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ARTICLE INFO ABSTRACT
Keywords: Rigid terdentate ‘pincer’ ligands containing a bridgehead N-heterocyclic carbene (NHC) donor attract consid-
Pincer ligands erable interest as spectators in transition metal complexes with broad scope and potential applications in the
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Hybrid ligands
Hemilability

Metal complexes
Catalysis

fields of catalysis, medicinal chemistry and material science. This review aims at compiling and evaluating the
developments occurring in the area of complexes with these ligands. The various donor groups in the side-arms
that can be associated with the bridgehead NHC donor provide considerable diversity and tunability of the pincer
system. In addition to the distinct structural and reactivity features that are discussed in detail, comparisons with
related pincer complexes based on all-classical donor sets or mixed donor sets with NHCs at the side-arm(s) only
have been undertaken. The review comprises five major sections: the first attempting to differentiate the NHC
bridgehead donor as structural element in the pincer ligand design; the following three describing in detail the
synthesis, characterization and reactivity of metal complexes with ligand topologies featuring one, two or three
NHC donors, respectively; finally the fifth compiling in a tabular format the catalytic applications of the com-
plexes discussed previously, organized as a function of the catalytic reaction, the metal and the ligand type. The
review provides a rationally organized coverage of the literature since 2005 in a diverse and fast expanding field
dealing with pincer ligand design.

1. Introduction introduced by Moulton and Shaw in the late 1970s [1], and are now
commonly referred to as ‘pincer ligands’, a term that was coined by G.

Terdentate ligands that bind to a metal in meridional or pseudo- van Koten et al. in 1989 [2]. The adoption by the pincer complexes of
meridional fashion in a controlled and rather rigid manner were persistent, well-defined and modular structures that can be tuned with

Abbreviations: v, frequency; A, heat; 1D, one-dimensional; 2D, two-dimensional; NOESY, Nuclear Overhauser Effect SpectroscopY; COSY, COrrelation Spec-
troscopY; HRMS, High resolution mass spectroscopy; Ac, Acetyl; OAc, Acetate; OAcF, Trifluoroacetate; acac, Acetylacetonate; Ar, Aryl; BArY, tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate; DCM, Dichloromethane; dmpm, Bis(dimethylphosphino)methane; HMDS, Hexamethyldisilazide; IMes, N,N’-bis(2,4,6-trimethylphenyl)
imidazol-2-ylidene; IXyl, 1,3-bis(2,6-dimethylphenyl)imidazol-2-ylidene; Np, neopentyl; NpH, Neopentane; Xyl, Xylyl; pes, effective magnetic moment; pp, bohr
magneton; p-cymene, 4-isopropyltoluene; PNB, Polynorbornene; bpy, Bipyridine; Bn, Benzyl group in benzyl ethers or benzoates; COD, 1,5-cyclooctadiene; COE,
Cyclooctene; Cp, Cyclopentadienyl; Cy, Cyclohexyl; DiPP, 2,6-diisopropylphenyl; DME, Dimethoxyethane; DMF, Dimethylformamide; DMSO, Dimethylsulfoxide;
DPI, bis(imino)-pyridine; dppm, bis(diphenylphosphino)methane; SiP3, tris(dimethylphosphinomethyl)methylsilane; 18-C-6, 18-Crown-6-ether; EPR, Electron spin
resonance; eq., equivalent; Et, Ethyl; Et,O, Diethyl ether; ESI-MS, Electrospray ionization mass spectrometry; h, hour; Hz, Hertz; iPr, iso-propyl; IR, Infra-Red;
KHMDS, Potassium hexamethyldisilazide; NaHMDS, Sodium hexamethyldisilazide; LDA, Lithium diisopropylamide; LiHMDS, Lithium hexamethyldisilazide; m-,
meta-; MAO, Methylaluminoxane; Me, Methyl; MeCN, Acetonitrile; DMAD, Dimethyl acetylenedicarboxylate; Mes, Mesityl; min, Minute; MMAO, Modified meth-
ylaluminoxane; NBD, Norbornadiene; nBu, n-butyl; NHC, N-heterocyclic carbene; NMR, Nuclear magnetic resonance; o-, ortho-; p-, para-; Ph, Phenyl; ppm, parts per
million; Pip, Piperidine; Py, Pyridine, pyridinyl; RT, Room temperature; RE-NHC, Ring-Expanded NHC; tBu, tert-butyl; Tf, OTf, OTs, Triflyl, triflate, tosylate; TFA,
Trifluoroacetic acid; THF, Tetrahydrofuran; TMED, N,N,N’N’-tetramethylethylenediamine; TOF, Turnover frequency; TON, Turnover number; Tpy, 2,2:6,2-ter-
pyridine; tol, Tolyl; Ts, OTs, Tosyl, tosylate.
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regard to their electronic and steric parameters and rigidity opened the
way to the discovery of distinctive coordination, organometallic chem-
istry and reactivity, which on many occasions differentiate these com-
plexes very significantly from non-pincer analogues. Accordingly, the
pincer ligand design concept opened the way to the study of structures
and reactivity of complexes in a broad range of experimental conditions,
leading to a growing number of applications in catalysis, medicinal
chemistry and materials science. A schematic representation of the
pincer platform and its tunable molecular variables is given in Chart 1.

In the structures from the early days, the bridgehead donor atom D*
was frequently part of a (hetero)aromatic or aliphatic backbone, e.g. the
N-atom of a pyridine ring or the negatively charged C2-atom of a 1,3-
disubstituted aryl; it was flanked by two identical (i.e. D?>=D% or
(rarely) different (i.e. D? #+ D?) classical neutral or anionic donor groups;
common donors D? and D® could be phosphane, amine and imine or
alkoxide and carboxylate, connected to the bridgehead by a short spacer.
This arrangement on metal coordination usually generated two fused,
five-membered metallacycles. The combined electronic (mainly
o-/n-donor/acceptor) and steric effects of the D! and D?/D® donors were
used empirically in an ad hoc manner for the development of ligand
design ideas and the rationalization of experimental structural and
reactivity findings. The overall effects were the modulation of the
electron density at the metal center and its steric accessibility that
determined the reactivity at the metal.

In the last two decades, the subtle and sophisticated electronic
structures of pincer ligands and complexes have reached a new level of
understanding. In part, crucial for these developments were the ad-
vancements in the electronic structure elucidation methodologies by
experimental and computational techniques. For example, the fine
structural and reactivity differences of pyridine-bis(imine), pyridine-bis
(phosphane) and pyridine-bis(NHC) (NHC = N-heterocyclic carbene)
complexes (vide infra) with various metals (in particular 3d), led to the
establishment of the ideas of redox non-innocence in the pincer chem-
istry, which are flourishing to the present [3-5]. Furthermore, the pincer
structure can participate in chemical (catalytic) reactions and cooperate
with the metal by ‘lending to’ and ‘borrowing from’ it hydrogen atoms
during the reactions [6,7]. Thus, the pincer ligand is not any longer
restricted to a spectator role but can engage in cooperative reactivity
with the metal center.

The emergence of stable and isolable NHCs after the seminal con-
tributions of Arduengo, Bertrand and coworkers [8-12] had also a
knock-on effect in the progress of the pincer chemistry. Thus, the
pyridine-bis(NHC) ligand backbone (Chart 2a) was first reported by Lin
and coworkers, adopting a bridging coordination mode in mercury

backbone

Bridgehead
donor

wie-opis

D3

4_ -Side-arm
donor

Side-arm_ _A
donor

DZ_M—

Chart 1. A modular pincer complex platform with its diversity stemming from:
(i) the donor groups Dz, D? in the two side-arms can be chemically identical or
different and the connecting spacers of the same or different nature and length,
respectively; (ii) the bridgehead donor D! (always a CNHC donor in this review),
is part of diverse organic frameworks (e.g. an aromatic or heteroaromatic ring
etc.) here is denoted by the triangle; (iii) the metal center M; (iv) the col-
igands X,Ly,
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Chart 2. The first pincer backbones with NHC donors that led to structurally
characterized and well-defined complexes

complexes of double helical structure [13]. Soon thereafter, the pincer
coordination mode of a and the corresponding lutidine backbone (b in
Chart 2), pincer ligands and their bulkier aryl analogues were charac-
terized on palladium and ruthenium complexes by Crabtree and Dano-
poulos, respectively [14-16]. Furthermore, the NHC-containing pincer
motifs expanded with metals from across the Periodic Table, while the
search for architectures combining NHCs with other donor functional-
ities also intensified; these early developments were summarized in a
review [17].

Numerous reviews covering various aspects of pincer complexes with
at least one NHC donor have recently appeared focusing on specific
metals, catalytic reactions or selected topical entries. The ligand design
aspects emphasize common underlying ideas e.g. stability due to the
chelate effect, well defined and persistent donor arrangement, rigidity
and hemilability, superior c-donation by the NHC(s), steric control and
practical ligand synthesis aspects; on two occasions the electron/redox
non-innocence of the pincer ligands is also briefly mentioned [4,18-25].
A tutorial review with general concepts of pincer ligand design and ar-
chitecture has also appeared [26].

2. The case for NHC bridgehead donors in pincer ligands

In this review we focus on pincer complexes with one NHC donor
occupying the bridgehead position. A systematic classification is pre-
sented based on: (i) the ligand architecture, (ii) the nature of the side
arms, (iii) the types of donors and (iv) a comparative evaluation of the
impact of the ligands on structures and reactivity of their metal com-
plexes. Pincer ligands with NHC bridgehead donors appeared early in
the development of the NHC pincer topic; for example, in the earlier
review [17], from the dozen of pincer designs covered, almost half
included bridgehead NHC donors. However, at that time, when the
shallow parallels between NHC, trialkyl phosphane and pyridine donors
were a commonplace, the deeper understanding of the pincer complexes
was only starting to emerge. At present, with a more thorough and
diverse insight into the pincer ligands, based on numerous experimental
and computational data, there are good reasons that justify the cross
section of the topic attempted here.

2.1. The geometric constraints imposed by the heterocycle housing the
CNHC donor

The most common and ‘derivatization-friendly’ NHC structure is
based on the 5-membered imidazole and imidazoline heterocycles
(Fig. 1 A). As bridgehead functionality, the imidazol(in)-2-ylidene may
lead to strained bite angles in a terdentate metal binding arrangement, a
fact originating from the natural bite angle(s) [27] imposed by the 5-
membered ring. In extreme cases, especially with highly rigid ligand
structures, coplanar arrangement of the three donor groups and the
metal is disfavored and hemilability [28] or adoption of bidentate co-
ordination modes may be encountered. Conversely, pincer ligands
comprising the bridgehead classical donor being part of five membered
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Fig. 1. Generic frameworks of pincer complexes with NHC (A, C), acyclic
carbene (E), and classical neutral or anionic donors (B, D) at the bridge-
head position.

ring heterocycle (Fig. 1B, Y =N, O, S etc.) are surprisingly less abundant.

For example, in the Cambridge Structural Database, ca. 450 struc-
turally well-defined complexes of type B are found, with pyrrole (as
pyrrolide, Y =N") being the most common representative. Within this
group, examples of pyrrolide bridgehead with two phosphane or pyri-
dine side-arm donors are singled out (ca. 160 and 40 examples for
D =PR; and D = pyridine, respectively); the remaining comprise other
5-membered saturated or unsaturated heterocycles (with Y =0, S or N).
In this analysis, macrocyclic species incorporating ‘pincer’ subunits with
related topology (e.g. subunits of porphyrin complexes) have been
excluded. The fact that limited possibilities are available to electroni-
cally tune the pyrrole and other N, O, S donor rings is consistent with the
relatively narrow scope of pincer ligands with 5-membered ring classical
donors at bridgeheads. Analogously, tuning scope in systems with CVC
bridgehead donor as part of a 6-membered ring (C in Fig. 1) is also
limited, compared to counterparts with classical neutral or anionic
bridgehead donors (D in Fig. 1, e.g. Y =N, pyridine, lutidine; Y=C",
1,3-phenylene etc.). Despite this obstacle, the structural types C and D
constitute platforms to establish meaningful comparisons of the elec-
tronic structures and reactivities of complexes with CV€ and classical
donor bridgeheads, while maintaining other ligand topological de-
viations (natural bite angle etc.) to the minimum. Lastly, the acyclic
carbene functionality as bridgehead donor (Fig. 1E) is at the center of
some recent ligand design and M=C reactivity developments, but is
electronically disparate from the NHC paradigm, exhibiting ambiphilic
or radical reactivity [29-31]. Moreover, in Fig. 1E the geometrical
constraints associated with the natural bite angle discussed above are

16
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relaxed and dissociated from the carbene functionality.

2.2. The tuneable HOMO-LUMO gap and the o-donor-z-acceptor
electronic properties of the NHC bridgehead donor (by selecting the NHC

type)

Following the introduction of the imidazol-2-ylidenes and, subse-
quently, the development of a range of NHCs, their 6-donor/n-acceptor/
n-donor electronic properties have been recognized and rationalized by
manipulating the energies of HOMO and LUMO frontier orbitals as
summarized in Fig. 2 [32-37]. Developing this knowledge to a pincer
ligand design tool, albeit attractive, has not overtly been made. Tuning
the donor characteristics of monodentate NHCs is reasonable through:
(i) the choice of heteroatoms a-to the V¢ (e.g- N, S, O, C in imidazol-,
thiazol-, oxazol- etc.), (ii) the choice of the substituents of the N-het-
eroatom a-to the CNHC, (iii) the choice of the heterocycle ring size, (iv)
the choice of the functional groups of the heterocyclic ring at remote
positions to the CNHC (v) the assembling of mesoionic NHC structures or
(vi) the targeting of ylide-stabilized carbenes. The emerging diversity
renders the electronic character of the carbene donor functionality from
o-donating of variable strength (calculated HOMO energies from —5.6 to
3.1 eV) and negligible n-accepting, to strong c-donating and n-accepting
(e.g. in cAAC and related moieties), to 6-donating and n-donating (e.g. in
the ‘cyclic bent allenes’ and related). Although the extrapolation of data
obtained from monodentate carbene donors to NHC-containing pincer
structures may be an oversimplification, the reasoning given here shows
the unprecedented versatility and tuneability scope and potential of a
CNHC pridgehead, probably not attainable in classical bridgehead donor
functionalities.

Furthermore, the spatial anisotropy of the n-symmetry orbital of the
CNHC in conjunction with the ability to modulate torsional angles be-
tween the NHC and the metal coordination planes and, consequently,
the angle between the interacting n-C''“- and dn-M orbitals by ligand
tuning (e.g. by the choice of bridgehead-side-arm donor spacers), could
lead to the tuning of n-type M—CNHC interactions [38]. Thus, not only
the inherent - and n-donating characteristics of an NHC moiety at the
bridgehead position but also its orientation relative to the coordination
plane are crucial levers to tailor metal — ligand interactions.

Interestingly, in the following detailed discussion, it will become
evident that the mainstream of studies is mainly limited to the (benz)

|

P
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Fig. 2. Energy eigenvalues of molecular orbitals (at the BP86/def2-TZVPP level of theory) for commonly encountered mostly N-heterocyclic carbenes, along with the
frontier orbital energies of three classical c-donors (2,6-lutidine, 1,3-disubstituted-2-xylyl- and 2,5-dimethyl-pyrrolide) for comparison. The energy levels of the
carbene lone pair (¢) and the unoccupied orbital (n*) are represented as black and red lines, respectively (for the carbodicarbene in red is the occupied ). It should be
noted that the levels given do not necessarily correspond to the HOMO and LUMO; for example, in the imidazol-2-ylidene the n* carbon-centered orbital is the
LUMO-+1. From this collection of carbene functionalities in orange and blue are those that have been described in pincers as bridgehead as well as side donors and as
bridgehead donors only, respectively; carbenes in black have not been encountered in pincer designs yet. The figure has been adapted from refs 32 and 33 and
expanded. It is worth noting that for certain structural types shown, more than one resonance forms are plausible and significant, and therefore the electron dis-

tribution conveyed as written is not precise and unambiguous.
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imidazol(in)-2-ylidene functionalities, with only recent interest inten-
sifying in 6-membered NHCs ring expanded (RE-NHC) and 1,2,3-triazo-
lylidenes (see Fig. 2). Moreover, pincer ligand complexes with
carbodicarbene, carbodiphosphorane and cyclic bent allene frameworks
have recently been realized [39,40]. Understandably, due to the struc-
tural peculiarities of the bridgehead heterocycle, cAAC, abnormal NHC
(aNHC) and other inherently non-symmetrical bridgehead structures in
pincer ligands may not be amenable to straightforward, rational design
or isolation as ‘bottleable’ entities; in these cases, in-situ generation and
transmetalation complexations may become more widespread. Some of
these possibilities as applied to pincer structures will be illustrated
below.

Coordination Chemistry Reviews 514 (2024) 215757

2.3. The NHC-donor at the bridgehead exerts distinctive effects on other
coligands

These effects can be expressed as observable structural features or
variations in reactivity. Importantly, such a behavior may discern pincer
ligands with NHCs at the bridgehead and the side-arms. Accordingly, in
the former type of pincers, the well-known high trans-influence and
trans-effect of the NHC functionality is directly exerted towards a
potentially catalytically relevant coordination site, whereas in the latter
type of pincers, they may result in weaker binding along the side-arm
donors vector or in hemilability. Although the nature of these argu-
ments is easily noticed empirically, their prediction, occurrence and
quantification may require computational approaches.
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Scheme 1. The reactivity of pincer complexes with non-NHC bridgehead donor: bridgehead-atom participation in reactions leading to substrate activation or catalyst

deactivation.
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2.4. The positioning of classical donors at the pincer bridgehead may have
implications on reactivity, reaction mechanisms and metal-ligand
cooperativity

This point may be exemplified firstly, in the non-NHC regime, where
it is pertinent to mention: (i) the stoichiometric reactivity of 1,3-phenyl-
ene pincer complexes of platinum or ruthenium with electrophiles such
as CHsl or diazomethane leading to arenium complexes (Scheme 1A)
[41-43]; (ii) the migration of CO in Mo/W carbonyls (Scheme 1B) [44];
(iii) the formation of n? C—H agostic arene complexes in complexation,
hydrogenation and C-H activation reactions (Scheme 1C) [45]; (iv) the
a-hydrogen and a-alkyl elimination in P,C(sp?’),P Ir pincers (Scheme 1D)
[46]; and (v) the B-ipso donor interaction in borohydride species also
found in amine-borane dehydrogenation reaction (Scheme 1E) [47,48].

Consequently, in the NHC bridgehead donor regime there are few

Coordination Chemistry Reviews 514 (2024) 215757

recent reports, where the CNC can be the recipient atom in group
migration reactions from the metal (the migrating group usually being
hydride, alkyl or incipient alkyl) [49-55], formally converting, occa-
sionally reversibly, the NHC into an alkyl functionality (Scheme 2A - C).
Conversely, azolium-to-NHC transformations by low valent metals may
proceed via anionic alkyls at the bridgehead position (Scheme 2D and E)
[54,56]. Migratory insertion has been rarely observed in pincers with
NHC side-arms [57,58] but reductive elimination of alkyl imidazoliums
has been more common in this case. A related transformation, which lies
at the origin of ligand/metal (Ni) cooperativity and NHC non-innocence
is encountered in the N-H activation of NH3 that occurred by the formal
1,2-addition of the N-H across the M—CNC moiety, but more likely
involving heterolytic activation, where the NHC moiety acts as proton
acceptor (Scheme 2F, right) [59]. Activation of a variety of E—H bonds
(E=H, C, N, O) by addition across the Ni-CVHC has been reported in
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tBu I\ tBu tBu I\ tBu
NN N_ N
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Scheme 2. The reactivity of pincer complexes with NHC bridgehead donor: migration reactions from metal to the

CNHC
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pincer alkyl carbenes (i.e. not NHC), and therefore the organometallic
products resemble in some ways to the NHC-bearing pincers discussed
above. Here too, the activation steps could be reversible, which is
potentially an attractive feature in catalysis [60]. Furthermore, the high
o-donating character of the central carbon moiety labilizes the ligand in
the trans position, which could be another attractive feature for the
development of catalytic reactions (vide supra). Pincer ligands with alkyl
carbenes and ambiphilic carbene bridgehead functionality (i.e. exhibit-
ing electrophilic, radical or nucleophilic character) have been excluded
from this review, however some comparisons between them and the
nucleophilic NHC bridgeheads spring up occasionally [30].

2.5. Strength of the overall metal-ligand binding

As mentioned above, the tunable frontier orbitals of the NHC are
expected to give metal-donor interactions of variable degree. However,
the strength of the overall metal-ligand binding is the outcome of a
combination of stereoelectronic factors, which could be linked to the
binding space provided by the pincer, the orbital overlap permitted by
geometrical ligand constraints and the electronic interaction of the do-
nors between each other and the metal. This may occasionally become
apparent as a measurable physical property of the complex (e.g. spec-
troscopic or magnetic behavior), rarely as disparate structural features
(e.g significant variation of metrical data) and finally as reactivity
changes. Good insights and estimation of the overall metal-ligand
binding could also be gained by comparative computational studies of
related complexes, where global bonding models could be correlated
and rationalized. As a proof of concept, the bonding analysis of the
related complexes ((a) and (b) in Chart 3) was carried out; the observed
ground state spin states (S =1 and 2, respectively) have been attributed
to tighter binding to the metal of the pincer with one NHC bridgehead
donor in (a) rather than the one with two NHC side-arm donors in (b)
[61]. Similar analyses may define precise and sometimes unexpected
pincer ligand effects.

In the following, we adhere to a ligand-based organization of the
topic, firstly partitioning the ligand family in three broad categories
bearing one, two or three NHC donors. Subsequently, within each broad
category we rank the ligands with ascending column number of the
Periodic Table to which the non-NHC (i.e. side-arm) donor atoms
belong. For the three most represented families of symmetrical pincer
ligands, i.e. with oxygen, nitrogen and phosphorus donor side-arms,
additional ligand classification based on the backbone motif has also
been adopted. Within each group of the Periodic Table, the metals are
organized with ascending group number from the left to the right; oc-
casionally and for comparison purposes, different metals belonging to
the same group of the Periodic Table are discussed together. Finally, the
catalytic applications and the existing computational studies of the
complexes are mentioned in the text and summarized at the end in a
tabular form to provide the reader with an easier overview.

2
T

N—Fe—N
Br/ Br
iPr iPr
a
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3. Pincer ligands with one NHC donor
3.1. Type C,CNHCC

Most complexes in this section were obtained by metalation re-
actions (usually thermally induced) of the side-arms of suitably
substituted NHCs. Understandably, complexes with noble metals (Ru,
Os, Ir and Pd) that can be involved in facile metalation reactions are
exclusively encountered. Some examples featuring polyhapto-carbon
ligands have also been reported.

3.1.1. Group 8 metals (Ru, Os)

Two Ru complexes with the dianionic C,CNYC,C pincer were obtained
by the metalation of the o-methyls of the IXyl substituents of the NHC
(Scheme 3). Reactions of the monocyclometalated complex 1 with one
equivalent of base (LiCH2SiMes or KCH2Ph) gave the complexes 2 and 3.
The molecular structure of 2 revealed a coordination polymer with a
repeat unit featuring two RuCp*(IXyl) subunits bridged via one Li"
cation bound to the two cyclometalated C atoms of one Ru center and
the 1°-Cp* ring of the neighboring molecule. The related mononuclear
complex anion in 3 also exhibited a doubly-cyclometalated NHC
[62,63].

Thermolysis of the Grubbs catalyst analogue 4 with N,N’-diphenyl-
benzimidazol-ylidene (Scheme 4) gave two complexes: 5, resulting from
the insertion of the benzylidene functionality into the 0-C-H of the NHC
phenyl side-arm, and traces of 6 featuring the metalated C,CN ¢ n%-C-
donor set. Mechanistic studies concluded that the metalation of 5 was
affected by the reaction with PCys acting as a base. The n®-hapticity of
the benzyl-substituent was revealed crystallographically (Scheme 4)
[64,65].

Complex 8 featuring one doubly cyclometalated dianionic NHC was
synthesized by thermally-induced multiple metalation steps from the
imidazolium precursor 7 and [Ru(methylallyl)2(COD)] in the presence
of KOtBu (Scheme 5) [66]. The structure of 8 also revealed the presence
of one n*naphthyl bound to Ru. Complex 8 was used as a precatalyst for
the highly enantioselective asymmetric hydrogenation of substituted
thiophenes [67], benzothiophenes [67], (hetero)arenes [66] and 2-oxa-
zolones [68] (see Section 7).

A rare charge-neutral Os complex 10 was obtained from the hex-
ahydride [OsHg(PiPrs)2] and the NHC precursor 9 (Scheme 6) [69]. The
«C,kCNHC «C nature of the metalated ligand resulted from ortho-CH bond
activation of both phenyl substituents of 9. In solution at room tem-
perature, a symmetrical structure was evidenced by the magnetic
equivalence of the two hydrido ligands, the two metalated phenyl
groups and the two phosphanes (triplet at 8 —5.96, Jy.p=19.0 Hz,
triplet at 5 149.8 ppm, Je.p = 6.3 Hz and singlet at § 10.5 ppm) in the 'H,
13C and 3'P{'H} NMR spectra, respectively.

3.1.2. Group 9 metals (Ir)
The iridium complexes 15, 16, 21, 22 and 24 (Schemes 7 and 8)
comprise (C,CMC,C) neutral pincer ligands with imidazol-2-ylidene

Chart 3. Two iron pincer complexes containing NHC moieties in different positions and 6-membered heterocycles in bridgehead position. The labels ¢ and d refer to

the corresponding generic frameworks depicted in Figure 1.
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Scheme 6. Synthesis of Os complex 10 resulted from C-H activation.

bridgehead and two n?-alkene side-arms. Except for 24, they were pre-
pared in two step reaction sequences (Scheme 7) [70-72]. The NHC
donors originated from the precursors 11, 12 and 17, 18 and were
introduced to the Ir following a coordinated base (i.e. Ir-OMe) and silver
transmetalation protocols, respectively. NHC binding in 13, 14 and 19,
20 was accompanied by the adoption of the chelating bidentate (xCN,
n2-allyl) coordination mode with one bound and one dangling allyl
groups. Following halide abstraction, the ligand rearranged to the

Y/-\Y -~ |BFs

/'\

NN~ X_.< I)) it ; TK\
5 IRy

~ N ~
11X=Br, Y Y=(CH), 13X=Br,Y Y =(CH), 15Y Y =(CH)4

12X=Br,Y=H 14X=Br,Y=H 16Y=H
17X =PFg, Y =ClI 19X=ClLY=Cl 21Y=Cl
18 X=Cl,Y=CH; 20 X=Cl,Y=CH; 22Y =CHj3

Reagents and conditions:
For 11,12 A: [Ir(u-OMe)(1,5-COD)],;
For 17,18 A: (i) Ag,0, MeOH,; (ii) [Ir(u-Cl)(1,5-COD)],, CH,Cl,, 45 °C

Scheme 7. Synthesis of Ir complexes with C,CN"'C,C backbone
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Scheme 8. Synthesis of Ir complex 24 involving a double hydrogenation

formally terdentate (xCV'i¢, n2-allyl-, n?-allyl-) coordination mode. The
increased strength of the NHC binding in 15 and 16 compared to 13 was
demonstrated by the relevant short Ir-CN€ bond distances determined
crystallographically (1.942(2) and 2.015(3) A, respectively); this may be
attributed to chelation and/or reduction of steric interligand in-
teractions around the metal.

The remarkable complex 24 with the C, symmetric NHC-bis(alkene)
ligand was synthesized by the spontaneous decomposition of 23 in a
mixture of CHyCly and ether solvents (Scheme 8) [73]. In 24 too, the
relatively short Ir—CNHC bond distance (1.944(6) 10\) was attributed to the
release of steric constraints and the chelate effect (cf. complexes 15, 16,
21 and 22 above). The transformation of 23 to 24 probably involved a
double dehydrogenation sequence of the two pendant cyclooctyl groups,
preceded by the liberation of 1,2,3,4-tetrahydro-1,4-ethanonaphthalene.

The iridium complexes 26-30 (Scheme 9) and 32 (Scheme 10)
bearing the dianionic C,CN€ C-terdentate ligand formally originating
by the metalation of two o-methyl groups of the IMes, were obtained by
C-H activation reactions [74,75]. The complexes 26-30 were prepared
in good yields by treating the IMes complex 25 with propylene (acting as
hydrogen acceptor) in the presence of the reagents shown in Scheme 9
resulting in double metalation of the IMes [74]. The zwitterionic com-
plex 27 and 28 were characterized by X-ray diffraction. Interestingly,
although 26-29 were accessed by trapping in situ formed Ir species
associated with the dehydrogenation of 25, they did not react with
dihydrogen or other hydrogen sources in a reverse sense of the cyclo-
metalation process. In contrast, 30 obtained from 28 by substitution of
one MeCN donor by PiPr3 reacted with conventional hydrogen sources,
implying that these reaction(s) may involve oxidative addition steps to
Ir¥ intermediates, in which case PiPrs could render the metal in 30 easier
to oxidize or stabilize the relevant intermediate(s).

Complex 33 with the same pincer scaffold as 26-30 was prepared

NCMe

from 31 by the reaction with Na(BAr}) and Me3N-BHj, which resulted in
double metalation of the IMes (Scheme 10) [75]. The Ir'" species 32
featuring the dianionic C,CN€,C pincer and one neutral IMes tethered to
the metal with additional agostic interactions, was obtained by Cl~
abstraction from 31 with Na(BArE) and was characterized crystallo-
graphically; complex 32 was also used as precursor to 33 by reaction
with Me3N-BH3 and was postulated as intermediate for the conversion of
31 to 33.

Complex 35 (of limited thermal stability) was formed by the C-H
metalation of precursor 34 with [Ir(u-C1)(COD)]; in the presence of
LiHMDS (Scheme 11) [76]. The characteristic 1 NMR signal of the Ir-H
was observed at 8y —10.58 ppm. In the crystal structure of 35, the Ir-
CNHC bond length was 1.967(8) ;\, within the normal range of Tr—CNHC
bonds [77]. In addition, the Ir—Csp2 covalent bond length was 2.118(8)
and 2.123(9) A, respectively. Reaction of complex 35 with K»CO3 in
CHClI; led to the clean formation of 36, which on reaction with AgOTf in
CH,Cl, gave 37 [76]. Complexes 36-37 were characterized by NMR
spectroscopy and X-ray diffraction analysis (Scheme 11). Complex 36
was active in homo- and hetero-addition of styrene derivatives and
remote olefin isomerization.

Complexes 41-44 bearing C,CN"C,C-terdentate ligands were also
reported (Scheme 12) [78]. A complex mixture containing complex 41
was prepared by treatment of complex 40 with CspCO3 in acetonitrile
under reflux, the latter was obtained from [Ir(u-C1)(COD)], with the free
carbene 39. Unfortunately, complex 41 could not be isolated and crys-
tallization of the reaction mixture afforded 42 featuring two pincer li-
gands, as a dark-purple solid. Complex 42 could also be obtained by
treatment of 38 with [Ir(u-C1)(COD)]5 and an excess of Cs2CO3. No C-H
bond activation intermediates (complex 41) was isolated in the trans-
formation of 40 or 38 to complex 42, suggesting a rapid coordination of
a second NHC ligand. In the >C NMR spectrum, singlets at . 151 ppm

/:\ PFg /\ PFs
Bl NN A |
PiPrs \(
] Ir.
MecN”” |\NCMe mecN” | SNche
NCMe PiPrs
28 30
MeCN

—| PFg T|PFe
N =)
(CH3),C=0/ NTN Ticp NN
Ir ,,,,, CH2=CHCH3 NaBPhy e T
Ir —

<'N CsMea

328K, 15h

25 26

Ir
TICp
BPh3

27 29

T NaBPh, Tmp

Scheme 9. Synthesis of Ir complexes by C-H activation
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Scheme 11. Synthesis of Ir complexes by C-H metalation

and 8. 159.78 ppm were assigned to the CNI€ and Ir-Csp?, respectively.
The crystal structure of 42 revealed an anionic octahedral bis(xC, xCNHC,
kC) iridium complex with S; symmetry; a Cs™ cation bridged two aryl
groups. The Ir-CNC bond length of 1.990(5) A was shorter than the
Ir—Csp2 (at 2.109(4) and 2.092(3) A). This feature is consistent with data
for octahedral iridium(III) complexes containing all x-C ligands [79,80].
A XANES experiment was performed to confirm the oxidation state of
the Ir center and showed a strong absorption peak assignable to the
2p — 5d electronic transition of intensity similar to that of an Il
reference compound. Complex 43 was prepared by recrystallizing 42 in
the presence of 2,2,2-cryptand. Treatment of complex 42 with EtgsN-HCI
resulted in the clean formation of 44. Its structure showed that an Ir-C
bond cleavage reaction had occurred by protonation of an aryl group,
resulting in a square-pyramidal coordination geometry at the metal.

An early report on the photo-physics of cationic, homoleptic bis-
pincer iridium(III) carbene complexes [tr(cNHCC CNHC)Z] +, with a phe-
nylene bridgehead group, showed that they are efficient near-UV emit-
ters [80].

3.1.3. Group 10 metals (Pd)
The reaction of the precursor 45 with [PdMey(TMED)] in the pres-
ence of KOtBu at 50°C afforded the complex 48 as a result of the

activation of the two sp? aromatic C-H bonds from the NHC side-arms
(Scheme 13) [81]. This pincer framework characterized by the two
five membered chelate rings is rare and has only been observed in the Os
complex 10 with the related benzimidazole-based ligand discussed
above. Mechanistic insight into the transformation of 45 to 48 was ob-
tained by performing the reaction at 0 °C, where 46 was isolated in 83 %
yield. When the temperature was raised to 30 °C, 46 was reduced to the
Pd°® complex 47 and ethane was released. Finally, at 50 °C, 47 could be
converted to 48. These experiments suggested that the formation of 48
may proceed initially via Pd"/Pd® elementary steps although the exact
redox changes of palladium in the two subsequent metalations have not
been established experimentally. This sequence of events has not been
demonstrated with other metal centers.

The unusual Pd complex 49 with tetradentate ortho-metalated ylides
in a pincer scaffold was obtained in 65 % yield as a 75/25 mixture of two
diastereomers by treating the corresponding imidazolium ylides with
PdCl; in the presence of an excess of CsoCO3 in MeCN (Scheme 14) [82].
The evidence for the existence of two diastereomers was provided by 3!P
NMR spectroscopy, where the two sets of resonances (major: &p
28.2 ppm (br s), 29.2 ppm (br s); minor: 8p 23.3 ppm (s), 31.1 ppm (s))
were assigned to the two diastereomers. The characteristic signal of the
o-metalated carbon atom was observed at §c 183.5ppm (d,
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Scheme 13. Synthesis of Pd complexes involving C-H activation.

2Jcp = 36.2 Hz). Reaction of 49 with one equivalent of HOTS resulted in 181.4 ppm (brs), major: 8¢ 183.2 ppm (t, >Jcp = 5.0 Hz)), suggesting that
the formation of the air-stable Pd" pincer complex 50, isolated again as a CO was coordinated to the Pd center [82].

75/25 mixture of two diastereomers, of which dI-50 was characterized

by X-ray diffraction [82]. The 3!P NMR spectrum of the reaction mixture 3.2. Type C,CNHCN

contained two singlets (minor: p 32.7, major: 8p 33.8 ppm). Complex 51
was obtained by the reaction of 50 with tBuNC. The structure of both
diastereomers of 51 could be determined by X-ray diffraction. Similarly,
the complex 52 was obtained in 90 % yield after exposure of 50 to a CO
atmosphere. The 3P NMR spectrum showed two new singlet resonances
(minor: 8p 33.3 ppm, major: dp 35.7 ppm). The 13¢ NMR spectrum 3.2.1. Group 8 metals (Fe, Ru)
showed two deshielded signals attributable to the CO group (minor: §¢

In all entries of this section the side-arm C-donor originates from
(cyclo)metalation reactions of aryl/alkyl substituents in bidentate NHC
ligands functionalized with a classical heterocyclic pyridine donor.

The iron and ruthenium complexes 56 [83] and 57 [84] bearing C,

10



F. He et al.

\ —\ (OTy N/T\Nj (OTf),

&

1.0 eq. HOTf
® —

<

= 509 Me
(de = 50%) e 20%)
49 50

7\
N )
o
2 ®
PhyP. PPhs ?rg?g PhsP r~|1 PPh3
"
94% c

Coordination Chemistry Reviews 514 (2024) 215757

—\ (OTf _)2

N_N
1.5 eq. tBuNC T
— Pd

-78° &, ®
CH,Cl,, -78 °C PhaP é PPhs

94% hd
\

tBu

] (de = 50%)

51

/:\_\(OTf')z
N.__N
T

L . ;Pd—;
@,
CH,Clp, R.T. | <
0% PhsP ¢ PPhy
o o]
(de = 50%)
52

Scheme 14. Synthesis of bis-ylide Pd complexes bearing a C,CN¢,C backbone

CNHC N-pincer ligands were prepared in two steps by deprotonation of
the imidazolium salt 53 with KOtBu to generate in situ the corresponding
bidentate NHC, which was then reacted with the precursors [FeClCp*
(TMED)] and [RuClCp*14 to afford 54 and 55, respectively, with
bidentate (xN, KCNHC)—picoline functionalized NHC ligation. Subsequent
reaction of 54 and 55 with one equivalent LiHMDS led to 56 and 57,
respectively, both featuring terdentate pincer binding, after base-
initiated metalation of an o-methyl of the NHC mesityl substituent
(Scheme 15). Both 56 and 57 exhibit a diagnostic AB-pattern in the
region of 5 4.5-4.0 ppm in the 'H NMR spectra assignable to the dia-
stereotopic methylene protons of the picolinyl functionality. Interest-
ingly, the attack of the base is on the o-Me of the mesityl group rather
than on the picolinyl methylene. Complex 56 was found to be highly
active for the gem-specific catalytic dimerization of terminal alkynes
[23,83,85].

3.2.2. Group 9 metals (Rh, Ir)

Complex 62 was synthesized in acetonitrile from the Cu complex 58
and [Rh(p-Cl)(1,5-COD)], by transmetalation of the bidentate ligand, in
a sequence presumably involving spontaneous rollover C-H bond acti-
vation and metalation of the pyridine ring (Scheme 16) [86]. In 62 the
Rh-CNHC bond distance is short (1.903(3) 1°\, cf. 2.03(4) A average for
Rh—CNHC), The mechanism of formation of 62 is unclear, in particular in

=\ Br
NVN\Mes

(i) 1 eq. KOtBu, Et,0, R.T, 1 h

view of the fact that the transmetalation reaction takes a different course
in THF (see Section 3.6). However, it has been proposed that 58 first
reacted with [Rh(p-Cl)(1,5-COD)]; to form the intermediate 59, with a
N, xCNHC N ligand binding at the Rh' center, which could undergo
rollover cyclometalation to generate the final Rh! product by C-H bond
oxidative addition. Reductive elimination of HI would convert 60 to 61
which generates the isolated 62 upon oxidation with Cul.

The non-isolable iridium complex 64 was prepared by the reaction of
the well-defined Crabtree’s hydrogenation catalyst analogue 63 with
CD3CN (Scheme 17). In this solvent, the transient Ir-H species formed by
the initially activated C-H bond of the tBu wingtip was reversibly
quenched by the C=C double bond of the coordinated 1,5-COD to
generate the cyclooctenyl Ir'™! complex 64, the structure of which was
established by NMR spectroscopic techniques. Reaction of 64 with CO in
situ resulted in the displacement of CD3CN and the formation of 65.
Furthermore, diphenylacetylene can be used in CHxCl, as an external
hydride acceptor (in lieu of 1,5-COD) to give the crystallographically
characterized complex 66 [87].

