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SYNOPSIS

The thesis, entitled “Ruthenium(II)-NHC Pincer Complexes: Tuning
Ancillary Ligand Effects Towards Selective Catalysts” includes five
chapters, which deal with the synthesis and development of Ru-complexes
with smaller alkyl wingtips on NHCs and their application as catalysts for
various organic transformations. The first chapter gives a general
introduction to Ru-pincer complexes and their applications in catalysis. In
the succeeding chapters, synthesis and characterization of new cationic
ruthenium(I1) pincer complexes, investigation of their catalytic activity, and
possible steric and electronic effects of co-ligands have been described.
Ruthenium(ll) pincer complexes containing different co-ligands such as
CO, COD, PPh3z, and DMSO gave us an opportunity to examine possible
electronic effects for the development of selective catalysts. We have also
studied the change in reactivity due to the steric effects of alkyl wingtips at
NHCs. The synthesized complexes have been successfully implied for
various organic conversions such as transfer hydrogenation of ketones,
acceptorless dehydrogenation of alcohols, and dehydrogenative coupling of
alcohols and amines. The catalytic reactions are also performed under
microwave irradiation. Better catalytic activity was observed in microwave
heating conditions than “oil-bath” heating, in less time and lower
temperatures. In the last chapter, concluding remarks and a brief description

of future directions have been described.

Chapter 1. Introduction and background: Ruthenium Pincer
Complexes in Catalysis

Development and characterization of new homogeneous pincer catalysts
based on transition metals have fascinated much more devotion in the field
of organometallic chemistry.[1-3] One of the most important advantages of
homogeneous catalysis is to allow the study of the mechanistic pathway of
the reactions. To date, many transition metal-based catalysts have been

explored for various catalytic transformations because of their higher
I



stability and high activity towards many conversions.[4-8] On comparing
the other transition metals, ruthenium has an exceptional array of catalysis
properties and has found several applications.

Ruthenium complexes have variable advantages viz, its rich
coordination chemistry, variable oxidation states, tendency to accommodate
a large number of ligands. In homogenous catalysis, ruthenium complexes
have shown exciting chemistry. The complexes of ruthenium metal are also
comparatively air stable. Ruthenium is less expensive than other late
transition metal series like iridium, platinum, gold.

The ligand choice is also an important factor for designing a new
catalyst.[9] Pincer ligands have many advantages in catalysis because of
their rigidity and stability. As we know, phosphine containing transition
metal complexes have high activity in catalysis, but it has some
disadvantages. Complexes containing phosphines are not suitable for
certain types of catalysis due to possible oxidation of the phosphine ligands.
Carbenes are relatively more electron donor ligands than phosphine
analogous. NHC carbenes are stronger sigma donors and weaker pi
acceptors than alkyl phosphines. The steric properties of NHC ligands have
further differentiated them from phosphine analogous. Their ability to tune
the steric and electronic environment around the metal centre has resulted
in many synthetic protocols. Pincer ligands containing NHC carbenes
exhibit high thermal stability and a broad range of reactivity.[10,11] NHC
based CNC ligands represent a potentially powerful combination for ligand
design. In general, the final composition and structure of Ru-CNC
complexes depend on the precursor Ru-complexes, the reagents used for the
carbene generation, as well as the type of wingtip substituents on the N-
heterocycle, which are used to influence the steric environment around the
central metal atom. CNC ligands containing NHCs with bulky alkyl
substituents have been explored widely,[12-14] but with smaller alkyl

wingtips, it is less explored till now.



Objectives: The objectives of this study are as follows,
e To synthesize the Ru-CNC pincer complexes with smaller
alkyl NHC wingtips.
e To study the reactivity and structure-property relationship.
e To study the effect of various co-ligands on the reactivity of
these complexes.
e To utilize the acquired knowledge for tuning catalytic
behaviour.
Ruthenium pincer complexes as catalysts are in high demand because they
are readily available in different stable oxidation states and different
coordination geometries, viz. square pyramidal, trigonal-bipyramidal and
octahedral.[1] In synthetic organic chemistry, hydrogenation,
dehydrogenation and dehydrogenative coupling reactions play a crucial
role, and such reactions involving oxygenated and nitrogenous compounds
are particularly useful for producing agrochemicals, pharmaceuticals,
foods, and fuels.[15-19] Conventionally, these reactions have been carried
out using high hydrogen pressure or hazardous reagents, various additives,
and co-catalysts often produce numerous wastes. Alternatively, transfer
hydrogenation, acceptorless dehydrogenation and dehydrogenative
coupling reactions are some of the most atom-efficient ways to synthesize
valuable intermediates and various organic transformations. Complexes
with CNC-pincer ligands are less explored for these catalytic reactions. The
present thesis describes the synthesis, characterization and catalytic
activities of new cationic Ru(l1)-NHC pincer complexes with smaller alkyl

