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Abstract Acceptor ligands, which predominantly withdraw electron density from a
transition metal center, often engage in weak metal-ligand interactions. These can be
stabilized by flanking the acceptor moiety with strongly binding phosphines in a
pincer motif, affording more robust complexes in which bond activation and/or
bond-forming events can take place while preserving the integrity of the molecule
as a whole. This contribution highlights recent developments in this area. Com-
pounds incorporating a borane at the central position are discussed first, followed by
compounds incorporating an electrophilic C ¼ E (E ¼ C, O, N) π-bond. In both
cases, recent examples highlight the ability of these ligands to (1) respond to
electronic changes at the metal by modifying their binding mode and (2) accept a
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nucleophilic fragment (e.g., hydride) from substrate molecules. Applications of
acceptor pincer ligands as cooperative catalysts are discussed.

Keywords Acceptor ligands · Ambiphilic ligands · Bond activation · Cooperative
catalysis · Metal-ligand cooperation · Pincer · π-Ligands

1 Introduction

The great successes of homogeneous catalysts in terms of stability, activity, and
selectivity can be attributed to one’s ability to precisely tune the properties of a
transition metal (TM) center by means of ligand design. Traditionally, supporting
ligands have been thought of as spectator ligands whose role was to tune the
properties of a transition metal and thereby facilitate metal-centered bond activation
of substrates. This paradigm is currently challenged by systems displaying metal-
ligand cooperative reactivity, including (1) ligands facilitating bifunctional substrate
activation [1–6], (2) redox-active ligands [7–14], and (3) ligands showing hemilabile
coordination behavior [15–20]. Here, bond activation and/or bond-forming events
involve strong interplay of the metal center and the cooperative ligand, facilitating
reaction pathways that would be less accessible by using conventional homogenous
catalyst. A prominent early example of catalysts incorporating bifunctional ligands is
the BINAP/diamine-Ru system, where the amine ligand functions as a proton relay
in the hydrogenation of ketones [21]. Since then, the metal amide/metal-amine
interconversion has become one of the preeminent concepts for metal-ligand coop-
erative systems and has led to many catalytic applications [22, 23]. More broadly,
ligands featuring a donor functional group that can transiently accept a proton or
another electrophilic fragment now occupy a place of choice in the toolbox of
synthetic chemists (and in the present volume).

More recently, cooperative ligands featuring an acceptor site for metal-ligand
cooperation are emerging as a fertile area of investigations [24–31]. Whereas the
classical description of coordination (Werner-type) and organometallic complexes
involves ligands donating electron density to the metal, it had long been recognized
that the bonding of many ligands (CO, olefins, and other π-ligands) could only be
accurately described by including a secondary interaction involving electrons
flowing from the metal to the ligand (π-backbonding). In the case of acceptor
ligands, this inverse electron flow becomes the dominant bonding interaction: they
feature an accessible empty orbital which forms a – generally weak – metal-ligand
interaction by effectively withdrawing electron density from the transition metal. On
the basis of the symmetry of the accepting orbital, a distinction between σ- or
π-acceptor ligands can be made.

Acceptor ligands offer opportunities for unusual, cooperative bond activation
pathways (Fig. 1). For instance, the accessible empty orbital of an acceptor ligand
can act as a hydride relay in the bifunctional activation of E–H bonds or, more
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generally, reversibly accept a nucleophilic fragment. Furthermore, reversible coor-
dination of the acceptor moiety can be expected to stabilize reduced intermediates in
a catalytic cycle and hence accelerate the reaction.

However, these pathways would often cause the acceptor ligand or a derivative to
(irreversibly) leave the coordination sphere of the metal, precluding catalysis. To
overcome this limitation, an acceptor moiety can be flanked with strongly binding
donor groups such as phosphines in the tradition of the original pincer design used to
stabilize weaker TM–C bonds [32]. Pincer ligands generally afford robust com-
plexes while leaving enough open space for incoming molecules to approach the
reaction center [33–49]. Hence, acceptor pincer ligands can be expected to allow
synergistic processes that preserve the integrity of the complex as a whole.

This chapter highlights recent examples of metal-ligand cooperation employing
σ-acceptor (Sect. 2) and π-acceptor (Sect. 3) pincer ligands featuring P-donor tethers.
Stoichiometric and catalytic cooperative processes are discussed, highlighting the
unusual bond activation pathways enabled by acceptor pincer ligands. By compar-
ing the reactivity of σ- and π-acceptor moieties, the similarities and differences of the
synergistic processes they facilitate are highlighted.

2 σ-Acceptor Ligands

2.1 Ambiphilic Ligands and the Retrodative Bond Model

In his 1995 classification of covalent compounds of the elements [50], Green defines
Z-type ligands as ligands that primarily accept electrons from the element they are
bound to, i.e., Lewis acids. Transition metal complexes of such σ-acceptor ligands,
however, remained merely scientific curiosities for a long time due to the scarcity of
stable examples. In the context of coordination chemistry and catalysis, Lewis acids
were mostly used as external activators, co-catalysts, or additives. The field emerged
as an area of systematic investigation when the group of Hill reported the first fully
characterized metallaboratrane in 1999 (Fig. 2, left) [51] in which a trisubstituted
borane is the σ-acceptor moiety. A hydrido-borate scorpionate ligand was shown to
react with RuII vinyl precursors via B–H addition to form a supported Ru!B
interaction. This initial discovery prompted systematic investigations of TM!B
bonds supported by scorpionate ligands featuring sulfur- and nitrogen-based but-
tresses which are covered in several interesting reviews [24, 27, 29].

Fig. 1 Cooperative
processes at the weak metal-
ligand interaction of a
transition metal center (M)
and an acceptor motif (A)
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A second, more versatile approach to the formation of a weak TM!A interaction
(A ¼ acceptor) relies on the synthesis of ambiphilic ligands combining Lewis basic
site(s) and Lewis-acidic site(s): a field pioneered by Bourissou and co-workers
[53]. Figure 2 (right) shows the ambiphilic triphosphine-borane ligand featuring an
intramolecular P!B bond, which is in equilibrium with its open form [54]. Coordi-
nation of this tetradentate ligand to Pt0 readily affords a cage structure with intrinsic
C3 symmetry [52]. In general, ambiphilic ligands offer relatively straightforward and
reliable access to complexes featuring a TM!A interaction, and while the most
commonly used Lewis-acidic center is boron, ligands featuring heavier group 13 or
group 14 elements as σ-acceptor moiety have been reported on. Their coordination
chemistry and reactivity have been discussed in recent reviews [24, 26, 31].

As this new research area of σ-acceptor ligands developed, it led to a better
understanding of the proposed underlying bonding model for a TM!A interaction.
In general, in the coordination of a σ-acceptor ligand, the metal acts primarily as
Lewis base. A so-called retrodative bond of σ-character is formed between a filled
metal orbital and the accessible empty orbital of the σ-acceptor ligand (Fig. 3). The
electron-withdrawing effect of the retrodative bond stabilizes the filled metal orbital.
In addition, a second bonding combination is formed between one empty metal

Fig. 2 Ruthenaboratrane reported by Hill and co-workers in 1999 (left) [51] and the Pt0 complex of
Bourissous’ trisphosphinoborane ligand (right) [52]

Fig. 3 Schematic representation of a retrodative bond formation by donation of electron density
from a transition metal orbital to the empty p-orbital of a σ-acceptor ligand and molecular orbital
diagram for the retrodative bond formation
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orbital of s or p parentage and the σ-acceptor. This low-lying vacant orbital is
responsible for an increased Lewis acidity of TM!A complexes [55].

Depending on the number of donor buttresses introduced in the ambiphilic ligand,
flexible or more rigid structures are obtained from mono-, bi-, or tripodal ligand
frameworks. In particular, the pincer-like bipodal framework offers a good compro-
mise between stability and reactivity: this design strongly anchors the boron atom in
the vicinity of the metal center without excessively shielding it from reagent
molecules. Hence, the formed weak TM!B interaction bears potential for metal-
ligand cooperative reactivity.

Phosphine-tethered borane ligands of type L1 (Scheme 1) were first synthesized
by Bourissou and co-workers via a lithium/halogen exchange between
o-diphenylphosphino-bromobenzene and dichlorophenylborane (for R ¼ Ph)
[56]. The use of L1 type ligands has proven a fruitful strategy to study the
TM!B (B ¼ borane) retrodative bond as it potentially coordinates κ3 (P,B,P) to a
transition metal center with a retrodative bond between the metal and the boron
center. In the following, the coordination chemistry of L1 to late transition metal
centers and the reactivity of the resulting complexes are briefly discussed, and
illustrative examples of metal-ligand cooperative catalysis are presented.

2.2 Metal-Ligand Cooperative Catalysis Employing d10

Complexes of the σ-Acceptor Ligand Diphosphinoborane

The borane ligand L1 is designed to support a TM!B interaction. Table 1 shows a
selection of d10 complexes featuring such a retrodative bond. The tetrahedral
complex L1Ni0(THF) was reported by Peters and co-workers to feature a
η2(B,Cipso) coordination rather than the expected η1(B) interaction, meaning that
the Ni!B interaction is supported by arene coordination (Table 1) [57]. This
binding mode is characterized by short TM–B and TM–Cipso distances and a
relatively low pyramidalization of the boron atom.

The isoelectronic L1CuICl structure also adopts a tetrahedral geometry featuring
a similar arene-supported η2(B,Cipso) coordination (Table 1), but a longer TM–B
bond distance of Cu–B ¼ 2.396(5) Å [58]. Bourissou and co-workers proposed the

Scheme 1 Synthesis of L1 with R ¼ iPr or Ph; according to Bourissou and co-workers [56]
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presence of a three-center Cu–B–Cipso interaction on the basis of Kohn-Sham
orbitals obtained by density functional theory (DFT) calculations. Natural bond
orbital (NBO) analysis showed that among the various donor-acceptor interactions
involving this triangle, a Cu!B donating interaction of similar magnitude as the
η1(B) interactions found in related complexes is present [24]. Additionally, natural
population analysis confirms a net charge transfer from Cu to B, reinforcing the
description of the ligand as an acceptor ligand.

Moving to the second and third row transition metal centers, L1 coordinates to
AuI in an initially unexpected yet most pincerlike manner [61]. A square planar
geometry around the tetracoordinated AuI is observed, featuring trans-diphosphine
coordination of L1 and a chloride co-ligand trans to the η1(B)-coordinated borane
(Table 1). A strong Au!B interaction is observed as evident from a short bond
distance (2.309(8) Å) and strong pyramidalization of the borane center (ΣBα¼ 341�).
Frontier orbital analysis shows a B–Au–Cl three-center interaction; however, the
charge depletion at gold and charge increase at boron are not large enough to be
considered a 2e� oxidation of the gold center to AuIII. In addition, 197Au Mössbauer
spectroscopy supported the classification of L1AuICl as a 16 VE AuI complex.

