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Abstract

This perspective is to illustrate the synthesis and applications of bimetallic complexes by
merging a metallocene and a (cyclopentadienyl/aryl) pincer metal complex. Four possible ways
to merge metallocene and pincer-metal motifs are reported, see Scheme 1, and representative
examples are discussed in more detail. These bimetallic complexes have been employed in
some important catalytic reactions such as cross-coupling, transfer hydrogenation or synthesis
of ammonia. The metallocene fragment may tune the electronic properties of the pincer ligand,
due to its redox reversible properties. Also, the presence of two metals in a single complex
allows their electronic communication, which proved beneficial for, e.g., the catalytic activity
of some species. The presence of the metallocene fragment provides an excellent opportunity
to develop chiral catalysts, because the metallocene merger generally renders the two faces of
the pincer-metal catalytic site diastereotopic. Besides, an extra chiral functionality may be
added to the bimetallic species by using pincer motifs that are planar chiral, e.g. by using the
different substituents of pincer ligand “arms” or non-symmetrical arene groupings. Post-
functionalization of pre-formed pincer-metal complexes, via n°-coordination with an
areneophile such as [CpRu]" and [Cp*Ru]" presents a striking strategy to obtained
diastereomeric metallocene-pincer type derivatives, that actually involve half-sandwich
metallocenes. This approach offers the possibility to create diastereomerically pure derivatives
by using the chiral TRISPHAT anion. The authors hope that this report of the synthetic,
physico-chemical properties and remarkable catalytic activities of metallocene-based pincer-
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metal complexes will inspire other researchers to continue exploring this realm.

Keywords: metallocene and half-sandwich complexes, pincer-metal complexes, (chiral)
catalysis, bimetallic complexes, ferrocene, ruthenocene, cross-coupling


https://doi.org/10.1039/D1DT03870B

Published on 20 December 2021. Downloaded by FAC DE QUIMICA on 12/20/2021 9:45:46 AM.

Dalton Transactions

1. Introduction

Metallocenes belong to a very well-known class of coordination complexes that is defined by
the International Union of Pure and Applied Chemistry (IUPAC) as; “organometallic
coordination compounds in which one atom of a transition metal such as iron, ruthenium or
osmium is bonded to and only to the face of two cyclopentadienyl [n’-(CsHs)] ligands which
lie in parallel planes. The term should not be used for analogues having rings other than
cyclopentadienyl as ligands.”' Ferrocene was the first metallocene to be prepared in the
beginning of the 1950’s by Kealy, Pauson and Miller,% 3 while its characteristic sandwich
structure was elucidated by Fischer and Wilkinson, a few years later.% 3

The strong 1’-bonding between the two monoanionic cyclopentadienyl (Cp) ligands and the
central metal atom confers to metallocenes their high kinetic and thermal stability. For
example, most of the metallocenes are robust complexes that are resistant toward moisture and
acidic or basic conditions allowing their often easy functionalization.> 7 Moreover,
metallocenes with, for example, either iron, nickel, osmium, or ruthenium as the central metal
atom, exhibit remarkable redox properties. Consequently, metallocenes have been extensively
used in a number of fields, ranging from biology, materials science, pharmaceutical
applications to chemistry in which the metallocene is used as a building block. In pharmacy,
metallocene derived chemicals have been employed as anticancer, antimalarial and
radiopharmaceutical agents, as well as, e.g., as biosensors for DNA detection,?!! while
ferrocene derivatives have been widely used in homogeneous catalysis due to their reversible
one-electron redox properties.'>!5 Nevertheless, in terms of produced volume, the most
important role of metallocenes is in the realm of catalysis.!®-?* Notably, in polymerization
catalysis rather than a genuine metallocene, so-called half-sandwich metallocenes, i.e.,
metallocenes in which one of the two Cp rings is replaced by other neutral/anionic ligands,
have found extensive application. 23-30

The exploration of complexes with a pincer-metal platform is a more recent development
although the isolation of the first pincer complexes by Shaw et al already dates back to the mid
1970’s.3! A pincer-metal complex is defined by the cooperative interaction of the three donor
sites of a monoanionic planar, D,C,D -terdentate pincer ligand with the metal center, of which,
generally, the binding with the central (mostly carbo-anionic) donor site C is the dominating
one. An attractive aspect of a pincer-metal complex is its modular character allowing for the
synthesis of a plethora of pincer ligands and, consequently, for fine tuning of the pincer-metal
combination. Not surprisingly, like metallocenes, also pincer-metal complexes have found
broad application in a great variety of research fields.??3 For example, pincer-metal complexes
have been used as excellent catalysts for a plethora of transformation in organic synthesis such
as hydrogenations, dehydrogenation, cross-coupling, borylations, etc.3>43

In view of the orthogonal properties of the metallocene and the pincer-metal platform,
combined with the fact that metallocenes are well-accessible to functionalization® 7> 30- 49 the
question arises; “Could a merger of metallocene and pincer-metal aspects lead to discovery of
novel materials with dual properties”? This Perspectives explores what already has been
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reported and discusses the peculiar effects that have been discovered for thesg bimetdlli€:; . 250s
species.
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Scheme 1. Four possible ways to merge metallocene and pincer-metal motifs: A, has the pincer type
DCD’ manifold integrated along the etch of one of the Cp ligands, A’, has only two, D and C, of the
three donors integrated, B, bears the metallocene unit as a para-CpMCsH, substituent to the arylpincer-
M’Ln unit, and in C, a CpMC;sH;-1,2-diyl-grouping is incorporated in the connecting chain of a
DD’D’’-pincer-M’L, unit. Note that other constructs are possible. In section 2e/ the arylpincer platform
is merged with a cationic half sandwich arenophile CpM* or Cp*M™.

Scheme 1 shows four of the ample routes to merge known motives of a metallocene with that
of a pincer-metal complex. In fact, for each of these possibilities examples from the literature
are known and will be discussed below. Obvious differences are the short and fixed M---M’
distances in A and A’ vs. a much and, yet easy to vary, longer one in B (but is fixed because of
the rigidity of the connecting spacer) and C (having a more flexible arrangement). Firstly, the
synthesis and structural features of the various bimetallic complexes A-C have been described
which is followed by a discussion of the properties and unexpected structural and reactivity
features, e.g., resulting from not only electronic interaction between M and M’, but also from
steric interference and eventually Coulombic effects between the two constituents in these
bimetallic metallocene/pincer-metal species.
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2. Synthetic aspects

2al. Metallocene-based pincer-metal complexes of type A.