wingtips and a variety of co-ligands.



Chapter 2. Cationic Ru(ll)-NHC Pincer Complexes: Synthesis and
Characterization
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The ruthenium metal centre in all the complexes displays distorted
octahedral geometry with the tridentate pincer ligand occupying the
meridional coordination. The molecular structure of 4a consists of CNC
pincer ligand forming two almost planar five-membered metallacycles, a
chloride ligand and a COD ligand coordinated to the Ru centre in n%n?-
mode. The C=C bond lengths of COD trans to pyridine are 1.381(8) A (4a)
and 1.384(7) A (4b), whereas C-C bond lengths trans to halide are 1.392(8)
A (4a) and 1.399(7) A (5) respectively. This data indicates that the Ru-
C(COD) bond trans to pyridine is slightly weaker and more labile than the
Ru-C(COD) bond trans to halide, which is also confirmed by the formation
of compound 5 from 4a. Complex 5 is a rare example of complexes in which
COD is bound in a “non-bridging” n>-mode. The second chloride ligand is
coordinated trans to pyridine occupying the coordination site after
dissociation of one of the alkene bonds of COD ligand. The solid-state
structure of complex 5 shows an (E,Z) configuration for the n?>-COD ligand,
instead of the expected (Z,Z) configuration, with the free alkene having an
E-configuration. DFT study of isomeric forms of 5 with E,Z- and Z,Z-COD
indicates that the complex with Z,Z-COD ligand is thermodynamically
more stable and should be favoured in solution. In conclusion, four different
types of co-ligands (CO, COD, PPhs & DMSO) are available for

comparison during catalysis reactions.
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Chapter 3. Catalytic Transfer Hydrogenation and Dehydrogenation of

ketones and alcohols using Ru(11)-NHC Pincer Complexes
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This chapter describes catalytic hydrogenation and dehydrogenation
reactions from newly synthesized ruthenium pincer complexes. The transfer
hydrogenation of cyclohexanone in refluxing isopropanol was selected as a
model reaction to evaluate the catalytic activity of complexes. Taking 2
mmol of ketone, 1 mol% of catalyst, and 1 equivalent of sodium iso-
propoxide (NaO'Pr) as a base, complex 1b showed higher catalytic activity
than other complexes viz: 2b, 3b, 4b and 5b resulting in >99 % conversion
of cyclohexanone in 30 min. Additionally, the effect of various bases, e.g.,
NaOH, KOH and KO'Bu with complex 1b were also investigated, where
NaO'Pr was proved to be a better base among all the bases. The scope of
catalyst 1b was then examined using various ketone substrates. A variety of
ketone derivatives with aliphatic and aromatic substituents, as well as
electron-donating and withdrawing substituents were explored for transfer
hydrogenation reaction.

With excellent conversions in transfer hydrogenation processes, all
the catalysts were tested for acceptorless dehydrogenation of alcohols
(AAD). Dehydrogenation of benzyl alcohol was examined first as a model
reaction to investigate the reactivity of these complexes (1b, 2b, 4b and 6b)
for catalytic AAD reactions. Complex 1b in toluene with KO'Bu at 110 °C
for 3h afforded >99% conversion to benzaldehyde while, complex 2b, 4b

and 6b gave 47, 89 and 60 % conversions, respectively. The catalytic
Vi



activity of complex 1b with different bases was then studied under similar
reaction conditions, and screening suggested that KO'Bu is the best option
for AAD of alcohols. Therefore, the complex 1b (3 mol%) and KO'Bu was
then chosen as a suitable catalyst system for AAD of a range of primary and
secondary alcohols under these optimized reaction conditions. In the case
of COD complexes, no sign of dissociation or hydrogenation of the COD
ligand during catalysis was observed. AAD catalysis under microwave was
also examined, and it was observed that catalysis reactions under
microwave took less time and low temperature than conventional heating.
In microwave heating, the product selectivity is also better than
conventional heating. Substrate scope for acceptorless dehydrogenation
catalysis reaction was then explored with a variety of alcohols under thermal

and microwave heating.

