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Preface

The activation of small molecules generally occurs more efficiently on dinuclear
frameworks than on mononuclear species, especially in the context of catalysis in
which it is necessary to combine high reactivity, chemoselectivity, regioselectivity,
and long-lived activity. More than 85% of the products elaborated in the chemical
industry are using a catalyst. Numerous compounds or intermediates for the efficient
production of derivatives of petrochemicals, intermediates, and fine chemicals such
as pharmaceuticals use catalysis. At the present time, alternative feedstocks, such as
biomass and renewables, to crude oil and natural gas, are being investigated, and
selective catalysis is more and more necessary. Moreover, a broad effort aims at
using abundant metals to obtain large performances, including their efficient
recycling. Particularly important is the use of iron, cobalt, and nickel compounds.

Transition metal complexes, which contain appropriate ligands to adjust their
electronic and steric effects, when coordinated to a metal center, have been synthe-
sized to have the coordination sphere with the flexibility to obtain the various steps
of the catalytic cycle and to obtain powerful performances [1]. Moreover, the
reactivity can be tuned by the introduction of two metals in a close vicinity in
order to exalt their catalytic activity. Various homo- and hetero-dinuclear complexes
have been shown to maintain a higher catalytic activity than the mononuclear
counterparts, their dinuclear framework being preserved along the full catalytic
cycle [2]. Selectivity [3] and cooperative effects [4] have recently been reviewed.
Moreover, bio-inspired chemistry has allowed the synthesis of thiolato-bridged
homo- (Fe, Co, Mn, or Cu) and hetero-dinuclear complexes that are active in oxygen
reduction or hydrogen evolution reactions [5].

The present volume is dedicated to the available concepts that govern the modes
of cooperative effects in dinuclear complexes. Much work is still necessary to
anticipate how to build the right catalytic cycle that is efficient for all steps occurring
along the transformation of the substrates into the expected product(s). In situ
spectroscopic characterization and kinetic studies as well as theoretical calculations
allow ascertaining that the catalytic cycle involves dinuclear species in all steps.
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The first contribution from Zoraida Freixa, Piet van Leeuwen, and Philippe
Kalck, entitled “Reactivity on one metal center exalted by the second one” analyzes
the three elementary steps of oxidative addition, migratory insertion, and reductive
elimination in light of the cooperative effect induced by the second metal center
exalting the reactivity of the first one. The nature of the bridging ligands holding
together both metals and their electronic and steric properties governs the coopera-
tive effect. There are various ways by which one metal can influence the reactivity of
the second neighboring metal, both in stoichiometric and catalytic reactions. For
instance, in the following example, not only the oxidative addition of H, occurs on
one metal center, but also one hydride stays in a bridging position along intermediate
steps to increase the communication before the last reductive elimination step.

The second chapter entitled “Chemical Transformations in Heterobimetallic
Complexes Facilitated by the Second Coordination Sphere” is from R. Malcolm
Charles III and Timothy P. Brewster.

Complexes in which the second metal center is close to the first one and resides
in its second coordination sphere could enable bond activation processes, due to the
synergistic activity with the first metal, a situation that could be not available when
the complexes are monometallic. The spatial proximity between the two metal
centers as well as the electronic global response can allow for modification and
tuning of reactivity, so that switchable catalytic systems (redox-switchable and
cation-responsive systems) can be developed. For instance, the ferrocene-aluminum
complex in its reduced state [Fe-Al]™ catalyzes the ring-opening polymerization of
1,3-trimethylene carbonate, #-butyrolactone, whereas the oxidized form [Fe-Al]°* is
inactive.

The third chapter “Role of a Redox-Active Ligand Close to a Dinuclear Activat-
ing Framework” by Catherine Elleouet, Francois Y. Pétillon, and Philippe
Schollhammer is dedicated to the development of bio-inspired di-iron and di-nickel
complexes, and similar species, containing a redox-active ligand in their coordina-
tion sphere.

The structural characterization of the active sites of [FeFe]- and [NiFe]-hydrog-
enases and the search for understanding how they are operating have stimulated the
development of novel bio-inspired di-iron (and nickel-iron) compounds with a redox
ligand in the coordination sphere of the bimetallic site. It is possible to obtain a well-
adjusted electronic balance between the dinuclear framework and the redox ligand,
allowing a catalytic activity.

For instance, the complex [Fe,(CO)s(k'-Fc)(k*-dppv)(u-adt®™)] (F¢' = [Fe(n’-
CsMes){1°-CsMe4(CH,PEL,)}] and adt®" = (SCH,),NCH,C¢Hs) is a rare example
in which arises an intramolecular electron transfer between the di-iron center and a
ferrocenyl-phosphine. Here, the electroactive Fc’ ligand in the coordination sphere of
the azadithiolato di-iron complex operates as an electron reservoir, allowing bidi-
rectional H*/H, catalysis. The oxidation of this dinuclear complex by [H(OEt,),]
(BAr',) leads to the dicationic species in which the {Fe""Fe'} core exhibits an
inverted conformation while the iron atom of the Fc’ ligand is in the oxidation
state III. The coordination of H, to the dicationic species induces an intramolecular



Preface vii

electron transfer from the di-iron platform to the oxidized ferrocenyl group and leads
to the heterolytic cleavage of H,.

In the fourth chapter, Laurent Maron and Philippe Kalck analyze the “Dinuclear
reactivity between the two metal centers.” In addition to complexes where only the
substrate is coordinated to the two metal centers in a bridging position or bridging
ligands maintain the two metal centers in close vicinity, but have no significant role
as redox systems, sophisticated ligands, having multi-coordination sites, can be
synthesized to maintain the right distance between the two metal centers, with
sometimes some structural flexibility. In the le™-le’activation of the substrate on
the two metals, these centers present somewhat the same oxidation state, whereas
along the various catalytic activation steps the redox characteristics of these ligands
play a pro-active role. Most of the time these ligands contain nitrogen coordination
centers and unsaturated systems, and their reactivity is more deeply understood, due
to mechanistic and DFT theoretical studies. For the redox-active ligands, it is
possible to obtain active catalytic systems involving metals from the first line,
particularly nickel, iron, and cobalt.

Interestingly, as an example, the dicopper(I) complex, containing the diimine-1,8-
naphthyridine expanded pincer ligand, reacts with dioxygen and KOH at 60°C in
toluene to generate the (u-17>:7°-peroxo)dicopper(Il) active species, that coordinates
the alcohol, and catalyzes the formation of an aldehyde which reacts with primary
amines to prepare imines.

In the fifth and last chapter, Rémi Maurice, Talal Mallah, and Nathalie Guihéry
present a theoretical study entitled “Magnetism in Binuclear Compounds: Theoret-
ical Insights.”

This contribution is devoted to theoretical calculations for determining the elec-
tronic structure of binuclear complexes, including isotropic and anisotropic interac-
tions both in the strong and in the weak exchange coupling limits. Use of the theory
of effective Hamiltonians is performed to extract the magnetic anisotropy terms in
various regimes and in particular, those for which the giant spin approximation
holds. While only a second rank symmetric tensor is necessary to describe the zero-
field splitting in centrosymmetric compounds with a single electron on each metal
ion, a 4-rank tensor is necessary to describe the anisotropic exchange in the case of
two unpaired electrons per metal ion.

This volume would be helpful to academic and industrial researchers who are
involved in the field of highly efficient syntheses in organic chemistry in order to use
performant catalysts in the context of the sustainable development for using novel
substrates and more abundant metals than noble metals that opened the way to the
present highly performing catalysis.

As Editor of this volume, I have the pleasure to thank all the contributors for their
enthusiastic participation in this synthetic view of bimetallic catalysis. I would like
also to offer my warm thanks to the Springer team for their continuous support, their
patience, and their efficiency.

Toulouse, France Philippe Kalck
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Abstract This chapter is devoted to the coordination sphere of the two metals of a
dinuclear framework for which the reactivity of one metal center is exalted by the
second one. Kinetic studies and theoretical calculations are efficient tools nowadays
to ascertain that along the catalytic cycle, bimetallic species are operating in the
various steps converting the substrate. Bimetallic coordination complexes are
described, in which the nature of the bridging ligand plays an essential role, as
their mutual steric and electronic influences are determined by the distance and
orientation of the two metal centers. By many ways, one metal can influence the
reactivity of a neighboring metal both in stoichiometric and catalytic reactions. The
three elementary steps of oxidative addition, migratory insertion, and reductive
elimination are analyzed in the light of the cooperative effect induced by the second
metal center exalting the reactivity. The electronic effects played by the ligands of
the coordination sphere appear essential, but in some examples, steric effects add a
supplementary influence, which may result in an increased selectivity. The tug-in
effect of one metal on the other one, especially in heterodinuclear species, can allow
tuning the reactivity through an appropriate adjustment of the distance between the
two metal centers and a Lewis acid functionality. These concepts can be extended to
dinuclear species bonded to a surface. Of course, much progress is still necessary to
anticipate the right way to design the multidentate ligands, which scaffold a
dinuclear entity for a given stoichiometric or catalytic reaction.

Keywords Cooperative effect - Dinuclear complexes - Electronic and steric effects
of the coordination sphere - Migratory insertion - Oxidative addition - Reactivity of a
single metal center - Reductive elimination - Synergistic effect

1 Introduction

In coordination chemistry, the elementary reactions occurring either in stoichiomet-
ric reactions or in catalysis involve most of the time mononuclear complexes.
Reactions involving dinuclear species have also been known since long ago. In the
context of this book, essentially dedicated to the concepts which govern the coop-
erative effect in dinuclear complexes, this chapter is focused on the enhanced
reactivity that occurs for a two-electron elementary step. Such reactions can operate
on one metal center, the reactivity of which being influenced by the second metal
center, either through electronic effects or due to the steric hindrance of its
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coordination sphere. Keeping steric effects aside, we will mainly focus on the
reactivity of the first metal center in reactions in which a two-electron process
occurs, i.e. oxidative addition, migratory insertion, and reductive elimination. As
we will see, electronic effects mainly influence reactivity, while steric effects play a
major role in determining the selectivity of the reaction. When possible, comparison
with mononuclear species will be made to show that the cooperative effect initiates
the reactivity or significantly increases it. Recent theoretical calculations help us to
specify how the synergy occurs between the two metal centers. On several occa-
sions, further reactivity on the second metal center can be established. These
calculations and kinetic studies sometimes allow us to show that the reactivity occurs
on a monometallic species and that the bimetallic complexes present at the beginning
and the end of the reaction should be considered as sleeping species. Even though it
is difficult to give all the rules to build the appropriate coordination sphere around a
bimetallic complex, to choose the nature of the two metals, and to obtain the
expected reactivity, some salient features emerge from the present analysis. Several
reviews that touch upon the present theme have been published recently [1-7].

2 Mechanisms in Which Only One Metal Center Undergoes
Oxidative Addition Reaction

2.1 Two Electrons Oxidative Addition on One Metal Center
2.1.1 Direct 2 Electrons Oxidative Addition on M’

Recent DFT calculations performed on the oxidative addition of iodomethane on a
dinuclear platinum(II) complex show clearly that the first CH;I reaction is faster than
the second one [8].

This process involves an Sy2 attack of an electron-rich platinum metal center to
the methyl group of CH;I with an energy barrier of 30.0 kJ mol™~' (Schemes 1 and 2).
The cleavage of the Me-I bond in the transition state followed by the coordination of
the methyl ligand to platinum(IV) provides the first cationic intermediate. Coordi-
nation of the I™ ligand gives rise to the Pt(IV)-Pt(Il) complex; it reacts in a second
step more slowly with a second molecule of CH;I, with an energy barrier of
31.9 kJ mol™' mainly because an electronic effect occurs from Pt(Il) to Pt

Scheme 1 Oxidative addition of CH3I on a single platinum metal atom through an Sy2 mechanism
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(IV) through the bridging 2,2’-bipyrimidine ligand L, reducing the nucleophilicity
of the Pt(Il) center. The free energy barrier to form the Pt(IV)-Pt(IV) complex from
the Pt(IV)-Pt(I) intermediate is AG* = 75.1 kJ mol™!, whereas that for the first
oxidative addition is 74.5 kJ mol ! consistent with the first kinetic measurements
performed in acetone at 25°C providing a k, second-order rate constant of
9.7 L mol™! s™! for the first step and 1.4 for the second one, so that the Pt(I)-Pt
(II) Cx; complex reacts with CH3I about 7 times as fast as the Pt(IV)-Pt(Il)
intermediate, as initially observed [9]. The DFT calculations show clearly that the
two HOMO highest occupied molecular orbitals in the starting complex are mainly
located on the two Pt(II) centers, whereas the LUMO lowest unoccupied molecular
orbital is essentially localized on the L; bridging ligand. In the Pt(II)-Pt(IV) inter-
mediate the LUMO is still centered on the L, ligand, but the dz* orbital of the Pt
(IT) center is the main component of the HOMO-1, the two HOMOs being located on
the iodide ligand of the Pt(IV) center (Fig. 1) [8]. Thus, the second Sn2 type
oxidative addition reaction proceeds through the removal of electron density from
the HOMO of the Pt(IT) center into the LUMO of CHj5I to form the Pt(IV) complex.
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These DFT calculations are consistent with the kinetic measurements and obser-
vations made on platinum dimers bridged by diimine ligands [9], bis
(diphenylphosphino)ferrocene [10, 11], two phosphorus atoms of bis
(2-(diphenylphosphino)ethyl)phenylphosphine  [12],  bis(diphenylphosphino)-
acetylene [13], or even a rollover bipyridine [14]. For the diimine ligands the authors
concluded that steric effects should also be included [2].

In a subsequent DFT study, Hosseini et al. replaced one of the Pt atoms in the
bypim complexes Cy; by Ni or Pd (Scheme 3) [15]. It was found that in the Pt(IT)-Ni
(II) as well as in the Pd(I) analogs (Cy;-) the first oxidative addition takes place at
the Pt center and thus of the three Group 14 metals Pt(I) is the most nucleophilic one
in the bypim complexes. The order of reactivity for the first step, addition to Pt, is
Ni > Pd > Pt, while for the second CH5I addition the order is reversed.

Interestingly, in a complex containing the two bis(diphenylphosphino)methane
and phthalazine bridging ligands, one Pt(Il) atom is coordinated by two methyl
ligands, whereas the second one is part of platina(IT)cyclopentane ring providing to it
a higher electron density and inducing the first oxidative addition reaction [16]. In
the second oxidative addition process cationic diplatinum(I'V) forms with one iodide
in bridging position.

The oxidative addition of methyl halides to the dinuclear [Rhy(u-
CI)2(CO)»(PR3),] Cx, complexes occurs on the two metal centers and results in
the formation of the [Rhy(CH3),X5(u-Cl)2(CO),(PR3),] Cx3 complexes. For CH3l, a
further migratory insertion of the methyl group occurs giving rise to the bis-acetyl
[Rhy(C(O)CHj3),L(p-Cl)x(solv),(PR3),] Cx4 complexes in equilibrium with the
previous ones. Under a CO atmosphere the [Rhy(COCHj3),1,(1-Cl),(CO),(PR3),]
Cxs complexes are formed, which can eliminate acetyl chloride by a reductive
elimination process (Scheme 4) [17-19].

On the contrary, the addition of one equivalent of CH;Br or CH;l to the p-thiolato
Rh(I) dinuclear [Rhy(u-StBu),(CO),(PMe,Ph),] Cxg complex leads to the Rh(I)-Rh
) [(PMe,Ph)(COCH3)(I)Rh(u-StBu),Rh(CO)(PMe,Ph)] Cx; complex in which
only one metal center has reacted (Scheme 5) [19, 20]

The addition of a second equivalent of reactant leads to complex mixtures of
products. However, reacting powder of Cx¢ with vapor of CH;Br led to the Rh(III)-
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Scheme 5 Oxidative addition of CH3I on one rhodium center of Cx¢ providing the Rh(IIT)-Rh(I)
Cx; complex

Rh(IIT) complex having one acetyl ligand on one metal center and a methyl group on
the other one [20]. Direct metal-metal interaction should be weak since in the Rh(I)-
Rh(I) Cxg complex, the distance between the two rhodium centers is 3.061(1) A [21]
and in the Rh(I)-Rh(III) acetyl Cx; complex of 3.110(1) A [20]. Presumably the
Rh;(u-StBu), core is electron rich, since the methyl group is sufficiently nucleophilic
to attack the CO ligand; on the remaining Rh(I) center, the increase of 25 cm”!in the
Vco stretching frequency is consistent with a significant decrease in the electron
density.

In a similar way, the [Rh,(u-1,8-(NH),napht)(CO),(PR3),] Cxg complexes that
contain the flexible L, 1,8-diamidonaphthalene bridging ligand, and tris(isopropyl)-,
triphenyl-, or tris( p-tolyl)phosphine, react at room temperature with one equivalent
of CH3I to give the Rh(I)-Rh(II) acetyl Cxg complexes of general formula [(PR3)
(COCH3)(DRh(u-L,)Rh(CO)(PR3)], with the vco stretching frequency having a
roughly 25 cm™ ' higher value than the average of the two terminal CO infrared
bands in Cxg [22]. These complexes do not undergo the oxidative addition of a
second molecule of CH3I on the Rh(I) center under ambient conditions. Reaction of
a 10-fold excess at 70°C results in the decomposition of the P(iPr); and PPh;
complexes, but allows to obtain in modest yield the Rh(III)-Rh(III) [(PR3)
(COCH3)(DRh(u- L,)Rh(I)(COCH;)(CO)(PR3)] Cxq¢ complex for R = p-tolyl
(Scheme 6).
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and then at 70°C with a 10-fold excess

Presumably, there is a competition between the migratory insertion of the methyl
group and a second oxidative addition on the second metal center according to the
electron density on the Rh(I) center of the Rh(I)-Rh(III) species and also the steric
hindrance of the ligands. Using diphosphine ligands that present the property to
exclusively coordinate the metal in the two frans-positions, it has been shown that,
contrary to the mononuclear complex, the di(p-chloro)dirhodium(I) dinuclear com-
plex containing the trans-spanning diphosphine ligand SPANphos L3 is able to
activate CH;I (Scheme 7) [23].

Various diphosphine ligands, of which three representative examples are shown
on Scheme 7, have been designed and synthesized to provide exclusively bimetallic
complexes. Their addition to [Rhy(u-Cl),(CO),] in a P/Rh ratio of 1/1 leads to the
syn dimers [24]. In highly diluted conditions (MeOH/Mel/H,O/Rh = 9,670/1,000/
6,820/2 mol), in order to avoid any medium effect on the activity caused by
phosphine quaternization, these complexes show a high activity in the low CO
pressure methanol carbonylation, since the turnover frequencies can reach 980 h™'
and the turnover number 1470 for a reaction performed at 150°C, 22 bar of CO
(at 22°C) and for 1.5 h with the two ligands built on the benzofurobenzo-furan-based
backbone and dibenzodioxocin skeletons [24]. With the SPANphos L3 ligand, the
performances are slightly more modest since the TOF is 592 h™' and the TON
888 cycles.

DFT theoretical calculations show that the activation barrier for the reaction of
CH;I with the model [Rh,(u-Cl1),(CO),(PMes),] complex is 5.5 keal mol ! or 5.9
for [Rh,(u-Cl1),(CO),(PHs3),], whereas it is 6.8 for the mononuclear trans-[RhI(CO)
(PH3),] complex (Fig. 2). The approach of CH;l to one Rh center of the dinuclear
species adopts an Sy2-like transition state [25].

Reaction of the 2-([2-(diphenylphosphino)benzoyl]phenylamino)ethyl-2-
(diphenylphosphino)benzoate diphosphine ligand L4 (ligand represented in
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Scheme 8), with [Rh,(#-Cl),(CO),] in a P/Rh ratio of 2/1 leads to the mononuclear
trans-[RhCI(CO)diphos] Cxy; complex which is highly active in the methanol
carbonylation into acetic acid since a TON of 803 is obtained in 15 min at 170°C
and 22 bar [26]. Along the recycling of the catalyst, Thomas and Sii8-Fink detected
the dinuclear complexes syn- and anti-Cxy, in the solution, and the X-ray crystal
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structures show clearly an octahedral coordination geometry consistent with the
interaction of the two oxygen atoms of the amino alcohol spacers with the rhodium
centers, so that these dinuclear species are considered as the resting states of the
mononuclear active species [26, 27]. Diphosphine ligands built on rigid spacers
generate exclusively mononuclear entities with TON values close to 800, providing
an indirect confirmation that the dinuclear complex remains outside the catalytic
cycle, the cooperative effect between the metal centers playing no peculiar role in the
CH5I activation [28, 29].

2.1.2 Oxidative Addition on One Metal Center Followed by Migration
to the Second Metal Center

The racemic-Et,Ph-P4 tetraphosphine Ls ligand coordinates two rhodium metal
centers to produce the [Rhy(nbd),(rac-Ls)](BF,4), Cxy3 dicationic complex, which
is an active and regioselective bimetallic hydroformylation catalyst providing a high
initial turnover of 20 min~' and a high 28/1 linear/branched aldehyde
regioselectivity [30]. The analogous complex containing the meso-Ls ligand is
22 times slower and provides more internal alkenes and alkanes. The CH, bridge
between the P, and P; phosphorus atoms is essential for the cooperative effect
exerted by one Rh metal center onto the second one, since when the bridge is a p-
xylyldiyl or a 1,3-propanediyl group the catalytic activity is very low (Scheme 9).
The [Rhy(nbd),(rac-Ls)](BF4), Cxq3 precursor is transformed under 20 bar of
CO pressure into [Rh,(CO)4(rac-Ls)](BF4), Cxq4 (Scheme 10), which reacts with
dihydrogen on one metal center to form the mixed Rh(I)-Rh(IIl) dicationic [Rh
(CO)3(p-rac-Ls)Rh(H)z(CO)]2+ Cxy5 species, with a reorganization of the coordi-
nation sphere occurring into a new framework Cx;¢ with two phosphorus atoms
moving from bridging into terminal positions and having one hydride/one CO or two
hydride ligands in the bridging positions (shown in Scheme 10). Substitution of one
terminal CO ligand with the alkene (Cxy7), followed by the migratory C=C double
bond insertion into the Rh,(p-H) hydride (Cx;g), and then the migratory CO
insertion, leads to the proposed acyl intermediate [Rh(C(O)CH,CH,R)CO(p-H)(u-
CO)(,u-rac-Ls)Rh(CO)z]2+ Cxy9. Reductive elimination of the aldehyde, using the

Et
\

Et
Et Et P
/ \ i /—/
Et—F! p—Et N ——p

L\/\/_/ /—/ “Ph

L Et—P
P ~Ph \
Et
meso-Et,Ph-P4 racemic-Et,Ph-P4
tetraphosphine Lg tetraphosphine Ls

Scheme 9 The two diastereomeric binucleating tetraphosphine meso- and racemic-Ls ligands,
[(EtoP,CH,CH,)P2(CsHs)CH,P3(CsHs)(CH2CHoP4ED)]
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Scheme 10 Proposed intermediates for hydroformylation of the RCH=CH, alkene starting from
the tetracarbonyl precursor Cxy4

bridging hydride and the acyl group from the Rh(IIT) metal center, restores the active
[Rh(CO)(u-mc-Ls)(u-CO)th(CO)]2+ Rh(I)-Rh(I) species Cxy4, which reacts with
H, to form Cx;5 (Scheme 10).

Interestingly, addition of 30% water to the acetone solvent results in an increase
of the initial TOF from 20 to 73 min~' and a higher heptanal I/b selectivity moving
from 25/1 to 33/1 with only 2% by-products [30, 31]. The dicationic dihydride
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catalyst deprotonates easily to generate a new monocationic monohydride dirhodium
[Rh(CO);(p-rac-Ls)Rh(H)(CO)]* Cx, species, which is still more active than the
dicationic species Cxy4. DFT analyses show two bimetallic complexes that possess
either one CO or one hydride bridge, with the second complex being only 1.8 kcal
higher in energy, and that significant electron density is present between the two
metallic centers (Scheme 11).

Based on DFT calculations the bimetallic hydroformylation mechanism starts
from the Rh(I)(p-H)Rh(I) dinuclear Cx,¢ complex with substitution of a CO terminal
ligand with the alkene followed by the hydride migration to give an alkyl complex
and then an acyl complex on which the oxidative addition of H, provides a Rh(I)-Rh
(IIT) intermediate. The reductive elimination of the aldehyde from the two acyl and
hydride ligands requires a 21.6 kcal mol ' activation energy and is the rate-
determining step. It restores the active species with a terminal hydride ligand,
which rapidly evolves to the Rh(I)(p-H)Rh(I) dinuclear Cx,y complex (Scheme
11) [30, 31].

Nkajima, Tanase, et al. introduced tetraphosphine meso-Lg containing bridges
different from those of Stanley’s ligands L5 and the chemistry developed for Rh(I) is
also different (Scheme 12). Complexes of several metals were studied, but here we
are only concerned with those changing oxidation state, such as Rh(I). Reaction of
L¢ with [Rh,(u-Cl1),(COD),] resulted in complex Cx,; that was found to reversibly
react with dioxygen on one metal center [32]. The Rh—Rh distances (2.68 A) in
complexes of structure Cx,; suggest the presence of a bonding interaction between
the two rhodium centers, which was confirmed as a Rh — Rh dative bond by DFT
calculations [33]. Complex Cx;; underwent oxidative addition of one molecule of
HCI, which took place at one of the Rh centers; the ratio of products Cx;, and Cx,3
depends on the precise nature of the ligand and the bridging ligand. Both complexes
are Rh(I)-Rh(III) complexes which can be further oxidized in the presence of air for
which no exact mechanism was established.

The dirhodium complex Cx,4, containing the sulfonamido-phosphoramidite
ligand L, is a hydrogenation catalyst as was reported by Reek et al. According to
DFT calculations, the reaction takes place with the dimeric catalyst [34]. The Rh—Rh
distance is 3.24 10\, and it was described as a weak metal-metal interaction. The
catalyst hydrogenates methyl-2-acetamidoacrylate with a high rate and very high
enantioselectivities (99% ee). The mechanism is presented in Scheme 13 for the
hydrogenation of ethene. The active species is Cx,4, Which after dissociation of a
weakly bound sulfonate group forms a complex with dihydrogen, Cx,s. According
to DFT calculations, the most stable complex after oxidative addition is the
dihydride Cx,¢, with one terminal and one bridging hydride. The Rh—Rh distance
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Scheme 12 Rh(I)-Rh(III) complexes of ligand Lg (Ar = xylyl)

is now slightly shorter at 3.16 A, and the complex is best described as Rh(II)-Rh
(I) with a dative bond between the two metals. The decoordination of the sulfonate
leaves a vacancy for ethene coordination (Cx,7) and the reaction is completed in the
usual way, migratory insertion (Cx,g) and reductive elimination from Cxj¢ to give
again Cx,4. In agreement with the experimental kinetic data the barriers for the steps
were of the same order of magnitude. Recent NMR and DFT calculations show that
the Rh,(L;), framework of the norbornadiene precursor of Cx,4 involves a strong
N-Rh bond (J'®Rh-'>N = 30 Hz) in addition to the strong P-Rh bond
(J'9Rh-3'P = 261 Hz) [35].

Early-late Transition Metal complexes have a long history in heterobimetallic
complexes and catalysis, in particular for Zr, Rh, and sulfur ligands, but the mutual
influence is usually weak [36]. We will make an exception for the reaction of the
early—late heterobimetallic compound [Cp",Zr(u3-S),(u-dppm)(Rh(CO)),] (Cxsg in
Scheme 14) [37]. Reaction with Mel affords the unusual oxidative addition product
[Cp",Zr(u3-S)>Rh,(u-CO)(u-dppm)()(COCH3)] (Cxs1), showing the presence of a
bridging carbonyl and a terminal acetyl ligand, in which notably the reactive centers
are two Rh atoms and Zr is just part of the bridging ligand. The optimized structure
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of Cxs; by DFT calculations is further substantiated by the spectroscopic data of the
13CO-labeled complex.

Sola, Oro et al. reported on the bimetallic iridium complexes Cxs; bridged by
pyrazolyl and hydride ligands which are active in the hydrogenation of alkenes,
alkynes [38], and imines [39]. One metal center participates in the hydrogenation of
imines and instead of an oxidative addition of H,, a heterolytic transfer of a proton
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and a hydride takes place, but the ligand on the second metal strongly influences the
rate of reaction (Scheme 15).

2.1.3 Sequential Double Oxidative Addition

With organic gem-dichloro CHRCI, compounds, the oxidative addition reaction on
the [(COD)Rh((p-Pz),Rh(CNtBu),] Cx33 complex, in which the two Rh(I) metal
centers are bridged by two pyrazolyl ligands and are coordinated to tBuNC
isonitriles Lg and COD ligands, results in consecutive oxidative additions
[40]. The reaction of CHCI,(CO,Me) with the Cx33 complex results in one C—Cl
oxidative addition on the more electron-rich metal center that contains the Lg ligands
providing the Rh(I)-Rh(IIT) complex Cxs4 (Scheme 16) which has been isolated and
fully characterized. For R = CO,Me the reaction stops here and no oxidative
addition takes place at the Rh(COD) second center. However, further addition of
Lg ligands that replace COD leads to reaction of the second C—Cl bond [41]. Due to
the proximity of the C atom to the electron-rich Rh(I) center the second oxidative
addition occurs and complex Cxs4 produces immediately the Rh(III)-Rh(III) com-
plex Cx3s containing the CH(CO,Me) bridge.

Complex Cxj3 reacts with a monochloro alkyl substrate RCH,Cl (R = Ph,
CH=CH,, CO,Me) at the more nucleophilic rhodium atom bearing the two
isocyanide ligands and leads to the [(COD)Rh(l)(p—PZ)th””)(Cl)(CHzR)
(CNtBu),] Cxs complex for which the two conformers have the CH,R group in
endo and exo position, which interconvert at room temperature in benzene, whereas
in CDCl; only the endo species is detected by NMR [42]. The reaction follows an
SN2 pathway, and provided it is performed in strict darkness, alkyl bromides lead to
similar mixed-valence complexes. As for Cx3z4, addition of two tBuNC ligands to
Cx34 induces substitution of the cyclooctadiene ligand and the formation of a more
nucleophilic Rh” center. In a similar Sy2 type reaction this metal center reacts
with a second RCH,Cl molecule so that the -cationic [(CNtBu),(CH,R)
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Scheme 16 Oxidative addition of CHCl,(CO,Me) on a single metal center in the first step and
activation for a second oxidative addition by isonitrile substitution of the cyclooctadiene [41]
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Rh"™(u-Pz),Rh™(u-Cl)(CH,R)(CNtBu),]*[Cl]~ Cxszy is formed with the first
chloro ligand becoming in the bridging position due to the proximity of the two
metal centers. Using a similar strategy, the complex [(COD)Rh(p-NH( p-tolyl)),Rh
(CNtBu),] (Cxag) was reacted by Oro et al. [43] with CH,CI(CO,Me) to lead to the
mixed-valence [(COD)Rh®(u-NH(p-tolyl)),Rh™™(CI)(CH,CO,Me)(CNtBu),]
Cx39 complex. After addition of two molar equivalents of tBuNC, and reaction
with the chiral (—)-(§)-CICH(CH3)(CO,Me) alkyl chloride, the ionic [(CNtBu)z(nl—
CH,CO,Me)Rh™(-NH {p-toly1})»(p-CHRh"™ {(R)-CH(CH;)(CO,Me)}
(CNtBu),]*[Cl] ™~ Cxy4y is isolated (Scheme 16). The inversion of the configuration at
the chiral carbon is consistent with an SN2 type reaction for the second step.

When considering diphosphine complexes of the type [Rh,(p-Cl),(diphos),], the
direct addition of two diphosphine ligands to the [Rhy(pu-Cl),(diene),] complex
under the catalytic conditions is not a reliable methodology. Indeed, as [(diene)Rh
(p-Cl),Rh(diphos)] and [Rh(diene)(diphosphine)]™, [Rh(diphosphine),]" and [RhCl
(diene)(diphosphine)] species could also be formed, depending on the ligand and
reaction conditions, which hamper the direct interpretation of the observed activities
as being due to the dimeric nature of the catalyst [44]. When the carbon-halogen
bond is easy to cleave, the direct double oxidative addition on the two metal centers
occurs as for the reaction of CH,I, with [Ir;(p-tBuS),(CO),L,] (L = CO, P(OMe)s,
PPh;, PPh,Me, and PMe3) producing easily the [Ir,I,(p-CH,)(p-tBuS),(CO),L,]
Cx4p Ir(TD-Ir(I1) complexes [45]. When the two metal centers possess a high
electron density, the CH,Cl, double oxidative addition occurs to produce the
[Rh,Cly(p-Cl)2(p-CH,)(diphosphine),] Cx4, complexes [46, 47]. However, it is
necessary to be very careful interpreting the double oxidative addition as resulting
from a cooperative effect between the two metal centers. Indeed, when PEt; is added
to [Rhy(p-Cl),(CgH14)4] the mononuclear [RhCI(PEt;3);] complex is rapidly formed
and reacts with the starting dinuclear cyclooctene complex to provide the expected
[Rhy(p-Cl1),(PEt3)4] Cx43 complex in THF [48]. Furthermore, [RhCI(PEt3);] reacts
slowly with CH,Cl, at room temperature to provide the [Rh,Cl,(p-Cl),(p-CH,)
(PEt3)4] Cxy44 complex. Reaction of the Lo PN ligands (2-pyridyl),NPR, (Scheme
17), which contain the bulky isopropyl, tert-butyl, or cyclohexyl R substituents, with
the cyclooctadiene [Rhy(p-Cl),(CgHiz)>] precursor affords the mononuclear
pentacoordinated [RhCI(PN)(COD)] complex Cx4s [49]. This intermediate reacts
in CH,Cl, to give by loss of cyclooctadiene and oxidative addition the very reactive
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Rh(III) Cx46 [RhCl,(CH,CI)(PN)] species, which immediately reacts with Cxys to
form the methylene-bridged dinuclear [Rh,Cl,(p-Cl),(u-CH,)(PN),] Cx47 complex
(Scheme 17). At the end of the reaction, when all the Cx45 has been consumed, Cxyq
dimerizes into the [Rh,Cl,(p-Cl),(CH,Cl),(PN),] Cx4g complex.

Analyzing the reactivity of the [Rh,(p-Cl),(diphos),] complexes containing the
Lo 1,2-bis(diphenylphosphino)ethane and Ly, 1,3-bis(diphenylphosphino)propane
ligands and the mixed species [(Lj9)Rh(p-Cl),Rh(Lyq)], the kinetics of the reaction,
and NMR spectroscopic evidences allowed Mannu, Heller et al. to propose that the
intermediate is the highly reactive 14-electron [RhCl(diphos)] mononuclear
species [50].

2.2 Preliminary Coordination of a Part of the Substrate onto
the Other Metal Center

In many cases, the initial coordination of a C=C double bond on the M center
providing a m-interaction assists the oxidative addition on M’.

For instance, the dinickel (“P'NDI)Niy(CgHg) Cxugo complex reacts with
vinylcyclopropane with coordination of the C=C double bond and the approach of
the C-C bond of the cyclopropane moiety on the second nickel center. The two
nickel atoms, at a distance of 2.496(1)A, are maintained in close proximity by the
introduction of the Ly, binucleating tetranitrogen containing (“*"NDI) ligand, 1,1’-
-(1,8-Naphthyridine-2,7-diyl)bis(N-(2,6-diisopropylphenyl)ethan-1-imine [51]. The
oxidative addition is barrierless after this approach and, with regard to the precursor,
is exothermic by 17.2 kcal mol ', producing a dinickel metallacycle. The reductive
elimination gives rise to cyclopentene [52]. The second nickel metal center allows
the precoordination of the alkene as well as the stabilization of the allyl moiety
(Scheme 18).

The same catalytic rearrangement occurs for I1-phenyl- and 1-hexyl-2-
vinylcyclopropane leading to 3-phenyl- and 3-hexylcyclopentene with 93 and 92%
yields, respectively. Similarly, catalytic rearrangement of cyclopropanes bearing
heteroatom-containing substituents occurs on the Cx49 dinuclear entity, providing
with high yields 1-(N-phenylimine)but-2-ene from N-phenylcyclopropylimine,
crotonaldehyde from cyclopropylcarboxaldehyde, and 5-phenylpent-3-one from
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Scheme 20 Diastereoselective rearrangement of 7-substituted norbornadiene under a CO atmo-
sphere, through Cxy9

1-phenylethylcyclopropan-1-ol [52]. Synthesis of the diamagnetic Cxsg [C0,(CgHg)
(L12)] and paramagnetic Cxsy [Fey(CeHg)(Li12)] complexes has been performed by
reacting Nay[L;,] with CoCl, or FeCl, to produce the [M,Cl3(L;2)] complexes
followed by their reduction with KCg [53]. The three Cx49, Cxs9, and Cxs; dinuclear
complexes react with allyl chloride, with a preliminary coordination of the C=C
double bond on one metal center, which acts as an electron source and stabilizes the
incoming substrate. The oxidative addition then occurs on the second metal center
with an activation barrier of 4.1, 2.7, and 0.4 kcal mol ! for Ni,, Co,, and Fe,,
respectively, generating the two M-allyl and M-Cl bonds. Then the two C3Hs and Cl
ligands move into bridging positions (Scheme 19).

Through an analogous process, complex Cx49 can activate norbornadiene by
coordination of a C=C double bond and a C-C oxidative addition. Further reaction
with CO in such a way that the Ly, ligand is not displaced, for instance by
introducing small amounts of Cr(CO)¢ to provide CO, results in the formation of
the [3.3.3] product. Starting with a substituent in the 7-position of norbornadiene
produces a single diastereoisomer (Scheme 20) [54].

Complex Cx49 was used by Uyeda et al. for the addition of vinylidenes to alkenes
to give methylenecyclopropanes via a catalytic reductive methylene
cyclopropanation reaction of alkenes, utilizing 1,1-dichloroalkenes as vinylidene
precursors [55]. The reaction proceeds via Niy(vinylidenoid) intermediates gener-
ated by C—Cl oxidative addition (Scheme 21).

Meyer and co-workers reported on various reactions of dinickel complexes with
structure Cxs, based on a trianion pyrazolate-bis(p-diketiminato) ligand holding two
Ni“PH fragments together. The complex easily eliminates H, with the formation of a
highly reactive Ni® dimer that reacts with various substrates in an asymmetric
manner at the two metal centers or it undergoes intramolecular C—H oxidative
addition involving the two metal centers. The latter is reversible, thus still allowing
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reaction with an intermolecular substrate. Scheme 22 shows benzaldehyde as a
simple substrate oxidatively adding to the two Ni®” ions [56].

3 Migratory Insertion on a Single Metal Center
3.1 Bimetallic Alkene Polymerization
3.1.1 Ti-Ti complexes

Bimetallic complexes have emerged as powerful polymerization catalysts, and
metal-metal cooperative effects have been shown to affect polymer microstructure,
as for instance shown for the enantioselective polymerization of propylene oxide in
which the absolute stereochemistry of the binaphthol linker between two cobalt
metal centers is crucial [57]. Significantly, bimetallic “constrained geometry cata-
lysts” exhibit high activities and significant cooperative effects, affording
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completes the coordination sphere of the monometallic Cxs4 ligand

macromolecular products with enhanced M,, and copolymerization properties [58—
60]. In an approach reminiscent of that of Stanley in bimetallic Rh-catalyzed
hydroformylation [30], Marks and co-workers studied the polymerization character-
istics of the rac and meso dimeric compounds of the constraint geometry catalysts
(CGC) rac-(p-CMe,-3,3’ )((ns-cyclopentadienyl)[l—Mezsi(tBuN] [Ti(NMe,),]), rac-
Cxs; (either rac-(R,R) or rac-(S,S)) and meso-(p-CMez-fﬁﬁ’)((n5 -cyclopentadienyl)
[1-Me,Si(‘BuN][Ti(NMe,),]), meso-Cxss (Scheme 23) [61]. The two diastereomers
of the complex diamido intermediates could be separated by crystallization, which
were then converted to the methyl analogs by treatment with AlMe;. Upon heating
rac-Cxsz and meso-Cxs3 release two molecules of methane and a doubly bridged
methylene complex was obtained. Homopolymerization and copolymerization of
ethene, propene, l-octene, and styrene were performed in toluene at 25°C. The
monometallic catalyst [(3-#-Bu-CsH;)SiMe,N-7-Bu]TiMe, Cxs4 (either (R) or (S))
was used as a control. It was demonstrated that rac-Cxs3 and meso-CxXs3z remain
structurally intact during polymerization, consistent with the observed
diastereoselectivity effects. On activation with 1 equivalent of [Ph3;C][B(C¢Fs)4]
per Ti metal center, rac-Cxs3 is far more active for ethylene homopolymerizations
than meso-Cxs3. In contrast, the monometallic analog produces significantly more
polymer than either of the binuclear catalysts. The relative activities were mono/rac/
meso = 50:12:1. The same trend was found for propene and 1-octene. The second
metal in these instances slows the catalysis. For ethene-styrene copolymerization the
activity increased in the order rac, meso, and mono. Styrene incorporation for the
three catalysts was, respectively, 63, 100, and 30%, ie. meso-Cxs3 give
homopolymerization of styrene in the presence of ethene. Thus, there is a clear
effect of both the neighboring metal centers and the configuration of the two metals.

In Scheme 24 it is shown that the second metal helps to direct the substituent of
the alkene in order to obtain stereoselectivity. Cxs4 gives lower tacticity as it lacks
the bulky directing group, reminiscent of other mononuclear polymerization cata-
lysts that also require a bulky group to direct the alkene and/or the polymer chain. In
Table 1 only one set of examples is reproduced.
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styrene polymerization

Table 1 1-Octene homopolymerization data® for catalysts Cxsg, rac-Cxs3, and meso-Cxs3

Entry Cat. Polymer (g) Activityb mmmm (%)° M,,d (kg molfl) D¢
1 Cxsy 1.43 5.95 36.2 14.2 1.9
2 rac-Cxs3 0.03 0.125 40.8 70.4 1.8
3 meso-CXs3 0.02 0.083 91.7 26.1 1.1

# Polymerization conditions: [cat.] = 10 pmol of Cxsy, 5 pmol of rac-Cxss, 5 pmol of meso-Cxss;
activator ratio of B(C¢Fs)3 to Ti 1.2; 5.60 g of 1-octene for 24 h in 20 mL of toluene, at 25°C

° In units of kg of polymer (mol of Ti) "' h™" atm™'

¢ By °C NMR

9 GPC vs polystyrene in units of kg mol ™!

wL

N

Me,Ti; \
Y m M -
—C'—<E2 CH; B(CeFs);  (C4Fs),B B(CFs),
Me,Si v MezSi\ |
T TiMe F "
\N /TlMez N e 2
7& Cxsq Cxss Aq Ay

Scheme 25 Complexes Css [1-Me,Si(3-ethylindenyl)(-BuN)]TiMe,, Cs¢ (pu-CH,CH,-3,3")
[1-(Me,SiNH-#-Bu)indene][TiMe,], and activators A; and A,
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Table 2 Styrene homopolymerization results®

Entry | Cat. +cocat. |Yield (g) |Act® (x10% |Tg®(°C) |Mw®(x10%) | Mw/Mn?
1 Css + Aq 0.08 0.27 104.6 1.96 1.86
2 Cse + Aq 3.13 10.43 96.4 1.04 1.55
3 Css + Ay 0.06 0.20 100.5 121 1.69
4 Cse + Ay 3.36 11.20 89.2 0.80 1.47

4 [Ti] = 10 pmol + [A] = 10 pmol, 5 mL of styrene +25 mL of toluene at 20°C, 3 h
® Units: g polymer/(mol Ti x h)

°DSC

4 GPC relative to polystyrene standards

Scheme 26 Deactivation of

complex Cxss via

intramolecular arene Ti+
coordination, whereas the @ﬂp
phenyl group coordinates

the second titanium center in

Cxsg

Cxss

The mono Cxss and bimetallic catalysts Cxs¢ in which the cyclopentadienyl
moiety has been replaced with an indenyl entity (Scheme 25) were investigated
with the monometallic and bimetallic activators B(CgF5); Ay and 1,4-Cg¢F4[B
(CgFs)2]> Ay [62]. Thus, four combinations of mono and bimetallics were evaluated
in the polymerization and copolymerization of ethene and 1-octene. It was found that
the catalyst derived from bimetallic Cxsg and bifunctional cocatalyst A, enchains
>11 times more 1-octene than that derived from mononuclear Cxss complex and A4,
while Cxss + A, and Cxs6 + Aq each incorporate >2 times more (toluene, 24°C,
1 bar ethene, 0.64 M 1-octene). Molecular weights were similar at 150,000 and Cxss
is twice as fast as Cxs¢. The increased selectivity for highly encumbered comonomer
enchainment was also observed for a zirconium complex analogue, and assigned to a
cooperative comonomer capture/binding/delivery by the proximate cationic metal
centers as shown above in Scheme 24 [63].