Bimetallic complexes of type A were the first ones to be reported. As a metallocene, ferrocene
was used that has been substituted, in 1- and 3-position at one of its ferrocenyl rings, with a
(dialkylphosphino)methyl substituent. Selective bisortho-cyclometallation with transition
metals such as Ir, Rh or Pd via direct C-H activation at the Cp ring afforded a ferrocene with
an integrated PCP-pincer metal motif, CpFePCPPM’, see Scheme 2.%-52 Although the
mechanism of the C-H activation in metallocene-based pincer complexes is still under-
explored it seems likely that the activation of the C-H bond operates through the ionic
dissociation/anion-assisted deprotonation route, as was described for the nickelation of PCP-
and POCOParyl-pincer ligands.>?


https://doi.org/10.1039/D1DT03870B

Published on 20 December 2021. Downloaded by FAC DE QUIMICA on 12/20/2021 9:45:46 AM.

Dalton Transactions

Page 4 of 31

View Article Online
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Scheme 2. Synthesis of metallocene-based Rh(III)-pincer complexes of the type A.

The solvent used in the reactions may influence the nature of the final metallocene-based pincer
complex. For example, Koridze and co-workers reacted 1,3-bis(diphosphinomethyl)ferrocene
with [Rh(coe),Cl];, in 2-methoxyethanol at 120°C, affording a dimetallic complex, 1, where the
rhodium metal fragment exhibits an octahedral geometry, see Scheme 2a.’° The appearance of
CO in the product is likely due to decomposition of the solvent at the applied reaction
temperature. To obtain the corresponding CpFePC®PPRu derivates the use of a base such as
NH; or Et;N was required.’* 3 The choice of the metal precursor is also relevant. For instance,
when the preparation of the metallocene-based pincer-complex is carried out with
[Ru(PPh;3);Cl;], coordination and formation of the ruthenate did not occur, while using
[Ru(DMSO0),Cl;] the pincer complex was generated in good yields, probably due to the labile
character of DMSO as ligand.>* > In contrast, the reaction shown in Scheme 2b was performed
in CD,Cl, while using [Rh(C,H4),Cl], at ambient temperature.®' The resulting complex 2 is a
monohydride species with square pyramidal geometry. In solution, the complex exists as an
equilibrium between pair of diastereomers, depending on the position of the hydride ligand. In
fact, the steric properties of the P-substituents play also an important role for the formation of
the predominant isomer. In the case of CpFePC“PPRu-pincer derivatives the presence of tert-
butyl groups favored the presence of the endo-isomer, while using iso-propyl moieties the exo-
isomer is obtained in major proportion.>*-6

2a2. Reactivity

In metallocene-based pincer complexes of type A the metal M of the metallocene and the metal
M’ of the pincer fragment are relatively in close proximity, in fact the M---M’ length through
space is approximately ~3.8 A. This closeness produces a strong relationship between the redox
potential of each metal.>”-3® For example, Koridze and co-workers studied the redox potential
of the ferrocene fragment in a series of CpFePCCPP-pincer Pd(II) complexes (Scheme 3).57
They found that variation of the P-substituent in CpFePC“PP-PdCl, complexes 3, did not
produce a significant change in the redox potential of the respective Fe atoms. It is noteworthy
that dimetallic species, CpFePC®PP-PdCl, showed a slightly lower redox potential than its
monometallic precursor, CpFePCH®P. A similar behavior was observed in ferrocene-based
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Pt(II)-pincer complexes, where the donor atoms of the pincer were N- and O-atoms, instedd ot 52005

phosphines.3®
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Scheme 3. Redox potential of ferrocene-based pincer complexes.>’

The electronic properties of the metallocene-based pincer complexes have been studied
through infrared and NMR spectroscopy (Scheme 4).3% %0 Koridze and co-workers prepared a
series of carbonyl pincer complexes, CpMPCCPP-IrCO (M=Fe, Ru, Fe!l!), and recorded their
FT-IR spectra. They observed that the vCO stretching frequencies of the ruthenocene 5a and
ferrocene 4a derivatives were very similar, 1905 and 1904 cm!, respectively. HeneeThe
authors concluded that the metal in the metallocene fragment does not produce significant
changes in the electronic power of the pincer ligand. In contrast, when Fe(Il) is oxidized to
Fe(III), the vCO is shifted up to 1951 cm! which suggests that the higher oxidation state of the
iron in the metallocene fragment produces an important electron-withdrawing effect and lowers
the electron donating power of the pincer ligand that is reflected by the lower vCO.
Interestingly, in the near-infrared spectra of the Fe(Ill) derivative two broad and intense
absorption bands at 10 000 and 7 000 cm™! were observed. These bands point to an intervalence
transfer, thus an electron delocalization between metal centers occurs with a charge transfer
from Fe to Ir. This implies a certain degree of intermetallic interaction.

The electronic properties of the metallocene-based pincer complexes can also be determined
by NMR. For this purpose, Koridze and co-workers compared the '°F chemical shift of a series
of p-fluoro-phenylpalladium complexes, CpMPCPP-PdC¢H,F-4 (M=Fe, Ru, Fe'") (Scheme
4).%0 Interestingly, the '’F NMR data correlate with the corresponding vCO of Ir(I)-based
analogues complexes. However, this approach shows some limitation, the main reason being
the presence of paramagnetic species that may produce misleading results.
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FT-IR of carbonyl Ir(l) complexes®® DO 10.1039/D1DT038708
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Scheme 4. Determination of electronic properties of the metallocene-based pincer ligands by FT-IR
and '"F NMR spectroscopy.

