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Abstract

This Thess aims at presenting the general results achieved during mytiRdtDyasfocused on the

study and characterisation of new homoleptic and heteroleptic metal carbonyl clusters. A brief
introduction to thé fascinating field is reported in Chapliemwhichbegins withthe discovery of the

first metal carbonyl compoundnd carries on with theynthdic procedures for the synthesis of
metal carbonyl cluste®1CCs)and their physical/chemical properties.

Initially, my research was focused on thevestigatiom of small MCCs, as reported in
Chapter 2 with the study olew Fe-Au(NHC) carbonyl clusters (¥eterocyclic CarbenédNHC). In
view of the results achieved, | decided to extend the investigation tootigeners FAg(NHC)
and FeCu(NHC) carbogl compoundsasdescribedn Chapter3. This study sheds some light on
the metallophilic interactian (aurophilicity, argentophilicity and cuprophilicity) present within
these compoundand demonstrates that thermal treatment represenefficient methad for the
growth of the dimension of MCCslindeed, pecies of the type [MFe(COXz¥ and
[M4Fes(CONg]* (M = Ag, Au) as well as larger clusters were forndding the thermal treatment
of the new FeM (M = Ag, Cu, Au)carbonyl compoundshesespeciesnspired theinvestigation
of promising reaction paths for the synthesis ofM-€M = Ag, Cu, Au) carbonyl compounds
devoid of ancillary ligandsand alloy MCCs as reported inChapter 4.Chapter 5 shows the
interesting results obtained by extending tocMNHC) specieghe strategy employed with Fe in
Chapters2 and3. This first partof research allowed a bettenderstandingf the differences and
similarities between the Fd(NHC) and CeM(NHC) systems (M = Cu, Ag, Aujs well agheir

application in lomogeneous calysis (ammonidorane dehydrogenatian)

The second part of this Thesis regards high nuclearity MCCs. In particular, Chapter 6
describes new strategies for the growth of platinum carbonyl clusteskving, for instancethe
employmentof bidentate phgshines whereas Chapter 7 reports the syntheses and the thermal
decomposition of new NV (Pd, Pt) carbonyl clustersAll the new compounds have been
characterised bg combination of different techniques, suchRsand NVR spectroscopies, ESI
MS spectroretry, electrochemical and UVisible studies, elemental analysesluctively Coupled
PlasmaMass SpectrometrfifCP-MS) and single crystal Xay diffraction (SCXRD).

The main results obtained during my PhD have been susedan Chapter 8, followed by

the experimental section (Chaptera®@dthe references






CHAPTER 1

Introduction

1.1 A brief history of metal carbonyl clusters (MCCs)

At the end of the nineteenth century, theminated chemist Ludwig Mond discovered the first

metd carbonyl compound, named nickel tetracarbonyl Ni(C@@r more details see Chaptex.7

His discovery introduced a new class of compounds that suddenly attracted great interest amongst
scientists. Duringhte following decades, several attempts aimed at synitngsisw metal carbonyl
compounds were made, but all of them faced an important limit for that time, that is the structural
characterisation. Later, the improvement of the spectroscopic techniquéiseadevelopment of
crystallographic methods filled thiggap, by allowing a more complete definition and
characterisation of these new chemical species. It is proper to state that the technological progress
boosted the researches, and so the identificati@®everal new metal carbonyl compounds. Many
years latethe discovery ofhefirst monometallic compound Ni(C@)species containing more than

one metal atom were discovered, and the nametal clusted was introduced. Indeed, in 1966
Cotton defined dcl ust entanin@afinita graplofaretal atonis witich mp o L
are held together entirely, mainly, or at least to a significant extent, by bonds directly between the
metal atoms even thougiome nosmetal atoms may be associated intimately with the cluéter

One of the most fascinating class of metal clusters is that stabilised by CO ligands (Molecular Metal
Carbonyl Clusters, MCCsAs depicted in Figure 1.1, the nuclearities (number of metal atoms) of
the structurally characterised MCGscreased along the years boosted by the technological
advancement of new analytical techniques. By driving the researches along this direction, MCCs
reached the nano dimension (nano cluster), joining the nano regime. Conversely, studies on metal
nanoparttles pushed the researches towards ultrasmall nanoparticles (USNPs, dimension < 3 nm).
At some point, these two areas of interest started to oveM&E size became higher while the
nanoparticles ones decreased significatively (Figure 1.2). In factproper to define USNPs as
polydisperse large molecular clusters, while higher nuclearity molecular slosigrbe viewed as
perfectly monodisperseahd atomically precise metal NPs. The fascinating aspect of this crossing

is the possibility to synthesiddCCs with NP dimension (Figure 1.3), weléfined number of

atoms and structures, and unique chemical/physical properties.
1
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Figure 1.1 The discovey of some key compounds related to technological scientific progress.ge Measure of
surface tension fothe estimation of the parachor, molecular refraction, temperature, pressure and aiearslR,

Raman and NMR spectroscopy, conductivity and osmometric measuremmgmntsSingle crystalX-ray diffraction.
Blue Use of CCD (chargeoupleddevice) detectorfor X-ray diffractometer. New type of analytical

instruments or techniques.
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Figure 1.2 The evolution of the sizes of metal nanoparticles (blue line) and clusters (green line) with the time

(qualitative picture based on literature data)
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Figure 1.3Representation of the size of bulk metal, colloidal metals, metal clusters andsatgléons’®

Up to now, the largest MCC structurally characterisethe hexaanion [Ns2Pt4(CO)se]®,
which entered the nano regime (2.1 mnjHNissPB(COkg® (1.9 nm) isanother fascinating
example of large MCC (Figure4), whereas higher dimensions have been redmhading mixed
CO/PRY/Pd clustes by Dahl et al. as shown by the giant20PRs)30(CO)o (3 nm) (Figure 1.53.
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Figure 1.4 Molecular structuresf (a) [Nis:Pba(CO)ke® (2.1 nm) andb) [HNi3zsPi(COug® (1.9 nm)(yellow, Pt );
green, Ni; blue andrange, Ni/P{a); red, O; grey, C).
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Figure 1.5Molecular structure of Ra(PRs)30(CO)o (3 nm) (orange, Pd; purple, P; red, O; grey? C).

1.2 Metal carbonyl clusters: Synthetic procedures

The scientific production rgarding MCCs was quite fluctuating throughout the 1990s years, but it
grew again with the explosion of the interest in nanochemistry. From that moment, several studies
have been carried out aiming at developing new strategies dosyfithesesfonew MCCs.In
general, the synthetic procedures for the preparation of MCCs may be grouped as follow:

Direct (reductive) carbonylation.

Thermal treatments.

> > >

Redox processes.

>

Other chemically induced methods.

It must be remarked that these strategies are not uaiy@scedures. Indeed, depending on
the nature of the metal or the ligand involved, a specific protocol should be adopted. Unfortunately,
this does not permit to design priori the preparation of apecies with a predefined structure.
Indeed, large MCs $ow a wide variety of frameworks and even species with almost the same
composition can adopt rather different geometries. This is due to the fact-tantdractions are

not very strong and are ndinectional compared to -C bonds. This compounds are geally

4



anionic or neutral. Indeed, by employing solvents with different polarity it is possible to purify the
crude mixture by separating the main product from the side products (this procedutenis of
referr edupads) .iwiohrek i oni c istEdas teraulestituge@ amenonguin lory
phosphonium salts. Thus, depending on the nature of the organic fragments of the cation, it is
possible to modulate the solubility of such compounds in acgssivents. This mighalsobe of

help for their crystdisation. Furthermore, the great variety of conditions that can be employed
(nature of reagents, stoichiometry, reaction solvent, temperature, atmospherepjvatiows to

obtain molecular framewks with several combinations of metals and ligands. Heisessary to
underline that neutral and anionic MCCs are oxygen sensitive, for this reason they must be stored
under inert atmospher#f exposed toO,, MCCsareoxidiseresulting inM"" inorganic sak (M =
nontnoble metalpr bulk metal M = noble met3l

Direct (reductive) carbonylation

Carbonylation is the main entry to the chemistry of metal carbonyls. Direct carbonylation works
only with Fe and Ni. This procedure requires an inten@ontact between fine metal particles and
CO.

The most used syrgtic method is the reductive carbonylation, which consists in the
reduction of a metal salt or metal complex under CO atmosphere. Different reducing agents may be
employed, and among thesCO itself in the presence of a base is often employed, in accerdan

with equation (1.1):
CO+20HY (0 HO +2¢ (1.2)

Generally, this synthetic method leads to the formation of low nuclearity metal carbonyls,
such as Fe(C®) Ni(COj, Rh(CO)2 and Co(CO)k. A well-known example of reductive
carbonylation is that developed by @hand Longoni that leads to the formation of thecatbed
AChini cluster s o0 uCok? (y=Al6)r Tné brrhaton of the &hini cRdters
as sodium salts occurs by dissolving thd\BtGalt NaPtClk in methanol at roomemperature in
the presence of GGEOONa or NaOH. The nature of the resulting Chini cluster depends on the
solvent, amount and strength of thasb (see Chapter 6). Reductive carbonylation atao be
performed in sol-neébst talt edf ovinddiion in the giesemad PR;
ligands affording, in the latter case, heteroleptic CQiEsters.



Thermal treatment

Thermal treatments represent a veiyple way to obtain larger MCCs. During this process,
cleavage of MCO bonds and formation of new-M bonds occur, affordmp new species with
higher nuclearity. For instance, a wide variety of products may be obtained by pyrolysis of
Og(CO)i2, as pointeabut in Scheme 1.18

Scheme 1.Preparation of Os carbonyl clusters by thermal meth&ds.

0s3(CO)y,
200 °C, 220 °C, 270 °C,
vacuum vacuum, vacuum
HzO v
0Os3(CO)y3 HOs;3(CO);o(OH) [0s,7(CO)36]*
Os5(CO)y6 H,054(CO)y5 [08,0(CO)40]*
Os4(CO) g H,0s5(CO) 6
Osg(CO)y3 H,0s,(CO),4C
0s3(C0O),,C H,0s4(CO),3

In the franework of this Thesis, there are several cases of large MCCs formed after heating
up solutions of low nuclearity metal carbonyl ckrst Thermal treatments represent a good way to
enhance the dimension of the cluster, but they have to be performed ganefailder to avoid the

complete decomposition of the product or the formation of complex mixtures of products.

RedoxProcesses

MCCs may also be synthesised by means of reduction, oxidation, redox condensation and
disproportion processes. As far as thduction is concerned, electrons are added to antibonding
orbitals leading to the breakup of-M bonds or CO loss. Theeduction of Chini clusters
[Ptzn(CO)n]® (n = 26) in the presence of a strong base and CO represents a perfect example of
reduction of dimension K value) without any perturbation of the molecular structure. CO
atmosphere is of paramount importance toi@vCO removal and rearrangement of the metal
framework during the reduction. MCCs may show different behaviour under reducing candiion

in the case of multivalent compounds. Indeed, being able to undergo several reversible redox
processes without arsignificant structural rearrangement, they cannot be transformed into larger

or smaller compounds by redox reactions.



Reduction can ab be performed by reacting MCCs with alkali metals ot .Qiiparticular,
Fe-CO clusters are actually synthesised fieefCO} in the presence of bases. The general process

is illustrated in Scheme 1.2.

Scheme 1.Zondensation process induced by redurctio

_ -CO — +M——CO
M—co —2H 5 [MCOOH]” — =2 [MH]"OH M2 =5 [M,(CO),J*

-H,0

Oxidation is another interesting way to increase the size of the clustétsandtal cage.
Indeed, by using innocent oxidising species, such as tropylium or ferrocenium ions, -ikw M
bonds are formed. As far as coim@ting oxidants (M) are concerned, the reactions may be more
complex. The proton can add to the metal cage reguih a stable hydride cluster or leave the
compound as H In this case an oxidative condensation of MCCs occurs, as shown in eguation
(1.2-1.3):

I[Rh6C(COYS? + 2H'Y [RhisCo(CORd? + 6CO + Hb (1.2)
2[Rhs(CONs]? + 2H'Y [Rhiz2(CO)g]? + H: (1.3)

Sometimes oxidation must be performed very gently, in order to avoid the complete
oxidation of the metals and the formation of metaides. Some clusters are more resistant to
oxidation than others. [RCO)2]%, for instance, is very sensitive and quickly reacts in the presence
of oxidants affording the larger oligomefBto(CO\g?, [Pt1z2(CO)4? and [Ptis(CO)q?. It is
rather eay to follow this transformation, because the process is accompanied by a dfdhg
colour of the solution (orand@ts(COX2]%, red[Pts(COxg]?, emerald greefPti(CO)4?, yellow
green[Pti5(CO)q?).

Redox condensation is probably the mostduspproach for the synthesis of MCCs. It
consists in a reaction between a rashil metal cluster (usually an anionic cluster) and a more
oxidised species, that can be another cluster, a metal compdexeatal salt. The first example of

redox condensatiowas reported by Hieber and Shubert in 19&8dit is shown in equation (&):

[Fe3(CO),| I + Fe(CO)s —=—— [Fe,(CO) 3] +3CO

tht (14)

It seems reasonable to think that the first step gives rise to the unstable radig&® je

and [Fe(CQY', that sisequentlyeacts together affording the conddiwaproduct [F&CO)3]% .°
7



By using reagents ctaining different metals, redox condensation e#so be employed for the

synthesis of heterometallic MCCs.

Finally, disproportion is the reverse process of the redox condensation. Indeed, it occurs
when a neutral carbonyl compoundy(RO), is dissolved m a polar solvent (acetonitrile, dmf,
dmso). For instance, [Fe(dreifFes(CO)3] resulted after heating Fe(COn dmf. A further
example is that of GCGECO)k, that in methanol at 50 °C disproportionates to
[Co(MeOHX|[Co(CO}].. The resulting salt is conguted by Co atoms in two different oxidation
states, that is +2 and, according to equation §).°

3C(CO¥% + 12MeOHY 2[Co(MeOH)][Co(CO)]. + 8CO (15)

The chemistry of octacarbonyl dicobalt is quite complex. The formation of larger clusters
such as CgCO). and [C@(COxs)? is regulated by equilibria that can be influenced by the
polarity of the solvent.