Chapter 4. Dehydrogenative coupling reactions under conventional
and microwave heating using Ru(11)-NHC Pincer Complexes
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In this chapter, ruthenium pincer complexes are explored for

DCI

dehydrogenative coupling catalytic reactions. The optimized conditions for
the alcohol dehydrogenation reactions, viz., solvent, temperature, base, and
catalyst amount, were used for dehydrogenative coupling reactions, as the
first step in this case too is the alcohol dehydrogenation. The
dehydrogenative coupling of aniline with benzyl alcohol was chosen as a

model reaction for imine synthesis. In catalyst screening experiments, it was
Vil



observed that the Ru-catalyst 6b performs better than catalyst 1b for the
ADC of alcohols and amines under both thermal and microwave conditions.
This interesting reverse trend in catalytic activity indicates involvement of
the Ru-metal centre in the dehydrogenative coupling step as, otherwise, the
catalyst better at alcohol dehydrogenation should also have been better at
the imine formation. The unexpected reversal in catalytic performance can
be understood in terms of the trans effect of ligands in the aldehyde
dissociation from an intermediate in the catalytic cycle. The relatively
weaker trans effect of DMSO and PPhgz ligand in case of 2b and 6b keeps
the aldehyde intermediate attached to the metal and facilitates the
nucleophilic attack of an amine for the dehydrogenative coupling step
leading to the imine formation. The dehydrogenative coupling step involves
a nucleophilic attack by the amine on metal-bound aldehyde formed after
alcohol dehydrogenation. However, DMSO and PPhs ligands have a weaker
trans effect than CO and COD which results in retaining the aldehyde on
the complex. Therefore, complex 6b with DMSO as a co-ligand gave better
reactivity towards dehydrogenative coupling reactions, followed by
complex 2b with PPhs ligand. Dehydrogenative coupling was also
examined under microwave to decrease the reaction time and temperature.
We observed that catalysis reactions under conventional heating took higher
time and higher temperature than microwave irradiation. Several substrates
with electron-donating as well as electron-withdrawing groups were
explored for dehydrogenative coupling reactions under conventional and
microwave heating. Biologically active imine precursors were also
efficiently synthesized using ruthenium pincer catalyst under microwave

heating conditions.



Chapter 5. Role of Ancillary Ligands in Selectivity for Catalytic
Applications
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In this chapter, we have described the synthesis and characterization of new
Ru(11)-NHC pincer complexes with isopropyl wingtip to study their steric
and electronic effects and compare them with their N-methyl analogues.
The lability of PPhz and DMSO ligands increased due to steric crowding
around the ruthenium metal centre. Synthesis of COD containing complex
has also been performed, which have some positive indications from mass
spectrogram data; however, we were unable to fully characterize the COD
complex due to COD dissociation, which was confirmed by mass analysis.
The catalysis reported with COD complex was done by in situ generated
catalyst.

The four new complexes with N-isopropyl wingtips have also been
tested for various catalysis. In general, they show improved catalytic
activity in comparison to complexes with methyl wingtips. The general
trend of reactivity with respect to the trans effect of co-ligands is again
observed for transfer hydrogenation and acceptorless dehydrogenation
reactions. While in dehydrogenative coupling reactions, the N-isopropyl
complexes show mixed reactivity, which is probably due to steric effects of
the N-isopropyl and the trans effect of co-ligands.



