Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 2565. Downloaded on 15/2/2569 13:46:30.

[{ec

ChemComm

FEATURE ARTICLE

\ '.) Check for updates ‘

Cite this: Chem. Commun., 2022,
58, 3731

Received 13th January 2022,
Accepted 23rd February 2022

DOI: 10.1039/d2cc00247g

rsc.li/chemcomm

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Sustainable catalysis with fluxional acridine-based
PNP pincer complexes

Sayan Kar (2 and David Milstein (2

Because of the widespread use of fossil fuels and the resulting global warming, development of sustainable
catalytic transformations is now more important than ever to obtain our desired fuels and building materials
with the least carbon footprint and waste production. Many sustainable (de)hydrogenation reactions, including
CO, reduction, H, carrier systems, and others, have been reported using molecular pincer complexes. A
specific subset of pincer complexes containing a central acridine donor with flanking CH,PR; ligands, known as
acridine-based PNP pincer complexes, exhibit special reactivities that are not imitable by other PNP pincer
complexes such as pyridine-based or (R,PCH,CH,),NH type ligands. The goal of this article is to highlight the
unique reactivities of acridine-based complexes and then investigate how these reactivities allow these
complexes to catalyse many sustainable reactions that traditional pincer complexes cannot catalyse. To that
end, we will initially go over the synthesis and structural features of acridine complexes, such as the labile
coordination of the central N donor and the observed fac—mer fluxionality. Following that, distinct reactivity pat-
terns of acridine-based complexes including their reactivity with acids and water will be discussed. Finally, we
will discuss the reaction systems that have been developed with acridine complexes thus far, including the
notable selective transformations of primary alcohols to primary amines using ammonia, N-heteroaromatic
synthesis from alcohols and ammonia, oxidation reactions with water with H, liberation, development of H,
carrier systems, and others, and conclude the article with future possible directions. We hope that the systemic
study presented here will aid researchers in developing further sustainable reactions based on the unique
acridine-based pincer complexes.
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1. Introduction

Over the last two decades, pincer complexes have gained
significant attraction in catalysis.'”® Traditionally, pincer com-
plexes are defined as complexes bearing a tridentate ligand (the
pincer ligand), which has a clear preference for meridional
binding geometry, meaning the three donor atoms of the
pincer ligand preferentially bind in three adjacent coordination
sites on the same plane (Fig. 1a). However, later definitions also
allow for a mer—fac fluxionality (Fig. 1b). The tri-coordinating
nature of the pincer ligand provides high stability to the
complex and provides structural conformation, which assists
in their activity for many catalytic reactions even at high
reaction temperatures (> 150 °C). Initial pincer complexes with
tridentate ligands were reported in the 1970s, and Van Koten
coined the term pincer complexes.””® Since then, many pincer
complexes have been synthesized and applied in catalysis,
which has been masterfully and categorically summarized
and highlighted in recent reports.> **°

The field of homogeneous sustainable catalysis has seen tre-
mendous progress in recent decades.""™ Among the many direc-
tions in this broad area, seminal works were done in H,
storage,"'®*® CO, hydrogenation,”®>* methanol reforming,> >’
waste recycling,?® sustainable organic synthesis, and others. Pincer
complexes have played an instrumental part in developing these
reactions, often due to their unique ability to reversibly activate
bonds such as H-H, N-H, O-H via metal-ligand cooperation (MLC).
In this regard, two common classical modes among redox innocent
MLCs must be mentioned—one through the formation of metal
amido/amine bond (Fig. 2a)**>? and the other by aromatization-
dearomatization of the central pyridine ring (Fig. 2b),>*™" with
recent studies reporting complexes featuring both kinds of MLC
(Fig. 2c).***! Majority of initial reports in this area employed noble
metal-based complexes for catalysis; however, over the last decade,
first-row transition metal-based complexes—especially manganese,
iron and cobalt—have also been intensively studied. Several excel-
lent reviews exist in this promising research area to which the
reader can refer to for detailed information.**™*

The topic of this feature article is a set of pincer complexes,
namely acridine-based PNP-pincer complexes (Fig. 3). The cen-
tral backbone of the ligand features an acridine ring, as opposed
to the more commonly employed pyridine or benzene
backbone.*”*° In addition, the P atom is not directly connected
to the ring, generating two six membered metallacycles upon
coordination, unlike the acriphos (4,5-bis(diphenylphosphino)-
acridine) ligand (Fig. 3e),°”°" which makes the whole structure

o T |
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/ N—[M] X=-M] M]
— I\D(tBu)Q X X
mer fac

Fig. 1 (a) a typical pincer complex with pyridine base PNP®Y pincer
ligand. (b) meridional (mer) and facial (fac) binding mode of the pincer
ligands.
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Fig. 2 Various types of redox innocent metal-ligand cooperation.
(A) Amido-amine mode, (b) aromatization—dearomatization mode, and
(c) dual-mode.
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Fig. 3 Different pincer complexes.

flexible. This increased flexibility, in turn, imparts special
reactivity on the system, often by allowing temporarily access
the fac isomer, as we will later see, which is not possible with
other pincer complexes featuring rigid ligand frameworks. Over
the last decade, many important sustainable catalytic reactions
have been reported with these kinds of complexes, which
remain elusive with other pincer complexes. The subsequent
sections will briefly discuss their synthesis and structural prop-
erties, followed by their particular reactivity compared to other
complexes. Subsequently, we will go through the catalytic reac-
tions achieved by employing these complexes as catalysts and
afterward conclude with the future possible directions regard-
ing further development.

2. Synthesis and structure of the
complexes

2.1. Synthesis of the ligand and complexation

Our group reported the initial example of an acridine PNP
complex in 2008, the Ru(u) complex 1 (Fig. 4), and employed it
for the catalytic amination of primary alcohols to primary
amine using ammonia (more on that later).”* The acridine-
based pincer ligand was synthesized by reaction of 4,5-
dibromomethyl acridine with PHiPr, in methanol (Fig. 4) fol-
lowed by ligand complexation using RuHCI(CO)(PPhs)s,

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Synthesis of complex 1.

r

forming complex 1 in quantitative yield as a bronze-coloured
powder. Among the characteristic NMR peaks, the P signal
appears at 69.35 ppm in the *'P NMR, and in "H NMR spectra,
the hydride peak is seen around —16 ppm as a triplet in C¢De,
whereas the 9H acridine ring proton is observed at 8.2 ppm as a
singlet. The complex is air-stable for several months.

