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Abstract. In this review article, we discuss advances in the chemistry of metal carbonyl clusters
(MCCs) spanning the last three decades, with an emphasis on the more recent reports and those
involving Groups 8 — 10 elements. Synthetic methods have advanced and been refined, leading to
higher-nuclearity clusters and a wider array of structures and nuclearities. Our understanding of the
electronic structure in MCCs has advanced to a point where molecular chemistry tools and other
advanced tools can probe their properties at a level of detail that surpasses that possible with other
nanomaterials and solid-state materials. MCCs therefore advance our understanding of structure—
property—reactivity correlations in other higher-nuclearity materials. With respect to catalysis, this
article focuses only on homogeneous applications, but it includes both thermally and
electrochemically driven catalysis. Applications in thermally driven catalysis have found success
where the reaction conditions stabilise the compounds toward loss of CO. In more recent years,
MCCs, which exhibit delocalised bonding and possess many electron-withdrawing CO ligands,
have emerged as very stable and effective for reductive electrocatalysis reactions since reduction
often strengthens M—C(O) bonds and since room-temperature reaction conditions are sufficient for

driving the electrocatalysis.

1. Introduction

A review article describing clusters and their analogies with surfaces was published in 1979 by
Muetterties and Rhodin and coworkers; the second page states, “With such riches, a comprehensive
review of chemical bonding in metal clusters compared to metal surfaces is neither practical nor

appropriate here. ... The largest subgroup comprises the metal carbonyl clusters and the size range
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within this subgroup extends through the full, established range for clusters of 3 to 30.”! Now 42
years later, the size range of homoleptic metal carbonyl clusters (MCCs) has expanded, ranging
from 3 to 56; since then, hundreds of papers reporting the activity targeting the many aspects of
MCC chemistry have been published. Numerous other reviews have appeared since that
time,234367891011121314 and a comprehensive review is certainly not practical or appropriate in the
foregoing pages of this article. Hence, we will focus our insights on synthetic methods for obtaining
Groups 8 — 10 MCCs and on their use as homogeneous catalysts and as homogeneous
electrocatalysts. We will feature work published in the most recent decades, and we will provide a
view of future interesting directions in the field. We have decided to exclude MCCs of Groups 5 — 7
because they span a smaller range of clusters, and examples of their synthesis and catalysis are
primarily older work.

The work of Hieber defined the beginning of modern metal-carbonyl chemistry and at the
same time, of modern organometallic hydride chemistry with the reports of reactions surrounding
Fe(CO)s and the synthesis of HyFe(CO), in 1931.15 The chemistry of MCCs developed rapidly in
the 1970s and 1980s, whereas there was a marked decline in publications on this topic in the 1990s.
A renewed interest started in the noughties,'® due to the intense research in the more general field of
molecular nanoclusters and ultra-small metal nanoparticles.!”1819202122 Within this framework, the
recent research in MCC chemistry has focused on the synthesis and structural characterization of
metal carbonyl nanoclusters (high-nuclearity MCCs), the investigation of their physical properties
in relationship with their molecular structure and composition, and their applications in catalysis
and electrocatalysis. Because high temperatures may initiate CO ligand loss, electrocatalysis
enables catalysis at room temperature, where MCC decomposition is less likely. Electrochemical
reduction reactions in MCCs are particularly promising because the many CO ligands are very
efficient at stabilising any electrons added to the cluster core to initiate reductive electrocatalytic
reaction cycles. Some of these aspects will be covered in this review. General references, covering
the full scope of MCC chemistry, may be found in the cited literature.

In the first part of this review, we discuss in detail the synthesis of MMCs from Groups 8 —
10; after general principles, we illustrate representative examples from recent work. In the
Electronic Supporting Information (ESI), we also tabulate many of the known MCCs with citations
to their syntheses. To further narrow the scope of the review, we mainly focus our attention on the
syntheses of homometallic and homoleptic MCCs. Only a few examples of significant
heterometallic and heteroleptic MCCs and of MCCs containing main-group elements will be
discussed. The readers can find pertinent references throughout the text. In the second part of this

review, we discuss both homogeneous catalysis and homogeneous electrocatalysis, along with the
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relative advantages of using MCCs to promote these processes. To clarify, homogeneous refers to
the fact that the (electro)catalysts are in solution-phase along with reactants and other additives;
unless specified, "catalysis" refers to reactions requiring thermal activation while "electrocatalysis"
requires an applied potential. Heterogeneous catalysis, where the electrocatalyst is not in the same
phase as the reactants, falls outside the scope of this review; however, we recognise that MCCs
have been supported by various matrices to modify their catalytic activities, and some of that work
has been summarised in review articles or books.2324252627 For instance, Pt;, and Pt;3 clusters have
been selectively synthesised within dendrimer templates and show dramatically different catalytic
activities in the oxygen reduction reaction, which occurs at the cathode of fuel cells.? MCCs have
also been employed for the preparation of Pt clusters of controlled sizes inside metal-organic

frameworks and employed for catalysis and electrocatalysis.?’

2. Metal Carbonyl Clusters: Synthesis
2.1 General Principles
Methodologies for the syntheses of MMCs may be grouped into four broad categories,”> which can
be applied to both homo- and hetero-metallic species (Scheme 1):
1) Direct (reductive) carbonylation;
2) Thermal methods;
3) Redox methods;
4) Other chemically induced methods.

THERMAL METHODS

(a) Pyrolysis (solid)

DIRECT CARBONYLATION / (b) Thermolysis (solvent)
CcO

METAL -
METAL \ METAL
CARBONYL CARBONYL
METAL SALT co : REDOX METHODS CLUSTER
OR COMPLEX Reducing agent (a) Reduction
(b) Oxidation
REDUCTIVE CARBONYLATION (¢) Redox condensation 4—, i
(d) Disproportionation
CHEMICAL
MODIFICATION
OTHER CHEMICALLY
INDUCED METHODS

Scheme 1. General methods for the synthesis of MCCs.> MCCs can be obtained from non-carbonyl
precursors by direct or reductive carbonylation. Low nuclearity metal carbonyls can be transformed

into larger MCCs through thermal and redox methods. Moreover, MCCs can be used as starting
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material in thermal, redox or other chemically induced methods for the preparation of further

MCCs.

It must be remarked that the distinction among these four categories is mainly based on the
experimental conditions adopted; from a mechanistic point of view (when a mechanism may be
devised), they are often overlapping. For instance, heating a metal carbonyl in the presence of a
base is usually classified as a thermal method, even if the mechanism may also involve redox
reactions. Syntheses of category (1) start from a non-carbonyl precursor, whereas those of
categories (2)—(4) employ carbonyl species.

Compared to C—C bonds, M—M interactions are weaker and non-directional. As a
consequence, MCCs adopt a rich variety of structures even in the case of species with similar
compositions. The products obtained are highly dependent on the experimental conditions, which,
therefore, must be very carefully controlled. A tailored synthesis of a particular structure is still a
dream. Nonetheless, it is nowadays possible to outline some general guidelines for the preparation
of MCCs with a given composition and for inducing their growth up to the nanometric level.?3-6.8-
11,30 Moreover, isolated MCCs can be modified and functionalised with ancillary ligands to induce
new properties, to be anchored onto supports, or to be transformed into nanostructured
catalysts. 235681130

Infrared (IR) monitoring of the reactions is a very useful tool. Reactions are often
accompanied by the formation of side products, such as small carbonyl complexes (e.g., Ni(CO)s,
[Co(CO)4], Ni(CO);(PPh3), [Rh(CO)4]"), bulk metals, metal salts, and other MCCs. Separation and
purification of the major product is mainly achieved using solvent extraction, owing to the
solubility differences of the product and side products in water and organic solvents. In the case of
anionic MCCs, this may be enhanced by choosing suitable tetra-substituted-ammonium or
-phosphonium cations. For less charged and neutral MCCs, chromatography is sometimes
employed. The resulting yields vary case by case, but many MCCs can be obtained on the
hundreds-of-milligram or even gram scale.

Direct (reductive) carbonylation. Direct and reductive carbonylation are the major methods
for the preparation of metal carbonyls starting from non-carbonyl precursors.>3> Direct
carbonylation of a finely divided metal under CO works only in a few cases, such as with Fe, Ni,
and Co. Reductive carbonylation is a more general procedure, which requires the reduction of a
metal salt under CO atmosphere. The reducing agent (H,, Na, CO itself, etc.), temperature, and CO
pressure employed depend on the metal. In some cases, harsh conditions are required, and in other

cases, the reactions may be performed at room temperature (RT) with 1 atm of CO. For instance,
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ambient reductive carbonylation may be used for the synthesis of Rhy(CO)5,3! Iry(CO)ys,?
[Rh(CO)4], 3 [Ir(CO)4],>* and the [Pt3,(CO)e,]*> (n = 1-10).3* Even if Ru3(CO);, may be prepared
with CO at atmospheric pressure,® the high-pressure synthesis is often more convenient.>® The use
of CO as a reducing agent is summarised by the half-reaction (Equation 1); a suitable amount of

base is used to tune the reducing ability of CO.

CO + 20H — CO, + H,0 + 2¢ (1)

Reductive carbonylation may also be used in the solid state.>” Moreover, reductive carbonylation of
Pd salts in the presence of PR; has been extensively used by Dahl and Mednikov for the synthesis
of Pd-CO-PR; clusters (see the ESI: Scheme S1).!3

Thermal methods. CO elimination from a MCCs is an endothermic process with a
favourable entropic term; therefore, it is usually promoted by thermal methods, in the solid phase
(pyrolysis) and in solution (thermolysis). Other than decomposition, four possible events may
follow CO elimination from a MCC, with event (4) as the most common:?

1) No reaction. In very few cases, the same cluster cage can be stabilised by different numbers
of CO ligands, as in the case of [Rh;;Sn(CO),7]* (n =0, 1, 2) 3® and [NigCoC,(CO)6.4]>~
(x=0,1).%

2) Permutation. Elimination of two CO ligands from the trigonal bipyramidal (TBP)
[PtRh4(CO)14]*> generates the TBP [PtRhy(CO);]*> with the migration of Pt from an
equatorial to an apical position.*°

3) Intramolecular condensation. In some cases, CO elimination induces a structural
rearrangement of the cluster with retention of the nuclearity. This is exemplified well by the
trigonal prismatic (TP) MCCs, [MgC(CO);5]> and [CogN(CO);5]" (M = Co, Rh), which are
transformed into octahedral (O,) clusters, [MsC(CO);3]> and [CogN(CO)3]-, after
elimination of two carbonyl ligands.*! The number of M—M bonds increases from 9 (TP) to
12 (O), and because of this, the process may be referred to as an intramolecular
condensation where M—CO bonds are replaced by M—M bonds.

4) Intermolecular condensation. This is the most common process observed after heating a
MCC. In this case, CO elimination produces an unsaturated species, which condenses with a
second cluster fragment resulting in a higher-nuclearity MCC. Several examples will be

given in the following sections.
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Heating a MCC may also promote CO dismutation to C and CO,, resulting in carbide
MCCs.23-368-1130 Thermal reactions of neutral clusters are often unselective, leading to mixtures of
products. As demonstrated by Chini, the use of an anionic cluster as starting material or the addition
of a base to a neutral carbonyl in thermal decomposition often provides better selectivity.?

Redox methods. Redox reactions used for the synthesis of MCCs include reduction,
oxidation, redox condensation, and disproportionation.>33-68-11.30 Multivalent MCCs can undergo
reversible redox reaction without any major structural rearrangements;® examples include [Niy,-
xPd20ix(CO)ss]™ (n = 5-8),% [Pt33(CO)35]™ (n = 0-9), and [Ptsp(CO)go]™ (n = 4-11).* In general,
redox reactions on non-multivalent (electron-precise) MCCs or the use of excess redox reagents on
multivalent MCCs lead to irreversible processes yielding new MCCs or complete decomposition.

Reduction of a MCC can be performed by (1) direct addition of electrons, for instance, using
alkali metals; or (2) nucleophilic attack of the C-atom of a coordinated carbonyl by OH™ ions. In the
latter case, the first product is a metallacarboxylic acid [MCOOH], which is readily transformed
into a hydridocarbonylate [MH]~ upon CO, elimination or a metallacarboxylate [MCOQO]*" upon
deprotonation.*> Following further deprotonation or CO, elimination, [MH]~ and [MCOO]* are
both transformed into the dianion [M]?>-, which can be stable or undergo redox condensation to
larger MCCs (Scheme 2). This approach was developed by Hieber,!> who demonstrated that
different Fe carbonyl cluster anions could be obtained from the treatment of Fe(CO); with base.
This method is very versatile; it can be used for the preparation of low-nuclearity carbonylates and

hydridocarbonylates as well as larger MCCs.

CO

thOAQEE£—»[MCOOHT—;—3—+[MHT

+OH™ | -H0 +OH™ | -H,0

CO

[MCOOJ>~ ——==2 . [M]*

+M-CO

[MA(CO)I*

Scheme 2. Condensation induced by reduction. The process is initiated by OH™ nucleophlic attack
on a CO ligand and eventually leads to the hydride [MH]" or the dianion [M]?". This, in turn, can

undergo to a condensation reaction resulting in the higher nuclearity metal carbonyl [M,(CO)4]*.



Page 7 of 76 Chemical Society Reviews

When reduction of the MCC is achieved by the direct addition of electrons, the M—M and
M-CO bonds often cleave, with the resulting species undergoing fragmentation or condensation to
larger species. Alternatively, reduction can simply result in the replacement of a CO ligand with
two negative charges with or without structural rearrangement. Indeed, [M]?>~ may be stable or
undergo redox condensation (Scheme 2).

Oxidation of MCCs with innocent (non-coordinating) reagents, such as tropilium
tetrafluoroborate or ferrocenium ions, may result in the formation of new M-M bonds with or
without CO loss, as in the dimerisation of [Irg(CO)5]*> to [Ir;2(CO)6]*,* [Ptio(CO)pn]* to
[Pt35(CO)4s]*>~,*" or [CosC(CO);5]* to [Co1;Co(CO)3]™ (n = 1-3).#8 Using coordinating oxidants
such as H" and [ML,]"", the reaction may proceed through oxidation or formation of a Lewis-type
acid—base adduct. In order to increase the nuclearity of MCCs of a few metal atoms, the latter
process has been widely employed through the addition of [ML]" fragments (M = Cu, Ag, Au; L =
neutral ligand).>%3° In some cases (vide infra), the reaction of MCCs with metal salts or complexes
may result in larger MCCs via redox condensation. The use of H* ions (from acids or hydrolysis of
[M(H,0)4]™" ions) may result in the oxidation of the MCC or the formation of isostructural MCCs
containing hydride ligands. For instance, [Rh;(CO);4]3~ is oxidised by MCl,-xH,O salts (M = Ni,
Zn, Cd) to [HRhy4(CO)s]*, [Rhys(CO)r]*, [Rhys(CO)as(MeCN),J*, and [Rhy7(CO)sq]*#
Although oxidation usually results in larger clusters, in a few cases oxidative degradation is
observed. For example, treatment of [H,Co,0Pd;sC4(CO)4]* with strong acids affords
[HCo5PdyC3(CO);3]> and, eventually with excess acid, [Co3Pd3C3(CO),9]7.2%°152 In several cases,
polyhydride clusters may be interconverted by simple acid—base reactions. For instance, protonation
of [Cos(CO);5]> affords [HCos(CO);s]-,>® while stepwise protonation of [Co;sPdyC;(CO)s5]3~
results in [HyCo;sPdoC3(CO)sg]>, [HCo15PdeC3(CO)s5]-, and H3Co;sPdyC3(CO)sg; these reactions
may be reversed by the addition of base.

Redox condensation was introduced and rationalised by Paolo Chini, and it represents one of
the most powerful and versatile procedures for MCC preparation.>* Redox condensation involves a
comproportionation reaction between an MCC anion and a more oxidised species (not necessarily a
cluster nor even a carbonyl compound), which can be either cationic, neutral, or anionic (Scheme 3;
also see ESI: Figure S1). Redox condensation can be used for the preparation of homo- and hetero-
metallic MCCs, even when the second metal does not form a carbonyl compound, such Pd, Cu, Ag,

Au, Hg, or main-group metals.



Chemical Society Reviews Page 8 of 76

[Re(CO)15l*+ [RN(CO)I™ —————— [Rh7(CO)yel*™ + 3CO
[Nis(CO)2*~ + Ni(CO)4 > [Nig(CO)12* +4CO
[Rhs(CO)15]™ + [Rh4(CO)44]>~ ———— [Rhg(CO)4g]*> + 7CO
[Pts(CO)12]%” + [Pt12(CO)24l”” ——— 2[Pto(CO)1gl*"
[Co3(CO)1o]” + Fe(CO)s ———— > [CozFe(CO)qo” + 3CO

5[Rh42(CO)30>~ + [Pt12(CO)pq]*~ — 12[PtRh5(CO)1s]”

.+ P(Et,S),Cl i
[CosC(CO)15]% 2272, [CogPt,Co(CO)ul?

[HRus(COY T — P& o [RUGPG(CONel?

Nig(CO) a2 — 4 [NigpAug(CO)al®

[Nig(CO)o> —— 2 o [N1,Ga(CO),I>

[Rh7(CO)el> ——"2 o [Rh1,Sn(CO)rI*
+BiCl,

[Rh7(CO)16]> ——————— [Rh12Bi(CO)z7]*

+ SbCl3
[Rh7(CO)16]> ————————> [Rhy;Sby(CO)sg]*

Scheme 3. Some representative examples of redox condensation. Balanced equations have been

written only when the complete stoichiometry of all the reagents and products are known.