Chapter 6. Summary and future scope

In summary, we have investigated the synthesis and characterization of
Ru(11)-NHC pincer complexes containing “pyridine dicarbene” ligand with
methyl and isopropyl wingtips. Furthermore, we have studied the catalytic
activity of all the ruthenium complexes for AAD of alcohols and ADC of
benzyl alcohol and amines. Compared to conventional “oil-bath™ heating,
microwave irradiation resulted in faster catalysis under milder conditions.
An unexpected reversal in the catalytic activity of the complexes has been
observed. Complex 1b was found to be catalytically more active than its
analogous complexes for AAD, while complex 6b was found more active
for direct synthesis of imines than complex 1b. We observed that with N-
isopropyl, steric effects were also affecting the general reactivity and
catalysis along with electronic effects of various co-ligands. In the case of
transfer hydrogenation and AAD reactions, the complexes with isopropyl
groups follow the same trend of the trans effect of co-ligands (CO, COD,
PPhs and DMSO) as like N-methyl complexes. In dehydrogenative coupling
catalysis, comparatively, all the N-isopropyl complexes gave better

reactivity than analogous N-methyl complexes.
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Chapter 1

Introduction and background: Ruthenium Pincer
Complexes in Catalysis

Pincer complexes have evolved into preferred catalysts for a variety of
difficult transformations in organic synthesis.[1,2] Pincer-based metal
complexes are stable and have great reactivities towards homogenous
catalytic systems, because of the rigid tri-dentate coordination with
improved chemical and thermal stability. It can play a crucial role in the
catalytic cycle by providing a suitable coordination site for the substrate,
weakening selective bonds, or accepting/donating electrons and protons,
for providing chemical stability.[3] Furthermore, the ligand can be
tuned by modifying the central metal atom as well as the pincer ligand
platform, depending on the steric/electronic environment and catalytic

application.[4-6]

Determines electron density of central donor

Electronic control (trans influence)

Steric control by modification of R
Electronic control by modification of L
The nature of L determines the hemilablity of

pincer

Typical groups, X =C, N; Y = (CHy),, O, NH; L =P, N, O; Z = Halogen, R, RO
Figure 1.1 Basic aryl-based metalloid-pincer complex.

Pincer complexes exhibit a remarkably good balance between
stability and reactivity, which can be controlled by systematic ligand
modifications or variations of the metal center. Therefore, the reactivity,
as well as the stability of Pyridine-based pincer transition metal
complexes, can be enhanced.[7—9] Transition metal pincer complexes



have emerged as a highly promising set of catalysts for several processes
over the last few years. They have been extensively used in energy
production, dehydrogenative synthesis of high-value compounds, CO3,
N2 hydrogenation, and carbon dioxide capture, as well as ammonia
manufacturing processes. Therefore, this class of homogeneous
catalysts improves the long-term viability of a wide range of chemical
processes. The key advantages include strong catalytic activity under
mild reaction conditions, low catalyst loading, high selectivity, and atom
efficiency along with some drawbacks viz, catalyst deactivation and
deterioration.[10-13]

1.1 Types of pincer ligands
1.1.1ECE (E=N,P)and ENE (E =C, S, Se, P)-type pincer ligands

The monoanionic ECE pincer ligands have an aryl anionic carbon in the
centre and ortho substituents with side-arm donor groups 'E,' where E is
N or P. Consequently, ENE pincers feature a core nitrogen donor atom
and a side-arm donor atom E, where E =C, S, Se, or P.

X X X

= = =

X X X
RS SR R,P PR, RoN NR,

Where, X=C, N

Figure 1.2 ECE and ENE-type pincer ligands.

These pincer systems are popular because of their aromatic
backbone, due to which, synthesis of these complexes is easier as
compared to other pincer ligands. The substituents around the
coordination sites can induce chirality and impose steric requirements

based on the ligand's coordination mode.[14-19]
1.1.2 PCP and PNP-type pincer ligands

Pincer ligands with phosphorous coordination sites, such as PCP and
PNP, are found in a wide range of transition metal complexes and have

been extensively used in catalysis. Phosphorus has been a popular donor



atom in organometallic chemistry, owing to its capacity to stabilize
metal centres in both high and low oxidation states. Small modifications
in the ligand backbone can have a huge impact on the reactivity of PCP
and PNP pincer ligand metal complexes.

X X
» P
X Hl}l X I?IH
R,P PR, RoP PR,
Where, X=C, N

Figure 1.3 PCP and PNP-type pincer ligands.