2.2. X-Ray structure

The X-ray structure of complex 1 reveals a distorted octahedral
geometry around the ruthenium centre (Fig. 5).>° An elongated
Ru-N bond distance was measured (2.479 A), as compared to
2.103 A in the pyridine-based systems, suggesting potential
hemilability of the binding. Further, the aromaticity of the
acridine ring decreased upon complexation, the acridine ring
adopting a boat shape with a dihedral angle of 167.6°, likely
due to geometrical constraints in coordination. The carbonyl
ligand is located trans to the coordinating N atom with the
other two axial positions occupied by the hydride and chloride
ligands. The acridine complex analog 2, Ru-AcrPNP(Cy) dis-
plays similar structural features.”*

2.3. Dearomatization

The 9CH position of the acridine ring in complex 1 is electro-
philic and as a result, it can readily form the corresponding
dearomatized acridine PNP complex 4 under various condi-
tions. The dearomatized complex often acts as the real catalyst
in systems employing the aromatic complex 1 as pre-catalyst.
Among different procedures to access 4 from 1, using H, gas
with KOH at reflux conditions produced the dearomatized
complex in high yields (Fig. 6).>> Using D, instead of H,,
formation of C-D (position 9) and Ru-D was observed, suggest-
ing a D, activation by “long-range” metal-ligand cooperation

Mczs

Fig. 5 Crystal structure of complex 1. Adapted with permission from
ref. 53. Copyright 2009 American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Reported procedures to access dearomatized acridine complex 4
from 1.

pathway for the generation of the dearomatized complex. The
dearomatized complex can also be accessed by other methods,
including addition of one equiv. of the superhydride NaBEt;H
to a solution of complex 1 (THF, 30 min, RT),>® or by the
reaction of complex 1 with alcohol and 1 equiv. base (KH) at
room temperature where the benzyl alcohol is oxidized to
benzaldehyde during the process (Fig. 6).>* Among character-
istic features in NMR, the *'P peak of the dearomatized
complex appears at 74.5 ppm in C¢Ds, whereas the hydride
appears as a triplet at —21.8 ppm in the "H{*'"P} NMR due to
coupling with the P atoms. The dearomatization is further
reflected in the observed aliphatic 9-CH, protons (AB system)
in the '"H NMR around 3.8 ppm in C¢D.

2.4. Structure of the dearomatized complex

The crystal structure of the dearomatized Ru-dAcrPNP(iPr)
complex 4 was reported by our group in 2010, showing a
distorted trigonal bipyramidal geometry at the ruthenium
centre (Fig. 7).>> The Ru-N bond is dramatically shortened
upon dearomatization to 2.171 A from 2.479 A in complex 1,
reflecting the newly formed Ru-amido bond. An axial linear
N-Ru-C arrangement is formed, and the equatorial P-Ru-P
angle is 160.55°. Notably, the ligand acridine ring of the
dearomatized complex is similarly boat-shaped, as in the aro-
matic 1, with the acridine moiety slightly tilted toward the
ruthenium centre.

Fig. 7 X-Ray structure of the dearomatized complex 4. Adapted with
permission from ref. 57. Copyright 2015 American Chemical Society.

Chem. Commun., 2022, 58, 3731-3746 | 3733
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2.5. Irreversibility

The dearomatization of the complex is seemingly irreversible in
the acridine systems, and the synthesis of aromatic acridine
complexes from dearomatized complexes has not been
achieved thus far. This is in stark contrast to the pyridine-
based PNP and PNN type pincer complexes, where the rever-
sible formation of aromatized and dearomatized complexes
play an instrumental role in bond activation and catalysis

(Fig. 2).

2.6. Fluxionality

While the dearomatized Ru-acridine complex adopts mer coor-
dination as observed by the NMR spectrum and crystal struc-
ture, it is surmised to be fluxional to readily access the fac
isomer. This has been proposed due to the observation of
several dearomatized complexes with fac PNP coordination
(the carboxylate complex, thiolate complex) that can be readily
synthesized from the parent complex 4 upon the addition of
substrates. Further, one of such derivatives, a thiol adduct
complex, is also observed in NMR in both fac and mer form,
with the fac isomer slowly converting to the more thermodyna-
mically stable mer isomer over the course of two hours.*®
Density functional (DFT) calculations indicate that the free
energy of the fac isomer is 9.1 kcal mol~* higher than that of
the mer isomer, with the fac/mer conversion activation barrier
being 21.8 kcal mol " (Fig. 8a).>” While the significant energy
difference means that in solution, the fac isomer is not
observed by NMR, the small activation barrier suggests that it
can nonetheless be accessed, quite possibly even under ambi-
ent temperature. In a very recent report from our group, the free
energy difference between the two isomers in the dAcr(Ph)
system was calculated to be even lower (5.6 kcal mol *).>
The fluxionality is further reflected in the NMR peak broad-
ening reported for the Ru-dAcrPNP(Ph) system. This type of
fluxionality between the fac and mer isomers, while being rare,
was also observed with other pincer systems (Fig. 8b).®°

a)

N\

_-P(iPr)>

R
/ Transition state barrier: -~
e’ | 218kealimol (V2P |
CcO ) co
4-mer 4-fac
0.0 keal/mol 9.1 keal/mol
b)
P(iPr), gPr)z H
Hu, WH ", e «H
/ "~y 57| >k
= S
P(iPr), P(iPr),
mer fac

Fig. 8 (a) fluxionality in complex 4, energies taken from ref. 57.
(b) fac—mer isomerization in an iridium pincer complex.
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3. Special reactivity of the acridine
based PNP complexes

Owing to its unique structural properties, the acridine-based
PNP complexes show unique reactivities, which are not imita-
ble by other pincer complexes. Some of these properties are
detailed below.