The distinct η1(B) and arene-supported η2(B,C) coordination modes can be
considered two extremes of L1 coordination to d10 transition metal centers. This
becomes apparent upon the evaluation of the coordination of L1 to Pd0

[59]. Depending on the donor strength and steric requirements of the phosphine
tethers, the Pd complexes of L1 adopt a strongly distorted square planar geometry
(P1 ¼ PPh2, Table 1) with at most a weak Pd–Cipso interaction (Pd–C ¼ 2.463(3) Å)
or a T-shape geometry (P3 ¼ PCy2, Cy ¼ cyclohexyl, no co-ligand) [62]. Both
complexes feature a strong Pd!B interaction as evident from short Pd–B bond
distances (Pd–B¼ 2.194(3) Å for P1¼ PPh2 and Pd–B¼ 2.243(2) Å for P3¼ PCy2)
and a significant pyramidalization of the boron atom (ΣBα¼ 346� for P1¼ PPh2 and
ΣBα ¼ 341� for P3 ¼ PCy2).

In contrast with other d10 analogues, the silver(I) complex L1AgI(I) exhibits a
very weak TM!B interaction (Table 1) [60]. Rather than κ3 (P,B,P), a trigonal
planar κ2 (P,P) coordination geometry was proposed based on the sum of angles of
356.5� in the P2AgI plane. Competing B–F bond formation prevents the coordina-
tion of L1 to AgF, showing that halide abstraction can hamper coordination of
σ-acceptor ligands.

This study of L1 coordination to d10 transition metals nicely illustrates how
acceptor ligands can give rise to structures that challenge our understanding of the
bonding and geometry of transition metal complexes. More generally, the series of
complexes shown in Table 1 exposes the coordination flexibility of the L1 platform,
demonstrating most importantly that the TM–B interaction is not enforced by the
pincer architecture but rather a possibility among several accessible geometries.

Inagaki and co-workers hypothesized that the electron-depleting nature of L1
would amplify the intrinsic alkynophilicity of a gold cationic center which, in
catalysis, can be utilized for a more effective activation of alkynes towards nucleo-
philic attack. For this purpose, cationic AuI complexes of L1 were synthesized
(Scheme 2) [63]. The synthesis of an L1Au+ fragment from L1AuICl by direct
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halide abstraction proved difficult. Therefore, a dinuclear species stabilized by a
1,5-cyclooctadiene (1,5-COD) bridge, [(L1Au)2(COD)][SbF6]2 (Scheme 2, mid-
dle), was obtained first by using Ag[SbF6] in the presence of 1,5-COD. During
crystallization, the 1,5-COD co-ligand dissociates to afford the mononuclear
[L1Au][SbF6] species, which was characterized by X-ray crystallography.

The Au!B bond is significantly weakened by halide abstraction as evident from
an elongated Au–B distance of 2.52(1) Å in [L1Au][SbF6] vs 2.335(5) Å in
L1AuICl. In addition, the sum of C–B–C angles increases from 344� to 355.1�,
indicating a boron hybridization close to sp2. The other bond distances and angles do
not undergo major changes, showing that the electron density at the Au+ center has a
direct influence on the TM!B bond strength.

The cationic gold species was tested as catalyst for the cycloisomerization of
enynes, in which alkyne activation by coordination to the gold center is followed by
an intramolecular nucleophilic attack. In their recent “digest paper” [64], Inagaki and
co-workers discuss seven examples in which the presence of a retrodative bond
between the gold cation and the σ-acceptor L1 leads to a higher catalytic activity and
selectivity. Table 2 shows the [2+2] cycloaddition of 1,8-enynes as an example of
these comparative studies. The dinuclear species [(L1Au)2(COD)][SbF6]2 was used
as precatalyst. Under the optimized reaction conditions of 2 mol% [Au+] in
1,2-dichloroethane (DCE) at room temperature for 24 h, a seven-membered ring
was selectively formed in moderate to good yields depending on the substitution.
Directly compared to other phosphine-stabilized gold cations such as [(PPh3)2Au]
[SbF6], [(PPh3)Au][SbF6], [(XPhos)Au][SbF6], or [(Xantphos)Au][SbF6] (Table 2),
the [L1Au]2(COD)[SbF6]2 species shows superior catalytic activity indicating that
the TM!B interaction has a beneficial effect on the reactivity of the gold cation.

While no in-depth mechanistic study was conducted, it is assumed that a
σ-acceptor trans to the triple bond induces an electron push-pull charge transfer
across the alkyne–Au!B coordination plane by donation of more electron density
into the Au!B bond. This results in a stronger activation of the triple bond and
subsequently facilitates nucleophilic attack by the olefin. Overall, this study serves
as an example of metal-ligand cooperative catalysis in which the weak and respon-
sive TM!B interaction is utilized to enhance the Lewis acidity of the transition
metal center.

Peters and co-workers demonstrated how the accessible empty orbital of L1 can
be used as hydride relay in bifunctional dihydrogen (H2) activation and catalytic
reduction of olefins [57, 65]. The initial L1Ni0(THF) complex (Table 1) appeared
unreactive towards H2, suggesting the cleavage of the η2(B,Cipso) coordination to be

Scheme 2 Synthesis of the cationic [L1Au][SbF6] complex by indirect halide abstraction;
1,5-COD ¼ 1,5-cyclooctadiene [63]
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difficult. The exchange of the phosphine substituents in L1 from phenyl to isopropyl,
however, enabled the isolation of a dinitrogen complex L1Ni0(N2), which upon
addition of H2 gas exchanges ligands to form a nonclassical Ni–(H2) adduct (Scheme
3) [65]. Over the course of several hours, the formation of a bridging borohydride–
Ni–hydride complex was observed by NMR.

During H2 activation, the nature of the Ni!B interaction changes from a modest
perturbation exerted by the empty p(B) orbital on the d10(Ni) center bearing a
σ-bound H2 ligand to the interaction of an anionic borohydride ligand stabilizing
the mononuclear NiII–H species. While cis homolytic H2 activation via a cis-
dihydride intermediate cannot be fully ruled out, computational studies conclude
that synergetic heterolytic H2 activation is the most likely mechanism [66]. No high-

Table 2 Comparative study of the [Au+] catalyzed [2+2] cycloaddition of 1,8-enynes;
DCE ¼ dichloroethane, Ar ¼ argon atmosphere [63]

[Au+] Substrate Yield

R ¼ CO2Me 62%

R ¼ CH2OPiv 85%

[PPh3–Au–PPh3]SbF6 R ¼ CO2Me No reaction

R ¼ CH2OPiv No reaction

[PPh3–Au]SbF6 R ¼ CO2Me 16%

R ¼ CH2OPiv 51%

R ¼ CO2Me No reaction

R ¼ CH2OPiv No reaction

R ¼ CO2Me 39%

R ¼ CH2OPiv 55%

Metal-Ligand Cooperation at Phosphine-Based Acceptor Pincer Ligands 33



energy penalty seems to be associated with breaking the Ni!B interaction in this
process.

Experimentally, H2 activation was shown to be more facile using a slightly
altered L1Ni-system where a mesityl group replaces the phenyl group on boron
(L1MesNi0, Scheme 4) [57]. Hereby, steric bulk likely weakens the Ni!B interac-
tion, which becomes a η3(B,C,C) coordination involving the ipso and ortho carbon
of the mesityl substituent. The resulting L1MesNi0 complex undergoes facile and
instantaneous reaction with H2 to form the bridging borohydride–Ni–hydride spe-
cies. Using this L1MesNi0 complex, catalytic styrene hydrogenation under very mild
conditions (4 atm H2) was observed, constituting an example of bifunctional H2

activation involving a σ-acceptor ligand in a catalytic reaction. Additionally, stoi-
chiometric reaction of L1MesNi0 with diphenylsilane (H2SiPh2) shows the formation
of a bridging borohydride–Ni–(SiHPh2) species resulting from the bifunctional
activation of the Si–H bond over the Ni!B interaction (Scheme 4) [67].

The solid-state structure of the bridging borohydride–Ni–(SiHPh2) supports the
structural analysis of the bridging borohydride–Ni–hydride species, which was so far
based on NMR analysis alone. Si–H bond activation leads to a NiII center which
adopts a distorted square planar geometry. The η3(B,C,C) interaction is broken as the
mesityl group decoordinates to accommodate the bridging hydride. Furthermore, a
Ni–Si bond distance of 2.2435(7) Å is found supporting the Ni–silyl characteriza-
tion. Under mild catalytic conditions, the L1MesNi0 complex is a competent catalyst
in the hydrosilylation of benzaldehydes with H2SiPh2 (Scheme 4). Here as well, it is
proposed that the borane σ-acceptor functions as hydride relay in this metal-ligand
cooperative catalytic transformation.

Scheme 3 Synthesis of a nonclassical Ni–(H2) adduct by N2/H2 exchange at L1Ni0(N2) and
bifunctional H2 activation across the Ni!B interaction to form a bridging borohydride–Ni–hydride
species; P2 ¼ PiPr2 [65]

Scheme 4 Bifunctional activation of the Si–H bond in diphenylsilane across the Ni!B interaction
enables the catalytic hydrosilylation of benzaldehyde; P1 ¼ PPh2 [67]
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Tauchert and co-workers studied oxidative addition at the L1Pd0(2,6-lutidine)
complex [59]. No reactivity towards bromobenzene was observed. However, a
reaction with iodobenzene leads to the classic oxidative addition product which
over time undergoes a reductive elimination of the phenyl-substituent on boron and
the phenyl-ligand on PdII leading to a PBP–PdII boryl pincer complex (Scheme 5,
right) [68]. The reaction of this complex with phenyl lithium in the presence of
2,6-lutidine gives back the starting L1Pd0(2,6-lutidine) complex. Overall, this
phenyl group transfer enables the reversible conversion of a σ-acceptor borane
ligand to a σ-donor boryl moiety, which is one promising strategy to access
transition metal boryl complexes [69].

The Pd!B retrodative bond depletes electron density at the Pd center, thereby
impeding activation of strong σ-bonds via classical oxidative addition. Therefore,
bifunctional C–O bond activation across the Pd!B interaction was attempted by
Tauchert and co-workers in a reaction of the L1Pd0(2,6-lutidine) complex with allyl
acetate (Scheme 5, left) [59]. Here, a Pd-allyl complex and a new B–OAc bond are
formed. C–O bond activation is thought to be favored by the formation of a new
strong B–O bond, showing that the σ-acceptor borane can function as relay for other
groups than hydrides.