A large number of metal complexes containing PCP and PNP
pincers have been described in the literature. Generally, these complexes
are synthesized by reacting the appropriate metal precursor with the
pincer ligand in polar solvents such as CH3CN under mild to moderate
heating.[10,20]

1.1.3 SNS and SeNSe-type pincer ligands

Phosphorous has a strong nucleophilicity and reducing character at low
oxidation states, however, requires bulky groups to ensure air stability.
On the other hand, sulfur donor atoms have been utilized to modify the
electronic features of several metal centres together with w-donor
ligands owing to their capacity to accommodate both hard and soft

auxiliary ligands and metal centres.

Se R Se
~N
R =H, Me
Figure 1.4 SNS and SeNSe-type pincer ligands.

SNS-pincer based complexes provide outstanding TONs under a

variety of conditions in homogeneous catalytic transformations.[21]



1.1.4 NNN-type pincer ligands

NNN pincer ligands based on the bis(imino)pyridines,
bis(pyridylimino)isoindoles, the 2,6-bis-amido-pyridine backbone, and
2,6-bis(5-tert-butyl-1H-pyrazol-3-yl) pyridine have been well studied.

AN X ‘ X
[0) ‘ ~ (0] [e) ‘ — O [e) — O

N N N
: _NH HN . : i NH HN: i NH HN; E

Figure 1.5 NNN-type pincer ligands.

Additionally, NNN pincer ligands are attractive scaffolds
because of their ease of synthesis and modifications. Their metal
complexes can easily synthesize from deprotonated ligands and have
been used to stabilize first-row transition metals with high and low

oxidation states.[22]
1.1.5 PCN and CNN-type pincer ligands

PCN and CNN-type ligands are two new categories of pincer ligands.
PCN pincers ligands are mainly based on the pyrazolyl aminophosphine,
aminophosphine-imidazoline, and (oxazolinyl)phenyl phosphinite
templates. PCN and CNN ligand systems can provide a wide range of
tunability for catalytic characteristics however, the intrinsic lack of
symmetry of ligands requires a more difficult synthetic approach than
the ECE and ENE type pincers. CNN-type pincer complexes are
sensitive to air, as well as unstable to some extent, due to their N-arm

hemilability. On the other hand, Pd complexes with PCN pincer ligand

NZN SN
S 5
BU2P N= N/\

Figure 1.6 PCN and CNN-type pincer ligands.

have excellent air and heat stability.



Pd-PCN pincer systems have been reported as precatalysts for
the Suzuki-Miyuara, Sonogashira, Hiyama, and vinyl-epoxide cross-
coupling reactions. These complexes have also been used as
enantioselective catalysts for the hydrophosphination of enones.[22]

1.1.6 NCN and CNC-type pincer ligands

In recent years, two major groups of pincer ligands have extensively
emerged viz: NCN and CNC-type ligands. CNC pincer ligands bind in
the terdentate mode with metal through two metal-carbon o-bonds,
whereas NCN ligand bind with one metal-carbon o-bond. The metal-
carbon c-bond of these complexes offers increased stability, reducing
metal leaching in homogeneous catalysis. The binding of NCN type
pincers in terdentate meridional mode, exhibits fluxional behaviour in
some situations, depending on the oxidation state of the metal centre.
Fluxionality of these pincer ligands promotes variation in the binding
modes, and this dynamic behaviour can be helpful in catalytic
transformations, as the ligand adjusts to the steric and electronic
demands of the reaction.

Ry »

& O

MezN Y NMez

where, Ry = H, NO,, Ph where, R = Me, IPr, n-butyl,
Y =H, Br X =Cl, Br, BF4

Figure 1.7 NCN and CNC-type pincer ligands.

Additionally, both mer-coordinated and the rare fac-coordinated
CNC pincer complexes have been widely reported till now. The rare
mode of facial coordination has been described in the literature in Ru(ll)
complexes with a lutidine-based NHC-backbone.[3,8,9,12,23,24]



1.3 Advantages of N-heterocyclic carbenes as a ligand

N-heterocyclic carbenes (NHCs) have been studied extensively since

Arduengo's discovered 1,3-diadamantylimidazol-2- ylidene in 1991.

