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INTRODUCTION

To celebrate the 150th Anniversary of the publication of The Principles of Chemistry by Mendeleev,
UNESCO has declared 2019 the International Year of the Periodic Table. Numerous publications have
recalled the history of its development and events have been organized on this occasion around the
world. For example, the Academy of Sciences of Lisbon contributed to this celebration through a Sym-
posium held on October 3, 2019,' and the French Académie des Sciences also dedicated an afternoon to
this celebration on November 19, 2019.2 The classification of the elements certainly represents one of
the most fruitful achievements in modern science and the Periodic Table occupies an iconic position in
chemistry, knowing no linguistic or geographical border since the language of chemistry is interna-
tional. Its current form is reproduced in almost every undergraduate inorganic textbook and displayed
in chemistry classrooms and lecture theatres.

Through the publication of his book “The Principles of Chemistry” in 1869, Dmitri Ivanovitch Men-
deleev offered a classification of the 63 elements known that allowed him not only to rationalize several
properties and explain similarities between elements but also to predict the existence of elements that
remained to be discovered. Although Mendeleev has been rightly given the major credit for this achieve-
ment, he recognised the major role played over an 80-year timespan by scientists such as Lavoisier,
Dalton, Berzelius, Prout, Dobereiner, Dumas, Cannizzaro, von Pettenkofer, Gmelin, Odling, Béguyer
de Chancourtois, Newlands and Meyer. The predictive power of Mendeleev’s classification was beau-
tifully demonstrated when Francois Lecoq de Boisbaudran discovered gallium in 1875, the existence
of which had been predicted by Mendeleev 6 years earlier (under the name eka-aluminum), when Lars
Fredrik Nilson discovered scandium in 1879 (the eka-boron of Mendeleev) and Clemens Winkler dis-
covered germanium in 1886 (eka-silikon). In 1875 Mendeleev published in the Comptes Rendus de
I"Académie des sciences a version of his classification that prefigures the Periodic Table as we know it
today, with 118 elements organized in 7 periods and 18 columns.?

The year 2019 also marks the 100" anniversary of the death of the Nobel laureate Alfred Werner (12
Dec. 1866 — 15 Nov. 1919), the founder of Coordination Chemistry. He was the first to propose correct
structures for coordination compounds containing complex ions, in which a central transition metal atom
is surrounded by neutral or anionic ligands, such as NH,, H,O or CI, respectively. Since these pioneering
days, the design of new functional ligands and complexes has become a major endeavour in chemistry,
only limited by the chemists’ imagination and triggered by fast developments in synthetic organic meth-
odologies and increasing (catalytic) use of metals, that provide access to new molecules or solids endowed
with remarkable chemical or physical properties.* Furthermore, the growing research effort directed
toward the study of the structural, catalytic and physical properties of coordination/organometallic metal
complexes is rewarded by their ever-increasing diversity of applications and performances. In the fol-
lowing, we shall provide an extended abstract of the lecture given on the occasion of the Celebration of
the 150" Anniversary of the Periodic Table by the Academy of Sciences of Lisbon on October 3, 2019.

HEMILABILITY: A POWERFUL CONCEPT RELEVANT TO HOMOGENEOUS CATALYSIS

Catalysis is gaining increasing significance, both in academia and in industry, because it allows
chemical transformations to be performed with lower activation energies, higher selectivity and atom
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economy, thus reducing energy costs and waste production. Catalysis is a major component of the
guiding principles of green or sustainable chemistry.>” To achieve a better fine-tuning of the stereoe-
lectronic properties of the metal centres involved in stoichiometric or catalytic transformations, a huge
diversity of functional ligands has been designed to control their coordination sphere. In particular,
various hybrid ligands, which contain chemically different donor groups, such as hard and soft donors,
have been developed. After coordination to one or more metal centres, their potential ability to undergo
dynamic behaviour resulting from partial de-coordination of the weaker link is directly relevant to key
steps in homogeneous catalysis processes (Scheme 1). This phenomenon, which is readily monitored
by variable-temperature NMR spectroscopy, temporarily liberates a coordination site that can be used
by a substrate molecule, which upon coordination to the active metal site, will be transformed and the
liberation of the product will be assisted by chelation of the hybrid ligand.®* This dynamic feature
characterizes a ligand /metal couple and has been coined hemilability ca. 40 years ago," although the
phenomenon itself had been observed earlier."

