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Foreword

A typical pincer ligand consists of three donor atoms stabilizing a planar,
meridional, or occasionally facial metal scaffold, with the central donor
moiety being neutral or anionic, resulting in two five-membered chelate
rings. Although PCP type of pincer ligands with central anionic carbon-
donor atom flanked by soft phosphorus donors was first established by
Shaw in the 1970s, it took center stage much later and was subsequently
established as a novel ligand system to promote several challenging cata-
lytic reactions and showed its superiority in metal-mediated organic syn-
thesis. As a result, pincer framework witnessed tremendous growth in the
last two decades with a variety of combinations of donor atoms, preferably
having an aromatic or pyridyl bridging units and became an integral part
of inorganic and organometallic chemistry and homogeneous catalysis.
Relatively easy synthetic methodologies, six-electron donor capability,
availability of numerous P, N, O, and S donor moieties for incorporation,
options for tuning steric and electronic properties, and robust nature made
pincer ligands one of the most invincible systems in the field of applied
science.

Presently researchers are using a variety of pincer platforms to perform
challenging and unusual organic transformations under mild conditions,
for example, ammonia production from dinitrogen, conversion of CO,
into useful organic molecules, and alkane dehydrogenation. Metal-
mediated dehydrogenation is a green and environmentally benign system
valuable in several synthetic processes and possibly for hydrogen genera-
tion and storage for future energy requirements.

In this context, Akshai Kumar’s efforts to bring a consolidated mono-
graph on various dehydrogenation processes utilizing pincer ligands are
commendable. I am sure that this book will receive a very good response
from synthetic chemists and all readers.

M.S. Balakrishna

Phosphorus Laboratory, Department of Chemistry, II'T Bombay, Mumbai, India
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Preface

Ever since the discovery of the first organometallic complex, ligands have
been systematically modified to attain better control on the stability and
reactivity of organometallic systems. This has led to interesting findings
that metal complexes containing monodentate ligands are less stable than
bidentate, which in turn are less stable than tridentate systems and so on.
No surprisingly, the enhanced stability comes as a trade-oft to the reduced
reactivity. It has been widely accepted that tridentate systems (those bind-
ing the metal center in a meridional fashion, in particular) strike an opti-
mal balance between the stability and reactivity. These “Pincer” systems
offer numerous avenues to tailor the reactivity via the steric and the elec-
tronic control. The typically rigid framework provides robustness to the
complex thereby enhancing its thermal stability. On the other hand, the
catalytic versatility is provided by the ease of ligand tailoring to suit one’s
steric and electronic requirements.

Several modifications of the pincer motif have been reported owing to
the easily tailorable ligand backbone leading to five- or six-membered
chelate rings that have a common metal-hetero atom bond. Pincer com-
plexes with desired catalytic properties have been obtained by varying
either the ligating groups or by changing the linker atoms apart from the
possibility of having the pincer platform itself as a noninnocent ligand.
Furthermore, the aryl backbone offers the possibility of introducing sev-
eral polar functionalities, which not only helps in controlling the electron-
ics remotely but also facilitates the heterogenization of the molecular
catalysts on many solid supports. The chemistry of pincer complexes is
very vast and owes a lot to the outstanding contributions to pioneers such
as Shaw, van-Koten, Kaska, Jensen, Goldman, Milstein, and Brookhart
among several others. Rightly, this interesting chemistry has been
reviewed several times in various contexts and for scattered applications.
This book discusses the chemistry of pincer—metal complexes in the con-
text of a single application of dehydrogenation of various hydrocarbon
derivatives catalyzed by pincer—metal complexes.

Hitherto, the dehydrogenation of hydrocarbons and their derivatives
have been discussed separately. This stems from the fact that the operating
mechanisms and catalyst compatibility for pure hydrocarbons are distinctly
different from their functionalized analogs. However, in recent years,

xiii
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Xiv Preface

there has been a surge in the lookout for hydrocarbon dehydrogenation
catalytic systems that are compatible with polar substituents. This would
facilitate formulation of tandem processes that are not only limited to
hydrocarbon transformation but also to hydrocarbon functionalization in a
single pot. In this context, this book provides a good understanding on
the operating mechanisms and dehydrogenation catalyst compatibility in
both (functionalized and unfunctionalized) hydrocarbon systems. This
unified approach would not only shed light on the distinct differences of
these catalytic systems but also would reveal the subtle similarities in the
reactivity.

Accordingly, it is a great pleasure to start the book with Chapter 1 on
Application of Pincer—Metal Complexes in Catalytic Transformations by
Daw. Chapter 2, Pincer-Group(8) and Pincer-Group(9) Metal Complexes
for Catalytic Alkane Dehydrogenation Reactions, reviews the chemistry
of group-8 and group-9 pincer—metal complexes in alkane dehydrogena-
tion. In Chapter 3, Transition Metal Catalyzed Dehydrogenation of
Methanol and Related Transformations, Kundu provides an overview on
the pincer—metal catalyzed dehydrogenation of methanol and related
reactions. This is followed by Chapter 4, Transition Metal Pincer
Complexes in Acceptorless Dehydrogenation Reactions, from Balaraman
who comment on the applicability of pincer—metal complexes in accep-
torless dehydrogenation of functionalized hydrocarbons. Chapter 5, An
Outlook on the Applications of Pincer—Metal Complexes in Catalytic
Dehydrogenation Chemistry, summarizes the current state-of-art in the
pincer—metal catalyzed dehydrogenation chemistry of hydrocarbons and
their derivatives. It is hoped that the knowledge churned out from this
whole exercise would be beneficial and enjoyable for the authors and the
audience alike. This concept offers immense potential of leading to excit-
ing future innovations in the dehydrogenation chemistry. It is envisaged
that the audience who read this book would develop their own percep-
tion on this fascinating chemistry, which could result in diverse new
research endeavors and exciting possibilities.

My heartfelt appreciation to the authors for their excellent contribu-
tion of science. I have been fortunate to have the support from a very
able, professional, and cooperative editorial team comprising Emily M.
McCloskey and Lena Sparks. The periodic discussions with Lena have
been of immense help in producing this volume in a timely manner.

Akshai Kumar
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CHAPTER 1

Application of pincer metal
complexes in catalytic
transformations

Aisa Mohanty, Raju Sharma and Prosenjit Daw*

Department of Chemical Sciences, Indian Institute of Science Education and Research Berhampur,
Berhampur, India

*Corresponding author. e-mail address: pdaw@jiserbpr.ac.in

1.1 Introduction

Ligand’s versatility plays a significant role in the sensitive design of metal
complexes to display interesting reactivity toward the field of catalysis.
A wide variety of ligands are developed that tune the metal center reactiv-
ity based on steric and electronic properties. Pincer ligands have gained
special interests in catalysis due to their specific properties [1]. The term
“Pincer” was first coined by G. Van Koten in 1989, and it was noted that
the rigidity of such ligands can tune the stability of the metal complexes
[2]. The synthesis of pincer complexes has been started in the early 1970s
by Moulton and Shaw [3], and in present days, various new architectural
designs continue to come out. The modern definition of pincer com-
plexes is associated with rigid binding with the three adjacent coplanar
sites of metal in a meridional configuration [4|. In general, a central aro-
matic backbone with two Lewis basic donor groups attached in the side-
arm by spacers group is the more frequently observed system that makes a
tridentate ligand. Although various kinds of pincer systems are also known
without having the aromatic backbone. Pincer ligands offer a valuable
scope toward steric and electronic properties of the complexes, therefore
providing high stability due to its chelating nature and can increase its potential
value toward catalysis. Crabtree and Peris described the classification of the
pincer ligands based on their symmetry (palindromic or nonpalindromic) and
neutral or ionic nature of its binding motifs, which is depicted in Fig. 1.1 [5].
Due to the thermal stability, the pincer complexes are used as catalysts
in various kinds of organic transformations [6]. The specific architectural
design and their different properties like non-innocent nature, outer

Pincer—Metal Complexes Copyright © 2022 Elsevier Inc.
DOIL: https://doi.org/10.1016/B978-0-12-822091-7.00003-8 All rights reserved. 1
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2 Pincer—Metal Complexes

" R Sl R el

Palindromic Es—M—sk =—M—t — M — X—M—X

Neutral Anionic Dianionic Trianionic
Non- | 1 | ]
Palindromic EiE=—m—Sa L'—M—L" X —M—L" X N — X

L  Neutral donor (PR3, NRz, OR, SR, NHC, Py, etc)
X Anionic donor (O, NR, C, SiR;, etc)

Figure 1.1 Common types of pincer ligands and their classification.

sphere effects on ligand frameworks [7], metal—ligand cooperation (8],
hemilability of pendant arms [9], and redox-active behavior, which facili-
tates single electron transfer [10]| of such complexes, serve as an unique
platform for introducing their role in homogeneous catalysis. Along with
pincer systems are enable to activate the small organic molecule such as
CO,, Hy, Ny, water, acids, dihalides, oxidizing, and reducing agents at
elevated temperature without hampering the pincer coordination geome-
try [11]. Except for catalysis, some species are also used for multiple pur-
poses ranging from application in nanoscience to the development of
chemical sensors and chemical switches [12]. Moreover, pincer complexes
have been used to investigate C—C, C—H, and C—O bond activation
processes |[13] or serve as building blocks for the synthesis of self-
assembled supramolecular structures [14]. The major application of such
kind of pincer complexes is in the field of homogeneous catalysis reaction
involving hydrogenation and dehydrogenation reaction of organic mole-
cules. A vast literature presents on the dehydrogenation of organic sub-
strates [15], transfer hydrogenation [16], acceptorless dehydrogenation
[17], dehydrogenative coupling reaction [18], borrowing hydrogenation
reaction [19], and alkane dehydrogenation reaction using such pincer
complexes [20].

In this book, other chapters are dedicated to the topics of olefin dehy-
drogenation, alcohol dehydrogenative coupling reaction, and methanol
dehydrogenation reaction. In this chapter, we present general applications
of the pincer complexes in the homogeneous catalysis reaction such as
ammonia borane dehydrogenation and its application in the hydrogen
storage, dinitrogen activation and its application to the ammonia synthesis,

http://chemistry-chemists.com



Application of pincer metal complexes in catalytic transformations 3

coupling reactions, hydrogenation of challenging organic molecules like
urea, carbonate, carbamate, amide, ester, and the redox-active pincer
ligand and its application in the organic transformation.

1.2 Dehydrogenation of ammonia borane and its
derivatives

In search of alternatives to fossil fuels, hydrogen is probably the most
promising as the energy source for the future, which does not produce
any common pollutant of greenhouse gases [21—24]. Due to its low volu-
metric energy density, the storage of hydrogen is the major challenge in
the hydrogen economy. Hydrogen can be stored in two forms: physical
and chemical. Apart from the physical form of storage (like compressed
gas to liquid hydrogen and adsorbent materials, having some major limita-
tion), the chemical form has emerged as a good alternative, consisting of
the releasing of molecular hydrogen from organic compounds with high
hydrogen density, such as HCOOH, CH;OH, organic heterocycles
[25—27].

Ammonia borane is often considered as a promising chemical hydro-
gen storage material due to its high hydrogen content as low molecular
weight ammonia boranes can offer up to 19.6 wt% storage capacity theo-
retically. A protic and hydridic hydrogen atoms adjacent to each other
present in the ammonia boranes that are Lewis acid-base adducts and
make the release of hydrogen gas favorable. Ammonia boranes can dehy-
drogenate thermally in the absence of a catalyst, although the use of a cat-
alyst affords the dehydrogenation process under mild conditions. The
hydrogen storage capacity depends on the final dehydrogenated product
distribution and the catalyst plays a vital role here. Poly(aminoborane)
[HoBNH,],,, borazine [HBNH];, or polyborazylene (hydrogen storage
capacity 6.8—12.96 wt%) can be formed by the dehydropolymerization
process of ammonia borane H3;B*NHj; by eliminating more than 1 equiv-
alent of hydrogen gas. Whereas the substituted amine-boranes like
H;B - NMeH,, H3;B:-NMe,H, and MeH,B - NH,R exhibit a relatively
lower hydrogen storage capacity after the dehydrocoupling to form poly
(aminoborane) derivative. The vast amount of research attempts to maxi-
mize the hydrogen yield to implement these compounds as hydrogen
storage material along with detailed mechanistic studies were performed
to understand the transition metal complexes interaction with such sub-
strates containing protic and hydridic hydrogens [28—37]|. Several pincer

http://chemistry-chemists.com



4 Pincer—Metal Complexes

complexes have also been used for the dehydrogenation of ammonia
borane derivatives as describe here.

In 2006, the Goldberg group first explored the (POCOP)Ir(H), (C1)
pincer complex as a catalyst for the ammonia borane dehydrogenation
[38]. Treatment of 0.5 M ammonia borane solution with a 0.5 mol% cata-
lyst afforded quantitative conversion and 1 equivalent of hydrogen gas
was released. During the reaction, a white solid was deposited that after
analyzed by NMR, IR, and X-ray powder diffraction identified as the
cyclic pentamer, [HNBH;]s. To describe the mechanistic insight, they
reported that a tetrahydride complex (POCOP)Ir(H), (C2) was observed
initially from complex C1 during the dehydrogenation of H;NBH;, and
after long reaction times, a new BHj; adduct iridium dihydride complex
(C3) was formed.

Later, the Manner group reported the same Ir pincer C1 catalyst for
the dehydropolymerization of the N-methylamine-borane, which
afforded a poly(N-methylaminoborane) with weight average molecular
weight of 160,000 (P1) as an off-white solid in high yield (60%) with the
vigorous bubbling of hydrogen generation (Fig. 1.2) [39]. Parallelly, the
same catalyst was also used for the catalytic dehydrocoupling reaction of
ammonia borane and afforded a polymeric white solid product (P2) and
corresponding copolymer (P3) was synthesized by a mixture of N-
methylamine-borane and ammonia borane. The linear polymeric structure
was reported by detailed structural analysis of polymers P1, using various
mass spectrometric techniques, such as high-resolution ESI and nanospray
MS, solution and solid-state NMR, and IR spectroscopy methods.

[Cat]
n HiNEH; = —fFNH3-BHA4+ + nH;
(P2)
[Cat]
MeNH,BH; ————= —fMeNH-BHy 3+~ +nH,
(P1)
[Cat]
n HsNBH; + m MeNH,BH; ————= —FNH»-BH 37 r—tMeNH-BH 37— + (n+m) H;
(P3) nm=1:3ornm=1:1
O-P'Bu, 0-P'Bu, 0-P'Bu,
| H Hy H| H BH; | o, H
C| Ir, e O -Ir — O -1 'B‘H
H W H He (W | H
O-P'Bu, 0-P'Bu, 0-P'Bu,
£ Cc2 C3

Figure 1.2 Dehydropolymerization of amine-borane derivatives using Ir(POCOP) pin-
cer complex.
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Application of pincer metal complexes in catalytic transformations 5

Schneider group reported Ru—amido complex [Ru(PNP)(H)(PMes)]
(PNP = N(CH,CH,P'Pr,),) C4 (0.01 mol%) as catalyst in the dehydroge-
nation of ammonia borane with 0.83 equivalent of H, formation (TON
= 8300) and a pseudo-first-order reaction with 21s~' TOF value
(Fig. 1.3) [40] whereas catalyst loadings of 0.1 mol% (C4) produce slightly
more than one equivalent of H,. A MAS-""B NMR and IR spectra pre-
dicted the formation of a polymeric dehydrocoupling product
(BH,NH,),, along with small amounts of borazine. A concerted mecha-
nism of the NH and BH bond cleavages is predicted in the rate-
determining step. The mechanistic studies disclosed that at the early stage
of the reaction only trans-dihydro amino complex (C5) was formed. The
same group later explored the details of the mechanism of the reaction
based on the kinetic studies, control experiments, and the DFT calculation
[41].

Yamashita group developed a boron-based pincer ligand with iridium
catalyst for the AB dehydrogenation reaction [42]. In the presence of
KO'Bu, a stoichiometric amount of dimethyl amine-borane (DMAB)
converted into cyclic dimer (Me;N—BH,),, with a trace amount of BH
(NMe,),. Under catalytic condition 2 mol% of C6/KO'Bu (1/1.5) under-
goes dehydrogenation of DMAB with quantitative conversion within
10 min and H, was evolved immediately upon mixing the substrate and
catalyst. Reducing the catalyst loading to 0.5 mol% resulted in 65% of the
conversion after 3h at 23°C whereas at 60°C improved to 83%.
Although the quantitative conversion of DMAB to a cyclic product at
60°C after 3 h was observed in a concentrated reaction medium by reduc-
ing the volume of THF solvent. Monitoring the catalysis reaction by ''B
NMR spectroscopy depicted that DMAB, dehydrogenated cyclic dimer,
linear dimer (HMe,N—BH,—NMe,—BHj3), monomer (Me,N = BH,),

H
[Ru] -B.
HiB-NHy ——= [HBNHg, + T N
HB., .BH
N
H
H
| (\rﬂ'ﬁi +H; ll\l'lH
PRP—RU—FPh: it ProP—RG—PPr,
PMe; -Ha H PMes
c4 cs

Figure 1.3 Dehydrogenation of ammonia borane to the polymeric dehydrocoupling
product using Ru(PNP) pincer complex.
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6 Pincer—Metal Complexes

and a small amount of BH(NMe,), were formed. In the first 5 min, con-
version of DMAB to the linear dimer and subsequent cyclization to the
cyclic dimer was observed with 77%, and almost full conversion was
achieved after 3 h. The complex C6 shows an initial TOF of 3400 h™ ' in
2 min using 0.5 mol% catalyst loading.

A probable mechanism was proposed where complex C6 was activated
by KO'Bu to generate the three-coordinated “T-shaped” (PBP) iridium(I)
species (C7) and followed by coordination to a DMAB molecule through
its nucleophilic B—H ended in a n* fashion forming C8. The N—H pro-
ton in coordinated DMAB was transferred to the iridium center formed
an iridium hydride intermediate (C9) and followed by dissociation of the
dehydrogenated monomer Me,N = BH, and generated the dihydride
complex C11 via tetrahydride intermediate C10. A coupling reaction of
DMAB and the dehydrogenated monomer to produce the linear dimer
(HMe,N—BH,—NMe,—BH3) and spontaneously transformed into the
cyclic dimer by releasing an additional equivalent of H, was proposed
(Fig. 1.4).

In 2016, the Velez group reported RhH {xant(P'Pr,),} complex (C12)
for the same reaction where 1 mol of molecular hydrogen was released
per mole of ammonia borane and dimethylamine borane with TOF at
50% conversion of 3150 h™' and 1725 h™', respectively [43]. The dehy-
drogenation of ammonia borane yielded poly(aminoborane) as a white,
insoluble product whereas dimethylamine borane dehydrogenation

\}_(

M H N
N._N ‘BUOK N, N HsB-NMe.H A
? N B —_— '‘Bu, F'—*,‘R_’P’Bu;
‘Bup P—Ir—Pi,, Bu, P—Ir——Pigy, HigH
H Cl B
&5 c7 HMEgN H C8
MBQN BHz
HsB-NMeoH T HB=NMe, -------- > HB-NMe,
H, \

i H e
(U e iy e (i

Bu, P—Ii—Pigy, -H: 'Bu, Y Bu, F’_—“ __P’Bu

H H HyH
2 H25=NM62

B
cn c10 MEZN H ce

Figure 1.4 Dehydrogenation of dimethylamine borane to a cyclic product using Ir
(PBP) complex.
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Application of pincer metal complexes in catalytic transformations 7

afforded the dimer [H,BNMe,], and no traces of the linear diborazane
H;B—NMe,—BH,—NHMe, were observed at any point of the reaction,
which suggests an off-metal dimerization of H,B = NMe,. Additionally,
the same catalyst also used for the transfer hydrogenation reaction where
1:1 ammonia borane/cyclohexene mixture initially undergoes the selec-
tive dehydrocoupling of ammonia borane, and subsequently the generated
molecular hydrogen reduces the olefin with a TOF 50% value of 12 h™".
During the tandem process, no formation of any borylation product was
observed, which is also consistent with the release of H,BNH, and
experiences polymerization out of the coordination sphere of the metal,
initiated by a nucleophile.

The detailed DFT calculation revealed the mechanism wherein the initial
step complex C12 dissociated the oxygen atom of the diphosphine ligand to
afford the tricoordinated T-shaped intermediate C13 followed by the subse-
quent coordination of ammonia borane to form C14, which homolytically
added the coordinated B — H bond, to afford the dihydride intermediate C15,
and contained a stabilized boryl ligand. The five coordinated rhodium(III)
complex C15 evolved into the hydride — dihydrogen intermediate C16,
which upon release of the dihydrogen ligand regenerates C13 to complete the
cycle (Fig. 1.5).

Weller group in 2019 showed that the [Rh(PONOP)(1>-H,)]|[BAr",]
precatalyst C17 (2 mol%) can quantitatively dehydrogenate H3;B-NMe,H
to [H,BNMe;|, [44]. In the proposed mechanism, first the deprotonation
of the Shimoi-type amine-borane o-complex (C18) occurred by amines
to form a metal—hydride intermediate (C19) and ammonium salt along
with the dehydrogenated aminoborane product, which then formed a
cyclic final product in either of two pathways, which includes a nucleo-
philic attack on boron via a boronium route or deprotonation of the
o-bound amine-borane via an ammonium route. Lastly, the ammonium
salt transferred the proton to Rh-H intermediate (C19) to form dihydro-
gen complex C17 (Fig. 1.6).

In addition to catalysts of 2nd- and 3rd-row transition metals, a variety
of earth-abundant metal-based catalysts have also been employed for the
dehydrogenation of ammonia borane.

Schneider Group in 2015 reported iron pincer complex [FeH(CO)
(PNP)] (PNP = N-(CH,CH,P'Pr,),) C20 for ammonia borane dehydro-
coupling reaction [45]. One equivalent of H, was released with TOF of
30 h~! from AB at room temperature without any additional activation,
such as base or irradiation. The full conversion was obtained with catalyst
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Figure 1.5 Dehydrogenation of ammonia borane using Rh(xantphos) pincer complex
and proposed mechanism.

loadings of 0.5 mol% and a maximum TON of 200 was achieved with
0.1 mol% catalyst loading where poly(aminoborane) was obtained as a
major product along with small amounts of borazine, polyborazylene,
cyclotriaminoborane, cyclodiaminoborane, and B-(cyclotriborazanyl)-
amine-borane. >'P and "B NMR spectroscopy revealed that free boron
moiety is coordinated by the dihydride intermediate (C23), which under-
goes the catalyst deactivation process. To improve the catalyst activities,
additional NMe,Et (Cat/ NMe,Et/AB = 1/4/500) was added and a
higher TON of 330 was observed without aftecting the selectivity of the
reaction. Complex C20 reacted with AB and formed resting state
iron—dihydride complex C22, which further dehydrogenated the ammo-
nia borane to H,, and transient aminoborane (H,B =NH,), which
underwent the polymerization via the intermediate C21. Catalyst C22
was also observed to form a deactivated product C23 with the addition of
free BH; (Fig. 1.7).
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Guan group reported a series of iron bis(phosphinite) pincer complexes
employed for the same reaction and observed an immediate gas evolution
when a solution of catalyst C24 in THF was mixed with a solution of AB
(20 equivalents) in diglyme at 60°C (Fig. 1.8) [46]. After 24 h, 2.5

HaBNMe H
= 0-P'BU; ™

|
Ve ci17
@
| NMe;H;

i

T
o
O-P'Bu
—+ Bl
0-PBu, i
Fu |
N-RR--H ¢
P ™ i o-PBu,
0-P'Bu, c19
Rt
c18 . /
\““‘-h = -
__.:::__"—_:—_‘_y Boronium
NidezH [H2B(NMe H).1*
of NP"I‘QZ_BBZ
Ammonium BHy —NMe,
HaB=NHMe,
'
CJ|'~.Il\c1eZH2

Figure 1.6 Dehydrogenation of amine-borane using Rh(PONOP) pincer complex and
proposed mechanism.
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Figure 1.7 Ammonia borane dehydrogenation using Fe(PNP) pincer complex.
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equivalents of Hy per AB was released. Complex C25 shows improved
catalytic activity whereas complex C26 is a superior catalyst in terms of
both rate and the extent of H, released. The ''B NMR spectrum of the
soluble materials shows the formation of borazine and polyborazylene as
products with cyclotriborazane (CTB) and B-(cyclodiborazanyl)aminobor-
ohydride (BCDB) in minor portions. The H, evolution from this process
using catalyst C26 gives 1.0, 2.0, and 2.5 equivalents of H; per AB in 1.5,
7, and 16 h, respectively. However, the amount of released H, still
increases after 12 h, suggesting that the lifetime of the catalytically active
species is longer. It was proposed that the active intermediate was formed
by removing one PMe,Ph unit from catalyst C26. Compared to the
uncatalyzed thermal reaction, the rate for the dehydrogenation of AB cat-
alyzed by C26 is about 50 times faster. The proposed rate-determining
step involves simultaneously breaking the N —H and B —H bonds of
AB, which results in the protonation of the ipso carbon and the transfer
of a hydride ligand from B to Fe, which is followed by the formation of a
dihydride species. At the final stage, the simultaneous C — H bond activa-
tion to restore the pincer framework completes the cycle by eliminating
one molecule of hydrogen, which is facile even at room temperature.

0-PPr, O-P'Pr, | 0-PPr,
H H H|
Fe-PMe; Fe PMe,Ph | [MeO Fe_PMe;Ph
| "PMe, | “PMe,Ph | “PMe,Ph
—p —pPi —P
co4 O-PPr o35 OPPr | co6 0-PPr;
0-PPr,
H| "
o - 2
BH.NH, MeO F|e P~ 4
‘| / 0-PPr, l
I
L1
*I /|
O—P\Prz
O-PPr. / N
M o meo— 79\—!’
1 — H H
MeO Fe—H_ NH
o | 3 0-PPr,
o-Pr, M2
L5
\"--‘\\ ,--"//
[NH;BH;]

Figure 1.8 Ammonia borane dehydrogenation using Fe(POCOP) pincer complex and
proposed mechanism.
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Baker group in 2019 reported that the reaction of Fe pincer complex
C27 with 20 equivalents of AB in THF at 60°C resulted in the immediate
observation of gas evolution and formation of insoluble poly(aminobor-
ane) [47]. After 2 h, the ''B{'"H} NMR spectrum revealed the formation
of borazine and polyborazylene along with a mixture of linear and
branched aminoborane oligomers. Dehydrogenation of methylamine-
borane (MeAB) also proceeded smoothly with the C27 precatalyst, albeit
with poor selectivity. Interestingly, ammonia borane dehydrogenation
reactions using precatalyst C28 showed lower activity but much greater
selectivity, yielding only the branched cyclic aminoborane tetramer
[B-(cyclotriborazanyl)amine-borane] in addition to borazine and polybor-
azylene. Furthermore, C28 was also reused for multiple times, although
longer reaction times were required to consume the second and third
batches of AB while maintaining high selectivity of the cyclic products.
Also, the same was employed for dehydrogenation of MeAB and tri-
methylamine borane (TMAB), which was selective for the cyclic products
with primarily CTB [(MeNHBH,);|, whereas no reaction was observed
with TMAB, suggesting that bifunctional N — H activation is integral to
the dehydrogenation pathway. The reaction of C29 with 20 equivalents
of AB at room temperature showed the same reactivity; however, after
1 h, a black precipitate was observed, indicative of catalyst decomposition.
Overall amido complex C29 was the most active catalyst but least
stable and complex C27 also showed limited catalyst lifetime, while less
active Fe—thiolate complex C28 proved to be the most robust under the
optimized conditions of amine-borane dehydrogenation (Fig. 1.9).

Peter group reported the dehydrogenation of HMe,N — BHj; cata-
lyzed by the Co pincer complex [48]. The reaction of C30 with
Me,NH — BH; in a 1:2 stoichiometric ratio afforded the quantitative

5 mol% cat [C27, C28]

NH3BH3 B,N,H
THF, 60 °C, 2h Eulebin
@ al
PMes; PMe, o PMe; ®
is: N \ o= E-Ni‘ \ e ’/_:::N \ h“::‘“-uh\\
A\
Fe—g— > §—Fe—s Fe—5=
|\ = SN \
~p S | PMe;
; —f’ Phe,
c28 c27 c29

Figure 1.9 Ammonia borane dehydrogenation using Fe(SNS) pincer complexes.
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formation of a hydridoborane tetrahydridoborate cobalt complex (C31)
accommodating a bridging hydride and an n*-BH, ligands confirmed by
NMR and X-ray crystallography. Me,NH — BHj stirred in CgDg with 2
mol% of C30 or C31 under inert atmosphere underwent initial dehydro-
genation to a linear product (HMe,N — BH, — Me,N — BH3), which
fully converted into (Me,N — BH,), in 6 h (TOF ~ 8h™'). C31 effec-
tively catalyzed both olefin hydrogenation and amine — borane dehydro-
genation and together afforded a transfer hydrogenation reaction. Equal
amounts of styrene and HMe,N — BH; were reacted in CgDg at 25°C
with 2 mol% of catalyst and after 24 h, styrene was hydrogenated to ethyl-
benzene quantitatively, and the dehydrogenated product (Me,N — BH,),
was observed (Fig. 1.10).

Weller group reported that the CoCl,(R,PCH,CH,),NH (R = Pr,
Cy) C32, C33 respectively complexes used for the H;B-NMeH, dehy-
drogenation under mild condition (0.4 mol% catalyst, 25°C, 1,2-F,CqH,
as solvent) in presence of 2 equivalents of an amine (NMeH,) with
respect to [Co], a linear (H,BNMeH),,, medium molecular weight poly-
mer was formed (47600 gmol™' and B = 1.5) in 60% yield with TOF
of 750 h™" for complex C32 and 3700 h™' for C33 [49]. A 10 g scale
reaction was performed under the optimized condition using precatalyst
C33 which afforded an off-white polymer of molecular weight of
74200 g mol ', The mechanism was proposed where metal—ligand coop-
erativity played a significant role in the substrate activation and dehydro-
genation process (Fig. 1.11).

Fout and Melchor group explored a Co complex (C34) with monoa-
nionic bis(carbene) aryl pincer ligand for the dehydrogenation of AB

H

N, N —N._.N
e BHNMeH -B T!
Bup—Co—PBy, " BlP—Co—PBL,
H H\B/H

N cao HH  ca
H o H (Col Me,N—BH,
Me=Bh, T HB—I‘!IMe e
7 2 2

" [HMe N-BH,-MeoN-BHs]

Figure 1.10 Amine-borane dehydrogenation using Co(PBP) pincer complex.
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Figure 1.11 Amine-borane dehydrogenation using Co(PNP) pincer complex and pro-
posed mechanism.
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Figure 1.12 Ammonia borane dehydrogenation using Co(CCC) pincer complex and
proposed mechanism.

catalytically and reported that 1.7 equivalents of H, per AB was released
in THF at 60°C and afforded both soluble (borazine and polyborazylene)
and insoluble (poly(aminoborane)) BN-containing species [50]|. The con-
trolled reaction of C34 with a stoichiometric amount of AB in THF
yielded a hydride—amidoborane Co complex (M*“CCC)CoH(NH,BH3)
(C35), which was isolated and characterized (Fig. 1.12).

1.3 Dinitrogen activation using pincer ligands

Nitrogen is one of the most abundant elements in the earth’s atmosphere;
however, due to the chemical inertness, its high bond dissociation energy
(945 KJ/mol), low proton affinity, nonpolar character and high HOMO-
LUMO gap, its fixation or transformation to functionalized molecules
such as ammonia, hydrazine or other fine chemicals are thermodynami-
cally very demanding [51,52]. Ammonia production from dinitrogen is
one of the most important chemical transformations that have a direct
impact on human society. Ammonia is used for the production of fertili-
zers, which are essential to provide feedstocks for the world’s expanding
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14 Pincer—Metal Complexes

population [53,54]|. Industrially, ammonia 1is synthesized by the
Haber—Bosch process, from the reaction of dinitrogen and dihydrogen
gases in the presence of a heterogeneous catalyst in harsh reaction condi-
tions (high temperature and high pressure) [55]. Therefore the develop-
ment of more energy-efficient and ambient conditions for the reduction
of dinitrogen to ammonia is one of the most important and challenging
chemical transformations in the century.

In contrast to the many reports on the stoichiometric reactivity of
transition metal-bound dinitrogen complexes, there are only a few exam-
ples reporting the catalytic transformation of dinitrogen using these com-
plexes under ambient reaction conditions [52,56—70]. In 2003, the
Schrock group reported the successful catalytic reduction of dinitrogen
into ammonia under ambient conditions using a molybdenum—dinitrogen
complex bearing a bulky HIPT-substituted triamidoamine ligand as a cat-
alyst, along with 2,6-lutidiniumtetrakis|[3,5-bis(trifluromethyl) phenylbo-
rate] (([LutH]BAr",) as a proton source and CrCp,* as a reducing agent
[71]. Recently, pincer-based metal compounds have attracted their appli-
cation in dinitrogen activation chemistry, which is developing with time.
In this section, we have disclosed the important dinitrogen activation
reactions by using several reported transition metal pincer complexes.

1.3.1 Catalytic dinitrogen activation using Mo pincer catalyst

After the Schrock’s report, in 2010, a significant breakthrough has been
achieved in this field by Nishibayashi and co-workers using Mo—PNP-based
pincer ligand [72]. Mo—PNP—N, bridged binuclear pincer catalyst C36
(0.01 mmol) (PNP = 2, 6-bis(di-tert-butylphosphinomethyl)pyridine), under
excess proton source as [LutH]OTf (0.96 mmol) and reductant as CoCp,
(0.72 mmol) afforded 12 equivalents of ammonia with respect to catalyst
whereas by increasing the [LutH]JOTf (2.88 mmol) and CoCp;, (2.16 mmol),
it afforded 23 equivalents of ammonia; however, dihydrogen is also detected
as a side product. In 2012, the same group reported that substitution of the
tert-butyl (‘Bu) group by adamantyl (Ad) group to one of the P-arm of cata-
lyst C37 afforded 14 equivalents of ammonia under similar condition [[LutH]
OTf (0.96 mmol) and CoCp, (0.72 mmol)] while with a large excess of
reagents [LutHJOTf (288 equivalents) and CoCp, (216 equivalents), it
afforded only 16 equivalents of ammonia based on the catalyst C37. Other
system containing —Ph (C38), —Cy (C39), and —'Pr (C40) substituents were
found to be a less effective catalyst (Fig. 1.13) [73].
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Figure 1.14 Mononuclear N, bound Mo pincer complexes and N, bridged binuclear
Mo pincer complexes.

The mononuclear—molybdenum complex bearing PNP pincer ligand
C41 (0.04 mmol) reported by the Nishibayashi group yielded 1.38
equivalents of NHj based on Mo using H,SO, as proton source at room
temperature (Fig. 1.14) [74]. The complexes C42 and C43 bearing PNN
ligand also afforded ammonia in a lower amount (0.20, 0.25 equivalents/
Mo respectively) compared to C41 under the similar condition [75].
Nishibayashi group observed that the introduction of electron-donating
methoxy(-OMe) group at the 4-position of pyridine moiety of catalyst
C36 dramatically increased the yield of ammonia [76]. Up to 52 equiva-
lents of ammonia were produced based on the catalyst C44 together with
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Figure 1.15 Mononuclear Mo—nitride pincer complexes.

dihydrogen as a side product using 360 equivalents of CoCp, and 480
equivalents of [LutH]OTY, while the introduction of the ferrocene group
at the 4-position of PNP moiety of catalyst C36 gave up to 45 equivalents
of NHj3 based on catalyst C45 (using 288 and 384 equivalents of CoCp,
and [LutH|OTHY, respectively) [77]. This two subsequence studies depicted
that the introduction of an electron-donating moiety, —OMe group,
onto the pyridine ring of the PNP-pincer ligand likely accelerates the
protonation step of dinitrogen, while the introduction of a redox-active
ferrocene site to the pyridine ring of PNP-ligand likely accelerates the
reduction steps in catalytic nitrogen fixation. A modified ligand system
was reported by Nishibayashi where the ligand pincer phosphine donor
was replaced by arsine donors C46, which feature a large element and
bearing poorer o-donating/T-accepting ability. 0.6 equivalent/Mo of
NH; was formed when complex C46 was treated with an excess amount
of H,SO4 (0.94 mmol), and the maximum 1 equivalent/Mo of NH; was
formed when the reaction was performed with varying equivalents of
CoCp, and [LutH]OTT [78].

In 2015, the Nishibayashi group synthesized a series of Mo—nitride com-
plexes (Fig. 1.15), among which catalyst C47 containing mer-tridentate tri-
phosphine (PPP) ligand was found to be a more effective catalyst for
dinitrogen reduction where up to 63 equivalents of NH3/Mo was yielded
using CoCp*, (540 equivalents), [CoIH]JOTf (720 equivalents) under atmo-
spheric dinitrogen pressure [79]. The anionic POCOP—Mo—nitride com-
plex C48 reported by Schrock and co-workers afforded only 0.3 equivalent/
Mo of ammonia by treatment with [LutH]BAr', and CrCp*, and 0.34
equivalent/Mo by treatment with [LutH]OTf and CoCp, [80].

[MolI3(PNP)] C49 complex was reported by the Nishibayashi group,
which afforded up to 830 equivalents of ammonia based on the catalyst,
when 0.001 mmol of the catalyst was treated with [CoIH]OTf (2880
equivalents) and CoCp*, (2160 equivalents) under 1 atm dinitrogen pres-
sure [81].
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PCP-type pincer ligands, comprise both diphosphine donors and N-
heterocyclic carbene, a Mo complex C50, aftorded up to 200 equivalents
of ammonia based on the catalyst, whereas the electron-donating methyl
group in the benzene ring, C51, gave a slightly higher yield of ammonia
than C50 (230 equivalents of ammonia based on the catalyst) using
CrCp*5, (1440 equivalents) and [LutH]JOTf (1920 equivalents) under dini-
trogen atmospheric pressure [82].

Nishibayashi and co-workers designed a Mo—triiodide complex C52
bearing PCP ligand, which afforded 49 equivalents/Mo of NHj; upon
treatment with 180 equivalents of CoCp*, and 240 equivalents of [ColH]
OTf. The halide congeners [MoCl;(PCP)| (C53) showed less reactivity
(34 equivalents/Mo of NHj3) under similar reaction conditions. However,
the addition of 3 equivalents of Nal to C53 showed better catalytic activ-
ity (50 equivalents/Mo of NHj;) and selectivity for ammonia formation.
The reaction of C53 with 3 equivalents of Nal with large excess of
CoCp*, (720 equivalents) and [CoIH]OTT (960 equivalents) afforded 167
equivalents/Mo of NHj [83].

As an extension of their work, the introduction of EWG (-Ph) and
redox-active (Fc) group onto the 4-position of catalyst C49 substantially
increased the ammonia formation where catalyst C54 and C55 worked as
a more effective catalyst than C49 under the similar reaction conditions,
and using 360 equivalents CoCp, and 480 equivalents [CoIH]OTT, up to
90, 83 equivalents/Mo of ammonia was formed on catalyst C54 and C55,
respectively, while C49 gave slightly lower yield (66 equivalents/Mo) of
ammonia formation [84]. While the use of ferrocene-linked bis(molybde-
num-triiodide) ligand C56 afforded a lower catalytic yield of ammonia
(up to 45 equivalents/Mo) than the corresponding mononuclear complex
C49 or C55, under similar reaction conditions (Fig. 1.16) [85].

Tuczek group reported the catalytic ammonia synthesis from dinitro-
gen using Mo complex supported by PN’P pincer ligand where 3.12
equivalents of ammonia were formed using catalyst C59 (0.01 mmol),
CrCp*, (36 equivalents) as reductant and [LutH|OTf (48 equivalents) as a
proton source, while with catalyst C57 and C58, only a stoichiometric
yield of ammonia (0.51 and 0.44) was formed [86]. No improvement was
observed with large excess of reagents CrCp*, (110 equivalents) and
[LutH]OTf (146 equivalents).