3.2.3. Group 10 metals (Pd)

Reaction of the salt 67 with [Pd(OAc);] in refluxing MeCN yielded
the kG, kCNH€, kN-terdentate pincer complex 68 with a square planar Pd
coordination geometry, via an unusual cyclometalation involving the

=
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Scheme 15. Synthesis of Fe and Ru complexes by base-initiated metalation
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Scheme 17. Synthesis of Ir complexes resulting from C-H bond activation

terminal C-H of the allyl group. In an experiment performed under high
dilution conditions, aimed at investigating the mechanism of the pal-
ladacycle formation, the §-alkenyl endo-palladacycle 68 was obtained
exclusively, pointing to the involvement of an internal acetate base-
promoted intramolecular Cspz—H bond activation (Scheme 18) [88].

3.3. Type C,CMCp

In common with the examples discussed in the previous sections (3.1
and 3.2), the majority of the entries included in the present section arises
from metalation reactions in bidentate ligands with «CNHC «P donors;
consequently, noble metals are the only representatives.

NCM_‘ PFs
< Pd

PFs

|

= N Pd(OAc), N;(
&/N = MeCN, reflux %/N \
\ Y
OMe OMe

67 68

Scheme 18. Synthesis of Pd complex 68 by Csp?>~H bond activation.
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3.3.1. Group 8 metals (Rw)

The only Ru® complex 70 with a xC, kCNHC, kP-pincer ligand was
obtained by transmetalation to [Ru(u-Cl)CI(CO)sly from the corre-
sponding silver NHC complex that was generated by ortho-metalation of
the phosphane-functionalized bisimidazolium salt 69 (Scheme 19) [89].
It was characterized by X-ray diffraction analysis and NMR spectros-
copy. The ruthenium center in 70 is in a distorted octahedral environ-
ment, with Ru-CNHC and Ru-C™ bond distances of 2.066(3) and
2.129A, respectively, consistent with a Ru-C covalent bond. The
Ru-CVC signal in the '3C NMR spectrum appeared as doublet at &
154.4 ppm. Complex 70 was active in transfer hydrogenation of ketones
at 82°C in 2-propanol in the presence of KOtBu [89].

3.3.2. Group 9 metals (Rh)

The complexes 74a and 74b which contain a C,CNHC p_terdentate
ligand were obtained by heating the pincer complexes 72 and 73 in
toluene at 60 °C, respectively (Scheme 20A) [90,91]. The 3!P NMR
spectrum of 74a showed a pair of doublets of doublets (ABX pattern) at §
53.7 ppm (Jrhp = 97 Hz, 2Jpp =31Hz) and 38.3ppm (Jrnp =86 Hz,
2.Ipp = 31 Hz). The solid-state structures of 74a and 74b unveiled a rare
P-Cjyy1 bond cleavage and insertion of the PiPr, fragment into the Rh-H
and Rh—CH3 bonds, respectively; the elementary steps leading to these
insertions were proposed to be oxidative addition of the Cyry—P bond
followed by H-Rh-PiPr; or CH3-Rh-PiPr; bond reductive elimination. It
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Scheme 19. Synthesis of Ru complex 70 by transmetalation reaction
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is relevant to note that a related C,CNC,p pincer ligand, with a RE-NHC
donor group, was recently generated in the Ni(II) complex 75b as a
result of a similar P-C,ry1 bond activation and a still rare example of
terminal phosphanido ligand on Ni was isolated and fully characterized
(Scheme 20B) [56].

3.3.3. Group 10 metals (Ni, Pd)

As mentioned in section 3.3.2 above, a Ni'l complex with a c,cNHC p
pincer ligand containing a RE-NHC donor was recently obtained by
P-C*! bond activation with concomitant generation of a terminal
phosphanido ligand (Scheme 20 B) [56].

Furthermore, phosphine-NHC-phosphonium ylide pincer ligands
have been introduced to Pd centers via the methodology depicted in
Scheme 20C (cf. Schemes 14, 22 and 152 for related transformations).
The non-symmetrical phosphine phosphonium precursor was swiftly
triply metalated at the imidazolium carbon, the ylidic C and one P-Ph by
PdCl; in the presence of CsyCOg3 as base following an initial coordination
of the PPhy arm giving the very stable complex 75c¢ that was charac-
terized by multinuclear NMR techniques. Selective protonolysis of the
Pd-C*™! of the cyclometalated aryl by triflic acid under controlled
conditions in MeCN gave the complex 75d featuring a non-symmetrical
pincer ligand with phosphine and ylidic side-arms and coordinated
MeCN trans to the CNUC; facile substitution of the latter by BuNC led to
complex 75e (c¢f. complex 51 in Scheme 14). Inspection of the coordi-
nated tBuN=C IR stretching frequency in 75e provided evidence that the
PCNHCCYd pincer ligand exerts an electronic influence on the metal
center similar to that of the pincer ligand CY14cNHCcYid jn complex 51
(Scheme 14) and identical with OCNHCCYd pincer in complex 83
(Scheme 22) and the CNHCCNHC cylid pincer in complex 805 (Scheme
152).[92].

3.4. Type C,CN€0

3.4.1. Group 5 metals (Ta)

Reaction of 76 with [Ta(CHtBu)(CH»tBu)s] in toluene resulted in the
formation of complex 77 of limited thermal stability in 84 % yield
(Scheme 21) [93]. The structure of 77 revealed the presence of two types
of carbene ligands (alkylidene, NHC) on Ta, the Ta—CNHC bond distance
of 2.355(5) A is unusually long [94-96]. On prolonged standing at room
temperature, 77 quantitatively converted to 78 with concomitant
release of one equivalent of neopentane. The latter resulted from
intramolecular C-H bond activation of a o-methyl substituent of the
mesityl wingtip. The characteristic 'H NMR resonances attributed to the
cyclometalated Ta-~CHa-Ar group were observed at § 2.41 and 1.58 ppm
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Scheme 21. Synthesis of Ta complexes resulting from C-H activation.
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(%Juy = 13.7 Hz). The '3C NMR spectrum revealed two typical signals, at
§ 252.3 and 6 205.2 ppm, that were assigned to the alkylidene and the
NHC moieties, respectively.

3.4.2. Group 10 metals (Pd)

The air stable, o-metalated Pd complex 81 containing a C,C,CNHC,O-
tetradentate ligand was prepared by the reaction of 79 with CsyCOs3 in
acetonitrile at 70 °C, it could also be obtained by treating the ligand
precursor 80 with PdCl, and CspCOj3 in refluxing acetonitrile (Scheme
22). Treatment of 81 with one equivalent HOTf in acetonitrile at —40 °C
afforded the acetonitrile complex 82 which could be converted to the
isocyanide complex 83 by reaction with tBuNC. Complex 82 showed
high catalytic activity in the allylation of aldehydes [97].

3.5. Type C,CNCs

3.5.1. Group 10 metals (Pd)

The cyclometalated complex 85 featuring a square planar Pd center
and a thioether donor is the only example of xC,xC''C xS-pincer com-
plex. It was obtained quantitatively by the reaction of the imidazolium
salt 84 with PdCl, in pyridine, in the presence of base (K2CO3) (Scheme
23) [98].

3.6. Type N,CNC N

The pincer complexes described in this section feature either anionic
amido or neutral imine (usually in combination with a heterocyclic
system) side-arm donors, the former are predominantly encountered
with Group 4 and 5 metals. There are some recent examples of non-
symmetrical pincer designs with different side-arm N-donors and/or
bite angles at the two halves of the ligand. Despite the differentiation of
the two coordination half-spaces created, these complexes are discussed
as normal kN,kCHC kN donors following the guidelines given earlier, i.e.
adhering to the group number of the Periodic Table that the metals
belong to. A detailed summary of the ligand designs encountered in the
literature is given in Chart 4; the occurrence of the kN, kCVHC kN pincer
ligands is given in Table 1. Selected comparative structural and spec-
troscopic data for all complexes with kN,kCC kN pincer ligands are
given at the end of the section.*

3.6.1. Group 4 metals (Zr, Hf)

A series of zirconium and hafnium complexes with dianionic amido
N,CNHC N-terdentate ligands of type Ia was obtained by aminolysis of [M
(NMeg)4] (M = Zr, Hf) with the charge neutral free carbene 86 in non-
polar solvents leading to the five coordinate complexes 87 (M = Zr)
and 91 (M = Hf) (Scheme 24) [99]. The latter two were converted to the
chlorides 88 and 92, respectively, by exchanging the dimethylamido
groups using Me3SiCl. The NMR spectra of the five-coordinate com-
plexes supported symmetric structures in solution. A range of organo-
metallic alkyls 89, 90 (Zr) and 93-96 (Hf) were easily obtained by salt
metathetical reactions with Grignard reagents, albeit the Zr species 89
and 90 were thermally unstable at room temperature and presented
difficulties in their full characterization.

As expected, the thermal stability of the hafnium dialkyl complexes
93-96 was dependent on the nature of the alkyl groups: 93 and 95 were
thermally stable, while 96 decomposed at room temperature to 98, the
latter featuring a cyclometalated tetradentate ligand. The decomposi-
tion was accompanied by release of ethane. The 'H NMR spectrum of 98
displayed two doublets that were attributed to the diastereotopic ~CH>
protons of the metalated mesityl and two multiplets assigned to the
diastereotopic Hf~CH> of the metal bound Hf-CH,CHj (at 6 1.00 ppm, &
2.51ppm and 8§ —0.10ppm, § 0.10 ppm, respectively). A clearer

* Additional references dealing with ligands of type Ib, IIb and ITIb are given
at the end of the document in the Note added in proofs.
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Scheme 22. Synthesis of Pd complexes by metalation
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Scheme 23. Synthesis of a Pd complex bearing a C,CN€,S pincer ligand

mechanistic insight of the reactivity was obtained from the study of the
decomposition of the d;(-96 diethyl complex, which led to the formation
of dg-ethane, in accord with g-deuterium atom transfer occurring be-
tween the two ethyl groups and resulting in the postulated metalacyclic
intermediate d4-97 that could rearrange to the observed d4-98 (Scheme
25) [99].

Insertion of one equivalent xylyl isocyanide (XyINC) in the Hf~CH3
bond of 93 resulted in the formation of the mono-insertion product 99
exhibiting one imino C atom directly bound to hafnium with a Hf-C
bond distance of 2.251(2) A and characteristic 13C NMR signal for the
iminoacyl N=C carbon at § 259 ppm. Further addition of one equivalent
of XyINC or isopropyl isocyanide to 99 led to the formation of 100 and
101, respectively, while the reaction of 93 with two equivalents of
isopropyl isocyanide afforded the thermally stable 102 (Scheme 26)
[99].

The mono-insertion product 99 was also reacted with CO to give
103. Its structure unveiled a remarkable amido-enolate metallacycle,
arising from a C-C bond formation between the neighboring imino-acyl
and acyl functionalities (Scheme 27).[99] Furthermore, the reaction of
93 with CO led to the mixed methyl acyl complex 104. Mechanistic
insight into the carbonylation reaction was gained by performing it with
13¢0, demonstrating that one 1*CO molecule inserted in the complex.
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However, 104 has limited stability and rearranges to 106 via a hydrogen
atom shift from the acyl methyl to a carbene carbon (Scheme 27) [99].
The nature of complex 106 was confirmed by 'H NMR spectroscopy with
diagnostic resonances assigned to the -O-CH=CH, group appearing at §
3.47, 3.54 and 5.75 ppm. Further reaction of complex 106 with CO
afforded an insoluble white solid, which on the evidence of ESI-MS was
the outcome of the insertion of a second CO molecule (molecular ion
peak at m/z = 652) but further characterization efforts were limited by
the insolubility of the product.

Exposure of the bis-isobutyl complex 95 to CO resulted in the for-
mation of 105, a reaction that was monitored by NMR spectroscopy. The
13C NMR resonance attributed to the Hf-O=CiBu moiety was observed at
& 338.4 ppm, consistent with values found in other early transition metal
acyl complexes [100]. Further exposure of complex 105 to CO led to the
formation of complex 107, which was characterized by NMR spectros-
copy. Reaction of complex 95 with CO for an extended period of time
(3-4 days) resulted in the formation of colorless crystals of 108 in good
yield [99]. Their crystal structure revealed a dihafnium bis(enediolate)
complex, with C=C bond distances of 1.342(15) A and Hf-O of 1.928(6)
A; these values compare to those found for similar bonds in other early
transition metal enediolate complexes [101].

3.6.2. Group 5 metals (Ta)

The tantalum complex 110 (Scheme 28) featuring a kN, KCNHC, kN-
pincer ligand (originating from type Ia of Chart 4) was prepared by salt
metathesis from the lithium complex 109 with [TaCly(NMesy)s] at low
temperature. The Ta—CNHC bond distance was 2.365(6) A. Similar re-
actions of 109 with [TaCl3(NMey)o(THF)] or [TaCly(NEty)(OEts)]
resulted in the formation of the complexes 111-113 in good yields,
respectively, which were characterized by NMR spectroscopy (Scheme
28) [102].

Given the successful metathesis reactions of the lithium salt 109 with
the tantalum precursors [TaCly(NMey)s], [TaCls(NMesg)o(THF)] and
[TaCl4(NEt2)(Et20)], the reactions of 109 with alkyl-chlorido tantalum
precursors [TaClyR3] (R =CHytBu, Me, CHyPh) were studied. With
[TaCloR3] (R =CHytBu, Me, CHyPh), formation of the complexes
114-116 occurred in THF at —30 °C (Scheme 29). Interestingly, it was
shown crystallographically that one of the six-membered chelate rings in
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Chart 4. A detailed summary of different pincer type ligands bearing a kN, xGV"', kN backbone

the complex was metalated a-to the N®™9° which was also evidenced by

NMR spectroscopy: the imidazole ring hydrogen atoms, the side-arms of
the ligand backbone and the two neopentyl groups were inequivalent in
support of the lack of any symmetry element in 114. Reaction of lithium
salt 109 with [TaCls=CHtBu(THF),] yielded complex 117 in good yield,
with a ligand binding mode analogous to that in 114, with metalation of
the carbon atom «- to the N®™4° and concomitant conversion of the
neopentylidene group to neopentyl. DFT calculations on model com-
plexes indicated that the formation of the strained metala-aziridine ring
in the unusual complexes 114-117 allows the remaining substituents to
adopt optimum positions maximizing bonding interactions. The calcu-
lations predict that the most favourable pathway to form the metala-
aziridine involves a tantalum alkylidene intermediate, which un-
dergoes C-H bond activation « to the amido side-arm [102].
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3.6.3. Group 6 metals (Cr)

The air stable complex 119 (Scheme 30) with imino donors of the
chiral oxazoline functionality as side-arms (type Ilc of Chart 4) was
synthesized by transmetalation from the silver complex 118 to CrCl,.
Interestingly, in the course of the reaction the metal was oxidized from
cr' to cr™ by an unclear mechanism (Scheme 30) [104]. Related redox
changes, possibly arising from disproportionation reactions of Cr'l into
Cr and '™ complexes, have been reported [105]. The structure of 119
revealed a distorted octahedral coordination geometry defined by the
chiral terdentate pincer, one bromine and two chlorine donor atoms
(Scheme 30).

The chromium complex 121 (bearing a ligand of type Illa of Chart 4)
was obtained from the Cu complex 120 by transmetalation with
[CrCl3(THF)3] (Scheme 31) [106]. The solution magnetic susceptibility
of 121 (4.1pp, Evans’ method) points to a S = 3/2 state. In the molecular
structure of 121, the Cr—CV"C and Cr—N'™{"® bond distances of 1.989(3)



F. He et al.

Table 1

Occurrence of complexes with the ligand architec-

ture Ia — Vd shown in Chart 4 across the transition

metals.
Type Metal
Ia Zr, Hf, Ta
Ib Pd
JIEY Ni, Ge
1b Ni, Cu', Cu", Ru, Pt
IIc Ag, Cr
1nd Ni, Ry, Rh, Ir
Ile Co, Ni, Ru, Pd
1Iif Ru
IITa Cr, Fe, Ni, Cu
1IIb Ni, Ru, Rh
IIc Ru
Iva Ni
Va Cr, Ni, Ag
Vb Rh, Pd
Ve Pd, Pt
vd Pd
— [\

N\/N NN
O e T
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Mes Mes -2HNMe, Mes™ \ “Mes
Me,N NMe,
86 87 M=2Zr
91 M=Hf
+ 2 Me3SiCl
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Oy e (P
_N—M—N_ - N—M—N

Mes™ " <\ " Mes 2MgClz  \jes~ A\ ~Mes

R R Cl ¢

89 M=2r,R=CH; 88 M=12r
90 M =2r, R =CH,Ph 92 M=Hf

93 M =Hf,R=CH,

94 M = Hf, R = CH,Ph

95 M = Hf, R = CH,CHMe,
96 M= Hf, R= CH20H3

Scheme 24. Synthesis of Zr and Hf complexes bearing type Ia backbone

and 2.133(2), 2.142(2) A, respectively, are shorter than in the majority
of CrCl3 complexes [107-109] (cf. discussion for the Fe complexes 127
and 128 in Scheme 33, Section 3.6.5).

The two chromium complexes 124 and 125 featuring non-symmet-
rical kNI™ine  CNHC (Namine pincers (type Va of Chart 4) were synthe-
sized via transmetalation accompanied by metal oxidation, with a
plausible oxidant being the AgCl side product of the transmetalation as
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implicated by the appearance of silver mirrors in the reaction vessels
(Scheme 32) [105]. Consequently, reactions of 122 and 123 with
[CrCl3(THF)3] directly afforded the cr'! complexes 124 and 125 in
which the length of the amine side-arm can be varied while the imine
wing-tip donor remains constant. The complexes 124 and 125 were
active precursors in the catalytic ethylene oligomerization [105].

3.6.4. Group 7 metals (Mn, Re)
No example of pincer complexes with these metals has been
reported.

3.6.5. Group 8 metals (Fe, Ru)

The Fe!! and Fe! complexes 127 [110] and 128 [111] bearing the
terdentate kN™iPe (CNHC (Nimine Jigand (type IIla of Chart 4) were
prepared by the reaction of precursor 126 with FeCl; in the presence of
NaHMDS and oxidation of the product obtained with acetylferricenium
tetrafluoroborate in CH,Cly, respectively (Scheme 33). In the solid state
structures the iron center is found in a distorted square pyramidal
environment and the Fe'-CN"C bond distance (1.812(2) [o\) was com-
parable to the shortest of its kind ever reported [112,113]. Similarly, the
Fe-N™i"® hond distances (2.023(2) and 2.028(2) A) were even shorter
than relevant distances in the higher oxidation state Fe'" bis(imino)
pyridine complexes (average Fe-N length 2.185 A) [114]. The magnetic
properties of 127 and 128 were evaluated and demonstrated a complex
behavior: for 127 the value peg=5.0up was obtained at room temper-
ature in THF solution (Evans’ method). However, in the solid state at
low temperatures (<30K), 127 displayed low magnetic moments that
increased rapidly to a plateau corresponding to yT values typical of the
S =1 state (in the range 30K to 150 K), finally reaching magnetic mo-
ments typical of a spin state change to S =2 ground state upon further
heating. Data fitting gave a spin transition temperature (T, =563K)
accounting for the yT values seen at room temperature. Rapidly inter-
converting S=1 and S=2 spin states at room temperature have also
been implicated on evidence of Mossbauer spectroscopy. Similar tem-
perature behavior has been observed for the complex 128. The magnetic
properties and the pincer ligand binding in 127 has been compared and
contrasted with those of the iron pyridine diimine (DPI) and pyridine
bis-(imidazol-2-ylidene) analogues and rationalized in view of the
overall stronger pincer binding in 127 [61]. In addition, complex 129
was obtained from the treatment of complex 127 with sodium 4-
methoxyphenolate [115]. The Fe—CNHC and Fe-N"™i"® hond distances of
1.854(2) and 2.064(1)/2.067(1) A, respectively, were slightly longer
than those in 127. Complex 129 was a highly active catalyst for lactide
polymerization [115].

Complex 127 was reduced with excess Na/Hg in the presence of CO
to 130 which also features distorted square pyramidal geometry and
short Fe~CNHC distance but not as contracted as in 127 (Scheme 34)
[116]. The vibration frequency of the Fe(CO), substructure in 127 has
been compared to DPI and pyridine bis(imidazol-2-ylidene) analogues,
testifying for stronger overall c-donation of the Fe(xN'™in¢, «CNHC
KNIy gustem to the n* of the CO coligands; this has been tentatively
attributed to the orientation of the carbonyls relative to the NHC max-
imising n-backdonation. Contrasting to the previous reductive reac-
tivity, the reduction of 127 with a stoichiometric amount of sodium

N N3 N._N N._N
T se | (T ) C
Me
_N—Hf—N_ — _N—Hf—N —  _N—Hf—N Me
Mes Mes _p,ccD, MesD e l Mes™ . \
D3CD,C CD,CD3 2 \CD2 Dz(l:DQC H,C
Me Me H
dy-96 d,-97 d,-98 Me

Scheme 25. C-H activation reactivity with the Hf dialkyl complexes bearing backbone of type Ia
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Scheme 27. CO insertion and coupling reactivity of hafnium dialkyl complexes bearing ligand backbone of type Ia.

naphthalenide led to the formally Fe! complex 131 with distorted square
and elongated distances
between the tetrahydropyrimidine heterocycle and the imine carbons)
as well as spectroscopic (ESR, Mossbauer) and broken symmetry DFT
data provided insight into the electronic structure of 131; the data have
been interpreted in terms of a redox non-innocent radical anionic pincer
ligand accommodating one unpaired electron that participates in an
antiferromagnetic interaction with a triplet Fe'! center.

planar structure. Metrical (i.e. short Fe—CNHC

A class of N,N’-(2-picolinyl)-imidazol-2-ylidene (of
complexes of ruthenium were prepared to gain insight

activation of R(H)O-H bonds in relation to hydrogenation or water
splitting; the ligand design provided access to Ru complex intermediates
with dearomatized pyridine and potential in bifunctional catalysis
(Scheme 35) [117,118]. Thus, 134 was obtained by transmetalation to
Ru from the Ag complex 133 in acetonitrile. Partial substitution in 134
of two coordinated acetonitrile ligands by tBu-bipy and of the remaining
one by bromide gave 135 and 136, respectively; finally, metathetical

exchange of the bromide in 136 by two equivalents of

type IIb, Chart 4)
into the catalytic

tBuOK gave 137,
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which featured one t-butoxide and one tBu-bipy ligands, while on the
pincer backbone one of the methylene spacers of the picoline side-arm
was deprotonated and, consequently, the pyridine heterocycle was
dearomatized. Dynamic 'H NMR experiments showed that in complex
137 a remarkable intramolecular proton exchange took place between
the protonated and deprotonated spacers of the picoline (in concert with
reversible dearomatization/aromatization of the pyridine ring), pre-
sumably via an intermediate involving protonation of the coordinated
tBuO, which adopted the role of an intramolecular proton shuttle.
Substitution of the coordinated bromide in 136 by PPhs followed by
addition of one more equivalent of base (tBuOK) led to the isolation of
complex 141, in which both spacers originating from the picoline side-
arms were deprotonated and both pyridine heterocycles were dearom-
atized. This complex was also obtained from 137 by reaction with PPhg
and elimination of tBuOH. Finally, reaction of 137 with HyO led to the
formation of the corresponding Ru-OH species 140, in which too the
aforementioned H exchange pathways are also operative.

Complex 138 has also been studied as precatalyst for the
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Scheme 29. Tantalum alkyl complexes bearing the ligand backbone of type Ia
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Scheme 30. Chromium complex 119 with backbone of type Ilc obtained by

transmetalation from Ag.

hydrogenation of CO; to formate showing moderate activity under mild
conditions. In experimental and computational studies aiming to
establish the catalytic mechanism, the hemilability of one pyridine side-
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arm of the pincer was implicated leading to the formation of the alkoxy-
hydride species by bifunctional H; activation and pyridine re-
aromatization effecting the heterolytic splitting of Hy (Scheme 36)
[118]. The octahedral species 138 is catalytically relevant in the hy-
drogenation reaction. The proposed mechanism is shown in Scheme 36.

The Ru complex 143 (with the ligand of type IIb of Chart 4) was
obtained by treatment of the salt 142 with Ag>O and [RuCly(bpy)
(DMSO0)3] (Scheme 37) [119]. The structure of 143 revealed an octa-
hedral geometry and the strong trans influence of the NHC ligand, as
inferred by a long Ru-Cl distance (2.5250(12) 10\) compared to the
normal range of Ru'Cl (2.39-2.41 10\) [120,121]. Similarly, treatment
of 142 with AgOTf and NaClO4 afforded the Ru” complex 144, which
was oxidized in aqueous solution by one equivalent of
(NH4)2[CeIV(N03)6] to the paramagnetic complex 145 (g,y = 2.177, cf.
&av ~ 2.2 for Rul! complexes, S =1/2) [122]. The Ru-O bond distance in
145 at 2.099(4) A was shorter than that in 144 (2.119(3) Z\) in support
of a Ru'™ oxidation state. Further addition of (NH4)2[CeV(NO3)¢] to an
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Scheme 32. Chromium complexes with backbone of type Va obtained by
transmetalation from Ag

aqueous solution of 144 led to the formation of 146. The resonance-
Raman spectrum of the latter displayed a resonance at 732 cm ™! asso-
ciated to the Ru-O bond, which was at lower wavenumbers compared to
peaks corresponding to RuV=0 (v=780-833cm™ 1) [123-125]. This
experimental value is close to that obtained from DFT calculations for a
Ru™-0-. structure in a triplet state (v =767 cm ). Complex 146 showed
high activity in oxidation of benzaldehyde and derivatives to the cor-
responding benzoic acid through C-H abstraction from the formyl group
[119].

The imidazolium salts 147 and 148 (analogous to 132, and 142, type
IIb in Chart 4) served as precursors for the introduction of the corre-
sponding kNPYridine  oNHC  npyridine 1 cer to Ru (originating from the
precursor [Ru(u-Cl)Cl(p-cymene)], via a reductive protocol using Raney
nickel in refluxing acetonitrile in the presence of NH4PFg leading to 149
(Scheme 38). The involvement of a tentative nickel-NHC intermediate
has been postulated [126]. A structural analysis by X-ray diffraction
established the octahedral geometry at Ru'l and the terdentate kN,
xCNHC N pincer; the Ru-CNH€ bond distance (1.947 A) was unusually
short [127-138]. Complex 149 is an active catalyst in the transfer

—|CI

(o
ot

hydrogenation of acetophenone, with TOF of 3200h™! at loadings of
0.01 mol% (Scheme 38) [126].

The yellow complex 150 with picoline-containing side-arms was
prepared in moderate yield by the reaction of the benzimidazolium salts
147 or 148 with RuCl3 (Scheme 38) [139]. The 'HNMR spectrum of 150
comprised a diagnostic AB-type pattern for the diastereotopic methylene
picoline protons at § 5.88 and 4.79 ppm and one multiplet at § 7.91 ppm
for the 4-CH of the coordinated heterocyclic rings. An X-ray diffraction
analysis revealed for 150 an octahedral geometry at Ru with unre-
markable Ru-C¥"C bonds of 2.020(5) A and 2.025(5) A (Scheme 38).

The Ru" complex 152 bearing a kN'a20L  cNHC ( Ntriazol terdentate
ligand (type Ile in Chart 4) was obtained from complex 151 with one
dangling triazole by using AgOTf as chloride abstractor (Scheme 39)
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Scheme 34. Fe® and Fe' complexes with ligand backbone of type IIla (Chart 4)
where redox non-innocent ligand behavior has been implicated.
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Scheme 33. Fe' and Fe' complexes with ligand backbone of type Illa.
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Scheme 35. Ru complexes with ligand backbone of type IIb with proton responsiveness and intramolecular proton shuttle behavior

[140]. Complex 152 featured a three-legged piano stool geometry with
“facial’ N,C,N pincer ligand and Ru-C""¢ and Ru-N""%°! bond distances
of 2.053(4) and 2.081(4) A, 2.090(3) A, respectively. Complex 152 is
active in the transfer hydrogenation of acetophenone with TOFs up to
1100 h~! [140].

Complex 154 (with ligand of type IId in Chart 4) was obtained by the
reaction of the imidazolium salt 153 with RuCl3xH»0 in refluxing
ethanol in the presence of NEtz (Scheme 40). An X-ray diffraction
analysis established the octahedral geometry at Ru”l but ligand flexi-
bility accommodated facial coordination in the solid state. However, in
solution, the presence of two sets of 'H NMR resonances for 154 was
attributed to the coexistence of fac- and mer-isomers. Complex 154
displayed low catalytic activity in transfer hydrogenation reaction of
acetophenone with isopropanol [141].

21

Two Ru complexes bearing kN, kCVFC, kN-terdentate ligand (type IId

in Chart 4) were obtained by refluxing in methanol the imidazolium and
ruthenium precursors 155 and [RuCly(PPhgs)s], respectively (Scheme
41) [142]. The characteristic triplet at ¢ 182.3 ppm was attributed to
the CVHC, In addition, the crystal structure of 156 confirmed the ter-
dentate nature of the ligand (Ru—CNHC bond distance 1.979(6) 1°\).
Exposure of complex 156 in THF to CO in the presence of KHMDS
resulted in the formation of a formally Ru®’ complex 157. Its structure
was established by 'H NMR and IR spectroscopies and X-ray diffraction
analysis. The disappearance of the NH signals in the 'H NMR spectrum
confirmed the formation of the deprotonated bis(pyrazolato)-type
complex and the v(CO) at 1989 cm ! was assigned to the CO ligand.
The Ru—CNHC bond distance of 2.064(3) A in 157 was longer than the
corresponding in complex 156. A similar reaction of 158 (precursor to
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Scheme 36. Formation from 137 of Ru complexes with ligand backbone of type IIb as CO, reduction catalysts
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Scheme 37. Ru complexes with ligand backbone of type IIb

ligand type IlIc) with [RuCly(PPhg),] resulted in the formation of the
neutral complex 159, and its crystal structure exhibited a Ru-GN"¢ bond
distance of 2.025(3) A. The resonance at 6 10.97 ppm attributed to the
NH group was observed in the 'H NMR spectrum. The carbene resonance
was observed as a doublet at 5 222.4 ppm in the '3C NMR spectrum. All
data were consistent with the structure drawn for 159.

A family of kNPYridine ( oNHC  pyridine (tune I1Tb in Chart 4) ruthe-
nium complexes, where CVC is the six membered RE-NHC has been
studied (Scheme 42). All these complexes exhibit remarkably short
Ru-CMC bond distances, a fact that has been attributed to the electronic
nature of the NHC donor, the framework rigidity and the natural bite

22

angles of the ligand design. Thus, reaction of the N,N’-bis(2-pyridyl)-
tetrahydropyrimidinium precursor with RuCls at elevated temperatures
led to the ‘homoleptic’ complex 161. Under analogous conditions but
using [{4-(4-methylphenyl)-2,2:6',2"-terpyridine}RuCl3] as Ru pre-
cursor, the ‘heteroleptic’ species 162 was obtained. The structures of
both 161 and 162 reveal tight binding of the kNPY"dine  cNHC jpyridine
pincer as implied by the short Ru-CV" and Ru-NPY 4" hond distances
(Scheme 42). Additionally, electrochemical studies revealed easier
oxidizable Ru centers compared to the homoleptic [Ru(tpy)z]2+
(tpy = 2,2":6',2"-terpyridine) analogues, in agreement with the better
o-donor properties of the NHC group. Finally, 161 displayed red solid-
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Scheme 38. Ru complexes with ligand backbone of type IIb.

state emission (Amax =753 nm) considerably red shifted relative to that
of [Ru(tpy)2]®" (Amax =620 nm) [143].

Complex 163 was obtained by transmetalation from the complex 58
with [RuCly(p-cymene)], halide metathesis with Lil in 163 afforded 164
(Scheme 43) [86]. The X-ray structures of 163 and 164 revealed square-
pyramidal geometries with the CV€ in the axial position and remark-
ably short Ru-CVHC distances of 1.820(6) and 1.815(2) A, respectively.
Accordingly, in the 1*C NMR the CNH€ signals were found at § 240.9 and
238.0 ppm, for 163 and 164, respectively.

3.6.6. Group 9 metals (Co, Rh, Ir)

The Co™ complex 166 was prepared by the transmetalation of the
pincer ligand from a silver complex, generated in situ from the corre-
sponding imidazolium salt 165 (precursors to pincer of type Ve, Chart
4)) with Ag,0, to [CoCly(PPhs),], followed by spontaneous oxidation in
air of a plausible Co" intermediate preceding the isolation of 166
(Scheme 44) [144]. Although the ligand types are different, it is inter-
esting to note that chelation-assisted metal oxidation was also observed

R = mesityl

o
—o—

AgOTf, 50°C o N
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upon deprotonation of the coordinated ketophosphane ligand in the Co'!
complex [CoCla{Ph,PCH2C(O)Ph},] with formation of the fac- and mer-
isomers of the octahedral tris-chelated, phosphinoenolato Co™ com-
plexes [145]. The crystallographic characterization of 166 revealed an
octahedral geometry comprising one pincer (xkNPYrimidine , cNHC nppico-
liney and one bidentate (kNPYTimidine  oNHCy ligands around the six co-
ordinate Co center with cis CN€ donor disposition. The difference in the
Co—CNHC bond distances (one trans to the chloride at 1.913(4) A and the
other trans to the pyrimidine donor at 1.815(4) A), was ascribed to steric
and electronic (i.e. trans influence) effects. Complex 166 was found to be
an active catalyst precursor for Kumada-Corriu cross-coupling reactions
of aryl halides and Grignard reagents at room temperature [144].

The yellow complex 168 was obtained by ligand transmetalation
from the Ni'' complex 167, the nature of the metal oxidant was unclear
but again metal chelation favored the formation of an octahedral Co™
complex from a Co" precursor (Scheme 45) [146].

The complexes 170 and 173 were prepared by the reaction of pre-
cursor 153 with [M(p-Cl)(1,5-COD)], (M =Rh, Ir) in the presence of
sodium ethoxide, respectively, and were characterized by NMR spec-
troscopy and crystallography. An analogous reaction between precursor
169 and [Rh(p-Cl)(1,5-COD)]5 and sodium ethoxide led to the formation
of 171 (Scheme 46) [147]. Interestingly, the structures of 171 in solu-
tion and in the solid state were found to be different: the 'H NMR
spectrum of 171 indicated coordination of the terdentate ligand to the
metal (171A), while in the solid state the ligand adopted an unsym-
metrical bidentate binding mode leading to a square planar geometry at
Rh (171B). Exposure of a solution of 171 or 173 to 1 atm of CO led to the
quantitative formation of the five coordinate 172 and 174, respectively,
the structures of which were supported by 'H and '3C NMR and FT-IR
spectroscopic data (Vsym, Vasym at 2091 and 2034 cmL, and at 2081
and 2013 cm ™}, respectively). Both 172 and 174 were only stable under
a CO atmosphere. The complexes 170, 171 and 173 were proved to be
efficient catalysts for the addition of NH and OH bonds to the triple bond
of alkynes. Complex 170 also showed activity in hydrosilylation of 1-
phenylpropyne with triethylsilane (Scheme 46) [147].

Complex 176 featuring a non-symmetrical N*320le NHC yoxazole_
pincer (type Vb in Chart 4) was obtained by a sequence of reactions
involving, firstly, the interaction below —30 °C of the imidazolium salt

: - T,
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Scheme 39. Ru complexes with ligand backbone of type Ile (Chart 4)
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Scheme 42. Homoleptic and heteroleptic octahedral Ru-complexes with ligand
backbone of type IIIb.

175 with [Rh(p-OtBu)(NBD)], to give a Rh! intermediate, followed by
oxidation of the latter in situ with one equivalent of bromine (Scheme
47) [148]. The deep red, air stable 176 was purified by column
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Scheme 44. Co complexes with non-symmetrical pincer ligand.

chromatography and characterized —spectroscopically (CNHC  at
8¢ =177.5 ppm, 1(C=N) =1662 and 1636 cm ') and crystallographi-
cally (distorted octahedral geometry with a Rh—CNFC bond distance of
1.900(4) A).

Complexes 178 (M =Rh) and 179 (M =1Ir) were prepared by the
reaction of the precursor 177 with [M(u-OMe)(1,5-COD)], (M =Rh, Ir),
in MeOH (Scheme 48); the rhodium product was obtained as a mixture
of two isomers (endo,endo) and (exo,exo) originating from the disposi-
tion of the CMe, bridgehead relative to the 1,5-COD ligand (the initially
obtained 50:50 ratio was converted after crystallization from CHCl3 to
90:10 as evidenced by 'H NMR) [149]. The crystallographically char-
acterized isomers displayed a trigonal bipyramidal geometry, where the
terdentate ligand adopted a fac coordination mode, with the good
o-donor NHC occupying an axial site (Rh-CNHC=2.008(7) /o\
Ir-cNHC = 2.008(13) A) The complexes 178 and 179 were active in the
transfer hydrogenation of prochiral ketones and hydrogenation with
molecular hydrogen of alkenes but with poor enantiomeric induction,
presumably due to the inherent ligand flexibility. The analogous 181
and 182 with a chiral C atom at one spacer were obtained similarly
[150]; interestingly, the Ir-CNMC bond distance in complex 182 was
longer than that in complex 179 (2.058(11) Io\). Importantly, in this case
the configuration at the C atom of the spacer controlled the stereo-
chemistry of the isolated complexes: exclusively endo,endo isomeric
complexes were obtained with the S-configuration at the C atom, while
R,S-configuration at C gave a mixture of (endo,endo) and (exo,exo)
complexes [149,150].

Ligand transmetalation from the copper complex 58 to [Rh(u-Cl)
(COD)], in THF yielded complex 183, which was characterized by NMR
spectroscopy and ESI-HRMS (Scheme 49) [86]. Reaction of the Rh™
iodide complex 183 with excess AgCl led to complex 184 [86]. The
mechanism for the formation of complex 183 was suggested to involve
firstly the formation of the Rh! species 59 which could then be oxidized
by the Cul byproduct to the Rh™" iodide complex 183. The observation of
a copper mirror on the walls of the reaction vessel was consistent with
this mechanism; for the cyclometalation transformation on 59, see
Scheme 16.

3.6.7. Group 10 metals (Ni, Pd, Pt)
Nickel. The reaction of the rigid imidazolium precursor 185

tBu | 172 [Cuzla(u-1)2]
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N N

)
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RuCly(p-cymene) X
112 Cu/<(> _— /N—Ru—N P
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Scheme 43. Ru complexes with ligand backbone of type IIIb.
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complexes by transmetalation of the pincer

featuring two imine side-arms, at room temperature in pentane, with [Ni
(1,5-COD),] gave the complex 186, the structure of which was estab-
lished crystallographically and spectroscopically (Scheme 50). It un-
veiled the formation of a pincer complex with an anionic imidazolide

N

) Br
Ol/ \ —7 (i) [Rh(u-OtBu)(NBD)],, THF
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168

complexes by transmetalation of the pincer ligand backbone of type Ile (Chart 4)

bridgehead donor and imine side-arms coordinated at a distorted square
planar Ni! center; the anticipated NHC hydride obtainable by C-H
activation was not observed. In 186 the Ni-C™idazolide 1,4r4 distance
(1.828(3) A) is rather short, the endocyclic C-N distances correspond to
single bonds while the imidazole ring forms an angle of 64.0(1)° with
the C-H of the tertiary carbon atom. In the 'H NMR spectrum, the broad
singlet at § =5.73 (in d®-toluene) or septet (in CD3CN, in which it exists
as cationic MeCN adduct) for ¢™idazolide_ry anq the corresponding 1°C
NMR resonance at § 87.3 are consistent with such a C(spg)—H group
(Scheme 50)[54]. The absence of oxidative addition reactivity of the
cimidazolium_gy honq in 185 (cf. Scheme 50) can be contrasted to the
system described in Scheme 110; the formation of 186 was studied by
computational methods and attributed to subtle geometrical constraints
of the ligand system. Interestingly, the reaction of 186 with ethylene
resulted in the ethyl complex 187 the structure of which displayed again
a tertiary Csp® bound to the square planar Ni center, the ethylene sub-
strate has formally inserted into the imidazolide C(sp*)-H bond to give a
C-ethyl moiety. Computational studies of the latter transformation
suggest that the insertion of ethylene into the C-H bond is direct and
does not involve Ni-H intermediates; in contrast, imine side-arm hem-
ilability may promote proximal to the C-H bond coordination of the
ethylene at the Ni center followed by insertion into the C-H bond. The
reactivity of complex 511 in Scheme 105A with ethylene is also distinct

N/
N N
N
[M(u-OMe)(1,5-COD)],

J N\ MeOH

177 R=H 178 M=Rh,R=H

180 R = CH; 179 M=Ir,R=H
181 M =Rh, R=CH;
182 M=Ir,R = CHs

Scheme 48. Rh and Ir complexes with the ligand backbone of type IVa
(Chart 4).