Hemilability in Solution: Dynamic Intramolecular Coordination
of Heterodifunctional Ligands and Substrate Activation
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O ™~ N
M — M — M
e S O
D Y Y
N
Product Substrate
p elimination coordination S
Y/\D M-induced Y/_\D
~ substrate “~
e M v M
P transformation s
Scheme 1.

Relevance of hemilability of a coordinated hybrid ligand to catalytic steps.

ACTIVATION AND TRANSFORMATION OF CO,

Using hybrid phosphine ligands containing an ester-enolate group,"” we unexpectedly discovered
a PA(II) complex that is capable of reversibly binding CO, at room temperature and under atmospheric
pressure (Scheme 2)."

In this process, the P-donor arm remains coordinated to Pd throughout whereas the O-Pd bond
opens and liberates a site for one of the oxygen atoms of the CO, molecule after nucleophilic attack of
the enolate carbon atom to the carbon atom of CO, has led to C-C bond formation. Migration of the
PCH proton results in a stabilizing H-bonding interaction in a six-membered ring. The reverse steps
occur when nitrogen is bubbled through a solution of the complex under ambient conditions, which
causes the liberation of the CO, molecule. In both forward and backward reactions, the oxygen-
-palladium bond formed and broken is in trans position to the c—bonded carbon atom of the
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Scheme 2.
Activation and valorisation of CO,

cyclometallated spectator ligand, which has a strong trans-effect and trans-influence. These CO, carri-
ers provided the first examples where reversible CO, fixation by a transition-metal complex has been
fully characterized by X-ray diffraction and shown to occur by carbon-carbon bond formation.'* Inter-
estingly, no fixation of CO, was observed when the ester-enolate group was replaced by a keto-enolate
(OEt replaced by Ph), illustrating the importance of the nucleophilicity of the enolate carbon centre that
undergoes nucleophilic attack on the carbon atom of CO, while the electrophilic centres (Pd(II) and H*)
stabilize the oxygen atoms of CO,. Thus, each atom of this triatomic molecule is involved in the process,
which can be viewed as a trifunctional activation of CO,. These palladium complexes were used to
catalyse the telomerisation of CO, with butadiene to afford the 5-lactone 1 (Scheme 2)." This work also
showed that CO, activation by a metal complex was necessary for catalytic activity but may not always
be sufficient. After catalyst optimisation, we achieved a 49% yield and 96% selectivity in d-lactone.
Selectivity is the major issue since unreacted butadiene can be readily recycled whereas the formation
of other CO,-containing products, e.¢. acids and esters, requires subsequent separation steps. It is inter-
esting to note that more than 30 years later, this chemistry remains of prime interest and while the
catalyst performances have not been significantly improved,'® applications of the product appear prom-
ising."

The properties and reactivity of alkyl carbonates remain of high academic and industrial interest
because they are important, versatile and biodegradable chemical intermediates with moderate toxic-
ity and environmental impact.’® They may be used e.g. for the alkylation of various organic substrates.
We reported a rare case of a Lewis acid catalysed formation of anisole or ethoxybenzene by
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decarboxylation of methyl or ethyl phenyl carbonate, respectively."” An Al(IIl) compound, such as AICI,
or Al(OAr),, was used as catalyst in a [Al]/[methyl phenyl carbonate] molar ratio of 0.0036. Facilitating
this difficult decarboxylation step is important and O-alkylation of phenol can then be readily achieved
in 2 steps using first an alkyl chloroformate and then catalytic decarboxylation of the organic carbonate

(Scheme 3)
CIC(O)OMe : \ - CO,

/C=O —_— OMe
MeO

{)—or

Scheme 3.
O-Alkylation of phenol by reaction of methyl chloroformate followed by catalytic
decarboxylation of methyl phenyl carbonate affording anisole.

PHOSPHINO-ENOLATES AND FUNCTIONAL N-HETEROCYCLIC CARBENES

Itis noteworthy that phosphino-enolates of the type seen above behave as 3 electron donor PO-type
chelating ligands with numerous metals and, together with closely related PN-type chelates, lead to
an impressive scope of very diverse catalytic applications,'> ranging from CO, activation (see above)
when coordinated to Pd(Il), ethylene oligomerization with Ni(II) (SHOP-type industrial process),***
transfer-hydrogenation with Ru(Il) (with related 3 electron donor anionic phosphinooxazoline che-
lates)® to alkane activation with Rh(I).* These examples serve to illustrate the remarkable impact of
hybrid ligands in homogeneous catalysis.®**2

Triggered in particular by the similarities between phosphine and N-heterocyclic carbene (NHC)
donors — notwithstanding their differences — the field of NHC ligands is enjoying exponential growth
and an increasing number of hybrid ligands are reported that associate NHC with other types of donor
functions (Scheme 4). NHC ligands offer advantages over phosphines, such as a lower oxygen-
-sensitivity and formation of generally more robust bonds to metals. Recent examples illustrate the
very interesting and often unique features and properties that functional NHC ligands confer to their

metal complexes. >

7N
PR, v RTNNT
Y

Scheme 4.