In place of a strong acid, an effort to use H,O as a proton source was
employed by the Nishibayashi who recently explored the coupling of
water oxidation with dinitrogen fixation [87]. Upon water oxidation with
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Figure 1.16 Mononuclear and binuclear Mo pincer complexes employed for N,
activation.

[Ru] complex, [Ru(bda)(isoq),] (bda = 2,2'-bipyridine-6,6"-dicarboxylate,
isoq = isoquinoline), H™ was generated that combined with [Lut] to form
[LutH]" and it further combined with C36 and yielded 8.5 equivalents/
Mo of NHj and this yield was similar to that with purified [LutH]OTf
(9.7 equivalents of NHj3). Using a large excess of reagents up to 17.1
equivalents of NHj3 was generated.

Visible light-driven water oxidation was also studied using [Ru(bpy)s]
(OTY), (bpy = 2,2"-bipyridine) as the photosensitizer and Na,S>Oyg as a sacri-
ficial oxidizing agent. The catalytic reaction of dinitrogen gas with in situ
generated proton source [LutH]", reductant as CoCp,, and Mo—catalyst
C36 was examined, and 6 equivalents of NHj was formed (Fig. 1.17).

On the continuation of the previous work, they utilized Sml, as a
reductant source with polar protic H donors (alcohols or water) [88].
The reaction of N, with ethylene glycol, Sml,, and catalyst C60 gener-
ated NHj at a TOF of 117 min~'. Treatment of N, with catalyst C60,
Sml, (14,400 equivalents), and H,O in THF for 4 h at room temperature
afforded 4350 equivalents of NHj in 91% vyield. This catalytic system
using Sml,/H,O, efficient reduction, and protonation was proposed to
proceed via a proton-coupled electron transfer (PCET) mechanism.

In 2020, Nishibayashi and co-workers have synthesized mononuclear
Mo complexes bearing anionic pyrrole-based pincer ligands C61, C62,
and dimeric Mo—PNP complex C63 and explored for dinitrogen
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Figure 1.17 Ammonia synthesis from N, using water as a proton source.

activation, employing Sml, as reductant and H,O or alcohol as a proton
source, where up to 12.2 and 11.2 equivalents/Mo of NHj was formed
using C61 as a catalyst with ethylene glycol and H,O, respectively (using
180 equivalents each of reductant and proton source). While complex
C62 and C63 afforded slightly lower yield of NH; (7.3 and 6.9 equiva-
lents of NHj3 on C62 and C63 using ethylene glycol and 2.6 equivalents
of NHj; each on C62 and C63 using water as proton source based on Mo
atom of catalyst respectively) under the similar reaction conditions
(Fig. 1.18) [89].

1.3.2 Catalytic dinitrogen activation using 3d metal pincer
catalyst

In 2016, the Nishibayashi group reported the catalytic nitrogen fixation
using Fe—dinitrogen complex C64 containing anionic pyrrole-based PNP
pincer ligand [90]. Although no fixed N products were obtained using
conditions similar for their Mo system (i.e., [LutH]JOTf and CoCp,) but
up to 14.3 equivalents/Fe of NHj; was formed, using 184 equivalents of
[H(Et,O),][BAr',] and 200 equivalents KCy with 37% efficiency. The
N,H, was also formed during the process but the ratio of NHj3 versus
N,H, depends mainly on the nature of the solvent like in THF, hydra-
zine was formed in the major amount relative to Et,O. The Fe—H com-
plex C65 and the protonated pyrrole—backbone complex C66 were also
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Figure 1.18 Ammonia synthe5|s from N, using Smlz as a reducing agent and water
or alcohol as a proton source.

used as a catalyst for the same reaction but yielded a lower amount of
NH; as compared to C64 (3.0 and 2.6 equivalents of NH; was formed
per Fe using 38 and 40 equivalents of proton source and reductant,
respectively).

Later on, the same group also reported that the introduction of —Me
group at 3, 4—position of pyrrole ring C67 can inhibit the protonation at
the pyrrole backbone, which produced a higher yield 22.7 equivalents/Fe
of ammonia (using 184 and 200 equivalents of proton source and reduc-
tant, respectively) [91]. Although the introduction of —Me substituents to
pyrrole backbone improved the yield of ammonia formation, the
electron-rich pyrrole remained the thermodynamically favored site for
protonation. Further effort to prevent protonation by replacing electron-
rich pyrrole ring by carbazole moiety C68 yielded only 3.2 equivalents/
Fe of NHj (using 76 and 80 equivalents of proton source and reductant,
respectively) (Fig. 1.19) [92].

Nishibayashi group also studied the Co pincer complex catalyzed dini-
trogen fixation using the same bis-(phosphino)pyrrole system [93]. The
efficiency of Co-congener C69 was found to be similar for that Fe com-
plex C64, where up to 15.9 equivalents of NHj; were formed based on
the catalyst C69 by using a large excess of 200 equivalents of KCg and
184 equivalents of [H(Et,O),]BAr",, while the other Co-congeners (C70,
C71, C72) produced a lower yield of NH; (3.1, 2.2, 2.0 equivalents/Co
of NHj, respectively using 40 equivalents of reductant and 38 equivalents
of proton source).
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Figure 1.19 Ammonia synthesis from N, using Co and Fe pincer complexes.

Budzellar and co-workers reported the bridging dinitrogen—
chromium diiminepyridine complex C73 [94], which underwent a further
two-electron reduction followed by one-hydrogen-atom transfer from
one of the four imine methyl group to the dinitrogen moiety to afford
complex C74, which on further reduction with 3 equivalents of NaH
under dinitrogen pressure afforded complex C75. Complex C75 upon
acidic hydrolysis with HCI and NaBPhy finally produced ammonium ion.
The formation of monosodium and disodium amide complexes C76 and
C77 were further observed by eventual cleavage of complex C74 with
1 equivalent of NaH (Fig. 1.20).

1.3.3 Catalytic dinitrogen fixation using earlier transition
metals (V, Ti, Zr)

In addition to molybdenum and late transition metal—dinitrogen com-
plexes, earlier transition metal complexes (vanadium, titanium, and zirco-
nium) also show catalytic activities for the reduction of dinitrogen to
ammonia. Nishibayashi and co-workers reported the mononuclear
vanadium—aryloxy complex C80 bearing anionic pyrrole-based PNP
ligand, which showed the best catalytic activity among all other V com-
plexes (C78—81) and produced 12 equivalents of ammonia and 1.8
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Figure 1.20 Dinitrogen activation and partial reduction using Cr pincer complex.

equivalents of hydrazine based on the vanadium atom using 200 equiva-
lents of KCg and 184 equivalents of [H(Et,O),|BAr"; while other V com-
plexes produced a lower yield of ammonia (3.5, 4.6, and 6.6 equivalents/
V of NHj; on catalyst C78, C79, and C81, respectively) [95].

In contrast, mononuclear and dinitrogen-bridged titanium and zirco-
nium complexes (C82—C85) bearing anionic pyrrole pincer ligand and
Cp ligand gave only stoichiometric amount of ammonia and hydrazine
under similar reaction conditions. The dinitrogen-bridged Zr complex
C85 gave a slightly higher yield of ammonia (1.3 equivalents/Zr) as com-
pared to dinitrogen-bridged Ti complex C83 (one equivalent/Ti). While
mononuclear Ti complex C82 and dichloro-bridged Ti complex C84
gave very lower yield, 0.13 and 0.31 equivalents/Ti of NHj, respectively,
using 40 equivalents of KCy and 38 equivalents of [H(Et,O),|BAr,
(Fig. 1.21) [96].

Hou and co-workers reported that PNP-ligated titanium complex
C86 can serve as an unique platform for dinitrogen activation [97]. DFT
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Figure 1.21 Ammonia synthesis from N, using Ti, V, and Zr pincer complexes.

calculations revealed that the transformation of the dinitrogen unit in
C87—""N, to the imidio/nitrido species in C88—""N, is initiated by the
hydrogenation of the dinitrogen unit with an external H, with subsequent
release of another molecule of H, from the Titanium framework and sub-
sequent cleavage of the N—N bond, which constitutes the first example
of N, cleavage and hydrogenation by H, without the preactivation of N,
by other reducing agents (Fig. 1.22).

1.3.4 N—X bond formation with metal nitride in pincer
complexes

Schneider group reported that the addition of alkyl triflates to Re—nitride
complex C90 leads to N, functionalization [98]. DFT calculation suggests
that the reduction of complex C89 forms a dimer [(PNP)CIRe(N,)ReCl
(PNP)], which is the reasonable intermediate that undergoes subsequent
N—N scission to afford Re—nitride complex C90. The high stability of
the Re—nitride bond did not allow for ammonia formation by hydrolysis
or hydrogenolysis; however, nitride functionalization can be achieved by
an electrophilic attack of MeOT{ to afford C—N bond formation product
C91. Later the same group also reported the synthetic cycle for the
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N=G—CHs

transformation of N, to acetonitrile in the presence of base [KN(SiMej),]
and chlorinating agent N-chlorosuccinimide (NCS), which describes a
new strategy for dinitrogen functionalization to valuable chemicals beyond
ammonia (Fig. 1.23) [99].
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Figure 1.24 Photolytic and electrochemical splitting of N, to nitride and formation
of benzonitrile/benzamide.

In 2018, the Schneider group reported the electrochemical and photo-
Iytic splitting of N to corresponding benzonitrile/benzamide in an overall
61% vyield with respect to nitrogen [100]. The reduction of [(PNP'Pr)
ReCls] [PNPPr = HN(CH,CH,P'Pr,),], C92 under N, atmosphere did
not yield nitride species and a bridging dinitrogen complex [(PNP'Pr)
ReCl»(1-N,) C93 was isolated in presence of CoCp*,, which upon irra-
diation with visible light undergoes photolytic N—N triple bond scission
and nitrido complex (PNP'Pr)Re(N)Cl, (C94) was formed. Subsequent
heating of C94 with 2 equivalents of PhC(O)CI at 80°C in 1,4-dioxane
over 15h vyielded rhenium(Il) complex C95 along with benzamide
(30%) and a benzonitrile (64%), which accounts for 94% of the nitride
ligand. The products PhCN and PhCO,H were formed by the reaction
of benzamide with benzoyl chloride, which reveals that PhC(O)NH, is
the possible intermediate product of nitride benzoylation and 2e” /2H™
transfer from the pincer ligand (Fig. 1.24).

Miller and co-workers in 2019 reported the ammonia (74% yield) syn-
thesis from the Nj-derived rhenium nitride complex upon treatment with
Sml,/H,O [101]. The reaction pathway involved the reductive formation
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of a bridging N, complex from (PONOP)ReCl; C96, photolytic N,
splitting, and PCET reduction of metal nitride bond to form C99 and the
ammonium ion in 74% yield (Fig. 1.25).

1.3.5 Catalytic silylation of dinitrogen using transition metal
pincer complexes

The silylation of the metal-bound N, to functionalizing silyl amines N
(SiR3)3, which can be hydrolyzed to NHj, is an alternative approach. In
place of using proton and electron equivalents, the commonly available
silylating reagents and any strong reductant (e.g., Li, Na, K, KCg) play a
significant role.

Meézailles and co-workers reported the catalytic reduction of dinitro-
gen into silyl amines [102], using Mo complex bearing tridentate PPP-
pincer ligand and cyclic silylated hydrazido complex C100 produced up
to 39 equivalents of NH, " per Mo after acid hydrolysis using 400 equiva-
lents of K and 200 equivalents of SiMe,CICH,CH,SiMe,Cl. The Fe-
congeners were also found to be an effective catalyst for the same reaction
where up to 32 equivalents of N(SiMej); were yielded using catalyst
C101 and 600 equivalents each of K and Me;SiCl, respectively [103].

Iron- and cobalt—dinitrogen complexes bearing PSiP-type pincer
ligand C102 and C103 reported by Nishibayashi yielded up to 26 and 41
equivalents of N(SiMes)s using 600 equivalents each of K and SiMe;Cl,
respectively [104]. The anionic pyrrole Fe—PNP pincer complex C64
afforded up to 33 equivalents of N(SiMe;);. The Rh—dinitrogen conge-
ner C104 yielded up to 23.2 equivalents/Rh of NHj after acid hydrolysis
(using 1.5 mmol of KCg and Me;SiCl, at —40°C) [105]. Fenske group
reported the dinitrogen silylation catalyzed by bis(silylene)-based [SiCSi]
pincer hydrido Fe(Il) dinitrogen complex C105, which afforded up to
74.4 equivalents/Fe of N(SiMej); using 1800 equivalents/catalyst each of
KCg and Me;3SiCl, respectively, in dioxane at 25°C for 150 h (Fig. 1.26)
[106].
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Figure 1.25 Sml,/H,O proton-coupled electron transfer (PCET) reduction of
Re — nitride complex to NH,*.
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Figure 1.26 Catalytic silylation using various transition metal pincer complexes.

1.4 Pincer complexes as hydrogenation catalyst

Apart from the dehydrogenation reaction, pincer complexes have also
been employed as catalysts for the hydrogenation reaction. Under hydro-
gen pressure, a different type of organic molecular functionality undergoes
hydrogenation that has several advantages over the classical hydrogenation
reaction like atom economic process, sustainable, and less waste. The pin-
cer ligand having a proton-responding arms or the metal ligand coopera-
tivity plays a significant role in the hydrogenation reaction of the small
organic molecule, where molecular dihydrogen cleaves heterolytically to
proton and hydride and transfers to the organic substrate. This section
describes the catalytic hydrogenation of ester, amides, carbamate, urea,
nitriles, and alkyne groups mediated by pincer complexes.

1.4.1 Ester hydrogenation

The hydrogenation of ester was first demonstrated by the Milstein group
in 2006 using Ru—PNN pincer complex C106 as a catalyst under the
hydrogen pressure of only 5.3 bar and base-free condition [107]. Various
ester substrates are hydrogenated to corresponding alcohols, although later
Robertson group employed the same catalyst for the hydrogenation of
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polyesters that have significant development in terms of practical applica-
tion [108]. Several other Ru-based pincer complexes are reported in the
literature [109—112]. Beller group reported the Ir—MACHO complex
(C107) for the hydrogenation of a variety of esters, including heterocyclic
esters in the presence of a catalytic amount of base and under a hydrogen
pressure of 50 bar at 130°C for 18 h [113].

In 2014, Milstein group reported hydrogenation of trifluoroacetic
esters using nonprecious transition metals of a Fe—PNP pincer complex
trans-[Fe(PNP)(H),(CO)] C108 under mild reaction conditions, which
produced corresponding trifluoroethanol with 0.05 mol% of catalyst load-
ing corresponded to a TON of 1280 [114]. Beller [115] and Guan [116]
independently reported broad-scope hydrogenation of nonactivated esters
catalyzed by an iron aliphatic pincer complex [Fe(PNHP)(H)(CO)(BH,)]
C109 with no added base. Beller and co-workers studied the catalytic
activity of Fe complex with a “MACHO” ligand with difterent substitu-
ents on the P arms and showed that ethyl substituted complex C110 was
the most active one [117]. No additional base was required and several
aromatic cycles, heterocyclics, and olefins functionality along with lactones
and diesters were also suitable for hydrogenation. In 2015, the Milstein
group first reported the ester hydrogenation reaction to alcohol catalyzed
by Co—PNNH pincer complex C111 where a 25 mol% of base was
required to activate the substrate via the formation of enolate intermediate
[118]. Jones group reported the Co—MACHO complex C112 as catalyst
under H, (55 bar) in THF at 120°C for the hydrogenation of esters with-
out any additive where the biomass-derived cyclic ester efficiently con-
verted to corresponding diol product with a TOF of 3890 [119]. In 2016,
the Beller group first reported the ester hydrogenation reaction using the
Mn pincer complex [120]. A Mn—MACHO pincer catalytic system C113
enabled the effective and selective hydrogenation of various aromatic and
aliphatic esters as well as diesters and lactones. In 2017, the Milstein group
also reported Mn(PNNH) catalyst C114 for the same transformation
under mild reaction conditions (100°C, 20 bar) (Fig. 1.27) [121].

1.4.2 Amide hydrogenation

In 2010, the Milstein group first reported the efficient hydrogenation of
amides to form corresponding amines and alcohols by N—C cleavage,
using a dearomatized Ru pincer complex C115 (1 mol%) with 10 atm of
hydrogen pressure, in THF at 140°C [122]. Various types of heterocyclic
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Figure 1.27 Catalytic hydrogenation of ester to alcohol using various transition
metal pincer complexes.

and aromatic functionalized amide substrates were tolerated under the cat-
alytic condition. The very recently same group also reported the amide
hydrogenation under extremely milder condition (RT, 5 — 10 bar of H,)
catalyzed by well-defined ruthenium—PNNH pincer complex C116
(0.5 mol%), which shows potential dual modes of metal — ligand coopera-
tion [123]. Beller group also reported a Ru—PNN catalyst C117 bearing
an imidazolylaminophosphino ligand for the hydrogenation of a range of
amides under base-free conditions in high yields [124].

In 2016, Langer reported the iron pincer (Fe—MACHO—BH;) cata-
lyst C110 for amide hydrogenation with a hydrogen pressure of 50 bar in
THF at 70°C—100°C without any external additives [125]. Whereas
Milstein group employed Fe—PNP complex C118 under 60 bar hydro-
gen pressure and catalytic amounts of KHMDS as a base in dioxane at
140°C for the hydrogenation of activated amides to corresponding amines
and alcohols via N—C bond cleavage [126]. Bernskoetter group reported
an iron(ll) hydride amido complex (PrPNP)Fe(H)CO (PrPNP = N
[CH,CH,(P'Pr,)]») C119 for the selective catalytic deaminating hydro-
genation of amides with TONs over 1000 for multiple substrates and
more than 4000 TONs was obtained for activated formanilides [127].
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In 2017, the Beller group reported an Mn—PNN pincer catalyst C120
containing an imidazolyaminolphosphino ligand that showed high activity
and selectivity in the hydrogenation of a wide range of secondary and ter-
tiary amides via deamination pathways under mild conditions [128].

Deoxygenated hydrogenation of amides (C—O bond cleavage) is an
efficient method to access the corresponding amines in a single-step pro-
cess, although the low electrophilicity of the amide carbonyl group and
the competitive C—N bond cleavage make this transformation more chal-
lenging. Zhou group reported a well-defined iridium catalyst C121 bear-
ing a2 (POCOP) pincer ligand combined with B(CgFs); as Lewis acid for
the chemoselective deoxygenated hydrogenation of amides to amine
under mild reaction conditions [129]. Later Milstein group reported the
same reaction with high efficiency and selectivity using an dearomatized
Mn—PNP pincer complex C122 in presence of Lewis acid B(C4Fs)3
under 50 bar of hydrogen pressure (Fig. 1.28) [130].
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Figure 1.28 Catalytic hydrogenation of amide using various transition metal pincer
complexes.
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1.4.3 Hydrogenation of urea, carbamate, carbonate, and
imides derivatives
In 2011, the Milstein group reported the first example of catalytic hydro-
genation of urea derivatives. Selective formation of methanol and the cor-
responding amines takes place by the cleavage of the robust C—N bonds
under mild and neutral conditions [131]. Using dearomatized bipyridine-
based Ru—PNN pincer complex C115, urea derivative underwent
hydrogenation in presence of H, (13.6 atm) at 110°C for 72 h afforded
high yield of methanol and corresponding amines. Later the same group
also reported the hydrogenation of cyclic urea (ethylene urea) to metha-
nol and ethylenediamine in quantitative amounts using aromatized
Ru—PNN complex C115a in the presence of 60 bar H, pressure for 1.5
days under elevated temperature [132]. In the same year, they also
reported that by the hydrogenation of organic carbonate derivatives by
using the same complex C115 as well as with Ru—PNN dearomatized
complex C106a, C—O bond was cleaved to afford methanol and the cor-
responding alcohol derivatives with higher TON up to 4700 [133]. The
same catalyst was also active for the hydrogenation of the carbamate deri-
vatives and afforded the methanol and corresponding amine with alcohol
derivative under the mild condition in good yields. Ding group also
reported the hydrogenation of the cyclic carbonate using Ru—MACHO
catalyst C123 under 50 bar of hydrogen pressure and afforded methanol
and diol in good yields. Highest TON of 87,000 and a TOF of 1200 h™"
were achieved on decreasing the catalyst loading to 0.001 mol% [134].
Milstein group also reported the hydrogenation of organic carbonates
to the corresponding alcohol and methanol using Mn—PNNH complex
C114 under 30 bar of H, pressure in the presence of a catalytic amount of
base at 110°C for 30 h [135]. Leitner group reported the hydrogenation
of the cyclic carbonate using the Mn—PNHP C124 catalyst under 30 bar
of hydrogen pressure where turnover numbers up to 620 and 400 were
obtained for the formation of the diol and methanol, respectively [136].
Rueping group also reported the hydrogenation of the cyclic carbonate
using Mn—PNHN C125 catalyst under mild condition (140°C, 50 bar of
H,) and low catalyst loading up to 0.25 mol% [137]. In 2019, Milstein
group reported the hydrogenation of urea derivatives by using Mn—PNN
complex C126 via MLC involved dearomatized complex [138]. Catalyst
C126 (0.02 mmol), BuOK (0—3 mol%), urea derivatives in toluene, and
H, (20—40bar) at 130°C afforded good conversion with methanol
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formation. The detailed mechanism is also described based on the con-
trolled experiments where the dearomatized pincer complex plays an
active role in the H, activation and the substrate hydrogenation process.
The same complex was also used for the hydrogenation of carbamate
derivatives and afforded methanol and corresponding amine and alcohol.

Milstein group also reported the hydrogenation of cyclic imides to
diols and amines using a ruthenium pincer catalyst C127 [139]. Cyclic
imides treated with complex C127 with ‘BuOK under H, pressure
(40 bar) afforded good to moderate yields of the corresponding diol and
amines. Very recently, the same group also explored the same reaction
with the earth-abundant Mn-based pincer complex C126 under H, pres-
sure (30 bar), 130°C for 48 h in basic condition, which afforded diol and
primary amines in very good yields (Fig. 1.29) [140].

1.4.4 Nitrile hydrogenation

The hydrogenation of nitrile provides primary or secondary imines as well
as primary, secondary, or tertiary amines. The hydrogenation of nitriles to
secondary imines is reported by Milstein group in 2011 where a bipyridine-
based Ru—PNN pincer complex C115 eftectively hydrogenated nitrile
under mild and neutral conditions at only 4 bar of H, displaying various
functional groups tolerance [141]. Prechtl group demonstrated the coupling
of nitriles with amines catalyzed by a Ru—amido complex C128 in the
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Figure 1.29 Catalytic hydrogenation of urea, carbonate, carbamate, imides deriva-
tives using various transition metal pincer complexes.
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presence of only 0.4 MPa of H, pressure and catalyst loading of 0.5—1 mol
%, which proceeded with high selectivity [142]. In 2017, Milstein group
reported the earth-abundant iron pincer complex C129 for selective
homocoupling-hydrogenation of nitriles under catalytic base concentration
and mild hydrogen pressure [143,144].

The complete hydrogenation of nitrile to amine is one of the signifi-
cant reactions due to the various applications of the final amine products.
In 2011, Leitner group reported the hydrogenation of aliphatic and aro-
matic nitriles using 0.4 mol% ruthenium pincer complex C130 under the
hydrogen pressure of 75 bar at 135°C afforded good yields [145]. The
presence of catalytic amounts of water (2 mol%) enhanced the catalytic
activity, and the increased rate of the reactions was also noticed. Beller
group reported one of the most active catalytic systems based on imidazo-
lylphosphine PNN pincer with ruthenium complex C117 for the nitrile
hydrogenation reaction [146]. The maximum TON of 2000 was reported
at 0.05 mol% of catalyst loading for the benzonitrile to benzylamine trans-
formation; along with this, various kind of aromatic and aliphatic nitrile
substrate scope was also checked under the base-free, mild reaction condi-
tion (30 bar H, pressure). Milstein group reported the same reaction at
low H, pressure (3 bar), using Ru—PNP pincer complex C131 (0.3 mol
%), with a variety of nitriles derivatives under neutral conditions and
without any additives [147].

The catalysts with nonprecious metals were reported by Beller using
1 mol% of Fe pincer complex C109 under the hydrogen pressure of
30 bar in isopropanol. A series of aliphatic, aromatic, and heterocyclic
nitriles was hydrogenated with tolerating esters, amides functional groups
[148]. Milstein group reported the Co—PNNH catalyst C111 using
NaBEt;H and NaOEt as an additive for the hydrogenation of nitriles to
primary amines [149]. Beller group reported Mn pincer complex C124
for the hydrogenation of nitrile to the primary amine. In presence of
3 mol% catalyst, 10 mol% base, and 50 bar H, pressure at 120°C in iso-
propanol afforded almost quantitative yields and a wide range of substrate
scope was achieved (Fig. 1.30) [150].

1.4.5 Hydrogenation of alkynes

The partial hydrogenation of the C—C triple bond to selective alkene for-
mation is one of the important transformations in organic chemistry.
Chirik group reported the hydrogenation of hindered olefins catalyzed by
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Figure 1.30 Catalytic hydrogenation of nitrile and alkyne using various transition
metal pincer complexes.

electron-rich bis(arylimidazol-2-ylidene) iron pincer complex (C132) at
4 bar of hydrogen and 23°C afforded good yield [151]. Milstein group
also employed an acridine-based iron PNP pincer complex C133 for the
hydrogenation of alkynes to olefins with a high E-selectivity under mild
and base-free conditions (Fig. 1.30) [152].

1.5 Coupling reaction: C—C bond formation reaction

The carbon—carbon bond formation reaction is one of the most impor-
tant transformations in organic chemistry with its various applications in
industries as well as in pharmaceuticals [153—155]. Several palladium-based
pincer complexes as well as nonprecious transition metal-based pincer com-
plexes were explored as a catalyst for the Heck-Mizoroki, Negishi, Suzuki-
Miyaura, Kumada, Stille coupling reaction [13,14,156—165].

1.5.1 Mizoroki-Heck reaction

In 1997, Milstein group reported the Pd—PCP pincer complex C134 for
the coupling reaction between aryl halides and olefins, which aftorded
good yields with an excellent selectivity of E-product using a catalyst
loading of 9 X 107> mol% at 140°C and a maximum TON of 528700
was achieved [106]. Jensen group later employed a Pd—POCOP pincer
complex C135 (0.67 mol%) for the coupling of relatively less reactive
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chlorobenzenes substrates and styrene in presence of CsOAc as base
afforded selectively trans-configured product with >99% of yields [167].
In 2014, the Albrecht group reported a carboxylic acid functionalized
(NHC)-based PdA=N(NHC)O pincer complex C136 for the coupling of
bromobenzenes derivatives and styrene under mild reaction conditions
(Fig. 1.31) [168]. Depending on the reaction condition, catalyst showed
the “turn on” and “turn oft” switchable catalytic activity, which repre-
sented the active role of the carboxylate arm of the ligand. Tu group
reported a NHC-based pincer complex of palladium (C137) for the cou-
pling of aryl halides with alkyl acrylates in presence of K,COj as base,
and maximum TON of 1.32 X 10® was achieved [169]. Whereas catalyst
C138 works in water as a solvent for coupling of iodobenzenes deriva-
tives, tert-butyl acrylate derivatives in presence of triethylamine and tetra-
n-butylammonium iodide (TBAI), which released quantitative yields of
the coupled product [170]. The number of contributions of different
research groups around the world has enabled the preparation of pincer
catalysts with several topologies and applied for Mizoroki—Heck coupling
reaction [171—182].

1.5.2 Suzuki—Miyaura reaction

Bedford group reported a Pd—POCOP pincer catalyst C139 for the
Suzuki—Miyaura couplings of phenylboronic acid and aryl halides deriva-
tives, and maximum TONs of 190000 was recorded for the p-bromo
derivative with very low catalyst loading (0.0001 mol%), and a maximum
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Figure 1.31 Catalytic Mizoroki—Heck and Suzuki—Miyaura coupling reaction using
various transition metal pincer complexes.
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92% vyield was achieved [183]. Several other palladium pincer compounds
were used successfully for the same reactions [184—210]. Apart from Pd,
few earth-abundant metal pincer complexes also function as a catalyst for
the same transformation. Inamoto group successfully employed a pyridine
backbone with NHC arms Ni(Il) pincer complex C140 for the
Suzuki—Miyaura coupling reactions of aryl halides or aryl tosylates with
phenyl boronic acids and afforded the corresponding coupling products in
good vyields [211—213]. Morales—Morales group reported a Ni(Il)—
POCOP pincer catalyst C141 for the coupling of bromobenzenes deriva-
tives with phenylboronic acid, which showed quantitative conversions to
the biphenyl product [214]. Kirchner group scanned various kinds of
Ni—PN°P pincer complexes where catalyst C142 showed the best reac-
tivity for the Suzuki—Miyaura coupling in term of yields [215]. The simi-
lar ligand scaffold with PNNNP ligand with Co(II) pincer complex C143
reported by the Bhat group was successtully employed for the same reac-
tion under mild conditions and observed the improvement of catalytic
activity (Fig. 1.31) [216].

1.5.3 Sonogashira, Negishi, Kumada-Corriu, Stille cross-
coupling
Crabtree and faller group reported a PdA—CNC pincer complex C144 for the
Sonogashira cross-coupling reaction with maximum TON of 75000 using
2 X 10 " mol% of catalyst loading [217]. Dominguez and San-Martin
group scanned a series of Pd(Il) pincer catalysts for the coupling of
4-chlorobenzene derivatives and phenylacetylene where C145 showed a very
good catalytic performance using a catalyst loading of only 0.1 mol% in pyr-
rolidine at 100°C for 6 h [187,197]. Frech group reported Sonogashira cross-
coupling reactions with {[CgH;—2,6-(NHP{piperidinyl},),|Pd(Cl)} C146,
which required low catalyst loadings (0.005 mol%) under additive and
amine-free reaction conditions [218]. Maximum of 2 X 10° TON and
400000 h~" TOFs were observed under the optimized reaction condition in
the coupling reaction of iodobenzene and ethynylbenzene. Xu group
reported a Ni(I) =POCOP pincer complex C147 as a catalyst for the
couplings of alkyl halides and lithium acetylides where 99% of highest yield
was achieved in presence of N-methyl-2-pyrrolidine (NMP) as solvent and
0.5 mol% of catalyst loading [219] (Fig. 1.32).

Lei group reported a bis(thioamide)pyridine ligand-based Pd(II)—SNS
pincer complex C148 for the Negishi cross-coupling reaction with aryl
halides and alkyl zinc under mild reaction conditions affording good yields
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Figure 1.32 Catalytic Sonogashira, Neglshl, Kumada-Corriu, Stille cross-coupling
using various transition metal pincer complexes.

with the maximum TON of 6.1 X 10° and TOF of 6.4 X 10*h™'
[220, 221]. Frech group employed an aliphatic PCP—Pd pincer complex
C149 for the same coupling reaction of aryl bromides derivatives with
diarylzinc reagents in NMP with high functional groups tolerance and
only 0.1 mol% of catalyst loading [222]. Biscoe group reported the
Negishi cross coupling reaction between aryl/heteroaryl iodides and sec-
ondary alkyl zinc halides to get the retention product without competitive
isomerization of the nucleophile by using Ni(Cl)(tpy) pincer catalyst
C150. To get the higher selective branched product over the linear prod-
uct, 1 equivalent of salt additives such as LiBF, was also used [223].
Kirchner group also employed the Ni-catalyst (C142) for the Negishi
cross-coupling reaction and revealed that various activated and inactivated
aryl halides including chlorides as well as phenol derivatives such as tosy-
lates and mesylates were well tolerated under the optimized reaction con-
dition [224]. Wang group reported a Ni—NNP pincer complex C151 for
the Kumada coupling reaction involving between a Grignard reagent and
an aryl-halide using low catalyst loadings under mild reaction conditions,
achieving high yields [225,226]. Hu group also described a Ni—NNN
pincer complex C152 in the Kumada-Corriu cross-coupling reaction with
excellent activities for the secondary alkyl halides [227,228]. Wendt group
employed PCP—Pd complex (C153) in the Stille coupling reaction
between aryl bromide and trimethyl(phenyl)tin and a maximum TON of
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690000 and TOF of 38000 h™' were achieved under the optimized reac-
tion conditions (Fig. 1.32) [229].

1.6 Redox-Active Pincer Complexes

The pincer ligands have a strong influence on the reactivity and selectivity of
metal complexes by modifying the steric and electronic properties at metal
centers. Ligand motif subclassification with this delight are trans-spanning
ligands [230], ambidentate ligand [231], bridging ligand, binucleating ligand,
spectator ligand, a bulky ligand, chiral ligand, hemilabile ligand [232], and
non-innocent ligand [233]. Among all these, metal complexes based on
“non-innocent ligands” have displayed excellent catalytic activities and
exposed many exciting catalytic reactions as mentioned above.

In 1966, C.K. Jorgensen first described that ligands are called innocent
when they allow to distinguish the exact oxidation state of a central metal
atom without any ambiguity [10]. Non-innocent ligands are redox-active
that have energetically favorable levels that can reduce or oxidize themselves
to change their oxidation state and can act as electron reservoirs, which are
pointed out by Chirik and Wieghardt later [234]. Often these ligands upon
binding with transition metals can easily transform into ligand radicals. Redox
non-innocent ligand motif is gaining much more importance due to its effec-
tive strategy in catalysis [235]. Electron deposition or dissipation of a redox-
active ligand have a significant impact in the reactivity to the adjacent metal
complex by permitting it to adopt different resonance structure with or with-
out changing the oxidation state of the metal, thus facilitating bond making
and bond-breaking processes (Fig. 1.33).

The redox-active ligand is an “actor ligand” that generates reactive
ligand radicals that actively participate in the catalysis reaction process.
The redox non-innocent ligand and the metal allow chemical reaction by
the cooperative substrate activation pathway (Fig. 1.33a). It also involves
modification of the substrate reactivity where the substrate itself acts as a
redox non-innocent ligand (Fig. 1.33b). Another classification of the non-
innocent ligand is a “spectator ligand” that modifies the Lewis acidity of
the metal by the redox reaction of the ligand and influences the substrate
affinity of subsequent reactions (Fig. 1.33c) or ligands as an electron-
reservoir allows the metal to store electrons in the ligand in elementary
steps thus avoiding the uncommon oxidation state of the metal
(Fig. 1.33d) [236,237].
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Figure 1.33 Different pathways of the redox-active ligand for the substrate activa-
tion in the catalytic process.

To overcome high-energy barriers, the use of redox-active pincer
complex in various multielectron transformations by using relatively abun-
dant, nontoxic, and 3d transition metals is an eye-catching strategy [238].
This multielectron transformation requires an aid of transition metal complex
with redox-active ligands, which can supply reducing or oxidizing equiva-
lents. A redox-active ligand works together with a metal ion that was
observed in various metalloenzymes in the natural processes [239,240].
However, recent developments optimize the versatile nature of redox-active
non-innocent ligands in both catalytic activities of transition metal coordina-
tion sphere and substrate activation. This section provides an overview of
highlighting research directions of the redox-active pincer complex and
uncover its modes of reactivity and catalytic pathways as well.

The iron pincer complex containing pyridine—bisimine ligand func-
tionalized by bulky ortho-substituted aryl amines C154 was developed by
Brookhart [241] and Gibson [242] and employed for the olefin polymeri-
zation reaction [243].

Later Chirik group developed a cationic Fe''—dimpy complex C155
and revealed its importance as a propagating species in the polymerization
of olefin [244,245]. A redox activity of the bis(imino)pyridine iron bis
(dinitrogen) complexes (‘PrPDI)Fe(Ny), C156 was used for catalytic intra-
molecular [2 + 27| cycloaddition reactions of o, w dienes. The forma-
tion of strained four-membered rings is thermally forbidden and
photochemically allowed. The iron complex supported by redox-active
ligand showed the same reaction with high catalytic turnover and high
yield at room temperature. The formal oxidative addition underwent after
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the coordination of two-terminal diene accepted two electrons from the
ligand and simultaneous reduction of the 2,6-diiminepyridine moiety,
which allowed iron to maintain the energetically favorable Fe(Il) oxida-
tion state. The N-tert-butyl derivatives of diene delivered the yield of the
reactions up to 95% with TOF > 450 h™ ' in <5 min (Fig. 1.34) [246].

Chirik et al. proposed a C—C coupling transformation aided by the
same iron complex C156. This hydrogen mediated catalytic cycloaddition
of 1,6-enynes were conducted with 5 mol% of C156 at 23°C under
4 atm H, in benzene solution, afforded high turnover frequency. Tosyl-,
benzyl-, and tert-butyl-protected terminal aminoenynes showed catalytic
conversion to yield facile hydrogen-mediated cyclization with the forma-
tion of the cis diastereomers over the trans ones (Fig. 1.35A) [247].

The same complex C156 also showed excellent catalytic activity for
the regioselective anti-Markovnikov alkene-hydrosilylation reaction.
Transformation of 1-octene was carried out in the presence of 0.05 mol%
of catalyst and tertiary silane [(Me;SiO),MeSiH]| with yield up to 98%.
The reaction intermediate formed after loss of 2 equivalents of dinitrogen
from C156 yielded iron(Il) complex with a dianionic tridentate N3~ 2
ligand, which inserted into the Si—H bond by accepting two electrons
from the ligand and simultaneous reduction of the 2,6-diiminepyridine
moiety without hampering iron(Il) oxidation state. Further on, subse-
quent anti-Markovnikov addition of electrophilic Si-species and hydride
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Figure 1.34 Redox non-innocent 2,6-diiminepyridine ligand in Fe-catalyzed [2 + 2]
cycloaddition ring-closure reactions.

http://chemistry-chemists.com



Application of pincer metal complexes in catalytic transformations 41

R:ﬁ
2N,
II""NH“"Af "—r ~~Ar
/F \N/Fe R
N N, ]
Al
C156 .
R Ar= 2,6-Pr,-CgHa £
E= NTs, NBn, N'Bu
K/\ R=H, Me
)\/E i
\
F Ny — FC”,NHN
Mo
%{ .
E
([ ®
o = P e
<N <N
e
/N—-'FQ:”-—N\A Y /N—Fe”—N,_\A R3SiH SiR;
r r
Ar Nz Na N, A (PDIF- , Fe?* R= [(Me3Si0),MeSiH]
c156

Figure 1.35 (A) 1,6-Enyne cycloaddition with a redox-activated bis-aryl iminopyridine
Fe*? complex. (B) Selective terminal alkene hydrosilylation.

across the double bond of substrate facilitated the conversion of the
desired product (Fig. 1.35B) [248].

In 2008, Mindiola et al. reported an electron-rich Ni complex C157
bearing a redox-active PNP pincer ligand (PNP = N[2-P(CHMe,),—4-
methylphenyl],), which acts as an electron source. With the combination
of structural, spectroscopic, and theoretical techniques, C157 and its radi-
cal cation counterpart C158 in presence of ferrocenium ion have exposed
the presence of redox-active sites of ligand and spectroscopically depicted
that the electron hole resides mostly at the nitrogen and aryl carbon atoms
of the pincer type PNP ligand where nickel was in +2 oxidation state
(Fig. 1.36) [249].

In 2012, Heyduk et al. reported the formation of aryl diazenes from
the aniline derivatives via the four-electron oxidation using a tantalum(V)
complex bearing a tridentate trianionic redox-active ligand, N,N-bis(3,5-
di-tertbutyl-2-phenoxide)amide ([ONO™Y*7). The dimethyl tantalum
complex ([ONO™TaMe,) C159 on treatment with p-toluidine and
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Figure 1.37 (A) Organic diazene elimination from tantalum (V) bridging imido dimer.
(B) Synthesis of zirconium hydroxide bridged dimer complex.

pyridine (L) resulted into the bridging imido tantalum(V) dimer C160,
which upon oxidation with iodobenzene dichloride (PhICl,) quantita-
tively eliminated the aryl diazene (p-tolyl)N = N(p-tolyl) from tantalum
(V) bridging imido dimer. The trianionic [ONO™’~ ligand motif subse-
quently participated in one- and two-electron oxidations of complexes to
form dianionic [ONO"]*~ and monoanionic [ONOY|™, respectively,
which lead to the formation of N = N bond (Fig. 1.37A) [250].