—

175

(ii) Brp, THF, -78 °C

Scheme 47. Rh complexes with the non-symmetric ligand backbone of type Vb
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Scheme 49. Rh complexes with ligand backbone of type IIIb (Chart 4) obtained from Cu-transmetalation.

compared to the present system. Although the chemistry described in
Scheme 50 does not strictly involve NHC donor pincer, it provides an
interesting comparative platform underlining the role of the overall
ligand structure in observed reactivity [54].

The square-planar complex 189 was obtained by ligand trans-
metalation from the Cu' complex 188 with three equivalents
[NiClo(PPh3),] in acetonitrile (Scheme 51) [151]. The Ni-CNMIC and
Ni-NPY™iine hond distances were 1.836(8) A, 1.934(6) A and 1.942(5) A,
respectively, comparable to those found in other nickel-NHC complexes
[152-156]. Complex 189 showed good catalytic activity in Kumada-
Corriu and Suzuki-Miyaura coupling reactions of aryl halides with
organometallic reagents [151].

The complexes 192 and 193 were prepared by a transmetalation
sequence from the silver complex 191, which in turn was prepared by
the reaction of precursor 190 with Ag,O in dichloromethane at room
temperature (Scheme 52) [157]. The X-ray structure of 191 revealed a
linear [(NHC)-Ag—(NHC)] cationic moiety and a (AgCl,) anion bound to
the nitrogen of a pyridine ring. Treatment of 191 with [NiCly(PPhs),] in
refluxing toluene gave a poorly soluble green complex, which was
subjected to anion exchange with KPF¢ or NaBF, in acetonitrile to give
the square planar 192 and 193, respectively; both were characterized by
NMR spectroscopy and X-ray diffraction analysis. They were highly
efficient in the Kumada-Tamao-Corriu coupling reactions of 3-bromo-/
3-chloropyridine and PhMgBr (Scheme 52) [157].
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Scheme 50. Ni complexes with rigid ligand backbone of type IIa (Chart 4).
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Scheme 51. Ni complex with ligand backbone of type IIb obtained by trans-
metalation from Cu.

The two nickel complexes 197 and 198 featuring square planar
nickel centers were prepared by transmetalation from the silver com-
plexes 195 and 196 with two equivalents of [NiCly(PPh3),] in THF; both
were good catalysts for the Kumada cross coupling reaction (Scheme 53)
[158].

Furthermore, reaction of the related imidazolium salt with nickel
powder in air resulted in the formation of 167, which was isolated in
92 % yield (Fig. 3) [146]. The structure of this complex was established
by NMR spectroscopy and X-ray diffraction analysis. Interestingly, this
methodology is enforcing a 1:2 nickel-to-ligand stoichiometry compared
to the milder and more selective Ag transmetalation given above.

Reaction of precursor 199 with [Ni(1,5-COD),] afforded the orange
Nil! complex 200 (Scheme 54) [59]. The nature of the Ni—C interaction
was probed by NMR spectroscopy, where a characteristic signal at §
5.82 ppm was assigned to a NCHN a-to the metal and therefore 200 can
be considered as a p-elimination stabilized Ni-alkyl. The preferential
formation of 200 over a plausible isomeric N-heterocyclic carbene hy-
dride was rationalized by invoking an energetically unfavorable NHC
structure, missing on mesomeric stabilization by the n-electron donation
from the N flanking heteroatoms, the latter being engaged in delocal-
ization over the imines functionalities. The short Ni-C bond distance
(1.848(5) 10\) could be due to the pincer geometrical constraints. The a-to
Ni NCHN is quite acidic and treatment of 200 with KN(SiMes), in
toluene resulted in the formation of the NHC complex 201. This was
confirmed by the disappearance of the 'H NMR signal attributed to the
NCHN. However, the crystal structure of 201 revealed the presence of
two anionic ‘ate’ type LNi’Cl moieties bridged by the potassium coun-
terions; the Ni—CNHC bond distance (1.795(7) ;\) in this dimer was
remarkably short, revealing a C-Ni and C-N double bond character in
this molecule of which the structure is better represented with the
resonance form 201B. The anionic ’ate’ character of Ni in 201 accounts
for the reaction of this complex with NH3 gas in toluene at room tem-
perature, yielding a mixture of two ‘tautomeric’ species, the ammonia
carbene 202 and alkyl amido 203. In the 'H NMR spectrum, a charac-
teristic resonance corresponding to the coordinated ammonia of com-
plex 202 was observed at § 0.11 ppm in toluene-dg and 5 0.45 ppm in
THF-dg. However, for the complex 203, the spectrum revealed a signal
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Scheme 52. Ni complexes with flexible ligand backbone related to type IIb obtained by transmetalation from Ag.
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Scheme 53. Ni complexes with ligand backbone of type IId obtained by transmetalation from Ag.

for the amide protons at § —2.97 ppm in toluene-dg and 8 —3.63 ppm in

—|(PF6)2 THF-dg and a resonance corresponding to the NCHN at § 5.13 ppm in

Q toluene-dg (5 5.22 ppm in THF-dg). The ratio of 202/203 was ca. 4:1 in
toluene-dg (2:3 in THF-dg). Unfortunately, no crystal suitable for X-ray

NN
N2 diffraction analysis could be obtained. The rare N-H activation of NH3 by
= NS 201 has been ascribed to the non-innocent nature of the CNFC in the

N-N N-N_ pincer complex, it constitutes an example of ligand assisted reactivity,
Bn NN Bn where the CNHC acts as proton acceptor.
N]ﬁ j[N Treatment of the previously mentioned efficient transmetalating
N‘N N'N copper complex 58 with [NiBry(DME)] in THF at room temperature led
Br \Bn to the green paramagnetic (3.51up, Evans’ method) 204, displaying a

distorted square-pyramidal coordination geometry with two bromide
atoms in the axial position (Scheme 55) [86].

The nickel complexes 205-206 with a bicyclic NHC bridgehead were
obtained from the related imidazolium salts 177 and 180 by the reaction

167

Fig. 3. Ni complex with ligand backbone of type Ile (Chart 4).
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Scheme 54. Ni complexes with rigid backbone of type Illa and the HoN-H activation.
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with [Ni(1,5-COD).] in THF (Scheme 56). Exposure of the THF solution
of complex 205 to oxygen and recrystallization from CHCl; afforded
yellow crystals of 207 [159]. Similarly, exposure of the reaction residue
from [Ni(1,5-COD);] and 180 to air and crystallization from CHCl;3 gave
208 as yellow oil which shows characteristic *C NMR resonance at 5
177.5 ppm for the NHC carbon (Scheme 56) [150].

To explore the influence of the nature of the side-arms and of the
spacer length in pincer-type systems, the nickel complexes with un-
symmetrical «N3™in€  CNHC (Nimine  hincer ligands were prepared
(Scheme 57) [105,160]. The structurally characterized 210 was ob-
tained in 67 % yield by the reaction of the imidazolium ammonium salt
209 with [Ni(COD),] in THF [160]. In contrast, the Nill complexes 213
and 214 were synthesized by transmetalation reactions of the silver
carbene complexes 122-123, generated by reaction of the precursors
211-212 with Agy0 [105]. Their structures were confirmed by X-ray
diffraction analysis. Like in the case of the Cr'! complexes 124-125
discussed above (Scheme 32), the length of the spacer connecting the
NHC moiety to the amine group can be varied while the imine wing-tip
donor remains constant. The complexes 213-214 were found to be
active precatalysts for the oligomerization of ethylene [105].

A series of non-symmetrical KN,KCNHC,KN pincer Nill complexes
219-225 was synthesized by the reactions of [NiCly(PPhg),] with the
silver carbene transfer complexes generated from 215 to 218 and Ag,0
and were characterized by single crystal X-ray diffraction and NMR
spectroscopy. The rare 224 and 225 featured two Ni pincer containing
moieties bridged by an unsupported hydroxide. The 'H NMR resonances
atd —1.58 and —1.20 ppm were assigned to the hydroxyl protons of 224
and 225, respectively. All complexes were used as catalyst precursors for
Suzuki-Miyaura cross-coupling and complex 221 showed a higher cat-
alytic activity in reactions of aryl iodides and aryl bromides (Scheme 58)
[161].

Two dinuclear nickel complexes 228 and 229 were synthesized by
carbene-transfer reactions to [NiClp(PPhs)2] from the corresponding
silver carbene complexes, the latter were obtained from 226 and 227
and Ag»0, respectively (Scheme 59). All complexes were characterized
by X-ray diffraction analysis and NMR spectroscopy [162]. The 'H NMR
spectra of 228 and 229 displayed a distinct feature at § 1.90 ppm and
1.67 ppm, respectively, attributable to the p-OH; the CNIC in the 3C
NMR spectra were observed at § 153 ppm. The structures of the binu-
clear complexes are very similar and featured a bridging arrangement of
the tetradentate ligand with hydroxide and pyrazolate bridges, forming
a saddle-shaped conformation; the Ni—Ni distances were 3.255 and
3.216 A, respectively. Complexes 228 and 229 showed excellent cata-
lytic activities in Suzuki-Miyaura and Kumada-Corriu coupling reactions
of various aryl chlorides in excellent yields (Scheme 59) [162].

Palladium and Platinum. A series of palladium and platinum pincer-
type complexes 230/231, 233/234 and 236/237 was prepared by
transmetalation reactions (Scheme 60) [146,151,163]. Thus, the pale
yellow 230/231 and 233/234 were formed by the carbene transfer from
the triangular trinuclear copper carbene and nickel carbene complexes

tBT 1/2 [Cugla(p-1)2]

Q@u
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NiBry(DME) \r
12 —_— /N—Nl—N =
C )/ THF \Br
tBu tBu
tBu
204

Scheme 55. Ni complex with rigid backbone of type IIIb (Chart 4) obtained by
transmetalation from Cu.
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188 and 167 to [PdCly(1,5-COD)] and [PtCly(1,5-COD)], respectively
[146,151]. Complexes 236 and 237 were obtained by the reaction of
[PACl3(NCMe)s] and [PtCly(1,5-COD)], respectively, with the linear
tetranuclear silver complex 235, which in turn was accessible by the
reaction of 218 with Ag,0 [163]. The platinum complex 232 resulted
from the reaction of KyPtCly with the silver carbene complex derived
from the reaction of 147 with Ag,0, followed by the addition of AgPFe
[139]. Its 'H NMR spectrum features an AB-type pattern at 5.93 and
4.85 ppm, which was assigned to the diastereotopic bridging methylene
protons. The complexes 230 [151] and 236 [163] were found to be
highly active catalysts for Suzuki-Miyaura cross coupling reactions.

Interestingly, a silver transmetalation protocol from the Ag complex
obtained by reaction of Ag>O with 238 to [PtCl,(COD)] led to the
binuclear 239. The lack of N-pyrazol substitution is presumably
responsible for the formation of this structure (Scheme 61) [164].

The palladium complex 241 was also obtained by carbene transfer
reaction (Scheme 62) [148]. Treatment of the imidazolium salt 175 with
Ag-0 afforded the silver carbene complex 240, which was reacted with
[PdCl3(COD)] in CH2Cl; to give complex 241 in good yield [148]. All the
NMR data were consistent with the structure shown for complex 241.

Finally, the complex 243 was obtained by the reaction of precursor
242 with PdCl; in the presence of K3COs and pyridine (Scheme 63)
[165]. In the '3C NMR spectrum of 243, a characteristic resonance at
152.7 ppm was assigned to the carbene carbon. This complex was found
to be an active catalyst for C-C coupling reactions [165].

3.6.8. Group 11 metals (Cu)

The rare deep blue Cu™ complexes 244 and 245 with kN, kCV'C, kN-
pincer ligands were obtained by the reaction of the bis(picoline)-
functionalized imidazolium salt 142 with CuSiFg in methanol in air
(Scheme 64) [166]. In the structure of 244, the Cu center has a pseudo-
octahedral coordination geometry and the Cu-CN"¢ bond length of
1.915(3) A is significantly shorter than those previously reported for
Cu'-NHC complexes (average Cu-CVMC bond length of 1.96A)
[167-170]. Crystals of 245 were obtained by recrystallization of the
blue reaction precipitate from DMSO-dg over a 2-3 months period in an
NMR tube. The crystal structure of 245 revealed that two square-
pyramidal Cu"-NHC moieties cocrystallized with one [Cu{SO
(CD3)2}5]2+ in a 2:1 ratio, respectively. The Cu-CVHC bond length of
1.9319(19) Ais longer than that in complex 244 (Scheme 64) [166].

The analogous rare, air stable and water soluble Cu'' complexes
245A and 245B with the ligand motif IIb were obtained by reacting the
precursors 142 and 148 with Cu(OAc)2 * H20 (Scheme 64). They were
characterized by diverse spectroscopic techniques and crystallography.
The paramagnetic species adopted distorted octahedral geometries with
mer disposition of the pincer and kO,xO’chelating acetate ligands and
short Cu-CVC bond distances (1.920-1.935A). They displayed
isotropic EPR spectra with virtually absent hyperfine interactions and
irreversible redox behavior in cyclic voltammetry in MeCN. The com-
plexes have been studied as catalysts for the hydrogenation of 2-acetyl-
pyridine in water using PhSiHs, generally affording the product in
moderate yields (up to ca. 50 %); the substrate scope of the catalysis was
also explored in ethanol. Lastly, attempts to employ the complexes in the
presence of DNA as hybrid enantioselective catalysis resulted in poor
ee’s which was attributed to unfavorable binding of the complexes to
DNA. Complex 245A was also studied as catalyst for the conversion of
arylboronic acids to phenols [171,172].

Cu"-NHC complexes containing doubly- or triply-bridging hydrox-
ido ligands were also reported (Scheme 65) [173,174]. The complex 246
was formed by the reaction of the corresponding silver carbene complex
with copper powder in MeCN at room temperature [173]. It could also
be obtained by stirring the imidazolium precursor 226 with Cu powder
in MeCN. In the IR spectrum, a characteristic absorption at 3446 cm™!
was attributed to the —-OH group. The structure of 246 was established
by X-ray diffraction and revealed a dinuclear complex with the copper
centers in distorted square-planar environments. Similarly, the
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Scheme 56. Ni complexes with pincer backbone of type IVa (Chart 4).
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Scheme 57. Ni complexes with non-symmetrical ligand backbone of type Va (Chart 4)
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Scheme 61. Binuclear Pt complex with non-symmetrical ligand backbone of type Ve

complexes 248 and 249 were synthesized either by the reactions of tetranuclear, hydroxido-bridged arrangements. The catalytic activities
silver carbene transfer reagents with Cu powder in MeCN or by stirring of 246, 248 and 249 in N-arylation of imidazoles and aromatic amines
227 or 247 with Cu powder. Their structural determination revealed were evaluated and 249 was more active than complexes 246 and 248
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Scheme 62. Pd complex with non-symmetrical ligand of type Vb.

N/=\N _| Cl

:(N\,Nv:o

N PdCI
o] o) 2 N—Pd—N
NH HN K,COgy/pyridine Ph/ 'L Ph
\
P Ph “
N
242 243

Scheme 63. Pd complex with symmetrical ligand backbone of type Ib.
[173].
3.6.9. Group 14 (Ge)

A series of Ge complexes bearing the kN, k , KN-terdentate ligand
(type IIa, Chart 4) was reported (Scheme 66) [175]. Complex 252 was
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obtained by ligand transmetalation from the zinc complex 251 to
[GeCly-diox] in benzene; in turn, 251 was prepared by the reaction of
precursor 250 with ZnCl, in THF in the presence of LIHMDS. Reduction
of 252 by KCg in benzene resulted in the formation of the dark red 253
that was characterized by NMR spectroscopy with peaks due to the
imidazol backbone protons at 6.84 ppm (significantly upfield-shifted
compared to the complex 252). The X-ray structure of 253 revealed
the Ge—CHC bond distance of 1.881(1) A. Reaction of 253 with CHsl led
to the stable at —25 °C (unstable at RT) 254 the NMR spectrum of which
exhibits characteristic methyl group resonances (8y 1.16 ppm, ¢
6.2 ppm) assignable to Ge-CHj3 species. Warming the solution of 254 to
room temperature afforded pure complex 255 in which the germanium
bound methyl migrated to the CNIC rendering the NHC ligand an imi-
dazolide; the migration was evidenced by NMR spectroscopies (5¢c
87.8 ppm assigned to the NC(CH3)N by 'H-!3C HMBC). Treatment of
253 with anhydrous HCl in benzene resulted in the formation of com-
plex 256, which precipitated from the reaction medium. Its NMR spectra
exhibited characteristic bands at 8y 6.21 and 8¢ 88.0 ppm for the NCHN
unit and its structure revealed a pyramidal geometry around the ger-
mylene center (Ge—CNHC 4t 2.029(4) f\). Furthermore, reaction of 253
with Phl led to the formation of the complex 258, in which the Ph group
has migrated to the CNHC of the NHC ligand. The NCN resonated at 6
90.4 ppm in the '3C NMR spectrum. Treatment of 253 with excess of
GeCly or one equivalent of GeCly in benzene afforded complex 259 as
dark yellow solid, that was also characterized by NMR spectroscopy and
X-ray diffraction analysis. The Ge—CNHC bond distance of 2.011(5) Ain
259 was comparable to that in the related imino-NHC-supported Ge
complexes. Reaction of 253 with pentafluoropyridine in benzene at
50 °C afforded complex 260. The structure of complex 260 was estab-
lished by NMR spectroscopy and X-ray diffraction analysis, with the
Ge—CNHC distance of 2.100(3) A. The combinations of strong c-donor
(NHC) and n-acceptor (imine) sites renders Ila ideal for the stabilization
of lower oxidation state Ge®/Ge® centers.

x‘,
CuS|F6 \ _N-cu—N___

MeOH, R.T. )\‘Solv
NN
G =none, X = Cl: 142 —.
G = (CH)4, X = PFg: 148 244 X = SiFg>
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6 (|:| / \_\ cl
N—~ —N
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Scheme 64. Synthesis of Cu™ complexes with kN, kCNI€, kN-pincer ligands
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Scheme 66. Ge complexes with pincer ligand of type IIa.

3.7. Type N,CNHC,p
3.7.1. Group 7 metals (Mn)

The only two manganese complexes bearing a N,CN€ P ligand, 265
and 266, were prepared in two steps (Scheme 67) [176]. Treatment of

32

the precursors 261 and 262 with the strong base KHMDS, followed by
addition of [MnBr(CO)s], afforded the intermediates 263 and 264,
respectively. These reacted with AgOTf to give complexes 265 and 266
that were fully characterized by X-ray diffraction analysis. Complexes
265 and 266 were active in the hydrogenation of ketones, with 266
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exhibiting higher catalytic efficiency due to the 5,6-fused membered
architecture, leading to the dissociation of the pyridine arm and
releasing a vacant coordination site favoring the catalytic process [176].

3.7.2. Group 9 metals (Rh)

The rhodium complex 269 (Scheme 68) was accessed in two steps:
firstly, the reaction of the imidazolium salt 267 with [Rh(acac)(u-CO)]2
in THF led to the imidazolium intermediate 268, which was character-
ized by 31p and 'H NMR spectroscopic methods (doublet at § 43.3 ppm,
1Jprh=170.4 Hz and singlets at 6 7.88 and 8.46 ppm) indicating the
presence of uncoordinated imidazolium and pyridine functionalities,
respectively. In a subsequent step, heating a solution of 268 at 120 °C
yielded 269. In the 3P NMR spectra, the disappearance of the doublet at
S5 43.3ppm and the appearance of two new doublets (5 28.8, Jrh.
p =166 Hz, minor, § 27.1 ppm, 1JRh,p =165 Hz, major) were attributed
to the formation of two isomers. However, 269 could not be structurally
characterized due to its instability (Scheme 68) [177].

The series of Rh! and Rh™ complexes 272-274 with kNPYidine , cNHC,
kP-pincer ligands were prepared from the imidazolium 270 with [Rh
(u-C1)(COD)]; via the phosphane adduct 271, which was deprotonated
with one equivalent of KHMDS in THF to the orange 272 (Scheme 69).
The latter was characterized by 'H NMR spectroscopy (absence of imi-
dazolium proton resonance, presence of a resonance at § 9.38 ppm
attributable to the 5-CHpy proton indicative of the pyridine coordination
to Rh). The 3!P NMR spectrum of 272 showed a doublet at 5 86.7 ppm.
The instability and poor solubility of 272 hampered crystallographic
characterization. However, oxidation of 272 with I produced quanti-
tatively the stable complex 273, which on treatment with excess KI
afforded 274. The 3P NMR spectrum of 274 comprised a doublet at §
76.9 ppm (Ygh.p = 127.0 Hz) and the 3C NMR spectrum, a doublet of
doublets at 6181.7 ppm (lJRh-C =33.0Hgz, 2.Ic_p = 9.7 Hz) assigned to the
CNHC, The structure of complex 274 revealed a distorted octahedral
coordination geometry, with a short Rh-CVC bond distance of 1.894(3)
A indicative of a strong bond while the high trans-influence of the NHC
moiety was responsible for a longer Rh-Igans bond (2.7450(3) A)
compared to the Rh-I ;s bond (2.6729(3) and 2.6755(3) [D\) distances,
respectively (Scheme 69) [178].

3.7.3. Group 10 metals (Ni, Pt)

The imidazolium salt 267 (vide supra) was also employed for the
synthesis of the Ni and Pt complexes 277 and 278, respectively (Scheme
70) [177]. Thus, treatment of 267 with [Ni(COD),] led to the formation
of 275, which exhibits a 31p NMR spectrum with a resonance at §
13.1 ppm, a 'H NMR spectrum with characteristic resonances assignable
to the n3-cyclooctenyl ligand (6 5.22 ppm, t, 3JH_H =8.5Hz, 5 4.36 ppm,
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Scheme 67. Mn' complexes with kN, kCN€, kP ligand backbone
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m and 5 3.91 ppm, m) and a '>C NMR spectrum with a doublet at 5
202.1 ppm, 2Jp.c = 16.5 Hz for the CNFIC, Exposure of a solution of 275 in
CHClj3 to air afforded two isomers of complex 277 (two peaks at 5 8.0
and 5.2 ppm in the 31p NMR spectrum) [177]. The structure of 277
showed a square-planar coordination geometry at nickel. The platinum
complex 278 with the same ligand was obtained in two steps from the
salt 267: firstly, reaction of 267 with [KyPtCl4] in EtOH afforded the
trans diphosphane complex 276, then addition of 1.1 equivalent of
KHMDS to a THF solution of 276 afforded complex 278 [177]. The
structure of 278 was confirmed by X-ray analysis and NMR spectros-
copy, with a singlet in the 3'P NMR spectrum at 5 —7.8 ppm with
platinum satellites (1Jp_pt: 3655 Hz). The structure of 278 was analo-
gous to that of 277.

Similarly, the imidazolium salt 270 (vide supra) was converted to
complex 279 by the reaction with [NiBry(iPrCN)], in the presence of
NEts at 60 °C [178]. In the 'H NMR spectrum of 279, a broad singlet at 5
8.85 ppm was assigned to the 5-CHpy in agreement with coordination of
the pyridine moiety; the 13C NMR spectrum featured a doublet at &
170.5 ppm for the CNFC, The structure of 279 revealed a distorted
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Scheme 70. Ni and Pt complexes with a kN, kCNY€, P pincer ligand

square-pyramidal coordination geometry and a Ni-CN€ bond distance
of 1.797(2) A, one of the shortest ever reported for this type of bond
(Scheme 71) [162,179,180].

3.8. Type N,CNHC 0

3.8.1. Group 8 metals (Rw)

A series of ruthenium complexes 281-283 bearing kNP
xocaboxylate bincer ligands was reported (Scheme 72). Reaction of the
zwitterionic imidazolium 280 with Ag,0, followed by transmetalation
with [Ru(u-CDCl(p-cymene)], and subsequent addition of 2,2:6',2"-
terpyridine in DMSO gave 281. Its 'H NMR spectrum displayed two
singlets at § 5.72 and 4.60 ppm that were assigned to the methylene
protons; the characteristic 1>C NMR carbene resonance was observed at
§ 192.5 ppm. Similarly, treatment of [Ru(p-Cl)Cl(p-cymene)]s with the
silver carbene complex obtained from Ag;0O and 280, followed by the
addition of 4-picoline in DMSO, generated the complex 282 (CNHC
resonance in 13C NMR spectrum at 182.9 ppm). The structure of complex
282 was confirmed by X-ray diffraction analysis. Interestingly, 4-pico-
line/H50 exchange reaction with complex 282 under acidic conditions
occurs and the nature of complex 283 was confirmed by ESI-MS and 'H
NMR spectroscopy (Scheme 72) [181].

The related complexes 284-286 were also synthesized by the reac-
tion of the corresponding precursors with Ag>0, followed by the addi-
tion of [Ru(u-Cl)Cl(p-cymene)l, and pyridine derivatives in DMSO
(Chart 5) [182]. These complexes were characterized by NMR spec-
troscopy and the structure of complex 286 was also confirmed by X-ray
diffraction analysis.

Finally, mixing the precursor 280, [Ru(u-Cl)Cl(p-cymene)], and 2,2'-
bipyridine afforded 287 (Scheme 73) [183]. The derivative 288 was

yrldme’ KCNHC,
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formed by refluxing complex 287 in 4-picoline/MeOH. The nature of
both complexes 287 and 288 was fully confirmed by NMR spectroscopy
[183]. The complexes 282 [181], 284-286 [182] and 287-288 [183]
were highly active catalysts for the water oxidation reaction (Schemes
72,73 and Chart 5).

The imidazolium amide salt 289 was converted with AgyO in
dichloromethane to the silver complex 290, which was then reacted
with [RuClp(PPhg)s] in acetonitrile, affording after counter ion ex-
change with NH4PF¢ in aqueous solution the pincer complex 291
(Scheme 74) [184]. In the '3C NMR spectrum of this complex, a char-
acteristic resonance at 188.5 ppm was observed for the coordinated
CNHC, The structure of 291 revealed a fac-pincer arrangement with Ru-O
and Ru-CVHC bond distances of 2.143(4) and 1.978(6) f\, respectively.
The complex 291 was found to be a highly active precatalyst for the
oxidation of alcohols to the corresponding aldehydes or ketones [184].

3.8.2. Group 10 metals (Ni, Pd)

The series of nickel and palladium pincer complexes 295-297 [185]
and 301-304 bearing o-aryloxide functionalized NHC ligands were
synthesized by the reaction of the corresponding imidazolium pre-
cursors 292-294 [186] with one equivalent of [NiCpy] in THF under
reflux for 24 h or via transmetalation from the in situ prepared silver
complexes originating from the imidazolium salts 292, 298-300 to
[PACl2(COD)], respectively, Scheme 75). All complexes were charac-
terized by NMR spectroscopy and X-ray diffraction analysis. The Ni
complexes showed high catalytic activities in the homopolymerization
of norbornene and the copolymerization of norbornene with 1-octene
and the Pd complexes showed excellent catalytic activities in the nor-
bornene polymerization in the presence of MAO or Et,AICl as cocatalysts
(1.23x107 g of PNB (mol of Pd)"th™1) [185,186].

The highly thermally stable complex 306 was prepared by the
transmetalation of the corresponding silver carbene complex with
[PACl2(NCMe),] in DMSO at 50 °C (Scheme 76). It showed high catalytic
activity in the Heck reaction [187].

The complexes 308-311 bearing 02l°°hol cNHC namide 5pq galcoxide
CNHC Namide pincer ligands were obtained by the sequence shown in
Scheme 77 [188]. Firstly, metalation of the imidazolium precursor 307
with Ag,0 followed by transmetalation to [PdClo(NCMe),] in acetoni-
trile at room temperature gave the charge neutral 308 which could be
converted to the cationic 309 on reaction with AgBF, in acetonitrile; the
latter complex was found to be highly active in H/D exchange for
various substrates in D0. In water, 310 was formed by substitution of
acetonitrile with HyO and was subsequently dimerized in the presence of
HBF,4 to the binuclear 311. The latter transformation is reversible
(Scheme 77) [188].

The complex 312 was obtained by the reaction of the corresponding
imidazolium precursor with PdCl, in the presence of NaOAc acting as
base and was characterized by NMR spectroscopy and X-ray diffraction
analysis (Scheme 78). Cleavage of the ester group in 312 with TFA gave
complex 313 with a dangling carboxylic acid functionality. In the
presence of a base such as NaOH, NaOAc or NEts, deprotonation of the
dangling carboxylic group occurred, leading to the pincer complex 315,
this step can be reversed by the addition of acid. Alternatively, complex
315 could be accessed directly from precursor 314 with PdCl, in the
presence of NaOAc. Conversely, complex 313 could also be obtained by
reaction of 315 with an acid such as HCI or HBr. The preparation of 315
by silver carbene transfer reaction was not possible owing to the acidity
of the carboxylic acid. Complex 315 was found to be an efficient pre-
catalyst in cross-coupling reactions (Suzuki-Miyaura and Heck-
Mizoroki) (Scheme 78) [189].

Finally, the enolate palladium complexes 316-323 were prepared by
a microwave-assisted solid-phase approach (Chart 6) [190]. They were
characterized by ESI-MS and used as biocompatible catalysts for bio-
orthogonal prodrug activation due to the presence of free carboxylic
acid groups.
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3.9. Type N,cNHCg

3.9.1. Group 10 metals (Ni)

The only two binuclear nickel complexes featuring NPYidine cNHC
sthiolate_ tordentate ligands, 326 and 327, were synthesized by the re-
actions of precursors 324 and 325 with [Ni(OAc),] in the presence of
tetrabutylammonium bromide under vacuum at 120 °C, respectively
(Scheme 79). They were characterized by 'H NMR spectroscopy and X-
ray diffraction analysis. Their structures established the pincer binding
and the binuclear nature with symmetrical thiolate bridges. The
Ni—-CNHC bond distances in 326 and 327 were 1.889 and 1.882 1°\,
respectively. The redox properties and electrocatalytic activities of 326
and 327 were investigated and these complexes possess good catalytic
activities in proton reduction. In particular, the complex 327 showed a
better catalytic activity with the release of 5x10~* mmol Hy gas in
10 min in the presence of 6x10~2 mmol catalyst [191].
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(iii) 2,2"-bipyridine, 110 °C, DMSO
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Scheme 73. Ru complexes bearing pincer ligand of type xNPYridine cNHC

KOcarboxylate

3.10. Type P,CNHCp

There is a considerable variety of symmetrical xP,xC'C kP ligands
differing in the type of bridgehead NHC, the nature of the phosphane
side-arms and the linkers. Despite the electronic analogies between NHC
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Chart 6. Pd complexes with pincer ligand of type kN, kCNHC, kO

and trialkyl phosphane donors, the underlying design principle that led
to P,CNHC P architectures was the desire to replace the pyridine donor in
the widespread P,NPY"4"¢ p pincers with the stronger o-donating and
easily tunable NHC moiety; as a result, unusual reactivity and catalytic
potential were recently uncovered. The earliest P,CNYCP designs
employed aryl substituted phosphanes; more recent progress is being
witnessed with phosphorus donors substituted with bulky alkyls (iPr, Cy
and in particular tBu). Moreover, despite the synthetic difficulties
associated with the preparation of rigid designs, they show considerable
promise as robust scaffolds in homogeneous catalysis, in particular with
the 3d metals, which can adopt a multitude of coordination numbers and
geometries. All the known pincer P,CNYCP donor architectures are
summarized in Chart 7. The design VIIc, despite being macrocyclic is
included here in view of it adopting a terdentate coordination, where the
metal center is out of the macrocyclic cavity (cf. complexes of tri-
azacyclononane). The pincer ligands Xa, Xb and Xc featuring a zero-
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Scheme 79. Binuclear Ni complexes bearing pincer ligand of type kNPYridine,
KCNHC KSthiolate

valent C atom bridgehead donor fall beyond the scope of this review;
they constitute examples of P,cedicarbene p yincers and are included in
the chart for the sake of comparison and completeness [34,40,192].
Details of the known P,CNHCP ligand designs of Chart 7 and their
occurrence within the transition metals are compiled in Table 2; it
constitutes a guide for the discussion of this section. Finally, compara-
tive structural and spectroscopic data for all complexes with kP,xkCVC x
P pincer ligands are given at the end of the section (Table 3).**

3.10.1. Group 6 metals (Mo)

A series of molybdenum complexes with chelating xP,kCNC «p-
pincer ligands VIc has been studied (Scheme 80). Reaction of the bis
(diphenylphosphino-ethyl)imidazolium salt 328 with KOtBu in THF,
followed by the addition of cis-[Mo(CO)4(pip)2] resulted in the forma-
tion of complex 329 [193], the nature of which was confirmed by X-ray
analysis and NMR spectroscopy: the metal adopted a distorted octahe-
dral coordination geometry, where the flexible pincer ligand occupies
fac-sites, the Mo—CVHC€ bond distance is 2.263(2) A and the C-O bond
distances in the carbonyl ligands that are trans to the NHC are longer
than those trans to the P donors (1.158(3) Avs. 1.149(3) and 1.150(3) 10\,
respectively). A 3P NMR resonance was observed at 5 27.3 ppm.
Computational studies concluded that the fac and mer isomers were
energetically close, but the former was favored to circumvent mutually
trans-CO ligand placement. Additional findings from the computational
studies included the comparable c-donor strengths of the P and NHC
donors and (in contrast to the Mo-P interaction) the lack of any
n-bonding in the Mo-NHC interaction, a fact that was attributed to the
cancellation of metal-to-NHC n-backdonation from NHC-to-metal
n-donation. Similarly, the analogous complex 331 was formed by the
reaction of 330 (precursor to VIb) with KOtBu in THF, followed by
addition of cis-[Mo(CO)4(pip)2] [194]. Its structure featured trans-
P-Mo-CO angles of 165.24(11)° and 169.64(10)°, respectively. The
Mo-CNC bond distance of 2.239(3) A is slightly shorter than that in the
corresponding 329 (Scheme 80).

The complexes 334 and 336 with the flexible imidazol-2-ylidenes
(type VIc) were synthesized by treatment of the Mo® precursors 333
and 335 featuring labile PPhyMe ligands, with the precursor p,cNHC,
P-HCl in the presence of NaOtBu (Scheme 81) [195]. Although 334 was
not amenable to structural characterization due to its instability, its
nature was supported by IR and Raman spectroscopies, and, in contrast
to 329 and 331, a mer coordination mode assigned to the pincer ligand.
An absorption band at 1876 e¢m~! (IR and Raman) was attributed to a
coordinated Ny. Interestingly, this value appears to be one of the lowest
reported for the N-N stretching vibration for Mo-N» complexes, which
suggested that Ng is coordinated trans to the NHC functionality. In
contrast, the also unstable complex 336, featuring the chelating dmpm,
was characterized by NMR and IR spectroscopy; here the N-N stretching
vibration appeared at 1881 cm ™! and the 3P NMR spectrum showed an

" Additional references dealing with ligands of type VIb, VIc, VIIb and VIIIb
are given at the end of the document in the Note added in proofs.
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Chart 7. A detailed summary of different pincer type ligand bearing a P, CN*I°, P backbone

AA’XX’ pattern in agreement with the proposed structure.

An alternative reductive strategy to access Mo® dinitrogen complexes
has been described. The complexes 337-339 were obtained by the re-
action of [MoX3(THF)3] (X = Cl, Br, I) with the P,CNHC,P ligand 332, and
the trichloro Mo™ complex 337 was characterized by X-ray crystallog-
raphy. Na-Hg reduction of 337-339 in the presence of two equivalents
of P(OMe)3 under N; atmosphere resulted in the formation of a mixture
of the complexes 340 and 341 (Scheme 81) [195]. Complex 340 was
stable and, despite the presence of the less activating m-accepting
phosphite coligands, the N=N stretching vibration in the IR spectrum
was still at a low frequency (v=1932cm™1); this characteristic signal
was attributed to the activating effect of the NHC of the pincer, since
analogous all phosphane complexes, e.g. [Mo(N2)(PMes)s] or [Mo(N3)
(SiP3)(dmpm)] (SiP3 = tris(dimethylphosphinomethyl)methylsilane)
exhibited N=N stretching vibrations at higher wavenumbers (v =1950
or 1943cm™), respectively). The preparation of 340 was always
accompanied by the presence of variable amounts of complex 341 which

38

could become the exclusive product if the reduction was carried out in
the presence of excess of P(OMe)s. The nature of the rare and unusual
phosphorus containing ligand was demonstrated by X-ray crystallog-
raphy to be a metal-coordinated -P(=0)(OMe) moiety, related to the
amido-oxophosphane in [Cr(CO)s{P(=0)(NR3)}] [196], which, when
uncoordinated, forms a trimer. The presence of the coordinated -P(=0)
(OMe) was associated with the appearance of a low field multiplet at §
271.0 ppm in the 3!P NMR spectrum, while the CNFC signal in the 13C
NMR spectrum appeared at § 193.8 ppm. The short Mo-P bond distance
(2.254(1) A) was comparable to that in phosphinidene and phosphini-
dene oxide complexes (ca. 2.2-2.3 10\) [197-200] and was attributed to
strong Mo-P n-bonding. The mechanism of the formation of the coor-
dinated P(=0)(OMe) was not elucidated, although its formation is
associated with the combined demethylation-demethoxylation reaction
of a P(OMe)3 which, interestingly, was not observed in related all-
phosphane pincer complexes (i.e. lacking NHC ligation) [195].

A family of dinitrogen-bridged dimolybdenum complexes bearing
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Table 2
Occurrence of complexes with the ligand architectures VIa — Xc shown in Chart
7 across the transition metals.

Type R Y M
Via Cy tBu Rh' Ni
Ph Mn'
VIb tBu H or Me Mo® Mo™ Mn'! Ru" Ir* Ir'™" Ni!
Ph H pd" Rh" ™
Vic tBu H Mo® Mo™ Ru""
Ph H Mo® Mo™ Ru" Rh' Rh™ 1! Ir™
vid Ph Me Mo® pd" pt"
Vie Ph, C¢(CF3),Hs pd!
Vila iPr Rh! Ni"' pd" pt!!
Ph pd" pt!
VIib iPr tBu Fe'!
Ph tBu Rh'
Viic OF-CgHy Mn' Re! Ru"!
VIiIa Ph Nill pa"
VIIIb tBu Rul!
Cy Ru" Os" Rh! 1! ™
Ph OSII RhI IrI IrIII
VIlic iPr, tBu Ru!
IXa Ph Rh! Pt pd" Ag!
Xa Rh!
Xb Rh!, pd"
Xc cr® Rh! Ir! Ni' pd” Pt Au!

kP, KCNHC, kP ligands of VIb and VIc architecture (R = tBu) has been
prepared and studied as catalysts for the reduction of Ny to NHj
(Schemes 82 and 83) [38,201]. The complexes 346, 349 and 353 were
prepared in 33-60 % yields by the reaction of the in situ generated pincer
ligands (from the corresponding imidazolium salts and KN(SiMes)s)
with [MoCl3(THF)3] and characterized by X-ray diffraction. The
respective Mo™-CNHC bond distances of 2.126(7) and 2.4143(12) A for
349 and 353, respectively, indicated a weaker pincer binding in the
latter. The analogous 347 and 348 were obtained from the corre-
sponding molybdenum halides [MoX3(THF)3] (X =Br, I) (Scheme 82)
[201].