Monometallic and bimetallic CGC complexes Cxss and Cxs¢ were used in the
homopolymerization of styrene and in the copolymerization of styrene and ethene by
Marks et al. [64] The results are shown in Table 2. Surprisingly, the bimetallic
catalysts (entries 2, 4) are 40-50 times more active than the mononuclear ones
(entries 1, 3), independent of the mono- or bimetallic character of the boron
cocatalyst.

The explanation of the authors is illustrated in Scheme 26. In the monometallic
catalyst the arene group of the last inserted styrene molecule blocks the open site of
titanium (Cxss), while in the bimetallic catalyst the arene group coordinates to the
other metal and the open site can be used for the coordination of the new styrene
molecule (Cxsg).
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Scheme 28 Compounds syn-Cxsg, anti-Cxsg and monometallic Cxs9 and comparison of their
activity in ethylene homopolymerization at different reaction temperatures [67]

Bimetallic phenoxyiminato polymerization catalysts (FI) Cxs; were reported by
Salata and Marks (Scheme 27) [65]. The monometallic catalysts were widely studied
by Fujita [66]. As usual, the chlorides were activated by the addition of
methylaluminoxane (MAO). The bimetallic catalysts are more active than the
monometallic analogs and, more interestingly, they show higher incorporation of
higher alkenes, either made in situ or added as 1-octene in a copolymerization. This
was explained by the proximity of a second catalytic center that can tug in a higher
alkene and transfer it to the nearby growing chain.

Liu, Li, and co-workers discovered a bimetallic Ti complex containing anthra-
cene as the bridge that showed a very large rate effect, viz. Cxsg, in the MAO
induced polymerization of ethane (Scheme 28). They studied the three complexes
shown in Scheme 28, the Ti complexes connected in syn fashion and anti fashion to



Dinuclear Reactivity of One Metal Exalted by the Second One 23

=

; aCl
2oy 4::%5wagk—1::§1
l I o Zrc 2~

Zrs ==/ a ==
—
n=3,5,79

Cxs0 Cxg2

Scheme 29 Dinuclear polymethylene zirconocene complexes Cxgy and Cxg,

anthracene, and the monometallic analog Cxso. As in the examples above, the effect
is astounding; there is no explanation at hand, other than that the proximity of one
metal center greatly activates the other one [67].

While proximity of the two catalyst centers has often been shown to be advan-
tageous, Marks, Lohr, and co-workers found that a “too close” distance may cause
decomposition of the catalyst and one loses the advantage of the bimetallic nature.
Thus, the effects are subtle and careful performance studies should be conducted
[68]. There is also an example of dizirconium, vide infra, Scheme 31.

3.1.2 Zr-Zr Complexes

The interest in bis-cyclopentadienyl-zirconium as alkene polymerization catalysts
dates back to the early 1990s; for example, in one of the first publications on this
topic, Miilhaupt and co-workers found that bimetallic cyclopentadienyl-zirconium
catalysts Cxgp, activated by MAO, gave lower activity in propene polymerization
when the two cyclopentadienyl entities were connected by an aromatic ring, pre-
sumably because the reduced electron density at the second zirconium site induces a
higher rate for the p-hydride elimination at the first metal center [69]. Lee et al.
reported on bimetallic cyclopentadienyl-zirconium catalysts with several siloxane
linkers Cxg; and noted that in ethene polymerization they gave higher molecular
weight polymers than the monometallic homologs [70]. Noh et al. reported on
dinuclear cyclopentadienyl-indenyl zirconium catalysts connected by alkyl chains
of various lengths Cxg, [71]. The rate of ethene polymerization in the presence of
MMAO at 40°C more than doubled in the range n = 3-9. All catalysts were faster
than the mononuclear ones (Scheme 29).

Marks and co-workers developed monometallic Cxg3; and bimetallic Cxgq
constrained geometry catalysts (CGC) complexes using, respectively, diboron Aj
and monoboron A4 anions as activators (Scheme 30) [72].

Typically zirconium CGC complexes produce rather low M,, materials in the
polymerization of ethene or copolymerization with 1-hexene. In ethene
homopolymerization Cxgq (n = 1) produces a 70 times higher Mw than Cxg4
(n = 2) and with respect to mononuclear Cx43 the Mw increase was 130-fold. For
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chloride-MAO based Cxg4 systems, the increase was 600-fold of the Cxg3 system.
Comparison of various catalysts showed that the effect was not merely steric.
Agostic interactions of the proximate metal with the growing chains or comonomer
were suggested to be the cause of the phenomena observed.

Bimetallic polymerization catalysts do not as a rule outperform the mononuclear
analogs and especially in copolymerization of ethane and a higher alkene
(or functionalized alkene) the mononuclear catalysts are the ones giving the fastest
catalyst and the highest incorporation of the comonomer as is shown by the
examples in the report by Akhtar, Agapie, and co-workers [73]. They studied, i.e.,
the copolymerization of ethene and 10-undecen-1-ol (protected by TIBA, Al'Bus)
with catalysts Cxgs mono and Cxgg di activated by MAO (Scheme 31). The
bimetallic catalyst gave less incorporation of the comonomer and lower rates and
apparently, a tug-in effect or local higher concentration in the dinuclear catalyst was
dominated, they presumed, by steric effects slowing the polymerization of the more
bulky comonomer.

3.1.3 Ti-Cr Complexes

Linear low-density polyethylene (LLDPE) is a PE in which certain amounts of
1-hexene or 1-octene have been incorporated in order to obtain the desired properties
for the packaging market. Homogeneous catalyst systems offer the opportunity to
make the comonomer in situ at a desired rate with a different metal catalyst
compatible with the polymerization catalyst. The first example dates from the
1980s with a MgCl,-supported Ti catalyst and a homogeneous Ti(alkoxide)
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precursor that produces 1-butene as the comonomer [74]. In this tandem system the
oligomerization catalyst based on Ti can only produce 1-butene relatively pure, but
higher alkenes will be produced as Schulz—Flory mixtures. Cr-based catalysts,
however, can give selectively 1-hexene or 1-octene/1-hexene mixtures, depending
on the ligand system used. These catalysts operate via a metallocyclic mechanism
and can thus produce 1-hexene in high selectivity. Large cooperative effects in
heterobimetallic titanium-chromium Cxg; catalysts for ethylene polymerization/
copolymerization were discovered by Delferro, Marks et al. (Scheme 32) [75].

The tandem mixture of two free catalysts, Dow’s Constrained Geometry Catalyst
and one of Sasol’s first chromium catalysts [76], gave the fastest polymerization but
the lowest incorporation of 1-hexene of the four systems presented here. Catalyst
Cxg7 (n = 0) is a less active catalyst for ethene polymerization but with the highest
degree of branching, i.e. incorporation of 1-hexene. This was explained by the
proximity of the two active centers. Competition experiments with added
I-pentene at 1.0 M gave only 10% propyl side chains of the total butyl + propyl
side chains and thus the locally generated 1-hexene is strongly preferred by the
bimetallic catalyst. The effective molar concentration of 1-hexene at the Ti catalyst
center is as high as 8.6 M (pure 1-hexene is 8 M!!). The authors proposed that
1-hexene still t-bonded to Cr will bind to Ti via agostic interactions and by this way
hexene is transferred from Cr to Ti with high efficiency. These numbers also mean
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Table 3 Ethylene polymerization data for selected catalysts*

wa Mnt
PE | Activity® | Oligomers® | Activity® (kg mol~ | (kg mol~

Catalyst (2 (PE) (2) oligomers P | b}
CGCE(Ti + |3.200 |480.0 0.204 30.6 6.4 |26 114
SNSCr
Ti-Cy- 0.820 | 123.0 0.491 73.7 25.8 {593 237
CrSNS
Ti-Cy- 0.184 | 27.6 0.075 113 18.2 | 461 184
CrSNS
Ti-Ce- 0.134 | 20.1 0.066 9.9 6.8 319 127
CrSNS

 [Catalyst] = 10 pmol of CGCEtTi; 10 pmol of SNSCr; Ti-Cy-CrSNS, Ti-C,-CrSNS, and Ti-Ce-
CrSNS, MAO/catalyst =500, 50 mL toluene, 5 min, 80°C, constant 8 atm ethylene
b kg (PE)-mol ! (catalyst)h*1 atm™!
¢ By GC-TOF, mesitylene internal standard
d kg (oligomers)mol" (catalyst)-h’1 atm™!
‘; Branch density (branches per 1,000 C atoms) as determined by '*C NMR analysis
By GPC

that most of the 1-hexene that escapes from the active centers does not return to Ti
from the solvent to undergo incorporation. The bimetallic system Cxg7 (n = 0) also
gave the highest MWs and thus chain transfer is drastically reduced with respect to
the mixture of monometallic catalysts. Since M, is independent of ethene pressure
the chain transfer mechanism involves pB-hydride transfer (BHT) from the chain to
ethene. Thus, the ethene adduct is crucial for the mechanism. The proximity of the Cr
center causes a higher positive charge on Ti(n = 0) (+0.487) than on Ti(n = 2)
(+0.432) and the Ti—C distances to the C-atoms adjacent to Cr are also larger in Cxg7
(n = 0). The proximity of the positively charged Cr atom accelerates the insertion of
ethene and slows chain transfer according to DFT calculations. Forn =2 andn = 6
both rate and branching were lower as is to be expected. The authors concluded that
polymerization and DFT computational results show that Ti---Cr spatial proximity
markedly influences chain transfer rates and selectivity for comonomer enchainment
and that such proximity effects are relatively insensitive to conversion, but
cocatalyst, solvent, and ligand framework strongly influence these effects (Table 3).

Whether slower B-hydrogen transfer (BHT) is due to an electronic effect finds no
support in other data. Kamigaito et al. reported that CGC catalysts
CsMe,SiMe,NRTiX, equipped with electron-withdrawing R groups produce low
average molecular weights in propylene polymerization [77]. Ehm and co-workers
reported in a recent DFT study on CGC catalysts that the barriers for BHT chain
termination are hardly influenced by electronic tuning, while the barriers for chain
propagation show large dependences. Steric hindrance typically raises BHT barriers,
which could be operative in the Marks—Delferro systems. Decreasing the electro-
philicity of the metal center in CGC systems leads to higher MWs according to Ehm
et al. [78]
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Scheme 33 Structure of the neutral Cxgg bis-nickel complex based on the 3,3’-bisalicylaldimine
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3.1.4 Ni-Ni Complexes

Nickel catalysts, including binuclear ones, were reviewed by Pan, Li, and
co-workers in 2015 [79]. While in monometallic catalysts phenoxy/carboxy-
phosphine ligands are most often used, the majority of the bimetallic catalyst work
was done with the use of phenoxy-imine ligands, borrowed from the monometallic
Grubbs catalyst [80]. The P-O ligands are analogues of the SHOP ethene oligomer-
ization catalyst. An early example of a bis(phenoxy-imine) ligand involves biphenol-
based Cxgg (Scheme 33) [81].

The synthesis is straightforward from 2,2’-biphenol by introducing formyl groups
in ortho position to the hydroxyl group and reacting it with 2,6-diisopropylaniline
and then the sodium salt with 2 equivalents of trans-[NiCl(Ph)(PPhs),]. The neutral
and stable precursor complex contains triphenylphosphine ligands. Unlike the
monometallic catalysts Cxg9, bimetallic Cxgg showed high activity without phos-
phine scavenger; for the former, [Ni(COD),] was needed to remove
triphenylphosphine from the nickel site. Thus, Cxgg gave a rate of 4.55 x 10° g of
PE/((mol of Ni)-h) without scavenger, while Cxgo-Ph gave 1.0 x 10° g of PE/((mol
of Ni) h) with scavenger. The explanation given is that one catalyst moiety functions
as the bulky substituent for the other catalyst, so that the rate of chain propagation is
faster than the rate of chain transfer.

Agapie and co-workers utilized terphenyl scaffolds for bimetallic and monome-
tallic polymerization catalysts. Dinickel complexes Cx7o with phenoxy and imine
donor ligands were synthesized [82]. Full substitution of the central arene blocks
rotation around the aryl—aryl bond, which yielded the formation of atropisomers of
which the syn- and anti-forms could be isolated. Complexes Cx;¢ gave ethene
polymerization in the presence of amines, in this instance the neutral ligands
completing the tetra-coordination of the metal. The amines are inhibitors of the
polymerization. This inhibiting effect of the amines is up to 270 times lower for the
syn-isomer than the anti-isomer with tripropylamine. Comparisons with mononu-
clear systems indicate that the proximity of the metal centers in the syn-isomer leads
to the observed inhibitory effect on the deactivation of the catalysts for steric
reasons. In the more active isomer, one metal amine complex inhibits coordination
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Scheme 35 Dinuclear Cx7; and mononuclear Cx7,, and Cx73 complexes for ethene and ethene-co-
norbornene polymerization

of an amine to the second metal, which remains thus active (Schemes 34, 35, 36, and
37).

The results were corroborated in a subsequent publication for the PMe; precursor
complexes of the para and meta terphenyl backbones [83]. The cocatalyst [Ni
(COD),] was used, which abstracts the phosphine from the complex and thus allows
a comparison of amine bases added of various sizes. The active species produced
from the syn-Cxy¢ complex in which the pyridine or the phosphine ligands are
removed exhibit activity for copolymerization of ethene and aminoalkenes and the
inhibitory coordination of the amines at both Ni centers is disfavored because of
steric repulsions [83]. Several bridged anilines have been reported as convenient
linkers for the synthesis of bimetallic nickel catalysts containing phenoxy-imine
ligands and the polymerization results were much in line with the examples shown
here [84-89].

The distance between the two metals in the Agapie systems is relatively long and
several complexes were designed in which the distance is shorter. Marks et al. had
already used a naphthalene backbone which brings the two centers closer to one
another [90]. The binuclear catalysts Cx7; show twice as high catalytic activities and
double the amount of methyl branching compared to mononuclear Cx;, (Table 4).
The higher activities were ascribed to the proximity of the two metal centers that
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Scheme 37 Mononuclear Cx79 and dinuclear Cxgy and Cxg; nickel complexes based on the
9,9-dimethylxanthene framework

might facilitate dissociation of the first phosphine to create a vacant site needed for
polymerization. Ethene/NBE copolymerization was also investigated.

Bimetallics Cx7; show higher activities and produce copolymers with more
methyl branches (38 vs 11 methyl branches per 1,000 carbon atoms) than monome-
tallic Cxy,. There is no explanation yet why bimetallic catalysts produce more
methyl branching, without further chain-walk to longer side chains. The copolymer-
ization of ethene and norbornene was studied as well. The molar percentage of NBE
in the copolymers obtained by the bimetallic complexes (in the range from 9 to
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Table 4 Polymerization results of complexes Cx7;, CX7,, and Cx73

Activity (10° g/ M,’ M,/ |Me° Nor
Complex |R' R? mol Ni-h) (x10 |M, |branches |incorp.
Cx7y Me PMe; 49.7 10.3 26 |80
Cxyy PPh, 1- 51.3 10.1 26 |93
naphthyl
Cx7, 1- PMe; 252 11.7 25 |52
naphthyl
Cxy, 1- PPh; 25.9 10.5 25 |54
naphthyl
Cx73 23.1 11.2 26 |40
Cx7° Me PMe; 9.1 66.4 52 |34 9
Cx7° PPh, 1- 8.4 65.8 45 |38 11
naphthyl
Cx7,’ 1- PMe, 2.1 63.2 23 |9 3
naphthyl
Cx7," 1- PPh; 2.1 64.0 21 |11 3
naphthyl

# Ethylene polymerization conditions [90]: toluene, 25 mL; catalyst, 10 pmol; 2 equiv of
[Ni(COD),] cocatalyst/Ni; 25°C; 40 min; ethene, 0.7 MPa

® Copolymerization conditions: catalyst, 20 pmol; 90 min; 225 equiv. of norbornene

¢ Total Me/1,000 C, by '"H NMR

11 mol%) is much higher than that by the monometallic counterparts (3 mol%). The
modest incorporation lowers the rate of polymerization and methyl branching
considerably with respect to the homopolymerization, while the molecular weight
goes up five-fold for both mono and bimetallic catalysts.

In a subsequent publication Marks, Delferro et al. exploited the unsymmetric
substitution at the two imine donor atoms on the bimetallic naphthalene catalyst
Cx7g one group being a bulky electron-withdrawing terphenyl, the other one a less
bulky diphenyl sulfone [91]

For these catalysts the usual effect of the bulk of the second metal is absent
(Table 5), cf. entries 1 and 3, and 2 and 4. Probably the cocatalysts [Ni(COD),] or B
(CeFs); scavenge efficiently PMe; and the “shielding” effect is superfluous. The
bulky terphenyl EWGs yield much faster catalysts than the sulfone substituted ones
(entries 1 vs 2, and 3 vs 4). This was ascribed to interference of the sulfone group
with the metal site. Interestingly, the fluoromethyl terphenyl catalysts give highly
linear PE with only methyl branching (entries 2 and 4), but the sulfone catalysts gave
more and longer branches. A mixture of the two monometallic catalysts exhibits
independent behavior of the two catalysts and a bimodal M, distribution. The mixed
ligand catalyst Cx7g (entry 6) gave the most interesting result as the rate is almost the
same as that of the symmetric CF;-terphenyl catalyst (entry 4), but with a branching
content and a narrow M, distribution resembling that of the sulfone catalysts. It was
proposed that, as in the Ti/Cr system described above, an efficient incorporation of
the alkenes produced by the CF3-terphenyl metal into the sulfone metal takes place.
The reverse mechanism is less likely as the CFs-terphenyl catalysts do not
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Scheme 38 Phosphino-iminate nickel complexes as studied by Lui et al. [94]

copolymerize 1-pentene, the authors say, but note that the high local concentration
may overcome this feature of relative rates. Such highly branched PE polymers have
important properties for certain applications.

Mononuclear neutral nickel catalyst Cx79 and binuclear complexes Cxgy and
Cxg; based on rigid 9,9-dimethylxanthene frameworks featuring short Ni—Ni dis-
tances and pyridine as the neutral ligand were synthesized and applied in ethylene
(co)polymerization by Li and co-workers [92]. Binuclear catalyst Cxgq is twice as
active in ethylene polymerization as the corresponding mononuclear Cx79 complex.
The product is a high molecular weight polymer, 15 times higher than that of Cxyg,
with a bimodal molecular weight distribution. Catalyst Cxgy is remarkably thermally
robust and still active at 93°C. The polymer microstructure produced by Cx;9 reveals
a hyperbranched structure with a variety of branch types, while Cxgy product
features methyl branches primarily. Catalyst Cxg; shows rates similar to Cxgg, but
the M,s are reduced by a factor of 3-7. In the presence of comonomer
1,5-hexadiene, 1,7-octadiene, and methyl 10-undecenoate, mononuclear Cxyo suf-
fers from either low catalytic activity or poor incorporation efficiency, as for the
Marks/Delferro catalysts described above, while binuclear catalyst Cxg effectively
enchained these comonomers into the polymer chain, giving copolymer with unique
microstructures. Notably, Cxgqy incorporates 1,5-hexadiene as cyclopentane rings.
As in the cases cites above, the second metal aids by coordination of the diene its
insertion in the growing chain on the other metal. Since temperatures, neutral ligand
(Py and PMe;, respectively), and cocatalyst (none and [Ni(COD),]) are different for
this system and those in Table 5, one cannot make a meaningful comparison

In addition to the FI-based nickel complexes above, Liu, Li, and co-workers also
studied dinuclear versions of the phosphino-iminate nickel complexes (the mono-
nuclear ones are known from the work by, i.e., Braunstein) [93]. Liu et al. studied
dinickel catalysts with P-N ligands connected by the anthracene backbone and the
corresponding mononuclear one, reminiscent of their dititanium complexes, as
shown in Scheme 38 [94]. Nickel phosphino-iminates are known as ethene dimer-
ization catalysts. In the presence of EtAICl,, syn-Ni dimer Cxg, showed a remark-
ably high activity for ethene dimerization (>90%) (up to 9.10 x 10° g/((mol of Ni)-
h), which is approximately 1.5- and 3.3-fold higher, respectively, than those of anti-
Ni dimer or of mononuclear Ni, Cxgz. The dimeric species are also active isomer-
ization catalysts and the yield mainly consists of 2-butene (70-80%). After
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optimization, 94% selectivity of 2-butene in the C4 fraction was achieved using
dinuclear syn-Ni. No detailed explanation was given for the “proximity” effect.

Related series of ethene (co)polymerization by binuclear nickel phenoxyiminato
catalysts with cofacial orientation were reported by Ma and co-workers [95]. Com-
plexes Cxgs—Cxgq proved once more that proximity of the two metal centers
influenced the polymerization characteristics, i.e. proximity enhanced the rate of
polymerization and the Mw, see Scheme 39.

3.1.5 Ni-Zn Complexes

Tonks and co-workers studied the effect of a neighboring Zn salt on the ethylene
polymerization activity of complexes Cxgg and Cxgo [96]. An excess of ZnBr, was
needed and the activation was difficult to control. In several reactions, bimodal M,,
distributions were obtained indicating the presence of more than one active species.
One conclusion could be drawn, namely that the presence of nearby Zn leads to a
faster B-hydride elimination and the M, obtained with Cxge is much lower than that
with Cxgg. This was corroborated through DFT calculations. Catalyst Cxgg is much
slower than Cxgg and even more slower than a standard Grubbs catalyst such as
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(6-tBu-salicyl(2,6-diisopropylphenyl)aldiminato)Ni(o-tolyl)(py), also included in
this study (Scheme 40).

As was shown by Xiao and Do, the in situ formation of heterobimetallic com-
plexes cannot left at chance. In their studies nickel complex Cxgq showed a perfect
behavior in a fast ethene polymerization, but addition of zinc chloride to the
complex, designed for this purpose, provided polymers with multimodal distribu-
tions (Scheme 41). It was shown that the formation of mixed adducts was the cause
of this phenomenon [97].

3.2 Alkyne Activation

The trimerization of alkynes by [Co,(CO)g] was already described in the 1960s by
Hubel and Hoogzand [98] and mechanistic aspects were recently reviewed by
Powers and Uyeda [99]. The metal-metal bond stays intact during the process.
The well-known Pauson—Khand reaction [100], cyclization of alkyne, alkene, and
CO to give cyclopentenones, occurs on the same catalyst precursor [Co,(CO)g]
while the Co—Co bond is also retained during the process, although only the first
adduct of Co, and the alkyne has been identified [101]. Initially the reaction was
stoichiometric in [Co,(CO)g]. Here we focus on more recent examples of bimetallic
catalysts.

Bimetallic nickel complexes Cxy9 catalyze the trimerization of alkynes as shown
in Scheme 42 [102]. The 1,2,4-substituted benzene derivative is the main product.
Monometallic nickel complexes such as [Ni(bpy)(COD)] produce cyclooctatetraene
derivatives.

M R R
*ﬁé;é@/ Cxyy R R R

U :©/ + +
= R R R R R

(1-5 mol%, up to 60 °C, C4Hg)
R

R = Ph, alkyl, CO,R', CH,OR' up t0 90% yield minor product not observed

Scheme 42 Trimerization of alkynes catalyzed by the dinickel complex Cxg9
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Scheme 44 4 + 1 cyclization with complex Cx49 [104]

DFT calculations revealed that the homodinuclear Ni—Ni catalyst induces a spin
crossover mechanism that involves metallacyclopentadiene and nonclassical bridg-
ing dimetallacyclooctatriene intermediates (Scheme 43) [103].

Thus, two alkynes bind to two nickel atoms which oxidatively combine to a
monometallic metallacyclopentadiene Cxo;. Insertion of the third alkyne gives
according to DFT a bimetallic metallacycle via an asymmetric intermediate (not
shown), which gives the final product via a rapid bimetallic reductive elimination.
This explains the high selectivity for trimerization products rather than
tetramerization products. The arene precursor Cxy9 has a singlet ground state, but
the other intermediates proposed have a triplet ground state accessible via spin cross
over. Intermediate Cxg, has a singlet state again and can undergo “spin-allowed”
reductive elimination, after the alkyne trimerization.

Uyeda and co-workers have so far reported a range of cyclization reactions (1 + 2,
2 +2+2,2+4) and in 2019 they added to this an example of a 1 + 4 reaction
producing 5-membered rings [104]. The dinickel work was reviewed recently by
Uyeda and Farley [105].

The catalyst is the same as in the examples before, Cx49, Which undergoes
oxidative addition of the C—Cl bonds to form the methylidene (Zn being the
stoichiometric reductant) and catalyzing the 1 + 4 addition to the 1,3 diene (for
details, see Scheme 44 1 + 2).

Tsai, Yu, and co-workers reported an example of a catalytic process that occurs at
a metal—metal multiple bond (see Scheme 45) [106]. The diamagnetic Mo, com-
plexes Cxo3 feature a metal—metal quintuple bond supported by two bulky
amidinate ligands. Complex Cxo3 (R = Ph) undergoes a formal [2 + 2]-cycloaddi-
tion with 3-hexyne to afford the adduct Cxgy4, in which the Mo—Mo bond order is
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reduced to a quadruple bond. Terminal alkynes such as 1-pentyne undergo double
addition to Cx¢3 (R = H), forming the six-membered metallacycle Cxos with
regioselectivity resulting from head-to-tail coupling of the alkyne. Complexes
Cxo3 (R = H) and Cxys were found to be efficient catalysts for the cyclotrimerization
of 1-pentyne, forming the 1,3,5-trisubstituted arene product in 88% isolated yield.
The reactions of Cxg3z with an internal alkyne, 3-hexyne, exclusively yielded the
[2 + 2] complexation adducts and no catalytic turnovers.

Carmona and co-workers investigated complex Cxo¢3 and its reactions with
dihydrogen to obtain Cxgg, Which can be reversed by irradiation [107] (Scheme
46). Complex Cxgg undergoes reversible bimetallic, reversible insertion of ethene
without further oligomerization. Reaction with phenylacetylene leads to formation
of dihydrogen and the trans-bis-acetylide complex and thus no oligomerization is
observed in this instance [108] (Scheme 46).

3.3 Metathesis Using Ru-Ru Complexes

Grubbs and Dias described a bimetallic bisruthenium catalyst that was found to be
more active than the Grubbs I catalyst Cxg7 (Scheme 47) [109]. Dimer Cxg9 Was
made from Grubbs I and the cymene-ruthenium dichloride dimer Cxog. The Cxg7
catalyst requires dissociation of one PCy; ligand before showing activity in the
metathesis reaction of alkenes. Complex Cxg9 does not require dissociation and is
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Scheme 46 Reaction of Cxg3 with dihydrogen [107]
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Scheme 47 The formation of an active Ru dimer Cxg9 metathesis catalyst
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active without incubation time. The spectator [(p-cymene)RuCl,] unit Cxy¢q acts as a
Lewis acid that enhances the activity of the ruthenium-alkylidene catalyst. The two
dimers [( p-cymene)OsCl,],, and [(fBu,Cp)RhCl,], can fulfill the same role.

Delaude and co-workers described the use of homobimetallic ruthenium com-
plexes Cxjo1 (Scheme 48) as catalysts for metathesis of alkynes and alkenes
[110]. The alkylidene complexes can be formed from the ethene adduct precursors
via a reaction with terminal alkynes [111]. The catalytic activity of complex Cx;9y
was probed in various types of alkene metathesis reactions. The NHC derived
catalyst was far more active than the tricyclohexylphosphine complex. The catalytic
activity for ROMP and RCM of alkenes could be further enhanced by the addition of
catalytic amounts of terminal alkynes. No comparison was made with monometallic
systems and the role of the second metal was not investigated.
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Scheme 49 Ring-closing metathesis of 1,12-tridecadiene catalyzed by the isopropoxystyrene
chelated diruthenium complex Cxy¢z

Lemcoff and co-workers linked two Grubbs catalysts via aryl bridges and found
an effect of the neighboring metals in ring-closing metathesis (RCM) [112]. In the
catalytic screening the Hoveyda—Grubbs variant Cx;9, was used as the catalyst
precursor (Scheme 49). When 1,12-tridecadiene was used as the substrate catalyst
Cx192 gave almost selectively the dimer resulting from the dimer RCM (DRCM)
whereas the mononuclear catalysts gave mainly polymers via acyclic diene metath-
esis (ADMET) under the same conditions. The reactivities for the monometallic and
bimetallic catalysts were found to be equal when diethyl diallylmalonate was used in
the standard RCM reaction (Scheme 50). Indeed, the two centers are far apart
(10.2 A) for a direct Ru—Ru interaction, but the well-chosen 1,12-tridecadiene nicely
bridges between the two centers and gives this peculiar selectivity for the
22-membered carbon ring. Close proximity of two ruthenium-alkylidene species
should probably be avoided in bimetallic Ru metathesis catalysts, as Fogg and
co-workers have shown that fast, mononuclear Ru catalysts are prone to a bimetallic
alkene elimination reaction causing catalyst die-out [113].

4 Reductive Elimination

4.1 Pd-Pd-Catalyzed Functionalization of C—H Reductive
Elimination

4.1.1 Pd(II)-Pd(II) Intermediates

Palladium(II) acetate has been long known as an efficient metalating agent of
aromatics; one of the older examples of C—H activation with palladium involves
the formation of diphenyl when benzene is heated in acetic acid with stoichiometric
amounts of palladium salts [114]. The palladium metal formed has to be reoxidized
in order to arrive at a catalytic cycle. Palladium(II) acetate, in particular when aided
by adjacent, directing functional groups in the substrate (FG-directed activation) has
become an efficient catalyst for functionalization of sp> C-atoms [115]. As concerns
the role of the nuclearity of dimeric and trimeric palladium acetate in the metalation
reactions, Vana et al. concluded in a recent review that there is no single mechanism
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Scheme 51 C-H functionalization by palladium dimer Cxyq3

that emerges [116]. The reaction of palladium chloride and an imine with arene
substituents such as benzalaniline, 2-phenylpyridine, but also azobenzene, have been
known since the 1960s and are referred to as orthometallations, cyclopalladation, C—
H activation, etc. [117]. Numerous examples have been published ever since,
extended with further stoichiometric reactions such as carbonylations and alkyne
insertions, but catalytic use of this rich chemistry dates from the recent period. In the
last decade C—H functionalization by palladium has been extended to dimeric
compounds of Pd(IIl). In 2009, Powers and Ritter reported that acetate-bridged
binuclear Pd(II) complex Cxy¢3, the product of cyclopalladation of benzo[/Z]quino-
line with Pd(OAc),, is oxidized at low temperature to binuclear Pd(III) complex
Cx194 with PhICl, (Scheme 51) [118, 119]. Warming to room temperature gave
reductive elimination of one molecule of 10-chlorobenzo[h]quinoline and Pd
(II) dimer Cxq9s [120]. With the use of N-chlorosuccinimide as the oxidant the
chlorination reaction could be turned into a catalytic one [121]. A close monome-
tallic analog involving Pd(IT) and Pd(IV) was reported by Sanford et al. in 2005 for
C—C bond and C-O bond formation in an oxidative manner [ 122, 123]. Monometallic
Pd(IV) had been invoked in cross-coupling mechanisms of Pd compounds for
decades, although mainstream Pd cross coupling catalysis concerns the Pd(0)/Pd
(II) couple. Reductive elimination from intermediates like Cxy¢4 containing Pd(IIT)
dimers may take place in two ways: 1) from one or two metals in the trivalent state,
or 2) after disproportionation of [Pd(II)], into Pd(Il) and Pd(IV) and reductive
elimination from Pd(IV). For certain cases it was shown that transformation of
symmetric dimers Cxjg4 to asymmetric dimers Pd(IT)/(IV) was a more facile process
than reductive elimination from the symmetric dimer [124]. In this joint paper of the
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Scheme 52 Asymmetric oxidation of Cxy¢g

groups of Sanford, Yates, Canty, and Ritter the mechanisms and views were brought
together.

The course of the reaction and the involvement of valence states depend on the
nature of the ligands and the oxidant. Thus, oxidant [Mes-I-Ph]X (Scheme 52)
converts dimeric Pd(II) complexes Cxyg¢ to Pd(ID-PA(IV) intermediates Cxy¢7 to
give the arylated products [125], while electrophilic CF;-transfer reagents based on
hypervalent iodine (CF3" reagent) leads to monometallic Pd(IV) intermediates Cxyog
(Scheme 53) [126].

Canty and co-workers describe, with the use of DFT calculations, how the nature
of the “axial” ligand influences the course of the reaction of the two metals, whether
symmetric (PA(III)-Pd(III), Cxy¢4 type) or asymmetric (Pd(IV)-Pd(Il), Cx,¢7 type)
intermediate complexes prevail [127]. For C—C elimination Cl dissociation takes
place; for C—Cl elimination, the reaction is direct [128]. For each case the valence
states have to be investigated and the whole spectrum can be found.

In the early studies on FG-directed C—H activation by noble metals the reaction
had only few applications, but in recent decades the use of electrophilic reagents has
given a boost to this area [129]. The current challenges in this area of C—H
substitution were discussed recently by Zhang and Ritter [130]. Kozlowski and
co-workers reported a DFT study concerning palladium-catalyzed benzylic vs
arene C—H activation and found that the oxidation state of the homogeneous
palladium species influences the selectivity of C—H activation; Pd(0) and Pd
(I) activate the sp3 C—H bond in toluene, whereas Pd(Il) and Pd(III) preferentially
activate the sp> C—H bond. This selectivity was related to the steric environment of
the ligand framework. As the palladium oxidation state increases, the number of
ligand sites increases, which relatively favors reaction of the more hindered sp> C—
H bond [131].



Dinuclear Reactivity of One Metal Exalted by the Second One 41

Scheme 53 Symmetric /CF:;

oxidation of Cxyg3 X\ I\
producing the mononuclear —N\ i 3
Pd(IV) complex Cxqos Pd('O

Q OX/Me
CF; reagem /N\pd/OHz
0 1L/ Me  40°C, 1h

(="
—N
\ A
Cxjo3 Cxyo8
N7 Sy }\1 N
/ |
PhoP—Pd_, _~Pd—PPh, thP—/Pd o—Rd——PPh,
Md ]\We AcO i OAc
Cx109a-c Cx109a-OAc

X=aOH,bCLcH

Scheme 54 Structure of the dinuclear palladium(I) complexes Cxjg9 containing the bridging
hydroxy, chloro, and hydrido ligands

4.1.2 Pd(II)-Pd(II) Precursors (C-H Activation and Migratory
Insertion)

Tsukada, Inoue, and co-workers introduced a system based on a bridged dipalladium
hydride unit held together by a bis-ligand imidinato anion that can be used for the
addition of C—H bonds to alkynes without the aid of directing group, a coupling
reaction not producing any side product (Schemes 54 and 55) [132]. The precursor
for the catalyst is the bridged hydroxide Cxjg9, and in situ the bridged hydride
Cxy99. 1s generated with a borane cocatalyst BBu; [133]. Benzene gives 100% of the
arylated alkenes in 4 h at 100°C, 2% catalyst. Toluene, chlorobenzene, methyl
benzoate, and anisole gave mixtures of meta and para isomers in somewhat lower
yields. The cis addition product was obtained in all cases.

The reaction sequence starts with the insertion of the alkyne in a Pd—C bond on
one metal retaining the bridging hydride Cxy;¢, or insertion in the hydride on one
metal, the other metal becoming a spectator Cx;y;. Reductive elimination in both
cases gives a Pd(0)/Pd(Il) species Cxj,, the authors proposed. One could also
imagine the formation of a Pd(I) dimer and a bridging hydrocarbyl fragment, similar
to the Pd(I) dimers containing a bridging hydride and carbonyl [134]. Cxyq, reacts
with ArH to regenerate catalyst Cxyq3.

Related catalyst Cyq99,-OAc catalyzes the B-arylation of thiophenes and furans in
modest yield (~50%, silver carbonate as the base), but with remarkable selectivity
for the B-position, while most catalysts yield mainly the a-derivative [135-137].
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Scheme 55 Catalytic cycle for the addition of C—H bonds to alkynes using catalyst Cxyg9.. The
reaction was extended by the authors to pyrroles and thiophenes instead of arenes as the substrate
with the use of the same catalyst

5 Miscellaneous Reactions

5.1 Michael Reactions (Chiral Nucleophilic Attack)

The Michael addition of cyanoacetate esters as donors and enones as Michael
acceptors, as shown in Scheme 56, can be catalyzed by many metal complexes
including chiral ones which may provide enantioselectivity as in this case of Jautze
and Peters using precatalyst Cx;14 [138]. The metal catalyst can activate the donor,
the acceptor, or both reagents. The kinetics in general show first order in all three
components indicating that in equilibrium a complex of the three entities is formed
that undergoes the C—C bond forming as the rate-determining step.

The authors used a chiral bimetallic palladium complex Cx;;5 as catalyst for the
reactions of a range of a-aryl-a-cyanoacetate ester donors with various vinyl ketone
acceptors, which proceeded with excellent yield and high enantioselectivity. The
bimetallic catalyst was only 2.1 times faster than the monometallic analog, which
was ascribed to product inhibition in the former case due to the chelate effect of the
two metals forming a complex with the keto and nitrile group. Notably, a quaternary,
chiral carbon center is formed in this reaction (Scheme 57). The area of acyclic
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quaternary carbon stereocenters via enantioselective transition metal catalysis was
reviewed by Krische and co-workers [139].

Subsequently, catalyst Cxy;4 was compared with an analogue one based on a
ruthenocene instead of a ferrocene, which increases the plane-to-plane distance from
3.29 to 3.58 A. This has a subtle effect on both the ee and the rate of reaction,
depending on the substrate used. This was explained by the different fit of the
substrates onto the bimetallic catalyst, which makes it worthwhile to investigate
both catalysts although a detailed, molecular explanation is lacking [140].

The acetate derivative of Cxjy14 (Cxy16 in Scheme 58) is a highly efficient
enantioselective and fast catalyst for the allylation of aldehydes with allylstannanes
[141]. Both conversions and ees increased from 80 s for the monomers to high 90 s
for the dimers. More references to related reactions can be found in Ref. [141].

As an example of a heterobimetallic catalyst a Mg-Pd system will be described
that was reported by Klein Gebbink and co-workers [142]. A range of complexes
Cx17 was synthesized that were used as catalysts for the double Michael addition of
a-cyanoacetate esters, Scheme 59.

A comparison was made between various catalysts, e.g. Cx117-Mg-Pd, pincer-Pd,
Mg-porphyrin, etc. The rates observed were Mg-Pd/Pd/Mg/none = 1,900:300:30:6.
Thus, a six-fold increase in rate was observed for the bimetallic catalyst Cxq17 with
respect to pincer-Pd, while Mg alone is a rather poor catalyst. The proposed
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mechanism is the same as that above for Pd—Pd Cxyy¢; the ketone is activated by the
Mg ion, and the cyanoacetate coordinates to Pd via the nitrile functionality.

5.2  Nucleophilic Attack on Alkynes

Bi- and tri-metallic rhodium and iridium complexes containing click derived bi- and
tri-topic bis-pyrazolyl and bis-(pyrazolyl-1,2,3-triazolyl) N-N’ donor ligands were
described by Messerle and co-workers (Scheme 60) [143]. These systems were
applied as catalysts for the tandem two-step dihydroalkoxylation of alkynes. The
dirhodium complex Cxyys, appropriately designed to favor cooperativity, showed a
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value of TOF 10 times faster than a monometallic analog, but much slower than a
monometallic heteroaliphatic carbene Au(I) complex [144, 145].

In a subsequent paper a range of scaffolds was introduced (Scheme 61) and the
rate of reaction was strongly influenced by the structure [146]. In all instances the
bimetallic motif led to an enhancement of catalyst rate in comparison with that of the
mononuclear analog. The highest catalyst activities were obtained with the rigid
structures, as indicated in Scheme 61.

5.3 Ni, and Hydrosilylation (Double Oxidative Addition)

Steiman and Uyeda studied the interaction of a silane with the dinickel complex
Cx49 (part IIb), which contains a metal-metal bond sustained by the rigid, redox-
active Ly, naphthyridine-diimine backbone [147]. According to DFT calculations
the system is best described as a Ni(I)-Ni(I) complex. The stable benzene adduct
Cx49 reacts with R,SiH, to give the adduct of the latter (Cxy19) by replacement of
benzene (Scheme 62).
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Equilibrium mixtures were obtained as the reaction is sufficiently slow to observe
both adducts by NMR at room temperature. The more electron-rich diethylsilane
shows weaker binding and trialkylsilanes do not bind at all. Upon crystallization a
third compound (R = Ph, Cx;,) forms in addition to Cx49 and Cxj19 in which one
hydride has been transferred from the silane to the ligand; the X-ray structure clearly
shows dearomatization of one side of the molecule. Complex Cx49(benzene adduct)
was found to be a catalyst for alkene hydrosilylation. At 5 mol% the hydrosilylation
of 1-octene with Ph,SiH, proceeds to >95% conversion in 22 h at room temperature
to provide CH3C;H,4SiHPh, in 77% yield. Et,SiH, reacts more slowly, yielding
only 35% of the product after the same reaction time. The relative rate of
hydrosilylation with Et,SiH, presumably reflects its weaker binding constant to
Cx49. Complex Cxjp¢ was not considered to be relevant to the catalytic activity,
but we could consider that the oxidative addition occurred first on one metal center
as shown in Scheme 63 with complex Cxy,; followed by the migration of the
hydride ligand on the ligand Lj,. The second nickel atom can interact with the
remaining Si-H bond as shown for Cxy,; but coordinates the alkene C=C bond
along the catalytic cycle.

Styrene, dienes, enones, alkynes, all reacted smoothly and faster than 1-octene.
Mononuclear diazadiene nickel complexes gave no conversion and thus we may
conclude that silane and alkyne bind to the two adjacent nickel atoms.

5.4 Ni; and Azobenzenes from Aryl Azides

Complex Cx49 was also used by Uyeda and co-workers as a catalyst for the
dimerization of aryl azide, with loss of two molecules of dinitrogen [148]. At
room temperature the complex converted a broad range of aromatic azides in high
yields to the corresponding symmetric azo compounds (Scheme 64). The reaction
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Scheme 64 Proposed catalytic cycle for the dimerization of arylazide on the dinickel Cxy9
complex

presumably occurs on one metal center before the azide ligand interacts with the
second nickel atom or binds symmetrically the two Ni(I) as shown for Cxy,;.

Interestingly the monomeric Ni complex Cxj4 only showed a stoichiometric
conversion to a Ni complex of the E-azoarene isomer Cxy,5 (Scheme 65), which is
highly stable, due to the strong binding of the E-form of the azoarene to Ni(0), and
the substrate does not replace the product.