The same [ONQO] ligand platform is also capable of serving as both an
electron and proton donor for the reduction of O, at a zirconium(IV)
coordination complex. The reduction of O, is a four-electron, two-
proton process that was achieved from dianionic [ONHO]*~ linked Zr
(IV) complex [(ONHO)ZrClL,(THF)] C161 to form the bisthydroxo)
complex [(ONOYZrCL(-OH)], C162 revealed by Heyduk group
(Fig. 1.37B) [251].
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Heyduk et al. presented tantalum(V) complex coordinated to trianio-
nic (NNN“’~ redox-active pincer ligand, which showed one- and two-
electron oxidations to form dianionic semiquinone form [NNN**~ and
monoanionic form [NNNY] ", respectively. Five coordinated tantalum(V)
complex [(NNN“9TaCl,] C163 showed different kinds of reactivity
involving one- and two-electron oxidation at the metal coordination
sphere by the redox activity of ligand motif. Complex C163 underwent
one-electron oxidation in the presence of 0.5 equivalent of iodobenzene
dichloride (PhICl,) afforded the redox-active ligated [(NNN*})TaCls]
complex. Also, the same complex C163 showed two-electron oxidations
by the reaction with organic azides (ArN3) and diazoalkane (N,CPh,) to
form tantalum imido species accommodating monoanionic pincer ligand
form. This was the first example of a two-electron nitrene transfer from
an organic azide to tantalum(V) complex C163 (Fig. 1.38) [252].

Zargarian group developed the nickel complexes having a phosphinite-
amine pincer ligand framework (POCN). The 16e” complexes (POCN)
Ni"Br C164 (a—c) complexes with different amine substituted ligand like
NR, = 3-morpholine (2), NMe, (b), NEt, (c) gave 17¢~ (POCN)Ni'" Br,
C165 (a—c) complexes when treated with Brp, N-bromosuccinimide or
CBry. The non-innocent nature of ligand was observed in cyclic
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Figure 1.38 Reactions of Ta pincer complex with PhICl,, ArNs, and Ph,CNN.
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voltammogram studies where a clean irreversible one-electron oxidation at
higher potential was observed. (POCN)Ni"'Br, C165 complexes also cata-
lyzed the Kharasch anti-Markovnikov addition reaction of CCl, to olefin at
80°C affording up to 50 catalytic turnovers (Fig. 1.39) [253].

Heyduk et al. reported the catalytic nitrene transfer reactions from
organic azides to tert-butyl isocyanide to form non-symmetrical carbodii-
mides with the aid of zirconium(IV) complex C166. The ligand dissocia-
tion of an isonitrile ligand from coordinatively saturated Zr complex
C166 thus generated a vacant site for coordination of azide with the
expulsion of N,. The redox-active ligand is oxidized by two electrons to
the quinone form, consistent with the formation of zirconium nitrogen
multiple bonds. The later steps involved migratory insertion and reductive
elimination that reduce the ligand with subsequent formation of the car-
bodiimide C = N bond. The reductive elimination is associated with no
change of metal d-electron count, which again proved the role of redox
non-innocence nature of the ligand. Adamantyl and tert-butyl azides pro-
ceeded with complete conversion into carbodiimide with the reaction of
‘BuNC in 10 h, using 10 mol% of the C166 catalyst loading (Fig. 1.40) [254].

Luca reported the redox-active bis(imino)pyridine Ni pincer complex
C167 for catalytic hydrogen production. The NNN pincer ligand under-
went one-electron reduction at low overpotential due to the presence of
low-lying LUMO, which is easily reducible. The ligand reduced metal com-
plex intermediate further underwent PCET vyielded a Ni(Il) hydride with a
neutral ligand. The H, release step has involved the protonation of a Ni(II)
hydride with water substitution to regenerate the catalyst. The exploration of
reactivity of the redox-active ligand for such catalytic process tends to increase
the hydrogen production with a rate of 105s~ ' (Fig. 1.41) [255].
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Figure 1.39 Kharasch addition reaction using Ni pincer complexes.
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Heyduk demonstrated the disulfide reductive elimination from an iron
(III) dithiolate complex C168 coordinated with the monoanionic redox-
active pincer ligand [ONOY]. The monoanionic quinolate synthon of the
ligand [ONOYK was treated with diamido iron(Ill) precursor FeCI[N
(SiMe3)>]o(THF) and afforded [ONOYFe[N(SiMes),], C168, which
upon protonolysis with tert-butyl thiol and pyridine underwent two-
electron reduction of ligand to result in the [ONO“|Fe(Py); complex.
This transformation witnessed the expulsion of ditertbutyldisulfide, which
was confirmed by GC-MS and quantified to 81% yield with respect to
the initial quantity of C168. The presence of a redox-active platform can
influence the reductive elimination of disulfide without disturbing any
changes to the metal oxidation state (Fig. 1.42) [256].
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Figure 1.41 Proton reduction with a Ni bis-aryl-iminopyridine electrocatalyst.

Van der Vlugt group reported a redox-active aminophenol phosphine
ligand (PNO™) ligated with Pd" complex for the homolytic cleavage of
S—S bond by releasing a thiyl(sulfanyl) radical. The complex generated two
spin states of the ligand: dianionic PNO*" (AP = amidophenolato) and
monoanionic PNO®® (ISQ = 1iminosemiquinoate). Air-sensitive diamagnetic
Pd" complex [CoCp,] [PACIPNO™)] C169 with addition to halide-
abstracting agent TIPF, generated PAPNO™) complex C170, which under-
went homolytic bond fission of diphenyldisulphide inducing the single-electron
transfer from the fully reduced aminophenolate ligand to form metal-bound
thiolate PAPNO™?) complex C171. Both the complexes C170 and C171
bearing two different forms of ligand (PNO*) and (PNO™Y), respectively,
were combined to produce monothiolate-bridged ligand-based mixed valent
binuclear Pd" complex C172 (Fig. 1.43) [257].

Van der Vlugt group also reported the intramolecular C—H amination
of azides to form pyrrolidines derivatives using a Pd complex with redox-
active [NNO™] pincer ligand. The paramagnetic Pd" complex C173
with coordination to monoanionic NNO™X pincer ligand radical under-
went one-electron oxidation in presence of cobaltocene to generate dia-
magnetic Pd" complex C174 with coordination to dianionic NNO*"
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Figure 1.42 Redox-active ligand facilitated the reductive elimination of a disulfide
from Fe(lll).
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Figure 1.43 Formation of a p-thiolato-bridged dinuclear Pd(ll) complex bearing two
redox-active PNO pincer ligands in two different oxidation states.

PhS—SPh

ligand, which thermally activated organic azide followed by the ligand to
substrate electron transfer formed an unusual “nitrene-substrate radical,
ligand-radical” Pd" intermediate. The intermediate on subsequent hydro-
gen atom abstraction to generate a C-centered radical and rebound to
make a C—N bond in presence of Boc,O resulted in desired Boc-
protected pyrrolidine with 10% of yield (Fig. 1.44) [258].

Later, the same group improved the catalytic yield by using a paramag-
netic high spin Fe(Cl),(NNO™Y) complex C175 for the synthesis of
N-heterocycles via direct C(sp”)-H amination of a wide range of organic
azides. This reaction condition afforded TON of 620 under the optimized
catalytic conditions (Fig. 1.45) [259].
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Figure 1.45 Postulated cycle for the C—H amination.

Paul group reported a catalytic substituted benzyl alcohol oxidation to
corresponding carbonyl compounds mediated by the iron complex with a
redox non-innocent azo-pincer ligand. The redox non-innocent azo aro-
matic ligand, 2-(arylazo)-1,10-phenanthroline (L'), was employed in these
studies, where the ligand was tridentate and having one easily reducible
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azo moiety. The FeL'Cl, complex C176 formed an azo anion radical
active catalyst I after le” reduction and followed by the addition of
deprotonated alcohol formed intermediate II. A hydrogen atom abstrac-
tion from the a-carbon of the coordinated alcohol by the ligand gener-
ated an O-coordinated ketyl radical ion intermediate ITI. This is followed
by rapid one-electron oxidation-afforded intermediate IV and the corre-
sponding carbonyl compound. IV underwent alcohol coordination and
proton abstraction by ligand-formed intermediate V and followed by
aerial oxidation of V-formed azo chromophore VI, which underwent an
intramolecular electron transfer in presence of the redox-active pincer
ligand to regenerate the intermediate II (Fig. 1.46) [260].

Goswami group also reported the same reaction using Ru(Il) complex
C177 containing redox-active non-innocent ligand of 2,6-bis(phenylazo)
pyridine and ancillary ligands. The benzyl alcohol was oxidized to benzal-
dehyde with 86% of the isolated yield. Complex C177 in presence of a
base and alcoholic substrate formed a Ru alkoxide intermediate I, which
afforded a Ru—H intermediate II upon the hydride migration with loss
of the corresponding aldehyde. The Ru—H intermediate on subsequent
H-walking from metal to redox-active ligand III and alcohol coordination
followed by hydrogen migration from alcohol to the same redox-active
ligand formed intermediate IV. The reaction is further assisted in the pres-
ence of O to regenerate the catalyst via oxidation of hydrazo intermedi-
ate (Fig. 1.47) [261].

In 2019, Zhang, Mao and Dub group reported the V"' complex
C178/C178-H featured with a redox non-innocent ligand, that is,
T-radical monoanionic tpy species (R-tpy ~, R = CH,SiMes), utilized for
catalytic reduction of ketone, aldehyde, imine, ester, and carboxamide
through hydroboration and/or hydrosilylation. Complex C178/C178-H
mixture was employed for such chemoselective reduction, tolerated many
functional groups, and yielded TONs and TOFs up to 1000 and
~500 h™", respectively (Fig. 1.48) [262].

In 2020, Rosca et al. demonstrated the formation of a long carbon-
carbon bond by bis(imino)pyrazine-supported iron complex. Synthesized
pyrazine diimine ligand (PP“DI)-coordinated iron complex (PP“DI)Fe
(CO), in presence of mild methylating agent afforded the N-methylated
complex C179, which showed one irreversible potential at —2.10 V in
cyclic voltammetry study, hence thought to undergo easy ligand-based
imine reduction. In addition of cobaltocene to a benzene suspension of
N-methylated complex underwent an easy reduction at pyrazinium core
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Figure 1.46 Mechanistic overview for the alcohol oxidation catalyzed by [Fe(L;)Cl,].

to generate a radical at carbon atom o to the cationic N-atom, which
immediately dimerize to form weak C—C bond. Further it can be cleaved
under relatively mild oxidative conditions such as Fc[PF¢] to regenerate
parent N-methylated complex C179 (Fig. 1.49A) [263].
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Figure 1.47 Mechanism for the alcohol oxidation reaction with catalyst C177.

More recently in 2020, Milstein group utilized the redox-active acridine-
based PNP pincer ligand in coordination with inexpensive, earth-abundant
base metals such as Fe (C180), Co, Ni, and Mn, which showed the irreversible
C—C bond formation at the electrophilic C9 position of the acridine-based
ligand containing radical using suitable redox reagent (Fig. 1.49B) [264].
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Figure 1.49 (A) Bis(imino)pyrazine supported iron complex to mediate C—C bond
formation. (B) Redox-active pincer iron complex to mediate C—C bond formation.

1.7 Conclusion

The pincer system serves as a ligand and readily coordinated with various
metal centers. The synthesized metal complexes are applied as catalysts in
the different homogeneous catalytic processes where the value-added pro-
ducts are synthesized from the readily available organic substrates under
sustainable and ambient reaction conditions. Many homogeneous catalysts
are used for the various acceptorless dehydrogenation or dehydrogenative
coupling reactions and in the hydrogenation or the transfer hydrogenation
reaction in the organic synthesis. These systems are also applied in small
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molecule activation and bond activation chemistry and employed them
for the value-added product formation. This book chapter describes few
important topics where the pincer complexes are directly used as catalysts
efficiently. Dehydrogenation of aminoborane is applied as the hydrogen
storage material and the pincer complexes are used as a catalyst for this
process, which has a direct impact on the renewable energy harvesting
process. The ammonia synthesis from the dinitrogen under the ambient
condition is also one of the greatest challenges in the current time where
pincer complexes play a significant role. The hydrogenation of the very
stable and unreactive bonds like urea, carbamate, and direct methanol syn-
thesis from them have a direct impact on the methanol economy, which
is also considered as an alternative renewable fuel. The C—C coupling
reaction forms various kinds of organic molecules used in the pharmaceu-
ticals and drug industries where the Pd pincer complexes are used as a cat-
alyst efficiently and achieve the high TON value. The redox-active
pincer complexes open a new avenue in the organic synthesis where the
interesting and sophisticated organic synthesis can be done under mild
conditions. Although other challenges remain like water splitting to
hydrogen synthesis, absolute atom economic reaction, degradation of
polymers, or plastics, which have a direct impact on human society. The
pincer complexes are currently used as catalysts for these kinds of chal-
lenging projects, and preliminary success is already achieved whereas more
developments are required.
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2.1 Introduction

Organometallic complexes play a key role in a variety of organic transfor-
mations. They are often used in stoichiometric amounts and/or in catalytic
amounts either to accomplish reactions that are not possible or to accelerate
sluggish reactions. The term “pincer” is derived from the old French word
“pincier” which means “to pinch,” according to the Oxford Lexico
Dictionary, and it usually refers to “one of the pairs of curved claws of an
animal like that of a crab,” as defined by the Cambridge English Dictionary
[1]. On similar lines, a pincer ligand is tridentate in nature and grasps onto a
metal center in a meridional geometry [2]. The three binding atoms of the
ligand should be coplanar and may be any of N, P, C, S, or O atoms.
A pincer ligand attached to a metal center by three nitrogen atoms is
referred to as NNN type. Similarly, various types of ligands such as PCP,
NCN, PNP, PCN, PNO, and SCS are known in literature. The chelating
properties of pincer ligands impart rigidity to the metal ligand complex. On
the other hand, the steric and electronic environment of the pincer catalysts
controls the selectivity of the catalytic reaction.

The pincer ligand was first reported by Shaw and Moulton who developed
tridentate ligand systems with a central anionic carbon attached by two fert-butyl
phosphine units abbreviated as Bu,PCP (Fig. 2.1) [3]. In 1989 van Koten
coined the term “pincer” to refer to such tridentate systems [4].

Pincer—Metal Complexes Copyright © 2022 Elsevier Inc.
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R = Pr, 1Bu, Me, Et, Cy, Ph (steric and electronic control)

‘ Y- G G =P, N, O, S, As (hard/soft variability, lability, steric and electronic control)
/ 3 l Y = CHy, NH, O, S (control of electron density, indirect steric control)
Z + ML, —= X Z-MLy, Z =N, C, B (trans influenceing and electronic tunning)
[ X = OH, OMe, NH,, CO,Me (solubility and remote electronic control, ability to heterogenize)
Y- 53 M = Transition metal

L = Ancillary ligands, m, n = Number of ligands (Typically, m = n-3)

Figure 2.1 General representation of pincer—metal complexes with tailorable
properties.

In a pincer complex, while the substituents attached to the binding
atoms (G) (Fig. 2.1) that are frans to each other control the steric and elec-
tronic properties, the central atom (Z) (Fig. 2.1) provides an option to
tune the frans influence. The aryl backbone in pincers generally imparts
rigidity to the system and enhances thermal stability [5—7|. Pincer com-
plexes have been used for several stoichiometric [8,9] and catalytic [10]
transformations in order to synthesize fuels, [11,12] fine chemicals [11,12],
and commodity chemicals [11,12]. Pincer catalysts are highly active for
several reactions such as hydrogenation of alkenes, dehydrogenation of
alkanes, and activation of CO, [5,10,12—15]. Both homogeneous and
heterogeneous pincer catalysts are known for dehydrogenation of alkanes
to alkenes. However, the selectivity and yield obtained by heterogeneous
catalysts are generally low [16]. The current chapter discusses the state of
the art in catalytic alkane dehydrogenation (AD) reactions employing dif-
ferent pincer—metal complexes under homogeneous conditions in addi-
tion to the recent attempts to extend their application as heterogeneous
catalysts.

2.1.1 Alkane dehydrogenation

Alkanes are saturated hydrocarbons, cyclic or acyclic in nature. Small
chain hydrocarbons are the main constituents of petrochemical and natural
gas [17,18]. A small portion of these alkanes (Co—C9) are useful as fuels,
but rest of the highly abundant alkanes in nature remain largely unpro-
ductive [5]. Small chain alkanes such as propane and butane are the main
constituents of LPG (liquefied petroleum gas). The most important
sources of alkanes are natural gas and crude oil, whereas synthetically, the
Fischer—Tropsch method is widely used for alkane production from CO
and Hj [19]. Alkanes are thus the most abundant organic resources in the
world but there are limited methods for the conversion of alkanes to use-
ful chemicals [20]. The corresponding unsaturated hydrocarbons of the
highly abundant alkanes are useful as they are the precursors to alcohols,
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alkyl halides, and higher alkenes [21—23]. Therefore dehydrogenation of
alkanes to alkenes has high commercial and industrial value. Pioneering
and independent studies by Crabtree, Felkin, and Goldman have shown
that the regioselectivity of dehydrogenation can be controlled by organo-
metallic catalysts.

Crabtree was the first to report AD using a transition metal catalyst
in 1979. The Ir(Ill) complex (1) on reaction with cyclopentane or
cyclooctane (COA) in the presence of TBE (3,3-dimethyl-1-butene)
using 1,2-dicholorethane as solvent under reflux conditions, yielded the
corresponding iridium complexes containing cyclopentadienyl (2) and
cyclooctadiene ligands (3) (Scheme 2.1) [24—26].

Due to highly endothermic nature of AD reactions, often a hydro-
genation reaction is coupled with it and this is referred to as “transfer
dehydrogenation.” TBE (3,3-dimethyl-1-butene) has been extensively
used as sacrificial acceptor as it does not undergo isomerization and can be
easily regenerated from its hydrogenated product [27]. Felkin and co-
workers reported the use of rhenium complexes L,ReH; (L = PPhj and
PEt,Ph), for AD reactions in the presence of TBE [28—30)].

The combination of COA and TBE has been extensively studied as a
benchmark to determine the efficiency of a dehydrogenation catalyst ever
since the report of its first use by Crabtree. This is mainly due to its lower
dehydrogenation enthalpy (c. 23 kcal mol ™ ") as compared to unstrained
cycloalkanes or linear alkanes at internal positions (c. 28 kcal mol™') and
at terminal positions (c. 30 kcal mol ") [13,14]. But the real challenge is
the dehydrogenation of acyclic systems and studies done with COA can-
not be applied to such systems owing to the strong binding of acyclic ole-
fins with the metal center and higher dehydrogenation enthalpy. Led by
the pioneering work of Kaska, Jensen, Goldman, Brookhart, among
others, significant advances have been made in the catalytic AD reactions
using pincer—metal complexes, in general and pincer—Ir complexes, in
particular.

E

TB
BF, A BF,
[IrH2(Me;CO),(PPh3),]BF 4 + or ﬂ‘\H /~.._\PPhg
S or /Ir\
1 PhsP” “PPhy X 'PPhg

TBA 2 3

TBE = 3,3-dimethyl-1-butene
TBA = 2,2-dimethylbutane

Scheme 2.1 First report on iridium catalyzed alkane dehydrogenation by Crabtree.

http://chemistry-chemists.com



72 Pincer—Metal Complexes

2.2 Dehydrogenation reactions of alkane using pincer—Ir
complexes

2.2.1 Initial reports based on pincer—Ir catalysts

In 1996 Kaska and Jensen were the first to report the use of a highly
stable pincer—Ir catalyst (""*PCP)IrH, (5-H,) (Fig. 2.2) for the AD using
TBE as a hydrogen acceptor [31].

The pincer—Ir complex (P**PCP)IrH, (5-H,) is stable at temperatures as
high as 200°C [32] and shows high stability and reactivity toward AD. The
complex (P"*PCP)IrH, (5-H,) was synthesized by the reduction of the cor-
responding hydrido-chloride complex using LiBEt;H as a reducing agent in
tetrahydrofuran (THF) at 25°C under H, atmosphere with >85% yield [31].
The dehydrogenation reaction was carried out in solutions of TBE [0.38 M]
and 5-H, [1.2 mM] in cyclooctane [8.81 M]. Temperature has a considerable
influence on the alkane transfer dehydrogenation, as with increase in temper-
ature from 100°C to 200°C, the initial rate of the COA/TBE [8.81 M/
0.38 M] reaction increases from 20.5 to 720 h™".

The pincer—Ir complex (P"PCP)IrH, (5-H,) is very stable and shows
no decomposition even after one week and remains active till the comple-
tion of hydrogenation of TBE [31]. The reaction is unaffected by the
addition of metallic mercury to the mixture indicating that metallic irid-
ium is not involved in the hydrogen transfer [33]. The higher ratio of
both TBE and TBA with respect to catalyst (> 300:1) inhibits the cata-
lytic reaction. Kaska and Jensen mitigated this problem by the periodic
addition of TBE to the solution and high turnover numbers (up to 1000
TON:s) were observed. Notably, the catalytic activity is strongly inhibited
in the presence of Ny [31].

Later, in 1997, Jensen, Kaska, and Goldman reported the thermochemical
acceptorless AD using 5-H, as catalyst. This is efficient (several hundred mol
product/mol catalyst) for dehydrogenation of alkanes to give the correspond-
ing alkenes and dihydrogen under reflux conditions [34]|. Upon refluxing a

Ry Rs
p 4X=H,R;=R,=R3=R,=Pr; 5X=H,R;=R,=R3=R,=By;
:<< | 6 X=H,R;=R,=R3 =Ry =Ad; 7 X =H, Ry =R, = Ry = Bu, Ry = Me;
X Ir 8 X = H, R; = R3 = Bu, R, = R4 = Me; 9 X = OMe, Ry =R, =R3 = R, = Pr;
| 10 X = OMe, Ry = R, = Rg = R4 = Bu; 11 X = NMe,, Ry = R, = R3 = R4 = Bu;
R,R,,/R 12X =CO,Me, R{=R,=R3=R;=Bu; 13X=H,R;=R,=R;=R,=CF,4
1 2

Kaska, Jensen, Goldman, Roddick

Figure 2.2 PC(sp?)P pincer—Ir complexes reported for alkane dehydrogenation.
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cyclooctane solution in the presence of (PCP)RhH, [10 mM], in a stream of
argon gas, negligible cyclooctene formation (<2mM after 24 h) was
observed. But the presence of iridium analog (2 mM 5-H,) gave a better
result with an initial rate of 11 TOh™ " for cyclooctene formation. About 104
and 190 TONs were observed after 44 and 120 h respectively.

In the case of acceptorless cyclodecane (bp = 201°C) dehydrogenation
catalyzed by 1 mM 5-H,, 170 TONs of cyclodecene (3:1, cis:trans) is
obtained after 4 h, which levels off at 360 TONs after 24 h. [34] The level-
ing off is attributed to catalyst inhibition by the cycloalkene. The same
reaction when carried out in the presence of 4-H, resulted in a series of
secondary dehydrogenation and isomerization reactions. The reaction gave
trans, trans-1, 5-cyclodecadiene, followed by Cope rearrangement yielding
frans-1,2-divinylcyclohexane, which accepts dihydrogen and converts cyclo-
decane to diethylcyclohexane. This isomerization strategy is commonly
known as “hydrogen borrowing.” [35] (Scheme 2.2).

In 1999 Goldman described the eftect of substituents on the cata-
lytic activity and stated that in spite of the “pincer effect” the bulkiness
of the tert-butyl groups inhibits H, addition; that is, the intermediates
of dehydrogenation cycle are sterically disfavored by the tert-butyl
groups whereas it is comparatively more favored by isopropyl groups.
On the basis of steric hindrance, the dehydrogenation of cyclooctane is
more favored by ("™*PCP)IrH, (4-H,) than (P“*PCP)IrH, (5-H,)
[20]. The results obtained for cyclooctane dehydrogenation at 150°C
using 1 mM 4-H, and 1 mM 5-H, are summarized in Table 2.1. The
rate of acceptorless dehydrogenation of cyclodecane, with a reflux
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Scheme 2.2 Net isomerization of cyclodecane to deithylcyclohexane, catalyzed by
(P'PCP)Ir (4).
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Table 2.1 Dehydrogenation of cyclooctane with 4-H, and 5-H,.

Entry Catalyst [1.0 mM] Time TONs
1 4-H, 30 min 47
2 4-H, 1h >94
3 4-H, 15h 105
4 5-H, 1h 11
NN NN KCP
n-octane Pincer catalysts (1 mM) 1-octene
+ S + + Internal octenes
Z sealed vial, 150 °C
1-decene A( ‘( \\ n-decane
0%
| |
IrH; irH“ KCP: Kinetically Controlled
||;, P Product

5-H, 4-Hy

Scheme 2.3 Dehydrogenation of n-octane with 4-H, and 5-H,.

temperature of 201°C, is much higher than that of cyclooctane (bp =
149°C). In the case of cyclodecane dehydrogenation with 4-H,, 460
TONS of cyclodecene were observed with a cis:frans ratio of 4.6:1, after
1 h. However, lower TONSs (170 after 4 h) were observed when 5-H,
was used [20].

Goldman was the first to report the acceptorless dehydrogenation
of n-alkanes using homogenous catalytic system in which mixture of
internal isomers were obtained [40]. Compared to cyclodecane, dehydro-
genation of n-alkanes was less efficient with 4-H,. In the case of acceptor-
less dehydrogenation of n-alkanes, ("**PCP)IrH, (5-H,) showed a lower
efficiency than ("™PCP)ItH, (4-H,). Also, 5-H, and its isopropyl
analog 4-H, exhibited high kinetic selectivity toward the formation of
1-octene in the n-octane/1-decene transfer dehydrogenation at 150°C
(Scheme 2.3) [40]. While 5-H, was more selective than 4-H, in the cata-
lytic transfer dehydrogenation of n-octane/1-decene at 150°C, the latter
demonstrated higher catalytic efficiency than the former (Scheme 2.3)
[40] The selective dehydrogenation is associated with an iridium catalyzed
isomerization of terminal to internal octenes which limits the yield of
1-octene to <100 mM.
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2.2.2 Alkane dehydrogenation by PC(sp®)P-Ir systems

The initial success with 4-H, and 5-H, toward AD [31,32] paved way
for several PC(sp”)P-Ir catalysts with varying substituents on the phos-
phine moiety, different linker atoms on the flanking groups and modifica-
tions on the aryl backbone. Goldman and co-workers have systematically
studied the steric effect of substituents on catalytic efficiency by sequential
substitution of ‘Bu groups on the (P"*PCP)IrH, (5-H,) by methyl groups
as in (P2PCPP"™M)r (7) and (P"™MPCPP"™M9)r (8) (Fig. 2.2) [41]. In
comparison to the second and third ‘Bu substitutions, the first Me-for-"Bu
substitution was theoretically predicted to have a more favorable effect in
lowering the overall barriers of the n-alkane transfer dehydrogenation
cycle. Experimental studies were in line with these predictions where it is
observed that 7 (126 TONs after 10 min) is much more active than 8 (76
TONS after 10 min) for catalytic dehydrogenation of n-octane with TBE
[0.2 M] at 150°C [41]. Notably, the lower activity of 8 could also be
attributed to its tendency to form clusters which would eventually result
in its deactivation.

In this context, interesting inferences emerged from the studies carried
out by Goldman on the n-pentane [4.1 M|/TBE [4.1 M] transfer dehy-
drogenation that were catalyzed by 1 mM of 8 and 7 at 200°C. While
operating at such high concentrations of TBE [4.1 M], the sterically less
hindered 8 was observed to be indeed more active than 7 (Table 2.2)
[42]. This points to the involvement of cluster formation in the poor
activities of 8 at lower acceptor concentrations (say 0.2 M TBE, vide-supra)
[41], which could be effectively mitigated by operating at very high TBE
concentrations [42].

Table 2.2 Dehydrogenation of n-pentane/TBE catalyzed by 7-H, and 8-H,.

Entry Catalyst Time TBA Total 1- 2- 1,3-
[1 mM] (min) [mM] olefin Pente- Pente- Penta
[mM] ne ne diene
[mM] [mM] [mM]
1 7-H, 0 0 0 0 0 0
10 125 110 50 60 0
40 170 150 50 100 0
180 190 160 45 115 0
2 8-H, 0 0 0 0 0 0
10 495 395 55 270 75
40 1310 915 75 540 300
360 2420 1710 100 930 675
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Complementary evidence was obtained in the pincer—iridium [1 mM]
catalyzed n-pentane/propene transfer dehydrogenation in the gas phase at
240°C. At a propene concentration of 1.2 M, better results (340 TONs
after 10 min) were obtained with the catalyst 8 in comparison with cata-
lyst 7 (0 TONSs after 10 min) (Table 2.3) [43]. In this case, as the reaction
occurs in the gas phase, the extent of cluster formation of the solid molec-
ular pincer catalyst 8 is greatly reduced.

The catalytic activity of the (PCP)-Ir catalysts can be modified by
introducing groups such as methoxy, ester, and amine at the para-position
of the aryl backbone [44,45]. The acceptorless dehydrogenation of cyclo-
decane (CDA) (1.5 mL) with ((p-OMe)"™PCP)Ir (9) [1 mM] was much
more effective than its tert-butyl analog 10 and gave 2120 TONs after
24 h. Very recently, Goldman and co-workers used ("“*PCP)Ir (5),
(P"POCOP)Ir (22), and (p-OMe-""*POCOP)Ir (24) complexes for cat-
alytic dehydrogenation of alkanes using proton and electron acceptors
[51]. COA (7.4 M) dehydrogenation was carried out in the presence of
Ag[BF,;] [40 mM] and KOBu [40mM at 150°C for 16h with
(P"*POCOP)IrH, (22-H,) [20 mM] to get upto 90% yield with respect
to oxidant and base, that translates to about 0.9 catalytic TONs with
respect to Ir. The pincer—Ir complexes (P"*PCP)IrH, (5-H,) [4 mM]
and (p-OMe-""*"POCOP)IrH, (24-H,) [4 mM] demonstrated a better
activity for COA [7.4 M] dehydrogenation in the presence of Ag[BF,]
[120 mM] and KOBu [120 mM] at 150°C to yield COE [58 mM] with
97% vyield (with respect to oxidant and base) and 14.5 TONs (with
respect to Ir) after 16 h.

In 2012, Roddick and co-workers carried out the transfer dehydroge-
nation of COA [3.9 M]/TBE [3.9 M] in the presence of (“">PCP)Ir(*-
COD) [13-COD [1.3 mM]] at 200°C [49]. The reaction proceeded at a
slower rate (40 TOh™") compared to 5-H, (1200 TOh™") [52]. It was
observed that on lowering the concentration of TBE (1.3 M from 3.9 M),

Table 2.3 Dehydrogenation of n-pentane/propene catalyzed by 7-H4 and 8-H,.

Entry  Catalyst Time Total 1- % Dienes
[1 mM] (min) olefins Pentene Propene [mM]
[mM] [mM]
1 7-H, 10 0 0 — 0
40 59 50 - 0
2 8-H, 10 340 105 30 21
180 950 200 98 150
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higher rate (150 TOh™') of COA dehydrogenation was observed with
13-COD as catalyst. The reaction of 13-COD with a mixture of COA/
TBE (1:1) produced (“"’PCP)Ir(5)*-isoprene) (15). The new isoprene
adduct 15 was also obtained independently by the treatment of (“"’PCP)
Ir(H)(Cl)(-ethylene) (14) with isoprene (Scheme 2.4). It indicated that
TBE (95% purity) used in the catalytic dehydrogenation, contained iso-
prene as a contaminant. The same reaction was repeated with higher
purity of TBE [3.9 M] at 200°C and improvement (136 TOh™") in rate
was observed [49]. With high concentration of TBE, the dehydrogenation
rate is decreased, which may be due to the impurity (isoprene) present in
TBE or partly due to TBE itself, as it can bind with the active catalyst
and lead to decrease in the rate of the reaction [52].

The complex (“PPCP)Ir(n*-COD) (13-COD) was tolerant to dini-
trogen and moisture whereas the parent PCP catalyst 5-H, was sensitive
toward H,O [53] and N, [54,55]. These new types of catalysts offer
promise for dehydrogenation of alkanes without the need of complete
degassing and drying. The dehydrogenation of COA [3.9 M] in the pres-
ence of TBE [3.9M] catalyzed by (“"PCP)Ir(n*-COD) [13-COD
[1.3 mM]] at 200°C proceeded at a rate of 40 TOh™ ' before leveling off
after 58 h to give 660 TONs [46—50]. In comparison, the parent PCP
catalyst 5-H, gave only 230 TONS after 20 h. The catalyst activity level-
ing off occurred due to the leaching out of the ligand ("’ PCP)H owing
to decomposition of (“PPCP)Ir(n*-COD) (13-COD) rather than product

FsC
\ CF;
.
\\(7 COA, TBE (5% Isoprene)
Irs !
| & rt, 20 min, - 1,5 COD FsC
P \ CFs
17 it
F,C CFs |
. > Ir
13 COD |\\\‘\\\\I|l "y
FsC p
\ CF; )
P’ FsC CFs
al Et3N, Isoprene 3
= - Et;NH*Cr 1°
¢ 3
H'|
IP"
FC CFs
14

Scheme 2.4 Formation of isoprene adducts upon reaction of 13-COD with TBE (con-
taining 5% isoprene as impurity).
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inhibition as indicated by '’F NMR studies. The catalyst (“">PCP)Ir(*-
COD) (13-COD) gave 92 TONs in 24 h for the acceptorless dehydroge-
nation of cyclodecane whereas (p-OMe-"""PCP)Ir (9) gave 2100 TONs
under identical conditions [44].

In 2013 Yamamoto reported a 7—6—7 type fused tricyclic pincer—Ir
complex (7—6—7R4PCP)Ir (16,R = Pr; 17, R = Cy; 18, R = Ph) for the
COA/TBE and n-octane/NBE dehydrogenation (Fig. 2.3) [56]. The
fused nature of the bond imparts thermal stability and rigidity to the irid-
ium metal complex, and due to the flexible backbone, these types of cata-
lysts are highly efficient. The catalytic behavior and activity depends on
temperature, which is depicted by the fact that the dehydrogenation rate
of COA/TBE (1:1) at low temperature with 18 was higher whereas with
16 it was higher at high temperature. However, at all temperatures, the
productivity of COA/TBE dehydrogenation was the highest with com-
plex 18. The transter dehydrogenation of COA/TBE (1:1) with 18
occurred with a maximum of 4100 TONs after 24 h at 200°C. The solu-
bility of the metal complex determines its reactivity toward AD. The
poor solubility of complex 18 in #n-octane inhibited its activity for
n-octane/NBE dehydrogenation and in the case of complex 16, it showed
good catalytic activity for the same at 150°C. The catalyst 16 decomposed
over time but was resistant to inhibition by alkenes, whereas 18 was resis-
tant to both.

Similar tricyclic (PCP)—Ir metal complex was developed by Kaska and
co-workers. They reported the acceptorless dehydrogenation of alkanes
using (‘Buy-Anthraphos)lr, 20 (Fig. 2.3) [57]. It was observed that aryl
backbone imparted rigidity to the overall metal complex and it was

() :
S as
Ir Ir

) |
P

IE
R R R R
16R=’Pr,17R=Cy 19R=iPF,20R=tBU
18 R =Ph

Kaska, Brookhart,
Yamamoto Hall, Goldman

Figure 2.3 Fused tricyclic PC(sp?)P pincer—Ir complexes reported for alkane
dehydrogenation.
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thermally stable (up to 250°C). Later, Goldman and Brookhart stated that
the isopropyl analog (Pry-Anthraphos)lr, 19 was very effective toward
AD [58,59]. By using this complex, Brookhart found that the dehydroge-
nation of n-pentane produced 1,3-pentadiene (piperylene) in the presence
of propene as an acceptor in good yield (c. 40%) [60]. Dienes are valuable
precursors to synthetic rubbers, adhesives and resins. Goldman reported
very high yields of piperylene (c. 1.2 M) in the n-pentane/TBE [5.1 M]
transfer dehydrogenation catalyzed by sterically less hindered (*™*PCP)Ir
4) [7.0 mM] at 200°C, which is about 100-fold higher than the corre-
sponding yield obtained upon use of (""*PCP)Ir (5) [42].

2.2.3 Alkane dehydrogenation by PYC(sp?)ZP-Ir (Y =0, S,
CH,) systems

The stability and reactivity of the pincer complexes depend greatly on the
atom through which phosphine is attached to the aryl ring. To investigate
such type of stability, Brookhart and Jensen [52,61—63] independently syn-
thesized (“*POCOP)Ir type pincer complexes and used them for dehydro-
genation of alkane (Fig. 2.4). Due to the introduction of heteroatoms
(O, S) in place of CH, of PCP ligand framework, alteration in reactivity
was observed for the catalytic AD. In the case of transfer dehydrogenation
of linear alkanes, (P"*PCP)Ir (5) is a more efficient catalyst compared to
(P*POCOP)Ir (22) but for COA/TBE dehydrogenation, 22 (1583 TONjs
after 40h) is more reactive than 5 (230 TONs after 20h) [52].
Brookhart and co-workers reported fluoro containing pincer complexes
(p-F-""*POCOP)Ir (25) and (p-C4Fs-"""POCOP)Ir (26). They found that
the reactivity of (p-F-""*POCOP)Ir (25) (1530 TONs after 40 h) was
comparable to that of (P**POCOP)Ir (22) for the COA/TBE (1:1)

R: Rs
S
gl
XQT
Y-P.
R
R1 Ry
21X=H,Y=2=0,R;=Rp=Ry=R,=Pr; 26 X = CgFs, Y =2 =0, Ry = Ry= Rg = R, = Bu;
22X=H,Y=Z=0,R;=Rp=R3=R;='Bu; 27X =H,Y =CHy, Z=0, Ry=Ry=Rs=R,= Pr;

23X=0K Y=Z=0,R1=R,=R3=R,=Bu; 28X =H,Y=CH, Z=0,R;=R,=Ry3=R,=Bu;
24X=0Me,Y=2=0,R;=R,=R3=R,=Bu 29X =H,Y=CH, Z=0,Ry=R,=Pr, R3= R, = Bu;
25X=F, Y=2Z=0,R;=R,=Ry=R, = Buy; 30X=H,Y=8,Z2=0,Ry=Ry=Ry=R, = 'Pr

Brookhart, Jensen, Goldman, Huang

Figure 2.4 PYC(sp®)ZP pincer—Ir complexes studied for alkane dehydrogenation.
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dehydrogenation at 200°C. On the other hand, (p-C¢Fs-"""POCOP)Ir
(26) demonstrated a higher productivity (2041 TONs were obtained after
40 h). Wendt group reported that ((m-CF3),-"""POCOP)Ir (32) efficiently
catalyzes the COA/TBE (1:1) transter dehydrogenation even at 170°C
[64]. The activity of (p-((m-CFs)>,CeHz)P"*POCOP)Ir (31) was lower
(2070 turnovers after 40 h at 200°C) than 32 but comparable to (p-
CgFs-P"*POCOP)Ir (26) (Fig. 2.5) [52].

Huang and co-workers reported that the COA/TBE (1:1) transfer
dehydrogenation [65] with a sulfur variant (""*PSCOP)Ir (30) (Fig. 2.4)
proceeded at a very fast rate (2900 TOh™ ' at 200°C) whereas the corre-
sponding reaction with (P"*PCP)Ir (5) and (P"*POCOP)Ir (22) pro-
ceeded at 1200 TOh™ " and 6900, respectively [52]. In the (""*PSCOP)Ir
(30) catalyzed dehydrogenation reactions, complete consumption of TBE
occurred after 8h, but in the case (P"*POCOP)Ir (22) the reaction
leveled off after 6 h and gave only 62% conversion. In the case of n-
octane dehydrogenation using 0.5 M TBE, Huang’s catalyst (*"™*PSCOP)
Ir (30) was more effective (1400 TOh™") than both (P**POCOP)Ir (22)
(220 TOh™Y) and (®**PCP)Ir (5) (820 TOh™"). Notably, at comparable
turnovers (c. 115), both 30 and 5 demonstrated similar regioselectivities
(c. 30%).