The allyl acetate activation is reversible, and the equilibrium can be shifted by
addition of 2,6,-lutidine (Scheme 5, left). This reactivity was applied in the catalytic
allylic substitution reaction of allyl acetate with diethylamine. However, an acceler-
ating effect of added tetrabutylammonium acetate suggests that species featuring a
strong Pd!B interaction may be inactive, the extra acetate source breaking the
Pd!B bond and thereby enhancing Pd-centered catalytic conversion.

Recently, Kameo and Bourissou reported a different cooperative approach to
facilitate the activation of strong σ-bonds, specifically of aromatic C–Cl bonds, using
L1Pd0(PPh3). While L1 coordination results in the depletion of electron density at
the Pd center of L1Pd0(PPh3), a more electron-rich Pd species is formed in a
subsequent reaction with potassium hydride (KH). Here, a hydride insertion into
the Pd!B bond forms a B–H–Pd bridge in the overall anionic Pd complex
K[L1-H-Pd(PPh3)] [70]. This hydride is positioned at the apical position in an
overall trigonal-pyramidal geometry at the Pd center (Fig. 4).

Scheme 5 Bifunctional activation of allyl acetate across the Pd!B interaction (left) [59] and
conversion of a σ-acceptor borane ligand into a σ-donor boryl ligand by phenyl group transfer
(right); P1 ¼ PPh2 [68]
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The electron-rich [L1-H-Pd(PPh3)]K is reactive towards various C–Cl bonds,
which was used in the catalytic hydrodechlorination of (hetero)aryl chlorides
(Fig. 5). In this system, potassium formate is used as hydride source. High yields
and a high functional group tolerance were observed for heteroarene substrates.
Lower yields were obtained for substrates featuring electron-donating substituents
para to the C–Cl bond, in line with the general trend of oxidative addition being
more difficult when the C–Cl bond is less polarized.

Based on computational work, a catalytic cycle for hydrodechlorination was
proposed (Fig. 6). In contrast with the general Pd-catalyzed C–C cross-coupling
mechanism, which consists of a sequence of oxidative addition, transmetalation, and
reductive elimination, this reaction starts by reaction of L1Pd0(PPh3) with KH to
form the anionic Pd0 borate [L1-H-Pd(PPh3)]

2, which then undergoes oxidative
addition of the C–Cl bond and elimination of KCl to form a proposed Pd–Ar

H1

P3P2

B1

P1

Pd1

Fig. 4 X-ray crystal structure of K[L1-H-Pd(PPh3)] showing the bridging borohydride motif
(thermal ellipsoids at 50% probability). The [K([2.2.2]-cryptand)] cation, hydrogen atoms (except
the borohydride), and phenyl groups on the phosphorus atoms (except for the bound carbon atom)
are omitted for clarity [70]
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Fig. 5 Catalytic hydrodechlorination of (hetero)aryl chlorides (reaction conditions: 60–100�C,
48–72 h); P1 ¼ PPh2 [70]
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intermediate. The following B-to-Pd hydride transfer and reductive elimination of
the C–H bond are exergonic and most likely facilitated by the formation of a TM!B
interaction.

2.3 Metal-Ligand Cooperative Reactivity at Group 8 and 9
Complexes of the σ-Acceptor Ligand Diphospinoborane

As low spin d8 transition metal complexes tend to adopt a square planar geometry,
their filled dz2 orbital might act as Lewis base to an apical σ-acceptor moiety in an
overall square pyramidal complex. Such a TM!B interaction is observed in the
16VE L1RhICl(DMAP) complex featuring a 4-dimethylaminopyridine (DMAP)
co-ligand (Fig. 7) [56]. Indeed, the Rh center adopts a square pyramidal geometry
with the boron atom in the apical position to maximize the orbital overlap between
the full dz

2(Rh) orbital and the empty p(B) orbital. NBO calculations find a
two-center two-electron (2c2e) bond between Rh and B. A strong TM!B interac-
tion is evident from the pyramidalized boron center (ΣBα ¼ 340.2�) and a short Rh–
B distance (2.295(5) Å). In addition, the 11B NMR signal shifts upfield to 19.4 ppm
from 43 ppm in L1, indicating a four-coordinate boron atom. The geometry of
L1RhICl(DMPA) is representative for low spin d8 TM complexes of L1 (Fig. 7).
Bourissou and co-workers evaluated the variety in TM!B interaction strength in
RhI, PtII, and PdII complexes of L1 specifically. Based on 11B NMR and X-ray data,
the study revealed the TM!B interaction to become significantly weaker when
going from RhI to PtII to PdII. Therefore, this series of d8 complexes of L1 illustrates

Fig. 6 Proposed catalytic cycle for the catalytic hydrodechlorination of (hetero)aryl chlorides;
P1 ¼ PPh2 [70]

Metal-Ligand Cooperation at Phosphine-Based Acceptor Pincer Ligands 37



how the coordination strength of the σ-acceptor borane to the transition metal center
is a continuum tuned by the intrinsic Lewis basicity of the metal center.

The Lewis acidity of the central boron atom in L1 is quenched by coordination to
a transition metal center as was experimentally shown by Britovsek and co-workers.
They attempted bifunctional C–O bond activation across a Rh!B interaction in the
reaction of square pyramidal [L1RhI(CO)2][SbF6] species with methyl acetate
[71]. In contrast with the related L1Pd0(2,6-lutidine) complex (Scheme 5, Sect.
2.2), [L1RhI(CO)2][SbF6] is unreactive towards neutral oxygen-containing sub-
strates, which was attributed to the strong Rh!B interaction.

Ozerov and co-workers later reported on the reactivity of L1RhICl species with
anionic oxygen-containing substrates (Scheme 6). A borane-to-boryl interconver-
sion by phenyl transfer from the ligand to the transition metal center was observed
upon the reaction with alkali-metal carboxylates [72]. Two isomers are observed in
equilibrium upon a reaction of L1RhICl with potassium acetate (KOAc) or cesium
pivalate (CsOPiv). The initial replacement of chloride results in a Rh species
featuring a Rh!B interaction and a κ2-carboxylate co-ligand. The second species
features a terminal phenyl group on Rh and a sp3-hybridized borate ligand with a
carboxylate bridge between Rh and B. This bridging interaction is not present in the
product of the reaction of L1RhICl with trimethylsilyl triflate (TMSOTf). Instead, a
η2(B,C) coordination of L1 is observed (Scheme 6, box). Most likely, the lower
Lewis basicity of triflate does not allow for B–O adduct formation. A related species
featuring a η2(B,C) interaction was proposed to be an intermediate along the reaction
pathway of the phenyl group transfer process.

Across the periodic table, the bridging borohydride (B–H–TM) motif seems to be
broadly accessible to transition metal complexes of L1. Kameo and Nakazawa
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P2

Rh
O
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ORh
P2

P2

B

Cl
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Scheme 6 Reaction of L1RhICl with bidentate oxygenous ligands (RCOOM ¼ KOAc, CsOPiv).
The phenyl group transfer from B to Rh is an equilibrium which is proposed to go through an
intermediate species featuring a η2(B,Cipso) coordination mode of L1 similar to the isolated species
(box) from a reaction of L1RhICl with TMSOTf; P2 ¼ PiPr2 [72]

Fig. 7 Square pyramidal d8 complexes of L1; DMAP ¼ 4-dimethylaminopyridine, P2 ¼ PiPr2
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reported a L1-H-RhI(CO)(PPh3) species (Scheme 7) synthesized from the reaction
of L1 with Rh(H)(CO)(PPh3)3 [73]. Structurally, the B–H–Rh species resembles the
anionic [L1-H-Pd(PPh3)]K species (Sect. 2.2, Fig. 6) [70]: in the solid state, the Rh
center adopts a trigonal-bipyramidal geometry with a hydride at the apical position.
This hydride is part of an overall three-center two-electron (3c2e) B–H–Rh interac-
tion. This bonding interaction was further analyzed by NBO comparative analysis of
the free ligand (L1), the Rh(H)(CO)(PPh3)3 precursor, and the
L1-H-RhI(CO)(PPh3) species. While the charge on boron increases and the charge
on Rh decreases as expected upon coordination of L1 to the Rh precursor, the B–H–
Rh interaction seems to minimally influence the charge on the hydride, suggesting
that the σ-acceptor effectively withdraws electron density from the transition metal
center via the B–H–TM motif.

L1-H-RhI(CO)(PPh3) is a catalyst for the transfer hydrogenation of
propiophenone with isopropanol (Scheme 7) [73]. Though the mechanism of this
catalytic reaction was not further studied, L1-H-RhI(CO)(PPh3) outcompetes the
boron-free Rh(H)(CO)(PPh3)3 species in catalytic activity significantly (90% yield
versus 29% yield) indicating a positive influence of the L1 coordination.

First-row d8 transition metal complexes of L1 were reported by Peters and
co-workers as they synthesized the L1FeIBr complex from in situ reduction of
FeBr2 in the presence of L1, showing the propensity of borane ligands to stabilize
FeI species [74]. An extra one-electron reduction led to the formation of the
dinuclear N2-bridged complex L1Fe(μ-1,2-N2)FeL1 (P2 ¼ PiPr2, Scheme 8, right)
or a η7(B,Ph)-coordinated monomeric L1Fe0 species (P1 ¼ PPh2, Scheme 8, left).

The peculiar η7(B,Ph) mode is achieved by distorting the B–Cipso bond in L1. The
higher hapticity in the diamagnetic Fe complex is maintained in solution according

O
OH

OH
O B

H

Rh
P1

P1
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PPh3

+ +

90% yield

20 h, 70 oC

0.5 mol%
L1-H-RhI(CO)(PPh3)

L1-H-RhI(CO)(PPh3)

Scheme 7 Reaction scheme of a transfer hydrogenation catalyzed by the L1-H-RhI(CO)(PPh3)
featuring a bridging borohydride motif; P1 ¼ PPh2 [73]

Scheme 8 Reduction of L1FeIBr by one electron results in the case of P1 ¼ PPh2 in a L1Fe0

complex featuring a η7(B,Ph) coordination (left), whereas P2 ¼ PiPr2 leads to a dinuclear N2

bridged L1Fe(μ-1,2-N2)FeL1 complex featuring one η3(B,Cipso,Cortho) and one η2(B,Cipso) coor-
dination mode of L1 (right) [74]

Metal-Ligand Cooperation at Phosphine-Based Acceptor Pincer Ligands 39



to the upfield shift of aryl resonances in 1H NMR. In the dinuclear species, the
pseudotetrahedral Fe centers are inequivalent as Feα coordinates L1 η3(B,Cipso,
Cortho), whereas the Feβ shows a η2(B,Cipso) coordination. In solution, however,
the Fe centers are equivalent, leading to assumption that the η3(B,C,C) interaction is
highly flexible, which makes these Fe species ideal starting points of further studies
into metal-ligand cooperative reactivity.