In addition to the cases of Fe and Co that display disproportion in specific conditions
(solvent polarity), RECO)> exhibits the same behaviour in theegence of pyridine. The
disproportion of the starting Rh carbonyl compound inClkHHunder CO atmosphere leads to the
formation of Rh(+1) and RK/5), as indicated in equation §L1*

3RM(COY2+ 4 p YRhCOMpPY)2][Rhs(CONs] + 2CO (16)

Other Chemically Methods

The employment of anionic (OHI") or neutral (PR CO, amineshucleophiles is considered an
efficient strategy for the modification or preparation of MCCs. Theaotam between the reagents

may produce many effects, such as the addition to the metal cluster of the nucleophile as ligand, the
rearrangement of the na framework or its decomposition. The use of phosphines is rather
interesting, because, as describe€hapter 6, allows to substitute CO ligands and, in some cases,
also increases the dimension of the cluster. On the other hand, the purificationgstepenquite

difficult in presence of products with different substitution degrees.

1.3 Characterisaion and physical properties

Molecular metal carbonyl clusters display a great variety of features depending on the nature of the
metals, the nuclearity, the bulkiness and type of ligands. It is not rare that very similar compounds

show rather different reéivity or geometries. Somiates just one negative charge can modify the

8



metal structure. In order to complete this brief overview, the physical and chemical properties of

MCCs are herein briefly discussed.

Structural features

The metal cores of high n&arity home and heterametdlic MCCs often resemble to that of bulk

metals, with clos@packed geometries, such as ba#ytred cubic (bcc), hexagonal clgsacked

(hcp) and cubic clospacked (ccp) (Figure 1.6).

2,

Tetrahedron

%%

Triangle

Octahedron
1 \ Raft
Square k Bowtie
pyramid Butterfly

Figure 1.6 Comparison between fragmenfsaobulk metal and the metal frameworks of MCCs.

In addition to these, they can also adopt prismatic and antiprismatic frameworks.-A well
known example of prismatic cage is that of Chini clusters. In particular, these wodspare based
on triangular [B( €0O)(CO)] units stacked along a commons @xis with two electrons
delocalised in the metal skeletofihe antiprismatic geometry and other complex structures are
often adopted by heteronuclear specestaining carbide ([N¥Cs(CO)¢]? shown in Figue 1.7'2
or [CoC(CO)g?) or hosting a heterometal (i.e. [RAs(CO2]®]). The presence of the latter

within the metal cage may result in the formation of cavities with a specific geometry (trigonal

9



prismatc, square antiprismatic, octahedral). Icosahedral polyicosahedral structures are often
found in noncarbonyl clusters, such as [A(PMe&PhxoCl]®" (icosahedral) and
[Au13Ag12(PPh)10Brs]* (biicosahedral}? Several examplesra also found in MCCs, such as the
icosahedral [RE§(COX2]® (Figure 1.8) core of [R{(CO{Cds(mBr}sBry(dmfls}2]? or the Ga
centred Niz cage of [Ni2Ga(CO)2]%.

(@) (b)

Figure 1.7 Molecular structures of (aPha(CO)4? (trigonal prism) and (b) [NiCs(CO)sg]® (six square argprismatic
NisC cages fused togethér).

(@) (b)

Figure 1.8 Molecular structures of (a)Auis(PMePh)oClo]** and (b)the [Pis(CO)2]® core of [Pta(COxA{Cds(m
Br}sBry(dmf)s}2]% (purple, P; yellow, Au; green, P and Cl; grey, C). Both species are isoelectronic (162 CV) and adopt

the same icosahedmg¢ometryt3

The reason for which a MCC prefers a specific molecular structure rather than another one is

not simple. It depends on many factors, such as ttueenand number of mals, the metal/CO ratio

10



and the presence of ancillary ligands. In order to unravel the molecular structure, crystallographic

studies are necessary (Single CrystdRay Diffractometry, SEXRD).

Physical properties

Small and larger MCs may exhibit differet physical properties, since they depend on the
nuclearity of the cluster and the CO/M ratio. When the nuclearity is high, CO/M decreabks, M
bonds become predominant over@O interactions and the cluster assumes a bulk metal like
behaviour. As a consagnce, metallisation occurs, the electrons become more delocalised and the
HOMO-LUMO gap decreases, passing from an insulating to a-semdguctor regime.This
phenomenomay be observed iMCCs with nuclearity between 20 and 6CEledrochemcal
properties, NMR spectroscopy and magnetic measurements are required in order to fully

characterise these species.

From an electrochemical point of view, larger MCCs are often multivalent, and display two
or more redox processes as a consequennche reersible addition/removal of electrons in their
frontier orbitals. At this regard, cyclovoltammetry represaniseful method for the determination
of the redox processes. As shown in Figure &.9pltammetric profile of a redeactive MCC

displays almosequally spaced redox waves, as in the case efgNICO)q® .

-9/-10

E(VOLT)

Figure 1.9 Voltammetric profile of [NizCs(CO)s6]®. One oxidative and four reductive processes were detécted.

The possibility of modulating the electronic charge of multivalent MCCs makes them
feasible candidates as molecular nanocapacitors. The oxidation state of such clustees can

controlled by chemical redox reactions orragans of electrochemical methods. Addition of acids

11



may result in oxidation of the cluster or formation of mono poly-protonated MCCs. Indeed,

hydride atoms in MCCs are usually slightly acidic and carebwved by the use of bases.

Unfortunately, hyddes in high nuclearity MCCs cannot be detected by NMR spectroscopy.
Indeed, beyond a nuclearity of -3D metal atoms, these species become NMR silent. IR
spectroscopy may be of help in the (indirect) obgemaf protonation/deprotonation processes. In
the case of MCC poiydrides, by changing the polarity of the solvent it is possible to distinguish
the different polyprotonated forms, as shown in Scheme 1.3.

Scheme 1.3rotonation/deprotonation of [HYC5)4(CO)s(CdBr)]* in different solvents.

+ +
[H2N22(C2)4(CO)zS(CdBr)z]z;_ [HN22(C2)4(CO)28(CdBr)2]3"_ [N22(C)4(CO),»5(CdBr),]*
+H* +H*

2031(s), 1862(m) cm™! 2017(s), 1849(m) cm! 2008(s), 1837(m) cm™!
in thf in CH;CN in dmf

As far as low nuclearity MCC polltydrides are concerned, the presence of hydride atoms
can be recognised by means'dfNMR spectroscopyn a range of chemical shift betwe@rand-
40 ppm.The resolution of'H NMR spectra ry be complex when fluxional phemena occur. In
this case, NMR analyses at very low temperature are recommended, in order to freeze the hydride

movements and avoid broad resonances iAtHH¢MR spectrum.

The last important property of MCC regards theagnetic behaviour. In this peextive, a
first distinction between oddand everelectron MCCs may be useful. Qeétectron clusters
presenting one unpaired electron are paramagnetic compounds, whereadeeven MCCs
display a more controversial belawr, that may arise from incipint metallisation of the metal core
and from the decrease of HOMQMO energy gap to values close k3. The increase of
nuclearity accompanied by the tightening of the frontier energy gap seems to induce magnetism in
several MCCs, regardless of the fact that they possess an even or odd number of electrons.

The developmet of electronic andnagnetic properties of molecular MCCs make them
candidates for applications in nanosciences, superparamagnetic quantum dots and nanomagnets, a:
well as precursors of narrowly dispersed magnetic alloy and metal oxide nanoparticles of

corresponding composdn.
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SeltAssembly

MCCs can be employed as nanometric or subnanometric building blocks fassethbly. In order

to achieve it, several strategies can be used, such as:

A Formation of functionalised ionic materials by assembly of tfanal MCC anions wi

suitable cations.

Polymerisation of MCCs with formation of Ml bonds.

Aggregation of MCCs through heterometallicMd bonds by J'sationg. sui t
Selfassembly through inorganic linkers.

Aggregation of clusters by polydetgaorganic linkers.

D> > > D>

Formation of isocarbonyl linkages.

A very fascinating example of the second strategthad represented by Chini clusters.
Indeed, it is welknown that stepwise oxidation of BRICO)n? species results in thell growth
of the duster by formal progessive addition ofPts( € O)(CO)] units along the commonsz@xis
(Figure 1.10).

Infinite

— Pt

wire

Figure 1.10Stepwise oxidation of [B{CO)sn? clusters to form infinite wires (green, Pt; red, O; grey, C).

The morphological aspect of the resulting {¥}zn(CO)n] (M = monao or bivalent cation; x
=1, 2; n = 28) material depends on the nature and dimension of the cation, as well as thetyuclear
n of the cluster. Low nuclearity species © 4) adopt ionic €D packing during crystallisation,
whereas highenuclearity compounds(O5) approach each other by giving rise to infinite chains,
that can be discontinuous, semicontinuous or contin(fagare 1.11). This is due to fact that while
the nuclearity increases, the negative charge remains constaatif@re), electrostatic repulsion
decreases, and the clusters can come closer. The tendency of larger compsuR8sto produce
infinite wires is also macroscopically observable during the crystallisation process, when they form
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crystals that resemblghiskers. A further interesting point regards the electrical behaviour. It was
observed that ionic-D materials are insulator, whereas thsistivity drops from approximatively
10°to 1Gand 16 ¢ m o n frgmalisceritinugus to semicontinuous to continuous materials,

respectively?

Figure 1.11 Crystal packing of (a) [NBi[Ptio(CO)4 (isolated ions, GD packing), (b) [NEf]2[Ptis(CO)sq
(discontinuous chains,-B network) and (c) [NE}2[Pt.4(COg] (continuous chains,-B network). Only Pt atoms are

represented for clarity. (@ptical micrographs (magnification $pof whisketlike crystalsof [NBus]2[Ptis(CO)q.2

MCCs as Precursors of Metal Nanoparticles

MCCs can be used as starting material for the preparation of metal nanopatrticles, noetalesa

and other nanostructured materials. The thermal decomposition under mild conépiasent an

efficient approach for the synthesis of small metal nanoparticles with controlled dimension and
composition (Figure 1.12 (a)). It is wd&hown that bth home and bimetallic MCCs can be
formed in cavities-inabottltem eselynt assebraondhthAshi pr
nanoparticles of controlled size (Figure 1.12 ))h e finsbloitpg | ed technol ogy
microsized reactors gives an ordered basis for hettgrol of particle size, metal compositions and
morphology. Through the years several platinum MCCs have been synthesised, extracted and
characterisedand transformed into nanoparticles and nanowires encapsulated in micro/mesoporous

cavities and chante The resulting nanostructured platirlb@sed materials exhibit higher

14



catalytic performances and stabilities for various catalytic reactions as wekvasy unique
magnetic properties, compared to conventional metals. The employment of a secondlitimetal
the metal cage can contribute to the catalytic performance. This is the case of the bimegallic Pt
carbonyl clusters used for the preparatiomafostructured materials for the selective oxidation of
HMF (hydroxymethylfurfural)‘®

Thermal
decomposition

Platinum nancwires Patinum nanoparticles

(@) (b)

Figure 1.12(a) Fabrication of AtFe catalysts on Ti@from [AuFe(CO)gl' clusters: the molecular precursors are

adsorbed on the support acghverted into active phase by thermal treatment (blue, Fe; orange, Au; red, O; grey, C).
The TEM image displays the presence of small Au nanopartiel® nm) well dispersed on the support. (b) Ship-

bottle fabrication oPt nanowires and nanoparésf

Finally, bimetallic MCCs can be useful presars for the preparation of magnetic bimetallic
nanoparticles protected by ligands and dispersed in @rgaihients or water, as well as embedded
in mesoporous matrices. The thermal decomposition of bimetalliCd;e&~é Ni and F&Pt MCCs
in 1,Z&ichlorobenzene solution in the presence of surfactants Oleic acid, myristic acid,
oleylamine) leads to the fimation of magnetic nanoalloys with controlled size and composition
(Figure 1.13).
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Figure 1.13Preparation of bimetallic nanoparticles from MCCs.

1.4 Aim of the Thesis

The aim of this Thesis was to explore new synthetic routes for the preparahew ¢fome and
heterometallic carbonyl clusters, their characterisation from a structural point of view and the
investigation of their physical and chemical pedes, as well as their potential catalytic activity.
Particular attention was focused on tiioe metal molecular clusters and nanoclusters showing
different sizes, compositions, and properties. In order to shed some light on their reactivity and type
of interactions (i.e. metallophilic), several metallic systems have been investigated.

At first, low nuclearity MCCs have been studied. At this regard, the employment of N
Heterocyclic carbene (NHC) ligands in addition to carbonyls was of paramount imgefta the
stabilisation and isolation of new species. The research started with the ini@stigfaiow
nuclearity FeAu(NHC) carbonyl clusters (Chapter 2), followed by the study of the congeners Fe
Cu(NHC) and FeAg(NHC) carbonyl compounds (Chapter 3jhe metallophilic interactions
(aurophilicity, argentophilicity and cuprophilicity) observedtliese new F& (M = Cu, Ag, Au)
species have been investigated and thermal treatments performed in order to achieve higher
nuclearity products. Amongst thegeesies, those of the type jMe(CO)2* and [MuFey(COxgl*

(M = Ag, Au) occurred as a consequence of the loss of the ancillary ligands. This observation
inspired the investigation of promising reaction paths for the synthesis of new iron bimetallic
carlonyl clusters (M = Ag, Cu, Au) devoid of ancillary ligandshé@ter 4). This study was, then,
extended to CM(NHC) species (Chapter 5). The interesting results obtained allowed a better
understanding of the differences and similarities between tid(RelC) and CeM(NHC) systems

(M = Cu, Ag, Au), and their applican in homogeneous catalysis (ammeb@ane

dehydrogenation).
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Subsequently, the attention was focused on larger transition metal clusters. It is noteworthy
that platinum Chini clusters are goatarting materials for the preparation of higher nuclearity
compounds. In these perspective, new strategies for the growth of platinum carbonyl clusters have
been developedyy employing, for instance, bidentate phosphines (Chapter 6). Some bimetallic Ni
Pt and NiPd carbonyl clusters can reach great dimensionsg@sted in the literature. For this
reason, the syntheses on newNN(Pd, Pt) carbonyl clusters have been explored, as well as their
thermal decomposition (Chapter 7).
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CHAPTER 2

Heterobimethic Fe-Au CarbonylClusters

Stabilised by NHeterocyclic Carbenkigands

In this chapter the synthesis and charasation of new FeAu carbonyl clusters containing-N
Heterocyclic carbene ligandare reported. The compounds presented in tBection are

summarsedin Table2.1.