2.2.4 Mechanism of pincer—Ir-catalyzed alkane
dehydrogenation

The generally accepted mechanism for the pincer—Ir-catalyzed AD and
the associated isomerization is provided in Scheme 2.5 using butane and
TBE as model substrates [66—68]. The first step of the reaction mecha-
nism involves the insertion of TBE into the Ir—H bond in 33 to give 34.

F3

o-P.,,
AN
31

Wendt
Figure 2.5 Fluorine containing POC(sp?)OP pincer—Ir complexes reported for alkane
dehydrogenation.

¢ o-P,
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32

http://chemistry-chemists.com



Pincer-group(8) and pincer-group(9) metal complexes 81

— RA% %‘R / R
P—/I[——F’A’
R H 7 R
Hydride Addition l
34 38
Dehydrogenation 7 z n3-allyl pathway R

zZ Z Z Z R
R.A T.R : Z
‘P—Ir—F R‘ﬁ)_/”__.p'R RE__1__pR R —ir—P2
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Z=CH, 0,8
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Scheme 2.5 Mechanistic pathway involved in the pincer—Ir-catalyzed n-alkane/TBE
transfer dehydrogenation and the associated «a-olefin isomerization.

A reductive elimination of TBA from 34 generates catalytically active 14-
electron species 35. Oxidative addition of the terminal C-H bond in
butane on to the Ir in 35 produces intermediate 36. The $-hydride elimi-
nation from 36 results in the release of the a-olefin along with the regen-
eration of the active species 33 (Scheme 2.5). Subtle variations in this
generalized pathway may be observed depending on the type of
pincer—Ir precursor used.

The resting state in a reaction cycle depends on the bulkiness of the
attached groups. Sterically crowded pincer—Ir complexes such as
(P"*PCP)Ir (5) in the absence of strongly binding olefins favors the forma-
tion of dihydride metal complex 33 as the catalyst resting state. In the
presence of olefin, the resting state preference shifts to Ir-olefin complexes
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41 or 42 or 43. In presence of a-olefins catalytically active species 35
forms complex 41 in preference to both 42 or 43. Less bulky pincer—Ir
complexes, on reaction with TBE, readily form the m-complex 42. In
contrast, sterically crowded complexes such as ("**PCP)Ir (5) reacts with
TBE to form a vinyl hydride complex 43. The preference of the catalyst
toward various resting states determines its efficiency as a function of sub-
strate and reaction conditions. Higher acceptor concentrations and steri-
cally less hindered acceptors would accelerate the activity of a catalyst
whose resting state is a dihydride complex 33 [13].

The dehydrogenation of n-alkanes catalyzed by pincer—Ir complexes
mostly give a-olefin as a kinetic product, which subsequently undergoes
isomerization in the presence of the catalyst to yield the thermodynami-
cally more stable internal olefin. The isomerization reaction of the olefin
occurs through “hydride-addition pathway” or “n’-allyl pathway”
(Scheme 2.5). The dihydride catalyst 33 interacts with the a-olefin and
2,1 addition of the Ir—H bond of 33 to the double bond of a-olefin leads
to 2-alkyl hydride 37. In next step, 3,2-3-hydride elimination from 37
produces the dihydride catalyst 33 and an internal olefin. This isomeriza-
tion cycle is known as “hydride-addition pathway.” Jespersen, Goldman,
and Brookhart’s experimental studies, well-complemented by DFT calcu-
lations, indicated that for sterically bulky complexes such as (P**PCP)Ir
(5) and ("**POCOP)Ir (22), the “n’-allyl pathway” was more favorable
than “hydride-addition pathway” [67]. In the “n’-allyl pathway,” three
coordinated 14-electron species 35 undergoes oxidative addition of the
internal C—H bond of the a-olefin to form 16-electron n'-ally hydride
complex 38. To achieve higher stability (18-electron configuration), 38
expands its hapticity from 7' to 77° and forms 18-electron 7°-allyl complex
39. In the next step, isomerization occurs and 39 converts to 16-electron
n'-allyl hydride complex 40. Reductive elimination of C—H from 40
regenerates the three-coordinate, 14-electron species 35 along with the
formation of isomerized internal olefin [67].

The “n’-allyl pathway” was confirmed experimentally by looking into
the (®**PCP)Ir (5) and (P"*POCOP)Ir (22) catalyzed isomerization of 1-
octene at 125°C [67]. The analog of 41 was the resting state of ("**PCP)
Ir (5) and (P"*POCOP)Ir (22) under the isomerization conditions. Very
small concentration of the dihydride 33 could significantly contribute
toward catalytic 1-octene isomerization via the “hydride-addition path-
way.” This tiny steady-state concentration of dihydride 33 would be
much greater in n-octane as compared to that in p-xylene. Goldman and
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Brookhart have shown that catalytic isomerization of 1-octene using
(PUPCP)Ir (5) [5mM] and (P"*POCOP)Ir (22) [5 mM] proceeded at
identical rates in both n-octane and p-xylene [67]. This led to the infer-
ence that “r°-allyl pathway” is the sole contributor in olefin isomerization
when ("**PCP)Ir (5) and (""*POCOP)Ir (22) are employed as catalysts.
However, with less bulky ("™*PCP)Ir(i>-C,H,)(4-C,H,) catalysts, the
olefin isomerization was found to proceed via both the “hydride-addi-
tion” and “7’-allyl” pathways [43].

To prove “n-allyl pathway,” low-temperature NMR  experiments
involving ("**POCOP)Ir (22) and allene were carried out (Scheme 2.6)
[67]. Addition of allene to (P**POCOP)Ir(H,) (22-Hj,) at —88°C formed
(PUPCP)Ir(-ally)H  (44) and (P"*PCP)Ir(propenyl)H (45), both of
which were found to isomerize to (""*POCOP)Ir(i’-propene) (46)
(Scheme 2.6) [67]. CCC pincer—Ir-catalyzed isomerization of alkene
through the “n’-allyl pathway” was reported by Chianese in 2014 [68].

2.2.5 Solid/gas-phase alkane dehydrogenation

Very recently, Goldman reported the molecular solid-phase (""*PCP)Ir
(7>-C,H,) (4-C,H,) catalyzed transfer dehydrogenation of gas-phase light
alkanes with ethylene and propene as acceptors at 200°C—240°C [43].
The gas-phase dehydrogenation reaction catalyzed by solid-phase catalyst
showed higher activity and TONSs than the corresponding solution phase

k 0-P",
Irn\\ - 33 °C l 58 oG I| \‘:
N 'S
H H

K %«

- 45 - 46 44
-88°C \< -88°C \4

o-p" o=

HoGe | H

|2 H,C=C=CH, Q‘”“‘

Ir;----n ___________ > A Y

n CH2 | ggoc, coHy, H

7< 22-H,

Scheme 2.6 Evidence for 7*-allyl pathway obtained from the reaction of (®“*POCOP)
Ir (22) with allene.
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experiments [43,69]. In contrast to typical heterogeneous catalysts, these
solid-phase catalysts led to higher regioselectivities. The solution-phase
kinetics experiments were used as a comparison to explain the high selec-
tivity of solid-phase catalysts.

The alkene isomerization catalyzed by (""*PCP)Ir (4) occurs via both
“hydride-addition path” and the “n’-allyl pathway.” However, the theo-
retical calculations indicate that the “n’-allyl pathway” is much slower
than the dehydrogenation of alkane [43]. The higher concentration of
dihydride metal Ir complex 33 is disfavored under solid—gas-phase condi-
tions (which operates at a very low concentration of alkane and high con-
centration of acceptor). These factors ensure a very high yield of a-olefin
under the solid—gas-phase conditions where the possibility of isomeriza-
tion via the “hydride-addition path” is almost absent [43].

It is observed that the catalyst (""*PCP)Ir(n’-C,H,)(4-CyH,) is more
active than (P"*PCP)IrH, (5-H,) for both the liquid-phase and solid—gas-
phase reactions [40]. The dehydrogenation of n-octane/ethylene (4 atm) at
200°C catalyzed by 4-C,H, [1 mM] resulted in 1-octene which is about
2.5-folds higher than that obtained with n-octane/1-decene [0.5 M] catalyzed
by 5-H, at 150°C [40]. The dehydrogenation of n-pentane/ethylene (4 atm)
in the gas phase at 240°C catalyzed by 4-C,Hy [1 mM] yielded a maximum
of 520 mM of a-olefin [43].

2.2.6 Continuous-flow gas-phase alkane dehydrogenation

Rather than using economical acceptors, industrially, it would be more
relevant to use such selective catalysts in an acceptorless and continuous-
flow system. Continuous-flow systems allow better control on reaction
pressure, temperature, and residence time of the reagents thus providing
access to conditions not typically available to batch systems. Unlike batch
reactors, the products in continuous-flow reactors are constantly siphoned
out, which mitigates the possibility of secondary reactions or catalyst inhi-
bition by-products. To achieve continuous-flow systems with molecular
catalysts, the complex has to be immobilized on solid supports.

The AD reaction is well established by homogeneous pincer—Ir catalysts
but solid-supported heterogenized molecular catalysts are moderately effective
for AD. In 2008, Alt and co-workers reported that silica gel supported het-
erogenized phosphorus-containing compounds in combination with iridium
complex were active for the dehydrogenation reaction [69—71]. The activity
of the catalyst was heavily dependent on PPhj ligand. The external addition
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of PPhj to the reaction mixture increased the activation of the alkane (iso-
pentane) [69]. The catalytic activity increased with temperature and it was
proposed that at 350°C there was a formation of a new species which were
catalytically more active than the initial catalyst.

Pincer complexes having polar groups on the ligand backbone could
be heterogenized on a variety of solid surfaces yielding recyclable AD cat-
alysts [42]. A few of such reports include PC(sp®)P-Ir [45,72], PC(sp>)P-Ir
[73] and POCOP-Ir [45,72] based catalysts that have been anchored on
to florisil, alumina, and silica via polar groups (—OK, —OH, —OMe,
—NDMe,, and —CO,H) [42]. The activity was found to depend on the
polarity of anchored groups present on para- position [42].

For AD, an Ir(I)/Ir(III) couple is required; in the absence of polar sub-
stituents, oxidative addition of the solid-supported hydroxyl groups occurs
at the pincer—Ir(I) center to irreversibly generate a pincer—Ir(IIl) center,
which renders it inefficient for AD, due to its inability to generate the
required Ir(I)/Tr(IIT) couple [74—77].

Very recently in 2018, Celik and co-workers reported silica-supported
(p-Bu,PO-""*"POCOP)Ir(C,H,)  (p-Bu,PO-22-C,H,) active model
catalyst for continuous-flow gas-phase acceptorless AD system [78]. This
solid-supported catalyst is thermally stable at temperatures up to 340°C
whereas the analogous homogeneous complexes have been reported to
show stable activity at 240°C [31]. Supporting the complex
(p—tBuzPO—tBMPOCOP)Ir(C2H4) resulted in formation of p-SiO,—22-
C,H,. Here, the pincer backbone is covalently bound to SiO,. The inter-
action of p-Bu,PO-22-CO with silica is similar to p-"Bu,PO-22-C,H,
[78,79]. On the other hand, the dihydride analog p-Bu,PO-22-H,
interacts with silica in a different way. The oxidative addition of surface
hydroxyl groups onto the Ir center in p-Bu,PO-22-H, forms 22-H-
SiO,, which was inactive for dehydrogenation of alkane [74—77].
The p-Bu,P0O-22-C,H, catalyzed AD had p-SiO,—22-C,H, as the
resting state below 300°C and p-SiO,—22-CO as the resting state above
300°C. The catalytically active 14-electron species p-SiO,—22 is gener-
ated either by the dissociation of CO or CyHy (Scheme 2.7). The catalyst
p-Si0,—22-C,H,; was active within the temperature range of
200°C—300°C. The activity of catalyst p-SiO,—22-C,H, was found to
increase gradually with temperature and a mixture of p-SiO,—22-C,Hjg
and p-Si0,—22-CO were found to be the resting states. Above 300°C,
>'P MAS NMR analysis indicated that p-Si0,—22-CO was the sole rest-
ing state [78].
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Continous-Flow System
Gas-Phase
200 °C to 440 °C

Resting State <300 °C
p-Si0,-22-C,H,

Resting State >300 °C
p-Si0,-22-CO

Active catalyst
p-Si0,-22

Scheme 2.7 Various intermediates involved in continuous-flow gas-phase alkane
dehydrogenation catalyzed by p-Bu,P0O-22-C,H, supported on silica.

The kinetic profile of the dehydrogenation reaction starting with
p-Si0,—22-C,H, and p-Si0,—22-CO were identical in the temperature
range 340°C to 440°C. Similar deactivation mechanism and kinetics were
observed for the reaction starting with p-SiO,—22-C,H, or p-SiO,—22-
CO at these temperatures [78]. However, below 300°C, the dissociation of
C,H, from the Ir center being preferable due to the labile character of ethyl-
ene, p-Si0,—22-C,H, shows a better activity than p-SiO,—22-CO that
has a strongly binding CO ligand.

Celik demonstrated that the dissociation of CO from p-SiO,—22-CO
generates the active 14-electron, three-coordinate species p-SiO,—22
(Scheme 2.7). This dissociation of CO is slow below 300°C and fast
above 300°C. Notably, these carbonyl pincer—Ir systems are tolerant
toward moisture and air. From XPS analysis, it was observed that above
340°C, loss of pincer ligand and oxidation of Ir(l) to Ir(Ill) was responsi-
ble for the lower activity in the continuous-flow gas-phase AD.

2.2.7 Alkane dehydrogenation by PC(sp®)P—Ir complexes

Dmitri Gelman and co-workers developed the barrelene-type scaffold,
namely, 1,8-bis(diisopropylphosphino)triptycene ligand, a new class of
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sp”-carbometalated complexes [80,81]. The C(sp”) metalated compound
49 exhibited very high thermal and conformational stability even under
very harsh and non-inert conditions. The stability of the complex is due
to lack of labile R- or §-hydrogens [80]. The transfer dehydrogenation of
COA/TBE (1:1) catalyzed by 49 [1.3 mM] resulted in 900 and 2590
TONSs after 30 min and 4 h, respectively. The catalyst (P"*POCOP)Ir
(22) under identical conditions gives better initial turnovers (1400 TONs
after 30 min) before leveling oft at 1800 TONSs after 4 h [73]. Wendt
reported that among the PC(sp”)P-Ir complexes 47 and 48 [82.83]
(Fig. 2.6), while 48 was inactive for AD, 47 gave only 50 TONs after
20 h in the COA/TBE (1:1) transfer dehydrogenation at 200°C. The low
activity can be attributed to low thermal stability as a result of C(sp”)-H
elimination, which is more facile than C(sp®)-H elimination. Brookhart
tested catalysts based on (Rtn'ptycenePC(sp3)P)Ir(772—C2H4) 49, R ='Pr;
50, R =Cy; 51, R =Cp) for the transter dehydrogenation of alkanes
[73]. The transfer dehydrogenation of n-octane (with 6 M TBE) at 200°C
with complex 49 gives very high initial rates (2400 TOh™") and unprece-
dented conversions (6000 TONs in 10 h). The catalyst 49 is very active
even at very low temperature (100°C) where a complete conversion was
observed for n-octane/TBE [0.5 M] dehydrogenation [73]. The analogous
complexes 50 (35 TONs after 24 h) and 51 (40 TONs after 24 h) are
much less active for AD. The complexes 52 and 53 that were obtained by
the introduction of methoxy groups on the triptycene fragment by the
Gelman group showed very poor activity in comparison to 49 [84].
Brookhart and co-workers used 52 for the transfer dehydrogenation of
alkane in both homogeneous and heterogeneous fashion [73|. Transfer

>LH_:>_\ L ;\Lp_.r_pK
e T

48
OMe OMe
\P\—Ir—P
R1T" R1 R1° R1
MeQ

MeO
‘ ‘ 49 R, = Pr, Ry = H;

50 R1 Cy RZ =H
R " <P, 51R, = Cp, R, = H;
\\ > \ 7/ \\ >_ \ 7/ 52 R = 'Pr, R, = CHoNMe,

Figure 2.6 PC(sp )P pincer—Ir complexes reported for alkane dehydrogenation.
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dehydrogenation of COA/TBE (1:1) with 49 (2800 TON:s after 20 h)
and its derivative 52 (2040 TONs after 20 h) were comparable under
homogeneous reaction conditions at 200°C. The complex 49 when
attempted to anchor on to alumina (v or neutral) gave very poor result
(20 TON:Es after 20 h) [73], which shows that the catalysts that lack polar
substituents are deactivated by alumina [45,72]. The heterogeneous cata-
lytic systems based on 54 were not recyclable in nature. After 20 h, the
transfer dehydrogenation of COA/TBE (1:1) at 200°C with 49 gave
1250, 185, and 70 TONs when anchored on low-soda alumina,
y-alumina, and acidic alumina, respectively.

2.2.8 Alkane dehydrogenation by POCN—Ir, PBP—Ir, PNP—Ir,
and PAIP complexes

Alkane dehydrogenation by (POCN)Ir was reported by Huang and co-
workers. They synthesized (P*>NCOP)Ir(H)(Cl) (55—57) (Fig. 2.7) and
carried out COA and n-octane transfer dehydrogenation at 150°C in the
presence of TBE [0.5 M] [85]. Among 55, 56, and 57, the highest activity

,k

P\ /F’
55R = H, 56 R = Me Ir

R" “R
f)
57 R="Bu 58 R ='Pr 59
Huang Yamashita Ozerov
t
,Bu
f@\‘ JA Y
Rw",P\Ir/F?,‘R4 C 0 N AI H,'I H
R R3 4
’ i F>\Ir/p N H H
- - - | /
60 R;=R,=R3=R;="Pr \\fBu
R
61R;=R,=R3=R,;=Bu 62 63 By
Yamashita Goldman and Brookhart Yamashita

Figure 2.7 POCN—Ir, PBP—Ir, PNP—Ir, and PAIP type pincer complexes that have
been studied for alkane dehydrogenation.
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(1100 TOh™ ") was observed with 55 along with the highest TONs (470)
for the COA/TBE dehydrogenation.

In the COA dehydrogenation catalyzed by 55, the activity
(425 TOh™") was inhibited at higher concentration of TBE [2.5 M].
Notably, the steric hindrance of other catalysts (56, 57) inhibited their
activity. In the case of transfer dehydrogenation of n-octane with TBE
[0.5 M] at 150°C, initial rates of 325, 84, and 60 TOh ™! were observed
for the catalyst 55, 56, and 57, respectively.

Boron containing PBP pincer ligands and their corresponding iridium
complexes ("*PBP)Ir(H)(Cl) (58-HCI) and ("™'PBP)Ir(>-C,H,) (58-
C,H,) complexes were reported by Yamashita and Tanoue [86]. Poor
catalytic activity was observed with these complexes for the transfer dehy-
drogenation of COA [3.9 M|/TBE [3.9 M] at temperatures ranging
between 160°C and 220°C. In presence of lithium 2,2,6,6-tetramethylpi-
peridide [2mM], 1.3 mM of 58-HCI gave 43 TONs in the COA
[3.9 M]/TBE [3.9 M] transfer dehydrogenation at 220°C. Ozerov and co-
workers also observed poor activity in AD catalyzed by (PBP)Ir complex
59 [87].

The pyrrole-based (PNP)Ir complexes (60, 61) were synthesized by
Yamashita and co-workers (Fig. 2.7) and were used for transfer dehydro-
genation of COA in the presence of TBE [88]. The derivative [(*"*PNP)
Ir]»(11>-COD) of 60 exhibited poor catalytic activity at 220°C and a maxi-
mum of 28 TONs were obtained. The (PNP)Ir complex based on carba-
zolide ligand 62 was reported by Goldman and Brookhart [89], but was
found to be inactive for AD.

In 2019, Yamashita and co-workers reported (PAIP)Ir(H)4 (63) com-
plex for AD [90] (Fig. 2.7). The computational studies suggested that the
complex was associated with alumanyl-Ir¥tetrahydride rather than bridg-
ing hydride ligands and this was further confirmed by AIM analysis [91].
Very low TONSs of 31 were obtained when the transfer dehydrogenation
of COA with 1-hexene as a hydrogen acceptor was carried out in the
presence of (PAIP)Ir(H), (63) (COA:63 = 3000:1) at 180°C [90]. This is
the first report of AD with homogeneous pincer—Ir complex based on
alumanyl ligand.

2.2.9 Alkane dehydrogenation by PXC(sp*)NP-Ir-HCI (X = O, S)
complexes

Very recently, Zheng and co-workers reported PXC(sp”)NP-Ir-HCI
X =0, S) complexes (64-HCI-71-HCI) for transfer dehydrogenation of
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alkane (Fig. 2.8) [92]. The transfer dehydrogenation of COA with TBE
was carried out in the presence of 64—71 under varying ratios of COA/
TBE/Ir/NaOBu (a, 3000/3000/1/3; b, 3000/1000/1/3; ¢, 15,000/
15,000/1/15) at 200°C. The catalytic activity and TONs with the consid-
ered catalysts are shown in Table 2.4. The low activity of 65-HCI and
70-HCI is attributed to catalysis inhibition by TBE. The productivity of
transfer dehydrogenation of COA with TBE in the presence of isopropyl
analogous complexes follows the trend: 71, 68, 64 >21>30>69 >4
[92].

The transfer dehydrogenation of n-octane/TBE was carried out in the
presence of activator NaO'Bu at 200°C under ratio of n-octane/TBE/Ir/
NaOBu (3000/3000/1/3) using 30-HCI, 65-HCI, 68-HCIl, and 71-
HCI and mixture of alkenes was obtained [92]. The acceptorless dehydro-
genation of 1,2,3,4-tetrahydronaphthalene was also carried out in the
presence of NaOBu [18.6 mM] along with the iridium precatalysts
[3.1 mM] (21-HCI, 30-HCIl, 64-HCl, 68-HCI and 71-HCI) at 250°C
to obtain naphthalene. The TONS steadily increased with time and 3892
TONSs were obtained in the case of 64-HCI after 19 h [92].

2.2.10 Alkane dehydrogenation by non-phosphine-based
iridium pincer complexes

Alkane dehydrogenation reactions have been well explored by using
phosphine-based iridium complexes. Recently, AD has also been reported
with pincer—iridium complexes based on non-phosphine ligands such as
CCC [68,88,89,93], AsOCOAs [94], and NCN [95]. In 2010, Chianese
and co-workers reported the use of CCC pincer—Ir complexes (72—77)
based on bis(N-heterocyclic carbene) ligands (Fig. 2.9) for the acceptorless
dehydrogenation of alkanes [68,88,89,93]. In the case of acceptorless
cyclooctane (bp 150°C) dehydrogenation, 103, 84, and 35 TONs were
obtained with 74, 75, and 77, respectively after 22 h. On the other hand,

Rs\Rz‘ R 84X=0,Ri=Ry =/Pr,R3=Me; 65X =0, R;=R,=Bu, R3=Me; Pry JPr
N-P ) ) N-P
l 66 X =0, R{='Pr,R;=Cy, R3=Me; 67 X=0, R;=Cy, R, ='Pr, R3 = Me; |
Ir Ir-Cl
[ 68 X=0,R;=R, ='Pr,R3 = Et; 69 X =S, Ry=R, =Pr, R3 = Me; |'H
X;Pu O-P,
Rl R, T0X=8Ri=R, ='Bu,Rs=Me ipd “ipy
Zheng Huang 71

Figure 2.8 PXC(sp®)NP pincer—Ir complexes investigated by Zheng Huang for alkane
dehydrogenation.
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Table 2.4 Transfer dehydrogenation of COA with TBE with different PXC(sp?)NP-Ir-
HCl (X =0, S) complexes.

Entry Catalysts Conditions Time (h) TONs
1 64-HCl1 a 1 2980

c 15 12,690
2 65-HCl1 a 15 212

b 15 440
3 66-HCl a 15 146

b 15 1000
4 67-HCI1 a 15 420

b 15 1000
5 68-HCl1 a 1 3000

c 15 13,870
6 69-HCl1 c 15 2310
7 70-HCl1 a 15 420

b 15 1000
8 71-HCl1 a 1 3000

c 15 14720
9 4-HCl1 a 1 1146

c 15 2100
10 21-HCl1 a 1 2145

c 15 10,050
11 30-HCl1 a 1 2725

c 15 6700

the complexes 72, 73, and 76 gave poor results under similar conditions.
There was hardly any change in activity of 74 upon addition of COE.
Use of high-boiling alkane (cyclodecane) did not help to improve the
activity of 74. The activity of 74 was by large mitigated due to decompo-
sition rather than COE inhibition. [68,88,89,93] Both Ar and N, atmo-
sphere resulted in comparable reactivity (100 TONSs after 22 h). However,
in the presence of air, only 5 TONs were observed.

The acceptorless dehydrogenation of n-undecane was also reported
with 74 and 75 but poor yields (c. 50 TONs) were observed. On the
other hand, the catalyst 77 showed 97 TONs in 22 h for the acceptorless
dehydrogenation of n-undecane [68,88,89,93]. The dehydrogenation of
n-undecane is associated with the isomerization of terminal olefins to
internal olefins and internal undecenes were observed as final products in
the presence of 77 and the results were comparable with the (PCP) irid-
ium systems developed by Goldman group [44].

http://chemistry-chemists.com



92 Pincer—Metal Complexes

72X =H,R=1Bu; 73 X = H, R = Ad;
74 X = H, R = mesityl;

75 X = CF3, R = mesityl;

76 X = H, R = 2,6-diisopropy! phenyl;

77 X = H, R = 3,5-di-t-butylphenyl

Chianese
Goldberg, Goldman

Figure 2.9 Nonphosphine-based pincer—Ir complexes employed for alkane
dehydrogenation.

The transfer dehydrogenation of COA was also reported with arsine
oxide-based pincer catalyst (P**AsOCOAs)IrH, (78-H,) (Fig. 2.9) by
Jensen and co-workers [94]. The transfer dehydrogenation of COA with
TBE in the presence of (P""*AsOCOAs)IrH, (78-H,) [1 mM] carried out
at 200°C furnished 300 TONs after 30 min [94], which is very low
(three- to fourfold) when compared with that obtained with the phos-
phine oxide analog 22-H, [52,65]. The reaction ultimately leveled off
after providing 930 turnovers after 24 h. The catalytic activity was found
to increase with increase in temperature (330 TONs at 125°C to 960
TONSs at 175°C). Above 175°C, the catalyst 78-H, started to decompose
and gave lower yields and TONs. A total of 930 TONs were obtained
after 24 h when the reaction was carried out at 200°C.

In 2012, Nishiyama and co-workers performed the reaction of n-
octane with (dmphebox)lr(OAc)z(HZO) (79) in the presence of K,COj at
160°C to produce (“"phebox)Ir(OAc)(n-octyl) (89) (Scheme 2.9) [95].
Goldberg, in 2013, demonstrated the use of (“phebox)Ir(OAC),(H,O)
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(79) for the stoichiometric dehydrogenation of n-octane at 200°C to give
octenes and (“"phebox)Ir(OAc)(H) (84) via the intermediacy of (*"phe-
box)Ir(OAc)(n-octyl) (89) (Scheme 2.8 and Scheme 2.9) [96].

1-octene was obtained as a major product after 3 h at 30% octane con-
version. However, after 120 h, the product contained a mixture of inter-
nal octenes. Independent experiments were carried out to confirm that
("phebox)Ir(OAc)(H) (84) catalyzes the isomerization of the initially
formed 1-octene. The dehydrogenation was found to proceed via the
intermediacy of ("phebox)Ir(OAC)(n-octyl) (89). The mechanism of
("phebox)Ir(OAc)»(H,0) (79)-mediated dehydrogenation of n-octane
involved C—H activation at Ir(Ill) center in stark contrast to phosphine-
based pincer—Ir system where the C—H activation occurred at the Ir(I)
center [97]. It was observed that addition of water (120 equiv.) increased
the yield (by about 33%) of n-octane dehydrogenation mediated by
("phebox)Ir(OAC),(H,O) (79). In the presence of molecular oxygen,
("phebox)Ir(OAc)(H) (84) led to the formation of ("phebox)Ir
(OAC)>2(H20) (79) at room temperature [97]. It is noteworthy that the
transformation of 84 —79 offers immense promise to complete a hypo-
thetical catalytic cycle 79—-89—84—-79 (Scheme 2.9). Goldman
accomplished the (“"phebox)Ir(OAc)(H) (84) catalyzed acceptorless dehy-
drogenation of alkanes at 200°C that proceeded via a cycle involving
84 < 89 cocatalyzed by various Lewis acids (Scheme 2.9) [98].

The acceptorless dehydrogenation of alkanes was further investigated
by the Jones group in detail where they have developed (“"phebox)Ir
complexes (80—83) by varying the carboxylate ligands [78]. They noted
that the §-H elimination step was dependent on carboxylate ligands but
in the case of C—H activation, the carboxylate ligand had no eftect [99].

dm

The octane formation with (""phebox)Ir complexes followed the order

83>82>81>80>79.

0,
M + Octene + RCO,H + H,0

X = 0,CR
79, R = Me, 80, R = Et

81, R = Bu, 82, R = CH,Ph
83,R = HC=CMe

84,R = Me, 85 R = Et
86, R = Bu, 87, R = CH,Ph
88, R = HC=CMe,

Scheme 2.8 Alkane dehydrogenation by NCN pincer complexes.
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Scheme 2.9 Hypothetical catalytic cycle for alkane dehydrogenation by NCN pincer
complex.

2.3 Dehydrogenation of alkanes by pincer—metal
complexes other than iridium

2.3.1 Ruthenium pincer complexes for alkane
dehydrogenation

Group 8 metal complexes have not much been reported for AD as com-
pared to iridium complexes. Roddick and co-workers were the first to
report the (“""PCP)Ru complexes for AD [100,101]. They have shown
that unlike iridium, in which Ir(l) is the active catalytic species, in the case
of ruthenium, it is Ru(Il) hydride species that takes part in the catalytic
cycle (Scheme 2.10). Similar results have been obtained with osmium by
the same group [102].

The Roddick group expected to generate (“"’PCP)RuH(H,), by
reaction of (“"’PCP)Ru(COD)H (93) with H, but instead got ruthenium
dimeric complex 94 with the loss of COD. On the addition of excess
COD, the complex 94 converted back to 93 (Scheme 2.11). The treat-
ment of 12 mM of 93 with COA resulted in only 3 TONSs in 10 min and
whole of the catalyst got converted to dimeric complex 94. Upon catalyz-
ing the reaction of equimolar amounts of COA and TBE with lower
amounts of catalyst 93 [6 mM], the reactivity increased slightly to 18
TONSs with full conversion of 93 to 94.

In the presence of two equivalents of COD, only 4 TONs of the
product were obtained with 93 as the resting state of the catalyst that is
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Scheme 2.10 Dehydrogenation of alkane catalyzed by group 8 pincer—metal
complexes.
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Scheme 2.11 Formation of dimeric Ru complex 94 from 93 on treatment with H,
and COA.

indicative of inhibition of catalysis by COD. Under similar conditions at
lower loading of the catalyst [1.25 mM], reaction proceeded at the rate of
180 TOh™ ' at 150°C and 1000 TOh™ " at 200°C. At 150°C, the reaction
stopped after 3h and 164 TONs were obtained while at 200°C, 180
TONs of the dehydrogenated product were obtained within 30 min.
COE was also found to inhibit the activity of the catalyst 93. One of the
most noteworthy observations in the transfer dehydrogenation of COA/
TBE catalyzed by 93 was that the reaction was not sensitive to water (100
equiv.), N», or O, atmosphere.

Transfer dehydrogenation of alkanes (COA/TBE) using pincer—
ruthenium complexes (95—99) have recently been reported by the
Huang group (Fig. 2.10) [103]. Initially the complex (""POCOP)Ru
(NBD)(H) (95; NBD = norbornadiene) was studied for the transfer
dehydrogenation of COA/TBE at different concentrations of TBE
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Figure 2.10 Ruthenium pincer complexes reported for alkane dehydrogenation.

[0.1—0.8 M]. The reaction was performed at 200°C and complete con-
version was observed at lower concentrations of TBE [0.1—0.3 M] [103].
A maximum 306 TONs were obtained with 0.35 M TBE. Higher TBE
concentrations [0.4—0.8 M] resulted in inhibition of catalysis.

For the transfer hydrogenation of COA with TBE [0.35 M] at 200°C,
the highest catalytic activity was observed with complex 96 (TOFs:
420 h™"; 322 TONS) that was electronically deficient among all the cata-
lysts screened. Initial rate of dehydrogenation was higher (but with lower
TON:G) for PCP complex 97 (TOFs: 1130 h™'; 260 TONS) as compared
to 96 (TOFs: 420 h™'; 322 TONs) and 95 (TOFs: 120 h™'; 306 TONGs).
Interestingly and contrary to one’s expectations, the chloro-substituted
complex 99 was also active (TOFs:390 h™'; 240 TONGs). Very less TONs
were obtained with PSCOP complex 98 (8 TON:Ss after 4 h).

There was no effect on the dehydrogenation rate when complex 96
was treated under an atmosphere of N, or air and in the presence of polar
additives such as acetone, ethyl acetate, and diethyl ether. The dehydroge-
nation of n-octane with the complexes 95—97 gave poor TONs possibly
due to inhibition of the catalysts by a-olefins. Acceptorless dehydrogena-
tion of COA was performed with complex 96 and very low TONs were
obtained (39 TONSs after 12 h). The same reaction was performed in
sealed vessel and surprisingly no decrease in TONs was observed [103].

Later, in 2017, Popov and Peryshkov synthesized pincer—metal com-
plex included in a carborane cage (POBOP)Ru(H)(PPhs) (100) and
applied it for the transfer dehydrogenation of COA/TBE system [104]. In
the presence of N, and air at 170°C, TONs up to 400 and 288 were
obtained, respectively. For the dehydrogenation of n-octane, the regios-
electivity to 1-octene was very low and only 85 TONs were observed.
The result was similar to what was obtained with the complex 96 [103].
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Very recently, the Goldman group has reported transfer dehydrogena-
tion using PSP ligated ruthenium pincer complexes [105]. They have syn-
thesized (""XanPSP)Ru complexes (101—102) and studied them for the
COA/TBE reaction at lower temperatures (Fig. 2.11). At first, the complex
101-(C,H,), [1 mM] was investigated for COA [7.43 M]/TBE [300 mM)]
transfer dehydrogenation reaction at different temperatures. The reaction
reached completion within 5 min at 180°C, within 60 min at 150°C, and
within 250 min at 120°C. There was no change in catalytic activity when a
drop of mercury was added, therefore indicating the absence of any colloi-
dal metal species. This is the first report where such a fast reaction at low
temperatures was observed. The results obtained with transfer dehydrogena-
tion of n-octane under the same conditions were much lower (17 TONs
after 120 min at 150°C). The complex 101-(C,H,), was found to be inef-
fective for acceptorless dehydrogenation of COA.

Under the same conditions, the complex 102-(1*-allyl)(H) was
observed to be far less active than 101-(C,Hy), for the transfer dehydro-
genation of COA/TBE largely due to the high stability of allyl hydride
complexes. In line with the experimental results, DFT studies show that
in the case of linear olefins, stable 7°-allyl hydride complexes are formed
and their stability leads to the low activity of (*"XanPSP)Ru complexes
with linear alkanes.

2.3.2 Osmium pincer complexes for alkane dehydrogenation

Roddick group synthesized the analogous pincer—Os complex (“">PCP)Os
(COD)H (103) and studied it for COA/TBE dehydrogenation [102]
(Fig. 2.12). Surprisingly, this complex was found to be inactive for COA/

101-(C2Hy), 102-(y3-allyl)(H)

Figure 2.11 Ruthenium pincer complexes reported for alkane dehydrogenation by
Goldman.
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Figure 2.12 Osmium pincer complex reported for alkane dehydrogenation by
Roddick.

TBE (1:1) transfer dehydrogenation at 150°C unlike its ruthenium analog
(“PCP)Ru(COD)H (93). At 200°C, 103 gave better results for COA/
TBE system (1520 TOh™") as compared to 93 (1000 TOh™"). The thermal
stability of 103 is much higher as compared to 93, which lost its activity after
30 min. The complex 103 gave 610 TONSs after 8 h and then decomposed
to (“"’PCP)Os(COD)X (104), where X = -CH,CH,'Bu.

The complex 103 was active under N,, vacuum and water and no
decrease in reactivity was observed when the COA/TBE (1:1) dehydro-
genation was performed at 200°C. In the presence of 200 Torr O, at
200°C, the activity of 103 was affected after 1h and (“"’PCP)Os
(CO),H (105) was formed as observed by '’F NMR analysis. In the
above-mentioned reaction conditions, uncatalyzed oxidation of cyclooc-
tane to cyclooctanone was observed in control experiments. Aldehydes
were also formed from the trace acyclic hydrocarbons, which further
undergo decarbonylation leading to the formation of catalytically inac-
tive species 105.

No reaction was observed when acceptorless dehydrogenation of
COA was performed using 103 at 150°C. On increasing the temperature
to 190°C [103 [1 mM]], acceptorless dehydrogenation of cyclodecane
gave 125 TONS after 1 h. The results obtained are similar to that observed
with (P"*PCP)IrH, (5-Hy), which gave 101 TONs after 1 h. TONGs fur-
ther increased to 250 after 6 h for the 103-catalyzed dehydrogenation and
the reaction stopped after 48 h (280 TONs). '"F NMR and *'P NMR
studies confirm the formation of dimeric osmium species similar to that
observed with (“"?PCP)Ru(COD)H (93).

2.3.3 Rhodium pincer complexes for alkane dehydrogenation

Unlike their iridium counterparts, Rh complexes containing PCP pincer
ligands are very less catalytically active for AD. One of the examples is of
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106-catalyzed transfer dehydrogenation of COA with 0.2 M TBE at
200°C (Fig. 2.13), in which the rate of the reaction is found to be very
low, that is, 1.8 TOh™' [31]. The complex 107 (Fig. 2.13) was found to
be moderately active for the COA/TBE reaction, giving only 47 mM of
the dehydrogenated product after 10 h at 150°C [106]. Goldman had ear-
lier reported the rhodium complexes based on (PMes),RhCl, which were
found to be highly active for the dehydrogenation reactions [107,108].
This large difference in reactivity between the PCP—Rh [31,109] and
(PMe3),RhCl species was attributed to the strong trans influence of the
PCP-aryl metal bound carbon as compared to chloride in (PMe;),RhCI.
The strong frans influence of ipso C opposes the formation of Rh—C and
Rh—H bond via oxidative addition to PCP—Rh, which leads to lower
reactivity [110].

To enhance the catalytic activity pincer—Rh complexes, Brookhart
and Goldman synthesized carbazolide-based PNP—Ru and -Ir complexes
that has a central sp” N at the metal center with a weak frans influence
(Fig. 2.13). The sp>~hybridized N of the PNP ligand is less o-donating as
compared to sp”~hybridized C of the PCP ligand [111,112].

The complex (carb-PNP)IrH, (62-H,) was catalytically inactive
toward dehydrogenation. DFT studies revealed that all steps in the cata-
lytic dehydrogenation cycle (Scheme 2.5) are favorable except for the
reductive elimination of TBA. The (carb-PNP)Ir(I) state in 62 has much
higher energy than (carb-PNP)Ir(Ill) state in 62-H(C,H,Bu). Therefore
the formation of 62 (l4-electron, 3-coordinate fragment) from 62-H
(C,H,Bu) via reductive elimination of TBA is not favorable. Due to
this, the transfer dehydrogenation does not occur in the presence of com-
plex 62 [111,112].