The Fe-bound N2 molecule was functionalized at the Nβ position in the reaction of
L1Fe(μ-1,2-N2)FeL1 with 1,2-bis(chlorodimethylsilyl)ethane and 2.1 equivalents of
Na/Hg to form the iron-aminoimide complex L1Fe(N2bse) (Scheme 9, middle) [74].

The double silylation of Nβ results in a pseudotetrahedral d6 Fe-aminoimide
complex featuring a η3(B,C,C) interaction as well as a Fe � N triple bond (Fe–N,
1.6607(5) Å) and a reduced N–N bond (N–N bond distance average, 1.326 Å). As
the TM!B interaction was shown to activate H–E bonds (E ¼ H, Si) in a bifunc-
tional manner (Sect. 2.2), L1Fe(N2bse) was reacted with phenylsilane (PhSiH3) in
an attempt to hydrosilylate the Fe � N triple bond. A facile reaction results in
silylation at Nα, whereas the hydride is incorporated into a B–H–Fe motif (Scheme
9, right). The iron hydrazido species features a N–N bond distance of 1.492(4) Å
indicating a single bond. Hence, in the overall two-step reduction of a N2 triple bond
to a single bond, the σ-acceptor ligand L1 acts both as a stabilizing ligand for an
electron-rich Fe0 center and as a hydride acceptor in the bifunctional hydrosilylation
of the Fe � N triple bond.

Upon addition of 1 atm CO to L1Fe(μ-1,2-N2)FeL1, the mononuclear iron
dicarbonyl species L1Fe(CO)2 was formed (Scheme 10, middle) [75]. The iron
dicarbonyl species features a Fe!B retrodative bond and an interaction between

Scheme 9 Nβ functionalization by reaction of L1Fe(μ-1,2-N2)FeL1 with (a) 1,2-bis
(chlorodimethylsilyl)ethane and 2.1 equivalent Na/Hg to form L1Fe(N2bse) and Nα
functionalization upon a subsequent hydrosilylation with (b) PhSiH3, P

2 ¼ PiPr2 [74]

Scheme 10 Bifunctional H2 activation across the Fe!B bond (left) and iron dicarbyne synthesis
by oxygen atom functionalization with trimethylsilyl triflate (TMSOTf). Addition of 1 atm H2 leads
to the formation of an olefin product: P2 ¼ PiPr2, K ¼ potassium [75]
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iron and one phenylene linker. Facile H2 activation by L1Fe(CO)2 with 1 atm H2

leads to the formation of a bridging B–H–Fe motif as well as a Fe–H bond (Scheme
10, left). X-ray analysis reveals cis-dihydride stereochemistry.

Double oxygen atom functionalization was observed in a reaction of L1Fe(CO)2
with TMSOTf under strongly reducing conditions (excess potassium; Scheme 10).
The disilylation results in a structurally unique iron dicarbyne complex in which the
Fe!B interaction is replaced by a stabilizing (Fe�Ccarbyne)!B interaction. This
interpretation of the bonding situation is based on a relatively long Fe–B distance
(2.593(1) Å) and shorter Ccarbyne–B distance (1.862(1) Å) obtained from the X-ray
crystal structure. Additionally, the boron atom is pyramidalized (ΣBα ¼ 328�),
indicating borate character. Facile C–C bond formation is observed upon the addi-
tion of 1 atm H2 to the iron dicarbyne species, affording the Z-olefin product
(Me3SiO)CH¼CH(OSiMe3) and an unidentified paramagnetic Fe-containing prod-
uct (Scheme 10, right).

Analogous to L1Fe(μ-1,2-N2)FeL1, Peters and co-workers synthesized the
cobalt species, L1Co0(N2) featuring a terminal N2 ligand and a η2(B,C) coordination
of the extended σ-acceptor motif. This d9 complex of L1 was tested for a series of
bifunctional E–H bond activations in parallel with the iron analogue, generally
displaying similar reactions. Activation of benzoquinoline affords a bridging boro-
hydride species (B–H–Co) with new Co–C and Co–N bonds (Scheme 11, left),
where the heterocyclic N-atom acts as a directing group. A similar product is formed
by N–H bond activation of 8-aminoquinoline. In both cases, this fifth N-donor ligand
is thought to have a stabilizing effect on the formed CoII species.

The reaction of L1Co0(N2) with phenol (E ¼ O) and thiophenol (E ¼ S) leads to
the formation of terminal Co-phenolate and Co-phenylthiolate complexes as well as
0.5 equivalent of H2 gas (Scheme 11, right). The complexes still feature the η2(B,C)
coordination mode, suggesting that the bridging borohydride species (B–H–Co) is
not stable for these four-coordinated CoII species. In contrast, L1Co0(N2) activates
the Si–H bond of Ph2SiH2 to form a bridging B–H–Co motif (Scheme 11, right).
This bifunctional bond activation is similar to the observed structurally related Fe
and Ni complexes [67, 74]. The formation of the B–H–Co motif is reversible and

Scheme 11 Bifunctional C–H bond activation (left) and reactivity of L1Co0(N2) with E–H
(E ¼ O, S, Si) bonds (right), (a) benzoquinoline and (b) phenol or thiophenol; P2 ¼ PiPr2 [76]
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was applied to the catalytic hydrosilylation of benzaldehydes, alkyl aldehydes and
aryl and alkyl ketones, where L1Co0(N2) generally outcompetes the structurally
related Ni system [67].

3 π-Acceptor Ligands

3.1 Dewar-Chatt-Duncanson Model

It is remarkable that, while Zeises’ salt K[PtCl3(C2H4)]�H2O was reported in 1827 as
the first organometallic complex [77, 78], it took more than 100 years to explain its
olefin coordination. This complication originated from the lack of a binding model to
fully interpret the observed data. The Dewar-Chatt-Duncanson (DCD) bonding
model, which is widely used today to explain olefin coordination, was proposed in
the 1960s by Michael J. S. Dewar, Joseph Chatt, and Leonard A. Duncanson. This
model involves two important orbital interactions between the η2(C,C)-bound olefin
and the transition metal center. First, the π-electrons of the olefin double bond form a
σ-bond with the transition metal (Fig. 8, left). Additionally, a filled d-orbital
backdonates electron density into the π* orbital of the double bond (Fig. 8, middle).

Olefin coordination to a transition metal center can be described as two resonance
extremes: the π-adduct (Fig. 8, I) and the metallacycle coordination (Fig. 8, II).
Formally, the oxidation state of the metal is increased by two in the metallacycle
extreme. In cases where π-backdonation is the dominating interaction, the ligand
effectively accepts electron density from the transition metal making it an acceptor
ligand with a low-lying π* orbital as the characteristic accessible empty orbital.

The DCD model was originally proposed for metal-bound olefin coordination but
can also be applied to other π-ligands such as side-bound ketones and imines. The
synthesis, coordination chemistry and metal-ligand cooperative reactivity of transi-
tion metal pincer complexes featuring these π-acceptors are discussed in the next
sections.

Fig. 8 Bonding description of a metal-bound olefin ligand in two orbital interactions (left) and the
two resonance extremes of the DCD model (right)
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3.2 Anchored Olefin-Metal Complexes: First Steps Towards
Metal-Ligand Cooperativity

In general, metal-bound olefins insert readily into a M–Y bond resulting in a metal-
alkyl species. Thereby the motif formally accepts either a nucleophilic or an elec-
trophilic fragment (Y ¼ Nu� or E+). Such steps are often part of a catalytic cycle in
which the olefin is one of the substrates and subsequently leaves the coordination
sphere of the metal as a product molecule. They could potentially also be applied in
the context of metal-ligand cooperative catalysis, if the reactive olefin were anchored
to the metal in a pincer-type ligand design and thus forced to remain in the
coordination sphere. Figure 9 (right) schematically shows the envisioned bifunc-
tional activation of a X–Y bond across the anchored olefin-metal interaction.

In addition, the weak interaction between an olefin motif and a transition metal
may be reversibly disrupted, stabilizing reactive intermediates that require different
coordination environments at the metal. A pincer ligand with an olefin as central
binding moiety would then act as a hemilabile ligand (Fig. 9, left). In this section, the
synthesis and reactivity of pincer complexes featuring an anchored olefin motif are
discussed. Here, the reversible β-hydride insertion/elimination process is central as it
represents a first step towards metal-ligand cooperative reactivity using this type of
π-acceptor ligands.

Rigid o-phenylene linkers have been abundantly used to anchor a central σ-acceptor
motif in the proximity of transition metal centers (Sects. 2.2 and 2.3). Iluc and co-workers
used this approach to bring a central ethyl-group into close proximity of a PdII center
(Scheme 12, left) [79]. Heat-induced C–H activation and dehydrohalogenation generates
a square planar PCP PdII complex (Scheme 12, middle) [80]. A second
dehydrohalogenation step with potassium bis(trimethylsilyl)amide (KHMDS)
leads to a Pd0 complex featuring a metal-bound olefin motif (Scheme 12, right).

Mn+2
XY Y

X
Mn L L

Bifunctional activityHemilability

Mn Mn+2

Fig. 9 Resonance extremes of a metal-bound olefin motif and their prototypical cooperative
reactivity

Scheme 12 Synthesis of a metal-bound olefin motif in the coordination sphere of Pd0 [79]
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X-ray crystallography suggests a strong interaction between Pd0 and the bound
olefin as an elongated C¼C bond length of 1.398(3) Å vs 1.34 Å (for a typical C¼C
bond) is observed, indicating significant π-backdonation.

The Pd-olefin complex was also identified as the product of a side reaction of a
Pd-bound nucleophilic carbene incorporated in a PCP pincer structure with CH2Cl2,
in which a formal CH2-group transfer to the nucleophilic carbon atom occurs. A
perhaps less unexpected connection between a metal-bound olefin motif and a
carbene complex is found in isomerization of an aliphatic PCP Ru carbene species
(Ru=C) to a Ru-olefin species featuring a 1,2-connected olefin motif (Scheme 13)
reported by Gusev and co-workers [81]. As postulated by Shaw and co-workers [82],
the transformation is thought to go through aRu-alkyl intermediate formed by initial
hydrogenation and α-hydride insertion of the carbene complex. Subsequent
β-hydride elimination and H2 release form the metal-bound olefin motif. The
displayed reversible transformations make systems with labile hydrogen atoms
present in α- and β-position to the metal promising candidates for investigations
into metal-ligand cooperative processes.