Disproportionation is the reverse of redox condensation, and it may be promoted in neutral
M,(CO), carbonyls by using polar solvents or bases. Disproportionation can result in (a)
[ML¢]>" [M,(CO),]*> ionic couples, (b) isocarbonyls adducts, or (¢) xenophilic clusters (Scheme
4).>5 An example of case (a) is represented by [Fe(DMF)s][Fes(CO) 3], which is formed after
heating Fe(CO)s in DMF (N,N-dimethylformamide). Xenophilic clusters (case (c)) contain a direct
M-M bond between a metal centre in a formal negative oxidation state and a second metal in a
positive oxidation state, e.g., Fey(CO)s(py)s® and [Mn][Mn;(THF)s(CO);;]; (THF =
tetrahydrofuran; see ESI: Figure S2).%7
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M,(CO), + L
(L = tetrahydrofuran, ketones, amines)
(a) (c)
[MLgZ"IIM(CO)y ] (b) L
mononuclear ions L/M—M(CO)n
or L
[ML6?*][Ma(CO),*] Y xenophilic M-M bond
metal cluster ion ||_ L
(CO)M-C-O-M—0-C-M(CO),
|

isocarbonyl linkage
Scheme 4. Disproportionation of neutral metal carbonyls can result in (a) ionic couples, (b)
isocarbonyl adducts, or (c) xenophilic clusters (M, black: metal in formal oxidation state = 0; M,

red: formal oxidation state > 0; M, blue: formal oxidation state < 0).%>

Other chemically induced methods. MCCs can be modified by additional chemical
reactions. The addition of soft nucleophiles (e.g., CO, PR3, RC=CR, R,C=CR,, pyridine, NO;",
halides) may result in the formation of addition or substitution products, cluster breakdown, or even
condensation; the particular reaction route depends on the MCC, the nature of the nucleophile, the
stoichiometry of the reaction, and experimental conditions.?3->681130 Moving from cationic to
neutral and anionic MCCs, CO-substitution with stronger c-donors becomes less favoured. The
addition of soft nucleophiles typically causes the removal of ML, fragments (e.g., Ni(CO),,
Ni(CO),(PR3),, [Rh(CO),1;]7), forming lower-nuclearity MCCs, but in a few cases, nucleophilic
attack promotes condensation, resulting in higher-nuclearity clusters (Scheme 5). For instance, CO-
induced cluster condensation is observed after exposing [Ni;gRh,C(CO),]* to CO under ambient

conditions, resulting in the bis-acetylide [NigRhg(C,),(CO)p4]* (Figure 1).58

[Ni12Ge(CO)zo]*~ + 6CO [Ni1oGe(CO)zo~ + 2Ni(CO),

[Rh15(CO)p7]>~ + 217 ——= [Rh14(CO)as]*~ + [RN(CO)2l2]

[NigC(CO)17]%~ + 2PPh —=[Ni7C(CO)12]%~ + Ni(CO),(PPhs), + Ni(CO)3(PPhs)

2[Ni;oC2(CO)16]*~ + 8PPh3 — [Ni;5(C2)2(CO),3]* + 4Ni(CO),(PPhs), + CO

Scheme 5. Some representative reactions of MCCs with soft nucleophiles.
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[NigRh,C(CO)z0]* [NigRhg(C2)2(CO)p4l*
Figure 1. CO-induced condensation of [Ni;oRh,C(CO)y]*> to [NigRhg(C,),(CO)y4]* (green, Ni;

blue, Rh; grey, C). CO ligands have been omitted for clarity.>®

As a final remark, main-group elements are most often introduced into MCCs by redox
condensation using suitable EX;, compounds (E = main-group element; X = halide). Chalcogens can
also be introduced using elemental O,, Sg, Se, or Te, or using chalcogen-containing EO,>
molecules under reducing conditions.>3-:6:8-12,30,59.60 Syjjtable reagents for the synthesis of nitride-
containing MCCs from metal carbonyls are NO*, NO,~, N3, and NCO~. Carbide MCCs represent the
largest class of MCCs containing a main-group element. They can be prepared by three main
methods: 2:3.5.6.8-11.30,61

1) Thermal disproportionation of CO to C and CO,. This method is very effective in the case of
Re, Fe, Ru, and Os carbonyls.

2) CO splitting by the reduction of a bridging CO ligand. In this case, a CO ligand that C-
bonded to a metal is activated by O-coordination to a Lewis acid, such as RCO" (generated
from RCOCI). The resulting M—C—O—C(O)R is then reduced to a metal carbide following
elimination of RCOO™. This method has been applied mainly to Fe and Co clusters.

3) Reaction of MCC anions with carbon halides (e.g., CCly, C,Cly, C,Clg, C5Clg). This method
is largely employed for the synthesis of Co-, Rh-, and Ni-carbide MCCs.

In the following sections, sample syntheses of MCCs from the Groups 8-10 metals will be
illustrated. For each metal, the synthesis of MCCs that can be further employed as precursors for the
preparation of new species will be summarised with key details. These include neutral clusters,
homometallic MCCs, species containing main-group elements, and heterometallic MCCs. Some
representative (not exhaustive) examples on how these species might be employed for the

preparation of new MCCs will then be briefly outlined.

2.2 Iron Carbonyl Clusters

10
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Fe(CO)s can be obtained in very large scale by the direct carbonylation of Fe metal. It is the best
commercially available starting material for the preparation of other iron carbonyls (Scheme 6). The
photolysis of Fe(CO)s in acetic acid affords the almost insoluble Fey(CO)y,5> which was probably
the first structurally characterised carbonyl compound containing a direct M—M bond, even if
supported by bridging carbonyls. Fe;(CO);, has been obtained by three different methods:®* (a)
thermal treatment of Fe,(CO)y, (b) oxidation of [HFe(CO)4]-, and (3) reaction of [HFe;(CO)y ]

with strong acids.

[HFe(CO)4I
o KOH ).
[Fe(CO)4] NH3/HO0  Fep(CO)g ——— [Fex(CO)g]
\ /hv? CH3COOH
Fe(CO)s
100 °C in DMF y wf in NEts/H,0
H,SO,
[HFeq(CO)1al <2294 [Fe4(CO)43]* [HFe3(CO),q] —> Fe3(CO)12
iKOH i KOH
[HzFe4(CO)12]2'<ﬂ [HFe4(CO)40* [Fes(CO)11]*

i CF3S04CH;

[HFes(CO)1l*>
Scheme 6. Synthesis of carbonylferrates and hydridocarbonylferrates from Fe(CO)s (DMF = N,N-
dimethylformamide, py = pyridine). Anionic Fe carbonyls are obtained by a combination of redox
and thermal reactions as well as the use of acids and bases. See Table S1 in ESI for a full list with
references.

Carbonylferrates and hydridocarbonylferrates. Based on the seminal work of Hieber,!"
several carbonylferrates and hydridocarbonylferrates have been prepared and structurally
characterised:* [Fe(CO)4]%, [Feo(CO)s]*, [Fe3(CO)11]%, [Fes(CO)13]>, [HFe(CO)4]-, [HFe(CO)s]
, [HFe3(CO),1], [HFe4(CO);3], [HFe4(CO);5]*, [HFes(CO)14]*, and [H,Fey(CO),5]* (see ESI for a
full list with references: Table S1). The paramagnetic species [Fe,(CO)g], [Fe;(CO)i,], and
[Fe;(CO);1]" have been confirmed and characterised by electron paramagnetic resonance studies on
(3C, 37Fe) isotopically enriched samples.®*%> In contrast, variable-temperature (VT) multinuclear
nuclear magnetic resonance (NMR) studies indicate that the purported dihydrides H,Fe;(CO),; and
H,Fe4(CO);3 should be reformulated to HFe;(CO),o(CO-H) and HFe4(CO);,(CO-H).%¢

Carbonylferrates and hydridocarbonylferrates are usually obtained from neutral Fe carbonyls

by reduction, treatment with base, or disproportionation. Several procedures have been reported,

11
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with some species having multiple synthetic routes. Scheme 6 shows only some of the most
significant examples. Reduction of Fe(CO)s with Na/benzophenone in THF affords the Collman's
reagent Na,[Fe(CO)4]. Depending on the specific reaction conditions, treatment of Fe(CO)s with
OH~ conveniently yields [HFe(CO)4]~ or [HFe3(CO)]; the former is produced with NH; in water
at RT, while the latter with NEt; in water at 80 °C. In contrast, [Fe4(CO),3]> is prepared in high
yields from the disproprtionation of Fe(CO)s in either DMF or pyridine (py) at 100 °C (see ESI:
Scheme S2).

Isonuclear carbonylferrates and hydridocarbonylferrates are easily interconverted by simple
acid-base reactions. For instance, [Fe;(CO);;]* is quantitatively protonated to [HFe3(CO);]~ by
stoichiometric amounts of strong acids, and the reaction is reversed by using 1.2-M KOH in
methanol. Interestingly, the reaction of [HFe3(CO); ]~ or [Feq(CO)i3]*>~ with 6-M KOH results in
[HFe4(CO);,]*.%7 The unique hydride of [HFe4(CO);;]3 is ps-coordinated to a triangular face of the
cluster. This coordination is retained after the addition of two [AuPPh;]* fragments, yielding
[HFe4(CO)12(AuPPhs),] ;% however, further addition of [AuPPhs]* produces the neutral
HFey(CO)12(AuPPh;);, and concomitantly, the hydride migrates from the triangular face to the
tetrahedral cavity (Scheme 7).

[HFe4(CO)12l™ [HFe4(CO)12(AUPPhg),I HFe4(CO)12(AuPPh)s
Scheme 7. Hydride migration in [HFe4(CO);,]*~ induced by the addition of [Au(PPh;)]* fragments
(blue, Fe; yellow, Au; grey, C; red, O; white, H). The surface p;-H hydride ligand of
[HFe (CO);5]>~ and [HFeq(CO)o(AuPPhs),]- is moved to the tetrahedral cavity of
HFe4(CO);,(AuPPhs); upon the addition of a third [Au(PPh;3)]" fragment.®® PPh; ligands have been

omitted for clarity.

Iron Carbide Carbonyl Clusters. By heating Fe(CO)s in quinoline at 160—180 °C, both CO

and metal disproportionation are observed, resulting in the carbide cluster [FesC(CO);6]> (Equation

12
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2).%% The same cluster can be alternatively obtained by heating Fe(CO)s and [Fe(CO)4]* in diglyme
at 160 °C.

7Fe(CO)s + 6quinoline — [Fe(quinoline)s]** + [FecC(CO)4]*> + 17CO + CO, )

[FesC(CO)6]> is a very versatile reagent for the preparation of other Fe carbide carbonyl
clusters (Scheme 8). Its reaction with NaOH in dimethylsulfoxide (DMSO) affords the highly
reduced [FesC(CO);5]*.7° Moreover, [FesC(CO)i]* is oxidised by Fe3* ions in H,O to form
FesC(CO),s, which, in turn, is transformed into [FesC(CO),4]>" after reaction with [Fe(CO)4]*."! In
contrast, the reaction of [FesC(CO)]> with Fe3* in MeOH results in the pyu-
(methoxycarbonyl)methylidyne cluster [Fe,(CO);,C(CO,Me)] ;7> which can be further transformed
into Fe,C(CO);3 by reaction with CF;SOs;H or into [HFe4C(CO);,]~ by reaction with BH;-THF.7374
The related [Fe C(CO);,]> dianion can be obtained using a strong base to deprotonate
[HFe,C(CO),]” or using Na to reduce the [Fes(CO);»(COC(O)CH3)]™ adduct, which is prepared
from the reaction of [Fe4(CO);3]*>~ and CH3COC]1.5!

By reor L7 gy 7

Fe5C(CO)15 [FeSC(CO)‘M] i 2-
[Fe4(CO)13]
3+
‘Fe in H,O CH5COCI
(0] -
or g
Fe(CO) 160 °C /|\ a F\/| 07 CH,
® quinoline ' DMSO SC2L PN
N/ I P
F Fe
[FesC(CO)16l> [FeeC(CO)15]4' &
l Fe®* in CH,OH [Fe4(CO)12(COC(O)CHa)I
Na
OnOCHs |-

/C\_l 2-

Fe\\/é//:e CF,SO4H Fe\\/yﬁe BH,*THF Fe\\/;e/>Fe NaOH Fe\/é /Fe
/ / 4 N
H

Fe Fe Fa
Fe,C(CO)13 [Fe4(C0)1,C(CO,CH3)I [HFe,C(CO) o] [Fe,C(CO)1I%
Scheme 8. Synthesis of Fe carbide carbonyl clusters. All the species have been isolated and fully
characterized.®!-%%74 [FecC(CO);4]* is prepared directly from Fe(CO)s by thermal treatment. Other

Fe carbide carbonyl clusters can be obtained from [FesC(CO)4]>~ using redox reactions.

13
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Alternatively, [Fe4,C(CO),]*> can be prepared starting from [Fe4(CO)13]? in a two steps reaction by

CO scission. CO ligands have been omitted for clarity.

[FesC(CO)16]>, [FesC(CO) 5]+, [FesC(CO)1,]>, and [FesC(CO)4]> react with metal
carbonyls and metal complexes affording several heterometallic carbide clusters, via redox
condensation, metal replacement, or formation of Lewis-type acid—base adducts.””’® A recent
advance in this area is the reaction of [FesC(CO)j4]>~ with [Mo(CO)s(chpt)] (chpt =
cycloheptatriene) to afford the heterometallic carbide [FesMoC(CO),7]>, which displays selective
alkyne reduction.”” The first Fe carbide—sulfide clusters, FesC(CO)4(S) and [FesC(CO)14(S)]*,
were also obtained recently (Scheme 9).7® The addition of SO, to [FesC(CO)i]* results in
[FesC(CO)5(SO,)]?>, which is then O-methylated by MeOTf (methyltriflate = methyl
trifluoromethanesulfonate) to [FecC(CO);5(SO,Me)]". Demethoxylation with BF; results in
FesC(CO)5(SO), which spontaneously converts in solution into FecC(CO)4(S) at RT. Reduction
with Na/naphthalene eventually affords [FeC(CO)4(S)]*.

Fe 2- Fe\sl e
T“f/éc‘;%e SO / _Meon . 7/ ‘\5\ L 17/ \57/
L A

[FegC(CO)4g]* [Fe6C(CO)15(802)]2' [FeeC(CO)15(802Me)]' FeeC(CO)15(SO)

.
/ RT

‘74‘&7<— 1\: \e/é/Fs -~ l\)c_</\/\sl
\\// \\// \\I//

[FesC(CO)14(S)]2' [Feec(CO)m(S)]' FegC(CO)16(S)

Fe

Scheme 9. Synthesis of FecC(CO);4(S) and [FesC(CO)14(S)]*.[FesC(CO)4]> is transformed into
[FesC(CO)5(SO,)]* by CO substitution with SO,. Further reactions with MeOTf, BF; and
reduction with Na/naphthalene result in the target compounds.’® CO ligands have been omitted for

clarity.

Iron carbonyl clusters containing other main-group elements. Nitride atoms can be
introduced into Fe carbonyl clusters by the reduction of NO* ions (see ESI: Scheme S3).> The

thermal reaction of [NO][BF4] and [Fe,(CO)g]* in diglyme is highly dependent on the temperature;
14
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it affords [Fe,;N(CO);]™ at 130 °C, whereas it produces [FesN(CO),4]~ at 145 °C. [Fe4,N(CO);,] can
be alternatively obtained from the redox condensation of Fe;(CO);; and [Fe(CO);(NO)]~. Both
[FesN(CO)y2] and [FesN(CO)y4] are protonated by strong acids, forming the related neutral mono-
hydrides HFe,;N(CO);, and HFesN(CO)4. The redox condensation of [FesN(CO)j]- with
[Fea(CO)g)? results in the fully interstitial nitride cluster [FegN(CO);s]3-, from which an Fe atom
can be removed by oxidation, affording [FesN(CO)y4] ™.

Oxygen is by far one of the most difficult main-group elements to incorporate into low-
valent metal carbonyl clusters because of its oxidising power, hard base nature, and higher affinity
for high-valent metals (see ESI: Table S2). One of the most significant exceptions is represented by
the ps-oxo carbonyl cluster [Fes(us3-O)(CO)o]*, which is obtained from the reaction of
[Fe3(CO)y1]> with dry air.”® Indeed, this is a rare case in which letting (dry) air into a Schlenk tube
containing an anionic metal carbonyl cluster results in the selective synthesis of a new species. It is
noteworthy that protonation of [Fe;(u3-O)(CO)q]?~ occurs on the O atom affording the ps-hydroxo
cluster [Fe;(u3;-OH)(CO)oy]-, whereas [AuPPh;]* adds to the Fe; metal cage affording [Fes(u;-O)(us-
AuPPh;3)(CO)o]~ (Scheme 10).8981 This is due to the fact that the hard H* acid prefers to add to the
hard oxo base, whereas the soft [AuPPh;]|" acid prefers to interact with the softer base site of the
metal cage of the cluster. The coordination of the oxo ligand can be further expanded by reacting
[Fes(u3-0)(CO)g]?>~ with metal fragments, such as [Mn(CO)3;(MeCN);]" and Ruz(CO);o(MeCN),,
which results in [Fe;Mn(u4-0)(CO);,]# and [Fe,Rusz(py-0)(CO) 1483

15
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-

o)

Fe—I—Fe O
[Fes(us-OH)(CO)l” N[/ Fe\/\ _Mn
Fe \ V
£
H* [Mn(CO)g,(MeCN)g,]+ )
[FesMn(14-0)(CO) 1]
o o 1%
[Fes(COI2——2 » Fe—/—Fe
7
[Fes(us-0)(CO)g>  RUs(CO)1o(MeCN),
Au(PPh3)C Ru 2-
l A
Dy
O - Fe\\'—//‘Ru
Re—|—Fe ©
xpe/ [Fe,Rus(14-0)(CO) 14l
\
PPh;

[Fes(u3-O)(u3-AuPPh3)(CO)el
Scheme 10. Reactivity of [Fe;(u3-O)(CO)9]?~. This compound is obtained from the reaction of
[Fe3(CO)y1]> with dry air,”® and is protonated on the oxo ligand resulting in [Fes(us3-OH)(CO)o] .80

The metal cage can be expanded by condensation with metal fragments such as Au(PPh;)Cl,

[Mn(CO);(MeCN);]" and Ruz(CO);o(MeCN),.81-83 CO ligands have been omitted for clarity.

Other chalcogen atoms (S, Se, Te) can be introduced into Fe carbonyl clusters by various
routes: 3483
(1) Reacting Fe carbonyl anions with reagents containing the chalcogen in a positive oxidation
state, such as EO32-, EO,, and SCl,;
(2) Reacting neutral Fe carbonyls—usually Fe(CO)s or Fe;(CO),—with E;>~ polychalcogenide
anions;

(3) Reaction of Fe(CO)s with the elemental chalcogen in the presence of a base.