In comparison, the rhodium analog (108-H,) reacted with ethylene
readily to form 108-C,H, and C,Hg at room temperature while in the

\§ A
DL A

N—Rh N—Ir
S oS3
AR AT =V
106 108 62

Figure 2.13 Rhodium pincer complexes reported for alkane dehydrogenation.
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case of 62-Hj, it occurred only at 70°C. With a more challenging olefin
TBE, 108-H, was converted to 108-TBE and TBA at 80°C while 62-
H, could not hydrogenate TBE even at 100°C in agreement with DFT
studies that reveal an unfavorable reductive elimination of TBA from 62-
H(C,H,Bu). The observations made with these stoichiometric reactions
could however not be extrapolated to catalytic reactions. On carrying out
the reaction of 108-H, and 62-H, with TBE in the presence of H,, dif-
ferent results were obtained. The iridium complex 62-H, was able to
hydrogenate TBE at room temperature within 1 h, while no reaction was
observed with the corresponding rhodium complex 108-H, even after
3 h. Computational studies revealed the involvement of Ir(V) species. The
complex 62-H, on reaction with TBE first forms Ir(IIl) intermediate 62-
H(C,H,Bu), which then gets converted to Ir(V) species 62-
H;(C,H,Bu) in the presence of H, and subsequently TBA is released via
reductive elimination regenerating 62-H,. A corresponding Rh(III)/Rh
(V) pathway is not available for the rhodium complex 108-Hs,.

The results obtained for transter dehydrogenation of COA/TBE (1:1)
using 1.3 mM 108-H, were satisfactory. A total of 260 TONs were obtained
after 3 h at 200°C, and catalyst decomposition was confirmed by *'P NMR
studies after 3 h of the reaction. Very low TONs were obtained when the
transfer dehydrogenation of n-octane/TBE (1:1) was carried out at 200°C
(14 TONSs after 1 h) using 108-H, The complex (carb-PNP)Rh(1-octene)
was not observed, so inhibition due to strong binding of n-octene to the
metal center was ruled out. Further studies suggested that the olefin isomeri-
zation competes with the AD which leads to less TONs. The resting states
detected by *'P NMR studies after 5 min of the reaction were (carb-PNP)
Rh(TBE) (108-TBE) and (carb-PNP)RhH, (108-H,) in the ratio 3:1 for
both COA and n-octane transfer dehydrogenation.

2.4 Applications of alkane dehydrogenation
2.4.1 Alkane metathesis

In order to combat the continual demand for liquid fuel coupled with the
rapid declination of natural oil resources, scientists have ventured into
nonconventional methods that produce energy sources efficiently, the
principle among them being alkane upgradation [113—115]. Low-
molecular weight alkanes (Cg—C;9), which are essential in this process,
are produced mainly by the Fischer—Tropsch process [19,116—119].
They are also obtained from natural gas, coal, or biomass (via reduction or
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gasification) [120] or from CO, reduction with the use of solar, nuclear,
or wind energy [121]. Global reservoirs of light n-alkanes can be trans-
formed to liquid fuels via alkane upgradation methods such as alkane
metathesis (AM), which will be further elucidated.

AM involves two medium-molecular-weight alkanes reacting to form
one alkane of heavy molecular weight and another of light molecular weight.
Bumnett and Hughes [122] reported the first examples using heterogeneous
catalysts, followed by the Basset group [123—126]. But heterogeneous sys-
tems yield alkanes with poor molecular weight selectivity [126]. The first
homogenous catalyst-based metathesis system was reported by Goldman and
Brookhart, who generated a tandem system using pincer—Ir-assisted AD fol-
lowed by olefin metathesis by Schrock Mo-F12 catalyst 109, yielding a mix-
ture of high- and low-molecular-weight alkenes [127]. The metathesized
alkenes act as hydrogen acceptors and are transformed into the corresponding
alkanes by pincer—Ir catalyst (Scheme 2.12).

Apart from the greater selectivity toward linear metathesized heavier
alkanes, the milder operating temperatures are the advantages of homoge-
nous tandem AM catalytic systems in comparison to their heterogeneous
counterparts [126,127]. For the pincer—Ir system, steric factors determine
the yields for n-hexane metathesis as shown by the following trend:
(Bu2pCpBuMeyy (7-H,) > ("“*PCP)ItH, (4-H,) > (P™MepCpBuMe)
IrH4(8-H,) > (P"*PCP)IrH,(5-H,) [41]. These AM studies have also
been extended to cycloalkanes by Scott and co-workers [128]. The for-
mation of n-alkanes with intermediate chain lengths in addition to the
expected C,,,» n-alkanes from C, alkanes is a drawback of the homoge-
nous systems [36]. The progress of these metathesis studies have been
reviewed extensively [6,13—15,23,36—39].

Dehydrogenation M= Q’ |
7R 7 N\ Z R Y-P,
Net Reaction: H H J Mo-F12 R R
2M M:H

Y =CHj,, O
R = Me, Pr, Bu

Alkane Metathesis Olefin Metathesis
R R~ w)gw/
H4C-CH; | Hydrogenation CFs3 l\}llo - Mo-F 1,
o 109

H,C=CH,
3 O

CF

CF3>V 3

Scheme 2.12 Alkane metathesis catalyzed by pincer—Ir complexes operating in tan-
dem with an olefin metathesis catalyst Mo-F12 (109).
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The (P"*PCP)IrH, (5-H,) and (P"*POCOP)IrH, (22-H,) catalysts
for AM gave similar rates, but their corresponding resting states were
found to be different [67,129]. The dehydrogenation step catalyzed by
(P"PCP)IrH, (5-H,) is fast and the rate-determining step is the olefin
hydrogenation, with (®**PCP)IrtH, (5-H,) as the resulting resting state.
Whereas in the case of (""*POCOP)IrH, (22-H,)-catalyzed reactions,
the dehydrogenation is the rate-determining step, ("**POCOP)Ir(olefin)
(22-olefin) being the resting state in this case. To further study the inter-
mediate cases, Goldman and co-workers developed the hybrid PCOP cat-
alysts, whose rate for each step was intermediate between the fast and
slow steps of (P"*PCP)IrH,(5-H,) and (P"*POCOP)IrH,(22-H,), which
resulted in an overall faster AM rate [129]. The mixed phospine—
phosphinite PCOP pincer—Ir catalysts (total TON = 3997) were more
active and their corresponding rates were around threefold more than
those obtained with either (P"*PCP)IrH,(5-H,) (total TON = 1335) or
(P"*POCOP)IrH,(22-H,) (total TON = 1111). The resting state of the
mixed catalyst was also found to be a mixture of the other two resting
states (i.e., the hydride and olefin complexes).

While poor selectivities were obtained with (P"*POCOP)IrH, (22-
H,) and the PCOP catalysts, the (""*PCP)IrH, (5-H,) and the ("™*PCP)
IrH, (4-H,) were better catalysts in generating C,,_» n-alkanes via AM.
The initial assumption for the low selectivity was rapid olefin isomeriza-
tion of the Cn a-alkenes to Cn internal alkenes [43,67|. While the
expected products from AM and consequent hydrogenation are Co,_» n-
alkane and ethane, the Cn internal alkenes yield n-alkane with intermedi-
ate chain lengths [41,67,127,129]. But according to Goldman and
Brookhart, this selectivity difterence is also attributed to the different
regioselectivies of (P"*POCOP)IrH, (22-H,) and (""*PCP)IrH, (5-H,)
toward primary dehydrogenation reaction [130]. High selectivity of termi-
nal alkenes was observed using (""*PCP)IrH, (5-H,) and ("™*PCP)IrH,
(4-H,), whereas (P"*POCOP)IrH, (22-H,) and the PCOP catalysts pref-
erably produced internal alkenes.

2.4.2 Alkane coupling

Alkane metathesis is less atom economical as it generates ethane as a by-
product, which causes a loss of two units of carbon fragment. In order to be
completely efficient, two light C, n-alkanes should combine to form one
heavy C,, n-alkane. Thus another alkane upgradation method was proposed
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by Bercaw and Labinger, which focuses on alkane—alkene coupling
[131—133]. Light hydrocarbon feed that typically contains alkene impurities
could undergo alkene dimerization in the presence of a suitable catalytic sys-
tem, followed by alkane transfer hydrogenation. The dimerization catalyst
would catalyze the coupling of two C,, alkene fragments to one unit of C,,
alkene, and simultaneously the transter-dehydrogenation catalyst generates C,,
alkene from C, alkane and consequently C,, alkane from C,, alkene. The
net reaction is an alkane—alkene coupling to give a higher alkane exclusively,
without any by-products (Scheme 2.13) [134,135].

Bercaw and Labinger used Schrock’s catalyst Cp*Ta(Cl),(C,Hy) (110)
[136] as an alkane dimerization catalyst using a mixture of n-heptane and
1-hexene, in tandem with pincer—Ir catalysts (Scheme 2.14) [131—133].
Among ("™PCP)IrH, (4-H,), (""*PCP)IrH, (5-H,), and (""*POCOP)
IrH, (22-H,), the latter did not show any activity for the n-heptane/1-
hexene system. It is probably due to its poor kinetic selectivity that tends
to yield only internal alkenes [130| coupled with the fact that the
Schrock’s catalyst was found to be inert to internal alkenes and sterically
hindered terminal alkenes.

On reacting 1-hexene [250 mM] with n-heptane (used as solvent) in
the presence of (P"*PCP)IrH,(5-H,) [10 mM] and 110 [16 mM], C;3
(from hexane/heptane coupling) and Cy, alkenes were generated with
35% cooperativity. Cooperativity is defined as the amount of n-heptene
that is incorporated into the C;3 and Cy; alkenes. No Cy; and Cyy
alkanes are found, however, which is attributed to the poor hydrogen-
accepting ability of 1,1-substituted alkenes due to which the catalytic
cycle remains incomplete.

("™PCP)IrH, (4-Hy) gave better total turnovers compared to (P**PCP)
IrtH, (5-H,), despite having identical cooperativity. On adding 1-hexene
slowly via a syringe pump to a refluxing n-heptane solution at 100°C with
low catalyst loading ([4-H4] = 5 mM and [110] = 8 mM), in a high dilution

Dehydrogenation
2 /\R 2 R

Net Reaction: vop R
Alkane Coupling Olefin Dimerization |
M= Y - CHz, 0

R Y-p,
/K/\ R N R' F€ R
Hydrogenation

Scheme 2.13 Alkane coupling catalyzed by pincer—Ir complexes.
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Scheme 2.14 Alkane—alkene coupling catalyzed by pincer—Ir complexes operating
in tandem with tantalum catalyst 110.

technique, there was significant improvement in the yields (40%) of the pre-
ferred alkene dimers along with high cooperativity (91%). Higher yields of Cy4
alkenes were also obtained using TBE (which is inert to dimerization) as an
acceptor for the catalytic dimerization of n-heptane.

2.4.3 Synthesis of aromatics

There is a continual rise in the worldwide demand for the petroleum
refinery aromatics: benzene, toluene, and xylene, commonly referred
together as “BTX” chemicals [137]. The limited natural gas resources
coupled with the omnipresent demand for fine chemicals have opened
alternative ways to generate these BTX chemicals quickly and efficiently.
Linear alkylbenzenes (LABs) are also high in demand due to their useful-
ness as precursors to surfactants with high detersive powers [138,139].
Synthesizing these can be challenging via anti-Markovnikov’s arylation of
alkenes [140—142]. The more common method in wuse is the
Friedel—Craft’s alkylation [143]. An efficient way to achieve the transfor-
mation of n-alkanes to aromatics (BTX and/or LABs) is by using a robust
catalytic system like that of the pincer—Ir catalyst via the following routes.

2.4.3.1 Dehydroaromatization

Goldman and Brookhart have used pincer—Ir catalysts for dehydroaroma-
tization of alkanes in order to generate n-alkyl arenes. Goldman had
reported that the (p-OMe-"""PCP)IrH, (9-H,) catalyzed the dehydroge-
nation of n-hexane to give trace amounts of benzene. [44] On carrying
out further studies, Goldman and Brookhart found that (""*PCP)IrH, (5-
H,) and (P"*POCOP)IrH, (22-H,) were inefficient for this reaction.
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However, better yields of benzene from n-hexane were obtained by using
the catalysts (*"*Anthraphos)lrH, (19-Hy), ("™PCP)IrH, (4-H,), and
(P™PCOP)IrH, (27-H,), perhaps due to their lesser steric bulkiness, and
among these, 27-H, gave the highest benzene yield (0.67 M c. 44%)
(Scheme 2.15) [58,144].

These complexes were thus said to catalyze dehydrogenation of
alkanes (=Cy) sequentially to conjugated trienes, which upon ring closure
gave cyclohexadienes and their corresponding aromatic compound fol-
lowing further dehydrogenation [58,144|. Higher alkanes gave substituted
benzenes, mainly, ortho-alkyl toluenes. In presence of (""*PCOP)IrH,(27-
H,) [5 mM], n-octane [1.4 M] coupled with TBE [5.6 M] as an acceptor
to give o-xylene as major product and ethylbenzene as minor, with a total
conversion of 86% after 118 h. Likewise, n-dodacane gave o-pentyl tolu-
ene as the major product (c. 21%) (Scheme 2.16) [58,144].

TBE has been traditionally used as a reliable hydrogen acceptor [27].
However, it is not economically sustainable to use it industrially, which
gave rise to the need of cheaper alternatives. The foremost among them
are the readily available and abundant ethylene and propene, the latter
proving to be better acceptor alternative to TBE [58,144].

2.4.3.2 Cyclodimerization

Ethylene has gained prominence in the role of an acceptor due to the
recent abundance of ethane owing to the shale gas boom in North
America in 2010 [145]. It has been used as an acceptor and a dienophile
by the Brookhart group to synthesize piperylene, toluene, and p-xylene
from n-alkanes [59,60]. Ethylene could be used to generate 1-hexene by

19 or 4 or 27

= SR

165 °C

NI e T
Q I:r (19) C%I:r (4) I|r (27)
O b
N N
Benzene Yield 198 mM 494 mM 674 mM
(120 h)

Scheme 2.15 Dehydroaromatization of alkanes catalyzed by pincer—Ir complexes.
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Scheme 2.16 Dehydroaromatization of n-dodecane.

trimerization, which would disproportionate to form n-hexane and 1,3-
hexadiene in a reaction catalyzed by pincer—Ir catalysts such as
("™ Anthraphos)(C,H,)  (19-C,H,), (P™PCOP) (C,H,) (27-C,Hy),
(PUPCP)(C,Hy) (5-C,Hy), and (P"*POCOP)(C,H,) (22-C,H,). The
compound 1,3-hexadiene then isomerizes to thermodynamically favorable
2,4-hexadiene (Scheme 2.17) [59]. 2,4-hexadiene undergoes Diels—Alder
reaction with ethylene at 250°C to give an 8:1 mixture of 3,6-dimethyl-
cyclohexene and 3-ethylcyclohexene. This is dehydrogenated in the pres-
ence of Pt/Al,O3 at 400°C to give 8.5:1 mixture of p-xylene (93%) and
ethylbenzene (88%) [59]. In a similar way, pentene with ethylene has led
to the synthesis of piperylene and toluene [60].

2.4.3.3 Alkyl group cross metathesis

Upgradation of n-alkyl benzenes from shorter to longer alkyl chains has
been carried out by Goldman and Schrock [127,146] using pincer—Ir cat-
alysts. The alkyl group cross metathesis (AGCM) proceeds without the
requirement of any additional acceptor, via the dehydrogenation of a mix-
ture of n-alkanes and n-alkyl benzenes yielding a mixture of alkenes,
which in turn undergoes metathesis (Scheme 2.18). These metathesized
olefins are hydrogenated to give the final products, which are exclusively
mono-n-alkylbenzenes. The POCOP-Ir and PCOP-Ir catalysts have
already been deemed as having poor selectivity toward terminal olefins
[34]. As a result of this, a wide distribution of cross metathesized products
having varying chain lengths were observed, which was attributed to the
metathesis of styrene with internal alkenes. Using (P"*PCP)IrH, (5-Hy)
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Scheme 2.17 Trimerization of ethylene followed by Diels—Alder cyclization.
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Scheme 2.18 Cross metathe5|s of n-octane with ethyl benzene.

[7 mM] (which has been employed to achieve excellent selectivity toward
terminal dehydrogenation) enhanced the yields of 1-phenyl octane
[350 mM] when the reaction of n-octane and ethyl benzene was carried
out at 180°C with W(NAr)(C;He)(Pyr)(OHIPT) (111) [11 mM]
[Ar=2,6-Me,CgHj;, OHIPT =2,6-(2,4,6-i-Pr;C¢H,),CcH3O]  as  the
cocatalyst. In comparison to the AM product tetradecane, AGCM showed
exceptional selectivity toward 1-phenyl octane (17:1) [146].

2.4.3.4 Alkyl—aryl coupling

The AD reaction has been applied to carry out intermolecular alkyl—aryl
coupling reactions in association with zeolite catalysts. The pincer—Ir cat-
alysts designed by Goldman and co-workers were successfully used for
this reaction. N-pentyl benzene solutions were refluxed in the presence
of both pincer—Ir catalysts and zeolites, which worked in tandem, and
with a loss of H, molecule, 1-methyl-1,2,3,4-tetrahydronaphthalene is
produced [147,148]. This product was then dehydrogenated to form
1-methylnaphthalene or isomerized to 2-methyl-1,2,3,4-tetrahydronaphtha-
lene, the latter being further dehydrogenated to 2-methylnaphthalene
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(Scheme 2.19) [147,148]. The reaction was carried out with 5.8 M n-pentyl-
benzene in the presence of (P"*PCP)IrH, (5-H,) [2 mM] and H-SSZ-25
zeolite (0.3 g/2.7 mL) at 250°C and 4.8 M of cyclized product was
obtained (78% vyield). In the absence of (""*PCP)IrH, (5-H,), only
1.2 M of product was formed, and in the absence of zeolite, only the
alkenyl benzenes were formed. These experiments are a proof of the
assumption that the pincer—Ir and the zeolite catalysts work in tandem
and complement each other [147,148].

2.4.4 Functionalization of alkanes

Alkanes have been proved to function as abundant and reliable starting materi-
als to several value-added chemicals via dehydrogenation and C—H activation.
In the recent years, there has been a steady development in exploiting the vast
scope that dehydrogenation of alkanes provides, especially combining it with
secondary reactions. Although initially, it was limited to reactions involving
only hydrocarbon substrates [58—60,127,147,148| (primarily due to the low
tolerance of polar groups by pincer—Ir complexes), recent studies have been
carried out regarding reactions with heteroatom-containing reagents, which are
one-pot synthesis carried out in two successive steps [149,150]. The first step
involving pincer—Ir-catalyzed dehydrogenation proceeds smoothly as there is
no cocatalyst or other substrates present during that time [149,150]. Reagents
of the secondary reactions are introduced into the same vessel after the dehy-
drogenative step has been performed. Thus, as the second step is performed
without purification of the first product, the cocatalyst is required to be in

R
Y~p' R
lr Y =CH,, O
| R=Me, iPr, Bu
Y’RPR Zeolite Alkylation
Catalyst
Reflux (b.p = 205 °C) Reflux (b.p = 205 °C) + H
Oil bath T = 250 °C Oil bath T = 250 °C
- H2

Moderately fast ©©/ Slow
Zeolite Zeollte
_— = +
Reflux (b.p = 205 °C) Reflux (b.p = 205 °C)
Oil bath T = 250 °C Oil bath T = 250 °C ©©/

Scheme 2.19 Pincer—Ir/zeolite catalyzed tandem intramolecular coupling of n-pentyl
benzene.
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cohesion with the dehydrogenation catalyst. Also, the substrates of the second
step need to be unreactive to the initial pincer—Ir catalyst used under the par-
ticular reaction conditions.

2.4.4.1 Silylation and borylation

Huang and co-workers were the first to report the catalytic conversion of
alkanes to linear chain silanes [149]. The pincer—Ir PSCOP complex cata-
lyzes the dehydrogenation of n-alkanes to a mixture of terminal and inter-
nal alkenes, while the pincer—Fe catalyst 112 or 113 not only isomerizes
the internal alkenes to terminal ones but also accomplished their hydrosi-
lylation to finally give the linear alkyl silanes (Scheme 2.20) [149].

In an experiment, n-hexane was treated with trans-3-octene and bis
(trimethylsilyloxy)methyl silane, catalyzed by 30-HC1 (0.5 mol%) and
NaHBEt; (1 mol%) at room temperature. The product formed was only
6% of branched alkylsilane, which indicated that the catalyst 30-HCI was
not only ineftective for the isomerization of internal alkenes to terminal

Dehydrogenation . — -
R SN {\

30 30-H, |

(7]
/
o

Net Hydrosilylation R
R > \/\
R R1\Q [i]

=N
|
Fo 112: R, = Me
| 113: R, = Et

_ R )
N HISI]

R1/® = . ,

[[SI] = SiMe(OSiMes),, SlHEtz]

R/\/

Scheme 2.20 Silylation of alkanes catalyzed by pincer—Ir in tandem with pincer—Fe
catalysts 112 and 113.
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alkenes but also was inactive toward hydrosilylation reaction [149].
Replacing the pincer—Ir catalyst with the pincer—Fe catalysts 112-Cl, or
113-Cl, (all other factors remaining constant), the reaction yielded 86%
of the linear alkylsilane. The vyields of 112-Cl, or 113-Cl, catalyzed
hydrosilylation reaction hardly changed in the presence of 30-HCI [149].
This is indicative of the compatible nature of the pincer—iron complexes
with their pincer—iridium counterparts during the hydrosilylation segment
of the tandem reaction, which formed the basis of the pincer—Ir/
pincer—Fe-catalyzed net silylation of alkanes.

A mixture of n-octane and TBE [0.25 M] was heated with 30-HCIl
[2.5 mM] and NaO'Bu [2.5 mM] at 200°C for 10 min. This is followed
by addition of silane [0.25M], pincer—Fe catalyst [25 mM], and
NaHBEt; [25 mM] at room temperature. The silylation reaction gave
high yields (up to 83%) for the reaction of n-octane with diethylsilane. It
was observed that longer reaction time lowered the yields of silanes due
to the inhibition of pincer—Fe complexes by dienes, as suggested by con-
trol experiments carried out using deca-1,3-diene [149].

Similar type of strategy has been applied to synthesize linear alkyl-
boronate esters by the same group (Scheme 2.21). Mixture of n-octane and
TBE [0.25 M] was first dehydrogenated at 200°C to give octenes catalyzed
by 30-HCIL. A further isomerization—hydroboration catalyzed by 114 was
carried out at room temperature to yield alkyl-boronic ester (95%) [149].

2.4.4.2 Formylation and aminomethylation
Application of AD has been extended to the synthesis of alkyl aldehydes
and alkyl amines, both having profound industrial utility [151]. Linear

30-HCI + NaO'Bu 114-Cl, + NaHBEt,
P @5mM) @5mM) _ oo (25 mM) (50 mM) _ PN NN
200°C S 12 h 67z<
TBE 10 min TBA HBpin
(0.25 mM)

30-HCI 114-Cl,

Scheme 2.21 Borylation of alkanes catalyzed by pincer—Ir in tandem with
pincer—Fe catalyst 114.

http://chemistry-chemists.com



Pincer-group(8) and pincer-group(9) metal complexes 111

aldehydes from even number a-olefins are produced via hydroformylation
industrially, which certainly poses some limitation to the chain length of
the aldehydes [152]. Direct formylation from alkanes mitigates this prob-
lem to a great extent, providing versatile aldehydes with varying chain
lengths. The well-known Rh hydroformylation catalysts are known to
work in tandem with a handful of heterogenous catalysts for the direct
formylation from alkanes but with unimpressive results [153,154]|. The
yield of alkane formylation is low and a variety of undesired side-products
are formed in the process.

The Huang group has, of late, made use of the pincer—Ir catalysts in
association with the Rh hydroformylation catalysts to give much
improved results. The former catalyzes AD and the latter accomplished
the combined isomerization—hydroformylation (ISO—HF) of the result-
ing product with CO and H,, leading to a one-pot two-step synthesis.
The net reaction is the transformation of alkanes to linear aldehydes with
one unit increase in the carbon chain [150].

Aminomethylation of a-olefins lead to the formation of alkyl amines
[150]. The product of the hydroformylation reaction is reacted with a
suitable amine followed by hydrogenation to yield the desired alkyl
amine. After the AD—ISO—HF step, the amine introduced in the
medium reacts with the carbonylated product, giving rise to a linear alkyl
amine (Scheme 2.22) [150].

Huang and co-workers had used the same catalyst they had employed
in the silylation-borylation reactions [149] for the AD step. Rh(acac)
(CO), was found to be a suitable catalyst, and in combination with biphe-
phos ligand, gave the best results when used in the ratio 1:4 of Rh:ligand.
The reaction catalyzed by 30 (1 mol%)/ 115 (1 mol%) and 116 (4 mol%)
gave the best yields (81%) on using n-octane as starting material under
5 bar pressure of CO and Hj, the n:i regioselectivity being 13.1 (Scheme
2.22) [150].

The n:i regioselectivity was observed to decrease with the increase in
chain length. It was highest when n-pentane was used (c. 48.9) and lowest
in the case of n-dodecane (c. 8.5) [150]. This data is a reflection of the
fact that internal to terminal isomerization of alkenes is much faster in the
case of shorter chain lengths than longer ones [150]. Ethylene has again
been used as a cheaper alternative hydrogen acceptor in the transfer dehy-
drogenation step of n-octane AD—ISO—HF [150], to give pretty high
turnover numbers of 577 and 1110 with respect to Ir ([30] = 2.5 mM)
and Rh ([115] = 1.3 mM), respectively with a n:i ratio 11.1. Thus linear
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Scheme 2.22 Aminomethylation and formylation of alkanes using pincer—Ir in tan-
dem with Rh catalysts.

alkyl amines were synthesized for the first time using this novel strategy
[149,150].

2.5 Summary and outlook

Significant advances have been made in enhancing the applications of the
pincer—Ir catalyst to the productive field of AD by systematic mechanistic
studies. Complexes ligated with PCP, POCOP, PCOP, and others are
highly stable and have been favorably tuned to accomplish excellent reac-
tivity. Though the homogenous pincer—Ir catalysts offer high selectivity
toward formation of terminal olefins, the pincer—Ir-catalyzed double
bond isomerization continues to be a challenge. The studies have been
extended to the use acceptors such as ethylene and propene that are eco-
nomical, easily recyclable, and readily available. However, the efficiency
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seems to be limited to transfer dehydrogenation reactions and better
results with acceptorless dehydrogenation are yet to be achieved with
these catalysts. Immobilization of pincer—iridium catalysts on to solid sup-
ports appears to be straightforward and effective that has led to formula-
tion of effective solid—gas-phase continuous-flow dehydrogenation
systems.

The AD reaction has found a plethora of applications when coupled
with other reactions such as olefin metathesis, dimerization, Diels—Alder
reaction, hydroformylation, and aminomethylation among many others.
Many of these reactions occur in a tandem fashion, that is, the pincer
complex carries out the dehydrogenation, and a second catalyst completes
the consequent step, both catalysts functioning parallelly without hinder-
ing each other. Industrially valuable products such as BTX chemicals, lin-
ear n-alkyl arenes, alkyl silanes, alkyl-boronate esters, and linear alkyl
aldehydes have been efficiently produced by these coupling reactions.
The pincer-catalyzed AD reaction is a contemporary field of research that
is being continuously explored and there is further scope to utilize this
reaction toward various applications.

Non-PCP—pincer complexes are the alternatives newly explored for
AD. In comparison with their phosphine counterparts, these complexes
offer great promise as they are air and moisture stable, and, thus, are easy
to handle. Of particular interest are the pincer—Ir complexes based on
Phebox and on “F?PCP ligands owing to their favorable thermodynamics
toward alkane to dioxygen transter dehydrogenation and C—H oxygen-
ation reaction. The dehydrogenation reaction of noniridium-based pincer
complexes based on Ru and Os are also well-tolerant toward N, and
H,0. The fact that the dehydrogenation chemistry using pincer catalysts
based on Ru and Os are still in their infancy certainly presents exciting
avenues.
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3.1 Introduction

Methanol is a highly abundant (produced ~ 70 million tons/year), biode-
gradable, simplest aliphatic alcohol, and is one of the essential components
in chemical laboratory and industry [1,2]. Methanol was first produced as
a by-product from the distillation of wood [3]. Currently, natural gas,
coal, and biomass are the common sources for methanol production [4].
Industrially, methanol is mainly produced from syngas (CO/H,) in the
presence of CuO/ZnO catalyst at elevated temperature (200 °C—300 °C)
and pressure (50—100 atm.) [5,6]. Lately, transition metal-catalyzed few
pioneering reports were immersed for the production of methanol from
more sustainable resources such as CO, and methane [7—10]. Methanol is
mostly used to produce various fine chemicals (~40% of methanol used
for the synthesis of formaldehyde) and as the solvent [11]. Recently, the
utilization of methanol was explored as a liquid organic hydrogen carrier,
as it is an excellent hydrogen reservoir (up to 3H,/MeOH) [12,13].
Interestingly, methanol is also used in the fuel cell for the production of
electricity [14].

Methylated molecules are extremely significant in the chemical and
pharmaceutical industries; approximately 67% of drug molecules contain
at least one methyl group [15]. The presence of a methyl group is highly
important in biological systems. It alters many stereoelectronic functions
such as receptor selectivity, membrane permeability, gene modification,
protection against enzyme metabolism, and many more [16—18]. Several
important natural steroid products also contain the methyl group that dis-
played the pharmacological activity [15]. Owing to the importance of
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methyl group, several conventional reagents such as methyl iodide, methyl
sulfate, diazomethane etc., have been used for the methylation reactions
[19,20]. However, most of these reagents are carcinogenic and generate
waste chemicals. In this context, methanol is one of the greener alterna-
tives to overcome these limitations. Nevertheless, compared to the other
long-chain alcohols, dehydrogenation of methanol require much higher
energy (AH = 84 kJ mol™ '), which makes the utilization of methanol
relatively more challenging [21]. Therefore a more efficient catalytic sys-
tem is essential to overcome the energy barrier.

In the last decade, transition metal-catalyzed utilization of alcohols as
alkyl sources in various organic transformations was explored, following
the “Borrowing Hydrogen (BH)” and “Acceptorless Dehydrogenative
Coupling (ADC)” strategies. According to these principles, alcohol gets
dehydrogenated to a carbonyl species in the presence of transition metal
catalyst, which then reacts with nucleophile to form an unsaturated mole-
cule with the elimination of water. For ADC strategy, this unsaturated
molecule is the final product with the release of water and H, as by-
products. For the BH principle, the same H, (as M — H) is utilized for the
hydrogenation of unsaturated species to get the saturated alkylated mole-
cule (Scheme 3.1) [22—-25].

Applying these protocols, in the last decade, transition metal-catalyzed
various C-, N- and O-methylation or formylation reactions have been
published utilizing methanol. This chapter highlights mainly most of the
reports related to the production of hydrogen from methanol and its

application as a C1 source for the construction of various C — C and
C — N bonds.

a)  oH M NUH b)  OH

R R1 R R1 R R1

M] M] ;7

[M-Hy]
Nu

(0] (0} Nu
RJ\R1 / ;_. RJ\R1 RJ\R1 Z N\ RJ\R1

e S
NUHQ "‘H20,‘

NuHz (00
Scheme 3.1 (a) “Borrowing Hydrogen (BH)" and (b) “Acceptorless Dehydrogenative
Coupling (ADC)" strategies.
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3.2 Hydrogen production

Nowadays, worldwide energy consumption mostly depends on fossil fuel
(>80%) [26]. In this context, hydrogen is considered an efficient and
cleaner energy carrier for the future [12,27]. The reaction of hydrogen gas
with the combination of oxygen release the chemical energy stored in the
H—H bond, yielding only water as a product. However, due to the safety
issues of hydrogen gas regarding the handling and transportation, recently
methanol-based fuel cell has taken increasing attention [27]. Hydrogen
molecules can be chemically stored in methanol with a very high gravimetric
hydrogen content of 12.6% [27]. The conversion of the methanol—water
mixture to Hy and CO, gas is known as methanol steam reforming, which
typically requires high temperature (200 °C—300 °C) in the presence of het-
erogeneous catalyst [27,28]. It is noteworthy to mention that the first step of
the following sequence is endothermic and the second step is exothermic
[Egs. (3.1) and (3.2)]. This causes the overall process endothermic of AH, =
38.8 kJ mol ™" [28].

CH;0OH + H,O>HCOOH +2H, AH, =533 k] mol™'  (3.1)

HCOOH—-CO, +H, AH,=—14.5 kJ mol™' (3.2)

In this process, the partial hydrogenation of CO, with the H, fur-
nishes poisonous CO(g) as a side product, which contaminates the pro-
duced H,(g). As CO is harmful to the fuel cell, the generation of pure
hydrogen is crucial [12,29]. In the last decade, several catalytic systems
were developed for the synthesis of pure hydrogen from methanol
(Scheme 3.2) [27—36].

In 1988 Cole-Hamilton and co-workers developed a [RuH,(IN,)
(PPhj);]-catalyzed hydrogen production from methanol [37]. After that,
Bowker and co-workers reported a similar transformation using an Au/TiO,
photocatalytic system [38]. Later, tremendous progress has been made in this
field by Beller, Griitzmacher, Milstein, and many other groups (Scheme 3.3)
[27—36]. Griitzmacher and co-workers developed Ru(Il)-catalyzed hydrogen

H2 H2 H2
AN A N N
CO
CHaOH Catalyst HJ\H Catalyst H™ "OH Catalyst 2
H,0O

Scheme 3.2 Pathway for hydrogen production from methanol—water mixtures.
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Scheme 3.3 Selected catalytic systems and turnover numbers (TONs) for hydrogen
production from methanol.

production from methanol in 2013. In this process, the evolved CO, was
converted to MCOj in the presence of M(OH),, which avoids the formation
of by-product CO, as a result pure H, gas was generated |28]. Later, Beller
and co-workers reported a (PNP)Ru(ll)-catalyzed low-temperature (65 °C—
95 °C) dehydrogenation of the methanol—water mixture (4:1) to hydrogen
and CO,. This catalytic system exhibited considerably high turnover number
(TON) (TON >350,000; TOF 4700/h), and the methanol dehydrogena-
tion process followed an outer-sphere mechanism [27]. In 2013 the same group
developed a well-defined (PNP)Fe(Il) complex for a similar transformation
(2013) [30]. Subsequently, several Ru [29,31,34,39,40], Ir [33,41], Rh [36],

e [32], Mn [35], etc. complexes as well as photocatalytic system [42,43]
were developed for the reforming of methanol to hydrogen. Furthermore,
Shi, Wen, Ma, and co-workers introduced a Pt/a-MoC heterogeneous cata-
lyst, which exposed the outstanding hydrogen production activity with an
average turnover frequency of 18,046 h™' [44].
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Scheme 3.4 Reversible hydrogen storage systems using amine and methanol.

Recently, several reversible liquid organic hydrogen carrier systems
using methanol were developed (Scheme 3.4). In 2017 Prakash and co-
workers disclosed a reversible hydrogen carrier system based on amine
reforming of methanol where they employed both primary and secondary
diamine [45]. Milstein and co-workers described a Ru(Il)-catalyzed similar
transformation based on methanol/ethylene diamine system in 2019 [46].
Recently Liu and co-workers developed an Mn(I) catalytic system for
amine reforming of methanol where they employed N, N-dimethylethyle-
nediamine/methanol system [47].

3.3 N-Methylation reactions
3.3.1 N-Methylation of amines

N-Methylation of amine using methanol was explored in the past few
decades by several groups. In 1981 Grigg and co-workers first reported
RhH(PPhj)4-catalyzed N-methylation of amines using methanol; how-
ever, substrate scope was limited for this transformation [48]. In the same
year, Watanabe and co-workers described RuCl,(PPhj);-catalyzed similar
N-methylation of aniline at 180 °C, although the yield was relatively low
(13%) [49]. Employing the same RuCl,(PPhs;)s catalyst, Arcelli and co-
workers reported the selective N,N-dimethylated amines, or dialkylmethyl
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amines from alkyl amine substrates [50]|. Later, the Watanabe group again
described the same reaction using RuCl;.H,O/P(OBu); catalytic system,
which provided up to 86% yield of N,N-dimethylated amine products [51].

The N-methylation process with methanol has got significant momen-
tum, particularly from 2004. Del Zotto and co-workers demonstrated a
half-sandwich cyclopentadienyl Ru(ll) complex-catalyzed N-methylation
of secondary/tertiary amines in the absence of base at relatively lower
temperature (100 °C) in 2004 [52]. Interestingly, under standard reaction
conditions, various aliphatic amines delivered the desired product; how-
ever, aromatic substrates including simple aniline did not work. Then in
2007, the Bhattacharjee group conveyed N-alkylation of amines with various
alcohols including methanol using [RuCl(PPhj),(CH;CN);][BPhy] catalyst
[53]. Later, Li and co-workers described an efficient and general method for
the N-monomethylation of various aromatic amines and sulphonamides by
using [Cp*IrCly], (0.1—0.4 mol%) at relatively higher temperature (150 °C)
[54]. Crabtree and co-workers reported bis(N-heterocyclic carbene) contain-
ing Ir(Ill) complex-catalyzed N-methylation of aromatic amines with metha-
nol under microwave conditions at 120 °C [41].

In 2015 Seayad et al. developed a simple and efficient method for the
N-methylation of various aromatic, hetero-aromatic, and aliphatic amines
under relatively mild reaction conditions [55]. By employing a
[Cp*RuCly],/dpePhos catalytic system, they synthesized various N-meth-
ylated amines and sulphonamides in 65%—98% vyields at 40 °C—100 °C.
Notably, they synthesized an antifungal agent “Naftifine” by applying this
protocol. In recent years, this process was rapidly explored by Beller,
Kundu, Liu, Sortais, and many other groups (Scheme 3.5) [56—67]. In
2016 Beller and co-workers reported Mn(I)-catalyzed N-alkylation of
amines with methanol and other long-chain alcohols for the first time
[58]. After that, Sortais and Beller independently described N-methylation
of amines using a well-defined Mn(I)—pincer complex and synthesized a
wide range of methylated products efficiently [59,60]. Next, a Co(acac),-
catalyzed similar transformation was developed by Liu and co-workers
in the presence of a tetradentate phosphine ligand P(CH,CH,PPh,); at
140 °C [61]. Additionally, various N-methylated products were synthe-
sized in >99% vyields. They performed several control experiments and
deuterium labeling studies to supports the mechanism of this process. In
2018 a (PNP)Re(I)—pincer complex was introduced for the same reaction
by Sortais et al. [63]. Various kinetic studies, control experiments, and
detailed density functional theory (DFT) calculations were performed to
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Scheme 3.5 Selective homogeneous catalytic systems for the N-methylation of
amines.

Chen, 2018

realize the reaction mechanism of this Re(I) catalyst. In the same year,
Morrill and co-workers reported a Fe(Il)-catalyzed N-monomethylation
of amines and sulphonamides. In this transformation, they employed a
Knolker-type (cyclopentadienone)iron carbonyl complex in the presence
of Me3NO as a cocatalyst at 80 °C [65]. Chen and co-workers described
the same N-methylation of amines in the presence of 2-hydroxypyridine
based Ir(Ill)—complex under air [66]. Palladacycle with a combination of
PCy; ligand also provided good yields of N-methylated amines as
reported by the Venkatasubbaiah group in 2019 [67]. Recently, Siddiki
and Shimizu et al. performed the same reaction under heterogeneous con-
ditions [68]. Different N-methylated amines were synthesized with this
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Pt/C catalyst at 150 °C. They also tested the reusability of the catalyst,
and notably, it did not lose its catalytic activity significantly even after the
5th cycle. The author performed several kinetic studies, which suggested
that the moderate metal—hydrogen bond strength of platinum was the
main reason for its high reactivity over other carbon supported metal
catalysts.