Table 2.1 Clustersdescribed in this chapter.

Compound Compound number
[Fe(COx(AulMes)] 1
[Fe(COXAUIPN)] 2
Fe(CO}AulMes) 3
Fe(COMAulPr), 4
Fe(CO}(AulMes)(AulPr) 5
Fe(CO)}(AulMes)(AuPPh) 6
Fe(CO)AulPr)(AuPPh) 7
Fe(CO}AuPPh) 8
[Auz{Fe(COu} 2(AuPPh)2]' 9
[Fe(COXAUPPH)]' 10
[Fe2(CO%(AulMes)J 11
[Fe2(CO%(AUIPT)] 12
[Fe3(CO)o(CCHg)]' 13
[AusFes(COng™ 14
[AusFe(COXx(IMes)]’ 15
[FesS(COY)' 16
[HFe(COY] 17
[Au16S{Fe(CO)} 4(IPr)4]?* 18
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2.1 Introduction

Heterometallic complexes and clusters containing coinage metals in the +1 oxidati@nestaty
attractive since they present heterometallic bonds and metallophilic interactioreretttactive
interactions between the closed Il centres.Au(l) displays a5d'° valence shell electron
configurationand tends tdorm compounds witha linear coordination This tendency can be

explained on the basis of thesgb hybridisationscheme proposed by Ord€&igure2.1).
" *2
(a) ‘

5 8- % &
P, v, 0

¥, v,
6p — —
y2 +
_ pZ
6s

N

<
N
<

LT
+

Figure 2.1 Representation of-&p hybridisation of Au(l).



Indeed, the hybridgation of the full 5¢ orbital with the empty 6s orbital leads to the
formation of the twoy: andy> hybrid orbitals.Further hybridsation of y > with the p orbital
generates two empty orbitals that carebgloyedto formtwo coordinatve bondswith an angle of
180°along the zaxis Moreover, thénigh electrondensity locate@n y 1 shows a rpulsive effect by
prevening ligands from getting closer to the metal the xy plane

Gold is stable in the +3 oxidation state, while in tHeoxidation stateasaquo complext
spontaneousldisproportionateto Au(0) and Au(lll).As shown in the Latirer diagram depicted in
Scheme 2.1, the standard reduction potentigh®fAu(l)/Au(0) coupldas higher than Au(ll)Au(l),

indicatingspontaneous disproportion of Au(l) to Au(0) and Au(lIl)

Scheme 2.1Latimer diagram for Au.

+141V + 1.
Au3t Aut A u

+1.50 V

In order to stabie Au(l) it is necessary to use appropriate ligands, suttalages S or P
basedligands, or NHeterocyclic carbemligands (NHC). Phosphines are the most efficemes
indeed, Au(PRX (X = ClI, Br, I) complexes are stable rimom temperature, in air, to the light, in
solid and in solutionConversely complexes such as [AuK, Au(CO)X and Au(SR)X are less
stable and thepeedto be storedn an inert atmosphere, in the darkness/anat low temperature.
Recently the inteest for NHCs as ligands in organometallic, inorganic, coordination chemistry and
catalysis has considerably groANHC ligands have been also employed for the stalitin of
metal nanoparticles (NPs) and wuimmall metal nanoparticles (UNPS)whereas their use as
ligands for molecular metal clusters was, up to now,téidii® However, NHC carbenes avery

goodligands for Au(l) andhey areentirely comparable to phosphines.
In generalmetatcarbene complexasan be dividedsfollows:

A Fischer 6s car ben e:sdtbyhaiM bend withtbelmatal & @ towokidation
statel i nked t o °~ accept substittentgtthe @ aomMaeovkr, thiy
displaysthe singlet electronic configuratiothat makesitaer y good 0 donor
acceptor. For this reasptne carbea C-atompresents electrophilic prop&s, becoming an

excellent ligand fothe latetransition metalgFigure2.2).
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Figure 2.2 RepresentationfaFi scher 6s carbene.

A Schr oc k 6 stheyaserchamctemd by a GM bond with a metal in a high oxidation
statel i nked to non °~ accept substitdentsgon thedGatom.aThed b
lack of stability provided bythe resonance effect induce triplet state, whicimakes the €
M bond covalent and polaad towards the carbenic C, which becomes a nulkikop
(Figure2.3).

\\\H

\\\

H

Figure 2.3 RepresentationfaSchrak 6 s car bene.

NHC carbeneselong to the firsgroup of carbene, the i s ¢ dnes(Fgee2.4). Theyare

composed of a single C atom whiststabilised by two NMitoms within aheterocycliaring.*®

RI\N/\ _—Ry

N

\—/

Figure 2.4 Representation of a generic NHC carbene.

NHC carbenes tend to form stable bonds, are more resistant to the heat andpaoades
oxidation than analogous ligands, like phosphines. Moreover, it is possible to modulate the
chemicaland sterigproperties by changing theubstituenton t he N at oms. They
donor and can stalsk metals in dow oxidation state with a lowdzk-donation tendency, such as
Au, Cu and AgNHC carbenes represent anportant tass ofligandsfor the metés of group 11 in
the +1 oxidation state, by allowing the formation of several stable complexes.
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Amongst these complexethose of general fornta M(NHC)CI (M= Au, Cu, Ag)are the
main focus of Chapter®, 3 and 5The use of these ligands transition metal clustetompounds
allows to study a very interesting type of interactidhat isthe metallophilicones In particular,
aurophilicity was nvestigated at first, in relation also to relativistic phenomdollowed by
argentophilicity and cuprophilicity.Several homoleptic and heteroleptic carbonyl clusters
containing 28 coinage metals (also mixed ones) supported by Fe, Co, Mo, V and Runydarbo
moieties were reported.?* These allowed to study the effects of the coinage metal, heterometal

and ancillary ligands on the bonding within such heterometallic clusters.

In the framework of this Thesi€O is the main ligand used to stals#i metals in a low
oxidation state, except for Au. Indeed, Au does not formratralbinary compound with CO.
However,the neutral mixed Au(CO)Cind the cationic [Au(CQ)* (x= 1-3) complexes aravell-
known, but all of themarenot very stableln general, the stalsation of the MCO interaction is
guar ant e eddnatioryof thehelectran pair from CO to an empty orbitaWlpfand by the’
backdonationof the electrordensity from the full orbitals of M to thentibonding orbitals of CO.

This phenomenon stalsés the molecular structure and enfertee M-CO bond. Au is a metal

with high ionsation energy and electronegativity, that prevent’thmckdonation and dsabilise

M-CO bond. The reason why Au(CO)&hd [Au(CO)]* (x= 1-3) complexes exiss due to the fact

that AU() is a stronges-acid than AuQ), e nf or ci ng t he O batlkdonationi® n wh

almostabsent.

The only way to synthsese Au-containingcarbonyl clusters is by using a second metéh wi
high affinity to CO. For thseheterometallic systesnFe is widely employed: indeed,danform
severalcarbonyl compounds, both neutral and anionic, by starting from a wide variety ofiteeage

that can be easilgrepared from Fe(C@)which is a comrarcial product.
Au-Fe carbonyl clusters can be dividatb threecategories

A Clusters containing only Al), Fe and CO: such as [Ae(COxe]* and[AusFes(COel®,
which arecomposed by Au(l) ions exclusively bonded to [Fe(g®Jfragments.

A Clusters containing All), Fe, CO and phosphinegor NHC ligands) such as
Fe(COMAUPPh),, [AusFex(COX(dppm)], AusFeCO)(dppmy, [AusFe(CO)x(dppmy]*,
[AusFe(CO)}dppm}]" and FeC(CO)AuPPh).. Thesespecies are composeq Bu(l)
ions bonded to [Fe(CGJf' fragments and phosphines.

A Clusters containing only Au(<I), Fe and CO: such as[Peio(COd®, [AuzFei COLgl®
, [AuzsFers(COX2]® and [AwsFers(COXg® . These are metalloid nanoclusters wraatéu,
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core is stabiked by Fe(CQ)and Fe(CQ)groups present on their surface. Au displays an
oxidation state between +1 and O.

Before this work, the number of Ate carbonyl clusters containing NHC ligands was
limited. In the past, my research group sysibed a few speciesthat isFe(CO}AuNHC), (NHC
= IMes, IPr, IBu; IMes = @N2H2(CsHaMes)2; IPr = GN2H2(CsH3'Pr)2; 1Bu = GN2H2(CMes)2) and
[AusFe(COXx(IMes)]'.®

Aiming at developing a general strategy for the preparation of aileetarbonyl clusters
containing NHC ligands, we have considered the reactioAsi®MHC)CI complexes with anionic
metal carbonyl compounds. Herein, we report our results eAu~elusters obtainely reactinghe
Col I man 0 s NeaFeCOy] &thft with Au(NHC)ClI complexes. Depending on the
stoichiometry of the reaction, neutral Fe(G@uUNHC), and moneanionic [Fe(COXAuUNHC)]'
clusters may be obtained. These, in turn, can be transformed into larger daliasteestions with
cationic complexes or thermal treatment. Ténsirework has been extended to Ag and Cu, in order
to studyall the meallophilic interactions ando investigate the similarities and the differences

amongst the threeoinagemetals (Au, Cu and Agsee Chapte3).

2.2 General resulss

The following Sectiors 2.3-2.6 report the synthesis and the charastgion of[Fe(CO}(AUNHC)]'
(NHC = IMes,1; IPr, 2), Fe(CO}AUNHC)2 (NHC = IMes,3; IPr, 4), Fe(CO)(AulMes)(AulPr) 6)
and Fe(CQ)YAUNHC)(AuPPh) (NHC = IMes,6; IPr, 7) clusters.

Moreover, the neWFex(CO)(AuUNHC)]' (NHC = IMes, 11; IPr, 12), [Fe(COXo(CCH)]'
(13), [AusFes(COXg® (14), [Aus{Fe(COu}2(PPh)s]' (9) and [Au1eS{Fe(COX}4(IPr)s"™" (18)
clustersderiving from the thermal decomposition of the previous compounds are presented in the
Sectiors 2.7-2.8.

2.3 Synthess and charactersation of [Fe(COu(AUNHC)]" (NHC = IMes, 1; IPr, 2)

Thereaction ofthe Coliman's reagent Nre(CO)]-2thf with one equialent of Au(NHC)CI (NHC
= IMes, IPr) in dmso resulted in the [Fe(G@UNHC)]' (NHC = IMes, 1; IPr, 2; IMes =
C3N2H2(CsHzMes)2; IPr = GN2H2(CsH3'Pr)2) moneanions in accord tthe equatiorf2.1):

Na,[Fe(CO),]-2thf + Au(NHC)Cl ————— [NEt,][Fe(CO),(AuNHC)]

1. dmso, RT NHC = IMes 1
2. [NEt4]Br + H,O IPr 2
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The reactions were monitored by means of IR spectroscopy, by adding Au(NHC)CI in small
portions to theNa[Fe(CO)]-2thf solution,up tothe complete disappearance of the sighdl740
cm! duetot he Col Il mand6s reagen

Then, the mona@nionic specied and2 were isolated as [NHEt salts, washed with water
and toluene in order to remove the excess of cation and neutral sgackesd-e(CO}AuNHC),
(NHC = IMes,3; IPr, 4). Crystals offNEts][1] and [NE%&][2] were obtained by slow diffusion of
hexanento theiracetone solutiongoth were charactesd by means of IRH NMR and®*C{H}
NMR spectroscopyand their structures determined byra§/ crystallography

IR specta of 1 and2 in CHsCN solutionsare similar and showco bandsat 1927 cm?! and
1821 cmt, and1926 cm! and 1819 cm? for 1 and 2, respectively According to the-1 charge of
the clusters their 3co bandsare intermediate between those [Fe(CO}? (1740 cnil) and
Fe(CO)}AUNHC); (1974 and 1884 cit.

H and 3*C{*H} NMR spectra ofl and2 show the typicatesonanceselated to NHC and
CO ligands, according to the cluster structures. In particular, intHhédMR spectrum ofL there
are:two singletsin the aromatiadegiondue to the presence of four equivalent aromatitomsoand
two imidazoles protons; one siegfor the twop-CHs and one singt for the fouro-CHsg groups,
and two broad resonancks the cation.This broadenings due to paramagnetimpurities, which
are often present iRe-CO compounds. The same effect can be observed itHINMR spectrum
of 2. Nevertheless, it is possible to assadinthe signals in accordance to the molecular structure of
the compoundFinally, *C{*H} NMR spedra confirm the presences of CO and NHC bondeeeto
and Au, respectively.The Aucoordinated carbene resoesmtn the 2*C{*H} NMR spectra atdc
196.3 and 198.3 ppm fdrand2, respectively. A singlet was present at all temperatures in the CO
region of the®*C{*H} NMR spectra of the two species, suggesting a fluxidedlaviourfor the
carbonyl ligands. This rapid exchange process made théegland apical CO ligands eqaient

also at low temperature.