Iron carbonyl clusters containing other main-group elements (e.g., As, Bi, Sb, Pb, Tl, Sn)
can be generally obtained from the reaction of iron carbonyl anions with main-group halides or
oxides (see ESI: Scheme S4).3

Heterometallic Fe-based carbonyl clusters. Heterometallic Fe-M carbonyl clusters can be
prepared by the reactions of Fe carbonyl anions with metal salts and complexes.®’® For instance,

reactions of the Collman’s reagent Na,[Fe(CO)4]-2THF with M(NHC)CI, where M are Cu, Ag, or
16
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Au and NHC is IMes (C3;N,;Hy(CgHyMes),) or IPr (C3N,Hy(CgHs'Pry),), afford the anionic
[Fe(CO){M(NHC)}]™ and the neutral Fe(CO)4{M(NHC)}, and Fe(CO)4s{M(NHC)} {M'(NHC)}
complexes (Scheme 11).8%%1 These, in turn, may be transformed into larger clusters by means of
thermal or chemical reactions. Such Fe-M complexes may be viewed as transition-metal Lewis
acid-base pairs?> with potential applications in bimetallic catalysis.”> For instance,

Fe(CO),4{Cu(IPr)}, was found to be useful in the bifunctional activation of N,O.%*

oo ’@ co
OC,, | wCO

M(NHC)CI M(NHC)C
Na,[Fe(CO),] %(NHC)M—Fe—CO —> (NHC)M(“"'I'e'h (NHC)
oC co co
M, M= Cu, Ag, Ad M'(NHC)CI
NHC = IMes, IPr
Me
Me iPr co
N Me N iPr OC/////"'FI ‘\\\\\\\\CO
IMes ={ )+ Pr= [ )+ - N
N Me [N ipr (NHC)M™--1~*M'(NHC)
Me@ iPr CO
Me

Scheme 11. Reactions of Na,[Fe(CO)4] with M(NHC)CI (M = Cu, Ag, Au; NHC = IMes, IPr; [IMes
= C3N,Hy(CsHaoMes),; IPr = C3N,H,(CH3'Pry),). One or two [M(NHC)]" fragments as well as two
different [M(NHC)]" and [M'(NHC)]" fragments can be added, resulting in [Fe(CO);{M(NHC)}]",
Fe(CO);{M(NHC)}, and Fe(CO)4{M(NHC)} {M'(NHC)}, respectively.3-°1

Molecular gold nanoclusters protected by Fe—CO fragments have been prepared by redox
condensation of [Fe3(CO);i]> with [AuCly]. The resulting [Aus{Fe(CO)4}12]%,
[Auy; {Fe(CO)a}10]*, [Augs {Fe(CO)3}4{Fe(CO)a}10]*, and [Auss {Fe(CO)s}6{Fe(CO)a}s]'" clusters
are reminiscent of thiolate-protected Au nanoclusters, comprising Au cores protected by

organometallic staple motifs (Figure 2).%
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Figure 2. Molecular structures of [Auy; {Fe(CO)4}10]> (left) and [Ausg{Fe(CO)3}4{Fe(CO)4}10]*
(right). Spheres represent atoms as follows: yellow, Au; blue, Fe; red, O; grey, C. Both these
molecular nanoclusters can be obtained from the reaction of [Fe;(CO);;]* with [AuCly]~ under

different experimental conditions.”

2.3 Ruthenium and Osmium Carbonyl Clusters

Ru3(CO);, and Os3(CO)j, can be obtained by reductive carbonylation of RuCl; and OsO,,
respectively, at high temperature and pressure.3%% An atmospheric-pressure synthesis of Ru3(CO);,
is also available.>> The monometallic M(CO)s carbonyls are obtained at very high CO pressures
(180-200 atm), but Ru(CO)s can also be prepared by photolysis of Ruz(CO);, under CO at
atmospheric pressure.’’ Interestingly, treatment of OsO4 with a 3:1 combined pressure (180 atm) of
CO/H; at 160 °C in THF results in the dihydride H,Os(CO)4, which can be deprotonated to
[HOs(CO)4]” by Na.

Homometallic Ru and Os carbonyl clusters. Pyrolysis and thermolysis of M3(CO);, have
been thoroughly investigated by Lewis and Johnson,?®°7- 9899 whose work greatly contributed to the
development of the chemistry of high-nuclearity MCCs (see ESI: Tables S3 and S4). The outcome
of these thermal reactions largely depends on temperature, time, atmosphere, and solvent (Scheme
12).8 Their main drawback is that they often lead to product mixtures, which must be separated by
chromatography. In contrast, the reaction of Ru3(CO);, with H, (1 atm) in octane at 120 °C
selectively affords HsRuy(CO);,. Under analogous conditions, Os;(CO);, is transformed into the
unsaturated H,Os3(CO);q cluster, whereas higher pressure (60 atm) affords HyOs4(CO);,.%°

H4M4(CO);, and H,0s3(CO); are very versatile species for the synthesis of other Ru and Os
clusters.!% The reaction of Os3(CO);, with stoichiometric amounts of Me;NO in MeCN results in
0s3(CO)12x(MeCN), (x = 1, 2).197 The lability of MeCN may be exploited for further

functionalisation'®> and applications in biology and medicine.'®® Interestingly, pyrolysis of

18
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0s3(C0O);o(MeCN), affords different clusters than reactions using Os;(CO);, (see ESI; Scheme S5).
Moreover, reaction of Os3(CO);o(MeCN), with the triosmiumfuryne complex Os3(CO)o(u3-12-
C4H,0)(u-H),, which contains a bridging furanyl ligand, produces the bis-triosmium complex
0s3(CO)g(u-H)o(u3-n?-2,3-u-n%-4,5-C4HO)Os3(CO)o(u-H),; CH  activation  occurs at  the
uncoordinated C=C double bond of the furanyl (Scheme 13).!%* Further Ru and Os carbonyl clusters
can be obtained by reduction of M;(CO),, as well as by redox reactions on various preformed

clusters.
Os3(CO)12
|

200°C, vacuuni 220°C| vacuum, H,0O l

270-300°C,
vacuum

084(CO)13  HOs3(CO)1o(OH)  [0817(CO)36l™
Os5(CO)ig  H2084(CO)13  [Os0(CO)s0l*
Oss(CO)s  H20s5(CO)g
Osg(CO)23  H20s7C(CO)q9
0sgC(C0O)py  H20sg(CO)23
Scheme 12. Synthesis of Os carbonyl clusters by pyrolysis of Os;(CO);,. The obtained products
depend on temperature and/or the addition of some water to solid Os3(CO);, during the pyrolysis.

When obtained in mixture, different products can be separated by chromatography.”®

Os3(C0O)10(MeCN),
)
© s
H H\/ 5
/ S \
H / O OS I'/i OS
OS3(CO 10 MeCN
o +
H-/~ 80 °C
OSO—S\OS
\H/ H\‘OS \ ‘OS
86—0s 0s—0s
1 \H/ \H
2 3 4

Scheme 13. The reaction of Os3(CO);o(MeCN), with the triosmiumfuryne complex Os;(CO)q(i3-
N>-CiH0)(u-H)o. Os3(CO)o(p3-n*-CaH 0)(p-H),  (1); Os3(CO)g(p-H)a(pz-1>-2,3-p-n-4,5-
C4HO)Os3(COYo(p-H)2  (2);  Os3(CO)o(p-H)a(p3M?-2,3-p13-1>-4,5-C40)0s3(COYo(pu-H)  (3);
0s3(CO)g(u-H)a(u3-12-u3-n-C-C-C)0s3(CO)g(u-H), (4).!%* The products can be separated by
chromatography. CO ligands have been omitted for clarity.
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Ru and Os carbide carbonyl clusters. Ru and Os carbide carbonyl clusters can be obtained
through CO disproportionation at high temperature.!0519107 [n particular, RugC(CO);7 is
conveniently prepared from the thermal treatment of Rus(CO);, at 165 °C under 30 atm of C,Hj.
RugC(CO);7 is quantitatively transformed into RusC(CO);s after exposure to CO (80 atm).
RusC(CO);; and RusC(CO);s are transformed into [RusC(CO)s]> and [RusC(CO)i4]*,
respectively, by Na,CO; in MeOH. The reaction of Ru3;(CO);, with CaC, affords the dicarbide
[Ru;(C)2(CO)4]7,1% whereas the monocarbide [Ru;oC(CO),4]> is obtained from the redox
condensation of [RugC(CO)]*>~ and Ru3(CO);,.1% In general, Ru carbide clusters may be further
transformed by CO substitution and by the addition of neutral or cationic fragments.' 011!

Ru and Os carbonyl clusters containing other main-group elements. The preparation of Ru
nitride carbonyl clusters relies on the addition of N3~ or NO* to preformed Ru carbonyls. The
stepwise addition of Ru(CO), fragments to [RuyN(CO);,]~ affords the larger [RusN(CO)4],
[RugN(CO)6]7, and [Ru;oN(CO),4] clusters. [RugN(CO);¢]~ is readily prepared from Ru;(CO);,
and N3~ at 80 °C. Reactions of [H3;M4(CO);»]- with NOBF, afford H;RusN(CO);; and
[Os4N(CO),2].2

Ru and Os carbonyl clusters containing S, Se, and Te may be prepared by various methods
employing the elemental chalcogen, organic chalcogen compounds, or EO3?~ as sources (Scheme
14).112 The reaction of Ru3(CO);, with Na,Te, in water at 110 °C in the presence of [PPhy]Cl
affords the Te-rich [Rug(Te;)7(CO)12]* cluster (see ESI: Scheme S6).''3 Moreover, reactions of
Ru;3(CO);, with K,TeOs; in the presence of Cu(l) salts under a variety of experimental conditions

result in Te—Ru—Cu carbonyl clusters, which have been recently reviewed.>%:60:114
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Os3(13-S)(CO)1g

PhSH co o®
EEE— Do 0 = ==
hv, benzene |/

HOs3(CO)4o(n-SPh) A, benzene
+ Os3(C0O)4o(MeCN)>

Osg(n4-S)(CO)17 Osg(13-S)(CO)1g
Scheme 14. The reaction of Os3(CO),, with PhSH (blue, Os; yellow, S; red, O; grey, C; white,
H).!'2 Hydrogens on organic groups have been omitted for clarity. Light or thermal treatment are

indicated by hv and A, respectively.

Similar procedures may be applied to other main-group elements.!'> For instance, Ru-Bi
and Os—Bi carbonyl clusters may be obtained by reacting M3(CO);,, as well as other Ru and Os
carbonyls, with NaBiOs. Using THF as solvent, the reaction of [HRu3(CO);;]~ with SbPh,Cl affords
Ru3(CO)o(pn-H)(n-SbPh,), whereas using CH,Cl, results in Rug(CO),o(p-H)>(1-SbPhy), (see ESI:
Scheme S7).116

Six different Ru—Ge carbonyl clusters have been obtained by heating Ru3(CO);, and
‘BuGeH; in heptane (Scheme 15): Ruz(CO)y(pn3-Ge'Bu),, Ruy(CO)g(n-Ge'BuH);, Ruy(CO)po(ps-
Gey'Buy)(pu-Ge'BuH),, Ruy(CO)g(p4-Ger Buy)(n-Ge'BuH)o(p3-Ge'Bu)(H), Rus(CO)pa(ps-
Ge'Bu),(us-Ge'Bu)(H), and  Rug(CO)p(us-Ge'Bu)g(H),.''7  Additionally, using different
experimental conditions, Os3(CO);o(u3-CeHy), Os3(CO)1oPh(u-n2-O=CPh), HOs(CO)z(p-12-
CeHy)(1s-Bi), Osy(CO)g(u-BiPh), and HOss(CO);g(u-n2-CsHy)(u4-Bi) have been obtained from
0Os3(C0O),o(MeCN), and BiPh;.102
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Ru3(CO)4, + 'BuGeH;

Heptane | 98 °C

Ru
tBu—Ge/\l\\/Ge_tBu |;>e/ \
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N / o e

Ru Ru
Ru3(CO)q(n3-Ge'Bu), Ruy(CO)g(1-Ge'BuH);
H H H H
— p,—Ge _Ge—Ru—Ge
tgu—C¢ gy Bu—=% By
'Bu 7//—\-Ru/ tBu\\?ﬁ//I— \e/ By
| A TNy
R Ge\t R /'RU
Bu /
\// WAL,
Ru4(CO)1o(na-Ge,'Buy)(u-Ge'BuH), Ruy(CO)g(us-Gey'Buy)(n-Ge'BuH),(13-Ge'Bu)(H)
tBu23 o tBu\G Ru—g “Bu
e u e /N Ge
\R/—I—\ e BU KRV//: I_\\ﬁu/\
7oAl e H:'Rl\\Ge\‘Bu
AVA! Ay
\R{/Ge\‘Bu \Rﬁ//Ge\t

Rus(CO)1p(nz-Ge'Bu)y(1a-Ge'BU)(H)  Rug(CO)ya(1a-Ge'Bu)a(H),
Scheme 15. The products of the thermal reaction of Ru;(CO);, and '‘BuGeH;. The different products
have been separated by thin layer chromatography (TLC).!''7 CO ligands have been omitted for

clarity.

By reacting carbonyls with boranes, boron may be incorporated into Ru and Os carbonyl
clusters. Heating Ru3(CO);; in toluene at 75 °C with THF-BH; affords the octahedral
HRu¢B(CO);7, whereas the redox condensation of Ru3(CO);((MeCN), and [Ru3(CO)o(B,Hs)]
yields the trigonal prismatic cluster [H,RusB(CO);3]".'!® The reaction of H,Os3(CO);o with B,Hg
produces the carbonylborylidyne cluster H;Os3(CO)o(BCO), which is transformed into a mixture of
HOs4(CO)2(BH,) and HOssB(CO);, after heating in toluene at 110 °C.'" The -cluster
0s3(CO)1o(MeCN), may be used for the cage opening of carboranes; its reaction with closo-o-
C,B1oH ¢ yields two interconvertible isomers: Os;(CO)y(p3-4,5,9-C,B;oHg)(1-H), and Os3(CO)o(3-
3,4,8-C,BoHg)(u-H), (Figure 3).120
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Figure 3. Molecular structures of Os;(CO)g(p3-4,5,9-C,BoHg)(u-H), and Os;(CO)g(p3-3,4,8-
C,B1oHg)(1-H), (blue, Os; yellow, B; red, O; grey, C; white, H). These two interconvertible isomers
have been obtained from the reaction of Os3(CO);o(MeCN), with closo-0-C,B1oH(.!2°

Heterometallic Ru- and Os-based carbonyl clusters. Heterometallic Ru—M and Os-M
carbonyl clusters can be obtained by redox condensation of preformed Ru and Os carbonyls with
metal salts, complexes, and carbonyls. For instance, the reaction of [Ir(CO),]- with 1 equiv.
(equivalent(s)) of Ruz(CO),, yields the tetrahedral cluster [IrRu3(CO),3], whereas employing 2
equiv. of Ru3(CO),, results in [IrRus(CO)y]~ (Scheme 16).'2! Moreover, the redox condensation of
[0s10C(CO)]> with an excess of [Pd(MeCN)4][BF;], results in the large cluster,
[Os15Pd3C,(CO)4,]% (see ESI: Figure S3).122

[IrRu3(CO)1a] [IrRUS(CO )]

Scheme 16. The reactions of Ru3(CO);, and [Ir(CO)4]~ (yellow, Ir; blue, Ru; red, O; grey, C).

Depending on the stoichiometry of the reaction, [IrRu3(CO);3]~ or [IrRus(CO),3] are formed.'?!

2.4 Cobalt Carbonyl Clusters
The commercially available Co,(CO)g is the best starting material for the preparation of cobalt
carbonyl clusters (see ESI: Table S5). In the solid state, it adopts the bridged Co,(u-CO),(CO)q

structure with C,, symmetry, whereas in solution there is spectroscopic evidence of two additional
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unbridged isomers with Ds,; and D,; symmetry. Co-crystallization with Cg traps the unbridged D;,
isomer in the Co,(CO)g-Cgo adduct.'?3

Homometallic cobalt carbonyl clusters. The tetrahedral Co4(CO);, cluster is obtained after
heating Co,(CO)s in low-polarity solvents such THF, dioxane, or PPrOH. The reaction of Co4(CO);,
with halides or pseudo-halides results in the [Co4(CO);;X]~ mono-anions (X = Br, I, SCN).
Octahedral Cog(CO);4 can be prepared by oxidation of [Cos(CO);5]> under a CO atmosphere.

Co,(CO)g 1s quantitatively reduced by Na/naphthalene or Na/Hg to Na[Co(CO)4], which
contains the very versatile cobaltate carbonyl anion. Alternatively, [Co(CO),]~ can be obtained as
the [Co(MeOH)4]** salt by disproportionation of Co(CO)g in methanol at 50 °C. In both cases, a
variety of quaternary ammonium or phosphonium salts of [Co(CO),] are readily prepared by
metathesis of the Na* or [Co(MeOH)g)>" cations.

[Co(CO)4]- may be considered a pseudo-halide and forms the HCo(CO), hydride, which
possesses acidic character. Well-defined isocyano analogues of HCo(CO), have been recently
investigated.'>* The reaction of [Co(CO),]- with M* (M = Cu, Ag, Au) or Hg> in a 2:1
stoichiometric ratio affords the linear [M{Co(CO)4},]- and Hg{Co(CO),}, complexes reminiscent
of [MX,] and HgX, (X = Cl, Br, I, CN).'?> Transmetalation reactions involving 1:2 molar ratio of
Ln metal (Ln = Yb, Eu) and Hg{Co(CO)4}, in Et,0 afford the isocarbonyl polymeric arrays,
[{(Et,;0)3;Ln[Co4(CO);1]}, which contain the reduced [Co4(CO);;]> anion (see ESI: Figure S4).1%¢

Co0,(CO)g undergoes different disproportionation/condensation equilibria depending on the
polarity of the solvent, the presence of base, and the application of vacuum. In very polar solvents
under nitrogen, only disproportionation to Co?" and [Co(CO)4] is observed (see ESI: Scheme S8).
In contrast, heating Co,(CO)g in dry ethanol at 60 °C under vacuum affords the octahedral
[Cog(CO);5]* cluster as the result of the partial condensation between Co?* and [Co(CO),]". The
stoichiometric reaction between Co0y(CO)g and pyridine in hexane results in the triangular
[C03(CO)y0] anion.'?’

