),], differing for the coordination mode of the 1,2-C;H,(CO,Me), ligand (orange Ru; red O; grey C;
white H).®¥ The two isomers may be viewed as snapshots of the arene ligand moving from a single Ru atom to a Ru, face of the octahedron.
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Ca3H N0} 083 - [(u-H) + {u-n?-ON=CPhy}] vs. [(u-OH) + {p1-N=CPhy}]

0s(CO),

Ph
- /k Ph
N—20Q Phdk
H— fl N
ool o T
3 \OS(CO)4 oluene (OC)3OS\OX\
H

[083(1-H)(CO) 1 {p-n*-ON=CPhy} ]

[0s3(CO)19(u-OH) {u-N=CPh,}]

Figure 10. Surface isomerism - Different structures of the organic ligands. Molecular structures of the two isomeric compounds [Os;(u-H)(CO),,{-1>-ON=CPh,}]
and [0s;(CO),,(u-OH){u-N=CPh,}], having sum formula Os;C,;H,;NO, (orange Os; blue, N; red O; grey C; white H). After thermal treatment, the edge bridging H

and ON=CPh, ligands are transformed into OH and N=CPh,.""

CgsHgpAuyCogO1,P, - Different arrangement of four AuPPh; fragments

[Co¢C(CO)»(AuPPhs),]* + 2[Au(PPhs)]*

solution

[CogC(CO) 12(AuPPh3),]

solid state

self-assembling upon crystallization

[Co4C(CO),2(AuPPhy),]
isomer 1

[CogC(CO)12(AuPPhy),]
isomer 2

[CogC(CO) 2(AuPPh3),]
isomer 3

Figure 11. Surface isomerism - Different arrangement of AuPPh; fragments. The neutral cluster [Co,C(CO),,(AuPPh,),] self-assembles upon crystallisation of a
solution containing [CosC(CO);,(AuPPh;),]*~ and Au(PPh,)Cl. Three different isomers may be found in the solid state, depending on the amount of co-
crystallized solvent, that is, [Co,C(CO),,(AuPPh,),] (solvent-free) (isomer 1), [CosC(CO),,(AuPPh,),J-THF (isomer 2), and [Co4C(CO),,(AuPPh,),]-4THF (isomer 3).
The three isomers differ for the dispositions of the four [Au(PPh,)]* fragments on the surface of the octahedral core. CO and PPh, ligands have been omitted
for clarity (blue, Co; yellow, Au; grey, C). Adapted with permission from ref.”® Copyright 2014 American Chemical Society.

Ir—Mo vector have been isolated, which rapidly interconvert in
solution.””

Positional isomerism of the CO and cyclopentadienyl ligands
has been found in the crystal structures of three cluster
compounds [(u-H)Fe,Mo(u;-Te)(CO)sCp*], [FeMo,(s-
Te)(CO),Cp*,]l, and [FeMoW(u;-Te)(CO),CpCp*] (Cp=mn’-CsHs,
Cp*:nS-CS(CH3)5).[E’8]

Just to conclude this Sections, the presence of organic
ligands in MCCs may generate isomers in a further way,
completely different from those discussed so far. Indeed, in all

Eur. J. Inorg. Chem. 2024, 27, €202400220 (8 of 26)

the examples presented above, the organic ligands retained
their structures, and the isomers differed due to the coordina-
tion mode, coordination site, coordinated atoms, or orientation
of the ligands. Conversely, in these last examples, the couples
of isomers have the same atomic composition (as required by
IUPAC),® but the ligands have different compositions. For
instance, in the «case of [Co,(CO)(CH,)(CH,) and
[C0,(CO)4(CgHg)(CsHg)] (composition CyoH,4C0,04),%” the organic
part of the cluster has composition C,H;s but in the former it
results from one C;H, and one C,H, ring, whereas in the latter a

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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CgoHgpAuyNigOgP, - Different arrangement of four AuPPh; fragments

[NigC(CO),71*

[Au(PPh;)Cl]

[NigC(CO)o(AuPPhs),]

isomer 2

separation upon
crystallization

Figure 12. Surface isomerism - Different arrangement of AuPPh, fragments. Molecular structures of the two isomers of [NigC(CO),(AuPPh;),] and their metal
cores (green, Ni; yellow, Au; orange, P; red, O; grey, C; white, H). The two isomers have been structurally characterized as [NizC(CO)s(AuPPh,),]-THF and
[NigC(CO)o(AuPPh;),]-THF-C¢H,, solvate crystals, respectively. Adapted with permission from Ref.®” Copyright 2013 American Chemical Society.

CgsHysAuz0,P3Ruy - Different arrangement of three AuPPh; fragments

rapid exchange in solution
by VT NMR

[HRuy(CO)5(AuPPhs);]
isomer 1

[HRuy(CO)5(AuPPhs);]
isomer 2

Figure 13. Surface isomerism - Different arrangement of AuPPh; fragments. Molecular structures of the two isomers of [HRu,(CO),,(AuPPh,),], differing for the
disposition of the three [AuPPh;]" fragments on the surface of the Ru, tetrahedron (orange, Ru; yellow, Au; green, P; red, O; grey, C; white, H).®" Fragmented
lines represent sub van der Waals Au--C(O) contacts, which are often present in heterometallic carbonyl clusters containing d'® M(l) (M=Cu, Ag, Au) centres.
Their nature is rather debated, and details on this discussion may be found in the references.”®®" Adapted from ref.®" with permission from The Royal Society

of Chemistry.

CH; and a CgHg ligands are present (Scheme 3). Also
[H,055(CO)(CgH,)1 and [0s;(CO)4(C4He)] have the same composi-
tion (C,5HsO40s;), but the latter contains a CHg ligand, whereas
the former display one C¢H, and two hydrides.” These two
isomers are somehow related by hydrogenation/dehydrogen-
ation of the C¢-ring within the coordination sphere of the MCC.

A closely related example is represented by [Os,(u-
H)(CO),ofu-n>-ON=CPh,}]  that thermally isomerizes to
[0s5(CO);6(u-OH){u-N=CPh,}] (composition of both isomers

Eur. J. Inorg. Chem. 2024, 27, €202400220 (9 of 26)

Cy3H;;N;0,,0s;), which is formed by oxidative addition of the
oxime with N—O bond cleavage (Figure 10).7" A further case of
isomerism generated by the structure of the organic ligands
bonded to a MCC is [Rug(us-C)(CO)y4(nn*CoH){us-C,(CO,Me), 1
and its isomer [Rug(us-C)(CO);{pym>-CHCHCHCC(CO,Me)C-
C(CO,Me)}(u-H)] (composition CysH;00;5RUs).%" It must be re-
marked that in all these cases of structural isomerism compris-
ing MCCs with the same compositions but different structures
of the ligands, the two isomers may be or may be not related

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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CygNi 70,4 - Different position of one Ni(CO) fragment

L4 position 2

[Nij7(C2)2(CO)pa]*
Different isomers found in the solid state

W3 position 3

Figure 14. Surface isomerism - Different arrangement of a Ni(CO) fragment.
The different capping modes of [Ni4(C,),(CO),5]* as found in the four
[Ni;(C,)5(CO),q]*" isomers.®¥ All CO ligands except 115-CO have been omitted
for clarity. Capping Ni-atoms are in purple. See text for further details.
Adapted from Ref.®” with permission from The Royal Society of Chemistry.

by a direct mechanism. For instance, it is possible to convert
[Os5(p1-H)(CO)1ofpu-n*-ON=CPh,}] into [Os5(CO);4(u-OH){p-N=CPh,}]
(Figure 10),"" whereas [C0,(CO)(C,H,)(C,H,)] and
[Co,(CO)4(CgH5)(C4Hg)] are obtained with different syntheses and
cannot be interconverted (Scheme 3).1*

Surface Isomerism Involving ML Fragments

The metal core of MCCs may coordinate M,X, fragments
resulting in surface decorated MCCs.**?3'72” These may be
viewed as Lewis acid-base adducts, where often the M,X,
fragment is the acid and the metal core of the cluster is the
base. The metal fragments on the surface may be mono-
metallic species such as Ni(CO), Pt(PR;), Pd(PRs), [Au(PR;)]", CuX
(X=dl, Br, 1), [Cu(MeCN)]", [CdX]" (X=CI, Br, 1), InBr,, or larger
fragments such as [Au,(P-P)]** (P—P=bidentate phosphine),
[Cd,Cl17, [Cds(u-Br)s(dmf)]* ™, [In,Brs]*. There are also a few
cases where the metal fragment behaves as a Lewis base, that
is, SnCl,, [SnCl;1~, [Cl,Sn(OH)SNCl,]1~, [Cl,SNOCOSNCl,1*~."