Although 1 and2 present almost identicako frequencies|Mes and IPscontaining species
show a different reactivity, that should be attributed mainly to steric effects. This prompted a

computational investigation, whose results are descbéoe end of thiSection

Crystal structurs

The molecularstructure of 1 and2 have been determined as thg\iEts]" salts (Figure2.5 and

Table 2.2). The moneanions1 and 2 adopted a trigonal pyramidal structure, with the AuUNHC
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fragment in an axial positiod. and2 contained strong Adre, FeC(O) and AuCcarbencinteractions

as well as some weak Au---C(O) contacts (see Table 2.2). Regarding the latter contacts, their
detection in the solid sk& structures could merely be the consequence of the preferred arrangement
of the CO ligands about the Fe centre, which brings the CO ligands in closer proximity to the Au

centre, rather than any attraction (even van der Waals) between the carbonyls and Au

The AuFe distances [2.52.52 A] found in these moranionic complexe were very
similar to those previously reported for the neutral complexes Fe(@MYHC), [2.51-2.53 A]
(Table 2.3).

(a) (b)

Figure 2.5 Molecular structures ofa) [Fe(CO);(AuIMes)]"' (1) and (b) [Fe(CO)l(AuIPr)]"' (2). Au-C(O) contacts

[2.630(4)2.900(4) A forl; 2.688(4)2.805(3)A for 2] are represented as fragmented linegdidgen atoms have been
omitted for clarity (greenFe; yellow Au; blug N; red O; grey, C).2

Table 2.2 Main bond distance@) and angles (°) of [Fe(CQAuIMes)]' (1) and [Fe(COYAuIPr]' (2).

[Fe(CO)s(AulMes)]’ [Fe(CO)a(AulPr)] |
Fe-Au 2.5244(6) 2.5015(4)
Au-Cearbene 2.029(4) 2.019(2)
Fe-C(O) 1.755(5)1.780(4) 1.757(3)1.778(3)
Au---C(O) 2.565(5)2.931(4) 2.688(4)2.805(3)
Fe-Au-Cecarbene 174.96(11) 175.21(7)

Computational studies

The space occupied by the NH@Gands in the first coordination sphere of gold can be described by
the buried volume, %a(: The calculated %¥( values for IMes and IPr in the DFdptimised

structures ofl and 2 were respectively 36.0% and 42.9%, and the different reactivity of the IPr
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derivatives was probably related to the higherf\Figure2.6 shows plots of the electron density
surfaces fod and2. The LUMO of the complexes were locald on the carbene donor atom and on
gold, and in the case of NHC = IPr the substituents seémnleetter protect the unoccupied orbital
from incoming nucleophiles. We might therefore conclude that the diffestability observed
could be ascribed to the different reactivity of theddC groups on changing the bulkiness of the
carbene substituent&or what concernghe Au---CO, the electron density minima between gold
and carbon are comprised between 0.35-a0d 0.39-10" a.u. in1 and2 and suggest the lack of
Au-CObonds

N\ {/
< (1) NHC = IMes \/‘ (2) NHC = IPr

Figure 2.6 Electron density surfaces (light blue, isovalue = 0.1) and LUMOSs (yellow tones, isovalue = 0.03 a.u.)

for compoundd and2. The high isovalue for electron density surfaces was chosen to make the pl#t clear.

2.4 Synthess and charactergation of Fe(COR(AUNHC)2 (NHC = IMes, 3; IPr, 4)

The reaction between the meanion[NEt][Fe(COX(AuNHC)] and one equivalent of Au(NHC)CI
leads to the formation of the bimetallic Fe(G@UNHC). (NHC = IMes, 3; IPr, 4) clusters in
accord tahe equatiorf2.2):

[NEt,][Fe(CO)4(AuNHC)] + Au(NHC)Cl ——— Fe(CO),(AuNHC),
Acetone, RT NHC = [Mes 3
IPr 4 (22)
Alternatively, as previaisly reported? 3 and4 may be obtained by reactinipe Collman's
reagent NgFe(CO)]-2thf with two equivalens of Au(NHC)CI (NHC = IMes, IPr) irthf, in accord
to equation 2.3):

Na,[Fe(CO),]-2thf + 2Au(NHC)Cl ————> Fe(CO),(AuNHC),
thf, RT NHC = IMes 3
IPr 4 (23)
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Crystals of4 suitable for Xray crystallography were obtaineafter work up by slow
diffusion of n-pentane on the toluene solutiomhereas crystals o8 were obtainedby slow
diffusion of n-hexane intdts thf solution. Bothcompoundsvere charactesed by means of IRH

NMR and®®C{H} NMR spectroscopy, and their structudetermined by Xay crystallography.

Compounds8 and4 displayednco bands in acetone solution at ca. 1974(s) and 1884(Vs) cm
! considerably shifted towards higher wavenumbers compared @od 2 (nco 1924(s) and
1820(vs) cht) in view of their neutral charget the*C{*H} NMR spectra, the neutral complexes
3 and4 displayed carbene resonances at very similar chemical shittsabal 2, that is 194.5 and

194.3 ppm, respectively.

Crystal structures

The molecular structures & and 4 have been determindoy means of Xay crystallography
(Figure 2.7 and Table 2.3). 3 and 4 are composed of a =Fe(CO) sawhorse/seesaw unit
coordinated to two AUNHC fragments in relatieis position. Their structures are similar to that
previously reported for Fe(C@AuUPPh), (8).272° The FeAu [2.5158(15) and 2.5312(15) )
2.512(2) and 2.524(2) A4)] and FeCO [1.756(13)1.783(13) A 8); 1.737(15)1.781(15) A 4)]
distances are very similar to those reported&d2.5222.553 and 1.73.79 A, respectively]3
displays also a weak aurophilic AtAu interaction [3.2015(8) A] as well as four suén der
Waals Au--C(O) contacts [2.609(122.764(13) A]. Conversely, the AuAu distance of4
[4.082(1) A] is completely nobonding and six sulan der Waals Au-C(O) contacts are present
[2.572(14)2.873(18) A]. The long Au-Au contact found irB may be asibed to the presence of
the bulky IMes ligand, whereas the presence of the even bulkier IPr ligdrzhuses the complete
loss of any Au-Au interaction’® The Au Fe-Au angle increases by increasing the--Adu
distance in the series. The WQ(NHC) distances agree with those previously reportecbther
Au(I)NHC complexeg?
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(b)
Figure 2.7 Molecular structures of(a) Fe(CO)}(AulMes), (3) and (b) Fe(CO)}(AulPr), (4). Au-C(O) contacts
[2.609(12) 2.764(13) A for3; 2.572(14)2.873(18) A ford] are represented as fragmented lines. Hydrogen atoms have
been omitted for clarity (greefe; yellow Au; blug N; red O; grey, C).2°

Table 2.3 Main bond distances\() and angles (deg) &fe(CO)(AulMes), (3) and Fe(CQ)AulPr), (4).

Fe(CO(AulMes),

Fe(COM(AUIPY) 2

Au(1)-Fe(1)
Au(2)-Fe(1)
Au(1)-Au(2)
Au(1)-X(1)
Au(2)-X(2)
Fe(1)}CO
Au---C(O)
Fe(1}Au(1)-X(1)
Fe(1)Au(2)-X(2)
Au(1)-Fe(1)Au(2)
Fe(1)Au(1)-Au(2)
Fe(1)Au(2)-Au(1)

2.5158(15)
2.5312(15)
3.2015(8)
2.008(10)
2.020(10)
1.756(13)1.783(13)
2.609(12)2.764(13)
177.8(3)
165.9(3)
78.74(4)
50.84(4)
50.42(3)

2.512(2)
2.524(2)
4.082(1)
2.012(11)
1.949(14)
1.737(15)1.781(15)
2.572(14)2.873(18)
168.3(3)
168.4(5)
107.90(9)
36.15(5)
35.95(5)




25 Synthees and daracterisation of Fe(COx(AulMes)(AulPr) (5) and
Fe(COu(AUNHC)(AuPPh3) (NHC = IMes, 6; IPr, 7)

Scheme 2.2 shows the different reaction paths for the synthesis of the neutral complexes
Fe(CO}AUNHC), (NHC = IMes, 3; IPr, 4), Fe(CO)AulMes)(AulPr) 6) ard
Fe(COMAUNHC)(AuPPR) (NHC = IMes6; IPr,7) , by starting from the

The mixed comple® was obtained by adding Au(IMes)CI to a solutior2ah acetone. The
formation of the neutral mixed complex was confirmed by the comparisos kBt gpectrum with
those of3 and4. An unique resonance was observed in‘t@g¢'H} NMR spectrum of5 atdc 2178
ppm for the CO ligands, whereas two distinct resonances were observed in-@gnéwdregion
(dc 195.1 and 193.7 ppm) in view of the presence of both AulMes and AulPr fragments. Similarly,
6 and7 were obtained from the reaction &nd2 with Au(PPHh)CI.

Scheme2.2 Synthess oftheneutral complexes-7.

co ’: OCuy,, | WCO
e
+ Au(NHC)CI ] + R R'
Au(NHC)C1 \ P

R
/
Na,[Fe(CO),] 4>\ >>—Au—pe

5 g
DEYdDY +
g
g
(%)
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Crystal structurs

Crystals of6 and7 suitable for Xray crystallography were obtained by slow diffusiomgfentane
on their CHCI; solutions (Figures 8:2.9 and Table 2.4).

Figure 2.8 Molecular structure of Fe(C@AulMes)(AuPPh) (6). Two different views as well as its core are reported.
Au-C(O) contacts [2.621(8).885(7) A] are represented as fragmented lines. Hydrogen atoms have been omitted for
clarity (greenFe; yellow Au; purde, P; blug N; red O; grey, C).?5

Figure 2.9 Molecular structure of Fe(CQAuUIPr)(AuPPh) (7). Two different views as well as its core are reported.
Au-C(O) contacts [2.573(3.955(3) A] are represented as fragmented linesirbétyen atoms have been omitted for
clarity (greenFe; yellow Au; purple P; blug N; red O; grey, C).?5

These two new species, comiag both an AUNHC and AuPPliragment, display very
similar spectroscopic features. They are composed @xae(CO) sawhorse/seasv unit
coordinated to one AUNHC and one AuRRtagment in relativecis position. The structures &
and 7 are similar tothose reported for the homoleptic complex@sA and Fe(COYAuPPh):
(8).>2" The Au---Au contacts [3.0471(4) A fd8, 3.0479(2) A for7] were indicative of weak
aurophilic ineractions, which were intermediate between those fou8d2r8750(3)3.0698(2) A,
depending of the polymorph] ard]3.2015(8) A]. The fact that the Au---Au distance was strongly
affected by the steric propertiebtbe Aubonded ligands as well as paufieffects pointed out that
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such aurophilic interactions were rather deformable. In particular, the Au---Au distance increased
with the increasing bulkiness of the ligands when passing fromtBPWes and eventualliPr. All

complexes3, 4 and6-8 display also some sulsan der Waals Au---C(O) contacts.

Table 24 Main bond distances (A) and angles (deg) of Fe@@IMes) (3), Fe(CO)AulPr), (4),
Fe(CO)(AulMes)(AuPPHh) (6), Fe(CO)(AulPr)(AuPPh) (7) andFe(CO)(AuPPhy); (8).

3a 42 4° 6 7 8¢ gd

Au(1)-Fe(1) 2.5158(15) 2.512(2) 2.5203(9) 2.5471(9) 2.5371(4) 2.5344(6) 2.5329(4)
Au(2)-Fe(1) 2.5312(15) 2.524(2) 2.5326(9) 2.5089(9) 2.5107(4) 2.5555(6) 2.5181(4)

Au(1)-Au(2) 3.2015(8) 4.082(1)  3.984(1) 3.0471(4) 3.0479(2) 2.8750(3) 3.0698(2)
Au(1)-X(1) 2.008(10) 2.012(11) 2.018(6) 2.020(6) 2.011(3) 2.2696(10) 2.2756(7)
Au(2)-X(2) 2.020(10) 1.949(14) 2.023(6) 2.2661(16) 2.2621(8) 2.2707(10) 2.2646(7)

1.756(13) 1.737(15) 1.727(8) 1.768(8) 1.772(3) 1.787(4)  1.772(3)
1.783(13) 1.781(15) 1.769(8) 1.777(8) 1.786(3  1.800(4)  1.790(3)

2.609(12) 2.572(14) 2.629(7) 2.621(8) 2.573(3) 2.604(6)  2.638(3)
2.764(13) 2.873(18) 2.827(8) 2.885(7) 2.955(3) 3.069(5)  3.050(3)

Fe(l}Au(l)-X(1)  177.8(3)  168.3(3) 172.75(18) 175.77(17) 174.65(8) 172.02(3) 177.55(2)
Fe(1)Au(2)-X(2)  165.9(3)  168.4(5) 168.16(17) 170.15(5) 171.12(2) 173.45(3) 173.71(2)
Au(l)-Fe(1yAu(2)  78.74(4) 107.90(9) 104.08(3) 74.12(3) 74.284(12) 68.781(14) 74.855(12)
Fe(1}Au(1)-Au(2)  50.84(4)  36.15(5) 38.07(2) 52.37(2) 52.462(10) 55956(13) 52.354(10)
Fe(1)Au(2)-Au(l)  50.42(3) 35.95(5) 37.85(2) 53.51(2) 53.254(10) 55.263(13) 52.791(9)

Fe(1)CO

Au---C(O)

a See ref.?® PAs found in Fe(CO)AulPr)-1.5toluene.¢ As found in Fe(CQYAUPPh), (Pp). ¢ As found in
Fe(CO}AUPPH), (P24/n).

2.6 Reactivity of Fe(COx(AuNHC)(AuPPhs) (NHC = IMes, 6; IPr, 7)

Despite the structural analogies betw@esnd 7, their chemicabehaviar is rather different7 is

very stable andanbe easily obtained in a very pure form, as indicated by the presence of a single
resonance atl 40.8 ppm in the’P{*H} NMR spectrum. Conversely6 is less stable and its
synthesigs not so straightforward. s, it was often obtained in mixtures with minor amount® of

and the new compoundAus{Fe(CO}}2(AuPPh );]' (9) (see Sectior2.7), as evidenced by the
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presence fothree distinct resonances in the{*H} NMR spectrum ate 40.8 ppm 6), 40.1 ppm
(8) and38.5 ppm 9).