[Cos(CO);5]*> is protonated by strong acids to [HCos(CO),5]", which contains a fully
interstitial hydride at the centre of the octahedral cage of the cluster. Reduction of [Cos(CO);5]*~
with alkali metals affords the [Cog(CO)4]* tetra-anion (Scheme 17).
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[HCog(CO)15] [Co6(CO)15]* [Cog(CO)al*

Scheme 17. The reactions of [Cog(CO);5]>~ with acids and Na (blue, Co; red, O; grey, C; white, H).
Its protonation results in the fully interstitial hydride [HCog(CO);5]~, whereas the addition of two
electrons promotes the elimination of one CO ligand and affords the [Cog(CO)4]* tetra-anion. See

Table S5 in ESI for details.

Cobalt carbide carbonyl clusters. Several homometallic Co carbide carbonyl clusters are
known, and most of them can be prepared starting from the trigonal prismatic [CosC(CO);5]*~
cluster'?® vig thermal or redox reactions (Scheme 18).48 In addition, Co3(u3-CCI)(CO)y is obtained

by refluxing Co,(CO)g in CCly.

[Co14(C2)(CO)za]*
[CogC(CO)13]* A [C043C5(CO)p4l* ﬂ>[C013C2(CO)Z4]3_
X A/(
3 Red ,_ Redox condensation o
[Co,C(CO)45]" <«————[C0gC(CO)5] »[CogC(CO)4s]
l Red N‘
[CogC(CO)47]* Ox A [Co10(C2)(CO)21]*
Red ,
CouC(e0) o [CosC(CO)14] [Cog(C2)(CO)1al™
6 12
Ox
Red - Ox

[C011C5(CO)p3]°" «————[C011C2(CO)23]" =X 5 [C044C5(CO)y3]"
Scheme 18. Synthesis of Co carbide carbonyl clusters (Ox = oxidation; Red = reduction; A =
thermal reaction). Several homometallic Co carbide carbonyl clusters are prepared by thermal or

redox reactions starting from [CosC(CO);5]>.*® See text for details.
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[CogC(CO);5]*> can be prepared from the reaction of [Co(CO),]~ with CCly at a 6:1 molar
ratio or from [Co(CO),]~ and Cosz(u3-CCI)(CO)y at a 3:1 molar ratio. By performing the latter
reaction at a 2:1 molar ratio, the paramagnetic [CosC(CO)4] cluster is obtained. [CosC(CO)4] can
be alternatively obtained by mild oxidation of [CosC(CO);5]>~ or from the reaction of [Cog(CO);5]*~
with MeCOCI via CO scission induced by the addition of MeCO" to a coordinated CO ligand. In
the presence of even weak bases, [CosC(CO) 4] is converted to [CosC(CO);5]>.

Gently heating [CosC(CO);5]* in THF results in an intramolecular condensation to yield
[CosC(CO);3]*> via the loss of two CO ligands and the rearrangement of the Cog cage from trigonal
prismatic to octahedral geometry. Under more severe thermal conditions, larger clusters such as
[C013C(CO)y]* are obtained. The stepwise reduction of [CogC(CO);5]>~ with Na/naphthalene
affords, in sequence, the highly reduced clusters [Co;C(CO);s]>~ and [CogC(CO)i7]*, and
eventually, [CosC(CO),]3 .48

Several heterometallic Co-M carbide carbonyl clusters have been reported. Although they
will not be reviewed in detail, some general strategies for their synthesis, along with pertinent
examples, are listed below:

1) Reaction of Cojz(u;-CCI)(CO)g_with _metal carbonyl complexes or clusters. Cos(Ms-
CCI1)(CO)y reacts with [Rh(CO)4] yielding [Co,RhyC(CO) 3]%>,'%° whereas it reacts with
Mo(CO);(MeCN); producing [Mo;Co;C(CO);5]~.139 Interestingly, [Co;NigC(CO),0]*~ results
from the addition of Co3(u3-CCI)(CO)y to [Nig(CO)2]*,13! whereas a different product,
[CogNi,Cy(CO)y6]*, is obtained by doing the opposite—adding [Nig(CO);,]*> to Cos(us-

CCI1)(CO),.13%2 C-C coupling and redox condensation are observed in the reaction of Coz(s-
CCI1)(CO)y with [NigC(CO);7]*>, which affords the [Co3Ni(C;)(CO);5]*>~ mono-acetylide.!33
The Ni—Co hexacarbide carbonyl cluster [Hg ,NisxCosCe(CO)36]™ (n = 3—6) has been
obtained by the redox condensation of [Nijo(C,)(CO)]> and Cosz(us3-CCI1)(CO)y (Scheme
19). Thermolysis of [H;Nip»nCosCys(CO)36]* in THF affords the larger octa-carbide
[Ni3sCosCs(CO)ag]0 213
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Cog(ug-CCI)(CO)g  [Niyo(C2)(CO)16l*

THF, reflux [HoNizCogCs(CO)z6]+

[Ni3gC0gCg(CO)4gl®

Scheme 19. Synthesis of [H,Niy»CosCy(CO)s6]* and [NizgCogCg(CO)yg]® (green, Ni; blue, Co;
yellow, CI; red, O; grey, C). Redox condensation of [Nijo(C,)(CO)6]> and Cos(u3-CCI)(CO)g
affords [HyNipCosCs(CO)36]*, which is thermally converted into [NizsCogCg(CO)4g]6.3%134

2) Redox condensation involving a Co carbide carbonyl cluster and a metal complex, salt or

cluster. Some recent examples are represented by the reactions of [CosC(CO);5]*> with
Pt(Et,S),Cl, and with Pd(Et,S),Cl,, which result in the formation of [CogPtsC,(CO)y4]> 133
and [He_,C020Pd;6C4(CO)45]™ (n = 3-6), respectively (Scheme 20).0-32
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[CogC(CO)45]% M

[He.nCo20Pd16C4(CO)45]™ [H3.nC045PdgC3(CO)3s]™

(n = 3-6) (n=2,3)
HBF,4
CH,Cl,

[C043Pd3C3(CO)agl [H3.nC015PdgC3(CO)3g]™
(n=0,1)

Scheme 20. Synthesis and reactivity of [Hg ,C0,0Pd 6C4(CO)yg]™ (n = 3—6) (orange, Pd; blue, Co;
red, O, grey, C). This compound is obtained from the redox condensation of [CosC(CO);5]>~ and
Pd(Et,S),Cl,. [Hg_nC020Pd6C4(CO)4s5]™ (n = 3—-6) is transformed into [H;_,Co15PdesC5(CO)s5]" (n
= 0-3) and, eventually, [Co;3Pd3C3(CO),9]" upon reaction with increasing amounts of strong

acids.30-32

3) Addition of cationic metal fragments to an anionic Co carbide carbonyl cluster anion with

the formation of a Lewis-type acid—base adduct. This method is represented well by the

reaction of Au(PPh;)Cl with [CosC(CO),5]*, which affords several Co carbide carbonyl

clusters decorated by AuPPh; fragments, depending on the experimental conditions (see

ESI: Scheme S9).136

Cobalt carbonyl clusters containing other main-group elements. The [CogN(CO);s]
nitride, which is isostructural to [CosC(CO)5]*, can be obtained from [Cog(CO);s5]*> and
[NO][BF4]. Removal of two CO ligands from the trigonal prismatic [CosN(CO);s]- by means of
Me;NO affords the octahedral nitride [CogN(CO);3]". Redox condensation between [CogN(CO); 5]
and [Co(CO),] results in [CosN(CO);5]*, whereas the treatment of [CogN(CO);5]- with OH™ ions
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leads to the formation of the di-nitride [Co;oN,(CO);9]*. Thermal treatment of [CogN(CO);5]~ in
diglyme at 140-150 °C results in the tri-nitride [Co;4N3(CO)46]?~, which can be transformed into
[C013N2(CO)4]* by heating at 100 °C in a water solution buffered at pH 11.137

The incorporation of other main-group elements into Co carbonyl clusters usually involves
starting with suitable anions, such as [Co(CO),]~, [Cos(CO);5]*, and even the neutral Co,(CO)g, in
the presence of a main-group compound, which is often a halide, EX,,. This method is exemplified
well by the synthesis Co phosphide carbonyl clusters (Figure 4), which strongly depends on the
precursors and experimental conditions. The reaction of [Co(CO)4]- with PCl; affords
[CogP(CO);4]~, whereas using PCls results in [CogP(CO);;]?". The triangular Co;P(CO)y cluster can
be prepared from [Cog(CO);s5]> and PBrs;, whereas [HCo1oP2(CO)y;]~ has been isolated mixing
[Co(CO)4], [Cos(CO);5]*, and PBr; at a 4:1:2 molar ratio.!3® Cluster expansion may be achieved
by redox condensation, as exemplified by the synthesis of [Co;oP(CO),,]3~ from [CooP(CO),;]* and
[Co(CO),4].13% Alternatively, P-atoms may be directly introduced as in the reaction between
Co0,(CO)g and W(CO)4(PHs;),, which results in the formation of CogP,(CO);9 or Co;¢gP2(CO)y4 in a
mixture with [{Co3(CO)g{ps-PW(CO)s}} {(1s-P)Co3(CO)o}], depending on the stoichiometric

ratio.!40

(b)
Figure 4. Molecular structures of (a) [Co;oP(CO)x]*, (b) [HC0;oP2(CO),3] (the hydride ligand has
not been located by X-ray crystallography and, thus, is not represented in the figure), and (c)
Co19P2(CO)y4 (blue, Co; orange, P; red, O; grey, C).138-140

2.5 Rhodium and Iridium Carbonyl Clusters

Rhy(CO);, and Iry(CO),, are the major carbonyl species isolated following the reductive
carbonylation of Rh and Ir salts at atmospheric pressure.’!-33 The dinuclear species My(CO)s (M =
Rh, Ir) have been observed only by spectroscopic methods at very high CO pressures or in matrix

experiments at low temperatures.'#! Rhy(CO);, spontaneously loses CO under N, atmosphere
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affording Rhg(CO),s. Meanwhile, the analogous Irg(CO),¢ is conveniently obtained from the
oxidation of [Irg(CO);5]>.14?

Homometallic Rh and Ir carbonyl clusters. Neutral Rh and Ir carbonyls are suitable
precursors for the synthesis of larger clusters (see ESI: Tables S6 and S7). Moreover, CO ligands
can be replaced by phosphines or other soft nucleophiles, resulting in heteroleptic clusters.
Rh4(CO);, and Rhe(CO);4 disproportionate in the presence of bases, such as amines. For instance,
the ionic couple [Rh(CO),(py)]*[Rhs(CO)3(py),]~ is formed in pyridine.'*> The most powerful
technique for obtaining anionic Rh and Ir carbonyl clusters involves the reduction of M4(CO);, (M
= Rh, Ir).'* Several different species may be obtained, depending on the nature (alkali metals or
alkali hydroxides) and amount of reducing agent, the temperature, and the reaction atmosphere (N,
CO, H,, vacuum).

The reduction of Rhy(CO),, with increasing amounts of NaOH or KOH under CO at
atmospheric pressure affords [Rh;y(CO);30]%, [Rhs(CO)is5]*, [Rh7(CO)i4]*, [Rhy(CO)i1]%, and
[Rh(CO)4]~. Again with increasing base, the reduction of the analogous Iry(CO);, produces
[HIry(CO) 1], [Trs(CO)1117, [HIry(CO)10]?, [Irg(CO);0]*, and [Ir(CO)4]~ (see ESI: Scheme S10).33
Careful dosage of NaOH during thermolysis of Rh4(CO),, under different atmospheres enables the
more or less selective preparation of several high-nuclearity Rh carbonyl clusters (see ESI: Scheme
S11), including [Hs,Rhi3(CO)s]™ (n = 2, 3), [Rhy(CO)37]*, [HsaRhyy(CO)ss]™ (n = 4, 5),
[Rhi9(CO);31]>, and [Rh33(CO)47]> (Figure 5).!43146 Similarly, the base-induced condensation of
Iry(CO);, may lead to products such as [Irg(CO)pnl?, [Irg(CO)y0]*, [HIrg(CO)y9]*, and
[Ir;o(CO),1]*, depending on the solvent and reaction conditions.!#” Moreover, [Irg(CO);5]>~ may be
obtained from the reductive carbonylation of K,IrClg in 2-methoxy-ethanol/water or the redox
condensation of Ir4(CO);; and [Ir(CO),]; this is a valuable precursor for the preparation of larger Ir
clusters. For instance, oxidation of [Irg(CO);s]*>~ with [CpyFe]™ (Cp = cyclopentadienyl) affords
[Ir14(CO),7]~ (Figure 5), which is the largest homometallic Ir carbonyl cluster reported to date.!'4®
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(b)
Figure 5. Molecular structures of (a) [Rh33(CO)47]° and (b) [Ir14(CO),7], the largest homometallic
homoleptic Rh and Ir carbonyl clusters (yellow, Ir; blue, Rh; red, O; grey, C).143-147

The robustness of the Rh—Rh and Ir-Ir bonds also allows the isolation of unusual species,
such as the pu-n'-n'-peroxo Ir4(CO)s(PR3)3(0,), '*° and the Rhg(CO)1,(u3-GaCp*)4 and Rhe(CO)y6.
«(u3-InCp*),  (x = 1, 2) derivatives containing ECp* ligands (E = Ga, In; Cp* =
pentamethylcyclopentadienyl) (Figure 6).15°

(b)

Figure 6. Molecular structures of (a) Rhg(CO),(13-GaCp*)4 and (b) Rhg(CO);5(p3-InCp*) (blue,
Rh; yellow, Ga (a) or In (b); red, O; grey, C; white, H).!3® These compounds have been obtained
upon reactions of Rhg(CO),¢ with GaCp* and Rhg(CO);5(MeCN) with InCp*, respectively (Cp* =
pentamethylcyclopentadienyl).

Rhodium carbonyl clusters containing main-group elements. Rh forms several carbonyl
clusters containing interstitial heteroatoms (E = C, N, P, S, Ge, As, Sn, Sb, Bi), whereas the
analogous interstitial heteronuclear Ir carbonyl clusters are not known. This is due to the fact that

Ir-Ir bonds are stronger than Rh—Rh bonds. Consequently, Ir clusters prefer to maximise Ir—Ir
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contacts, rather than allowing interstitial heteroatoms to replace them with Ir—E bonds. Indeed, as
also observed for Pt, a few heteronuclear Ir carbonyl clusters have been reported, but they contain
an iridium core with the heteroatoms on the surface.!’!!32 An exciting advancement in this field is
the recent discovery of the 15-vertex deltahedral cluster [(n?-Bi3),(IrCO)¢(us-Bi)3]3-, which is

obtained from Ir(CO),(acac) (acac = acetylacetonate) and KsBi4 (Scheme 21).153

Ir(CO)s(acac) + KsBiy ———

[(n>-Bi3)2(IrCO)e(14-Bi)s]*
Scheme 21. Synthesis of the 15-vertex deltahedral cluster [(13-Bi3)>(IrCO)g(us-Bi);]*~ (yellow, Ir;
orange, Bi; red, O; grey, C).!33

A general strategy for the synthesis of Rh carbonyl clusters containing heavy main-group
elements such as Ge, Sn, Sb, and Bi is represented by the reaction of [Rh;(CO)s]*>~ with EX,
compounds.!138:154155  Conversely, lighter elements, P and As, have been introduced into
[RhipAs(CO)1]3,15¢ [RhioP(CO)]*, and [RhyP(CO),; 1> 157 by reductive carbonylation of Rh(I)
complexes at high pressure and temperature in the presence of EPh; (E = P, As). [Rh;(S(CO)]*
was obtained from Rhy(CO);, and SCN~.!38

[RhsC(CO);5]>" may be obtained from the reductive carbonylation of RhCl; at atmospheric
pressure and RT in MeOH in the presence of CHCIl;, or from the reaction of [Rh(CO),]- and
CCl1,.15% Refluxing the trigonal prismatic [RhgC(CO);s]> in 'PrOH generates the octahedral
[RhgC(CO);3]*> by the removal of two CO ligands.*!' The self-assembly of [RhsC(CO);5]*>~ with Ag*
ions affords oligomeric and polymeric species, such as [Ag{RhsC(CO)5},]>~ and
[{AgOC4Hg{RhsC(CO),5} AgOC4Hs}pyz]., (pyz = pyrazine).'®® Oxidation of [Rh¢C(CO);5]*~ with
Fe3* ions results in Rh;,C,(CO),s, whereas heating [RhgC(CO);5]> at 70 °C in the presence of
H,SO,; produces [Rh;;Cy(CO),4]*. This latter cluster may be further transformed into
[Rhi,C»(CO)x3]* by treatment with alkali hydroxides or into [Rh;;C,(CO),y0{Au(PPhs)}4] and
[Rh{;C5(CO)15{Au(PPh3)}4] after reaction with Au(PPh;3)CI. In turn, several multivalent clusters
based on the Rh;o(C),Auss framework may be obtained via the reduction of

[Rh;,C5(CO)z9{Au(PPhs)},].10!
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The chemistry of Rh nitride carbonyl clusters is quite rich. [RhgN(CO);5]*~ can be prepared
from the reaction of [Rhg(CO)5]*> with NOBF,, or by treating [Rh;CO);s]*>~ with base under
NO/CO atmosphere.?> [RhgN(CO);5]>~ undergoes nucleophilic attack when reacted with OH-,
affording the hydride [HRhgN(CO);4]3.1%2 Thermal treatment of [RhgN(CO);5]3~ under different
experimental conditions (e.g., temperature, solvent, time, pH) results in larger nitride and
polynitride clusters, such as [HRh;;Ny(CO)x]*-, [HRh;3Ny(CO)ps]-,  [RhioN,(CO)o4]>,
[Rh4N2(CO),5]%, [RhysN4(CO)s5]*~, and [Hg.,RhogN4(CO)41]* (n = 4, 5).19 Redox condensation of
[RhgN(CO);5]*~ with [PtRhy(CO)4]> and with [M(CO),4]~ (M = Co, Ir) results in the heterometallic
nitrides [PtRh;(N(CO);;]*~ and [MRhgN(CO);5]*, respectively.'®4

Anionic Rh and Ir carbonyl clusters may be used in combination with metal salts and

complexes for the preparation of heterometallic clusters via redox condensation.

2.6 Nickel Carbonyl Clusters

Ni(CO), was the first metal carbonyl to be discovered and is nowadays produced at industrial
quantities for the obtainment of ultra-pure Ni metal. Its main drawback is the fact that Ni(CO), is
highly toxic and carcinogenic; therefore, it must be handled with care.