METAL CARBONYL CLUSTERS: WELL-DEFINED PRECURSORS TO NANOPARTICLES

Although the notion of metal-metal bonds in molecules was inexistent in the days of Alfred Wer-
ner, the field of metal clusters is now well established in chemistry and thousands of molecules
containing metal-metal bonds between similar (homometallic) or different (heterometallic) metal
centres have been prepared and characterized, usually by X-ray diffraction, the « ultimate » method.*
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Metal clusters are fascinating objects, and both experimentalists and theoreticians worldwide aim at
unravelling and understanding their often aesthetically most pleasing structures, their bonding fea-
tures, the occurrence within their core of metallophilic interactions at distances inferior to the sum
of the van der Waals radii,* their stoichiometric and catalytic properties in chemistry,”” including in
the gas phase,® and their physical, electronic, magnetic and optical properties of relevance to phys-
ics and material sciences.

Starting from well-defined carbonyl clusters where the metals are in a low oxidation state, thermal
activation allows easy removal of the ligands to afford metal nanoparticles, without drastic rearrange-
ments of the metal core that would occur if redox reactions were involved in the process. The central
question was to investigate whether their size and composition, in case of heterometallic systems, could
keep the “memory” of the metal core composition of their molecular precursor or whether phase seg-
regation would occur (Figure 1).

Metal Carbonyl Clusters for Nanoparticles and
Advanced Materials (Catalysis, Physical Properties, ...)

Mdlecular Clusters M ,(CO),L. Mixed- Metal Mdecuar Cluster M',M2,(CO)Ly
suppor t l A, activation support A, activation
-, (M, M2,), or w1 o+ sz" 2
Relationship between a and x ? alloy particle (phase segregation)

* Can bimetallic particles of controlled size (high dispersion) and composition be
obtained?

* Can "molecuar alloys" lead to bimetallic particles with metals that do not form
alloys in the bulk?

* Promising perspectives include the use of
+ micro- or mesoporous support materials
+ functional clusters amenable to co- condensation reactions using the sol- gel

process, leading to covalerx attached to the matrix

Figure 1.
Molecular clusters as precursors to well-defined nanoparticles

This approach led us to report in 1982 the first application of heterometallic clusters as molecular
precursors to heterogeneous catalysts in the form of alloy nanoparticles.”” We investigated the carbon-
ylation of organic nitro derivatives into isocyanates, catalysed by nanoparticles derived from the planar,
centrosymmetric bimetallic cluster [Mo,Pd,Cp,(CO) (PPh,),] (Figure 2).

Gratifyingly, these nanoparticles very not only very active but their selectivity for phenyl iso-
cyanate (71-80%) was higher than that of conventional catalysts prepared by mixing the individual
components (62-67%). These studies were extended to the use of Fe—Pd clusters impregnated on
silica or alumina as precursors to heterogeneous bimetallic catalysts for the conversion of o-nitro-
phenol to benzoxazol-2-one.** All the particles obtained by thermal decomposition of the clusters
[FePd,(CO),(u-dppm),] or [Fe,Pd,(CO),(NO),(u-dppm),] (dppm = Ph,PCH,PPh,

204



CLASSE DE CIENCIAS

First Applications of Heterometallic Clusters as
Molecular Precursors to Heterogeneous Catalysts

Ar-NO, + 3O | [[ar-N=c=0 + 2 co, |

Impregnation of Pd,Mo, and Pd,Fe, carbonyl clusters @}
onto inorganic supports, followed by thermal treatment,
has successfully led to heterogeneous bimetallic i i
catalysts with better activity and/or selectivity than the |EtsP—=Pd=—s—Pd=—Fet,
monometallic systems or their mixtures in the same Ofi:‘.\é ,éo

proportions and under similar conditions.