2+
/’:\ 2 —
clo
/ ph-N N~pp 4 /  cl Ad
N I |N th—// N
oo ¥ AR Ly
N Ph~p” “N-Ph \ N
\ Ad

(1 (2) @) (4)
Ad = Adamantyl

Figure 1.8 NHC—complexes and Arduengo’s isolated free carbene.

The imidazolylidene framework carbene ligands dominate the
other carbene ligands, by Grubbs second-generation metathesis catalyst
which is serving as a golden example. Transition metal complexes with
NHC carbene ligands have a specific role in catalysis than phosphines
and imines ligand. NHCs were first used as ligands for transition metal
complexes by Feile and Wanzlick. Nowadays, NHC carbenes are widely
used as ligands on transition metals and give a wide range of

transformations.[25-28]

PCys Mes~ N~ N Mes
&L.Cl \\\Ph s\_\\__ \\Ph
RiI—" RU—
a” l c’ |
PCy; PCys

(5) (6)
Figure 1.9 Grubbs first and second-generation metathesis catalysts.

Furthermore, recent research has shown the relevance of pi-back
bonding from the metal to the NHC's empty p-orbitals, which is a crucial
factor in the NHC's structure. NHC ligands are often considered as
phosphine mimics, but they are usually more electron-rich and are more

tightly bound to the metal center.
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Figure 1.10 General structural features of NHCs.

Accordingly, organometallic complexes with NHC ligand have
better reactivity, high stability and have a broader catalytic activity
compared with phosphine ligands. Therefore, N-heterocyclic ligands
have turned out to be more attractive in homogeneous catalysis.[22,29—
31]

1.3 Advantages of pincer ligands based on N-heterocyclic carbenes

Pincer-type amine and phosphine complexes are well known however
corresponding carbene analogs are less explored because of their ligand
activation by a strong base.[12,26,27,29,32] It concludes there is a need
for harsher conditions to generate the carbene pincer ligands in
comparison to other pincer ligands. The incorporation of the NHC
moiety into the pincer backbone has opened the opportunity for a variety

of NHC-containing pincer-type ligands.

oo & P

AO, A1 BO Es1 c

A% Bon=0;A"B'n=1
R =H, Me; G = aryl or alkyl

Figure 1.11 NHC-containing pincer complexes.



Pincer ligands with NHCs are the most demanding compounds
owing to the high stability with a strong chelate effect which provides
the most stable family of compounds with interesting catalytic
behavior.[33]

1.4 Transition metal complexes based on NHCs containing CNC
pincer ligands

Synthesis of the pincer ligand, as well as their metalation with different
metals, is a challenging process. The easiest method is direct metalation
which depends on the pincer ligand structure, metal source, reaction
solvent, and other reaction conditions. The steric and electronic effects
of ancillary ligands and substitution on the wingtips are also important

aspects for the synthesis of the pincer complexes (Figure 1.12).[34,35]

| X
i X 0
M / \ M NONTN [Ir(COD)CI], N" "N
o ) e NN e A TS
N\'/Blh\(N D|pp Dlpp Dipp c'| Dipp
N LC_N
<
SN K[HMDS]
|
C X

[Ru(COD)Cl,, |

Ir—( [Ir CaH2)4Cll Imidazolium pro-ligand __EtsN, EOH N
(‘ /\ NJ [(CEC).2HX] T x=Br (\)\ i /B

E = CBr; X =Br, Cl
ArX X Ar

O\O\F) nBu Bré nBu
AL [Pd(OAC),]
\\4\\\’\“\\\\\)\' X =Br
?::,, A
| (>
N .
Pt N NONTN
Nt L QTS
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Scheme 1.1 Different approaches for the synthesis of NHC-based pincer

complexes.

The robust pincer ligand platform provides high thermal stability
to the transition metal complexes and has been applied to various

catalytic reactions and small molecule activations, for example,



dinitrogen activation, labilization of the N-H bonds in ammonia, carbon

dioxide reduction, and water splitting.[36]

Transition metal complexes with pincer-type ligands have been
investigated  widely and used in  numerous  catalytic
transformations.[36—38] Among the variety of pincer ligands, pyridine—
dicarbene pincer ligands with N-heterocyclic carbenes (CNC pincer
ligands) have become highly popular ligands due to enhancement of the
electron density at the coordinated metal and increased reactivity at the
metal centre.[39-41]