Homometallic nickel carbonyl clusters. The reduction of Ni(CO), with base was
investigated first by Hieber,!% and then, rationalised in the seminal work of Chini and Longoni (see
ESI: Table S8).196167 The most suitable and versatile precursor cluster for Ni carbonyl cluster
chemistry is [Nig(CO),,]>, which can be prepared by the reduction of Ni(CO)4 using a variety of
experimental conditions. The most efficient synthesis for a gram-scale yield is the reaction of
Ni(CO), with alkali hydroxides (NaOH, KOH) in DMF or DMSO followed by the addition of water
(Scheme 22). In this reaction, the main product of the reduction is initially [Nis(CO),,]>~, and water
is required to oxidise it to [Nig(CO);,]>. It must be remarked that if aqueous NH4CI is present,
[HNi;5(CO),1]* is produced rather than the hydrolysis to [Nis(CO),,]%>; if H3POy is present, the
dihydride [H,Nij»(CO),(]> is formed. These hydrides [HNi;»(CO),;]*>~ and [H,Nij5(CO), ]* can
easily interconvert to one another as simple acid—base reactions. In contrast, their full deprotonation
to [Nij»(CO)y]* occurs only under very drastic basic conditions. [Nis(CO);,]?>~ can be prepared in
pure form by treating [Nig(CO);,]>~ with CO at atmospheric pressure. [Nis(CO),,]> is readily
oxidised back to [Nig(CO);,]*> simply using water, and thus, it must be handled under very
anhydrous conditions.

[Nig(CO)5]>~ can be obtained by redox condensation of [Nig(CO),]*>~ with Ni(CO),, or
oxidation of [Nig(CO)j,]>~ with Ni?*, Fe’* or H' ions. In the latter case, the reaction must be

carefully controlled in order to avoid the formation of [HNi;,(CO),;]*~ and [H,Nij2(CO),1]>.
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H,O

[Nig(CO)12]*

+H*
+NH,CI
+H,0 _ _ [
FHisP s " INig(CO)sel?
r 2 p
+H*
Y
: - +B , +B : -
[HaNita(CON 1 <=2 [HNirp(CO)p1I* e [Nino(CO)l*

Scheme 22. Synthesis of homoleptic homometallic Ni carbonyl clusters (green, Ni; red, O; grey, C).
The reaction of Ni(CO), with NaOH in DMF or DMSO affords [Nis(CO);,]>", whose hydrolysis
results in [Nig(CO);,]>-, [HNi;5(CO),;]* or [HoNij5(CO),;]? depending on the pH.!66:167

Heterometallic Ni-based carbonyl clusters. [Nig(CO);,]> can undergo redox condensation
with metal salts, metal complexes, MCCs, and main-group compounds in order to obtain a large
variety of heterometallic MCCs and MCCs containing main-group elements. The reaction fails only
with very electropositive elements, such as alkali and earth alkali metals, Al, Zn, early transition
metals, and lanthanides. In these cases, a reaction is not observed for elements that are weak acids.
In contrast, oxidation of [Nig(CO);,]> to [Nig(CO)g]> occurs with stronger acids such as Zn**, due
to the hydrolysis of H,O and the oxidation of the cluster via the H"/H, redox couple. When the
electropositive metal is a soft Lewis acid, such as Cd(II) and In(III), the formation of Lewis acid—
base adducts comprising the cluster anion and the metal salt is observed rather than the redox
condensation. As a result, the reaction of [Nig(CO);,]*>~ with InBr; yields [Nig(CO);;(u3-InBr3)(us-
In,Brs)]*, [Nig(CO)1o(us-InoBrs),]*, and [{Nig(CO)1;}2(pe-In){ns-InyBrgy(OH)} 1%, which contain
[Nig(CO);]* and [Nig(CO);0]¢ cores decorated by InBrs, [In,Brs]*, In®*, and [In,Bry(OH)]*
fragments.'®® Moreover, the reaction of [Nig(CO);»]>~ with CdCl, results in the formation of the
Lewis acid—base adduct {Cd,Cl5[Nig(CO);5],}3.167

In contrast, less electropositive transition metals can be incorporated into heterometallic Ni—
M clusters via redox condensation. Limiting our scope to homoleptic carbonyls, these include Cr,

Mo, W, Fe, Ru, Os, Co, Rh, Ir, Pd, Pt, Cu, Ag, and Au (Figure 7; see also ESI: Table S9).170171172173
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The highest nuclearities, which are obtained for Ni-Pd and Ni—Pt clusters, can exceed 40 metal

atoms.

(b)

BT ¢
aniterdg

O N

(©

Figure 7. The molecular structures of (a) [NiPdyo(CO)4s]® (x = 0.62) (green, Ni; purple, Pd;
yellow, Ni/Pd ~ 16:84; blue, Ni/Pd ~ 85:15) (b) [NizAug(CO)44]® (green, Ni; yellow, Au), (¢)
[Ni3,Pt)4(CO)se]™ (green, Ni; purple, Pt; blue, Ni/Pt = 66:34). In all structures, grey and red
represent C and O, respectively. These are representative high nuclearity heterometallic Ni-M
carbonyl clusters obtained from redox condensation of [Nig(CO);;]> with metal salts and

complexes.!70-173

Nickel carbonyl clusters containing main-group elements. A similar trend has been
observed with post-transition metals; redox condensation yielding heteronuclear Ni—E clusters has
been observed with Ga, Ge, Sn, Sb, and Bi, whereas Lewis-type acid—base adducts are found for In,
which behaves like Cd. In addition, non-metallic main-group elements, such as C, P, As, Se, and
Te, can be included in the metal cage of Ni carbonyl clusters.

Several Ni carbide carbonyl clusters may be obtained from reactions of [Nig(CO);,]* with

halocarbons (CCly, C,Cly, C,Clg, C5Clg, C4Clg); they contain isolated C atoms or tightly bonded C,
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units (see ESI: Table S10). Ni carbide carbonyl anions can be further reacted with metal salts or
complexes, affording heterometallic Ni-M carbide carbonyl clusters.!74175176177178 * Alternatively,
such compounds can be prepared starting from a preformed M carbide carbonyl and a Ni (carbonyl
or non-carbonyl) compound.

The reaction of [Nig(CO);,]*>~ with GaCls in CH,Cl, under nitrogen atmosphere results in a
mixture of [Nij»+,Ga(CO)ax > (x = 0-3) clusters, which is transformed into [Ni;,Ga(CO),,]*~ after
exposure to CO atmosphere (see ESI: Figure S5).!7° Several Ni-Sb carbonyl clusters can be
obtained by the redox condensation of [Nig(CO)j;]>~ with SbCl; using various experimental
conditions (see ESI: Figure S5).'3 Moisture must be avoided in order to prevent hydrolysis of the
ECl; reactant. Indeed, anhydrous PCl; and POCI; are required for obtaining the Ni—P carbonyl
clusters [Nij;P(CO);s]*", [NijaP2(CO)2]*, [Nin4P2(CO)94]* (x = 0.84), [NixnPs(CO)s30]%, [Niss.
P2(CO)30x]* (x = 0.84), [HenNi3 P4 (CO)39]" (n =4, 5), and [NizgP3(CO)44]* (Figure 8).'"!

(b)

(d)
Figure 8. The molecular structures of (a) [NigP2(CO)2]*, (b) [NinPs(CO)30]>, (¢) [He-
2Niz P4(CO)39]™ (n = 4 and 5), and (d) [NizoP3(CO)44]% (green, Ni; purple, P; grey, C; red, O).!8!
These have been obtained from the reactions of [Nig(CO);,]*>~ with PCl; or POCI; under different

experimental conditions (e.g., stoichiometry, solvent).
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2.7 Platinum Carbonyl Clusters

Platinum carbonyl clusters have been recently reviewed.®!? Chini clusters of the general formula
[Pt30(CO)sn]>> (n = 1-10) represent a milestone in inorganic and cluster chemistry.’* As
demonstrated by Chini and Longoni, they can be obtained by reductive carbonylation of Na,PtCls in
MeOH at RT and atmospheric pressure of CO. Modulating the nature and amount of base, it is
possible to control the nuclearity of the [Pt3,(CO)g,]> (n = 1-10) clusters (Figure 9).182183184 Chini
clusters have been used for the preparation of several homoleptic, heteroleptic, and heterometallic
carbonyl clusters, as well as for the preparation of metal nanoparticles, nanostructured materials,

and heterogeneous catalysts.!°

Na,PtClg

+ NaOH or CH3COONa | CO (1 atm) / CH30H / RT

Increasing amount or strength of the base

Figure 9. Synthesis of Chini clusters, [Pt3,(CO)s,]*> (n = 2-8), using reductive carbonylation of
Na,PtClg and their redox interconversion (purple, Pt; red, O; grey, C).%10.182,183.184 OX and RED

represent oxidation and reduction, respectively.

The reactions of Chini clusters may be grouped into two main categories, depending on
whether the resulting clusters do (A) or do not (B) retain the trigonal prismatic structure of the

parent species (Table 1 and Figure 10).
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Table 1. Categorising the reactions of Chini clusters.

(A) The product retains the trigonal (B) The product does not retain the trigonal
prismatic structure of the Chini Cluster. prismatic structure of the Chini Cluster.
(A-1) Redox reaction (B-1) Redox fragmentation
(A-2) CO/Phosphine substitution (B-2) Thermal reaction
(A-3) Lewis acid—base adduct formation (B-3) Formation of surface-decorated clusters
(B-4) Formation of heterometallic clusters

Lewis |
}.. . \,"’
o

~~“Cage
ansformalyb ..

. A\)/‘

Figure 10. Illustrating the general reaction categories of Chini clusters.

Redox reactions of Chini clusters (A-1). Chini clusters may be easily and reversibly
interconverted by means of redox reactions (A-1), with full retention of their trigonal prismatic
structures. Reduction of [Pt3,(CO)e,]> under CO atmosphere results in the gradual decrease of
cluster nuclearity, whereas oxidation leads to higher nuclearities (Figure 9). The oxidation process
eventually results in insoluble, infinite, and conductive molecular Pt carbonyl wires composed of
continuous stacks of Pt3(u-CO)3(CO); units.!82-184

Reactions of Chini clusters with soft nucleophiles: Non-redox substitution (A-2) and
redox fragmentation (B-1). The reactions of Chini clusters with soft nucleophiles may result in
heteroleptic Chini clusters via non-redox substitution (A-2) or in zero-valent neutral Pt—(CO)-L
species via redox fragmentation (B-1), where L is a phosphine-based ligand (Figure 11). The
outcome of the reaction depends on the nature of the nucleophile, the nuclearity of the Chini cluster,
and the stoichiometry of the reaction. In the case of phosphines, non-redox substitution is favoured
by the stoichiometric addition of the phosphine to lower-nuclearity Chini clusters, whereas redox

fragmentation is observed for larger clusters and in the presence of excess of ligand.!83186187
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Redox Fragmentation Non-Redox Substitution

[Pt;2(CO)z0(dppe)sl?

Figure 11. Reactions of Chini clusters with phosphines (L) include redox fragmentation (B-1) and
non-redox substitution (A-2). PP = H,C=C(PPh;),; dppm = CH,(PPh,),; dppBz = 1,2-CcH4(PPh,),;
PTA = C¢HpN;P; dppe = Ph,PCH,CH,PPh,. In the examples reported in this Figure, 1-4 CO
ligands of [Pt;5(CO),4]> can be substituted with phosphines leading to heteroleptic Chini-type
clusters via non-redox substitution.!3>-187 Alternatively, redox fragmentation leads to the more

reduced homoleptic [Pty(CO)5]*> cluster and neutral complexes containing Pt(0).

Formation of Lewis acid—base adducts based on Pt Chini clusters (A-3). The external
triangular faces of Chini clusters have been predicted to behave as Lewis bases. Nonetheless, this
feature has only been exploited in two cases, both of which produce Lewis acid—base adducts (A-3).
The reaction of [Pto(CO)s]*> with CdCl, affords 1-D {[Pto(CO)g(u3-CdCl,),]* }. superwires,!'83
and the reactions of [Pt3,(CO)s,]*> (n = 2, 3) with Ag(IPr)Cl (IPr = C3N,Hy(CH3'Pry),) result in the
neutral adducts [Pt3,(CO)s,(AglPr),] (see ESI: Figure S6).1%° Otherwise, the reactions of Chini
clusters with other Lewis acids proceed via oxidation to [Pt3n:1)(CO)em:1y]> species (A-1) or
formation of surface-decorated clusters (B-3).

Surface-decorated Pt carbonyl clusters (B-3). This reaction path may be considered as an
oxidation accompanied by the loss of CO ligands, resulting in the formation of a Pt,(CO),, core with
MX, fragments decorating its surface. For instance, [Pt3,(CO)s,]> (n = 2-5) clusters react with

SnCl, resulting in [Ptg(CO);o(SnCl,)4]%, [Pts(CO)s{CLSn(OR)SnCl,};]*~ (R = H, Me, Et, Pr),
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[Pts(CO)6(SnCl,)»(SnCl3)4]%, [Pty(CO)s(SnCl,)3(SnCl;),(ClL,SnOCOSnCly)]*, and
[Pt10(CO)14{C1,Sn(OH)SnCl, },]* (Figure 12).190191192 Moreover, heating [Pt3,(CO)e,]* (n = 2—10)
in the presence of CdBr,)nH,O affords the larger [Pt;3(CO);»Cd;oBri4(DMF)e]>,
[Pt19(CO),7Cd;oBri4(DMF)e]>, and [HyPtr6(CO)20(CdBr)12 13~ clusters (Figure 12).193

(b)

(d)
Figure 12. Some examples of surface-decorated Pt carbonyl clusters produced from Chini clusters
via reaction pathway B-3: (a) [Pts(CO)s(SnCly)2(SnCls)4]*, (b) [Ptg(CO)1o(SnCl)4])%, (c)
[Pt10(CO)14{Cl,Sn(OH)SnCl,},]%, (d) [Pt;3(CO)12CdoBris(DMF)s]%, (€) [HaPty6(CO)20(CdBr) 513
(purple, Pt; yellow, Cd; orange, (a-c) Sn and (d,e) Br; blue, N; red, O; grey, C; white, H).!90-193

Thermal reactions of Chini clusters (B-2). Thermal treatment of Chini clusters under
controlled conditions causes CO loss and condensation via the formation of additional Pt-Pt bonds
(B-2), eventually leading to Pt—CO globular molecular nanoclusters, often referred to as Pt browns
due to their colour in solution.*’1%4195 The full list of homoleptic homometallic Pt carbonyl clusters
(including Pt brown) that are structurally characterised to date is available in the ESI (Table S11);

some representative examples are given in Figure 13.
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(b)

(d)

Figure 13. The molecular structures of some platinum browns: (a) [Pt;4(CO)i5]* (bee), (b)
[Pt4o(CO)40]% (bcc), (c) [Ptio(CO)]* (pp), (d) [Ptas(CO)sal™ (hiep), (e) [Ptzg(CO)as]*~ (ccp) and (f)
[Pt44(CO)ys]™ (cep/hep) (purple, Pt; red, O; grey, C). The structure of the metal core of the cluster is
given in parentheses: bcc, body-centred cubic; pp, pentagonal prismatic; Acp, hexagonal close
packed; ccp, cubic close packed. All these clusters have been obtained from thermal decomposition

(B-2) of Chini clusters (see ref. 194, 195 and Table S11 in ESI).

Heterometallic clusters (B-4). Heteronuclear Pt—M carbonyl clusters can be prepared by the
redox condensation of Chini clusters with metal salts, complexes, or carbonyls (B-4). Alternatively,
as described in the previous sections, such Pt—M clusters can be obtained from the redox
condensation of carbonyl anions of the second metal and Pt salts or complexes. For instance,
[CogPtyCy(CO)4]> can be synthesised from [CosC(CO)5]> and [Pts(CO);,]> or more
conveniently, from [CosC(CO),5]>~ and Pt(Et,S),Cl,.!3

3. Metal Carbonyl Clusters: Catalysis

3.1 General Principles

This Section will discuss catalysis performed by MCCs. We will give an overview of homogeneous
catalysts and their proposed mechanisms in Section 3.2 and follow this with a discussion of
homogeneous electrocatalysis and electrochemical mechanistic studies in Section 3.3. Most
examples of MCCs in catalysis come from Groups 8 — 10. This is most likely because those clusters

are the most stable under a variety of reaction conditions. A common mechanistic feature observed
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for both the homogeneous catalysis and electrocatalysis promoted by MCCs is the ability of
substrates, CO ligands, and hydride ligands or protons to migrate around the metal-metal bonds of
the cluster core. In most cases, careful probes for the formation of nanoparticles, using Hg
poisoning!®® or measurements of solution dispersivity,!°”-19 are required to ensure that nanoparticle
side-products are not responsible for observed reactivity.

The geometric and electronic structures of MCCs (Figure 14) fall between those of single-
site metal coordination complexes (molecular catalysts) and those of extended solids
(heterogeneous catalysts). When discussing heterogeneous materials, we use a band diagram as a
model for the energy levels that make up the valence band and conduction band. When we talk
about molecular catalysts, we refer to a molecular orbital diagram. However, as molecules become
larger as in the case of clusters, their molecular orbitals become closer in energy and approach the
band-diagram model. The size and electronic structure of both metal clusters and nanomaterials are
found between those of single-site metal coordination complexes and of heterogeneous materials.
When MCCs are large enough, it has been demonstrated that their properties—such as diffusion
coefficients in solutions and even their size—more closely resemble those of a nanoparticle,
quantum dot, or fullerene than that of a molecule. Many of the more convincing links between the
structure and reactivity of MCCs with those of nanomaterials have been elucidated from
comparisons of their electrochemical properties, e.g., electron-transfer rate constants. Thus, one
motivation for studying MCCs in thermally driven catalysis and electrocatalysis is that we can
characterise their properties using the tools of molecular chemistry, which include single-crystal X-
ray diffraction (SC-XRD), NMR, and IR spectroscopy; these provide atom-level insights into
reactivity, which can also inform our understanding of the reactivity and properties of

nanomaterials.
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Figure 14. Relative energy spacings in the electronic structures of a single-site metal coordination
complex (molecular catalyst), MCC, nanomaterial, and extended solid (heterogeneous material or

electrocatalysts). MCC = metal carbonyl cluster. Reproduced with permission from Ref. 238.