Specifically, the process of β-hydride elimination/insertion was studied by Mil-
stein and co-workers using a metal-bound olefin motif with a 1,1-disubstitution
pattern. Here, the olefin double bond reversibly inserts into a Rh–H bond (Scheme
14) [83]. An aliphatic PCP pincer complex of Rh was shown to react with sodium
hydride (NaH), resulting in formal HCl elimination. Interestingly, a subsequent
β-hydride elimination is observed, resulting in the formation of a metal-bound olefin
motif in Rh-olefin. This Rh-olefin complex is in a fast equilibrium with the
corresponding alkyl complex via olefin insertion/β-hydride elimination. Free N2

traps the olefin insertion product by coordination to Rh to form Rh-alkyl. A kinetic
study revealed N2 dissociation to be the rate-limiting step in the conversion from

Scheme 13 The interconversion of Ru=C to Ru-olefin involves α- and β-hydride elimination and
insertion processes [81]

Scheme 14 The Rh-olefin complex shows N2-dependent β-hydride insertion and elimination [83]
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Rh-alkyl to Rh-olefin. This equilibrium is a remarkable example of direct trans
migration via a concerted, highly organized transition state. The insertion is thought
to be possible due to the unique geometry of Rh-olefin, in which the square planar
geometry is distorted in order to bend the olefin towards the trans-hydride already in
the ground state. Overall, this system demonstrates that facile and reversible
β-hydride elimination/insertion is possible even with the natural trans configuration
imposed by the pincer structure and shows the potential of π-complexes to act as a
transient hydride storage moiety in cooperative processes.

In a related study by Wendt and co-workers, Ir-olefin (Scheme 15) was synthe-
sized starting from Ir-alkyl, an aliphatic PCP pincer complex featuring a methyl-
substituted cyclohexyl ring [84]. In the reaction, dehydrogenation was induced upon
heating, leading to the formation of a metal-bound olefin motif. In this process, the
C–C bond length decreases from 1.553(4) Å in Ir-alkyl to 1.438(15) Å in Ir-olefin.
This distance being between the typical ranges for C–C single and double bonds
indicates strong π-backdonation from the electron-rich Ir center to the olefin motif.

In the presence of H2, Ir-olefin is in equilibrium with the corresponding IrIII-
dihydride complex. Furthermore, upon heating, a stable IrIII-trihydride complex
(Scheme 15, right) can be obtained by formal hydrogen iodide (HI) elimination
with NaOtBu in the presence of a H2 atmosphere. The IrIII-trihydride species does
not release a H2 molecule or undergo β-insertion. In contrast, a hydride in the IrIII-
dihydride complex slowly inserts into the olefin double bond, reinstating the initial
Ir-alkyl complex. The shuffling between metal-olefin and metal-alkyl species by
means of a reversible β-hydride insertion/elimination process enables the coopera-
tive activation of small molecules as was presented by Wendt and co-workers. They
used the slightly different Ir complex (Ir-Ph, Scheme 16) featuring a coordinated,
internal C¼C bond [85]. A comparably strong metal-olefin interaction is indicated
by the C¼C bond elongation to 1.425(7) Å according to X-ray crystal structure
determination. Ir-Ph readily activates H2 to form the corresponding IrIII-trihydride
complex (Ir-(H)3). A subsequent, reversible H2 addition coupled to β-insertion
generates an equilibrium between the two Ir species Ir-(H)3 and its corresponding
insertion product Ir-(H)4. The latter features a central Csp3 donor atom and is
characterized as a tetrahydride by NMR spectroscopy. In addition, the described
β-hydride insertion/elimination process is observed in the reversible CO2 addition to
Ir-(H)3 (Scheme 16, bottom). This reactivity constitutes an interesting example of
metal-ligand cooperativity where insertion of CO2 into the Ir–H bond is coupled to a
β-hydride insertion to form the IrIII-formate species (Ir-OC(O)H) [86].

Scheme 15 Reversible H2 activation and β-hydride insertion at the Ir-olefin complex [84]
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The discussed examples show that a π-acceptor olefin ligand in the central
position of a pincer ligand can reversibly accept a hydride ligand from the metal it
is bound to, opening up possibilities for bifunctional substrate activation as depicted
in Fig. 9 (right). The utility of an olefin as a hemilabile moiety (Fig. 9, left) is more
apparent in the chemistry of a related ligand family in which the central olefin is
connected to the phenylene linkers in a 1,2 fashion instead of the 1,1-connectivity
discussed so far. A systematic analysis of the coordination of such ligands to
different transition metal centers in different oxidation states was conducted by
Iluc and co-workers. The used olefin ligand (L2, Scheme 17) is designed to bind
in a κ3(P,C¼C,P) fashion with an η2 coordination of the olefin. Indeed, the pincerlike
coordination of L2 is observed for electron-rich transition metals of groups 8, 9, and
10, while no coordination of the central olefin motif is observed for more electron-
poor transition metal centers such as FeII and CoII (Scheme 17) [87–91]. In addition,

Scheme 16 Metal-ligand cooperative reactivity of Ir-(H)3 with H2 and CO2 [85, 86]

Scheme 17 Overview of the different coordinative interactions between a transition metal center
and L2 [87–89]
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halide abstraction at L2FeIICl2 and L2CoIICl2 with NaB(ArF)4 leads to a weak
olefin coordination (Scheme 17, right) best described as a π-adduct with weak
π-backdonation. Integration of an olefin in a chelating ligand such as L2 enables a
flexibility in coordination strength of the central motif that is usually not associated
with pincer ligands.

The distinction between weak and strong olefin coordination is based on M–C
bond distances and C¼C bond elongation. For instance, the C¼C bond length in free
L2 is 1.330(4) Å, weak η2 (C,C) coordination of the motif in [L2CoIICl][B(ArF)4]
leads to an elongation of the bond to 1.397(6) Å, and strong coordination as in
L2CoICl elongates the C¼C bond even more to 1.442(5) Å. Therefore, L2 functions
as an adaptive π-acceptor ligand since it stabilizes transition metal centers in
different oxidation states by means of withdrawing electron density to various
extents.

Upon coordination of L2 to NiCl2(dme), formal proton abstraction from the C¼C
bond and overall HCl elimination yields a vinyl-NiII complex (Scheme 18) [88]. The
formation of similar vinyl pincer complexes is also observed upon coordination of
L2 to precursors of PdII and PtII [89]. The vinyl-NiII complex can react with a
hydride source (Li[HBEt3]) to initially form a vinyl-Ni-H species. Over time,
reductive elimination of the C–H bond leads to the formation of L2Ni0 featuring
the metal-bound olefin motif. L2Ni0 can be synthesized directly in a reaction of Ni
(COD)2 with L2 [88]. This Ni

0 complex adopts a pseudotrigonal-planar geometry in
which the trans olefin motif is twisted out of the P–Ni–P plane. An elongated C¼C
bond distance of 1.406(5) Å indicates significant π-backdonation from the electron-
rich Ni0 center to the olefin motif. More importantly, this shows that L2 gives access
to electron-rich transition metal centers of low oxidation state.

η2 coordination of the olefin motif is also observed in Ni species of higher
oxidation state. In a reaction of L2Ni0 with methyl iodine (MeI), a cationic methyl
nickel complex ([L2NiIIMe]I, Scheme 19) is formed. An elongation of the C–C
bond distance to 1.383(3) Å indicates weaker π-backdonation in this NiII cation than
in L2Ni0.

Scheme 18 Synthesis of a vinyl-NiII complex formation from L2 and a NiII source and reduction
of the vinyl-NiII complex with a hydride source to form the electron-rich Ni0 center [88]

Scheme 19 Reaction of L2Ni0 with MeI to form a cationic methyl NiII complex [88]
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L2 coordination to (dba)2Pd results in a dimeric product [88]. However, an
analogue L2 possessing two methyl substituents on a central Z-olefin (L2Me) affords
a monomeric L2MePd0 product (Scheme 20) for which η2 coordination of the olefin
motif was verified by X-ray diffraction crystallography [92]. Oxidative addition of
the Si–H bond in H2SiPh2 to L2MePd0 results in the formation of a distorted square
planar PdII species in which the olefin motif has decoordinated (Scheme 20, right).
Hence, L2Me acts as a hemilabile ligand, adapting to the electronic requirements of
the Pd center in both oxidation states.

In a reaction of L2MePd0 with HCl, initial oxidative addition to form the PdII

species is observed similar to the reaction with H2SiPh2. However, upon heating the
sample for 2 h at 80�C, a vinyl PdII pincer complex is obtained most likely by
β-hydride insertion (Scheme 20, left). Though attempts to deprotonate the vinyl Pd
species with a base failed, the transformation in Scheme 20 suggests a promising
hydrogen acceptor capability of the π-acceptor olefin motif in L2MePd0. Similar to
this, early work by Bennet and co-workers showed the synthesis of a vinyl Rh
complex by formal protonation of the olefin backbone in L2RhI(CO)Cl with HCl
leading to the formation of a new M–C σ bond [93].

Dehydrohalogenation of the PdII complex L2MePdCl2 was observed in a reaction
with benzyl potassium (PhCH2K). The η1-allyl PdII product (Pd-η1-allyl, Scheme
21) contains a terminal olefin motif which was formed by deprotonation of one
methyl group as evident from a new set of doublet of doublet signals at 4.85 ppm and
4.63 ppm in 1H NMR. In addition, an X-ray crystal structure of this asymmetric
species confirms the double bond character of the new motif (C–C bond distance,
1.366(5) Å; Fig. 10). Facile protonation of Pd-η1-allyl with HCl cleanly forms
L2MePdCl2 again, showing the deprotonation to be reversible.

Overall, a variety of stoichiometric processes involving metal-ligand
cooperativity at the central olefin position of pincer ligands have been discussed.
Specifically, these include several examples of facile and reversible β-hydride

Scheme 20 Protonation of L2MePd0 with HCl affords a vinyl Pd species (left) and synthesis of a
PdII species by oxidative addition of H2SiPh2 to L2MePd0 (right) [92]

Scheme 21 Reversible deprotonation of one methyl group in L2MePdCl2 [92]
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elimination/migratory insertion in which the olefin transiently stores a hydride
equivalent. In addition, metal-centered reactivity can be facilitated by (de)-
coordination of the olefin moiety. Such processes have the potential to become
part of catalytic cycles in further investigations. In the next section, the role of a
π-acceptor ketone motif in metal-ligand cooperative catalysis is highlighted.