3.3.2 N-Methylation of nitro, nitrile, and azide compounds

N-Methylated amines are also accessed directly from nitro compounds,
nitriles, and azides using methanol (Scheme 3.6). As an early work, Li and
co-worker reported a Raney Ni-based catalytic system for the reductive N-
methylation of nitro compound with methanol [69]. However, in this pro-
cess, high temperature (170 °C) and high pressure (3 MPa) of nitrogen gas
were required and scope was limited to the only nitrobenzene. A similar
photocatalytic transformation was described by Shi and co-workers in 2015
[57]. By employing Pd/TiO, catalyst, they synthesized few N-methylated
amines directly from the nitro compounds under UV radiation/irradiation
(365 nm LED (light emitting diode)). Later, Ru(Il)- and Pd(Il)-catalyzed sim-
ilar transformation was reported in tandem fashion by Kundu and Beller
et al, respectively. In 2017 Kundu and co-workers developed air- and
moisture-stable (NNN)Ru(Il) complex to synthesize various N-methylated
amines from diverse nitro compounds |[70]. The reductive N-methylation of
nitroarenes, «,(3-unsaturated nitro compounds, and nitroalkanes provided

[M] Me
R-NO;  + CH3OH _N and/or N
R™ ™m ~
R = aryl, alkyl or vinyl e Me
Raney Ni, NCCH_| Cl Pt/C (1 mol%),
Ar (3 MPa), 170 °C H> (2 bar), 150 °C
x N\R / Siddiki, Shimizu, 2019
Li, 2009 OMe ,
3CCN k¥ iPr P NH
N
@_ R" (N/)
[Ru] (5 moI%), ipr \ L
Pdolg/TiOZ, 110 °C Bu
UV (365 nm LED), rt Pd(OACc); (1-2 mol%), L; (4-8 mol%),
Kundu, 2017 80-110 °C
Shi, 2015 Beller, 2019

Scheme 3.6 Conversion of nitro compounds to N-methylated amines.
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selectively N-monomethylated and N,N-dimethylated amines up to 98%
yields. A similar transformation was accomplished by Beller and co-workers
using Pd(OAc),/phosphine system in 2019. This system catalyzed the direct
conversion of aromatic nitro compounds to the corresponding N-mono-
methylated products up to 85% yields. Although this catalytic system pro-
vided a large substrates scope (30 examples), it was limited to only aromatic
substrates [71]. Additionally, heterogeneous catalyst Pt/C was also capable of
accomplishing this reaction utilizing methanol [68]. Siddiki, Shimizu, and co-
workers obtained several N-methylated amines in the presence of 1.0 mol%
Pt/C catalyst and 1 equivalent of KO'Bu under 2 bar of additional H, pres-
sure at 150 °C (Scheme 3.6).

Recently, Kundu and co-workers established a protocol for the tan-
dem transformation of nitriles and azides to the corresponding N-methyl-
ated amines using (NNN)Ru(II)—pincer complexes (Scheme 3.7) [72,73].
Various nitriles were smoothly transformed to the N,N-dimethylated
amines under the standard catalytic conditions [72]. To demonstrate the
practical relevance of this protocol, preparative scale synthesis of various
methylated products and synthesis of antiallergic drug pheneramine were
also performed. The same group also demonstrated the tandem transfor-
mation of azides, which are readily accessed from halide in the presence

i A PF
[Ru] (3 mol%) Me | [ lpen, 1P7
Ar—CN  + MeOH — ——————= A7 N | NS
KO'Bu, 140 °C | bl N N
Me ! ;*“\
Kundu, 2018 i pne’ CI Me
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[Ru] (5 mol%) ~ o Me A Me | I
R-CN + MeOH ———-— == R* N Y’\“ L NS
2V V3, Me Me Me ! /N\}?u\/N =
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Kundu, 2018
i PF,
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R” “Me .~ o R Br + CH3OH ———————— N
NaNj, 125 °C, 2-5 h NaNj, 125 °C, 24 h R “Me

Scheme 3.7 Direct synthesis of N-methylated amines from nitriles and azides.
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of NaNj; to N-methylated amines using methanol. Notably, various N-
monomethylated and N, N-dimethylated amines were selectively synthesized
by the alteration of reaction time [73]. Interestingly, one-pot conversion of
various alkyl and aryl bromide to the methylated products were also per-
formed with methanol in the presence of NaNj.

3.3.3 N-Methylation of amides and oximes

Only few reports are known on transition metal-catalyzed N-methylation
of amides using methanol. For such conversion, a considerable contribu-
tion was made by Kundu and co-workers [74—76]. In 2019 this group
described the N-methylation of various amide molecules with methanol
in the presence of a well-defined (NNN)Ru(II)—pincer complex [74].
The authors clarified that under basic condition, the nucleophilic attack of
methoxide to the carbonyl center of amide produced methyl ester when
methanol was used as sole solvent. Notably, the formation of N-methyl-
ated ester was minimized by using a mixture of methanol and nonpolar
solvent toluene in a 1:5 volumetric ratio (Scheme 3.8). Under the opti-
mized conditions, this Ru(ll) system provided several N-methylated
amides as well as C- and N-methylated amides in excellent yields. The
control experiments and kinetic studies suggested that the C- and N-
methylation were much faster compared to the amide N-methylation.
They also performed detailed DFT studies for a better understanding of
the reaction mechanism.

Aldoximes, which are easily synthesized from aldehyde and hydroxyla-
mines, could be used as the surrogate for amide [77,78]. Keeping this in
mind, Ru(ll)—complex-mediated rearrangement of aldoximes, followed by
N-methylation of amides using methanol/toluene mixture (1:3.5, v/v), was
described by Kundu and co-workers (Scheme 3.9) [75]. This Ru(Il) system
provided several N-methylated amides in good to excellent yields. A possible
reaction mechanism for this catalytic process is shown in Scheme 3.9. Initially,
ruthenium coordination to aldoxime generated the ruthenium bounded nitrile
species after elimination of water. Then, the nucleophilic attack of another

O o t P
Ru] (1.5 mol% ! PPh
)L + MeOH : Toluene [Rul (1.5 mol%) )J\ _Me | /
R” “NH, 140 °C RTON ANy
(1:5) H PR
' | Me
Kundu, 2019 - ene

Scheme 3.8 N-Methylation of amides with methanol.
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Scheme 3.9 Synthesis of N-methylated amides from aldoximes and probable reac-
tion mechanism.

aldoxime molecule to the metal-bounded nitrile followed by rearrangement
produced amide molecule, which reacted with formaldehyde to generate
imine intermediate. Finally, insertion of this imine molecule to the Ru(Il)-H
followed by methanolysis produced the N-methylamide. In this proposed
mechanism, aldoxime acted as the nucleophile, not the water, which was
confirmed by the H,O'® labeling study.

Recently, the same group reported the synthesis of various N-methyl-
ated amides from nitriles in the presence of CoBr,/P(CH,CH,PPh,); sys-
tem using methanol—water mixture following a hydration/methylation
sequence [76]. Initially, the authors observed the formation of a consider-
able amount of benzyl alcohol as a side product during the optimization
of reaction parameters. To minimize the benzyl alcohol formation and to
make hydration of nitrile faster than the hydrogenation steps, small
amount of water and a mixture of the bases (0.5 equivalent of KO'Bu and
1 equivalent of Cs,CO3) were utilized (Scheme 3.10). The authors men-
tioned that KO'Bu was superior for hydration of nitrile, and Cs,CO3 was
the most eftective for N-methylation of amide step. They performed
extensive work on experimental studies as well as DFT calculations to get
information about the mechanism and reactivity differences of the sub-
strates. Controlled experiments using H,O'® and CD;0OD confirmed the
source of the oxygen atom and the methyl group in N-methyl amides.
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Scheme 3.10 Synthesis of N-methylated amides from nitriles.

3.4 N-Formylation reactions

Glorius and co-workers developed a Ru(Il) -INHC complex-catalyzed N-formy-
lation of amines in 2013. Ru(Il) complex was synthesized from [Ru(COD)(2-
methylallyl),| and ICy.HCI at 70 °C in toluene. Then, they performed the same
pot reaction using different amines in the presence of 3.3 equivalents of methanol
and 3 equivalents of styrene as a hydrogen acceptor, which provided excellent
yields of N-formamide products [79]. Later, in 2015 Hong and co-workers
reported the same transformation from both nitriles and amines using a Ru(Il)—
NHC system [80]. In this work, they synthesized various N-formylated com-
pounds up to 99% yields without base or hydrogen acceptor. Base metal-catalyzed
similar transformation was conveyed by Milstein and co-workers in 2017 [81].
A benzo-fused (PNP)Mn(I) bifunctional complex provided up to 86% yields of
the desired products. In the same year, the Bernskoetter group disclosed synthesis
of several N-formylated products in THF at 80 °C using methanol as formylating
agent using a well-defined (PNP)Fe(Il) catalyst (0.1 mol%) [82]. In 2018 remark-
ably a tuneable N~formylation, N,N-formylmethylation, and N, N-dimethylation
reaction was demonstrated with a single Ru(I) -MACHO—BH complex by
Hong and co-workers (Scheme 3.11) [64]. Mechanistic studies revealed that reac-
tion temperature and hydrogen (generated from methanol) played a pivotal role
in controlling the selectivity to form the different classes of products.

3.5 C-Methylation reactions
3.5.1 a-Methylation of ketones

Metal complex-catalyzed a-methylation of carbonyl compounds with meth-
anol was explored in the last decades by various groups (Scheme 3.12). In
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Scheme 3.11 N-Formylation of amines using methanol.

2014 Donohoe and co-workers reported an Rh(IIl)-catalyzed a-methylation
of ketones using methanol under aerobic conditions [83]. This catalytic sys-
tem was applicable to a broad range of aromatic and aliphatic ketones.
Interestingly, consecutive one-pot double methylation of simple methyl
ketones was also explored. By using a combination of Ir (2 mol%) and Rh
(10 mol%) catalysts, they also performed a tandem one-pot three-component
coupling reaction. Later, Obora and co-workers demonstrated a Ir(III)
complex-catalyzed a-methylation of various multisubstituted ketones [84].
Moreover, they extended this protocol to synthesize tandem three-
component a-methylation using ketone, methanol, and primary alcohol,
although relatively higher catalyst loading (10 mol%) was required. In the
presence of Ir(Ill) catalysts, a-methylation of ketones was later executed by
Li and Anderson groups [85,86]. Li and co-workers performed the reaction
in aerobic conditions to regenerate the catalyst in active form during the
reaction. They defined the role of functional bipyridonate ligand of Ir(III)
complex in both dehydrogenation of methanol and hydrogenation of
a, B-unsaturated ketone intermediate [85]. Whereas Anderson group demon-
strated an NHC-phosphine ligand-based Ir(Ill) catalyst, which performed the
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Scheme 3.12 Some examples of homogeneous complexes used in C-methylation of
ketones.

reaction at mild reaction conditions and required lower catalyst loading com-
pared to commercially available [Cp*IrCl,], catalyst [86].

In 2016 Ru(Il) catalyst was introduced for C-methylation of both ketones
and esters by Seayad and co-workers (Scheme 3.12) [87]. Interestingly, a TON
up to 710 for the a-methylation of ketones was achieved by this phosphine-
based Ru(ll) catalyst. The author also synthesized the antiinflammatory agent
ketoprofen in consecutive two catalytic steps. Methylation of the readily avail-
able starting material ester by this Ru(ll) system, followed by palladium(Il)-
catalyzed carbonylative coupling with phenylboronic acid generated the ester
derivative of ketoprofen, which finally provided the ketoprofen after hydrolysis
of the ester with ag. NaOH (Scheme 3.13).

Kundu and co-workers established a nonphosphine-based bifunctional
NNN-—-Ru(ll) complex for the similar a~-methylation reaction in 2017 [70].
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Scheme 3.13 Synthesis of ketoprofen.

Similar yields of the products were obtained in the presence of only 0.1 mol%
Ru(ll) catalyst at 120 °C. Notably, the tandem three-component coupling of
various ketones with methanol and different primary alcohols was also
achieved in excellent yields in the presence of 1.0 mol% catalyst. Several
kinetic studies and DFT calculations were performed to acquire the plausible
pathway for this conversion. In 2018 Chen group reported the synthesis of 2-
hydroxy-6-((6-hydroxypridin-2-yl)methyl)pyridine ligand and its Ir(lll) com-
plex, which provided C-methylated ketones in high yield under air [66].
Venkatasubbaiah and co-workers demonstrated the same methylation reaction
by employing a palladacycle and PCy; in methanol [67]. This catalytic system
also furnished excellent yields of the desired methylated products.

Notably, first-row metal-based catalysis has drawn significant attention
in the last few years for the C-methylation of ketones. In 2017 Liu
and co-workers reported cobalt-catalyzed methylation of different substi-
tuted ketones, arylacetonitriles, and indoles derivatives [88]. The Co
(BF,), - 6H,O/P(CH,CH,PPh,); catalytic system showed good to excel-
lent yields of methylated products at 100 °C (Scheme 3.12). In the next
year, a Knolker-type (cyclopentadienone)iron carbonyl complex was
introduced as catalyst by Morill and co-workers [89]. This Fe(0) system
provided a broad substrate scope for the methylation of various ketones,
indoles, oxindoles, amines, and sulphonamides. After that, Mn(])
complex-catalyzed methylation reaction using methanol was described
separately by Sortais and Rueping groups (Scheme 3.12) [90,91]. Sortais
group reported a (PNP)Mn(I) complex (3.0 mol%) for the C-methylation
of ketones and ester dervatives at 120 °C. Whereas Rueping and
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co-workers described the methylation of various ketone derivatives by
using methanol and deuterated methanol (Scheme 3.12). In 2018 a
NiBr,/1,10-phenanthroline catalytic system was introduced by Banerjee
and co-workers; however, the scope was limited, and moderate yields
were observed for such transformation (only three examples) [92].

Not only the homogeneous but some heterogencous catalysts were
also explored for a similar transformation. In 2017 Das and co-workers
developed polymer-stabilized palladium nanoparticles for C-methylation
of ketones using methanol and other long-chain aromatic and aliphatic
alcohols (Scheme 3.14) [93]. This system required a trace amount of air,
for the activation of the catalyst, which by alcohol dehydrogenation, fol-
lowed by condensation between ketone and aldehyde and subsequent
hydrogenation of resultant alkene completed the cycle as shown in
Scheme 3.15.

In the same vyear, an efficient Pd heterogeneous catalyst for
a-methylation of various substituted ketones with methanol was described
by Hou and co-workers (Scheme 3.14) [94]. The highly robust and
chemical-resistant Pd nanoparticles immobilized in syndiotactic poly(para-
N, N-dimethylaminostyrene) polymer (Pd@sPS-N) exhibited superior cat-
alytic activity, and this system maintained its activity even after the 5th
run. In 2018 a carbon-stabilized Pt nanoparticle (Pt/C)-catalyzed C-
methylation reactions with methanol was demonstrated by Shimizu and
co-workers (Scheme 3.14) [95]. Easy separation of both catalyst and pro-
ducts, catalytic recyclability (at least five runs), and excellent TON
(>3000) were the advantages for this catalytic system. Further, a hetero-
geneous nonnoble metal catalyst Ni/SiO,-Al,O3 furnished several meth-
ylated ketones at relatively higher temperature (185 °C) (Scheme 3.14)
[96].

R/[k/R1 + MeOH —>[M] R)J\(R1

R, Ry = aromatic, aliphatic

Pd@PS (3 mol% Pd) Pd@sPS-N (0.5 mol%)  PYC (1 mol%)  Ni/SiO-Al,03 (10 mol%)
110 °C, Air 120-180 °C, Air 100 °C 185 °C, Air

Das, 2017 Hou, 2017 Shimizu, 2018 Metay, 2019
Scheme 3.14 a-Methylation of ketones in the presence of heterogeneous catalysts.
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Scheme 3.15 Mechanism of the a-alkylation of ketones with palladium catalyst.

3.5.2 C-Methylation of alcohols

Carlini and co-workers described the synthesis of isobutanol from a mix-
ture of MeOH and n-PrOH by employing a heterogeneous Cu cromite
catalyst [95]. Later, the same group performed a similar transformation
from the combination of MeOH/PrOH/EtOH in harsh reaction condi-
tions [97,98]. They described that the reaction parameters and the amount
of reagent were the key for getting a higher yield of ‘BuOH. This group
further extended this work by using Ni, Ru, and Rh catalysts for the
selective production of isobutanol by modulating the reaction parameters.
In 2003 Marchionna and co-workers reported a Guerbet-type condensa-
tion reaction of MeOH and ‘PrOH in the presence of homogeneous Pd
catalyst (Pd(PPhj)4, Pd(dba),, and Pd(dppe)Cl,) [99]. In this study, they
conveyed that both homogeneous and heterogeneous activities of Pd cat-
alyst were observed. The authors proposed that during the reaction, gen-
erated solid Pd” metal was in equilibrium with the PdA—OMe complex in
an alcoholic medium (Scheme 3.16). However, for all these above-
mentioned reports, a significantly higher reaction temperature (~ 200 °C)
was required to achieve sufficient conversion.
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Scheme 3.16 Equilibrium of palladium catalyst between homogeneous and hetero-
geneous phases.
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Scheme 3.17 Synthesis of [3-methylated alcohols using Ru(ll)~MACHO and Shvo's
catalyst.
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Beller and co-workers in 2014 described (-methylation of 2-
arylethanols with methanol in the presence of a bimetallic Ru(ll)-
MACHO and Shvo catalysts (Scheme 3.17) [100]. Kinetic experiments
suggested that dehydrogenation of both alcohols was the critical step to
obtain a high yield of the desired products. The author described Ru(II)-
MACHO catalyst favored the dehydrogenation of methanol, but not 2-
arylethanol. Thus Shvo’s catalyst was required to enhance the dehydroge-
nation of 2-arylethanol, which synergistically increased the yield of final
products. To improve the final product yield, the stepwise release of reac-
tion pressure (release of H, gas) was necessary, which shifted the equilib-
rium toward the aldol products. Initially, dehydrogenation of both aryl
ethanol and methanol was occurred by the transition metal catalyst. Then,
the resultant ketone and formaldehyde underwent base-catalyzed aldol
condensation to generate double unsaturated molecules. Finally, the
unsaturated intermediate was hydrogenated in a stepwise manner by the
transition metal catalyst to furnish the desired product (Scheme 3.17).

Later, Obora and co-workers developed DMF-stabilized Ir—NCs het-
erogeneous material for the [B-methylation of alcohols (Scheme 3.18)
[101]. The TEM and DLS studies showed that the particles were
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Scheme 3.18 Heterogeneous catalysts used in the S-methylation reaction.
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Scheme 3.19 Production of isobutanol from ethanol—methanol mixture using Ru(ll)
catalyst.

1.0—1.5 nm scale, whereas 'H NMR, TG-DTA, and FT-IR analysis
indicated the presence of DMF as a surface coating on Ir—NCs particles.
This Ir—=NCs catalyst (0.1 mol%) methylated several aromatic and semi-
aromatic alcohols in the presence of 1 equivalent of KOH at 150 °C.
Interestingly, a high TON of 48,000 was achieved for this transformation.
In 2016 Wass and co-workers reported a Guerbet-type production of iso-
butanol from methanol using homogeneous phosphine-based Ru(Il) cata-
lyst (Scheme 3.19) [102]. The author revealed that phosphine with a small
bite angle provided greater productivity and selectivity toward the forma-
tion of isobutanol from a methanol—ethanol mixture. In this study, the
excess amount of methanol was required to prevent the homo-coupling
of ethanol (methanol:ethanol = 14.4:1).

Later, Xu, Mu, and co-workers introduced Ir-encapsulated yolk—
shell-structured mesoporous carbon nanospheres (If@YSMCNs) for the
C-methylation of alcohols (Scheme 3.18) [103]. The reaction was per-
formed in a water medium using 2—5 equivalents of methanol (with
respect to alcohol) in the presence of 1 equivalent of KOH at 170 °C.
A broad range of substrate provided excellent yields of 3-methylated alco-
hols. Furthermore, methylation of 1,2-diol derivatives was achieved in
good yields. In 2018 carbon-supported Pt (Pt/C) catalyst was reported by
Shimizu group, which furnished various 3-methylated aryl, aliphatic, and
heterocyclic alcohols in good to excellent yields (Scheme 3.18) [95].
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Leitner and co-workers described a phosphine-based Ru(Il)—dihydrido
complex (Ru—MACHO—BH) for the conversion of a variety of aromatic
and aliphatic alcohols to the desired [B-methylated products (Scheme 3.20)
[104]. In this study, the authors stated that the prolonged heating drastically
decreases the product formation due to the increase of hydrogen pressure in
the reaction vessel, which simultaneously hydrogenated the resultant ketone
to the starting alcohol back. They achieved a high turnover number (18,000)
for such transformation. The same group performed detailed DFT calculations
with this Ru(Il) catalyst, which advocated that the de- and re-hydrogenation
required the energy in the range of ca. 10—15kcalmol~'. A moderate
energy barrier of 13.6 kcal mol™ " was required for the base-catalyzed C — C
bond formation but comprises the highest transition state with energy at
26.9 kcal mol ™! relative to the reference point [105].

Recently, replacing the noble metals with earth-abundant, relatively
cheap 3d metal-based homogeneous catalysis has been studied for a similar
transformation (Scheme 3.20). Morill and co-workers reported selective
[B-methylation of alcohols using well-defined bench-stable (cyclopentadie-
none)iron(0) carbonyl complex and efficiently synthesized various
[B-methylated alcohols (Scheme 3.20) [65]. Initially, decarbonylation of
[Fe] precatalyst by either Me3NO or base in the presence of methanol
generated the active iron complex, which after dehydrogenated methanol
and 2-phenylethanol produced formaldehyde and 2-phenylacetaldehyde,
respectively. After that, base-catalyzed aldol condensation followed by the
hydrogenation with the [Fe] —H species finally produced the desired
[B-methylated alcohol product (Scheme 3.21).

Ph
H Me Ph Br )\
-~ N H NTSN
W, | e (Lo W, | P PN
[ “Ri Me | Ph [ “Mn. HNT N7 NH
o | Nco el o7 | co |18
Phy b oc”| Sco P to Ph,P—Mn—~PPh,
TBHy ocC 2
[Ru] (0.1 mol%), [Fe] (5 mol%), [Mn] (0.5 mol%), [Mn] (0.1 mol%),
150 °C Me3NO (10 mol%), 130 °C 150 °C diglyme, 140 °C
Leitner, 2019 Morrill, 2019 Leitner, 2020 Kempe, 2020

Scheme 3.20 Homogeneous catalysts used in 5-methylation of alcohols.
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Scheme 3.21 Proposed mechanism of S-methylation of alcohols with Fe(ll) catalyst.

In 2020 Leitner and co-workers introduced another earth-abundant and
environmentally benign 3d metal, manganese, as a form of Mn()—-MACHO
complex for such conversion (Scheme 3.20) [106]. Interestingly, a large variety
of (B-methylated secondary, primary, and cyclic alcohols was obtained by
this catalytic system. The stoichiometric reaction of the Mn(I)-MACHO
complex with NaOBu generated an unsaturated Mn—amide complex,
which produced intermediate alcoholate complexes after the addition of
2-phenylethanol or methanol (Scheme 3.22). In the case of methanol, a
hydride complex with formaldehyde and hydrogen was produced, suggesting
the dehydrogenation activity of the active Mn—amide complex. These
experiments advocated that the reactions followed the ligand-assisted outer-
sphere mechanism. Recently, Kempe and co-workers described the same trans-
formation using a bimetallic Mn(I)-K catalyst [107]. This catalytic system was
highly effective; a low catalyst loading of 0.1 mol% was capable of producing
a wide range of 3-methylated alcohols within a short reaction time (3 h).

3.5.3 C3-Methylation of indoles

Transition metal-mediated C3-methylation of indoles with methanol
were developed by several groups (Scheme 3.23). In 2012 Cai and co-
workers demonstrated the C-methylation of indoles and pyrroles using
[Cp*IrCl,], and KO'Bu at 140 °C under aerobic conditions (Scheme
3.23) [108]. Interestingly, simple pyrrole was transformed into the tetra-
methylated pyrroles under catalytic conditions. For indole substrates, vari-
ous methylated products were synthesized up to 91% yields, and during
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Scheme 3.22 Spectroscopically identified Mn(l) intermediates.
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Scheme 3.23 (C3-Methylation of indoles with methanol.

this transformation, reducible groups such as nitro, nitrile, and ester were
well tolerated. No C3-methylated product was observed for N-methyl
indole, which supports the mechanism of the base-mediated tautomeriza-
tion. In 2017 Liu and co-workers described the C-methylation of indoles
in the presence of Co(BF,),-6H,O/P(CH,CH,PPhy); at 100 °C
(Scheme 3.23) [88]. A broad scope of this transformation furnished various
methylated products in 88%—95% vyields. Later, Fe(0)-catalyzed similar
transformation was performed at 80 °C by Morrill and co-workers
(Scheme 3.23) [89]. In the same year, Shimizu and co-workers developed
a heterogeneous carbon-supported platinum (Pt/C) catalyst for this C3-
methylation of indoles (Scheme 3.23) [95]. They synthesized the methyl-
ated products up to 95% yields and tested the reusability of this catalytic
system, which was well tolerable for up to five cycles.

3.5.4 «a-Methylation of arylacetonitriles

Several reports on alkylation at the a-position of arylacetonitrile were also
described with methanol following BH methodology (Scheme 3.24).
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Scheme 3.24 a-Methylation of arylacetonitriles.

Grigg and co-workers first (1981) reported this reaction in 1981 with
methanol and other alcohols in the presence of RhCl;.6H,O at refluxing
conditions (Scheme 3.24) [109]. However, the scope was limited, and a
very low yield of the methylated products was observed. A ruthenium-
grafted hydrotalcite (Ru/HT)-catalyzed similar conversion was described
in 2006 by Kaneda and co-workers with methanol and other long-chain
alcohols at 180 °C (Scheme 3.24) [110]. Later, Obora and co-workers
conveyed the a-methylation of arylacetonitriles with methanol by
employing a [Cp*IrCl], catalyst (Scheme 3.24) [84]. Difterently substi-
tuted arylacetonitriles were methylated at 120 °C and furnished the
desired product in 75%—87% vyields. After that, a cobalt-catalyzed
a-methylation of arylacetonitriles with methanol was described by Liu
and co-workers in 2017 [88]. In this transformation, they used a commer-
cially available Co(BF,),-6H,0O and a tetradentate phosphine ligand P
(CH,CH,PPhy); (PP3) system, which provided various methylated pro-
ducts in 81%—94% vyields. In the same year, Gunanathan and co-workers
reported this similar transformation by using a metal ligand cooperative
(PNP)Ru(Il)—pincer complex (Scheme 3.24) [111]. The scope of this
transformation was broad, and they employed methanol, ethanol, and
other long-chain alcohols a-alkylation of aryl acetonitrile at 135 °C,
although a prolonged heating (40 h) was required for this C-methylation
reaction. In 2018 Kundu and co-workers introduced an ortho-amino
group functionalized 2,2'-bipyridine-based Ru(Il) complex for this similar
transformation (Scheme 3.24) [112]. They explored this reaction’s scope
by using methanol (at 135 °C) and other long-chain alcohols (at 115 °C).
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3.5.5 Aminomethylations

Hong and co-workers described a Ru(I) -MACHO—BH-complex cata-
lyzed aminomethylation of several phenol derivatives in 2017 (Scheme
3.25) [113]. Interestingly, for naphthol derivatives, Ru(acac)s/triphos
system produced a-methylated naphthols as major products instead of
aminomethylated one. Based on various mechanistic studies, the authors
proposed a catalytic pathway for this aminomethylation reaction (Scheme
3.25). At first, Ru(II)-catalyzed dehydrogenation of MeOH lead to the
formation of formaldehyde, which then reacted with amine to generate
the hemiaminal intermediate. Then, the phenolate anion reacted with
iminium cation (generated after dehydration) to produce the final prod-
uct. Whereas formamide intermediate barely participates in the reaction.
But, in the case of naphthol, the reaction between iminium cation with
naphtholate anion, followed by deamination via an E1c¢B mechanism pro-
duce enal intermediate, which finally furnished the a-methyl naphthol.
Later, (PNP)Mn(I) complex-catalyzed three-component aminomethy-
lation of various aromatic compounds was reported by Kirchner and
co-workers in 2017 [114]. Differently substituted naphthols, phenols, pyr-
idines, carbazoles, indoles, and thiophenes with a combination of amines
and MeOH provided the corresponding aminomethylated products

: ;
OH OH LN /T\ |
Ry [Ru] (2 mol%) R o —N,, PP
_uemaa :
Ry

toluene, 150 °C, 20 h R+ | ) 3 P2 \ N

Bn” >
| o
Ru] -H
Bn/Nv/O ~RIH IL OH
H BI'I/ ~

H,0
NS

Elin
3 OH 3 N
! Bn _
: N bho I OH
‘ |1 <P N
' ! Bn”+% major pathway

Scheme 3.25 Ru(ll)-catalyzed aminomethylation and methylation of phenol
derivatives.
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Scheme 3.26 Aminomethylation of aromatic compounds using Mn(l) catalyst.
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Scheme 3.27 Re(l)-catalyzed aminomethylation of aromatic compounds.

efficiently. Notably, (PNP)Fe(Il) complex predominantly delivered
a-methylated naphthols rather than the aminomethylated products
(Scheme 3.26).

In 2019 Kirchner group performed the same transformation using a
thenium complex bearing the same (PNP) ligand fragment |[115].
Methanol, secondary amines, and phenols/naphthols provided the corre-
sponding aminomethylated products with high isolated yields in the pres-
ence of 0.5 mol% of Re(I) complex at 140 °C (Scheme 3.27).

3.6 N-Heterocycles synthesis

N — Heterocyclic compounds are widely known as biologically active
compounds and used in various fields, including medicinal chemistry. In
2016 Li and co-workers demonstrated a novel methodology for the syn-
thesis of a series of substituted quinazolinones by the reaction between
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o-aminobenzamides and methanol following the acceptorless dehydroge-
nation coupling strategy [116]. They performed this reaction in the pres-
ence of bifunctional [Cp*Ir(2,2'-bpyo)(H,O)] complex under microwave
irradiation and synthesized a range of various substituted desired products
in excellent yields. Importantly, biologically active molecule erlotinib, an
anticancer drug, and receptor tyrosine kinase initiator was produced under
the standard conditions (Scheme 3.28). A plausible mechanism for this
acceptorless dehydrogenation reaction is shown in Scheme 3.28. At first,
dissociation of H,O molecule, followed by protonation of one pyridonate
system generated Ir — OMe complex, which then underwent 3 — hydride
elimination to form Ir—H species and formaldehyde molecule.
Subsequently, the condensation between o-aminobenzamide with formal-
dehyde produced 2,3-dihydroquinazolinone, which furnished the final
product after dehydrogenation.

Recently, the same transformation was described by using inexpensive
commercially available Cu(OAc),.4H,0 and Cs,COj3, under an O, atmo-
sphere (Scheme 3.29) [117]. At the beginning of the reaction, Cu" cata-
lyst oxidized methanol to formaldehyde and itself got reduced to Cu'
system. Next, the condensation between formaldehyde and o-aminoben-
zamide generated the imine intermediate, which after cyclization, afforded
2,3-dihydroquinazolinone molecule. Finally, Cu' system oxidized to Cu"

o | ﬁ( : /@\ :
0 : :
—H,0 H HN S
@Nw Choon —CPIr2:2-5py0)(H;0) (1 mol%%) )L N AT | =
+ P22 opyo)ReD) Mo, :
NH, 97 Cs,C04 (0.3 equiv.), MW, 130 °C, 21 ; { : | J :
: N R '
Li, 2016 i ! Erlotinib

CpHIr(2,2-bpyO)(Hy0) Loooooooo SO
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N N—¢°
/ J\\& / R B
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Scheme 3.28 Proposed mechanism for synthesis of quinazolinones by Ir(lll) catalyst.
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Scheme 3.29 Cu(ll)-catalyzed synthesis of quinazolinones.

species, which dehydrogenated the 2,3-dihydroquinazolinone species to
produce the quinazolinone (Scheme 3.29).

The direct synthesis of quinazolinones from 2-aminobenzonitriles
would be an attractive protocol in a one-pot manner. In this context,
Kundu and co-workers developed a suitable protocol to obtain these
molecules from 2-aminobenzonitriles using a methanol—water mixture
[118]. The authors utilized a bipyridine-based Ru(Il) complex, which was
stable enough in water under the standard reaction conditions. The
kinetic experiments advocated that methanol and H,O were the sources
of C1 and O1, respectively, in the final product (Scheme 3.30).

In 2019 Ilangovan and co-workers reported a CuCl,.2H,O-catalyzed
cyclization reaction for the synthesis of quinazolines in the presence of
tert-butylhydroperoxide (TBHP) as an oxidant (Scheme 3.31) [119]. In
this work, they used methanol and ammonium acetate as carbon and
nitrogen sources, respectively. Moreover, using this protocol, a muscle-
relaxing drug quazodine was synthesized in good yield. Another impor-
tant class of N-heterocycles benzimidazoles was successtully synthesized by
Barta and co-workers in 2012 (Scheme 3.31) [120]. Copper-doped porous
metal oxide (Cu-PMO) was utilized for the coupling of readily available
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Scheme 3.31 Synthesis of quinazoline and benzimidazole derivatives.

2-nitroanilines and aniline derivatives with methanol. In this study, super-
critical methanol acted as both the C1 source and solvent. However, this
reaction was not selective, both benzimidazole and N-methyl benzimid-
azole were formed at high reaction temperature (250 °C).

3.7 Miscellaneous transformations

Methanol is also employed in some other transformations as a C1 source,
for example, in transter hydrogenations, synthesis of urea, C — C coupling
with allenes, and many others. In this section, we describe some of the
representative examples of them. Ir(IIl) complex-catalyzed transfer hydro-
genation with methanol was reported by Tani and Sundararaju groups
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(Scheme 3.32) [121,122]. In 1999 Tani and co-workers described transfer
hydrogenation of alkenes and alkynes by using an Ir(Ill) complex at
80 °C (Scheme 3.32) [121]. However, in these transformations, the scope
was limited, and moderate yields of the products were observed.
Recently, Sundararaju and co-workers demonstrated the transfer hydro-
genation of ketones in the presence of [Cp*IrCl,],/2,2'-bipyridine-6,6'-
diol (Scheme 3.32) [122]. They also screened [Cp*Coly], and
[Cp*RhCl], in this transformation, [Rh] complex yielded 29% product,
whereas [Co] complex was ineffective. Notably, various functional groups
such as nitro, nitrile, alkene, alkyne, and ester were well tolerated under
catalytic conditions.

Urea derivatives could be synthesized from amines and methanol in
the presence of transition metal catalysts following the BH strategy instead
of using toxic reagents such as phosgene, isocyanates, etc. (Scheme 3.33)
[123,124]. In 2016 Hong and co-workers developed this remarkable
transformation using a (PNP)Ru(ll)—pincer complex (Scheme 3.33)
[125]. They synthesized both symmetrical and unsymmetrical urea mole-
cules in the absence of any base, oxidant, or hydrogen acceptor.
Symmetric urea molecules were synthesized in a single step, whereas
sequential addition of reactants was essential for the synthesis of unsym-
metrical molecules. Bernskoetter and co-workers described a similar trans-
formation using a (PNP)Fe(II) complex. They revealed a broad substrate
scope for the synthesis of symmetrical urea derivatives (Scheme 3.33)
[126].

[r(IlI)-catalyzed direct coupling of allenes with methanol was reported
by Krische and co-workers in 2011. This catalytic system provided various
branched alcohols in high yield (Scheme 3.34) [21]. The Cole-Hamilton

Ri—=R, R——Ry | Me e
' Me
Ir] (4 mol%), 80 °C ! O
or + CHZ0H M} or | H / /\ H
i e \Ir/ —p
R1/\/R2 R1/\/R2 E P// \ / \ \)
Tani, 1999 l QP P
o [Cp*IrCl,], (2 mol%), /ClJ\H
+  CH,OH T — >
R1)LR2 3 2,2 -B|pyr|d|ne6-g,§dd|ol (5 mol%), Ri R,

Sundararaju, 2020
Scheme 3.32 TH of alkynes, alkenes, and ketones with methanol.
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group reported a Ru(Il) complex-catalyzed a-methylenation of methyl
propanoate following the methanol dehydrogenation strategy [127].
Following BH and interrupted BH methodology, Donohoe and co-
workers developed a one-pot methylenation and conjugate addition of
aryl ketones in the presence of [[r(COD)Cl], (Scheme 3.34) [128].
Following this one-pot, two-step process, they synthesized various
a-branched ketones by employing different nucleophiles. Then, a cobalt-
catalyzed a-methoxylation and amino methylation were described in
2018 by Yang, Xiao, and co-workers utilizing CoCl,.6H,O in the pres-
ence of TBHP as oxidant (Scheme 3.34) [129]. Several control experi-
ments were also performed; notably, the formation of formaldehyde by
the oxidation of methanol was confirmed by the silver mirror test.

In 2008 Jun and co-workers demonstrated a protocol for the synthesis
of di-alkyl ketones using an Rh(CI)(PPhj); catalyst (Scheme 3.35) [130].
In this protocol, they also utilized a catalytic amount of 2-amino-4-
picoline and benzoic acid. The C3-coupling between two substituted
indole molecules using [Cp*Ir(Cl),], catalyst at 150 °C employing metha-
nol was developed by Li and co-workers (Scheme 3.35) [131]. In this
transformation, the scope was good, and up to 91% yields were observed.
However, in other metal catalysts like [Cp*Rh(Cl);]» or [Ru(p-cymene)
(Cl)5), only 6%—45% yields were observed. In 2018 Morrill and co-
workers described a Fe(0)-catalyzed C-methylation of oxindoles with

(PPh3)3RhCI (5 mol%),
2-amino-4-picoline (30 mol%) 0
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Scheme 3.35 Synthesis of dialkyl ketones, bis-indoles, and methyl oxindoles.
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methanol at 80 °C (Scheme 3.35) [89]. For this transformation, they
employed a Knolker-type (cyclopentadienone)iron carbonyl complex as a
catalyst in the presence of Me;NO as cocatalyst and synthesized some
methylated oxindoles up to 86% yields.

3.8 Conclusion

Methanol is a potential H, reservoir, and thus recently, various promising
catalytic protocols are developed for the production of hydrogen from
methanol. Additionally, methanol can also be utilized as a C1 source in
the numerous transformations based on the “BH” and “ADC” strategies.
Following these protocols, methanol is employed as a green reagent,
which provides a high atom economy. The overview of this chapter is
described as the development of different approaches toward the achieve-
ment of cost-effective and more viable processes for N-methylation, C-
methylation, N-formylation reactions, etc. We discussed the reactions of
amines, nitriles, amides, nitro compounds, ketones, esters, etc., with
methanol to synthesize various valuable C-methylated, N-methylated, N-
formylated, and N-heterocycles products. Although methanol is mostly
used as a building block in the industry to produce various bulk chemi-
cals, many other potential applications are still possible using methanol as
a reagent. This green alcohol has a promising future for utilization as a
carbon source for C- and N-methylation reactions replacing the toxic
reagents; however, for the large-scale synthesis, more efficient catalytic
system 1s required. Additionally, there are enormous scopes in the asym-
metric synthesis using methanol and photocatalyzed methanol activation
under mild conditions.
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4.1 Introduction

In the mid-1970s Moulton and Shaw published their first report on the
family of meridional tridentate ligands currently referred to as pincer ligands
[1]. These pincer ligands and their complexes have long been an overly
neglected topic and only recently it became the subject of intense investiga-
tions from many different research groups. Careful examination of these
compounds indicated their extraordinary thermal stability and high melting
points. These complexes can be used for homogenous catalysis applications
as active catalytic species to perform a variety of organic transformations.
The development of the sustainable, mild, and efficient synthetic pro-
tocol is at the forefront of chemical research. In this context, catalysis
represents an alternative to the so-called conventional methods that
require a stoichiometric amount of activating reagents and producing
wasteful by-products. The catalytic acceptorless dehydrogenation of
organic compounds such as alcohols, amines, and N-heterocycles, using
transition metal-based homogenous catalysts is one of the most essential
organic transformations, with applications in the field of energy storage as
well as in the synthesis of a wide variety of other substrates when dehy-
drogenative coupling of intermediates resulting from initial dehydrogena-
tion process undergoes further reactions [2]. In terms of green and
sustainable chemistry, catalytic acceptorless dehydrogenation—as one of
the most promising synthetic approach—represents a highly atom-efficient
and clean process [3]. In general, dehydrogenation reactions are thermo-
dynamically unfavorable and can be driven by removing hydrogen gas
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from the system. In the acceptorless dehydrogenation reactions, the
removal of hydrogen gas from various substrates occurs without any
hydrogen acceptors. In the last two decades, there has been tremendous
growth in the field of homogenous catalysis; in particular, transition metal
pincer complex-catalyzed acceptorless dehydrogenation reactions are
emerging as a powerful approach. This chapter will focus on the applica-
tions of transition metal pincer complexes for the acceptorless dehydroge-
nation of a wide variety of substrates such as alcohols, amines, partially
saturated aromatics, and heteroaromatics.