Common reactions that have been studied are both the oxidation of the metal M at the
metallocene fragment and the reactions of the metallocene-pincer-metal complexes towards
neutral ligands (Scheme 5). In some cases the Fe(II) atom in these compounds was oxidized to
Fe(III) using [Fe(Cp),]X (where X = PFg or BF,) or CF3SO3SiMes 3% 33,37, 38, 61

Examples of reactions of metallocene-based pincer complexes with neutral ligands are listed
in Scheme 5. Koridze and co-workers described the reaction of rac-CpFePCCPP-Ir(II1)CIH with
triphenylphosphine,%? affording CpFePCCPP-Ir(II[)CIH(PPh;) (10a), in which the hydride
ligand is cis to the triphenylphosphine ligand. This stereochemistry is in agreement with the
observation of two 2Jy p coupling constants for the hydride ligand (/i p(ph3) = 10.0 and 2Jy p(ipr2)
= 14.0 Hz). In the case of the corresponding ruthenocene analogue, they observed an endo-exo
interconversion, the endo:exo ratio after heating at 90 °C being ~1:2 and ~1:5 after 9 h,
respectively. Notably, reaction of rac-CpFePCPP-Ir(III)CIH with CO afforded a mixture of
three compounds: two isomers 11 (endo and exo), and an Ir(I)-pincer complex 4a.> The ratio
of isomers was maintained during the reaction, the endo-isomer being the less abundant one.
The Ir(I)-pincer derivative 4a was present in a small amount. The latter species can be prepared
independently and isolated in high yield starting from the dihydride species because the Ir(III)
species formed undergoes a facile reductive elimination of H, in the presence of CO. A similar
behavior is observed in the presence of CN’Bu, but in this case the reduction of Ir(IIl) is not
complete, affording a ~3:1 mixture of two new complexes: an Ir(II[)H,(CN’Bu) complex 16a,
and an Ir(I)CN’Bu complex 15a. Using the corresponding Rh(III) analogues, the reaction with
CO likewise afforded reduction to the corresponding Rh(I)CO species.®® Reaction of CO with
the ruthenium-pincer analogue 17a initially generates an octahedral Ru(II)(CO), species 18a,
but this species is unstable and undergoes rapid loss of one CO ligand.>* 5> When the reaction
is carried out in the presence of [NaBArf,] and CO, a C1/CO exchange is observed, see Scheme
5.
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Reactivity of metallocene-based Ir(lll) and Rh(lll)-pincer complexes towards CO, PPhs and CN'Bu.%% 62, 63
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Scheme 5. Reactivity of metallocene-based pincer complexes towards PPh;, CO and CN’Bu.

The reaction of metallocene-based Pd(II)-pincer complexes (M = Fe (3a), Ru (20a)) with
[NaBH,4] in refluxing ethanol produced a ligand exchange between the chloride and the BH,-
anions, the latter anion being bonded to Pd in a rarely encountered n'-fashion (Scheme 6).7- 64
% The molecular structure of CpFePC°P-PdHBHj;, 214, in the solid state was elucidated by
X-ray diffraction analysis.®* Attempts to abstract the BH, anion with NH; were unsuccessful,
whereas CpMPCCPP-PdHBH; complexes on storage in CHCl; solution, gradually transformed
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into the starting CpMPCCPP-PdCI complexes. The CpRuPCPP-PdHBHj species 22a react With's; 2505
very acidic alcohols, such as hexafluoro-iso-propanol (HFIP), to form species 23a comprising

two CpRuPC“PP-Pd-cations bridge bonded by a n' n!-HBH,H-anion via a proton transfer with

H, release.®® The CpRuPCCPP-PdHBH; species 22a reacts with pyridine to afford a
monohydride compound 24a. The latter complex can also be obtained by reaction of
CpRuPC®PP-PdCl, 20a, with [LiAlH,] instead of [NaBH,] in high yields. Finally, CpRuPC*PP-

PdH is highly reactive toward CO,, forming a formate complex 25a; in the presence of H,O

the final product is a hydrocarbonate Pd(II) complex 26a.

PR, PR PR RoP (¥)
! [NaBH,] 22 H. H HFIP 2 _H H 2P
éﬁ‘}"‘c' EtOH P,di :B( (Excess) P‘d/ \/B<H>PF

M PR Nacl . M TPRHT Ny o Ry PR, H RoP—" Ry
3a, M = Fe, R = Bu 21a, M = Fe, R = Bu 23a, R = Bu,Y = BOCH(CF3),l4
20a, M = Ru, R = Bu 22a, M = Ru, R = Bu

[LiA|H4N\ /pyridine
M = Ru (o)
PR, PR, i
e e L
PR, PR,

Ru Ru

24a, R =Bu 25a, R = Bu
H,0
.H2

PR, PR 2
éCPg—OH c0: é(l’zd’ozlon

PR '

Ru 2 Ru PR2

26a, R = Bu

Scheme 6. Reactivity of metallocene-based Pd(II)-pincer complexes.3”> 64-66

In 2019 Polezhaev described the synthesis of CoMPCPP-RhCIH, see also Scheme 2b, and the
exchange of the hydride and chlorine ligand by a dihydrogen molecule in the presence of
[NaO'Bu] (Scheme 7). The reaction was carried out under an hydrogen atmosphere.
Unexpected was the fact that the dihydrogen ligand could be exchanged by N, affording a
mixture of dinuclear and mononuclear Rh(I) species. These novel complexes could be key for
the development of a new type of (de)-hydrogenation catalysts.
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Scheme 7. Reactivity of ferrocene-based Rh(I)-pincer complexes towards H, and N,.63

In 2019 Jurkschat and co-workers explored the reactivity of iron-tin(IV) complexes using a
ferrocene moiety carrying on one of its Cp-rings a NC®PP-pincer type scaffold (Scheme 8).67
The molecular structure of the CpFeNCPP-SnRj tetraorganotin(IV) complexes, 35a and 35b,
confirmed that instead of a N,C¢P,P-terdentate binding the scaffold acted as a C®P-monodentate
ligand with free, dangling CH,NMe, and P(X)R; groupings. In the triphenyl and trimethyltin
derivatives, the P---Sn were 3.6146(7) and 3.8730(8), respectively. Likewise, the N---Sn
distances were 3.6146(7) and 3.257(2) A, respectively. In spite of the fact that in both
complexes the P---Sn distances are shorter than the sums of the van der Waals radii of the
corresponding atoms substantial P---Sn interaction can be excluded. However, the fact that in
both compounds the orientation of the respective N donor atoms are pointing to the Sn center
trans to C(Ph) in 35a to C(Me) the Sn atom can be seen as [4+1]-coordinated with a N atom.%”
The N---Sn interaction is suitable to form a five-membered chelate ring, and consequently be
entropically stabilized. In contrast, the P:--Sn interaction may form a non-stabilize four-
membered chelate ring.
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Oxidation of the phosphine atom with H,O, or Sg, affords the corresponding P=Q and.P=S75.200%
complexes which extends coordination via a 4-membered chelate ring via P-Sn in 35 to a 5-
membered one in 36. Tendency to forming a Sn---O or Sn---S interaction are shown indeed,
distances were 2.791(2) and 3.545(2) A, respectively, again shorter than the sum of the van der
Waals radii of the respective atoms. Interestingly, the Sn---O distance is shorter than the one
found in the symmetrical (PO)C(PO) tin complexes (3.353(3) and 3.355(3) A).% In contrast,
the Sn---N distances were considerably longer, being 3.883(3) A for 36a and 3.626(2) A for
36b indicating that there is no significant intramolecular Sn---N interaction. The addition of I,
and moisture to 36 afferded-resulted in the formation of pseudo-pincer complexes by the
presence of a hydrogen bond between the (Sn)OH ligand and the nitrogen atom. Pseudo-pincer
complexes have been previously described and are formed by a non-covalent interaction of one
arm of the “pincer” ligand with a ligand on the metal center.®’