The metal fragments of surface decorated MCCs are some-
how reminiscent of the staple motives decorating thiolate
protected gold nanoclusters and related ligand protected
precious metal molecular nanoclusters."™® Therefore, the posi-
tion and coordination mode of such metal fragments may
originate isomers, as in the case of staple motives. From this
point of view, MCCs decorated by [Au(PR;)]™ fragments are the
most representative ones.”>”® When two or more [Au(PR;)]*

C28H27P1Pt1Ru5 - Hg VS U Pt(PtBU3)

four fold

rapid

[RusC(CO),5{p4-Pt(P'Bus)}]

interconversion _

edge bridge

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

Adatom hopping mechanism on a metal surface

s

four fold

edge bridge

four fold

Figure 15. Surface isomerism - Different coordination of a Pt(P'Bu,) fragment. (Top) Molecular structures of the two isomers [RusC(CO),s{1,-Pt(P'Bu,)}] and
[RusC(CO),s{u-Pt(P'Bu,)}] (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.®® Copyright 2003 American Chemical Society.

Eur. J. Inorg. Chem. 2024, 27, €202400220 (10 of 26)
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Ci3HcCuyN,O4RusTe | - Different arrangement of two Cu(MeCN) fragments

[TeRus(CO)4]° + 2[Cu(MeCN)4][BF,]

0°C

CH,Cl,

30°C
CH,CD>

30°C

[TeRu;5(CO);4(CuMeCN),]
kinetic isomer

CH,Cl,

[TCRU S(CO) 1 4(CUMCCN)2]
thermodynamic isomer

Figure 16. Surface isomerism — Different arrangement of two Cu(MeCN) fragments. Synthesis, thermal conversion and molecular structures of the two isomers
[TeRu;(u-CO),(CO),,(CuMeCN),] (kinetic isomer) and [TeRus(u-CO);(CO),,Cu,(MeCN),] (thermodynamic isomer) (orange, Ru; yellow, Te; green, Cu; red, O; grey, C;

white, H). Sub van der Waals Cu---C(O) contacts are represented as fragmented lines.

C,70,7Rh5 - Different position of one Rh(CO), fragment

“

[Rh;5(CO),71>

Figure 17. Surface isomerism - Different coordination of a [Rh(CO),]* frag-
ment. The Rh,s metal cores of the two isomers of [Rh,5(CO),,]*", resulting
from the different capping mode of one [Rh(CO),]* fragment (Rh as a black
circle) on the same pentacapped cubic body centred Rh,, kernel (top).
Adapted with permission from Ref.®” Copyright 2007 American Chemical
Society.

fragments are present, isomers have been sometimes detected
in solution by VT *'P{'"H} NMR. For instance, two isomers have
been spectroscopically characterized for both
[0s4(CO),,(Au,dppm),] and [Os4(CO),,(Au,dppm)(AuPPh,),]."”
The structural characterization by SC-XRD of two or more
isomers of the same MCCs differently decorated by [Au(PR;)1*
fragments is more rare. Three structural isomers have been
characterized by SC-XRD in the case of [Co,C(CO);,(AuPPh,),]
(Figure 11)."® These are composed of the same octahedral
[CosC(CO),,]* core decorated by four [Au(PPh;)]* units, and the

Eur. J. Inorg. Chem. 2024, 27, €202400220 (11 of 26)
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C78H65P5Pt3 - Different Pt-Pt distances

Ph Ph
thp/Pt\\PP 2 Ph,p——Pt——PPh,
A? 2.956(3 \ /5865 2.758(3)
PheP” “PPh; ph3p/ \p/ \pph3
Ph2 P 2
Pt3(u-PPhy);Ph(PPhs), Pt3(n-PPhy);Ph(PPh;),

C, isomer C, isomer

Figure 18. Core isomerism - Different Pt—Pt distances. Pt-triangle structure
and chain-type structure of the two isomers of [Pt;(u-PPh,);Ph(PPh;),]
showing different Pt—Pt bonding distances.***?

three isomers differ solely for the arrangement of such frag-
ments. [Co4C(CO),,(AuPPh;),] is almost insoluble in all organic
solvents and, after dissolution, it dissociates into [Co4C-
(CO);,(AuPPh,),]*~ and two [Au(PPh;)]"™ fragments as indicated
by VT 3" P{'H} NMR spectroscopy. Thus, neutral [CoC-
(CO);,(AuPPh;),] self-assembles upon crystallization and the
structure of the resulting isomer is governed by a subtle
balance of packing and van der Waals forces, as well as
aurophilic and weak n-n and n-H interactions. Indeed, the three
isomers have been found as three differently solvated crystals,
that is, [CosC(CO),5(AuPPh,),] (solvent-free), [CosC-
(CO);,(AuPPh;),]-THF, and [Co,C(CO),,(AuPPh;),J-4THF. All of
them have been crystallized by layering n-hexane on a THF
solution, and the resulting solid may contain one or a mixture
of the three solvate crystals.

Two isomers, differing in the location of the three [Au-
(PPh,)]" fragments, have been structurally characterized also in
the case of [CosC(CO);,(AuPPh;);1." In this case, one isomer has

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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CyH16C040¢ - [C7H7 + C7Ho] vs. [CgHg + CgHs]

H H

[Co4(CO)6(C7H7)(C7Hg)]

CO omitted

Different syntheses

[Co4(CO)6(CsHg)(CeHs)]

Scheme 3. Surface isomerism - Different structure of the organic ligands. The two isomers [Co,(CO)(C,H,)(C;H,)] and [Co,(CO)4(CgHg)(CeHs)1 have the same

composition (CyH;¢C0,04),”

composition of the organic ligands.

Cy6H30010P,Ptg - Different Pt-Pt distances

same structure of the metal core, same stereochemistry of the CO ligands (three terminal and three face capping), but different

[Pts(CO);]* + PPhy

isomer 1

2 short inter-triangular Pt-Pt
4 long inter-triangular Pt-Pt

formed upon
crystalliztion

[Ptg(CO);o(PPh3), 1

[
[Pts(CO);o(PPhs), 1> ! L
isomer 2

4 short inter-triangular Pt-Pt
2 long inter-triangular Pt-Pt

Figure 19. Core isomerism - Different Pt—Pt distances. Molecular structures of the two isomers of [Pts(CO),,(PPhs),]*~ and their metal cores, as found in
[NBu,],[Pts(CO),,(PPh;),] and [NBu,l,[Pts(CO),o(PPh;),]-2THF, respectively (Pt, purple; P, orange; C, grey, O, red; H, white; Pt—Pt <3.22 A full line, Pt—Pt>3.22 A
fragmented line) The two isomers are formed upon crystallization of a solution containing [Pts(CO),,]>~ and PPh,. Adapted with permission from Ref.?

Copyright 2013 American Chemical Society.

been obtained from THF/n-hexane as [CosC-
(CO);;(AuPPh;);]-THF-0.5 C¢H,, solvate crystals, and the second
as [CosC(CO)4;(AuPPh;);1-MeCN from MeCN/n-hexane/diisoprop-
yl ether.