In more detailthe addition of increasing amounts of Au(BJhto an acetone solution &f
resulsin the partial substitution of the AulMes fragment with AubPf@&ctheme?.3). Thus, after the
addition of one equivalent of Au(PREI a mixture of [Fe(CO)AuPPR)]' (10) (major) andl
(minor)is present in solution. Further addition of Au(BJ&H resuls in the formation othe neutral
species Fe(CQJAUPPR)2 (8) as the major product. CompouBdvas spectroscopically detected
and, moreoverijts molecular structure was corroborated byray crystallography on two new
polymorphsthatareFe(CO}AuPPh)2 (Pp) and Fe(COYAuPPH)2 (P21/n).

Scheme2.3 Reactivity ofl and3 with Au(PPR)CI.

o
R —| e
]\{ CcO co
, + Au(PPhy)CI l
\ AU_FQ—CO ——»  PhyP— Au—Fe—CO + Au(IMes)Cl 2
N % acetone 4,
\ oc €O 10 OC CO (&
R chfo,,e 3)0/
1
Me CO
o OMe 1) Vaccum OCuy,,, , €O
Ny 2) CH,Cl, / | \A
____________ u
PhyP / ¢o “bph,
8
Y
OCumy,, | WCO OCumy,,, F,e WCO
+ Au(PPh;)CI
R e | \ po ACPA R =,
N "Au CH.Cl \ ATy U
N Y 2 @( co PPh,
N\ _N
&/ R/N \R

Concerning the la@lity of the AuPPh fragment to replace AulMes in the coordination
sphere of Fe(CQ) this suggests that the AuPHRmagment is more electrophilic than AulMes. To
demonstrate this poin8 was reacted with increasing amounts of Au@€h As a resultg and
then, 8 were fomed in sequence. During this study, a few crystals of
[Au(IMes);][Fex(COx(AuPPR)]-CH2Cl> were obtained and characterised by single crystedyX
crystallography. It is likely that some [FEO)]? was formed by oxidation of [Fe(C&j at some
stage of the reaction that, eventually, reacted with AWw)E®Ph The structure of the

[Fe2(COX(AuPPH)]'" moncanion was previously reported as [MEtsalt?® displaying almost
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identical geometry and bonding parametelis.must be remarked the® did not react with

Au(IMes)Cl even when used in large excess.

Therefore, the best way in order to obtéimns to mix 1 and Au(PPE)CI in a 1:1 ratio in
acetone, remove the solvantvacuumand let the reaction to continue in &Hp. This allows to
obtain6 in a pure crystalline form, after slow diffusion mpentane. Conversely, the reaction2of
with Au(PPR)CI directly affords 7, without any evidence of the formation d®. Only after the
addition of a slight excess of Au(Pf@l, 7 was eventually transformed in8Bd(Scheme2 4).

Scheme2 .4 Reactivity of2 with Au(PPh)CI.

/R co S cOo co
N + Au(PPhy)CI OC//////,,,,F, €O + Au(PPhy)CI OC"/fm,,,FL‘.\N\\\“CO
\ )>7Au—lF§—CO — R pd |e\ A - | \A
%, acetone \ Au------7----s A O . u
1 acetone e | .
N\ oc o NY do “ppn, PhyP ¢o PPhs
R
2 &/N\ 8
R
Pr 7

i
R i @
i
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From a mechanistic point of view, the substitution reaction, which transfoineid 10
(Scheme2.3), was likely to praeedvia an associative mechanism involvibgas an intermediate.
Since6 was not very stable in polar solvents such as acetone, it rapidly dissociated a [At(IMes)]
fragment, affordindlO as the major product. Therefore, in order to favour the formafiénaless
polar solvent such as Gal> must be employed in order to hperthe dissociation. Conversely,
because of the greater stability ©Eompared td, addition was observed rather than substitution,

regardless of the solvent employed.

To addresghe point of whether in some cases the whole AuL (L = NHCzPfrdgmert
migrates or only the ligand L3 and 4 were reacted with increasing amounts of PRhd the
reaction monitoredia IR and3P NMR spectroscopies. No reaction was observed, suggéstn
substitution of the whole Au(NHC) fragment by AuB®Blcurred.

2.7 Synthesis and charactesation of [Auz{Fe(CO)a}2(PPhs)2]' (9)

The mixed neutral species Fe(G@ulMes)(AuPPh) (6) was not very stable in polar solvents
already at room temperaturindeed, it$P{*H} NMR spectrum in CRCOCD; solution displayed

a mapr resonance ap 40.8 ppm attributable t6, accompanied by minor resonances at 40.1 ppm
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and 38.5 ppm (spectrum (a) Fig@r&0). These resonances corresponded to Fe(8aRPh). (8)
and the new speciés respectively. The former was a-pyoduct of the synthesis 6fas previously
reportec?® whereas the formation & arose from partial decomposition (isaiion) of 6. Indeed,
after heating this mixture in GEN at 80 °C for 3 h, the resonancedat40.8 ppm considebdy
decreased, whereas the resonanae 88.5 ppm became the jpaone (spectrum (b) Figuz10).
This indicated an almost complete conversior6ohto 9. This new compound was completely
charactesed by means of IRH, **C{*H} and *'P{*H} NMR spectoscopy.

© I

58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22

Figure 2.10 3*P{*H} NMR spectra in CRCOCD; at 298 K d (a) Fe(CO)(AulMes)(AuPPh) (6) and (b) the mixture
obtained after thermal treatment®fThe three resonancesdat40.8, 40.1 and 38.5 ppm in (a) and (b) corresponded to

6, 8 and9, respectively.

Crystal structure

The molecular structure o® was determined by single crystal-r&y diffraction as its
[Au(IMes),][9]-0.67CHCl, salt (Figures2.11-2.12). The latter wasomposed of [Au(IMes)*
cations and [Ag{Fe(CO}2(PPh)2]" anions 9), in accord to equatior24).

2Fe(CO),(AulMes)(AuPPhy)——»[Au(IMes),]" + [Aus {Fe(CO),},(PPh3),]"

6 9 (2.4)
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@ (b)

() (d)
Figure 2.11 Molecular structures of the two isomersQfThe two isomers @re present within the crystal in the ratio
9a:9b= 2:1. Two views of isomeda are reported in (a) and (b), two views of isorf@brare reported in (c) and (d). Au
C(O) contacts [2.34(62.87(8)A for9a; 2.56(3)2.89(3) A for9b] were reresented as fragmeed lines. Hydrogen
atoms have been omitted for clarity (green, Fe; yellow, Au; purple, P; blue, N; red, O; gtey, C)

(@) (b)

Figure 2.12 The AuFeX(CO)P; cores of (aPaand (b)9b (green, Fe; yellow, Au; purple, P; red, O; grey 3t).
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Within the crystalof [Au(IMes)][9]-0.67CHCl., two isomers of the aniodwere present
in a 2:1 ratio (referred as isomé&a and9b, respectively). Both isomers were composed of an Au
core bonded to twaoiFe(CO) units and two terminal PRligands. The Ascore of9adisplayed a
V-shaped geometry [<AAu-Au 132.00(4)°], whezas it adopted a linear arrangemen®lnwith
the central Au atom located on an inversoamtre[<Au-Au-Au 180.00(10)°]. The structure of the
isomer9b was similar to that previously reported fb6.2> Both isomers displayed two aurophilic
Au---Au contacts [2.9353(13) and 2.8855(14) A faa; 2.9177(14) and 2.9177(14) A f@b] as
well as subvan der Waals Au---C(O) contacts [2.34@87(8) A for9a; 2.56(3}2.89(3) A for9b].

The presence in the solstate of two isomers &prompted a variablemperaturé*P{*H}
NMR investigation. Unfortunately, a single resonance was observed at all the temperatures

examined (19298 K) suggesting a fast exchange betw&eand9b in solution.

The structures dda and9b were also optinged by means of DFT tailations. The RMSD
(Root Mean Square Deviatiowf the computed [FAus] cores with respect to the experimental
data were 0.129 and 0.064 A respectivelydaand9b. The deviations were mainly attributatio
a slight over est i m=4g, cassed bpthe khowreweaknessAdUDFTmethoda in
predicting dispersion interactions such as the aurophilic one. Despite this limit, the computed
energy difference between the two isomers was 0.9 kcaf,n9al resulting slightly more stable
than9b, in agreement with the fast exchange observed. In both the clusters;Id(®d critical
point (b.c.p.) for AulT Au interactions was fou
than zeroalongth AuTl Au bonds (mini mum agdrO8aHia.a.fddaandal u e ¢
9b, respectively). This result, that suggested a dekmzhldispersion interaction, was in line with
the data previously reported f8? (3,-1) b.c.p. were instead found for the-&e bonds, and
relevant data were collected in Taklilds and compared with those obtained for compounds
[Fex(COX(AulMes)]' (11) and [Fe(CO}(AulPr)]' (12). All Fe-Au b.c.p. were chactersed by
negative energy density (E) values, while the Laplaciaglexdtron densityg?r) was positive, in
agreement with Bianchi's definition of-M bonds® r and V values oBa and 9b were closely

comparable, and the bondsthvierminal Au atoms were stronger than those with the central Au.

The data collected in Tab#5 indicated that the differentriding mode of Au i1 and12
caused a slightly lowering of the a1 bond strength. For what concerns the charge distoibuti
the three Au atoms iBaand9bhad very similar Hi rshfeld par:t
0.064 a.u.foBaa nd 0 . @5au. fodb,(as expected on considering the formal homogeneity
of the oxidation states.
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Table 2.5 Properties of the FAu (3.-1) b.c.p in9a, 9b, 11, and12( el ectron density, )
energy density, E; Laplacian of electrondenddy; ) . Al |l the quantities were

Compound Bond J \% E p?
10 FeAu 0.047 -0.039 -0.013 0.054
11 FeAu 0.046 -0.038 -0.012 0.054
15a Fe-AUcentral 0.050 -0.043 -0.014 0.064
Fe-Auterminal 0.060 -0.053 -0.017 0.077
15b Fe-AUcentral 0.049 -0.043 -0.013 0.064
Fe-Alterminal 0.060 -0.052 -0.017 0.076

2.8 Thermal decomposition

2.8.1Generalresults

In this Sectionthe thermal treatment of the clusters previously desciibegported.The thermal

pot e

repor

reactions of theampoundsl-7 were investigated aiming at obtaining higher nuclearity species. As

a general strategyl-7 were heated in fferent sdvents (CHCIl;, CHsCN, dmf, dmso) at

temperatures in the range -560 °C monitoring the timevolution of the reactions by IR

spectr os co mgion. Althe rebults oltainedreshownin Scheme2.5. The new results

herein obtained can be sumnsadi as follow:

A Heating the monanions1 and 2 as [NE#]* salts in CHCIl, at refluxing temperature

resulted in the formation of [HECOR(AUNHC)]" (NHC = IMes, 11; IPr, 12). Traces of

[Fes(COXo(CCH)]' (13) were obtained as sigwoduct.

A [AusFe(CO)z® (14) was the final product of the thermal treatment,dt, 3 and5 in dmso

athigh temperature.

A Heating3 at lower temperaturest (100 °C) in dmf or dmso resulted it5, that might be
viewed as an intermediate in the transformatio8 ioto 14.

A 4 was ony partially decomposed after prolonged heating in dmso atl68C°C resulting in

a mixture of [FeS(COY]? (16), [HFe(CO)]' (17) and [AusS{Fe(CO)} 4(IPr)s]"* (18).

A The thermal decomposition of6

in CH:CN at

80 °C afforded

the larger

[Aus{Fe(CO}2(PPh)2]' (9) cluster which was present as two isomers in the solid state

structure as described in the previous Section.

A Compound7 is stable in dmso at higemperature.

Further details are given in the next Sections.
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Scheme2.5 Thermal reactions df-7.
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3

(OC),Fe Au Fe(CO),

130 °C
Fe(CO)4(AulMes), —— A A
u u

dmso
3 \ / 14

Fe(CO)4

Fo(CO)(AUPY), 130-160°C Very stable. Only limited decomposition to [FesS(CO)o]2 (16),
dmso [Au(IPr),][HFe(CO),] ([Au(IPr),][17]), and [AuyS {Fe(CO)4}4(IPr),]** (18)
4
3,
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[ .
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2.8.2Syntheses and charactesation of [Fe2(CO)s(AuNHC)]' (NHC = IMes, 11; IPr, 12) and
[Fes(CO)10o(CCH3)]' (13)

The anionic speciesand2 were not stable in chlorinated solventsisas CHCI already at room
temperature. Complete decomposition occurred after heating at 50 °C, resulting in the formation of
the new species [RCO)(AUNHC)]' (NHC = IMes, 11; IPr, 12). Formation ofl1 and12 required

the formal oxidation oFefrom -2, as present ith and2, to -1, as found in the final products. Since

this reaction did not occur in narhlorinatedsolvents even after heating for several hours, we could
rule out that adventitious oxygen was the asidj species. Thus, the oxidant sltbbbe CHCI>

itself 34 Unfortunately, all attempts to identify the products of the reduction ofOGCHY GGMS

analyses failed. Thefore, it was not possible to deduce the mechanism of the reaction.

Moreover a few crystals of [NH[Fe3(CO)xo(CCHs)], [NEts][13], were isolated as side
products of the thermal decomposition fn CHClz, and their nature completely revealed by
meansof X-ray crystallographyThe mechanism for the formation ©8 as side product along the
thermal decomposition &, that affordedl2 asmajor product, was not clear. It probably involved
the oxidation of2 by means of CECl, as described above followed by removal of the AulPr
fragment and rearrangement of the cluster core. Unfortunately, due to the very low yields, it was not

possibleto further elucidate the mechanism

Crystal structures

Compounds1l and 12 have beencharactesed by means of IR and multinuclear NMR
spectroscopy, and the molecular structure X crystallographycally determined as its
[NEt4][12]-1.5toluene salt (Figur2.13). The molecular structure d2 may be viewed as the result
of the addition of a [AulP?] fragment to [F§CO)]?. It displayed six terminal and two edge
bridging carbonyl ligands and some short-sab der Waals Au---C(O) ctacts. The structure of
12 was an interesting addition to the limited number of compounds with HE®g(nCO), unit.
The FeFe bond distance of such compounds spanned a very large rang2.6234. In the case
of 12, the FeFe distance [2.573(4) Aas in the middle betweeRex(CO) [2.52 A] and
[Fe2(CO)(AuPPH)]' [2.605 A).