Unique to the homogeneous catalysis of MCCs, the MCC in many cases—but not all—
serves as a catalyst precursor, and therefore, debates regarding the active catalyst remain in many
examples. Fragmentation of the cluster to form a mononuclear complex is one possibility when
ligands are added as co-catalyst and when they include protons, phosphine, silane, and MeCN.
While this article focuses on carbonyl clusters, clusters where one or two of the carbonyl ligands are
replaced by another ligand, such as phosphine or amine, are also discussed. Fragmentation of
clusters was well-characterised in some mechanistic proposals for homogeneous catalysis with
MCCs,!®? and it is consistent with the fact that most reactions catalysed by MCCs are thermally
initiated. In the following discussion of homogeneous catalysis by MCCs, we include clusters of
Groups 8, 9, and 10 that are accompanied by various additives used to initiate the catalytic reaction.
Many examples of stoichiometric reaction chemistry have been explored on the MCC framework,
and a review of that work falls outside the scope of this manuscript.””-7829% MCCs have also served
as precursors to heterogeneous catalysts, which also falls outside the scope of this review article.

Electrocatalytic reactions using MCCs has seen increased interest since about 2011, and
efforts have focused on reduction chemistry—primarily hydride-transfer chemistry—using Fe and
Co clusters containing interstitial atoms. These clusters represent some of the most stable known
species in the transition series. Consequently, their product profiles and the mechanistic details of
their catalysis have been thoroughly characterised, primarily employing the electrochemical
technique of cyclic voltammetry (CV). The two-electron reduction of two protons to yield H; is the
simplest reaction performed by Fe and Co MCCs. This simple reaction has enabled a mechanistic
study for understanding hydride formation and hydride-transfer reactivity as mediated by MCCs.
The resulting insights have made it possible to tailor hydride transfer to other substrates, such as

CO, for formate production.

3.2 Homogeneous Catalysis by MCCs

The earliest work on catalysis by MCCs focused on syngas as the substrate. Syngas comprises CO,
CO,, H,, and H,O in various ratios, as produced by petroleum refining processes. Due to the
abundance of CO in syngas, it serves well as a source of CO during catalytic reactions; the CO can
contribute to MCC stability, acting as a substrate for CO insertion reactions and hydroformylation,

or it can regenerate the MCC in a catalytic cycle where one of its CO ligands was consumed. CO-
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containing headspaces have also been shown to enhance MCC stability in electrocatalytic reactions
promoted by MCCs (vide infra). Pettit et al. made a comparison of various metal (Fe, Rh, Ru, Os,
Ir, and Pt) carbonyl complexes and clusters as catalysts for the hydroformylation reaction and the
water-gas shift reaction (Scheme 23). In one of the simpler proposed mechanisms for syngas
reactivity, CO is replaced by a hydride to initiate hydride-transfer chemistry. In the foregoing
paragraphs, we give more specific details of homogeneous catalysis by MCCs, organizing the

reactions by group, i.e., Group 8, 9, and 10.

CO, CO,

[HM,(CO)y.1I OH"  OH: [HM,(CO)y.1I

RCH=CH
(6]0)

. MCC Hydro
Water gas shift y
. m(co), | formylation FoMzCrM:

(COYT
[HM,(CO)yI / co
A ;i

H,O I
OH CO  RCH2CH,CIM,(CO)y 4T

RCH2CH20HO HZO

Hy+OH"

Scheme 23. Mechanisms of CO-driven MCC-mediated catalysis.

Catalysis by MCCs of Group 8 (Fe, Ru, Os). A variety of MCC structure types were
explored for catalytic applications in the early development of MCC chemistry, and much of the
work focused on Group 8 compounds due to their increased stability relative to MCCs with other
transition elements (Chart 1, Table 2).201202,203204.205 Casey and coworkers have shown catalytic
performances of the iron cluster Fe;(CO);, on the isomerization reaction of the alkene in the 1970s;
more specifically, Fe;(CO),, catalysed the isomerization of the ethyl pentene substrates. Deuterium-
labeling studies revealed that the olefin isomerization reaction occurs via intramolecular hydrogen
shift.?% Geoffroy and coworkers utilised the radical state of the iron cluster, [Fe;(CO)]™, to
perform the reduction of nitrobenzene to aniline. The Fe radical anion was produced from the
disproportionation reaction of the halide anion with Fe;(CO);,. While the reaction is stoichiometric,
PhNO; convert to the azo-azoxybenzene product.®

In more recent examples using MCCs as catalysts, additives are often used, and their role in
the chemistry varies. Nagashima and coworkers?’ reported hydrosilylation of tertiary amides to
amine functional groups with Fe;(CO);, as the catalyst and with 1,1,3,3-tetramethyl disiloxane
(TMDS) or polymethyl-hydro siloxane (PMHS) as the reducing agent. Nearly concurrently, Beller
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and coworkers demonstrated the catalytic activity of iron- and ruthenium-based MCCs toward
hydrosilylation chemistry.?08209210 In a report by Enthaler and coworkers, a combination of

Fe;(CO);, and stoichiometric amounts of silyl reagent results in the activation of a sulfoxide,

yielding sulfide product.?!!

Chart 1. Homogeneous MCC Catalysts from Group 8. Terminal CO ligands have been omitted for

M H——M _l B
M// DS |
— —
M;(CO),, [HM;3(CO) ]
M =Fe,Ru,Os M =Fe, Ru, Os
Ru Ru
AN 4 ¢
RU——|—Ru— Ru—|—Ru
TRa HERG—H
Hlel4COl3 H4Ru4C012

clarity.

Table 2. Summary of catalysis by Fe carbonyl clusters.

MCC Additive, substrate Reaction Product (yield %) Reference
Fe;(CO)p2 3-ethyl-1-pentene Isomerization 3-ethyl-2-pentene  Casey
of 3-ethyl-1- 7 1973 206
pentene
[HFe5(CO),1]-  CO,, Hy, alcohol Formate ester Methyl formate Evans
formation (5.3 1978 201
[Fes(CO)]™ Reduction of Stoichiometric Geoffroy
PhNO, reaction 1995 65
Fe3(CO)12 TMDS, hv, Thermal- or Amine products Nagashima
carboxamide photo-assisted (2196, thermal; 2009 2”7
substrates amine 73-95, photo)
reduction
Fe;(CO)y2 Silane, methyl phenyl ~ Reduction of Methyl phenyl Enthaler,
sulfoxide methyl phenyl  sulfide (99) 2011 21!
sulfoxide
Fe;(CO)p2 Phosphine, ketone Asymmetric Alcohol products  Gao
substrates ketone (66-99) 2014 212213
hydrogenation
Fe3(CO)y; PhSiH;, N,N- Amide to Amine products Beller
dimethylbenzamide amine 99) 2019 208
[HFe3(CO);;]-  (EtO),MeSiH, primary Dehydration of  Nitrile products Beller
amines amides to (52-99) 2009 209
nitriles
[HFe3(CO);1]- P3N, ligand®, base, Hydrogenation ~ Amine products Beller
iPrOH, N- of imine (35-95) 2010210
(diphenylphosphinyl)-
imines derivatives
[TeFes(CO)oJ> Copper catalyst, aryl Homocoupling  Biphenyl Shieh
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[SeFey(CO)o]> boronic acid reaction products 2015214
(54-99)
a %yield, ® N,N'-bis[o-(diphenylphosphino)benzylidene]cyclohexane-1,2-diamine

The transformation of amide functional groups into nitriles has been explored using the
hydrogenated iron carbonyl cluster, [Et;NH][HFe;(CO),;]. Using various silyl additives such as
Ph,SiH,, (EtO);SiH, and (EtO),MeSiH, the amide group is transformed into a nitrile group within
3 h with above 90% yield. The same transformation was achieved in 97% yield using Fe,(CO)y
although the reaction time was longer (20 h);?!3 83% yield was obtained using Fe3(CO);, with a 2-h
reaction time. In general, the amide substrates employed in this work were primary carboxylic
amides, which include alkyl, aromatic, heteroaromatic, and aliphatic amides. Reactions with
activated phenyl carboxylic amides achieved completion in 4 h, whereas unactivated substrates took
30 h.

Asymmetric transfer hydrogenation (ATH) converts a ketone or amine into an alcohol or
imine, respectively. Various iron-containing catalysts, including mononuclear catalysts and the iron
carbonyl clusters [Et;NH][HFe;(CO);;] and Fe;(CO);,, show high yields and selectivity in ATH;
however, there are significant differences in reaction outcomes depending on the cluster employed,
as described below. The hydrogenation of imines was successfully achieved and described by Beller
and coworkers using systems with chiral ligands also acting as co-catalysts.?!® The scope of the
imine substrates included a ketamine, aromatic imine, and hetero-aromatic imine, while the co-
substrates for ATH included iPrOH and chiral P,N; ligands, which are tetradentate ligating at two P
and two N centres. Since these observations were made under conditions employing chiral ligand
additives, it was initially inferred that the chiral ligand likely promoted the formation of a chiral
mono-iron coordination complex, which serves as the active catalyst when used with Fe;(CO),.
However, a recent report by Gao and coworkers has shown that varying the iron carbonyl clusters
for ATH does change the reaction outcomes. As an example, Fe3(CO);, fully converts
acetophenone to  (S)-1-phenylethanol with 97% ee (enantiomeric excess), while
[Ets;NH][HFe3;(CO),;] does not activate the substrate. One possible explanation for these different
catalytic performances might arise from the varying coordination of the chiral ligands directly onto
different Fes cluster cores or perhaps to a fragment of the initial cluster.?!? In another report by Gao
and coworkers, the catalytic reaction was monitored by IR spectroscopy, verifying that
[Et;NH][HFe;(CO),;] stayed intact during the reaction. This may serve as evidence for
[Et;NH][HFe3;(CO)y;] playing the role of active catalyst, or it may be that a very small fraction of
[EtsNH][HFe3(CO);;] is converted to the active catalyst although the event is not detected by IR.?!2
Taken together, these studies do not yet define a clear role for Fe3(CO);, or [Et;NH][HFe3(CO)y] in

the catalytic ATH conversion of amines to imines. Shieh and coworkers have recently reported
46



Page 47 of 76 Chemical Society Reviews

homocoupling reactions where a copper catalyst is coordinated with [Se/TeFe;(CO)o]> .24
Comparing to previous examples, the iron cluster supports the catalysis as a ligand substitute. For
both the Se- and Te-containing species, the reaction yield is above 80% for the homocoupling
reaction.

The study of catalytic reactions using ruthenium carbonyl clusters started with interest in
reactions utilising syngas. Examples reported by Ford and coworkers?!®> and Shore and coworkers 216
provided evidence for hydrogen evolution from water and CO gas using various Ru carbonyl
clusters (Table 3). Darensbourg and coworkers screened a series of Ru carbonyl clusters and
demonstrated C—C bond formation between CO, and methanol to afford methyl formate: in the
presence of CO and H,, reactions promoted by [HRu3;(CO);;]” had a turnover number (TON) of
around 4, while those promoted by [HRCO,Ru;(CO);o]” had a TON of 5.7. In this work, it was
suggested that the trinuclear Ru cluster is a precursor for the active catalyst, which is formed via a
fragmentation step to a tetranuclear species. Evidence suggested that a mononuclear Ru species is
not the active catalyst. The formation of methyl formate from H, and CO, is regarded as a water-gas
shift reaction that can be used to produce CO. For experiments performed in the absence of H, and
CO,, use of CO led to TONs of up to 106. Thus, it is plausible that the formation of methyl formate

arises from the insertion of carbon monoxide into methanol.2%4
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Table 3. Summary of catalysis by Ru carbonyl clusters.

Page 48 of 76

MCC Additive, Reaction Product 2 Reference
substrate
Ru;3(CO)y, Amine, CO, H,O, Hydroformylation Aldehydes, Pettit
H,Ruy(CO);,  propylene Water-gas shift alcohol, H, 1977 202
Ru;(CO)y, KOH, H,0, CO, H, evolution H, Ford
H,Ru4(CO)y3 ethoxyethanol (Catalyst: 1.5— 1978 215
HiRuy(CO)» 445
RucC(CO)17
Ru3(CO),, CO,, H,, MeOH Alkyl formate Methyl formate Darensbourg
production (106 ®) 1983 204
[HRuz(CO);, - Hy0, CO H, evolution H, Shore
(100) 1985 216
Ru;3(CO)y, (EtO);SiH Hydrosilylation of 1-octene (70 ©) Hilal
olefin, acetophenone  acetophenone 1993 217
(220 °)
Ru;(CO),, CO, imines Carbonylative [4+1] Various lactams  Murai
cycloaddition product 1999 218
(51-96)
Ru3(CO),, Acenaphthylene, Hydrosilylation of Silyl ether Nagashima
silane ketone product 2000 219
(76-99)
Alcohol
products
(72-98)
Ru3(CO), Silane (Et;SiH), Hydrosilylation of Alkyl silyl acetal ~ Fuchikami
ester esters to alkyl silyl product 2001 220
acetals (36-94)
Ru;3(CO);, CO/C,Hy CO insertion Stoichiometric Imhof
reaction 2005 22!
Ru3(CO)y, Acenaphthylene, Amide to amine Amines Nagashima
silane, amides (34-98) 2009 207

2% yield, ® activity (Moles of H, per mole of complex per day), ¢ turnover number

The second area of interest for Ru carbonyl clusters involves reactions with silane

additives. Some of the most successful implementations of this approach include the transformation

of esters to alkyl silyl acetals, which are hydrolysed to aldehyde. The proposed mechanism of this

reaction involves oxidative addition of silane to a metal in Ru3(CO);,, and mechanistic work

suggests that an intermediate silane-ligated Ru cluster is important for Si—H bond activation, which

leads to subsequent reaction with olefin.??? Also using Ru3(CO);,, hydrosilylation of acetophenone

has faster turnover than olefin formation for 1-octene using (EtO);SiH (TON: 220 and 60,

respectively).?!” By replacing the silane with (EtO);Si(CH,);NH,, the Ru catalyst becomes more

active for the hydrogenation of olefin substrates.””?> Murai and coworkers demonstrated the

carbonylative [4+1] cycloaddition of alkyl and aryl o,B-unsaturated imines with CO using

Ru;3(CO)y,. Although they were not able to definitively identify the active species, a mechanism has

been proposed (Scheme 24).216
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Scheme 24. Proposed mechanism for carbonylative [4+1] cycloaddition using Ru;(CO),5.

Fuchikami and coworkers have reported reduction of an ester to aldehyde via a proposed
silyl acetal intermediate that is hydrolyzed to afford the aldehyde.?'® The role of the silane addition
is different in this example because it reacts with the substrate directly, rather than activating
Ruz(CO),, by direct reaction with a Ru centre.?? Nagashima has found that coordination between
Ru3(CO);, and acenaphthylene enables catalytic hydrosilylation of ketone and reduction of an
amide to an amine group in a presence of silane additive.?!”

Compared with Fe and Ru carbonyl clusters, there are far fewer reports of catalysis using
Os carbonyl clusters (Table 4).29522% Muetterties and coworkers investigated the reactivity of
0Os3(CO);, and Iry(CO);, towards hydrocarbons, which led to the discovery that Os;(CO);, can
effect hydrogen—deuterium exchange. Years later, Adams proposed multiple molecular structures
of intermediates to better understand the catalytic reaction of Os3(CO);, with isocyanides and
related functional groups, using a series of stoichiometric reactions where activation of the nitrile

CN bond was observed.??’

Table 4. Summary of catalysis by Os carbonyl clusters.

MCC Additive, Reaction Product Reference
substrate
CO reduction to Alkane (not Muetterties
O05:(CONz €O, H, methane mentioned) 1976 205
Deuterated :
Muettert
0s;3(CO)p, H-D exchange benzene (not uetterties
. 1976 224
mentioned)
C4 aldehyde
0s3(CO),, Amine, CO, Hydroformylation (13 b) Pettit
H40s4(CO);,  propylene Water-gas shift H, 1977 202
(270 %)
085(CO) C_O’ Hﬁol’ ) Reduction of Anili 100 Pettit
} 12 :lriltrnz)eger)llzi?lléne’ nitrobenzene niline (100) 1978 203
Reactivity with Stoichiometric
0s3(CO) 12 isocyanides and reaction Adams
1982 223

nitrile group

2 9% yield, ® activity (Moles of H, per mole of complex per day)
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Catalysis by MCCs of Group 9 (Co, Rh, Ir). Pittman and coworkers studied phosphine-
substituted Co carbonyl clusters, Co;(CO)oCPh and Co,4(CO);¢(PPh),.22¢ These clusters promote the
hydroformylation reaction of pentene, which was the first example of homogeneous catalysis with
Co clusters (Chart 2, Table 5). Both catalysts completely converted 1- or 2-pentene to three
different types of formylated products within 24 h. A discussion of possible fragmentation
pathways to afford the active catalyst was presented, but no definitive active catalyst could be

identified in this work.

Ph Ph
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Co3(CO)y(CPh
3(COB(CPR) ) (O, (PPh),
Ve M=1Ir
/lvI /M\ M
LNV VA
W VARE VAR
M ~o M
M
Rhy(CO),
Rh(CO)is  Iry(CO

Chart 2. Homogeneous MCC Catalysts from Group 9. Terminal CO ligands have been omitted for

clarity.

Table 5. Summary of catalysis by Co carbonyl clusters.

MCC Additive, substrate  Reaction Product (yield®)  Reference
Co3(CO)yCPh CO, H,, 1-pentene, Hydroformylation Aldehydes Pittman
Co4(CO),o(PPh),  2- pentene (99.7-100) 1977 226
Co,(CO)g Me;SiH, Hydrosilylation of Disilyl amines Murai
benzonitrile benzonitrile (11-91) 1989 227

Co,(CO)g HSiMe,Ph, Hydrosilylation of Silane product Ojima

Co,Rhy(CO)p, isoprene isoprene (40-100) 1991 228

Co3Rh(CO);,

Co3(CO)yCCl Amine—phosphine ~ Asymmetric ketone Alcohol product  Gao
ligand, KOH, hydrogenation (75) 2014 212
propiophenone

204 yield

Homoleptic Co carbonyl clusters have also be used as homogeneous catalysts. Using a

silane additive, Murai and coworkers performed a hydrosilylation reaction of benzonitrile.??’” Ojima
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and coworkers explored cobalt-rhodium carbonyl clusters for hydrosilylation of isoprene,
cyclohexanone, and cyclohexanone derivatives.??® Although Rhy(CO);; and Co-Rh carbonyl
clusters show higher conversion rates, Co,(CO)g can also perform the catalytic hydrosilylation of
isoprene.??® In recent work by Gao and coworkers, an additional example of asymmetric
hydrogenation of ketone was presented; that was described above in the discussion of Fe carbonyl
cluster catalysts.?!?