1.5 Ruthenium complexes based on NHCs containing CNC pincer

ligands

Ruthenium pincer complexes offer high efficiency and selectivity, as
well as functional group tolerance, in comparison to standard ruthenium
catalysts.[42-45] Ancillary ligands are important factors for the
catalytic activity and stability of organometallic complexes.[34,46-48]
Ru-CNC type pincer complexes are widely explored in the literature
with a variety of co-ligands viz, halides, CO, phosphines, etc. The
presence of different co-ligands at the ruthenium metal centre can
influence the electronic and steric properties, also allow the interesting
coordination chemistry. A variety of wing-tip substituents on the N-
heterocycle are important structural features of CNC pincer-based
complexes to influence the steric environment around the central metal
atom. CNC pincer ligands with bulky aromatic substituents (Figure
1.12) on the N-heterocycles are well-studied in literature [8,9,24,41]
whereas examples with smaller, alkyl substituents are less explored till

now.



/NN N\ /N N\CIN\ /N N\\CIN\
ey LD L LD
fr/é } At a” | Ar 7\@%5@
o T
X
AN _|+ | _|p|:6 _|+

{)\lﬂl\w f/gl/l\w Q)\lg\@

f%'% a4

P = PPh;, L = OMe

=/ \ -
NN
_ N\

Figure 1.13 Ru-CNC pincer complexes with bulky N-wingtips.

A variety of wing-tip substituents on the N-heterocycle are
important structural features of CNC pincer-based complexes to
influence the steric environment around the central metal atom. CNC
pincer ligands with bulky aromatic substituents (Figure 1.12) on the N-
heterocycles are well-studied in literature [8,9,24,41] whereas examples

with smaller, alkyl substituents are less explored till now.

1.6 Application of transition metal complexes in transfer

hydrogenation reactions

Catalytic hydrogenation and dehydrogenation reactions play an
important role in both industrial processes and academic research. The
reduction of carbonyl compounds to alcohols is an important process for
the synthesis of fine chemicals, fragrances, agrochemicals, and
medicines.[49] Traditionally, stoichiometric quantities of hydride
reagents such as lithium aluminum hydride or sodium borohydride were
used for hydrogenation reactions, although hydride reagents are
extremely reactive and difficult to handle. Furthermore, metal hydride
reduction produces hazardous waste as a by-product, proving the

reduction process unsustainable for the environment. Catalytic

10



hydrogenation considerably increases the atom economy and

sustainability of the reaction.[50-53]

Meerwein, Ponndorf, and Verley (MPV) have first reported the
transfer hydrogenation (TH) of ketones catalyzed by aluminum
alkoxides using isopropanol as a hydrogen source.[54] The reduction
occurs via the coordination of the ketone and isopropanol
simultaneously to the metal centre through a direct hydrogen transfer

route and a cyclic six-membered transition state. (Scheme 1.2).

o oH RO_ OR

OH O
I, T~ LOR)s oo . +
N 1 T —_— 9
R!” TR2 W R, L rRMR2
H Rz/\H,)\ H

Scheme 1.2 Hydrogen transfer in Meerwein-Ponndorf-Verley

reduction.

However, the MPV reduction has a few drawbacks, such as the
use of a significant amount of aluminum reagent and unwanted side
products. In the 1960s, Henbest, Mitchell, and colleagues reported the
iridium-catalyzed reduction of cyclohexanones to alcohols in the
presence of isopropanol.[55,56] A major breakthrough has happened
after the discovery of transition metal complexes catalyzed the transfer
hydrogenation of ketones.

The transfer hydrogenation of ketones through transition metal
catalysts is usually accomplished by the hydridic method and involves a
metal hydride intermediate. Transfer hydrogenation has emerged as a
safe, eco-friendly, and versatile tool for the reduction of carbonyl
compounds, compared to the commonly used reduction processes. TH
has several advantages over other methods which involve high hydrogen
pressure or hazardous reducing reagents. As a result, TH has become the

focus of hydrogenation research in recent decades.[49]

It is well known that the electronic property of complex is an
important factor to influence the catalytic activity of a catalyst, but the

influence of electronic factors on the TH of ketones is not well-defined.