(a) Reactivity with acid

Dearomatized pincer complexes preferring rigid meridional
coordination are deactivated in the presence of acids, by the
protonation of the ligand arm, forming of deactivating aro-
matic/amine complexes (Fig. 9a). On the other hand, the donor
nitrogen atom in the 9-H acridine (dearomatized) system is only
weakly basic due to its conjugation with two adjacent benzene
rings, making these complexes acid resistant. Further, these
complexes can also liberate H, from acids through a unique
pathway involving the fac isomer, which is often an elementary
step in catalysis by these complexes (Fig. 9b).

(b) Water resistance and cooperation

Similar to acids, water also diminishes the activities of dear-
omatized pincer complexes through the formation of hydroxy
complexes. On the other hand, the acridine-based complexes
are active in catalysis even in the presence of large amounts of
water. This has led to the recent development of many new
sustainable reactions, using these complexes as catalysts,
where water not only is a (co)solvent but also an oxidant during
the process with liberation of H,. Interestingly, a recent study
shows that the dearomatized acridine complexes not only can
withstand considerable amounts of water, but the presence of
water also facilitates its amine dehydrogenation activity
through the formation of a fac hydroxy intermediate complex
(Fig. 10).>® These properties make the acridine-based com-
plexes special for developing water-based oxidation reactions.

a) Pyridine based system

A = S

[P]\Ru/[P] [P]\Hu/[P]
H co H co

b) Acridine based system

[P] = PiPr,

HA= RCOOH, RSH, H,0

Fig. 9 The reaction of acid with (a) dearomatized pincer complexes, and
(b) with acridine-based dearomatized PNP complexes.

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Reactivity of dearomatized acridine complexes with water.

X=C,0O,N

Fig. 11 Beta hydride elimination in the acridine dearomatized system.

(c) High stability

The tridentate PNP ligand provides the acridine complex with
high stability, similar to other pincer complexes. It is reportedly
stable even at high temperatures of 160 °C and above for an
extended period. Further, the acridine PNP(iPr) complex has
been functional in neat formic acid for over two months.

(d) Beta hydride elimination

Adoption of the fac isomer enables the acridine-based system to
utilize two adjacent cis coordination sites for catalysis. This
conformation allows for the elementary step of beta hydride
elimination without any ligand dissociation (Fig. 11). As we
shall see later, the beta hydride elimination step plays a crucial
role in the catalysis observed with these complexes.

(e) Side arm activation

The activation of the side arm benzylic C-H bond of the
acridine ligand by the ruthenium centre is also reported,
forming an unusual cyclometalated tetradentate PCNP ligand
(Fig. 12).>* However, this feature has not been utilized yet in
catalysis using these complexes.

In the subsequent section, we will see how the special
reactivities of the acridine system allow it to catalyse unique,
sustainable reactions that are not generally obtainable by
traditional pincer complexes.

expose to air
R
- PC
Cy,P | Y2
Cco

crystal obtained

Fig. 12 Formation of cyclometalated complex.

This journal is © The Royal Society of Chemistry 2022
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4. Sustainable catalysis with acridine-
based pincer complexes

4.1. Reactions related to alcohols and amines

4.1.1. Amination of primary alcohols to primary amines.
Upon synthesis of the ruthenium acridine complex 1 by our
group in 2008, it was employed to synthesize primary amines
from primary alcohols and ammonia (Fig. 13a)." Previous large-
scale synthesis of primary amines from alcohols and ammonia
utilized heterogeneous catalysts, which required very high
temperatures and pressures while generating a mixture of
amine products due to the higher nucleophilicity of primary
amines than ammonia. Interestingly, the acridine complex 1
catalyzed the conversion at much lower temperatures (135 °C)
and NH; pressure (7.5 bar) while also being highly selective to
the formation of primary amines. The water-stable nature of the
acridine complex enabled carrying out selected reactions with
water as (co)solvent, obtaining the corresponding amine in
high to excellent yields. Based on preliminary experimental
studies, a hydrogen borrowing reaction pathway was proposed,
involving the formation of an aldehyde intermediate, followed
by the formation of a hemiaminal intermediate which elimi-
nates water to form an imine intermediate, which reacts with
the hydrogen liberated in the first step to form the amine
product (Fig. 13b). The reaction of secondary alcohols with
ammonia to form secondary amines was later reported with
other complexes by different groups with high reactivity and
selectivity.®**

Mechanism. In 2014 Hofmann et al. reported a study eluci-
dating the catalytic mechanism of the primary alcohol to
primary amine system by conducting a combination of elegant
experimental and DFT studies.> The authors carried out their
work with the PCy, analog of the acridine complex 2, which
showed similar reactivity and catalytic activity as the PiPr,
analog. According to their findings, the aromatized complex 2
initially undergoes dearomatization to generate the dearoma-
tized complex 5, along with an equivalent of aldehyde (Fig. 14).
The aldehyde then reacts with ammonia, forming an imine
(step i), which is subsequently reduced to amine in the
presence of complex 5 and alcohol, which acts as a proton
donor (steps ii-v). The reduction was proposed to happen by

a) Reaction :
1 (0.1 mol %), A
RSOH  +  NHs R™NH,
Toluene, reflux, -H,O
b) Pathway . 1
R OH R NH,
[[Ru] | -H» [[Ru] ‘ +Hy
NH, NH; - H,0
X I
RS0 R” OH R7SNH
aldehyde hemiaminal imine

Fig. 13 Catalytic reaction (a) and proposed reaction pathway (b).
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Fig. 14 Mechanism cycle.

the fac isomer of complex 5, and DFT studies verified the
relevant mechanism. The process leads to the generation of
an alkoxy complex, followed by its beta hydride elimination to
aldehyde and regeneration of complex 5-fac (step vi). The initial
dearomatization process was calculated by DFT to have an
activation barrier of 19.2 kcal mol *. The most challenging
step in the catalytic cycle was identified as the imine reduction
by hydride transfer (step iii) with an activation barrier of about
14 kecal mol™'. The same step was also identified as the
selectivity determining step. The formation of secondary
amines from primary amine and alcohol via a similar mecha-
nism was estimated to require 3.9 kcal mol ™" additional energy,
which was in line with the experimental observations of selec-
tive primary amine formation.

