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Abstract: The pincer platform provides increased stability and
often a rigid coordination mode in transition metal complexes
that allows for the incorporation of reactive functional groups
in the coordination sphere of a metal. Classical coordination
patterns in pincer-type complexes were established over the
past decades, involving a preferred set of binding sites. In the
current review, we discuss pincer-type ligands with remarkable
bonding situations and reactivity patterns, which are beyond

1. Introduction

Pincer-type complexes are known for decades and since then
they attracted widespread attention with publications of nu-
merous milestones in organometallic chemistry and homoge-
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the privileged ligand systems frequently used in homogeneous
catalysis and bond activation reactions. This includes ligands
with ligating atoms based on metalloid elements, π-systems as
well as different kinds of metallo-ligands. We categorize the
discussed pincer-type ligands herein according to the covalent
bond classification and distinguish between metallo-ligands
and ligands, which are based on nonmetal and metalloid ele-
ments.

neous catalysis. These complexes are defined by the meridional
coordination of a tridentate ligand to a central metal atom (Fig-
ure 1). The rigid environment of these chelating ligands has led
to numerous applications in homogeneous catalysis, allows for
unprecedented bond activation reactions, as well as for the
binding of labile groups.[1–10] Important examples, for instance,
involve the first C–C-bond activation,[11] the isolation of a
σ-methane complex[12] and the development of templated
catalysis.[13,14]

Figure 1. Facial (fac) and meridional (mer) coordination modes of tridentate
ligands. Dotted lines are used for the metal-ligand bond to indicate different
types of interactions.
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Organometallic complexes containing tridentate ligands with
a preference for a meridional coordination are known since the
1970s[15,16] and the first definition of the term pincer type li-
gand by van Koten in 1989 referred to meridionally coordinated
tri-dentate ligands with a central anionic carbon-based group
and two neutral terminal donor groups.[17] This original defini-
tion was subsequently extended to meridionally coordinated
ligands with variable number of neutral and anionic binding
sites (Figure 1) and until now pincer ligands are often defined
by their neutral or anionic binding donor groups.[18]

In recent years, unexpected donor groups, electron accept-
ing groups and even metal fragments were successfully used in
such meridional arrangements around a central metal atom for
various applications, including the activation of strong bonds
and homogeneous catalysis, exemplified, for instance in (de)hy-
drogenations with relevance for novel atom-economic environ-
mentally benign reaction pathways.[6,9]

While their enormous potential is frequently highlighted in
review articles, we want to focus in the current review on li-
gands from the most common classes according to the covalent
bond classification (CBC) with less common binding motifs and
intriguing bonding situations. We will show that it is necessary
to extent our current view on pincer-type ligands by inclusion
of different types of interactions between the metal center and
the pincer moiety.

1.1. The Covalent Bond Classification

The covalent bond classification (CBC) originally introduced by
Malcom Green distinguishes between different ligand types by
formal cleavage of the metal ligand bond into neutral ligand
fragments. Using this formalism, the need to define formal oxid-
ation states is obviated and the ligands are categorized into
three classes by their neutral form (Figure 2). In addition to
ligands forming regular covalent bonds, formally serving as one
electron donor (X-type), the two different possibilities for dative
covalent bonds by either an electron-donating (L-type) or an
electron-accepting (Z-type) ligand are classified.

Figure 2. Ligand types according to the covalent bond classification (CBC)
and the resulting neutral ligand fragments.

For more detailed insights into the covalent bond classifica-
tion and their application to coordination compounds we
would like to refer to a number of excellent reviews and book
chapters.[19–21]

1.2. Abbreviation of Pincer-Type Ligands

In most cases, pincer-type ligands are briefly described by the
symbols of their ligating atoms. The coordinated ligand in Fig-
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ure 3 would accordingly be described as PNP-type pincer li-
gand. This ligand is linked to the central metal atom by the two
terminal phosphino-groups (P) and the central amine group (N).
Using this nomenclature, in this review we will discriminate be-
tween L-, X- and Z- functions, as well as metal-based ligands
that do not fit into the CBC scheme.

Figure 3. Example of an PNP-type pincer complex.

2. Coordination Patterns with Non-Metal
Ligating Atoms

The most common pincer-type ligands are undoubtedly mono-
anionic (LXL-type) and neutral (LLL-type) with terminal tertiary
phosphino-groups and central heteroatom-based donor
groups, heterocycle- or aryl-moieties. In the following chapter
we will first discuss less common classes of pincer-type ligands
and then continue to discuss unusual examples of pincer-type
complexes of the more common classes in this context. PEP-
type pincer complexes are known for the majority of group
13, 14, 15 and 16 elements (E), and in particular the heavier
homologues exhibit some unusual behavior and binding prop-
erties. For example, antimony-based pincer-type ligand dis-
played some coordinative non-innocence, in which, depending
on the bound substituents, different ligand functions are ob-
served.[22–25] In the current review, we focus on ligands based
on group 13 elements, for which all functions according to the
covalent bond classification can be observed, while typical liga-
ting atoms like carbon or nitrogen usually give rise to either X-
or L-type function.

2.1. σ-Accepting/Z-Type Binding Sites in Pincer-Type
Ligands

As pointed out in the previous section, a dative covalent bond
between an electron-deficient compound or Lewis acid and a
transition metal complex can be formed (Z-type). Early exam-
ples of an unsupported Z-type coordination involve the bent
binding of SO2,[26] while the Z-type coordination of a borane
moiety was realized for the first time in scorpionate complexes
via B–H-oxidative addition of the bridge-head 30 years later.[27]

Subsequently, Z-type ligands based on the element boron were
incorporated in pincer-type complexes,[28–42] and used as cata-
lysts in reactions like (de)hydrogenations.[34,38,43–45]

In many cases Z-type ligands are located on an edge or a
face of the coordination polyhedron formed by X- and L-type
ligands. In consequence, different coordination modes and
numbers can be observed in these complexes. In case of the
aryl borane moieties different binding modes can even be real-
ized. For example the T-shaped palladium(0) complex 1[35]

clearly contains a boron-based Z-type ligand, while in the re-
lated nickel(0) complex 2 an η3-coordination of the phenyl-bor-
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Figure 4. Examples of Z-type complexes with different binding modes.