The reaction of [NiyC(CO),,]>~ with [Au(PPh,)Cl] affords
[NigC(CO)o(AuPPh;),], which has been structurally characterized
as the [NigC(CO)s(AuPPh,),]-THF and [NigC-
(CO)s(AuPPh,),]-THF-C¢H,, solvate crystals (Figure 12).%” The two
solvates show some interesting differences concerning the
weak Au--Au contacts among the four [Au(PPh;)]* fragments
on the surface of the cluster. DFT studies support the fact that

Eur. J. Inorg. Chem. 2024, 27, €202400220 (12 of 26)

the presence of the two isomers is related to solid-state packing
effects. This corroborates the conclusion that Au--Au d'°-d"
interactions are rather soft and easily influenced by weak van
der Waals forces because of the interaction of the cluster with
the cocrystallized solvent molecules.

The reaction of [HRu,(CO),,]*~ with three mole equivalents
of [Au(PPh,)Cl] affords [HRu,(CO),,(AuPPh;);], which exists in
solution as two rapidly exchanging isomers.®" Both isomers
have been structurally characterized by SC-XRD (Figure 13), and
they are both based on the same Ru, tetrahedral core, differ-
ently decorated by three AuPPh; fragments. Also the stereo-

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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C36036Pt; g - Different Pt-Pt distances

Pt3(CO)6 unit

[Ptlg(CO)m]Z* chains in the solid state

(a) Continouos

isolated Pt3(CO)¢ isolated Pt3(CO), isolated Pt3(CO)g

Lyt

Pt N4 sbtll Rt sl % sttl

(b) Semi-continouos with isolated Pt;(CO)¢ units

HHHHHE

(c) Semi-continouos with [Pty(CO),s]” units

Figure 20. Core isomerism - Different Pt—Pt distances. Representation of the three isomeric chains of [Pt,5(CO);,]*” anions as found in (a) [Ru(bpy),(2-
PTZ)][Pt,5(CO)36] and [NMe,],[Pt,5(CO);c]-2CH;COCH; (continuous), (b) [Ru(bpy);][Pt;5(CO);6] (symmetric semi-continuous with isolated Pt;(CO)s units), and (c)
[Ph;P(CH,),,PPh;][Pt,5(CO)54] (semi-continuous based on an infinite chain of [Pt,(CO)s]~ anions) (Pt, purple; C, grey, O, red; Pt—Pt <3.22 A full line,

Pt—Pt > 3.22 A fragmented line). Red arrows have been added in correspondence of longer Pt—Pt contacts (>3.22 A), whereas black arrows indicate isolated
Pt5(CO)s units in (b).*** Adapted from Ref.*® with permission from Elsevier.

2—

Cy4H30Au3Fe,0OgP; - Linear vs bent metal core

Major isomer Minor isomer

rapid exchange in solution L 4 .
by VT NMR §

[Aus {Fe(CO)4}2(PPh3), ]~

bent isomer [Aus {Fe(CO)4},(PPhs), ]~

linear isomer

Figure 21. Core isomerism - Different structure of the [Au;]*" core. Two views of the molecular structures of the two isomers of [Au,{Fe(CO),},(PPhs),]” (green
Fe; yellow Au; purple P; blue N; red O; grey C). H-atoms have been omitted for clarity. The two isomers were present within the crystal of
[Au(IMes),l[Aus{Fe(CO),},(PPh;),]-0.67CH,Cl, in the ratio major: minor=2: 1. Adapted with permission from Ref.*® Copyright 2020 American Chemical Society.
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C28Ni21028P2/C29Ni22029P2 - Different Ni18P2 core

Different
syntheses

Further 3-5 Ni
atoms complete
the metal cage

P-atoms in purple

Ni;gP, core of (a) Ni;gP, core of (b)

Figure 22. Core isomerism - Different structure of the Ni,4P, framework. The molecular structures of (a) [Ni,;,P,(CO)s,,J*" (x=0.82) (yellow, Ni(CO) fragment
with 0.50 occupancy factor; olive green, Ni(CO) fragment with 0.68 occupancy factor) and (b) [Ni,..P,(CO),s,1*" (x=0.84) (yellow, Ni(CO) fragment with 0.16
occupancy factor) (green, Ni; purple, P; grey, C; red, O). (c) The Ni;4P, framework of [Ni;P>(CO)s0,]*" (x=0.82) obtained by the condensation via a vertex (in
blue) of a NisP mono-capped square anti-prism (Ni atoms in green, Ni—Ni bonds in red, Ni—P bonds in yellow) and a Ni,,P sphenocorona (Ni atoms in orange,
Ni—Ni bonds in blue, Ni—P bonds in green). (d) The Ni;P, framework of [Ni,,,P,(CO).J*" (x=0.84) obtained by the condensation via a vertex (in blue) of a
NisP mono-capped square anti-prism (Ni atoms in green, Ni—Ni bonds in red, Ni—P bonds in yellow) and a Ni,,P bi-capped square anti-prism (Ni atoms in
orange, Ni—Ni bonds in blue, Ni—P bonds in grey). Adapted with permission from Ref.® Copyright 2020 American Chemical Society.

C41HCo45035Pdg - Trigonal prism vs. octahedron

(a)

V. @

BL7E g

TP-Pd, TP-Pd,
Different isomers found in the crystals of [HCo;sPdyC3(CO);5]°~
Figure 23. Core isomerism - Different structure of the Pd, core. Molecular structures of the [HCo,sPdyC5(C0O);5]*~ anion as found in:
[NMe;(CH,Ph)],[HCo,5PdsC;5(CO)54]-CH,CL,, (a) Oh-Pd, isomer and (b) TP-Pd, isomer (isomer ratio within the crystal 1:1); (c)
[NMe;(CH,Ph)],[HCo,5PdC;5(CO)54]-2CH,Cl, TP-Pd, isomer; (d) [NEts(CH,Ph)],[HCo,5PdsC5(CO);6]-CH,Cl,, TP-Pd, isomer; (e) [MePPh;],[HCo,5PdsC5(CO)34l-2.5CH,Cl,,

TP-Pd, isomer; (f) [MePPh;],[HCo,sPdyC5(CO)s4l, Oh-Pd, isomer (orange, Pd; blue, Co; red, O; grey; C; TP=Trigonal Prism; Oh=Octahedron).®*'®® Adapted with
permission from Ref.*” Copyright 2020 American Chemical Society.
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C41H;Co;5034Pdy - Trigonal prism vs. octahedron

Oh_Pd9 TP-Pdg Oh-Pdg

[HCo/5PdgC5(CO)35]*

Different isomers
found in different
crystals

(&
TP-Pd,

- \onrg, )
~

Different isomers found in the same crystal

Figure 24. Core isomerism — Different structure of the Pd, core. The Pd, core of [HC0,5Pd,C;(CO);5]*~ as found in different salts. The structures in the same line
have been found within the same single crystal. [NMe,(CH,Ph)],[HCo,5Pd,C;(CO);¢]-CH,Cl, (two independent molecules are present within the unit cell): (a) Oh-
Pd, isomer (molecule 1), (b) TP-Pd, isomer (91 % of molecule 2), (c) Oh-Pd, isomer (9% of molecule 2). [NMe;(CH,Ph)],[HCo,sPd,C5(CO);5]-2CH,Cl,: (d) TP-Pd,
isomer. [NEt;(CH,Ph)],[HCo,5PdsC5(CO)34]-CH,Cl,: (€) TP-Pd, isomer (94 %), (f) Oh-Pd, isomer (6 %). [MePPh;],[HCo,sPd,C5(CO);5]-2.5CH,Cl,: (g) TP-Pd, isomer.
[MePPh;],[HC0,5PdyC5(CO)se): (h) Oh-Pd, isomer.®*'® Adapted with permission from Ref.*” Copyright 2020 American Chemical Society.