In the dimeric complex the azides react one by one and after the first reaction a
Ni, bridging nitrene Cxj,, was proposed as intermediate. The second reaction
presumably gives two bridging nitrenes that combine to the Z-azoarene compound.
This complex was observed as the resting state, but since it is much more weakly
bound, the Z-azo compound in Cxy,3 can be replaced by the azide or rather a solvent
molecule, as the reaction is zero order in azide, which turns the system into a
catalytic one. It seems that upon release the E-azo is formed, thus avoiding product
inhibition.

5.5 Ru, in the Kharasch Reaction (1 Electron Oxidative
Addition)

Dimeric complex Cxy6 was found, by Severin et al., to be a fast catalyst for the
Kharasch addition of organohalides to alkenes at room temperature and below, also
named ATRA reaction (atom-transfer radical addition), see Scheme 66 [149]. The
metal catalyst can also be [Cp*MCl,], (M = Rh or Ir). It was considerably faster than
the routinely used monomeric [RuCl,(PPh3);] complex, but also faster than the best
monomeric complexes studied and compared by Noels, e.g. [Cp*RuCl,(PPhs),]
[150]. The reaction starts with the abstraction of a chloride atom from the
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organohalide in which Ru(Il) turns to Ru(IIl), often thought to be the rate-limiting
step. The radical "CCl; formed adds to styrene, methacrylates, and the like, and the
newly formed radical recaptures the CI atom from Ru(IIl). All catalyst precursors
need to create a vacant site before they can start the atom abstraction and Severin
ascribed the high activity to the easy loss of ethene from Cxj,6. The electron-
accepting spectator metal accelerates the dissociation of ethene, although the
reacting metal becomes less electron-donating. In the series of Noels they found,
with exceptions, that the more electron rich the Ru center, the faster was the reaction.
These systems are very complicated, however, and explanations may be lacking; the
concentration of Ru(IIl) must be sufficiently high to intercept the radical intermedi-
ate to prevent polymerization and too high concentrations of organic radicals may
lead to undesired dimerizations. Under the latter circumstances, Ru(IIl) builds up at
the cost of Ru(ll) and the reaction stops. When the CCl, or another initiator
concentration is reduced to the level of the Ru concentration (Ru:chloride initiator:
MMA = 1:2:800), the acrylate radical will react with another monomer molecule
and polymerization is obtained as now the concentration of Ru(II)Cl is low com-
pared to MMA, named ATRP (atom-transfer radical polymerization) [151]. Complex
Cx1,¢ is an excellent catalyst for this reaction at room temperature.

5.6 Au;in Ring Closure Reactions

Marinetti and co-workers used the light-induced cis-frans isomerization of
azobenzene in bridged gold-phosphine complexes, providing (E)-Cxyz; and (Z)-
Cx127 complexes (Scheme 67) to influence their activity in the intramolecular
hydroamination reaction of an N-alkenylurea [152].

The cationic (E)- or (Z)-Cxy,5 complexes generated by chloride abstraction from
the AuCl Cxj,7 precursors by addition of Ag[SbF¢] catalyze the ring closure
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reaction. In bimetallic (Z)-Cx;,g the two gold centers are closer to one another and
the authors aimed at a bimetallic effect on the rate of reaction. A modest enhance-
ment was seen upon irradiation of (E)-Cxj,g, which is converted to (Z)-Cxy,g, of
about a factor of 2. The authors proposed a chelating coordination of the substrate in
the latter complex, as shown in Scheme 68, to explain this effect. The area of
photoswitchable catalysts, dinuclear systems included, was recently reviewed, as
were photoswitchable phosphines in catalysis [153—155].

5.7 Pd-Ru in Hydrodefluorination

Peris and co-workers discovered the synergistic action of a ruthenium-palladium
bimetallic complex in the hydrodefluorination of carbon—fluorine bonds of both
aromatics and aliphatics [156]. The three complexes studied are Cxyz9, CXj39, and
Cxy3;1. The latter was made via a stepwise deprotonation of the triazolium salt and
adding one by one the metal precursor complexes. Typical catalytic results are
presented in Table 6 for the simplest substrate studied, fluorobenzene (Scheme 69).

Thus, Ru, Cxj29 complex is not active, Pd, Cxy3p shows slight activity, but
catalyst Cxy31, the heterobinuclear complex, gave complete conversion. The mixture
of the homobimetallic ones is also active, but less so than the bimetallic complex. It
was assumed that palladium is involved in the C-F cleavage, while ruthenium
provides hydrogen as a hydrogen transfer catalyst. The high rate of Cxy3; relative
to the mixture of Cxy,9 and Cxy3¢9 must be explained by the proximity of the two
sites involved in the tandem process, although details about the process could not be
given.
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Table 6 Hydrodefluorination with bimetallic Cxj29, Cx;39, and Cx;3; catalysts

CgHsF — Cg¢Hg in iso-propanol at 80°C for 1 h; 1% of catalyst with ~-BuONa

Catalyst Cxqz9 0%
Catalyst Cxq39 3%
Catalyst Cxq3; 100%
Catalyst Cxqz9 + Cxy39 49%
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Scheme 69 Diruthenium- (Cxyy9), dipalladium- (Cxy3¢), and ruthenium-palladium (Cxy31) com-
plexes bridged by the triazolyl-di-ylidene ligand

Heterobimetallic complexes in which the two metal centers are bridged by the
1,3-dibutylimidazo{[4,5-/1[1,10]-phenanthrolin }-2-ylidene ligand are characterized
by an extended n-electron system able to interact through a pr-dzn overlap with them.
The ruthenium-palladium Cx;y3, complex in which ruthenium is coordinated to the
two nitrogen atoms of phenanthroline and palladium to the carbene moiety (Scheme
70) is able to perform the dehalogenation/transfer hydrogenation of
4-bromoacetophenone into 1-phenylethanol (99% yield). Similarly, the same
Cxy3, catalyst allows a 99% yield in 4-phenyl-1-phenylethanol [157]. The Peris
and Hahn groups are exploring bridging ligands for coordinating two different metal
catalysts inducing a significant cooperativity in order to produce efficient tandem
catalysis [158]. Each metal has its own role in the tandem process, and the proximity
and the electronic relay played by the bridging ligand provide a high efficiency in
terms of activity and selectivity.

Moore and Lu proposed a different bimetallic system Rh/In for
hydrodefluorination, catalyst Cx;s3 that operates at 70°C and 1 bar of H, converting
fluorobenzene to benzene [159]. It is proposed that the catalytic cycle involves Rh
(I) and Rh(-I) and that In stabilizes the low-valent Rh state (Scheme 71).

5.8 1Ir, NHC Complexes in Reductions with MeOH

Li, Hou, and co-workers compared the activity of the dimeric Ir(III)-NHC complex
Cxy34 with monomeric complexes Cxj3s5 and Cxj3¢ (and 10 more) in several
methylations and reductions with the use of MeOH as the hydrogen donor, all
reactions employing a hydrogen transfer mechanism [160]. In Table 7 the results
for the methylation of aniline are shown. Similar rate differences were found for the
methylation of nitrobenzene and the hydrogenation of benzaldehyde. DFT
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Table 7 1-Methylation of Yield
aniline with Cx;34, CxXy3s, and

Cxya6 catalysts Catalyst Cxy34 >99%
Catalyst Cxq35 70%
Catalyst Cxq3¢ 51%
Catalyst CX135 + CX136 65%

Reaction conditions: aniline (0.5 mmol), catalyst (Ir: 0.5 mol%)
KOtBu (1 equiv), MeOH (1 mL), 130°C, 4 h

calculations showed that there is a strong NBO interaction between the two Ir centers
in Cxyag, in spite of the long Ir—Ir distance of 7.58 A. As a result the relevant Ir-H
distances in the intermediates are lengthened, thus creating more active catalysts, in
particular in the five-membered irida-ring of Cxy34 (Scheme 72).

5.9 Bichromophoric Ru-Pd and Ir-Pd Catalysts

The ruthenium-palladium dinuclear complex Cx;37 is particular since the Ru metal
center is a visible-light-absorbing unit so that the Pd metal center becomes active
under irradiation. As shown by Akita and Inagaki et al., this complex catalyzes the
dimerization of a-methylstyrene into 2,4-diphenyl-4-methyl-1-pentene (Scheme 73)
and the highest photocatalytic activity was observed for R = Me and X = Br
[161]. In this case the Metal-to-Ligand Charge-Transfer transition to the bridging
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Scheme 73 Photocatalysis induced by the bichromophoric Ru-Pd Cx;37 catalyst

ligand is the most efficient. A first coordination of the substrate occurs, followed by
methyl migration reaction, before generating the active hydride species Cx;y3g. Then
a-methylstyrene coordinates, forming the alkyl species Cxj39 by hydride migration.
The rate-determining step concerns the second insertion of the substrate to give
Cx140, for which the electronic structure of the excited species is strongly affected by
the photoirradiation, resulting in an elongation of 0.3 A of the Pd-C bond in Cx;30
when a-methylstyrene approaches the Pd center [162].

Similarly, the Ir-Pd complex Cx14; in which the ruthenium metal center of Cxy3;
has been replaced by the iridium metal (R = 2-naphthyl, X = Br) catalyzes the
polymerization of styrene and the copolymerization of styrene and 2,2,2-
trifluoroethyl vinyl ether (TFEVE) [163, 164]. The authors checked that no radicals
are involved and the reaction proceeds exclusively through a coordination mecha-
nism on the Pd center. Under dark conditions the styrene/TFEVE mixture provides
only polymerization of TFEVE and the dimerization of styrene. The long lifetime of
the Cxq4; complex in its excited-state accelerates the insertion of the monomer
[162]. Cu(l) centers are also widely used as chromophores and indeed they can
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also be used in the Pd-catalyzed styrene polymerization described here. Complex
Cx142 containing a sterically congested Cu center catalyzed styrene polymerization
under visible-light irradiation to furnish polystyrenes via a nonradical mechanism
(Scheme 74) [165].

5.10 Heterogeneous Systems

Recent work deals with the reaction of dimeric iridium(IV) species [Ir;(p-O)
(H,0),(macac),(pyalc),] Cx143, where the two bidentate ligands are 2-methyl-2-
acetylacetonate and 2-(2’-pyridyl)-2-propane, on an o-Fe,O5 substrate through a
photochemical treatment to prepare a heterogeneous catalyst Cxy44 consisting of two
iridium atoms per catalytic site on the surface [166]. The resulting catalytic site
(Scheme 75), in which the two Ir(IV) atoms are bridged by two oxygen atoms and
are exclusively side-on bonded to the Fe,O; surface through oxygen atoms, presents
an outstanding stability against aggregation or detachment and is highly active
toward water oxidation (WOC), as already explored [167, 168]. The catalytic
activity is considerably higher than that for the corresponding single-atom catalyst
and the turnover frequency per Ir(IV) center is around 5 times higher [166]. The
same catalyst was studied with WO; as a support and now the Ir dimer is end-on
immobilized [169].

In a similar approach Macchioni and co-workers studied a dimeric Cp*Ir catalyst
in the homogeneous phase and immobilized on a TiO, support (Scheme 76) [170]. In
this instance the “homogeneous” catalyst remains intact and is not stripped from its
ligands. Mononuclear analogs and dinuclear WOCs were tested in homogeneous and
heterogeneous water oxidation with sodium periodate as the oxygen source. A
remarkable performance was observed for Cx;45@TiO,, both in terms of TOF
(up to 41 min~") and recyclability, which are significantly higher than those of
similar materials derived from mononuclear complexes.

Metal pair site catalysts on surfaces were reviewed recently [171].

6 Conclusions

As shown along this chapter, a reactivity enhancement is observed in many bime-
tallic catalytic species, when compared with the monometallic counterparts. This
phenomenon, described as cooperative effect between the two metal centers,
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requires kinetic studies and theoretical calculations to ascertain that it operates along
the catalytic cycle and for each of the different steps occurring along the conversion
of the substrates into the expected products.

In some cases, the enhanced activities observed are due to the coexistence of
highly reactive mononuclear species and could induce to misleading conclusions, as
observed, for instance, in some [Rh,(p-Cl),(diphos),] complexes.

When truly dinuclear species are involved along the reaction, the nature of the
bridging ligands holding together both metals and their basicity governs the coop-
erative effect. In this chapter, we have collected bimetallic catalyst systems, in which
the nature of the bridging ligand plays an essential role as the distance and orienta-
tion of the two metal centers in their ligand environment determine the mutual steric
and electronic influences. We have brought to light that there are many ways one
metal can influence the reactivity of a neighboring metal, both in stoichiometric and
catalytic reactions.

Concerning the structure of the catalyst precursor, it can contain two of the same
metals with or without a plane of symmetry or two-fold symmetry axis. When the
two metals are different or the same but part of a dissymmetric structure, each metal
clearly has its own well-defined role in the reactions with the substrates.

Many examples involve the same metal in symmetric compounds (see, for
instance, Schemes 1, 2, 3, 4, 5, and 6 as examples of oxidative addition) in which
one metal undergoes the reaction with the substrate electronically enhanced by the
presence of the second metal. In Scheme 7, representing a catalytic system for
carbonylation of methanol, the electronic interaction between the two rhodium
centers unexpectedly enhances the rate of oxidative addition. Subsequent reaction
on the second metal is retarded in all cases by electronic factors (Schemes 7, 16, and
17). Changes in free energy of activation may be small, as DFT calculations have
shown, but small changes correspond in catalysis to large rate enhancements.

In some examples, only one metal is directly involved in catalysis (i.e., methanol
carbonylation with Rh-dimers), but in some cases (i.e., bimetallic rhodium
hydroformylation catalyst with two chiral centers, Schemes 9, 10, and 11) after
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oxidative addition on one metal center both metals participate in the catalytic cycle.
In this case, the orientation of the two centers determines the reactivity, as can be
concluded from the much higher reactivity of the species containing the rac ligand
LS compared to that of the species with the meso ligand, although this is not
understood in detail.

Symmetric bimetallic molecules having a metal-metal bond can be
desymmetrized by reaction with a bifunctional substrate and one two-electron
oxidative addition may take place (Schemes 18, 19, 20, and 43) or double
two-electron oxidative additions (Schemes 62 and 63). For some of these cases
two one-electron oxidative additions can be imagined (Scheme 64) as proven also
for bimetallic molybdenum containing a metal-metal bond (Scheme 45). In the
desymmetrization reactions one functionality precoordinates to one of the metals,
which works as a “tug-in” effect. The reaction can start on one metal center and
continue on both centers (Scheme 43). The tug-in effect is very common for
symmetric bimetallic polymerization catalysts (Scheme 24) and may cause selective
rate enhancements in homo- and copolymerizations. Two other effects are observed
in symmetric bimetallic polymerization catalysts, an electronic effect exerted by one
metal on the other raising the electrophilicity and thus the reactivity, and a steric
effect of one metal-ligand moiety on the other, changing the stereoselectivity of the
catalyst (Schemes 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, and 39). In the
polymerization systems only migratory insertion reactions and chain transfer reac-
tions take place and there are no changes in valency.

This is in contrast with the bis-palladium systems active in C—H activation
processes. The binding motive in the palladium complexes is bridging acetates and
amidinates (Schemes 51, 52, 53, 54, and 55). The C—H activation takes place on one
palladium atom, while often the same metal functions as a tug-in coordinating site.
Depending on ligands and substrates various combinations of palladium valence
states may occur, from Pd(0) to Pd(IV). The proximity of the two centers leads to
strong electronic effects.

All examples require proximity of the two metal centers for electronic and/or
steric influences to be effective. The one example reviewed here with rather distant
ruthenium centers (Scheme 49) is an exception. There is no direct influence between
the metal centers but yet due to the cleverly arranged Ru—Ru distance the catalyst
gives selectively the 22-membered cyclic diene.

In heterobimetallic systems the role of the second metal is often that of a tug-in
metal and it is especially effective in reaction schemes involving association equi-
libria, such as the Michael addition (Schemes 56, 57, 58, and 59). The reaction rate
can be tuned by adjusting the distance between the two metal centers and choosing
the appropriate Lewis acidity.

A catalytic role for both hetero-metals exhibiting a bimetallic effect is rare, but
there is one elegant example involving a Zr alkene polymerization catalyst and a Cr
ethene oligomerization catalyst that provides the alkene (Scheme 32). In addition to
the electronic and steric effects noted above, the proximity of the two catalysts leads
to an unusually high effective concentration of hexene reacting at the Zr center. This
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is certainly one of the bimetallic effects that deserves attention for future
developments.

For a number of cases collected here there is no insight yet available and it should
be stressed that progress in this area requires accurate kinetic measurements. In
addition, theoretical calculations are today essential to check if the cooperative effect
between the two metal centers operates along the catalytic cycle and for each of the
different steps occurring along the conversion of the substrates into the expected
products. Thanks to the increasing sophistication of surface characterization, we may
expect more innovations of bimetallic activity on support materials.

Nevertheless, the design of appropriate ligands to maintain at the right distance
the two metal centers and eventually playing a significant role to intended steric
effects to adjust the reactivity appears to be essential. Thus, regioselectivity and even
enantioselectivity can be achieved using the appropriate ligand. A lot of progress is
necessary to anticipate the right way to design the multidentate ligand for a given
stoichiometric or catalytic reaction.
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Abstract This chapter is dedicated to heterobimetallic complexes in which the two
metal centers are not directly bound. Complexes are described in which the second
metal resides in the second coordination sphere of the first metal and enables bond
activation processes via synergistic activity with the first metal that are not available
to the corresponding monometallic complexes. Both stoichiometric and catalytic
bond activations are analyzed in the light of the type of reactions (e.g., H, activation,
polymerization, etc.). Both steric and electronic effects appear to play significant
roles in many cases, and as such, they are examined when applicable. Indeed, spatial
proximity between the two metal centers as well as electronic environment can allow
for modification and tuning of reactivity. This realization has led to the development
of switchable catalytic systems which are highlighted and discussed in terms of how
they are manipulated (e.g., redox-switchable systems and cation-responsive sys-
tems). While significant progress has been made toward furthering our collective
understanding of the behavior of these types of heterobimetallic complexes, this area
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is still ripe for future development. Additional systematic work is necessary to
continue to push this area of chemistry forward.

Keywords Bimetallic - Bond activation - Catalysis - Heterobimetallic - Migratory
insertion - Oxidative addition - Reactivity - Reductive elimination - Second
coordination sphere

1 Introduction

As the field of bimetallic chemistry continues to develop, it can be beneficial to
separate bimetallic structures into two structural categories. In the first category the
two metals are covalently bound to each other. Positioning a second metal in the
primary coordination sphere of a metal center allows for strong electronic modula-
tion and positions the system for cooperative bond-breaking events. Structures of
this type have been widely explored and feature in a number of review articles as
well as other chapters within this volume [1-5].

The second category of complex contains bimetallic structures in which the two
metal centers are not bound to each other, but rather exert second coordination
sphere effects on each other. Electronic influence between the two sites is weaker
than in directly bound systems, which allows the two metal centers to operate with
more independence and to retain properties that these metals would be likely to
exhibit in monomeric complexes. However, being tied together in a bimetallic
construct can help to overcome kinetic and/or stability issues that can arise in tandem
catalytic systems.

Our chapter focuses on this second class of bimetallic complex, with a particular
focus on complexes that have been structurally characterized. As an introduction, we
will first discuss representative applications of such complexes in stoichiometric
bond activations, then move on to explore select, instructive catalytic applications,
before finally discussing an emerging area of research in which one metal center is
used to switchably attenuate the reactivity at the second metal site. While not
designed as an exhaustive literature review of bond activation or catalysis mediated
by bimetallic complexes (this has been done elsewhere) [2, 6-8], this chapter will
provide a tutorial review sampling the breadth of reactivity that is available in
second-sphere systems.
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2 Stoichiometric Bond Activation Mediated by the Second
Coordination Sphere

Second coordination sphere effects manifest in a number of different ways. The
section below will highlight examples that are both unique and instructive. When
considering stoichiometric bond activations in bimetallic systems, it is important to
distinguish between systems in which the two metal centers act cooperatively and
systems in which the two metal centers function somewhat independently. We will
consider as “cooperative” bond activations those in which both metal centers are
(or likely are) active participants in the elementary step during which the key bond-
breaking event occurs. Other systems, where a single metal center is responsible for
bond breaking and the second metal serves a separate function (electronic modifier,
steric blocking, etc.), will be considered as non-cooperative. Both motifs are fre-
quently encountered.

Our first instructive example, a heterobimetallic potassium-aluminum dimer that,
remarkably, functions as a nucleophile, falls into the non-cooperative category
(Scheme 1) [9]. In this system the presence of the potassium cation stabilizes a
formally AI(I) center bearing a nucleophilic lone pair. The cation is not directly
bound to the aluminum center, but rather interacts with aromatic substituents on the
sterically bulky pincer ligand employed. Only a strongly electropositive, reducing
metal center would be able to stabilize an Al(I) aluminyl in a bimetallic construct.
The nucleophilic K-Al heterobimetallic construct was found to activate H, and
oxidatively add benzene via C—H bond activation. This study represents the first
example of intermolecular oxidative addition of a C—H bond in benzene at a single,
well-defined, main-group metal center (Scheme 2), with reactivity made possible by
the outer-sphere stabilization imparted by the potassium cation.

In a mechanistically similar example, hydrogen activation by heterobimetallic
iridium-aluminum and rhodium-aluminum complexes was reported, as shown in
Scheme 3 [10]. This system is comprised of a late transition metal center bound to a
second-sphere aluminum functionality. In the solid state the two metal centers are
separated by over 4 Angstroms preventing the formation of a direct metal-metal
bond [11]. Despite the long internuclear distance and relatively weak electronic
effect the aluminum site exerts on the transition metal, the system is still able to
achieve reactivity that the late transition metal center could not achieve

Bu Bu oi oi Bu
Di ipp, ipp,
\ KCg (excess) - —/

o] ‘wﬁlfl —_— o] -“'/AI: :A\I—O
at O x MO
Dipp Dipp  Di
Bu Bu PP PP Bu

[K{A(NON)}1,

Scheme 1 Synthesis of K-Al heterobimetallic dimer
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independently. Both Ir and Rh were found to react with hydrogen to generate the
observed final product of alkane gas.

A series of kinetic experiments were undertaken to distinguish between several
possible, plausible reaction mechanisms (Scheme 4). The authors determined pro-
posed mechanism 1 to be the most likely reaction mechanism, based on derivation of
a second-order rate and, in the case of Ir, observation of a stable intermediate
resulting from oxidative addition of hydrogen to the transition metal. The transition
metal facilitates a classical oxidative addition reaction and subsequently transfers
hydrides to the aluminum alkyls, functioning as acceptors, in the second coordina-
tion sphere. Notably, while 16-electron Ir centers are well known to oxidatively add
H,, the corresponding oxidative addition reaction with the utilized Rh complexes is
endergonic. The reaction proceeds only because the strongly basic aluminum alkyls
provide a thermodynamic driving force. The overall mechanics of this stoichiometric
reactivity are akin to a tandem catalytic process.

The remaining examples discussed in this section focus on cooperative reactivity.
In cooperative second-sphere reactions the two metal centers can function in a
manner similar to a Frustrated Lewis Pair (FLP) [12—17], such that they can be
considered “masked FLPs.” The result is a heterolytic bond cleavage. A beautiful
example of this concept is a platinum-aluminum heterobimetallic complex, synthe-
sized in 2016. The Z-type complex was shown to sequester CO,, CS,, and to
stoichiometrically activate molecular hydrogen via oxidative addition of H-H
bonds at elevated temperature (80°C) and pressure (3 bar) (Scheme 5) [18].

At first glance, this reaction may not appear to be a second-sphere process.
However, DFT calculations revealed that each step in the reaction is facilitated by
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stabilizing interactions with the Al moiety; thus, cooperative interaction between the
two metal centers is required for successful H, activation. Indeed, the formal Z-type
bond between the Pt center and Al is cleaved first, followed by subsequent H,
coordination. This results in a bridged dihydrogen complex, making this a true
second-sphere effect.
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Scheme 7 Proposed mechanism for reaction of Ru-Os heterobimetallic with ethylene

The examples described above beautifully illustrate how a second metal in the
second coordination sphere can modulate reactivity. In the first example, the alumi-
num center is able to access a reactivity manifold (oxidative addition) that is
otherwise very unlikely to occur due to the instability of Al(I) complexes. In the
second, a tandem-like system is generated in which each metal undergoes a more
“standard” reactivity pattern. Finally, our third example demonstrates cooperative
bond activation. The final highlighted examples of stoichiometric reactivity that we
will present illustrate a different type of cooperative reactivity. As a direct contrast to
this system, two metal centers which are initially separated by a bridging ligand are
found to be directly bound in the final product.

An Ru-Os tetrahydrido heterobimetallic complex that reacts with ethylene to
exclusively generate a divinyl-ethylene complex is shown in Scheme 6 [19]. This
report is reminiscent of earlier work from the authors on a related Ru-Ru
homobimetallic system [20-22].

The authors proposed a mechanism for this reaction (Scheme 7) in which
emancipation of the coordinated n [2]-ethylene, followed by oxidative addition of
the C(a) — H bond of one of the two vinyl groups at Ru, produces p-vinylidene
species A. A then undergoes insertion of the remaining vinyl group into an Ru — H
bond giving p-ethylidene-p-vinylidene intermediate B. Subsequent a-H elimination
from the p-ethylidene ligand followed by insertion of the p-vinylidene moiety into
an Os—H bond would afford the final bis-ethylidyne product D, via intermediary
p-vinylidene-p-ethylidyne complex C. This report represents the first example of a
heterobimetallic tetrahydrido-bridged complex having neither phosphine nor car-
bonyl ligands, and the heterobimetallic product D contains a newly formed M-M
bond between Ru and Os.

This work was extended further with the advent of an Ir-Zr heterobimetallic
complex bridged by hydrides (Scheme 8) [23]. These heterobimetallics, the authors
demonstrated, were able to facilitate H/D exchange reactions between C¢Dg and
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Scheme 9 Reaction of Ir-Zr heterobimetallic with pyridine derivatives

methoxyarenes as well as C—H activation of pyridine derivatives. Interestingly, as
with their previously mentioned Ru-Os report [19], the heterobimetallic product
resulting from the pyridine C—H activation reactions contains a newly formed bond
between the Zr and Ir metal centers (Scheme 9).

3 Catalysis Mediated by the Second Coordination Sphere

The general reaction motifs encountered above can be extended into catalytic
applications. In each of the catalytic reactions discussed below, the role of the
“secondary” metal in modulating the reactivity of the “primary” catalytic metal
will be presented in the context of the stoichiometric reactions above.

A common application of bimetallic complexes in catalysis is polymerization
[24-35]. The prevalence of metallocene and other homogeneous transition metal
olefin polymerization catalysts that are activated by methylalumoxane (MAO) has
historically been a significant driver for this work. With the goal of removing the
stoichiometric (or often superstoichiometric) MAO activator from the system,
homogeneous polymerization catalysts tethered to Lewis Acid activators have
been sought after for some time. In many cases, the Lewis Acid activator (typically
aluminum) is directly bound to the early metal center [36—39]. The examples
presented here extend beyond simple catalyst activation protocols. These systems
contain two potentially active catalyst sites in constrained environments. The result
is a synergistic effect akin to the second stoichiometric example above: each metal is
performing a task it is known to achieve in monometallic systems, but the overall
processes, in these cases the properties of the obtained polymers, are enforced by the
bimetallic construct.

In 2004, a Ti-Zr heterobimetallic complex was synthesized and its ability to
catalyze ethylene polymerization was demonstrated (Scheme 10) [40]. The
heterobimetallic catalyst is highly active for the generation of high-molecular-
weight, long-chain branched polyethylene. In contrast, control experiments
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involving mixtures of monomolecular Ti and Zr complexes generate polymeric
products with negligible branching. The authors attributed this to the covalent
linkage between the two transition metal centers. Due to the covalent linkage, the
two metals are sterically constrained such that the oligomer/macromonomer capture/
enchainment is significantly enhanced.

Around the same time, a Ti-W heterobimetallic was reported that functions as a
catalyst for olefin polymerization (Scheme 11) [41]. The Ti-W catalyst exhibited a
remarkably high activity for the copolymerization of 1-hexene and ethylene of
510 kg mmol(cat) ' h™'. In fact, even at reaction temperatures as high as 150°C,
the catalyst was highly active for several minutes. Also, the Ti-W heterobimetallic
was found to be a more active ethylene homopolymerization catalyst than a struc-
turally similar constrained geometry catalyst (CGC).

More recently, in 2014, a series of three Ti-C,-Cr heterobimetallic complexes
were found to catalyze ethylene polymerization (Scheme 12) [42]. All three catalysts
afford linear low-density polyethylenes (LLDPEs) containing exclusive n-butyl
branches under identical conditions. The Ti-Co-Cr°™® catalyst is more active and
yields polyethylenes with higher branch density than the Ti-C,-Cr®™® and Ti-Ce-
CrS™S. Moreover, the authors performed additional studies which further indicate
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that decreased spatial proximity between the two metal centers results in lower
catalytic activity. That is, the further away the two metals are from each other (the
longer the bridging carbon chain, C,), the less catalytically active the
heterobimetallic complex, which the authors attributed to diminished chain transfer
rates.

Second-sphere effects are not limited to polymerization reactions. Applications in
C-H functionalization have also been explored. The ability of one metal to sterically
direct reactivity in such systems is a promising avenue that is now beginning to bear
fruit.

A Ni-Al heterobimetallic was developed that catalyzed para-selective
alkenylation of pyridine [43]. The authors described a possible catalytic cycle
(Scheme 13). Heterobimetallic complex II is generated via addition of pyridine
and (NHC)AIMe; (NHC = N-heterocyclic carbene) to (NHC)Ni (I). Ni-H interme-
diate III is then produced by oxidative addition of the alkyne to II. Subsequent
alkyne insertion into the Ni-H bond yields IV. Subsequent reductive elimination
yields alkenylated product and regenerates I. Of note, proposed Ni-Al intermediate
II proved to be isolable and structurally characterizable, thereby serving as the first
structurally isolated example of C—H activation via a synergistic effect resulting
from a Ni—Al interaction.

Direct C-4-selective pyridine alkylation catalyzed by a Ni-Al heterobimetallic
was reported around the same time. Furthermore, in their report, a plausible catalytic
cycle similar to that described above (Scheme 13) was proposed as well (Scheme 14)
[44]. The aluminum center is determined to activate the pyridine ring and to
sterically compel reactivity at the electronically activated para position. Oxidative
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Scheme 14 Proposed catalytic cycle for C-4-selective alkylation of pyridine catalyzed by Ni-Al
heterobimetallic

addition of the pyridine C(4)-H bond of A affords B. Subsequent alkene coordina-
tion yields C, which then undergoes migratory alkene insertion into the Ni-H bond to
give D. Finally, reductive elimination releases C-4-alkylated pyridine and regener-
ates A. The bulky NHC ligands and (2,6-t-Bu,-4-Me-CcH,0),AlMe (MAD) were
found to be critical for promoting C-4 selectivity in both the oxidative addition and
reductive elimination steps. This represents the first example of direct C-4-selective
alkylation of pyridines by a Ni-Al catalyst.

The ability of a Ni-Al heterobimetallic to catalyze dehydrogenative [4 + 2]
cycloaddition of formamides with alkynes has been investigated and an accompa-
nying catalytic cycle was proposed (Scheme 15) [45].

The proposed catalytic cycle begins with n? coordination of Al-bound formamide
to Ni, affording A, which then oxidatively adds the formyl C—H bond to generate B.
Alkyne coordination followed by migratory insertion yields C and D, respectively.
A second C—H activation via concerted cyclometalation results in E. This is followed
by a second migratory insertion of a coordinating alkyne to give F. Subsequent
reductive elimination of the AlMes-containing cycloadduct follows. Finally,
decomplexation of AlMes; from the cycloadduct-generated product followed by
recomplexation of AlMe; with another molecule of formamide enables regeneration
of A via n> coordination.

The ability of a Ni-Al heterobimetallic to promote regioselective C—H activation
of benzimidazole has also been discovered [46]. The heterobimetallic structure
produces a steric restriction for the realization of the linear insertion product of
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Scheme 16 Overall reaction scheme for m-selective C—H borylation of benzamides and pyridines

benzimidazole into styrene, while the employment of monometallic Ni(COD), as the
catalyst generates a change in favor of the branched product.

More recently, an Ir-Al heterobimetallic was described that catalyzes meta-
selective benzamide and pyridine C—H borylation [47]. Various functional groups —
N-containing, O-containing, amine, ether, and carbonyl functionalities — were well
tolerated without experiencing a decline in selectivity, yielding the respective
functionalized pyridylborates. Significantly, this report highlights the potential of
Lewis acid—base interactions to serve as powerful instruments for manipulating site-
selectivities of catalytic C—H functionalization reactions at remote positions
(Scheme 16).
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The next catalytic example presented in this section features a cooperative bond-
breaking step. Similar to the example above (Scheme 5), each metal is involved in
substrate activation in a manner akin to a Frustrated Lewis Pair (FLP). A W-Pd
heterobimetallic complex was reported that catalyzes the dehydrogenation of amine-
borane. The authors were able to propose a plausible catalytic cycle (Scheme 17)
[48]. First, independent monometallic Pd-hydride and W-hydride complexes, col-
lectively labeled A, react with each other to release H, and generate heterobimetallic
complex B. Then, the amine-borane substrate inserts into B to generate C. Subse-
quent proton transfer from NH to W and hydride transfer from the BH group to Pd
results in elimination of the BH, = NMe, product and the formation of bimetallic
hydride species C. Finally, C ejects H, to yield A which interacts again to regenerate
catalytically active heterobimetallic complex B.

In 2020, an Ir-Os heterobimetallic complex was described that catalyzes the
acceptorless and base-free dehydrogenation of secondary alcohols (Scheme 18)
[49]. During the course of their investigation, the authors synthesized monometallic
and homobimetallic Ir analogues. Interestingly, these analogues also serve as cata-
lysts for acceptorless and base-free secondary alcohol dehydrogenation, yet the
homobimetallic is more efficient than the monometallic, and the heterobimetallic
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Ir-Os catalyst is more efficient than the homo- and monometallic analogues (i.e.,
Ir-Os > Ir-Ir > Ir).

The superior efficiency of the heterobimetallic catalyst compared to the other
analogues is attributed by the authors, and we believe correctly so, to the synergistic
behavior between the two different metal sites. Indeed, as mentioned before, this
type of increased efficiency, along with new modes of reactivity, is a major driving
force behind the interest in heterobimetallic research overall.

Recently, a Ni-Al heterobimetallic was reported to catalyze C;—H alkenylation of
2-pyridones with alkynes (Scheme 19) [50].

A series of control experiments were performed which reinforced the importance
of the PO ligand bound heterobimetallic catalyst to reaction success, as the reaction
did not proceed in the absence of Ni, Al, or PO ligand. Furthermore, it was
determined that the structure of the PO itself also had a profound impact on the
reactivity, which is not without precedent [51]. The PO ligand needed to be sterically
bulky enough to promote C—H cleavage by forcing the Ni center to approach the
reaction site more closely. This is yet another fine example of how sterics should
always be contemplated when considering possible reactivities and designing poten-
tial catalysts.

The breadth of potential catalytic reactivity in second-sphere bimetallic systems is
immense. Reactivity patterns and motifs which have been discovered in stoichio-
metric reactions have been found to translate directly into catalytic systems. With the
field in its relative infancy, there is a huge amount of space for future development in
the coming years.

3.1 Switchable Systems

We finally turn our attention to an emergent area of research, switchable catalysis.
Bimetallic systems are ideal for switchable systems. With highly differentiated metal
centers, one can predictably change the structure (coordination sphere, oxidation
state, etc.) at one metal center selectively. The structural or electronic change at this
second-sphere metal center is “felt” by the catalytically active metal site. If the felt
change is large enough, the catalyst can be turned on and off, or the nature of the
obtained catalysis product can be altered. Potential applications for this technology
are vast. In this last section we will give a brief overview of two forms of second-
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sphere catalyst switching: redox-switchable catalysts and cation-responsive
catalysts.

3.1.1 Redox-Switchable Systems

The reader will notice that ferrocene and cobaltocene are overwhelmingly utilized as
the “switch” in ligand-based redox-switchable systems. This is due to the fact that
they are both redox-active moieties at moderate electrochemical potentials so their
electronics can be readily tuned without interference from the catalytically active
site. Their redox changes are also highly reversible (ferrocene is a normal electro-
chemistry standard). Finally, they are substitutionally inert [52]. That is to say, upon
changing their electronics, the metallocene remains attached to the scaffold
containing the second metal in the bimetallic system. All of these properties, when
combined make them ideal choices for a redox switch.

In 1995, a seminal study in the field of redox-switchable catalysis utilizing a
metallocene switch was published [53]. In their investigation, the authors showed
that an Rh-Co heterobimetallic containing cobaltocene in its reduced form
[Rh-Co]™ was a better olefin hydrogenation catalyst than its oxidized analogue
[Rh-Co]®* (Scheme 20). In contrast, they found the opposite to be true in the case of
acetone hydrosilylation, in which case [Rh-Co]®* was a superior catalyst than
[Rh-Co]™. The authors attributed the differences in catalytic activity to multiple
possibilities, including difference in electron “donicity” as well as phosphine basic-
ity, both of which have literature precedent [54-59].

Extension of redox-switchable behavior to olefin metathesis has been achieved.
Redox switching can control the reactivity of a Grubbs—Hoveyda-type olefin metath-
esis catalyst that has been tagged with redox-active ferrocene (Scheme 21)
[60]. Interestingly, the authors were able to use the redox-active ferrocene moieties
not only to switch catalytic activity for Ring-Closing Metathesis (RCM) of N-
tosyldiallylamide on and off, but also to control the solubility of the catalyst. By
oxidizing the ferrocenyl tags, the resulting inactive dicationic catalyst precipitates
out within seconds, allowing for the product to be easily separated by filtration. The

Scheme 20 Rh-Co olefin T 2+ |+
hydrogenation and acetone ’ PF\’;ifac ——PPhy
hydrosilylation catalysts i ohn " Co Rh—ac,
(oxidized, red; reduced, = PPh @Pphz

green) [Rh-Co]°* [Rh-Co]ed
Scheme 21 Ferrocene- . .
tagged redox-switchable ¢ NN ¢
Grubbs—Hoveyda type o Y

olefin metathesis catalyst Ru=
c1” 4 >:
\(O
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catalyst can then be switched back on via reduction, allowing for easy catalyst
recycling.

Building upon this report, in 2013 an Ru-Fe heterobimetallic was prepared that
served as a redox-switchable catalyst for RCM of diethyl diallylmalonate (Scheme
22) [61].

The authors showed that oxidation of the catalyst caused a dramatic decrease in
catalytic activity, presumably due to reduced electron density at the metal center.
Subsequent reduction with decamethylferrocene resulted in a greater than 94%
return to initial catalytic activity. Thus, following one full redox cycle, the catalyst
still functions at greater than 94% of its original catalytic activity. Also significant,
this work represents the first example of a homogeneous, redox-switchable,
NHC-supported Ru catalyst used to control RCM via modification of ligand
electronics.

Around the same time, a different redox-switchable Ru-Fe heterobimetallic
complex was reported that catalyzed the RCM of diethyl diallylmalonate as well
as the ring-opening metathesis polymerization (ROMP) of 1,5-cyclooctadiene
(COD) (Scheme 23) [62]. At 80°C in toluene, quantitative formation of poly
(1,4-butadiene) was generated in less than 1 h from the ROMP of COD. Oxidation
by 2,3-dichloro-5,6-dicyanoquinone (DDQ) resulted in a significant decrease in
catalytic activity, and subsequent reduction by decamethylferrocene restored cata-
lytic activity. As with the previously mentioned study [61], the weaker electron
density at the metal center of the oxidized catalyst is believed to be the cause of its
decreased catalytic activity.

One of the most important applications of switchable catalysis has been in
polymerization. Nearly a decade after the first redox-active system for olefin poly-
merization was proposed, the viability of a ferrocene-containing Fe-Ti
heterobimetallic complex to function as a switchable redox-active polymerization
catalyst was demonstrated [63, 64]. Moreover, the authors investigated the effects of
location of the redox-active moiety on catalysis.

Contrary to a previously reported Fe-Ti polymerization catalyst in which the
ferrocenyl moiety is located distal to the Ti metal center [64], an Fe-Ti catalyst was
synthesized in which the ferrocenyl moiety is proximal to the active Ti metal center
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Scheme 25 Thiol-containing La-Fe catalysts

(Scheme 24). The authors found not only that their proximal ferrocenyl-containing
heterobimetallic catalyzed the redox-switchable polymerization of LA, but also that
the positioning of the redox-active ferrocenyl moiety in closer proximity to the active
Ti metal center resulted in an improved redox switch in polymerization activity
compared to the previously reported Fe-Ti catalyst.

The following year, two heterobimetallic thiol-containing La-Fe catalysts were
synthesized in an effort to expand redox-switchable catalysts to include rare-earth-
metal analogues as well as to investigate the effect of non-alkoxide versus alkoxide
ancillary ligands on catalytic performance (Scheme 25) [65].

In their investigation, the authors found that both catalysts A and B were more
active for ROP of rac-LA (rac-lactide) than their oxidized counterparts (Aqx/Box),
with A achieving higher percent monomer conversion than B. As such, their results
suggest that both non-alkoxide and alkoxide ancillary ligands may be employed for
these redox-switchable catalysts while those catalysts containing non-alkoxide moi-
eties might result in lower polymerization rates.
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Also in 2016, a set of 3 analogous redox-switchable Pd-Fe heterobimetallic
complexes was reported that catalyze the copolymerization of olefins including
norbornene oligomerization, ethylene homopolymerization, and ethylene/methyl
acrylate copolymerization (Scheme 26) [66].

The catalytic activity of these heterobimetallics is controllable via redox
switching. Particularly in norbornene oligomerization, the neutral heterobimetallic
complexes were catalytically inactive while the oxidized complexes displayed
significant catalytic activity. Hence, switching between the neutral and oxidized
states in situ leads to corresponding on and off switching for norbornene
oligomerization.

In 2019, the ability of an Fe-Zr heterobimetallic to function as a redox-switchable
catalyst for the ring-opening polymerization and copolymerization of cyclic esters
and ethers was detailed (Scheme 27) [67].

The authors tested several monomers for homopolymerization reactions with
both the reduced [Fe-Zr]™ and oxidized [Fe-Zr]®* states of the catalyst. CHO and
PO (propylene oxide) were polymerizable via [Fe-Zr]°*, while LA, VL, and TMC
were polymerizable via [Fe-Zr]™. Additionally, 16e block- and triblock-copolymers
were synthesized by the redox-switchable Fe-Zr catalyst.

Later in 2019, an Fe-Al heterobimetallic complex was reported that functions as a
redox-switchable catalyst for the ring-opening polymerization of cyclic esters and
cyclohexene oxide (Scheme 28) [68].
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[Fe-All™ polymerized LA (L-lactide), TMC (1,3-trimethylene carbonate), and
BBL (b-butyrolactone), while [Fe-Al]°* did not. In fact, the only observed activity
for [Fe-All®* was with CHO (cyclohexene oxide), and there was no observed
selectivity between the two redox states for CL (e-caprolactone) and VL
(d-valerolactone). Finally, the successful synthesis of AB and ABC-type block
copolymers of CHO, TMC, and LA was performed via switching redox states of
the Fe-Al heterobimetallic and sequential monomer addition.

Despite the prevalence of systems developed with polymerization applications in
mind, redox-switchable metallocenes have been employed in a range of other
reaction manifolds. A ferrocenyl-substituted mesoionic carbene-containing Au-Fe
heterobimetallic complexes was presented in 2015 (Scheme 29) [69].

The authors were able to demonstrate that the oxidized form of the catalyst
[Au-Fe]®™ catalyzes the cyclization of N(2-propyn-1-yl)benzamide to 5-methylene-
2-phenyl-4,5-dihydrooxazole while the unoxidized neutral form reduced [Au-Fe]
was catalytically inactive (Scheme 30).