ane moiety and hence a clear deviation from the T-shape geom-
etry is observed (Figure 4).[34,46]

The incorporation of a σ-accepting group (Z-type) in a pincer
ligand can lead to unusual modes of metal-ligand-cooperativity
(MLC) in the activation of substrates. The nickel(0) complex 2
with d10 configuration reacts with H2 or silanes to give an η1-
coordinated hydridoborate and a corresponding hydrido or silyl
ligand. In contrast to well-established systems of MLC, where
an internal base accepts a proton and a hydrido ligand remains
at the central metal atom, a hydride is accepted by the Z-type
borane group in 2 and a proton adds to the metal center, which
is in line with an overall oxidative addition (Scheme 1).[34,38]

This constitutes a distinct difference to “classical” modes of
MLC, where a change of the metal oxidation state is avoided.[8]

Scheme 1. Activation of H2 and H2SiPh2 by metal-ligand-cooperation of
Z-type-based pincer complexes as well as their application in catalytic
hydrogenation and hydrosilylation reactions.

Quantum chemical investigations using density functional
theory indicate a cooperative mechanism, in which H2 is hetero-
lytically cleaved across the Ni–B-bond in a concerted step.[39,47]

In contrast, for the corresponding palladium(0) complex a step-
wise mechanism initiated by oxidative addition of H2 to the Pd0

center and subsequent hydride transfer to the Z-type borane
was calculated to be the most favored pathway (Scheme 2).[48]

Scheme 2. Simplified pathways for the cleavage of H2 by Z-type-based pincer
complexes.

An unusual mode of allyl acetate activation by the palla-
dium(0) complex 3 was reported by Tauchert and co-work-
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ers.[40] In this sequence a formal oxidative addition of the C–O-
bond of allyl acetate takes place, the Pd–B-bond is cleaved and
the formed acetate is transferred to the borane moiety
(Scheme 3). The resulting zwitterionic complex 3a consists of
an anionic but non-coordinating borate group and a cationic
fragment with a palladium(II) center coordinated by the two
terminal phosphine groups and the generated allyl ligand.
Complex 3 was found to be an active catalyst for the allylic
substitution of allyl acetate with HNEt2.

Scheme 3. Cooperative allyl acetate activation by the Z-type-based palladium
pincer complex 3.

Above, we have briefly discussed examples of pincer ligands
with a central σ-accepting group based on the element boron.
It should be noted that there are ligands with Z-type moieties
based on other metalloids, such as silicon, as well as metals.[44]

As pointed out in the introduction, we will discuss metallo-li-
gands in a separate chapter.

2.2. Pincer-Type Ligands Containing X-Type Moieties

Mono- and polydentate X-type ligands of nonmetal elements
are very common in classic coordination chemistry and are until
now ubiquitous in homogeneous catalysis and organometallic
chemistry. Depending on the number of X-type functions in
these ligands, a formal heterolytic cleavage would result in
mono-, di- or tri-anionic pincer-type ligands. In consequence,
the ability to stabilize early transition metals and central metal
atoms in high oxidation states increases with increasing charge
of these ligands.[49] Such arrangements with pincer-type com-
plexes can lead to unprecedented reactivity patterns and appli-
cations in homogeneous catalysis.[50,51] In turn, transition met-
als in low oxidation states with highly charged ligands are very
electron-rich, which can be used to activate very strong bonds
under concomitant oxidation of the metal center.

In comparison pincer-type ligands with central X-type func-
tions that are based on metalloid elements, such as silicon and
boron, are less explored and show some interesting properties.
In particular boron-based pincer-type ligands attracted in-
creased attention after the initial discovery of boryllithium.[52]

The pre-ligand 4 includes a borane moiety and can react with
a number of transition metal complexes via B–H-oxidative
addition to give boryl-based pincer-type complexes (5,
Scheme 4).[53–60] Depending on the employed metal precursor
a sequence of B–H-oxidative addition and H–X-reductive elimi-
nation is observed. In either case the presence of a strongly σ-
donating boryl group facilitates a number of bond activation
reaction and catalytic applications, such as the transfer-de-
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hydrogenation of alkanes,[56,58] the dehydrogenation of dimeth-
ylamine-borane[57,61,62] or the hydrogenation and hydrosilyla-
tion of olefins.[55,61]

Scheme 4. Formation of boryl-based pincer-type complexes 5 by oxidative
addition of the borane 4 (R = alkyl. aryl).

A similar observation was made for triaryl boranes as central
moiety in pincer-type ligands (6), which are able to react with
certain metal complexes via B–C-oxidative addition to the
boryl-based pincer complex 7. Notably, the flexible coordina-
tion of the Z-type function, presumably by η2-coordination,
leads to a B–C-oxidative addition and the formation of the X-
type-based pincer ligand like in the iridium(III) complex 7
(Scheme 5).[42] Related reactivity was reported by Tauchert and
co-workers, where the B–C-bond of the phenyl derivative of 6
is cleaved in a palladium(0) complex (8) in the presence of aryl
iodides. The resulting palladium(II) iodido complex 9 was
formed via concomitant C–C-coupling.[63] The boryl group in
complex 9 was demonstrated to be Lewis acidic via the coordi-
nation of pyridine. In this way the formation of a ligand-stabi-
lized boryl ligand R2LB– was achieved (R = anionic aryl substitu-
ents, L = neutral substituent such as pyridine).

Scheme 5. B–C-bond cleavage of borane moieties in the coordination sphere
of transition metals.