3.3 Metal-Ligand Cooperative Catalysis Induced by Side-On
Coordination of a Ketone

Due to the electronegativity of oxygen, both the π(C, O) and the π*(C, O) orbital of a
ketone are lower in energy than those of an olefin. This can be anticipated to render
side-on bound ketones both weaker donors and stronger acceptors than olefins. In
addition, the lone pairs on the oxygen atom in the ketone motif offer an additional
position for reactivity and metal-ligand cooperativity. However, free ketones pref-
erentially coordinate end-on η1(O) to most transition metal centers, while side-on
η2(C,O) coordination is required for a ketone motif to act as a π-acceptor ligand
(Fig. 11).

Incorporation of the ketone motif into a rigid pincer design featuring o-phenylene
linkers brings the motif into close proximity of the transition metal center in a
pre-oriented geometry favoring side-on binding. The phosphine-tethered ketone
ligand L3 (Fig. 11, box) was first reported by Ding and co-workers, who used its
Ru complexes in the catalytic hydrogenation of ketones [94]. While itself achiral, L3
was proposed to enhance enantioselectivity by mechanically transferring chiral
information from a chiral diamine ligand onto the Ru-bound substrate. In addition,

C3

C1

P1
C2

Pd1

Cl1
P2

C4

Fig. 10 X-ray crystal
structure of Pd-η1-allyl
showing the new C2¼C4
double bond motif (thermal
ellipsoids at 50%
probability). Hydrogen
atoms and iPr-groups on the
phosphorus atoms (except
for the olefin-bound carbon
atoms) are omitted for
clarity [92]
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side-on coordination of the ketone motif was determined by X-ray crystallography,
and this carbonyl coordination to the catalytically active RuII species was suggested
to be essential for high yields and selectivity.

In the following, the coordination chemistry of L3 to late transition metal centers
and metal-ligand cooperative catalysis using these L3-TM complexes is presented.
First, the hemilabile coordination behavior (Fig. 12, left) of L3 is discussed, as well
as its implications for catalysis. Second, the ability of the ketone motif to act a
hydride relay is examined in the context of bifunctional H2 activation (Fig. 12, right).

Moret and co-workers studied the coordination of L3 to a redox series of Ni (Ni0,
NiI, and NiII) [95]. The ligand binds in a κ3(P,C¼O,P) fashion with η2(C,O)
coordination of the ketone motif to the electron-rich Ni0 and NiI centers but adopts
a κ2(P,P) mode with the electron-poor, high-spin NiII center, thereby adapting its
coordination mode to the electronic structure of nickel (Fig. 13). In addition, NBO
analysis on optimized geometries of all three Ni species indicated significant charge

PR2 O PR2

L3

M
O

MnO
Mn+2O

end-on η1(O)
sigma-donor

side-on η2(C,O)
π-acceptor

MO

Fig. 11 End-on η1(O) and side-on η2 (C,O) coordination modes of ketones to transition metal
center; the phosphine-tethered ketone ligands L3 (box)

MnO
L L

Bifunctional activityHemilability
+ H2

- L
MnO Mn+2O

M
HO

H

Fig. 12 Resonance extremes of a η2 (C,O)-coordinated ketone motif and their prototypical
cooperative reactivity

Fig. 13 The phosphine-tethered ketone ligand L2 and its coordination chemistry to Ni0, NiI, and
NiII [95]
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transfer from the Ni center to the ketone, supporting its description as an acceptor
moiety.

This coordination behavior of L3 is rather general for late first-row transition
metal centers. The ketone motif does not coordinate to electron-poor FeII, CoII, and
NiII [96], but side-on coordination is detected in electron-rich transition metal
complexes of L3 (Ni0 [95], NiI, FeI, CoI [97], Pd0 [98], RhI [99], and RuII [94]).
Interestingly, in isostructural NiI, CoI, and FeI complexes of L3, an increase in the
amount of charge transfer upon binding (longer C–O distance) correlates with a
longer M–C and a shorter M–O bond distance [96]. The opposite would be expected
from the increase of π-backdonation into the primarily carbon-centered π* orbital.
This apparent discrepancy was rationalized by proposing a (minor) contribution of a
third resonance structure involving a ketyl radical interacting with MII in addition to
the resonance extremes of the DCD model (Fig. 14). Though small, the increasing
contribution of this ketyl resonance structure in the trend from NiI to FeI would
account for a stronger ionic M–O bond and a weaker M–C bond while maintaining
an increasing electron donation to the motif.

The consequences of the observed hemilability of L3 were investigated using the
Ni-catalyzed alkyne cyclotrimerization reaction as a benchmark reaction. Under
optimized conditions, the Ni complex L3Ni0(BPI) (BPI ¼ benzophenone imine, a
labile co-ligand) converts terminal alkynes selectively into the corresponding 1,2,4-
substituted trimerization products (Table 3, entry 1) [100]. The catalysis was tested
for six substrates (R ¼ Ph, CO2Me, CH2OMe, CO2Et, 4-F-C6H4, 4-OMe-C6H4)
showing a higher yield for an electron-withdrawing substrate. In all investigated
cases, at most very small amounts of cyclooctatetraene (COT) by-products are
formed.

The activity of L3Ni0(BPI) was compared to the performance of Ni complexes
featuring a pincer-type trisphosphine (PPP) or a bidentate diphosphine ether (POP)
supporting ligand (Table 3, entries 2 and 3). L3Ni0(BPI) outcompetes these systems
in catalytic activity and selectivity indicating an advantage of a π-acceptor motif for
this reaction. To further rationalize the role of the ketone moiety, a mechanistic study
relying on experimental and computational data was conducted, and a catalytic cycle
was proposed, which is shown in Fig. 15. For the computational work, acetylene was
used as a model substrate (R ¼ H), and phenyl substituents replaced the p-tolyl
substituents on the P-donor moieties.

In the stable, 18 VE L3Ni0(BPI) precatalyst, the ketone moiety masks a coordi-
nation site by η2(C,O) coordination as evident from a characteristic chemical shift of
the carbonyl triplet signal at 119.0 ppm in 13C NMR. A downfield shift of this

Fig. 14 Resonance
structures of MI ketone
complexes [96]
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carbonyl 13C NMR signal to 202.7 ppm indicates that the occupied site is readily
freed up to allow alkyne binding (step 1). This ligand exchange results in a Ni0

alkyne complex, which is also the in situ observed resting state of the catalyst.
Geometry optimization of the bis(acetylene) Ni complex indicates that the ketone
moiety remains decoordinated during the second alkyne uptake (step 2). Remark-
ably, the oxidative coupling step (step 3) is facilitated by concomitant ketone
η2(C,O) coordination, which stabilizes the resulting NiII metallacyclopentadiene
intermediate. In the calculated trigonal-bipyramidal structure, the two P-atoms
occupy the axial positions, and elongation of the C–O bond indicates a strong
interaction of the NiII center with the η2(C,O)-coordinated ketone motif. This is
presumably a result of strong σ-donation by the C-atoms of the
metallacyclopentadiene into the d-orbital that backdonates into the π*(C,O) orbital,
which is parallel to the equatorial plane. As the oxidative coupling step is widely
acknowledged to be the rate-determining step of the strongly exothermic

Table 3 Comparative study of the Ni-catalyzed alkyne cyclotrimerization reaction (P4 ¼ P
(p-tolyl)2, P

1 ¼ PPh2) [100]

Ni-catalyst R ¼
Yield 1,2,4-
trimer (a)

Yield 1,3,5-
trimer (b)

Yield
COTs (c)

Ratio
a/b/c

1) Ph 86.9 3.2 0 97:3:0

CO2Me 90.2 6.3 2.5 91:7:2

2) Ph 3.1 1.9 0 62:38:0

CO2Me 24.5 2.1 7.5 72:6:22

3) Ph 2.8 0.2 0 94:6:0

CO2Me 65.0 12.3 6.5 77:15:8
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cyclotrimerization reaction, stabilization of the intermediate directly following the
rate-determining step accelerates the overall reaction. Consecutive alkyne coordina-
tion and migratory insertion processes lead to the formation of a
nickelacycloheptatriene intermediate (step 4) in which the carbonyl has
decoordinated to accommodate alkyne coordination [101]. Finally, reductive elim-
ination to obtain the trimerization product (step 5) and ligand exchange with an
incoming alkyne substrate (step 6) close the catalytic cycle. Interestingly, the
Ni-trimer adduct formation (step 5) is thought to be accelerated by facile ketone
coordination as evident from a small activation free energy (ΔGo,{ ¼ +0.8 kcal/mol)
[101]. The saturated NiII complex is less likely to insert a fourth equivalent of alkyne
to form COTs, which accounts for the increased selectivity of L3Ni0(BPI) for
cyclotrimerization products. Overall, the adaptive coordination behavior of the
π-acceptor ketone ligand along the reaction coordinate of the alkyne
cyclotrimerization reaction explains the enhanced catalytic activity and selectivity
of L3Ni0(BPI), making this approach promising for future catalyst development.

A pincer ligand featuring a π-binding central unit can also be synthesized in the
coordination sphere of a transition metal. In this vein, Iluc and co-workers demon-
strated the synthesis of a η2(C,E)-coordinated chalcogen ketones (R2C ¼ E, E ¼ S,
Se, Te) in the coordination sphere of a PdII pincer featuring a nucleophilic carbene at
the central position (Scheme 22) [98]. The Pd-carbene compound reacted with
elemental sulfur, selenium, or tellurium to form new C ¼ E bonds. In contrast, the

Fig. 15 Proposed catalytic cycle for the L3Ni0(BPI) catalyzed cyclotrimerization of terminal
alkynes, P4 ¼ P(p-tolyl)2 [100, 101]
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complex did not react with O2; instead, half of an equivalent of nitrobenzene
quantitatively yielded the ketone complex (Scheme 22, left).

Based on X-ray crystallography, the extent of C ¼ E multiple bonding in the
complex decreases from oxygen to tellurium. Significant double bond character is
observed for E ¼ O, S, only residual π-bonding is found for E ¼ Se, and the C–Te
bond length is typical for a sp3-C–Te single bond. The 13C NMR data shows a
similar trend, where the coordinated C¼O bond gives rise to the most downfield
resonance (160.4 ppm) and the others shift upfield following the decreasing electro-
negativity of the chalcogens (S: 114.6 ppm; Se: 112.5 ppm; Te: 102.4 ppm). Further
reactivity studies of these new π-ligands incorporating heavier chalcogens would
certainly be of interest.