This shows that oxidation of the catalyst can be used to switch the catalyst on and
off. Also of note, this report represents the first example of a heterobimetallic
complex containing a redox-active ferrocenyl-triazolylidene metalloligand.

The ability of an Fe-Co heterobimetallic to catalyze the hydroalkoxylation of
styrenes has been demonstrated as well (Scheme 31) [70].
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Scheme 31 Fe-Co heterobimetallic hydroalkoxylation catalyst

The one-electron-oxidized species was shown to be inactive toward
hydroalkoxylation, and, as such, the hydroalkoxylation reactivity is able to be
switched on and off in situ via redox chemistry.

Recently, the potential utility of this scaffold was demonstrated to extend beyond
solely polymerization into additional reaction systems. In 2019, the ability of a
sulfur-containing Fe-Zr heterobimetallic complex to function as a redox-switchable
catalyst for intramolecular hydroamination was discovered (Scheme 32) [71].

The authors found that the reduced form of the complex catalyzes the
hydroamination of primary aminoalkenes. Contrarily, the oxidized state of the
heterobimetallic was shown to catalyze the hydroamination of secondary
aminoalkenes. By switching between the two redox states, they were able to
selectively catalyze primary aminoalkene hydroamination over secondary, and
vice versa.
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Most recently, in late 2020, dimeric Th-Fe heterobimetallics (Th,-arene; arene:
benzene, naphthalene, anthracene) were shown to reduce select arenes as well as
alkynes (Scheme 33) [72].

It was found that all Thy-arene served as reductants for azobenzene or
cyclooctatetraene.  Interestingly, all Thy-arene were able to reduce
diphenylacetylene, yet only the most reactive Thy-naph could reduce bis
(trimethylsilyl)acetylene (Scheme 34).

In 2016, an Fe-Au heterobimetallic complex was revealed to have the ability to
behave as a redox-switchable catalyst for alkyne cyclization with furans (Scheme
35) [73].

It was determined that the neutral heterobimetallic [Fe-Au was catalytically
inactive. However, upon addition of acetylferrocenium tetrafluoroborate as the
oxidant, the oxidized form of the heterobimetallic complex [Fe-Au]®® generated
moderate to good yields of the final products (Scheme 36).

The authors attribute the catalytic activity of the oxidized heterobimetallic cata-
lyst [Fe-Au]®™ to the increased electrophilicity of the Au metal center resulting from
the production of a cationic ligand due to oxidation. Thus, switching from neutral
[Fe-Au]™" to oxidized [Fe-Au]°* affords a corresponding switch in alkyne cycliza-
tion catalysis from off to on.

A subsequent report detailed an Ru-Fe heterobimetallic complex analogous to
their previously reported Fe-Au system (Scheme 37) [74]. The investigators discov-
ered that the Ru-Fe heterobimetallic complex [Ru-Fe] functions as a redox-
switchable catalyst for the transfer hydrogenation of imines and ketones. It was
found that, while the neutral heterobimetallic [Ru-Fe] was highly active for reducing

] neut
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Table 1 Transfer hydrogenation of imines and ketones using redox-switchable [Ru-Fe]*

R. Malcolm Charles III and T. P. Brewster

X OH XH (0]
[cat], KOH
R1JJ\R2 * /I\ R1J\R2 )J\
X =0, NRj
Entry Substrate Catalyst Yield [%]?
1 acetophenone [Ru-Fe] 94
2 acetophenone [Ru-Fe] + oxidant 24
3 cyclohexanone [Ru-Fe] 75
4 cyclohexanone [Ru-Fe] + oxidant 66
5 hexanophenone [Ru-Fe] 94
6 hexanophenone [Ru-Fe] + oxidant 20
7 2-acetophenone [Ru-Fe] 60
8 2-acetophenone [Ru-Fe] + oxidant 6
9 4-bromoacetophenone [Ru-Fe] 68
10 4-bromoacetophenone [Ru-Fe] + oxidant 51
11 4-methoxyacetophenone [Ru-Fe] 40
12 4-methoxyacetophenone [Ru-Fe] + oxidant 18
13 N-benzylideneaniline [Ru-Fe] 85
14 N-benzylideneaniline [Ru-Fe] + oxidant 81

4 Reaction conditions: 0.5 mmol ketone or imine, 0.05 mmol KOH, 0.5 mol% of [Ru-Fe], 0.5 mol%
of acetylferrocenium tetrafluoroborate (oxidant), and 2 mL of isopropanol at 80°C for 2 h
® Yields determined by GC using anisole (0.5 mmol) as an internal standard

Au
@N@/@
Fe -
2

Scheme 38 Redox-switchable Au-Fe heterobimetallic cyclization catalyst

all tested substrates, the oxidized species [Ru-Fe]** showed reduced activity for
ketone reduction (Table 1).

Moreover, the authors demonstrated that the rate of hexaphenone reduction could
actually be modulated via addition of subsequent amounts of reductant and oxidant.
Addition of acetylferrocenium tetrafluoroborate (oxidant) leads to decreased cata-
Iytic activity, while subsequent addition of cobaltocene (reductant) leads to restora-
tion of catalytic activity to pre-oxidation levels.

The first example of redox-switchable catalysis with a gold(I) complex was
described in a 2017 report on an Au-Fe heterobimetallic (Scheme 38) [75].

The authors demonstrated the ability of their Au-Fe heterobimetallic to catalyze
cyclization reactions, including the formation of furan, phenol, and oxazoline
(Scheme 39).
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Moreover, the authors showed that switching from the unoxidized native form of
the catalyst [Au-Fe] to the oxidized form [Au-Fe]®™ turns the catalytic activity from
off to on, respectively. In addition, the addition of decamethylferrocene to the active
catalyst [Au-Fe]®* is shown to turn catalysis back off via reduction back to the native
unoxidized heterobimetallic [Au-Fe]. Interestingly, in the case of the phenol forma-
tion, a different kind of switching was observed. As with the furan and oxazoline
formation before, [Au-Fe]®® leads to phenol formation. However, reduction with
decamethylferrocene leads to back-conversion of the phenol to starting material
(Scheme 40).

Independent control experiments suggest this back and forth switching is inher-
ently connected to the entire catalytic mixture.

The same year, an Rh-Fe heterobimetallic that serves as a redox-responsive
catalyst for hydrosilylation of terminal alkynes was also reported (Scheme 41)
[76]. It was shown that all hydrosilylation reactions were drastically accelerated
with the catalyst in its oxidized form [Rh-Fe]®* instead of its reduced form
[Rh-Fe]™. Perhaps even more significantly, the authors discovered that both the
selectivity and the product distribution of the catalysis changed appreciably upon
switching from [Rh-Fe]°* to [Rh-Fe]™.
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Scheme 42 Redox-
responsive Au-Fe
heterobimetallic catalyst for
alkyne hydroamination

More recently, in 2019, a redox-responsive Au-Fe heterobimetallic complex was
described that catalyzed alkyne hydroamination (Scheme 42) [77]. The authors
discovered that the hydroamination reaction generally occurs approximately two
times faster when the catalyst is switched to its oxidized form [Au-Fe]°* instead of its
reduced form [Au-Fe]™.

Additionally, the researchers examined the hydroamination of electron-poor,
electron-rich, and aliphatic alkynes in their study and found that the electronic nature
of the alkyne actually had a meaningful impact on the efficiency of the reaction, with
electron-donating groups slowing the reaction down (Table 2).

Similar to the aforementioned work, a redox-switchable Au-Fe heterobimetallic
cyclization catalyst was recently reported (Scheme 43) [78].

The authors demonstrated that, while the oxidized heterobimetallic [Au-Fe]** was
catalytically active for the cyclization of N(2-propyn-1-yl)benzamide to 2-phenyl-5-
vinylidene-2-oxazoline, the reduced form [Au-Fe]rEd is inactive. Further, redox
switching between [Au-Fe]°* and [Au-Fe]™! switches catalytic turnover on and off.

3.1.2 Cation-Responsive Systems

In 2014, a heterobimetallic Ir-crown ether complex, in which the crown either
moiety contains either Na* or Li*, was reported to catalyze H, activation and
facilitate H/D exchange (Scheme 44) [79].

The main-group cation is thought to sequester the crown ether and prevent an
oxygen atom from competing with H, for an open site at the iridium center.
Interestingly, it was determined that the rate of H, activation can be controlled by
cation selection. Reactions containing lithium proceed approximately 10 times faster
than those reactions involving sodium. Moreover, the H/D exchange reaction rate
can be increased up to 250-fold upon addition of catalytic amounts of Li*. Thus,
modification of the identity and concentration of the main-group cation results in
corresponding modification of the reaction.

This type of cation-responsive system has been extended beyond hydrogen
activation and into the field of olefin isomerization [80]. Simple halide abstraction
switched the monometallic Ir catalyst from inactive to active (i.e., off to on) (Scheme
45).

From that point, it was found that the catalyst activity could be tuned by
converting the monometallic Ir catalyst to a heterobimetallic Ir-M (M = K, Na, Li)
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Table 2 Scope of alkyne hydroamination catalyzed by Au-Fe

[Au-Fe]d or [Au-Fe]°* (0.1 mol%)

91

NaBAF (0.1 mol%) Ry
R'-NH, + =—R? > |
benzene-dg )\RZ
Ph. Mes Mes Mes\N
| | | |
A Ph A Ph )\@\ CFs
OMe
81% (14.25)  99% (3.25) 99% (10.25) 7% (9.25) g
88% (13.25)  99% (2.25) 99% (7.25) 7% (9.25) ' 3
Dipp-. Dipp-. Dipp-.
|
/k Ph )\©\ )\@\
99% (5.25) 99% (8.2 99% (9
99% (4.25) 99% (6. 5) 99% (5. 5)
Dlpp\IN Dlpp\IN Dlpp\IN
/L "Pent /k Bn /L “Hex
59% (24.25)2 68% (24.25)2 46% (24.25)2
74% (24.25)7 71% (24.25)7 55% (24.25)7

Hydroamination of alkynes. Yields are given for [Au-Fe]™

(upper value) and [Au-Fe]®* (lower

value); numbers in parentheses correspond to reaction times in [h]. Reactions were conducted on a
0.1 mmol scale in dg-benzene with 0.1 mol% [Au-Fe]™ and 0.1 mol% NaBAr" as activating agents.
[Au-Fe]** was generated in situ prior to the reaction by addition of 0.1 mol% [Fc(Oac)][AI{OC
(CF3)3}4]. The yields were determined using 1,3,5-(MeO);CgH; as an internal standard

# Reactions were conducted using a 1 mol% catalyst/activator

Scheme 43 Switchable J
gold-catalyzed cyclization 0
of N(2-propyn-1-yl) @/'\“Au
benzamide to 2-phenyl-5- e’ed

vinylidene-2-oxazoline _e
N 41%»
H
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Scheme 44 Overall H, activation and H/D exchange reaction
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Scheme 45 Interconversion between inactive (purple; left) and active (green; right) olefin isom-
erization catalyst

M
1 mol% K*
2 mol% Na*
AR 4 mol% Li*

Scheme 46 Proposed mechanism for cation-controlled olefin isomerization via heterobimetallic
catalysis

catalyst via addition of main-group metal salts. Turnover frequency (TOF) for olefin
isomerization increased upon changing M such that TOF: K < Na < Li (Scheme 46).

Further still, the authors demonstrated that addition of chloride salts completely
halts catalytic activity, allowing for the catalyst to be switched off and on using
chloride salts (off) and sodium salts (on).
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It is also worth noting that redox-switchable catalytic ability of crown ether-
containing Ir-M (M = metal salt) heterobimetallic complexes extends to modulate
methanol carbonylation [81, 82]. In these systems, structurally analogous to previ-
ously mentioned heterobimetallics [79, 80], changing the metal cation results in
corresponding changes to the turnover number (TON) for the methanol carbonyla-
tion. Rather than a simple on and off switch, the authors demonstrate the potential for
cation-controlled reaction tunability.

4 Conclusions

As displayed throughout this chapter, a specific class of heterobimetallic complexes
in which each metal center resides in the second coordination sphere of the other has
recently emerged as an area of increased interest. This is undoubtedly due to the
unique reactivity manifolds afforded by these complexes as a result of the presence
of two different metal centers. Stoichiometric bond activation is observed in
heterobimetallic species that is otherwise not seen without both metals present. In
some examples, activation is achieved in a manner not dissimilar to Lewis pair-type
chemistry in which the two metals form an adduct with a new M—M’ bond following
bond activation. Catalytic bond activation ranging from alkenylation to polymeriza-
tion facilitated by these heterobimetallics has been observed, with some examples
showing regioselectivity. Ongoing progress continues in the development of cata-
lytically useful second-sphere bimetallic systems. Of particular note is the recent
emergence of switchable heterobimetallic complexes. In this chapter, we have
discussed both redox-switchable and cation-responsive heterobimetallic systems.

In redox-switchable systems, changing the oxidation state of one of the metals is
used to modify catalytic activity. In many systems, oxidizing or reducing one of the
metals switches catalysis from “off” to “on” and vice versa. While polymerization is
the centerpiece of redox-switchable heterobimetallics, switchable systems have had
application in additional reactions such as alkyne cyclization, hydroamination, and
hydrosilylation. Similarly, cation-responsive systems utilize cation manipulation to
influence catalytic activity with some evidence to suggest size of the cation could
have an appreciable effect on catalysis. Future directions in this area include the
generation of “multi-state” switches, systems that can exist in states beyond the
currently standard “on” and “off.”

Though perhaps not as commonly encountered for bond activation and catalysis
as systems containing formal metal-metal bonds, the field of second-sphere bime-
tallic chemistry is certain to grow over the coming years. Potential applications are
limitless, as the metals can function cooperatively or in tandem to achieve desired
reactivity. We look forward to watching the field mature and are excited for what is
yet to come!
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Abstract The main advances, over the last two decades, on dinuclear complexes
featuring a redox-active ligand close to the bimetallic core are presented in this
chapter. At the end of the nineties, the discovery of the structure of the active site of
[FeFe]-hydrogenases has led to a revival of the chemistry of dithiolato/bis-thiolato
bridged carbonyl di-iron complexes with the aim of understanding the functioning,
at the molecular level, of this family of metallo-enzymes and to reproduce their
activity towards the reversible H*/H, conversion. The progress in the knowledge of
the H-cluster reveals that its high activity is due to an efficient and subtle Nature’s
engineering that involves a dinuclear activating framework and its cooperativity with
redox-active ligand and proton-relay. If initially the development of this chemistry
has been centred on the preparation of rudimentary di-iron compounds in order to
study their ability to reduce protons electrochemically or photochemically, more
sophisticated systems with a relay of protons, for promoting proton transfers, have
rapidly emerged. Paradoxically, it is only quite recently that an increasing number of
derivatives incorporating a redox-active ligand has been elaborated. To date, there
are only a few di-iron compounds capable of reproducing H-cluster activity. These
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researches are still ongoing and they have contributed to develop the chemistry of
dinuclear complexes with redox ligands.

The first part of this chapter is dedicated to the advances in this di-iron
bio-inspired chemistry, which has led to consider the combination of carbonyl
di-iron platforms with a large series of redox ligands and the different ways for
introducing them near the di-iron core. Examples of hetero-bimetallic [NiFe] species
featuring a redox group, considered as models of the [NiFe]-hydrogenases, are also
presented.

Considering the renewal of the interest in using bimetallic systems for molecular
activation in order to develop novel catalytic processes, the second part of this
chapter presents selected examples of bimetallic derivatives featuring chelating
redox-active ligands. Their properties/activities, often original or unexpected, in
connection with the presence of the redox-active ligand in the coordination sphere
of a dinuclear framework, are described. These results, even if their presentation in
this chapter may appear somewhat scattered, demonstrate that the combination of
“non-innocent” ligands (redox-active in this chapter but also proton-responsive)
with dinuclear sites offers interesting perspectives in the field of molecular activation
with transition metal complexes.

Keywords Bio-inspired complexes - Catalysis - Cooperative effects - Dinuclear
complexes - Electron reservoir - Non-innocence - Redox-active ligand - Small
molecules activation - Transition metal

1 Introduction

Numerous reviews and perspective articles have been dedicated to redox-active
ligands and their “non-innocence” [1-28]. The combination of such ligands with
metal frameworks affords important perspectives in the field of catalysis and molec-
ular materials. A plethoric number of metal compounds combining redox ligands has
been reported, but the building of such devices for the activation of small molecules
is still in its infancy, especially with polymetallic derivatives, and is highly promis-
ing in reason of the possibility to produce, using such combinations, efficient
catalysts based on earth-abundant first-row transition metals instead of expensive
noble metals. One of the main roles, that a redox-active ligand may display, is to
behave as an electron reservoir into the vicinity of a metallic active site and to allow
electron transfers during the chemical transformation process of substrates.
Depending on the nature of the metallic framework, this ability to store or to release
electrons also induces other interesting processes such as the transfer of single
electron to the substrate, the stabilization of reactive radicals or the control of
Lewis acid/base character of the metal centre.

During these decades, a renewed and growing attractiveness for the chemistry of
bimetallic systems has also emerged in reason of the interest that cooperative and
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Scheme 1 Schematical Redox-relay
view of the H-cluster of
[FeFe]-hydrogenases

Proton-relay

Coordination site

synergistic effects between two metal centres in close proximity may have for bond
activation and catalysis, thus affording a complementary and efficient approach to
the single-metal reactivity and catalysis [29—44]. Compared to monometallic sys-
tems, much fewer bimetallic systems including a redox ligand have been described
until now. However, there is an important interest for catalysis in the design of first-
row transition bimetallic systems with a nearby redox-active ligand in order to
explore and to find new reactional processes, which do not take place at a single
metal centre. They may be favoured by a higher electronic flexibility of the bime-
tallic site and a better control of multi-electron transfers, through metal-ligand
cooperativity. The development of such bimetallic systems has been stimulated by
the existence of efficient natural systems, which has led to a bio-inspired approach.
Indeed, multielectron transfers are ubiquitous in biologically important activation
processes, such as hydrogen production/uptake, nitrogen fixation or CO,
reduction. . ., which are catalyzed by metalloenzymes with multimetallic active
sites (hydrogenases, nitrogenases or CO-dehydrogenase, respectively) [45—49].

One of the most outstanding examples is the H-cluster (Scheme 1), the active site
of [FeFe]-hydrogenases, that is a natural sophisticated archetype for bimetallic
activation involving metal-metal and metal-ligand cooperativities [50-53].

The high bidirectional catalytic efficiency of [FeFe]-hydrogenases towards H*/H,
conversion is governed by fine structural and electronic rearrangements that are
controlled by electron and proton transfers, mediated by the amine of the
azadithiolato bridge, acting as a proton-relay, and the redox-actif [Fe,S4] cubane,
occuring throughout the catalytic cycle [45, 53—55]. Principally, two mechanisms for
the functioning of the H-cluster are currently proposed (Scheme 2). They are still
under debate and the question of protonation and redox steps sequences, involving
separate proton- and electron-transfers or PCETs, still remains open. These mecha-
nism highlight the structural and electronic synergy between the two iron atoms in
the di-iron subsite. The role of the [Fe;S4] sub-cluster is evidenced as essential,
acting as an electron reservoir during catalysis, cycling between [FesS4]" and
[Fe4S4]** states, but also being proton-responsive and thus allowing to adjust the
electronic balance between the cubane and the di-iron subsite for a high catalytic
activity.

Despite the syntheses and studies of hundreds di-iron complexes bio-inspired by
the H-cluster, a limited number of efficient di-iron species containing ligands with
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redox properties, modelling the role of the electron reservoir played by the [Fe,S4]
subcluster, has been reported. Moreover, the redox activity of such ligands at a
di-iron site has been very scarcely observed or demonstrated [55-61].

The first section of this chapter is specifically dedicated to a state of the art of
dinuclear molecules with redox ligands bio-inspired by hydrogenases. Homo-
dinuclear [FeFe] complexes have been considered as well as some rare examples
of hetero-bimetallic [NiFe] species. The second section is an overview of dinuclear
systems containing various chelating redox ligands in order to illustrate the effect
that such ligands may have on the structure of bimetallic complexes, on their
electronic properties and redox chemistry as well as on their chemical activity.

An arbitrary choice has been made to subdivide each section according to the
nature of the redox ligands rather than that of the metal or according to the activity
that is induced (bond formation or cleavage, electron storage or releasing upon redox
processes, generation of radical based-ligand, structural effect on metal-metal inter-
action, redox isomerism. . .) or according to the chemical process that is concerned
(H*/H, conversion, H,O oxidation, N, reduction, O, reduction. . .).

The scope of the topic tackled in this chapter is delimited to the d-transition metal
chemistry. Most of the reported examples in this chapter involve dinuclear com-
pounds with metal centres in close proximity and a redox ligand linked by covalent
interactions in the first or second coordination sphere of the bimetallic core. Exam-
ples of dinuclear species associated to photosystems or grafted in electrode materials
as well as those used for the design of molecular electronic/magnetic devices have
not been considered in the scope of this chapter.

2 Hydrogenases-Bio-Inspired Dinuclear Complexes
Featuring a Redox Ligand

Strategies for introducing an electron reservoir into the vicinity of a bimetallic site
are nicely exemplified by the chemistry of di-iron complexes comprising a surrogate
of the [Fe,S4] sub-cluster of the H-cluster. Redox ligands have been introduced in
the coordination sphere of the dinuclear site either by the replacement of one or two
terminal carbonyl groups in carbonyl di-iron precursors [Fe,(CO)¢ xLx(u-dithiolato)]
(x = 1, 2) or by the functionalization of the dithiolato bridge through the use of
preformed dithiols, or cyclic disulfides, respectively [55, 56, 58]. Other strategies,
based on the combination of mononuclear precursors, have been also developed.
Various redox ligands or groups, such as nitrosyl, phosphole, fullerene, nitrogen and
dinitrogen ligands (pyridine, bipyridine, phenanthroline, azopyridine. . .), phosphine
and diphosphine functionalized, or not, with a ferrocenyl moiety have been com-
bined with a di-iron core through the substitution of CO. Simplified and general
strategies for the preparation of homo-bimetallic species with a redox ligand are
illustrated in the Scheme 3. Similar strategies have been used for the synthesis of
hetero-bimetallic species.
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Scheme 3 General strategies for the preparation of homo-bimetallic species featuring a redox
ligand

2.1 Complexes with a Non-Metal Based Redox Ligand

2.1.1 Introduction of a Redox Ligand Through Monodentate
Coordination

NO ligand. The coordination chemistry of NO is well known and its role is crucial as
a signaling molecule (gasotransmitter) in numerous physiological and pathological
events in biology [62, 63]. NO presents an ambidentate mode of coordination by
varying its (M-N-O) bond angle depending on its donor/acceptor ability towards a
metallic framework. It can behave as a strong m-electron acceptor nitrosyl cation
NO™ (linear M-N = 0), a neutral nitric oxide radical NO" (bent M-NO) or a strong
electron donor when considered as the nitroxide anion NO™~ (bent [M-N=0O]).

A series of nitrosyl di-iron complexes (1-6) (Scheme 4) was prepared by reacting
NOBF, with various precursors such as [Fez(CO)6_2y(K2—dppv)y(u-xdt)] (y=1or2;
dppv = cis-1,2-bis(diphenylphosphinoethylene); xdt = 1,2-ethanedithiolato (edt) or
1,3-propanedithiolato (pdt)) and by a further CO substitution with PMe; or CN ™
[64]. Complexes [Fe,(CO)e.y(PMes),(u-xdt)] (y = 1 or 2) also react with NOBF,
affording the parent nitrosyl complexes [Fe,(CO)s_,(PMej3),(NO)(u-xdt)](BE,) (7-
10) (Scheme 4) by releasing one CO [65]. Apparently, NO does not alter the formal
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Scheme 4 Various di-iron nitrosyl complexes

oxidation state Fe'Fe' of the di-iron core in these compounds despite two facts.
Firstly, complexes [Fe,(CO)s_,(PMe3),(NO)(u-xdt)|(BF,) adopt a distorted rotated
structure, especially when y = 2, resembling to the structure of the redox state H,y of
[FeFe]-hydrogenases, which has a mixed valent subunit Fe"Fe'. Secondly, DFT
calculations show that the charge density at iron atoms in the disubstituted derivative
[Fe>(CO)3(PMes),(NO)(u-pdt)I(BF,) (10) fits better with that of the monocationic
Fe''Fe' complex [Fe,(CO)4(PMes)>(u-pdt)]* than with that of the neutral Fe'Fe'
species [Fe,(CO)4(PMes),(¢-pdt)]. Although it has been shown that an asymmetrical
substitution of terminal ligands at di-iron centres combined with a steric crowding
bridge may cause geometric distortions [66], the difficulty in giving a clear elec-
tronic description of the di-iron site in terms of oxidation state suggests a redox
“non-innocent” role of NO. Moreover, this ambivalence is also suggested by the
formation of the nitrosyl species [Fez(CO)(Kz-dppv)Z(NO)(,u-edt)]+ (6) by reacting
the preformed cationic radical [Fez(CO)z(Kz—dppv)z(;A-edt)]+ (Fe"Fe') with
NO. Upon reduction of [Feg(CO)3(1<2-dppv)(NO)(,u-edt)]+ (1) into its neutral form
by treatment with the decamethylcobaltocene at low temperature (—78°C), IR
recordings show an important shift of ca 180 cm ™' at lower wavenumbers of the
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Y(NO) band, which corroborates the redox behaviour of NO, that is also shown by
EPR measurements [64].

Such accommodation of redox level for regulation of electronic density through
electron uptake and storage by a {FeNO} moiety was also exemplified by experi-
ments and calculations in compounds [Fe,(bme-dach)(NO);](BF,;) (11;
bme-dach = N,N’-bis(2-mercaptoethyl)-1,4-diazacycloheptane) and [Fe,(Cp)
(bme-dach)(CO)(NO)](BF,) (12; Cp = ;75-C5H5) (Scheme 4), in which the
{MN2S2} core is also reminiscent of the active site of acetyl CoA synthase [67—
69]. In the case of 11, a single electron reduction assigned to the mono-nitrosyl iron
takes place at —0.78 V vs. (Fc*/Fc), while the other di-iron moiety reduces at —
1.41 V. After the transfer of the first electron at —0.78 V, the reduced species
becomes active in the presence of acid, leading to a cationic complex which is
again reduced at this potential.

N-Heterocyclic Carbene (NHC) and isocyanide (RNC) ligands. A possible role of
a N-Heterocyclic Carbene (NHC), as a redox ligand, in the complex [Fe,(CO)s(x'-
IMes)(u-pdt)] (A3; IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
(Scheme 5) has been explored by DFT in order to rationalize the two-electron
reduction of this species at the same potential. These calculations proposed that,
after the first electron transfer centred on the di-iron core, the addition of a second
electron at the IMes ligand would afford a triplet state that is more stable than the
singlet one arising from the double reduction at the di-iron site [70]. Until now, no
other example of di-iron species featuring NHC ligands, non-functionalized with a
redox group, has displayed such a behaviour [71, 72].

In the series of arylisocyanide (ArNC; Ar = pCsHsX) monosubstituted deriva-
tives [Fez(CO)s(Kl—ArNC)(,u—Sz{CH2}2NtBu)] (14) (Scheme 5), the LUMO can be
either purely ligand centred (X = NO,) or distributed over the isocyanide and the
di-iron centre (X = CF3, CN), or quasi fully metal centred (X = OCH3, CH3, H, I).
These results suggest that a simple tuning of such common ligands allows to control
the transfer of an electron at the ligand or at the metal centre as well as to find
intermediate electronic situations where the redox ligand would become “non-
innocent” [73].

Phosphole ligand. The compound [Fez(CO)S(Kl-phosphole)(ﬂ-bdt)] (15;
bdt = 1,2-benzenedithiolato) is a scarce example of an aqueous-soluble complex
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containing a dipyridylphosphole ligand with a redox-active behaviour. It has been
prepared from the hexacarbonyl compound [Fe,(CO)g(u-bdt)] in which a carbonyl
group is displaced by the phosphole ligand. Upon reduction, the monoanion retains
the structure of the neutral parent complex, the added electron being localized on the
phosphole ligand. The addition of a second electron occurs at the di-iron core,
weakening the Fe-S bond and leading to the formation of a dianionic species able
to accept a further electron. Spectroelectrochemistry and time-resolved IR spectros-
copy studies strongly suggest that the phosphole ligand is involved in the proton
reduction process, acting as an electron reservoir and also being proton-responsive
through the presence of pyridyl moieties. These properties allow a well-suited
leveling of redox potentials during the catalytic cycle due to a balance of charges
induced by protonation of the redox ligand and electron transfers (Scheme 6)
[74, 75]. Using H,SO,4 (1 M), efficient HER catalysis in water occurs at —
0.66 V vs. NHE with a turnover frequency (TOF) of 70,000 s~' and a catalytic

rate constant of 3.5 x 10* M~ ! s7 L.
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Scheme 7 The di-iron
complex 16 with a redox
fullerene moiety
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Functionalized phosphine ligand. Phosphine linkers can be used to introduce a
redox-active ligand in the vicinity of a bimetallic core, but the electronic communi-
cation between subsets is generally weak. The Cgq fullerene is known to be able to
uptake up to six electrons [76, 77]. The fullerene complex [Fez(CO)S(K]-PPhZCmH)
(u-bdt)] (16) (Scheme 7) was prepared to study the interplay between such a
potential electron reservoir and a di-iron site [78, 79]. Four reversible reductions
were detected by cyclic voltammetry, three of them (the first, the second and the
fourth) were assigned to the fullerene reduction and the third was proposed to be
centred at the di-iron core. Spectroscopic and DFT studies suggest that, depending
on the redox state of the dinuclear centre, its electron density is modulated by the
presence of the fullerene. Indeed, in contrast to the monoanion where the electron
density is mainly on the fullerene subset, the spin density of the dianion, in its triplet
state, displays a significant extent of spin delocalization onto the di-iron centre, the
potential of the second reduction being however ascribed to the Cg( based-reduction.
These results indicate that the electron acceptance by the redox partner with a more
accessible LUMO, followed by an electron transfer to the di-iron centre may
facilitate the lowering of potential for proton reduction [60, 78].

Di-iron complexes featuring a phosphine with a dithioformate group PPh,CS,Me
(Scheme 8) were prepared by reaction of "BuLi/CS,/Mel with [Fez(CO)S(Kl-PthH)
(u-xdt)] (xdt = edt, pdt) [79]. Depending on the mode of coordination of this
phosphine, terminal in [Fe»(CO)s(x'-PPh,CS,Me)(u-xdt)] (17) or bridged in
[Fe>(CO)4(u-PPh,CS,Me)(u-xdt)] (18), the dithioformate component displays, or
not, redox behaviour. DFT calculations revealed that the LUMO of 18 is mainly
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distributed (> 85%) on the dithioformate moiety of the bridging phosphine ligand
confirming that the first reduction arises on the bridging ligand and thus affords a
thiolato-thiyl state upon reduction of the thione function. The electrocatalytic activ-
ity of 17, 18 towards proton reduction was not reported, preventing to evaluate the
impact of the change in the coordination of the dithioformate phosphine ligand in
connection with the related concomitant redox-non-active — redox-active
switching.

Interestingly, the presence of a pyridyl group in monodentate phosphine and
phosphoramidite ligands strongly enhances the rate constant of proton reduction
(kobs) of mono-substituted di-iron species (19, 20) (Scheme 9) compared to that of
their analogous derivatives (21, 22) with a phenyl group instead of a pyridyl one
[80]. If the dimethylamino group, in 20, 22, may act as a proton relay, the role of the
pyridyl functionalities has not been clearly demonstrated but their presence may
favour electronic communication between the phosphine and the di-iron site or may
contribute to stabilize reduced species.

2.1.2 Introduction of a Redox Ligand via Chelating Coordination

Diphosphine. The 2,3-bis(diphenylphosphino) maleic anhydride (bma) is a redox-
active ligand that affords a reversible single-electron reduction at —1.10 V vs. (Fc*/
Fc) followed by an irreversible one at —1.89 V [81]. A similar cyclic voltammetry
with a positive shift of 0.2 V is obtained for the complex [Fez(CO)4(K2-bma)(,u-pdt)]
(23) (Scheme 10) [81]. The first reduction of 23 is bma-centred, the electron residing
in its * orbital. The presence of the oxygen atom favours delocalization through
resonance effects, preventing the charge transfer to the di-iron centre. The lack of
electronic communication between the redox diphosphine and the di-iron core is
obvious and prevents the protonation of this latter upon reduction of bma [82]. DFT
calculations highlight that an electron transfer would not take place even if the
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Scheme 11 Interconversion of “bma di-cobalt” complexes

di-iron centre was protonated. Therefore, the reduced diphosphine appears to be an
innocent bystander. The same conclusions are drawn in the case of the complex
[Fez(CO)4(K2 -bpcd)(u-edt)] (24) (bpcd =  4,5-bis(diphenylphosphino)-4-
cyclopenten-1,3-dione). It is nevertheless worth noting that, unlike 23, this complex
catalyses the proton reduction due to the greater stability of the bpcd moiety
compared to that of bma after the uptake of the second electron [83]. DFT calcula-
tions predict that, when the oxygen atom of the bma cycle is replaced by a less
electronegative sulfur atom, an intramolecular charge transfer from the redox-active
ligand to the di-iron core should be triggered by protonation at the di-iron site
[82]. These results strongly suggest that a fine rational tuning of the redox
diphosphine may induce an electronic communication with the di-iron core. They
also highlight that the presence of a redox ligand in the coordination sphere of a
bimetallic site is not a sufficient condition to observe a tight coupling between proton
and electron transfers.

Interestingly, K>-bma — y-bma isomerization was studied in di-cobalt complexes
[Co,(CO)4(bma)(u-RCCR”)] (26, 27) (Scheme 11) [84—87]. The transient loss of a
carbonyl group in the u-bma complex 27 triggers a change in the coordination of the
diphosphine which leads to a zwitterionic product 28 through the formation of a P-C
bond with the bridging alkyne. It has been shown that the * orbital contribution of
the bma ligand into the LUMO of these complexes varies accordingly to its coordi-
nation mode to the di-cobalt core. The character of the LUMO is fully centred on the
bma ligand in complexes [Co,(CO)4(bma)(u-RCCR’)] (26, 27) while it acquires a
mixed-metal-ligand character in the zwitterionic species 28. The examination of
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Scheme 12 Di-iron complexes with chelating nitrogen-donor ligands

redox potentials of 26-28 confirms the electronic description suggested by theoret-
ical calculations and the contribution of the bma group in a consistent stabilization of
the reduced forms. Furthermore, adjusting the coordination mode of bma affords the
possibility to tune the redox behaviour of the dinuclear systems.

The complex [FeZ(CO)4(1<2 -dppn)(u-edt)] (25), with dppn =1,8-bis
(diphenylphosphino) naphthalene, a diphosphine bearing an extended =n-system,
was also studied (Scheme 10). The LUMO of this complex can be described as a
delocalized n-naphthalene-based orbital with an antibonding Fe-Fe contribution. In
contrast to the bma di-iron species 23, it turned out to be an efficient electrocatalyst
towards proton reduction, suggesting that the redox-active dppn plays a still unclear
crucial role in this process [88].

Nitrogen-donor ligands. Several di-iron complexes with various chelating
nitrogen-donor ligands, such as bipyridine, phenanthroline, bipyrimidine,
azopyridine, have been reported (Scheme 12). The examination of the redox behav-
iour of the complexes [Fez(CO)4(1<2-phen)(,u—xdt)] (29, 30) (xdt = pdt or adt with
adt = azadithiolato), through recent electrochemical studies and DFT calculations,
reveals the control that a redox-active chelate like phenanthroline exerts on the
electronic properties of a dinuclear site with a {Fe,(CO)4(u-dithiolato)} framework
[89]. Its electron acceptor properties are involved and direct the reduction of the
complex towards a two-electron process with a potential inversion unlike other
chelate ligands (diphosphine, bis-carbene). The phenanthroline ligand ensures elec-
tronic communication with the di-iron site and allows an almost total or partial
redistribution of the two electrons leading to the existence of two isomers with either
a cleavage of a Fe-S bond or the retention of the {Fe2S2} core with a concomitant
stretching of the Fe-Fe bond. This indicates that, depending on the isomer, such a
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ligand prevents, or not, a Fe-S disruption and may induce alternative mechanisms in
HER catalysis.

DFT calculations were also carried out for a series of complexes featuring
ethanedithiolato bridge and phenanthroline/bipyridine ligands and they similarly
show that the reduction of these complexes implies the di-iron centre and the
diazo ligand [90]. Upon reduction of 31, giving the anionic species [Fe,(CO)4(x*
phen)(u-edt)] ™ (317), the first electron is added to the N-chelate into an orbital with
significant * character while the second electron transfer, leading to the doubly
reduced species [Fez(CO)4(K2-phen)(,u-edt)]27 (312_), arises into an orbital with a
significant 6*(Fe-Fe) character affording an electronic state for the dianion described
as an open-shell triplet [90].

A comparison of the four complexes 32-35, bearing either a propanedithiolato
(pdt) or a benzenedithiolato (bdt) bridge and a bipyridine or a bipyrimidine as
chelating ligand (bipy = 2,2’-bipyridine; bpym = 2,2’-bipyrimidine) (Scheme 12)
shows that the effect of the N-chelating ligand depends on a fine electronic balance
with the dithiolato di-iron moiety. Thus, the replacement of diazo chelates,
bipy — bpym, does not lead to similar observations depending on whether the
complex contains a pdt or a bdt bridge. The complexes 33 and 35, in the bdt series,
are characterized by a two-electron reduction. The bipy — bpym replacement leads
to a shift of the potentials values (~130 mV) towards more positive ones in reason of
the stronger electron m-acceptor character of the bipyrimidine group [91, 92]. In the
case of complexes carrying a propanedithiolato bridge (32, 34), the reductive process
is different. Indeed, while the bipyridine complex 32 presents a two-electron reduc-
tion (one electron reduction is centred on the metal and the second is proposed to
occur on the chelating ligand), the bipyrimidine analogue 34 is characterized by two
separate reductions with a AE; of 520 mV. The first monoelectronic reduction is
centred on the bpym ligand and the second one would involve two electron transfers,
one centred on the metal atom and the other on the ligand (bpym' /bpym?®~). The
formal replacement of two CH groups by a nitrogen atom (bipy vs. bpym) lowers the
energy of the molecular orbitals of the ligand making bpym easier to reduce than
bipy. Moreover, bpym is a better m-acceptor which stabilizes the reduced metal
centre by delocalizing the electronic density into the lower vacant ©* orbital. Such a
tuning modifies the electronic properties of the complexes but in this case, the benefit
on the efficiency towards catalytic HER activity is disappointingly non-existent. The
complexes with bpym (34, 35) do not catalyze the reduction of protons probably due
to an unwell-suited site of protonation (unbound nitrogen of bpym vs. di-iron
centre). For 33, in the presence of acetic acid, TOF values up to 1.170 s~ ! have
been determined by cyclic voltammetry with an overpotential of ca 620 mV
(electrocatalytic event at ca —2.0 V), close to that of 32.

The use of azopyridine, as a chelating ligand, has been also reported [93]. The
benzenedithiolato  complex [Fez(CO)4(K2—pap)(y-bdt)] 37 (@ap = 2-
phenylazopyridine) was prepared and its electronic structure investigated by DFT
calculations. A decrease of the HOMO-LUMO gap is found in comparison with that
observed for the hexacarbonyl analogue. While the frontier orbitals (HOMO-
LUMO) of this latter compound are distributed over the {Fe2S2} core, the HOMO
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Scheme 13 Mechanism of proton reduction induced by a NiFe featuring a tetradentate redox
bipyridine bis-thiolato ligand

of 37 is almost entirely localized on the iron atoms bearing the redox ligand. On the
other hand, the LUMO has a mixed metal-ligand character but it mainly remains
localized on the chelating ligand (z orbital), which explains the metal-to-ligand
charge transfer transition observed (~600 nm) in the UV-visible spectrum
(CH,Cl,). An identical observation is made for the propanedithiolato analogue
[Feg(CO)4(K2—pap)(/4—pdt)] (36), in reason of similar frontier orbitals. Such observa-
tions suggest a facile communication between the di-iron centre and the azopyridine
which should help the protonation at the di-iron site while avoiding an overly
negative reduction potential, thus affording catalysts operating with low
overpotential. Unfortunately, the electrochemical behaviour towards proton reduc-
tion being not studied, the benefit of the presence of the azopyridine in these
complexes is not established.

The mechanism of H, evolution from the heterodinuclear Ni"Fe" complex 38
featuring a tetradentate bipyridine bis-thiolato ligand N2S2 is presented in the
Scheme 13. 38 undergoes, near its second reduction potential (—1.90 V vs. Fc*/
Fc), an electrocatalytic event, in the presence of weak acid ((Et;NH)(BF,)), with
relatively high rates (TOF ~ 250 s7!) [94-96]. The mechanism details of this
catalytic process and the role of the redox-active bipyridine ligand have been
explored. After a one-electron reduction of the starting [Ni"Fe"L]* system (mimic
of Ni-Sla state) into [Ni'Fe''L] state (Ni-L), a further reduction is centred on the
bipyridine ligand affording a radical species [Ni'Fe'"L']". Then, protonation step
affords a Fe-hydride [(Ni")(HFe")L] (Ni-R). A third electron is accommodated by
the bipyridine giving a [Ni"(HFe')L'] state, that is enough basic to be S-protonated
on a thiolato group, thus affording “hydride-proton” intermediate [NiI(HFeH)(SH)]
able to release H,.
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2.1.3 Redox Bridging Ligands

Disulfido complexes, such as [Fe;(CO)g(1-S5)] and [MnMo(Cp)(CO)s(u-S,)], are
used in reason of the reactivity of the disulfido bridge and its ability to be
functionalized with various reagents, such as alkyne, alkene as well as organic
halides or metal moieties [97]. Such reactivity has been exploited to prepare a series
of hexacarbonyl di-iron complexes containing dithiolato bridges with
1,4-benzoquinone, substituted (Me, OMe, CI, ’Bu)-1,4—benzoquinones,
1,4-naphthoquinone and 1,4 anthraquinone, as well as some of their disubstituted
phosphine derivatives, in order to examine their electronic behaviours (Scheme 14)
[98, 99].

Quinones are among the earliest redox-active ligands that have been described
and whose reduction involves two one-electron transfers coupled with proton addi-
tions leading to hydroquinones (Scheme 15). The electronic communication
between the di-iron centre and quinone moiety has been evidenced by EPR inves-
tigations and computational studies. These studies have shown that the one-electron
reduction leads to anions in which the electron is delocalized between the semi-
quinone and the {Fe2S2} core, suggesting the “non-innocent” behaviour of such
bridged ligands [98]. It is worth noting that in the presence of acetic acid, the
formation of the hydroquinone species arises prior to any reduction of proton that
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Scheme 14 Examples of quinone-containing di-iron and hetero-bimetallic [MnMo] complexes
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Scheme 15 Reduction process of a benzoquinone di-iron complexe in protic medium

appears at a more negative potential. The replacement of one or two carbonyl(s) by
PPh; does not alter the first reduction of complexes 39, 42, 43 that is assigned to the
one-electron reduction of the quinone redox couple (quinone /quinone' ™).