The coordination of such strongly σ-donating boryl ligands
results in electron-rich transition metal complexes. Quantum
chemical investigation of comparable nickel(II) hydrido pincer-
type complexes revealed, for instance, that the insertion of
CO2 into the Ni–H-bond is thermodynamically and kinetically
favorable for the boryl- and silyl-based complexes.[64]

In most PXP-type pincer ligands, central groups like amido
moieties or a dearomatized pyridine scaffold usually act as ac-
ceptors for electrophiles in cooperative bond activation, which
is a proton in the simplest case. In contrast, a coordinated boryl
group can remain Lewis acidic and is therefore more suscepti-
ble to the binding of nucleophiles in potential modes of MLC.
In this context, the reactivity of the cobalt(I) complex 10 with
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a boryl-based pincer ligand is worth noting (Scheme 6). This
complex readily activates H2 to give the cobalt(III) dihydrido
complex 12 with a borate-based pincer ligand.[61] Complex 10
is a highly active catalyst for the hydrogenation terminal olefins,
the dehydrogenation dimethylamino-borane and the transfer-
hydrogenation of olefins with dimethylamino-borane. Mecha-
nistic investigations for the hydrogenation of olefins indicate
that the hydrido complex 11 with a bridging hydride is the
catalytically active intermediate,[62,65] which allows for olefin co-
ordination (11a) and subsequent migratory insertion into the
Co–H-bond with the bridging hydride (11b). Reductive elimina-
tion from the resulting cobalt(III) hydrido alkyl species 11b gen-
erates the product alkane and complex 11c, which readily re-
acts with H2 to close the cycle.

Scheme 6. H2-activation by the boryl-based cobalt pincer complex 10 as well
as the role of the formed catalytic intermediate 11 in the hydrogenation of
olefins.

2.3. Neutral Pincer-Type Ligands Containing L-Type
Moieties

Pincer ligands with three L-type donor groups are one of the
most common class of ligand. Typical examples contain termi-
nal phosphino or carbene groups, as well as neutral donor
groups in the central position, such as pyridine or amine
groups.[6–9] In the current section we want to highlight pincer-
type complexes with unusual central L-type donor groups.

Donor Groups Based on the Element Boron

As shown above, neutral moieties of the type R3B act as Z-type
functions, while coordinated boryl groups {R2B}– were demon-
strated to form ligands of the type {LR2B}– (X-type), with L=
neutral Lewis Base. It becomes evident that the subsequent
substitution of anionic by certain neutral substituents allows for
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the stabilization of different kinds of species and ligand types
according to the CBC (Figure 5). Using the oxidation state for-
malism boryl ligands are treated as anionic ligands. However,
staying in the picture of the CBC scheme the number of elec-
trons that each neutral ligand contributes to the metal-ligand
bonding orbital is counted. The corresponding neutral counter-
parts, i.e. ligand-stabilized boryl radicals (LR2B), are known.[66–

73] Neutral boron compounds with an occupied pz-orbital and
two stabilizing ligands can be isolated, if σ-donating/π-accept-
ing substituents like cyclic alkylaminocarbenes (CAACs) or car-
bon monoxide are used.[74–76] The pronounced π-back-bonding
in these compounds allows for the stabilization of an occupied
pz-orbital and results in an overall trigonal planar geometry.
The nucleophilic nature of such boron compounds is usually
demonstrated by the coordination to a transition metal center.
These ligands are treated as neutral L-type ligands.

Figure 5. Classification of ligands based on tri-coordinate boron and the cor-
responding neutral ligand fragments.

However, with more weakly bound substituents and less
steric shielding the isolation of these ligand-stabilized boryl-
enes (L2RB) is often difficult.[77] Nonetheless, transition metal
complexes containing neutral donor ligands based on tri-coor-
dinate boron are accessible by B–H-oxidative addition of stabi-
lized boronium salts (13, Scheme 7),[78–83] in an analogous way
with respect to the oxidative addition of boranes to boryl li-
gands (Scheme 4). The resulting ligands in complexes of similar
to 14 are best described as neutral pincer-type ligands contain-
ing three L-type functions.[78,82,84]

Scheme 7. B–H-oxidative addition of stabilized boronium salts.

Some complexes of type 14 show unique reactivity patterns.
For instance, the iron(II) complex 15 is in equilibrium with the
iron(0) species 15a, which is in line with a reversible B–H-reduc-
tive elimination/oxidative addition (Scheme 8). Complex 15 can
be deprotonated at the Ph2P-NH-PPh2 arms, resulting in overall
negatively charged pincer ligand via the first deprotonation and
a dianionic ligand after the second. Interestingly, the deproto-
nated complexes exhibit the same reactivity pattern, but the
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difference in Gibbs energy between the iron(II) und the iron(0)
isomer decreases with the degree of “arm deprotonation” and
an increasing rate is observed for this equilibrium.[78]

Scheme 8. Reversible B–H-reductive elimination observed for iron complexes.

With relevance to homogeneous catalysis this kind of L-type
boron-based ligands were shown to have some interesting
properties. For instance, it is well-known that for certain
catalytic reactions, such as cross-coupling reactions of inert
substrates or olefin metathesis, strongly σ-donating ligands in
transition metal catalysts can accelerate these reactions.[85–93]

In this context, we have demonstrated for a series of iridium(III)
carbonyl pincer complexes with the general formula
[(PXP)IrCl(CO)(H)]q that ligands of the general type (R3P)2BH are
very strong neutral donors (Figure 6). It was possible to extra-
polate the Tolman electronic parameter for monodentate li-
gands of this (R3P)2BH type, using the wavenumber of
the C–O-stretching vibration in iridium pincer complexes
[(PXP)IrCl(CO)(H)]q (the group X is in trans-position to CO) that
can be correlated with known TEP values of the corresponding
monodentate derivatives of X. The TEP of a (R3P)2BH-based li-
gand was found to be significantly lower than for common
spectator ligands in homogeneous catalysts of late transition
metals.[82]

Figure 6. Extrapolated Tolman electronic parameter (TEP) for (R3P)2EH (E = B,
Al, Ga, In, Tl) in comparison to common electron rich ligands.

Complex 16, which is a derivative of 15 utilizing CH2- instead
of NH-bridges, is an active catalyst for the dehydrogenation of
Me2NH-BH3.[83] The reversible B–H-reductive elimination/oxid-
ative addition, shown in Scheme 8, was demonstrated to be an
off-cycle equilibrium, which allows for the generation of differ-
ent, however, catalytically active species (Scheme 9). The iron(II)
species (17) was shown to operate via a dual-path mechanism
involving a deprotonated ligand site. Upon reaction of 17 with
Me2HN-BH3 the iron(0) complex 17a is formed, which reacts
further with another equivalent of Me2NH-BH3 to regenerate
17, H2 and half an equivalent of (Me2NBH2)2.