Reduction of 348 with two equivalents of [CoCp*2] under Ny in
toluene at room temperature afforded the MoV nitrido complex 350,
presumably arising from symmetrical reductive dinitrogen cleavage in
the putative [{MOH(KP,KCNHC,KP)}2(p—N2)] (Scheme 82). Furthermore,
reaction of 348 with Me3SiN3 in THF at room temperature afforded in
low yields the paramagnetic Mo" complex 351 which was structurally
characterized and features short Mo—CN'C and Mo=N bond distances
(2.164(4) and 1.639(4) ;\, respectively). Both 348 and 350 in the
presence of reducing and proton equivalents ([CoCp*2] and 2,4,6-col-
lidinium trifluoromethanesulfonate) act as catalysts for the reduction of
Ny to NH3 (Scheme 82) [201].

Treatment of the Mo™ complexes 346, 349 and 353 with six
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equivalents of Na-Hg in THF at room temperature under N, (1 atm)
resulted in the formation of the corresponding diamagnetic, dinitrogen-
bridged dimolybdenum complexes 354-356 in moderate yields
(37-53 %) (Scheme 83). Their structures revealed significant differences
that were rationalized on the basis of structural features of the pincer
supporting ligands and correlated with their activity in the catalytic
reduction of Ny to NHs. Although the binuclear Ny-bridged core with
two additional terminal Ny ligands per Mo center is maintained
throughout the series, a conspicuous difference is the conformation
adopted by 354 and 355 compared to 357, originating from the length
of the spacers in the pincer arms. As a result, the dihedral angles be-
tween the plane of the NHC ring and the Mo-N=N-Mo vector differ by
ca. 40° and the adoption of a highly twisted arrangement in 356.
Consequently, variation of the Mo—CNHC, Mo-N,, Mo-N=N-Mo and
Mo-P metrical data was evident and rationalized based on the strength
of the CNH°_Mo r-interaction, which also modulated the Mo-Ny 7-in-
teractions (and N5 activation). The Mo—CNHC bond lengths in complexes
354-356 were 2.064(2), 2.058(2) and 2.153(4) .IO\, respectively,
implying a stronger n-back donation from the Mo® to the NHC unit in the
former. The v(N=N) in the IR spectra the (1978, 1969, 1911 cm’l,
respectively) are in agreement with the explanation. Calculations show
that the Mo-N and N=N distances with the Ny(terminal) are 2.032 and
1.137 A for 354 and 2.016 and 1.142 A for 356, respectively, implying
that the Nj(terminal) in 356 is more activated than that in 354.
Consequently, the BDE of the Mo-Ny(terminal) in 356 (11.9 kcal/mol) is
lower than that of 354 (16.7 kcal/mol). In contrast, the Mo-N distance
of the bridging dinitrogen ligand of 354 (2.108 A) is shorter than that of
356 (2.133 &) and the corresponding BDE of the Mo—N» (bridging) for
354 and 356 are 18.8 and 9.0 kcal/mol, respectively. Experimental re-
sults (*°N NMR and FTIR spectroscopies) demonstrate that the dinuclear
structure in 356 is labile in solution giving easily the mononuclear 357.
This dynamic behavior is thought to be in part responsible for the
different Ny reduction activity of 354 and 356 under reducing condi-
tions ([CrCp*3]) in the presence of H' sources (lutidinium triflate).
Throughout the catalytic sequence which is initiated by H' attack on a
coordinated terminal No, it is thought that the Mo-N=N-Mo unit is
maintained and intermetallic electron transfer and synergism between
the two Mo centers are essential for successful catalysis. Indeed, 354
under certain conditions can provide up to 100 equivalents of NH3 per
Mo atom compared to 1.6 for 356. The tight pincer binding and the
robustness of the binuclear unit that are features of 354 (but not as
pronounced in 356) are remarkable indications of the tunable advan-
tages offered by certain P,CNHC,P architectures [202]. In fact, 354
catalytically outperforms the earlier described pyridine diphosphane
complex 358, the latter having a pyridine rather than NHC bridgehead
(Scheme 83) [38]. Detailed experimental, computational and catalytic
studies of the related molybdenum complexes 354/355 and 358
featuring the ligands of type VIb (Chart 7) and 2,6-(a,o’-di-tbutyl-
phoshino-lutidine (P,N,P), with NHC and pyridine bridgehead donors,
respectively, attempted to elucidate electronic structure parameters of
the pincer design that may be accountable for observed structural,
spectroscopic and catalytic properties. The emerging trends summarized
below are in line with comparative studies involving other pincer de-
signs with various metals. (i) The electron-donating ability of VIb and
(P,N,P) is controlled by the carbene and pyridine moieties. The Mo-CNHC
bond distance in 354 is significantly shorter than the Mo-NPY"dine gjs.
tance in 358. Furthermore, the Mayer bond order of the Mo-C''® bond
is calculated to be much larger than that of the Mo-NPyridine 004 (0.91
and 0.39, respectively). Consequently, analysis of the calculated orbitals
reinforces the idea of a stronger c-interaction between Mo and CNHC
than Mo and NPY4" These findings account for the catalytic longevity
of 354 compared to 358 under the conditions for nitrogen reduction. (ii)
In VIb there is a n-bonding interaction between the Mo atom and CVF¢
through n-backdonation from a Mo d, orbital to the vacant, perpendic-
ular to the NHC ring p orbital of CNHC; the NHC acts as a 6-donor and
n-acceptor. The backdonation is competing with n-backdonation to
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Table 3
Comparative summary of selected metrical and spectroscopic data of the complexes with kP, , kP ligands. Abbreviations used in the Table: O.S. oxidation state; C.
G.: coordination geometry’ oct.: octahedral; sqpl.: square-planar; td.: tetrahedral; ps: pseudo; trbip.: trigonal bibyramidal; sqpy.: square pyramidal.

CNHC

M 0.S./C.G. Ligand class Complex rM—CV9) (A) » (N-CNHE.N) (°) 8¢ (CNHG) (ppm) Sp (ppm) Ref.
Mo 0/oct. Vib 354 2.064 103.5 - 105.6 [38]
355 2.058 104.7 - 105.8 [38]
Vic 341 2.261 102.1 193.8 271.0, 166. 33.8 [195]
329 2.263 102.5 193.6 27.3 [193]
356 2.149 101.9 - 27.3 [38]
vid 331 2.239 104.4 205.6 27.3 [194]
1II/oct. VIb 347 2.110 105.6 - [201]
349 2.125 105.0 - [38]
Vie 337 2.180 102.5 - [195]
353 2.170 104.5 - [201]
V/sqpy. VIb 351 2.164 107.2 - [201]
Mn 1/oct. Via 360B 1.973 105.8 195.6 [176]
VIIb 361A 1.934 102.8 - 110.1 [205]
361B 1.926 102.6 231.8, 227.7 139.6 [205]
361C 1.954 103.5 - 110.9 [205]
Vile 364 2.033 107.2 212.4 [206-208]
Re I/oct. Vile 365 2172 108.6 192.3 [206-208]
367 2.156 107.0 - [206-208]
Fe 0/trbip. VIIb 386 1.828 99.6 - [215]
387 1.831 99.6 - [215]
11/trbip. VIIb 383 2.061 102.3 - [215]
I/oct. VIIb 384 1.828 101.6 - [215]
VIIIb 411 1.877/1.869 112.3/112.4 244.5 [219]
11/ps td. VIic 403 1.895 106.8 143.4 [218]
Ru 11/oct. Vib 370 2.011 106.5 - 103.2 [209]
Vic 374 1.993/1.992 104.0/102.9 174.5 43.4, 48.5 [211]
375 2.038 103.9 169.1 10.9 [211]
378 2.027 103.2 - 9.56 [211]
379 2.040 104.2 174.4 38.5, 42.4 [211]
380 2.050 103.9 - - [211]
371 2.087 103.7 - 64.5 [209]
VIIIb 413 1.943 114.6 224.7 34.6 [220]
421 2.087 116.6 sl 47.3 [221]
422 2.052 115.7 229.2 45.6 [221]
420 2.102 116.4 - [220]
VIIic 427 2.095 117.2 206.4 [222]
431 2.107 116.1 206.9 [222]
11/ps td. Vilc 404 1.996 107.1 204.3 [218]
395 2.019 104.5 197.6 [216]
Os II/oct. VIIIb 414 2.051 113.9 - - [221]
416 2.002 111.7 211.0 - [221]
Rh 1/sqpl. Via 434 1.991 105.4 188.4 [224]
VIb 436 1.955 106.2 - [225]
437 1.933 106.0 198.9 45.8 [225]
438 1.99 106.9 197.2 55.4 [225]
440 1.941/1.937 105.6/105.8 - 55.9 [225]
441 1.89 104.9 - [227]
VIla 71 1.929 105.2 201.5 22.4 [90]
VIIb 463 1.905 103.6 - 49.5 [236]
VIIIb 466 1.948 114.3 - 229 [237]
480 1.932/1.928 113.7/113.0 205.8 [240]
111/oct. Vic 453 1.987/2.007 103.5/102.8 - 6.4 [228]
454 2.003 106.1 - 1.7 [228]
VIIb 464 1.904 104.9 - - [236]
Ir 1/sqpl. Vib 442 1.889(5) 105.1 187.2 77.9 [226]
Vic 449 1.959(4)/1.943(5)/1.957(4) 102.5/102.8/102.8 157.9 [226]
11l/oct. VIb 445 1.921 107.3 179.2 53.0 [226]
446 1.948 108.1 172.4 27.4 [226]
447 1.959 106.4 - 89.1 [226]
Vic 450 1.992/1.993 103.8/104.4 - 11.2 [226]
VIIIb 468 2.078 117.6 172.5 - [237]
470 1.962 115.9 187.2 - [238]

(continued on next page)
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M 0.8./C.G. Ligand class Complex r(M—CNH%) (A) » (N-CVIC.N) (©) 8¢ (CNHC) (ppm) 5p (ppm) Ref.
474 1.943 113.9 189.9 23.7 [238]
Ni 0/td. viid 534 1.9286 113.7 - [56]
11/sqpl. Via 489B 1.847(2 109.7 196.7 78.5 [49]
489C 1.859(2) 109.8 - 110.4 [49]
489D 1.872(3) 109.4 199.3 75.0 [49]
Vib 487 1.828 106.6 - (861
VIla 511 1.863 107.3 189.3 [246]
VIlla 523 1.899 117.6 186.7 [252]
524 1.905 117.0 190.0 [252]
viid 529 1.899 118.5 150.31 [56]
533 1.911 118.2 - [56]
Pd 11/sqpl. Vib 488 1.9356 108.1 178.8 [225]
vid 492 1.9765 107.5 150.3 [248]
Vie 497 2.040 108.4 146.8 [249]
499 1.993 106.1 144.5 [249]
VIf 506 1.902 102.7 (»CCN) 148.6 [250]
Vila 513 2.037 109.3 197.3 [246]
VlIIa 525 2.011 118.8 189.9 [252]
526 1.997 118.3 186.7 [252]
Pt
11/sgpl. VIIa 514 2.008 107.4 196.7 [246]
521 2.037 107.9 194.0 [251]
519 2.042 107.7 194.2 [251]
3.10.2. Group 7 metals (Mn, Re)
co The Mn! complex 360B, with the pincer ligand of architecture VIa
Ph.P ‘]CI OC""IV.I ~CO (R=Ph), was prepared in two steps from the corresponding ligand
2 PPh, (i) KOBu, THF - °\ precursor 359, [MnBr(CO)s] and KN(SiMe3), (Scheme 84A). In the first
PN ' 2 /L PRh; step, the generation of the free ligand in the presence of the manganese
NN (ii) cis-[Mo(CO)4(pip)2] & AN j precursor leads to the formation of the neutral complex 360A with a
\—/ NN . NHC .. . .
— bidentate kC™ ~,kP coordination mode of the ligand and one dangling
328 329 diphenylphosphino functionality. Subsequently, halide abstraction from
360A using AgOTf gave the targeted pincer complex 360B in high
co yields. The spectroscopic data obtained for 360B conform to a sym-
PhyP PPh, |CI ocC,, ’ .COo metrical mer structure in solution (31P NMR: 6 89.6 (s) ppm; IR (CO
(\ /Md\ region): 2045 (w), 1966 (vs), 1942 (s) cm_l), which is also adopted in
NN (i) KOtBu, THF PhyP J\ PPh, the stzlid state as unveiled by X-ray crystallography (Mn-CNHC =1.9726
(ii) cis-[Mo(CO)4(pip)s] NAN (12) A). The 1ntermed1atfe neutral complelx 360A3¥V1th bidentate ligand
has only been characterized spectroscopically (°*P NMR: 8p 71.0 (s),
—17.0 (s) ppm; IR (vCO region): 2015 (s), 1940 (s), 1910 (s) cm’l). The
complex 360B shows moderate activity as hydrogenation catalyst of
acetophenone with Hp/KOtBu. Importantly, non-symmetrical xkN™0dine
330 331 CNHC «p manganese complexes are superior catalysts for this reaction, a

Scheme 80. Mo carbonyl complexes with kP, kCNHC, kP ligands of type VId (R
= Ph).

other coligands (N3 in this case) resulting in lower BDEs of the Mo—Ny
bonds and is not pronounced in the (P,N,P) analogue. (iii) Modulation of
the latter interaction by altering the orientation of the NHC plane (and
the perpendicular p orbital on CV€) through the use of spacers of
suitable length resulted in weakening the Mo-CNC; the NHC acts as a
pure o-donor and, consequently, the Mo-Ny bonding is strengthened.
This tuning handle is not accessible in the P,N,P ligand. Although these
features have been extracted on the basis of the Mo’—(P,CC P) and
MoO-(P,N,P) systems, their scope is expected to be wider (see also section
3.10.4 for a comparative analysis of the electronic structure of Ir—«P,
«CVHC P and Ir—(P,N,P) complexes).

Chromium complexes with a ligand backbones of type Xc have been
described. They are mentioned here for comparison, since the bridge-
head donors are not classified as N-heterocyclic carbenes [203].
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fact implying pyridine ring hemilability in this catalytic system (see also
section 3.7.1) [176].

An analogous to 360A Mn! complex 360C based on the ligand motif
VIb was obtained by deprotonation of the precursor 342A to form the
free pincer ligand in situ which was allowed to react with [MnBr(CO)s]
(Scheme 84B). In contrast to 360A, complex 360C features tridentate
coordination of the pincer, a fact that could be ascribed to the forcing
conditions employed for its synthesis; the octahedral at Mn coordination
geometry with the Br ligand mutually cis to the two P donors was
established by spectroscopic (multinuclear NMR, IR) and crystallo-
graphic methods. Reaction of 360C with Selectride N resulted in the
substitution of the bromide by a hydride donor and isolation of 360D
(Scheme 84B). Both 360C and 360D in the presence of base (tBuOK) and
Hj (ca. 50 bar) catalyze the hydrogenation of terminal alkenes with
excellent conversions, low catalyst loadings and a wide substrate scope.
The requirement of the use of tBuOK in both catalytic systems was
accounted for by the postulated mechanism of Hy activation involving
deprotonation of the benzylic linkers by the base, resulting in rare
anionic Mn-H complexes that are catalytically relevant [204].

The rigid pincer ligand 382 (of motif VIIb), which was obtained by
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deprotonation of the precursor 381 with tBuOK, was employed to
construct a family of Mn' complexes that are efficient catalysts for the
a-methylation of carbonyl compounds using methanol as the C; source
and ‘hydrogen borrowing’ transformations (Scheme 84C). The catalysis
relevant diamagnetic 361B and the catalytically active 361C were ob-
tained from 361A by the reaction with NaHBEt3 in CH,Cly and NaPFg in
methanol, respectively. The formation of 361C under catalytic condi-
tions involves the acceptorless double dehydrogenation of methanol to
CO in a process that, in contrast to other relevant Mn catalyzed hydrogen
borrowing reactions, does not invoke metal-ligand cooperativity [205].

With the aim to access tunable macrocycles with ring-integrated
NHC donors, the precursors 362 and 363 served as starting points for
the Mn' and Re! template controlled cyclizations of a coordinated rigid
diphosphane with a coordinated protic NHC, leading to the Mn' and Re!
complexes 364, 366 and 365, 367, respectively, all featuring the ter-
dentate architecture IIc (Scheme 85) [206-208]. The C-N bond
formation-cyclization in 362 and 363 involved a template-directed de-
hydrofluorination with KOtBu in THF. In the structurally characterized
364 and 365, the M—CNHC bond distances (M = Mn: 2.033(2) A; M =Re:
2.172(4) /0\) are comparable to those in other Mn and Re-NHC com-
plexes. The complexes 366 and 367 were formed by reaction of complex
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364 and 365 with Me3gNO-2H,0 in dichloromethane, respectively, and
the rhenium complex was also crystallographically characterized
(Re-CNHC bond distance: 2.156(4) ;\). The 3'P NMR spectroscopic data
for 364 and 365 (5 73.4 and 15.8 ppm, respectively) support that the
symmetric solid-state structures are maintained in solution; however,
the 3P NMR spectra of 366 and 367 comprised three signals (5 109.1
(m), 106.6 (m) and 83.0 ppm, and § 30.9 (s) 27.9 (m) and 25.5 (m) ppm),
which have been explained by the presence of two isomers in solution (i.
e. with the halide cis and trans to the NHC). Interestingly, although this
strategy to construct ligands of unusual architectures seems to be
attractive, the scope is very limited in terms of using different metals
from the periodic table (see also Section 3.10.3 for examples with Ru);
furthermore, non-destructive ligand removal from the inert Mn' or Re!
templates so far has not been successful (Scheme 85).

3.10.3. Group 8 metals (Fe, Ru, Os)

The Ru complexes 370, 371 and 372 bearing the ligands of type VIb
and VIc (R = tBu) were obtained by reactions of the free carbenes with
Ru precursors (Scheme 86) [209]. Thus, reactions of [RuHCI(CO)
(PPh3)3] with the pincer ligands, generated in situ from the imidazolium
salts 368 and 369 and 1.4 equivalent of KN(SiMe3), in toluene, yielded
upon heating the corresponding complexes 370 and 371. They were
characterized analytically, spectroscopically and crystallographically: in
their '"H NMR spectra, signals at 6 —16.84 (t) and —17.43 (t) ppm,
respectively, were assigned to metal-bound hydrides, which was also
confirmed by the IR absorptions at 2109 and 2046 cm™}; additional
peaks at 1937 and 1907 cm ! were due to the 1(CO) of the carbonyl
ligands. The higher v(CO) value in 370 was attributed to a stronger
n-accepting character of the NHC moiety of the pincers VIb and VIc due
to NHC conformational preferences having an impact on metal-to-NHC
back-bonding. For comparison between pincer ligand designs, it is
pertinent to note that in the (P,N,P) analogue of 370 (i.e. [Ru(H)CI(CO)
(P,N,P)]), the v(CO) absorption is at 1906 cm’l, which compares with
the value recorded for 371, implying similar degree of Ru-to-CO n-back-
bonding in the latter case. The X-ray structures in 370 and 371 revealed
distorted octahedral geometries at Ru, with Ru-CN€ bonds lengths of
2.011(6) and 2.087(3) A, respectively; interestingly, the Ru-CNHC bond
distance in 370 is shorter than the corresponding in 371, a fact ratio-
nalized by the involvement of conformation-facilitated n-back donation
from the Ru to the NHC unit (cf. discussion of Mo complexes above).
Reaction of 370 with the base LiNiPr; in THF-dg for 7 h at room tem-
perature afforded the unstable and non-isolable Ru® complex 372 after a
formal reductive elimination of HCI. The formation of 372 was inferred
by NMR and IR spectroscopic methods: the triplet attributed to Ru-H in
370 disappeared in the 'H NMR spectrum, and in the IR spectrum the
absorption due to 1(CO) was replaced by a new one at 1845 cm™!. All
these data pointed to a square-planar Ru® complex coordinated by the
PCP pincer and a CO ligand. Complex 370 was tested as catalyst for the
direct synthesis of imines from reactions of primary amines with benzyl
alcohol in refluxing toluene, and compared against the P,N,P benchmark
complex [Ru(H)CI(CO)(P,N,P)] [210]. Although its activity at the initial
stages of the catalytic reaction was inferior to the benchmark, over
longer (>24 h) periods of time it outperformed it, presumably due to the
higher stability of the catalytically competent structures originating
from tighter xP,kCNHC,xP pincer binding. In addition, in view of the
different behavior of the pincer complexes 370 and [Ru(H)CI(CO)(P,N,
P)] towards the stoichiometric reaction with base [209,210], it has been
proposed that the step responsible for the generation of the hydride
necessary for the benzyl alcohol dehydrogenation may be mechanisti-
cally different: in the case of 370 it may involve the Ru® complex 372,
whereas [Ru(H)CI(CO)(P,N,P)] may call for dearomatization of the (P,N,
P) and deprotonation of the CHy linkers. Here too, the nature of the
pincer ligand and the reluctancy of Ic to dearomatize may lead to a
mechanistic diversity for the reaction in question (Scheme 86) [209].

The orange salt 374 featuring a binuclear ruthenium complex cation
with terdentate ligand of type VIc was the first to be targeted as an
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Scheme 82. The synthesis of MoX3 adducts with pincer ligands of types VIb and VIc (R =

with pincer VIb (R = tBu) ligand under Nj.

example of a pincer system with NHC bridgehead (Scheme 87) [211]. It
was obtained by ligand transmetalation from the silver complex 373 to
the Rul precursor [RuCly(PPhs),] [211]. It could also be prepared
directly by heating at 90 °C a mixture of [RuCly(PPh3),] and the imi-
dazolium salt 328 in DMF. The cation in 374 adopted a symmetrical
binuclear structure with three bridging chlorides and one xP,kCNHC P
pincer at each Ru center in a fac-arrangement. The nonbonding Ru-Ru
separation was 3.362 A and the Ru-C''C distance of 1.99 A is consis-
tent with that found in related ruthenium complexes [212]. The Slp
NMR spectrum comprised two sets of doublets (at § 43.4 and 48.5 ppm,
2Jpp =31.3 Hz) indicating that the two phosphorus nuclei in the ter-
dentate ligand were non-equivalent. In the 13C NMR spectrum, the CNFC
resonance at & 174.5ppm appeared as a typical triplet with
2Jcp =21.6 Hz.

Reaction of 374 with CO in refluxing 1,2-dichloroethane solution
yielded the mononuclear 375 [211], displaying only one singlet at §
10.9 ppm in the 3'P NMR spectrum and adopting mer-octahedral ge-
ometry (Ru— CNHC _ o, 038(3) A cf. 1.99 Ain 374). Treatment of 375 with
NaBH4 resulted in the formation of the ruthenium hydride complex 377;
it shows one singlet at 5 9.56 ppm in the 3!P NMR spectrum and a
characteristic triplet at 5 —14.8 ppm (2Ji.p = 19.3 Hz) assignable to the
Ru-H in the 'H NMR spectrum. Refluxing a 1,2-dichloroethane solution
of 374 with excess phenylacetylene led to the formation of 376, which
was characterized in the 3'P NMR and 'H NMR spectra by a singlet at 5
7.00 ppm and a triplet at § 3.52 ppm (“J1.p = 3.8 Hz), respectively, the
latter signal being assignable to the protons of a vinylidene ligand. In the
13C NMR spectrum, the metal-bound vinylidene carbon was observed at
6 348.1 ppm (%Jcp=16.1Hz), and the B-carbon at 6 108.3 ppm. In air,
376 was converted into 375 with formation of benzaldehyde (Scheme
87).
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tBu) and stoichiometric reduction of the molybdenum triiodide complex

The iron NHC hydrido complexes 384 and 387 with the P,cCNCp
ligand of type VIIb were described and studied as versatile catalysts for
(i) the deuteration C-H bonds of aromatic substrates using C¢Dg as D-
atom source, (ii) the Z-selective functionalization of terminal alkyne
with HB(pin) to Z-alkenyl-boronates, (iii) the dimerization of alkynes
and (iv) the one- or many-bond isomerization of alkenes (Scheme 88)
[213-215]. Treatment of precursor 381 with KOtBu in THF resulted in
the isolation of free carbene ligand 382, which reacted with
FeCly-1.5THF to afford the new paramagnetic species 383 in 88% yield,
which was characterized by X-ray crystallography and mass spectrom-
etry. The crystal structure of 383 unveiled a distorted trigonal bipyra-
midal geometry (Fe—CNHC bond distance at 2.062(6) A and two long
Fe-P bond distances at 2.782(2) A and 2.765(2) A) testifying that the
phosphane donors were only weakly bound to the Fe center. Reaction of
383 with NaBHEt3 in THF at —110 °C produced the diamagnetic 384 in
70 % yield, which was stable at room temperature for several days
(Scheme 88) [213]. The appearance of one triplet at § —8.79 ppm in the
'H NMR spectrum of 383 (2Jp.y; = 43.0 Hz) suggested a trans-dihydride
arrangement. A rough crystal structure determination confirmed the
proposed ‘spectroscopic’ structure with a coordinated Ny trans to the
CNHC forcing the two hydrides in a trans geometry. It has been conjec-
tured that the coordinated Ny is important for promoting stability in
384: by forcing trans hydride arrangement, the reductive elimination of
H, which is a commonly observed decomposition pathway for other cis
dihydride Fe'l complexes was suppressed. Interestingly, 385 was ob-
tained by dissolving 384 in C¢Dg via facile H/D exchange. The disap-
pearance of the typical triplet at 8 —8.79 ppm confirmed the formation
of 385. Furthermore, in the 2H and 3'P NMR spectra a triplet (&
—8.68 ppm, 2Jp.p = 6.6 Hz) and a quintet (§ 133.27 ppm, 2Jp.p = 6.2 Hz)
were observed, respectively. Conversely, dissolving 385 in CgHg



F. He et al. Coordination Chemistry Reviews 514 (2024) 215757

cl 2
_ N3 (1 atm) L P=X
R‘@;ﬂ\ I/P 6 eq. Na-Hg E@'N/_‘/P IN'N R
R N I N

Mo
\P/| Cl  THF

[ R
cl P il 2P
N N
346 R=H 354 R=H
349 R=Me 355 R=Me
N N
[J“/\Clp N, (1 atm) /\_T_P TWU-/’
N_ |/ 6eqNaHg ~N |/ /
Mo —_ [ >—Mo—N=N—Mo j
[~p/| ¢ THF [l/)\—/l 7| —( |
Cl Pm ///N pﬂ
353 356
5N, (1 atm)
THF-dg
N
I
/NNp
NI/
Z;J)—l)/;o—NEN
L—Ppn
i
N N="5N
357
il p)
Np T N
= I/ /o T\
(' N—Mo—N=N—Mo—N
J I =
NP
358

Scheme 83. Mo’ dinitrogen complexes supported by ligands of types VIb and VIc (R = tBu).

resulted in the formation of 384 in quantitative yield. The reversible H/ performance (Scheme 88) [215].
D exchange between the solvent and 382 implies a facile reversible C The Fe" and Ru” complexes 390-391, 394-397, 403-406 bearing
(spz)—H activation, initiated by the N, dissociation. Thus, 384 has been the macrocyclic[l1]ane—P2CNHC ligand of architecture VIIc (Chart 7)
developed to a deuteration catalyst for organic compounds with good were prepared by the metal template strategy discussed previously
tolerance to a variety of functional groups [213]. In addition, 384 shows (Section 3.10.2). Reaction of 388 and 389 bearing one protic NHC and
remarkable activity as catalyst for the Z-selective terminal alkyne one rigid diphosphane with two equivalents of KOtBu in CH5Cl; resulted
functionalization with HB(pin) to Z-alkenyl-boronates and the dimer- in the formation of complexes 390 and 391 in good yields (Scheme 89)
ization of alkynes [214]. [216-218]. The mechanism of cyclization involved the deprotonation of
The anionic complex 387 was obtained from 383 in two steps: the NH functions of the protic NHC ligand and attack of the N-nucleo-
reduction with two equivalents of KCg in THF under N resulted in the philes at the C-F bonds of the o-fluorophenyl substituents. The com-
formation of the diamagnetic species 386, which was characterized by plexes 390 and 391 were characterized by NMR and HRMS
NMR spectroscopic methods and X-ray crystallography (Scheme 88). In spectroscopic methods. The disappearance of resonances for the NH
a second step, 386 was converted to the anionic Fe’ NHC hydride protons in the 'H NMR spectrum and the singlet in the °F NMR spec-
complex 387 by the reaction with two equivalents of NaBEtzH. The 'H trum indicated the successful formation of the macrocyclic complexes.
NMR spectrum of 387 displays a characteristic triplet at § —10.85 ppm The resonance for CN€ in the '3C NMR spectrum appeared at § 222.3
(3Jp.g = 55.1 Hz); its molecular structure in the solid state features a and 6 203.9 ppm, respectively. The molecular structure of 390 and 391
dimeric dinitrogen bridged iron hydride complex with the metal centers revealed short M—CVHC bond distances (1.895(2) and 1.996(5) ;\,
in a trigonal bipyramidal geometry, the hydride and dinitrogen ligands respectively). Similarly, deprotonation of the coordinated 2-amino iso-
in the equatorial position and two sodium atoms linking the two iron cyanides in 392 and 393 with excess KOtBu also led to the [11]ane-
fragments. The Fe-CNHC and Fe-P distances (1.831(2) and 2.174(7) ;\, p,CNHC macrocyclic complexes 394 and 395. They were characterized
respectively) are rather short. The anionic character of 387 accounts for by NMR and MS spectroscopy and the structure of the latter was
the coordinated dinitrogen N-N bond distance of 1.155(6) A, which is confirmed crystallographically, revealing a Ru-C''C bond distance of
indicative of Ny structural activation. Complex 387 performs as an 2.019(3) A. Attempts to remove the organometallic coligands of 394 or
excellent catalyst for the one-bond isomerization of terminal alkenes. 395 were successful by heating acetonitrile solutions of the complexes
The maximum turn-over number (TON) of 387 for the reaction is ca. with ammonium chloride under reflux leading to 396 or 397, which
160000, a value better than those measured in many precious metal- were characterized by NMR spectroscopy [216]. The analogous com-
based catalysts. Computational studies suggest that the isomerization plexes 403-406 also were prepared by similar methods and fully char-
reactions catalyzed by 387 operate by an alkyl-type mechanism, where acterized [217,218].
two-state reactivity (S=0, S=1) is responsible for the exceptional Three more iron NHC hydride complexes, 409-411, related to those
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Scheme 84. Mn' complexes supported by ligands of types VIa and VIIb.
discussed in the previous section but featuring the pincer ligand archi-
M T tecture VIIIb have been described. They were prepared by the remark-
F HNZNH ¢ Q NUN@ able double C-H activation of the perimidine precursor as detailed in
QPS/;TQP@ 2K0mu_ TQ Scheme 90 [219]. They constitute the first examples of iron-NHC
@/oc/hr\ CO\® C/ | \ .compl.exe.s in which this strategy was successfully .:appl.ied. Th.e .ﬁrst Fe
F p\ ) OF insertion into the C-H bond occurs via a formal oxidative addition and
o 0 leads to a Fel' (d°) center that is not electron rich enough to undergo a
§:§ mfg" ;:; "M"TZ" second oxidative addition (to Fe'V), and therefore the Fe insertion into
wre wre the second C-H bond would rely on redox neutral hydride transfer steps.
w:Ng 210 Reaction of the neutral methylene phosphane substituted perimidine
212 . .
with the Fe precursor [FeCly(THF); 5] led to the paramagnetic 408
NON displaying a distorted, trigonal pyramidal geometry. Reduction of 408
<= with two equivalents of KCg under an atmosphere of Ny furnished a
PP mixture of complexes 409 and 410 as deduced in the 3'P- and 'H NMR
@j a” | \co\F® spectra of the reduction mixture, where two singlets (§ 96.6 and
3 97.1 ppm) and two triplets (5 —8.1 and —12.4 ppm) both at ca. ratio 5:2,
366 M =Mn 409:410, respectively, were observed. The outcome of the reaction
367 M=Re depended on the volume of solvent, and thus the amount of available Ny;

Scheme 85. Mn' and Re' complexes with the type VIIc backbone
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the N partial pressure affected the stability of the complexes. Variable-
temperature NMR studies displayed reversible change of the appearance
of the spectra attributable to reversible Fe(Hz) and Fe(H), interconver-
sion. Attempts to crystallize any of the two components by cooling
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resulted in the crystallization of the centrosymmetric binuclear 411 mixture of 416 and 417 was isolated. From the mixture of crystallized
after partial Ny dissociation, where Ny structural activation was absent 414 and 415, the structure of 414 was successfully determined, while
(N=N bond distance 1.125(3) A) (Scheme 90) [219]. from the mixture of 416 and 417, complex 416 could be purified by
A series of ruthenium complexes with ligands of architecture VIIIb fractional crystallization and its crystal structure determined. The 3'P

was obtained from the precursors 407 (M = Ru, Os) and 412 (M = Os) and the '"H NMR spectra of 413 comprised a singlet at § 34.6 ppm, and a
via the double C-H activation methodology of the central CH; group of signal at 5 4.24ppm for the chemically equivalent PCH; groups,

perimidine also described above for Fe (Scheme 91) [220,221]. Reaction respectively. The crystal structure revealed a mer-«P, kGN''C, «P ligand,
of 407 with [RuCly(PPh3)3] or [OsCly(PPhg)s] in THF resulted in the two chlorides and one THF ligand around an octahedral Ru. The
formation of complex 413 or an isomeric mixture of 414 and 415, Ru-CNH€ distance of 1.943(2) A was in the expected range. Exposure of
respectively. Analogously, from 412 and [OsCly(PPhs)s], the isomeric 413 to a CO atmosphere in dichloromethane resulted in an immediate
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Scheme 88. Fe complexes with type VIIb backbone (R = iPr)

color change from orange to yellow; monitoring the reaction by 3P
NMR spectroscopy showed the appearance of a resonance at § 47.3 ppm
assignable to the formation of complex 421, while similarly, treatment
of 413 with mesityl isocyanide led to the formation of complex 422. The
CNHC signals in 13C NMR spectra of 421 and 422 appear at 5 223.8 ppm
and § 229.2 ppm, respectively, while the signal at § 205.5 ppm in the
spectrum of 421 was attributed to the CO. The crystal structure of 421
revealed a Ru-CV€ bond distance of 2.087(3) f\, longer than the cor-
responding in 413 (1.943(2) [o\), owing to the trans-influence of the CO
ligand. Reaction of ligand 407 with [Ru(H)CI(CO)(PPhs)3] produced the
complex 420 and with [RuCl(R’)(CO)(PPhgs)s], it afforded complexes
418 and 419. When a solution of 418 was refluxed in toluene for 4 days,
formation of 420 resulted from double C-H activation. This complex
was not very soluble in toluene, precipitating out of solution. The 'H
NMR spectrum of complex 420 showed a triplet for the hydride reso-
nance at § —16.45 ppm (2Jp_H — 19 Hz). The CNHC resonance in the '3C
NMR spectrum was observed at § 225.9 ppm (2Jp.c = 8 Hz).

Metalation of the 3,5-lutidine-bisphosphane ligands 423 or 424 with
[RuCl,(COD),] in the presence of base, followed by reaction with CO led
to the «P,xC"4MW1 P charge-neutral ‘classical’ pincer complexes 425
and 426, which displayed characteristic signals for the coordinated P
and C donors in the *'P and 13C NMR spectra at  74.53 and 181.28 ppm
and 6 91.12 and 182.49 ppm, respectively (Scheme 92) [222]. Further-
more, the pincer arrangement was confirmed crystallographically,
unveiling a mutually cis-CO arrangement and Ru — ipso C bond distances
at 2.106(2) A and 2.082(2) fo\, respectively. Further reaction of 425 and
426 with MeOTf afforded the complexes 427 and 428 with a pincer
complex cation as triflate salts. Whereas the 3!P-chemical shifts of 427
and 428 were only slightly affected by the N'4"® quaternization, the
ipso C were noticeably deshielded to § 206.41 ppm (427) and &
207.96 ppm (428). Importantly, the Ru — ipso C bond distance in 427
(2.095(1) 10\) is significantly shorter than that in 425, and the aroma-
ticity of the heterocycle is disturbed as deduced by the unequal C-C
bond distances within the ring. The electronic structures of 427 and 428
were studied by DFT methods and the results indicate that the hetero-
cyclic ring displays partial carbenoid character at the ipso C, in analogy
to the NHCs, with the carbenoid lone pair involved in a 3c-4e bonding
with the cis Ru-CO bond; the empty p orbital at C that is perpendicular to
the heterocycle plane accepts electron density from the adjacent double
bonds of the heterocyclic ring. Interestingly, there is only minor back-
donation from the d; Ru orbitals in support of relatively long Ru-Cipso
bond distances. Rationalization of the variation of the C-C bond dis-
tances within the ring can be understood from the Dewar-pyridinium
Lewis structure in 427. Reaction of 427 and 428 with KOtBu or KN
(SiMes), resulted in abstraction of one proton from one methylene linker
and the isolation of the complexes 429 and 430, respectively, which
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were characterized spectroscopically and 429 also crystallographically.
The lack of any symmetry element in the complexes 429 and 430 was
evidenced by the inequivalence of the coordinated P nuclei in the 3'P
NMR spectra (AB pattern) and, in the 'H NMR spectrum, the appearance
of one vinylic and one pair of diastereotopic protons attached to the two
disparate pincer arms. Interestingly, the CP*° in the *C NMR spectrum
appeared at § 180.6 ppm and the v(CO) vibration in the IR spectra at
2012 and 1943 cm™ . In the structure of 429, the octahedral coordina-
toion geometry at Ru is maintained with the Ru-Cips, distance at 2.106(2)
A.

Calculations (DFT, NBO) aiming at understanding the electronic
structure of 429 propose a zwitterionic non-carbenoid ligand structure
as the most plausible description of 429 (Scheme 92) [222]. Complexes
428 and 429 react with a range of substrates, viz. Hp, PhCN, PhCH,OH
and MeOH to give the products 431, 432 by a sequence involving metal-
ligand cooperation: rupture and addition of the X-H bond (X=H,
PhCHCN, PhCH0 and MeO, respectively) at the deprotonated pincer
arm of the zwitterionic ligand, accompanied by substitution of the Cl
ligand at Ru, result in regaining of the aromaticity of the heterocyclic
ring and formation of complexes with the carbenoid pincer ligand with
quaternized lutidine. Decomposition of the alkoxides may follow,
leading to hydride complexes (Scheme 93) [222].

Fe complexes with the ligand backbones of type Xb have been
described. They are mentioned here for comparison purposes only, since
the bridgehead donors are not classified as N-heterocyclic carbenes
[223].

3.10.4. Group 9 metals (Co, Rh, Ir)

The complex 434 related to type VIa ligand architecture was ob-
tained by treatment of the precursor rac-433 with [Rh(acac)(CO).] at
65 °C in the presence of NaBF,4 (Scheme 94). It was fully characterized
by IR spectroscopy and X-ray diffraction. The reaction mechanism of the
metalation of precursor 433 could involve the coordination of the PCy,
moieties to the rhodium center followed by deprotonation of the imi-
dazolium C-H by the acetylacetonate ligand acting as an internal base
[224].