In the catalysis of rhodium carbonyl clusters, Rh4(CO),, and Rhs(CO);¢ are popular (Chart
2, Table 6). Pettit and coworkers used Rhg(CO);4 clusters and CO gas to perform hydroformylation
202 and nitrobenzene reduction.?® Yamazaki and coworkers demonstrated synthetic pathways with
Rhy(CO);, and Rhg(CO),6, where they focused on C-H activation of an arene followed by the
addition of substrates, including benzene, N-methylpyrrole, thiophene, and furan. They also
introduced hydrocarbonylation of acetylene and olefins in the presence of CO to afford furanone
derivatives.?’® Using silane additives, Ojima and coworkers activated Rhy(CO);,, to convert
unsaturated hydrocarbon substrates—such as 1-hexyne, isoprene, and cyclohexenone—into highly

regioselective and stereoselective silylated product.??®

Table 6. Summary of catalysis by Rh carbonyl clusters.

MCC Additive, Reaction Product ¢ Reference
substrate
Rhg(CO)q6 Amine, CO, H,O, Hydroformylation C4 aldehyde Pettit
propylene (300°) 1977 202
H,
(1700 %)
Rh¢(CO)q6 CO, H,0, Reduction of Aniline (100) Pettit
nitrobenzene nitrobenzene 1978 203
Rhy(CO)y, CO, ethanol Carbonylation of ~ Furanone (59-67) Yamazaki
Rhe(CO)16 diphenylacetylene  dipheylactylene 1983 230
Rhy(CO)y, HSiMe,Ph, Hydrosilylation of  Silane product Ojima
Co,Rhy(CO),,  isoprene isoprene (40-100) 1991 228
CO3R]’1(CO)12
Rhy(CO), HSiMe,R, 1- Silylformylation Silane product Ojima
Co,Rhy(CO);,  hexyne of 1-hexyne (63-95) 1991 229
Rhg(CO)q6 CO, H,0, amine Reduction of nitro ~ Amines Kaneda
groups (74-95) 1994 231

2% yield, ® turnover number

In our earlier discussion of Os-carbonyl-mediated catalysis, we mentioned the application
of Ir4(CO);, in the hydrogen—deuterium exchange reactions of hydrocarbons (Table 7).202:205.224 In
addition, applications of supported Ir carbonyl clusters have been reported by Gates and coworkers.
For example, MgO-supported [HIry(CO);;]” enables propane hydrogenolysis to yield methane and

ethane when the reaction is carried out at 200 °C and 1 atm of H,. Using Ir¢(CO);¢ encapsulated by
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NaY zeolite, catalytic CO hydrogenation yields a C,—C, carbon product. Gates and coworkers have
also investigated catalytic performances of various other MCCs supported by MgO or zeolite.?32-233
The encapsulated Ir cluster was prepared by the adsorption of [Ir(CO),(acac)] into the cage of NaY
zeolite and thermal treatment. IR and extended X-ray absorption fine structure (EXAFS) techniques
were adopted to verify the structure of the final catalyst because Irs(CO);¢ has a distinct signature at
1730 cm™!. Using a feedstock of CO and H,, zeolite-encaged Ir cluster yields various hydrogenated
products, which were detected by gas chromatography (GC). The continuous reaction time of up to
8 days reveals high stability for Irg(CO),¢ within the zeolite cage. In the reactions starting with
MgO-supported Irg(CO)6, IR spectroscopy detected the structure of Iry(CO);,, and it is believed
that this cluster forms on the MgO surface. In each of these reports, it is believed that the supporting
substrate enhances the stability of the MCCs.

Table 7. Summary of catalysis by Ir carbonyl clusters.

MCC Additive, Catalysis Product Reference
substrate
Ir4(CO)y, CO, H, CO reduction to methane Alkane (not Muetterties
mentioned) 1976 205
Iry(CO)y H-D exchange Deuterated benzene Muetterties
(not mentioned) 1976 224
Ir4(CO) 12 Amine, CO, HO  Hydroformylation C4 aldehyde Pettit
Water-gas shift (250®) 1977 202
H,
(300 %)
Ir4(CO) 12 KOH, H,0, CO Water-gas shift H, Ford
(H, evolution) (539 1978 215
Irs(CO)16 Zeolite Hydrogenation of CO Propane (not Gates
encapsulated Decarbonylation mentioned) 1993 232
HIry(CO);;~  Supported on Propane hydrogenolysis H, (not mentioned) Gates
MgO surface 1993 233

2% yield, turnover number, ¢ activity

Catalysis by MCCs of Group 10 (Pd and Pt). Likely due to their limited stability, the
carbonyl clusters of Ni are not represented in the literature for catalysis. As for Pt carbonyl clusters
(Chart 3, Table 8), the first catalytic reaction was reported by Pettit and coworkers in 1977, and that
report described hydroformylation and water-gas shift reactions.?> The next known catalytic
reaction was reported in the late 1990s. It is challenging to stabilise the MCCs of Group 10 under
ambient conditions, especially under catalytic conditions; for this reason, all the examples involve
catalysts supported on mesoporous silica or zeolite. Various evidence for the identity of the active
catalyst in each of these cases is obtained from in-situ IR spectroscopy and EXAFS. In an

alternative mechanism for catalysis in Group 10, Bhaduri and coworkers have employed redox
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pathways where a reduced form of Pty(CO);g is used as a reductant to reduce nicotinamide adenine
dinucleotide (NAD™). In this reaction, the platinum cluster takes the role of electron transporter
from the sacrificial electron-donor molecules, which are hydroxide ions (OH") recovered from
ferric cyanide. In an alternative redox reaction, methylene blue, Safranine O, and methyl viologen

were used as sacrificial electron acceptors, which were then reduced by the Pt cluster.?

Chart 3. Homogeneous MCC Catalysts from Group 10. Terminal CO ligands have been omitted

e
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Table 8. Summary of catalysis by Pt carbonyl clusters.

MCC Additive, substrate  Reaction Product ¢ Reference
[Pt3(CO)g]s~ Amine, CO, H,0, Hydroformylation C4 aldehyde Pettit
propylene Water-gas shift (0.5°) 1977 202
H,
(700 b)
[Pt3(CO)s]s> Zeolite- Hydrogenation of Alkyl product Ichikawa
encapsulation, ethene, 1,3-butadiene (<0.1¢) 1998 234
ethene, 1,3-
butadiene
[Pto(CO) 5] Sacrificial Electron-transfer Not mentioned  Bhaduri
electron-donor/- mediator 2000 235
acceptor
[Pt12(CO)p* Mesoporous silica,  Hydrogenation of Not verified Bhaduri
MCM-41 support,  methyl pyruvate or (100-40) 2005 236
methyl pyruvate, acetophenone
acetophenone
Pd;3(CO)y Zeolite Y, CO, H, CO hydrogenation Hydrocarbon Sachtler
(1.8-2.3) 1992 237

2% yield, ® turnover number, ¢ turnover frequency (s™')

3.3 Electrocatalysis by MCCs

In an electrocatalytic reaction, an external applied potential is used to initiate the reaction of an
electron-transfer event with the redox-active -catalyst,
heterogeneous, depending on whether it can be in solution with the substrate. Homogeneous
electrocatalysts are metal-based coordination complexes or clusters, which will exist in solution

with the other reagents; heterogeneous electrocatalysts may be extended solids or other insoluble
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materials that are commonly deposited on the electrode. We will focus only on homogeneous
electrocatalysis, where the most basic requirements for the electrocatalyst include stability in a polar
solvent system and a redox potential that is accessible without oxidising or reducing the solvent.
These criteria alone limit the number of MCCs that might be suitable electrocatalysts, but those
MCCs that do meet these criteria have many advantages over single-metal-ion homogeneous
electrocatalysts, as described below. Considered from another angle, there are advantages for using
electrocatalysis instead of thermal activation as a means to control the reactivity of MCCs. One big
advantage of electrochemical catalysis is that energy can be added to the system at RT and with
very mild conditions; as a result, the stability of MCCs can be maintained throughout the catalytic
reaction and for many turnovers. In most instances, it is also possible to include a partial
atmosphere of CO (if it is needed), imparting even greater stability to the MCC; the mole-fraction
of CO in the headspace can be tuned at will.

The advantages of using suitable MCCs as homogeneous electrocatalysts, rather than using
single-site metal-ligand catalysts or heterogeneous electrocatalysts, have come to light in recent
years. Suitable MCCs and their reduced forms are readily protonated, allowing the formation of
hydride intermediates at low applied potential; in one instance, catalysis was promoted at a rate of
10° s with an applied potential as low as —0.86 V vs. SCE (versus the saturated calomel
electrode).?3® Multiple sites for protonation on the clusters lead to very fast rates of proton transfer
(PT), facilitating diffusion-limited PT chemistry, which can be applied to hydride-transfer reactions.
It is thought that the fast rates arise from a statistical effect of having so many possible protonation
sites and hydride migration sites. Another advantage of MCCs as electrocatalysts involve the easy
substitution reactions at the cluster surface, where CO ligands can be replaced by phosphines
containing an array of functional groups. Those substitutions can be used to tune the secondary
coordination sphere of a catalyst or to tune the reactivity properties by changing the electronic
properties of the cluster core. Substitutions of metal ions within the MCC core or of an interstitial
atom within the cluster core can also change the electronic and reactivity properties. A more
detailed discussion of synthetic modifications to MCCs and their effect on catalysis is included
below.

Electrocatalytic reactions where MCCs have been employed are all reduction reactions;
low-valent clusters can stabilise additional electron density with their delocalised electronic
structures and multiple n-acceptor CO ligands. Electrons added to the molecular-orbital manifold of
MCCs often strengthen the bonding between the metal and carbon atoms of the M—CO moiety. In a
typical electrocatalytic reduction reaction—including those mediated by MCCs, catalysis is initiated

by electron transfer (ET) to the MCC as potential is applied; this electrochemical elementary step is
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abbreviated as “E” in the standard nomenclature of the field. After the initiation step, if the
intermediate has enough energy to react with the substrate, it will react chemically, and that
chemical reaction is abbreviated as “C” (Scheme 25). Alternatively, the initial E event can be
followed by a second E event before any chemical steps proceed. Thus, a series of elementary steps
in an electrocatalytic reaction will be described as a series of E or C steps. The most common

reaction mechanisms are ECEC and EECC. The latter is considered equivalent to the ECCE

mechanism; while they differ in their starting points in the catalytic cycle, they have identical
electrochemical responses when CV is used to monitor their reactions.??
H2 _ mycopr

N TN

[HM(CO),I™" ECEC  [M(CO) ™" [HM(CO)I™ ECCE  [My(CO),I™

N N

[HM,(CO),]"
Scheme 25. Examples of electrocatalytic hydrogen-evolution pathways by MCCs.

(CO),I"

[HM,(CO),]"

In any electrochemical reaction, the energy difference between the electron-donor and -
acceptor is an important parameter, and this difference is expressed by their redox potentials with
respect to a reference electrode. The IUPAC (International Union of Pure and Applied Chemistry)
recommends use of the ferrocene/ferrocenium couple as a reference in organic solvent;?*? other
commonly employed references include the SCE and the natural hydrogen electrode (NHE).
Provided that the experimental conditions are clearly described, conversion between the different
referencing schemes is generally trivial, allowing catalysts to be compared.?*! In this review, we use
SCE referencing throughout. Metrics used to assess the utility of electrocatalytic reactions include
the Faradaic efficiency (FE) and the turnover frequency (TOF). The FE is the percentage of the
charge that is converted into product in a preparative-scale experiment. The TOF is equivalent to
kobs, the observed rate constant, and it is reported in units of s*!'; as long as factors such as the
applied potential or the overpotential (77) are accounted for, it can be used to compare the rates of
reactions.

Two electrochemical reactions have been studied using MCCs as the electrocatalyst:

(a) the two-electron reduction of two protons to H,, and
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(b) the two-electron reduction of protons and CO, into formate.
These transformations share the same two initial steps in the catalyst cycle, where ET is followed
by PT to generate a reduced hydride intermediate (Scheme 26). Reaction of the hydride with
protons generates H,, and reaction of the hydride with CO, generates formate in the third step. The
fourth step is another ET, so the overall mechanism in either case is ECCE. Even from this simple
overview, it is clear that controlling the reaction chemistry of the intermediate hydride can lead to

many applications for hydride-transfer chemistry using MCCs and potentially many substrates.

[H-M]"
co,
H* (‘ Hcoo

[M]n—1 [M]”+1

PT=

proton e\ [M]n }/e

transfer

Scheme 26. Schematic showing the two possible reaction pathways for a metal hydride — which can

(a) react with protons to form H, or (b) react with CO, to form formate.

Electrocatalysis by MCCs of Group 8 (Fe). It was first reported in 2011 that [Fe,N(CO);,]~
can cause the evolution of H, from protons or the evolution of formate from CO,, depending on the
reaction conditions 2** (Chart 4, Table 9). The first attempt for the electrocatalytic hydrogen-
evolution reaction (HER) and CO,-reduction reaction (CO,RR) was carried out under 1 atm of N,
or CO,, respectively, using organic acids as the proton source. In the proposed mechanism,
[FesN(CO)y,] is first reduced at —1.23 V (vs. SCE), and then PT affords [HFe,;N(CO),,]~, which
can go on to react with either H" or CO, following an ECCE mechanism. There are very few
molecular electrocatalysts that produce formate selectively,?*? and [Fe4sN(CO);;]” performs this
reaction at modest rates and a low applied potential. In subsequent work reported in 2013,
replacement of organic acids with water buffered at pH 7 afforded formate with 97% FE at -1.23 V
of applied potential.?*¢ The solvent-dependence reflects a lowering of the activation barrier for
hydride transfer due to solvation effects,?** which will not be discussed in detail here. In addition to
the ability of [Fe,N(CO),]™ to perform catalytic small-molecule reduction chemistry effectively,
these reports have demonstrated that it is stable in water and that it is stable under an applied

potential over reaction times of up to 24 h, although longer reactions were not investigated.
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Chart 4. Drawings of homometallic Fe carbonyl clusters used as electrocatalysts. CO ligands have

been omitted for clarity.

Table 9. Homometallic clusters of Fe and Co and their reactivity for HER and CO,RR.

MCC Additive Potential (V. 7 (mV) Reaction  pp (%) 2 kops (s Reference
vs. SCE)
[FesN(CO)1o]™ Benzoic acid -1.23 280 HER Quant. 1.0 Berben
2011 24
[FesN(CO)y5]~ Benzoic acid, CO, —1.25 300 formate nr nr Berben
2011
[FesN(CO) 2] MeCN/H,0 (95:5) -—1.25 440 HER Quant. nr Berben
2015 2%
[FesN(CO)12]™ MeCN/H,0 -1.2 440 formate 95 10 Berben
(95:5), CO, 2015
[FesN(CO) 2]~ KHCO3/KCO; -1.2 formate 95 Berben
pH 6.5 2015
[Fe4C(CO)2]* Acetate buffer -1.25 714 HER 83 368 Berben
[FesC(CO)y5]*> pH 5 72 nr 2013 246
[FesC(CO) 15> 64 nr
[C013C5(CO)pq]*  Anilinium —-0.86 760 HER 78 108 Berben
tetrafluoroborate 2020

a quant. = Quantitative yield, and nr = not reported

In 2013, the electrochemical reduction of protons to H, was reported using a series of
carbide-centred clusters, [Fe;C(CO)»]?", [FesC(CO)14]%, and [FecC(CO)17]*>~ (Chart 4).24 Each of
these clusters quickly catalyses H, evolution from water, and [Fe,C(CO);;]* was observed to be
particularly stable. Over time, [FesC(CO)4]> and [FecC(CO);7]*>~ converted into [Fe4C(CO)1,]%,
which illustrates a feature of MCC chemistry. One particular structure for a combination of atoms is

often a thermodynamic sink; whereas other analogous clusters are isolable and quite stable, they are
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not a long-term thermodynamic product. This study also enabled a comparison of the nitride-
centred [Fe,X(CO)j,]™ and carbide-centred [Fe4C(CO),]* clusters. Protonation of [Fe4C(CO);,]*>
is concerted with ET and is therefore pH-dependent; meanwhile, [FesN(CO),,]~ undergoes
sequential ET and PT reactions. The difference in reactivity is attributed to the varied charges on
the clusters. For both [Fe,N(CO);;]™ and [Fe4C(CO),]*", the protonation site is located along the
bridge of two iron atoms, and the interstitial atom does not get protonated. Another effect of the
increased charge on [Fe C(CO),]* is that PT rates are significantly higher, so H, evolution is
faster.