The!H and®*C{'H} NMR spectra ofl2 displayed all the expected resonances due to the IPr
group. Conversely, in the carbonyl region of tF@{*H} NMR spectra recorded at 298 and 273 K,
only a single sarp resonance at 230.5 ppm was detected. Coalescence was, then, observed at 213 K
suggestig the presence of a fluxional behaviour that made the eight CO ligands equivalent at

higher temperatures.
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Figure 2.13 Molecular structure ofl2. Au-C(O) contacts 2.830(19)2.977(19) A] were represented as fragmented
lines. Hydrogen atoms were omitteat Tlarity (greenkFe; yellow Au; blug N; red O; grey, C). Selected bond lengths
(A): Fe-Fe 2.573(4); Fé\u 2.665(3) and 2.677(3); AGcarbene2.013(18); FEC(Oridge 1.90(2)1.969(18); FEC(O)erminal
1.73(2)1.83(3)%

Crystals of [NEf][13] contained then-ethylidyne cluster [F€COxo(CCHs)]" (13) (Figure
2.14), whose synthesis was previously reportedereas its structure, at the best of our knowledge,

was not described before.

Figure 2.14 Molecular structure ofl3 (green Fe; red O; grey, C; white, H). Selected bond lengths (A):-Fe
2.5285(5)2.5458(5); FeCethylidyne 1.940(2)1.960@); Fe C(Oriaging 2.015(2)2.077(2); FeC(Oerminai 1.766(3)1.811(3);
C-Cethyiliayne 1.497(3)%!

The molecular structure df3 was composed of a triangular #eore, bonded to nine
terminal CO ligands (three per eaEb atom), oneng-ethylidyne and onen-CO. The bonding
parameters 013 (see caption of Figur2.14) were similar to those previously reported for related
clusters® The m-CO [FeC(Obridging 2.015(2)2.077(2) A] andm-CCHs ligands [FeCetnyiidyne
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1.940(2)1.960(2) A] were symmetrically bondeto the Fetriangle and the @ethyligyne distance
[1.497(3) A] was as expected for a single bond.

2.8.3Synthess and charactei sation of [AusFe3(CO)12]¥ (14)

The thermal decomposition 8fin dmso at 130 °C led to the formation of tihieanioric species

[AusFes(COX2® (14), in accord to the equatid@.5):

Fe(CO)4(AulMes), — > [Au(IMes),|[NMey],[AusFe;(CO) ;5]
3 1. dmso, 130 °C, 14
30 min
2. [NMC4]BI' + H20 (2 5)
The product wassolated as [NMg™ salt, washed with water and crystsdlil by a slow

diffusion ofn-hexane on the acetone solution.

From a stoichiometric point of view, the formation b4 can be explained as follow
(equation(2.6)):

3Fe(CO),(AulMes), ———= 3[Au(IMes),]* + [AusFes(CO) 51>
3 14 (26)

This is the only way teynthesse 14, because by reacting the C

complexes, [AuFe,(CO)g]* is obtained instead

14 has beerharactesed by means of IRH NMR and3C{*H} NMR spectroscopyand its

strucure determined by Xay crystallography

It must be remarked that, as previously repoftethe thermal reaction o8 at lower
temperatures® 100 °C) in dmf or dmso, afforded5, and only at higher temperatur8swas
converted intol4. The computed Gibbs energy variationsRCM/PBER3c calculations) fothe
reactions 2.7) and @.8) were-13.1 and-23.1 kcal mdl}, respectively, and suggested that the

formation of [Au(IMes)]* was the driving force.

6Fe(CO),(AulMes), ———3[Au; {Fe(CO),} ,(IMes),]” + 3[Au(IMes),]"
3 15 (2.7)

3[AU3F62(CO)8(IMeS)2]_ + ?)[IAU(H\/IGS)Z:FL —_— Z[AU3FQ3(CO)12]3_ + 6[AU(IMCS)2]+
15 14
2.9)
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Crystal stricture

Crystals ofl14 suitable forX-ray diffraction were obtained as [Au(IMe§NMe4]2[14] salt (Figure
2.15).

Figure 2.15 Molecular structure of [AtFes(COX2® (14) (green Fe; yellow Au; red O; grey, C). Au-C(O) contacts

were represented as fragntexhlines.

The molecular structure d# is based on a planam-triangular MsFes core which consists
of a Ms-triangle with edgéridging Fe(COy) groups. This structure can be compared ttee
previously r@orted [AusFey(COhel¥. [AusFes(COX2¥ and [AusFey(CONel* may be viewed as
thetrimer and the tetrameresgctively, of the sampAuFe(CO)]" unit.

The next chapter presentsSaction dedicated to this topiexploing a unique case of
polymergation isomerism in [{MFe(CQ}n" (M = Cu, Ag, Au; n = 3, 4) molecular clusters

supported by metallophilic interaotis.

2.8.4Synthess and charactergation of [Au1eS{Fe(CO)}a(IPr) 4] (18)

4 wasvery stablan dmso at 140 °(but by pushing the thermal treatment at 160or a prolonged
time a partial decomposition of the cluster was obsereabng the decompostdn products, it
was possible to isolate a few crystals of [NEEesS(CO)] ([NEts][16]), [Au(IPr)2][HFe(CO)]
([Au(IPr)2][17]) and [Au16S{Fe(CO)} 4(IPr)sl[BF]n-solv ([18][BF4]n-solv). The presence of [BF

anions in the latter salt was due to the Ug&l&t4)[BF 4] during workup of the reaction mixture.

Formation of16 was rather intesging since it suggestethat S atoms were somehow
generated from dmso after the prolonged thermal treatme#t ©his was in keeping with the
formation of the new sp&s18, which contained an interstitial glluratom.
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Despite the fact thdt8 was obtained in low yields, it was possible to charasgatialso by
means of multinuclear NMR techniquéld. and**C{*H} NMR analyses were in agreement with the
presence oCO and IPr ligands. More interestingly, th& NMR spectrum ofl8 (Figure 2.16)
displayed the typical resonance of the JBFanion. Therefore,18 was better formulated as a

cationic species and because of this, its crystals were referr&g|[85-k]n-solv.

I U

-148.0 -148.5 -149.0 -149.5 -150.0 -150.5 -151.0 -151.5 -152.0 -152.5 -153.0 -153.5 -154.0°

Figure 2.16 **F NMR spectrum of [AuS{Fe(CO)}4(IPr)]™ (18) in CD;COCD; at 298 K, which shows the typical

resonances of [Bf .

Crystal structure

18 was formed only in trace amounts and because of this, only very few small crystals were grown.
This allowed the complete determination of the molecular structure of thterchaolecule (Figure

2.17 and Table2.6), which occupied 78% of the unit cell volume. The remaining 22% of the
volume of the unit cell was likely to be occupied by cations/an@rd/or solvent molecules (Figure
2.18), whose nature was not determined.@&hen the">F NMR spectrum (see above), the presence

of [BF4]' anions was inferred.
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(b)

Figure 2.17 Molecular structure oi8. Two different views (a,b) as well as thpace filling model (c) were reported.
Au-C(0) contactd2.636(4)2.723(4) A] were represented as fragmented lines. Hydrogen atoms have been included
only in the space filling model (gregfe; yellow Au; orangeS; blug N; red O; grey, C; white, H)3!

Table 2.6 Main bond distances (A) and angles (deg) of ES{Fe(CO)} 4(IPr)s™ (18).

Range Average
Auc-Auc 2.702(2)2.874(2) 2.7536)
Auc-Aus 2.724(2)2.733(2) 2.728(3)
Auc-Fe 2.625(5)2.650(5) 2.636(9)
Auc-S 2.7641(13)2.7995(16) 2.777(3)
Aus-Ncarbene 2.04(4) 2.04(4)
Auc--C(O) 2.636(4)2.723(4) 2.684(10)

Auc = Au atoms of the A1 cuboctahedron

Aus = Au atoms of the AulPr &Igments.
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18 consisted ofan Aui>-cuboctahedrorcentredby a m2>-S atom, whose surface was
decorated by foum-Fe(CO) and fourms-AulPr fragments with a pseudy symmetry (Figure
2.19). A related structure, wherem>S atom was encapsulated within a;Eeuboctatredral cage,
was recently reported for the neutrabfgm2-S)(SCN"Bu2)s(Ct CPh)] cluster?’ As in the case of
[Cuiz(m2S)(S:CN"Buz)s(Ct CPh)], the AuS distances [2.7641(12)799%16) A, average
2.777(3) A] of 18 were rather elongated in view of the high coordination number of the interstitial
m2-S atom. For comparison, the sums of the covalent and van der Waals radiaoti Aiwere
2.38 and 3.46 A, respectively. Prior of thelaion 0f18, the highest coordination number observed

for S with Au was four, and the corresponding-8uistances were considerably shorter [2312

A].32

Figure 2.19 Three different views of the AsS core of18 (green Fe; yellow Au atoms of theAui» cuboctahedron
blue, Au atoms of then-AulPr fragments; orang&) 3!

The tangential AtAu contacts [2.702(22.874(2) A, average 2.753(6) A] were more
dispersed compared to the more localisedAfucontacts involving than-AulPr fragments
[2.724(2)2.733(2) A, average 2.7¢8 A]. Similarly, the AuFe distances [2.625&)650(5) A,
average 2.636(9) A] displayed U that presenteds-Fe(CO) groups were significantly longer
than those found in clusters containingFe(CO) fragments such a8 [2.529(3)2.601(11) A,
avera@ 2.564(8) A).

Computational study

DFT calculations were carried out on models of compdi&drhe substituents on thié atoms of
the NHC ligands were replaced by methyl groups to reduce the computational effort. The
coordinates of the other atoms wet#ained from Xray data. DFT calculains demonstrated that
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the most stable electronic structurel8fwas the 2+. The 4+ and 6+ cations were less stable by 0.9
and 2.2 a.u., respectivelffor this reason, the formula [AsS{Fe(CO)}}4(IPr)s?* was proposed

The computed energy gap betweemfrer orbitals in the model compound was quite high, 3.9 eV.

The approximate d'symmetry was confirmed by all the population analyses, and the four C

axes were reported in Figuze0 for clarity.

Figure 2.20 Structure of18 with highlighted one [FeAd} and one [Au] tetrahedron. The CO ligands were removed for
clarity. Only the donor atoms of the NHC ligands were depicted. The foaxe3 were shown. Different types of bonds

involving the Au centres were labellégellow, Au; orange S;green Fe;grey, C).3!

The compound can be thought as composed of four [fdéwahedra, each one forming
three bonds with the central sulphur (in red in Figar20). The [FeAd] tetrahedra were
interconnected by Adu bonds, and each [AulPr] fragment was bonded to three Au atoms
belonging to different [FeAd) tetrahedra, withe formation of [Au] tetrahedra one of them
highlighted in Figure2.20.

The electron count df8 was based on the following assumptions. WgéulPr fragments
were considered to contribute one electron each, being isololbatHo The m-Fe(CO) groups
were usually described in tHigerature as four electron dondfsThe interstitialm-S atom was
considered to contribute with all its six valence electrons. Therefo vias a dication, as
inferred from DFT calculations, it should possess 156 [11x12 (Au) + B&x3)(+ 4x1 (r-AulPr)

+ 4%x4 (p-Fe(CO))- 2 (charge +3)cluster valencelectrons (CVE). The expected CVEs depended
on the model adopted. According to the EAN (Effective Atomic Number) rulybectahedron
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should have 168 CVE. PSEPT (Polyhedral Skeletal Electron PRawory) predicted 170 CVE by
interpreting acuboctahedroras a fourconnected polyhedron. Conversely, assuming that radial
bonding predominates, on the basis of Mingos Rulesbactahedroshould have 162 CVE In

this respect]18 appeared to be electron poor, as often happened for gold clUdtesgare often
electron poor becaus&u has already a high electron density and, therefore, tends to form fewer

bonds compared to other transition metals.
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Final Remarks

In this chapter a general strategy for the syntheses of nefw Fearbonyl clusters supported by
NHCandPPhl i gands has been reported, starting fro
such as Au(NHC)CI and Au(PBIEI. The new speciewere fully charactesed by means of IRH

NMR and**C{*H} NMR spectroscopyand their structures determined byra§ crystallography

Depending on the stoichiometry of the reaction and the solvent,-amoanic or neutral
species a formel. The formation of [Fe(CQJAUNHC)]' (NHC = IMes,1; IPr, 2) is favouredwith
1:1 stoichiometryn polar solverd, such as dmso, while the neutral compounds Fe(@GNHC).

(NHC = IMes,3; IPr,4) may be easily obtained in less polar solvent, such as #idetone, with an
excess of Au(l) complex. These clusters show diffetegttaviourand reactivity, that strictly
depend on the nature of the carbene ligand. Indeed, species containing toepRargrmore stable

than the analogous containing the IMasup. DFT calculations highlighted that the different
reactivity of these compounds was due to the steric effect of the IMes and IPr groups. Indeed, the
bulkier is the substituent on the aromagioup of the carbene, the more protected the LUMO
localised on the AUNHC fragment isThis protection permits to avoid attacks from nucleophiles,
enhancing the stability of the compound. Moreo®FT studies pointed out that the Au---Au
interactions in sth heterobimetallic clusters were not covalent bonds butlyndispersiordriven.