C,1Ni;gO,0Rh, - Different position of Ni and Rh in the metal cage

ern=11.5 Hz

Jern=9.1Hz

36)1.8 36AI1.6 364|1.4 36«‘1.2 3611.0 36‘3.8 36‘3.6 36‘3.4 36‘3.2 365.0 36‘2.8 36‘2.6 36‘2.4 36‘2.2 36‘2.0 36‘1.8 36‘1.6 36‘1.4 36‘1.2
13C NMR spectrum - carbide region
. 2_
[Ni;gRhyC(CO)y]

Figure 25. Core isomerism — Different position of Ni and Rh atoms within the metal kernel. The two cocrystallyzed isomers of [Ni;,Rh,C(CO),.]*>~ and their *C
NMR spectrum in d®-acetone at 298 K (blue, Rh; green, Ni; grey, C; red, 0). Adapted from Ref."'” with permission from Wiley.

chemistry of the CO ligands is slightly different, since, terminal carbonyls, whereas the second one displays ten
disregarding weak Au--C(O) contacts, one isomer contains only  terminal and two edge-bridging CO ligands.
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Different distribution of Ni and Pt in the metal cage

[Pts(CO) 17 i/
[PtsNi(CO),, ]2 %

o
[Pt;Ni,(CO) ;51> o® % _ﬁ‘
PO K3y v

o°® o°
[PtNi5(CO),,]* %
®

[Nig(CO);21* ::‘: Eg ;

o

Figure 26. Core isomerism - Different distribution of Ni and Pt within the metal kernel. All possible isomers of the [Pt,Ni,(CO),,]*~ (x=0-6) molecular alloy
clusters (purple, Pt; green, Ni; grey, C; red, O). Mixtures of isomers and species with different compositions are always found in the solid state and in solution.
All these species display an octahedral metal cage, except [Pt;(CO),,]*" that adopts a trigonal prismatic structure. Adapted with permission from Ref.!"'"
Copyright 2021 American Chemical Society.

Different distribution of Ni and Pt in the metal cage - Positional/compositional disorder

. 4
[Pti0,Ni(CO] [HPt 4 xNiz (CO)yu]*

[Pt12.Niy(CO)y 1+ (x=2-6) x=0,1)
(x =2-10) ,

‘wi -

=GR~
'_{!."4?5.. S

s\ Vi
AL

(@) (b) (©

Figure 27. Core isomerism - Ni/Pt positional (and compositional) disorder (alloy cluster). Molecular structures of (a) [Pt;,.,Ni,(CO),;]*~ (x=2-10), (b)
[Pt;9,Ni,(CO),,]*" (x=2-6), and (c) [HPt,,. (Ni»(CO),,I>~ (x=0, 1) (orange and yellow, disordered Ni/Pt with different occupancy factors; green, Ni; purple, Pt;
red, O; grey, C). Some metal positions display Ni/Pt disorder (orange and yellow) that may originate mixtures of isomers. In addition to positional disorder,
also compositional disorder is present. Thus, these alloy clusters are actually mixtures of isomers with the same metal compositions as well as clusters with
different Ni/Pt content. Adapted from Ref."""” with permission from The Royal Society of Chemistry.
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Different distribution of M and M' in the metal cage -

Positional/compositional disorder - Alloy cluster

[M,M's_,Fe,(CO) ;4> (x =0-5; M, M' = Cu, Ag, Au; M = M')
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Figure 28. Core isomerism - M/M’ positional (and compositional) disorder (alloy cluster). (top) Molecular structure of the [M,M's ,Fe,(CO);s]*~ (x=0-5; M,

M’"=Cu, Ag, Au; M#M’) clusters (purple, M in the centre; orange, M in the corner

positions; green, Fe; grey, C; red, O). M—C(O) contacts are represented as

fragmented lines. (bottom) Isomers are originated due to different distributions of M and M’ between the central and corner positions. Mixtures of isomers
and clusters with different compositions are present in solution and in the solid state. The exact composition depends on the experimental conditions
adopted during synthesis. Adapted with permission from Ref."*” Copyright 2020 American Chemical Society.

Structural isomerism has been proved by SC-XRD also for
MCCs containing other 12 electrons ML fragments, that is
Ni(CO), Pt(PR,), Pd(PR,), and [Cu(MeCN)]". Capping a triangular
face of a MCC with a 12 electron ML fragment does not alter
the electron count of the cluster.®? Because of this, several
MCCs differing solely for the addition/removal of a few Ni(CO)
fragments are known.” For the same reason, isomers may
originate due to the different location of a Ni(CO) fragment
around the same MCC core. This point is well exemplified by
[Ni;6(C,),(CO)5]* and the four isomers of [Ni;;(C,),(CO)l*"
(Figure 14).%¥ These clusters possess the same square orthobi-
cupola Ni;g core with two fully interstitial C, acetylide units.
Addition of one Ni(CO) fragments on different triangular faces
of [Ni;4(C,),(CO),5]*" affords the four different isomers of
[Ni;#(C,),(CO),]*", which may be viewed as snapshots of the
possible rambling around the Ni,; square orthobicupola of the

Eur. J. Inorg. Chem. 2024, 27, €202400220 (17 of 26)

additional Ni(CO) fragment. It must be remarked that all four
isomers have been structurally characterized within two crystal
solvates, that is, [NEt,,[Ni;s (C,),(CO)s,,] (x=0.12) and
[NEt,]4[Ni;6 ,,(C,),(CO),5,,]:1.33CH;COCH; (x=0.96). Both crystal
structures contain one Ni(CO) fragment with partial occupancy
factor and, thus, they actually contain mixtures of
[Ni;6(C,),(CO),51* and [Ni;;(C,),(CO),,1*". One single isomer of
[Ni;;(C,),(CO),*~ is present within [NEt]4[Niys  (C5),(CO)ss .4l
(x=0.12), whereas the other three isomers have been found in
the crystal structure of [NEt,]1,[Ni;¢. (C,)5(CO),;.,,]-1.33CH;COCH,
(x=10.96).

A similar phenomenon has been found in the crystals of
[NEt,]4[Ni,3,P,(CO)30.,J-2CH;COCH; (x=0.82), which actually con-
tain a mixture of [Ni;sP5(CO)s0l*", [NiyP5(CO)l* (two isomers
differing for the location of a Ni(CO) fragment), and

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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C,gHy31Ir,O9Rh; W, - Different isomerism types

slow

[W5RhIry(u-CO)3(CO)¢(m>-CsHs)a(n>-CsHMey)]

equilibration

separation by
chromatography

[W,RhIry(1-CO)4(CO)s(n-CsHs)y(n>-CsHMey)]

Figure 29. Core isomerism — Dynamic permutational isomerism. Molecular structures of the two isomers [W,Rhir,(11-C0O);(CO)¢(n*-CsHs),(n*-CsHMe,)] and
[W,Rhlr,(1-C0),(CO)s(n>-CsHs),(n*-CsHMe,)] (orange, W; yellow, Ir; blue, Rh; red, O; grey, C; white, H). The isomers differ for a combination of causes: position of

metal atoms, position of the ligands, stereochemistry of CO ligands."*"

[C4Fe M |O4], M =Ag, Au)-n=3vs.n=4

[{MFe(CO)4}5]>

[Ni,,P,(CO),s]*", because of the presence of two Ni(CO) frag-
ments with partial occupancy factors (0.68 and 0.50).%!