The use of dithiolato or thiolato bridges based on a naphthalene framework has
been also explored (Scheme 16) [100—103]. In the case of the pyridyl-functionalized
di-iron dithiolato naphthalene monoimide (48), a self-assembled complex was
formed in the presence of zinc tetraphenylporphyrin (ZnTTP) through the pyridyl
coordination. Combined time-resolved and spectroelectrochemical IR, EPR and
DFT studies reveal that after the transfer of the first electron, the spin density of
the reduced species is both delocalized over the di-iron core and the naphthalene
monoimide (NMI) group [100]. This delocalization would explain the observed low
catalytic efficiency towards proton reduction. Extension of this study to propargyl
instead of pyridyl group confirms the properties of the NMI moiety upon the
reduction and suggests that the second electron transfer arises at the di-iron site
[101]. Recently, the combination of tetrathiafulvalene (TTF) groups with
[Fe2(CO)g(u-S,)] (Scheme 16) was examined in reason of the electron-donating
properties of TTF moieties and their specific redox behaviour in acid media gener-
ating protonated TTF species involved in the four-electron reduction of O,
[104]. Differences in the location of the LUMO of complexes 55-57 were observed
depending on the level of the n-extension of the TTF systems in the dithiolato bridge.
The LUMO is centred on the di-iron core in 55 with a tetrathiafulvalene bridge while
it is delocalized on the n-extended TTF, anthracenyl or tetracenyl, in 56 and 57.
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Scheme 16 Thiolato and dithiolato di-iron compounds with sulfur-bridges based on a naphthalene

or tetrathiafulvalene backbone

The reaction of [Fe,(CO)g(u-S;)] with the Cg fullerene also allowed to introduce
a redox group in the dithiolato bridge affording the hexacarbonyl complex

[Feo(CO)g(u-S>Cep)] [105, 106].

Otherwise, the benzene-1,2 dithiolato (bdt) bridge has been widely used in di-iron
models of the H-cluster in order to benefit of its electron-withdrawing effect on
bimetallic site [55, 56, 58]. It is considered as a potential redox-active ligand in
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58 59

Scheme 17 Complexes with a remote non-metallic redox function bound to a linking S-atom at a
{Fe2S3} site

reason of the possible oxidation of the dianion bdt*~ into the radical anion bdt™
[107]. Such properties have not been evidenced in the case of complexes [Fe;(CO)q.
xLx(.u'bdt)]

The influence of a remote non-metallic redox-active group bound to a linking
S-atom in a similar fashion, as the redox cubane in the H-cluster, has been explored
by studying the compounds 58 and 59 (Scheme 17) [108]. The first reduction is
centred on the NO, group in 58 and further reductions in the presence of proton then
afford the complex 59 with an amine function. The presence of the pendant NO,
redox group and its redox/protic modifications have a straight effect on the strength
of the thioether coordination and its ability to compete with CO coordination.

2.2 Complexes with a Metal-Based Redox Ligand

Fe S, cubane. There are very few examples of di-iron complexes in which the entire
structure of the H-cluster is modelled. [Fe;S4] cubanes, as a sub-cluster in the
coordination sphere of a di-iron site, have been introduced following the pathway
described for the preparation of the species [Fe,(CO)s(CH3C(CH,S);{Fe4S4(SR)3 }]2*
(R = Me, 1,3,5-tris(4,6-dimethyl-3-mercaptophenylthio)-2,4,6-tris( p-tolyl-thio)ben-
zene) (60) (Scheme 18) through the coordination of a thio-ether as a linker [109]. The-
oretical and electrochemical studies showed evidences for an interplay of redox states
of the di-iron site and the [Fe4S4] sub-cluster and significant delocalization of frontier
molecular orbitals on all the “6Fe” H-cluster [110, 111].

To date, 60 is the sole model incorporating a cubane cluster at a di-iron site.
Electrochemical studies reveal that 60 is capable to electrocatalyze proton reduction.
The rationalization of the electrochemical behaviour suggests that upon reduction,
the [Fe4$4]2+ moiety is reduced into [Fe4S,4]*, then an intramolecular electron
transfer to the di-iron subsite arises concomitantly with the opening of the thioether
bridge. The cubane remains linked to the dithiolato bridge and an open coordination
site is thus generated at the di-iron site.
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Metallocene-based redox ligand. Several complexes featuring ferrocenyl group
have been synthesized with the aim of modelling the role of the electron reservoir
played by the [Fe,S4] sub-cluster in the H-cluster.

A way for introducing the ferrocenyl group is to used the diphosphine [Fe(i’-
CsH4PPh,),] (dppf = 1,10-bis(diphenylphosphino)ferrocene) which can adopt a
bridging or a terminal position (see selected examples 61-68 in Scheme 19) [112—
117]. This is interesting insofar as small changes in the mode of coordination and in
the bite angles of such diphosphine have an influence on the reactivity and the
electronic behaviour.

In the complex [Feo(CO)4(u-dpph)(u-pdt)] (617™), the dppf oxidation (Fe' — Fe'™)
at +0.685 V vs. (Fc'/Fc) is strongly affected by the oxidation of the di-iron centre
(Fe'Fe' — Fe''Fe') that arises at 0.05 V (AE, = 60 mV) in MeCN-[Bu,N][PFj]
[112]. Complexes 63 and 64 have similar electrochemical behaviours than 61%"
[115]. The level of cooperativity between the ferrocenyl group and the di-iron site in
[Feo(CO)4(u-dppf)(u-pdt)] has not been clearly defined despite the fact that the two
redox centres are about 4.5-4.7 A apart in solid state, which is comparable with the
distance between the [Fe,S4] cluster and the di-iron subsite in the H-cluster (~4 A)
[117]. There is neither electron transfer induced by protonation, nor protonation
induced by a charge transfer [112]. However, the presence of a mixed-valence
Fe''Fe' di-iron centre in proximity of a surrogate of the [FesS4] cluster, such as
dppf, may be suitable to trigger electron delocalization upon H, binding. Indeed, the
activation of H, by such a complex has been observed in the presence of pyridine as
an external base, and rationalized by DFT (Scheme 20). It was evidenced that the
ground state of the {Fe"'Fe'}Fe’” dication has a rotated conformation close in energy
to the unrotated isomer, thus affording either a site for H, binding in the apical
position at one iron atom or in the Fe-Fe region [117, 118]. Moreover, further
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Scheme 19 Selected examples of di-iron complexes with dppf ligand

investigations suggest that the ferrocenyl group itself may promote the heterolytic
cleavage of H,.

Another way for introducing a ferrocenyl moiety is to use a phosphino-
functionalized ferrocene such as mppf (mppf = [Fe(iy5 —C5H5)(175 -CsH4PPh,)]). The
comparison of the electrochemical behaviours of the complexes [Fez(CO)S(Kl-mppf)
(u-pdt)] (69) (Scheme 21) and [Fe,(CO)s(PPh;)(u-pdt)] shows that although PPh;
and mppf have similar o-donating abilities, their oxidative behaviours are very
different. The Fe'Fe'! — Fe''Fe' oxidation of the di-iron core occurs at
047 V vs. (Fc*/Fc) in MeCN-[BuN](BAr"y) ([BAr'y]™ = [B
(3,5-C¢H3(CF5),)4] ) for 69 vs. 0.32 V in the case of [Fe,(CO)s(PPhs)(u-pdt)].
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This shift is the consequence of the oxidation of the ferrocenyl group that arises at
0.16 V in 69 [60, 119].

The complex [Fe,(CO)5(k'-Fc)(k*-dppv)(u-adt®™)] (70) (Fc’ = [Fe(;’-CsMes)
{n°-CsMe,(CH,PEt,)}] and adt®" = (SCH,),NCH,C¢Hs) is a rare example in which
an intramolecular electron transfer between the di-iron centre and a ferrocenyl-
phosphine arises [120-122]. The presence of the electroactive Fc’ ligand in the
coordination sphere of the azadithiolato complex 70, as an electron reservoir, allows
bidirectional H*/H, catalysis. In the presence of [H(OEtz)z](BArl= 4), 70 undergoes a
protonation of the amine function followed by the formation of a terminal hydride at
one iron atom (Scheme 22) [121]. Then the release of H, is proposed to be induced
by an intramolecular electron transfer from the ferrocene ligand to the di-iron core.
Further studies have shown that no catalysis occurs without the presence of a
ferrocenyl-phosphine. Its presence would impede the isomerization of the terminal
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hydride isomer into its inactive bridged-hydride form [121]. A turnover rate of
6.6 h~! was determined in CH,Cl, with an overpotential of ca 0.54 V vs. (Fc**/Fc*)
(Fc* = [Fe(iy’-CsMes),]).

Conversely, the oxidation of 70 leads to a dicationic species in which the
{Fe""Fe'} core exhibits an inverted conformation while the iron atom of the Fc’
ligand is in the oxidation state IIl (Scheme 23a). The coordination of H, to the
dication triggers an intramolecular electron transfer from the di-iron core to the
oxidized ferrocenyl group and leads to the heterolytic cleavage of H, (Scheme 23b)
[122]. A rate of 0.4 turnover/h is reported for H, oxidation.
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DFT calculations predict that the theoretical model 71 featuring a cobaltocenyl
group attached through a phosphine linker {C0(775—C5H5)(;75 -CsH,CH,PMe,)} to a
di-iron core {Fe,(CO)4(PMes)(u-{SCH,},NH(Me))}* (Scheme 24) provides a suit-
able electronic balance for undergoing, upon protonation, a facile electron transfer
from the cobaltocenyl group to the di-iron site, giving thus an interesting model for
the functioning of the H-cluster [82, 123].

Many studies on hetero-bimetallic NiFe complexes have aimed to mimic [NiFe]-
hydrogenases but synthetic models featuring redox-active auxiliaries are scarce
[124], certainly in reason of the absence of a direct covalent coordination between
aredox ligand and the {NiFe} core in the active site of these enzymes. However, a
series of NiFe species [NiFe(CO)z(Kz-diphosphine)(;c1-ferrocenylphosphine)m-
pdt)]™ (72) featuring dppf or mppf ligands was reported (Scheme 25). A promising
rich redox chemistry was revealed notably for the hydride species [NiFC(CO)z(KZ—
dppe)(icl—mppf)(,u—pdt)(y—H)]+ (73) which exhibits four accessible redox states from
{Ni"Fe"yEe”| {Ni"Fe"}Fe”, {Ni"Fe'}Fe'” to {Ni'Fe'}Fe” due to the introduction of
the ferrocenylphosphine. Moreover, 73 turned out to be more efficient for the
production of H, than its analogue [NiFe(CO)z(Kz-dppe)(PPhg,)(y-pdt)(y—H)]+ for
reasons that still remain unclear but that should be related to the introduction of the
redox ligand mppf [124].

Theoretical NiFe models featuring substituted isocyanoferrocene were also stud-
ied by a DFT approach (Scheme 26a) [125]. The results of these theoretical studies
have demonstrated that the coordination of H, and its activation at a NiFe site can
arise with adequate substituted isocyanoferrocenes in reason of their ability to
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Scheme 25 Examples of NiFe systems with mppf and dppf redox ligand

undergo intramolecular electron transfers upon substrate binding (Scheme 26b).
Moreover, the formation of hydride species after H, binding at the Ni atom of a
{Ni"Fe""}Fe' core is facilitated by the presence of an amine in the dithiolato bridge
or carried by a functionalized cyclopentadienyl group [125]. It is worth noting that
the dicyano species 76, with a Ni"'Fe'' redox state, is not able to activate H, (Scheme
26c¢).

Ferrocenyl groups can be introduced through dithiolato or phosphido bridges, as
it has been reported for complexes featuring phosphido, ethanedithiolato or
1,8-naphthalenedithiolato bridges (77-83) (Scheme 27) [126—129]. In the case of
the 1,8-naphthalenedithiolato bridge, the ferrocenyl group serves as a probe for
calibrating the electron number during electrochemical experiments. Two reductions
and two oxidations were observed in dichloromethane, one of which corresponds to
the oxidation of the incorporated ferrocenyl group [127]. In the case of the
bis-phosphido bridged complexes, syn-[Fe,(CO)q{u-PH(CH,Fc)},] (77" and
anti-/syn-[Fe,(CO)s{u-PMe(CH,Fc) },] (7T™°), two ferrocenyl groups were intro-
duced into the bridges [128]. An original proton reduction mechanism involving an
homolytic cleavage of a P-H bond in the radical monoanion [77"]" was proposed for
explaining the higher efficiency of 77" compared to that of 77™€, but no cooperative
effect involving the ferrocenyl groups and the di-iron centre was evidenced.

Recently, the preparation of hexacarbonyl di-iron systems (80, 81) from
ferrocenyl a-thienyl thioketone and [Fe3(CO);,] was reported (Scheme 27), but the
redox benefit of introducing one or two ferrocenyl groups in the coordination sphere
towards catalytic activity was not highlighted [130]. Finally, recent works show the
possibility to introduce a 1,1’-dithiolato (/selenato) ferrocenyl bridge in di-iron
compounds [Fe,(CO)g(u-E-{Fe(i°-CsHs), )] (E = S, Se; 83) (Scheme 27), thus
affording species with a redox moiety in close proximity of the di-iron site
[131, 132].

Other redox metal frameworks. A redox ligand based on acenaphthene-1,2
diimine (Bian) has attracted interest [133, 134]. It was combined to a platform
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Scheme 26 Theoretical hetero-bimetallic NiFe species with an isocyanoferrocene group (a, b) and
dicyano analogue (c) and their activity towards H,

{Fex(CO)g(u-X),} (X = S or Te) via a metalloligand {M(Kz-dpp-Bian)} M = {Fe-
CO}, Al, Ga; dpp-Bian = N,N’-bis(2,6-di-isopropylphenylacenaphthene-1,2-
diimine)) linked to the bridging chalcogen atoms (Scheme 28). The reduction of
[Fe>(CO)g(u-S,)] with the complex [GaH(dpp-Bian)]z afforded the species
[Fez(CO)6w3-S)2{Ga(Kz-dpp-Bian)}] (84) [133]. EPR and DFT studies confirm
that the Bian moiety takes part to the reduction of the di-iron core and show that
the dpp-Bian ligand is a radical, acting as a redox group.
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3 Illustrations of Various Bimetallic Complexes
with a Redox Ligand for Molecular Activation

A wide variety of other redox ligands have been used in order to build bimetallic
systems for preparing molecular materials or catalysts. Nitrogen donor ligands with
extended m-systems (e.g. based on pyridine-diimines, pyridine-bis(oxazolines),
a-diimines, iminopyridine...) allow to expand the scope of accessible oxidation
states in transition metal complexes by acting as electron reservoirs. Some illustra-
tions are proposed below.

Polypyridines-based complexes. The role of potentially redox-active tridentate
pincers based on pyridyl groups has been explored for the reduction of N, by
transition metal in order to check if cooperative metal-ligand effects can stabilize
intermediates in such processes [135]. For this purpose, the di-molybdenum
dinitrogen compound with terpyridine ligands [{(""Tpy)(PPh,Me)>Mo }»(4>-N»)]
(BAr"y), (87) (""Tpy = 4’-Ph-2,2/,6/ 2"-terpyridine) has been prepared. The cyclic
voltammetry of 87 in THF-[BuyN][PF¢] 0.1 M features two reversible oxidations at
—0.22 V and —0.77 V and two reversible reductions at —1.65 V and —
1.86 V vs. (Fc*/Fc). The chemical oxidation and reduction of [{(* thy)
(PthMe)zMo}z(,uz—Nz)]z*, Raman and >N NMR spectroscopic studies highlighted
the fact that the {Mo-N-N-Mo} core remains unchanged across five oxidation states
due to the &* orbitals of the terpyridine which are energetically suitable to store
additional electrons (Scheme 29). While the SOMO of the one-electron-oxidized
species e thy)(PthMe)zMo}2(;42—N2)]3+ is essentially metal-based, the unpaired
electron is principally chelate-based in the reduced monocationic complex [{(""Tpy)
(PPh,Me),Mo}»(u-No)]".

The introduction of a ferrocenyl group at the 4-position in the pyridine cycle of
the PNP-pincer ligands in the dinitrogen-bridged di-molybdenum—dinitrogen com-
plexes [Mo(N,),(4-Fc-PNP)],(¢-N5) (88) (4-Fc-PNP = 4-ferrocenyl-2,6-bis(di-tert-
butylphosphinomethyl pyridine) (Scheme 30a) improves the activity of such well-
known complexes towards the reduction of N, into NH3 compare to that of the
unsubstituted analogues [136]. Spectroscopic data suggest that the introduction of
the metallocene moieties does not affect the electronic density at the molybdenum
atoms in 88, but DFT calculations propose that their presence may increase the rate
of the reduction steps of the coordinated nitrogeneous ligand on the molybdenum
atom (Scheme 30b). It would promote a charge transfer from the iron atom of the
ferrocenyl group to the molybdenum centre in the proposed hydrazidium interme-
diate {{[Mo(4-Fc-PNP)(OTf)(NNH;3)-N=N-Mo(4-Fc-PNP)(N,),]*} (Scheme 30b),
which may assist the cleavage of the N-N bond in the hydrazidium ligand N-NHj;
and accelerate the reduction step affording a nitride species. In the case of the
complex 89 (Scheme 30a), the position of the ferrocenyl group between the two
molybdenum moieties is not suitable for N, activation and its transformation into
NH; [137].

A series of homodinuclear complexes [MZ(PMe3)2(3PD12)04-C1)]"+ (n =1 for
M =Fe, n = 1-3 for M = Co, n = 1-2 for M = Ni) was prepared with a dinucleating
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macrocyclic ligand (*PDI,) derived from pyridyldiimine (PDI) (*PDI, is a macro-
cyclic ligand containing two p-‘Bu-pyridyldiimine moieties, linked through their
imino nitrogen with three catenated CH, units) (Scheme 31) [138]. The character-
ization of these complexes, spanning five redox levels from 34 to 38 electrons,
showed that they have similar structures but it also revealed noticeable differences in
the metal-metal bonding and anomalies compared to the expected evolution of the
metal-metal distances. This is due to the redox ability of the *PDI, ligand to store
electrons. Structural characteristics were correlated to electron distribution in the
complexes through the filling of a redox-active ¢* orbital with an M-M antibonding
character. The order of the c(MM) bond is 1 for [Fez(PMe3)2(3PDIZ)(p—Cl)]+ (90™)
and [Co,(PMe;),CPDL)(p-CDI** (91°), 0.5 for [Co,(PMes),(*PDL)(p-C1)]**
(91**) and [Ni,(PMe;),(*PDL)(p-C1)]** (92**) and 0 for [Co,(PMes),(*PDL,)
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(-CD]* (91%) and [Niy(PMe3),(*PDL)(u-CI)]* (92%). Whereas the expected length-
ening is observed upon successive one-electron reductions for the cobalt complex,
an unexpected decrease of the M-M bond distance is observed in the case of the
nickel species. Calculations revealed that this shortening results from a change of the
spin multiplicity in the 6* orbital, this one being half-occupied. Significant changes
in M-(PDL,) distances also provided indirect information on the spin states of the
metal centre as well as the electronic density delocalization into the pyridyldiimine
ligand. The results suggest that pyridyldiimine has a *PDIL’~ charge in 90*
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({Fe,C1}* core). A singly reduced *PDI, "~ is proposed for the complex with the
isoelectronic {C02C1}3+ core (913+) while a neutral 3PDI2 is considered in the
di-nickel species 92** ({Ni,Cl1}** core). It is worth noting that the cleavage of
Co-Co and Ni-Ni bonds appears without changing the apparent redox state of the
metal centres in reason of a mainly centred ligand-based reduction. The reactivity of
these *PDI,-supported bimetallic complexes towards substrates (such as N, MeCN,
N3, Ph-C = C-Ph...) has been explored. Original results showed their ability for
small molecule activation due to the redox aptitude of macrocyclic pyridyldiimine
ligands and the geometrical control that they enforce on the coordination sphere of
metal centres, thus allowing the tuning of the intermetallic distances [30, 139].
Similarly, the reactivity of a series of di-nickel complexes supported by
binucleating naphthyridine diimine (NDI) ligands was studied [140]. In THF solu-
tion, the complex [Niz(i'PrNDI)(C6H6)] (93) (Scheme 32) affords two reversible
reductions and two reversible oxidations. Species in five oxidation states have
been characterized, showing that the Ni-Ni bond is preserved since the bimetallic
platform can accommodate a range of oxidative addition and reductive removal
processes. Thus, such complexes promote a broad range of two-electron redox
processes in which the NDI ligand manages electron equivalents, while the metals
remain in a Ni'Ni' state with minimal electronic disruption of the (M — M) bond.
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Such a dinuclear catalyst contributes to solve catalytic problems as, for instance,
dimerization of aryl azides to form azoarenes or catalytic carbonylation of
norbornadiene.

Other complexes having dinucleating polypyridine scaffolds with redox proper-
ties were reported (Scheme 33) [141, 142]. For example, the ligand 1-N,1-N-bis
(pyridine-2-ylmethyl)-3-N-(pyridine-2-ylmethylidene) benzene-1,3-diamine (L),
with both an o-iminopyridine redox-active moiety and an innocent bis
(2-pyridylmethyl)amino part, was reacted with Fe(OTf),, Cu(OTf), and ZnCl, and
afforded symmetrical or asymmetrical dinuclear compounds, [Fe,(OTf),(L),](OTf),
(94) and [Cu,(L),](OTf)4 (95), [Zn,Cl4(L)] (96), respectively. Important differences
affecting redox behaviours of 94, 96 arise depending on the metal centre [141]. The
cyclic voltammetry of 94 shows two one-electron reductions corresponding to both
metal- and ligand-centred processes, while a one-electron reduction is assigned to
L/L™ for 96 and the reduction of 95 metal-centred. Compounds 94 and 95 display a
similar penta-coordination of the ligand L at each metal centre. The main structural
difference lies in the M M distance that is longer in the di-iron complex (7.5-7.7 A)
than in the di-copper species (3.4-3.7 A) due to m-stacking effect in the latter. This
suggests that electronic properties may be different in reason of alternative pathway
for electronic communication between the two metal centres mainly depending on,
more or less, geometric constraint of the encapsulating polypyridine ligand L.
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The oxidative behaviours of pentadentate polypyridyl phenolato based u-oxodi-
iron(Ill) complexes [LFe(u-O)FeL]** (L = 2-(((di(pyridin-2-yl)methyl)-(pyridin-2-
ylmethyl)amino)-methyl)phenol (97) or 3,5-di-tertbutyl-2-(((di(pyridin-2-yl)methyl)
(pyridin-2-ylmethyl)amino)-methyl)phenol (98)) (Scheme 33) have been explored
[142]. The dimerization of 97, affording a 4,4’-bisphenolato bridged-bis-u-oxo-di-
iron(IIT) polypyridyl species, results from its oxidation (Scheme 34a). The irrevers-
ible oxidation of 97 in dichloromethane initially yields a phenoxyl radical cation
97*", which undergoes dimerization via aryl C — C coupling in para position of the
phenol moiety. Then, deprotonation affords a tetranuclear oligomer. This last species
undergoes two further reversible one-electron oxidations which are localized on the
{4,4-bisphenolato} core (Scheme 34b). DFT calculations indicate that the occupa-
tion of d-orbitals of the iron(IIl) centres for both 97 and 97*" is unaffected over the
oxidation process. The presence of ‘Bu groups in 98 prevents the dimerization.

An interesting example of a di-ruthenium(II) complex, [{Ru(; -N4Me,) },(u-tape)]
(PF¢)4 (994+) (1-N4Me, = N,N’-dimethyl-2,11-diaza[3.3](2,6)-pyridinophane), was
reported (Scheme 35) [143]. It features a bridging 1,6,7,12-tetraazaperylene (tape)
that is a highly m-conjugated polyheteroaromatic planar bis-chelating bridging
ligand, called “large-surface” ligand, particularly attractive for electron storage as
well as electron shuttling. It is based on rigid bis(a,a’-diimine). Such a ligand has an
efficient metal-metal bridging capacity combined with a strong m-accepting nature
due to a low lying highly delocalized ©* molecular orbital for reversibly storing two
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Scheme 35 Structure of 1,6,7,12-tetraazaperylene (tape) and of the di-ruthenium complex 997*

featuring a tetraazaperylene bridging ligand as an electron reservoir

electrons. 99%* presents two reversible reductions at —0.13 V and —0.73 V vs. SCE
in MeCN. Single- and double-reduced species can be isolated. Their respective EPR
spectra suggested that the two added electrons fill up the LUMO of the bridging
ligand affording the reduction of tape” into tape™ and tape” . Expected shortening of
the C-Cgjimine bond and elongation of C-Ngjimine bonds upon reduction are observed
which is consistent with the filling of the LUMO of neutral tape® that has
T(C-Cgiimine) and n*(C-Ngiimine) character. Finally, disulfonato derivative [{Ru(j -
NyMe,) }» {p-tape-(SO3), }(PFg), (99593) may find applications as a redox mediator
in voltammetric enzyme-electrode processes.

Tetrakisguanidine-based complexes. Redox-active 1,2,4,5-tetrakis
(tetramethylguanidino) benzene (or pyridine, naphthalene), called Guanidino-
Functionalized Aromatic (GFA), have been used to elaborate dinuclear entities in
reason of their interesting coordinating capacity [144]. They are able to undergo
two-electron oxidation. Redox isomerism processes, depending on intrinsic and
extrinsic effects, have been observed for di-copper complexes [145]. According to
the polarity of the solvent, complexes [GFA(CuCl,),] (100, 101) exhibit different
magnetic behaviours that are associated to a valence tautomerism between the two
following redox forms [CuI—GFA2+—CuI] and [CuH—GFAO—CuH] (Scheme 36a). In
contrast, the complex [GFA(CuBr,),] (102) is diamagnetic both in solution and in
solid state. This redox switching reveals the influence of the ancillary ligands (CI vs.
Br) lying in the first coordination sphere on the electronic behaviours of such
complexes. These behaviours can be rationalized with the HSAB theory, predicting
the stabilization of higher oxidation states by harder chloro ligands. The GFA bridge
allows to retain the dinuclear entities without any modification of the coordination
number of the copper atoms, and connectivity. Extensions to GFA ligand based on
tetrakisguanidine dibenzo-[1,4]-dioxine moiety (103 in Scheme 36b) have been
recently reported [146].

Diimino-quinone- and quinone -based complexes. Numerous molecular mixed-
valence dinuclear compounds with similar geometries [M]-(redox-active bridged
ligand)-[M] have been built with 2,5-dihydroxy-1,4-benzoquinone, quinonoid,
“imino”’quinonoid and other various redox bridged ligands (Scheme 37a) [147—



134 C. Elleouet et al.
vVl N v\ -~
NN / N_N N
N/
L (5
O/ \F N Lo, NN a
A A \ Cu Cu © N&
cl \N Sy /N o \N N N X = CH (100), N (101)
J J A\
A N\ N A o~
VAN EVANEEANE
cu'(GFA)Cu" Cu'(GFA)*"Cu!

solid state and CH,Cl, solution
(paramagnetic)

CH;3CN and DMSO solution
(diamagnetic)

M = Mn, Fe, Co, Ni, Cu, Zn
103

Scheme 36 Example of redox-isomerism with dinuclear tetrakisguanidine-based compounds (a)
and the structure of complexes built on tetrakisguanidine dibenzo-[1,4]-dioxine ligands (b)

152] in view to find applications in the development of molecular electronic devices
for optical and/or magnetic data storage involving intramolecular electron-transfer
phenomena induced by external stimuli. It is noteworthy that some dinuclear
complexes with large metal-metal distances, in which the two metal centres are
separated with m-conjugated spacer, have shown enhanced catalytic activities com-
pared to their mononuclear counter parts [31].

The dinuclear platinum complex 104, based on the 2,5-di-[2,6-Dipp-anilino]-1,4-
benzoquinone (Dipp = di-isopropyl), as a dinucleating ligand, and two C—H acti-
vated 1,5-cyclooctadiene (cod), affords a nice example of cooperativity between
decoupled redox-active and proton-responsive ligands, working in tandem as elec-
tron and proton reservoir, which affords the possibility of multi-proton and -electron
transfers to a substrate (Scheme 37b) [153]. As a proof of concept, 3,5-di-fert-butyl-
benzoquinone is transformed into catechol upon sequential action of (HDMF)(OTY)
and cobaltocene.

The di-ruthenium complex [Ruz(OH)2(3,6—’Bu2,qui)2(btpyan)]2+ (105)
(3,6-'Bu,-qui = 3,6-di-tert-butyl-1,2-benzoquinone; btpyan = 1,8-bis(2,2":6’,2"-
-terpyridyl)anthracene), featuring two ruthenium metal centres, each coordinated
to a terpyridine group bound to a rigid anthracene scaffold (btpyan), a redox-active
quinone (3,6-'Bu,qui) and an hydroxy group, (Scheme 38) has revealed its ability to
mediate water oxidation catalysis. [154—-159] Cyclic voltammetry studies showed a
ligand-centred oxidation at E;, = +0.40 V vs. (AgCl/Ag) and a metal-centred
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oxidation at +1.2 V in trifluoroethanol containing 10% water. Controlled potential
electrolysis of 105 at a potential of +1.70 V in the presence of H,O in CF;CH,OH
resulted in electrocatalytic oxidation of water and dioxygen evolution with a current
efficiency of 91% (21 turnovers). Efficient water oxidation activity with turnover
numbers higher than 30,000, over a period of 40 h, were determined in optimized
conditions. A mechanism involving sequential two-electron and two-proton trans-
fers is proposed for the 4H"/4e™ electrocatalytic cycle in which the redox couple
(quinone/semi-quinone) plays a key role in maintaining the ruthenium centres in low
oxidation state of II/III (or only II) unlike other analogous processes involving high
oxidation state oxo-ruthenium species [157]. It is worth noting that an analogous
complex in which quinone is replaced with bipyridine ligands does not undergo
deprotonation, preventing the O—O bond formation. This highlights the crucial role
of the redox-active quinone/semi-quinone couple in this process. A possible role of
bipyridine as a redox-active ligand in the water oxidation process induced by the
blue ruthenium dimer [Ru2(bipy)z(HzO)z(,u—O)]“+ (106) was also considered
[160, 161].

The presence of the reduced catecholate (or aminophenolato) ligand in the
rhenium(V) complex [Re(O)(x>-cat),]~ (107) (cat®>” = 1,2-catecholate) assists the
activation of O, which affords the cis-dioxo rhenium(VII) species [Re(O)Q(KZ‘
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Scheme 38 Proposed mechanism for the water oxidation process mediated by the di-ruthenium
benzoquinone complex [Ruz(OH)2(3,6—’Bu2,qui)2(btpyan)]2+ (105)

cat),]” (108) upon treatment with air (Scheme 39) [162]. The oxalate analogue of
107 does not display any activity towards O,, thus showing the specific influence of
the redox-active catecholate. The proposed mechanism on the basis of kinetic
experiments and computational studies (Scheme 39), suggests that the redox-active
ligand favours the formation of the rhenium(V) superoxide radical, thus allowing to
circumvent the formation of unusual rhenium(VI) species through the transfer of a
single electron to the metal centre. Then, it enables a bimetallic homolysis of O, via
the formation of a di-rhenium(V) intermediate, featuring a trans-u-1,2-peroxo O,>~
linkage, [{RC(O)(K‘Z-Cat)(KZ-Sq.)}2(/1-02)]27 (sq” = semiquinonate) (109). Moreover,
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Scheme 40 Synthesis of a model of ferredoxin/Rieske clusters-type featuring a redox ligand

the two-electron oxygen-atom transfer process is not prevented by the presence of
catecholate ligands.

N,N-chelating ligands: o-phenylenediamide (pda)- and diazadienes (dads)-based
complexes. Small iron-sulfur systems with a {Fe2S2} core mimick the role of similar
clusters found in ferredoxins and Rieske-type proteins that are involved in one-
electron-transfer processes. The combination of such metallic entities with redox-
active ligands enhances their electron storage capacity in view of mediation of
multielectron chemical transformations. An interesting example of a complex fea-
turing a {Fe2S2} core with a redox-active bidentate N,N-bis(2,6-dimethylphenyl)-o-
phenylene diamide (**'pda) ligand (Scheme 40) allows the reversible storage up to
four electrons [163]. Cyclic voltammetry, spectroscopic and crystallographic studies
of [Fez(Kz—Xy'pda)z(u-S)z] (110) indicate four reduction events, the two first ones
being ligand-based and the two others metal-based. A mixed valence {Fe''Fe"'},
with a localized single electron, and an unstable super reduced state are obtained
after the third and fourth reduction, respectively. This rich redox chemistry is
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allowed by the fact that the well-known phenylene diamide group (*¥'pda) can exist
in three different redox states (closed-shell dianion/open-shell n-radical monoanion
(S = 1/2)/closed shell neutral form). The catalytic activity of 110 towards N,
silylation, with Me;SiCl and KCg, produced up to 88 (+ 2) equivalents of N
(SiMes); per Fe atom but no N,-intermediate species was observed and the multi-
electron mechanism involving the phenylene diamide chelates, as electron reservoir,
in this catalytic process was not evidenced.

The chemical and redox ‘“non-innocent” properties of a bridging dimethyl
diazadiene (MeN=CH-CH=NMe; 1,4-dimethyl-diazabuta-1,3-diene; Me,dad) in
the di-ruthenium complex [Ru,(Me,dad)(dbcot),] (dbcot = dibenzocyclooctatetraene)
(111) have been also reported (Scheme 41a) [164]. 111 reacts with H, (1 bar) to
afford the dihydride species [Ru,(-H)(Me,dad)(dbcot),(u-H)] (112). The C—N and
C—C bonds, ~1.38 A and 1.39 A, respectively, in the bridged Me,dad in 111 and 112
are very close indicating a reduced form of the ligand MeN=CH-CH=NMe. C-N
and C—C distances are ca 1.33 A and 1.38 A, respectively, in the diazadiene radical
anion, and ca 1.38 A and 1.35 A in the dianionic bis-amido olefin form while they
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are shorter ca 1.29 A for the C-N bond and longer, ca 1.46 A, for the C-C bond in
the neutral diimine form. Thus, these distances reflect the “level of redox involve-
ment” of the diazo bridge. 112 catalyzes the oxidation of H, to protons and
electrons, using PPh; and [Fc](PF¢) as proton and electron acceptors, respectively
(Scheme 41b), as well as the reversible and selective hydrogenation of vitamins K,/
K3 (VK,/VKj3) forming VK, hydroquinone (VK;H,) or dihydrovitamin Kj
(VK3H,) while preserving the C=C bonds of the side chain of VK, (Scheme
41c). In these processes, the {Ru,(Me,dad) } moiety evidently serves as an electron
reservoir, with a possible chemically “non-innocent” role of the diazo bridge,
conferring to 112 an hydrogenase-like as well as an hydrogen:quinone
oxidoreductase-like activity.

Tridendate pincers (LXL)-based complexes. Various dinucleating tridentate pin-
cers LXL with a bridging amido/phosphido group and featuring coordinating phos-
phine or thioether (L) (LXL = 2-fert-butylsulfanylphenyl)amide (SNS), bis(2-di-iso-
butylphosphinophenyl)amide (PNP), bis(2-di-iso-propylphosphinophenyl)phos-
phide (PPP)) have served for preparing di-copper systems [Cu,(u-XL,),]™" (113-
117) (n =0, 1, 2 and X = N or P) (Scheme 42a) as models of diamond cores {Cu,(u-
SR),} of CuA sites found in cytochrome c oxidases and nitrous oxide reductases
[165-168]. The involvement of the bridging ligand X = N or P during the
two-electron oxidation process induced by these complexes has been demonstrated
by X-ray crystallography, X-ray absorption spectroscopy (XAS), and density func-
tional theory (DFT) for complexes 113" and 114 [167-170]. These studies
revealed that the oxidation of 113" and 114 are predominantly centred on the
amino or phosphido group affording a contribution of aminyl and phosphinyl
radicals for the description of these complexes, thus highlighting the redox-active
behaviour of the pincer ligands (Scheme 42b). It is worth noting that if the tert-butyl
groups, in para position, are replaced by H in 113, the dimerization of the aminyl
radical through a C-C coupling arises at the aromatic cycle. The second oxidation of
113™" is substantially ligand-based. It affords a dication, with two unpaired elec-
trons predominantly located on the nitrogen atoms, that is assigned to a diradical
species which is structurally characterized by a strong asymmetrical distortion of the
{Cu,(u-NL,),} core. Recently, an analogous dianionic di-copper complex (116) was
prepared with a tridentate ligand based on the triamine bis-(2-aminophenyl) amine
(Scheme 42a) [171]. X-Ray diffraction, NMR and UV-visible characterizations of
116 suggest, as reported for previous [Cu,(u-XL,),] systems, an ambivalent redox
state for the di-copper site suggesting the redox activity of the bridging NNN ligand.

Ditopic tridentate ligands (PNP) have been also used for pre-organizing the
structure of dinuclear gold complexes. An original example of ligand-to-metal
two-electron transfer was highlighted (Scheme 43) [172, 173]. A chloride abstrac-
tion in the mixed-valent Au-Au™ complex 117, using Ag(NTf,), results in an
unusual reactivity involving two-electron ligand oxidation, generating the chloro-
bridged Au'-Au' species 118 bearing a carbazolyl backbone upon C-H activation
and C-C coupling.

A redox-active tridentate bis-phenolato amido ligand ONO, derived from bis
(3,5-di-tert-butyl-2-phenol)amine) has allowed the synthesis of saturated
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six-coordinate compounds [M(ONO),] which often display a limited reactivity. The
original formation of homo- and hetero-bimetallic complexes, [Fe,(ONO);] (119)
and [FeZn(ONO);] (120) (Scheme 44a) [174], has been obtained by reacting the
formally reduced species [Fe'(ONO*")(ONO%)]~ (see Scheme 44b for the repre-
sentations of (ONO*1")*~ and (ONOY) ™~ ligands) which acts as a chelating metallo-
ligand towards a second metal centre through the formation of bridging phenoxide
oxygen atoms, thus affording a modular strategy for the preparation of such
dinuclear systems. Compounds 119 and 120 display original redox properties, the
former being a double mixed-valence complex (ligand (ONO*T"/ONO?) and metal
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(Fe/Fe™)) best described as [Fe''(ONO*I")(ONOY)Fe(ONO*")], and the second,
[Fe"(ONO®*"")(ONO%)Zn'(ONOY)], displaying a ligand-based mixed-valency.

The oxidation of the di-tantalum(V) complex [Taz(ONOred)z(py)z{p-N( ptolyl)}]
(121) with two equivalents of PhICl, (Scheme 45) resulting in the elimination of
(ptoly)N=N(ptolyl) affords an example of a multi-electron reaction, in which the
oxidation leads to bond formation. The oxidation state of the metallic centre does not
vary throughout the process [175]. The oxidation-induced elimination of aryl
diazene is a four-electron process leading to the formation of a N=N double bond,
that is allowed by the presence of the redox-active [ONO™%]*~ ligands providing up
to four electrons for the formation of the diazene.

A wide diversity of pincer ligands featuring a central diarylamido were used in
dinuclear species. The extension to various complexes (122-124) with bis-mercapto
amido SNS ligands based on the backbone of bis(2-mercapto-p-tolyl)amine has been
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reported (Scheme 46) [176—178]. Moreover, the original trianionic pentadentate
ligand N30O2, which merges two NNO units through a central diarylamido, is able
to chelate M(II) ions (M = Co, Cu, Zn) affording homo-bimetallic compounds such
as the bipyridine species [COZ(NSOZ)(Kz-bipy)Z](C104) (125) (Scheme 46)
[179]. The electrochemical study of 125 shows six redox couples over a range of
3.0 V arising from metal- and ligand-based events. EPR and DFT studies suggest
that the one-electron oxidation is centred at the bridging diarylamido, thus inducing
the formation of a N30O2-based radical and revealing its possible role as electron
TeServoir.

The di-copper(Il) complex 126, featuring the redox-active thio-bis-phenolato
OSO ligand (2,2’-thiobis(2,4-di-tert-butylphenol), mimicks the activity of the galac-
tose oxidase [180, 181]. In addition to the conversion of primary alcohols to
aldehydes in the presence of O,, 126 catalyzes the oxidation of secondary alcohols
into diols (Scheme 47) through the formation, upon treatment with O,, of an oxygen-
centred bi-radical intermediate which assists the transfer of hydrogen atoms before
dimerization via C-C coupling and release of the diol. A seleno-analogue of 126
allows catalytic dealkylation of primary amine, such as benzylamine, through the
proposed formation of a similar radical intermediate [182].
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4 Conclusions

The structural characterization of the active sites of [FeFe]- and [NiFe]-
hydrogenases and the search for understanding their functioning have stimulated
the development of novel bio-inspired di-iron (and nickel-iron) compounds with a
redox ligand in the coordination sphere of the bimetallic site. A wide variety of redox
surrogates of the [Fe,S4] cubane was combined to a di-iron core for modelling the
H-cluster. For now, the benefit of introducing a redox-active ligand has been only
demonstrated in few examples. Indeed, a limited number of catalytically efficient
di-iron complexes containing a redox-active ligand has been reported but, the whole
of the compounds described in the first section of this chapter has contributed to
significant advances in the knowledge of the interplay between a dinuclear site and a
close redox group as well as the design of such devices. These results show that the
introduction of such a ligand, in a bridged or terminal position, requires a fine tuning
of the electronic and steric properties of the entire dinuclear molecular device in
order to have a well-adjusted electronic balance between the dinuclear site and the
redox ligand.

An enhancement of the activity of some complexes, compared to that of their
analogues lacking redox-active ligand, has been reported but often, the reasons for
this improvement turned out difficult to be rationalized. In other compounds, the
electronic communication between a potentially redox-active ligand and metal
centres is established without improving their activity. This highlights the confused
use, sometimes, of the redox “non-innocent” term to describe some ligands, that are
not redox-active and behave rather as “trivial” spectator ligands contributing to the
steric and electronic control of the metal centres through their electron-donating/-
withdrawing properties.

Among all the redox ligands used, the ferrocenyl-phosphine and the pyridinyl-
phosphole have afforded interesting progresses by modelling, in part, the role of the
[Fe,S4] cluster. In the complex [Fex(CO),(x'-Fc”)(k*-dppv)(u-adt®™)] (70), the mod-
ified ferrocene [Fe(nS-CSMeS){nS-C5Me4(CH2PEt2)}] acts as an electron reservoir
and allows bidirectional electrocatalysis for reversible H*/H, conversion. The activ-
ity of the derivative [Fez(CO)S(Kl-phosphole)(y-bdt)] (15) towards HER relies on a
proton-responsive dipyridyl-phosphole that can also act as an electron reservoir. The
derivative [Fe,(CO)4(u-dppf)(u-pdt)] (61Ph) is one of the few di-iron compounds
reported as being able to activate H,. It is also worth noting that NO displays an
effective “non-innocent” behaviour according to the definition of Jgrgensen and it
allows a distortion of the geometry around one iron centre mimicking the geometry
of the active site. From all of these results emerges a basic knowledge that should
make possible the design of efficient di-iron catalysts having an hydrogenases-like
activity.

The second section shows the diversity of dinuclear complexes designed for
molecular activation with simple well-known redox chelates or highly sophisticated
encapsulating and dinucleating, polydentate redox-active ligands. Such species are
able to favour multi-electronic processes, involving bonds formation or cleavage, at
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a bimetallic site as well as the stabilization of reactive radical species. They generally
play the essential role of electron reservoir but they may also have a crucial influence
on metal-metal interactions. Some complexes display redox isomerism which may
have an effect on the orientation of their reactivity.

Finally, the combination of redox-active ligands, and more generally of “non-
innocent” ligands, with a bimetallic core, especially with abundant metals of the first
transition series, opens a wide and promising field of possibilities and perspectives
for molecular catalysis.
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Abstract In the field of metal-mediated selective and easier organic reactions, the
present chapter focuses on the activation of at least one main step in the cleft of a
dinuclear platform, in which a le-1le process occurs. This contribution emphasizes
on the concepts that govern the conception of the coordination sphere in order to
maintain the two metal centers at the right distance and which plays a central role in
the electronic and steric effects. An analysis is done on systems operating in the
absence of bridging ligands, particularly for the action of alkynes. A second part is
devoted to the presence of ligands, which do not play a significant redox role. A third
part concerns the use of redox-active bridging ligands. Many spectrometric charac-
terizations, crystal structures, and theoretical calculations allow focusing this search
on the main features that govern the reactivity of one metal center or the
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simultaneous two metal centers in the activation, selectivity, as well as original
reactivity of a reactant or an intermediate in a catalytic step.