4.1.2. Deamination of primary amines to alcohols. Our
group subsequently showed in 2013 that the amination reac-
tion can be reversed, and primary amines can also be converted
to primary alcohols and ammonia by heating in dioxane/water
in the absence of NH; (Fig. 15a).°> The deamination of primary
amines to alcohols, while facile in biological systems at neutral
PH, is challenging synthetically, requiring the use of strong
bases such as NaOH. By contrast, using complex 1 as the
catalyst, several primary amines were converted to the corres-
ponding alcohols in a neutral dioxane/water reaction medium
in moderate to high yields (Fig. 15a). Further, the mechanistic
insights obtained during the studies also resulted in the devel-
opment of a deaminative diamine cyclization procedure to
form the corresponding secondary cyclic amines (Fig. 15b).

4.1.3. Selective alcohol dehydrogenation to acetals. Our
group reported in 2009 that the aromatic complex 1
(0.1 mol%) catalyzes the dehydrogenative coupling of primary

3736 | Chem. Commun., 2022, 58, 3731-3746
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a) Conversion of amine to alcohol

1 (0.5-1 mol %) ~ NH
R NH, ———— + NHg

2 H,O/dioxane R™ OH
100-135 °C

b) Conversion of diamine to cyclic amine
1 (0.5-1 mol %)

_— O + NH3
H,O/dioxane N

100-135 °C H

HZN\/\/\NHZ

Fig. 15 Conversion of amines to alcohols (a) and diamines to secondary
cyclic amines (b) catalyzed by 1.

alcohols to form the corresponding acetals under neutral
reaction conditions (Fig. 16a).> Selective oxidation of alcohols
to acetals is challenging as most employed catalysts, including
PNN dearomatized pincer complexes, generate esters as the
dehydrogenation coupling product instead of acetals.®*°* Inter-
estingly, in the case of complex 1, while the neutral reaction
conditions provided the acetal as primary reaction product,
addition of one equiv. KOH co-catalyst completely changed the
selectivity to ester formation. Experimental observations sup-
port a reaction pathway involving the initial generation of an
aldehyde intermediate, followed by alcohol addition to gener-
ate a hemiacetal intermediate (Fig. 16b). Dehydration of the
hemiacetal further generates an enol ether in the acetal for-
mation pathway, whereas the competing hemiacetal dehydro-
genation can produce the ester by-product. The formed enol
ether generates the desired acetal upon nucleophilic attack of
alcohol. This proposed pathway involving an enol ether inter-
mediate was further supported by the fact that in substrates
where such enol ether formation was not possible due to the
lack of a beta proton, esters were observed as the product.

a) Alcohol to acetal or ester formation catalyzed by 1

R/\ro\/\n

O\/\R

1,A

—

+ H, + HO

us)

1/ base, A

L >

R/\n/o\/\R + 2H,
(o}

b) Reaction pathway for acetal formation

0} OH OH
HO N
R N R
2 [Ru] 2 R\)\O/\/R
; R hemiacetal
R H
2 aldehyde
H,0
O/\/R R/\/OH
R R Ao ™A
o
acetal enol ether

Fig. 16 (a) Formation of acetal from alcohol catalysed by 1 and (b) the
reaction sequence.

This journal is © The Royal Society of Chemistry 2022
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Notably, the pyridine-based aromatic complexes were not active
at all under neutral conditions for the reaction, being coordi-
natively saturated, and the special reactivity of the acridine-
based complex was surmised due to the elongated Ru-N bond,
possibly imparting a hemilabile quality.

4.1.4. Formation of N-Heteroaromatics from alcohols and
NH;. Our group showed in 2018 that the aromatic complex 1 is
an effective catalyst for the dehydrogenative direct synthesis of
N-heteroaromatics such as pyrroles and pyrazines from alco-
hols in two/three-component reaction systems using ammonia
gas (Fig. 17a).°® Multicomponent systems to access heterocycles
with H, liberation were known previously, but they required the
use of amino alcohols or amines as substrates.®””° The use of
ammonia, on the other hand, has a clear economic advantage.
Complex 1 (1 mol%) catalyzes the synthesis of pyrazines when
1,2-diol is used as a substrate under 7 bars of ammonia in
moderate to high yields. On the other hand, when a 1,4-diol was
used, along with another mono-alcohol, the formation of
pyrroles was observed. For pyrazine formation from vicinal
diols, a mechanism was proposed involving the initial amina-
tion of the diol to generate amino alcohol, followed by
dehydrogenation to generate beta-amino ketone intermediate
(Fig. 17b). Self-condensation of the beta-amino ketone
followed by aromatization through Ru-catalyzed dehydrogena-
tion then generates the pyrazine product. In the case of pyrrole
synthesis from 1,4-diols and linear alcohols, the linear
alcohol is first converted to amine, which then nucleophilically
attacks a diketone intermediate (generated from diol via
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dehydrogenation) to form a di-hemiaminal intermediate. Water
liberation from this intermediate subsequently generates the
desired substituted pyrrole (Fig. 17b). Control experiments and
mechanistic investigation suggested that the employed aro-
matic catalyst is dearomatized during the reaction to 4, which
is the actual catalyst, like with many previously discussed
reactions with this system. Notably, the reaction is made
possible because complex 1 can catalyze the formation of
amines from alcohols and ammonia, which is an essential step
of the reaction.