The reaction of [RusC(CO),s] with [Pt(P'Bus),] affords [RusC-
(CO),s{Pt(P'Busy)}] that exists in solution as two interconverting
isomers as demonstrated by VT *'P{'"H} NMR spectroscopy. The
first isomer, [RusC(CO),s{u,-Pt(P'Bus,)}], has been crystallized from
benzene/octane, and the second one, [RusC(CO),s{u-Pt(P'Bus)}l,
form diethyl ether.® Both isomers are based on the same Ru,C
square pyramid and differ for the location of the Pt(P'Bus,)
fragment (Figure 15). This caps the square face of [Ru;C(CO),s]
in the isomer [RusC(CO),s{u,-Pt(P'Bu,)}], resulting in a RusPtC
octahedron. Conversely, the Pt(P'Bu;) fragment bridges one
Ru—Ru edge of the square base of RusC(CO),s; in the isomer
[RusC(CO),s{u-Pt(P'Bus)}l. The interconversion mechanism in-
volves the reversible breaking and making of two of the Pt—Ru
bonds with a shift of the Pt-phosphine grouping back and forth
between the 4-fold Ru, site and the 2-fold edge-bridging Ru,
site. The interconversion of the two isomers could be viewed as

Eur. J. Inorg. Chem. 2024, 27, €202400220 (18 of 26)

different

syntheses

[{MFe(CO),4} 41+

Figure 30. Polymerization isomerism - Trimeric and tetrameric structures of the same unit formula. Molecular structures of the [{MFe(CO),};]*~ trimer and

[{MFe(CO),},]*" tetramer (M=Ag, Au) (orange, Ag or Au; green, Fe; grey, C; red, O). Sub Van der Waals M---C(O) contacts are represented as fragmented lines.
The trimer has been obtained from the reaction of Collman’s reagent Na,[Fe(CO),]-2thf with two equivalents of M(IMes)Cl (IMes = C;N,H,(C¢H,Me;),; M=Ag,
Au), whereas the [{MFe(CO),},]*" tetramer has been obtained from the 1: 1 reaction of Na,[Fe(CO),]-2thf with AgNO; or Au(Et,S)Cl. Adapted with permission
from Ref."?® Copyright 2019 American Chemical Society.

one of the elementary steps of the adatom hopping mechanism
occurring on a metal surface.

Similarly, two isomers, that is, [RugC(CO),,{u-Pd(P'Bu,)},] and
[RugC(CO),,{u-Pd(P'Bus)H{p;s-Pd(P'Bus}], have been isolated and
characterized by SC-XRD upon reaction of [RusC(CO),,] with
[PA(P'Bu,),1.%” In the former, both Pd(P'Bu;) groups are on
bridging positions around the Ru,C octahedron, whereas in the
latter isomer, one Pd(P'Bus) is edge bridging and the other face
capping.

The two isomers [TeRus(u-CO),(CO),,(CuMeCN),] (kinetic
isomer) and [TeRus(u-CO);(CO),,Cu,(MeCN),] (thermodynamic
isomer) have been obtained from the reaction of [TeRus(CO),,]*
with two mole equivalents of [Cu(MeCN),I[BF,] in CH,Cl, at 0°C
and 30°C, respectively (Figure 16).%® The kinetic isomer is
converted into the thermodynamic one upon heating in CH,Cl,
at 30°C. Both structures contain a TeRu; octahedron differently
capped by two Cu(MeCN) fragments. A weak cuprophilic
Cu--Cu interaction is present in the thermodynamic isomer, but

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 31. Polymerization isomerism — Monomeric and dimeric structures of the same unit formula. Equilibrium between the [Ag{Co(CO),},]~ monomer and
the [Ag,{Co(CO),},]*~ dimer. The monomer is formed in solution upon mixing Ag™ and [Co(CO),]” in a 1:2 ratio. Depending on the crystallization conditions,
the monomer or the dimer may be found in the solid state. Sub Van der Waals Ag--C(O) contacts are represented as fragmented lines (orange, Ag; blue, Co;

red, O; grey, C).*”)

[C4C01CU104]n -n=4vs.n=ow

[C23H8CUZF64N2012]H -n=4vs.n=ow

Figure 32. Polymerization isomerism — Tetrameric and polymeric structures
of the same unit formula. The molecular structures of the [CuCo(CO),],
tetramer, and the [CuCo(CO),],, infinite polymer (brown, Cu; blue, Co; red, O;
grey, C). Sub Van der Waals Cu--C(O) contacts are represented as fragmented
Iines.[125,126]

not in the kinetic isomer. Some minor differences in the
stereochemistry of the carbonyls are also present.

Finally, two isomers differing for the location of one 12
electrons [Rh(CO),] " fragment on the cluster surface have been
structurally characterized for [Rh,5(CO),,1>~ (Figure 17).%? Both
isomers are based on the same body centred cubic Rh, core
capped on five square faces by five further Rh atoms, as found
in [Rh,,(C0O),]*". In the first isomer (A), the [Rh(CO),] " fragment
is located on the sixth square face of the cubic core, whereas it

Eur. J. Inorg. Chem. 2024, 27, €202400220 (19 of 26)

[Fe4Cuy(pe-C)(CO)12(bipy)]

Figure 33. Polymerization isomerism — Tetrameric and polymeric structures
of the same unit formula. The molecular structures of (a) the [Fe,Cu,(j,-
C)(CO),,(bipy)], tetramer and (b) a chunk of the infinite zig-zag chain
polymer [Fe,Cu,(us-C)(CO),,(bipy)l,, (green, Fe; orange, Cu; blue, N; red, O;
grey, C; white, H). Adapted from Ref."?”’ with permission from The Royal
Society of Chemistry.

is located on a concave face generated by two Rh atoms
capping two adjacent square faces of the Rh-centered cube in

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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the second isomer (B). It must be remarked that, in this case,
the two isomers have been obtained by different reaction
pathways. Thus, the first isomer of [Rh,5(CO),,I*~ (A) has been
obtained by the chemical oxidation of [Rh,(CO),*~, whereas
the second isomer (B) has been synthesized upon pyrolysis of
Rh,(CO),, in 'PrOH in the presence of NaOH.

Core Isomerism
Core Isomerism Involving M-M Distances

The first example of cluster core isomerism involving M-M
distances is represented by [Pt;(u-PPh,);Ph(PPh;),] (Fig-
ure 18).2°4 Even if this is not a MCC, it will be briefly discussed
herein in order to introduce this phenomenon, before showing
some examples concerning MCCs. The first isomer of [Pt(u-
PPh,);Ph(PPh;),] possesses C, symmetry and may be described
as a Pt; isosceles triangle with two slightly shorter Pt—Pt edges
(2956 A) and a longer one (3.074 A). The second isomer
displays C, symmetry and may be viewed as bent Pt; chain with
two short Pt—Pt contacts (2.758 A), whereas the third one is
almost non-bonding (3.586 A). The average values of the Pt—Pt
contacts are rather similar in the two isomers (2.995 and
3.034 A for the C, and C, isomer, respectively), but the variations
of individual contacts are rather significant. This point must be
carefully considered when evaluating the possibility of this type
of isomerism, especially in larger clusters. Indeed, slight
variations of the M-M bonding distances are often detected
when the same MCC anion has been structurally characterized
with different cations, but only in a few cases such variations
are sufficiently significant to be called isomers. The same apply
when two independent MCCs showing slightly different M-M
distances are present within the unit cell of the same crystal
structure. Some pertinent examples are represented by
[Rh,,Sb,(C0)3l*, [Rh,,Ge(CO),,1*~ and [Rh,,Sn(CO),,]*".1#e"

The case of the two isomers found in the solid state
structure of the heteroleptic Chini-type cluster
[Pt5(CO),(PPh,),]*~ is similar to [Pty(u-PPh,);Ph(PPh,),1°? The
two isomers have been found in the [NBu,l,[Pt,(CO),,(PPhs,),]
and [NBu,],[Pts(CO),,(PPhs),]-2THF crystals, respectively (Fig-
ure 19). The metal core of both isomers may be described as a
distorted octahedron. As usually found in Chini clusters, the
intra-triangular Pt—Pt distances are comprised in a very narrow
range, that is, 2.66-2.67 A and 2.66-2.68 A for the two isomers,
respectively. The first isomer shows only two inter-triangular
Pt—Pt contacts that may be considered as bonds (3.035 A),
whereas the other four are essentially non-bonding (3.36 and
3.51 A). Conversely, the second isomer displays four bonding
(3.14 and 3.21 A) and two non-bonding (3.43 A) inter-triangular
Pt—Pt contacts.