Reactivity Patterns in Comparison

Before we continue to highlight other L-type donor groups it is
worth to analyze certain elementary steps in organometallic
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Scheme 9. Simplified mechanism of the acceptorless dehydrogenation of
Me2NH-BH3, catalysed by iron pincer complex 16.

chemistry and homogeneous catalysis. The interconversion of
complexes with LXL- into LLL-type pincer ligands represents the
base for metal-ligand-cooperation (MLC) with transition metal
complexes. That is, in these complexes a remote function in the
ligand (often the X-type ligand) acts as an internal base neces-
sary for bond activation reactions involving H–X-bonds (H–X =
alcohols, amines, etc.).

As shown above, different ligand types with respect to the
CBC scheme can be incorporated into pincer ligands based on
the element boron. Interestingly, for all ligand types certain re-
activity patterns have been reported, leading to the cleavage of
the metal boron bond and the formation of a tetra-coordinated
boron species, which can be described by the generalized struc-
ture I (Scheme 10). Depending on the available vacant coordi-
nation sites at the central metal atom and the number of B–H-
bonds, the cleavage of the metal boron bond either results in
a η1- (II, IV) or a η2-coordination (III) of B–H-bonds, respectively
(Scheme 10). In this context, different pathways can be differen-
tiated for the reversible formation of anionic hydridoborate
moieties: (i) The migration of an X-type ligand from boron to
the metal center, such as a hydride, is observed to give a pincer
complex (IIa) with a central Z-type moiety and a hydrido ligand
at the metal center. (ii) Reductive elimination and the liberation
of two equivalents of H2 can take place in metal-dihydrido hy-
dridoborate complexes III, leading to a boryl-based pincer-type
ligand in IIIa. Obviously, the preferred reaction pathway de-
pends on the coordinated metal fragment with its ancillary li-
gands as well as on the substituents at the boron atom. The
strong impact of the boron-bound substituents is underlined
by the unusual reactivity of diphosphino boronium cations (IV),
in which two anionic substituents are replaced by neutral phos-
phine groups. In this case the B–H-oxidative addition of the
tetrahedral boron moiety IV to IVa is observed.

In section 2.1, the flexibility and novel modes of metal ligand
cooperation for σ-accepting boron-based groups BR3 in pincer
ligands (Z-type) were discussed. With a view on the neighbor-
ing elements in the periodic table carbon and nitrogen, related
pincer-type complexes with central ER3-groups can be identi-
fied and it is possible to compare basic elementary steps for
these complexes (Scheme 11). In this context, the implementa-
tion of such groups in pincer-type complexes allows to compare
reactivity patterns.
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Scheme 10. Simplified reactivity patterns of tetrahedral boron-based ligands,
leading to different ligand types according to covalent bond classification
(Ar = aryl).

Scheme 11. Elementary steps like the oxidative addition that are observed
for coordinated ER3-groups in in pincer-type complexes (E = B, C, N), leading
to different ligand-types.

Secondary and tertiary amines are common ligands and
popular donor groups in pincer-type complexes. For example,
secondary and tertiary amine-based pincer-type ligands (L-
type) were reported to coordinate to rhodium precursors and
the resulting complexes (VII) subsequently react via intramolec-
ular N–H- or N–C-oxidative addition to amido-based complexes
VIIa (X-type).[94] Analogous pincer-type ligands with a group 14
element as ligating atom, like in the alkyl-based pincer-type
complexes (VI) are categorized as X-type. For different transition
metal complexes, the deprotonation and formation of alkyl-
idene complexes (VIa, X2-type) was reported.[95–97] As pointed
out in Scheme 11, pincer-type complexes (V) with a central
triarylborane moiety (Z-type) can react via an intramolecular
B–C-oxidative addition to the boryl-based (X-type) pincer-type
complexes (Va).[42,63] In conclusion, it becomes evident that at
least in pincer-type complexes, all ligand types according to the
CBC scheme Z-, X- and L-type, can undergo an intramolecular
E–R-oxidative addition giving rise to either X- or X2-type groups.

For other elementary steps than oxidative addition and re-
ductive elimination a direct comparison is difficult, as certain
co-ligands or groups in ß-position are required and experimen-
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tal precedence is in part missing. However, the ß-hydride elimi-
nation of amido-based pincer ligands (18) is well documented,
leading to a central imine function (L-type) in 19
(Scheme 12).[6,7] Complex 19 can further tautomerize to the
corresponding enamine 19a, which can lead to the liberation
of H2 in the presence of hydrido ligands. For alkyl-based pincer-
type complexes like 20 a ß-hydride elimination was observed,
as well. The resulting olefin-based pincer-type complexes 21
show some interesting reactivity patterns and fairly flexible
binding but are much less investigated than the classical PNP-
and PCP-type ligands in pincer chemistry. In particular in the
context of the covalent bond classification and the resulting
different ligand function associated with olefinic binding sites,
a detailed analysis of their properties is noteworthy and given
below.

Scheme 12. Possible and hypothetical ß-hydride elimination of from X-type-
based pincer ligands in comparison.