/ / \ H._ H |
/N /N |2 /N so/ _l
- A\
5 SnR, H,0; or Sg % SnR, _moisture % SnR,
Fe PPh, Fe “P=D for 36a = “P =0
o > ™ ™
35a, R = Ph 36a,D=0,R=Ph 37a
35b, R =Me 36b, D =S, R=Ph
21,
moisture
for 36a

38a, R =Ph

Scheme 8. Reactivity of ferrocene-based Sn complexes with a pincer type scaffold.®’

2bl. Metallocene-based pincer-metal complexes of type A°’.

Loépez and co-workers prepared a ferrocenyl Schiff base by the condensation of ferrocene-
carboxaldehyde and 1-aminophenol (Scheme 9).5% 7 The Schiff base was then reacted with
[PtCI,(DMSO);] in the presence of [Na(OAc)]. They observed that when using methanol, a
mixture of complexes was obtained, while ortho-cyclometallation hardly occurred. In contrast,
using a toluene/methanol (4:1) mixture, the formation of an ortho-metallated C,N,O-pincer
complex 39 was observed as the major product. Although, formally, in 39 the three donor
atoms, in a CCPNimineQphenol grrangement, are in one plane and the pincer manifold is covalently
bonded to the metallocene unit, it is the relation between the metallocene-Fe atom and the Pt(II)
atom in the dianionic C,N,O-manifold that is a very flexible one and is in kinetic sense less
rigidly organized.
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Scheme 9. Reaction of a ferrocenyl Schiff base with [PtCl,(DMSQ),] in various solvent mixtures. In
methanol exclusively the cis- and trans-Cl, O-Pt(II) coordination compounds 40 are formed whereas in
a 4:1 MeOH/toluene mixture ortho-cyclometallation occurs with formation of the ferrocenyl-Pt(I)-cis-
pincer complex 39. It must be noted that in 39 the pincer platform is different from the CpMPCPP-
M’L, discussed above, see text.>8

2b2. Reactivity.

In 2010 Loépez and co-workers reported the synthesis of a series of Schiff bases bearing a
thiophene group, instead of the phenoxy-O donor anion in 39, and then synthesized the Pd(II)
derivatives by reacting the pincer ligand precursor with [Na,PdCl,] in the presence of sodium
acetate (Scheme 10).”! The pincer motif in these complexes is monoanionic and primarily
consisting of a monoanionic, C°? Nimine bjdentate-bonded ferrocenyl unit with potentially, i.e.
depending on the tether-length between Nimine and Sthiophene an additional S-Pd interaction. This

latter interaction then installs the pincer motif, which, however, is kinetically instable and
flexible.

Interestingly, the addition of triphenylphosphine to the metallocene-based pincer complexes
41 and 42 preduced—the resulted in de-coordination of the thiophene ligand, and the
coordination of the triphenylphosphine. This suggested that cyclic thioethers form relatively
labile Pd-S bonds. Furthermore, the exchange of the chloride by triphenylphosphine was
achieved by the addition of a strong halogen scavenger (TIBF,). Two years later, they explored
the reactivity of the ferrocene-based Pd(II)-pincer complexes towards alkynes (Scheme 10).72
Interestingly, the pincer-Pd bond undergoes an insertion reaction of the alkyne, probably
favored by the lability of the thiophene-S-Pd interaction. If an excess of the alkyne is present,

Published on 20 December 2021. Downloaded by FAC DE QUIMICA on 12/20/2021 9:45:46 AM.

a double insertion of alkyne occurs, producing a final complex with C-Pd o- and m-bonds. The
double insertion also depends on the nature of the substituents on the alkyne. Electron-donating
groups favored the double insertion, while using electron-withdrawing group, the mono-
insertion product ean-be was isolated. This approach has been extensively studied by Pfeffer et
al. for the reaction of, for example, PAdC1(CsH4CH,NMe,-2) dimer with different alkynes.”3-33
The insertion of alkynes into the non-metallocene based complexes is controlled by steric
rather than electronic factors.%?
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Scheme 10. Ferrocenyl Schiff base complexes, CpFeNImine CCpSThiophene_pd(C], and their reactivity with
alkynes.”!- 72

2cl. Metallocene-based pincer complexes of the type B

In 2003, van Koten and coworkers reported the first example of metallocene-based pincer
complexes of the type B (Scheme 11).3* In these complexes the metallocene entity is para-
bonded to the aryl ring of the pincer-ML, unit. Consequently, electronic communication
between the Fe and Pd center is occurring by a combination of mesomeric and inductive effects
exerted by the para-substituent effect of the CpFeCsHy-grouping. Conversely, the PACI unit
through the arene’s para-C 1 and o effects affects the metallocene’s properties, vide infra.8>
The synthesis of those compounds was achieved in two steps. First, reaction of the arene
precursor Fe[n’-CsH4(NCNH)], with two equivalents of ‘BuLi yielded a mixture of the
corresponding mono- and di-lithiated products. Subsequent transmetalation with
[(Me;S),PdCl,] afforded a mixture of the mono- and bis-palladated compounds 57 and 58,
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respectively. Cyclic voltammetry data revealed that the iron fragment in these myltimetdllic
complexes is easily oxidized because the PdCl moieties can act as electron releasing
substituent, vide infra Scheme 19.3¢ The Fe(II)/Fe(III) oxidation potential for the monometallic
specie was 0.03 V, while for complex 58 was -0.03 V.