4.1.5. Catalytic upgradation of ethanol to higher alcohols.
In 2016 our group reported that the dearomatized complex 4 is
an excellent catalyst for the upgradation of ethanol to higher
biofuels, including butanol, hexanol, and C8 alcohols via the
Guerbet process (Fig. 18a and b).”" Ir and Ru based molecular
complexes for the Guerbet process for ethanol upgradation
were previously reported by other groups, with moderate activ-
ity and selectivity.”>”® It was found that even a small amount of
4 (0.001 mol%) can catalyze the ethanol upgradation with high
activity (turnover number over 18000) and selectivity. Under
similar reaction conditions, the acridine-based complexes dis-
played 4-6 times the catalytic activities than the pyridine-based
complexes. The reaction profile showed that in the initial
hours, 1-butanol is formed selectively, which can further couple
to generate higher molecular weight alcohols as the reaction
progresses. Based on prior reports, an aldehyde generation
reaction mechanism was proposed that does not involve O-H
bond activation via Ru-amido metal-ligand cooperation due to

a) Formation of heterocycles from diol and ammonia catalyzed by 1
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(a) Formation of heterocycles from alcohols and ammonia catalyzed by 1, (b) reaction pathways to access pyrazines and pyrroles.
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Fig. 18 (a) Ethanol upgrading to higher alcohols catalyzed by 1. (b) Path-

way of Guerbet reaction from ethanol to butanol.

the low basicity of the amido ligand in the dearomatized
complex. Instead, a reaction mechanism involving the fac
isomer with initial dehydrogenation from coordinated alcohol
followed by beta hydride elimination was proposed. To be
noted, later reports have also employed manganese-based first
row transition metal complexes for ethanol upgradation to
butanol.”®””

4.2. Development of oxidation reactions using water with H,
liberation

4.2.1. Oxidation of cyclic secondary amines to lactams. In
2014, our group reported an unprecedented catalytic transfor-
mation, namely oxidation of cyclic amines to lactams using
water with evolution of two equivalents of H,. Overall, this
process results in conversion of the o-methylene group to a
C=O0 group (Fig. 19a).”® The whole process effectively uses
water as an oxidant, replacing the previously used strong
oxidizers such as iodosobenzene, -BuOOH and others. The
oxidation is catalyzed by the aromatic complex 1 as pre-catalyst
in the presence of NaOH co-catalyst. Using this method, the

a)
1 (1-5 mol %) (
( NaOH (0-6 mol %) _ion o)
R@+ H,0 —»Rr\)% + 2H,
H 150 °C H
n=1,2
[Ru]
b)
H@ -Hy @ +H,0 (7 \ [Ru]
- ~ » N
W N +H WN -HO wo H -H: O H
n=12 imine hemiaminal lactam
aqg. NH,OH-dioxane
¢ (2:3 v)
A~_OH  1(5mol%), NaOH (5 mol%) +
HO N o” N
150°C, 72 h H H
23% 49%
Fig. 19 (a) Cyclic amines to lactams using water as oxidant catalyzed by 1,

(b) reaction pathway (c) accessing lactams directly from diols and
ammonia.
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oxidation of several substituted pyrrolidines, piperidines, pyr-
azine and morpholine to their corresponding lactams with
moderate to high yields was demonstrated. Based on control
experiments, a reaction pathway involving the initial dehydro-
genation of cyclic amines to imines, followed by water addition
to generate a hemiaminal with subsequent dehydrogenation to
the desired lactam was proposed (Fig. 19b). The proposed
mechanism was further verified by H/D exchange experiments
ensuring initial imine formation and using '®0 labelled water
as the solvent, which clearly showed the incorporation of an '*0
atom into the product lactam. Finally, combining the previous
report of cyclic amine formation from diols, with the newly
developed oxidation of cyclic amines to lactams by water,
enabled the direct formation of lactams from linear diols and
ammonia via the in situ generated cyclic secondary amine
(Fig. 19c¢).

Mechanism. In the subsequent year, a detailed study eluci-
dating the mechanism of the process by a combination of
experimental and DFT studies was reported by our group.®” It
was found that under the reaction conditions in the presence of
NaOH co-catalyst and amine, the aromatic complex initially
forms the dearomatized complex 4 with one equiv. of imine
formation (Fig. 20a), akin to the observation of Hofmann et al.
for alcohol amination (Fig. 14). The dearomatized complex then
catalyses the reaction. The mer isomer of complex 4 was the
most thermodynamically stable (and observed in the crystal
structure). However, the catalysis likely proceeds from the fac
isomer, which was calculated to be 9.1 keal mol " higher in
energy from the mer isomer. Interestingly, DFT studies sug-
gested that the initial imine formation is facilitated by water via
the formation of an intermediate hydroxy complex through the
reaction of water with Ru-H evolving H,, the new pathway
being more favourable by 7 kcal mol~' than direct amine
dehydrogenation (Fig. 20b). According to the DFT study, water
addition to the imine, leading to hemiaminal generation, is
uncatalyzed and it is the rate-determining step. Subsequent
hemiaminal dehydrogenation was calculated to have an activa-
tion barrier of ~30 kcal mol ', readily achievable at the
reaction temperature (150 °C).

4.2.2. Markovnikov oxidation of alkenes to ketones using
water. In 2020, our group demonstrated the Markovnikov
oxidation of alkenes by water to the corresponding ketones
using the acridine-based complexes as catalysts along with
In(OTf); co-catalyst (Fig. 21a).”° As opposed to the well-
established Wacker oxidation process to obtain ketones from
alkenes, which requires O, as terminal oxidant, the newly
developed process does not require a terminal oxidant and is
associated with the liberation of one equiv. H,. The In(OTf); co-
catalyst (1-40 mol%) is necessary for the initial hydration of
alkenes to secondary alcohols (Fig. 21b). The generated
alcohol is dehydrogenated in situ by the ruthenium complex
(1.5 mol%) to form the corresponding ketone. Isotopic labelling
studies verified that the H,O oxygen atom is incorporated
into the ketone product. Styrenes, 2-vinylnaphthalene and 4-
vinylbiphenyl produced the corresponding ketones in moderate

This journal is © The Royal Society of Chemistry 2022
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(b) Reaction mechanism.

to high yields. Other than styrenes, strained cyclic alkenes such
as norbornene, cycloheptene and cyclooctene were also amen-
able to the transformation.