So far, boryl-based pincer-type complexes with ß-hydrogen
atoms (22) are unprecedented, but the ß-hydride elimination
from such species would lead to an alkylidene borane (23),
which were reported to act as olefinic ligands as well as Lewis
acids,[98] which in consequence should be able to act as Z-type
ligands, as well. It should be noted that Owen and co-workers
recently reported an η2-coordinated alkylidene borane.[99]

Pincer Ligands Incorporating Olefinic Binding Sites

Owing to their unique binding features olefins are an intriguing
class of ligands, which were also utilized as steering ligands
exceeding their sole function as labile placeholders.[100,101] In
general, coordinated to a metal center, olefins can offer a two-
fold synergistic binding mode. That is, the metal can bind via
an empty dσ orbital and the π-electron system to form a σ-
bond and further π-backdonation from the metal into π* orbital
of the olefin gives rise to π-bonding. As a result of the latter,
the C=C-bond is lengthened due to population of the π* anti-
bonding orbitals. This dual binding scheme (Dewar-Chat-Dun-
canson model)[102] gives rise to two resonance structures re-
sembling different CBC ligand types: Sole σ-donation results in
an L-type ligand (Figure 7-I), whereas strong π-back bonding
gives rise to a metalla-cyclopropane motif resembling an X2-
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type ligand (Figure 7-I).[20,101] However, in the here presented
examples we want to relate to the η2-bonded olefins in the
pincer ligands as L-type ligands as their main bonding feature
and categorize them accordingly. In terms of olefinic pyridine-
based pincer-type complexes Sacco, Vasapollo and co-workers
describe in two early reports 2,6-diallylpyridine (= DAP, Figure 7-
II, 24), which was coordinated to Rh, Ir, Ru, Pd, and Pt metal
centers. Structural evidence of olefin-pyridine-olefin pincer-type
binding was given for [Ru(DAP)(PPh3)Cl2] (27), in which the Ru
resides in the center of a distorted octahedral geometry with
the tridentate DAP ligand coordinated in a meridional fashion.
However, the DAP ligand is readily exchanged upon reaction
with CO.[103,104] Surprisingly, a literature search revealed that
the DAP ligand platform has not been widely explored.

Figure 7. I. Resonance structure of olefin complexes. II. Prominent olefin-,
pincer-type ligands. III. Structurally characterized DAP complex.

Internal alkenes substituted with two phosphine donors
were shown to be suitable platforms for pincer-type ligands,
however, the examples reported are not numerous. For in-
stance, trans-stilbenes decorated with two 2,2′-bis(diphenyl-
phosphino)-functions were mentioned in early reports by Ben-
nett and co-workers (Figure 7-II, 25).[105–107] The two P-donors
of such P-olefin-P ligands can occupy mutual trans-positions
upon coordination to metal fragments with octahedral or
square-planar coordination spheres, thus inflicting metal inter-
actions with the central olefin and giving rise to a κ3-coordina-
tion in a meridional LLL pincer ligand motif. Iluc and co-workers
explored a range of transition metals coordinated to the 2,2′-
bis(diisopropylphosphino)-trans-stilbene tPiPrCH=CHPiPr (li-
gand 25-iPr Figure 7-II, R = iPr) in a meridional pincer-fashion
with examples comprising group 10[108,109] and group 9 and
coinage metals.[110] A strong feature of 2,2′-bisphosphino trans-
stilbene pincer ligands is their potential ability to stabilize vari-
ous oxidation states of the metal centers associated with their
ability to accommodate various coordination spheres. For in-
stance Iluc and co-workers describe a series of Ni compounds
in the formal oxidation state 0 +I and +II associated with trigo-
nal planar, tetrahedral, and square-planar coordination geome-
tries, respectively (Scheme 13).[108] Specifically, the reaction of
2,2′-bis(diisopropylphosphino)-trans-stilbene and [Ni(cod)2] in
THF gives rise to the Ni0 compound [Ni(tPiPrCH=CHPiPr)] (28)
with pseudo-trigonal geometry. The olefin is η2-bound to the
Ni0 center with a deviation of only 29° from the plane defined
by the two phosphorus atoms and the nickel center. Upon reac-
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tion of 28 with one equiv. MeI the cationic methyl nickel spe-
cies [Ni(tPiPrCH=CHPiPr)Me]I (29) is formed having a distorted
square-planar geometry with the pincer binding via both P-
donors and the central η2-bound olefin in mer-configuration.
The overall positive charge of the complex is balanced by a
non-coordinating iodide ion. Remarkably, the olefin is ap-
proaching a perpendicular position with respect to the Ni–P–P
plane (deviation of 71°) indicating a rather flexible pincer scaf-
fold. When complex 28 is reacted with 0.5 equivalents of I2
the neutral complex [Ni(tPiPrCH=CHPiPr)I] (30) is formed. The
complex entails a nickel center in the formal oxidation state of
+I residing in a distorted tetrahedral coordination sphere.

Scheme 13. tPiPrCH=CHPiPr-based nickel pincer complexes: Preparation of a
compound series of Ni0, NiI, NiII.

Interestingly, also η2-coordination of a cis-olefin in a stilbene
reminiscent P-olefin-P pincer ligand was shown by Iluc in a tris-
coordinated Pd0 complex [Pd(cisPCMe=CMeP)] with a (Z)-2,3-
bis(2-diisopropylphosphinephenyl)-2-butene ligand (Figure 7,
26).[109]

Another feature of 2,2′-bisphosphino trans-stilbene pincer li-
gands is their potential hemilabile binding of the central olefin.
As mentioned above Iluc and co-workers describe a series of
transition metal complexes (Fe, Co, Rh, Cu, and Ag) featuring
the tPiPrCH=CHPiPr pincer-ligand 25-iPr. Depending on the
metal type and the oxidation state, the pincer ligand 25-iPr
clearly shows hemilabile bonding features. This was well dem-
onstrated for a series of neutral and cationic cobalt compounds
in the formal oxidation state of +I and +II (Scheme 14).[110]

Reaction of 25-iPr with CoCl2 gave the tetrahedral complex
[Co(κ2-tPiPrCH=CHPiPr)Cl2] (31), in which the κ2–coordinated li-
gand 25-iPr binds exclusively via both phosphine donors to the
CoII center. Upon chloride abstraction, the formation of
[Co(tPiPrCH=CHPiPr)Cl]BArF (32) was observed. The formation
of the new cationic species was accompanied by olefin η2-coor-
dination and a transformation to a pseudo square-planar geom-
etry. Upon one-electron reduction of complex 31 the authors
report the formation of the neutral complex [Co(tPiPrCH=
CHPiPr)Cl] (33). The compound has a Co center in the formal
oxidation state of +I residing in a pseudo-square-planar coordi-
nation sphere. Remarkably, reaction with CO did not lead to
dissociation of the olefin, instead the complex increased its co-
ordination number and the trigonal bipyramidal [Co(tPiPrCH=
CHPiPr)(CO)Cl] (34) was formed suggesting strong bonding of
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the olefin in CoI complexes in this series. Inspection of the C=
C interatomic distances (Table 1) reveals an elongation of the
olefinic C–C-bond upon reduction of the Co center indicating
increased backdonation.