valez
MeoN
(< -
MezN
i. 'BulLi
ii. [Pd(SMe,),Cl,]
TMez
Me,N Pd-ClI
Fe |
S

Me,N
NMez
Me,N Pd-Cl

CI-Pd NMe,

%
2

Me,N 58
Scheme 11. Synthesis of metallocene-substituted NCN arylpincer-Pd(II) complexes (type B).3*

The set of metallocene-based pincer complexes of type B was expanded following two
synthetic—approaches, Twe different methodologies were—folewed to obtain the respective
CpFeCsHy(CC),(NCN)PA(II)CI or Pt(II)CI (n = 0 or 1) derivates, see (Scheme 12).87- 88, The
first strategy comprised reaction of the metallocene-pincer precursor with "BuLi followed by a
transmetallation reaction. The second strategy involved the synthesis of the iodide precursor
from the organolithium complex. Subsequently, using a low valent Pd or Pt precursor,
[Pdy(dba);- CHCIls] or [Pt(4-tolyl)>(SEt,)],,%% %0 respectively, oxidative addition of the C-I bond
afforded the corresponding Pd and Pt derivatives. Interestingly, the presence of the alkynediyl
linker, between the metallocene and the pincer fragment, produced the bimetallic species in a
considerably lower yield as compared with the bimetallic one lacking this linker. Likewise,
cyclovoltammetry experiments revealed that the presence of the alkyne group produces a shift
of the Fe(II)/Fe(Ill) redox potential to more positive values, which most likely is due to the
electron-withdrawing character of the triple bond. Interestingly, coordination of palladium (62,
63) or platinum (64), cf., produced a slight shift to negative potential values in comparison with
the free pincer ligand precursors. A similar, behavior was described by Lang and co-workers

icle Online
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for bis(ferrocene)-bis(pincer) and mono(ferrocene)-bis(pincer) complexes derived from, PAI1 .20
and Pt(IT).%1- 92

NMe, NMe,
or —
Fe Fe
@ NMe, @ NMe,
‘ i. "BulLi
ii. 1 ii. [M(SEt,),Cl,]
NMe, Tmez
I M-X
Fe Fe |
NM NM
() ©2 1/2 [Pd,(dba)"CHCl,] S ®2
dba = dibenzylideneacetone 59, M = Pd, X = Cl
or 60, M = Pt, X = Cl
1/2 [Pt(4-tolyl)»(SEt,)]» 61, M=Pt, X=1
or or
NMe, NMe,
— | — M—X

) M, = e
62, M =Pd, X=Cl
63, M=Pd, X =1
64, M =Pt, X =Cl

Scheme 12. Synthesis of ferrocene-based Pd(II) and Pt(II)-pincer complexes.?’

The reversible n!-bonding of SO, to the Pt center of NCN-pincer platinum complexes,
involving interaction of the filled d,>-Pt orbital (acting as an L-type ligand) into the empty o*-
SO, one, is notable because it produces a color exchange from colorless to orange.”3-
Electrochemical properties of the SO,-coordinated (65) and the SO,-free compound (60) in
solution were studied showing the different redox potentials of Fe(Il) in the SO,-coordinated
and SO, free state (Scheme 13).87 These observations, both by colorimetric and voltametric
analysis, revealed that the reduced electron density on Pt(II), caused by the SO, coordination,
is relayed to the Fe atom of the ferrocene, thus causing a decrease of the Fe redox potential.
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Scheme 13. n'-Coordination of SO, (filled d,>-Pt orbital into the empty 6*- SO,) to the Pt(II) center of
ferrocene-based Pt(I)-pincer complex 60.%7

Recently, Yoshizawa and Nishibayashi reported the synthesis of a series of metallocene mono-
and bis-(PNP-pincer molybdenum) derivatives carrying one or two PNP-pincer ligands of
which all three coordinating sites are neutral two-electron donors.”®1% The reactions of both
the metallocene-mono-PNP- and di-PNP-pincer ligands with [MoX;(THF);] afforded the
desired complexes in good yields, see Scheme 14. These CpMCsHy-PNP-pincerMoX; and
M(CsH4-PNP-pincerMoXs3), complexes (66, 67 and 68) showed excellent reactivity towards
molecular dinitrogen. Notably, the reaction of these metallocene-PNP-pincer Mo(Ill)
complexes in the presence of Na-Hg under N, afforded dinitrogen-bridged dimolybdenum-
dinitrogen complexes.'?-19 In the presence of cobaltocene and 2,6-lutidinium triflate
([LutH](OTY)) these complexes are catalysts for the transformation of N, into NHj3. The
proposed catalytic cycle, involving electron and proton transfer, is shown in Scheme 14. In
2015, Yoshizawa described that merger of a ferrocene fragment with the PNP-pincer Mo
fragment enhanced the catalytic activity of the Fe-Mo catalyst, indeed, by accelerating the
reduction steps, as a result of electron transfer from the Fe atom in the ferrocene to the Mo
atom in the pincer ligand.”® 19 In fact, the occurrence of such interaction was confirmed by
electrochemical and theoretical studies. Likewise, the catalytic reaction can be accelerated by
the presence of electron-donating groups such as -OMe at the aryl-pincer core, thus promoting
the protonation step of the coordinated N, ligand. It is worth to note that the ferrocene-bis(PNP-
pincer Mo) derivatives showed lower activity than their mono-metallic analogues.
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Scheme 14. Synthesis of NH; from N, catalyzed by metallocene-based Mo-pincer complexes.®3-100

2d1. Metallocene-based pincer complexes of the type C

In the literature, there are few examples of complexes of type C.'%18 The bimetallic
compounds consist of a ferrocene moiety, that contains on one of its Cp rings a set of ortho
positioned substituents that can function as ligands to a second metal center, i.e., a Nimine, P
bidentate ligand and a monodentate P’ ligand.!% When all three donor sites coordinate to a
second metal site a neutral pincer-type manifold is created, see Scheme 15. In this structure the
cyclopene-1,2-diyl element is placed in a bridge between two of the donor atoms.
Consequently, it is worthy to note that although the metallocene and a pincer type fragment are
present, communication between the two metal centers will be absent or very weak.
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69b, (R, R, Src), R = Ph
69c, (R, R, Src), R = Cy
69d, (S, S, Src), R = Pr