Based on the advances in the field of homogenous catalysis using pin-
cer metal complexes, as described in the other chapters of this book,
options for designing and developing new catalysts and new or modified
synthetic transformations employing these catalysts will continue to
expand. In this chapter, we have chosen to focus on the application of
pincer metal complexes in acceptorless dehydrogenation (AD) reactions,
in which hydrogen is liberated with the formation of dehydrogenated
products.

4.2 Acceptorless dehydrogenation
4.2.1 Acceptorless alcohol dehydrogenation

Over the past decades, the development of a sustainable, atom-
economical, and selective approach is one of the major goals in catalysis
and organometallic chemistry. In this regard, acceptorless alcohol dehy-
drogenation (AAD) represents an alternative to the conventional methods
which often require a stoichiometric amount of oxidants such as perox-
ides, metal oxides, or sacrificial hydrogen acceptors. Although alcohols are
unreactive and less susceptible toward nucleophilic substitution reactions
because of the poor leaving group ability of the hydroxyl (OH) group, it
is still among the common precursors required in organic synthesis and
pharmaceutical industries. With the liberation of molecular hydrogen as
the only by-product, AAD provide a straightforward route to access a
wide range of carbonyl compounds such as aldehydes, ketones, and esters
or, in some cases, carboxylic acids. The molecular hydrogen in itself is
very useful for hydrogen storage applications, or it can be utilized in situ
in the dehydrogenative coupling reactions of intermediate carbonyl com-
pounds with other substrates such as alcohols, amines, etc. The early
investigations in the field of AAD require precious metal (Ru, Ir, and
Rh)-based complexes of bulky, electron-rich pincer ligands, which
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facilitate the oxidation reactivity by enhancing the electron density at the
metal center as well as stabilize the coordinatively unsaturated complexes.
The research group of Milstein first reported a pincer ligand pertaining
transition metal catalysts for AAD. Several electron-rich, bulky tridentate
PNN and PNP type ruthenium complexes were developed for the dehy-
drogenation of secondary alcohols to ketones and primary alcohols to
esters by the same research group. Upon activation with a strong base
such as sodium isopropoxide, the complex Rul was moderately active for
the dehydrogenation of secondary alcohols; however, it failed to yield the
dehydrogenated product with primary alcohols (Fig. 4.1) [4]. A catalytic
cycle involving Ru dihydride [RullH,| and Ru(0) intermediates was pro-
posed. Further, modification of the pyridine—pincer ligand resulted in the
highly selective AD of primary alcohols to esters by Ru2 and Ru3 com-
plexes [5]. With an equimolar amount of KOH, complex Ru3 exhibited
greater activity and selectivity than Ru2 in the self~dehydrogenative cou-
pling of primary alcohols to esters. The amido complex Ru4 derived by
benzylic deprotonation with KOtBu from Ru3 complex showed excel-
lent activity, and the formation of ester was observed around 90% yield
(TON >900) in relatively short reaction time under base-free conditions
(Fig. 4.1). Based on low-temperature Nuclear Magnetic Resonance
(NMR) studies, it was found that complex Ru3 can easily activate pri-
mary alcohols at —80°C to give the corresponding alkoxy complex, and
thereafter, the aldehydes obtained were efficiently trapped by Ru3 com-
plex through unusual C—C coupling with the PNN pincer ligand [6].
Moreover, they also reported an N, bridged binuclear complex Ru5
which, upon the addition of base, effectively catalyzed the reaction of sec-
ondary alcohols to ketones and primary alcohols to esters, with the libera-
tion of molecular hydrogen [7]. The reaction of secondary alcohols
requires almost 70—100 h to obtain the desired ketone products, while in
the case of primary alcohols, over 90% of the resultant esters were formed
after 24 h with excellent turnover numbers. In closely related work,
Milstein and co-workers used this N, bridged binuclear complex Ru5
with an excess of NaBH,; in 2-propanol to synthesize ruthenium(Il)
hydrido borohydride complex Ru6, which eftectively catalyzed the dehy-
drogenation of primary alcohols under mild and neutral conditions and
provided the desired esters in good yields (up to 98%) with excellent
turnover numbers (TON~ 1000) (Fig. 4.1) [8]. The catalyst Ru6é was also
active for dehydrogenation of secondary alcohols to the corresponding
ketones and dehydrogenative cyclization of diols to lactones. Besides,
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Figure 4.1 Ruthenium pincer complexes for the dehydrogenation of (A) primary
alcohols to esters and (B) secondary alcohols to ketones.

Milstein and co-workers reported a new acridine-based pincer complex

Ru7-catalyzed (in the presence of catalytic amount of base) dehydrogena-

tion of primary alcohols to esters with a trace amount of acetals as the side

product [9]. The catalyst showed reversed selectivity in the absence of

base and provided acetals in high yield.

In related chemistry, Beller and co-workers showed that complexe

Ru8 containing HPNP™®* ligand with an aliphatic NH moiety were

active for hydrogen production from alcohols under mild, neutral, and
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base-free conditions [10]. Complex Ru8 is active at low temperature
(<100°C) and catalyzed the dehydrogenation of isopropyl alcohol and
ethanol with excellent yields and high turnover frequencies. In the case of
ethanol, both acetaldehyde and ethyl acetate were formed in considerable
amounts. Further, they modified the ligand system in complex Ru9 for
the bulk-scale synthesis of ethyl acetate from ethanol [11]. With catalyst
loadings in the ppm range, complex Ru9 catalyzed the dehydrogenation
of ethanol to ethyl acetate in high yield and high turnover number
(>15,000) (Fig. 4.1). Moreover, the catalyst was also applied to other
alcohols to provide the corresponding ester products.

Inspired by the development of ruthenium-based pincer complexes for
the acceptorless dehydrogenation of alcohols, Gelman and co-workers
reported a new bifunctional dibenzobarrelene-based PCy,sP pincer ligand
and its iridium complex Irl, which is 3d unlike other pincer complexes
[12]. Employing 0.1 mol% of Irl and a catalytic amount of base, a range
of alcohols including aliphatic and aromatic secondary alcohols, aromatic
primary alcohols, and diol 1,4-butanediol were successfully converted to
the corresponding ketones, esters, and lactone, respectively (Fig. 4.2).
Further, Gelman et al. reported that a modified version of Irl in which

0.1 mol% Ir1 e

2 RCH,OH
5 mol% Cs,CO3 R)J\O CHR  + 2H,

p-xylene, reflux

OH 0.1 mol% Ir1 (0]

R R, 5 mol% Cs,CO5 R R,
p-xylene, reflux

Ir2

Figure 4.2 PC,,:P pincer iridium catalysts for the dehydrogenation of (A) primary
alcohols to esters and (B) secondary alcohols to ketones.
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the pendant side arm containing butane-1,4-diol group on the PCsP
ligand was replaced with p-hydroquinone moiety, Ir2, results in a cata-
lytic system that was also found to be active for the acceptorless dehydro-
genation of alcohols to ketones or esters [13].

The coordination flexibility of these PCysP ligands allowing for
metal—hydroxyl/alkoxide coordination switch is crucial for catalyzing
acceptorless dehydrogenation of alcohols by Irl and Ir2 complexes
through outer sphere hydrogen transfer mechanism (Fig. 4.3).

Later, Szymczak and co-workers reported a new amide-derived NNN
pincer ruthenium complex containing the bmpi (1,3-bis(6’ -methyl-2'-
pyridylimino)-isoindoline) ligand that efficiently catalyzed the chemose-
lective dehydrogenation of alcohols under base-free conditions [14].
Using low catalyst loadings and moderate (<120°C) conditions, complex
Rul0 catalyzed the acceptorless dehydrogenation and dehydrogenative
coupling of secondary and primary alcohols/diols to the corresponding
ketones and esters/lactones, respectively (Fig. 4.4). Also, it is quite note-
worthy that complex Rul0 promotes the chemoselective dehydrogena-
tion of secondary alcohols in the presence of primary alcohols without
any base or hydrogen acceptors. The same catalyst was also used for che-
moselective dehydrogenation of amines as illustrated in Section 4.2.3.

A new family of unsymmetrical pyridyl-based NNN ruthenium pincer
complexes, Rull and Rul2, for the acceptorless dehydrogenation of sec-
ondary alcohols were reported by Yu et al. [15,16]. The dimeric complex
Rull with an unsymmetrical pyrazolyl-pyridylamino-pyridine ligand cat-
alyzed the dehydrogenation of secondary alcohols in the presence of a

H
Ho o) ot
/9\ 1
p— ) P
cl
H-O0
p
H
| o)
P/ P 7’/\
cl N —p
v cl
04\

Figure 4.3 Proposed pathway for Ir1- and Ir2-catalyzed dehydrogenation of
alcohols.
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Figure 4.4 Complex Ru10 for the acceptorless dehydrogenation of (A) secondary
alcohols to ketones, (B) primary alcohols/diols to esters/lactones, and (C) Ru-

catalyzed chemoselective dehydrogenation of secondary alcohols.
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Figure 4.5 Ruthenium pincer complexes for the acceptorless dehydrogenation of
secondary alcohols to ketones.

catalytic amount of base. In contrast, no base was required with complex
Rul2 bearing a pyrazolyl-(2-indolyl)-pyridine ligand (Fig. 4.5). Both the
complexes showed comparable activity, and a wide variety of substrates
including substituted aromatic secondary alcohols, aliphatic cyclic and acy-
clic secondary alcohols and sterically hindered alcohols such as diphenyl-
methanol and 2-naphthylmethanol, etc. were successtully converted to
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the corresponding ketones in excellent yields (82%—99%). Complex
Rul2 was also wused for the acceptorless dehydrogenation of
N-heterocycles as demonstrated in Section 4.2.4.

Given the above examples, it can be concluded that catalysts based on
precious metals (Ru, Ir, etc.) have contributed significantly in the field of
AAD reactions. In many cases, the catalytic systems exhibited high activity
and selectivity for the dehydrogenation of alcohols. In contrast to precious
metals, which are rare and expensive, first-row transition metals (Co, Fe,
etc.) are abundant, relatively nontoxic, and economical. Therefore, first-
row transition metals offer more sustainable systems compared with pre-
cious metal-based catalysts. Zhang and Hanson reported the first nonpre-
cious metal-based system for the acceptorless dehydrogenation of alcohols
[17]. The active cobalt complex Col was generated in situ from its preca-
talyst 1 and H[BAr",].(Et,O), in refluxing toluene solvent, which cata-
lyzes the dehydrogenation of a variety of secondary alcohols to the
corresponding ketones in good to excellent yields (Fig. 4.6). The catalyst
was relatively less active for the dehydrogenation of aliphatic alcohols and
4-methoxybenzyl alcohol.

Further, Zhang and co-workers investigated the mechanism of this
cobalt-catalyzed dehydrogenation reaction [18]. When the reaction of
1-phenyl ethanol using 10 mol% of Col was monitored by NMR spec-
troscopy, the formation of diamagnetic cobalt intermediate with a coordi-
nated acetophenone molecule was detected. The isolated cobalt(III) acetyl
phenyl hydride complex 2 was found to be active for the acceptorless
dehydrogenation of alcohols, implicating its involvement in the catalytic
cycle (Fig. 4.7). In addition, the replacement of the N—H group with the
N—Me group does not affect the catalytic activity of Col, which indi-
cates the involvement of metal—ligand cooperativity is unlikely. Based on

OH 5 mol% Co1 o

+ H2
R4 R, toluene, 120°C, 24 h R, R,

| | ear,

CI,, evEos Y

CV2P70‘°7PC3’2 Cy,P—Co—PCy,
. \
CHzSiMe, CH,SiMe,
1 Cot

Figure 4.6 Cobalt pincer complex-catalyzed acceptorless dehydrogenation of sec-
ondary alcohol.
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Figure 4.8 Iron—pincer complexes for the dehydrogenation of secondary alcohols to
ketones, primary alcohols to esters and diols to lactones.

these findings, the authors proposed a Col/Colll cycle for the acceptorless
dehydrogenation of alcohols. Later, based on density functional theory
(DFT) calculations, Yang et al. proposed a similar mechanism for the
acceptorless dehydrogenation of alcohols [19].

Subsequently, the acceptorless dehydrogenation of primary and sec-
ondary alcohols using iron—pincer complex Fel was demonstrated by
Jones, Schneider et al. (Fig. 4.8) [20]. Using catalyst loadings as low as
0.1—1 mol%, secondary alcohols including aromatic and aliphatic sub-
strates were dehydrogenated to the corresponding ketones in moderate to
good isolated yields. Besides secondary alcohols, primary alcohols and
diols were also successfully dehydrogenated to the corresponding esters
and lactones. In the case of mixed primary/secondary diols, the catalyst
showed good chemoselectivity with dehydrogenation at the secondary
alcohol moiety, leaving the primary alcohol unaffected. Based on experi-
ments and DFT calculations, the pentacoordinate iron amido hydride spe-
cies 3 was found to be the active catalyst in the dehydrogenation reaction.
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Figure 4.9 Mn1-catalyzed dehydrogenation of primary alcohols to esters.

In closely related work, Gauvin and co-workers reported the manganese
(I) dicarbonyl complexes supported by similar aliphatic PNP ligands for
the acceptorless dehydrogenative coupling of alcohols to esters under
base-free conditions (Fig. 4.9) [21]. A wide variety of alcohols such as
long, linear aliphatic chain (Cg—Cig) alcohols, lighter alcohols, and aro-
matic alcohols were transformed into the corresponding esters in good to
excellent yields with a trace amount of aldehydes. As mentioned earlier
with the iron—PNP catalytic system, the dehydrogenative coupling of pri-
mary alcohols to the corresponding ester derivatives by Mn1 catalyst also
results from cycling between amido and amino-hydride forms of the
PNP—Mn(CO), scaffold. These two complexes (Mn1 and Fel) were also
used for the acceptorless dehydrogenation of primary alcohols to carbox-
ylic acids under basic conditions as described in Section 4.2.2.

4.2.2 Dehydrogenation of alcohols to carboxylic acids

Apart from the acceptorless dehydrogenation of alcohols to esters, catalytic
dehydrogenation of alcohols can also lead to the formation of correspond-
ing carboxylic acids in the presence of water as an oxygen source.
Traditionally, the oxidation of alcohols to carboxylic acid requires chlori-
nated solvents and stoichiometric amounts of strong and toxic oxidants
such as iodates or chlorite with catalytic ruthenium and chromium oxides,
which generates copious waste. However, recent reports present catalytic
systems that require sacrificial hydrogen acceptors or the use of molecular
oxygen, limiting the applicability of the protocol for large-scale synthesis.
Acceptorless dehydrogenation has been one of the most attractive
approaches for the oxidation of alcohols to acid salts in the presence of
water as the oxygen donor with concomitant release of dihydrogen gas.
There are several reports of catalysts for the acceptorless dehydrogenation
of alcohols to acid salts and most of these systems are based on precious
metals.
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In 2013 Milstein and co-workers reported the first bipyridine-based
ruthenium complex Ru13 for the dehydrogenation of alcohols to carbox-
ylic acid salts [22]. Using catalyst loadings as low as 0.2 mol% in basic
aqueous solution, a wide variety of aliphatic, nonactivated alcohols, and
activated benzylic alcohols were converted to the corresponding carbox-
ylic acid salts in good yields, which upon acid treatment give the desired
carboxylic acids (Fig. 4.10). Diols were also converted to the correspond-
ing dicarboxylic acids with lactones as side products. The mechanism of
the reaction was proposed based on DFT studies, which showed that the
hydrogen transfer from the methylene arm of the ligand to the hydride
located on the metal center is one of the most endergonic steps of the
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Figure 4.10 Ruthenium pincer complexes for the acceptorless dehydrogenation of
primary alcohols to carboxylic acids.
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Figure 4.11 Proposed reaction mechanism for Ru13-catalyzed acceptorless dehydro-
genation of primary alcohols to carboxylic acids.

reaction (Fig. 4.11). Moreover, Rul3 was also reported to promote the
dehydrogenative synthesis of amino acid salts from amino alcohols and
basic water [23]. Using low catalyst loadings with a stoichiometric amount
of NaOH (required to avoid the catalyst deactivation by acid), a wide
variety of useful natural and unnatural amino acid salts were formed in
excellent yields. The subsequent three reports, from Prechtl and co-work-
ers, Beller and co-workers, and Gauvin, Dumeignil and co-workers, all
reported aliphatic PNP ligand-supported ruthenium catalysts Rul4,
Rul5PiPr;, and Rul5PPh; for the acceptorless dehydrogenation of alco-
hols to carboxylic acid salts [24—26]. The ruthenium complex
Rul5PiPr, was shown to be highly active for hydrogen release from
aqueous ethanol and bioethanol with high catalyst turnover numbers and
acetic acid yields up to 70% [25]. Furthermore, bioethanol obtained from
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fermentation processes can be used directly in this protocol for the benign
production of acetic acid, representing an alternative to the known high-
temperature processes based on fossil feedstocks.

In 2017 two reports describing ruthenium pincer complexes for effi-
cient dehydrogenation of primary alcohols to carboxylic acids were inde-
pendently published in short succession. The first report from Peng,
Zhang, and co-workers described the application of a new class of ruthe-
nium complexes Rul6 (X = Cl, OTf) in the dehydrogenation of a num-
ber of primary alcohols to carboxylic acids in good yields (72%—98%) and
high selectivity in an alcohol/CsOH (1:1) system [27]. Further, it was
shown that higher yields (up to 100%) and turnover numbers (~ 10,000)
were obtained by using an excess amount of alcohol to CsOH with
lower catalyst loading. The subsequent report from Szymczak and co-
workers demonstrated that a slight modification in the secondary sphere
of classical terpyridine pincer ligand, with pendent NHR (R = mesityl)
groups, enhanced the catalytic lifetime and activity of ruthenium
complex in dehydrogenation catalysis [28]. Thus, catalyst Rul7 showed
good activity in the acceptorless dehydrogenation of primary alcohols to
carboxvylic acids (Fig. 4.10). Recently, a new-type facial ruthenium com-
plex Rul8, generated in situ from [Ru(COD)Cl;], and a hybrid N-
heterocyclic carbene (NHC) — phosphine — phosphine ligand (CPP),
was reported by Li et al. [29]. The catalyst exhibited high catalytic activity
and stability, and a high turmover number (up to 20,000) with the
catalyst loading as low as 0.002 mol% (Fig. 4.10). Moreover, the
catalyst Rul8 worked well for sterically hindered alcohols, ortho-substi-
tuted benzylic alcohols, and bulky adamantanyl methanol as well as for
cholesterol. The exceptionally high catalyst stability was tentatively
ascribed to both the anchoring role of NHC and the hemilability of
phosphines.

Beller and co-workers explored the dehydrogenation of glycerol, a
valuable feedstock chemical produced on a bulk scale as a byproduct in
biodiesel refining [30]. Using 2.5 ppm of Ru9 as the precatalyst and 1.1
eq. of NaOH, glycerol was selectively dehydrogenated to lactic acid in
67% yield with a remarkably high TON of 265,326 (Fig. 4.12). Further,
industrial glycerol, containing only 86%—88% glycerol, also showed a
similar reactivity. In closely related work, Crabtree and co-workers
explored the dehydrogenation of glycerol to lactic acid using a first-row
transition metal catalyst [31]. Under lowering catalyst loading (0.02 mol%
Fe2), glycerol was dehydrogenated to lactic acid with high selectivity
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Figure 4.12 Ruthenium and iron—pincer complexes for the acceptorless dehydroge-
nation of glycerol to lactic acid.

(83%) and TON of 880 after 3 h (Fig. 4.12). Further, a maximum TON
of 1050 was obtained when catalyst loading decreased to 0.004 mol%,
which is the highest for a base-metal catalyst but considerably smaller than
the best TONs obtained with nonprecious metal systems [32].

Dutta et al. reported the selective conversion of glycerol to lactic acid
in high yields (up to 90%) by NNN—Ru pincer catalysts Rul9—Ru20
[33]. With 0.03 mol% Rul9a or Rul9b, glycerol was converted to lactic
acid in low to moderate yields (Fig. 4.12). While the catalysts Ru20a or
Ru20b based on 2,6-bis(benzimidazole-2yl) pyridine ligand exhibited
good activity toward the selective dehydrogenation of glycerol, and the
product was obtained with 98% selectivity with a TON of 3000 after
48 h. The free-energy profile study of the Rul9—Ru20-catalyzed glyc-
erol dehydrogenation indicated that the catalysts based on 2,6-bis(benz-
imidazole-2yl) pyridine ligands (Ru20) have the optimal Ru—P bond
energy. This assists in the easy generation of an active catalyst with less
steric crowding around the Ru center, making Ru20 as efficient catalysts
compared to Rul9. The mechanism of NNN—Ru pincer complex-
catalyzed dehydrogenation of glycerol to lactic acid is depicted in
Fig. 4.13.
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Figure 4.13 Proposed reaction mechanism for Ru19 and Ru20 catalyzed AD of glyc-
erol to lactic acid.
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Figure 4.14 Nickel pincer complex Nil-catalyzed acceptorless dehydrogenation of
primary alcohols to carboxylic acids.

Traditionally, precious metal systems have been used for the acceptor-
less dehydrogenation of primary alcohols to carboxylic acid salts, and it
was only in the last decade that catalysts based on earth-abundant metals
such as Mn, Fe, and Co have been reported. Peng, Zhang, and co-work-
ers reported the first pyridine-based N'NN’ pincer nickel complex Nil,
which catalyzed the acceptorless dehydrogenation of a series of aromatic
and few primary aliphatic alcohols to carboxylic acids in good yields
(40%—90%) under anhydrous conditions (Fig. 4.14) [34]. Based on the
preliminary mechanistic experiments, it was found that the desired car-
boxylate salt was accompanied by the formation of corresponding ethers

http://chemistry-chemists.com



178 Pincer—Metal Complexes

0
PN (2 mol%) Mn1/Fe1
R™ "OH M- 2H,
KOH (1.1 eq.), R™ O
toluene, 120°C, Ar
H H
o, S
H/B\
co
NF_—\\\P H—P
~~Mn K—‘
7 o H-N—Fe—cCoO
" P=PP <-—P/|
BRRRE o p=pipp,

Mn1 Fe1

Figure 4.15 Iron (Fe1)- and manganese (Mn1)-catalyzed acceptorless dehydrogena-
tion of primary alcohols to carboxylic acids.

and aldehydes, and the water produced by the etherification of alcohols
provided the second oxygen of the carboxylate.

In addition, at this stage, there are three more reports of well-defined
catalysts using earth-abundant metals, with iron and manganese pincer
complexes comprising two of those examples [35—37]. The first contribu-
tion from Gauvin, Dumeignil, and co-workers described aliphatic PNP
pincer-supported iron and manganese complexes for the catalytic accep-
torless dehydrogenation of biomass-derived alcohols into carboxylic acid
salts in good to excellent yields under basic conditions (Fig. 4.15) [35].
Interestingly, these Mn and Fe complexes required no water condition to
achieve high yields as compared to their parent Ru catalysts. Further, it
was found that the manganese-based pincer catalyst Mn1 was catalytically
more efficient as compared to their Fe counterpart Fel.

The subsequent report by Liu et al. described a well-defined manga-
nese complex-catalyzed acceptorless dehydrogenative coupling of alcohols
with alkaline water to form carboxylate salts [36]. A wide range of car-
boxylic acid derivatives was synthesized with high yields and excellent
functional group tolerance (Fig. 4.16). Further, in the case of aliphatic
alcohols, anisole was used as a cosolvent to increase the homogeneity of
the reaction mixture for better efficiency. In addition, the protocol was
applied for the direct synthesis of carboxylic acid-based pharmaceutical
molecules. Mechanistic studies including control experiments, X-ray crys-
tallography, and NMR studies indicated the possibility of an aldehyde
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Figure 4.16 Manganese pincer complex (Mn2)-catalyzed acceptorless dehydrogena-
tion of primary alcohols to carboxylic acids.
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Figure 4.17 Cobalt-catalyzed acceptorless dehydrogenation of primary alcohols to
carboxylic acids.

intermediate, as the case with other earth-abundant metal-based catalysts
for the dehydrogenation of alcohols to carboxylic acids.

Very recently, Gunanathan and co-workers developed a highly effi-
cient and simple cobalt catalyst Co2 for the acceptorless dehydrogenative
oxidation of alcohols to carboxylate salts under basic conditions
(Fig. 4.17) [37]. This protocol was applied to a wide variety of alcohols
including aromatic, aliphatic, and heteroaromatic alcohols. This reaction
showed a broad substrate scope and wide functional group tolerance
including pyridyl and nitro, and olefinic motifs. Moreover, diols were suc-
cessfully converted to the corresponding dicarboxylic acids, and ethanol
was also dehydrogenated to potassium acetate in moderate yield. The
mechanistic investigation indicated that the reaction follows the
Cannizzaro-type pathway with KOH acting as the source of second oxy-
gen of the carboxylate salt.

4.2.3 Dehydrogenation of amines

Catalytic dehydrogenation of amines can lead to a variety of products
such as imines, secondary amines, nitriles, and N-heterocycles. These
unsaturated compounds having C—N multiple bonds are of significant
importance as reactive intermediates for synthetic applications, (organo)
catalysts, in dyes, and pharmaceutically active compounds [38]. While
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there are several robust and well-developed methods for the dehydroge-
nation of amines, still these methods suffer from various limitations such
as the use of an excess of base, hydrogen acceptors, and high temperatures
(160°C—200°C) [39]. Although the acceptorless dehydrogenation of alco-
hols is well established, the dehydrogenation of amines is much less stud-
ied. This might be due to the slower B-hydrogen elimination from amido
complexes as compared to the alkoxides [40]. Furthermore, the dehydro-
genation of amines is very much challenging because the reversible nature
of these reactions results in a mixture of products (Fig. 4.18). There are
only a few reports on pincer-supported transition metal catalysts for the
acceptorless dehydrogenation of amines.

Huang and co-workers described the application of a class of novel
pincer ruthenium complexes (Ru21—Ru23) in the dehydrogenative
homocoupling of amines to imines [41]. The reactivity of these ruthe-
nium complexes was significantly enhanced by replacing the CH (as
shown in Milstein’s catalyst Ru4) with the N-group in the phosphine
arm. Using these complexes under base- and oxidant-free conditions, a
variety of different benzyl amines were selectively coupled to provide the
desired imine products in high conversion and yields (Fig. 4.19).
Complex Ru21 was slightly more active while Milstein’s catalyst exhib-
ited lower activity than other catalysts Ru21—Ru23. A slight decrease in
the yield of imine products was observed with electron-donating substitu-
ents resulting from additional amine dehydrogenation to give nitrile pro-
ducts. The formation of these nitriles could be minimized when the
reactions were performed under neat conditions.

Afterward, Szymczak and co-workers demonstrated the chemoselec-
tive acceptorless dehydrogenation of primary amines to nitriles and sec-
ondary amines to imines using an amide-derived NNN—Ru(lI) hydride
complex Rul0 [42]. With low catalyst loadings, a diverse range of

A~ Bk PN R NH; . X
R™ NH, RX)NH ———— " Y r
+H, -R7TONH,
-Hy || +Hy
NN N R"ANH
RN R 1 o~ o~
k PN R R’
R" -R" \NH H

Figure 4.18 Acceptorless dehydrogenation of amines.
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Figure 4.19 Dehydrogenative imine formation by ruthenium pincer complexes.
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Figure 4.20 Dehydrogenation of amines catalyzed by Ru10.

PR

N
H

primary amines and secondary amines was selectively dehydrogenated to
the corresponding nitriles and imines in good to moderate vyields
(Fig. 4.20). The catalytic system is selective for primary amines
(-CH,NHo,) in presence of primary amines without a-CH hydrogens.
Later, they reported the detailed mechanism of the acceptorless double
dehydrogenation of amines using this complex [43]. Based on combined
experimental (ligand substitutions, kinetics, and steric catalyst modifica-
tion) and computational studies, an inner sphere mechanism was sup-
ported. The high binding affinity for imine intermediates and the lower
activation barrier for the second dehydrogenation prevent amine dissocia-
tion and further transamination reactions, making the reaction highly
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Figure 4.21 Proposed mechanism for the double dehydrogenation of primary
amines to nitriles.

selective toward nitriles. The mechanistic cycle for the double dehydroge-
nation of primary amines is depicted in Fig. 4.21.

4.2.4 Dehydrogenation of N-heterocycles

Dehydrogenation of N-heterocycles is an important class of reactions because
of its application in the synthesis of numerous pharmaceuticals and bioactive
molecules. Mostly the acceptorless dehydrogenations of N-heterocycles are
the microscopic reverse of the hydrogenation reactions. Owing to these
reversible dehydrogenation properties, saturated and unsaturated heterocycles
are also considered as potential liquid organic hydrogen carriers (LOHC).

Since the dehydrogenation of N-heterocycles is an endothermic process,
it requires the removal of H, from the reaction system. Besides, computa-
tional and experimental studies showed that the presence of one or more N-
atoms decreases the endothermicity of the reaction when compared to
cycloalkanes [44]. In spite of the numerous examples of dehydrogenation of
N-heterocycles based on heterogeneous catalytic systems or homogenous Ir-
based catalysts, there are only few reports based on pincer complexes for the
dehydrogenation of these nitrogenous substrates.
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Jones and co-workers reported for the first time a well-defined homo-
geneous iron catalyst Fel, supported by a bis(phosphino)amine (PNP)
pincer ligand, for the acceptorless dehydrogenation of N-heterocycles
under mild conditions [45]. Several substrates including tetrahydroquino-
line derivatives, 2,6-dimethylpiperidine, and 2-methylindoline underwent
successful dehydrogenation to their corresponding N-heterocycles in rea-
sonable isolated yields (Fig. 4.22). Mechanistic studies suggest that the
presence of N-atom in cycloalkanes is crucial for catalysis and the reaction
follows a sequential amine isomerization—dehydrogenation process.
Simultaneously, Sawatlon and Surawatanawong established the mecha-
nism of dehydrogenation of N-heterocycles using Fel based on the den-
sity functional studies, which also showed the involvement of a
pentacoordinate Fe-hydride species as an intermediate and dehydrogena-
tion only occurs at C—N bond with followed by isomerization [46].

Subsequently, a cobalt pincer complex-catalyzed reversible acceptorless
dehydrogenation and hydrogenation of N-heterocycles were reported by
the research group of Jones [47]. The aminobis(phosphine) [PN(H)P] pin-
cer ligand-supported cobalt catalyst Col worked well for the dehydroge-
nation of a variety of saturated N-heterocycles and provided high yield of
the products (Fig. 4.23). The same catalyst was also discussed earlier in
Section 4.2.1 for dehydrogenation of alcohols to ketones.

H., H
-8~
H™

R‘@\/}R _3mol% Fel RmR Isolated yields H
xylene, reflux = upto 90% -P
y " -

2H; H\N—F‘é—co
P ,
" p=pipr,
Fe1

Figure 4.22 Fe1l-catalyzed dehydrogenation of partially saturated N-heterocycles.

H | Barf,
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R R — > R JR (\|
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H -2H, |
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Figure 4.23 Co1-catalyzed dehydrogenation of partially saturated N-heterocycles.
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Figure 4.24 Ru12-catalyzed dehydrogenation of N-heterocycles.

Wang and co-workers reported the acceptorless dehydrogenation of
N-heterocyclic compounds using complex Rul2, which also efficiently
catalyzed the dehydrogenation of secondary alcohols to ketones (see
Section 4.2.1) [16]. Using 2 mol% of Rul2, a wide variety of substituted
tetrahydroquinolines and indolines were dehydrogenated to give the cor-
responding unsaturated N-heterocycles in moderate to good yields under
base-free conditions (Fig. 4.24).

More recently, Rueping and co-workers described that a manganese
complex supported by a PNP ligand, Mn3, was active for the dehydroge-
nation of N-containing heterocycles [48]. In the presence of a catalytic
amount of base, Mn3 was able to dehydrogenate a variety of indolines as
well as 1,2,3,4-tetrahydroquinoxalines derivatives (Fig. 4.25). Mechanistic
experiments suggest metal—ligand cooperative catalysis.

4.3 Conclusion and future perspective

Acceptorless dehydrogenation is a sustainable, atom-economical, and
selective approach that affords a wide variety of unsaturated compounds
without the need of an oxidant or hydrogen acceptors. In the last 20 years
there has been tremendous advancement in this area using pincer-
supported transition metal complexes. In this chapter, we described the
development of well-defined transition metal-based pincer catalysts that
are active in the acceptorless dehydrogenation reactions of various sub-
strates such as alcohols, amines, and N-heterocycles. A great amount of
progress has been made in the selective dehydrogenation of alcohols while
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Figure 4.25 Manganese-catalyzed dehydrogenation of N-containing heterocycles.

the dehydrogenation of amines and N-heterocycles is still somewhat chal-
lenging due to the many side reactions in amines and high-temperature
conditions for the dehydrogenation of N-heterocycles. However, it is
possible to achieve high selectivity by careful design of catalysts through
ligand design. Further, there has been a significant effort toward using cat-
alyst systems based on base-metal catalysts; still, precious metal catalysts
currently outperform pincer-supported nonprecious metal systems for
most other homogenous dehydrogenation reactions. This may be because
of the significant difference in the maturity of the respected fields, and
greater advancements in this area will emerge in the coming years.

In summary, pincer ligand-supported transition metal catalysts have
demonstrated tremendous potential in catalytic acceptorless dehydrogena-
tion reactions of alcohols, amines, and N-heterocycles. Given the many
benefits of earth-abundant metal-based pincer catalysts, it is clear that the
future development in this area will produce more catalysts based on
earth-abundant metals, which can surpass the activity and selectivity of
their precious metal analogs.
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Homogenous catalysts are used in organometallic chemistry for a vast num-
ber of organic transformations due to their ease of handling, moderate reac-
tion conditions, and the selectivity of the products that they offer. Among
them, complexes based on tridentate pincer ligands have gained immense
popularity due to their optimum balance between stability and reactivity
[1]. Their various features like tunability of the ligand framework [2],
metal-ligand cooperation [3], hemilability of side arms [4], and redox-active
nature |5] render them suitable for a range of reactions like C—C, C—H,
and C—O bond activation, hydrogenation, and dehydrogenation reactions
of organic molecules and as building blocks for the synthesis of self-
assembled supramolecular structures [6—14|. The study on pincer com-
plexes originated in late 1970s by Shaw [15], although they were classified
into a separate class of catalysts much later in 1989, when G. Van Koten
first coined the term “Pincer” [16].

As the natural reserves of fossil fuels are fast depleting, one of the most
promising alternatives of energy sources is hydrogen, and rightly, scientists
have been trying to address the challenges regarding its storage.
Chemically, hydrogen can be stored by some organic compounds with
high hydrogen density, such as HCOOH, CH3OH, and organic hetero-
cycles [17—22]. Apart from the general catalytic applications of pincer
metal complexes, Chapter 1 by Daw, Application of Pincer Metal
Complexes in Catalytic Transformations, discusses about how ammonia
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borane can be used as an efficient hydrogen storage medium, due to its
high hydrogen content (up to 19.6%) [23]|. Various catalysts have been
employed to dehydrogenate ammonia borane (H3;B.NH3) and convert it
to poly(aminoborane) [H,BNH,],,, borazine [HBNH];, or polyborazylene
(hydrogen storage capacity 6.8—12.96 wt.%) [24,25|. Several groups have
successfully used pincer complexes in an attempt to maximize the hydro-
gen yield and to get a clear understanding of the mechanistic aspects of
the reaction. In her pioneering work, Goldberg reported ammonia borane
dehydrogenation catalyzed by the (POCOP)Ir(H),(Cl) pincer complex
[26]. The same catalyst was later used by Manners for similar reactions
[27]. These initial success stories were soon followed by valuable contri-
butions from Schneider (with their Ru—amido complex), Yamashita
(pincer—iridium catalyst with boron backbone), Velez, Weller, and others
[28—32]. A range of inexpensive pincer—metal complexes based on
earth-abundant 3d metal such as Fe and Co have also been studied for
catalytic ammonia borane dehydrogenation [33—38].

The chemical inertness, high bond dissociation energy (945 kJ mol™"), low
proton affinity, non-polar character, and large HOMO-LUMO gap make the
transformation of dinitrogen into value-added chemicals like ammonia or
hydrazine a very challenging reaction [1,39]. Ammonia, which is industrially
produced by the Haber—Bosch process from nitrogen typically under harsh
conditions, finds invaluable applications [40—42]. Very few examples involving
homogenous catalysts deal with catalytic dinitrogen transformation under ambi-
ent conditions [43—57]. Pioneering work in this field came from the Schrock
group, who demonstrated that homogenous Mo-based catalysts could effec-
tively reduce dinitrogen into ammonia under ambient conditions |[58].
Nishibayashi and co-workers demonstrated the excellent activity of a series of
Mo-based pincer complexes toward ammonia formation, yielding high tumn-
overs [59]. In an alternative approach, water oxidation was coupled with nitro-
gen fixation using visible light as initiator in the presence of Sml, as a
reductant source [60]. Ammonia synthesis starting from nitrogen was studied
by Tuczek group using a PN’P-Mo pincer catalyst [61]. There are a few
reports of first row transition metal-catalyzed nitrogen to ammonia transforma-
tion, based on pincer—Fe, pincer—Co, and pincer—Cr complexes, with the
former two being carried out by Nishibayashi [62—64]. Dinitrogen fixation
with pincer—V [65], pincer—Ti, and pincer—Zr were also reported [66—67].

Nitride functionalization was reported by Schneider and co-workers
who used pincer metal-nitride complexes to carry out C—N bond forma-
tion and generate a range of compounds like acetonitrile, benzonitrile,
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and benzamide. These reactions often involved the intermediacy of bridg-
ing dinitrogen and nitrido complexes [68—70].

Silylation of dinitrogen to yield silyl amines was also attempted suc-
cessfully by Mézailles and co-workers by employing PPP pincer—Mo and
pincer—Fe dinitrogen complexes [71,72]. Notably, the silyl amines could
be further hydrolyzed to ammonia. PSiP pincer catalysts based on Fe, Co,
and Rh were also effective [73].