Scheme 14. Cobalt pincer complexes and their reactivity.

Table 1. Geometries and distances in cobalt complexes with olefin-based pin-
cer ligands.

Complex 31 32 33 34

Geometry tetrahedral square planar square planar trigonal
bipyramidal

dC=C / Å 1.317(8) 1.397(6) 1.442(9) 1.438(7)

Related R2P-L-PR2 pincer systems incorporating a center alk-
yne moiety are sparsely reported.[111–114] Noteworthy, the
group of Agapie has intensively explored complexes decorated
with para-terphenyl bisphosphine ligands (R2P-L-PR2 with L=
aryl). This ligand family proved to be cooperative very flexible
and redox-active due to the unsaturated and coordinative ver-
satile nature of the pendant central aromatic ring.[115–117]

We have recently reported an olefinic tridentate actor ligand
dbap-py (35) comprising of a 2-methyl pyridine unit and an
azepine component fused by an N-alkylation (Scheme 15),

Scheme 15. Cooperative binding of CO2 and phenyl isocyanate in [Rh(dbap-
py*)(PPh3)].



Minireview
doi.org/10.1002/ejic.202000513

EurJIC
European Journal of Inorganic Chemistry

which was chelated to a RhI center (36) via the N-donors of the
pyridine and azepine unit, as well as via the η2-coordination of
the olefin (N-N-olefin chelation). The ligand scaffold is rather
flexible as it can accommodate distorted square planar, as well
as trigonal bipyramidal coordination spheres in Rh(I) com-
pounds. The coordinated 35, however, shows reactivity reminis-
cent of classical pyridine-based pincer-type complexes. That is,
upon deprotonation of the methylene moiety the π-system of
the pyridine ring is disrupted (“dearomatization“) and a C-nu-
cleophilic methine-group is formed (37). Such ′dearomatized′
pyridine (pincer) ligands can enable substrate bond activation
via metal-ligand cooperation under ′rearomatization′ of the pyr-
idine moiety (38).[9,118,119] In this context, the cooperative bind-
ing of CO2 has been observed in “classical” pyridine-based pin-
cer complexes.[120–124]

Upon deprotonation, dbap-py* (* denotes the deprotonated
ligand) adopts a planar structure and binds the metal center in
a meridional fashion. The square-planar coordination sphere in
[Rh(dbap-py*)(PPh3)] (37) is completed by an additional PPh3

ligand. The “dearomatized” complex [Rh(dbap-py*)(PPh3)] (37)
reacts indeed metal-ligand cooperatively with the C=O double
bond of CO2 or N=C bond of phenyl isocyanate to give the
corresponding κ1-O carboxylate or κ1-N amidate, respectively,
under C–C and Rh–O/N bond formation and concurrent “rearo-
matization“ of the pyridine ring (Scheme 15). Remarkably, MLC
in this particular case allowed for the convenient access to an
unprecedented κ1-N amidate motif in Rh(I) complexes
(Scheme 15, 38) demonstrating the MLC as powerful tool to
generate novel unprecedented structural motifs.[125]

3. Coordination Patterns with Metal-
containing Pincer-Type Ligands

Metal-based ligands gained increased attention in recent years,
due to their ability for flexible binding and the possibility to
enable unprecedented reactivity patterns. Metal ions and atoms
can be bound in pre-defined pockets of polydentate ligands,
which are able to react with a transition metals with formation
of a metal–metal-bond. The resulting multinuclear complexes
can in part be analyzed according to the covalent bond classifi-
cation, which allows to distinguish between Z-, X- and L-type
metallo-ligands.

3.1. Covalently Linked Metal-Based Pincer-Type Ligands

Lewis-Acidic Metallo-Ligands

The borane-based ligand 6 reacts with transition metal precur-
sors like [AuCl(SMe2)] to the pincer-type complex 40,[29] in
which the central borane moiety functions as a Z-type ligand
as described in section 2.1. The same reaction with analogous
ligands of the heavier homologues (39a and 39b) leads to dif-
ferent results: The aluminum-based ligand 39a gives rise to a
zwitterionic species (41a), in which the chlorido ligand of the
gold precursor was transferred to the aluminum, leaving a tetra-
hedral aluminate scaffold and a cationic gold phosphine com-
plex with a linear geometry.[126] The related gallium-based li-
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gand 39b yields a mixture of the zwitterionic complex 42a and
the Z-type-based pincer complex 42b in solution, which were
found to be in equilibrium.[127] Quantum chemical investiga-
tions revealed that regardless of the substituent R in the ligand
shown in Scheme 16, the zwitterionic gold complex was found
to be more stable for all aluminum-based ligands, while the
complexes with a Z-type pincer ligand are calculated to be the
most stable isomer for all boron-based ligands.[126]

Scheme 16. Comparison of the coordination behavior towards [AuCl(SMe2)]
of boron-, aluminum- and gallium-based ligands.

Further examples of pincer-type ligands containing a central
Lewis-acidic ligand site, were reported by Tauchert and co-
workers. Using a predefined pocket Li+-, Cu+- and Zn2+-based
ligands were used to prepare palladium and rhodium com-
plexes (42–44, Figure 8).[128,129] In this case, the positive charge
of the metallo-ligand makes a meaningful application of the
covalent bond classification challenging, as the formal cleavage
into neutral ligand fragments would lead to radicals (X-type) in
case of lithium and copper, and a neutral two electron donor
(L-type) in case of zinc.

Figure 8. Rhodium carbonyl complexes with Lewis-acidic metallo-ligands.

A series of rhodium chloride carbonyl complexes with these
ligands (42–44) revealed that the charge of the central metallo-
ligand seems to have the strongest impact on the measured
wavenumber of the C-O-stretching vibration, which in turn usu-
ally represents a qualitative measure for the electron-richness of
the central rhodium atom. Moreover, the rhodium(I) complexes
exhibit square-pyramidal geometry, suggesting the coordina-
tion of a Lewis-acidic or Z-type ligand.