The complexes 436 and 437 (backbone of type VIb) were obtained in
61-76 % yields by treatment of 435 with [Rh(p-OMe)(COD)], in DMSO
or MeCN at room temperature (Scheme 95) [225]. The signals in the slp
NMR spectra of 436 and 437 were observed at § 48.23 and 45.84 ppm as
a doublet (Jpry =151.08 and 152.8 Hz), respectively. The distorted
square-planar coordination geometry around the rhodium in 437 was
established by X-ray diffraction. In contrast to 436, 437 was reactive
with selected small molecules. Treatment of 437 with CO led to the
formation of the yellow complex 438 (8p 55.41ppm (d, Jp.
rh = 138.5Hz) [225]. The crystal structure of 438 showed a distorted
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square-planar geometry at Rh. In the IR spectrum, the characteristic
1(CO) absorption was observed at 1995 cm ™. Exposure of complex 437
to ethylene gave 439, as evidenced by 3'P NMR spectroscopy (5p
61.29 ppm, d, Jp.ry = 137.6 Hz), however, 439 could not be isolated
pure due to the reversibility of the reaction leading to its formation.
Complex 437 also reacted with 30 equivalents of KHCO3 in THF/H20
under a Hy atmosphere to afford quantitatively the unusual hydrido-
bridged dinuclear complex 440 the spectroscopic identity of which
included a characteristic signal for the p-hydrido ligand as a multiplet at
8 —9.15 ppm, the corresponding methylene groups at § 4.79 ppm (both
in the 'H NMR spectrum) and a doublet at 5 55.90 ppm (d, Jp.
Rh = 156.5 Hz) (in the 31p NMR spectrum); these features confirmed that
the four phosphorus atoms were equivalent. The Rh-Rh distance of
2.807 A and a Rh-H-Rh angle of 109.4(13)° provide strong evidence for
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the occurrence of a metal-metal interaction [225].

A related family of rhodium and, in particular, iridium complexes
with the ligand of type VIb (R = tBu, Y = H) have been obtained starting
either from the corresponding imidazolium precursor based on C-H
oxidative addition methodology to M™(xP,kCNHC «P) complexes
(M =Rh, Ir 443, 444), or from the isolated or in situ generated free NHC
pincer ligand on substitution of labile ligands (i.e. 1,5-COD or COE),
leading to the MI(KP,KCNHC,KP) species 441-442, respectively (Scheme
96) [226,227]. Deprotonation of the imidazolium salt 368 with KHMDS
in toluene afforded the free carbene 344 which was then reacted with [Ir
(u-CD(COE),]5 in THF to give 442 in 85 % yield; the Rh analogue 441
was similarly obtained starting from [Rh(u-Cl)(1,5-COD)]5. The crystal
structures of complexes 441 and 442 evidenced square-planar geome-
try, with M—CNHC bond distances of 1.892(2) and 1.889(5) [o\,
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respectively. Reactions of complex 442 with HCI in THF at room tem-
perature resulted in the formation of complexes 445 [226]. Treatment of
complex 442 with hexachloroethane or with LiHBEt3 under 2.5 MPa of
dihydrogen resulted in the formation of complexes 446 and 447 in 60%
and 43% yields, respectively. However, the cationic chlorido hydrido
complex 444 was obtained in one step albeit in low yields by the reac-
tion of the imidazolium salt 368 with [Ir(u-Cl)(COD)], and structurally
characterized.

Some interesting comparative insight into the electronic structures of
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complexes 442, 449 and the corresponding Ir-(P,N,P) analogue was
gained by DFT calculations. Oxidative addition of Hj in 442 was found
to be endergonic (by 13 kcal/mol) while that to Ir-(P,N,P)Cl exergonic
(by —17 kcal/mol). This dramatic difference pointed to a stabilization of
the low oxidation state by the VIb type ligand and could be attributed to
the stabilization of occupied Ir dy, and d,» orbitals by back-donation to
the vacant p orbital on the CNIC, Although the back-donation was
established in the case of VIc type ligand, it is less pronounced (due to
reduced overlap of the related orbitals originating from the unfavorable
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torsion angle) but still higher than in Ir-(P,N,P)Cl. The significantly
longer Ir-Cl bond distances in the calculated and experimental struc-
tures of 445 and 450 compared to the corresponding Ir'-(P,N,P)
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complex have been attributed to the better electron-donating ability of
the bridgehead NHC. Analogous ligand design effects have been
concluded in comparing Mo%-P,cMC P and (P,N,P) complexes with re-
gard to the Ny activation and catalyst stability (see section 3.10.1).

The complexes 442, 445-446 and 449 were efficient catalysts for the
hydrogenation of carbon dioxide with triethanolamine to ammonium
formates. In particular, 442 was shown to exhibit longevity and activity,
outperforming the Ir'™-(P,N,P) analogues that have also been studied
for this purpose: under optimal conditions, over 46 h 442 achieved a
turnover number (TON) of 230,000 compared to 54,000 by the - (p,
N,P) (Scheme 96) [226].

The rhodium complexes 451 and 452 with the p,cNHC p ligand ar-
chitecture VIc were accessed by Ag transmetalation methods (Scheme
97) [228]. Thus, reaction of 373 with [Rh(u-Cl)(CO),]5 gave the stable,
dark yellow Rh! complex 452 that was characterized by NMR and IR
spectroscopy [228]. The 3P NMR spectrum of the complex displayed a
doublet at § 21.7 ppm, which was assigned to the two equivalent
phosphorus donors coupled to Rh. The intense v(CO) band in the IR
spectrum at 1933cm™! was consistent with values found for most
rhodium chlorido-carbonyl complexes containing a terdentate ligand
[229]. In contrast, the reaction of 373 with [Rh(u-C1)(COD)]5 in CH,Cly
afforded the Rh™ complex 453. Investigations by NMR spectroscopy and
X-ray diffraction revealed that 453 resulted from the oxidative-addition

Ph, NN —|BF4

y2P—Rh—PCy>
C
11
(0]

434

Scheme 94. Synthesis of a Rh complex with chiral VIa backbone
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of dichloromethane to the initially formed Rh' intermediate 451. The
31p NMR spectrum of 453 comprised a doublet at § 6.4 ppm (JJrp.
p=103.3Hz), and the 'H NMR spectrum a triplet of doublets at &
=8.1Hz and 2JRh_H = 2.8 Hz, respectively), which was
attributed to the CHCl group. The X-ray diffraction analysis revealed an
octahedral coordination geometry around the rhodium center. The
Rh-CH,Cl distance of 2.086(9) A was comparable to that of similar
rhodium complexes [230-232] and longer than the Rh—-CNHC bond
length of 2.008(9) A. Similarly, reaction of complex 373 with [Rh(u-Cl)
(COD)]; in DMF at 60 °C afforded the complex 454 and precipitation of

3.61 ppm CJup

AgCl (Sc

could be
The com
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heme 97) [228]. Broad signals at § 2.90 and 4.58 ppm were

observed in the 'H NMR spectrum for the NCHy and PCHjy protons,
respectively. The 3'P NMR spectrum displayed a doublet at § 1.7 ppm.
All data were consistent with the symmetric complex 454. The crystal
structure determination established the coordination of the P,CNHCp
and of three chlorido ligands to the Rh center. The reaction mechanism
could involve the formation of a highly reactive Rh! complex 451, which

oxidized by the byproduct AgCl to afford the Rh™ complex 454.
plexes 452-454 were efficient catalyst precursors for the che-

moselective hydrosilylation of alkynes [228].
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A range of isotypical Ir'! pincer complexes of type 455-459, all

adopting octahedral coordination geometry and bearing CO and H li-
gands trans and cis to the coordinated E-donor, respectively, were pre-
pared by the E-H activation/oxidative addition to [IrICl(CO)(PPhg)g] or
[IrICl(CO)(PPhg)(p-toluidine)]. In general, the E-H functionalities
ranged from charge cationic to neutral to anionic, leading to the charge
cationic, neutral or anionic complexes 455-459 (Scheme 98) [233]. The
value of the v(CO) stretching vibration of the resulting complexes [Ir(H)
CI(CO)(xPPh,, «E, kPPh2)]19 (=1, 0, —1) was used as a spectroscopic
handle for classifying the donor properties of E to the Ir'!! center and was
considered of wider applicability than the Tolman Electronic Parameter
(TEP), the latter being only limited to neutral ligands and complexes (i.e.
L, [Ni(CO)sL], respectively). The E-H studied included pyridinium,
ammonium, imidazolium, protonated carbodiphosphorane, borane and
phenyl groups, leading to the corresponding pyridine, amine, NHC,
carbodiphosphorane, boryl and phenylene coordinated pincer bridge-
heads. For bridgehead donors of interest in the framework of this review,
the v(CO) trend observed was: pyridine (2040 cm ™) > amine
(2030 cm™ 1) >~ NHC (2040 cm™ ) > carbodiphosphorane (2015 em™ D)
=~ boryl (2015 cm™ b > phenylene (2012 cm_l), the last being anionic;
the opposite trend should be valid for the E donor strength. The calcu-
lated, predicted v(CO) values for the complexes with pincers 455-459
were 2044, 2042, 2040, 2020-2025 and 1956-1964 cm’l, respectively.
Moreover, the chemical shift of the hydrido ligand, which gives rise to
specific triplet resonances between & —14.38 and —17.74 ppm in the 'H
NMR spectra has also been correlated with the donor strength of the cis-
E donor.

The complexes 71-73 with the rigid pincer of architecture VIIa have

been studied (Scheme 99) [90]. The free pincer 461 was obtained by
deprotonation of the imidazolinium salt 460, and then reacted with the
precursor [Rh(u-Cl)(COD)], in situ to afford the complex which was
characterized spectroscopically and crystallographically [90]. The 3!p
NMR spectrum of 71 showed a doublet at 5 22.4 ppm (Mgn.p = 142.5 Hz)
and its molecular structure revealed a slightly distorted square planar
coordination geometry around the Rh center. The Rh-C¢ bond dis-
tance (at 1.929(5) 10\) was shorter than the average value of 2.026 A for
this type of bond in other Rh'-CNC complexes [234], the shortening
may be attributed to the weak trans influence of the chloride and the
constraint of the rigid pincer [235]. Reaction of 71 with potassium
triethylborohydride afforded 72, which shows a characteristic signal in
the 'H NMR spectrum at & —4.1 ppm that was attributed to the Rh-H.
Treatment of 71 with a slight excess of LiMe at 0°C produced the
complex 73 as a grey solid in 55% isolated yield. In the '"H NMR spec-
trum of 73 a typical doublet of triplets at 0.55 ppm was observed and
was assigned to the Rh-CHs; the corresponding methyl carbon reso-
nance in '3C NMR spectrum was found at & —10.3 ppm (Scheme 99)
[901].

The complex 463 with the rigid pincer ligand of type VIIb was ob-
tained by the reaction of the imidazolium precursor 462 with LiHMDS
followed by addition of [Rh(u-C1)(COD)]5 (Scheme 100) [236]. It was
characterized spectroscopically and crystallographically: a typical
doublet was found in the 3'P NMR spectrum at & 49.5ppm (Jrpn.
p=157 Hz), while the crystal structure revealed that the rhodium
adopted a distorted square planar geometry with the pincer and an
iodido ligand. The Rh'-CNHC s rather short (ca. 1.905(6) A) and the
Rh'_P distances of 2.273(2) and 2.293(2) A were consistent with values
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and computational methods.
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observed in most analogous Rh complexes with flexible terdentate li-
gands [90,237]. Treatment of the Rh! complex 463 with I, resulted in
the formation of the air-stable Rh'" complex 464 adopting a distorted
octahedral coordination environment around the rhodium center, with
distances between the phosphorus atoms and Rh™ of 2.379(1) and 2.396
1 /0\, while the Rh_CNHC (at 1.904(4) Io\), remained virtually the same
as in 463 (Scheme 100).

Reactions of pincer ligand precursors 407 and 412 of type VIIIb with
[RhCI(PPhg3)s] resulted in the formation in high yields of complexes 465
and 466 via double dehydrogenation (Scheme 101) [221,237,238].
Complex 465 was characterized by NMR spectroscopy, with the CNFC
13C NMR resonance at 5 206.7 ppm. In the similar complex 466, the
structure of which was determined crystallographically, the Rh-CNHC
bond distance of 1.948(4) A was consistent with that in most NHC
complexes of Rh.. It was recently found that complexes 465 and 466
could be obtained by thermal activation of dirhodium metallocycles in
which the ligands act as diphosphines (Scheme 101) [239].

Iridium complexes with the perimidine backbone of type VIIIb have
also been described (Scheme 102) [237,238]. Reaction of the precursor
407 with [IrCI(CO)(PPh3)] resulted in the formation of the alkyl com-
plex 467 via C-H bond activation [237]. The infrared spectrum of 467
revealed the v(Ir-H) and v(CO) absorptions at 2012 and 1940 em !,
respectively. In the 'H NMR spectrum, the triplet at & —17.9 ppm, with a
coupling constant of 11 Hz, was attributed to the Ir-H group and the
singlet at § 5.75 ppm to the methine group. Treatment of complex 467
with various silver salts (AgY, Y = PFg, SbF¢, PO9F5) afforded the com-
plexes of type 468 following a-CH rather than halide abstraction [237].
The '3C NMR spectrum showed the typical carbene signal at &
190.1 ppm. The X-ray structure of complex 468 confirmed the formation
of a Ir—cNHC bond, with a distance of 2.078(4) A. Reaction of ligand 407
with the dinuclear complex [Ir(u-Cl)(COE);]2 afforded the octahedral
dihydrido Ir'™ complex 469 [238]. Its infrared spectrum showed a
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characteristic single v(Ir-H) absorption at 1724 cm™!, indicating a trans
disposition of the two hydrides. The 'H NMR spectrum displayed a
triplet resonance at 8y —6.97 ppm (Jp.y = 16 Hz), reflecting the trans-
IrH, stereochemistry; consistently, a singlet was observed in the 3P
NMR spectrum at 27.3 ppm. The 3C NMR resonance for the CNC was
observed at 193.3 ppm. Reaction of complex 469 with chloroform
afforded the complex 470 in 82 % yield. Its 'H NMR spectrum comprised
a triplet at & —18.98 ppm for the hydride and the diastereotopic NCH,P
appeared as two distinct resonances, in accord with a cis-IrCl, geometry;
finally, the CVHC resonance was observed at 187.2 ppm by 'H-'3C HMBC
experiments. The structure of 470 was determined by X-ray diffraction
(Ir—CVH€ at 1.962(6) 2’\) [238]. Complex 469 was stable under ambient
conditions, however, when a solution was heated to 50 °C for 42h, it
was converted via reductive elimination to 471 which is the Rh analogue
of 465. The 3'P NMR spectrum of 471 showed a singlet at § 35 ppm and
the CVHC presence was confirmed by 'H-'3C HMBC experiments (Scnme)
at 188 ppm). Exposure of complex 471 to a Hy atmosphere for 10 min at
room temperature yielded the cis-H; complex 472 by oxidative addition
(Scheme 102) [238]. Interestingly, reaction of ligand 412 with [Ir(p-Cl)
(COD)], afforded complex 473 without C-H bond activation of the
NCH,N group [238]. However, C-H activation and formation of 474
occurred upon heating a solution of complex 473 at 90 °C for 16 h.
Reaction of the rhodium precursor [RhCl(PPh3)3] with the ditopic
diperimidine pincer precursors 475-477 related to VIIIb gave the
complexes 478-480 by a double geminal C—H activation of the central
CH> and coordination of the ditopic p,cNHC p pincer to the Rh (Scheme
103); complexes 478-480 were sparingly soluble in organic solvents
and therefore presented difficulties for their conventional character-
ization. In *3C enriched samples, the chemical shift of the CN' in the 13C
NMR spectra gave evidence for the carbene formation (8cnuc) = 206.1,
205.3 and 205.8 ppm for 478, 479 and 480, respectively), and >'P NMR
spectroscopy confirmed the pincer-type P donor coordination. The
crystal structure of the more soluble and crystallizable 480 unveiled a
planar ligand that was coordinated to two square planar rhodium frag-
ments with a Rh—CNC bond distance of 1.93 A. Further derivatization

463

464

Scheme 100. Synthesis of Rh complexes with type VIIb backbone
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of the complexes 478-480 is achieved by ligand exchange of the chlo-
ride, as shown by reaction with lithium phenyl acetylide, or by chloride
abstraction with TIPFg in the presence of PPhg or pyridine. The ligand
perylene core and its derivatives were also studied by UV — vis and
emission spectroscopy exhibiting as a characteristic feature an intense
band of the n* « & transition of the aromatic perylene core origin with
partially resolved vibrational progression. Metal substitution had as an
effect the bathochromic shift of the absorption maxima by ca. 15nm.
(Scheme 103) [240].

The complex 486 featuring a pincer ligand of the type IXa (Scheme
104) was prepared by the reaction of the imidazolium salt precursor 485
with [Rh(acac)(CO);] in refluxing THF, the acac ligand acting as coor-
dinated base, recrystallized from MeOH and characterized spectro-
scopically and crystallographically [241]. Its 3P NMR spectrum
displayed two overlapping ABX multiplets with 2Jp.p couplings of 268
and 274 Hz and 1Jp.Rh of 134 Hz, in agreement with the trans disposition
of the phosphane donors. In the IR spectrum the v(CO) absorption at
2008 cm ™! was comparable to values reported in the literature for
similar complexes.

Cobalt complexes with the ligand backbone of type Xb have been
described [223], as well as Rh complexes with the ligand backbones of
type Xa [39], Xb [242-244] and Xc [245]. All these are mentioned here
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for comparison, since the bridgehead donors are not classified as N-
heterocyclic carbenes.

3.10.5. Group 10 metals (Ni, Pd, Pt)

Nickel. The nickel complex 511 featuring the ligand with backbone
VIIa was synthesized by the reaction of precursor 460 with [Ni(COD)s]
in THF in 73 % yield (Scheme 105A) [246]. The complex was charac-
terized spectroscopically and crystallographically: in the 'H and 3'P
NMR spectra signals at & —10.73 ppm (t, 2Jp_H =53.5Hz) and at §
47.6 ppm (s) were observed, respectively. The structure of 511 dis-
played a square-planar geometry at Ni with Ni—CV'C bond distance of
1.863(2) [o\, in the range of those found in most Ni'“NHC complexes
(1.85-1.89 A). The reaction of 511 with ethylene unexpectedly led to
complex 512, formally a Ni® nz—iminium diphosphane complex, rather
than the formation of a square-planar Ni'' ethyl complex [NiEt(xP,k
CNHC «P)]PF [49]. The 'H NMR signals of 512 are broad, in particular,
the two peaks assigned to the inequivalent imidazoline methylene pro-
tons and those due to the inequivalent PiPr, substituents. In the solid
state, the n>-C-N interaction renders the two phosphane donors ineg-
uivalent. However, the 3lplH} NMR spectrum exhibited a singlet,
which suggested fast exchange of the n>-C-N unit between the two N
atoms of the heterocycle. To clarify the mechanism of the conversion of
511 to 512, where two mutually trans-disposed groups, the central CV¢
and the hydride, are formally involved in the formation of the ethyl by
an elementary insertion step, isotopic labelling and computational
studies were carried out. It was concluded that the regioselectivity of the
reaction was determined by the increased PiPry donor sterics, leading to
a pyramidalized intermediate with agostic ethyl interaction as precursor
to 512; computationally, PHy (in the place of PiPr;) side-arm donors
favored the formation of the [NiEt(KP,KCNHC,KP)]+ species with a
square-planar Ni center (Scheme 105A) [49,246].

Reaction of the diphosphine ligands 1,3bis{(diphenylphosphanyl)
methyl}imidazolidine 489AP" or 1,3-bis{(di-tert-butylphosphaneyl)
methyl}imidazolidine 489ABY with [NiCl3(DME)] in the presence of
KPFg afforded the pincer carbene complexes 489B"" and 489B™" with
VIa backbone as a result of activations of the two C —H bond of the
methylene linker (Scheme 105B), as previously observed with related
six-membered ring hexahydropyrimidine-based ligands (see below
Scheme 112). Neither 489B™" and 489B™" nor the corresponding
hydrido derivative 489C™" were active catalysts for the hydrosilylation
using PhSiH3 of aldehydes, ketones, and nitroarenes to primary, sec-
ondary alcohols, and aromatic amines; in contrast, the mono- or bis-
(phenylthiolato) derivatives 489D, 489D™" and 489E™" were highly
active in all three types of the reaction with good scope (Scheme 105B)
[247].

The diamagnetic complex 487 with the pincer of type VIb (R = tBu,
Y = H) was prepared by the reaction of the in situ generated ligand from
the precursor 368 and [NiCl(DME)]. Its structure adopted a square-
planar geometry with a Ni—CNHC hond distance of 1.828(4) A (Scheme
106) [86].

Palladium, Platinum. In addition to complex 488 (Scheme 106), the
Pd and Pt complexes 490 and 491 with the related ligand precursor of
type VIc were obtained via ligand transmetalation to [PdCl,(COD)] and
[PtCly(NCPh),], respectively, from the silver complex 489, which in
turn was generated from 330 and Ag,O in dichloromethane (Scheme
107). In the spectra of 490 the characteristic signals at § 12.4 ppm and §
161.8 ppm in the >!P- and '3C NMR spectra were assigned to the coor-
dinated PPh, and cNHC respectively; similarly, in the 31p, 13C and '°°pt
NMR spectra of 491 the corresponding characteristic signals were seen
at 8p 14.1ppm, 5¢c 145.9ppm (t) and &p; —4482ppm (d, Lpe.
p = 2450 Hz), respectively. Chloride abstraction from 490 with AgBF, in
pyridine afforded the complex 492 (5¢ 150.5 ppm for the CN'C, and &p
21.9 ppm for the PPhy). The complex 490 was efficient in Heck-type
coupling reactions of several aryl halides with styrene and n-butyl
acrylate at 110 °C (Scheme 107) [248].

The series of complexes 496-498 with the chiral ligand of type VIe
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were obtained by direct palladation of the imidazolium precursors
493-495 with [Pd(OAc)2]3 in THF at 60 °C (Scheme 108); subsequent
reactions of 496 and 498 with (Et30)PFg in acetonitrile led to the for-
mation of 499 and 501, respectively, however, formation of 500 from
497 was not observed under the same conditions. Complex 499 revealed
a square-planar geometry at Pd, with a Pd-CNHC bond distance of 1.993
9 A. The complexes 499 and 501 were efficient catalysts in the
asymmetric addition of thiomorpholine to methacrylonitrile, with ee
values up to 75 % (Scheme 108) [249].
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P,CNHC P pincer complexes with a mesoionic triazolylidene bridge-
head (type VIf) are very rare and one example 506 has been obtained
indirectly by the selective methylation of the triazole ring in the triazolyl
complex 504 with CH3l (Scheme 109). Interestingly, this reaction did
not lead to Pd methylated species but to ligand methylation. Complex
506 was characterized by multinuclear NMR spectroscopies and crys-
tallographically: the CHj of the triazolylidene displayed signals at &y
4.14 ppm and 8¢ 38.7 ppm, while the CN'C appeared at &¢ 148.6 ppm,
slightly upfield shifted compared to the signal of the metalated carbon in
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the triazolyl precursor. The structure of 506 features a square-planar Pd
center with a Pd-C bond distance at 1.902(9) A. By an analogous
methodology, i.e. by alkylating the metalated Pt complex 505 with the p-
CFs3-benzyl bromide, the triazolylidene Pt complex 507 was obtained
that was characterized only by multinuclear NMR spectroscopy. Com-
plex 507 served as a useful source to other derivatives by substitution of
the Cl trans to the bridgehead CNC with the neutral ligands CO or MeCN
ligands (Scheme 109) [250].

The reactivity of [M(PPhg)4] (M = Pd, Pt) with the precursor 460 was
similar to that with Ni summarized above leading to the hydrido com-
plexes 513 and 514 in good yields, respectively, after formal ‘insertion’
of the metal into the C-H imidazolinium bond (Scheme 110). Charac-
teristic signals corresponding to the M—H were observed in the 'H NMR
spectra at § —6.15 ppm (unexpectedly, singlet) and 6 —4.43 ppm —4.43
(t with Pt satellites, Jp.y = 14.5 Hz, Jpr.y = 403.2 Hz), respectively, while
the signal due to the heterocycle backbone protons also appeared as
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singlets, presumably due to dynamic processes in solution. In the 3P

NMR spectra the equivalent coordinated P donors appeared at §
46.1ppm (Pd) and & 39.5ppm (Pt) with 195p¢ satellites, 1Jp_
pt = 1241.5 Hz). The molecular structures of 513 and 514 were estab-
lished crystallographically and comprise distorted square-planar coor-
dination geometries with M—CNHC bond distances of 2.028(4) A (pd)
and 2.005(4) A (Pt). A common characteristic of all three structures with
this ligand framework is the twisting of the NHC ring making an angle
with the metal coordination plane ranging from 31.9° to 41.5° (Scheme
110) [246].

Further insight into the formal ‘insertion’ of the metal into the C-H
imidazolinium bond in the ligand precursors of type VIIa was obtained
by the reaction of [M(PPhs)4] (M =Pd, Pt) with 515 (Scheme 111)
[251]. Thus, the reaction of the chloride salt carried out in THF initially
afforded the alkyl complexes 516 and 517, respectively, which were
characterized by NMR spectroscopies and X-ray diffraction: diagnostic
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signals at § 4.78 ppm (t, >Jy.p=20.2Hz) and 5 4.82ppm (4.82 dt,
3Jp y=12.0Hz, %Jp, y="52.0Hz)) for the M—CMmidazolinyl_p yere
observed in the corresponding 'H NMR spectra; moreover, signals
assignable to N¢imidazolinyl pyN in the 13¢ NMR spectra of 516 and 517
appeared at § 85.6 ppm and § 66.3 ppm, in a region associated with
metalated o-heteroatom substituted Cspz alkyls, rather than NHCs;
finally, the 3P NMR spectra displayed characteristic peaks at § 9.54
(singlet) and 6 16.3 ppm (d, lth,p = 2620 Hz), respectively. There was
no evidence for the formation of any M—H moieties, a fact that

57

differentiates the reactivity of 515 leading to the present complexes and
that of 460 described above. The molecular structures of 516 and 517
attest for the presence of M—Csp® alkyl species in view of the non-planar
geometry of the metalated carbon and the observed bond distances:
Pd-C=2.0747(12) f\, Pt—-C = 2.042(3) A. Interestingly, in the structure
of both complexes the H atoms attached to the metalated C atom were
located experimentally and exhibit long M--H distances
(Pd---Hx~ 2.57 A, Pt---H= 2.56 A) and large M—C—H angle (for Pd/
Pt~ 110°), both metrical data being outside the range for an agostic
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C-H-M interaction. The above experimental observations suggest to
consider 516 and 517 as ‘arrested’ intermediates preceding the C-H
oxidative-addition resulting from the reaction of [M(PPhg)4] (M =Pd,
Pt) with 515 (Scheme 111) [251]. Thus, the reaction of the chloride salt
carried out in THF initially afforded the alkyl complexes 516 and 517,
respectively, which were characterized by NMR spectroscopies and X-
ray diffraction: diagnostic signals at  4.78 ppm (t, >Ji.p = 20.2 Hz) and 6
4.82ppm (4.82 dt, %Jp_y=12.0Hz, 2Jp_y=>52.0Hz)) for the
M-—cCmidazolinyl_pr yere observed in the corresponding 'H NMR spectra;
moreover, signals assignable to Neimidazolinyl pyyN i the 3¢ NMR
spectra of 516 and 517 appeared at 6 85.6 ppm and § 66.3 ppm, in a
region associated with metalated a-heteroatom substituted Cgp3 alkyls,
rather than NHCs; finally, the 3'P NMR spectra displayed characteristic
peaks at § 9.54 (singlet) and 5 16.3 ppm (d, 1th,p = 2620 Hz), respec-
tively. The 'H NMR spectrum of the 518 displays a characteristic triplet
for Pd-H at 8 —5.73 ppm (ZJP_H = 6.0 Hz); the CNHC resonance in the 13C
NMR spectrum occurred at 198.5ppm. Analogous reactivity was
recorded for the Pt complexes: in contrast to the thermally stable Pd
complex 516, complex 517 was easily converted to 521 after refluxing
in a polar solvent. The Pt hydrido complex 519 was accessible by the
methodology developed for the Pd complexes, i.e. by Cl abstraction with
TIPF¢ from 517, or directly from 520 and [Pt(PPhg)4]. Spectroscopic and
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crystallographic data for 521 are in accord with the proposed structures:
Pt-H (8 -3.88ppm, t with Pt satellites Lpe_y = 851.5 Hz,
2Jp_i = 24.0 Hz) and Pt-CVFC 5 194.0 ppm with both Pt satellites and
coupling to 3P (Wp_c=684.6Hz, 2Jp_c=11.1Hz) (Scheme 111)
[251]. Although the bonding situation in the cations of 518 and 521 was
established by DFT methods, the observed reactivity trends may call for
some empirical understanding: it may be argued that the reactivity
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difference between the -PPh, and -iPry substituted imidazolinium salts
515 and 460 has steric and mainly electronic origins: (i) the latter
precursor bears the more electron rich PiPr, moieties, rendering the
metal center more reactive towards oxidative addition after the initial
association; (ii) the absence of any agostic interactions may also imply
geometrical constraints hampering the interaction between the C-H
orbitals and the metal; (iii) the reduced thermal stability of 517 may be
related to the higher thermodynamic and kinetic tendency of Pt° for
oxidative addition reactions; (iv) and finally, the labilization of the co-
ordinated halide in 516 and 517 may contribute favorably to the ther-
modynamics of the oxidative-addition by facilitating the M—Cl bond
cleavage.

Using 522 as precursor to ligands of type VIIIa the Ni and Pd com-
plexes 523-524 and 525-526, respectively, were accessed by reactions
involving double C-H activation of the N-CH>-N moiety of the hetero-
cycle accompanied with release of Hy (Scheme 112) [252].

Reactions of 522 with [NiClo(DME)] or [NiCl,(DME)]/NaBF, in
MeCN afforded the complexes 523 and 524, respectively, while the
precursors used to prepare the Pd complexes 525 and 526 were
[PACI»(COD)] or [PdCly(COD)]/NaBF4. The proposed mechanism for
the transformation involves one oxidative-addition step, followed by a
redox neutral concerted Hy elimination from a cationic [M(H)Cl{n2,1,3—
(PPhy)s-pyrimidinium}] intermediate complex. All diamagnetic com-
plexes were characterized spectroscopically and 523 and 525 crystal-
lographically. The 3'P NMR spectra obtained displayed singlets at &
24.8 ppm and 25.4 ppm (Ni) and 6 26.3 and § 25.9 ppm (Pd), respec-
tively, and their 13C NMR spectra a broad singlet at 5= 186.7 ppm or a
triplet at § =190.0 ppm (Ni) and triplets at § 189.9 and 186.7 ppm (Pd)
for the CVHC, respectively. In the square-planar structures adopted in
523, 524, 525 and 526, the M—CC bond distances were at 1.900(3) A,
1.905(6) 10\, 2.011(3) A and 1.997(4) 108, respectively. The pd" complexes
525-526 were found to be highly effective in Buchwald-Hartwig
coupling between bromobenzene and morpholine (Scheme 112) [252].

An extended study of the metalation reactivity of flexible at the
bridgehead yet rigid at the side-arm pincer platform of type VIIId has
been undertaken, and was accompanied by further reactivity of the
ensuing Ni pincer complexes with small molecules (Scheme 113) [56].

Thus, reaction of the pyrimidinium precursor 527 with [Ni(1,5-
COD),] in THF afforded the neutral complex 528 with an unusual
structure as established by spectroscopic and crystallographic methods:
the 'H NMR spectrum of 528 displayed a triplet signal at & 3.30
assignable to the NiCPY™idine_py eliminating the possibility of the direct
conversion of the pyrimidinium salt to an RE-NHC-Ni-H functionality
via a concerted oxidative-addition; the molecular structure of 528
determined crystallographically established the presence of a tetrahe-
dral [NiCI(P,C*P>-H,P)] bridgehead donor to the Ni"! center, the latter
adopting a distorted square-planar geometry, with two trans phosphane
groups and a chloride ligand trans to the sp3—carbon (Ni—CsP3 =1.942(1)
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A). The flexibility integrated into the ligand design allowed the a-N atom
to get closer to the Ni center (Ni---N =2.531(1) A), thus providing some
additional electron density. Abstraction of the chloride ligand with
TIPF¢ resulted in the conversion of 528 to the cationic carbene hydride
529, which was also characterized spectroscopically and crystallo-
graphically: the 'H NMR spectrum contained the resonance due to Ni-H
at 8 —11.79 ppm (t, 2J4.p = 50.0 Hz) and no signal corresponding to a
Csp>-H was observed. Thus, the transformation of 527 to 528 can be
viewed as a C=N activation within the heterocycle and preceded the
conversion to the NHC hydride by C-H activation. Reaction of 529 with
excess ethylene afforded 531, featuring a sp-alkyl bridgehead with
ethyl substitution at the metalated tertiary alkyl carbon, after insertion
of the ethylene into the Ni-H bond. In agreement to this structural
picture, the 'H NMR spectrum evidenced the disappearance of the Ni-H
resonance and new signals (a triplet and a quadruplet) corresponding to
an ethyl group. The CP>-C*P® and Ni-C**® bond distances were 1.519(2)
Aand 1.8964(13) Z\, respectively. Based on computational results, it was
proposed that the conversion of 529 to 531 proceeded via the non-
isolable 530 obtainable via insertion of the ethylene into the Ni-H
bond. Attempts to deprotonate the a-C—H in 528 by means of the strong
base KN(SiMej3); led to the formation of the ‘-ato’ NHC pincer complex
532, formally a Ni° species, after H' abstraction from the coordinated
alkyl. The electron-rich Ni center in 532 was responsible for the facile
reaction with CH,Cl; leading to the Nil species 533. Moreover, the re-
action of 532 with PPhg in toluene afforded the charge neutral p,cNHC p
Ni® species 534. The reactivity of 534 with the acidic reagents HCI,
PhOH and H-C=CPh yielded the complexes 528, 535 and 536, respec-
tively. Interestingly, the product 535 of the reaction with PhOH featured
a pincer ligand modification after a P-C bond activation from the Ni®
and P—C*! scission. Furthermore, reaction of 528 with KHMDS in DME
led after P-C*™! activation to a rare example of terminal phosphido ligand
on Ni' in the C,CNHC,P pincer complex 537 [56].

The complexes 540 and 541 with the pincer ligand of architecture
IXa were accessed by the reaction of 485 with K3[PdCl4] and K3[PtCl4]
in EtOH initially affording the x2-P,P complexes 538 and 539, which
display characteristic 'H NMR resonances at 5 9.58 ppm and 5 9.90 ppm
assignable to the imidazolium protons (Scheme 114). The X-ray struc-
tures of 538 and 539 revealed average Pd-P and Pt-P bond distances of
2.344 A and 2.332(5) ;\, respectively. Then, 538 and 539 were con-
verted to the pincer complexes 540 and 541 by the reaction with KOtBu
in THF. The 3P NMR data revealed two sets of AB doublets, in support of
the presence of two isomers in solution, which was further corroborated
by the appearance of two resonances in the >C NMR spectra assignable
to the CNHC [241].

Finally, Ni, Pd and Pt complexes with the ligand backbones of type
Xb [223] and Xc [35,253] have been described. They are cited here for
the sake of comparison, although the bridgehead donors are not classi-
fied as N-heterocyclic carbenes.
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Scheme 113. The rich reactivity of Ni pincer complexes with platform of type VIIId

3.10.6. Group 11 metals (Ag Auw)
The only silver complex bearing a P,CN"C P-pincer ligand is complex
T|PFs ~IPFe 542 that was obtained by the treatment of 485 with AgOTf and KOtBu in
\4% THF (Scheme 115). Interestingly, the direct reaction of 485 with Ag;0

NN N~ N did not result in the formation of this carbene complex. The structure of
Ph  Ph KoIMCI] C( 542 was established by X-ray diffraction analysis and NMR spectroscopy
PR P— Pd [241].
Ph Ph EtOH, A F’hz th Moreover, Au' and Au™ complexes with the ligand backbone of type
Xc have been described [254].
485 538 M=Pd
539 M=Pt
KOfBu l
T]PFs
Vn PR A
N T/ N Na~N
N.=N T
p—Pd—p KOtfBu, AgOTf
ph, | Phy Ph  Ph _Ag—p
Cl PP Ph, L Phy
7N 2 Cl
540 M =Pd Ph Ph
541 M =Pt 485 542
Scheme 114. Pd and Pt complexes with the ligand backbone of type IXa. Scheme 115. Ag complex with ligand backbone IXa
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Chart 8. A detailed summary of different type ligand bearing O, CNH€, O backbone

3.11. Type P, CVF¢, 0

No example with this donor set has been reported to the best of our
knowledge.

3.12. Type P, CNHC g

No example with this donor set has been reported to the best of our
knowledge.

3.13. Type 0, CM€ 0

The ligand designs of this class are given in Chart 8, with a noticeably
reduced ligand diversity compared to the P,CNCP class, and the
dominance of the phenoxide side-arms. Moreover, the occurrence of
these ligand designs across the transition metal series is given in Table 4.
A comparative summary of selected metrical and spectroscopic data of
the complexes with x0,kCNIC O ligands is given in Table 5 at the end of
section 3.13.%**

3.13.1. Group 3 and lanthanides (Nd, Y, Sm, La, Er, Yb, Dy)

A family of Ln complexes featuring xO,kCNI€ xO-terdentate ligands
of types XIa (R = tBu, Y = H) and XIIIa was obtained by reaction of the
precursors 543 and 544 with [Nd{N(SiMe3)s}3(p-CDLi(THF)3] or [Ln{N
(SiMes)2}s] (Ln = Nd, Sm, La, Y) in the presence of KN(SiMes) (Scheme
116A). All complexes were characterized by NMR spectroscopy and/or
X-ray diffraction. Interestingly, reactions of [Ln{N(SiMes)2}sl,
(Ln=Sm, Y) with 543 and 544 in the absence of external base led to
binuclear species with halide and diphenoxide-imidazolinium or -pyr-
imidinium bridges and no Ln-G "¢ bond. The complexes 545-551
(backbone XIIa) were efficient initiators for the catalytic ring opening

" Additional references dealing with ligands of type XIIa and XIIb are given
at the end of the document in the Note added in proofs.
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Table 4
Occurrence of complexes with the ligand architectures XIa-XIIIb shown in Chart
8 and described in this section.

Type R'/R? Y M
Xla R! =R? =By, H, CMe,Ph H, Nd, Sm, La, Y, Yb, Er, Ti, Zr
Ph
XIb R! =R?=1tBu, R! = tBu, Me; Ti, Zr
R%=tBu
XlIc Mo, W, Ni
XlIla Ti, Zr, Hf, V, Nb, Mn, Fe, Ru, Co,
Ir, Ni, Pd, Pt, Al
XIIb Sc, Zr, V, Mo, Fe, Co, Ni, Pd, Pt
Xllc Ti, V, Nb, Mo
XIlla Nd, Y
XIIb  tBu Sc, Dy

polymerization of L-lactide, amongst them 545 being the most active
[255,256].

The complexes 549 and 550 containing the six-membered ring NHC
ligands (backbone XIIIa) were found to be highly active towards the
polymerization of n-hexyl isocyanate [256]. The polymerization mech-
anism was investigated, and the reaction was monitored by NMR. The
results indicated that the NHC moiety played an important role in the
initiation step, in both cases the binuclear diphenoxide-imidazolinium
or -pyrimidinium complexes were inactive.

The Dy™ complex 553A with the backbone of type XIIIb was ob-
tained by the metalation of the precursor 552A with [Dy(CHaSi-
Me3)3(THF),] under mild conditions (Scheme 116B). Displacement of
the coordinated chloride in 553A was carried out in two steps by the
reaction of LiCH,SiMes followed by alkanolysis of the coordinated alkyl
with (EtsNH)(BPhy) in THF to give the ion pair 553D. The metal in 553A
and 553D adopts distorted octahedral geometries with mer-pincer co-
ordination and similar Dy—CNHC distances of 2.584(18) and 2.521(9) [o\,
respectively. Both complexes are rare examples of lanthanide-based
single molecule magnets incorporating a NHC-based donor. As a
design strategy for new SMMs, the two phenoxides provide axiality and
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Table 5
Comparative summary of selected metrical and spectroscopic data of the complexes with kO, k! , kO ligands. Abbreviations used in the Table: O.S. oxidation state;
C.G.: coordination geometry’ oct.: octahedral; sqpl.: square-planar; td.: tetrahedral; ps: pseudo; trbip.: trigonal-bibyramidal; sqpy.: square-pyramidal.