Pincer catalysts have also been largely used for the hydrogenation of a
number of organic compounds like esters, amides, nitriles, and alkynes, a
great part of this work being investigated by Milstein [74] and Beller [75].
The pincer—Ir, pincer—Fe [76—77], and pincer—Mn [78] catalysts based
on the MACHO ligand were found to be exceptionally active for ester
hydrogenation. Milstein reported the first example of ester hydrogenation
to alcohol using a PNNH pincer—Co catalyst [79]. The same group also
reported amide hydrogenation to amines and alcohols using pincer—Ru
[80—82], pincer—Fe [83], and pincer—Mn [84] complexes. The amide
hydrogenation reported by Beller and co-workers were highly active and
selective [85]. Urea [86], carbonate [87—88], and carbamate [89] deriva-
tives were hydrogenated to methanol and the corresponding amines by
pincer—Ru and pincer—Mn catalysts. The hydrogenation of cyclic imides
to diols and amines using a pincer—Ru catalyst was demonstrated by the
Milstein group [90]. Similarly, pincer—metal complexes find application
in the hydrogenation of nitriles to imines as well as amines [91]. In partic-
ular, much success has been attained with pincer—Ru catalyst based on
imidazolylphosphine PNN ligand [92]. Pincer complexes bearing nonpre-
cious metals were also efficient in the hydrogenation of a wide range of
aliphatic, aromatic, and heterocyclic nitriles [93—96]. Though there are
several reports on the hydrogenation of esters, amides, and nitriles, the
corresponding reports on hydrogenation of alkynes are limited. For
instance, alkyne hydrogenation was reported by the Chirik group using
electron-rich bis(arylimidazol-2-ylidene) pincer—Fe complex [97].

Coupling reactions involving C—C bond formation are of paramount
value, both from an industrial and pharmaceutical point of view. A variety
of coupling reactions like Heck-Mizoroki [98], Negishi [99—100],
Suzuki-Miyaura [101—107], Kumada [108—109], Stille [110], and
Sonogashira [111—112] have been successfully catalyzed mainly by
pincer—Pd [113—120] and pincer—Ni [121] complexes.

Pincers can be fine-tuned at their various sites to vary the steric and
electronic properties, which renders them an extremely versatile set of
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ligands. Among the various subclassifications based on ligand motifs, the
“non-innocent” type ligands [122], such as the pincers, display excellent
reactivity and selectivity over a wide range of reactions. Non-innocent
ligands are redox-active, which have energetically favorable levels, that
allows them to reduce or oxidize and act as electron reservoirs [123].
These ligands can often transform themselves into radicals when being
bound to a metal. Redox non-innocent ligand motif has gained much
importance due to its effective strategy in catalysis [124]. A subclassifica-
tion of noninnocence involves a “spectator ligand,” which modifies the
Lewis acidity of the metal by its redox reaction, thereby influencing the
substrate affinity for subsequent reactions [125—126]. In recent past, much
success has been attained in finding alternative lower barrier pathway for
various organic transformations via multielectron processes mediated by
redox-active/non-innocent pincer complexes based on relatively abundant
and non-toxic 3d transition metals [127] such as Fe [128—132]and Ni
[133—134] apart from their precious counterparts like Ta [135—136], Zr
[137—138], Pd [139—140], and Ru [141].

Chapter 2 on alkane dehydrogenation deals with the transformation of
abundant and readily available starting materials like alkanes into a myriad
of chemically relevant intermediates [11—13]|. Dehydrogenation of alkanes
also finds great applications on coupling with other reactions [11—13,142].
The field has been largely dominated by homogenous pincer—Ir catalysts,
most of which are phosphine-based, as these have exhibited the most
promising results. These catalysts offer high a-olefin selectivity in alkane
dehydrogenation as compared to their heterogeneous counterparts [143].
Complexes ligated with PCP, POCOP, PCOP, and others have been
reported by Kaska [144—149], Jensen [150], Goldman [151], Brookhart
[152—153], Goldberg [154—156|, Roddick [157—159], Chianese
[160—162], Zheng [163—166], and Yamamoto [167] to be highly stable,
which could be favorably tuned to accomplish excellent reactivity.
Scientists have been devoted to decipher its detailed mechanistic pathways
and extend the reaction toward other applications. The dehydrogenation is
typically catalyzed by an Ir(I) species, and the dehydrogenation cycle is
accompanied by either of the two isomerization pathways, the “hydride
addition pathway” or the “n’-allyl pathway,” which yields the more
stable internal olefins [168—170]. These catalysts have been employed
toward both transfer and acceptorless dehydrogenation, and moderate to
good results have been obtained with both. The drawback of phosphine-
based pincer—Ir complexes are that they are not air- and moisture-stable
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and do not offer easy handling. Also, the high-energy requirement of dehy-
drogenation (23—30 kcal mol™") [13,171] requires operation at high reac-
tion temperatures, which may cause the catalysts to decompose. Another
major problem encountered is that the secondary dehydrogenation at inter-
nal positions of primary dehydrogenation products is easier and that the
terminal-to-internal isomerizations are faster, both of which contribute to
hinder the selective dehydrogenation at terminal positions leading to low
a-olefin yields apart from poor product selectivity in tandem reactions.

In recent years, deviation from the original scheme of complexes has
given rise to solid-supported pincer—iridium heterogeneous catalysts,
which are highly robust and exhibited high initial rates of dehydrogena-
tion [172—173]. Ir complexes based on “">PCP ligand moiety, developed
by the Roddick group, show moderately good activity toward alkane
transfer dehydrogenation even in presence of molecular oxygen
[157,159,174]. Non-PCP—pincer complexes like NCN—Ir complexes are
the alternatives newly explored for alkane dehydrogenation. Some of
these complexes are better than their phosphine counterparts as they are
air and moisture stable and thus, are easy to handle. Nishiyama and
Goldberg independently developed an NCN-based catalyst with phebox
backbone in which they found that the active species was an Ir(Ill) one,
rather than an Ir(I) species, as is observed in the case of phosphine-based
complexes [175]. Not only was this complex stable in the presence of
water, O, and a-olefins, the yield of n-octane dehydrogenation product
was found to increase significantly while using this complex in presence
of added water.

Other than pincer—Ir, pincer complexes based on Ru, Rh, and Os
have also been synthesized and employed for alkane dehydrogenation. In
case of the Group 8 metals, the catalytically active species was found to be
M(II) (M = Ru, Os). The Roddick group developed a pincer—Ru com-
plex, which was tolerant to water, O,, and N, atmospheres [176—178].
Apart from that, Goldman [179], Peryshkov [180], and Huang Zheng
[181] have also contributed toward pincer—Ru-catalyzed alkane dehydro-
genation. Pincer—Os [182] complexes by Roddick and pincer—Rh
[145,183—185] complexes developed by Goldman and Brookhart have
shown meager activity toward such reactions. While strong frans- influ-
encing ipso carbon resulted in favorable energetics in the case of PCP—Ir,
the corresponding energetics were strongly disfavored with pincer—Rh.
Replacing the ipso carbon with a weak frans- influencing N lead to slight
improvement in reactivity of the resulting PNP—Rh complex.
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The alkane dehydrogenation reaction has found a plethora of applica-
tions when coupled with other reactions such as olefin metathesis
[186—187], coupling reactions [188], Diels—Alder reaction [189] among
others. Many of these reactions occur in a tandem fashion, that is, the pin-
cer complex catalyzes the dehydrogenation, and a second catalyst com-
pletes the consequent step, both catalysts functioning in conjunction
without hindering each other. Industrially valuable products like BTX
chemicals [190], linear n-alkyl arenes [191], alkyl silanes [192], alkyl
boronate-esters [192], and linear alkyl aldehydes [193] have been effi-
ciently produced by these coupling reactions. One of the major draw-
backs of the best catalysts reported for alkane dehydrogenation is their
susceptibility to be poisoned by common chemicals containing polar
groups such as nitrogen, carbon dioxide, carbon monoxide, and hydrocar-
bon derivatives (alcohols, amines, and esters). It is noteworthy that pincer
complexes that are based either on non-Ir metals or on non-innocent
ligands have performed well both in terms of tolerance toward polar func-
tional groups and good reactivity toward dehydrogenation of hydrocarbon
derivatives (Chapters 1, 3, and 4). However, for alkane dehydrogenation,
clearly, these non-Ir-based pincer complexes are below par in comparison
to their Ir counterparts. This diverse nature of reactivity makes the pincer-
catalyzed alkane dehydrogenation reaction a contemporary field of
research that is being continuously explored, and there is further scope to
utilize this reaction toward various applications.

In Chapter 3, Transition Metal Catalyzed Dehydrogenation of
Methanol and Related Transformations, Kundu and co-workers discuss var-
1ous synthetic procedures that can be carried out using methanol as a start-
ing material. The versatility of methanol as a source of single carbon and
hydrogen and how it can be explored in several useful transformations have
been described. Methanol is an abundant (annual production: 70 million
tons) and essential chemical both from the laboratory and an industrial point
of view [194—195]. It can be produced from coal, natural gas, and biomass
[196], from syngas (CO/H,) [197], and also, lately, from CO, and methane
[198—200]. Its multitude of uses include, but are not limited to, production
of fine chemicals like formaldehyde, as a hydrogen gas reservoir, formation
of fuel cells, and as an essential pharmaceutical unit [201—205]. One such
use involves its application as a methylating agent to obtain pharmaceuti-
cally important chemicals. In order to utilize it effectively for various C-,
N- and O-methylation or formylation reactions, it has become increasingly
necessary to use transition metal catalysts to overcome its high energy of
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dehydrogenation (AH = 84kJmol™ ') [206]. The two strategies com-
monly followed are ‘“Hydrogen Borrowing” and “Acceptorless
Dehydrogenative Coupling (ADC)” [7,207—209].

One of the most important reactions of methanol is its conversion to
H, and CO,, which is endothermic by about 38.8 k] mol~" [210]. The
high-temperature conditions and partial oxidation (leading to harmful CO
formation) can be mitigated by switching from heterogeneous to homog-
enous catalysts based on Ru, Rh, Ir, Fe, and Mn, that has been exten-
sively studied by several groups like Beller, Grutzmacher, Milstein, and
Liu [210—218].

N-methylation of amines utilizes the Hydrogen Borrowing strategy to
generate a plethora of secondary and tertiary amines assisted by homoge-
nous catalysts. After the first report by Grigg in 1981 who used RhH
(PPhs)4 [219], several other groups have continued the work using cata-
lytic systems like RuCl,(PPh3);, RuCl; - H,O/P(OBu);, and other Ru-,
Re-, Ir-, Mn-, Fe-, and Pd-based systems [220—233].

N-methylation of nitrile, nitride, and azide groups have been success-
fully executed by groups of Shi, Kundu, Beller, and Shimizu. Reactions
could be carried out under UV radiation [225], or be catalyzed by a tan-
dem Ru(Il)/Pd(Il) system [234], and give high yields of products (up to
98%), though mainly of aromatic substrates. Its practical application is
exhibited by the synthesis of antiallergic drug pheneramine [235], among
other medically relevant methylated products. A similar reaction with
amides was efficiently carried out by Kundu and co-workers using their
(NNN)Ru(Il)-based catalysts, which yielded good results, also supported
by DFT studies [236—238]. They extended this work using aldoximes as
substrates and also designed a protocol to effectively synthesize amides
from the corresponding nitriles [239,240].

N-Formylation of amines to generate a variety of N-formamide
reagents were carried out by Glorius, Hong, Milstein, and Bernskoetter
groups who showed that Ru, pincer—Mn, and pincer—Fe catalysts turned
out to be the most efficient for such transformations [241—244].

A vast field where methanol transformations is applied is C-methylation
of various substrates like ketones, alcohols, and some heterocycles. Most of
the significant work considering ketones as substrates has been accomplished
by using Ir and Ru phosphine-based complexes; a few non-phosphine-
based complexes like (NNN)Ru(Il), however, have shown great promise
toward using environment-friendly catalysts for such reactions [245—250].
For B-methylation of alcohols, it was observed that both homogenous and
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heterogeneous Pt species, homogenous Ru complexes and Ir-based nano-
particles gave good vyields [251—255]. Homogenous complexes like
[Cp*IrCly], and heterogeneous ones like Pt/C catalysts were found to be
effective when heterocyclic substrates like indole and pyrrole were consid-
ered [256,257]. Recently, scientists have been increasingly attentive toward
much cheaper and abundant first row transition metal catalysts, based on
Co, Fe, Mn, and Ni, which has shown promising results [258—262]. This
work was also extended to a-methylation of acetonitrile and aminomethy-
lation of phenols by various groups using similar types of catalysts
[263—267].

Methanol is also utilized to generate a number of N-heterocyclic com-
pounds, which have great medicinal value, such as erlotinib, quinazoli-
nones, and benzimidazoles [268—272]. Apart from all the reactions
mentioned above, methanol also finds use in catalytic transfer hydrogena-
tion of alkynes, alkenes, and ketones [273,274], synthesis of urea deriva-
tives [275—278], and branched alcohols and ketones [279—282]. Overall,
there are a plethora of highly applicative reactions in which an abundant
and low-cost starting material like methanol can be utilized eftectively.

The transition metal-mediated acceptorless dehydrogenation of alco-
hols, amines, and N-heterocycles has emerged as one of the most essential
organic transformations owing to its high atom efficiency and environ-
mental friendly approach [283,284|, with applications in field of energy
storage and synthetic processes [209]. Chapter 4 by Balaraman, Transition
Metal Pincer Complexes in Acceptorless Dehydrogenation Reactions,
focuses on the utilization of pincer-based transition metal complexes for
the catalytic acceptorless dehydrogenation of numerous substrates such as
alcohols, amines, partially saturated aromatics, and heteroaromatics.

Acceptorless alcohol dehydrogenation is a simple and greener route to
access a variety of carbonyl compounds, esters, and carboxylic acids.
Milstein was the first to report pincer—Ru-catalyzed dehydrogenation of
secondary alcohols in the presence of strong base such as sodium isopropox-
ide [285]. Later, the group reported several PNN and PNP pincer—Ru
complexes for the dehydrogenation of secondary and primary alcohols to
ketones and esters, respectively [285—290]. The proposed mechanism con-
sisted of pincer—Ru dihydride and pincer—Ru(0) species. The Beller group
also reported the pincer—ruthenium complexes based on HPNP™™ for the
hydrogen production from alcohols under mild base-free conditions
[291,292]. Gelman and co-workers also described the acceptorless dehydro-
genation of alcohols to ketones and esters using Dbifunctional
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dibenzobarrelene-based PC?’P—Ir complexes [293,294]. Amine-based
NNN pincer—Ru-catalyzed chemoselective alcohol dehydrogenation
under base-free conditions was reported by Szymczak, and the same catalyst
was found to be active for the chemoselective dehydrogenation of amines
[295]. The Yu group employed two unsymmetrical pyridyl-based NNN
pincer—Ru complexes for the acceptorless dehydrogenation of secondary
alcohols, and wide substrate scope including substituted aromatic secondary
alcohols, aliphatic cyclic, and acyclic secondary alcohols was reported
[296,297]. Zhang and Hanson employed a pincer—cobalt complex, which
was generated in-situ, for the alcohol dehydrogenation to ketones exhibiting
good to excellent yields [298,299], which was the first report on 3d metal-
based systems. The proposed mechanism involved Co(I)/Co(lll) pathway
that was later proved by DFT studies carried out by Yang ef al. [300]. Jones
and Schneider reported the alcohol dehydrogenation using an pincer—iron
complex giving good to moderate yields of the corresponding ketones
[301,302]. Similar to this report, Gauvin group reported Mn(l) dicarbonyl
complexes consisting of aliphatic PNP ligands for the acceptorless coupling
of alcohols with esters under base-free conditions [303]. Both pincer—Mn
and pincer—Fe complexes were also active for the acceptorless dehydroge-
nation of primary alcohols to carboxylic acids.

Acceptorless dehydrogenation for the oxidation of alcohols to acid salts
in the presence of water as oxygen donor and liberation of dihydrogen is
one of the most significant approaches for obtaining carboxylic acids
[209,304]. Milstein and co-workers used bipyrdine-based pincer—Ru com-
plex and converted a variety of aliphatic, non-activated alcohols, and acti-
vated benzylic alcohols in the presence of 0.2 mol% catalyst loading in basic
aqueous solution [305]. The complex also exhibited the dehydrogenative
synthesis of amino acid salts from amino alcohols and basic water [306].
Numerous aliphatic PNP—ruthenium complexes were employed for the
alcohol oxidation to carboxylic acid salts, from Prechtl group [307], Beller
group [308], and Gauivin, Dumeignila, and co-workers [309]. Good yields
and high selectivity were obtained using alcohol/CsOH system by Peng
and Zhang [310]. Szymczak slightly modified the secondary sphere of ter-
pyridine ligand with pendant NHR (R = mesityl) groups and observed
enhanced reactivity of Ru complex in dehydrogenation catalysis [311].
Very recently, Li and co-workers reported a new type of facial ruthenium
complex generated in situ from [Ru(COD)CL)], and hybrid NHC—CPP
ligand, for the catalytic dehydrogenation of alcohol resulting in very high
TON:S (up to 20,000) with very low catalyst loading (0.0002 mol%) [312].
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Dehydrogenation of glycerol, a valuable chemical produced in large
scale as a by-product from biodiesel refining was carried out by Beller
using a PNP ruthenium complex to obtain lactic acid in 67% yield and
high TONSs (up to 265,326) [313]. Good selectivity and TON were also
obtained by Crabtree (880 TON) [314] and Kumar (15000 TON) [315].

Among the earth-abundant metals used for the dehydrogenation of
alcohols to acids, Peng, Zhang, and co-workers were the first to report
pyridine-based N’N’N’ pincer—nickel complex for acceptorless dehydroge-
nation of aromatic and aliphatic alcohols to carboxylic acids in good yields
(40%—90%) under anhydrous conditions [316]. Aliphatic PNP pincer-
supported iron and manganese complexes for the catalytic dehydrogenation
of alcohols under basic conditions and in absence of water were reported
by Gauivin, Dumeignila, and co-workers [317]. The subsequent report by
Liu group employed a well-defined Mn pincer complex for ADC of alco-
hols with alkaline water to form carboxylate salts [318]. Mechanistic studies
pointed toward the involvement of aldehyde intermediate, similar to obser-
vations made with other earth-abundant catalysts. Very recently, a highly
efficient pincer—cobalt complex-catalyzed acceptorless oxidation of alcohols
was reported by Gunanathan group [319]. Apart from broad substrate scope
and wide functional group tolerance, diols were successfully converted to
dicarboxylic acids and ethanol to potassium acetate. The mechanistic studies
indicate the Cannizaro-type pathway with KOH acting as the source of
second oxygen of carboxylate salt.

The compounds consisting of unsaturated C—N bonds are of great
industrial value and are found in various dyes and pharmaceutically active
compounds [320—325]. Due to the slower (3-hydride elimination from
amido complexes as compared to alkoxides, dehydrogenation of amines is
not well established [207,326—328]. Huang and co-workers described a
wide range of pincer—ruthenium complexes for dehydrogenative cou-
pling of amines to form imines under base- and oxidant-free conditions
[329]. Szymczak reported the chemoselective acceptorless dehydrogena-
tion of amines using amide-derived NNN—Ru(ll) hydride complex,
which was selective for primary amines [330].

Dehydrogenation of N-heterocycles finds application in synthesis of var-
ious pharamaceuticals and bioactive molecules. Jones reported well-defined
PNP pincer—iron complex for the acceptorless dehydrogenation of N-het-
erocycles under mild conditions [331]. Sawatlon and Surawatanawong
reported the mechanism of dehydrogenation of N-heterocycles using
pincer—iron catalyst reported by Jones, and DFT studies proved the

http://chemistry-chemists.com



An outlook on the applications of pincer-metal complexes 201

involvement of pentacoordinated Fe—hydride species [332]. Jones later
reported the dehydrogenation of N-heterocycles using a pincer—cobalt
complex affording the product in good yields [333]|. Pincer—ruthenium
complex reported by Wang for dehydrogenation of alcohols was also effi-
cient for the acceptorless dehydrogenation of N-heterocycles and converted
wide range of substituted tetrahydroquinolines and indolines to give unsatu-
rated N-heterocycles [297]. Very recently, Rueping group demonstrated
the dehydrogenation of N-heterocycles such as indolines and 1,2,3,4-tetra-
hydroquinoxalines derivatives, using PNP pincer—Mn complex in the pres-
ence of catalytic amounts of base [334].

Thus it is clear that pincer-based transition metal complexes have
shown great potential in catalytic acceptorless dehydrogenation of alco-
hols, amines, and N-heterocycles. Apart from the reports based on pre-
cious metals, earth-abundant metal pincer systems are also active for such
transformations.

To conclude, this book elucidates in detail the several hydrogenation
and dehydrogenation reactions that can be carried out effectively, with
selective product yields with the assistance of pincer—metal complexes
leading to a range of value-added products. The non-innocent nature of
the pincer ligand leads to efficient catalysis in the case of redox reactions,
reactions occurring via radical intermediates and (de)hydrogenation
reactions of substituted hydrocarbons. On the other hand, purely organo-
metallic mechanisms are operative in pincer—metal-catalyzed dehydroge-
nation of alkanes. Apparently, pincer—metal-catalyzed dehydrogenation
reactions carried out over the course of the last four decades could be
broadly classified as those of unactivated hydrocarbons, hydrocarbon deri-
vatives, and ammonia-boranes. The fact that pincer—metal catalysts that
are active for the latter two are also tolerant toward polar functionalities
and small molecules such as N,, CO,, and CO offers promising avenues
for functionalization of the former. Collective efforts of the scientific
community are necessary to understand the subtle variations that exist in
these two reactions that possess strikingly similar but yet distinctively
diverse mechanistic pathways. The knowledge that is churned out of this
exercise could help in exploiting these complexes to the best of their abil-
ity. Considering the rapidly expanding landscape of pincer ligands coupled
with the large library of transition metals that are at one’s disposal, excit-
ing opportunities lie ahead for pincer—metal complexes in addressing
traditionally difficult reactions involving dehydrogenation and tandem
functionalization of hydrocarbons.
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144—145
o-methylation of ketones, 134—138
aminomethylations, 146—147, 146f
C-methylation of alcohols, 139—143
C3-methylation of indoles, 143—144
C3-methylation of indoles, 143—144
with methanol, 144f
Carbamate, hydrogenation of, 31—32
Carbon (C)
carbon—carbon bond formation
reaction, 34—38, 193
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C—H bond, 1-2
C—N multiple bonds, 179—180, 200
C—O bond, 1—2
Carbon dioxide, 196
Carbon monoxide, 196
Carbon-supported platinum catalyst (Pt/C
catalyst), 141, 143—144
Carbonate, hydrogenation of, 31—32
Carboxylic acids
alcohols to, 172—179
salts, 178
Catalysis, 1—2
Catalysts, 4, 165—166, 178, 191—192
Catalytic acceptorless dehydrogenation,
163—164
Catalytic dehydrogenation of amines,
179—-180
Catalytic dinitrogen activation
fixation using earlier transition metals,
21-23
activation and hydrogenation, 24f
ammonia synthesis from Ny, 23f
using Mo pincer catalyst, 14—19
ammonia synthesis, 19f, 20f
mononuclear and binuclear Mo pincer
complexes, 18f
mononuclear Mo—nitride pincer
complexes, 16f
mononuclear N, bound, 15f
N, bridge binuclear Mo pincer
complexes, 15f
using 3d metal pincer catalyst, 19—21
ammonia synthesis from Ny, 21f
dinitrogen activation and partial
reduction, 22f
Catalytic silylation of dinitrogen
using transition metal pincer
complexes, 26
Catalytic system, 134—136
Catalytic transformations, 191—192
Central aromatic backbone, 1
Chlorite oxidants, 172
Cobalt (Co), 177—178
Co-congener C69, 20
cobalt-catalyzed methylation, 137—138
cobalt—dinitrogen complexes, 26
Co—MACHO complex, 28
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complex, 170
Co—PNNH catalyst, 33
Co—PNNH pincer complex, 28
Continuous-flow gas-phase alkane
dehydrogenation, 84—86, 86f
PC(sp>)P pincer—Ir complexes, 87f
Conventional methods, 163—164
Coupling reaction, 34—38
Mizoroki-Heck reaction, 34—35
Sonogashira, Negishi, Kumada-Corriu,
Stille cross-coupling, 36—38
Suzuki—Miyaura reaction, 35—36
Crabtree, 1, 71
Cyclodecane (CDA), 76
dehydrogenation, 73—74
Cyclodiaminoborane, 7—8
Cyclodimerization, 105—106
Cyclooctane (COA), 71
Cyclopentane, 71
Cyclotriaminoborane, 7—8
Cyclotriborazane (CTB), 9—10

D
Dearomatized Ru pincer complex, 28—29
Dehydroaromatization, 104—105, 105f,
106f
Dehydrogenation. See also Acceptorless
dehydrogenation (AD)
of alcohols to carboxylic acids, 172—179
of alkanes, 70—71
of amines, 179—182
of ammonia borane and its derivatives,
3—13, 4f
ammonia borane dehydrogenation, 9f,
10f, 11f, 12, 13f
dehydrogenation of dimethylamino
borane, 6f
polymeric dehydrocoupling
product, 5f
Rh pincer complex and proposed
mechanism, 8f, 9f
cycle, 194—-195
methanol, 142
of N-heterocycles, 182—184
reactions, 163—164
of alkane using pincer—Ir complexes,
72—93
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Density functional theory (DFT),
128—130, 170—171
Deoxygenated hydrogenation, 30
Diazoalkane (N,CPhy), 43
1,2-dicholorethane, 71
Diels—Alder reaction, 196
Diethyl ether, 96
2,3-dihydroquinazolinone species,
147—149
2,6-diiminepyridine moiety, 39—41
Dimethyl amine-borane (DMAB), 5—6
3,3-dimethyl-1-butene (TBE), 71
3,6-dimethylcyclohexene, 105—106
2,6-dimethylpiperidine, 183
Dinitrogen activation using pincer ligands,
13-26
catalytic dinitrogen
activation using 3d metal pincer
catalyst, 19—21
activation using Mo pincer catalyst,
14-19
fixation using earlier transition metals,
21-23
catalytic silylation of dinitrogen
using transition metal pincer
complexes, 26
N—X bond formation with metal nitride
in pincer complexes, 23—26
Dinitrogen-bridged Zr complex, 22
1,2-diol derivatives, 141
Diols, 173—175
1,4-dioxane, 25
Diphenylmethanol, 168

E

Earth-abundant Mn-based pincer
complex, 32
Electron-rich bis(arylimidazol-2-ylidene)
pincer—Fe complex, 193
Esters, 164—165, 193
hydrogenation, 27—28
catalytic hydrogenation, 29f
P -allyl pathway, 82—83
Ethyl acetate, 96
3-ethylcyclohexene, 105—106
Ethylene, 105—106

F

Fischer—Tropsch method, 70—71
Formaldehyde, 143, 147—148
Formylation, 110—112

Fossil fuels, 3, 191—192
Friedel—Craft’s alkylation, 104

G
Glycerol, dehydrogenation of, 200

H
Haber—Bosch process, 13—14, 192
Heterogeneous catalysts, 138
Heterogeneous catalytic systems, 182
Heterogeneous pincer catalysts, 70
1,3-hexadiene, 105—106
2,4-hexadiene, 105—106
Homogeneous catalysis, 1—2
Homogeneous pincer catalysts, 70
Homogenous catalysts, 191
Homogenous catalytic system, 74
Homogenous complexes, 197—198
Homogenous Ir-based catalysts, 182
Hydride amido complex, 29—30
Hydride-addition pathway, 82—83,
194—-195
Hydrocarbon derivatives, 196
Hydrogen, 3, 143
borrowing, 196—197
gas, 163—164
molecules, 125
reversible hydrogen storage systems,
127f
selected catalytic systems and TONS,
126f
production, 125—127
Hydrogenation catalyst, pincer complexes
as, 27—34
amide hydrogenation, 28—30
ester hydrogenation, 27—28
hydrogenation of alkynes, 33—34
hydrogenation of urea, carbamate,
carbonate, and imides derivatives,
31-32
catalytic hydrogenation, 32f
nitrile hydrogenation, 32—33
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2-hydroxy-6-([6-hydroxypridin-2-yl]
methyl)pyridine ligand, 136—137

Hydroxyl group (OH), 164—165

2-hydroxypyridine based Ir(IIT) —complex,
128—130

I
Imides derivatives, hydrogenation of,
31-32
Indoles, C3-methylation of,
143—144
Iodates oxidants, 172
Iodobenzene dichloride (PhICL,), 43
Iridium
catalyst, 30
complex, 167—168
Iron (Fe), 177—178
complex, 142
Fe—PNP complex, 29—-30
iron-dinitrogen complexes, 26
pincer complex, 11, 33, 39, 171—-172
Isobutanol, 140—141
Isomerization pathways, 194—195

K
Ketones, 164—165
a-methylation of, 132—133
Knolker-type (cyclopentadienon) iron
carbonyl complex, 137—138
KO"Bu, 133
Kumada-Corriu cross-coupling, 36—38

L

Lewis acid-base adducts, 3—4

Ligands, 1, 69

Lighter alcohols, 171—172

Linear aldehydes, 110—111

Linear aliphatic chain (Cg—C;ig) alcohols,
171-172

Linear alkyl aldehydes, 196

Linear alkylbenzenes (LABs), 104

Linear n-alkyl arenes, 196

Long alcohols, 171—-172

2,6-lutidiniumtetrakis(3,5-bis
(trifluromethyl)phenylborate)
((LutH)BAr, 7, 14
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M
“MACHO? ligand, 28
Manganese (Mn), 177—178
manganese-based pincer catalyst, 178
Mn—amide complex, 143
Mn—MACHO pincer catalytic
system, 28
Mn—PNN pincer catalyst, 29—30
Mn—PNNH complex, 3132
Mertridentate triphosphine ligand (PPP
ligand), 16
Metal complex-catalyzed a-methylation,
134—-136
Metal nitride in pincer complexes, 23—26
Metal-based catalysis, 137—138
Metal-ligand cooperation, 191
Metal—hydride intermediate, 7
Methanol, 123, 140—141, 150—151,
197—-198
dehydrogenation process, 125—126
1-methyl-1,2,3,4-tetrahydronaphthalene,
107—-108
2-methyl-1,2,3,4-tetrahydronaphthalene,
107—-108
Methylamine-borane (MeAB), 11
Methylated molecules, 123—124
2-methylindoline, 183
1-methylnaphthalene, 107—108
2-methylnaphthalene, 107—108
Milstein’s catalyst, 180
Mizoroki-Heck reaction, 34—35
Molybdenum (Mo)
catalytic dinitrogen activation using Mo
pincer catalyst, 14—19
Mo-based catalysts, 192
Mo-based pincer complexes, 192
Mo—PNP—N, bridge binuclear pincer
catalyst, 14
Mononuclear—molybdenum complex,

15—-16
N
N,N-bis(3,5-ditertbutyl-2-phenoxide)
amide, 41—42

N,N-dimethylated amines, 131—132
N,N-dimethylation reaction, 134
N,N-dimethylethylenediamine, 127
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N,N-formylmethylation reactions, 134
n-alkanes, 74, 82
N-chlorosuccinimide (NCS), 23—24
N-formylation reactions, 127—130
of amines using methanol, 135f
N-heterocycles, 163—164, 198
benzimidazoles, 149—150
dehydrogenation of, 182—184, 200—201
Col-catalyzed dehydrogenation, 183f
Fel-catalyzed dehydrogenation, 183f
manganese-catalyzed
dehydrogenation, 185f
Rul2-catalyzed dehydrogenation,
184f
synthesis, 147—150
Cu(Il)-catalyzed synthesis of
quinazolinones, 149f
synthesis of quinazolinones, 150f
N-heterocyclic carbene (NHC), 175
N-heterocyclic compounds, 147—148, 184
N-methyl-2-pyrrolidine (NMP), 36
N-methylamine-borane, 4
N-methylation
of amines, 197
of azide, 197
of nitride, 197
of nitrile, 197
reactions, 127—133
of amides and oximes, 132—133
of amines, 127—130, 131f
of nitro, nitrile, and azide compounds,
130—132
N-monomethylated amines, 130—132
n-pentane, 78—79
N-pentyl benzene solutions, 107—108
N-tert-butyl derivatives, 39—40
2-naphthylmethanol, 168
NCN-—Ir complexes, 195
Negishi cross-coupling, 36—38
Ni—NNP pincer complex, 36—38
Nitride
functionalization, 192—193
N-methylation of, 197
Nitriles, 193
hydrogenation, 32—33
catalytic hydrogenation, 34f
N-methylation of, 130—132, 197

Nitro compounds, N-methylation of,
130—132, 130f
Nitrogen, 13—14, 196
N—X bond formation with metal nitride
in pincer complexes, 23—26
N, functionalization, 24f
photolytic and electrochemical
splitting of N, 25f
Sml,/H,0, 26f
NNN-—Ru pincer catalysts, 176
Noninnocent ligands, 38
Noninnocent type ligands, 193—194
Nonphosphine-based iridium pincer
complexes
alkane dehydrogenation by, 90—93, 92f
NCN pincer complexes, 93f
hypothetical catalytic cycle, 94f

o)

1-octene, 93

Organic azides (ArN3), 43

Organometallic chemistry, 191

Organometallic complexes, 69

Osmium pincer complexes for alkane
dehydrogenation, 97—98, 98f

Oximes, N-methylation of, 132—133

P
Palladium (Pd)
Pd—PCP pincer complex, 34—35
Pd—POCOP pincer catalyst, 35—36
Pd—POCOP pincer complex, 34—35
PAIP complexes, alkane dehydrogenation,
88—89
PBP—Ir complexes, alkane
dehydrogenation, 88—89
PCP-Ir catalysts, 76
PCP-type pincer ligands, 17
PCP—Pd pincer complex, 36—38
PC,,sP ligand, 167—168
1,3-pentadiene, 78—79
1-phenyl ethanol, 170—171
2-phenylacetaldehyde, 142
2-phenylethanol, 142
Phosphine-based pincer—Ir complexes,
194—195
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Phosphine-based Ru(Il)—dihydrido
complex (Ru—MACHO-BH),
142
Phosphine—phosphine ligand (CPP), 175
Phosphinite-amine pincer ligand
framework (POCN), 43—44
Pincer catalysts, 193
Pincer complexes, 85, 163—164. See also
Transition metal pincer complexes
N—X bond formation with metal nitride
in, 23—26
Pincer eftect, 73—74
Pincer ligands, 1, 38, 69, 163
dinitrogen activation using, 13—26
Pincer metal complexes, 191—192
in catalytic transformations, 1—3
common types of pincer ligands and
classification, 2f
coupling reaction, 34—38
dehydrogenation of ammonia borane
and derivatives, 3—13
dinitrogen activation using pincer
ligands, 13—26
other iridium, 94—100
osmium pincer complexes for alkane
dehydrogenation, 97—98
rhodium pincer complexes for alkane
dehydrogenation, 98—100
ruthenium pincer complexes for
alkane dehydrogenation, 94—97
pincer complexes as hydrogenation
catalyst, 27—34
redox-active pincer complexes, 38—51
Pincer ruthenium complexes, 180
Pincer systems, 1
Pincer-based metal compounds, 14
Pincer-based transition metal complexes,
198
Pincer—cobalt complex-catalyzed
acceptorless oxidation of alcohols,
200
Pincer—Fe catalysts, 193
Pincer—Ir catalysts, 193
Pincer—Ir complexes, 72, 195
alkane dehydrogenation
by nonphosphine-based iridium
pincer complexes, 90—93
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by PC (sp?)P-Ir systems, 75—79
by PC (sp’)P—Ir complexes, 86—88
by POCN—Ir, PBP—Ir, PNP—Ir, and
PAIP complexes, 88—89
by PXC (sp)NP-Ir-HCI (X=0, S)
complexes, 89—90
by PYC (sp?)ZP-Ir (Y=0, S, CH,)
systems, 79—80
continuous-flow gas-phase alkane
dehydrogenation, 84—86
dehydrogenation reactions of alkane
using, 72—93
initial reports based on, 72—93
dehydrogenation of cyclooctane, 74t
dehydrogenation of n-octane, 74f
net isomerization, 73f
PC(sp)P, 72f
mechanism of, 77f, 80—83
evidence for n/’-allyl pathway, 83f
solid/gas-phase alkane dehydrogenation,
83—84
Pincer—Mn catalysts, 193
Pincer—Ru catalyst, 193
Pincer—ruthenium complex, 200—201
Poly (para-N,N-dimethylaminostyrene)
polymer (Pd@sPS-N), 138
Poly(aminoborane) (H,BNH,),)), 3—4
Poly(N-methylaminoborane), 4
Polyborazylene, 3—4, 7—8
Polymeric dehydrocoupling product
(BH,NHy)n), 5
Precious metal systems, 177—178
Primary amines, 180—181
Proton-coupled electron transter
mechanism (PCET mechanism), 18
Pyrazolyl-(2-indolyl)-pyridine ligand, 168
Pyridine-based N’N’N’ pincer—nickel
complex, 177—178, 200
Pyrrole-based (PNP)Ir complexes, 89

R

Redox-active pincer complexes, 38—51,
45f
bis(imino)pyrazine supported iron
complex, 52f
C—H amination, 48f
chemical oxidation, 42f
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Redox-active pincer complexes (Continued)
difterent pathways, 39f
1,6-enyne cycloaddition, 41f
formation of p-thiolatobridged dinuclear
Pd(Il) complex, 47f
Kharasch addition reaction, 44f
mechanism, 51f
mechanistic overview for alcohol
oxidation, 50f
organic diazenem elimination, 42f
postulated cycle, 48f
proton reduction, 46f
reactions of Ta pincer complex, 43f
zirconium hydroxide bridged dimer
complex, 42f
Rhodium (Rh)
hydroformylation catalysts, 110—111
pincer complexes for alkane
dehydrogenation, 98—100, 99f
Rh-H intermediate, 7
Ruthenium (Ru)
complex, 173—175
pincer catalyst, 32
pincer complexes for alkane
dehydrogenation, 94—97
dehydrogenation of alkane, 95f
formation of dimeric Run complex,
95f
ruthenium pincer complexes, 96f, 97f
Ru—MACHO catalyst, 31
Ru—MACHO complex, 32—33
Ru—PNN dearomatized complex, 31
ruthenium (II) hydrido borohydride
complex, 165—166
ruthenium—PNNH pincer complex,
28—29
Ruthenium-grafted hydrotalcite (Ru/HT),
144—145

S

Secondary amines, 180—181

Shimoi-type amine-borane o-complex, 7

Silylation, 109—110

Sodium isopropoxide, 165—166

Solid-supported pincer—iridium
heterogeneous catalysts, 195

Solid/gas-phase alkane dehydrogenation,
83—84

Sonogashira cross-coupling, 36—38

Spectator ligand, 38, 193—194

Stille cross-coupling, 36—38

Suzuki—Miyaura reaction, 35—36

Symmetric urea molecules, 151

T
Tantalum (V) complex, 41—43
TBE. See 3,3-dimethyl-1-butene (TBE)
Tertbutylhydroperoxide (TBHP), 149—150
Tetra-nbutylammonium iodide (TBAI),
34-35
Tetrahydrofuran (THF), 72
Tetrahydroquinoline derivatives, 183
1,2,3,4-tetrahydroquinoxalines derivatives,
184
3d metal pincer catalyst, catalytic
dinitrogen activation using, 19—21
3d metal-based homogeneous catalysis, 142
Titanium (T1), 21—-22
Trans-1,5 cyclodecadiene reaction, 73
Transfer dehydrogenation
of COA, 92
of n-octane/TBE, 90
Transition metal pincer complexes, 198
in AD reactions, 163—184
catalytic silylation of dinitrogen using, 26
Transition metal-based homogenous
catalysts, 163—164
Transition metal-catalyzed
dehydrogenation of methanol,
123—-124
C-methylation reactions, 134—147
hydrogen production, 125—127
miscellaneous transformations, 150—154
synthesis of branch alcohols and
ketones, 152f
synthesis of dialkyl ketones, 153f
synthesis of urea derivatives, 152f
TH of alkynes, alkenes, and ketones,
151f
N-formylation reactions, 127—130
N-heterocycles synthesis, 147—150
N-methylation reactions, 127—133
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Transition metal-mediated acceptorless V
dehydrogenation, 198 Vanadium (V), 21—22
Tridentate pincer ligands, 191 Visible light-driven water oxidation, 18

Trimethylamine borane (TMAB), 11
Turnover number (TON), 125—-126

z
Zirconium (Zi), 21-22
u Zirconium(IV) complex, 44

Urea, hydrogenation of, 31—32
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