Variations of the inter-triangular Pt—Pt contacts may origi-
nate, in the solid state, extended isomeric structures in the case
of larger homoleptic [Pt;,(CO)s.J*~ (n=5-8) Chini clusters.*>*"
Indeed, larger [Pt;,(CO)s,J>~ (n=5-8) anions self-assemble
during crystallization resulting in infinite pillared chains that,
depending on inter-triangular Pt—Pt contacts, may be classified

Eur. J. Inorg. Chem. 2024, 27, €202400220 (20 of 26)

as discontinuous, asymmetric semi-continuous, symmetric semi-
continuous, and continuous chains. The molecular identity of
each cluster anion is retained within discontinuous chains, since
the Pt--Pt contacts between the outer Pt;(CO); units of
consecutive cluster anions is slightly greater than the sum of
the van der Waals radii. In contrast, continuous chains are based
of infinite stacks of Pt;(CO)¢ units displaying similar bonding
distances, and the molecular identity of the anions is lost. An
intermediate case is represented by semi-continuous chains,
that comprise a Pt;(CO), unit shared by two contiguous [Pty
(CO)gnr))’™ anions with intermediate inter-triangular Pt—Pt
distances between continuous and discontinuous. If the shared
Pt3(CO)s unit is equally located between two [Pty (CO)gnr))>
anions, the chain is named symmetric semi-continuous, where-
as the distances are different in asymmetric semi-continuous
chains. These different typologies of cluster chains may be
viewed as different isomers of the packing of the same Chini
anions. For [Pt;5(CO);,]*, discontinuous chains have been found
in  [NEt,],[Pt,;5(CO)3] and [Ru(tpy),l[Pt;5(CO);0]:3DMF  (tpy =
2,2":6',2"-terpyridine), whereas the asymmetric semi-continuous
isomer is present within [Ru(bpy);][Pt,5(CO);,]-3CH;COCH,
(bpy =2,2"-bipyridine). In the case of [Pt,5(CO);,]*", the continu-
ous isomer is present within [Ru(bpy),(2-PTZ)][Pt,5(CO);¢] (2-
PTZ =5-(2-pirydil)tetrazolate) and
[NMe,];[Pt;5(CO)54]-2CH;COCH;, and the symmetric semi-contin-
uous one in [Ru(bpy);l[Pt,5(CO)5] (Figure 20). A further isomer
has been found in [Ph;P(CH,),,PPh;][Pt,5(CO);] based on an
infinite chain of [Pt,(CO),s]” anions. Finally, the continuous and
symmetric semi-continuous isomers of [Pt,,(CO),s]*~ are present
in [NEt,],[Pt,,(CO),s] and [NBu,],[Pt,,(CO),l, respectively.

Core Isomerism Involving the Structure of the Metal Kernel

The structure of the metal kernel of MCCs might be a plausible
source of isomerism. Nonetheless, the number of such isomers
structurally characterized by SC-XRD is very limited. This should
be the result of the combination of two factors: (1) synthetic
limitations and/or lack of single crystals suitable for SC-XRD; (2)
limitations due to the electron counting rules.

To the best of our knowledge, the first example of such
isomerism is represented by [Fe,Mo,(p;-S),(11°>-CsHs),(CO)el.””!
One isomer displays a planar Fe,Mo, core, whereas the second
one adopts a butterfly arrangement of the same metal atoms.
Including also the two S-atoms, the two isomeric clusters may
be described as composed of two FeMo,S tetrahedra sharing a
common Mo—Mo edge. In the planar isomer, the two Fe-atoms
are in relative trans position, and also the two S-atoms are in
trans. Conversely, in the butterfly isomer, both Fe and S atoms
adopt a relative cis arrangement.

More recently, two isomers have been structurally charac-
terized for [Aus{Fe(CO),}(PPh;),]- as its [Au(IMes),][Aus{Fe-
(CO)4}1,(PPh;),]-0.67CH,Cl, crystals (IMes = C3N,H,(C¢H,Me;),) (Fig-
ure 21)."® The two isomers are present in a 2:1 ratio within the
same crystal structure, and rapidly exchange in solution at all
the temperatures, as demonstrated by VT *'P{'"H} NMR spectro-
scopy. Both isomers are composed of a [Au,]*" core bonded to
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two edge bridging [Fe(CO),]*" units and two terminal PPh,
ligands. In the major isomer, the [Aus]** core adopts a V-shaped
geometry, whereas it is perfectly linear in the minor isomer. DFT
calculations indicate that the energy difference is very small,
that is, 0.9 kcal mol™" in favor of the major isomer, in agreement
with the fast exchange observed in solution.

An example of structural isomerism involving larger MCCs
has been reported for the SC-XRD structures of the two salts
[NEt,]4[Ni,3,P,(CO)50,J:CH;COCH;s0lv - (x=0.82) () and
[NEt,],[Niy,.P,(C0O),0.]-2CH;COCH; (x=0.84) (I).” As reported in
a previous Section, | contains a mixture of [Ni,;P,(CO)s]*,
[Ni,,P,(CO),]* (two isomers), and [Ni,,P,(CO),l*", because of
the presence of two Ni(CO) fragments with partial occupancy
factors (0.68 and 0.50). As previously described, the two isomers
of [Niy,P,(CO),]* within | differ because of the different
location of a Ni(CO) fragment on the surface of the cluster.
What is relevant to this Section is, in contrast, the comparison
of the structures of the Ni,sP, frameworks (Figure 22) contained
within I and Il. In 1, the Ni,gP, framework results from one NigP
mono-capped square-antiprism and one Ni;,P bicapped square-
antiprism sharing a common vertex. The structure is completed
by five further Ni atoms not bonded to P, two having partial
occupancy factors (0.68 and 0.50). In contrast, the Ni;gP,
framework of Il originated from one Ni,P mono-capped square-
antiprism and one Ni,P distorted sphenocorona and, thus, may
be viewed as an isomer of the NigP, framework of I. The
structure of Il is completed by four further Ni atom not bonded
to P, one with 0.16 occupancy factor. Thus, this salt is composed
of [Ni,,P,(CO),* (16%) and [Ni,,P,(CO),s]* (84%). Overall, |
and Il contain core isomers with different metal kernels of both
[Niy,P,(CO),0l*~ and [Ni,,P,(CO),]*". Moreover, | contains also
two surface isomers of [Ni,,P,(CO),,]*" differing for the location
of one Ni(CO) fragment.

The most impressive example of core isomerism in MCCs is
represented by [HCo,sPdyC5(CO);5]*~, which belongs to the [H;.
2C015PdyC5(CO)5l"™ (n=0-3) family of clusters.®®'® The species
[HCo,5PdyC5(CO);6]* is obtained in good yields in a two steps
synthesis. First, [Co,C(CO),sI*” is reacted with Pd(Et,S),Cl,
affording [H,C0,,Pd;sC,(CO),e]*". This, in turn, is converted into
[HCo,5PdyC5(CO)56>~ upon reaction with a slight excess of
HBF,-Et,O in CH,Cl, (Scheme 4). The dianion
[HC0,5PdyC5(C0O)56]* is further protonated with HBF,-Et,0 result-
ing in [H,Co,5sPd,C5(CO)56]~ and, eventually, [H;Co,5PdyC5(CO)5].
Deprotonation with a strong base such as NaOH leads to
[Co,5sPdyC5(CO)5l* .