The abovementioned conversion of a carbene species into a η2(C,O)-coordinated
ketone by formal oxygen atom transfer can also be reversed. The group of Young
investigated the reductive deoxygenation of group 9 ketone complexes to form the
corresponding carbene species. The five-coordinate, cationic [L3CoI(PMe3)2]
[BArF4] complex featuring a η2(C,O)-coordinated ketone moiety was synthesized
by coordination of L3 to [Co(PMe3)4][BAr

F
4]. In the presence of H2 gas, reductive

deoxygenation of [L3CoI(PMe3)2][BAr
F
4] to form the PCP Co carbene species

Co=C is observed (Scheme 23) [97]. The proposed reaction pathway involves
homolytic H2 activation to form the dihydride species Co-(H)2, a subsequent
insertion of the ketone double bond into one Co–H bond to yield the hydroxylalkyl
cobalt-hydride intermediate Co(H)-OH and H2O elimination to obtain the final
carbene product Co=C. The two intermediates, Co-(H)2 and Co(H)-OH, are

Scheme 22 Conversion of a nucleophilic PdII carbene complex to various η2(C,E)-coordinated
chalcogenoketone Pd complexes by formal O, S, Se, and Te atom transfer [98]

Scheme 23 Synthesis of the Co carbene pincer Co=C by reductive deoxygenation proposed to
occur via a metal-ligand cooperative process [97]
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proposed for this transformation based on mechanistic studies performed on the
corresponding Ir-[102] and Rh-systems [99, 103].

First, the synthesis of the PCP Ir carbene species Ir=C by dehydration of the
alcohol ligand (A, Scheme 24) is considered [102]. Here, in the reaction of A with
0.5 equivalent of [IrCl(COD)]2, an α-hydroxylalkyl IrIII complex (Ir(H)-OH) was
characterized by in situ low-temperature NMR spectroscopy. The complex is in
equilibrium with a η2(C,O) keto Ir dihydride species (Ir-(H)2) as evident from a 13C
NMR signal at 132.1 ppm. This indicates that a β-hydride insertion/elimination
process reversibly converts Ir-(H)2 into Ir(H)-OH in which the ketone motif in
Ir-(H)2 can be seen as a hydride relay. Ir-(H)2 was also observed in situ in the
reaction of L3, [IrCl(COD)]2 and H2. Though the subsequent H2O elimination to
form Ir=C is not a clean reaction as the carbene species is further reduced by excess
H2 gas, the second synthesis route of Ir-(H)2 establishes a connection between L3
and Ir=C.

The stepwise synthesis of the PCP Rh carbene species Rh=C proceeds via an
isolable α-hydroxylalkyl RhIII hydride species (Rh(H)-OH; Scheme 25) [99]. Rh
(H)-OH is synthesized by reaction of A with [RhCl(COD)(PPh3)]. The X-ray
structure shows that upon C–H activation, the ligand adopts a mer configuration
(Fig. 16). Interestingly, the hydroxyl hydrogen forms a hydrogen bridge to the
chloride co-ligand, suggesting a relatively high acidity of this proton. Indeed, the
1H NMR signal for the hydroxyl proton, located at 7.57 ppm, disappears upon the
addition of D2O. Moreover, HCl elimination to form an α-hydroxylalkyl RhI

complex (Rh-OH) is observed upon treatment of Rh(H)-OH with LiHMDS.
Rh-OH can also be synthesized from L3 and the [RhH(PPh3)4] precursor. Upon

protonation ofRh-OH with Brookhart’s acid,Rh=C is immediately formed by H2O
elimination [103]. Most likely, the cationic Rh species [Rh(H)-OH]+ is an

Scheme 24 Synthesis of the iridium carbene pincer Ir=C by initial coordination of A to the Ir
precursor ([IrCl(COD)]2) and subsequent cooperative H2O elimination, P1 ¼ PPh2 [102]

Scheme 25 Synthesis of Rh¼C from an α-hydroxylalkyl RhI complex (Rh(H)-OH) by reaction
with (a) LiHMDS and (b) [H(OEt2)2][BAr

F
4] [99, 103]
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intermediate in this reaction. More generally, α-hydroxylalkyl metal-hydride species
are proposed as intermediate in the reductive deoxygenation of L3 to form the
corresponding carbene species.

A possible mechanism for H2O elimination as last step in the overall reductive
deoxygenation reaction has been suggested by Piers and co-workers. For this study,
a related Ir carbene pincer compound affords a stoichiometric cycle for the deoxy-
genation of N2O with H2 [104]. Scheme 26 shows the different transformations
starting from a reaction of the Ir carbene complex (Ir=C) with N2O to form the η2(C,
O) ketone complex (Ir(C=O)). Subsequent reduction with H2 results in the elimi-
nation of the oxygen atom in the form of H2O.

The reaction of Ir(C=O) with H2 affords the adduct Ir-(H)2 that exists as a cis
isomer (depicted in Scheme 26) and a trans isomer (not depicted), the former being
the kinetic product and the latter the thermodynamic product of the reaction. When a
H2/D2 gas mixture is used, H/D scrambling to obtain Ir-(H)2, Ir-(D)2, Ir-(HD), and

Rh1

Cl1

O1

P1 P2

C1

P3

H11

H12

Fig. 16 X-ray crystal structure of Rh(H)-OH showing the α-hydroxylalkyl group (thermal ellip-
soids at 50% probability). Hydrogen atoms (except H11 and H12) and phenyl groups on the
phosphorus atoms (except for the bound carbon atom) are omitted for clarity [99]

Scheme 26 Cooperative deoxygenation of N2O by Ir=C to form the η2 (C,O)-coordinated ketone
Ir complex. Subsequent cooperative deoxygenation involves H2 activation, β-hydride insertion,
α-hydroxyl group migration, and H2O elimination to reestablish Ir=C [104–106]
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Ir-(DH) is mediated by the kinetic cis isomer [105], which was proposed to proceed
via a reversible β-hydride insertion into the ketone bond followed by activation of a
second hydrogen molecule by the resulting hydroxylalkyl/hydride compound
Ir(H)-OH. At high temperatures, the α-hydroxyl group in Ir(H)-OH is thought to
migrate to the Ir center forming Ir(OH)=C [105, 106]. A high-energy barrier is
expected for this step, which offers an explanation for the high reaction temperature
(>100�C) required for the H2O elimination process. The subsequent reductive
elimination of H2O from Ir(OH)=C occurs rapidly.

The cooperative manner in which the ketone motif operates in these examples of
oxygenation and (reductive) deoxygenation demonstrates how π-acceptors can
diversify the reactivity pathways of a transition metal complex. The stoichiometric
examples have inspired the use of Rh=C as catalyst in the deoxygenation of amine
and pyridine N-oxides to form amines and pyridines (Fig. 17) [107]. Isopropanol
(iPrOH) proved to be a good hydrogen source compared to H2 or SiHEt3 since it
prevents overreduction. Under optimized conditions, a range of amine and pyridine
N-oxides were converted into the corresponding amines and pyridines with moderate
to excellent yields. Alkyl- and arylamine N-oxides are generally converted in high
yields to their desired products. In addition, high yields of quinoline and substituted
pyridine products are obtained with a tolerance for electron-withdrawing and
electron-donating substituents.

Based on stoichiometric reactions, a mechanism for the catalytic transformation
of amine N-oxide to amine was proposed (Fig. 18). In the first step, the Rh=C
deoxygenates the trimethylamine N-oxide (ONEt3) substrate to form the
triethylamine (Et3N) product as well as the Rh-ketone species (Rh(C=O)). In a
second step, Rh(C=O) is reductively deoxygenated by a reaction with iPrOH to
close the catalytic cycle. Under the same catalytic conditions, Rh(C=O) was also
used as catalyst for the deoxygenation of ONEt3, yielding 62% of NEt3 (vs 98% for
Rh=C). The lower productivity can be ascribed to the required deoxygenation ofRh
(C=O) to Rh=C prior to the first catalytic turn over.

Overall, formal oxygen atom transfer reactions interconverting a transition metal-
carbene complex and a η2(C,O) bound ketone complex were employed in stoichio-
metric and catalytic deoxygenation reactions. These examples establish a proof of
concept involving a side-on coordinated ketone motif as hydride relay. The discov-
ery of this novel metal-ligand cooperative mode is promising for future development
of homogeneous catalysts.

Fig. 17 Catalytic deoxygenation of amine- and pyridine N-oxides [107]
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Recently, Young and co-workers reported on the synthesis of Co carbene species
by direct oxygen atom transfer (Scheme 27) [108]. Two Co ketone complexes were
synthesized incorporating either one bidentate dppm (1,1-bis(diphenylphosphino)-
methane) or two monodentate PMe3 co-ligands. Upon heating the [L3CoI(PMe3)2]
[BArF4] complex, a carbene motif is formed in the product Co=C (1) as the oxygen
atom migrates to one of the pincer flanking phosphine groups. The mechanism of
this oxide transfer was investigated by DFT, where, surprisingly, the first step
involves one pincer flanking phosphine group decoordinating from the Co center.
The subsequent oxygen atom transfer step is exergonic and proceeds through a
single transition state featuring relative short Co–C and P–O bond distances, indi-
cating concomitant formation of the M¼C and P–O bonds. It was additionally
hypothesized that a bidentate phosphine co-ligand could function as a sacrificial
oxygen acceptor via hemilabile dissociation. Indeed, in the presence of a second
equivalent of dppm, the desired Co=C (2) species is obtained from [L3CoI(dppm)]
[BArF4] by direct oxygen atom transfer to dppm.

Scheme 27 Synthesis of Co=C species by direct oxygen atom transfer [108]

Fig. 18 Proposed catalytic cycle for the deoxygenation of amine and pyridine N-oxides [107]
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3.4 Imine Side-On Coordination: Synthesis and Metal-Ligand
Cooperative Reactivity

Imines can also act as π-acceptor ligands when coordinating side-on to a transition
metal center. As for ketones, the π(C, N) and the π*(C, N) orbitals of an imine are
generally lower in energy compared to olefins, making a side-bound imine motif a
stronger π-acceptor and a weaker donor ligand. Furthermore, the lone pair on the
nitrogen atom in the imine motif represents an extra position for additional reactivity
and metal-ligand cooperativity. While there is an abundance of examples showing
η1(N) coordination of imines to transition metal (Fig. 19, left), η2(C,N) side-on
coordination of imines (Fig. 19, right) to a transition metal is less frequently
observed.