CNHC

M 0.5./C.G. Ligand Class Complex rM - CVC) (A) »>(N-CNHEN) () 8¢ CVHC (ppm) Ref
La 1II/oct. Xla 547 2.798 and 2.776 107.2 and 106.3 225.27 and 220.26 [256]
Nd IIl/oct. XIa 545 2.724 and 2.707 107.1 and 107.3 - [255]
551 2.686 107 - [255]
Sm IlI/oct. XIb 556 2.610 and 2.606 103.8 and 103.7 - [259]
559 2.638 and 2.584 103.2 and 103.6 - [259]
560 2.654 and 2.601 103.4 and 103.0 - [259]
Er 1II/oct. XIb 557 2.504 and 2.525 103.0 and 103.2 - [259]
Yb 1II/oct. XIb 558 2.492 and 2.515 103.7 and 105.0 - [259]
Dy III/oct. XIIIb 553D 2.584 117.8 - [257]
553A 2.521 118.0 - [257]
Sc III/oct. XIIb 553C 2.346 105.5 199.9 [258]
XIIIb 553B 2.415 116.4 214.9 [258]
553D 2.413 117.1 215.4 [258]
111/trbip. 554 2.340 117.6 209.6 [258]
Ti 1II/oct. XIb 571 2.181 100.8 - [263]
IV/trbip. XIb 566 2.187 104.5 188.0 [262]
567 2.165 and 2.127 105.8 and 106.3 188.1 [263]
570 2.250 104.0 188.4 [264]
572 2.177 and 2.194 105.4 and 103.6 185.7 [263]
573 2.180 103.1 186.0 [263]
574 2.170 103.2 182.02 [263]
XlIIa 583 2.160 109.3 200.0 [266]
589 2.212 108.5 197.9 [266]
595 2.212 and 2.222 108.3 and 108.1 199.3 [268]
596 2.216 106.8 197.9 [55]
600 2.210 and 2.211 108.4 and 108.7 200.3 [55]
XlIle 612 2.111 103.9 181.8 [269]
1V/sqpy. XIb 569 2.207 104.1 185.0 [264]
IV/oct. and sqpy Xllc 610 2.111 and 2.131 104.9 and 103.8 175.8 [269]
IV/oct. XIa 580 2.252 108.5 201.8 [265]
XIb 563 2.200 102.7 164.0 [263]
568 2.205 and 2.196 104.4 and 104.2 182.4 [264]
XIIa 586 2.185 and 2.179 108.9 and 108.5 197.4 [266]
587 2.166 108.8 198.6 [266]
588 2.233 and 2.222 108.7 and 108.5 199.9 [267]
594 2.231 and 2.210 108.1 and 107.9 199.6 [268]
593 2.175 110.2 199.6 [268]
598 2.165 and 2.172 108.7 and 109.2 198.6 [55]
599 2.149 108.3 197.8 [55]
602 2.183 108.6 198.4 [55]
Zr IV/trbip. XIb 629 2.309 103.8 187.5 [270]
XIIa 640 2.333 108.4 205.8 [273]
XIIb 664 2.336 and 2.334 105.8 199.9 [276]
IV/oct. Xla 616 2.417 108.2 209.2 [265]
618 2.419 108.6 209.3 [265]
620 2.401 107.9 206.2 [265]
621 2.411 108.1 214.5 [265]
619 2.397 and 2.402 109.0 and 108.6 212.9 [265]
XIb 627 2.35 103.6 183.5 [270]
628 2.382 and 2.380 103.6 and 103.8 185.5 [270]
633 2.415 102.9 188.3 [272]
659 2.352 and 2.350 104.6 and 104.4 186.3 [275]
XIla 634 2.358 and 2.353 108.9 and 108.7 197.0 [50]
651 2.379 and 2.387 107.9 and 109.0 200.8 [52]
637 2.398 108.8 204.0 [275]
XIIb 665 2.301 106.6 196.0 [276]
667 2.324 106.2 199.6 [276]
660 2.393 and 2.401 105.9 and 106.8 198.0 [275]
663 2.400 105.3 199.9 [275]

(continued on next page)
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M 0.8./C.G. Ligand Class Complex (M - CV0) (A) >(N-CNIC.N) (°) 8¢ CVHI€ (ppm) Ref
Hf 1V/trbip. XIla 641 2.308 108.5 212.6 [273]
IV/oct. XIa 624 2.369 108.0 216.9 [265]
XIla 638 2.333 108.8 204.4 [274]
635 2.333(6) 108.5 200.5 [273]
639 2.336(4) 108.1 202.2 [274]
645 2.356 and 2.350 108.8 and 108.2 206.1 [267]
\% IV/sqpy XIIb 674 2.153 107.2 - [280]
XlIle 682 2.070 103.6 - [281]
V/sqpy XIla 672 2.095 109.0 - [280]
676 2.092 109.6 - [280]
679 2.128 and 2.132 108.6 and 109.0 - [280]
XIIb 673 2.132 106.9 - [280]
XlIlc 683 2.067 103.7 - [281]
681 2.054 103.8 - [281]
689 2.048 103.8 - [281]
690 2.049 and 2.064 104.1 and 103.5 - [281]
685 2.083 103.7 - [281]
Nb V/oct. XlIle 691 2.196 103.9 - [269]
Mo VI/trbip. XIIb 700 2.193 109.0 191.6 [289]
704 2.171 106.7 183.1 [289]
VI/sqpy. XlIle 710 2.204 103.7 169.9 [269]
XIIb 703 2.267 106.6 199.3 [289]
VI/oct. XIIb 702 2.203 107.5 191.1 [289]
706 2.186 107.6 - [289]
705 2.160 106.8 - [289]
w VI/oct. XlIle 699 2.182 and 2.141 104.2 and 104.7 - [288]
Mn 111/sqpy. XIla 711 2.00(1) 109.8(7) - [278]
Fe 11/sqpl. XIIb 712 1.923 106.2 - [291]
IIT/oct. XIIb 713 1.907 and 1.910 107.0 and 107.6 - [291]
714 1.894 and 1.898 107.8 and 107.5 - [291]
IV/oct. XIIb 715 1.936 and 1.950 108.5 and 108.6 - [291]
716 1.955 and 1.957 108.5 and 109.2 - [291]
717 1.927 and 1.928 107.6 and 107.4 - [291]
Co 11/sqpl. XIla 725 1.811 107.9 - [293]
729 1.849 109.7 - [293]
722 1.789 and 1.791 108.2 and 108.0 - [293]
726 1.830 105.3 - [293]
XIIb 727 1.81 107.3 - [293]
Il/oc.t XIla 730 1.841 109.2 - [293]
111/sqpy. XIIa 732 1.832 109.6 - [298]
III/oct. XIla 731 1.843 110.1 - [298]
Ir IIT/oct. XIla 739 1.969 109.1 - [299]
741 1.944 and 1.944 109.0 and 108.4 - [299]
Ni 11/sqpl. XlIc 743 1.856 and 1.853 105.1 and 105.2 149.9 [300]
744 1.880 104.4 148.3 [300]
XIla 747 1.825 107.0 146.8 [301]
Pt 11/sqpl XIa 755 1.948 107.2 149.9 [301]
Al 111/trbip. XIla 757 2.032 109.0 186.5 [306]
111/sqpy. 759 2.037 109.5 - [306]
III/trig. monopyram. 761 1.970 110.7 - [306]

slow relaxation while the soft NHC donor may moderate the detrimental
influence of the equatorial ligands over the axiality. In a similar manner
from 552A and [Sc(CH,SiMes)3(THF),] the Sclt complex 553B was
obtained, in which the geometrical and structural features at the metal
center were similar to those in 553A. Furthermore, facile displacement
of the coordinated THF by pyridine led to 553C. The binuclear alkyl 554
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was obtained from 552A by a combination of deprotonation and alka-
nolysis reactions. The benzimidazolium precursor 552B can serve as a
starting point for the synthesis of the octahedral scandium complex
553C. Interestingly, the longest Sc-CNHC bond to the bridgehead atom is
observed with the RE-NHC rather than the 5-membered NHC (2.415(2)
and 2.346(2) [D\, respectively (Scheme 116B) [257,258].
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Scheme 116. Syntheses and reactivity of lanthanide complexes with types XIb and XIIIb backbones.

The anionic lanthanide complexes 556-558 with the ligand archi-
tecture XIb were synthesized by the reaction of precursor 555 with [Li
(THF)Ln(NiPr2)4] (Ln = Sm, Er, Yb) and nBulLi in THF via an aminolysis
reaction (Scheme 117) [259]. Crystals of the air sensitive, paramagnetic
ion-pairs 556-558 were obtained from DME/toluene in ca. 60% yields,
and the structures were confirmed by X-ray diffraction analysis. The
coordination geometries around the lanthanide metals can be described
as distorted octahedral, with average Ln-CNFC bond distances of 2.608
(7) (for Sm), 2.515(7) (for Er), and 2.504(8) A (for Yb). These values
were consistent with those reported for other NHC-lanthanide com-
plexes [260,261]. Interestingly, crystallization of Sm-related reaction
mixture from THF/toluene afforded the ‘ate’ complex 559 as light-
yellow crystals in moderate yield. A related reaction starting from [Sm
{N(SiMe3)2}3] and three equivalents of NaHMDS as base (instead of
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nBuLi) afforded, after crystallization from Et,0 the ‘ate’ complex 560 in
low yield. The complexes 559 and 560 were characterized by X-ray
diffraction analysis revealing similar structures with Sm and Li/Na ions
bridged by phenoxide oxygen atoms; the Sm-O bond distances ranged
from 2.201(2) to 2.356(2) A for 559 and from 2.202(2) to 2.336(2) A for
560. The Li-O and Na-O bond distances were equal to 1.932(8), 1.927
(8) and 2.342(2), 2.347(3) A, respectively [259].

3.13.2. Group 4 metals (Ti, Zr, Hf)

Titanium. The titanium complexes 563 [262,263] and 564 [263]
with the ligands of type XIb were prepared by the reactions of the ti-
tanium precursors (TiClsy or TiBrs) with the ligand 561, which was
generated by deprotonation of the corresponding imidazolium salt with
NaHMDS (Scheme 118). The stable complex 563 was characterized by
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Scheme 118. Synthesis and reactivity of mono- and bi-nuclear Ti complexes with backbone of type XIb.

65



F. He et al.

X-ray diffraction analysis and NMR spectroscopy (5 CVI€ at
164.0 ppm). The X-ray structure confirmed six coordinate geometry
with one additional THF ligand to the Ti center. However, NMR ex-
periments revealed a rapid exchange between free and coordinated THF
molecules. The analogous complex 564 was characterized by NMR
spectroscopy only (8¢ CV¢ at 164.8 ppm), but poor crystal quality
precluded structural determination. Similarly, 565 was formed by
treatment of ligand 562 with TiCly in 86 % yield [263].

The complexes 566 and 567 were formed by the substitution re-
actions of halides in the complexes 563, 564 and 565 with CH,Ph using
[MgCI(CH2Ph)] (Scheme 118) [263]. They were characterized by NMR
spectroscopy (CNEC signal from 8¢ 164.0 to 8¢ 188.3 ppm) and X-ray
diffraction analysis. Interestingly, the Ti—O bond distances in 566 (1.870
(2) and 1.874(2) A) were longer than in 563 (1.845(6) and 1.850(6) A),
the structure of 567 was similar to that of 566. The dinuclear complexes
569 and 570 were obtained by controlled hydrolysis of 564 and 566
[262,263]. In 569, the CVHC appeared in 5 185.0 ppm. The structures of
569 and 570 were determined by X-ray diffraction and revealed Ti-CV1¢
bond distances of 2.208(5) and 2.250(5) 10\, respectively. Notably, the
Ti-CNHC distance in 570 was longer than that in other titanium com-
plexes owing to the p-O ligands of the TiyO core, binding stronger to the
Ti centers.

Reaction of 561 with [TiBr4] in a 2:1 ratio resulted in the formation
of the octahedral Ti"V complex 568 of ligand-to-metal stoichiometry 2:1
(Scheme 118) [264]. The complex was characterized by NMR spec-
troscopy (GN€ signal from 8¢ 182.4 ppm) and X-ray diffraction analysis
(Ti—CNHC bond distances of 2.2053(9) and 2.196(4) [o\). Interestingly,
exposure of 566 to O led to the formation of 574 (cNHC signal from §¢ at
182.0 ppm and Ti-CVHC bond distance of 2.170(8) A) [263]. Treatment
of 564 with 1 equivalent of LiBEtsH afforded the unique paramagnetic
Ti™ complex 571 [263]. Its structure was determined by X-ray diffrac-
tion, revealing a Ti—CNHC bond distance of 2.181(1) A. Furthermore, the
complexes 572 and 573 were formed by the reactions of the complexes
564 and 565 with MeLi, and their nature was confirmed by NMR
spectroscopy and X-ray diffraction analysis (Scheme 118) [263]. Com-
plexes 563-565 and 569-571 showed catalytic activities in ethylene
polymerization [262-264]. The complex 563 [263] exhibited the best
results with an activity of 290 kg moly-h~!-bar~! in the presence of
MMAO.

The three titanium NHC complexes 578-580 with the pincer ligand
of type XIa (Y =Ph) and a chair conformation were obtained by the
reactions of precursors 575-577 with [Ti(NMey)4] in THF (Scheme 119)
[265]. In the FT-IR spectra of complexes 578-580, the disappearance of
the characteristic O-H and C=N stretching vibrations present in
575-577 at 3420 and 1640 cm ™, respectively, supported the formation
of the complexes. The diamagnetic 578-580 were characterized by
NMR and IR spectroscopic techniques [265]. The structure of 580 un-
veiled a distorted octahedral geometry with Ti-CN€ and average Ti-O
bond distances of 2.252(2) and 1.993(2) 10\, respectively. The latter
showed poor to medium catalytic activities for the polymerization of
rac-lactide in the presence of isopropanol, leading to heterotactic-rich
polylactides with conversions ranging from 16 to 70% [265].

Ph,  Ph jx Ph,  Ph
NN Ti(NMe,), NN
- THF
R OHHO R THF g 0_Ti—0 R
Me,N7 |
R R R X R

575 X=Br,R=H
576 X=Cl,R=H
577 X=CIl,R=1Bu

578 X=Br,R=H
579 X=Cl,R=H
580 X=CIl,R=1Bu

Scheme 119. Synthesis by aminolysis of Ti complexes with backbone of
type Xla
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The large family of the TitV complexes [TiIV(KO,KCNHC,KO)(X)(X’)],
featuring the rigid 0,CNM€,0 ligand of motif XIIa, and their derivatives
arising from a variety of anionic X, X’ donors, were described (X, X’ =
halide, pseudohalide, alkoxide, siloxide, acetate and dimethylamide)
[52,55,266-268]. In the majority of the examples, the mer-(0,cNHC,0)
pincer donor adopted a stabilizing, spectator role; however, on
attempting to prepare benzyl species (i.e. X = Cl or PhCHj, X’ = PhCHy)
the CVHC of the coordinated NHC acted as recipient of a formally anionic
benzyl group, the former being converted to an anionic Csp3 bound
imidazolide functionality (vide infra). The complexes 583, 585-587,
590 or 591 of 1:1 ligand-to-metal stoichiometry and xO,xCN"C <O co-
ordination, were synthesized following an alcoholysis or aminolysis
protocol from the precursor 581 with [TiCl(OiPr)s], [Ti(OiPr)4], [Ti
(NMey)4] in CH5Cly and THF, or 582 with [Ti(OiPr)4], thus, the five-
coordinate 583 and 585, or the six-coordinate THF adducts 586, 587,
588 and 590, respectively, were obtained (Scheme 120) [266,267]. It is
pertinent to notice that the use of non-coordinating CH,Cl; as reaction
medium avoided the formation of six coordinate adducts. Thus, treat-
ment of 581 with 1 equivalent of [Ti(OiPr)4] in CH,Cl, at room tem-
perature led to the quantitative formation of 585, however, the reaction
of 581 with 1 equivalent of [TiCl(OiPr)s] in CH,Cl; afforded a mixture of
complexes 583 and 584 in a 1:2 ratio, as evidenced in the 'H NMR
spectrum by the characteristic resonance due to the CH-imidazolinium
at § 8.74 ppm; complete conversion to 583 occurred by heating of the
reaction mixture in toluene at 90 °C overnight. Finally, employing salt
elimination reactions for the introduction of the O,CNHC,O pincer
starting from 581 and 0.5 or 1 equivalent of [TiCl4(THF)3] in THF or
[TiCls] in CH,Cly in the presence of NEts, resulted in the formation of
the complex 591 of ligand-to-Ti stoichiometry 2:1 and octahedral co-
ordination geometry.

Complex 588 lost coordinated THF under vacuum, converting to the
five-coordinate, moderately stable 592 which is structurally analogous
to 585. Interestingly, dissolution of 592 in acetonitrile resulted in the
formation of the MeCN adduct 593, in a process that can be reverted
under vacuum, the five-coordinate 592 in solution easily transforms to
the dinuclear 594 (see also below) (Scheme 121).

The synthesis of derivatives from [TiIV(KO, KCNHC, kKO)X)X)] X, X
= Cl, OiPr) succeeded by substitution of one or two chlorides from 583,
587 and 592 or one or two OiPr from 589, respectively (Scheme 122)
[55,266-268]. Reaction of 583 with 2 equivalents of LiOBn in toluene
afforded the bis-benzyloxide pincer complex 596. Introducing the
bulkier and electron-withdrawing OSitBug ligand was achieved by re-
action of the silanol Si(OH)(OtBu)s with 583 or 589 under elimination
of HCI or iPrOH, respectively. The complex 597 was quantitatively ob-
tained by treatment of complex 583 with one equivalent of the silanol Si
(OH)(OtBu)3 in the presence of NEts in toluene; it was crystallized from
THF as the adduct 598. Similarly, the reaction of complex 589 with Si
(OH)(OtBu)3 afforded complex 600. However, addition of a second OSi
(OtBu)s donor to complex 597 or 600 failed for steric reasons.
Displacement of Cl ligand in 587 and 592 by salt metathetical reactions,
with LiOiPr and LiOAr’ (Ar’ = 2,6-tBuy-4-MeCgHy) reagents, afforded
the mononuclear derivatives 589 and 595, respectively. This is to be
contrasted to an analogous reaction with the less bulky partners 592 and
LiOiPr (1:1 ratio) that afforded the non-symmetrical binuclear 594
featuring two octahedral Ti centers linked by one bridging OiPr and one
bridging phenoxide, the latter originating from one of the pincer side-
arms.

Finally, complex 599 was formed by the reaction of 583 with 2.1
equivalents of NaOAc in dichloromethane and adopts a rare, seven-
coordinate structure with two ,k-O,0-acetates and the Ti-CN'C bond
distance of 2.148(4) A (Scheme 122). Elimination of Me3Si-OiPr in a
reaction of 589 with excess of Me3SiN3 afforded the mononuclear bis-
azide complex 601 characterized spectroscopically (Vasym(N3) from
2120 to 2055 cm ™! and Vsym(N3) 1361 and 1326 cm’l) and crystallo-
graphically as THF adduct 602. Treatment of complex 601 with five
equivalents of DMAD in dichloromethane yielded complex 603 after a
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Scheme 120. The synthesis of Ti complexes with pincer ligands of backbone of type XIla by HNMe,, HOiPr elimination or salt metathesis

[3 + 2] cycloaddition with the coordinated azide, along with an impu-
rity (10 %). The 'H NMR spectrum of 603 comprised a resonance at &
4.12 ppm assignable to the OCHj3 group of a substituted triazolato ligand
(the cycloaddition product) and a characteristic singlet at 5 4.73 ppm
assignable to the NCH; of the imidazolin-ylidene backbone, indicating
that 603 may adopt a Cy,-symmetric structure in solution. However,
single crystals of complex 603 could not be obtained, whereas the
aforementioned impurity 604 crystallized and was characterized as the
oxo-bridged binuclear complex with two distorted-octahedral titanium
centers, each featuring one mer-pincer donor. In contrast to the suc-
cessful isolation of the Ti'"! complex 571 based on the pincer XIb (vide
supra), attempts to access Ti'' complexes with XIIa by selective re-
ductions of 583 with a variety of reagents failed.

All Ti'V pincer complexes were evaluated as precatalysts for the
copolymerization of cyclohexene oxide with COs. Upon addition of
[PPN]X cocatalysts (with X = Cl, N3), all complexes were active at low
COg pressure (<0.5bar) and were highly selective (>99 %) toward the
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formation of atactic poly(cyclohexene oxide-alt-carbonate) [55].

The titanium complexes 605-607 [52] were obtained in attempts to
prepare Ti alkyls stabilized by the O,CNC,0 pincer of type XIla
(R =1tBu) (Scheme 123), following an alkanolysis methodology. Reac-
tion of the precursor 581 with [Ti(CHyPh)4] in toluene resulted in the
formation of the dinuclear 605, which was characterized by 1D and 2D
NMR spectroscopy showing the NC(CH2Ph)N at 5¢ 111.6 ppm and the
NC(CH2Ph)N at 6¢c 29.6 ppm. The observed reaction outcome under
these conditions should be contrasted with the results obtained with [M
(CH2Ph)4] (M = Zr, Hf) (vide infra). Moreover, the treatment of 581 with
[Ti(CH2Ph)4] in the coordinating solvent THF formed quantitatively
complex 606 that was characterized by NMR spectroscopy and X-ray
diffraction: in the 13C NMR spectrum, the characteristic resonance for
the sp® NC(CH2Ph)N appeared at § 110.6 ppm; in the molecular struc-
ture the distance of the sp® pyramidalized C atom from the Ti center was
at 2.026(2) A. Treatment of complex 586 with 2 equivalents of [MgBr
(CH,Ph)] in THF gave complex 607, displaying a 13C NMR spectrum
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in Ti complexes with pincer of

with signals due to NC(CH,Ph)N and Ti-CHyPh at 6 109.6 ppm and &
58.8 ppm, respectively, and no evidence of a downfield CVFC signal. By
comparison with the analogous Zr and Hf complexes described below
and computational studies, it has been proposed that the presence of
donor THF critically facilitated the formation of 606 via the seven-
coordinate species  [Ti(x0,xCNFC kO)(CH,Ph)CI(THF),], featuring
Ti-CMHC coordination and cis-arrangement of Ti-benzyl and Ti-CNHC
bonds; the latter rearranged to the observed products by intramolecular
Ti to CVHC migration of the benzyl group; however, the mechanism of
formation of 605 (viz. in the absence of THF) may be different.

The triazole-derived mesoionic carbene pincer titanium complexes
609-613 of type XIIc were prepared by the reaction of precursor 608
with [TiCl(OiPr)3] in dichloromethane (Scheme 124) [269]. Initial ef-
forts along the lines of an alcoholysis protocol afforded complex 609,
which from crystallographic and spectroscopic evidence was assigned a
zwitterionic structure featuring a protonated triazolium bridging the
two aryloxides. The presence of the triazolium proton was also evi-
denced by the characteristic 'H NMR low-field signal at 5 9.45 ppm and
the 13C NMR spectrum lacking a signal above 5 165 ppm. Upon addition
of strong bases such as KHMDS to a solution of 609 in ether, formation of
the five-coordinate complex 613 was established by 'H NMR spectros-
copy. Treatment of 608 with NEts, followed by addition of [TiCly(NtBu)
Pys] yielded a mixture of complex 610, as a minor byproduct, and
complex 611, as major product. 610 could be purified by fractional
crystallization of the crude mixture from diethyl ether at room tem-
perature, and it was characterized by X-ray diffraction analysis and NMR
spectroscopy, as a binuclear species with a non-symmetrical oxo bridge,
one square-pyramidal five- and one octahedral six-coordinate Ti center.
Therefore, 610 could be described as an anionic Ti"V=0 fragment co-
ordinated to a cationic Ti"~Cl, both Ti centers being stabilized by the
Vllc type pincer. The main product 611 could also be prepared inde-
pendently by the reaction of [TiCl4(THF),] with 608 at low temperature
in the presence of NEt3. All NMR data were consistent with the structure
of the distorted octahedral complex 611 of ligand-to-Ti stoichiometry of
2:1, shown in the Scheme 124. Reaction of 608 with [TiCly(NtBu)Pys] in
the presence of LDA cleanly generated the complex 612, which was
isolated as a yellow solid in 54 % yield. Its 13C NMR spectrum contained
a typical resonance corresponding to the triazolylidene-5C carbene
carbon at 5 181.8 ppm. The X-ray structure revealed the Ti-CV''¢ bond
distance of 2.112(5) 10\, which was found to be the shortest Ti—-CNC bond
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reported so far, which may be due to the good c-donor aptitude of the
mesoionic NHC, reinforced by the weak trans influence of the pyridine
and the chelate effect of the pincer (Scheme 124) [269].

Zirconium and Hafnium. Many systems with the ligands 0,CNC,C
discussed in the Ti section find counterparts and similarities with the
heavier congeners Zr and Hf, despite expected differences in the stability
of individual complexes arising from the different bond strengths of the
donors with the heavier 4d and 5d metals.

A family of chiral zirconium and hafnium complexes 615-621 and
622-624 with the pincer ligand of architecture XIa was obtained by the
treatment of the chiral imidazolinium 575-577 and 614 based on the (S,
S)-diphenyl-1,2-ethanediamine with one equivalent of [M(NR3)4]
(M =Zr, Hf) in THF and recrystallization from benzene (Scheme 125)
[265]. They were characterized by NMR spectroscopy (supporting a Co-
symmetric structure) or X-ray diffraction adopting distorted octahedral
geometries featuring M—CNHC distances of 2.397(4) A to 2.419(2) A for
Zr, and 2.370(3) A for Hf all in the typical range for a M—C c-bond.
These complexes acted as precatalysts the polymerization of rac-lactide
in the presence of isopropanol, leading to the heterotactic-rich poly-
lactides, the activities depended by the size of the metal (both Zr and Hf
performing well) and the solvents, best results were obtained in toluene
rather than in polar THF (Scheme 125).

A class of Zr and Hf complexes with the pincer ligand of architecture
XIb have been prepared and studied for their catalytic performance as
polymerization or copolymerization catalysts [270-272]. Reaction of
the precursor 625 with NaHMDS led to the formation of the sodium
adduct 561 (Scheme 126), which was then reacted with [ZrCl4(THF),]
to afford a mixture of mono- and bis-NHC Zr'V complexes 627 and 628
which could be separated based on their different solubilities in organic
solvents and isolated in 20 and 38 % yields, respectively [270]. The
complex 628 was also formed in good yield (ca. 85 %) by treatment of
561 with [ZrCl4(THF),] in a 2:1 ratio. The structures of both complexes
were determined by X-ray diffraction, revealing distorted octahedral
geometry at Zr in 627 with the aryloxide units of the pincer occupying
mutually axial sites, while in 628 the ligands assume an S-shaped
conformation and Cp symmetrical arrangement. The Zr-C ¢ bond
distances of 2.35(1) A for 627 and 2.383(3) and 2.380(3) A for 628 were
shorter than those in previously reported Zr complexes. Temperature-
dependent experiments with 627 indicated the existence of isomeriza-
tion equilibrium between C; and Cy symmetric structures in solution.
The equilibrium was monitored by 13C NMR spectroscopy, with a CNHC
signal at 183.5 ppm, at room temperature, and two CV':€ signals at 182.5
and 183.0 ppm, at 243 K. A characteristic 13¢ NMR CNHC resonance was
observed at 185.5 ppm for 628. The complexes 629 and 630 were
formed by the reaction of the complex 627 with 2 equivalents of [MgCl
(CH2Ph)] or [LiCH,SiMes]. Complex 629 could also be obtained by the
reaction of the imidazolium salt 625 with [Zr(CH3Ph)4] in 20% yield.
The structure of 629 exhibited a Zr-CVC bond distance of 2.309(3) [o\,
which was shorter than that in 627 and 628 (Scheme 126) [270].

The yellow complexes 631 and 632 were prepared by the reactions
of the imidazolium salts 625-626 with [Zr(NMes)4] in THF, respectively
[271]. They were characterized by *C NMR spectroscopy (8¢ 186.8 ppm
and 186.0 ppm for 631 and 632, respectively). These complexes acted as
stoichiometric intramolecular hydroamination catalysts of 2,2-diphe-
nylpent-4-en-1-amine to 2-methyl-4,4-diphenylpyrrolidine, however,
they did not perform catalytically [271].

The macrocylic hexanuclear complex 633 was formed by treatment
of the mononuclear zirconium complex 627 with NaOSiMes and then Na
[N"O] in 37 % yield (Scheme 126) [272]. Its structure was determined
by X-ray diffraction analysis and NMR spectroscopy with a characteristic
carbene signal at 188.3 ppm. Furthermore, the Zr-CC bond distance of
2.415(7) A was longer than that in 627. Complexes 627 and 633 showed
catalytic activities in ethylene polymerization in the presence of MAO,
with TON in the range 2300-6700 [CoH4] ‘mol~! Zrh! [272].

Various Zr'¥ and Hf'V complexes with the rigid pincer ligands of type
XIIa and XIIb have been prepared and aspects of their organometallic
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and catalytic chemistry, in particular for oligomerization and polymer-
ization reactions, have been studied. The reaction of 581 with nBulLi,
followed by addition of [ZrCl4(THF);] generated 634 in low yield (ca.
20 %) (Scheme 127) [50]. A better synthetic approach to 634 and its Hf
analogue 635 was to first react 581 with [M(OiPr)4] (M = Zr, Hf) in THF
to obtain complexes 636 and 638, both obtained as crude solids and
characterized by 'H NMR spectroscopy [273]. Superior yields of 638 can
be obtained by performing the metalation at lower temperatures (ca.
—30°C) [274]. Subsequently, both 636 and 638 were conveniently
converted to 634 and 635 without isolation by in situ reaction with
Me3SiCl in toluene under forcing conditions (typically 110 °C, 3 d) and
in good yields. Reaction of 635 with (PPN)Cl led to the anionic complex
639 [273]. Complexes 634, 635 and 639 were characterized spectro-
scopically and structurally: their NMR spectra comply with an average
Coy symmetric structure (i.e. broadened singlet due to the imidazolinium
backbone protons) and characteristic CV:C signals (at § 200.5 ppm (HI)).
Their molecular structures revealed distorted octahedral coordination
geometries, with a non-planar (due to geometrical constraints) pincer
ligand structure in 634, 635 and a rather short M—CNFC bond distance
(2.358(3) A, 2.333(6) A and 2.337(4) respectively) [273,274]. Substi-
tution of the Cl in 636 by OiPr was successfully carried out by the re-
action with one equivalent of LiOiPr in THF leading to 637, which

tBu

tBu

tBu

tBu

Bu tBu

610
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features zirconium center in a distorted octahedral environment with
Zr—CNHC bond distance of 2.398(3) A (longer than that in 610 and 608 at
2.360(3) A and (2.358(3) 1°\, respectively) due to the increased n-dona-
tion from both cis- and trans-OiPr groups (Scheme 127) [275].
Treatment of the precursor 581 with one equivalent of [M(CHyPh),]
(M = Zr, Hf) followed by addition of one equivalent of [MgCI(CHoPh)] in
toluene, yielded the complexes 640 and 641, which were isolated as
yellow or off-white solids in good yield, respectively (Scheme 127)
[273]. The 'H NMR spectra comprised singlets at ca. § 1.95 ppm which
were assigned to CHoPh protons, while the corresponding '3C NMR
signals of CH,Ph were at 5 139.1 ppm and 138.0 ppm (*Jcy = 135 Hz).
The crystal structures of the complexes revealed a distorted trigonal
bipyramidal geometry at the metal, a planar pincer structure, short
M-CBL, distances (for Zr: 2.656(2) A, 2.866(1) A; for Hf: 2.279(3),
2.261(3) f\) and angles at the benzylic carbon in the range 86-96°, and
M—CMHC distances of 2.333(1) A (Zr) and 2.308(3) A (Hf), respectively.
These metrical data taken together with the information from the '3C
NMR spectra, indicated n2-coordination of the benzyl ligands. Reaction
of 640 or 641 with [HNMe,Ph][B(CgFs)4] in CH,Cl; led to the quanti-
tative formation of complexes 642 and 643, which were characterized
by NMR spectroscopy (CNHC at 5 203.0 ppm, Cipso at 6 131.8 ppm with
LJc = 140 Hz, in support of a n-benzyl) and weak coordination of the

TiCI(OiPr3)
CH,Cl,

tBu

612

Ti(N{Bu)Cl,Py;
NEt;, THF

tBu

610 Bu

Scheme 124. Titanium complexes with ligand backbone of type XIlIc.
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NMe,Ph moiety to the metal. Both cations had limited lifetime at room
temperature (t;,2 ca. 30 min) but were stable at —15°C in CDyCly
solution.

The complexes 644 and 645 were prepared by the reaction of 581
with 0.5 equivalent of [MCl4] (M = Zr, Hf) respectively, in the presence
of 6 equivalents of NEts (Scheme 127). In the 3C NMR spectra they
exhibit characteristic CN'C signals at 5 200.8 ppm and § 206.1 ppm,
respectively. Their molecular structures determined crystallographically
unveil distorted octahedral geometries with NHC donors placed mutu-
ally trans, virtually planar pincer ligands and M—CN"C bond distances at
2.379(2) A, 2.387(3) (Zr) A and 2.357(6) A, 2.351(6) (Hf) A. Both 644
and 645 can be electrochemically oxidized in up to four one-electron
steps (three reversible) and up to three one electron steps (two revers-
ible), respectively, all oxidations are ligand-centered, leading to the
formation of radicals. Both 644 and 645 luminesce upon excitation in
the LMCT absorption band (at A = 362 nm) with emissions at 485 and
534nm (¢ =0.08 and 0.12, respectively) (Scheme 127) [267]. Zirco-
nium amido complexes were also reported and the yellow 646 was
synthesized in 53 % yield by the reaction of 581 with 1 equivalent of [Zr
(NMes)4] in THF [273]. In comparison, when the reaction was carried
out in a non-coordinating solvent (e.g CH3Cly), complex 647 was the
major product [273]. Its 'H NMR spectrum revealed a signal assignable
to the Zr-HNMe, moiety at § 1.70 ppm (6H, br, s).

Treatment of 581 with one equivalent of [M(CH2Ph)4] (M = Zr, Hf)
in toluene resulted in the formation of the colorless complexes 648 and
649 in quantitative yield, which were stable in non-coordinating sol-
vents (Scheme 128) [50,52]. In the 1Y and '3C NMR spectra of 648 and
649 characteristic signals were observed at § 2.89 ppm (Zr), 2.64 ppm
(Hf) (PhCH) and § 131.0ppm (Zr), 131.5ppm (Hf) (PhCHy), &
204.3 ppm (Zr), and 209.1 ppm (Hf) (CVF®), respectively. Upon heating
the Zr complex in benzene, it converts to 650, a dichloride bridged
binuclear complex featuring an alkyl (i.e. Csp>-bound) on Zr as outcome
of intramolecular migration of the benzyl group to C'C, the Zr-C bond
distance at the two seven-coordinate Zr centers is 2.157(3) A; surpris-
ingly, the Hf analogue 649 under the same conditions is unreactive. The
disparate pathway of the reaction of [Ti(CHzPh)4] with 581 has been
detailed in the previous section. Upon dissolution in THF, 648 and 649
afforded the complexes 651 and 652, which can also be synthesized by
the reaction of 581 with one equivalent of [M(CH5Ph)4] in THF. The 3¢
NMR spectra of 651 and 652 comprised characteristic signals at §
100.8 ppm and & 107.5 ppm, respectively, that were assigned to NC
(CHPh)N. The structure of 651 was confirmed by X-ray diffraction
featuring a pyramidalized C atom to Zr and Zr—C bond distance of 2.174
(3) A. Computational studies showed that the benzyl migration is a
strongly synchronous process, where the seven-coordinate THF adduct

Ph Ph T X
NN
M(NR2)4
R" OHHO R ————
THF
R' R' M = Zr, Hf

575 X=Br,R'=R"=H
576 X=Cl,R'=R"=H
577 X=CIl,R'=R"=1Bu
614 X=C|,R'=tBu, R"=H
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[ZI'(O,CNHC,O)(Cngh)Cl(THF)] transformed to the observed 651.

The related complexes 653 and 654 were formed by addition of THF
to 640 and 641 via a THF-promoted benzyl migration reaction [52]. The
characteristic '>*C NMR resonances assigned to the NC(CH,Ph)N were
observed at § 101.9 ppm (Zr) and 109.1 ppm (Hf) and the '-CH, benzyl
as a singlets at § 49.0 ppm and 53.0 ppm (Scheme 128).

Treatment of 655 with one equivalent of [Zr(OiPr)4 HOiPr] resulted
in the formation of a mixture comprising complexes 657 and 659 and
661, as major and minor components, respectively, that were charac-
terized by NMR spectroscopy (Scheme 129) [275]. In contrast, reaction
of 655 with 0.5 equivalent of [Zr(OiPr)4HOiPr] gave a mixture of the
homoleptic 659 and the zwitterionic 661, as major and minor compo-
nents, respectively. The inability to observe 657 in the latter case
implied its rapid in situ consumption due to its reaction with the excess of
655 accompanied by release of HCI and the formation of the homoleptic
659 and the zwitterionic 661 complexes. The Zr-CV€ bond distances in
659 (2.351(5) and 2.350(1) [o\) were shorter than that in 644 bearing a
saturated mer-terdentate NHC ligand [Zr(OiPr)4HOiPr] in THF only
resulted in the formation of a mixture of the homoleptic 660 and the
zwitterionic 662 in a 2:1 ratio [275]. Fortunately, single crystals of
complexes 660 and 662 suitable for X-ray diffraction were obtained that
allowed their structural characterization. In 660, the zirconium is in a
slightly distorted octahedral environment with the Zr-CV"C bond dis-
tances of 2.393(3) and 2.401(5) [D\, respectively, that are longer than
those in other homoleptic complexes. The coordination environment of
the Zr center in 662 is distorted trigonal bipyramidal, with the chlorido
ligands in apical positions. The formation of complex 663 by the reac-
tion of pure complex 662 with Ag,O was accompanied by formation of
660. The disappearance of the C-Hpenzimidazolium in the 'HNMR spectrum
of 662 was in support of the formation of 663, moreover, the 13C NMR
spectrum of 663 displayed a CNC signal at § 199.9 ppm. Both Zr atoms
in 663 are in a slightly distorted hexacoordinate environment and are
bridged by two hydroxido ligands in the equatorial position. The
different metalating aptitude of [Zr(OiPr)4] towards 581, 655 and 656
has been ascribed to differences in the C-H acidities of the three azolium
bridgeheads (Scheme 129) [275].

The catalytic activities of complexes 636-637, 659-660 and
662-663 in the presence of 1 equivalent of [PPN]CI, used as an ionic co-
catalyst, and 639 were investigated for the copolymerization of cyclo-
hexene oxide and CO». The results suggested that complexes 636 and
637 selectively afforded completely alternating polycyclohexene car-
bonate with TOFs ranging from 26 to 35h L. In particular, 639 showed
high activity (up to 500 h™1) in the selective alternating copolymeriza-
tion of epoxides with CO5 under low pressure. The complexes 659-660
and 662-663 were found to be inactive for this reaction [274,275].
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618 M=Zr,R=Et;X=Cl,R'=R"=H

619 M=7Zr,R=Me, X=C|,R'=Bu,R"=H
620 M=7Zr,R=Me, X=CIl,R'=R"={Bu
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623 M=Hf, R=Me, X=Cl,R'=R"=H
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Scheme 125. Chiral complexes of Zr and Hf with a backbone structure of type XIa
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Scheme 126. Zr complexes with ligand backbone of type XIb

A family of zirconium complexes bearing O,CNHC,O ligands of type [Ph3C][B(CgFs)4], followed by the addition of one equivalent of 1-hex-
XIIb has also been described (Scheme 130) [53,276,277]. The complex ene afforded the complex 668, which was characterized by 1D and 2D
664 was prepared by treatment of the pro-ligand 656 with one equiv- NMR spectroscopy [277]. The complexes 665 and 666 were active in the
alent of KHMDS, followed by addition of tetrabenzylzirconium at polymerization of 1-hexene, but complex 667 was inactive.