Keywords Cooperative effect - Dinuclear complexes - Electronic and steric effects
of the coordination sphere - One-electron reaction on the metal center - Oxidative
addition - Redox-active ligands - Reductive elimination - Synergistic effect

1 Introduction

As the cooperative effect between two metal centers allows gaining more reactivity
and higher selectivity than mononuclear complexes in the activation of reactants to
perform catalyzed reactions, it is important to conceptualize the guiding principles,
which underlie the building of the most adapted precursors. In the present chapter,
we will concentrate on the activation of a molecule by which the two metal centers
play a similar role in one or several molecular steps of the catalytic reaction. The
approach of the reactant usually occurs in the cavity formed by the two metals,
especially when appropriate ligands maintain them, with some flexibility, in close
proximity, whatever the complex entails a homo- or a hetero-bimetallic framework.
Thus, the coordination sphere plays an active and prominent role, especially here,
not only to adjust the electron density along all the catalytic steps but also to maintain
the appropriate steric effects to guide the approach of the reactants inside the cavity
and obtain high selectivity.

In this chapter, we will focus on the concepts that we can extract from the
literature to build the dinuclear complexes containing the adapted ligands in order
to have activation in which the metal center operates a 1-electron reaction.

2 Mechanisms in Which Each Metal Center Is Involved
in a le-1e Reaction

2.1 Absence of Bridging Ligands

As early as 1954, the reaction of [Co,(CO)g] with acetylenic compounds was shown
to substitute two CO ligands to give the [Co,(CO)(RC = CR)] complexes with no
loss of the dinuclear entity [1]. The X-ray crystal structure solved for the
diphenylacetylene complex indicated that PhC = CPh is coordinated to the two
cobalt atoms in a y-r%:;> mode with their donor—acceptor components, the C—C bond
being perpendicular (exactly 88°) to the Co-Co axis [2]. Thus, the two cobalt atoms
are nearly in an octahedral environment and the two carbon atoms of the alkyne
entity adopt a tetrahedral geometry [3].
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Various alkynes react with [Co,(CO)g] to give stable [Co,(CO)s(RC = CR’)]
complexes that adopt the geometry shown in Fig. 1 [3-7]. Pauson and Khand
discovered that such complexes stoichiometrically react with norbornadiene to
provide the cyclopentenone carbonyl[2.2.1]hept-2-ene and
cyclopentadienylcobaltdicarbonyl, presumably arising from the retro Diels—Alder
reaction of norbornadiene (Fig. 2) [8—10].

The scope of this [2 + 2 + 1] cycloaddition of an alkyne, an alkene, and carbon
monoxide, which is named Pauson—Khand Reaction (PKR) has been largely
extended and performed under catalytic conditions [11, 12]. This annulation reaction
involves three reactants, the alkyne, an alkene, and one equivalent of carbon
monoxide to produce a cyclopentenone (Fig. 3).

Concerning the mechanism of the reaction, many studies [13-16] and DFT
calculations [17, 18] have shown that the substitution of a CO ligand by the alkene
occurs, followed by the C-C coupling between the two alkyne/alkene entities to
produce two Co(I) centers. That means the RC = CR’ coordinated in the p-n:n”
mode into the two cobalt(0) atoms frame and the alkene coordinated to only one
cobalt atom react together to generate the Co'-CR = CR’-CR-CR,-Co' chain with
presumably the C=C double bond coordinated to a cobalt metal center (Fig. 4).
Then, after the CO migratory insertion, occurring on the CR; side, a le-1e reductive
elimination by coupling of the two CR, and CR carbon atoms regenerates a
[Co,(CO),] intermediate, that under CO and in the presence of the alkyne provides
[Co,(CO)6(RC = CR')] to start a new catalytic cycle.

However, even with phosphine ligands, and particularly with ThaxPhos that
bridges the two cobalt metal centers (vide infra), the alkyne adopts the same u-
n*:7* coordination mode. Tt should be noted that under photochemical activation the
initial step of the Pauson—Khand reaction involves a high-spin diradical species
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Fig. 5 Biradical species generated by irradiation of the [Co,(CO)g(RC = CR’)] complex

arising from the homolytic cleavage of the Co—Co bond and not a CO loss (Fig. 5)
[19]. Observations by Time-resolved Infrared Spectroscopy and theoretical calcula-
tions are in favor that the [Co,(CO)s(RC = CR’)] complexes produce a triplet
diradical which rapidly recombines to regenerate the parent complex [20].

The same [Co,(CO)s(RC = CR’)] complex reacts with two equivalents of alkyne
to provide an arene through successive coordination of one RC = CR’ and C-C
coupling to produce the cobaltacyclopentadiene [Coz(CO)S(n4,171—/4—C4R2R’2)] inter-
mediate. This species is supposed to be a Co(0)-Co(Il) species, in parallel to the
[2 + 2 + 2] cycloaddition reactions using mononuclear complexes and giving rise to
cyclopentadiene species [21, 22]. It further reacts with the third alkyne molecule to
give the substituted benzene [23]. In fact, it has been demonstrated that an interme-
diate having a bis-allylic structure [Cox(CO)4(7 > -u-C5R5C3R/3)] is formed
during the reaction of the third alkyne, giving rise to two Co(I) metal centers.
Then a bent benzene [C02(CO)4(cis—(174,114—,u—C3R3C3R’3))] structure is produced
before the arene is liberated and the [Co,(CO)(RC = CR’)] complex is formed
and starts again the catalytic cycle [24].

A review, which appeared beginning 2021, analyzes the transition-metal-cata-
lyzed [2 + 2 + 2] cycloaddition reaction with special emphasis on the mechanistic
pathway [25]. This review focuses on the addition to the two alkynes of various
unsaturated substrates, i.e., alkynes, alkenes, nitriles, isocyanates, isothiocyanates,
ketenes, allenes, carbodiimides, carbon dioxide, and carbon disulfide. Most of the
reactions involve mononuclear complexes, and in the present part devoted to
dinuclear species in the absence of bridging ligands where the reaction takes place,
the trimerization of alkynes on di-cobalt complexes has a prominent place. A lot of
alkynes bearing various substituents led to numerous [Co,(CO)s(RC = CR’)]
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Fig. 6 Three intermediate species for the trimerization of alkynes catalyzed by [Co,(CO)g]

complexes, which were transformed into the species shown in Fig. 6 and character-
ized, including X-ray crystal structures. The structure of the cobaltacycloheptatriene
[C02(CO)4(t-BuC(CH),4)C-t-Bu)] complex has been solved as soon as 1964 and the
flyover as well as the two allyl moieties proposed [26], after the discovery of the
trimerization of alkynes on dicobaltoctacarbonyl, as well as on the mercury adduct
[Co(CO)4],Hg [4, 27-32]. Addition of bromine to this di-cobalt(I) complex gener-
ates 1,2-di-t-butyl-benzene [32, 33]. The intermediate [C02(CO)5(;74,7]'-;,L-R2C4R
’>)], which results from the reaction of cyclooctyne was characterized by an X-ray
crystal structure in 1978 and shows a cyclopentadiene structure [34]. A similar
geometry was revealed when N,N-dipropargylmethylamine reacts with [Co,(CO)g]
to give first at room temperature the complex in which each alkyne triple bond
bridges a Co,(CO)g entity [35]; then in refluxing toluene the bimetallic
cobaltacyclopentadiene complex is formed [36]. Similarly, when the [Co(CO)4] "/
CF;COOH/[Fe,;(CO)9] mixture is reacted with phenylacetylene the
[COz(CO)5(//t2,174—CPhCHCHCPh)] complex is produced [37]. Even when electro-
negative substituents are introduced such as CF; and SFs the two dicobalt
cyclopentadiene and cycloheptatriene can be observed, the X-ray crystal structure
of the [Co,(CO)s(17* 1" -u-(SFs) CCHCHC(SFs))] complex being similar to that of the
cyclooctyne/cyclopentadiene complex [38]. Using asymmetrically substituted
alkynes such as 4-phenylbut-3-yn-2-one, the formation of the symmetrically
substituted 1,3,5-triphenyltris(acetyl)benzene and the  isolation  of
the cobaltacycloheptatriene, in addition to that of the monoalkyne complex, led to
the proposal that the cobaltacyclopentadiene is a short-live intermediate on which
the two alkynes have performed a head-to-tail oxidative cyclization after coordina-
tion of an alkyne to the monoalkyne complex [39, 40]. The intermediate is the
flyover complex, on which the chain between the two cobalt(I) centers is —C(OMe)-
PhC=C(OMe)PhC=C(OMe)PhC-, although various examples show that the
regioselectivity is highly dependent on the nature of the substituents on the alkyne
reagents [40]. Addition of Me;NO for the reaction of a second alkyne equivalent to
the tetrahedrane complex removing a CO equivalent allowed obtaining many
cobaltacyclopentadiene complexes [41]. After oxidative coupling of one alkyne to
the dicobaltatetrahedrane complex to provide the dicobaltacyclopentadiene com-
plex, the reaction of the third alkyne transforms this intermediate into the flyover
complex or, presumably by a direct Diels—Alder addition, to a bridging bent benzene
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complex [42]. DFT calculations show that for alkynes bearing bulky groups, such as
CF; or t-Bu, the flyover complex is preferred, whereas for less sterically hindered
derivatives, the cis-bent benzene structure is energetically favored [24]. Dinuclear
complexes with a metal-metal interaction and bearing unsaturated alkynes, dienes
and aromatic compounds have been described for their synthesis, structure, and
coordination modes [43].

The bis(N-mesitylimido)pyridine ligands react with [Co,(CO)g] to provide the
formation of the [(NNN)Co(u-CO)Co(CO),] and [(NNN)Co(u-CO),Co(CO)3] com-
plexes and in acetonitrile of the [(NNN)Co(CH3CN),]" [Co(CO),]~ ion-pair. These
species catalyze the trimerization of ethyl propiolate, but with a reactivity lower than
that of [Co,(CO)g] [44].

Similarly, di-f-butylacetylene reacts with [Fe,(CO)9] and provides the
[Fe,(CO)g(t-BuC = Cr-Bu)] complex with the alkyne being in the bridging position
perpendicular to the iron—iron bond of 2.316 A for which an Fe = Fe double bond
has been proposed [7]. The [Fe,(CO)4(t-BuC = Cr-Bu),] complex, obtained from
the reaction of the alkyne with [Fe3;(CO);,], presents a plane containing the four
acetylenic carbon atoms perpendicular to the plane formed by the two iron atoms and
the four CO ligands [45].

A recent study shows that a dinuclear Fe(I) complex is formed when the [Fe(N
(SiMes)Ar)carbene] complex [46], active in the cyclotrimerization of alkynes, is
reacted with an alkyne, Ar being 2,6-diisopropylphenyl and the carbene ligand
1,3-bis(2,6-diisopropylphenyl)imidazolin2-ylidene [47]. The addition of one equiv-
alent of diphenylacetylene with the mononuclear complex affords the [Fe,(N(SiMes)
Ar)z(,u,nz—PhCCPh)z] dimer with loss of the carbene ligand.

The X-ray crystal structure of this dinuclear Fe(I) complex revealed that the two
metal centers are bridged by two alkynes as shown in Fig. 7. This complex is
diamagnetic, presumably due to an antiferromagnetic coupling which could result
either from the direct overlap of the metal molecular orbitals or a superexchange
occurring through the two alkyne z-systems. Heating this complex to 60°C induces
the coupling of the two alkyne ligands to produce the formation of the
dimetallacyclopentadiene [Fez(N(SiMeg)Ar)z(//l,KZ-C4Ph4)] complex, in which the
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Fig. 8 Trimerization of an alkyne catalyzed by a diruthenium(I) complex

two iron atoms have been oxidized by one electron. The same reaction with
diethylacetylene occurs at room temperature to provide the y,x*-C4Et, analogous
complex; kinetics of the trimerization reaction showed that the catalysis is first order
in [Fez(N(SiMe3)Ar)2(y,K2-C4Et4)] and first-order dependence on [3-hexyne] in its
reaction with the dinuclear complex. DFT calculations confirmed that the dinuclear
species are involved in the catalyzed trimerization reaction of alkynes and a mech-
anism was proposed, as shown in Fig. 7, in which the third alkyne molecule
coordinates to the Fe,(u,k*-C4Ety) framework, presumably after a coordination to
a single iron metal center. The bridging alkyne then inserts into the diene to form the
dimetallacycloheptatriene [Fez(N(SiMe3)Ar)z(ﬂ,xz—CﬁM%)] complex, before to give
rise to a ring closure to form [FCz(N(SiMCg)Ar)Q(ﬂ,176—C6M66)], which contains the
C¢Meg arene moiety sandwiched between the two iron metal centers [47]. The arene
is then displaced by the alkynes to start again the catalytic cycle. The Mdssbauer data
corroborate the formation of a Fe(I[)-Fe(II) dimer in which each Fe is equivalent,
instead of a mixed-valent Fe(I)-Fe(IlI) complex.

Among the catalysts that operate with ruthenium, most of them are mononuclear
entities [25, 48], a few of them being dinuclear but with a reactivity reduced
[49]. Figure 8 shows an example in which the trimerization of dimethyl
(or diethyl)acetylene dicarboxylate involves the formation of 1.1.1.8.8.8-
hexacarbonyl-3.10-dimethoxy (or diethoxy) -2,9-dioxa-1,8-diruthenatricyclo
[9.6.0.0"*tetradeca-2,4,6,9,11,13-hexaene-5.6.7.12.13.14-hexacarboxylic ~  acid
hexa-methyl (or ethyl) ester [49].

Particularly, when the diyne diester reacts with [Ru3;(CO),,] under a 5 atm CO
pressure, the dinuclear ruthenacyclopentadiene is formed and its reaction with
Me;NO to produce the tetracarbonyl complex and then with dimethyl acetylene
dicarboxylate, the intermediate with the alkyne in bridging position is isolated, as
shown in Fig. 9 [50].

The synthesis of the [Niy(n’-CsHs),(u-n*n>-PhC = CPh)] complex was
performed as early as 1959 [51, 52] from [Niz(nS-C5H5)2(CO)2] [53] and the
X-ray crystal structure [54] shows that the bridging diphenylacetylene ligand is
almost perpendicular to the Ni'-Ni' bond, like in [Co,(CO)4(RC = CR)] complexes
(vide supra). However, trimerization or polymerization of alkynes is performed with
mononuclear Nickel complexes [25, 55]. Similarly, the reactivity of the
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Fig. 10 Synthesis of the f-diketiminate ligand Ni(I) dimer, in which each metal atom binds to an
aryl ring of the second (NN)Ni unit, which reacts with N, and H, at room temperature to produce
the [(NN)Ni'(1-N,)Ni'(NN)] and [(NN)Ni"(4-H),Ni"(NN)] complexes

[Nix(57*-CgH12)>(u-17":7>-PhC = CPh)] Nickel(0) complex is modest to catalyze the
cyclotrimerization of diphenylacetylene to hexaphenylbenzene, whereas hydroge-
nation reactions at room temperature provide cis-diphenylethylene [56].
Interestingly, the use of the bulky bidentate f-diketiminate ligand, as shown in
Fig. 10, allows to prepare the dinuclear halide-bridged [(NN),Ni,(u-X),] (X = Cl
[57], Br [58]). Reduction of this last complex by KCg leads to the dinuclear Ni
(I) complex in which each Nickel metal center binds to the two p-diketiminato-N
atoms and to the double-bond of an aryl ring of the second (NN)Ni unit in a 7°-
coordination mode (Fig. 10) [58]. If t-butyl groups replace the methyl substituents on
the NN ligand, the steric effect is so large that only the monomeric Ni(I) species is
formed. Addition of N to a hexane solution of the dinuclear Ni(I) complex results in
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Fig. 11 Reduction of [(NN)Ni(u-Br),Li(THF),] by KCg leading to the [(NN)Ni(u-toluene)Ni
(NN)] complex

the precipitation of the dinitrogen [(NN)Ni(x-N,)Ni(NN)] complex. Stirring at room
temperature of either of these two Ni(I) complexes with one atmosphere of H, gives
the [(NN)Ni(u-H),Ni(NN)] complex (Fig. 10) in which the two metal centers are Ni
1.

Reduction of the [(NN)Ni(u-Br),Li(THF),] complex by a K/Na alloy or MeMgBr
in toluene [59] or potassium graphite (KCg) generates the [(NN)Ni(u-toluene)Ni
(NN)] complex which can be considered as a dinuclear Nickel(Il) species in which
each metal atom is bonded to toluene in a #°:;° manner reminiscent of two allyl
fragments, but also as a dinuclear Nickel(I) complex, since in solution it easily gives
(NN)Ni(I) species that are detected by Electron Paramagnetic Resonance (Fig. 11).

This toluene-masked Ni(I) precursor activates N,O, O,, to provide the [(NN)-
Ni"'(u-OH),Ni"(NN)] complex presumably through [(NN)NiO] and [(NN)Ni(O,)]
intermediate species [60]. Similarly, (u-":7-Se,) and (u-n*:n*-Te,) bridges can be
built, whereas the neutral P4 ligand bridges the two Ni(I) metal centers in a ;-
fashion. Recently, the dihydride bridged Ni(Il) complex has been grafted onto silica,
through only the substitution of one H-bridge and its capacity to hydrogenate
alkenes and alkynes at room temperature demonstrated [61].

Monomer complexes of early transition metals were reacted with N,O and CO,
and shown to provide dimeric(u-0xo0) species involving a one-electron oxidation of
the metals and release of N, or CO. Thus, the Ti"! [(n5 -CsHs),Ti] complex reacts at
room temperature with N>O to generate quantitatively [(n5 —C5H5)ZTiHI(,u—O)TiHI(n5 -
CsHs),] [62]. Similarly, [szTiHI(y-Cl)gTimez] reacts with CO, and gives rise to
[Cp,CITi" (u-O)Ti"VCICp,] and CO, presumably through the [Cp,CITi" (u-n'.'-
0-C(0)Ti"VCICp,] intermediate species [63]. The Ti" [Cp,Ti(CO),] complex reacts
with four equivalents of CO, to generate the bridged carbonate [Cp,Ti"™ (u-1" 1p>-
CO3)Time2]2 complex, whereas the zirconium [Cp,Zr(CO),] analog produces the
H-0X0 z™ [CpaZr(u-O)]5 trimer.

Uranium(III) complexes have a great potential to activate small molecules and the
one-electron oxidation of U(III) to U(IV) is very easy. Thus, the reactivity of CS,
with [(n°-MeCsH,);U™(THF)] and [(n°-Me;SiCsH4);U™] results in the formation
of the [Cp’3UlV(/H11,nz—CSZ)UWCp’g] dimer. This reaction is to be considered as the
two-electron reduction of carbon disulfide by Uranium into CS,>™ [64]. Similarly,
SPPh;, SePPhs, and TePPhs; react with [(n°-MeCsHy);U"™(THF)] to form the
bridging chalcogenide U" complexes [65]. In addition, the [(n°-Me;SiCsH,);U™]
complex reacts under normal conditions with CO, and N,O to generate the u-oxo
complex [Cp’3U" (u-0)U™Cp’5] [66]. More recently, the pre-ligand shown in
Fig. 12 has been synthesized to coordinate three oxygen atoms to uranium(III)
metal center and is similar to 1,4,7-tris(3,5-di-fert-butyl-2-hydroxybenzylate)1,4,7-
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Fig. 12 (1,3,5-trimethyl-2,4,6-tris(2,4-di-tert-butylphenol)methyl)benzene, that generates the tri-
podal ligand, and representation of the corresponding U™ complex

N AN / \ /
— U0 —= Do—Ut—o—ut— Lo Uv—0—yw__
O/ C\oz/ \O -co O/ \O /\ c /\

UM (e u-COUM u-oput U (u-n?-CO5 U™

Fig. 13 Simplified pathway to show the coordination of CO, in the bridging position of two U™
fragments, the loss of CO to produce a u-oxo complex and then the reaction with CO, to form a
bridging carbonate ligand

triazacyclononane which reacted with CO, to produce the y-oxo bridged [U"](4-O)
[U™] complex [67].

The mechanism of the CO, activation by U(IIT) complexes has been solved on the
("®"ArOH)3mesitylene ligand by using DFT calculations and substituting the fert-
butyl substituents with methyl groups to simplify the calculations [68]. In a first step
two U(III) species react with one equivalent of CO, to provide a dinuclear complex
with the U™ (u-7*-x>-C0O,)U" framework (Fig. 13) which can be considered as two
[(RArO)3mes)UlV] cationic fragments bonded to the COQZ_ ligand. This complex
forms a p-oxo complex through the loss of a CO ligand and its formation is
exergonic by 12.8 kcal/mol. Then, the [U" (u-*-#>-CO5)U"] complex can be
formed through a highly exergonic (—54.9 kcal/mol) irreversible pathway [68].

Similarly, Samarium(Il) and Thulium(II), as Lanthanide(Il) complexes can acti-
vate CO, in a le™ process on each metal atom of the dimer. The [(;15—C5Me5)25m]
complex reacts with CO, and DFT calculations have shown that the dinuclear Sm
) [Cp*QSm(u-nl -171 -O:C:O)Sme*z] adduct is produced [69]. Then a first elec-
tron transfer leads to the [Cp »Sm"(u-k'-#*-0=C* = 0)Sm"'Cp",] transient* spe-
cies, immediately followed by the second electron transfer to provide the
[Cp*zsmln((ﬂ—1’]2—K2—C02)SmIHCp*2)] complex, analogous to the [UIV(;4—112—1<2—C02)
U™] complex shown on Fig. 13. This two-electron transfer reduction mechanism
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dimagnesium(II) complexes

appears to be an easy process due to a maximum in electronic energy calculated to be
5 kcal mol .

According to recent papers, it is interesting to mention Magnesium(I) dimers
whose synthesis as stable compounds was reported in 2007, due to the introduction
of bulky guanidinate and fB-diketiminate L ligands (Fig. 14) [70]. Starting from
[LMg(u-1),Mg(OEt,)L] or [MgI(OEt,)L], the reduction with an excess of potassium
in toluene leads to the formation of the [LMg-Mg'L] crystalline complexes. DFT
calculations show that the Mg-Mg single covalent bond presents a high s-character
and the molecule can be viewed as an anion-stabilized Mg?* unit. High-resolution
X-ray diffraction data on the p-diketiminate L-containing complex and theoretical
calculations are consistent with a non-nuclear local maximum in the electron density,
so that the Mg-Mg entity is bound by two Mg~ “pseudo-atom” bonds [71].

These Magnesium(I) dimers act as facile two-center/two-electron reductants
toward the substrate. The [LMg'-Mg'L] complex reacts with N,O to give the u-
oxo [LMg"-0-Mg"L] species which is reactive toward CO, to produce the
p-carbonato [LMg"-CO5-Mg"L] bridging ligand [72], in a similar pathway to the
Uranium and Lanthanide complexes (vide supra).

Moreover, the CyN=C=NCy carbodiimide [70], PhAN=NPh azobenzene [73],
cyclooctatetraene substrates, in the presence of tetrahydrofurane [73] or anthracene
(not shown) [74], and AdN3 1-adamantyl azide [75], are inserted into the Mg-Mg
bond, leading to the dinuclear Mg(Il) complexes shown in Fig. 15. Thus, due to the
presence of bulky ligands, the dinuclear dimagnesium(I) complexes, which are
thermally stable, appear as stoichiometric, selective, and safe reducing agents [76].

Using superbulky ligand by replacement of isopropyl- for 3-pentyl groups still
produces the dimeric Mg(I) complex with a long Mg-Mg bond of 3.0513 (8) A
[77]. The even bulkier ligand L* HC(C(sBu)N[2,6-(3-pentyl)-phenyl]), provides
again a Mg(I)-Mg(I) dimer, but on one Mg(I) center the B-diketiminate ligand is
bidentate, whereas on the other Mg(I) center only one Nitrogen atom is
coordinated [78].

Similar complexes of calcium(I) have been prepared, but react very quickly in
methyl-cyclohexane with N, introduced to maintain an inert atmosphere, to give a
dinuclear Ca" complex with a side-on bridging N>~ anion, whereas in benzene the
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[L*Cal-Ca'L*] complex produces [L*CaH(,u-CGH(,)CaHL*] containing the
non-planar CgHg>~ anion [79].

Recently, chiral p-diketeneiminate and amidinate have been introduced in the
coordination sphere of the Mg(I)-Mg() framework, and first examples of
enantiopure [L*Mg'-Mg'L*] complexes have been synthesized. Interestingly the
bulky [‘BuC(NCgH,(C(H)Ph,)>Me-2,6,4)(N-(S)-(-)-CHMePh)]JH, L*H, ligand
reacts at 60°C with Mg"Bu, to provide L*Mg"Bu and then, still at 60°C, with
PhSiH; to generate the u-hydrido [L*Mg"(u-H),Mg"L*] complex in 95% yield
[80]. Its recrystallization from THF introduces two solvent molecules, one on each
Mg" center, [L*(THF)Mg"(u-H),Mg"(THF)L*], and the X-ray crystal structure
reveals that the (S) configuration is maintained.

In the field of metalloproteins where histidine imidazole ligands are used for
tuning the redox potentials and electronic structures of the metallocofactors through
protonation/deprotonation, we can mention the use of bis(oxazoline) capping ligands
(Fig. 16) [81]. They are proton-responsive ligands. The [(BOX)(THF)Cu" (u-n*:1-
0,)Cu'(THF)(BOX)][C104], u-peroxido complex is obtained by oxygenation of
[((BOX)Cu(MeCN)][ClO,] at 193 K in THF. The n*O,>" orbital is bonded to the
two Cqu,(y orbitals, and there is a strong antiferromagnetic coupling (S = 0)
between the two cupric ions. Deprotonation of the complex with 1,8-diazabicyclo
[5.4.0]undec-7-ene leads to the [(BOX)Cu™(4-0),Cu™(BOX)] complex containing
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the [BOX] ™ ligand and the bis(u-oxido) bridging atoms. Reprotonation by [HBOX]*
can give the u-peroxido complex.

2.2 Bimetallic Complexes with Redox Innocent Bridging
Ligands

In the current synthesis environment for having a convenient access to chiral
compounds in fine chemistry, many transition metal complexes bearing chiral
ligands have been explored to catalyze such reactions [82]. In a first approach, the
Pauson—Khand reaction involved mononuclear rhodium or iridium complexes bear-
ing BINAP ligands to synthesize bicyclic cyclopentenones in an intramolecular
mode [83—85]. The addition of (R)-BINAP to the [Co,(CO)g(HC = C-t-Bu)] com-
plex in refluxing THF was shown to produce the [Co,(CO)g[(R)-BINAP](HC = C-t-
Bu)] complex as a single diastereoisomer. The X-ray crystal structure revealed the
presence of a bridged cobalt alkyne species with the two phosphorus atoms occu-
pying basal positions, anti with regard to the t-Bu substituent (Fig. 17) [86]. Similar
basal bridged complexes are obtained with the bis(diphenylphosphino)methane or
-ethane, whereas bis(diphenylphosphino)butane, with a larger bite angle, occupies
the two apical positions. The (R)-BINAP, dppm and dppe complexes were tested in
the intermolecular [2 + 2 + 1] enantioselective cycloaddition of the
3,3-dimethylbutyne, norbornene and carbon monoxide reactants. They are not
reactive in refluxing THF or toluene, even at room temperature in the presence of
an excess of N-methylmorpholine N-oxide to remove one CO ligand, and open a
coordination position to the alkene bond [86].

The two phosphorus atoms and the #-butyl group of the single diastereoisomer are
in anti-positions so that, even by removing a CO ligand, the coordination of the C=C
double bond of norbornene does not occur, due to steric hindrance.

Starting from (+)- or (—)-cis-1-amino-2-indanol, and introducing first the -BuP
and then the PR, phosphine ligands, leads to the ThaxPHOS ligand, represented in
Fig. 18. As shown by an X-ray crystal structure for R = pyrrolyl, the dicobalt

t-Bu,
Cco

OC\ /(\\\\ /

C—Co—_

t—Bu\ ] /Co//\ co
- o oc oo\ e
oc ™/ (R)-BINAP, -2 basal CO Ph._ p oy
/_{=co—co '~b
/\ AN Ph

o —C0 ) refluxing THF
0C // €O e
oc O

Fig. 17 Synthesis of the [Co,(CO)4[(R)-BINAP](HC = C-t-Bu)] complex by the addition of the
(R)-BINAP ligand to [Co,(CO)s(HC = C-t-Bu)] at 60°C for several hours
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complexes resulting from the addition of this ligand to the [Co,(CO)¢(alkyne)]
precursor present the two phosphorus atoms in the apical positions, the ligand
being in a bridging position [87]. The synthesis of chiral cyclopentenones via
[2 + 2 + 1] enantioselective cycloaddition of an alkyne, an alkene and carbon
monoxide occurs through a similar 1e-1e mechanism. The reaction can be extended
to several acetylenes bearing phenyl, n-butyl groups, but with a poor
diastereoselectivity; similarly, the steric hindrance induced by the two R groups
should be not too high, as for R = iPr for which the yield is 10% but the ee is only
1%.

Introduction of the chiral (S,S) QuinoxP* diphosphine less basic ligand [88], with
two more nearby phosphorus atoms, in the dinuclear cobalt coordination sphere
(Fig. 19), results in a chelated mode on only one Cobalt center [89]. The X-ray
crystal structure of the major diastereoisomer of [Co,(CO)4[(S,S)-QuinoxP*]
(HC = CPh)] shows that one phosphorus atom occupies the apical (or axial) position
and the second one a basal (equatorial) position on the same Cobalt metal center, and
that the #-Bu group on this second P atom is trans to the phenyl group of HC = CPh.
DFT calculations showed that this ax-eq,,,s diastereoisomer is 11.4 kcal/mol more
stable than the bridged complex, and 3.2 kcal/mol than the ax-eq.s other
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ide and CO, to synthesize a cyclic carbonate, main intermediates of the catalysis

diastereoisomer with which a low-energy fluxional interconversion can occur, that
explains the rather modest ee observed in catalysis.

Presumably, as the BINAP ligand in the [Co,(CO)g[(R)-BINAP](HC = Ct-Bu)]
complex was identified to coordinate the two Cobalt metal centers in a bridging
mode and to have no reactivity in the Pauson—Khand reaction [86], the first obser-
vations of a reactivity of this chiral ligand, as well as similar ligands, with
[C0,(CO)e] to catalyze the intramolecular reaction with modest to high enantiomeric
excesses [90-93], it is of interest to refer to the complete investigation showing that
the coordination of BINAP results in the chelating mode leading to efficient catalysts
to obtain cyclopentenones with ee as high as 88% [94].

There is still the 1e-1e process for the Pauson—Khand reaction, and according to
the electronic effects and the bite angle of the bidentate ligand, as well as the nature
of the substituents on the substrates, various yields and ee’s are observed. Probably,
in the bridging configuration, the chiral phosphorus atom exerts a significant influ-
ence on the C-C* coupling of norbornene. The enantioselective cobalt-catalyzed
reactions have been reviewed, showing that this metal allows to efficiently give
access to chiral compounds under relatively mild conditions [95-100].

The heterobimetallic Ruthenium—Manganese complex bridged by the bis
(diphenylphosphino)methane ligand is able to open an epoxide on the two metal
centers, and after migratory insertion of CO, into the Ru—O bond to produce, after
reductive elimination from the dinuclear framework, the cyclic carbonate [101]. The-
oretical calculations support the pathway in which the Ru'-Mn" metal-metal bond is
cleaved when the epoxide coordinates the Ru center providing a Ru”-Mn™ entity.
The oxidative addition occurs on the two metal centers, and then the migratory CO,
insertion happens into the Ru—O bond. Finally, the reductive elimination of the
carbonate, still involving the two metal centers regenerates the active Ru'-Mn°
species (Fig. 20).

With such a polarization of the dinuclear entity, a Lewis acidic Ru center, which
coordinates the epoxide, is associated to the nucleophilic Mn center. A similar
thioether-triphenolate di-iron(IlT) complex, which is air-stable and easy to handle,
and in which the two Iron are Lewis acidic centers, is active for the reaction of
propyleneoxide with CO; to selectively give rise to the cyclic carbonate; however, in
the absence of a co-catalyst such as tetrabutylammonium bromide, catalysis does not
occur [102].

The diamagnetic Zr(IIT)-Ru(I) [ZrCl(;Hy5 :nl-C5H4PEt2)2RuCp*] complex,
shown in Fig. 21, has a short interatomic distance between the two metal centers
of 2.8620 (10) A, that is in agreement with a single metal-metal bond [103]. The
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same situation prevails for Hf'"-Ru' and Zr'"'-Fe', all obtained by reduction
(LiBHEt; or KCg) of the [MCly(u-":n'-CsH4PEt,),M'CICp*] complexes. The
catalytic dehydrogenation of dimethylamine-borane, Me,NH BH3, involves the
simultaneous approach of the reactant through two hydrogen atoms, before produc-
ing a dihydride species (Fig. 21). Then, H, gas evolution occurs to come back to the
active M"™-M"' complex, through a bimetallic reductive elimination.

Starting from [Cp*CIRu" (11,-Me,P-PMe,),Ru"'CICp*] (Cp* = CsMes), the addi-
tion of one equivalent of silver trifluoromethane sulfonate, AgOTf, provides the
monocationic monochloride-bridged complex [Cp*ClRuIH(ﬂz-Cl)(,uz—
Me2P-PMe2)2Rume*]+OTF ; the addition of two equivalents of AgOTf leads to
the p-chloro dicationic complex [Cp*ClRuIH(/42-Cl)(,u2-Me2P-PMe2)2RuIHCp*]2+(-
OTf”, [104]. With the tetraphenylphosphine ligand, the synthesized complex is
[Cp*Ru"(1>-Cl)>(41r-Ph,P-PPh,)Ru"'Cp*], and two equivalents of AgOTf are nec-
essary, leading to the abstraction of two electrons on the metal centers, to give
[Cp*Ru"(u>-Cl),(4»-Ph,P-PPh,)Ru"'Cp*]**(OTf ),. No  ruthenium—ruthenium
bonds are observed in any of these complexes.

Using bulky ligands, such as 2,6-(C¢H3-2,6-i-Pr,),C¢Hs, the dimeric Cr
(I) complex [ArCrCrAr] has been synthesized, and the interaction between the two
d’ metal centers, represented as a quintuple metal-metal bond, results in a very short
1.8351 (4) A Cr-Cr distance [105]. Similarly, the dimeric Mo-Mo [Mos(u-n>-RC
(N-2,6-1Pr,C¢H3),], complexes, containing d® Mo(I) centers, can be prepared using
the amidinato ligands (R = H or Ph). The 1o, 2x and 25 interactions between the two
Molybdenum centers result in the very short 2.02 A distance [106].

The complex shown in Fig. 22 contains two aminopyridinato ligands with bulky
substituents that maintain the dinuclear structure in which the two Chromium metal
centers share a quintuple metal-metal bond [107, 108]. The addition of a terminal
alkyne (one equivalent or even an excess) leads to the dimetallacyclobutene, in
which there is formally a quadruple Cr—Cr bond and a C=C double bond resulting
from the [2 + 2] cycloaddition of the terminal alkyne [109, 110].

Starting from the [Cr(u-HC(N-2,6-iPr,C¢H3),], complex, the addition of three
equivalents of trimethylsilyl alkyne allowed to synthesize the dichromium complex
with a 1,3,5-(SiMe;);CcH; aromatic bridging molecule in a 776,;76 mode (Fig. 22)
[111]. DFT calculations show clearly that three unpaired spins on each chromium
center are coupled in a ferromagnetic mode, and that each Cr atom has a +1.52
charge and the benzene bridging ligand —1.03, presumably due to the presence of
the three SiMe; substituents. Further addition of trimethylsilyl alkyne regenerates
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cycloaddition of 2 mol of pentyne to the [MOIZ(ﬂ—Kz—RC(N -2,6-iPr,CgH3),),] amidinate (R = H, Ph)
complex

the initial Cr, complex with its quintuple metal-metal bond and liberates the 1,3,5-
(SiMe;3);C¢H; benzene compound. Interestingly, the quintuply Molybdenum-
Molydenum complex bearing bridging amidinates ligands, reacts with two equiva-
lents of the pentyne reactant, leading to a [2 + 2 + 2] cycloaddition, and the formation
of a quadruply Mo-Mo complex, [Mo,(u-k":x'-1,3-nPrC4H,)-(u-k>-RC
(N-2,6-1Pr,CgH3),),] with two Mo-C o bonds (Fig. 23) [112].

These isolated complexes for which the X-Ray crystal structure has been deter-
mined, show the steps of the trimerization of alkynes to synthesize tri-substituted
compounds, even if the second addition has been supposed to involve a
cyclobutadiene intermediate.

The Zr-Rh and Zr-Ir complexes [(CHj3)Zr(u-CsH4PR,),Rh(CO)(PPhj;)]
[113, 114] and [(CH3)Zr(u-CsH4PR,),Ir(CO)(PPh3)] [115] have been prepared
and associate a Zr(IlI) metal center with a Rh(0) or a Ir(0) entity. Reaction of
isopropylalcohol at 0°C occurs through an oxidative addition providing an i-PrO
substituent on Zr and a hydrido ligand on Rh, with the formation of a Zr''-Rh'
complex with no more metal-metal bond. Heating to room temperature induces the
reductive elimination of methane and restores a Zr'"'-Rh” complex in which the O'Pr
ligand has substituted the CH; ligand of the initial complex (Fig. 24).

In CH,Cl, the starting complex is not stable (R = i-Pr, Cy) and loses the PPh;
ligand, so that the methyl group comes in the bridging position before reacting with
the CO ligand in a migratory insertion step to form an acetyl group o-bonded to
Rhodium and n-bonded to Zirconium. This intermediate species reacts with CH,Cl,
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Fig. 24 Oxidative addition of iso-propanol on the two Zr'" and Rh® metal centers of the complex,
followed by a two metal centers reductive elimination of CHy from the Zr"V-Rh' intermediate to
produce [(O'Pr)Zr(u-CsH4PR,),Rh(CO)(PPh;)]

to form the dichloro complex shown in Fig. 24, which associates the Zr''-Rh"
entities [114, 116].

2.3 Redox Active Bridging Ligands

In addition to the modification of the metal coordination sphere from both an
electronic and steric effect, and the cooperativity between the two metal centers,
the use of redox-active ligands allows to maintain the oxidation states of the metals
through changes in the electronic configuration, which occurs on them. Thus,
reversible transfers of 1-3 electrons with the metal can allow to elaborate highly
active catalysts, especially using metals from the first line, particularly Iron, Cobalt,
or Nickel [117].

For instance, the use of the dinucleating ligand containing two iminopyridine
units maintained with a xanthene linker keeps the two Nickel metal centers at
2.451 A when a diphenylacetylene substrate is bridging them, and a Ni'-Ni' bond
is present; DFT calculations suggest they are antiferromagnetically coupled (Fig. 25)
[118]. The addition of one equivalent of ethylprop-2-ynoate substitutes
diphenylacetylene and the resulting complex adopts the same structure. Provided
non-coordinative solvents are used the first complex catalyzes the cyclotrimerisation
of phenylacetylene, ethylprop-2-ynoate, but due to some flexibility of the ligand the
distance between the two metal centers can increase, resulting in the
cyclotetramerization.

The naphthyridine diimine ligand is rigid and its extended m-system allows to
build the [Nis(u-n%:5>-C¢He)(P"NDI)] complex in which the two Ni' metal atoms are
coordinated by the four Nitrogen atoms of the 1,1’-(1,8-naphthyridine-2,7-diyl)bis
(N-2,6-diisopropylphenyl)ethan-1-imine platform bearing the two terminal (i-Pr),-
phenyl bulky substituents (Fig. 26) [119]. As shown by the X-ray crystal structure
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the Ni-Ni distance is 2.496 (1) A, and DFT calculations are consistent with Ni' metal
centers and a (iPrNDI)Zf oxidation state for the ligand.

The S = 0 [Niy(u-1":77>-CeHg)(""NDI)] complex can be oxidized by [NBu,]Br; to
givethe S=1 [Niz(ﬂ-Br)z(iPrNDI)] species that reacts with 1.1 equivalent of sodium
amalgam to produce the S = 1/2 [Niz(y—Br)(iPrNDI')] complex in which the NDI
ligand has a significant radical character. The dibromo complex can be oxidized in
acetonitrile with [FeCp,][PF¢] to give the S = 3/2 [Niy(u-Br),(*"NDI)(CH;CN),]*
cationic species. The initial complex can be reduced in THF by KCg to generate the
S = 1/2 anionic [Niy(u-n”:1*-CeHe)(K*(THF);)(""NDI)]' ~ entity. The two metal
centers are in close contact and move from 2.496 A in the starting complex, to
2.5316 and 2.5399 A (2 molecules in the asymmetric unit) for the (u-Br), complex,
2.378 A in the (u-Br) radical species, so that the two Ni metal atoms are close to be
Ni(I). For the most reduced complex, the Ni-Ni platform gains one electron, whereas
in the most oxidized situation, it loses one electron. Thus, these examples are clearly
indicative of the redox role of the ""NDI ligand [119].

The Ph,SiH, and Et,SiH, silanes present a dinuclear mode of activation on the
[Nio(u-n*5*-CeHe)(F'NDI)] complex to provide a symmetric coordination adduct
with pu-H atoms nearly equidistant between the Ni and Si atoms (Fig. 27). This
situation is not yet the y-SiR, silylene dihydride which would result from the double
oxidative addition on the Ni-Ni template, and DFT calculations are consistent with a
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[NDI]*>~ situation [120]. The starting complex catalyzes the hydrosilylation of
alkenes, alkynes, and various C=0 double bonds.

The [Niz(y-nz:;72-C6H6)(iPrNDI)] complex reacting with the enyne shown in
Fig. 27 leads to a mixture of transient adducts, one with the alkyne moiety coordi-
nated in the bridging position and the second one with the alkyne and alkene
moieties coordinated, both species being in equilibrium. They convert at room
temperature to the nickellacyclopentene complex in which the C=C bond presents
an n’-interaction with the second Ni atom, as shown by the X-ray crystal structure
and DFT calculations, so that this step can be formulated as a redox-neutral migra-
tory insertion [121]. Introducing a CO atmosphere on this complex leads to the
terminal cyclopentenone product of the [2 + 2 + 1] Pauson—Khand reaction.

The same precursor [Niz(y-nZ:nZ—CéHﬁ)(iPrNDI)] can be used to perform the
highly selective [4 + 1]-cycloaddition of vinylidenes, generated from
1,1-dichloroalkenes, to dienes providing cyclopentenes [122]. The reaction needs
Zn as a stoichiometric reductant, and in fact, the active species is the [Ni,(u-Cl)
(P'NDI)] complex (Fig. 28). The mechanism involves oxidative addition, coordi-
nation of the diene, migratory insertion, and reductive elimination on the Ni-Ni core
in which the two metals stabilize the n-systems of both the vinylidene and diene
components.

Similarly, the same [Niy(u-1>:17°-CHg)(P'NDI)], [Nis(u-Cl)(P'NDI")] or [Nia(u-
Cl),(*'NDI)] complexes are selective catalysts to perform the reductive
cyclopropanation of alkenes with CH,Cl, as the methylene source in the presence
of Zn (Fig. 29) [123]. Extension of this catalysis to the [2 + 1]-cycloaddition of
vinylidenes, obtained from 1,1-dichloroalkenes, to alkenes allows to selectively
prepare methylenecyclopropanes [124].