Another interesting aspect of these compounds is the possibility to modulate their chemical
and physical properties by changing and mixing the ligands. Indeed, ioh#pg®r we reported
different reaction paths for the preparatioof mixed neutral compounds, such as
Fe(CO)}AulMes)(AulPr) 6), Fe(CO)(AulMes)(AuPPh) (6) and Fe(COYAulPr)(AuPPh) (7).

The species obtained in this work might be good starting material for the preparation of
larger clusters. Their thermal decompimsithas been investigated with the attempt to isolate new
clusters with higher nuclearity. The obtainedAteproducts could & grouped within the following
categories:

A [Fex(CO)(AUNHC)]" (NHC = IMes,11; IPr, 12) resulted from oxidation of Fe fron2 to -

1, whereas Au retained the original +1 oxidation state.

A Anions [AusFes(CO)2¥ (14), [AusFe(CO)(IMes)]' (15 and [Aus{Fe(CO)}2(PPh)2]'

(9) were the result of iosation and rearrangement of the starting species. Thus, they

retained the original oxation states of the metals, that is Au(+1) andZe(

A The unique species [AsB{Fe(CO)}}4(IPr)s]?* (18) (even if obtained in very low yields)
formally contained FeR) whereas the oxidation state of Au was comprised between 0 and
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+1. This assignment wdssed on the assumption that, as usually found uréugarbonyl

clustersthe Fe(CQOjfragments retairgkthe original dianionic nature.
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CHAPTER 3

Heterometallic FeM (Cu, Ag, Au) Carbonyl
Clusters Stabilised byd{Nleterocyclic Carbene

Ligands

In this chapter the syntheses and characterisation of new heterometaNic (Ee, Ag, Au)
carbonyl clusters containing -Neterocyclic carbene ligands are reported. The compounds

presented in thiSection are summarised in Tables-3.2.

Table 3.1Clustes discissed in this chapter.

Compound Compound number

[Fe(CO)}(CulMes)] 1
[Fe(COX(CulPr)J 2
[Fe(COX(AgIMes)] 3
[Fe(COX(AgIPN] 4
[Fe(CO)X(AulMes)] 5
[Fe(COX(AUIPK)] 6
[AgsFes(COn™ 7
[Ag4Fes(CONgl* 8
[AgsFe(COel™ 9
[Fe2(COX(AgIPY)]' 10
Fe(CO)}(CulMes) 11
Fe(CO}CulPr) 12
Fe(CO)}AgIMes) 13
Fe(COXAgIPr) 14
Fe(CO)AulMes), 15
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Table 3.2Clusters discussed in this chapter.

Compound Compound number
Fe(COMAulPr), 16
[CusFe(COXg™ 17
[AusFes(CO)g™ 18
[AusFes(CO)el ¥ 19

Fe(COXCulPr)(AglPr) 20
Fe(COXCulPr)(AulPr) 21
Fe(COMAgIPr)(AulPr) 22

Fe(CO}(CHalMes) 23

3.1 Introduction

Chapter?2 introduced the importance that thetérometallic complexes and clusters containing
Au(l) have gained in the recent year§he reason of this interest is linked to metallophilic
interactions. Aurophilicity was explore@ind discussed in the previoasapter. The information
obtained by studying FAu carbonyl clusters allowed us to extend this rese&o the other two
coinage metals, that is Ag and Cu, in order to investigatebestiger understand all the metallophilic

interactions amongst the three metals (Au, Cu and Ag).

As described previously, metals in the +1 oxidation state of thegidup d the periodic
table preset a low affinity to the CO ligand, which is due to the high ionisation energy and
electronegativity that hamper a goodackdonation to the antbonding orbitals of CO. For this
reason, the chemistry ohe carbonyls othese M(l) ioms is quite limited. In particular, in the
literature few carbonyl species with the formula [M(JOYM = Au, Ag; x = 13) are known, and
al of them display a low stability. As regards the iron bimetallic carbonyl clusters, seve@al Fe
compounds are known, such as [Re(CO)}4]?, [Cus{Fe(CON}4*¥, [Cus{Fe(CO)}3]¥,
[Fes(CO)(CCO)(Cul)f' and [Fe(CO)3(CuPPh)]'. As far as Ag is conecaed, less structures were
obtained because of the lower stability of theAgebond, which is weakehén FeCu and FeAu.
Some important examples inclufsgsFes(CO\el*, [AgsFes(COgl® and [AgisFes(COXxa™ (n =
3,4,5) (Figure 3.1).
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(a) (b)
Figure 3.1 (a) Molecular structure of [AgFes(CO)2" and (b) its AgsFes metal cagdgreen, Fe; orange, Ag; red, O;
grey, C).

These compounds resulted from the reactionswbeé n t he Col |l mané
Nap[Fe(CO)]-2thf and Ag(l) salts or Ag(L)X (L = phosphine; X = anion) complexes. The breaking
of Ag-P bond due to the presence of a strong nucleophile such as [Hé(06J to the formation
of these clusters composed only &g, Fe and CO. Unlike Ag, in the case of Aus possible to
synthesise FAu carbonyl clusters stabilised by phosphines ligands by using Au(L)X complexes,
due tothe greater stability of AtP bonds compared to Ag. Indeed, only two examples of-Rg
calbonyl clusters containing phosphines are know AgsFex(CO)xCH(PPh)s] and
[AgsFe(CO}dppm}]™ (Figure 3.2). It is important to underline that these two compounds contain
polydentate phosphisgethat stabilise the A§ bond with the chelating effect.

Aiming at widening the library of the iron bimetallic carbonyl clusters and investigating all
the metallophilic interactions, the general strategy presented in the previous chapter was also
appliedfor Ag and Cu.

Herein, the results obtained by reacting@he | | mands reagent with M(
M(NHC)CI, are reported.
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(a) (b)

Figure 3.2Molecular structures of (a) Age;(CO)[CH(PPh)s] and (b) [AgFe(CO)}dppm}]*. Hydrogen atoms have
been omitted foclarity (green, Fe; orange, Ag; purple, P; red, O; grey, C).

3.2 General results

The following Sections 3.3, 3.4 and 3.6report the synthesis and the characterisation of
[Fe(COXMNHC)]" (M = Cu, NHC = IMes,1; IPr, 2, M = Ag, NHC =IMes, 3; IPr, 4),
FeCOu(MNHC)2, (M = Cu, NHC = IMes,11; IPr, 12 M = Ag, NHC =IMes, 13, IPr, 14),
Fe(COXCulPr)(AgIPr) @0), Fe(CO)CulPr)(AuPr) (21), Fe(CO)AgIPr)(AulPr) @2) and
[M3Fe(COXg® (M = Cu,17; Ag, 7).

The thermal decomposition df-11 have been studiededding, among the others, the
formation of the new species JF€O)(AgIPr)]' (10) and Fe(CQ)CH:zIMes) (23).

3.3 Synthess and characterisation of moneanionic [Fe(COW(MNHC)]' complexes (M = Cu,
Ag; NHC = IMes, IPr)

The reaction of the Collman's reagddé[Fe(CO)]-2thf with one equivalent of M(NHC)CI (M =
Cu, Ag; NHC = IMes, IPr) in dmso resulted in the [Fe(@®NHC)]' (M = Cu, NHC = IMes/1;
M = Cu, NHC = IPr2; M = Ag, NHC = IMes,3; M = Ag, NHC = IPr,4) monganiors, in accord to
Scheme 3.1.
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Scheme 3.1Syntheses of the moremionic [Fe(COXMNHC)]' complexes.
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Compoundsl-4 are less stable than the analogous species [Fg@MHC)]' (NHC =
IMes, 5; IPr, 6). The isolation and crystallisation of the new mamons were difficult. For this
reason, they were characterised directly in the crude reaction mixtures by meanstofaifi]
13C{*H} NMR spectroscopies.

TheH and®3C{'H} NMR data of1-4 were in agrement with the proposed structures and
similar to thosepreviously reported fob and6.2® Compoundsd-4 displayed twanco bands in dmso
solution at 1909.913(s) and 1798801 (vs) cmt, significantly shifted towards lower wavenumbers
compared to the Agongener$ and6 (nco 1924(s) and 1820(vs) ¢h).

The nco shifts relate to the change of the coinage metal were confirmed by the IR

simulations on the DFBptimised geometries (FiguBe3).

The AIM (Atomsin Molecules)analysesf the FeC bonds inl, 3 and5 highlighted the
slight reduction of electron density)(and theess negative values of potential energy density (V)
at FeC bond critical points (b.c.p.) in the case of thed®uivative5. This may be explained on the
basis of the greater electronegativity of Au (2.4) compared to Ag (1.9) and Cu (1.9), which resulted
in a decrease of the electron density on Fe bonded to Au greater than in the case of Cu and Ag.
This, in turn, educed the-Fe-CO backdonation in the F&u complexes compared to & and

Fe-Ag, in agreement with the experimental and computed IR frequenciesrefdbietchings.
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Fhnas oy

1 3 5

Figure 3.3 DFT-optimised geometries df, 3 and 5 (PBEh3c method). Hydrogen atoms meamitted for clarity
(green, Fe; orange, Cu; light grey, Ag; yellow, Au; blue, N; red, O; greySélected computed bond lengths (A) Tor
FeCu 2.295, Fe&CO(axial) 1.720, R&€O(equatorial, average) 1.726, -C@iMes) 1.929. Selected computed bond
lenghs (A) for 3: FeAg 2.477, FeCO(axial) 1.718, F&€O(equatorial, average) 1.733, AfIMes) 2.135. Selected
computed bond lengths (A) f&: FeAu 2.401, FeCO(axial) 1.723, F&€O(equatorial, average) 1.735, fIMes)
2.047%°

The electronegativity of the coinage metal plays an important role in terms of stability of the

compound. Indeed, the stronger theNFdond is, themore stable and less reluctant to disate
into [Fe(CO)]? and [MIMes] the species is. It might also be concluded that&ebonds are
stronger than F€u and FeAg bonds, in accordance with the greater stability ahd6 compared
to 1-4.

Crystal gructure of2

The molecular structuref 2 has been determined as its [bEsalt (Figure 34) corroborating the
nature of compoundt-4. Crystals of [NE4][2] were obtained by addition of a saturated solution of
[NEt]Br in water to the dmsoeaction mixture, the solid recovered by filtratiand extracted in
toluene. Crystals of [NE]J 2] suitable for Xray analyses were obtained by slow diffusionnef

pentane on the toluene solution.

Similarly to5 and6, 2 adopted a trigonal bipyramidairgcture, with the CulPr fragment in

an axial pogion. 2 contained strong Gke, FeC(O) and CeCcamencinteractions as well as some

weak Cu---C(O) contacts. In general, it was rather debated if such M---C(O) (M = Cu, Ag, Au)

contacts were due to the stearrangement of the CO ligands, or they weredbnsequence of any

attraction (even van der Waals) between the carbonyls andM(l).
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Figure 3.4 Molecular structure of [Fe(CQICulPr)J (2). Cu---C(O) contacts [2.462(&).670(5) A] are represented as
fragmented lines. Hydrogen atoms have been omitted for clarity (green, Fe; orange, Cu; blue, Ngn&d,@);Main
bond distances (A) and angles (°):-Ee 2.3216(7), CtCearbene 1.903(3), FEC(O) 1.749(6)1.773(5), FECU-Cearbene
176.80(11)

Isolation of 2 was posdile because of the enhanced steric stability ofdEtivatives
compared to IMeslerivatives, as well as the (slightly) greater stability ofCeespecies compared
to FeAg.2® Indeed, all attempts to isolate3 and4 following a similar procedure failed, leading to

theformation of complex mixtures of decomposition products.

Attempt of crystallisation &

Attempting the isolation of 3, crystals of [NEfJ[Ag(IMes)][AgsFe(CO)z-solv3?
[NEts]2[HIMes]2[AgsFes(COhs|, [NEts]s/AgsFex(CO)el-2CHCN and [NE4]3[AgsFes(CO)e] were
obtained (Figure 3).

All these salts contained the [#s(COX2® (7),? [AgsFe(COlgl* (8), and
[AgsFes(COXe® (9) cluster anioné! Their formation suggested that the-Ades bond was mainly
broken during workup, leading to homoleptic AeCO clusters. The presence among the
decomposition products of the imidazolium [HIMegjation indicated that, onceébéraed in
solution, the IMes carbene may be reagitgtonatedby traces of humidity pesent in the solvent
The molecular structures of Age compounds displayed in Figure 3.5 are similar to those of Ag

Fe, CuFe and AdFe species reported iheliterature20:2

58



Figure 3.5 Molecular structures ofAgsFex(CO)2® (7), [AgsFe(CONel* (8) and [AgsFes(COXeg® (9). Ag:---C(O)
contacts are represented as fragmented lines (green, Fe; orange, Ag; red, O; B8\ a) bond distances (AAg-
Fe 2.6105(92.6632(9)(7), 2.581 8) and2.582.70 @), Ag-Ag 2.8515(7)2.8801(7)(7), Ag 3.149 8) and 2.793.01

©9).

Attemptof crystallisation o#

During the attempts of isolating4, crystals of [Ag(IPR][Fex(COXx(AgIPr)]-CHxClIy,
[NEts]2[HIPr][Fex(COX(AgIPN)]2[CI] - 2CHCIl> and [NEL]4AgsFes(CO)e] were obtained. A part
[AgsFe(COXel* (8) which did not contain the IPr ligdnall the other products retained the AgIPr
fragment. This confirmed the different reactivity of the-t®ntaining species compared to IMes
ones, mainly imputable to their different steric properties. Formation ofFtaéCQO)]? moiety
was due to oxid#on of the [Fe(CQJ? unit present int.

The molecular structure of the new JF@O%(AgIPr)]' (10) anion, as found in both
[Ag(IPr)2][10]-CH2CI> and [NE&]o[HIPr][ 10]2[Cl] -2CHClI>, is reported in Figure 8.