Scheme 15. Synthesis of ferrocene-based (P,N)P -coordinating pincer-Fe(II)Br(CO)H complexes.!%

However, it is obvious that because of the planar chirality in combination with the fact that the
substituents at the Cp ring are different, these compounds exist as a complex set of
stereoisomers. Zirakzadeh and co-workers reported the two-step synthesis of ferrocene-based
Fe(ID)-pincer complexes.!% First, the rac-CpFeCsH;(P,N)P’-ligand is reacted with anhydrous
FeBr, which yields a P,N-bidentate coordinated rac-CpFeCsH;(P,N)P’FeBr, complex.
Subsequent exposure of the latter complex to CO (1 atm), followed by the addition of NaBH,
yielded the corresponding rac-iron hydride compounds in which the (P,N)P’ manifold is
bonded as a k3-(P,N)P’ tridentate coordinated pincer motif.

Isolated and characterized Detected by 3'P NMR
by X-ray diffraction at -80 °C
F@ -
e
Fe

R,P X

X
I - _N-Fe”-PR,
P e, x
PR Fe

Fe
@ @

K“PN
703, (SFC’ SFC)7 R= Ph, X =Br
70b, (Sre, Sea), R = Pr, X = Br
70c, (SFc, SFC)1 R=Ph, X=ClI

K°PN,P
71a, (SFC’ SFC)! R =Ph, X =Br
71b, (Sec, Sec), R="Pr, X =Br
71c, (Sec, Src), R=Ph, X =Cl

Scheme 16. Different coordination modes of a k2-(P,N) and k3*-(P,N)P’ ligand.'%

It is noteworthy that the (P,N)P’-pincer ligands in 69 contain a five- and a six-membered
chelate ring having the central N-Fe coordination bond in common. When the five-membered
ring is extended to a six-membered one, see Scheme 16, only the P, N-chelate product is formed
in the solid state.

Temperature dependent 3'P NMR experiments revealed that in solution P’ behaves as a
dangling ligand; at low temperature (-80 °C) P’-Fe coordination is observed whereas at higher
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temperatures it is present as a free donor site. Consequently, these complexes exist in,solufioH . 250s
as an equilibrium between k2-(P,N)- and k3-(P,N)P’-bound species (Scheme 16).19

2el. Metallocene-pincer metal sandwich compounds
An obvious extension of the ways to merge a metallocene with a pincer-metal complex, see

the series A-C in Scheme 1, is to combine a half sandwich type complex, e.g. arenophiles
[CpRu]" and [Cp*Ru]", with the pincer metal complex, i.e., making use of the n®-binding of
arene pincer’s T system to a half sandwich CpM-cation. The first example of this approach,
reported by Bonnet et al, is shown in Scheme 17. This approach has great flexibility and is
applicable for the many examples of pincer-metal complexes containing an arene derived
carbo-anion.109-114

NMe, R _é_R M
| 1.1eq [RUCSRS)(CHCN)IY)  R——R

M-CI Ru I}lMez
| CH,CI,, 1-5 days, r.t. C\g'\"—c'
NMe

2 NMe2

72,M =Pd, R=H, Y = PF,
73,M=Pt,R=H, Y = PFg

74,M =Pd, R = CHj,, Y = BF,
75,M = Pt, R=CHj, Y = BF,

Scheme 17. First examples of metallocene-pincer metal sandwich compounds.®

When a parent pincer metal complex is used, in which the two flanking donor sites are different,
an aryl-pincer-M’ complex with planar chirality is created. Coordination of the arenophilic

CpM-cation to pincer’s Tt system then affords diastereomeric compounds, see Scheme 18.1%%
115
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Scheme 18. Synthesis of heterobimetallic sandwich-type complexes via a direct route involving
coordination of the arenophilic CpM-cation directly to pincer’s T system of a pre-made pincer-metal
complex. Two easy ways are shown how to create diastereomeric metallocene-pincer metal sandwich
compounds starting from planar chiral pincer-M’ moieties; a) by using different flanking donor arms
and b) starting from an unsymmetrically substituted arene ring system.

The formation and presence of the diastereoisomeric compounds could be established in
solution by NMR using the enantiomerically pure TRISPHAT anion and in the solid state by
X-ray diffraction.!%% ' In a different manner, Le Lagadec et al. created planar chirality of the
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pincer moiety by using an unsymmetrical arene flanked by two OPR, donor sites.!!> Reaction
of the resulting napthoresorcinate-based pincer complex with the CpM-cation afforded the
corresponding half-sandwich pincer complex. This strategy allowed the synthesis of
heterobimetallic complexes that incorporate the pairs Ru/Ni, Ru/Pd and Ru/Pt. The
incorporation of Fe(Il) and Cr was also possible, see Scheme 18.

The extent of electronic communication in these heterobimetallic species in Scheme 19 could
be established by computational chemistry, electrochemical measurements and by ' Pt NMR.
For the parent 4-substituted NCN-pincer platinum(Il) chloride compounds extensive studies
showed that the Pt-Cl grouping is a very strong EW grouping (comparable with NO,) whereas
mesomerically it behaves as a very strong ER substituent; the overall effect (on 4-R, Hammett
6y) equals that of a NMe, group.'!® The result of a recent DFT calculation confirmed these
conclusions.® Using these results and measuring the 'Pt NMR shifts (under standard
conditions) of 73 and 75 afforded the plot shown in Scheme 19. It revealed that coordination
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of the Cp*Ru cation has a comparable effect as R = NO, but is a less strong arengphilg-tHan .00
CpRu cation itself. However, both have EW effect comparable or even larger than that of a R
= NO,, see the series of parent 4-substituted NCN-pincer-PtCl compounds in Scheme 19.8¢

OH
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1 0.5 0 05 10 G
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=170.76x - 3137.8
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R2 0.9496 =
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Cgp:t-m
NMez
I‘|\IMe2
R—ng’t—CI
NME2