Moreover, organic azides (ArN;) react with [Niz(ﬂ—nZ:nz—CéH())(iP 'NDI)] to
quickly generate the azide [Niz(ﬂ—NAI‘)(iPrNDI)] with loss of N,. An X-ray crystal
structure of the complex for the (2,6-diphenyl)phenyl azide shows that the p-NAr
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Fig. 29 Mechanism of the [Ni,(u-C)(*'NDI")]-catalyzed methylenecyclopropanation

ligand symmetrically bridges the two Nickel metal centers. This complex is para-
magnetic and the LUMO is a Ni,-NAr anti-bonding combination; the HOMO has a
Ni-Ni(n*) character and is delocalized into the NDI ligand and its © system
[125]. This Niy(u-NAr) complex can be oxidized in THF by [FeCp,]PFs into the
cationic [Niz(y-NAr)(iPrNDI)(THF)][PF(,] complex and results in an extension of the
Ni-Ni distance from 2.3415 (9) A to 2.515 (1) A, as well as the Ni-N distances,
consistently with a disruption in the three-center/two-electron z-bond [126]. DFT
calculations show that the most probable pathway involves the C-H 1,2-addition to
generate a Ni—C bond in ortho position of the phenyl substituent leading to a
metallacycle and a N-H bond. The last step is a C-N reductive elimination providing
the amine, and restores the Ni—Ni bond (Fig. 30).

Whereas norbornadiene usually coordinates metals through highly stable n-bonds
between the C=C double bond and the metal center, the [Ni,(u-17>:7>-CeHg)(""NDI)]
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Fig. 31 C(sp3)7C(sp2) bond oxidative addition of norbornadiene on the [Niz(ﬂ—rlzznz—CGHé)
(P*™NDI)] complex and reaction with carbon monoxide

complex induces the oxidative addition of the C—C bond [127]. It is one C(sp3)—C
(sz) bond that is cleaved and the C; and C¢ atoms are now separated by 2.876 A; the
activation barrier is 10.6 kcal/mol. Reaction under mild conditions of CO gives
quickly the bicylo[3.3.0] ketone and not the bicyclo[2.3.1] that would result from the
direct CO insertion into the bond having been activated. For this migratory insertion
step, the allylic moiety has been transposed and the reductive elimination is fully
regioselective (Fig. 31).

Moreover, introducing a substituent on C,, such as -BuO, results in the synthesis
of a single diastereoisomer in the ketone and is due to the steric preference of the #-
BuO group to be positioned away from the *NDI ligand [127].

Introducing the chiral NDI ligand (NDI*) in the coordination sphere of the
di-nickel framework allows performing the enantioselective cyclopropanation reac-
tion through alkylidene transfer from a 1,1-dichloroalkene to an alkene (Fig. 32).
Catalysis occurs at 23°C in diethyether/N,N-dimethylacetamide in the presence of
Zinc and yields as high as 99% and enantioselectivities of 96/4 are obtained,
particularly with the Ar substituent 3,5-F,-CgH3 [128]. Presumably, the mechanism
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is similar to that shown in Fig. 28 with an oxidative addition of a C—Cl bond on the
two Ni' centers.

Thus, the NDI binucleating ligand has the capacity to maintain the two Ni metal
centers in a close vicinity and has this particular feature to allow to perform
two-electron redox-reactions through electron transfer from its reduced form to the
Ni'-Ni' bond [129, 130].

This peculiar feature has been extended to dicobalt and diiron complexes bearing
the 'NDI ligand [131]. The reaction of Na,[*"NDI], obtained from **NDI and
Na/Hg amalgam, with CoCl, and FeCl, in THF leads to the [M",(4-CI)CL,(**"NDI)
(THF)] species; their reduction with KCg in benzene results in the high yield
synthesis of the [Mz(,u—nz:nz—CGHé)(iPrNDI)] complexes. As for Nickel, the Cobalt
complex is diamagnetic, and the Iron dimer paramagnetic (S = 2) with the unpaired
electrons localized on the two Iron metal centers, in an electronic configuration close
to ["PrNDI]zf[FeZ]Z‘L, whereas for the Co, complex, a significant anionic charge is
carried by the NBI ligand. The two-electron oxidative addition of allyl chloride
occurs on these three complexes to provide the isostructural M, (u-C1)(u-C5Hs)
(iP 'NDI)] complexes, in which the redox active NDI ligand maintains the +1
oxidation state to each of the metals, contrary to what it could be considered that a
M"-M" dinuclear complex has been produced. Indeed, Natural Bond Orbital (NBO)
population analysis shows that the metals maintain approximately the +1 oxidation
state by delocalization of a significant fraction (—0.68 for Ni, —0.69 for Co, and —
0.93 for Fe) of the redox equivalents into the n-system of the NDI ligand [131].

The mechanism, shown in Fig. 33, considers the substitution of benzene by the
allyl chloride, with coordination of the alkene functionality in parallel to the M—M
bond. Then, in the transition structure, the C-Cl cleavage occurs on one metal center
and the C=C bond interacts with the second metal center. The activation barrier is
relatively low, 0.4-4.1 kcal mol_l, with regard to the alkene-coordinated complex. In
the final complexes, for which the relative energy is —35.9 kcal mol ~'/Ni, —29.2/Co
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Fig. 34 Structure of the bimetallic Cu' precursor and the various catalytic steps for the oxidation of
the alcohol into an aldehyde

and —46.5/Fe, the M-M bond is maintained, and the chloro and allyl ligands
symmetrically bridge the two metals [131].

A similar diimine-1,8-naphthyridine expanded pincer ligand with two bulky
mesityl substituents, the 2,7-bis(N-mesitylmethylimino)-1,8-naphthyridine ligand
("™**NDI), binds two copper(I) metal centers, bridged by two chloro atoms, with a
Cu-Cu distance of 2.6432 (11) A (Fig. 34) [132]. This complex reacts with dioxygen
and KOH at 60 °C in toluene to generate the (u-7*:n*-peroxo)dicopper(Il) active
species, that coordinates the alcohol and catalyzes the formation of an aldehyde
which reacts with primary amines to prepare imines.

The dinuclear ruthenium(Il) complex [Ru,(u-OAc);(M**NDI)]CI, bridged by the
("™*NDI) ligand, has three more bridging acetate ligands, one being trans to the
naphthyridine core, and the Ru-Ru distance is 2.2953 (8) A [133]. It catalyzes at 70°
C in toluene and in the presence of KOH (10 mol%) the acceptorless dehydrogena-
tion of benzyl alcohol into benzaldehyde with 89% yield and near-quantitative
elimination of dihydrogen. The substrate scope is large, even if secondary and
aliphatic alcohols reach modest yields (38-45%). The mechanism suggested in
Fig. 35 involves the decoordination of the acetate ligand frans to the ("**NDI) ligand
and proceeds on the equatorial platform. The approach of the alcohol occurs on the
two metal atoms and the next step is a f-hydride elimination, followed by the
departure of the aldehyde, and then the coordination of a new alcohol molecule
with its dehydrogenation to produce an alkoxy group and a dihydrogen molecule.

The 1,8-naphthyridine ligand functionalized at the 2- and 7- positions with
dipyridyl substituents has been explored to synthesize dinuclear complexes with
6 coordination nitrogen-containing sites [134]. The ligand with R = Me maintains
the two Cu' centers at ~2.5 A and its synthesis starting from [Cu(NCCHj;)4][PFg]
results in the coordination of 1 mol of acetonitrile o-bridging symmetrically the two
metal centers (Fig. 36). The binucleating ligand with R = F
(dipyridylfluoronaphthyridine, DPFN) is more interesting, particularly due to its
solubility and its resistance to oxidizing conditions. Its reaction with Co
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(NO3),.6H,0 in ethanol, and then addition of an excess of H>O, results in the
formation of [Co,(u-OH),(OH,),(DPFN)]**[NOs]4 [135]. The [Co™,(OH,),] core
can be oxidized into the [(OH,)Co™-Co™(OH)] and [(OH)Co™-Co"™(OH)] species;
proton-coupled electron transfers produce, respectively, [(OH,)Co™-Co'v(0)] and
[(OH)Co™-Co" (0)]. By further proton-coupled electron transfer of the first Co'-
Co™ species or the one-electron oxidation of the second one, the [Com(,u—OOH)
Co™] core is generated and reminds the mechanism of photosystem II [135]. Exten-
sion of this reactivity to the [Coz(,u-OH)2(OH2)2(DPEN)]2+ complex with the bridg-
ing (dipyridylethanenaphtyridine) ligand shows that the two-electron reduction and
then the protonation allow to remove 1 mol of water and to generate a Co"-Co" core
which presents an open binding site [136].

In the [Cu2(/4—111:nl—NCCHg)(DPFN)] complex the acetonitrile ligand is in a
symmetrically bridging position between the two Cu' centers in a u-n':;'-fashion,
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and the two empty orbitals of the two copper centers interact with the donor orbital of
the N-atom to form a 3-center,2-electron (3c,2e) bond [134]. This complex reacts
with NaBPh, to form a bridging phenyl ligand in the place of acetonitrile (dc,.
co = 2.3927 A) [137], or with dimethylmagnesium to form a methyl group in the
bridging position (Cu-Cu distance: 2.3549 (3) A) [138]. These syntheses have been
extended to C¢Fs, 3,5-(CF3),CgH3 aryl groups [137], and CH,CH3, CH,C(CH3);
alkyl substrates [138]. In addition, the u-phenyl complex reacts with p-tolylacetylene
to afford the bridging p-tolylacetylide complex [139]; its further reaction with an
excess of p-tolylazide leads to the bridging p-n':n'-(1,4-bis(4-tolyl)-1,2,3-triazolide
complex (Fig. 36). The bridging organic reactants have the N- or C-atoms, which
hold the two copper(I) centers that are in a close vicinity in (3c-2e) bond [140, 141].

The dinuclear cobalt complex bridged by the 1,8-bis (2,2:6,2-terpyrid-4-yl)xan-
thene, anthraquinone, or antracene ligand, with the two coordination cobalt spheres
completed with 2,2’-bipyridine, is able to perform with high selectivity the biomi-
metic four-electron oxygen reduction reaction (Fig. 37) [142]. These complexes
react slowly with air in ethanol/water solution at reflux to provide the u-peroxo
[Cox(u-O5)(bipy)(L)] and for the spacer xanthene, the X-ray crystal structure
reveals a Co-Co distance of 4.441 A. These species react with HCIO, to generate
H,O in electrochemical experiments through a [Coz(OH)z]2+ intermediate.

With the bridging bis(2-pyridyl)-3,5-pyrazolate ligand and a 2,2';6’,2"-
-terpyridine ligand on each metal center, 10 Nitrogen coordinating atoms are present
on this di-cobalt framework (Fig. 38). As the previous complex, it can perform the
four-electron oxygen reduction reaction. The water oxidation reaction has been
particularly studied to give all the intermediates species [143, 144]. Particularly,
the addition of dioxygen to the initial Co"-Co"" complex involves a le-1le oxidative
addition to lead to the peroxide-bridged Co™(u-O,)Co™ species. Reaction with
1 equivalent of Ce' at pH 1 generates the superoxido-bridged Co"™(-O-0)Co™
species, which coordinates one molecule of H,O to provide the (H,0)
CoIHCOHI(O'O) intermediate; its deprotonation gives the (HO')COHICOHI(O'O)
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Fig. 39 4-Methylbis(bipyridyl)pyrazolate bridging scaffold maintaining the two ruthenium metal
centers in close proximity, with pyridine-3-sulfonate or 4-carboxylate axial ligands

biradical species, which coordinates a molecule of H,O and loses O,, generating the
(H,0)Co™Co™(OH) intermediate. The redox process only involves the oxygen
atoms and the Co™ centers play the role of scaffolds that support the oxygen radical
species.

The 4-methylbis(bipyridyl)pyrazolate ligand has been designed to bridge two
ruthenium metal centers and maintain them in close proximity as with the previous
bis(2-pyridyl)-3,5-pyrazolate ligand. Moreover, sulfonatopyridine ligands provide a
significant solubility in water (Fig. 39) [145].

Instead of the pyrazolate scaffold (Figs. 38 and 39), the pyridazine cycle allows to
synthesize the neutral dinucleating L ligand shown in Fig. 40, also containing
10 Nitrogen atoms able to coordinate the two Cobalt metal centers [146]. Reaction
of L with two equivalents of Co(OTf), in CH3;CN at 60°C leads to the
[LCo",(OTf),](OTf), complex. Addition of [NH,][PFs] allows to obtain crystals
of the [LCOHz(CH3CN)3][PF6]4 complex whose X-ray structure shows that one
acetonitrile ligand has substituted one Nitrogen atom of the pyridazine scaffold,
the two Cobalt(Il) atoms being hexacoordinated. Oxidation of [LCOHZ(OTDZ](OTf)z



184 L. Maron and P. Kalck

+
Neq  Neq Neq eq |2
T \Con \CcﬁN
/ | |
Neq_ Neq—Neq Neq — OTf OTf
OTf="0S0,CF;
N 4
N N 0.

Ne eq Neq Neq +
\qu”I/N \Co/l” !
N 07

[6)

Decadentate L ligand
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under aerobic conditions gives quantitatively the [LCo™,(u-1,2-0,)](0Tf)4 com-
plex, the two Co(III) centers being octahedral, and the Neq Nitrogen atoms being in
the equatorial plane. However, using octamethylferrocene as electron donor in the
presence of triflurooacetic acid for the reduction of O,, which gives H,O with the
Cobalt(IlT) dimer bridged by the bis(2-pyridyl)-3,5-pyrazolate ligand and coordi-
nated by two ter-pyridine ligands (O, + 4 H" + 4 Fe(Me4,Cp), — H,O + 4 [Fe
(Me,Cp),]™), the present [LCo™,(u-1,2-0,)1(OTH)4 complex catalyzes the
two-electron reduction into hydrogen peroxide:

0, + 2 H" + 2 Fe(Me4Cp), — H20, + 2 [Fe(MesCp), ] "

Thus, subtle variations in the ligand result in few differences in the coordination
sphere, particularly in the electron donation, inducing a different reactivity, under
similar reaction conditions.

The (3.1.3.1)porphyrin, in which the inner ring has been somewhat extended by
four carbon atoms [147], denoted H,EP in Fig. 41, has been synthesized to have a
planar and cyclic ligand able to coordinate two Mg>* ions [148]. It is an electride,
i.e., it belongs to a class of ionic compounds that have trapped electrons as anions.
Activation of H,, CO,, N,O, CHy, and C¢Hg results in the dissociation of the H-H,
C-0O, N-O, and C-H bonds leading to bridged Mg(II) dimers. DFT calculations
show the presence of a non-nuclear attractor, located close to the middle of the two
Mg' atoms. The reactants are shown to approach one Mg' center, and then an
interaction with the second Mg' center takes place. In the transition state between
Mg,EP and H,, CH4 and CgHg the interaction occurs between the Mg—Mg bond
o-bond orbital and the o*-orbital of the reactants leading to an elongated H-H or C—
H bond length. An oxygen bridge between the two Mg" centers results from the
reaction of CO, or N,O and further reaction with CO, gives the carbonato-bridged
complex. The Mg,EP precursor reacts with methane to cleave one C—H bond and
produce the MgH(CH3)—(H)MgII complex.

A pyrazolate core with two P-diketiminate binding pockets, containing bulky
(2,6-diisopropyl)phenyl groups, affords a hexadentate ligand (L) which maintains
the two Nickel atoms at 3.8066 (5) A, so that a u-H hydride bridging ligand as well
as a metal-metal bond are unlikely [149]. Reaction of the diamagnetic [LNi(u-Br)
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Fig. 41 Synthesis of the [Mg'>((3.1.3.1)porphyrin)] and its reaction with H,, N,O or CO, and CH,
to give Mg"" dimers

Ni] precursor (Fig. 42) with 2.5 eq. of KBHEt; in THF at room temperature leads to
the [KLNi(H),Ni] complex with two hydride ligands located in the bimetallic
pocket, and interacting with the K™ cation which also interacts with two aryl rings
of the (2,6-diisopropyl)phenyl substituents. This complex reacts with dibenzo
(18-crown-6) to produce the anionic [LNi"(H),Ni"]”™ species with the [K
(DB18C6] cation in which the two terminal Nickel-hydride bonds are directed
toward the bimetallic cleft. At room temperature, under vacuum, it loses H, to
form the dinickel(I) complex [K(DB18C6] [LNi',], and is considered as easily
formed when various small molecules react with [LNi"(H)zNiH]_ which is described
as a masked dinickel(I) synthon [150]. The use of strong reducing agents such as
KCg leads to K[Ni',] Ni at +1 oxidation state with the K* cation tetrasolvated by
THF located above the pyrazolate (the same situation prevails for [Na(THF),]*
resulting from the treatment with sodium naphtalenide). Moreover protonation of
[LNi"(H),Ni"]~ with [H(OEt,),]BAr", generates the cationic dinickel(I) complex
[LHzNilz] associated to the [BArF 4]~ anion where the Ni-Ni distance is 4.1032 (5) A
and the double protonation produces two y-CH, units in the two $-diimine subunits.
Thus, there is an access to three types of di-nickel(I) complexes, anionic, neutral, and
cationic species.

Either the [KLNi(H),Ni] or [K(DB18C6]*[LNi"(H),Ni"]~ complexes react with
one equivalent of O, to give the u-1,2-peroxo dinickel(Il) [KLNi(u-O,)Ni] or [K
(DB18C6]*[LNi"(1-0,)Ni"]~ complexes. The first one further reacts with more O,
under ambient conditions to produce with loss of KO, the p-superoxo neutral
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Fig. 42 Synthesis of the [KLNi"(H),Ni"]~ complex, which is a masked dinickel(I) synthon
reacting with various reactants to give bridged dinickel(II) complexes

complex [LNiH-O;O—NiH], whereas protonation of the second one gives access to the
p-hydroxo dinickel(IT) [LNi"(4-OH)Ni"] complex [151].

The PhNO reactant removes the H, molecule from the K[LNi(H),Ni] complex
and binds facially the dinickel(Il) framework, in a u-«x(0),x(N) mode, as the
(PhNO)*~ entity through its HOMO, which is the n*yo orbital perpendicular to
the Ph-N-O plane [152]. This diamagnetic [LNiH(,u-PhNO)NiHr complex is oxi-
dized by [Fe(Cp™*°),]PFs into the [LNi"(4-PhN-O)Ni"] which contains the bridging
(PhNO)~ entity. The n*No orbital becomes the Singly Occupied Molecular Orbital
(SOMO), and Mulliken population analysis shows that the unpaired spin density is
69% located on the bound PhNO, mainly on the N atom (32%), and 10% on the
Nickel center bound to the O atom, and 17% on the other Nickel center. Protonation
with a Bronsted acid, such as 2,6-lutidinium triflate, of the [LNi"(4-PhNO)Ni"]~
complex occurs on the Nitrogen atom of the bridging nitrosobenzene unit and
provides the diamagnetic [LNi"(u-Ph(H)NO)Ni"] complex, with a u-k(0),k(N)-
ONHPh O-deprotonated phenylhydroxylamine bridge.

The masked dinickel(I) complex arising from the dihydride species reacts at room
temperature with RNO, nitro substrates to perform a cooperative 2e™ reduction into
[RNOz]zf and a p-k(0),k(0’)-binding mode, the K* (or Na™) cation being closely
associated with the bound reduced reactant. The reaction further provides a u-
k(0),k(N)-formaldoximato ligand O-N=CH,, when R = CHj;, or a u-«x(0),k(N)-
deprotonated hydroxylamine ligand O-N(H)Ph, when R = Ph, with the simultaneous
formation in each case of the [LNiII(y-OH)NiII] complex (Fig. 42) [153].
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Another strategy has been developed to maintain some geometrical flexibility in
the ligand to have various situations where the cooperativity between the two metal
centers allows performing more extended activation reactions. The ligand in which
two pyridyldiimines components are linked by two propyl chains, and with two -Bu
bulky groups, “PDI, (Fig. 43) enables to synthesize the isostructural series of
dinuclear iron, cobalt, and nickel complexes [154]. The reactant is [Sr(3PD12)]
(OTf),. Addition of FeCl, in THF at room temperature leads to the complex
[(3PD12)Fe2(/4—Cl)2(thf)2](OTf)z and the triflate anion can be substituted with the
[B(3,5-(CF5),CgH3)4] ™ anion to obtain higher solubility [155]. In the 36 e™ [(3PD12)
Fez(y-Cl)z(thf)z]2+ species, the two Iron metal centers are Fe(I), in an octahedral
coordination environment, with the three Nitrogen atoms of each PDI fragment
providing 6 e ™. There is no bonding interaction (3.3262 A) between the two high
spin (S = 2) ferromagnetically coupled Fe(Il) atoms. Reduction of this complex by
2 eq. of KCg in the presence of two phosphine ligands, affords the 34 ¢~ [(*PDL,)
Fe,(u-C1)(PPhs),]* complex with a folded geometry, a Fe-Fe distance of 2.710 A
and a diamagnetism, consistent with a weak metal-metal bond. The *PDI, ligand has
1 electron on each PDI part (PDI"), and the complex has two Fe(II) metal centers.
This reduction reaction is thus a 2 e~ process occurring in close vicinity of the two
metals on the ligand, each Fe(I) center having a antiferromagnetic coupling to a
ligand-based spin and the other metal center (Sg. = 1). Reaction of 3 eq. of NaSPh to
[(PDL)Fe,(u-Cl),(thf),](OTf), in THF leads to the [(*PDIL)Fe,(u-SPh)(SPh),]
(OTf) complex, which associates a (PDL,)° ligand with two Fe(II) metal atoms in
a high spin (Sg. = 2) configuration as in the starting (4-Cl), complex. Moreover, the
addition of NaSPh to the u-chloro [(3PD12)Fez(y—Cl)(PPh3)2]+ complex or reduction
with 2 eq. of KCg of [(3PD12)F632(/4-SPh)(SPh)2]+ produces the 34 e~ di(p-thiolato)
complex [(3PDIZ)Fe2(,u-SPh)2]0 in which the PDI fragments each contains 1 e~
associated to a Fe(Il)-Fe(Il) central framework, their distance being 2.7321 A
(Fig. 42).
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Similarly reduction of the [(3PD12)Fe2(,u—C1)(PPh3)2]+ complex under one atmo-
sphere of N, by 2 eq. of KCg induces the formation of the [(3PD12)Fe2(,u—N2)(PPh3)2]
complex, in which the ligand is (3PD12)47 associated to Fe'! ions in a low-spin
configuration [156]. The N, molecule is in a u-No-'(N),k' (N) configuration
between the two metal centers. This bridging dinitrogen complex reacts at room
temperature with an alkyne substrate through an oxidative addition process, which
involves a C(sp)-C(sp?) bond cleavage (generally a C-Ph) except if the R group is an
alkyl too bulky substituent, so that a C(sp)—C(sp3) cleavage occurs. This reaction is
non-assisted and can be done in the dark. DFT calculations allow to propose a
[(3PDIZ)F6204-RCCR/ )(PPh3)] monoalkyne adduct as intermediate, the alkynyl unit
bridging symmetrically the two metal centers. Both the metals and the redox-active
3PD12 ligand are involved in the C—C bond cleavage. The resulting [(3PD12)
Fe,(CCR)(R")(PPh3)]” complex involves the (*PDIL,)*" ligand; its hydrogenation
or hydroboration leads to hydrofunctionalization leading to [(3PD12)Fe2(,u-N2)
(PPhs),]° or [(*PDI,)Fes(u-H)»(PPhs),]° [157]. Reaction at room temperature of
the (u-N;) complex with dihydrogen (1 atm) leads to the bridged dihydride
[(*PDI,)Fe,(u-H),(PPhs),]° species which involves the (*PDIL,)*" ligand.

The analogous [(3PDIZ)FeQ(p¢—Cl)(PMe3)2]+ folded complex can be reacted with
NaNj to give the linear diiron nitride unfolded i PDI,)Fe,(u-N)(PMes),]" complex,
which is diamagnetic and associates the (*PDI,)* "~ ligand retaining a three electron’s
worth of electron density with two Fe" ions [158].

The reaction of the RCH,OH alcohol provides the coordination on one Cu"
center of the OCH,R moiety, with the simultaneous formation of a monocationic
species. This complex evolves toward a Cu'(u-n': n') hydroperoxide entity where
the O=CHR aldehyde is coordinated to one Cu' metal center. The aldehyde is
released and reacts with the amine, and the reaction of dioxygen regenerates the
peroxo bridge, with the coordination of the hydroperoxide on a single Cu" center.

3 Mechanisms in Which Only One Metal Center Is Involved
in a 1e Reaction

In the very broad context of metalloproteins and metalloenzymes which contain
metal—sulfur bonds, metallodithiolate ligands play a peculiar role in bio-inspired
catalysis [159, 160]. Interestingly, to mimic the [FeFe]- and [NiFe]-hydrogenases
that catalytically produce or split dihydrogen in nature, two similar dithiolato-
bridged dinuclear complexes are analyzed [161]. The heterobimetallic [NiFeS,]
active site of the [NiFe]-hydrogenase is associated to 3 Iron-sulfur clusters, which
ensure the electron transfer between a redox protein and the catalytic center, present
a catalytic cycle involving two steps of 1 e~ reduction (E) and two steps of
protonation (chemical reaction C) for the ECEC hydrogen evolution reaction [162].
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Catalysis apparently occurs on the Nickel metal center whose oxidation state
evolves from +1 to +11I oxidation state, but the Iron metal center, which remains Fe'.,
is significantly synergistic, not only to stabilize and activate the bridging hydride, but
also to give some electronic flexibility to the coordination sphere of the dinuclear
entity, through the thiolate bridges, and thanks to the CO and CN ™ ligands (Fig. 44).

The bridging ligand 2,2’-(2,2'-bipyridine-6,6’-diyl)bis(1,1-diphenylethane-thiol)
is fully deprotonated to produce the Ni"'-Fe'' complex shown in Fig. 45. After a first
reduction leading to the active Ni'-Fe"' species a succession of electron transfers and
chemical reactions with H* (ECEC) is similar to that one operating in the [NiFe]-
hydrogenase. The redox chemistry occurs on the Ni metal center but involves the
bipyridine ligand, whereas the two protonation steps concern the formation of a
hydrido—iron bond semi-bridging the nickel, and then a SH bond on the
decoordinated sulfur atom as a proton relay. Similarly, a Fe"Fe" complex, in
which the two metal centers are bridged by the same ligand and a CO ligand, is
active in electrocatalytic hydrogen production [161].

Recently, the similar Co"-Fe'" cationic complex has been synthesized, and two
sulfur atoms and the CO ligand are in bridging positions [163]. The single unpaired
electron of this S = % complex (d’ Co™ — d® Fe") is localized on the Co center
associated to the Lewis acidic Fe center. The first one-electron reduction process is
easier to perform than those on the Ni'-Fe" and Fe"-Fe" complexes and provides the
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Fig. 46 Two first steps of the O, activation predicted by DFT calculations on the dinuclear Fe"
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ligands

diamagnetic Co"-Fe'' complex, which has been isolated. As for the two previous
complexes, the second reduction occurs on the redox-non-innocent bipyridine-
dithiolato ligand. However, on the contrary of the two complexes associating Ni'
and Fe" to Fe', this complex that is easy to reduce, is not active to perform the
electrocatalytic transformation of H" into H,.

The 2,2'-(2,2’-bipyridine-6,6’-diyl)bis(1,1-diphenylethane-thiol) provides the
LS?~ ligand which reacts with Fe(BF,),.6H,O to give the [(LS)Fe"Fe"(LSH)]
(BF4) complex having two disulfide bridging sulfur atoms and one thiolate and
one thiol ligands (Fig. 46) [164, 165]. In the presence of NaH in acetonitrile,
deprotonation is done, and the [(LS)FeHFeH(LS)] is obtained. As shown by DFT
calculations both complexes coordinate O, to one metal site to afford a Fe"-Fe'"
superoxo intermediate. The [(LS)Fe™(0,)Fe™(LS)] species evolves toward the
[(LS)Fe™(1-1,2-0,)Fe™(LS)] complex, in which only the peroxo ligand bridges
the two Fe'! metal atoms. Similarly the [(LS)Fe"™(0,)Fe''(LSH)] intermediate gives
rise to the [(LS)Fe"(u-n':n*-0O,)Fe™(LSH)] complex containing the rare u-n':’-
peroxo coordination of the bridging O, ligand (Fig. 46).

Presumably by the way of a dismutation process, two u-peroxo complexes afford
two p-oxo [(LS)Fe(u-0)Fe"(LS)] species and one molecule of O,. In the case of
the thiol-containing complex, a similar dismutation occurs between two protonated
peroxo intermediates to generate the u-OH [(LS)FeIH(y-OH)FeHI(LS)] hydroxo
complex, which can be obtained by protonation of the u-oxo species (Fig. 46).

An electrogenerated Pd"™-Pd™ dimer containing six HSO,  ligands is able to
activate methane under relatively mild conditions in sulfuric acid to provide the ‘CHj;
radical, a Pd"-Pd"™, which give rise to methyl bisulfate CH;0SOsH with a turnover
frequency as high as 2,000 h! [166]. The introduction of O, or the [PdHI—PdH]
complex suppresses the formation of CH3;SO;H indicating that the reaction obeys a
radical chain sequence. The [Pd™-Pd"'-CHj;] intermediate produces methyl bisulfate
by reductive elimination and, as the reaction proceeds in the presence of large
quantities of sulfuric acid, regenerates the [Pd"™-Pd™] complex with its six HSO,~
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Fig. 48 The redox-active *PDI, ligand in Iron, Cobalt, and Nickel dinuclear complexes

ligands (Fig. 47). DFT calculations support this unconventional H atom abstraction
pathway in which an oxygen atom is directly affording the electrophilic C-H
activation through the influence of the two palladium metal atoms.

In this part, it is of interest to consider the dinuclear Iron, Cobalt, and Nickel
complexes that are coordinated by the redox-active *PDI, ligand in the isostructural
series, in which each metal is coordinated to a PMe; ligand and a p-chloro ligand is
in a bridging position [154]. The 34 e~ [(3PD12)Fe2(/4—Cl)(PPh3)2]+ complex has
already been presented in the previous paragraph. The [(3PD12)Fe2(/4-C1)(PMe3)2]+
complex adopts the same geometry and the [CPDL,)Co,(u-Cl)(PMes),]** complex is
isoelectronic. The reduction of this complex with AgOTf gives rise to the 35 e~
[(3PD12)C02(y—Cl)(PMe3)2]2+ entity and further reduction with KCg to the 36 e
[(3PD12)C02(u—Cl)(PMe3)2]+ species. The two dinickel complexes [(3PD12)Ni2(,u—Cl)
(PMe3)2]2+ and [(3PD12)Ni2(/4-C1)(PMe3)2]+ have a 37 and 38e™ configuration,
respectively. These six isostructural complexes, shown in Fig. 48, have been char-
acterized by cyclic voltammetry, SQUID magnetometry, UV-visible-Infrared spec-
troscopies, NMR, and X-ray crystallography. DFT calculations have been done to
determine the electronic flexibility of the *PDI, ligand and the dinuclear platform. It
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is interesting to analyze how the addition of one electron to the coordination sphere
operates on one metal center or on the full ligand-M, system.

Each PDI component of the *PDI, ligand contains two unoccupied redox-active
valence orbitals: a,-PDI;« and b;-PDI«. Their combination to produce 3PDL, results
in valence orbitals a; and b, through bonding and antibonding combinations of the
b;-PDIL« fragments; similarly b, and a, result from the bonding and antibonding
combinations of a,-PDIL«. With the two metals placed on the z-axis the sets of the M,
orbitals present 6-symmetry (6-M, and 6*-M,, dzz—based), n-symmetry (7;-M, and
7, *-M; as well as m,-M, and m,*-M,, dy, and dy,), and 8-symmetry 8,-M, and 6;*-
M, as well as 8,-M, and 6,*-M>, d,, and dxz,y2-based). Binding the two M, and
3PD12 orbitals provides seven fully occupied 8y, &,*, m;, T *, T, T,*, and & orbitals,
whereas the other three 6*, §, and 8,* orbitals present variable occupation across
the series.

For the diamagnetic [(3PD12)F<32(,¢4-Cl)(PMe3)2]+ and [(3PD12)C02(;4-C1)
(PMe;),** complexes, the electronic configuration is (8 D% (812, ()% (m%)2,
(m)%, (2%)?, () and (%) with a metal-metal bond, dpe e = 2.6511 (9) A and dc,.
Co = 2.6334(4)A. From the complete investigation, the (*PDLy)*~ ligand is associ-
ated to a (F62)+5 dinuclear platform, with a d!! electron-count for the two metals in
the [(3PD12)Fe2(/4-Cl)(PMe3)2]+ complex and (3PD12)7/(C02)+5/d13 represent the
assignments for [(*PDI,)Co,(u-Cl)(PMes),]**.

Formal one-electron reduction of the previous complex can be obtained by
addition in THF of 2 CoCl,, then 2 PMe; and 1 KCg to [St(*PDL,)(OTf),] to provide
[(3PD12)C02(;¢—Cl)(PMe3)2]2+. The Co-Co distance increases somewhat to 2.7930
(8) A and is considered as a half-order M-M bond; it is associated to a ligand-based
oxidation state between (*PDL,)* /(Co,)**/d"® and (*PDIL,) /(Co,)**/d'*. Thus, the
chemical reduction, with a (¢)* and (c*)" situation, partially cleaves the metal-metal
bond and the added electron is shared between the Co, platform and the ligand-based
7* system, which can be written *PDI,)">". The orbital populations can be consid-
ered as a strong antiferromagnetic coupling between Sc, = 1 and Sp = -2 (J = —
2,943 cm ™). The second two-electron reduction leading by reaction of 2 KCg to the
36 e monocationic diamagnetic [(CPDL,)Co,(u-Cl)(PMes),]* complex, with a (c)%/
(o%)? configuration, results in the absence of metal-metal bond. Here we are in the
combination (*PDL,)> /(Co,)°*/d"® and the two electron reduction of the tricationic
complex adds electron density to the *PDI, m* system.

For the 37 ¢~ [(*PDI)Niy(u-Cl)(PMes),]** complex, the 2.7140 (4) A distance
between the Ni atoms is consistent with a half-order bond as for [(*PDI,)Co,(u-Cl)
(PMe;),]**. The electron configuration is (81)%, (8;%)%, (m1)%, (%)%, (1m2)%, (m2*)?,
(©)% (6™, (8,)', (8,)!, and due to the bonding of &, and antibonding of &,*
characters that cancel each other out, the Ni-Ni system presents a net o-bond with
a formal order of 0.5. The configuration is considered as (*PDL,)/(Ni,)**/d'” even it
neglects the small amount of electron density transfer into the *PDI, ©* system. The
one-electron reduction into the 38 e~ [(BPDIZ)NiZQu—Cl)(PMegz]+ complex results in
a doubly occupied o* orbital so that the configuration is now (o D% (8197, (1)),
(TC[*)Z, (nz)z, (nz*)z, (0)2, (0*)2. The &, and 8,* orbitals remain singly occupied, so
that this species is paramagnetic (S = 1) and the two Nickel atoms are distant of
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3.2104 (4) A. The electron transfer occurred mainly on the ligand, which becomes
(3PD12)_ and is associated to (Ni2)3+ and a d'” electron count [154].

This analysis shows that adding one electron to a dinuclear framework in which
the two metal centers are maintained in close contact by a redox-active ligand in
which two pyridyldiimines components are linked by two propyl chains, which give
some geometrical flexibility, results in an electronic repartition on the complex. This
reaction is not a specific addition of one electron on the *PDI part of the ligand, nor
on the bimetallic platform.

Concerning the four-electron reduction of O, in H,O catalyzed by the (u-1,2-
peroxo) dicobalt(Ill) complex shown in Fig. 38, [Co"\(terpy)(u-bis(pyridyl)-
pyrazolate)(y-l,2-02)(terpy)C0m]3+ is obtained by reaction of O, under ambient
conditions in methanol with the [Co"(u-CI)Co"]** complex having the same
N-containing ligands [167]. This u-1,2-peroxo complex catalyzes the four-electron
reduction of O, to water using octamethylferrocene, Fe(CpMe,), or more efficiently
Fe(CpMes), with trifluoroacetic acid as H" source:

]3+

4 Fe(CpMe,), + [Co™(u —0,)Co™|"" + 4 H* — 4 Fe(CpMe,), "
pMey ), pMey, ),

+ [Co" —Co"* + 2 H,0

The catalytic cycle (Fig. 49) shows that the reaction proceeds through an electron
transfer of 1 e~ to reduce the intermediate species, and by protonation; the proton-
coupled electron transfer (PCET) which transforms the [Com(,u-Oz)Com]3+ species
into the [Co™(OH)(O)Co™** intermediate is the rate-determining step, and
involves the [COH(/,{—OZ)COIH]3+ intermediate. A further PCET reaction results in
the formation of [Co™(OH,)(H,0)Co™]** species, which needs two 1-e~ steps to
give [Co"(OH,)(H,0)Co™]** and then the dicobalt(Il) [Co"(OH,)(H,0)Co"]**
complex which regenerates the y-1,2-peroxo complex.

The [Co"(u-C1)Co™** complex can be oxidized by 2 equivalent of Ce' in
MeCN to provide the [Co"™(terpy)(u-bis(pyridyl)pyrazolate)(H,O)(OH)(terpy)-
Co™]** complex in which the aqua and hydroxo ligands are coordinated to the
two Co™ metal centers sharing a proton [167]. This compound catalyzes the 4e~
reduction of O, by octa- or decamethylferrocene into water in the presence of
trifluoroacetic acid, as efficiently as the [Co™ (u-O,)Co™]** species. It undergoes a
three-e™ reduction by 3 equivalent of Co(Cp), to give the [Co"(H,0)(OH)Co'T*
intermediate, which is protonated, in an equilibrium step, into the hydrido
[CoH(OHz)(OH)(H)CoIH]2+ species [168]. Further reaction with a proton produces
H, by heterolytic cleavage and the [COH(OHQ)(OH)COHI]3+ complex in the rate-
determining step of the catalytic production of hydrogen. In the final step, this later
species reacts with [Co"(OH,)(H,0)Co'l* to give two equivalents of the [Co™(H,0)
(OH)Co'7?*.

The [LCo",(OTf),](OT1), complex presents two consecutive one-electron reduc-
tions Co""Co™ to Co™Co' and Co™Co' to Co'Co! processes, consistent with a weak
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Fig. 49 Catalytic cycle for the 4e™ reduction of O, by Fe(CpMe,), into water in the presence of
CF;COOH, catalyzed by the dinuclear Co™ peroxo complex [Com(terpy)(ﬂ-bis(pyridyl)pyrazolate)
(u-1.2-0,)(terpy)Co"'**

electronic communication between the two Cobalt metal centers through the
pyridazine bridge [146].

Epoxidation of an alkene can be catalyzed by the [(Bipy)(H,O)Ru"(u-bimp)
RuH(H2O)(Bipy]3+ complex, obtained by dissolution of the [(Bipy)RuH(u-Cl)
Ru"(Bipy]** complex in a CF3SO3H aqueous solution at pH 1. As summarized in
Fig. 50, a dinuclear ruthenium catalyst containing the bis-facial bimp~ bridging
ligand is used to perform the epoxidation of alkenes [169]. The trans isomer, in
which the two bipyridine ligands are located on opposite sides of the distorted plane
formed by the pyrazolate framework, is more stable than the cis isomer. The bis-aqua
complex is active in the epoxidation of cis-f-methylstyrene, in the presence of the
PhIO oxidant with an epoxide selectivity of 88% for a complete conversion and an
initial turnover frequency of 73 min~' and a turnover number of 1760. The active
species is the frans-O = Ru"-Ru'Y=0 intermediate for which one Ru = O group
transfers its oxygen atom, whereas the second one interacts with H atom(s) of the
substrate. A series of 1e /1 H* steps are necessary to transform the [(Bipy)(H,0)
Ru"(u-bimp)Ru"(H,0)(Bipy]** complex into the O = Ru'Y-Ru'Y=0 active species
(Fig. 50).
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Fig. 50 1e /1 H" steps involved in the catalytic cycle of the epoxidation of an alkene

The same epoxidation reaction can be carried out with water as source of oxygen
in combination with sunlight [170]. A dye-sensitized photoelectrosynthesis cell
allows coproducing dihydrogen. At the photoanode the [(H,O)Ru"-Ru"(H,0] com-
plex, in which the bridging ligand is pyrazolate-3,5-dicarboxylate and each metal
center coordinates the tridentate 2,2":6,2"-terpyridine ligand, the water-soluble
4-styrene sulfonic acid is transformed into the epoxide, that in acidic medium is
hydrolyzed to the diol:

At the anode: (HSO;S)PhCH=CH, + H,O — (HSO;S)PhCHOCH, + 2 H* +
2 e~ giving (HSO3S)PhCH(OH)-CH,OH in acidic water.

At the cathode: 2 H" + 2 e~ — H,

The active species is [0 = Ru'V-Ru"Y=0] and the epoxidation transforms it into
[(HO)-Ru-Ru"-(OH)], which requires two steps to regenerate it via [(HO)Ru"-
Ru'V=0]. Protons diffusing through a H* exchange membrane to a Pt cathode are
transformed into Ho,.

Thus, it is important to underline that a bridging dinucleating ligand has a main
role in the delocalization of the electron density over the two metals, particularly
when they present a mixed valence.

4 Conclusions

In the absence of a bridging ligand, the two metal 2e~ reduction of a substrate (le™
on each metal) implies first its coordination in between the two metal centers. This
coordination implies either no oxidation of the metal (Co) or the oxidation of the two
metals (U, Ln, Mg, Ca), as well as the possible presence of two binding sites on the
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reactant. The reaction of a substrate like CO,, CO needs their reduction and this is
why oxidants like Ti(Ill), U(I), Ln(Il), or Mg(I) are very efficient. The Mg
(I) reactivity appears to be very similar to that observed for the f-elements so that,
in the present case, Mg(I) is “transition metal’-like.

Bridging ligands, which maintain the two metal centers in close vicinity, but have
no significant role as redox systems, play an important role due to the transmission of
electronic effects between the two centers and for the approach of the reactant, to
which the steric effects can add a determining influence. Not only the chirality of a
bidentate ligand can be exerted on the complex where the substrate comes in
coordination between the two metal centers, but the presence of a Lewis acid
metal center in a close vicinity of a basic metal center can determine the approach
of the substrate, as well its orientation to perform a le -le” oxidative addition,
and/or the le -le™ reductive elimination. Thus, suitable ligands need to be synthe-
sized for holding two metals in close proximity, with or without a metal-metal bond,
and for accommodating electronic effects and structural changes along the catalytic
steps.

Sophisticated ligands, having multi-coordination sites, can be synthesized to
maintain the right distance between the two metal centers, with sometimes some
structural flexibility, so that they present somewhat the same oxidation state,
whereas along the various catalytic activation steps the redox characteristics of
these ligands play a pro-active role. Most of the time these ligands contain Nitrogen
coordination centers and unsaturated systems, and their reactivity is more deeply
understood, due to mechanistic and DFT theoretical studies.

In the last part, which is focused on the le™ reactions occurring on one metal
center, we take into account the bimetallic systems where a succession of reactions
occurs, and are often called biomimetic, or bioinspired catalysts. Recent mechanistic
and theoretical studies have shown that a reaction, which is 1e -1e™ in the balance
sheet, is in fact the succession of le™ and chemical reactions, such as protonation, so
that it is better to extract the concepts that guide toward the right coordination sphere
of the bimetallic complexes. Interestingly, as for the redox-active ligands, these
systems allow obtaining active catalytic systems involving metals from the first line,
particularly Nickel, Iron, and Cobalt.
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Abstract This chapter is devoted to theoretical calculations aimed at determining
the electronic structure of binuclear complexes, including isotropic and anisotropic
interactions in both the strong and in the weak-exchange coupling limits. The theory
of effective Hamiltonians is used to extract magnetic anisotropy terms in various
regimes and in particular those for which the giant-spin approximation holds. While
only a second-rank symmetric tensor is necessary to describe the zero-field splitting
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in centrosymmetric compounds with a single electron on each metal ion, a 4-rank
tensor must also be introduced to describe the anisotropic exchange in the case of
two unpaired electrons per metal ion. The magnitude of these additional interactions
was found to be larger than those of the well admitted 2-rank tensor. Even though,
the magnetic anisotropy of binuclear complexes can often be predicted from the
knowledge of the local anisotropy of its mononuclear constituents, the large magni-
tude of the 4-rank tensor makes theoretical calculations important if not mandatory
to rationalize experimental results on firm grounds in systems where anisotropic
binuclear interactions are important.