P Braunstein, R. Bender, J. Kervennal, Organometalics 1982, 1, 1236

1K . 4.-M. Gognion, P in, FR 2 515640 - U.S. 4 476 757 (1982) - Ewr. Pat. Appl. EP 76729 A1 (1983) (PCUK)
General review on Heterometallics and Catalysis: P. Buchwaller, J. Rose, P Braunstein, Chem. Rev. 2015, 115, 28-126
Figure 2.

This Mo,Pd, cluster was the first mixed-metal cluster containing palladium and used as a
precursor to catalytic bimetallic nanoparticles.

(bis(diphenylphosphino)methane) were shown by analytical electron microscopy to have a diam-
eter of 20-50 A and to be all bimetallic.*! In contrast, no small bimetallic particles were detected in
conventional catalysts prepared by co-impregnation of palladium and iron salts. The preparation
of heterogeneous, bimetallic catalysts from well-defined, mixed-metal clusters has become a very
successful field of research.?”

If impregnation of clusters on inorganic oxides, followed by thermal activation under con-
trolled atmosphere, to avoid oxidation of the highly reactive metallic nanoparticles obtained, is
a straightforward approach, it also appeared attractive to chemically anchor the clusters to the
host matrix, with the hope to better control the distribution of the particles in the solid. Bifunc-
tional ligands may be used for that purpose and we explored and compared complementary
approaches to this aim.* Starting from the versatile short-bite diphosphine ligand Ph,PNHPPh,
(bis(diphenylphosphino)amine, dppa),* we prepared the alkoxysilyl-functionalized diphosphine
ligands (Ph,P),N(CH,),Si(OMe),, (Ph,P),N(CH,),SiMe,(OMe) and (Ph,P),N(CH,),Si(OEt), which
were used to decorate the pore walls of nanoporous alumina membranes.*** The ligand alkox-
ysilyl end-group allows covalent attachment to the inorganic matrix by formation of strong Si-O
bonds. This procedure was also applied to the functionalization of an ordered mesoporous silica
of the type SBA-15 and the anchoring of the tetrahedral cluster [Co,(CO), (u-dppa)] (Figure 3).*
This cluster was selected because interesting magnetic properties were expected for the resulting
cobalt nanoparticles. The bridging dppa ligand not only stabilizes the cluster but also selectively
orients the substitution of the alkoxysilyl-functionalized diphosphine to the opposite edge of the
tetrahedron.
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Figure 3.
Anchoring of a Co4 carbonyl cluster onto mesoporous silica.

Subsequent thermal treatment of the functionalized mesoporous silica under H, led unexpectedly
to pure nanocrystalline, orthorhombic Co,P particles.** Their spatial repartition, size, and shape were
more regular than when a silica xerogel, obtained by the sol-gel process, was used. Interestingly, the
narrow size distribution of the particles of ca. 6 nm corresponds to the pore size diameter of SBA-15,
consistent with a controlled confinement exerted by the matrix on particle formation. The preparation
of transition-metal phosphides is attracting much interest owing to their various properties and it
generally requires the direct combination of the elements at higher temperatures, although molecular
precursors are being increasingly used.

Heterometallic clusters were also used as precursors to nanoparticles, such as [RuCo,(CO),,] which
is isoelectronic to [Co,(CO),,].¥* Starting from the cluster [Mo,Pd,Cp,(CO),(PPh,),] depicted in Figure
2, its impregnation in two different silica matrices, amorphous xerogels and ordered SBA-15, followed
by thermal activation led to the identification of a new lacunar ternary compound Pd Mo P, isostruc-
tural with Mo,P. Interestingly, the nanoparticles were more uniformly distributed in the SBA-15 frame-
work than in the amorphous xerogels and presented a narrower size distribution.*

Clearly, there are several advantages associated with stepwise approaches leading to the anchoring
of well-characterized metal clusters in mesoporous materials. They facilitate the subsequent controlled
generation of metal nanoparticles, which can be homo- or hetero-metallic depending on the nature of
the molecular precursor. Mixed-metal clusters can be viewed as ligand-stabilized “molecular alloys”
and convenient precursors to alloy nanoparticles. The study of their catalytic and electronic properties
is attracting increasing attention.”

CONCLUSION

Molecular chemistry is a fast expanding and unlimited field of research that deals with all the ele-
ments of the Periodic Table. In this presentation, we wished to illustrate, by selecting recent and less
recent but still relevant examples from our research activities, how specific ligands associated with
mono- or polynuclear metal centres can bring about novel and sometimes unexpected properties.
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Serendipity is an important and exciting component of fundamental research and, as quoted by Louis
Pasteur, « In the fields of observation, chance favors only the prepared mind ».
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