The species [H;,,C0o;5sPdyC5(CO)36]"" (n=0-3) are all com-
posed of a Pdy(u;-CO), core decorated on the surface by three
square-pyramidal Co;C(CO),, fragments. The Pd,(u;-CO), core
adopts a tri-capped octahedral structure (Oh-Pdy) in
[H5Co,5PdyC5(CO)36] and [H,Co,sPdyC5(CO)56]7, whereas a tri-
capped trigonal prism (TP-Pd,) is present in [C0,sPdyC5(CO)s6° .
In the case of [HCo0,sPdyC5(CO)s5l*, both Oh-Pd, and TP-Pd,
core isomers have been isolated and structurally characterized
(Figures 23 and 24). Which isomer is present in the solid state
depends on the cation employed and/or the number and type
of co-crystallized solvent molecules. Moreover, mixtures of the
Oh-Pd, and TP-Pd, isomers of [HCo,sPdsC5(CO)sel* are often
found within the same crystal, or even mixtures of crystals
containing different isomers are found within the same
crystallization batch. This is probably the first example of cluster
core isomerism induced by crystal packing effects reported for
molecular nanoclusters. It is noteworthy that, in this case, weak
intermolecular packing forces strongly affect the structure of
the cluster core, and are not limited to surface ligands or
fragments as described in the previous Sections. It must be
remarked, also, that the [H;,,Co,5PdyC5(CO)56]" (n=0-3) clusters
are reversibly interconverted by simple acid-base reactions. All
these results suggest that sometimes the core of even larger
clusters is rather soft and can be easily transformed by
protonation/deprotonation processes or even packing forces
during crystallization.

Core Isomerism Involving the Position of Metal Atoms Within
the Metal Kernel

In the case of heterometallic MCCs, two clusters may have the
same structure of the metal core and the same (or very similar)
stereochemistry of the ligands, but a different disposition of the
metal atoms within the metal kernel. This kind of isomerism has
been documented for the cis and trans isomers of the boride
clusters [Rh,Fe,B(CO),,]~ (Scheme 5), [Rh,Ru,B(CO),,(]~ and
[Rh,Ru,B(CO),s(AuPPh;)1.""" For the latter cluster, 'B NMR
studies demonstrated that, on standing in solution, cis con-
verted to trans.'® In this case, cis and trans refer to the
disposition of the two Rh and four Fe or Ru atoms within the
octahedral core of the clusters.

Generally speaking, the different metal atom types of
heterometallic MCCs may be perfectly ordered, randomly
distributed, or may display a partial site preference, which

5 PA(ELS),Cl, N
[CocC(CO)y5] o [HyC0,0Pd6C4(CO)4s] [H;Co,5PdgC3(CO);35]
HBF,Et,0 | CH,Cl, +H|-H"
_ +H' _ +H' _
[Co;5PdyC3(CO)3] [HCo,5PdyC3(CO)34] [HyCoy5PdgC3(CO)35]

Scheme 4. Synthesis of [H;.,,C0,5PdyC5(CO)36]"™ (n=0-3). Protons are added with strong acids, such as HBF,-Et,0, and removed with strong bases, such as

NaOH.
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Ci6BFe;O,¢Rh, — tran vs. cis metal core

N

— L e

\F e/B>Fe \\m/\BﬁFe
h Rh

trans—[haFe4B(CO)16]_ CiS-[Rh2F64B(CO)16]_

Scheme 5. Core isomerism - Different position of Fe and Rh atoms within
the metal kernel. [Rh,Fe,B(CO),¢] ™ exists as trans and cis isomers due to the
different locations of Fe and Rh atoms within the octahedral metal core. CO
ligands have been omitted.

means also partial disorder.'®'* Perfectly ordered structures
originate when the different metal types occupy precise
positions within the metal polyhedron. If this is strictly followed,
one structure is far more stable than all other positional
isomers, originating a single structure with all metal types
located in unique sites. A slight relaxation of this site selectivity
may lower the energy difference among structures with differ-
ent metal locations, leading to isomers involving the position of
the metals within the metal kernel. This point is well
exemplified by the above mentioned Rh,Fe,B and Rh,Ru,B
clusters. In particular, in the case of [Rh,Ru,B(CO),s(AuPPh;)], the
cis isomer may be viewed as the kinetic isomer and the trans
one as the thermodynamic isomer.

Two isomers are formed in the case of [Ni;,Rh,C(CO),J*",
but these cannot be separated and, thus, they are always
obtained in mixture, both in solution and in the solid state as
indicated by "*C NMR spectroscopy and SC-XRD (Figure 25).1""”
These two isomers differ for the location of the two Rh atoms
on the two outer edges of the NiRh, tetra-capped bis-
disphenoid cage. The two isomers co-crystallize generating
partial Ni/Rh disorder on these four metal sites. >C NMR studies
indicate that the isomer ratio in solution is 4:1, with very similar
spectroscopic features (major isomer, triplet, 5,=362.9 ppm, 'Jc.
an=115Hz, T,=6.5+03s; minor isomer, triplet, &=
363.7 ppm, Jern=9.1Hz, T,=6.34+0.55). The two isomers of
[Ni;oRh,C(CO),J>~ have been obtained from the reaction of
[Ni,C(CO),,1*~ with [Rh(COD)CI],, in mixture with [NisRh;C-
(CO),ol*™ (quartet, 5,=378.3 ppm, Jcgn=9.6 Hz, T,=3.4+063),
which can be separated owing their different solubilities in
organic solvents. The three Rh atoms of [Ni,Rh;C(CO),,]>~ are
randomly distributed over the same four metal sites as in the
isostructural [Ni,oRh,C(CO),J*". This further supports the fact
that these four sites can be similarly occupied by Ni and Rh.

Further relaxing site preference leads to local disorder of
the site occupation and, eventually, to the random distribution
of the different metals over all the sites of the metal kernel.
Randomization of the metal site occupation has been observed
for [Co3NigC(CO),0l" " and [Fe,Rhg (CO),0J",!"'? whereas parti-
al metal disorder has been documented for [PtsRug(CO),gl* """

Eur. J. Inorg. Chem. 2024, 27, €202400220 (22 of 26)

Complete randomization of the metal sites leads to
molecular random alloy clusters, as found in heterometallic
Ni—Pt Chini-type MCCs such as [Ptg,Ni(CO),,*" (x=1-5).""
Mixtures of these clusters, whose compositions may be varied
in an almost continuous way, may be obtained just by mixing
[Pt4(CO),,]*>~ and [Nig(CO),,]* in different stoichiometric ratios. A
combination of IR, Pt and "*C NMR spectroscopy, ESI-MS, MP-
AES, SC-XRD and DFT studies indicate that each sample is
actually a mixture of different [Pt Ni,(CO),,]*~ (x=0-6) species,
whose average composition depends on the stoichiometry of
the reagents. Moreover, three isomers are present for
[Pt,Ni,(CO),,]*, [Pt;Ni5(CO),,1*, and [Pt,Ni,(CO),,1*~, which differ
for the Ni/Pt distribution over the six equivalent positions of the
octahedral metal cage (Figure 26).

When different metal sites are present, Pt usually prefers
those with high M—M and low M-CO connectivity, and the
opposite applies to Ni. This may lead to complete metal
segregation, as found in [H;,Nis;gPts(CO),,I"" (n=3-6),"""% or
partial metal segregation, often accompanied by Ni/Pt substitu-
tional disorder, some representative examples being
[Ni3sPto(CO)4al®",  [Ni3pPty4(CO)sl®™, [Py, Nil(CO) 1" (x=2-10),
[Pt;6,Ni,(CO),,]*" (x=2-6), [HPt;,_Nis;,(CO), >~ (x=0, 1) (Fig-
ure 27)."771"% Partial substitutional disorder has been estab-
lished also for several heterometallic Ni-Pd MCCs.'"'°” Indeed,
the SC-XRD structures of several Ni-Pd MCCs display some
metal sites with Ni/Pd substitutional disorder, that could
indicate also the presence of mixtures of positional isomers.

Substitutional and composition disorder is present also in
the 2-D molecular alloy clusters [M,M’s_Fe,(CO),*~ (M, M'=Cu,
Ag, Au; M#£M’; x=0-5)"" Their structures are based on a
centred M,M’_, rectangle, displaying a unique central position
and four equivalent corner positions (Figure 28). All coinage
metals can occupy these different positions, even though some
site preference is present. Overall, as in the case of [Ptg,Ni,-
(CO),,1* (x=0-6), mixtures of clusters with different values of x
as well as positional isomers are always present in solution and
in the solid state.