Keywords Ab initio calculations - Binuclear compounds - Dzyaloshinskii-Moriya
interaction - Effective Hamiltonian theory - Isotropic and anisotropic exchange -
Magnetic anisotropy - Model Hamiltonians - Spin—orbit coupling - Zero-field
splitting

1 Introduction

Remarkable properties of matter such as magnetism [1], magnetoresistive effects [2],
molecular bistability [3], superconductivity [4], or multiferroicity [5] offer interest-
ing prospects for technological applications in various fields. One may quote, for
instance, magnetic levitation trains, energy storage with zero loss, information
storage and even quantum computing [6]. As they result from the quantum behavior
of the matter, they have also been the subject of fundamental research in quantum
mechanics (quantum tunneling, quantum interferences, coherence/de-coherence
phenomena, etc.), solid-state physics, and chemistry. Systems that house such
properties have unpaired electrons and exhibit magnetic properties. They can be of
different sizes ranging from mononuclear complexes (zero dimension, 0D) to
nanoparticles and correlated materials (1D, 2D, and 3D). Intense efforts have been
devoted to the understanding of the microscopic origin of magnetic properties. This
requires analyzing both the weak interactions due to relativistic effects, responsible
for the single-molecule magnet (SMM) behavior, for instance [7], and the interac-
tions between magnetic centers.

From the theoretical point of view, binuclear complexes are the smallest systems
where the effect of exchange coupling on magnetic anisotropy can be thoroughly
studied. This allows getting insight into the physical properties of large nuclearity
species and high dimesional materials. Experimental results on the determination of
anisotropy parameters in binuclear complexes are scarce because of the difficulty to
extract and evaluate the relative magnitude of the different parameters from spec-
troscopic data [8—12]. Theory allows one to understand why it is so difficult to
experimentally characterize such systems and was successfully used in several key
cases [13-17].
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Beyond, the understanding of the mechanism of anisotropic exchange, binuclear
species were used to successfully slow down the magnetic relaxation of molecular
magnets [18-23]. In addition, binuclear complexes based on lanthanides were
proposed in the field of molecular quantum information as models for quantum
gates due to the magnetic anisotropy of metal ions and the presence of weak
antiferromagnetic exchange coupling [24, 25]. Models of potential quantum gates
based on binuclear transition metal ions were also proposed [26—28].

This book chapter focuses on the theoretical determination of the low-energy
spectra and wave functions of mononuclear and binuclear compounds from which
all significant interactions can be obtained. Part of our ambition is to provide
rationalization of complex properties from the understanding of what governs the
magnitude and nature of microscopic interactions.'

2 Model Hamiltonians and Their Extraction from
Theoretical Calculations

2.1 Why Model Hamiltonians Are Mandatory
Jor the Description of Magnetic Systems?

The lowest-energy wave functions of highly correlated materials cannot be described
using a single electronic configuration (e.g., with a single Slater determinant). The
zeroth order description of a magnetic system having N unpaired electrons (spins) in
N orbitals must deal with all distributions of the spins in all the orbitals. As a
consequence, for an infinite size system, an infinite space has to be considered.
Moreover, as the low-energy spectrum of a magnetic system is quasi-degenerate, a
high precision is required. To reach the suitable accuracy, theoretical descriptions
should also account for the interaction among all the other electrons (core electrons
of the magnetic centers and ligand electrons) and with the magnetic electrons,
i.e. appropriate descriptions must treat dynamic electron correlation. Finally, as
one is interested in anisotropic magnetic interactions, relativistic effects must be
accounted for. For these reasons, both experimentalists in charge of the characteri-
zation of the magnetic properties and solid-state physicists who model the collective
properties of magnetic materials consider Hamiltonians that are simpler than the
exact electronic one. These Hamiltonians are called model Hamiltonians. The model
space on which they are spanned only considers the most important electronic
configurations and the interactions between these configurations are called model
interactions. It is important to note that model interactions are effective interactions

"Parts of this chapter concerning magnetism are reused from the Habilitation to direct research of
Rémi Maurice: Maurice, R (2018) On the role of relativistic effects on the structural, physical and
chemical properties of molecules and materials. Habilitation to direct research, Université de Nantes
(UNAM), https://hal.archives-ouvertes.fr/tel-02308305.
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which, even if they appear as being simple interactions (such as hopping integrals or
exchange integrals) result from much more complicated electronic mechanisms in
terms of the reference non-relativistic or relativistic molecular Hamiltonian.

2.2 Theoretical Tools for the Extraction of Model
Interactions

2.2.1 Theoretical Calculations

The first calculations performed on magnetic systems concerned the coupling
between magnetic centers. As it will be shown later, the coupling is considered as
effective interaction of the Heisenberg Dirac van Vleck (HDVV) model [29-
31]. Once known, they permit one to reproduce the low-energy spectrum, i.e. the
energy of all the spin states belonging to a given electronic configuration. Both
density functional theory (DFT) and wave function theory (WFT) methods can be
used to determine the magnetic coupling. As it will be rationalized later in this
chapter, the best available method up to date is the “difference dedicated configura-
tion interaction” (DDCI) method [32]. The values reported here have been computed
using this method implemented in either the ORCA [33] or CASDI [34] codes.

At low temperature, a lift of degeneracy is observed between the various Mg
components of the spin states in the absence of magnetic fields. This zero-field
splitting (ZFS) is due to relativistic effects [35]. Various methods have been devel-
oped in the last decades to compute or extract ZFS parameters from the outcomes of
quantum mechanical calculations. Following the pioneering work of McWeeny and
Mizuno on the so-called spin—spin coupling [36], various perturbative and linear
response approaches have been designed to compute the ZFS parameters within
DFT or WFT frameworks that do include spin—spin coupling and/or spin—orbit
coupling terms [37—43]. One should note that the perturbative and linear response
theory based DFT approaches do not lead to values in agreement with experimental
results in the case of nickel(II) complexes [44], although satisfactory accuracy can be
obtained in the case of other d" configurations, e.g. in the case of manganese(IT) or
manganese(Ill) complexes (with d® and d* configurations, respectively)
[45, 46]. Therefore, WFT based approaches are recommended because they usually
lead to accurate values in the case of any d" configuration [15, 45-53]. Although one
can use second-order perturbation theory to compute ZFS parameters [40], a more
popular approach nowadays consists in performing spin—orbit configuration inter-
action (SOCI) calculations. Within the contracted scheme, the electronic energy plus
spin—orbit coupling matrix is diagonalized in a second step [54, 55]. In order to
obtain more accurate excitation energies on the diagonal of this matrix [56, 57],
additional electron correlation is introduced after the multi-configurational self-
consistent field (MCSCF) step, typically at a multireference perturbation theory
(MRPT) level or multireference configuration interaction (MRCI) level. Note that
more recently, an alternative multiconfiguration and multistate pair-density
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functional theory (MC-PDFT) has been proposed with the objective of combining
stakes of both WFT and DFT [58]. In any case, after the SOCI step, the ZFS
parameters and the magnetic anisotropy axes can be determined with the effective
Hamiltonian theory [47], or with the pseudospin approach of Chibotaru and Ungur
[59]. Values reported here have been computed using the SOCI method
implemented in both the ORCA and MOLCAS codes and extracted using the
effective Hamiltonian theory [33, 60].

2.2.2 The Effective Hamiltonian Theory

This section briefly presents the effective Hamiltonian theory applied to the extrac-
tion of magnetic interactions. From the energies and wave functions computed with
sophisticated quantum chemistry methods, it is possible to extract in a rational way
all the interactions of a model Hamiltonian using this theory. As we will not enter
into details, we encourage the interested reader to refer to more specialized books or
articles [61-63].

The basic idea consists in looking for an effective Hamiltonian that is spanned in
a model space constituted of only the most important electron distributions and
keeping only the most important interactions. This Hamiltonian is simpler than the
exact electronic Hamiltonian but must perfectly reproduce the spectrum of low
energy of the studied compounds [64]. In the des Cloizeaux formalism [65], it
satisfies:

~eff ~

H ¥, =EWY, (1)

where E; and ¥, are, respectively, the energies and orthogonalized projections onto
the model space of the wavefunctions of the exact electronic Hamiltonian. As the
energies and wavefunctions of the exact electronic Hamiltonian are computed ab
initio all matrix elements of this effective Hamiltonian can be calculated numerically
using the following expression:

i = <k|§ijEi@i><@i||l> @)

The model Hamiltonian is then assimilated to the effective Hamiltonian. To
perform the extraction, one writes down the analytical expression of all matrix
elements of the model Hamiltonian as functions of the model interactions. From a
one-to-one correspondence between each of the numerical and analytical matrix
elements and by resolution of the then generated system of equations, a value can
eventually be attributed to all model interactions.

It is worthwhile to note that the projections of the wavefunctions onto the model
space are calculated. The validity of the model space can therefore be checked and
the model can be improved by introducing additional electron distributions in the



212 R. Maurice et al.

model space when required. As all matrix elements are numerically computed,
additional operators (and therefore interactions) can be introduced if necessary.
Such a method enables one to question the validity of any model Hamiltonian to
extract in a rational way appropriate interactions and to refine existing models (and
even help in proposing new and adequate models).

3 Mononuclear Compounds

In mononuclear systems, such as mononuclear transition metal complexes, the Mg
components of an orbitally non-degenerate state may split and mix in the absence of
any external perturbation. This effect, referred to as ZFS, can only occur for states
with § > 1/2. It is well known that it can be observed in the presence of an
anisotropic ligand field around the paramagnetic center of interest, and relates to
relativistic effects (essentially spin—orbit coupling). Derivations of ZFS parameters
with simple ligand—field and spin—orbit coupling Hamiltonians can be found in
textbooks such as Griffith [66], and Abragam and Bleaney [67]. A typical configu-
ration to illustrate these types of derivations is the d® one, nickel(IT) complexes, for
instance. Within an octahedral ligand field, it can be easily shown that the spin
components of the ground 3A2g remain degenerate. If one considers an axially
distorted field, the Mg components of this ground state (labeled 3B, ¢ in the Dyy
symmetry point group) are no longer three-fold degenerate. If one considers an
appropriate coordinate frame (for which the quantization axis is oriented along the
axial distortion), it can be easily shown that:

B(Ms=0)= ~ % G)

and
EMs= —1)=EMg=1)= — 5 — > (4)

where ¢ is the (effective) monoelectronic spin—orbit coupling constant of nickel(Il),
A, is the “in-plane” electronic excitation energy (corresponding to a x°*—y> — Xy
orbital excitation), and A, is the “out-of-plane” electronic excitation energy
(corresponding to an appropriate combination of x°—y* — xz and z° — Xz excita-
tions and/or to a combination of x>—y” — yz and z*> — yz excitations). The splitting
between the Mg = 0 and the IMg| = 1 components can be effectively described by the
following model Hamiltonian:
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f,=D(3;- 35 (5)

where D is the “axial” ZFS parameter. Thus, one can express this parameter in terms
of both the electronic excitation energies and the ¢ constant:

D=5 +% (6)

If the symmetry of the field is further lowered, the IMgl = 1 components of the
ground orbital state split; appropriate linear combinations of these components are
formed. As previously, one can recast the problem in terms of a simple model
Hamiltonian:

~ 2 12 2 =2 2 12 E /2 =2

i, :D(SZ 38 ) +E(SX —SY) :D(SZ— 33 ) -3 (S+ —Sf) (7)
where E is the “rhombic” ZFS parameter. Naturally, the D and E parameters can also
be derived from a ligand-field theory perspective (equations not shown here for the
sake of simplicity) [15, 68]. In the general case (i.e., in the absence of specific
symmetry elements), the “natural” quantization axis is not known, and one needs to
consider a symmetric second-rank ZFS tensor:

H;=SDS (8)

After having determined the D tensor components in an arbitrary axes frame,
diagonalization of this tensor gives access to its principal axes. The axial and
rhombic ZFS parameters can be easily determined from the diagonal elements of
this tensor in this frame (i.e., its eigenvalues). By convention, the axial ZFS
parameter is chosen to be at least three times larger than the rhombic one in absolute
value (such that |%| < %). This convention fixes the Z anisotropy axis, while another
convention must discriminate the X and Y ones (note that two different conventions
are commonly used in the literature, £ > 0 or% >0). If D is negative, Z is the “easy”
axis of magnetization, while it is the “hard” one if D is positive. This model
Hamiltonian, SDS , also describes the ZFS in S= % systems with orbitally
non-degenerate ground states, such as nearly tetrahedral cobalt(IT) complexes (d’
configuration). Values of the ZFS parameters for the Ni(II) and Co(Il) complexes
(represented in Fig. 1) are compared to experimental ones in Table 1. These values
have been computed using the SOCI method [54, 55], implemented in the MOLCAS
code [60], and extracted using the effective Hamiltonian method [47].

For larger spin quantum numbers (S > 2), additional terms may have to be
introduced in the model Hamiltonian to describe properly the energy levels and to
ensure a good correspondence between the model vectors and the “true” wave
functions:
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Fig. 1 The [Ni(HIM2-py),NOs]*, [Ni(iPrtacn)Cl,], [CoCl,(PPh3),] compounds, respectively,
referred to as compounds 1, 2, and 3 in Table 1. The magnetic anisotropy axes are indicated [47]

Table 1 Computed and experimental (electron paramagnetic resonance) values of the ZFS param-
eters for the Ni(II) and Co(II) complexes represented in Fig. 1 [47]

Compound number ZFS (cm™ ") Calculated values Exp. values
1 D —10.60 —10.15%
E 0.76 0.10%
2 D +16.45 +15.70°
E 3.82 3.40°
3 D —14.84 —14.76°
E 0.54 1.14¢

# Values from Rogez et al. [69]
® Values from Krzystek et al. [70]
¢ Values from Rebilly et al. [71]

N k28
Hy=SDS+ > Y B0} (9)
g=—k k=4

where k is the rank of the involved spherical tensor and is even, ¢ may be odd, and
63 are extended Stevens operators [67, 72—74]. The interested reader can have an
example of the extraction of these additional interactions with the effective Hamil-
tonian approach in an article of Maurice et al. [75]

4 Binuclear Compounds

In polynuclear compounds two different approaches can be used. In the first one,
referred to as the giant-spin approximation, only the lift of degeneracy of the Mg
components of the ground spin states is described. Nevertheless, a more generalized
definition will be presented here which allows one to deal with various spin states. It
is expected to be appropriate when the ground spin state is well separated energet-
ically from the first excited spin state, i.e. for strongly coupled spins. This model will
be presented in the first following subsection. The second approach designated as the
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multispin approximation describes all the states resulting from the coupling of the
local ground states of all the paramagnetic ions. In this model both isotropic and
anisotropic interactions between the magnetic centers are at work. In a second
subsection, firstly the isotropic spin model will be introduced and the physical
content of its leading interactions will be recalled. We will then concentrate on the
various anisotropic interactions of this more refined model.

4.1 Giant-Spin Approximation and Its Generalization
to a Block-Spin Approach

Anisotropic interactions can modify substantially low-energy spectra by splitting
and mixing the Mg components of each spin state that arise from the previously
described isotropic interactions, as well as by mixing components or linear combi-
nations of components that belong to different spin “states.” The mixing of compo-
nents belonging to different spin states is usually referred to as “spin mixing” or “S
mixing” [76, 77]. This spin mixing arises from spin—orbit coupling. One should note
that symmetry rules apply, and that some types of spin mixings can be symmetry
forbidden. Two main types of coupling between different spin-state components can
occur, couplings between (1) Mg components belonging to S and S + 1 states, and
(2) Mg components belonging to S and S + 2 states. In the former case, this coupling
is dominated by the “direct,” i.e. first-order, spin—orbit coupling between these
components [14, 78]. If the system of interest possesses a symmetry center, these
terms vanish by symmetry. In the latter case, the interaction is “indirect,” i.e. at
second order of perturbation, that is, involves spin components of states that do not
belong to a model space spanned by the Mg components of all the spin states
generated by the isotropic interactions (e.g., the Mg components of the lowest
quintet, triplet, and singlet states of a nickel(Il)-nickel(Il) binuclear complex)
[14, 75]. Note that these two types of couplings will be later attributed to different
types of effective interactions in terms of the multispin model (see Sect. 4.2.2). If
these coupling matrix elements are negligible with respect to the isotropic interaction
(s), i.e. in the “strong-exchange limit,” one can consider a block-diagonal model
matrix [79, 80], which can be referred to as the “block-spin model” [49, 62]. In this
case, the different spin blocks can be dealt with independently, and each spin block
effectively described as if it were belonging to a mononuclear system, i.e. using H,if
an arbitrary coordinate frame is considered, or as follows if the magnetic anisotropy
axes frame of the spin block of interest is considered:

k 28
~ 2 1~2 E /=2 ~2 N
Hs=D(S,~ 38 ) +5 (5 -52) + X Y 5o (10)
n=0 k=4

. . . . ~n
where 7 is the rank of the involved spherical tensor and is even, and O, are standard
Stevens operators. Note that when only a large S ground spin block is considered, it
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is usually referred to as the “giant-spin approximation” in the literature. If spin
mixing is only a perturbation of the block spin picture, which can be seen as an
“intermediate-exchange regime,” one can add additional operators that are distinct
from the extended/standard Stevens operators to effectively account for its effect on
the energy levels of the block of interest. This task was achieved for describing the
S = 2 block of centrosymmetric nickel(I)-nickel(Il) binuclear complexes by
Maurice et al. [75], which in principle also gives access to the effective stabilization
or destabilization of the S = 0 level that is due to the mixing with spin components of
the S = 2 block (in the case of antiferromagnetic or ferromagnetic coupling,
respectively) [49]. If the spin mixing and the standard block-spin terms are of the
same order of magnitude, as is the case in the “weak-exchange limit,” one should
stress that the use of giant-spin or block-spin approximations is problematic, and that
no systematic studies have been performed to discuss the consequences of these
approximations on the parameter values that are extracted from experiments.

Concerning the computation of giant-spin or block-spin parameter values, a wide
range of examples, including the “classical” Mn;, SMM [38], has been reported in
the literature based on DFT and perturbation theory. These works usually lead to
D parameter values in good agreement with experimental ones [38, 81-87]. How-
ever, since, as mentioned previously, current DFT implementations to compute ZFS
parameters seem to be largely off for the local anisotropy of nickel(II) paramagnetic
centers [44], it would be interesting to see which values would be computed for
nickel based SMMs such as Niy ones [88]. Concerning WFT, only few studies have
been reported that concern the [Niz(en)4C12]2+ (en = ethylenediamine) complex
[14, 75], and also model nickel(IT)-nickel(Il) binuclear complexes [89]. Concerning
the [Niz(en)4C12]2+ complex, the comparison of reliable computational data and
experimental data is problematic since no rhombic parameters were introduced in
the latest experimental parameter determination [90], while calculations showed
significant thombic parameter values for the S = 2 and S = 1 blocks. For the
S = 2 block, the computed D value, —3.0 cmfl, is a bit larger in absolute value
than the experimental one, —1.8 cm ', although still in reasonable agreement with
it. Therefore, it can be seen as a successful application of WFT to the giant-spin
problem. Note that similar quality results have been obtained on the previously
quoted Niy complex [91], with consistent estimates ranging from 1/2 to 3/4 of the
experimental value. Concerning the study of the model systems and the D and
E parameters and the S = 2 and S = 1 blocks, it appeared that the corresponding
D parameters tend to have opposite signs, although no strong correlation between
these two parameters was found [89]. Moreover, the D parameter of the S = 1 block
seems to be always larger in absolute value than the one of the S = 2 block by a
factor that ranges from 2 to 5 [89].
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4.2 The Multispin Approximation

In the multispin approximation, the model space is constituted of all the products of
the atomic ground states Mg components. As a consequence, the diagonalization of
this model gives access to all Mg components of the states of the configuration, and
not only to those of a single spin state as it was the case for the giant-spin model. For
instance, considering a complex constituted of two Ni(I) ions (S = 1) ions, the
coupling between the local triplets will generates 9 states issued from the quintet,
triplet, and singlet spin states. In the next paragraphs, both isotropic and anisotropic
interactions will be introduced following increasing complexity reasoning.

4.2.1 Isotropic Exchange

The HDVV model is an isotropic spin Hamiltonian [29-31]. It is relevant for the
description of magnetic systems for which a large gap exists between the electronic
ground state of the magnetic centers and their locally excited or ionized states. In
such cases, the space which spans the model Hamiltonian can be restricted to
products of local ground spin states and the only degrees of freedom are the Mg
components of the spins of the magnetic centers. One should note that the spatial
configurations can be omitted since these are assumed to be essentially the same for
all the states and therefore the working basis is only constituted of pure spin
functions. This spin Hamiltonian has the following expression for a binuclear system
constituted of two magnetic centers A and B:

-~ HDvV o~ o~ ~ o~ ~ o~ ~ o~
B =78,8p :J<SZA.SZB +Sx, .S, + SyA.SyB)
SO 1/~ -~ PN
:J(SZA.SZB +5 (S,A.Sﬂ +S+A.S,B)) (11)

where J is the isotropic exchange effective integral often called the magnetic
coupling. Depending on the J sign, this coupling can be ferromagnetic (J < 0)
meaning that the ground state is the highest possible spin state, or antiferromagnetic
(J > 0) when the ground state has the lowest possible spin quantum number. Let us
recall that the system is said to be ferrimagnetic when the coupled spins are of
different values and the coupling is antiferromagnetic, i.e. the ground state has the
lowest spin but is non-zero.

For a binuclear system having only one unpaired electron per center, the spin
operators couple the spin distributions I7]) and I]1), i.e. exchanges the spin Mg
components of the two electrons and the sign of J determines whether the singlet or
the triplet will be the ground state as the energy difference between these two states
AEgt = E(Triplet)-E(Singlet) = J. This exchange goes through ionic intermediate
electronic configurations in which one electron has jumped on the other center, as
explained by the Anderson mechanism (represented in Fig. 2) [92, 93]. To
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Fig. 2 Neutral and ionic forms involved in the Anderson mechanism responsible for the kinetic
contribution to the magnetic exchange

rationalize the nature (sign) of this coupling, one may derive this Hamiltonian from
the more sophisticated generalized Hubbard model which introduces both the neutral
and ionic configurations [94]. The representative matrix of this Hamiltonian is:

<a7,’| 0 K ¢ t
~  Hubbar ba K 0
<H7H b d)z ( ?| (12)
(@al |+ + U K

<bz|ttKU

where K is the always positive exchange integral of the exact electronic Hamiltonian,
t is the hopping integral (the same as the f integral of the Hiickel Hamiltonian), and
U the difference of Coulomb repulsion between the ionic distribution in which the
two electrons occupy the same orbital and the neutral one in which the two electrons
occupy a different orbital (U = J,, —J,,», Where J,, and J,;, are the Coulomb repulsion
integrals of the exact electronic Hamiltonian). Diagonalizing the neutral and ionic
blocs separately leads to:

((abl=pa) V2 g 0
(i) ((lab+pal)/V2l| o +x o 2
" (B a0 0 vek 0

<(|a3|+|bﬁ|)/\/§| 0 2t 0 U+K

(13)

At the second order of perturbation the energy of the singlet and triplet states are:
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Fig. 3 Example of the generalized Anderson mechanisms responsible for the kinetic contribution
to the magnetic exchange in presence of a bridging ligand. The central orbitals belong to the ligand

(s

2
E(Singlet) = + K — ar

U (14)
E(Triplet) = — K
from which the magnetic coupling J can be deduced:

2
J = AEsr = E(Triplet) — E(Singlet) = — 2K + % (15)

When the magnetic centers are connected through a bridging ligand, the gener-
alized Anderson mechanism is responsible for the magnetic coupling (see Fig. 3)
[95]. The electrons and the orbitals of the ligand mediate this coupling and metal to
ligand charge transfer (MLCT) and ligand to metal charge transfer (LMCT) config-
urations are involved in the process, leading to a more sophisticated expression of
the magnetic coupling. It is however still possible to express the J integral as in
Eq. 15 but K, ¢, and U become effective interactions which, respectively, incorporate
spin polarization effects, MLCT and LMCT contributions and screening due to
electron correlation.

This Hamiltonian is applicable to systems having more than one unpaired elec-
tron per center. The model space is still constituted of the products of the ground spin
state of each magnetic center (highest spin state according to the Hund’s rule). As
shown in various papers, the physical content of the magnetic coupling at the second
order of perturbation is still given by the direct exchange and the kinetic exchange
[96-98]. One should however note that deviations to the Heisenberg spectrum may
be observed. They are due to local excited states which may play a non-negligible
role [99]. These effects, which are accounted for at the fourth order of perturbations,
are described with additional interactions in the model Hamiltonian, such as the
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Table 2 Magnetic couplings (in cm™") of Cu(Il) systems calculated using the DDCI method and
compared to the experimental value [63]

[Cu(tmeen)(OH)],Br,* | [Cu(bipy)(OH)],(NO5),® | S,CuO,Cl, | La,CuOy
DDCI | —500 157 —952 -1,077
Expt. | —507° 172¢ —1,008° [—1,030,-1,096]"
% Meen = N,N,N’,N'-tetramethylethylenediamine
" Bipy = 2,2/-bipyridine
¢ Value from Mitchel et al. [102]
4 Value from Majeste and Meyers [103]
¢ Value from Greven et al. [104]
f Values from Sulewski et al. [105] Aeppli et al. [106] and Singh et al. [107]

biquadratic interaction and the three-body operator for polymetallic (N > 2) com-
pounds [100]. Note that N-body operators must sometimes be used for N-metallic
compounds.

From a theoretical chemistry point of view, an accurate calculation of the
magnetic coupling requires accounting for various effects such as charge and spin
polarization effects and a correct evaluation of the energy of the LMCT and MLCT
intermediate configurations of the generalized Anderson mechanism. As it accounts
for all these effects, the DDCI method provides very precise values of magnetic
couplings in transition metal complexes [63]. To reach the same accuracy in organic
compounds, it is often required to determine accurate magnetic orbitals upstream, as
the spins can be spread over several centers and an adequate description of their
delocalization is crucial for the obtaining of precise magnetic couplings [101]. Com-
puted values of magnetic couplings at the DDCI level are compared to experimental
ones in Table 2.

4.2.2 Anisotropic Exchange Interactions

(a) Anisotropy of exchange between centers having a single unpaired electron: the
symmetric tensor. When the binuclear system is centrosymmetric and consists of
magnetic centers having a single unpaired electron, the only anisotropic interac-
tion that is spin and symmetry allowed is the symmetric anisotropic exchange
[108]. As an interesting example of such anisotropic system, one may quote the
paramagnetic copper acetate molecule (see Fig. 4), which has raised a series of
fundamental questions. At first, copper acetate was assumed to be mononuclear,
i.e. containing just one Cu(Il) ion per molecule. However, the unexpected
decrease of the magnetic susceptibility at low temperature, first measured by
Guha in 1951 [109], attracted the attention of Bleaney and Bowers who
performed an electron paramagnetic resonance (EPR) study in 1952 [110]. As
they observed a small zero-field splitting in the first excited triplet state, they
suggested the existence of interacting pairs of cupric ions. Several debates
followed these studies concerning both the nature of the magnetic interactions
(either metal-metal or through ligand) and the sign of the zero-field splitting. A
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Fig. 4 Schematic
representation of the copper
acetate molecule

new EPR study performed in 2008 [111] finally showed that the axial anisotropy
parameter is negative and a theoretical rationalization has been proposed in 2011
[15]. For such a simple binuclear system having one unpaired electron per center,
the Hamiltonian writes:

Hg :J/S\a./s\b +/S\a'Dah~Sb (16)

where D, is the symmetric anisotropic exchange tensor. One should note that as the
system is centrosymmetric the Dzyaloshinskii-Moriya term is strictly zero
[108, 112, 113]. In such a simple case, analytical derivation of the ZFS D and
E I;arameters can be performed. At the second order of perturbations their expression
is":

D92 Sy _yxy 1 Sy _yixz lgzsz -z

2 - 2 - 2
AEX2 —Y2XY 4 AEX2 —-Y2XZ 4 AEX2 —-Y2yZ (17)
Ee lGZJXZ -z ngJXz ~- VX2
- 2 2
4 AEx2 —-Y2YZ 4 AE)(2 - Y2XZ

where
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Table 3 D and E value in cm™" of the lowest triplet state of the copper acetate molecule [15]. SSC
and SOC, respectively, stand for spin—spin coupling and spin—orbit coupling

Dgsc Dsoc Dssc + soc Essc Esoc Essc + soc
DDCI+SOCI —0.118 —0.200 —0.319 0.000 0.006 0.006
Expt.* - - —0.335 - - 0.01

# Value from Ozarowski et al. [111]

2
AEXZ*YZ,N:’/Aﬂ}'ACDISV (18)

Iy _pn= Ecp,Tv - E®,{,

are, respectively, geometric mean of the excitation energies A‘bf/ and Aq);

corresponding to the same spatial single-excitation and the energy differences
between the singlet @3, and triplet @, excited state. Provided that the spin—orbit
free low-energy spectrum is computed using the DDCI method, the ZFS parameters
of the lowest triplet states [15] (given in Table 3) compare very well with
experiment [111].

(b) Anisotropy of exchange between centers having a single unpaired electron: the
antisymmetric components. In the absence of some symmetry elements, such as,
for instance, a symmetry center, a mixing between the S = 0 and S = 1 spin
components occurs. It can be described via antisymmetric components of a
second-rank exchange tensor, which can mathematically be reduced to
pseudo-vector components, and added to the previous model Hamiltonian:

Hg :JEA.EB + S‘\Aﬁabgg + HgA XEB (19)

where d corresponds to the antisymmetric exchange, usually referred to as the
Dzyaloshinskii-Moriya (DM) pseudo-vector [112, 113]. While the isotropic cou-
pling term J acts in a same way on the diagonal elements of the three § = 1

components, the D tensor components are related to the splitting and mixing of
these components, and the d pseudo-vector mixes these components with the § = 0
one (spin mixing between S and S + 1 blocks). Concerning the mechanisms,
Moskvin carefully discussed them in 2007 in the case of copper oxides, highlighting
potential contributions from the bridging ligands [114]. Note that in the general case,
too many effective parameters are introduced to allow simple extractions from
experiment. Indeed, many techniques are essentially sensitive to energy levels, and
not to spin mixing. Moreover, it is crucial to determine the angles of the symmetric
tensor principle axes and the pseudo-vector to get a full multispin picture. Therefore,
it is hard to get any reliable data from experiments concerning the DM pseudo-
vector, unless the symmetric exchange components can be considered as negligible
compared to the antisymmetric ones, which would allow one to get the pseudo-
vector norm even from powder samples.
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From a computational perspective, it is straightforward to distinguish the sym-
metric and antisymmetric exchange terms as soon as an (effective) interaction matrix
between the S = 1 and S = 0 blocks is determined. Since most of the perturbative
approaches to compute ZFS have been originally designed only to describe a spin
block, they do not allow one to determine the DM pseudo-vector. One way of
tackling the problem consists in using the effective Hamiltonian theory on top of
SOCI calculations that consider both § = 1 and § = 0 spin components. Such
approach was first followed by Maurice et al. in a study of model copper(Il)-copper
(II) dinuclear complexes [15], which notably confirmed the hypothesis of Moskvin
that bridging ligands also play a role in the antisymmetric exchange. This approach
has then been applied to ionic solids within the embedded cluster approach [78, 115,
116]. One should also mention that Atanasov et al. reported a study of “real” copper
(II)-copper(Il) complexes based on a ligand-field theory based analysis [117].

From a methodological point of view, since the DM components are essentially
governed by the direct spin—orbit coupling between the S and S + 1 sets of blocks of
interest, we initially thought that it was not necessary to compute local or delocalized
ligand-field excited states to obtain good semi-quantitative estimates of them (con-
trary to the symmetric exchange components or single-ion anisotropies) [78, 118]. In
fact, the situation is somehow more complex and depends on both the regime (i.e.,
far from the single-site first-order SOC vs. close to it) and also on the way to
optimize the state-average orbitals in the CASSCEF step. Because those discussions
are actually quite technical, we will only summarize here the main outcomes and
encourage the interested reader to consult the original papers [16, 119]. First of all,
the orbital wave function differentiation of the singlet and triplet wave functions is
key to generate non-zero DM components. This is why it is easier to obtain accurate
results if the singlet and triplet active orbitals are optimized separately (in a state-
specific framework or with a state-averaging scheme per spin block). Second, far
from the single-site first-order regime, the “direct” SOC largely dominates (recall
that accuracy is contingent to fulfilling the previous orbital differentiation condition).
In terms of orbital contributions, it is easy to show that only the excitations that
preserve the Imyl values contribute to the Z DM component (also denoted d). Being
associated with the 1,5, product of operators, the coupling is proportional to Imyl,
meaning that the XY « X?-Y? channel is on the paper twice more efficient than the
XZ < YZ one (of course, analysis of the actual nature of the magnetic orbitals may
counterbalance this).

Concerning situations close to the single-site first-order regime, we have shown
that it is crucial to use “decontracted” CASSCF wave functions to get accurate DM
components, which can be extracted either with the effective Hamiltonian theory or
the intermediate Hamiltonian theory. The closer to this situation, the more important
the “decontraction” is expected to be. Naturally, for larger systems (in terms of
nuclearity or even of molecular size), the use of DDCI to generate such revised
CASSCF wave functions is prohibited because of the computational cost. This is
why in our first attempt to compute Id| in a real trinuclear copper(Il) complex out of
“decontracted” CASSCF states was based on NEVPT2 (quasi-degenerate
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formulation) [120]. By doing so, we ended up having a Id| value of ca. 20 cm™ ', in
fair agreement with experiment (36 cm_l) [121].

(c) Anisotropy of exchange between centers having several unpaired electrons: the
fourth-rank tensor. When two unpaired electrons are present on a paramagnetic
center, its single-ion anisotropy must also be introduced in the model Hamilto-
nian. Therefore, when the two magnetic centers trigger two unpaired electrons, it
appeared natural from a phenomenological point of view to simply add their
single-ion anisotropies to the model Hamiltonian [79, 80], such as:

I/‘}m = J§A ./SB + EAﬁAEA + EBﬁBEB + /S\AEAB:S'\B + 675\14 X §B (20)

where Dp and Dp are the local anisotropy tensors of the A and B centers,
respectively, while the other terms keep their previously mentioned meanings.
This model Hamiltonian is often considered in the literature, e.g., in experimental
studies of the [Niz(en)4C12]2+ complex [111, 122—-124].

From a computational perspective, it is common to compute the single-ion
anisotropy tensors. For this, while not treating the full complexity associated with
the low-energy levels, one can (1) mimic the effect one of the paramagnetic ions by a
zero-electron ab initio model potential, (2) replace one of the paramagnetic ions by a
diamagnetic one with a similar effective charge and a similar ionic radius [14, 116,
125], (3) consider one of the ions in its lowest-energy closed-shell excited config-
uration [89], or (4) consider the ground and excited configurations of the ion of
interest while keeping the other paramagnetic center in its high-spin configuration
[126]. Although one may expect to obtain similar values with all these approaches,
the fourth one is meant to be more reliable. However, one should note that, even if
the determination of the local anisotropy tensors can provide useful information to
interpret magnetic data, it is not sufficient to describe properly the energy levels and
to have model vectors in good correspondence with the actual ones after diagonal-
ization of a model Hamiltonian that only contains isotropic interactions and local
anisotropic ones. Computing ab initio the energy levels of binuclear systems is
particularly challenging when the two ions of interest bear at least two unpaired
electrons. So far, only the [Niy(en),Cl,]** and model Ni(II)-Ni(II) complexes have
been studied with such approaches [14, 89]. Several important conclusions arose
from these works. First, it was shown that ITI7 is not a good model Hamiltonian for
centrosymmetric Ni(Il)-Ni(IT) complexes, since fourth-rank tensor components need
to be introduced in the model to have a good matching between the model interaction
matrix and the effective one [14]. Therefore, the following model Hamiltonian was
proposed:
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Hyy =JS4.S5 + SaD4Ss + SsDpSs + SaDasSs + Sy @ SoD4sSs ® Sp
+ dSy % Sp (21)

where D is a fourth-rank tensor. When all these terms are introduced in the model
Hamiltonian, their direct extraction with the effective Hamiltonian theory is practi-
cally impossible if one does not consider relations between fourth-rank tensor
components [14]. When relations are assumed, the extraction of the other parameters
belonging to H 11 becomes possible [89]. In this way, no bias is introduced in the
determination of the second-rank anisotropy tensors, in particular the local ones.
Two important conclusions were formulated in the study of model Ni(II)-Ni(I)
complexes [89]: (1) the local ZFS parameters D and E obtained from a full treatment
are found in good agreement with those computed from simple schemes that aims
only at computing local terms, and (2) the fourth-rank tensor components have a
stronger impact on the effective Hamiltonian matrix than the second-rank symmetric
exchange ones. Concerning the former conclusion, it validates the approaches that
only aim at computing local parameters. Concerning the second one, it implies that
experimental determinations of the multispin Hamiltonian parameters are not reli-
able since H is not practically applicable to experimental problems. Also, note that
all the phenomenological interactions introduced in Eq. 21 (single-ion anisotropies
and symmetric exchange tensors) are involved in the S and S + 2 mixing [75]. As a
perspective, other electronic configurations should be studied to see if Hy also
applies to cases with more than three electrons per magnetic site, or if higher-rank
tensors should also be involved in the model Hamiltonian.

(d) Extraction of all anisotropic interactions in model complexes: interferences
between local anisotropies. In the general case, the multispin Hamiltonian
contains all previously presented operators. As a consequence, the extraction
of all the parameters may turn to a real nightmare. Indeed, as all tensors may
have different principal axes, non-zero components can be found everywhere
and the number of equations necessary to extract them can be larger than the
number of matrix elements computed in the effective Hamiltonian theory. A
method that allows the extraction in many different cases has been proposed
[89]. It consists in reducing the number of parameters by introducing rotation of
the various tensors (using the Euler’s angles) such that one directly deals with
diagonal 2-rank tensors (2 parameters) and a maximally reduced 4-rank tensor
(6-9 parameters only).

Using model compounds of Ni(Il) (see Fig. 5) it was possible to generate various
local anisotropies in order to understand how these local anisotropies combine and
what the resulting anisotropy of the binuclear compound is [89]. It is interesting to
note that despite the complexity of the model, very intuitive molecular anisotropies
are obtained. By imposing specific distortions around each magnetic ion in model
complexes, the synergy and interferences of local anisotropies can be studied in the
following cases: (1) both local anisotropies are axial and the relative positions of the
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Fig. 5 Distorted model NCH NCH

binuclear Ni(II) complex

[89]. The bridging ligand is 21 A,;MCH

O~ while the external /
21A 1 /214 o_21A

(green) ligands are either Cl i cl
CN™ (complex M1) or CI~ / 21A
(complex M2). The other

ligands are HCN HCN HCN 21A

NCH

NCH HCN

principal axes is varied (collinear, perpendicular, or twisted), (2) both local anisot-
ropies are planar and the relative orientations of the planes are varied, (3) one local
anisotropy is axial while the other one is planar and both the relative positions of the
plane and the axis are varied. The following conclusions could be drawn:

— Destructive interferences occur in most of the cases, leading to a weaker magnetic
anisotropy of the whole complex in comparison to that of the single ions.

— When the local anisotropies are axial and the axes are not orthogonal, an axial
anisotropy could be maintained and the axis of the molecular compound bisects
the local axes.

— The following cases illustrated in Fig. 6 however happened to be synergistic:

(1) The local anisotropies are axial and the two axes are collinear. The negative
D value of the binuclear complex is larger than that of the single ions.
Interestingly if the rhombicity parameters of the single ions are zero, the
whole complex does not exhibit any rhombicity as well.

(ii) The local anisotropies are both planar and rhombic and the two easy axes of
magnetization are collinear. The resulting anisotropy is axial. If the two hard
axes are perpendicular, it is even possible to get a complex that does not exhibit
any rhombicity.

(iii) One single ion has an axial anisotropy while the other one has a planar
anisotropy, and the easy axis of the first ion is in the easy plane of the other
ion. The resulting anisotropy of the complex is axial.

5 Concluding Remarks

This chapter was devoted to the study of magnetic interactions in binuclear com-
plexes. While High-Field High-Frequency Electron Paramagnetic Resonance
(HFHF-EPR) has provided experimental information regarding the zero-field split-
ting of mononuclear species [127—-129], the complexity of the models describing
binuclear compounds prevents one from having such insights in the physics
governing their electronic spectra. Theoretical calculations may constitute a good
alternative to elucidate their properties. Through various examples of increasing
complexity, and as far as binuclear complexes are concerned, it was shown that:
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] | D,=Dy=-2.2
niE % — /— \ E,=E,=0
= N J
| ¥ D=-2.4, E=0

D,=D,=16.6
E,=E,=3.1

D=-2.2 E=0
D,=-2.1,E,~0
D,=4.2, E,=~0
D=-2.5E=.3
D,=4.6, E,=0
Dy=-20.3, E,=.9

D=-3.6 E=.2

Fig. 6 First column: model compounds: in M1 the external ligand (green) is CN™ while in M2, it is

Cl™

; Second column: distortion imposed to the Ni(Il) ions; Third column: ellipsoids representing

the local anisotropy tensors; Fourth column: ellipsoid representing the resulting molecular anisot-
ropy tensor of the binuclear complex quintuplet state. Black (red) double arrows indicate easy (hard)
axes of magnetization; black (red) ovals indicate easy (hard) planes of magnetization. A prolate
ellipsoid indicates an axial anisotropy (D < 0) while an oblate ellipsoid indicates a planar anisotropy
(D > 0). Fifth column: values of the local (a and b) ZFS parameters and value of the ZFS parameters
obtained for the binuclear complex in its essentially quintuplet spin state (in cm™") [89]

(@)
(i)

(iii)
(iv)

)

The giant-spin approximation is appropriate in the strong and intermediate
coupling regime.

The multispin model involving only a 2-rank tensor is reliable for centrosym-
metric compounds having a single unpaired electron. In such a simple case
analytical formula of both the D and E parameters can be derived providing a
rationalization of the magnitude and sign of the ZFS parameters.

The Dzyaloshinskii-Moriya operator correctly describes the antisymmetric
contribution to the ZFS.

For systems containing two unpaired electrons per magnetic center a 4-rank
tensor must be introduced to accurately describe the anisotropy of the interac-
tion. Its elements are by far larger than those of the 2-rank tensor. It is
worthwhile noticing that operators involving six spins would appear in systems
having three unpaired electrons per center.

Despite the complexity of these operators, the anisotropy of a binuclear com-
pound may be relatively easily anticipated from chemical and physical intuition
from the local anisotropies of the paramagnetic ions. The anisotropy of the
complex may in some well-defined cases (i.e., geometries) result from syner-
gistic combinations of the local anisotropies.
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Extension of this approach to complexes of higher spins and/or nuclearities is of
course one of the obvious perspectives of this chapter. Although we have recently
shown that we are capable of treating tri- and tetranuclear complexes (Cuz and Niy)
with satisfying theoretical approximations (far beyond what could have been possi-
ble to do a decade ago) [91, 120], a more detailed methodological study will soon
have to be performed in order to test alternatives to the CASSCEF step bottleneck on
these systems prior to applying the retained approximations to larger systems.
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