Anionic Metallo-Ligands

The formation of a number of aluminum-based metallo-ligands,
in which the central aluminum moiety is formally categorized
as an X-type function (e.g. 45, Scheme 17), was reported to be
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obtained via reduction of the corresponding Z-type li-
gands.[130,131] An alternative approach involves the Al-H oxid-
ative addition of corresponding alanes, similar to the boron
compound 4.[132] In agreement with the classification for boron
in Figure 5 the aluminum-based ligand in 45 may be described
as LR2Al (X-type), but in contrast to the lighter element boron
the aluminum center in 45 remains Lewis acidic and allows for
the coordination of a second Lewis base (in addition to the
present amine group). Accordingly, the ortho-metalation of pyr-
idine by complex 45 is observed in the presence of HSiEt3,
yielding the rhodium(III) complex 46.

Scheme 17. A group 13-based metallo-ligand, which is considered as X-type
function.

Diphenylphosphino-substituted terpyridines selectively bind
group 13 halogenides ECl3 (E = Al, Ga, In) via the pyridine donor
groups, yielding the ionic pre-ligand 47 (Scheme 18).[133] This
compound readily reacts with the palladium(0) precursor
[Pd2(dba)3] to give complex 48 encompassing a square-planar
coordinated palladium(II) center and a reduced group 13-based
ligand. Notably, the complex with the aluminum-based ligands
is a competent catalyst for the hydrosilylation of carbon dioxide
to formic acid silyl ester, while the complexes with correspond-
ing gallium- and indium-based ligands showed significantly re-
duced activities.

Scheme 18. Reactivity of group 13-based metallo-ligands towards different
metal precursors, leading to different ligand types.

Neutral Lewis-Basic Metallo-Ligands

The reaction of the pre-ligand 47 with half an equivalent of
[IrCl(cod)]2 results in the formation of a different ligand type
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with respect to complexes derived from the [Pd2(dba)3] precur-
sor. In this case the [ECl4]– counterion does not interact with
the metal center and a chloride substituent migrates from the
gallium to the iridium center upon coordination.[134] Formally,
the formed complex 49 may be described as square pyramidal
iridium(I) complex with a Lewis acidic cationic gallium(III)-based
ligand or as iridium(III) complex with a gallylene-based donor
group. Strong evidence for the latter interpretation is provided
by the reaction with a chloride ion source such as Bu4NCl,
which leads to the coordination of a chloride ligand to the irid-
ium center rather than to the gallium atom. Whereas the coor-
dination to the gallium would lead to the ligand as observed
for Pd complex 48, formally categorized as X-type, the ligand
in complex 50 is rather described as neutral L-type ligand.

In general, higher coordination numbers are put into effect
with the heavier homologues serving as metallo-ligands. More-
over, the dissociation or migration of anionic substituents can
be observed for all ligand types, leading to a change of the
formal ligand type or cleavage of the metal ligand bond.

3.2. Metal-Based Pincer-Type Ligands Beyond a Distinct
CBC Scheme

Emslie and co-workers reported a notable example of an PPM
metallo-pincer ligand characterized by an aryldimethylalane
moiety (“Me2Al-arm”) attached to an 1,1′-bis(phosphino)ferro-
cene unit. The ligand was employed in a series of Pt complexes
of which the carbonyl complex [Pt(CO)(PPAl)] (51) drew our at-
tention due to an notable bonding interaction with respect to
alane coordination (Figure 9-I).[135] The crystal structure of 51
reveals a distorted square-planar coordination sphere around
the Pt center built by the tridentate [PPAl] pincer and an ancil-
lary CO ligand. While the CO ligand is located in the P–Pt–P
plane the Al is significantly displaced out of this plane by
more than 1 Å. The angle defined by C–Pt–Al is small (73.0(2)°)
and, correspondingly, a short Al–CCO interatomic distance
(2.736(8) Å) is revealed indicating an additional bonding inter-
action between the Al metallo ligand and the CO ligand. The
authors present bond order analysis of 51 and suitable model
compounds. The interpretation by the authors involves a de-
scription of the Pt–Al–CO interaction as a multi-center bonding
situation, where the electrons involved in σ-donation and π-
backdonation of the Pt–CO carbonyl bonding are also involved
in bonding to the alane. This multi-center bonding motif may
contribute to the extraordinary robust alane coordination as the
authors did neither observe hemilabile Al-coordination modes
nor Al–C bond cleavage in a variety of complexes with Pt in
different oxidation states and coordination geometries.

Similar additional ancillary ligand interactions in a silver com-
plex with the bis-metallo-ligand [(CO)4Fe-N-Fe(CO)4] (54, Fig-
ure 6-II) were reported by Mak and co-workers 20 years ago.[136]

The ligand was prepared via the reaction of the pre-ligand 2,6-
bis(diphenylphosphino)pyridine (52) and excess [Fe(CO)5] under
concomitant loss of CO and Fe–P bond formation. Both iron
centers in 53 reside a trigonal bipyramidal geometry with
three CO ligands in equatorial position. Subsequent reaction
with AgClO4 gives rise to [(Fe(CO)4)2((Ph2P)2py)Ag)]ClO4 (54,
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Figure 9. Synthesis of metallo-pincer-type complexes with unusual M–M bonding situations.

Figure 9-II). The silver center is chelated via the N donor of the
pyridine and by two flanking Fe(CO)4 groups (“iron arms”) in a
pincer-typical meridional fashion. The crystal structure displays
the three metal centers Fe–Ag–Fe in an almost co-linear ar-
rangement (ca. 171°) with Ag–Fe interatomic distances of 2.63 Å
and 2.65 Å. The two Fe–Ag–N angles are approx. 90°. Both iron
centers reside in a distorted octahedral geometry built by three
CO ligands and the silver atom in equatorial position. The inter-
action of the silver center with the “Fe-arms” are further ex-
tended to an ancillary CO ligand of each Fe(CO)4 moiety indi-
cated by short interatomic Ag–CCO distances of approx. 2.63 Å
and 2.65 Å. The potential multi-center bonding situation was
not further assessed by computations. The two examples above
point to additional ancillary ligand interactions as intriguing
features, which may have implications for a metallo-ligand
design providing robust pincer-like chelation beyond an un-
equivocal CBC classification.