This journal is © The Royal Society of Chemistry 2022

4.2.3. Deaminative oxidation of amines to acids. Our group
employed the acridine-based complexes to achieve a unique
oxidative deamination process for amines using alkaline water,
which generate carboxylate salts, H,, and ammonia as the
reaction products (Fig. 22a).°° Oxidative deamination is a
well-known process in biological systems, catalyzed by enzymes
such as amine dehydrogenases or copper amine oxidases. On
the other hand, carrying out the same transformation synthe-
tically is challenging and prior to this report required the use of
strong stoichiometric oxidants. Based on control experiments,
areaction pathway was proposed involving the initial formation
of imine through amine dehydrogenation, followed by deami-
native imine hydration to aldehyde, with subsequent aldehyde
oxidation to acid being the final step. Interestingly, the amine
dehydrogenation rate, catalyzed by the dearomatized complex
4, increased more than fourfold when water was present in the
system (Fig. 22b). DFT studies revealed that a water-assisted
amine dehydrogenation pathway takes place in the presence of
water, involving formation of a Ru-hydroxy complex, which is
more favourable than direct amine dehydrogenation. Further,
while primary alcohols yield carboxylate salts under the reac-
tion conditions, secondary amines produce ketones as the
deaminative oxidative product. Moreover, amides also show
reactivity to generate carboxylic acid products.
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Fig. 22 (a) Deaminative oxidation of primary amines catalyzed by 1/4.
(b) rate enhancement observed in the presence of water. Fig. 22b is
adapted with permission from ref. 56. Copyright 2020 American Chemical
Society.

4.2.4. Oxidation of enol ethers to esters. We have recently
shown that the Ru-acridine-based PNP pincer complexes also
catalyze the oxidation of vinyl and cyclic enol ethers to their
corresponding esters using water as the oxidant while generat-
ing H, gas as the reaction by-product (Fig. 23a).”° Interestingly,
the dearomatized acridine complex catalyzed both the hydra-
tion and dehydrogenation steps of the reaction without the
presence of any further additives. While the acridine(iPr)
complex 4 produced noticeable amounts of hydrogenated
side-products, the oxidation was selective when the analogous
acridine(Ph) (6) was used as catalyst (1-1.5 mol%), producing
esters in good to excellent yields. The oxidation of vinyl ethers
proceeded at 125 °C, whereas the oxidation of cyclic enol ethers
required a higher temperature (150 °C). The oxidation of linear
internal enol ethers did not proceed due to their lower coordi-
nating nature. Interestingly, DFT calculations suggested an
inner-sphere coupled stepwise hydration dehydrogenation
reaction pathway (in blue) as opposed to an outer-sphere
hydration dehydrogenation mechanism (in red, Fig. 23b). The
reaction did not proceed when traditional PNN-based rigid Ru-
pincer complexes were used due to the formation of practically
irreversible hydroxy complexes.

4.2.5. Oxidation of biomass derived furfural and 5-
hydroxymethyl furfural. Very recently, in 2022, we reported that
the acridine based Ru-PNP complexes 1 and 2 are excellent
catalysts for the oxidation of furfural and 5-hydroxymethyl
furfural (HMF) to furoic acid and 2,5-furandicarboxylic acid
(FDCA), respectively, using alkaline water as the oxidant
(Fig. 24a and b).*° Furfural and HMF are bio-based renewable
feedstocks, and their oxidation products are important for the
implementation of future green chemical industry.®"®* It was
found that while in the presence of other pyridine-based pincer
complexes furfural and HMF degraded to unidentifiable
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polymers, the acridine-based complexes selectively oxidized
them with high yields (>95%), while suppressing

This journal is © The Royal Society of Chemistry 2022
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decomposition. Mechanistic experiments indicated that the
employed aromatized complex is dearomatized in the initial
step to generate complex 4, which subsequently catalyses the
reaction. The background decomposition suppression was
assigned to the ability of complex 4 to disproportionate the
reactant aldehyde to acid and alcohol via a sequence of Ru-
catalysed Tishchenko coupling followed by base mediated ester
hydrolysis, quickly consuming all the aldehyde before decom-
position can take place (Fig. 24c). Using complex 1 and alkaline
water, furfural/ HMF were oxidized to furoic acid/FDCA and H,
with >95% yield with the scalability of the process demon-
strated by a gram-scale reaction.

4.3. Development of liquid organic H, carrier systems

4.3.1. Ethylene glycol as a H, carrier. Pincer-based catalysts
have been used in recent times to develop amine and alcohol-
based liquid organic hydrogen career systems. In 2019, our
group reported a reversible LOHC system based on ethylene
glycol (EG) using the ruthenium acridine complexes as catalysts
with 1 mol% catalyst loading (Fig. 25).%% Ethylene glycol is a
widely produced chemical derived from fossil fuels and bio-
mass and is commonly used in antifreeze formulation, polymer
synthesis, and others. Complex 4 catalyzes the dehydrogenative
self-coupling of ethylene glycol to generate hydrogen up to a
theoretical maximum of 6.5 wt%. The resulting H, lean pro-
ducts consist of various non-volatile liquid oligoesters. The
same catalyst (1 mol% loading) can convert the oligoesters to
EG by hydrogenation under H, pressure (40 bar). The acridine-
based dearomatized complex 4 showed the highest activity
among the screened pincer complexes, although other
pyridine-based complexes were also active to different extents.
DFT calculations elucidated the plausible mechanism of the
process (Fig. 26) indicating that the fac isomers are likely
involved in the active catalytic cycle. In the presence of 4, H,
liberation from the Ru-coordinated ethylene glycol initially
generates a chelating glycoxy complex, followed by beta hydride
elimination to form a coordinated Ru-glycolaldehyde complex.
Nucleophilic attack of another EG molecule on the bound
aldehyde has a low energy barrier (23.4 kcal mol ' with respect
to the fac isomer of 4). Interestingly, the corresponding transi-
tion state (TS3) is a six-membered Zimmerman-Traxler-like
transition state and is also associated with simultaneous H,
liberation. Further beta hydride elimination from the resulting
acetal complex generates the dimerized ester product, which
can further couple to produce higher oligomers.