Electrocatalysis by MCCs of Group 9 (Co). A cobalt carbonyl cluster has recently been
reported as an electrocatalyst for fast H, evolution; this cluster has 13 Co atoms,
[C013C,5(CO)4]* .28 Many of its properties, including its ET and PT rate constants and diffusion
coefficient, are very similar to those of nanoparticles or quantum dots, illustrating the ability of
MCCs to behave like nanoparticles and like heterogeneous electrocatalysts. The larger size of
[Co13C(CO)]*, its multiple Co—Co bonding motifs, and its many electron-withdrawing CO
ligands are just some of the structural features that result in its observed physical properties. When
studying the reduction of protons to hydrogen or the transfer of hydride to CO, to form formate, the
ability to detect and monitor reaction intermediates is very important: Co carbonyl clusters offer a
unique system for probing protonation chemistry using IR spectra, as was first described by
Zacchini and coworkers.*®* When plotting the CO absorption band energy, vco, obtained from IR
data against the x/z values (where x is the number of Co atoms and z is the cluster charge), a linear
relationship is observed for a wide range of clusters—specifically, from 6 to 20 Co atoms. The
charge on the clusters, z, can be varied either by redox events or by protonation of a Co cluster. For
a given cluster charge, protonation events can be monitored accurately using IR spectroscopy,
providing a powerful tool for determining the reaction mechanisms of hydride formation and

hydride transfer to substrates.
//
/ \ (o)
Co— /C% =GO
Ro\/// \
o}
\| ¢
Co/ic()/ 0

Chart 5. Co carbonyl cluster, [Co;3C,(CO),4]> used as an electrocatalyst. Terminal CO ligands
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have been omitted for clarity.
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Using [Co13C5(CO)y4]*, the reduction of protons to hydrogen was studied using an applied
potential as the source of electrons (Scheme 26). PT rates were measured at 10° M~!'s! for the
chemical reaction where electrochemically generated [Co13C,(CO),4]° reacts with one proton. The
fast PT chemistry supported the HER with an observed rate of 2.3 x 10° M~!'s”!. These PT rates
appear to be limited only by diffusion or the mass transport of protons in solution. The ability of
[Co13C(CO)4]° to mediate fast rates of PT was attributed to a statistical effect, which arises from
the multiple Co—Co bonds available for protonation; in heterogeneous catalysis, a similar effect
arises from the multiple PT sites on the electrode surface. Statistical effects that enhance the rates of
PT have also been observed in older work for single-site metal catalysts, i.e., mononuclear
coordination complexes that can act as homogeneous catalysts. In these cases, PT-rate enhancement
is derived from the addition of Lewis bases to the supporting ligands; the multiple Lewis-base sites
deliver protons to the catalytic active site on the metal centre.?*’ Studies were performed to
elucidate the mechanism for HER using [Co13C5(CO)y4]*". When either H,O or D,O was added to
the CV experiment of [Co;3C(CO).4]3", an electrochemical kinetic-isotope effect was observed.
The shift in peak potential for the reduction of [Co13C(CO)x4]* to [Co13C5(CO),4]7 when D,O was
used is indicative of a PT event that occurs in a concerted process with an ET event. Based on the
currently available information, the observed Co—H bond making/breaking process could be either a
protonation of the cluster that is concerted with ET or an intracluster proton migration that is
concerted with ET; the electrochemical data cannot distinguish between these two possibilities.
Both scenarios reflect the ability of large MCCs to interact effectively with protons and to facilitate

proton mobility on the surface of the cluster.
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[Coy3CH(CO)pql* [H,-Co;3C2(CO)pql*

Scheme 26. Top: Proposed mechanism for proton reduction to H, in [Co3C(CO)y4]°; the C and
CO ligands are not shown to simplify the mechanistic scheme. Reproduced with permission from
ref. 238. Bottom: Protonation of [C0;3C,(CO),4]*~ and migration of CO around the cluster core

(blue, Co; grey, C; red, O).

Atom substitution in the MCC Core: Effects on electrocatalysis. Starting in 2017, Hogarth
and coworkers published several studies on tri-iron carbonyl clusters (Chart 6, Table 10), which
were functionalised by replacing CO ligands or by adding capping ligands to the three-iron
cluster.248:24% Ruthenium clusters were also studied in some cases. For each cluster, two one-electron
reduction events were observed, and H, evolution was observed at the most negative potential.
Hydride equivalents generated at the first reduction event were not hydridic enough to transfer
hydride to protons, which would have liberated H,. Thiol-capped [Fe;(CO)o(u-SR)(n-H)] (where R
= iPr, ‘Bu) was investigated using organic acids, CF;CO,H or HBF4Et,0; H, evolution was
observed at —0.84 (R = Pr) or —1.0 (R = Bu) V vs. SCE, respectively, with the mechanism
assigned as ECEC.?* Although they are less electron-rich, telluride-capped tri-iron clusters also
reduce protons to H,, but with at slower HER rates. Following phosphine substitution, Te-
substituted clusters showed enhanced reactivity. Their proposed mechanism shows that it is possible

to evolve hydrogen with a pathway that starts from the cluster’s first or second reduced state.?3’
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Chart 6. Heterometallic and capped Fe carbonyl clusters used as electrocatalysts. CO ligands have

been omitted for clarity.

Table 10. Heterometallic and ligand-capped Fe and Ru clusters and their reactivity for HER.

MCC Additive Potential 7 (mV) Reaction FE (%) Kobs Reference
V vs. SCE (s
[Fe;(CO)y(13-pyNH)(p-H)] TsOH -1.21 nr HER nr nr Hogarth
HBF,Et,O 2017 248
[Ru3(CO)o(p3-pyNH)(p-H)] TsOH -1.61 nr nr nr Hogarth
HBF,-Et,0 2017
[Fes(CO)o(n-SR)(p-H)] CF;CO,H —0.84 or HER nr or Hogarth
R=iPr, tBu HBF,-Et,0 -1.0 2018 24
[Fe(CO)s]5(13-Te), CF;CO,H nr nr HER nr nr Hogarth
2020 250
[FesMnO(CO),,]~ MeCN/H,O (95:5) -1.3 540 HER 50 nr Berben
202022
[FesMnO(CO);,] CCIH,CO,H -1.3 650 nr Berben
2020

Ts = p-toluenesulfonyl; nr = not reported.

Work published in 2020 discussed the effect of Mn substitution in the [FesN(CO)y,]™
cluster core where the interstitial nitride atom was also replaced by an oxo atom; the subsequent
[FesMnO(CO);»]” cluster is therefore isoelectronic to [FeyN(CO)p,]".2°1%2 The two clusters,
[FesMnO(CO);,]™ and [FesN(CO);,] also have similar reduction potentials of —1.3 and —1.2 V wvs.
SCE, respectively. Sequential reduction and protonation of [Fe;MnO(CO);,]~ produced a hydride
intermediate, [H-FesMnO(CO);,]~, which is equivalent to the hydride intermediate observed for
[FesN(CO)2]™ (Scheme 26); however, it is at this point that the chemistries of [FesMnO(CO)y;,]~
and [FesN(CO)p;]” begin to differ. Hydride transfer from [H-Fe;MnO(CO);,]” to CO, was not
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observed due to its reduced ability for hydride donation, which was determined independently using
IR spectroelectrochemical studies.

Ligand substitution on the MCC Core: Effects on electrocatalysis. Ligand substitution on
[FesN(CO)y2]~, where CO ligands are replaced by phosphine ligands, has been used to study the
mechanism of H, and formate evolution. Ligand substitution has also been used to modify the
reactivity of [Fe4N(CO);;]". For these studies, the control compound is [Fe,N(CO);;(PPh;)]~, which
contains a phosphine ligand but does not contain a reactive functional group.?>® The phosphine-
substituted compounds (including the control [Fe,N(CO);(PPh;3)]") have a reduction potential of
around —1.45 V, while that of [FesN(CO),,]- is —1.2 V. Phosphine ligands with hydroxyl,
methoxyphenyl, pyridyl, and N,N-dimethylaniline groups have been used to afford
[FesN(CO)11(PPha(CH,),OH)]",  [FesN(CO)11(PPhy(MeOPh))]",  [FesN(CO)11(PPhypy)]”, and
[FesN(CO);1(PPhy(N,N-Me,NPh))]~, respectively (Chart 6). For each of these examples (Table 11),
MeCN/H,0O (95:5) was used for the mechanistic or other electrochemical studies because it
provided adequate solubility; MeCN has a large electrochemical window, and the small amount of
H,0 serves as a proton source and as a source of stabilization for the transition state during hydride
transfer. Using multiple approaches, electrochemical mechanistic studies have shown that water
stabilises a charge-separated transition state and enhances the rates of hydride transfer from [H-
Fe4,N(CO)2]™ to CO, by five orders of magnitude relative to the rates of hydride transfer observed
in the absence of water. Other research groups working with single-site hydride-transfer catalysts
have also shown using density functional theory (DFT) studies that water may play a role in the

stabilization of the hydride-transfer transition state via a hydrogen-bonding network.?*?

L L=CO
Fe— PPh;
N7 PPh,(CH,),0H
/ F\e\ PPh,(2-Me,NPh)
FeQF e PPh,(2-MeOPh)

Chart 7. Schematic of the phosphine-substituted derivatives of [Fe,;N(CO);,]. CO ligands have

been omitted for clarity.
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Table 11. Summary of electrocatalysis by phosphine-substituted derivatives of [Fe,;N(CO),]™. All
reactions were performed in MeCN/H,O (95:5) and under 1 atm of CO, with an applied potential of

—1.47 V vs. SCE.
MCC Reaction Reference
[FesN(CO),1(PPh3)]~ CO,RR Berben
2016 253
[FesN(CO);,(PPhy(CH,),OH)]~ HER Berben
2016
[FesN(CO); (PPhy(N,N-Me,NPh))]-  CO,RR Berben
2020 24
[FesN(CO),1(PPhy(MeOPh))|~ HER Berben
2020
[FesN(CO),1(PPhypy)]™ HER Berben
2020

When a CO ligand of [FesN(CO),]™ is replaced with a phosphine containing a protic
functional group, e.g., [FesN(CO);(PPh,(CH,),OH)]", the protic functional group behaves like a
proton relay during eletrocatalysis; the catalysts will only make H,, even under conditions that are
otherwise ideal for the reaction of [FesN(CO)jo]™ with CO,.2°3 Work using the parent cluster,
[FesN(CO)y5]~, revealed the possibility of a hydride intermediate in the catalytic cycle, and
evidence for the hydride intermediate was first seen in the cyclic voltammetry data, where the
hydride was shown to be oxidised. Studies on [Fe4,N(CO),;(PPh,(CH;),OH)]~, where H, evolution
is switched on by the proton relay, provide additional evidence for the hydride intermediate.

In other investigations, the functionalised phosphine ligands added to [Fes;N(CO);,]~ were
used to add steric bulk to the secondary coordination sphere. These large functional groups can also
facilitate proton relays, spanning the range of pK, = —0.5 up to 11.2. With bulky functional groups
however, clusters of protonated water cannot approach the active site to produce H,, resulting in the
exclusive production of formate, as is observed in [FesN(CO);(PPhy(N,N-Me,NPh))]".* The
hypothesis that steric effects are important was proposed based on measurements of PT rate
constants performed under N, and CO, atmospheres, where the source of protons differ; under N,,
water—-MeCN clusters dominate as the proton source, while under CO,, carbonic acid clusters
dominate. The carbonic acid clusters are smaller than the water—-MeCN clusters, making PT faster
under CO, than under N,. The selectivity of catalysts such as [Fe,;N(CO);;(PPhy(N,N-Me,NPh))]~
for formate formation over H, evolution is consistent with the small carbonic acid clusters having
easy access to the active site when there are large functional groups present in the secondary

coordination sphere.

63



Chemical Society Reviews Page 64 of 76

4. Summary and Outlook

Outlook for the Synthesis of MCCs: From a synthetic point of view, the preparation and
molecular-level characterization of larger and larger MCCs remains an ongoing challenge. The total
structural determination of the Aup-thiolate nanocluster in 2007%5 by SC-XRD generated a
renewed interest in molecular nanoclusters. It also clearly pointed out that SC-XRD is currently the
only analytical technique available for structural determination with an atomic precision for the
metal core, metal atom surface, and ligand shell of molecular nanoclusters and chemical species in
general. Despite the recent advancements in SC-XRD instrumentation, this poses a serious
analytical limitation to molecular nanochemistry. Consequently, structure—property—reactivity
relationships should be established to provide additional insights for nanoclusters and ultra-small
metal nanoparticles; to achieve this, more and more molecular clusters of increasing size should be
synthesised, structurally characterised, and chemically and physically analysed. Establishing these
relationships may help resolve the persistent open question of how many metal centres are needed
to produce metallic properties.> The answer depends not only on the dimensions, but also on the
nature of the metal (or metals, for alloys), the type of ligands present, and the property of interest.

Another target of synthetic chemists is to better understand which MCCs will be stable
enough to use in materials and catalysis applications. Work in electrocatalysis has shown that
structures like [Fe,;N(CO),,]™ are incredibly stable—in water, in air, and over multiple days under
catalytic conditions. But how do we predict this without having to screen many MCCs? The
stability of [Fe;N(CO);,] was determined empirically, just as experimental work determined that
many clusters in the iron-carbide series, such as [FesC(CO)4]~ and [FecC(CO),7]~, are not stable,
decomposing into [Fe4C(CO);,]~ and Fe metal over time. Rules for electron-counting may aide with
predictions, but their validation must be achieved experimentally. Additionally, a role for
theoretical methods in predicting the stability of MCCs is envisioned.

As the applications of MCCs expand further into catalysis, electrocatalysis, and materials
chemistry, advancements in their synthetic chemistry would be beneficial, especially with respect to
the control of ligand substitution on the cluster cores. Replacement of the CO ligands with other
ligands causes many changes in the electronic structure, solubility, and reactivity properties of the
MCC. Almost all ligands available for substitution are less efficient m-acceptors than CO, and thus,
the cluster core becomes more electron-rich as more ligand substitutions are made; the remaining
C-O bonds are weakened, and the remaining M—C(O) bonds are strengthened. This latter effect
makes it difficult to substitute multiple CO ligands. Small-cone-angle phosphines and isonitriles
have been substituted on [Fe,N(CO);,]" up to four times, and greater control and tailoring of these

syntheses are needed.?*®>7 With ligand substitution enabling changes to MCC properties, it can
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also be used to modify the overall charge of a cluster or its solubility, making a cluster more
suitable for catalytic applications. Another challenge facing the chemistry of ligand-substituted
MCC:s is how to better predict which cluster—ligand combinations will afford stable ensembles.

Outlook for Tuning the Material Properties of MCCs: Another area needing further
development is the synthesis and characterization of heterometallic and alloy molecular
nanoclusters. Mixing different metals with atomic control may lead to nanomaterials with new
physical or chemical properties. Alloying and metal-doping of molecular nanoclusters is gaining
more and more interest,>*%23° and heterometallic MCCs may contribute to our understanding of the
synergetic effects induced by alloying with atomic precision.’” This might also be of some
significance in interpreting the metal migration, chemiadsorption, and catalytic behaviour of alloy
nanoparticles.

The electronic properties of molecular nanoclusters can be experimentally investigated using
spectroscopic and electrochemical techniques as well as magnetic measurements. For additional
insights, they can also be compared to theoretical models. As the size of the cluster increases, an
incipient metallisation of its metal core should be observed.® Indeed, CV measurements indicate a
decrease of the energy gap (AE) between consecutive redox couples in multivalent MCCs as their
size increases. At a certain size, AE should be comparable to the thermal energy at RT, leading to
auto-disproportionation and equilibria among isostructural MCCs with different charges. This new
electronic status should also influence the magnetic properties of larger MCCs and nanoclusters in
general. Paramagnetism of even-electron MCCs has been debated for a long time, but recently it has
been clearly demonstrated that they can have unpaired electrons in both the ground and excited
electronic configurations.!3> Magnetic measurements of molecular nanoclusters require ultra-pure
samples in order to rule out the presence of paramagnetic impurities, but they can add significant
information to our knowledge of nanomaterials. In addition, by understanding and learning to tune
the electronic and magnetic properties of MCCs, it will be possible to produce suitable candidates
for molecular nanocapacitors, superparamagnetic quantum dots, and nanomagnets.

Outlook for Catalysis with MCCs: From a structural point of view, a regular and simple
structure—size relationship has not been established in the case of MCCs and molecular
nanoclusters. This is likely due to the fact that at these length scales, M—ligand and M-M
interactions contribute similarly to the overall energetic properties. Thus, we can expect that
introducing defects in the metal cages should lead to rearrangements, as shown in the case of some
Pt MCCs. Indeed, there is evidence that the metal cages of some MCCs are fluxional, and generally
speaking, they are soft and deformable. A deeper knowledge of the dynamic behaviour of the metal

cage and ligand shell of molecular clusters is required, and this might have some relevance also to
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heterogeneous catalysis with ultra-dispersed metals. The size, structure, and composition of
molecular nanoclusters strongly affect their catalytic behaviour.

There are still significant opportunities for studying MCCs of different sizes and
compositions in the activation of small molecules, in homogeneous catalysis, as precursors of
heterogeneous nanostructured catalysts, and in homogeneous electrocatalysis. An overview of
homogeneous catalysis and homogeneous electrocatalysis by MCCs has been given in this review,
and other recent reviews have touched on related aspects of catalysis with MCCs.?3 260. 261 General
ideas that can be drawn from these examples include the knowledge that thermal activation of
catalytic cycles often results in MCC decomposition and that many of the most effective thermal
catalytic reactions are those that occur under a MCC-stabilising CO atmosphere. Moving forward, it
is essential that we develop better predictive methods for knowing which MCCs will be stable to
various reaction conditions.

Electrocatalysis has recently provided a method where energy, in the form of the applied
potential, can be added to the system without raising the temperature. This has enabled RT catalytic
reactions, including reactions proceeding via a hydride intermediate. As an example, the reduction
of CO; into formate can proceed in water for over 24 h when [Fe4,N(CO),;] is electrolyzed at —1.2
V vs. SCE.?® Future work in electrocatalysis with MCCs should take advantage of the tunable
surface of MCCs, where CO ligands can be replaced with phosphine ligands. Inclusion of
functionalised phosphine ligands has the potential to modulate reaction rates by orders of magnitude
and to modulate product selectivity when the correct functional groups are included in the
secondary coordination sphere and installed in appropriate locations. Another frontier in
electrocatalysis using MCCs is the study of larger and larger clusters. Recent work has shown that
larger MCCs, containing 13 cobalt atoms, enhance the rates of proton transfer by many orders of
magnitude compared to the four-iron cluster, [Fe,N(CO);,], until they resemble those observed for
heterogeneous electrocatalysts. Proton- and hydride-migration chemistry on these tridecanuclear
cobalt clusters also resembles the behaviour of hydrogen atoms on a surface where hydrogen atoms
are not localised at one place.”?® The combination of these nearly diffusion-limited reaction rates
with the ability to use molecular chemistry techniques to characterise structure, reactivity, and
reaction kinetics and mechanism in precise detail is a powerful driving force for the future

development of electrocatalytic reactions promoted by MCCs.

5. Conclusions
The ongoing, new insights into the electronic properties, structural dynamics, and catalytic

mechanisms of MCCs show no sign of abating. Nowadays, we possess a solid and broad knowledge

66



Page 67 of 76 Chemical Society Reviews

of the synthesis of MCCs, which can be exploited for future developments and applications as
outlined in the Summary and Outlook. The relevance of electrocatalysis to fundamental chemistry
and industrial applications is growing; and electrochemical techniques have provided a much-
needed RT approach, enabling MCCs to be stable throughout chemical and -catalytic
transformations. Molecular nanoclusters, in general, and MCCs, in particular, can add new
perspectives to electrocatalysis. Being at the cusp of the nanodomain, they can contribute to our

knowledge of nanochemistry and solid-state materials.
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