-35°C, and it was isolated in 88 % yield [276]. The structure of 664 was Interestingly, the complex 669 was obtained quantitatively by the
established by X-ray diffraction analysis and its '3C NMR spectrum reaction of 664 with PMes at 50 °C (Scheme 130) [53]. The structure of
showed the Zr-CNHC resonance at 5 199.9 ppm. Reaction of 664 with one 663 was determined by NMR and X-ray diffraction. The characteristic
equivalent of [Ph3C][B(CgFs)4] resulted in the formation of 665, which 1H NMR signal of the benzyl methylene protons in NCH(CH2Ph)N was
was characterized by NMR spectroscopy [276]. Crystals of the bis(ether) observed at 6 3.38 ppm. The reaction can be reversed upon treatment of

adduct were obtained by slow diffusion of pentane into a chloroben- 669 with one equivalent of [Ni(COD)»] as PMej scavenger to afford 664
zene/ether solution at low temperature and the crystal structure of the and the by-products [Ni(COD)(PMes)s] and [Ni(PMes)4]. The complex
adduct 665-2Et,0 exhibited a distorted octahedral coordination geom- 670 was obtained upon exposure of complex 664 to an atmosphere of
etry around the zirconium center, with two mutually cis ether donors. ammonia for 3h at room temperature and characterized by X-ray

Reaction of 665 with one and two equivalents of PMes led to 666 and diffraction and NMR spectroscopy. However, reaction of 664 with
667, respectively [276]. Finally, reaction of 664 with one equivalent of ammonia at —60°C yielded complex 671, as confirmed by NMR
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Scheme 127. Synthesis and reactivity of Zr and Hf complexes with ligand backbone of type XIIa.
spectroscopy. 131) [53,278-281]. Reactions of 581 or 656 with [V(=0)(OiPr)s3] in

3.13.3. Group 5 metals (V, Nb)
A series of vanadium complexes 672-680 bearing a kO, xCNHC O-
terdentate ligand (types XIIa and XIIb) has been described (Scheme

THF afforded the dark orange air-stable 672 and 673 via the iPrOH
elimination. The X-ray structure of the former showed a slightly dis-
torted square-pyramidal geometry at vanadium with V-CN€ bond dis-
tance (2.095(3) }D\) shorter than that in the other reported VVY_NHC
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Scheme 128. Migratory reactivity of the benzyl group in Zr and Hf complexes with ligand backbone of type XIIa
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complexes [282], presumably due to geometrical constraints imposed by
the terdentate NHC ligand. The 'H NMR spectrum of the dark green 673
complies with the presence of a C; symmetric species in solution,
however, in the *C NMR spectrum signal assignable to CN'C was not
observed, presumably due to the quadrupolar nature of the °'V nucleus;
in contrast, the >'V-NMR spectrum comprised one signal at 5 —503 ppm.
The V=0 stretching frequencies in the IR, which may be related to the
donor ability of the NHC was observed at 1000 cm™!. Furthermore, in
the structure of 673 the metal adopts a highly distorted square-
pyramidal coordination geometry with the benzannulated heterocycle
shifted out of the coordination plane defined by the pincer donors (by ca.
16°) and V-CNHC and V=0 bond distances of 2.131(3) and 1.585(2) ;\,
respectively. Complex 673 exhibits a reversible reduction corresponding
to the V™) redox couple at —-0.37V (vs. Fc/[Fc]t) in CH,Cl,. The
reduction was successfully carried out chemically using [CoCp*2] as
reducing agent, leading to the paramagnetic (1.67 ppg by Evans’ method)
674 which was characterized spectroscopically and crystallographi-
cally. The V=0 stretching was shifted to 968 cm ™!, in agreement with a
higher electron density on the metal and increased back-bonding. In
addition, 674 exhibits a characteristic eight-line spectrum
(8iso =1.9666, a = 267.7 MHz), consistent with a single unpaired elec-
tron located at the metal (for >'V I = 7/2, 99.75 % natural abundance).
In the structure of 674 the coordination geometry at the metal is the
same as in 673 but the vanadium donor atom distances (i.e. V-CVC,
V-0, V=0) increased slightly (by ca. 0.1 A), in view of the larger ionic
radius of VIV compared to V".

The complexes 675-677 were obtained by the salt metathesis reac-
tion of complex 672 with the corresponding salts (NaOAc, NaOAc" and
LiOiPr) in high yields (Scheme 131). In contrast, 678 could not be
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prepared by salt metathetical reactions from NaN3 but by the reaction
with Me3SiN3 at 80 °C accompanied by Me3SiCl elimination. The de-
rivative 676 was characterized by X-ray diffraction revealing a V-CN¢
bond distance of 2.0922(2) A. Crystallization of 675, 677 and 678
afforded 679, due to adventitious moisture, that was characterized
spectroscopically and by X-ray diffraction, adopting an oxo-bridged
binuclear structure with distorted square pyramidal geometry around
each V center (V—CVHC bond lengths 2.128(2) A and 2.132(3) i\).
Moreover, reaction of the precursor 581 with [V(=NPh)(OiPr)3] resul-
ted in the formation of the mononuclear 680 in quantitative yield, the
structure of which was confirmed by NMR spectroscopy. Interestingly,
exposure of 680 to CO; led to the formation of 672 via a sequence of
[2 + 2] cycloaddition and cycloreversion (Scheme 131).

Complexes analogous to 672-674 but built on the pincer structure of
type XllIc provided a suitable platform to compare the impact of the
electronic properties of the bridgehead donor on the spectroscopic and
structural data (Scheme 132) [281]. The complex 681 was obtained in
excellent yields by the reaction of the triazolium salt 608 with [V(=0)
(OiPr)s] via an alcohol elimination reaction. The characterization data
provided overwhelming evidence in support of the better c-donor
properties of the mesoionic triazol-ylidene compared to the
benzimidazol-ylidene bridgehead. Of particular notice are the upfield
shift of the observed signal in the >'V-NMR spectrum (5 —533 ppm), the
V=0 stretching frequencies in the IR (986 em™)) and the cathodic shift
by 0.19V (at —0.56 V (vs. Fc/[Fc] D) corresponding to the \VAVATAM couple
as found in the cyclic voltammogram of 681. The structural data reveal a
less distorted square-pyramidal geometry with shorter and almost equal
V-CNHC and V=0 bond distances (2.055(3) A and 1.583(3) A), respec-
tively. Reduction of 681 with [CoCp*;] led to the vV complex 682,
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Scheme 129. Zr complexes with backbone structures of type XIIb



F. He et al.

which is a one electron paramagnet, showing like 674 an eight-line ESR
spectrum (giso = 1.9715, a = 274.1915 MHz). Attempts to derivatize 681
by substitution of the remaining Cl on the vanadium by salt metathetical
protocols were only successful with aryloxide and secondary arylamide
nucleophiles, leading to the complexes 683-685, respectively, all of
which were characterized spectroscopically and structurally. In
contrast, attempts to replace the oxo- by imido-ligand following redox
neutral reactions with arylisocyanates (ArN=C=0) were not successful.
As an alternative entry to the imido analogues of 681, the synthesis of
the VI complex 686 was successfully undertaken by the reaction of the
in situ generated NHC pincer from 608 and LiHMDS with [VCl3(THF)s],
leading to the complex 686 of limited long-term thermal stability, even
under inert atmosphere (Scheme 132). The paramagnetic (2.71 pg by the
Evans’ method) and ESR silent species 686 was characterized by a low
accuracy structural determination. Computational studies pointed to a
triplet ground state with V centered SOMOs. Reaction of 686 with a
range of organic azides in benzene at 60 °C led after N5 evolution to the
stable green diamagnetic V¥ imido complexes 687-690 which were
characterized by 'H-and '3C and 5'V-NMR spectroscopies and, despite
the absence of CV€ signal ascribable to the vicinal quadrupolar V
center, they gave strong support for the identity of the complexes.
Furthermore, the molecular structure of 688 and 690 determined
crystallographically gave a detailed picture of the corresponding com-
plexes. They adopted slightly distorted square pyramidal coordination
geometries with V — Nimido anq v_CNHC pond distances at 1.644(2),
2.048(2) and 1.621(4), 2.048(4) A, respectively (Scheme 132).

The only niobium complex 691 with 0,CNH€,0 pincer-type ligand
was obtained by the reaction of 608 with [Nb(NtBu)Cl3Py,] in the
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presence of LDA (Scheme 133) [269]. Consistently, the IH NMR signal
for triazolium-5H disappeared on formation of 691. In the structure of
691, the niobium atom adopted a distorted octahedral coordination
geometry and the Nb-CN"€ bond distance of 2.196(3) A was found to be
the shortest niobium-carbene distance reported so far [283-286].

3.13.4. Group 6 metals (Mo and W)

Attempts to tune and gain insight into the mechanism of alkyne
metathesis catalysts based on Mo and W were focused on the usage of
k0, kCNHC) «O pincers of type Xlc, to stabilize quasi-cationic active
species, the fluorinated side-arms of the pincer bear resemblance to the
fluoroalkoxides employed in the Schrock metathesis catalysts that are
crucial for activity. Complex 696 was prepared by the reaction of 692
with 2.1 equivalents of LIHMDS, followed by addition of 694 in THF; it
was isolated in 75% yield after crystallization from diethyl ether
(Scheme 134). The '"H NMR spectrum of 696 revealed two sets of dou-
blets attributed to the protons of the methylene linker of the pincer at §
4.54 and 4.48 ppm (¥Ji.q = 14.3 Hz), and the '°F NMR spectrum showed
three resonances at 8 —75.5 ppm, —77.0 ppm and —78.6 ppm (s, OCMe
(CF3)2) (Scheme 134). Complex 696 exhibits activity for the homo-
metathesis of 1-phenyl-1-propyne at 35°C in toluene in the presence
of 5 A molecular sieves. The most active catalyst was 696, with a ter-
dentate NHC, with TONs of 780 after 3h [287].

In efforts to stabilize cationic alkylidyne complexes of tungsten that
were postulated to be active species in alkyne metathesis reactions, the
terdentate pincer of type XIc was employed, the additional structural
feature of XIc with trifluoromethyl groups in a-position to the alkoxide
side-arm mimics the electron-withdrawing character of the metathesis
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Scheme 130. Migration, insertion and NHj activation reactivity of dibenzyl complexes of Zr bearing a pincer backbone of type XIIb.
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catalysts with monodentate fluorinated alkoxides. The reaction of 695
with 693 resulted in the formation of the charge neutral 697, the W
analogue of 696 (Scheme 134). In contrast to the latter, the former does
not show any alkyne metathesis activity. For the synthesis of a cationic
complex based on the same framework, the remaining alkoxide ligand in
697 was replaced by chloride via an alcoholysis reaction with N,N-
dimethylaniline hydrochloride affording 698, which in turn was reacted
with AgB(Ar")4-3MeCN affording the binuclear ditungstatetrahedrane
species 699 rather than the targeted cationic alkylidyne complex.
Complex 699 features one ‘bridging alkyne’, one bridging chloride and
one acetonitrile bound to one of the tungsten centers, the positive charge
is formally distributed between the tungsten centers (Scheme 134).
Complex 699 was characterized by NMR spectroscopy and crystallo-
graphically. The presence of the nitrile ligand on one W center of the
binuclear species results in different bond distances around each of the
metals, including the bridging carbons: the W center bearing the coor-
dinated nitrile has significantly longer W—C bond lengths (2.330(4) and
2.282(3) vs. (2.035(4) and 2.081(4) 10\), other metrical data in 699
include W-W distance of 2.6709 A, C-C distance in the bridging alkyne
of 1.392(5) A and W-CVHC of 2.141(4) and 2.182(4) A. NMR spectros-
copy indicated that there is no 699 neither in equilibrium with 698 nor
any reactivity in homo-metathesis of phenyl-methylacetylene. A

76

plausible scenario for its formation involves bimolecular decomposition
of an elusive mononuclear species to 699 (Scheme 134) [288].

A range of Mo"! complexes with the pincer of type XIIb were re-
ported in 2019 (Scheme 135) [289]. Treatment of ligand precursors 656
(Scheme 129) with NEt3 in THF, followed by addition of [Mo
(0)2Cl(DME)] resulted in the formation of the air stable complex 700,
which was isolated as a faint yellow solid in 75 % yield. It was charac-
terized spectroscopically and in the solid state by X-ray diffraction
studies. The *C NMR spectrum displayed the CNHC signal at 5 183.1 ppm
and the Mo=O stretching modes in the IR spectra appeared at 914 and
939 cm ™. In the solid-state structure, the mononuclear five coordinate
cis-dioxo (distorted square-pyramidal) and a dinuclear bis-pi-oxo species
with six coordinate octahedral metal centers were observed together in
the asymmetric unit. In solution only one species (presumably the
mononuclear) was detected (by VT NMR). Similarly, reaction of 656
with [MoCly(O)(NtBu)(DME)] cleanly afforded 701. A low-quality
structure of 701 determined by X-ray diffraction of crystals grown
from THF solutions revealed the formation of the desired pincer-oxo-
imido complex, where the metal adopted a distorted six coordinate ge-
ometry, the sixth site being occupied by one THF solvent molecule. 13C
NMR spectroscopy showed the CVHC signal at § 191.6 ppm while a
'H-1>N-HMBC NMR experiment confirmed the presence of the imido
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group, finally the Mo=0 stretching appeared at 910 cm ™. Under similar
conditions, treating 656 with [MoCly(NtBu)2(DME)] in the presence of
NEt3 afforded 702 in 85 % yield as the single isomer depicted in Scheme
135 (i.e. tBuNH trans to CNHC) [289]. Its '3C NMR spectrum featured
CNHC signal at § 191.1 ppm and its molecular structure a Mo center in a
distorted octahedral coordination geometry the sixth site being occupied
by a primary tBuNH group originating from partial protonation of one
tBuN ligand, presumably by the weakly acidic (EtsNH)CI side product;
interestingly, under these conditions neither the CN€ nor the phenox-
ides are protonated, indicating the high nucleophilicity of the coordi-
nated tBuN. In the structure of 702, the Mo =NtBu and Mo-NHtBu
distances were found at 1.711(3) and 1.954(3) [o\, respectively. In
contrast, treatment of 656 with the stronger base LDA, followed by the
addition of [MoCly(NtBu)2(DME)], resulted in the formation of 703 in
low yield, using KHMDS as base under the same conditions did not lead
to 703. Complex 703 was prepared in higher yield by deprotonation of
the NHtBu group in complex 702 using LDA or KHMDS (Scheme 135).
This was evidenced by the disappearance of the 'H NMR N-H resonance
at § 12.2ppm and the shift from § 191.1 ppm to § 199.3 ppm of the
characteristic 1>C NMR resonances assignable to CV''C of 702 and 703,
respectively. The X-ray structure of complex 703 revealed a slightly
distorted square-pyramidal coordination geometry around the molyb-
denum. In addition, 701 could also be prepared via a ligand exchange
reaction between the 700 and the 703 at elevated temperatures. Inter-
estingly, reaction of 656 with the related imido precursor [Mo
(NMes),Clo(DME)] in the presence of NEts resulted in the formation of
complex 704 rather than a complex analogous to 702, a difference that

was ascribed to the reduced nucleophilicity of the arylimido ligand.
Complex 704 was isolated as a dark orange powder in 79 % yield and
characterized by 13C NMR spectroscopy (CVC at § 193.2 ppm) and
crystallographically.

The reactivity of 703 was also investigated: it reacted cleanly with
triethylammonium chloride in C¢Dg to give complex 702 within 1 h, as
monitored by NMR spectroscopy. Similarly, treatment of complex 703
with 2,4,6-trimethylphenol in CgDg afforded a mixture of complexes 705
and 706 and other by-products. The complexes 705 and 706 were
characterized by X-ray diffraction analysis and NMR spectroscopy. The
reaction of 703 with benzimidazole in C¢D¢ was monitored by NMR
spectroscopy and gave a mixture of complex 707 and other by-products
(Scheme 135) [289].

Complexes 700 and 701 have been studied as catalysts for the
deoxygenation of nitroarenes to anilines using pinacol as sacrificial
reductant. Mechanistic investigations point to the presence of para-
magnetic (2.22-1.96 pp (1.11-0.98 pg/Mo)) binuclear p-oxo bridged
MoV species [(x,k,k-0,CNC0)Mo(=0)]15(p-0) (708) and «,k,k-0,CNC,
O)Mo(=NtBu)]5(p-0) (709) as precatalysts. They have been accessed
synthetically by the deoxygenation of 700 and 701 with PPh; or PEts in
toluene (Scheme 136) [290].

The Mo"! complex 710 with the versatile pincer of type XIIc was
obtained by the reaction of 608 with [Mo(NtBu);Clo(DME)] in the
presence of LDA (Scheme 137) [269]. Its 13¢ NMR spectrum showed the
CNHC gignal at § 169.2 ppm. The molecular structure of 710 revealed a
distorted square pyramidal coordination environment around the metal
center with one bent and one linear imido groups disposed cis to each
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Scheme 133. One niobium complex with pincer ligand structure of type XIIc
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other. The Mo-CVHC bond distance was 2.204(1) A and the Mo = N™ido
bond lengths were 1.741(1) A and 1.749(1) A (Scheme 137) [269].

3.13.5. Group 7 metals (Mn)

The rare paramagnetic Mn'"-bis-aryloxide-NHC complex 711 was
obtained by the reaction of 581 with [Mn(acac)s] in THF as dark purple
crystals (Scheme 138). Its structure revealed a distorted square-
pyramidal coordination geometry around the metal with Mn-CNHC
bond distance (1.999(8) 10\) shorter than in previously reported Mn-NHC
complexes (aver. 2.20 A) owing to constraints imposed by the terdentate
chelating ligand [278].

3.13.6. Group 8 metals (Fe, Ru)

The complexes of group 8 metals with KO,KCNHC,KO ligands are rare
and two families of them have recently been described. A series of Fe
complexes with the ligand XIIb in a range of oxidation states was pre-
pared by the sequence of reactions shown in Scheme 139 [291]. The
precursor 656 was deprotonated with three equivalents of KHMDS to
the dianionic pincer carbene and reacted in situ with FeCly in pyridine to
give the polymeric -‘ato’ species 712. The characterization of the
paramagnetic and very sensitive 712 was mainly based on crystallo-
graphic studies: the structure of the complex is a linear polymer in the
solid state, where the repeat units feature Fel centers coordinated by

two kCVHC xO-bound ligands adopting a rare square-planar geometry;

the second side arm of each pincer is twisted away from the Fe center
and bridging two potassium atoms, one associated with the repeat unit
and one associated with the next one, thus forming a KO3 bridging
structure holding the chain of the complex together. The 'H NMR
spectrum of 712 in THF-d® gave evidence of paramagnetism featuring
only three broad signals at 5§ 15.19 ppm, 0.75 ppm, and —2.72 ppm, the
remaining probably buried in the baseline. Although the complex was
always obtained in the solid state as a polymer, it was conjectured that a
mononuclear species of unknown structure is dominating in polar sol-
vents. Other metrical data of interest included Fe-O bond distances of
1.931(2) A and short Fe—CNHC distances of 1.923(3) ;\, the latter being in
agreement with the square-planar coordination geometry. The zero-field
57Fe Mossbauer spectra of 712 at 77 K unveiled parameters (5 = 0.45
and AEqg=1.52) characteristic of Fe' oxidation state, while SQUID
measurements showed a temperature-independent g ~ 3pp from 60 to
200K, in support of an overall S=1 configuration as a result of the
square-planar geometry, a fact also amplified by the Mossbauer data; at
higher temperatures magnetometry showed that a S=2 state was
thermally populated [291]. Complex 712 was very sensitive to oxida-
tion. Attempts to prepare derivatives, e.g. aiming to complex the K™
cations with 18-C-6, led to the formation of the red-brown Fe'! complex
714, which was also rationally accessed by a redox neutral sequence,
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starting from the precursor 656 that was deprotonated with three
equivalents of KHMDS to the dianionic pincer carbene as above and
further reacted in situ with FeCls initially affording 713 and by the re-
action with 18-C-6 was converted to 714 [291]. The structure deter-
mination of 714 revealed a well-separated ion pair with a mononuclear
‘ato’ anionic species featuring one Fe center in an octahedral geometry
ligated by two dianionic mer-OCNCO pincers with a trans-disposition of
the NHC bridgeheads, accompanied by one [K(18-C-6)(THF);] cation.
The Fe—CVHC distances of 1.894(3) and 1.898(3) A were at the short end
of the range and shorter than the corresponding in 712, other metrical
data of interest in 714 were the short Fe-O distances, consistent with a
degree of n-bonding, and the OFPe"at _ cPh hond length of 1.321 A
which implies a phenoxide rather than phenoxy radical or quinone
ligand redox state. The Mossbauer spectra of 714 with § = 0.18 and large

quadrupole splitting AEq=5.10 are indicative of a low-spin electron
configuration (S = 1/2) and an axially elongated octahedral ligand field.
The magnetization data point to a plateau with g = 2.07 pp between 2
and 100K consistent with an S = 1/2 ground state (spin only y.p=1.73
ug), which is in accordance with the X-band EPR spectrum that shows an
axial signal with anisotropic g-values g, = 2.31 and g = 1.84, at higher
temperatures some of the iron in the complex is found in the S=5/2
state. The paramagnetic dark-violet, moderately stable 715 was ob-
tained by the one-electron oxidation of 713 with one equivalent of
AgPFg in dichloromethane, purified by crystallization and characterized
by crystallographic, spectroscopic and magnetometric techniques. Dur-
ing this reaction, the diamagnetic, non-metal containing 718 was also
obtained in variable amounts. The topology of the structure of 715 is
broadly similar to the anion in 713 featuring a distorted octahedral Fe
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center with the x0,xCVC O pincers occupying mer positions and trans-
CNHC donors. There are however noticeable differences in the metrical
data, e.g. the Fe-O bond distances 715 are significantly shorter (av.
1.891 A) by 0.040 A than the corresponding in 713, presumably due to
increased O-to-Fe n-donation in the oxidized metal; conversely, the
Fe—CNHC (av. 1.943(2) 10\) are longer (by 0.047 A). The O—CP! distance
criterion as a means to judge the ligand oxidation state pointed to co-
ordinated closed-shell phenoxides rather than phenoxy radicals (dis-
tances in the range 1.327(2)-1.342(2) 1°\), and, consequently, a Fe'V (d%,
S =1) center, also supported by the Mossbauer data. Complex 715 is X-
band EPR-silent; the assignment of S=1 state is also corroborated by
SQUID measurements with room temperature g2 3.1up. The organic
compound 718 was characterized by NMR spectroscopic and crystallo-
graphic methods as 1,3-bis(3,5-di-tBu-phenyl)benzimidazolone ketal, a
‘reductive elimination’ product of Fe-CVC and Fe-O bonds. Two-
electron oxidation of 713 with two equivalents of AgPFg in dichloro-
methane led to the dark green, paramagnetic 716. Assignment of the Fe
oxidation state in 716 (formally Fe') based on metrical data was
hampered by the poor quality of the crystal structure determination,
which confirmed overall the same topology as 715. Better crystallo-
graphic data were collected from the analogue of 716, 717 obtained by
exchange of anion PFg with [Al(OiPrCF3)4]’ revealing metrical data
comparable to 715, therefore in this case ligand non-innocence cannot
be excluded. Based on other spectroscopic data and computational
studies, 715 can be described as Fe' center antiferromagnetically
coupled to a ligand-centered radical (Scheme 139).

The ruthenium complexes 719-721 were obtained in good yields by
reaction of 581 with Ag;0 in CH,Cly, followed by addition of the cor-
responding ruthenium precursor and complexes 719-721 were char-
acterized by NMR spectroscopy (Scheme 140). The catalytic activities of
complexes 719-721 towards alcohol amidation with amines were

investigated and all pre-catalysts were efficient at low catalyst loading
(1 mol%) [292].

3.13.7. Group 9 metals (Co, Ir)

A series of cobalt complexes in different oxidation states, featuring
k0,kCNHE 0 pincer ligands of types XIIa, XIIb has been synthesized and
their electronic structures studied (Scheme 141) [293]. Reactions of the
corresponding ligand precursors 581, 655 and 656 with three equiva-
lents of NaOMe, followed by addition of one equivalent of CoCly,
afforded the orange to orange-brown 722-724 and 725-727 after work-
up including crystallizations from THF or MeCN, respectively. The
complexes 722 and 725-727 were characterized by X-ray diffraction
analysis. They feature square-planar coordination geometries with small
variation of the metrical data and more substantial differences in the
pincer conformation (i.e. planarity, ring puckering), depending on the
nature of the framework incorporating the bridgehead CN"€ donor. The
Co—0 bond distances are constant across the series (av. 1.811 f\), and in
line with Co—OPhe"Xid¢ distances in low-spin square-planar Co™ com-
plexes. In contrast, the Co—CNHC hond distances (av. 1.811(2)-1.830(8)
A) although unusually short (typical range for Co™-NHC: 1.9135(19)-
2.152(6) Z\) tend to elongate for the unsaturated pincer backbones,
presumably due to diminished Co-CNC r-interactions in this case
[294-297]. Complexes 722-725 are paramagnetic (1.82-1.90pp) in
support of a d’, S = 1/2 configuration.

Treating a THF solution of 722 with one equivalent of AgOTf affor-
ded the dark green, air-stable 728 which could be converted to 729 by
anion metathesis with NaBPhy (Scheme 141) [293]. The Co center in
729 adopts a five-coordinate, pseudo-square-pyramidal geometry; the
observed metrical data aided the oxidation state assignment of the
ligand and the metal: shortening and lengthening of the Co—O*" and
Co—CNHC distances by 0.01A and 0.06A, respectively, and some
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Scheme 137. Mo complex with ligand backbone of type XIIc
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quinoid-type bond alternations of the phenolic rings, known in phenoxyl
radicals, suggested some degree of ligand oxidation. The solution mag-
netic susceptibility of 728 (2.88p) is consistent with the spin-only value
for an S =1 center; this persisted in the solid state at room temperature
but diminished down to 0.79p at 2 K. Based on the above and additional
ESR data the cation in 728 can be best described as Co'! center antifer-
romagnetically coupled to a ligand radical. Reaction of 722 with 2.1
equivalents of dark blue [N(p-C¢H4Br)s][PF¢] in THF gave the green-
—~brown ion pair 730, with the dicationic complex featuring one Co
center mer-coordinated by one pincer and three THF ligands. The limited
thermal stability of 730 at room temperature complicated the collection
of detailed characterization data, except a crystal structure determina-
tion and solution magnetic measurements. In the structure a clear
quinoid-type bonding pattern of the wing tips was evident, which was
also accompanied by a shortening of CA*—0 and C*"—N bond distances
by 0.044(4) and 0.022(5) A respectively, reminiscent of quinone-type
metrics. Thus, the ligand can be formulated as a charge-neutral doubly
oxidized OGNHCO strongly held on the Co by the strong NHC donor.
Charge balance implies that the cobalt in 730 is Co™’. In support of this
formulation, the g in solution of 2.51pp has been accounted by the
formulation of a low spin state d’ S=1/2 with substantial orbital
contributions.

The cobalt complexes 723-730 have to be compared with and
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contrasted to the iron complexes 712-718 described in the previous
section: in the Co complexes, extensive non-innocence of the 0,cNHC o
ligands renders the ‘higher oxidation complexes’ as Co™l or Co™™ species
coordinated to (partially) oxidized forms of the ligands. In contrast, in
the Fe complexes the ‘innocence’ of the 0,CNHC,0 ligand used points to
‘true’ higher oxidation state at the metal species. The origin of this
difference may lie on the relative stability of the oxidation states of the
metals in question and/or the differing nature of the complexes (i.e.
ligand-to-metal stoichiometry 1:1 and 2:1 in Co and Fe families,
respectively); these points may deserve further investigations (Scheme
141).

The complex 731 was obtained by the reaction of 725 with AgCF3 in
acetonitrile (Scheme 142) [298]. In a reversible transformation, the dark
green 731 was converted under vacuum to 732 and redissolving 732 in
acetonitrile regenerated 731. The structures of complexes 731 and 732
were characterized by X-ray diffraction. The Co—CF3 bond distance of
1.8692(16) A in 732 was the shortest found for this bond in the CCDC
database (cf. trifluoromethylcobalamin 1.878(12) A). Under visible
light, arene C-H trifluoromethylation was promoted by activation of the
Co-CF3 bond of complex 732 [298].

The reaction of the imidazolium salt 733 with three equivalents of
KHMDS, followed by addition of [Ir(u-Cl)(COD)]s resulted in the clean
formation of iridium complex 734, which was characterized by X-ray
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diffraction analysis and NMR spectroscopy (Scheme 143) [299]. The
molecular structure indicated the presence of one coordinated and one
dangling phenoxide groups, the latter associated with a K* cation. The
'H NMR spectrum of 734 clearly pointed to a dynamic equilibrium be-
tween 734 and 735 occurring in solution, associated with slow rotation
about the phenolate-nitrogen bonds. The Ir'™ complex 736 was obtained
by the oxidation of 734 and 735 with [FeCp2]PFg in acetonitrile, all
NMR data were consistent with the structure suggested. Heating 736 at
90 °C in acetonitrile afforded the complex 737, which was identified by
mass spectroscopy [299]. Similarly, treatment of complex 736 with an
excess of PMes or PCys at 90 °C for 12 h cleanly generated complexes
738 and 739, respectively [299]. The 3'P NMR spectrum of 738 contains
the expected doublet and triplet. Consistent with the structure of com-
plex 739, a 3P NMR singlet was observed for the coordinated PCys.
Exposure of complex 739 in acetonitrile to CO atmosphere resulted in
the formation of a mixture of complexes 739 and 740 in a 2:1 ratio.
Conversely, complex 740 could be completely converted to 739 upon
degassing or heating. The IR spectrum of complex 740 exhibited a
characteristic v(CO) absorption at 2064 cm~ L. The structures of com-
plexes 739 and 740 were characterized by X-ray diffraction analysis
since 739 and 740 cocrystallized as a 4:1 mixture. The air-stable com-
plex 741 was obtained by the reaction of 739 with [NMe4]Cl in aceto-
nitrile and characterized by X-ray diffraction [299].

3.13.8. Group 10 metals (Ni, Pd, Pt)

The complexes 743 and 744 with the kO, xCNC, kO pincer ligand of
type XlIc (Chart 8) were obtained by dropwise addition of a solution of
the anionic fluoroalkoxy carbene 742 to a solution of [NiCly(PPh3),] in a
1:1 molar ratio (Scheme 144). The products were easily isolated from
the reaction mixture after workup on neutral alumina. The '3C NMR
spectrum of 743 showed the characteristic signal for the nickel-bound
carbene at 8¢ 159.5ppm, and the 3P NMR spectrum displayed a
singlet at § 6.03 ppm. The 'H and !°F NMR spectra comprise singlets
attributable to the methylene and trifluoromethyl groups at 5 4.05 ppm
and —76.88 ppm, respectively. The presence of singlets suggested that
the structure of 743 was flexible and symmetric. The X-ray crystal
structure of complex 743 revealed a square-planar coordination geom-
etry around the nickel center. The Ni-CN€ and Ni-P bond lengths of
1.853 A and 2.289 A, respectively, were consistent with those previously
observed in other nickel complexes. The complex 744 exhibited two sets
of signals in the 'H, 13C and !°F NMR spectra, which is consistent with
the crystal structure of the complex showing that two alkoxido donors
from one carbene ligand were coordinated, whereas two hydroxy groups
from the other pincer were hydrogen-bonded to these coordinated
alkoxide oxygen atoms. The Ni-GN1€ bond of the chelated ligand in 744
(1.903 [o\) was longer than in complex 743 (Scheme 144) [300].

A family of complexes 746-754 with the pincer ligands of types VIIa
and VIIb and group 10 metals was synthesized in good yields by the
reactions of 655, 656 and 745, respectively, with 1 equivalent of MCl,
(M =Ni, Pd, Pt) and an excess of potassium carbonate in pyridine at
100°C for 12h (for 746-753) or under the same conditions in cyclo-
hexylamine (for M = Pt, 754) (Scheme 145) [187,301,302]. In the '3C
NMR spectra of the complexes, the CNUC signals were observed at &
162.4 ppm (746) and 146.8 ppm (747), 165.3 ppm (750) 149.8 ppm
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(751) 153.5 ppm (752) and 153.6 ppm (75 3), respectively [187,302].
The X-ray crystal structures confirmed that all these diamagnetic com-
plexes, adopted a square-planar coordination environment. Typically,
the Pd—CNHC bond distance in 749 (1.797(5) 10\) was shorter than those in
related carbene complexes (1.953(5)-2.004(3) [o\) [303-305], mostly
because of the rigid structure of the terdentate ligand. The structure of
755 is also characterized by a distorted square-planar geometry around
the metal center, the Pt—CNHC and Pt—P bond lengths of 1.948(3) A and
2.3272(7) A are consistent with values found in related platinum
complexes.

In order to explore the electrochemical properties and possible redox
non-innocence of the 0,cN¢,0 pincer in 746 and 747, complex 748 was
targeted and obtained quantitatively by chemical oxidation of 747 with
1.2 equivalent of AgSbFg in dry CH,Cl; at room temperature. The dark
green cationic 748 was stable at room temperature for several days. EPR
spectroscopy showed a signal at gj,, = 2.056, a value larger than for free
phenoxy radicals (typically 2.005), but smaller than the average g values
of reported Ni'l complexes. In contrast, the oxidation of 746 required
the stronger oxidant, tris(2,4-dibromophenyl)aminium radical (E;,
2 =1.1V). However, the reaction was accompanied by a bleaching of the
solution and the oxidation product was not stable. An EPR analysis
confirmed no paramagnetic species in solution. The X-ray structure
determination of 748 revealed a square-planar geometry around the
metal center with Ni-O bond distances of 1.774(5) and 1.785(7) A,
significantly shorter than those in 747 (1.835(2) and 1.847(2) A),
respectively, suggesting a substantial ‘Ni'" character for the metal in
748. All these results were consistent with complex 748 being in an
intermediate state between a Ni'-radical and Ni'" [301].

The complex 749 was stable in the solid-state and in solution, even at
high temperature, and highly active for catalytic Heck reactions be-
tween iodobenzene and styrene in dimethylacetamide [187].

3.13.9. Group 13 metals (AD

A family of AI'' complexes bearing kO, x , kO-terdentate ligands
has been reported (Scheme 146) [306]. Reaction of 581 with AlMes in
THF resulted in the formation of the zwitterionic complex 756 via
methane elimination which was isolated as a colorless solid in good
yield. The diagnostic 'H NMR singlet at § 8.75 ppm was assigned to the
H-imidazolinium proton, furthermore the molecular structure was
determined by X-ray diffraction. Deprotonation of 756 with bases such
as LDA, nBuli, tBuLi and KHMDS afforded complex 757, which could
also be obtained by the reaction of 581 with three equivalents of nBuLi,
followed by addition of AlCloMe in THF [306]. In the structure of 757
the AI-CNHC bond length of 2.032(2) A was comparable to those previ-
ously reported for AI-NHC complexes [307-309]. The *H NMR spectrum
displayed the typical resonance assigned to the Al-Me moiety at &
—6.6 ppm, and the 13C NMR spectrum the CV at § 186.5 ppm. Inter-
estingly, crystallization of complex 757 in a mixture of pentane/CHCl;
resulted in the formation of complex 761, presumably arising from the
presence of adventitious water (Scheme 146).

Similarly, reaction of 581 with Al(OiPr)s in toluene at 110°C
resulted in the formation of the zwitterionic complex 758 which was
isolated as a colorless solid in 66 % yield [306]. Its structure was
established by X-ray diffraction analysis and NMR spectroscopy.

CNHC
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Subsequent reaction of 758 with one equivalent of LDA in toluene
cleanly afforded the AI-NHC alkoxide dimer 759, as confirmed by X-ray
diffraction [306]. The Al-CNHC bond distance of 2.037(2) A is in the
expected range. Interestingly, the complex 759 also could be obtained
via a methane elimination reaction by the thermal reaction of the Al
methyl isopropoxide zwitterion 760, which was prepared by reaction of
the corresponding AI-NHC complex 757 with two equivalents of iPrOH
in toluene. Complex 760 could also be obtained by reacting the complex
756 with LiOiPr [306] and its structure was proposed based on NMR
spectroscopies: for example, 'H NMR spectrum featuring a characteristic
imidazolinium-H resonance at § 8.60 ppm, while the resonance at &
—0.62 ppm was assigned to the Al-Me moiety. The catalytic activity of
759 in the polymerization of rac-LA and trimethylene carbonate was
examined and complex 759 was found to be highly efficient [306].

3.14. Type 0,CMHCs

No example with this donor set has been reported to the best of our
knowledge.

3.15. Type S,CNHC,s

3.15.1. Group 8 metals (Fe)

A family of Fe complexes with a S,CNF'CS pincer ligand was studied
as synthetic models of the active site of the FeMoCo nitrogenase (Scheme
147) [310]. Treatment of the precursor 762 with KHMDS in THF
resulted in formation of the free, stable under inert conditions, pincer
ligand 764 (8¢ cVHC 218 ppm). Addition of 764 to a solution of [Fe
(OTf)2] (1 equivalent in THF) gave after work-up complex 765 that was
characterized by spectroscopic methods (Mossbauer and paramagnetic
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NMR spectroscopy) and a low resolution X-ray structural determination,
all data supported an octahedral high spin Fe' ion center, with the
connectivity shown in Scheme 147. However, in THF solution there was
evidence of the presence of a second complex, presumably differing from
765 in the number of coordinated THF ligands. On dissolution in MeCN,
it converted to the diamagnetic 766 which featured coordinated
acetonitrile ligands to an octahedral low spin center and a mer-pincer
ligand arrangement, as established by X-ray diffraction and spectro-
scopic methods (Mossbauer, NMR spectroscopy); on dissolution in THF,
766 reverted to 765. The bis-thiolate species 767 with one bis(trime-
thylsilyl)amido coligand was obtained by the reaction of 763 with [Fe
(HMDS)5]5 (1:1 Fe to 763 ratio); structural characterization revealed a
dianionic pincer ligand coordinated to the iron center in a distorted
tetrahedral geometry and a fac pincer ligand arrangement, a fact also
supported by Mossbauer spectroscopy. The solution magnetic suscepti-
bility (uer=5.1pp in CgDg) is consistent with a high spin (S=2)
configuration at Fe'. Complex 767 did not catalyze the reduction of N,
to NHs in the presence of excess KCg and various acids. However, it
served as a precursor to complexes 768-770 by protonating the silyla-
mide with weaker S-H and N-H acids. The tris(thiolate) complex 768
was obtained by the reaction of 767 with 2,6-Mes,-C¢H4SH and exhibits
a Fe center in a distorted tetrahedral coordination environment resem-
bling the individual iron sites in the resting state of nitrogenase; the
Fe—S and Fe—CNHC bond distances were at ~2.3 and 2.035(2) /o\,
respectively. Reaction of 767 with phenyl hydrazine and aniline affor-
ded the tetrahedral hydrazido and phenylamido complexes 769 and
770, respectively, both featuring tetrahedral Fe! centers. In addition to
the direct access of 770 from 767, it can also be obtained from 769 by
thermal decomposition in a process that involves N-N cleavage of the
coordinated hydrazide (Scheme 147) [310].
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3.15.2. Group 9 metals (Rh)

The complex 773 bearing the rigid S,CNC S-terdentate ligand was
obtained by the reaction of the precursor 771 with LiHMDS in THF at
room temperature forming the non-isolable carbene ligand which was
reacted in situ with [Rh(u-C1)(COD)]; in the presence of nBuyNI to afford
complex 772 in low yield (Scheme 148) [311]. This complex was
characterized by X-ray diffraction unveiling a square planar geometry at
the Rh with a Rh—CNHC bond distance at 2.015(11) A and uncoordinated
S-donors. Treatment of 772 with I, led to the formation of 773 after
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oxidation of Rh! to Rh'™., In this complex, the Rh"-S bond distance was
2.386(3) A (Scheme 148).