4.3.2. Reversible H, carrier based on ethylene glycol and
ethanol. In the subsequent year, our group reported another
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(Cat) {)J\/O+H

~_ yH
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Fig. 25 Liquid organic hydrogen carrier system based on EG.
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LOHC system using the acridine-based complexes employing
two widely available inexpensive alcohols— ethylene glycol and
ethanol (Fig. 27).** The EG and ethanol undergo dehydrogena-
tive coupling at 150 °C in the presence of 4 (1 mol%), generat-
ing hydrogen with high yields (87%), along with an H, lean
liquid esters mixture. The main components of the liquid
esters were ethylene glycol diacetate and ethyl acetate, along
with some ethylene glycol monoacetate 2-acetoxyethyl-2-
acetoxyacetate, and others. The dehydrogenation also proceeds
under neat conditions without any solvent and can theoretically
achieve ~5.5 wt% of H, storage density. Interestingly, the H,
lean esters can be reloaded with H, under hydrogen pressure by
the same catalyst (1 mol%, 50 bars) or by other efficient

O
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H [Ru] (1 mol%) f
N - . + other esters + Hy
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Fig. 27 Liquid organic hydrogen carrier system based on EG and ethanol.
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hydrogenation catalysts with an H, pressure as low as 5 bars,
making the whole process inexpensive and operable under
mild conditions.

4.3.3. Neat formic acid dehydrogenation. We have reported
that the dearomatized acridine complex 4 is highly effective for
the additive-free dehydrogenation of neat formic acid (FA),
reaching a turnover number (TON) over 1.7 million
(Fig. 28a).%° Formic acid is a promising H, carrier for its use
in the transportation sector, however, most H, liberation
from formic acid require solvents and/or

86:87 which decreases the practical applicability, with
88-90

systems
additives,
only handful reports for neat FA dehydrogenation.
Complex 4 showed excellent activity in additive-free neat FA
dehydrogenation achieving turnover frequencies (TOFs) over
3000 h™ . The catalyst is also effective in producing H, from
commercially available low-grade 85% FA, and at the
same time, can also generate high-pressure H,/CO, from neat
FA (100 bars). The CO contamination in the generated gas flow
is minimal (<20 ppm), and the overall system is highly scalable
(demonstrated with a kilogram scale experiment). Based on
mechanistic investigations, we proposed a reaction sequence
involving initial H, liberation from formic acid by 4-fac, fol-
lowed by CO, liberation via beta hydride elimination (Fig. 28b).
Computational studies revealed that the beta hydride elimina-
tion is the rate-determining step, as verified by kinetic isotope
effect studies. The remarkable simplicity of the system, which
contains only complex 4 and FA as reactants, makes the system
promising for scale-up.

4
HCOZH —_— COZ ? + H2 T
rt.to95°C
’ @
co, (iPr),P éo
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N7
PP | _H
/Ru\
(Pr)oP” | O ~OH
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Fig. 28 (a) Neat formic acid dehydrogenation catalyzed by 4, and
(b) reaction mechanism.
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Fig. 29 (a) Methanol reforming catalyzed by 4, (b) Methanol dehydro-

genation—inner-sphere (TS1) and outer-sphere (TS2) with the assistance
of thiolate ligand.

4.3.4. Methanol reforming. Very recently, our group has
demonstrated that the dearomatized complex 4 can also pro-
duce H, from a neat methanol-water solution in the presence
of catalytic thiol additive (Fig. 29a).°" H, generation from
methanol reforming is important as it can provide high gravi-
metric H, content (> 12 wt%). Interestingly, complex 4 without
the thiol additive exhibited low activity in the dehydrogenation,
which was attributed to the difficulty in initiating methanol
dehydrogenation by complex 4 itself, which based on DFT
studies inner-sphere transition state (TS1,
Fig. 29b) with activation energy of 43.4 kcal mol . Quite
remarkably, in the presence of catalytic thiol, a thiolate
complex is generated, which is much more active for methanol
dehydrogenation, allowing the reaction to proceed via a facile
outer-sphere mechanism with the assistance of thiolate ligand
(TS2, E,: 35.6 kcal mol '), increasing the overall activity by
nearly two orders of magnitude. The resulting formaldehyde
then generates formic acid in the presence of water with H,
liberation, followed by formic acid dehydrogenation to CO,. A
hydrogen production TON of 130 000 was obtained (highest for
aqueous methanol reforming under base-free conditions®**%),
with TOFs up to 630 h™", by heating a solution of methanol,
water, and catalytic 4 with catalytic hexanethiol for several
weeks, showing the robustness of the system. Notably, the thiol
assisted dehydrogenation rate increase is a unique feature of
the acridine system due to its ability to adopt a fac structure and
is not replicable in other traditional pincer systems such as
bipyridyl Ru-PNN complex.

involves an

4.4. Reactions with alcohols and thiols

4.4.1. Thioester synthesis from alcohols and thiols. In
2020, our group demonstrated the direct formation of thioe-
sters by the dehydrogenative coupling of alcohols and thiols
using the dearomatized ruthenium acridine complex 4 as
catalyst (Fig. 30a).>® Thioesters are valuable building blocks
and intermediates in formation of heteroaromatics and many
other advanced materials, however, their synthesis mainly
relied on the acylation of thiols. Direct dehydrogenative cou-
pling of alcohols and thiols has previously been challenging as

This journal is © The Royal Society of Chemistry 2022
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(c) Proposed reaction mechanism.

the traditional pincer complexes are deactivated in the
presence of thiol due to its enhanced acidity. On the contrary,
complex 4 showed unique reactivity with thiols. At low tem-
perature, the thiol adds to 4 to form the mer-adduct complex
(Fig. 30b). When warmed up to room temperature, H, can be
liberated from the complex via a fac isomer, generating the fac
thiolate complex, which was observed by NMR (Fig. 30b). It was
observed that the thiolate complex can uniquely catalyze an
outer-sphere alcohol dehydrogenation with the assistance of a
thiolate ligand (Fig. 30c). The resulting aldehyde forms the
hemithioacetal in the presence of nucleophilic thiol. Subse-
quently, outer sphere dehydrogenation of the hemithioacetal by
the thiolate complex generates the desired product thioester.
Using complex 4, several alcohols and thiols were converted to
the corresponding thioesters. Interestingly, the reaction is also
operational when an aldehyde, instead of an alcohol, was used
as a substrate.