The following example shall illustrate unusual metallo pin-
cer-like chelation involving metal–metal non-covalent interac-
tions in the absence of secondary ligand interactions: Benett
and co-workers reported the ligand bis{(2-diphenylphos-
phino)phenyl}mercury (55, Figure 9-III). Upon coordination of
55 to group 10 metals the authors noted short Hg–M inter-
atomic distances and structural evidence was given for meridio-
nal P–Hg–P chelation.[137,138]

A study by López-de-Luzuriaga and co-workers involved 55
as tridentate chelate in coinage metal complexes (56–58, Fig-
ure 9-III). The authors describe a straightforward reaction of the
ligand and the corresponding metal salts to give compounds
56–58 featuring a L-M-L metallo-pincer motif. 55 offers a large
P–P bite angle allowing for mutual transoid-coordination and
thus leaving the central Hg atom in close vicinity to the transi-
tion metal center. The molecular structures of all complexes 56–
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58 derived from an XRD study show similar P–Hg–P metallo-
pincer-type bonding features, characterized by linearly coordi-
nated Hg via two phenylates and short Hg–M (M = Au, Ag, Cu)
interatomic distances (2.9194(7) Å 56, 3.0544(2) Å 57,
2.8656(5) Å 58). The Au metal center in 56, resides in a distorted
T-shape array. The Ag center in 57 is additionally coordinated
by two THF solvent molecules in equatorial and apical position
giving rise to a rather square pyramidal geometry. The counter
anions in both compounds exhibit weak interactions with the
Hg center. The copper center in compound 58 resides in a trigo-
nal pyramidal structure built by the two P-donors and the
bromide ligand with the Hg center remaining in apical position.
The authors analyzed the Hg–M interactions by means of ab
initio calculations on suitable model compounds and con-
cluded for all compounds similar metallophilic interactions orig-
inating from dispersive forces.[139] Note, the above mentioned
dinuclear metal complexes, obviously, can also be described as
Hg complexes with dianionic (bisphenylate) [X–M–X] (M = Au,
Ag; Cu) pincer ligand. However, with respect to the synthesis
strategy i.e. the initial preparation of 55, we prefer to describe
them as complexes with L–Hg–L metallo-pincer-ligand.

Closed-shell metallophilic interactions were also suggested
for related complexes with tridentate ligand-structures involv-
ing 6-diphenylpholphinoacenaph-5-yl-mercury (Hg–Au/Ag/
Cu).[140,141]

We have recently prepared the anionic bisphosphino-phenyl-
ate ligand [2,6-(Ph2P)C6H3]– (PCP, Figure 9-IV), which is a potent
pre-ligand for an anionic AuC–Au metallo pincer ligand. PCP
is isoelectronic to 2,6-bis(diphenylphosphino)pyridine (52) and
provides a rigid scaffold due to direct 2,6-substitution of the
central phenyl ring. Several multi-core complexes were pre-
pared in which PCP hosts tetra-nuclear Au4- strings (e.g. 61 in
Figure 9-IV) and route-like structures,[142] as well as a Cu4 dis-
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torted rhombic arrangement,[143] all showing close M–M inter-
actions.

The synthesis of the hetero-bimetallic tri-nuclear “metallo-
pincer-type” complex 62 involved a mild stepwise approach:
Firstly, two equiv. [AuCl(tht)] (tht = tetrahydrothiophene) were
treated with the ligand precursor [2,6-(Ph2P)C6H3(SiMe3)] (59)
to give [Au–CSiMe3–Au] (60, Figure 9-IV), where each of the
two Au centers are coordinated by a P-donor of 59 and a chlo-
rido ligand in a linear geometry. Subsequent addition of CsF
gave rise to Me3Si–C bond cleavage and formation of the orga-
nometallic Au4 string complex (61, Figure 9-IV). In this pathway
-SiMe3 serves as a suitable protective group for the phenylate
carbon donor. Eventually, addition of HgCl2 gave the “metallo-
pincer” complex 62 (Figure 9-IV).

Single crystal XRD structural analysis disclosed the
[Au–C––Au] ligand in 62 to provide M–X–M meridional pincer-
type chelation via the central carbanionic binding site and two
Au–Hg interactions. Two conformers of complex 62 were found,
in which the two flanking Au atoms bind to the Hg center ei-
ther in mutual cisoid and transoid arrangement. The Au–Hg in-
teratomic distances ranging from approx. 3.03–3.41 Å. The dis-
torted planar coordination sphere of the HgII center in both
conformers is completed by a chlorido ligand. In contrast to
complex 51 and 54 there are no ancillary co-ligand interactions
evident e.g. Hg–Cl–Au interactions. Computational evaluation
of electronic bond characteristics of the Au–Hg–Au string using
real-space bond indicators derived from electron density meth-
ods (AIM, ELI-D, NCI) suggested non-covalent metallophilic in-
teractions between the Au and the Hg centers in 62, as well as
for the Au–Au interactions in the string compound 61.

It was demonstrated that non-covalent interactions can
shape pincer-type ligand motifs, as shown for complex 62. The
findings may suggest considering non-covalent interactions as
intriguing bonding features in metallo-pincer complexes, ex-
ceeding a common CBC grouping of the metallo-ligand interac-
tion.

4. Conclusion
In summary, we attempt to demonstrate that a broad range of
different bonding interactions can lead to stable arrangements,
in pincer-type ligation motifs. In particular ligating groups
which are based on group 13 elements were reported to exhibit
unusual properties in recent years. Especially, for the heavier
homologues acting as metallo ligands, the classification accord-
ing to the CBC can be challenging. In this context, we high-
lighted that interactions other than the covalent interactions
defined in the CBC can lead to stable pincer-type complexes
and that the current view might be extended.
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