3.15.3. Group 10 metals (Ni, Pd, Pt)

Attempts to crystallize the Ni complex 775 with a tetradentate
(NH)2(S)2 ligand in DMF led to the binuclear complex 776 after ‘CHO’
insertion into the ‘NH-Ni-NH’ substructure followed by dehydration
(Scheme 149). In a more rational and higher yielding approach, the
range of complexes 776, 777 and 778 were obtained in a one-pot
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Scheme 146. Aluminum complexes with ligand backbone of type XIIb

reaction between the metal precursors NiCly and [MCly(COD)] (M = Pd,
Pt), respectively, and 2 equivalents of HC(OEt)s at high temperatures
(ca. 130-150 °C). Reactions of the binuclear complexes with the donor
ligands PMes, PPhg, pyridine or CN™ resulted in the symmetrical cleav-
age of the dimer and the formation of the diamagnetic adducts 779-785
that featured square-planar M centers (Scheme 149) [312-314]. The
crystal structures of 776, 779, 782 and 785 were determined crystal-
lographically unveiling rather short M—CNH€ bond distances (1.863(5),
1.903(6), 1.876(5) and 2.020(13) Z\), respectively. The M—S distances
were found in the normal ranges; all complexes show remarkable ther-
mal stability and are inert to acids. The species 786-788 were charac-
terized by NMR spectroscopies (Scheme 149).

The complex 790 was prepared by the reaction of 789 with PdCl; in
DMF or by transmetalation from a non-isolated Ag complex formed in
situ by treating 789 with Agy0, followed by reaction with
[PACl5(NCMe)s] (Scheme 150). The crystal structure of 790 revealed a
square-planar geometry around the palladium center, the Pd-CVH€ bond
length in complex 790 was 1.947(5) A, and the Pd-S bond lengths were
2.3060(12) and 2.3215(11) A [315].

Finally, the complexes 797-799 were obtained in two steps: reaction
of the precursors 791-793 with excess [PdCly(COD)] in dichloro-
methane at room temperature resulted in the formation of the imida-
zolium complexes 794-796, displaying in their 'H NMR spectra an
imidazolium-H resonance between § 9.23 and 9.26 ppm. Subsequent
reaction with CspCO3 in the presence of excess KPFg in refluxing
acetonitrile afforded complexes 797-799, which were characterized by
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the 'H NMR spectroscopy. In addition, the complex 797 also could be
synthesized by transmetalation from the silver NHC complex 800 with
[PACl3(COD)] and KPFg at room temperature (Scheme 151) [316].

4. Pincer ligand with two NHC donors

In this section only ligand designs with discrete terdentate kCNHC,x
CNHC (1, donor set have been included; the donors may be part of a set in
a ligand with potential denticity higher than three, provided that only
three neighboring donors are bound to the metal, the remaining being
dangling.

4.1. Type CNHC,CNHC ¢

A group of palladium complexes bearing a pincer of type CNVC cNHC,
C with all carbon donor set has been described (Scheme 152) [97].
Treatment of the bis-imidazolium phosphonium ylide precursor 801
with one equivalent of [PdCly(NCMe).] in the presence of triethylamine
resulted in the formation of complex 802 in 75% yield, which was
characterized by NMR spectroscopy. In a subsequent step, 803 was
formed almost quantitatively by the reaction of complex 802 with three
equivalents of Cs3CO3 in MeCN at 60 °C. The complex 803 also could be
obtained directly from 801 with PdCl, in the presence of CsyCOj3 in
MeCN at 60°C in 69% yield. The ortho-metalated complex 803 was
characterized by NMR spectroscopy and X-ray diffraction analysis. Its
31p NMR spectrum displayed a singlet at § 30.4 ppm while the 13C NMR
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Scheme 147. Fe complexes with S,CNMC,S pincer ligands

spectrum revealed the corresponding CH ylide resonance at § 17.3 ppm,
with a coupling constant of 36.2 Hz, and the ortho-metalated carbon
atom at § 179.9 ppm. X-ray structure determination of 803 indicated
that the Pd atom adopted a slightly distorted square-planar coordination
geometry, defined by the two NHC donors, the phosphonium ylide and
the ortho-phenylated moieties. The NHC-Pd bond distances in 803 of
2.018(2) A and 2.003(5) A were comparable to values found in related
NHC Pd" complexes. Reaction of complex 803 with one equivalent of

(i) LIHMDS

(ii) [Rh(u-CI)(COD)I2
(iii) n-BugNI

TfOH in MeCN at —40 °C yielded complex 804 in 91 % yield. In the 3P
and the 13C NMR spectra of complex 804 singlets at § 33.9 ppm and 6
9.9 ppm were assignable to the ylide moiety, these data were consistent
with the structure obtained. The complex 805 was formed by the reac-
tion of complex 804 with tBuNC in dichloromethane and its structure
was established by NMR and FTIR spectroscopies. Typically, diagnostic
signals due to tBu and the v(C=N) vibration (at 2206 cm™Y) were
observed in the NMR and FTIR spectra, respectively. The complex 804

7 N7 NN

— —

tBu tBu

773

Scheme 148. Rh"™ complexes with the rigid S, CNHC, S backbone
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Scheme 149. Pd and Pt complexes with a S, CV€, § backbone

was efficient in the Pd-catalyzed allylation of aldehydes [97].

4.2. Type CNHC, CNHC,N

4.2.1. Group 8 metals (Fe)

The reactivity towards isocyanides of the iron complex 806, bearing
the tetradentate, equatorially binding bis(pyridyl-NHC) ligand with the
Npyridine oNHC oNHC npyridine 4o 0r set, was studied leading to complexes
807-810 with mer-pincer type terdentate kNPYTidine (cNHC  oNHC o0
dination and one dangling pyridine donor (Scheme 153A) [317]. The
reactions of 806 were carried out with an excess of CNR (5 equivalents)
in MeCN at room temperature. The 'H NMR spectra of the products
revealed characteristic resonances for the ortho protons of the pyridyl
moieties at around § 8.75 ppm and 8.30 ppm and the structures of 807,
809 and 810 were determined by X-ray diffraction unveiling dangling
terminal pyridine for all complexes, Fe-CN€ bond distance with the
central NHC donor in the range 1.869(4)-1.885(4) f\, and with the NHC
donor attached to the dangling pyridine in the range 1.9460(19)-1.952
4 1°\; finally the isocyanides trans to the CNHC and trans to each other fall
within the same range (1.876(2)-1.904(4) 10\). The isocyanide ligands
had all an effect on the metal centered redox potential as established by
CV.

Elongation of the linker in the tetradentate bis(pyridyl)-substituted-
bis(imidazol-2-ylidene) ligand results in preferential adoption of fac-like
coordination leaving two cis-sites in the octahedral complex available
for catalytic studies. Thus, reaction of the related complexes 806A-806C
with NHj afforded the cis-ammonia complexes 810A-810C which were
studied as models of electrocatalysts for the oxidation of coordinated
ammonia to nitrogen. The pyridine substitution in 806A-806C altered
the potential of the Fell/Fel couple within a wide range and resulted in
the mono- or di-substituted ammonia complexes 810A-810C. With

electron releasing substituents at the pyridine rings, an equilibrium was
established in MeCN between the mono- and di-substituted species.
Furthermore, the acidity of the coordinated NHj in the Fe'! complexes
was higher in 810A than 810C due to the substituent effects of the
pyridine donor (Scheme 153B) [318].

The reaction of [Fe(HMDS),] and K(HMDS) with the ligand precur-
sor 811 led to the complex 812 (Scheme 154) [319]. Crystallographic
characterization revealed a six-coordinate Fe'l center ligated by two
terdentate pincer strands bound in a mer fashion, two amide donors in
the cis position and the remaining amide groups dangling. The Fe-CNHC¢
and Fe-N2M¢ distances were within 1.917-1.929 and 2.032-2.040 A,
respectively. The Mossbauer spectra support an octahedral low-spin
(S=0) Fe!l center.

4.2.2. Group 9 metals (Co)

The Co™ complex 815 bearing a CN1C,CNHC N-terdentate ligand was
synthesized in low yield via complex 814 which in turn was obtained by
transmetalation between [CoCly(PPhs),] and the silver carbene complex
generated in situ from 813 and Ag,0 (Scheme 155). The structure of 815
was confirmed by X-ray diffraction analysis and NMR spectroscopy.
However, 814 was not stable in solution, and easily converted to 815, as
monitored by NMR spectroscopy. The *H NMR spectrum of complex 815
displayed two doublets assignable to the CHj linkers at § 6.73 and
6.40 ppm, respectively. All data indicated the formation of the complex
815 [144].

4.2.3. Group 10 metals (Pd)

The only palladium complex in this category 817 was prepared in
low yield by treatment of the precursor 816 with [PdCly(NCMe),], fol-
lowed by anion exchange (Scheme 156) [320]. The structure of 817 was
established by NMR spectroscopy and X-ray diffraction analysis. The

—|CI
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789 (i) PdCl,(NCMe), 790

Scheme 150. Pd complex with a flexible S, CNHC,s backbone
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Scheme 152. Pd complexes with a «CVHC «CNHC, «C backbone.

two stereoisomers (P- and M-) were obtained owing to the twisted
conformation of the CNHCCNHEN pincer ligand and were observed in the
'H NMR spectrum. However, only the P-isomer was observed in the solid
state: the X-ray structure featured a Pd-N bond distance of 2.109(3) A.
The stable complex 817 was an efficient, high turnover number catalyst
for Suzuki-Miyaura cross-coupling reactions in water [320].

4.3. Type C‘NHC, CNHC,P

There is no example in this category, to the best of our knowledge.

89

4.4. Type CNFC,CNHC o

CNHC cNHC o donor ligands on Ru centers were studied in conjunc-
tion with the search for analogues of the Grubbs-Hoveyda catalysts
based on pincer ligands. Complexes 822 and 823 were prepared by
transmetalation reactions from the silver complexes 820 or 821 to
ruthenium using [RuCly(PPhs3)s] or [RuCly(=CHPh)(PCys3)2] as pre-
cursors, respectively (Scheme 157) [321-323]. Complexes 822 and 823
were characterized by X-ray diffraction analysis which revealed octa-
hedral coordination geometries around the ruthenium centers. The
corresponding Ru-O bond distances for 822 and 823 were 2.295(6) and
2.4852(11) A, respectively, which are similar to those previously re-
ported for relevant ruthenium complexes and confirm the coordination
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of the OMe group to the metal. Their catalytic performance in standard
metathesis reactions was not satisfactory.

4.5. Type CNHC,CNHC g

No example with this donor set has been reported to the best of our
knowledge.

5. Pincer ligands with three NHC donors

In this class only ligand designs with discrete terdentate kC''C,k
CNHE «cNHC donor set have been included; the donors may be part of a
set with denticity potentially higher than three, provided that only three
neighboring donors are bound to the metal, the remaining being

dangling.

90

812

«CNHC
5.1 CNHC CNHC CNHC

5.1.1. Group 8 metals (Fe, Ru)

A series of iron and ruthenium complexes bearing a
terdentate ligand substructure as part of a linear tetradentate ligand
design has been described (Scheme 158) [324,325]. Reaction of 824
with [Fe{N(SiMejz)>}2(THF)] in acetonitrile afforded a mixture of com-
plexes 825 and 826, which could not be separated by precipitation or
selective extraction [324]. However, in the presence of protic reagents,
the complex 825 was converted to 826, the structure determination of
which revealed an iron center in an octahedral coordination geometry
with a mer-CNHCE CNHC CNHC mojety as part of a potentially tetradentate
ligand, with one dangling imidazolium moiety. Fe-CNC bond distances
of 1.900(3)-1.989(3) A were observed, which were comparable to
literature values for this bond. The Fe-Ny.cny bond distances in 826
were 1.931(3) and 1.986(3) A.

Stirring a mixture of 824, Ag>O and [Ru(u-Cl)Cl(p-cymene)l, in

CNHC’CNHC’CNHC_
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acetonitrile under microwave irradiation resulted in the formation of a
mixture of complexes 827 and 828 (Scheme 159) [325]. The complex
827 was purified by column chromatography and isolated in 20 % yield.
Interestingly, the presence of the imidazolium moiety in complex 827
was most likely due to the formation of water in situ; 827 could be
quantitively converted into 828 in the presence of CsyCO3 as a base. A
characteristic singlet at § 8.45 ppm was observed in the 'H NMR spec-
trum of 827, which was attributed to the imidazolium moiety. In addi-
tion, two different resonances at § 3.83 and 3.90 ppm for the terminal
methyl groups also were observed in 'H NMR spectrum. The X-ray

CNHC’ KCNHC

, KN terdentate ligand

structure analysis unveiled a distorted octahedral coordination geome-
try of the Ru in 827, and Ru—CNHC distances in the range 1.998(2)-2.062
2) 10\, consistent with literature values [326,327].

Treatment of the salt 829 with Ag,0 followed by reaction with [Ru
(u-CDCl(p-cymene)], yielded the air stable complex 830, which was
isolated as a yellow solid in 40 % yield (Scheme 160) [139], the struc-
ture of which was confirmed by X-ray diffraction analysis and NMR
spectroscopy. The 'H NMR spectrum showed a singlet for the two ter-
minal methyl groups of the triazolylidene at § 4.20 ppm, and a single
resonance for the methylene groups at & 5.33 ppm. The '3C NMR
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Scheme 157. Ru complexes with kCNI€, kCNHC, O donor ligands
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spectrum revealed two characteristic signals for the carbene carbon
atoms at § 172.6 and 185.3 ppm. The Ru center adopted an octahedral
coordination geometry with Ru-gimidazolylidene gicance of 2.015(5) A.
Interestingly, the Ru-—Ctriazolylidene qicances of 2.091(4) and 2.096(4) A
were longer than in most abnormal triazolylidene ruthenium(II) com-
plexes. The complex 830 displayed a catalytic activity for ketone
reduction via transfer hydrogenation reaching 98 % conversion [139].

5.1.2. Group 10 metals (Pd)

The pincer complex 832 was obtained as a red, air stable solid by
treatment of tris-azolium precursor 831 with palladium acetate in MeCN
at 100 °C (Scheme 161). The ®C NMR spectrum of 832 features two
CNHC signals in a 2:1 ratio at d 157.3ppm (triazolylidene) and &
165.5 ppm (imidazolylidene) consistent with a mer-coordination of the
pincer ligand. The molecular structure of 832 comprised one slightly
distorted square-planar Pd center with one kC,kC,kC pincer and one
iodine ligand. Interestingly, the Pd — cimidazolylidene 1,1, 4 distances range
from 2.000(6) to 2.010(6) A while the Pd-Ctriazolylidene o4 distances
are slightly longer (2.037(5) — 2.053(5) f\). The elongation of the latter
has been attributed to the flexibility of the methylene linker and the
mutual trans placement of the two triazolylidene ligands. Treatment of
832 with an excess of AgSbFg furnished 833 which shared similar
spectroscopic and metrical data as 832. Complexes 832 and 833 were
active under low catalyst loadings in cross-coupling reactions showing
high conversions under mild reaction conditions and in the hydro-
silylation of terminal alkynes with good selectivity toward the E-isomer

NN

N=/
1
W

\
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[328].
6. Computational studies

Quantum chemical calculations have developed to indispensable tools
for gaining insights into the molecular structure of metal complexes (with
examples covered in this review [32-37,116], or relevant organometallic
and inorganic topics), by providing reliable models of electronic struc-
tures and bonding. As a consequence, magnetic, (photo)physical and
spectroscopic properties, e.g. spin states, absorption or emission elec-
tronic, IR, EPR and NMR spectra can be extracted, in good agreement with
the experiment. Furthermore, the computed representation of the frontier
molecular orbitals can contribute towards the rationalization of stoi-
chiometric or catalytic reactivity and the underlying mechanisms. Despite
the widespread availability of ‘user-friendly’ software packages for ab
initio, DFT or semi-empirical calculations and the diminishing computing
costs, pitfalls and errors can arise from the usage of this methodology by
non-experts, mainly due to partial misunderstanding, possible erratic
choice of technical settings and/or of details and other aspects of the
calculations [329]. In this section, after a brief exposition of the relevant
computational methodologies, and judicious strategies for their applica-
tion, we highlight and group together their successful usage to elucidate,
understand and compare aspects of the chemical, structural and physical
properties of pincer complexes with a bridgehead NHC donor described in
the previous sections.

By far, the most extensively employed methodology in the topics
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described above is the ‘researcher-friendly’ DFT, in view of its speed and
the generally accurate results it provides, if used cautiously. The
thoughtful choice of functionals and basis sets are crucial; functional-
dependent results can occasionally be obtained, where spin-state

KCNHC, KCNHC

Waals interactions are encountered. The recommended way out of this
state of affairs involves preliminary investigation(s) with different
combinations of functionals and basis sets aiming at obtaining data on
the (ground state) geometry, which subsequently should be compared
with the one obtained with accurate multireference techniques (vide

changes, very thick group of excited states and dominant van der
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Table 6
Publications on pincer complexes with NHC bridgehead donors that include computational studies.
Complex Ligand type/Metal/ Summary of Computational Methodology Type of Reference
Scheme study”
1 ¢,cNHC C/Ru/3 DFT(B3LYP)/6-31G(d,p) M [63]
5 C,CNMC.C/Ru/4 DFT(B3LYP)/6-31G(d,p) LANL2DZ M [65]
35 C,cNMC c/Ir/11 DFT(B3LYP)/SDDy;6-311 + G(d,p)/LANL2DZ;,6-31G(d) M [76]
43, 44 c,cNHC ¢ Ir/12 DFT(0-B97XD)/6-31G(d) LANL2DZ M [78]
68 C,cNHEN/Pd/18 DFT(MO06)/6-31G(d) LANL2DZ M [88]
74a 74b C,cNHC p/Rh/20A DFT(0B97XD)/DGDZVP M [91]
75b C,GNMC p/Ni/20B DFT(0B97XD)/6-31 + G(d,p) SDD M [56]
81, 82, 83 ¢,cNHC 0/Pd/22 DFT(PBE-D3)/6-31G(d,p)/LANL2DZpg E [97]
85 C,CNMC 5/pd/23 DFT(PBE)/ZORA-TZ E [98]
114-117 N,CNHE N/Ta/29 DFT(B3LYP)/LANL2DZr, 6-31G(d,p) EM [102]
127 N,CVHC,N/Fe/33 DFT(B3LYP)/def2-TZVP def2-SV(P) E [111]
130, 131 N,CVHC,N/Fe/34 DFT & BS-DFT(UB3LYP)/def2-TZVP E [116]
136, 141 N,CVHC,N/Ru/34-36 DFT(MO06-L)/TZVP/TZVPFit, QZVP M [117,118]
149, 150 N,CVHCN/Pt/38 DFT(B3LYP)/LANL2DZ E [139]
178,179 N,CVHC,N/Rh, Ir/48 DFT(B3PW91) E [149]
186, 187 N,CVC N/Ni/50 DFT(B3LYP)/6-31 + G(d,p) M [54]
202, 203 N,CVHCN/Ni/54 DFT(RPBEO)/def2-TZVP M [159]
253, 257 N,CNHE N/Ge/66 DFT(MN15-L)/def2-TZVPPDg, def2-SVPD M [175]
329, 331 P,CNMC p/Mo/80 DFT(B3LYP)/LANL2DZy;,6-311G E [193]
354, 356, 358 P,cNMC,p/Mo/83 DFT(B3LYP-D3)/SDDy, 6-31G(d) EM [202]
384-387 P,CNHC p/Fe/88 DFT(PBE0-D3BJ)/SDD EM [213,215]
409, 410 P,CNHC p/Fe/90 DFT(OPBE)/def2TZVPP 6-311 + G(d,p) M [219]
429 P,CNHC p/Ru/92 DFT(MO06-L)/def2-SVP NBO:MO6L/def2TZVP/W06 EM [222]
445, 448 P,CNHC,p/1r/96 DFT(MO06-L)/SDDy;6-311 + G(d,p) EM [226]
511, 512 p,cHC,p/Ni/105 DFT(BP86)/TZP M [247]
516, 517 P,cNCp/pPd, Pt/111 DFT(B3LYP)/LANL2DZ E [251]
523-526 P,cNHC,p/Pd, Pt/112 DFT(B3LYP)/LANL2DZ M [252]
528-531 p,cHC,p/Ni/113 DFT(B3LYP)/LANL2DZ EM [252]
588 592 594 0,cNHC,0/Ti/121 DFT(PBE-D3(BJ))/ M [268]
605-607 0,cN"C0/Ti/123 DFT(B97D)/SDD M [52]
715 0,cNFC,0/Fe/139 DFT(BP86, B3LYP and TPSSh)/ZORA-def2-SVP ZORA-def2-TZVPg. CASSCF, NEVPT2/ZORA-def2-  E [291]
TZVPP
723, 728, 730 0,CNH€,0/Co/141 DFT(BP86-D3)/def2-TZVP E [293]
741 0,cNC,0/1r/143 DFT(BVP86)/SDD LANL2DZ E [299]
(simplified)

@ Studies have been grouped as regarding the electronic structure and relevant properties (E) or the computed mechanism of a reaction (M).

infra) and/or experimental data. Although DFT methods generally
calculate the ground state geometry accurately, they may fail to do so for
excited states.

Consequently, the popular B3LYP functional [330,331] provides
good results on geometry and can correctly predict absorption spectra;
furthermore, if dispersion correction is necessary, it can be properly
added, via semiempirical corrections, like Grimme’s -D3 [332]. Lately,
the Minnesota family of functionals, MO6 and M06-L [333] have become
very popular as alternative choices for metal complexes and pincers in
particular. Despite the fact that they lack any dispersion built-in, the
MO6-L performs well as a local functional in transition metal chemistry
and with noncovalent interactions at a relatively low computational

cost. Lastly, the family of long-range corrected hybrid functionals wB97,
wB97X, wB97X-D, wB97X-2 include a full Hartree-Fock exchange at
long-range interelectron distance, resulting in a reduction of the self-
interaction errors; they are suitable for general applications, such as
thermochemistry, thermal kinetics, noncovalent systems, and calcula-
tion of spectra via time-dependent DFT [334]; PBEO [335] is another
choice that predicts metrical parameters for complexes.

With respect to the basis sets, an augmented double zeta quality basis
set is appropriate for large complexes of about 100-150 atoms. For
instance, the 6-31 + G(d,p) family of basis sets [336] combined with a
basis set including pseudopotential such as LANL2DZ for the metals
[337], or the Def2-SVP [338] for all atoms is a good choice. For smaller
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Chart 9. Six simplified pincer architectures that have been used for the preliminary DFT calculations, described above.
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complexes an augmented triplet quality basis set is an excellent choice,
for instance the def2-TZVP [338] or aug-cc-pVTZ(-PP) [339,340].

Finally, when the calculated states of the complexes feature diradical
or open singlet states, DFT is combined with the broken-symmetry (BS)
method. BS-DFT works quite well for the prediction of the geometry of
complexes involving multiple transition metals. However, it describes a
weighted average over multiplet states resulting in a non-efficient
calculation of the correlation energy of very multireference systems.
Accordingly, BS is widely used in the field of molecular magnetism for the
calculation of exchange coupling constants [341,342] and can reproduce
the experimental trends and yield insights into the operating exchange
mechanisms, especially in metal-metal and metal-ligand transfer terms
[343]. In contrast, for complexes presenting a very dense spectrum, BS-
DFT will not be efficient and may predict wrongly the exchange cou-
plings [332,344,345]. In this case, the geometries are to be calculated via
an appropriate combination of functional and basis set (vide supra), and
the electronic structures via a multireference ab initio methodology. A
very good choice of the latter is the complete active space self-consistent
field method (CASSCF) [346], followed by the second-order perturbation
treatment (CASPT2), or by a second-order perturbation treatment of the
dynamic electron correlation (NEVPT2 [347]). Finally, the ab initio ligand
field theory (AILFT) [348] method allows to calculate all ligand field
parameters and it is used widely in the areas of magnetism and d-d ab-
sorption spectroscopy, allowing the interpretation and prediction of
exciting spectroscopic and magnetic properties [349].

The population analysis can provide useful information on bonding.
Mulliken population analysis is extensively used, mainly because it is the
default analysis in many computational packages, however, it is well-
known that Mulliken charges may show basis set dependency or un-
derestimate ionic character [350,351]. Alternatively, the natural pop-
ulation analysis (NPA) method can be used, which is generally basis set
independent, but, on the contrary, may overestimate the ionic character
of the atoms [352,353]. However, it is believed that population analyses
are indicative and help to make comparisons and find trends for similar
structures within the same methodology. For instance, the use of natural
charges obtained via DFT explains the electronic structure of 429 and
proposes a zwitterionic non-carbenoid ligand structure as the most
plausible description of 429 [222].

Solvent effects can be added via dielectric constant (implicit model)
[354], as molecules (explicit model), or via both dielectric constant and
as molecules (hybrid model). In the latter case, the first solvation sphere
is studied explicitly and the rest of the solvent implicitly. Generally, the
implicit treatment does not significantly affect the geometry or the
spectra while the inclusion of one or more solvent molecules in the right
position, or the inclusion of the first sphere of solvation at the same
computational level or via a multi-scaling methodology may affect the
outcome [355]. In general, preliminary calculations should be carried
out to reveal if the electrostatic interactions with a noncoordinating
solvent or solid-state environment affect the spectral properties of the
complexes [356] and then a decision should be made regarding how the
solvent will be added, i.e. implicitly, explicitly or via a hybrid model.

In view of this methodological summary, we highlight a few selected
cases, where computational approaches have provided a detailed insight
of electronic structures and reactivity. A complete compilation of
computational studies in the literature covered in the review is given in
Table 6.

The plot of the energies of frontiers molecular orbitals (Fig. 2) pro-
vided useful information on the parameters controlling the ¢-donor/
n-acceptor/n-donor characteristics of the NHC bridgehead donors and
other NHC co-ligands (if present). A guided choice of the NHC types to
manipulate the HOMO-LUMO gap and, consequently, the donor prop-
erties of the bridgehead are important to consider in ligand design
[32,33].

Analysis of the nature of the computed orbitals in addition to the
calculation of the differences in atomic charges (Aq, obtained by NPA
(vide supra) and the Mayer bond orders) provided a detailed mapping of

95

Coordination Chemistry Reviews 514 (2024) 215757

the - and n-interactions of two related pincer ligands (PCP and PNP) on
a Mo center with catalytic activity towards Ny reduction (in 354 and
358, respectively), explained the catalytic longevity of 354 and ratio-
nalized the stronger activation of coordinated N3 in 354 [38,202].

DFT studies (spin-unrestricted using B3LYP/def2-TZVP, THF solvent
model) provided detailed insight (complex geometries, nature and en-
ergies of MOs, nature of the metal —ligand bonding from charge
donation and Mayer bond orders and overall strength of ligand binding)
in a series of structurally related Fe'lpincer complexes with NHC
bridgehead or NHC side-arm moieties; a direct correlation was found
between increasing the strength of Fe —L bonding and the pincer-
donating abilities [61].

DFT calculations (B3LYP/BS1 level on simplified models) were used
to elucidate the mechanism of the metala-aziridine formation in the
complexes 114-116; from the two models studied, i.e. either a 6-bond
metathesis pathway or a two-step C-H abstraction/alkylidene-mediated
C-H activation pathway, the gathered evidence pointed to the likelihood
of the latter. In addition, the energetic stabilization of the metala-
aziridine species in 114-117 (Scheme 29) was studied by NBO anal-
ysis of the metal-ligand (NHC and alkyls) bonding in the complexes,
concluding that it is due to the facilitation of preferred (shorter) Ta-NHC
and Ta-methyl bonding interactions [102].

Computational studies (DFT, B3LYP, 6-31 + G**) have been carried
out to rationalize the lack of N™ir¢ cNHC Njjmine gormation from the re-
action of the precursor 185 with [Ni(1,5-COD)5]; in this case analysis
involving the energetics of plausible intermediates concluded that the
observed reactivity can be traced back to ligand rigidity and steric re-
strictions [54].

A comparative study of the electronic properties of PCNHCP and
PNPYMidinep Jioands on Ir that formed efficient catalysts for the hydro-
genation of CO3 to formates in the presence of triethanolamine was
extended to computational methods (MO6L level using SDD basis sets for
transition metals and 6-311 4+ G** basis sets for all light elements and
NBO analysis), in order to get insight into the nature of the pincer-Ir
bonding and rationalize the higher activity and longevity of the
PCNHCp complex 442. The improved reactivity of the PCVHCP complex
was attributed to the stabilization of the cationic key transition state due
to the higher electron-donating nature of the ligand; in the Ir' ground
state, strong n back-donation as well as ¢ donation exists that made the
catalyst robust [226].

7. Catalytic applications

Although we have indicated in the text specific examples of catalytic
applications, an overview of the major catalytic applications of the
complexes covered in this review are presented in a tabular manner for
convenience and conciseness. Valuable comparisons between systems
originating from different groups are almost impossible to make in view
of the various experimental conditions used. The reader interested in a
specific catalytic reaction will find below which metals and complexes
have been reported to display catalytic activity, as well as the section in
this review where these complexes are discussed and the original ref-
erences which should be consulted.****

Hydrogenation of C-C bonds (Hz)

Metal Complex Section Reference
Ru 8 3.1.1 [66-68]
Rh 178 3.6.6 [149]

Ir 179 3.6.6 [149]

Mn 360C 3.10.2 [204]

" A very recent review of the catalytic applications of RE-NHC complexes is
cited at the end of the document in the Note added in proofs.
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Hydrogenation of C-O bonds (Hy, silanes) Dimerization of terminal alkyne

Metal Complex Section Reference Metal Complex Section Reference
Ru 138 3.6.5 [118] Fe 56 3.2.1 [23,83,85]
Cu 245A, 245B 3.6.8 [172] Fe 384 3.10.3 [214]
Mn 265-266 3.7.1 [176]
Ir 442,445-446,449 3.10.4 [226]
Addition of styrene derivatives
Transfer hydrogenation — Hydrogen borrowing reactions (not Hy as hydrogen source) Metal Complex Section Reference
Metal  Complex Section  Reference Ir 36 3.1.2 [76]
Mn 361B, 361C 3.10.2 [205]
Ru 70 3.3.1 [89] Addition of amines to unsaturated C — C bond
Ru 152 3.6.5 [140] -
Ru 154 365 [141] Metal Complex Section Reference
Ru 150 3.6.5 [126] Rh 170-171 3.6.6 [147]
Ru 374 3.10.3 [211] Ir 173 3.6.6 [147]
Rh 178 3.6.6 [149] Pd 499, 501 3.10.5 [249]
Ir 179 3.6.6 (149] Zr 631-632 3.13.2 [271]
Ru 830 5.1.1 [140]
Imidization
C-H activation
Metal Complex Section Reference
Metal Complex Section Reference
Ru 370-371 3.10.3 [209]
Pd 309 3.8.2 [188]
Amidation
Metal Complex Section Reference
H/D exchange
- Ru 719-721 3.13.6 [292]
Metal Complex Section Reference
Chan-Lam coupling
Fe 384 3.10.3 [214]
Metal Complex Section Reference
C-C coupling (Heck) Cu 246, 248-249 3.6.8 [173,174]
Metal Complex Section Reference Buchwald-Hartwig amination
Pd 306 382 [187] Metal Complex Section Reference
Pd 490 3.10.5 [248] Pd 525-526 3.10.5 [252]
Pd 749 3.13.8 [187]
Pd 315 3.8.2 [189]
Hydrocarboxylation
C—C coupling (Suzuki-Miyaura) Metal Complex Section Reference
Metal Complex Section Reference Rh 170-171 3.6.6 (1471
Ir 173 3.6.6 [147]
Ni 189 3.6.7 [151]
Ni 228-229 3.6.7 [162]
Ni 219-225 3.6.7 [161] Hydrosilylation of terminal alkynes
Pd 230 3.6.7 [151]
pd 236 3.6.7 [163] Metal Complex Section Reference
Pd 243 2.6.7 [165] Rh 170 3.6.6 [147]
Pd 315 3.8.2 [189] Rh 452-454 3.10.4 [228]
Pd 817 4.2.3 [320] Pd 832 5.1.2 [328]
Pd 833 5.1.2 [328]
C-C coupling (Kumada-Corriu)
- Hydrosilylation of carbonyl compounds and nitroaromatics
Metal Complex Section Reference Ni 489D 489E 3.10.5 [49]
Co 166 3.6.6 [144]
Ni 189 3.6.7 [151]
Ni 228 229 3.6.7 [162] Hydroboration of Alkynes
Ni 197-198 3.6.7 [158] Metal Complex Section Reference
Ni 192-193 3.6.7 [157]
Fe 384 3.10.3 [214]
Allylation of aldehydes
- Isomerization of terminal alkenes
Metal Complex Section Reference
Metal Complex Section Reference
Pd 82 3.4.2 [97]
Pd 804 4.1 [97] Fe 387 3.10.3 [215]
Arene C-H trifluoromethylation Olefin isomerization
Metal Complex Section Reference Metal Complex Section Reference
Co 732 3.13.7 [298] Ir 36 3.1.2 [76]
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Oxidation of alcohols and benzaldehydes

Metal Complex Section Reference
Ru 146 3.6.5 [119]

Ru 291 3.8.1 [184]
Oxidation of water

Metal Complex Section Reference
Ru 282 3.8.1 [181]

Ru 284-286 3.8.1 [182]

Ru 287-288 3.8.1 [183]
Reduction

Metal Complex Section Reference
Ni (H" to Hp) 326, 327 3.9.1 [191]
Mo (N3 to NH3) 348, 350 3.10.1 [201]
Mo (N3 to NH3) 354, 356 3.10.1 [38]

Mo (Nitroarenes) 700, 701 3.13.4 [290]
Oligomerization of alkenes

Metal Complex Section Reference
Cr (ethylene) 124-125 3.6.3 [105]

Ni (ethylene) 213-214 3.6.7 [105]

Zr (1-hexene) 642 3.13.2 [273]
Polymerization of alkenes (A) and lactide (Lac), Copolymerization

Metal Complex Section  Reference
Fe (Lac) 129 3.6.5 [115]

Ni (A, norbornene) 295-297 3.8.2 [185]

Pd (A, norbornene) 301-304 3.8.2 [186]

Nd (Lac) 545, 551 3.13.1 [255]

Nd (hexyl isocyanate) 549 3.13.1 [256]

Sm (Lac) 546 3.13.1 [255]

La (Lac) 547 3.13.1 [255]

Y (Lac) 548 2.13.1 [255]

Y (hexyl isocyanate) 550 3.13.1 [256]

Ti (ethylene) 563-565, 569-571  3.13.2 [262-264]
Ti (Lac) 578-580 3.13.2 [265]

Ti (cyclohexene oxide CO5) 583, 587, 589 3.13.2 [55,268,357]
Ti (Lac) 587 3.13.2 [266]

Ti (cyclohexene oxide CO5) 596-604 3.13.2 [55]

Ti (1-hexene) 665-666 3.13.2 [276]

Al (Lac, trimethylene carbonate) 761 3.13.9 [306]

Hf (Lac) 622-624 3.13.1 [265]

Zr (Lac) 636 3.13.1 [358]

Zr (cyclohexene oxide CO2) 636-637 3.13.2 [275]

Zr (ethylene) 627, 633 3.13.2 [272]

Zr (Lac) 615-621 3.13.2 [265]

8. Conclusions

Pincer ligands with a bridgehead NHC donor are attracting
increasing attention and could complement related species comprising
NHCs at the side-arms and/or exclusively ‘classical’ donors. Striking
features setting the different architectures apart may reside on diverse
structural and electronic properties, reactivity and applications. In
particular, in the regime of the 3d metals, where the high density of
states [359] is common, fine tuning of electronic structures may favor
the population of different electronic/spin states leading to diverse
physical properties and reactivities. It is evident from the plethora of the
complexes included in this review that the pincer ligands with bridge-
head NHC donor are already well represented and have attained a good
scope with metals from across the Periodic Table. Developments and in
depth understanding on an ad hoc basis and for specific cases have
benefitted from the employment of modern computational methodolo-
gies; however, transferable, empirical and theoretical guiding principles
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that can be widely applied and used for comparisons and contrasts
within the pincer ligand paradigm have not been pursued. These are
desirable and can support a’dial-a-pincer’ strategy aiming at optimal
ligand choices for specific jobs and rationalizations/predictions of
ligand effects for desired applications. It is reasonable that a computa-
tional approach to qualitatively track down the nature, diversification
and availability of the frontier orbitals of pincer ligands, in particular
those with NHC donors, may constitute a starting point for this analysis.
It should provide the first elements for systematically grouping and
delineating of pincers ligands. For the conclusions of this review, the
application of the strategy was initiated by performing calculations (at
B3LYP/def2-TZVPP level of theory [330,360,361] on the six simplified
pincer architectures (L'-L8 in Chart 9), based on structures obtained (i)
from crystallographic data of a range of metal complexes after elimi-
nating the metal center® or (ii) by energetically optimizing ligand ge-
ometries under Cs or C, symmetry, so as to retain the pincer structure
(although at the lowest energy minima mutually anti-donor arrange-
ment violating the pincer architecture is favored); all calculations were
carried out using the Gaussian code [362]. The emphasis placed on the
frontier orbitals led to some interesting common or differentiating fea-
tures of the pincer ligand-metal bonding picture: intriguingly, it
emerged that in pincer ligands with one NHC bridgehead, the HOMO
was mainly localized over all three donors (e.g. on P and C atoms for P-
CNHC.p pincer) and in particular on the CN€, In contrast, from the L}-L3
only in L2 there is a HOMO of o-symmetry on the bridgehead donor,
while in L! there is a near degeneracy of HOMO and HOMO-1, the latter
having electron density localized on all three donors. Consequently, the
introduction of the NHC not only increases the 5-donor strength of the
bridgehead thanks to the nature of the NHC, but also enhances the
participation of the side-arms (i.e. phosphanes in P-CNHC.P) in the
HOMO. Furthermore, the # symmetry LUMO of a lone NHC donor is also
‘reproduced’ on its integration to the pincer structure, thereby main-
taining the classic and design-straightforward push-pull nature of the
NHCs. For the L3, both HOMO and LUMO are not localized on the three
donors but over the pyrrole bridgehead.

Apropos energetics, with the exception of L3, the same relative en-
ergy ordering is observed for the energies optimized following the
methodologies (i) and (ii) outlined in the previous paragraph, although
for L}, L2 and L*-L® (i) leads to slightly higher HOMO and lower LUMO
than (ii). However, for L3, since both HOMO and LUMO are localized
over the pyrrole ring, the HOMO-LUMO energy difference remains the
same in both approaches.

The initial qualitative comparisons that appeared from the previous
discussion demonstrate that subtle effects are associated with the nature
of the bridgehead donor, its electronic properties, and the creative
management of the latter.

More detailed future understanding of these aspects may form the
basis for novel coordination, organometallic chemistry and catalysis.
Initial signs of these expectations, were apparent throughout the review,
e.g., concerning the reactivity of RE-NHC vs. pyridine bridgehead pincers
(with a range of side-arm donors e.g. imines, phosphanes etc.), the
reactivity of five membered imidazole type vs. RE-NHC as bridgehead
donors, the effect of NHC bridgehead donors integrated in rigid poly-
nuclear systems etc. We hope that by highlighting existing achievements
and indicating under-represented categories of pincer ligands and
complexes, this review will trigger new research in the area and that
progressive developments still show a bright future in numerous areas.

# Crystallographic data for pincer complexes with the following database
identifier in the CSD were used to *demetalate’ and produce the coordinates of
the free pincer ligand: ACOTUK, ADUPAU, GULMUX, BEHBEZ, AHARUX,
ADUNIY, AREZUU, BUKCES, GAXIA, XIYVUZ, XIYVIN, SOHREP, IKOGEX,
XUCRIY, SAVNUC, UFAHAN, YUQCUK. CCDC (2017). CSD web interface
intuitive, cross-platform, web-based access to CSD data. Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge, UK.
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