Thioester selectivity. Interestingly, in the above reaction,
although complex 4 can catalyse alcohol self-coupling to ester,
under the reaction conditions no ester formation was observed.
Control experiments revealed that if any ester had been gener-
ated, it could not convert to thioester under the reaction
conditions. This suggests that in the presence of thiol, the
ester formation pathway is not operational or is significantly

This journal is © The Royal Society of Chemistry 2022
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(b) selectivity determining step in the selective thioester formation.

less active than thioester formation. A subsequent DFT study by
our group elucidated the origin of this observed selectivity.®” It
showed that even though ester formation by alcohol self-
coupling is thermodynamically favourable, it is kinetically
inhibited due to the high relative acidity of the thiol as
compared to alcohol, favouring the formation of thiolate
complex rather than the alkoxide complex (Fig. 31a). This
higher stability of the thiolate complex compared to the alk-
oxide complex (13.4 kecal mol '), whose formation is essentially
irreversible, governs the overall selectivity of the reaction
(Fig. 31b).

4.4.2. Thioester, thiocarbamate, thioamide hydrogenation.
In 2020 our group also reported the reverse reaction, namely
thioester hydrogenation to alcohols and thiols under low H,
pressure, catalysed by the acridine-based dearomatized
complexes.’® Under H, pressure, the equilibrium between the
thiol and thiolate complex becomes tilted toward the formation
of thiol, which allows the reaction to proceed in the opposite
direction (Fig. 32a). Thioester reduction, while readily achieved
in biological systems by the thioester reductase enzyme under
benign conditions, had been synthetically limited prior to this
study to the use of stoichiometric reducing agents. Using the
Ru-acridine complex 4 (1 mol%), hydrogenation of several
thioesters to the corresponding alcohol and thiol under
20 bar H, pressure at 135 °C was demonstrated (Fig. 32b).
Interestingly, under the conditions, the thioester can be selec-
tively hydrogenated even in the presence of other reducible
functional groups such as esters or amide, which are more
challenging to hydrogenate. Using the same complex 4 the
hydrogenation of thiocarbamates and thioamides under 40 bars
of H, pressure was achieved with high to excellent yields. The
mechanism of the hydrogenation was studied computationally
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by Poater et al., who also found that the hydrogenation is likely
to proceed from the fac isomer, with the coordinating thiolate
ligand playing an essential role in H, activation during the
reaction.””

5. Summary and outlook

In this article we discussed how the acridine-based PNP pincer
complexes differ from the traditional pincer complexes in
structure and reactivity. Among some of the key points, the
larger chelate size of the central acridine donor imparts flex-
ibility on the whole system, resulting in possible hemilability
with an elongated Ru-N bond distance (2.479 A).>® Further,
complexation with the N atom makes the 9CH position of
the central acridine donor electrophilic and susceptible
to hydride attack. Consequently, the aromatic acridine
complexes can easily and irreversibly convert to the dearoma-
tized (9CH,) PNP pincer complexes under various conditions.
The dearomatized complexes are fluxional and can access the
facial coordination mode during reaction. In case of Ru-
dAcr(iPr) complex (4), the fac isomer is about 9 kcal mol™"
energetically uphill compared to the mer isomer,”” and the
energy difference drastically decreases in the Ru-dAcr(Ph)
system (~ 5 kcal mol *).*° The adoption of fac isomers enables
a unique H, liberation pathway from Ru-H and water, alcohols,
thiols and acids, which is an initial elementary step in many
reactions catalysed by these complexes (FA dehydrogenation,
thioester formation and others). It also results in the rate
enhancement that is often observed in the acridine-based
PNP systems in presence of protic substrates such as water
(fourfold for amine dehydrogenation®®) or thiols (80 fold for
methanol reforming®"). It is surmised that after H, liberation
by reaction of water or thiol, the resulting hydroxy or thiolate
complex can induce an outer-sphere hydride abstraction path-
way which is more favourable than the inner sphere pathway.
Another elemental step possible with the dearomatized acri-
dine PNP system is beta hydride elimination due to the avail-
ability of two cis coordination sites for catalysis, which is
crucial for many reactions, including amine dehydrogenation,
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formic acid dehydrogenation, enol ether to ester formation and
others. Overall, the acridine based complexes catalyse several
unique reactions, including conversion of alcohol to amine and
vice versa, H, generation from neat formic acid or water-
methanol mixture, oxidation of furfural/5-hydroxymethyl fur-
fural and cyclic amines with water, selective alcohol oxidation
to acetals, which are not imitable by traditional pincer com-
plexes involving pyridine based or aliphatic PNP type pincer
complexes.

Among possible future developments with acridine-based
pincer complexes, efforts can be directed toward developing
first-row-transition metal complexes with acridine-based PNP
pincer ligands. Many base metal pincer complexes with pyr-
idine and aliphatic PNP ligands have been developed in recent
years, which can show similar catalytic transformations of their
noble metal counterparts. On the contrary, all reports involving
acridine PNP pincer complexes have been limited to ruthe-
nium. The difficulty is most likely due to the increased size of
the acridine-PNP ligand, which requires a spacious second/
third row transition metal for effective complexation. Notably,
our group reported in 2013 an iron complex based on dear-
omatized-acriphos ligand and employed it for alkyne
semi-hydrogenation to alkenes.’® Also in 2019, we reported a
manganese dearomatized-acriphos complex for the ammonia-
mediated conversion of alcohols to amides.”® However, synth-
esis of equivalent acridine-PNP complexes with these abundant
first-row transition metals remains elusive. In another direc-
tion, the effect of electron density tuning on the ruthenium
center of Ru-dAcr complexes has not been thoroughly investi-
gated. We recently discovered that decreasing the electron
density at the Ru centre, as with Ru-dAcr(Ph) complex 6, can
significantly increase the selectivity of ester formation from
enol ethers when compared to Ru-dAcr(iPr) complex 4.%° It will
be interesting to see how further tuning of the phosphine
substituents can affect the rate of elemental reactions in these
systems via experimental investigation and DFT studies.
Further, the presence of a spectator ligand, which has so far
been a carbonyl group, provides another powerful opportunity
to modify the electronic nature of these complexes to maximise
catalytic activity and selectivity for a desired reaction. We hope
that this report will encourage research into these fundamental
directions in acridine-based PNP complex system, which, while
superficially similar to its pyridine-based counterpart, appear
to hide quite a few tricks up its sleeves that are yet to be
explored.
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