Incorporation of the imine motif into a rigid pincer ligand design can be used to
encourage η2(C,N) coordination, enabling the study of imine motifs as π-acceptor
ligands. The phosphine-tethered imine ligand (L4, [109] Scheme 28) can access two
distinct binding modes. A η1(N)-coordination of L4 to electron-poor transition metal
centers such as CoII [110, 111], NiII [110, 112], and PdII [111, 112] is observed
(Scheme 28, left), while a side-on η2(C,N) coordination to Ni0 is preferred (Scheme
28, right). X-ray diffraction analysis of the L4Ni0(PPh3) species shows an elongated
C–N bond suggesting substantial metallacycle character of the M–C–N interaction.
In 13C NMR spectra, the characteristic signal of the imine carbon shifts significantly
from 160 ppm in free L4 to 84 ppm in L4Ni0(PPh3), indicating the rehybridization
of the imine motif from sp2 to sp3.

Metal-ligand cooperative processes employing π-acceptor imine ligands are fairly
unexplored and L4 has attractive properties for such investigations. For instance, L4
is suited to electronically stabilize electron-rich transition metal centers of low
oxidation states by coordinating η2(C,N) to the metal center. Moreover, L4 coordi-
nates as an adaptive ligand, changing its hapticity according to the electronic
properties of the metal center (Fig. 20, left). In addition, bifunctional substrate

Fig. 19 End-on η1(N) and side-on η2 (C,N) coordination modes of an imine to a transition metal center

Scheme 28 L4 coordinates end-on η1(N) to NiII and side-on η2 (C,N) to Ni0 [113]
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activation at the metal-imine interaction could be imagined, where the imine double
bond inserts into a M–Y bond (Fig. 20, right).

Upon coordination of L4 to Ni0 in the presence of 1 atm CO gas, the oxidative
coupling of two imine motifs is observed (Scheme 29) [113]. A dimeric species of
mixed valence is formed, suggesting that CO traps a reactive [Ni0] complex of L4.
Therefore, the PPh3 co-ligand plays an important role in stabilizing a reactive,
monomeric species. By comparison, the related olefin complex L2Ni0 (Scheme 18)
[88] features iPr-substituents on the phosphine linkers which give sufficient steric
encumbrance to obtain monomeric species. In the case of the sterically less encum-
bered reactive [Ni0] species, however, dimerization and redox processes take place
instead.

Bifunctional activation of a Si–H bond was observed upon reaction of
L4Ni0(PPh3) with Ph2SiH2, resulting in hydrosilylation of the imine bond
[114]. The hydrosilazane product (Scheme 30) was initially characterized by
multinuclear NMR spectroscopy, revealing, interestingly, that the remaining Si–H
bond is σ-coordinated to the Ni0 center. This η2(Si–H) coordination to the Ni center
was confirmed in an X-ray crystal structure of a structurally analogous hydrosilazane
compound resulting from the reaction of L4Ni0(PPh3) and phenyl-methylsilane
(PhMeSiH2; Fig. 21).

DFT calculations found a transition state for the Si–H bond activation in which
the oxidative addition of the Si–H bond and the β-hydride insertion into the imine
double bond to proceed in a concerted step (Scheme 30, middle). Therefore, a
ligand-to-ligand hydride transfer mechanism is suggested, illustrating the ability of
the imine ligand to facilitate bond activation processes by acting as a hydride
acceptor moiety.

A relatively weak N–Si interaction as indicated by a relatively long N–Si distance
(2.3266(5) Å) prompted an investigation into the reactivity of the hydrosilazane
complex by means of silane scrambling experiments. Treatment of L4Ni0(PPh3)
with deuterated diphenylsilane (Ph2SiD2) established a C–D bond in the ligand
backbone, which does not exchange with the Si–H bonds of added hydrosilanes,
indicating that hydrosilylation is irreversible. When exposed to phenyl-methylsilane
(PhMeSiH2; Scheme 31), the N–(SiPh2D) fragment is partially exchanged for N–
(SiMePhH) with concomitant formation of Ph2SiHD, indicating facile and reversible
cleavage of the N–Si bond. Hence, the system appears to convert from an initial
stoichiometric hydride acceptor to a more reactive silyl reservoir by formal
hydrosilylation of the π-acceptor imine motif. This suggests an intriguing strategy

MnN
Mn+2N

Mn+2N

Bifunctional activityadaptive coordination

XY- 2e-

Mn+2N
XY

Fig. 20 Resonance extremes of a η2 (C,N)-coordinated imine and their prototypical cooperative
reactivity
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Scheme 29 Reaction of L4 with a Ni0 precursor in the presence of CO gas leads to a dimeric
species which is schematically drawn to emphasize the new C–C bond [113]

Scheme 30 Bifunctional Si–H bond activation by a L4Ni0(PPh3) complex is thought to proceed
through a concerted transition state via ligand-to-ligand hydride transfer [114]
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Ni1
P1
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Fig. 21 X-ray crystal structure of the hydrosilazane complex showing the σ-coordinated Si-H bond
(thermal ellipsoids at 50% probability). Hydrogen atoms (except the hydride) and phenyl groups on
the phosphorus atoms (except for the bound carbon atoms) are omitted for clarity [114]

Scheme 31 Schematic representation of the silane scrambling experiment [114]
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to generate reactive species by cooperative cleavage of element-hydrogen bonds
using the L3Ni0(PPh3) or related acceptor pincer systems.

Apart from the presently discussed example, metal-ligand cooperative systems
employing a π-acceptor imine pincer ligand are scarce. This is likely due to the
propensity of imine ligands to form η1(N) complexes, requiring subtle ligand design.
As mentioned before, side-on coordinated ketone motifs can be synthesized in the
coordination sphere of a transition metal by formal oxygen atom transfer processes
to a carbene complex. Similar reactivity was observed by Piers and co-workers who
reported on a Ni carbene complex which upon reaction with (tosylimino)phenyl-λ3-
iodane (PhINTs) forms a new imine bond (Scheme 32, right) [115]. The imine
double bond has a bond length of 1.354(4) Å, indicating a strong coordination of the
imine to Ni. The coordination resembles the metallacycle extreme of the DCD
model.

While reaction with PhINTs leads to a new π-complex, reaction of the Ni carbene
with ammonia (NH3) leads to a protonated metalloaziridine (Scheme 32, left). The
product features a new C–N single bond (1.440(4) Å) which is with a Ni–N distance
of 2.050(3) Å in close proximity of the Ni center. This product formally arises from
coordination of NH3 to the carbene followed by deprotonation by a second equiv-
alent of NH3 and release of [NH4]Br. A third NH3 equivalent then occupies the
empty coordination side at Ni. Contrary to the reported work on reductive deoxy-
genation of η2 (C,O)-coordinated ketone complexes (Sect. 3.3), a reversible trans-
formation between a carbene complex and the corresponding η2 (C,N)-coordinated
imine complex has not been established so far. Future research might be aimed at
investigating this possibility as well as the general proposed ability of the imine to
act as hydride relay.

4 Concluding Remarks

The majority of pincer complexes, featuring a strong donor ligand in the central
position, behave as a rigid ligand framework. In contrast, the incorporation of a
central σ- or π-acceptor motif affords more flexible pincer ligands, giving access to a
variety of different binding modes originating from the – generally weak – metal-

Ni(iPr)2P PiPr2
Br

PhINTs
Ni

PiPr2

PiPr2

Br
N

Ts

Ni

PiPr2

PiPr2

NH3

N
H

NH3

counter anion: [SbF6]

H

Scheme 32 Formation of a metalloaziridine Ni complex by reaction of a Ni carbene with NH3

(left) and formation of a η2(C,N) bound imine motif by reaction of the Ni carbene with (tosylimino)-
phenyl-λ3-iodane (PhINTs) [115]
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acceptor ligand interaction. Besides the different symmetry of the accepting orbital, a
significant difference between σ- and π-acceptors is the necessary presence, in the
latter, of a (weakly) donating π orbital that contributes to the bonding to the transition
metal. As a consequence, σ-acceptor motifs are likely more electron-withdrawing
than π-acceptors and hence may have a stronger impact on the electronic properties
(e.g., Lewis acidity) of the transition metal. On the other hand, π-acceptors open a
wide spectrum of opportunities for metal-ligand cooperation due to the accessibility
of related structures such as vinyl- (C¼C) and carbene species (C¼ E, E¼ C, N, O)
and to the presence of additional lone pairs (π-ketone and π-imine).

In recent years, the field of acceptor pincer ligands has expanded rapidly from
reports on unique coordination behavior and studies on stoichiometric cooperative
reactivity to catalytic examples demonstrating the value and potential of the different
classes of cooperative acceptor ligands for homogeneous catalysis. The “inverted”
polarity of the metal-acceptor interaction manifests itself in two main classes of
cooperative processes.

First, the accessible empty orbital can reversibly accept electron density
(hemilability), increasing the range of electronic structures accessible to a given
transition metal center. This adaptive coordination can be expanded further with the
participation of neighboring groups, such as boron-bound aromatic residues or with
alternative (donor) binding modes such as the η1(N) mode for imines. This flexibility
allows both σ- and π-acceptor ligands to stabilize transition metal centers in a range
of formal oxidation states and possibly facilitate (formal) redox processes. In
particular, the hemilabile coordination behavior of a π-acceptor ketone motif
(L3) has an accelerating effect in the alkyne cyclotrimerization reaction catalyzed
by L3Ni0(BPI) [100, 101].

Second, the empty orbital can reversibly accept a nucleophilic fragment, which is
frequently a hydride (bifunctional activity). Distinct reactivity pathways occur upon
hydride uptake by either σ- or π-acceptor ligands: the former often acts as hydride
acceptor by hydride insertion to form a bridging L1-H-TM motif, while the latter
undergoes β-hydride insertion to reduce the π-bond. Both of these processes have
been observed in the stoichiometric activation of H–H and E–H (E ¼ Si, C, N, O,
etc.) bonds. Furthermore, such hydride insertions are a crucial step in two examples
of cooperative catalysis discussed in this chapter, namely, the catalytic
hydrodechlorination of (hetero)aryl chlorides by the σ-acceptor pincer complex
L1Pd0(PPh3) [70] and reductive deoxygenation of amine and pyridine N-oxides
catalyzed by the π-acceptor complex [L3RhI(PPh3)][BAr

F
4] [107]. In this way,

both cooperative hydride uptake mechanisms have their specific impact. Future work
exploiting the ability of acceptor ligands to transiently accept a hydride or other
nucleophiles for substrate activation and catalysis is eagerly awaited.

In general, the correlation between acceptor pincer ligand coordination and
cooperative (catalytic) reactivity of the metal complex constitutes an exciting area
for discovery of bond activation processes and catalytic reactions using metal-ligand
cooperation.
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