To conclude this Section, the two clusters [W,Rhlr,(u-
CO)5(CO)sM*-CsHs),m>-CsHMe,)]  and  [W,RhIr,(u-CO),(CO)s(m’*-
CsHs),(m*-CsHMe,)] have been described as a case of dynamic
permutational isomerism (Figure 29)."?" These trigonal bypir-
amidal clusters differ because in the former the equatorial
positions are occupied by two Ir and one W atom, whereas in
the latter the equatorial positions consist of one Ir and two W
atoms. From this point of view, these are core isomers that
differ for the positions of the metal atom types within the same
polyhedron. Nonetheless, also the location of the ligands is
different. Indeed, [W,RhIr,(u-C0O);(CO)s(m*-CsHs),(*-CsHMe,)]
displays only one CiH; ligand (bonded to W) in the equatorial
plane, whereas the other C;Hs; ligand (bonded to W) and
C;HMe, (bonded to Rh) are in apical positions. Conversely, in
[W,RhIr,(u-C0O),(CO)s(m*-CsHs),(*-CsHMe,)], both CsHs ligands
(bonded to W) are in the equatorial plane, whereas C;HMe,
(bonded to Rh) is in apical position. From this point of view,
these clusters may be described as isomers that differ for the
location of ML fragments. Moreover, also the stereochemistry of
the CO ligands is slightly different. Overall, this may be
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described as a case of complex isomerism, resulting from the
combination of different typologies of isomerism. The permuta-
tional isomers slowly interconvert in solution by a cluster metal
vertex exchange that is proposed to proceed by Rh—Ir and
Rh—W bond cleavage and reformation, and via the intermediacy
of an edge-bridged tetrahedral transition state. The permuta-
tional isomers display differing chemical and physical proper-
ties: replacement of CO by PPh; occurs at one permutational
isomer only, while the isomers display distinct optical power
limiting behaviour.

Polymerisation and Coordination Isomerism

Polymerization isomers may be defined as two compounds
having the same elemental compositions and ligand distribu-
tion, but different molecular weights. In the case of coordina-
tion isomerism, the two compounds have the same elemental
compositions, but different molecular weights and different
ligand distribution. Both polymerization and coordination
isomerism are rather rare in MCC chemistry.

To the best of our knowledge, coordination isomerism has
been documented only for the carbonyl compounds (IMes)Cu-
[M] and {(IMes),Cu{Cu[M],;} (IM]=Mc, Mn(CO);"; Cc, Co(CO), ;
Mp, MoCp(CO);~; Crp, CrCp(CO);7), which establish an equili-
brium in solution. Only in the case of (IMes)Cu—Mc and
{(IMes),Cu{CuMc,}, both isomers have been structurally charac-
terized by SC-XRD (Scheme 6).0'*?

Polymerization isomerism has been demonstrated for
[{MFe(CO),}:1*~ and [{MFe(CO),}L]*~ (M=Ag, Au), which may be
described as trimers and tetramers of [{MFe(CO),}1-, respectively

(Figure 30)."2" Similarly, [Ag{Co(CO),},]1" and [Ag,{Co(CO).}.1*"
are the monomer and dimer, respectively, of the same
molecular unit (Figure 31).%

A further example of polymerization isomerism is repre-
sented by the Ru tetracarbonyl, that may exist as a [Ru;(CO);,]
trimer or an infinite [Ru(CO),],, polymer."** Moreover, the 1:1
adduct between Cu® and [Co(CO),]~ may originate a
[CuCo(CO),], tetramer or an infinite [CuCo(CO),l, polymer
(Figure 32).[125,126]

All the above mentioned examples of polymerization
isomerism are based on M—M bonds, whereas the square
tetramer [Fe,Cu,(ps-C)(CO),,(bipy)], (bipy =4,4"-bipyridine) and
the infinite zig-zag chain polymer [Fe,Cu,(us-C)(CO),,(bipy)],, are
polymerization isomers generated by the bridging ligands
(Figure 33).1%"

Conclusions

Several examples of isomerism have been reported along the
years for molecular MCCs of different sizes. These include
surface isomerism as well as core isomerism. Surface isomers
may originate from the stereochemistry of the carbonyl ligands
in the case of homoleptic MCCs. The presence of other
inorganic (often hydrides) or organic ligands introduces further
potential sources of isomerism, that is, coordination site
(position), coordination mode, reciprocal disposition of the
ligands, overall 3-D arrangement of the ligand shell. Moreover,
the metal core of the cluster may be decorated on the surface
by miscellaneous ML fragments, whose geometrical disposition
may generate further surface isomers. The latter phenomenon

[Co6H24CuiMn N,Os],, - [n=1 vs. n=2] + ligand distribution

}1 co
N Lo
[ >>~Cu—Mﬁ—CO
I\{ oC
R oC
(IMes)Cu-Mc (n=1)
Me
R= Me Equilibrium in solution
M Both isomers characterized by SC-XRD
¢
r R R T@r -
/ \ © co co ©
N N €O €O
‘ >> Cu << j} OC_/M'I;*Cu—Mf;—CO
N N
\ / oC ‘ oC '
R R ocC ocC

{(IMes),Cu} {CuMc,} (n=2)

Scheme 6. Coordination isomerism — Schematic representation of the two isomers (IMes)Cu—Mc and {(IMes),Cu{CuMc,}. The isomers are in equilibrium in
solution, and they have been both structurally characterized in the solid state by SC-XRD.
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is closely related to isomerism due to the staple motives in
ligand protected coinage metal molecular nanoclusters."” It
must be remarked that often MCCs, in the solid state, occupy
general positions lacking site symmetry, and this may result in
chiral MCCs. Nonetheless, the presence of inversion centres,
mirror or glide planes in the space group generates a racemic
mixture within the crystal. Therefore, genuine cases of enantio-
merism in MCC have not been yet demonstrated, unless a chiral
ligand is introduced.!"?%'2

Core isomerism in MCCs may concern significant variations
of M-M contacts among different isomers without any further
relevant difference, as well as changes of the structures of the
metal core (polyhedron) of the MCC. In the latter case, the Oh-
Pd, and TP-Pd, isomers of [HCo,sPd,C5(CO).5]*" represent one of
the most significant example for high nuclearity MCCs. The
reversible interconversion of the Oh-Pd, and TP-Pd, cores upon
protonation/deprotonation of the related clusters [Hs,
2C0;sPdyC5(CO)56]" (n=0-3), as well as isomerization of
[HCo,5PdyC5(CO);61>~ upon crystallization, indicate that the core
of even larger clusters may be transformed by weak forces. This
might be taken into consideration when analyzing catalysis by
ultra-small metal nanoparticles and molecular
nanoclusters.!'*132

Positional isomers are possible for heterometallic MCCs in
view of the fact that the same metal site (position) may be
occupied by different metal types. Separation of such isomers is
not very straightforward and, often, this results in mixtures of
two or more positional isomers in solution and in the solid
state. Within a single crystal, the co-crystallization of positional
isomers generates positional disorder, that makes sometimes
rather difficult the identification of the actual isomers. A further
complication arises since, often, positional disorder is accom-
panied by substitutional disorder. Indeed, both these phenom-
ena are caused by a limited metal site selectivity, which is more
likely in the case of isoelectronic metal couples, such as, Ni/Pt,
Ni/Pd, Cu/Ag, Cu/Au, Ag/Au. The combination of positional and
substitutional disorder generates mixtures of isostructural MCCs
with different ratios of the two metal types as well as mixtures
of positional isomers. Shedding light into these complex
mixtures of MCCs is a real challenge that might help a better
understanding of molecular alloy nanoclusters.

As a concluding remark, the study of isomerism in MCCs of
increasing sizes, and the identification of different types of
isomerism, including rare typologies such as polymerization
and coordination isomerism, represent a challenge for the
future. Surface and core isomerism are found in all classes of
molecular nanoclusters and, thus, their systematic study is
fundamental for the development of nanochemistry, the under-
standing of its mechanisms, and the applications of ultra-small
metal nanoparticles and nanoclusters.
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