Figure 3.6 Molecular structure of [F€CO)(AgIPN)]' (10). Ag---C(O) contacts [2.775(5.012(7) A] are represented

as fragmented lines. Hydrogen atoms have been omitted for clarity (green, Fe; orange, Ag; blue, N; red, O; grey, C).
Selected bond lengthsh: Fe-Fe 2.5927(9); Fé\g 2.7159(7) and Z201(7); AgCcarbene 2.142(4); FeC(Olridge
1.927(5)1.993(5); FeC(O)erminai 1.750(5)1.807(5)%
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This structure may be viewed as the result of the additibra [AgIPr]" fragment to
[Fex(COX]? . It displayed six terminal and two edge bridging CO ligands. THeerdistance found
in 10 [2.5927(9) A] was in keeping with those of PFREO)(AulPr)]' [2.573(4) A] and
[Fe2(CO)(AuPPh)]' [2.605 A).

3.4 Synthesisand characterisation of neutral bimetallic Fe(CO}MNHC)2 complexes (M =
Cu, Ag; NHC = IMes, IPr)

The neutral bimetallic Fe(CAMNHC)2 (M = Cu, NHC = IMes11; M = Cu, NHC = IPr12, M =
Ag, NHC = IMes 13 M = Ag, NHC = IPr, 14) compounds were obtainedy kreacting
Nap[Fe(CO)]-2thf with two equivalents of M(NHC)CI in thf, as shown in Scheme 3.2.

Scheme 3.5ynthesis ofl1-14.

CcO
M= Cu Ag
OCyy, . ‘“\\\\\CO
"Fe,
R R M
+2 M(NHO)CI \ M/l\M / e
Naz [FC(CO)4] > Ni( éo YN R = Me 11 13
R

After the workup, compound41-14 were spectroscopically characterised by means of IR,
4 ard 13C{*H} NMR techniques. The IR spectra of these species displayedands in CHCI, at
19431950 and 1849878 cm?, significantly downshifted compared to FEZ(AUNHC), (NHC =
IMes, 15; IPr, 16) [ca. 1974(m), 1884(s) chi. As explained irSection3.3, this was related to the
greater electronegativity of Au compared to Cu and Ag. The IR simulations on theRlised
structures ofL1, 13 and 15 confirmed the variations to theo stretchings on changing the coinage
metal in agreement with the lowerand less negative V values atEé.c.p. for the Au compound
15.

The two NHC ligands were equivalent in & and*C NMR spectra at all temperatures, in
agreement with the solid state structures. Theddrdinated carbene resonatediafl77.3, 181.5
182.6 and 189.2 ppm fdrl, 12, 13 and14, respectively. The expected coupling'ttAg and*®°Ag
was detected in the Agomplexesl3 and14 (}Jc.ag = 209 and 180 Hz fot3 andJc.ag = 204 and

182 Hz for14). A singlet was present at aimperatures the CO region of thé*C NMR spectra
60



of 11-14, suggesting a fluxional behaviour for the carbonyl ligands. This rapid exchange process
made the equatorial and apical CO ligands equivalent also at low temperature and hampered the

spectroscopi detection irsolution of possible M-C(O) interactions.

Crystal structures

The molecular structures dfl-13 were crystallographycally determined (Figure 3.7 and Table
3.3)32 Conversely, we were not able to obtain crigstaf 14. 11-13 were composed of &~
Fe(CO) sawhorse/seesaw unit coordinated to two MNHC fragments in relagveosition, as
previously found irl5 and16.2° All these compounds displayed shortMeFe-CO and MCcarbene
contacs, as well as sulvan der Waals M---C(O) contacts (Table 3.3).

Regarding the M---M distances, they were shorter in the dtiéewatives and rather longer
in the IPrderivatves. Thus, the former contacts may be viewed as weak metallophilic interactions,
whereas they were completely nbonding in the latter compounds. These differences were
explained on the basis of the greater steric demand of IPr compared to IMes, wheaih tteus
complete loss of any M---M interaction. As a consequence, tf&M angleswere considerably
smaller in the IMeslerivatives [73.53(#Y8.74(4)°] than in the IPcongeners [107.90(9)
127.75(3)°]. The results herein described and summarised in Babliurther pointed out that
metallophilic M---M interactions were rather deforpi@ and adapted themselves to the steric

properties of the ancillary ligands employed in such complexes.

11 12 13

Figure 3.7 Molecular structures of Fe(C@fulMes) (11), Fe(COW(CulPry (12) and Fe(CO}(AgiMes) (13).
Cu---C(O) contacts [2.359(2.907(3) A] (L1), [2.345(5)2.9742(6) A] (2) andAg---C(O) contact$2.576(4)2.767(4)
A] (13) are represented as fragmented lines. Hydrogen atoms have been omitted for ckeity kg; orange, Cu;
yellow, Ag; blue, N; red, Ogrey, Q.%°
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Table 3.3Main bond distances (A) and angles (deg) of Feg@@i)Mes) (11), Fe(CO)(CulPr) (12) and Fe(CQ)AgIMes), (13) compared to Fe(CGAulPr), (16)% and

Fe(CO)(AulMes), (15).2532

Fe(COu(CulMes):

11
M(1)-Fe(1) 2.3586(4)
M(2)-Fe(1) 2.3582(4)
M(L)-M) 3.1990(9)
M(L)-C() 1.903(2)
M(2)-C(2) 1.908(2)
Fe(1}CO 1.770(2)1.776(2)
Fe(LIM(1)-C(D) 168.64(7)
Fe(LrM(2)-C(2) 178.04(7)
M(1)-Fe(1M(2) 73.53(7)
Fe(1)M(1)-M(@2) 47.30(2)
Fe(1XM(2)-M(1) 47.31(2)

Fe(COM(CulPr)
12
2.3603(8)
2.3438(8)
4.223(2)
1.911(4)
1.889(4)
1.775(5) 1.785(5)
170.67(12)
171.36(13)
127.75(3)
26.03(2)
26.23(2)
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Fe(COu(AgIMes)2
13
2.5292(4)
2.5423(4)
3.1185(3)
2.105(2)
2.104(2)
1.770(2)1.781(2)
178.02(6)
165.05(6)
75.890(12)
52.245(9)
51.865(9)

Fe(COM(AUIPY) 2
16
2.512(2)
2.524(2)
4.082(1)
2.01711)
1.949(14)

1.737(15)1.781(15)

168.3(3)
168.4(5)
107.90(9)
36.15(5)
35.95(5)

Fe(COM(AulMes);
15
2.5158(15)
2.5312(15)
3.2015(8)
2.008(10)
2.020(10)
1.756(13)1.783(13)
177.8(3)
165.9(3)
78.74(4)
50.84(4)
50.42(3)



3.5 Thermal decomposition

Aiming at studying their reactivity and enhancing the nuclearity, the thermal treaiwhéit14in
dmso at 130 °C were performed. The results can be summarised as follow (Scheéme 3.3):

A Compounds 11, 13 and 14 rapidly decomposed affording the triangular clusters
[M3Fe(COx2® (M = Cu,17; Ag, 7).

A Complex12 was thermally stable and displayed only limited dissociation of one [CulPr]

group and resulted in a mixture of unreact@dmajor) and2 (minor). These results were in

keeping with our previous observations, that indicated thatdRtaining species we more

stable than IMesnes and Cu complexes were more stable than Ag ones. From this point of

view, Cucontaining complexes resembled more tedamnplexes than Agomplexes.

Scheme 3.3rhermal decomposition dfl-14.

130 °C, dmso
Fe(CO),(MIMes),
M=Cu 11 -[M(IMes),]*
Ag 13
130 °C, d
Fe(CO),(CulPr), so
12
130 °C, d
Fe(CO),(AgIPr), o
14 -[Ag(IPr),]"

3

(OC)4Fe\ /M\ /Fe(CO)4
M——M
Fe(CO), M= Cu 17

Stable, only limited dissociation to [Fe(CO)4(CulPr)]™ (2)

3—

(OC)4Fe Ag

FC(CO)4

Ag—Ag

Fe(CO), 7

Independently of the coinage metal, IMasmplexesll, 13 and 15 rapidly decomposed
after heating in dmso at 130 °C affording the higher nuclearity [{[MFe{GP) (M = Ag, 7; Cu,
17; Au, 18) clusters (Scheme 3.3). The case of As aleady presented in Chapter 2.
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Formation of the [{MFe(CQ}3]® clusters from the neutral ones may be accounted by the

decompositiorionisation reaction depicted in equation (3.1):

3Fe(CO)4(MIMes), ———— [{MFe(CO),} ;1> + 3[M(IMes),]*

M=Cull M=Cul?7
Ag 13 Ag7
Au 15 Au 18 (3.1)

Compound¥/, 17 and 18 were based on a ez core which consisted of adMriangle with
edgebridging Fe(COy groups. Such a triangular structure was unprecedented for Ag and Au,
whereas the hexauclear copper cluster [{CuFe(CHJ]® was previously obtained by reactiof o
Nap[Fe(CO)]-2thf with Cu(l) salts. Conversely, analogous reactions of Collman's reagent with
Ag(l) and Au(l) salts afforded the squdrea-squaretype clusters [{MFe(CQ}4* (M = Ag, 8;

Au, 19) as previously reported in the literatuteé?? Thus, depending on the synthetic protocol
adopted, both the triangular [{MFe(C)]* and square [{MFe(CQ)4]* polymerisation isomers

can be selectively obtainedt least for Ag and Au. Polymerisation isomerism, that is two
compounds having the same elemental compositions but different molecular weights, was
investigated in [{MFe(CQ}n]™ (n = 3, 4; M = Cu, AgAu) by means of structural and theoretical
methods ad the role of metallophilic interactions was computationally studied throughout the

atomsin-molecules (AIM) approach.

As far as Cu was concerned, only the [{CuFe($€J triangular cluster was obtagd
independently of the synthetic strategy adopt@dFg(CO)s}4]* and [{MFe(CO)}3]* (M = Ag,
Au) represented the first examples of polymerisation isomers for molecular clusters, having the

same elemental compositions but different molecular weights.

The Mz and M: cores of the clusters were supported bstatiophilic interactions, which
were lower in Mclusterswi t h r e s p e ct Mispecids,laginfeareddy OF§ caloutations.
This lowering was more accentuated for [{CuFe(@@}, wherecuprophilic interactions were
weaker. This explained thentency of Cu to form the triangular compound, while the softer and
flexible character of Ag and Au allowed the formation of both triangular and square isomers

without altering the F&-Fe framework.

The mol ecul ar structureci athald tthe teHe cd o ioma
[{(MFe(CO)s}3]¥ a n MF§(CO)}4]* c 1l ust er s ar e s3hodwn riens pFeicgtuirveesl
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Figure 3.8Molecular structures of [{Me(CO)}s]¥ (M = Ag, 7; Au, 18; Cu,17) and [{MFe(CO)}4* (M = Ag, 8; Au,
19) as determinely SG-XRD analysiggreen, Fe; orange, Ag; yellow, Au; light grey, Cu; red, O; grey?C).

As shown in Figure 8, metallophilic interactions are lower insMlusters with respect to
the analogous M species, but this lowering is more accentuated for [{CuFe{G[), where

cuprophilic interactions are weak.
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Figure 3.9 Surface maps with projections of the coinagetal electron densities (a.u.) in the [{MFe(GQ)* and
[{MFe(CO)4}4]* clusters®
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3.6 Synthesis andatharacterisation of neutral trimetallic Fe(CO)4(MNHC)(M'NHC) complexes

(M =Cu, Ag; M' = Cu, Ag, NHC = IMes, IPr)

The reaction between the moeanions [Fe(CQYMNHC)]' (1-6) and one equivalent of M'(NHC)CI

were performed in the attempt to prepare neutrahetallic clusters of the general type
Fe(CO}MNHC)(M'NHC) (NHC = IMes, IPr; M, M' = Cu, Ag, AuM , M’). Depending on the
nature of the NHC carbene ligands, different results were obtained (Scheme 3.4). When NHC = IPr,

it was possible to isolate in ssftictory yields all the new three species Fe@@@)IPr)(AgIPr)
(20), Fe(COX(CulPr)(AulPr) 1) and Fe(COX(AgIPr)(AulPr) 22).

Scheme 3.48ynthesis 0R0-22.

co
R )
/ CcO OCy, i, | W \ \\\\\CO

s

NagfFe(CO))  ———— || )>7M fe—cO N i /
K NS N
\ oc ¢CO &/N /
R \R =N /

M,M'= Cu,Ag Cu,Au Ag Au
R= ‘@ 20 21 22
i

20-22 were quite stable both in the solid state and in solution, and were fully characterised
through IR,*H and*3C{'H} NMR spectroscopies.

Crystal structures

The molecular structures @f-22 were determined by means of single crystat}( diffraction as
their isomorphous Fe(C@CulPr).2AAglPr).731.5toluene 10,
Fe(COXCulPrp.71(AulPr)12¢1.5toluene i) and Fe(CQ)AgIPr)o.os(AulPr)y o5 1.5toluene I(l)
solvates (Figures 3.18.12, Table 3.4).
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Figure 3.10 Molecular structure of Fe(C@CulPr)(AglPr) 0). Two different views of the molecule are reported.
M---C(O) contacts [2.414(53.787(5) A] are represented as fragmented lines. Hydrogen atorasbbam omitted for
clarity (green, Fe; orange, Cu; yelloig; blue, N; red, O; grey, CJ.

Figure 3.11 Molecular structure of Fe(C@CulPr)(AulPr) @1). Two different views of the molecule are reported.
M---C(O) contacts [2.556(52.842(5) A] are represented as fragmented lines. Hydrogen atoms have been omitted for
clarity (green, Fe; orange, Cu; yellow, Au; blue, N; red, O; grey? C).

Figure 3.12 Molecular structure of Fe(CQAgIPr)(AulPr) 22). Two different views of the molecule are reported.
M---C(O) contacts [2.588(432.912(4) A] are represented as fragmeriieds. Hydrogen atoms have been omitted for
clarity (green, Fe; orange, Ag; yellow, Au; blue, N; red, O; grey?°C).
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