75
R = -NH,, -OH,-Bu,-SiMe,
-H, -1, -COOH, -CHO, -NO,

-3250+ Op¢ (ppm)
Scheme 19. Extension of the dp = f(,) linear relationship established for para-substituted NCN-Pt

pincer complexes (solid black d1amonds)“7 to n®-modified complexes 73 and 75 (solid blue dots),

figure adapted from ref 86.8¢

This conclusion was also supported by the tendency to bind the electrophiles I, and SO, in the
series shown in Scheme 20. The parent NCN-pincer PtX compound is binding to both I, and
SO, to provide NCNPtI(n!-I,) and NCNPtI(n'-SO,) complexes, respectively. This bonding
involves coordination of the filled d,?> of Pt donating as an L-type ligand into the 6* of either I,
or SO,.114

a)
NMe, S0,
| SO, | NMe,
F|’“C' Pt-Cl
1
NMe, NMe,
b)

N ™

(Y)
- NMe2 Ru TMez
u
f(o Core Ok
Pt-Cl Pt-CI
CgPt cl |
NMez NMe2 NM32

73, R=H, Y = PF; 84
75, R = CHy, Y = BF,

Scheme 20. Reaction of SO, with; a) the parent NCN-pincer PtCl complex, and b) with one of the nS,
N'-NCN-pincer arene ruthenium-platinum complexes 73, 75, 83 or 84.114


https://doi.org/10.1039/D1DT03870B

Page 21 of 31 Dalton Transactions

Calculations showed that n!-coordination of SO, to 73 is theoretically possible but leads £8:45;5.2705
0.1 A longer Pt-S bond and 21 kJ.mol! weaker binding energy for 73 than for 83. An
interpretation of this weakened platinum-SO, interaction was provided based on, 1) the
electron-withdrawing effects of the n°-coordinated ruthenium fragment (“through bond
interaction”), and 2) the destabilizing charge—dipole interactions between the positive charge

of the ruthenium center and the dipole moment of the SO,-coordinated NCN-pincer platinum
fragment (“through space interactions”).!14

3. Catalysis

Heterobimetallic metallocene-based pincer complexes of type A have been used as catalyst in
a range of different reactions (Scheme 21). Koridze and Sheloumov evaluated the catalytic
activity of neutral and cationic palladium derivatives in the Suzuki-Miyaura cross-coupling
using a triphasic organic/Aliquat 336/aqueous system.®! Under these conditions the cationic
complex performed better than the neutral species. This is probably due to a consequence of
the modification of the electronic donor properties of the pincer ligand produced by the
oxidized ferrocene fragment, which favored the reduction of Pd(II) to Pd(0), and thus the
catalytic reaction may operate through a classical cycle of Pd(I1)/Pd(0).

On the other hand, the catalytic activity of the ferrocenyl-based Pd(II)-pincer complexes of
type A’ (41, 42 and 86) was tested in the allylic alkylation of (E)-3-phenyl-2-propenyl
(cinnamyl) acetate with sodium diethyl 2-methylmalonate (Scheme 21).7! This reaction affords
three products: linear trans-(E) compound, the branched derivative and 1-cinnamyl-3-ethyl-2-
methylmalonate. Both complexes 41 and 42 performed similarly yielding a 95 % conversion
in 138 h. Complex 41 showed a slightly higher selectivity towards the formation of the linear
product (molar ratio 84:5:11 vs 78:7:15 for 42). However, ferrocenyl Schiff bases with a linear
thioether moiety such as 86 showed higher catalytic activity.!'® The latter complex reached 90
% in 44 h, with a high selectivity (molar ratio linear/branched product 98.6:1.4).
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Suzuki-Miyaura cross-coupling catalyzed by ferrocene-based Pd-pincer complexes®’ 5o 101030/010T038708
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Scheme 21. Catalytic applications of ferrocene-based Pd-pincer complexes, see text.

Furthermore, the catalytic activity of the bimetallic dihydride complexes of type A, 87 and 88,
was evaluated in the transfer hydrogenation of tert-butylethylene with cyclooctane (Scheme
22).5° The reaction was carried out at 180 °C for 8h. The ferrocene derivative showed a slightly
better performance than the ruthenocene analogue, with TON’s of 3300 vs 2571. Interestingly,
these TONs values were higher than those values with the non-metallocene pincer-metal
derivative. According to Koridze and co-workers, this better activity of the metallocene-pincer
metal derivatives of type A is due to a combination of steric and electronic factors produced
by the fixed and close M---M’ arrangement achieved in type A bimetallics.>®
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Scheme 22. Comparison of the transfer hydrogenation reactions of tert-butylethylene with cyclooctane
catalyzed by, respectively, the IrFe-, [rRu- bimetallic complexes with the activity of the mono Ir-based
pincer complex.>

The catalytic activity of the, stereochemical pure, hydride compounds of type C, 69a-69d, was
evaluated in the asymmetric hydrogenation of ketones (Scheme 23).19% The S§,S,Sk.
diastereomer 69d showed a 92% conversion but did not show any enantioselectivity. In contrast
to this lack of stereoselectivity of 69d, the R, R,Sg. complexes, 69a and 69c displayed the best
conversions and enantioselectivities, for example, using acetophenone and complex 69a the
conversion was 96% and 81% ee. Using acetophenone derivatives as substrate; complexes 69a
and 69c¢ performed excellently, but substrates bearing an electron-withdrawing group 4-R’,
such as -CFj3, showed considerably decreased enantioselectivities.
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Scheme 23. Synthesis of secondary alcohols via hydrogenation of ketones.!%4
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Recently, Mn pincer complexes have attracted much attention due to their remarkably High: 2005
catalytic activity in hydrogenation/dehydrogenation processes. Recently, Clarke and co-
workers described the catalytic activity of a bimetallic ferrocene-based Mn-PNN-pincer
complex of type C (Scheme 24).1% The complex showed an excellent catalytic activity in the
hydrogenation of pro-chiral ketones, reaching 99 % yield, and ee’s between 61 and 97 %. The
catalyst was also active in the hydrogenation of esters. In fact, the activity of such complex is
comparable, and in some cases higher than that described for related catalysts.!!’® 120 For
example, the PNNNP-Mn pincer complex reported by Kempe and co-workers, reached a 82%
yield for the hydrogenation of 2,2-dimethylpropiophenone in 24h using an hydrogen pressure
of 20 bar and a temperature of 80 °C.'?* Whereas employing Clarke’s conditions (Scheme 24)
the yield was 99% in 16h.

In a similar approach, Zirakzadeh and Kirchner prepared a PNP Mn-pincer complex of type C,
91a.'%7 The reaction of this complex with [NaBH,] affords a mixture of isomer hydride species,
91b, due to the exchange reaction of one bromine by a hydride ligand. Complex 91a was tested
in the asymmetric transfer hydrogenation and asymmetric hydrogenation reactions of
acetophenone (Scheme 24). As the authors observed that the reactions produced the same
conversions and ee’s both in the absence and in the presence of dihydrogen it was concluded
that iso-propanol is the true hydrogen donor in this process. The screening of different
substrates afforded conversions and ee’s up to 96 % and 86 %, respectively. Preliminary DFT
calculations, indicated that the actual active species is the hydride specie 91b. The latter
intermediate which is generated under the applied reaction conditions proceeds through an
outer-sphere mechanistic pathway.

In 2020, Wen and Zhang reported a series of Mn PNP-pincer complexes of type C and
evaluated their catalytic activity in the hydrogenation of acetophenone with dihydrogen in
methanol (Scheme 24).1% The most active catalyst reached a TON and ee up to 2000 and 99
%. According to DFT calculations, the flexibility of the 5-membered ring in type C complexes
is responsible for the observed high enantiomeric induction.
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Hydrogenation of pro-chiral ketones and esters reported by Clarke%
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Scheme 24. Hydrogenation reactions catalyzed by metallocene-based Mn-pincer complexes.

4. Conclusions

Four likely paths to merge a metallocene and a pincer-metal building block, see A, A’, B and

C, in Scheme 1, were explored to provide an answer to the question raised in the title of our
perspective. For each of these approaches representative examples from the literature,
regarding their synthesis, characterization, and reactivity, specifically as (pre)catalytic material
in organic synthesis, were displayed and discussed.

Incorporation of different (organometallic) functionalities,

either complementary or

orthogonally, in one molecule can be of interest, for example, as it allows the development of
materials in which these functionalities function as construction sites (e.g. the synthesis of
MOF’s), of catalysts in which each of the sites catalyze different, orthogonal, conversions or
provide to the overall molecular assembly distinct stereochemical properties.
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The closest possible integration of the metallocene and (cyclopentadienyl)pincer-metal matifs: .00

is present in mergers A and to a lesser extent also in A’. Whereas in A the two pincer arms,
flanking the C*-M bond, are directly fixed in 2- and 5-positions, it is in A’, having a
CH,DCH,CH,D’ in the 2-position that installs, instead of a trans-D,C?,D-, present in A, a cis-
C®,D,D’ pincer motif. An obvious consequence of the cis-C,D,D’ arrangement is that in A’
the cis-pincer ligand arrangement can easily switch back and forth between terdentate cis-
C,D,D’ coordination and a bidentate C®?,D-binding, with a dangling D’-donor site. A
common, unique, aspect of A and A’ is the “fixed” arrangement of the (metallocene)-M and
(pincer)-M’ metal sites. This is reflected by the electronic communication/Coulombic effects
observed in the M---M’ manifold which can be manipulated by changing the oxidation state of
M, i.e., oxidation of M enhances the electron withdrawing effect on M’ thereby affecting the
reactivity of M’, e.g. when involved as catalyst, see Scheme 21. Finally note that both M and
M’ interact electronically with the CCP-anion that eventually promotes electronic
communication, vide infra.

Merger B can be considered as an (aryl)pincer-M’ motif carrying a metallocene-M motif as a
para-substituent. The M---M’ electronic communication will be through mesomeric and
inductive effects exerted by the metallocene substituent involving the aryl’s 6- and m-system,
cf. Scheme 19, vide infra. Notably, this means that in B similar as in A and A’ a direct through
bond electronic M---M’ communication is possible but that M and M’ are too far separated for
through space interaction. Whereas the metallocene motif in B can be seen as a substituent to
the arylpincer

motif, in C the metallocene is just involved in the connecting chain between D and D’ of a
terdentate, neutral D, D’, D’’-pincer motif. In practice, the chelate D, D’-bidentate bonding to
M’ is stronger than the tridentate D, D’, D’’ bonding, i.e., like observed for A’ the D’’-donor
site acts generally as a dangling ligand, see Scheme 15.

Furthermore, metallocene-pincer metal sandwich compounds can be easily synthesized by
reacting arenophiles, such as [CpM]" and [Cp*M]", with an aryl-pincer metal complex. When
the aryl-pincer metal complex has a non-symmetrical backbone, this approach provides a
suitable and accessible strategy to create diastereomeric pincer-metal sandwich compounds,
providing an excellent opportunity for the development of new, stereoselective catalytic
systems. Finally, the n°-binding of the arenophile to the pincer backbone may allow the
modification of the electronic properties of the pincer ligand, due to its electron-withdrawing
character.

S. Outlook
One of the interesting and exciting aspects of the merger of metallocene- and pincer-metal
motifs are its stereochemical consequences, i.e., as both motifs are platforms, that have planar
chirality, their merger generally creates a mixture of stereoisomeric, bimetallic species. As in
a number of cases it has already been shown that enantio- and diastereo-isomerically pure
bimetallic species are formed and isolated, their application in stereoselective catalysis is
obvious, see Scheme 24. A switch from metallocene to half sandwich complexes brings about
another type of merger between (aryl)pincer M’ and an arenophile [CpM]" via a n-type of
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bonding, see Scheme 17 and 18. The resulting bimetallic, monocationic complexes pf typ¢
can be obtained with high diastereo-selectivity and enantiopurity by using the chiral
TRISPHAT anion, see Scheme 18. This very versatile approach, in view of the tremendous
diversity of non-symmetrical pincer-metal complexes described up to date, provides a facile
access to diastereomeric metallocene-pincer metal sandwich compounds.

In the designs reported above the second cyclopentadienyl ring was solely either a Cp or Cp*
grouping. However, this ring could also be used, after proper substitution, in material synthesis,
for example, for anchoring the bimetallic species to an electrode or nanosized species like
dendrimers, or to an electrode surface. Recently, the latter application has been reported.!?!
Moreover, as also the pincer metal system is prone to become involved in non-covalent
interactions, by introduction of a suitable functional group at the second Cp-ring, the formation
of polymeric and other functional materials could be envisaged.
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