11



Therefore, it is very important to synthesize a family of complexes
containing ligands with different electronic properties and elucidate the
electronic effect on catalytic activity. Ruthenium catalysts are by far the
most used catalyst for transfer hydrogenation processes. Ruthenium
complexes have shown considerable potential in catalyzing transfer
hydrogenation of ketone with isopropanol (‘PrOH) as the hydrogen
donor and solvent.[10,12,13,23] TH are mainly useful for large-scale
synthesis since these reactions avoid the need for high hydrogen

pressure and potentially harmful reducing chemicals.

Selected examples of well-defined ruthenium complexes for
transfer hydrogenation of ketones are listed in figure 1.13. Ru-NHC
pincer complexes were also utilized as a catalyst to speed up the TH
processes significantly. Peris and Danopoulos have described
pioneering work on TH employing Ru-NHC pincer complexes.[23]
They have synthesized Ru "pincer” NHCs complexes with 2,6-bis(1-
alkylimidazolium-3-yl)pyridine and Ru precursors. Later, Yu's group
developed a novel Ru(ll) compound with a "pincer"-type pyridyl-based
(pyrazol-3-yl)-N-heterocyclic carbene ligand, showed good activity in
the TH of ketones.
| S

N/
/N\ | PPhy
uB-t \O/RU\O/

PhaP ¢

N—t-Bu

i = |
%/RU\C| e %N/Ru\cn e
oL g

N N—Mes o N N—Mes
\—/ \—/

Figure 1.14 Ru complexes for transfer hydrogenation reactions.
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Despite significant development in TH, numerous problems and
hurdles remain unanswered in many reported works of literature.
Transition metal catalysts are known in the literature for TH reactions
as either limited in scope or lack the criteria for practical usage.

1.7 Application of transition metal complexes in the
dehydrogenation of alcohols

The dehydrogenation of alcohols is a crucial step in the generation of a
variety of compounds for both modest and large-scale industrial
uses.[20] Traditional synthetic procedures for the dehydrogenation of
alcohols have used stoichiometric amounts of oxidants such iodate,
chlorite, and oxygen at high temperatures, resulting in copious waste.
Transition metal-catalyzed dehydrogenation reactions have several
advantages over traditional processes. The first homogeneous catalytic
dehydrogenation of alcohols was illustrated by Charman and co-
workers, using rhodium chloride as a catalyst.[10] Later, Robinson
described the dehydrogenation of isopropanol, 1-butanol, ethanol,
methanol, and glycerol with ruthenium complex
[Ru(OCOCF3)2(CO)(PPhs)2] in the presence of trifluoroacetic acid.
Several advancements were executed over the subsequent years by
combining different types of homogeneous catalysts and a variety of
additives.

Homogeneous catalytic acceptorless alcohol dehydrogenation
(AAD) is an effective and enduring approach for the synthesis of value-
added chemicals and is far more atom and energy-efficient compared to

traditional synthetic processes.[57-61]
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Figure 1.15 Ru and Os complexes for dehydrogenation reactions.

In terms of energy chemistry, the AAD reaction is particularly
relevant which allows the synthesis of H, from renewable biomass-
derived alcohols. AAD reaction is also an important step in the
dehydrogenative coupling of primary and secondary alcohols, leading to
alkylated ketones or alcohols.[14,62—64] In this regard, several research
groups like Milstein, Barrata, Yu, Sun, Esteruelas, etc have been
investigated AAD processes with a range of transition metal complexes,
such as iridium, ruthenium, osmium, cobalt, nickel, and iron (Figure
1.15).[65-71]

1.8 Importance of microwave in catalytic reactions

Microwaves have been used for the development of alternative
economic, greener, and more sustainable approaches for organic
reactions by modifying solvents, reagents, and catalysts. A substantial
change in the number of significant and useful chemical transformations

has been achieved using the microwave.[72,73]
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Figure 1.16 Green and sustainable approach towards MW-assisted

reactions.

Microwave chemistry is gradually increasing interest in both
industry and academia due to speeding up reactions, providing better
yields and purity, and selectively with less energy.[74] Therefore,
microwave-assisted synthesis rapidly becomes a promising approach in
current chemical synthesis and drug discovery. Traditional organic
synthesis methods often necessitate a longer heating time and a time-
consuming apparatus system, resulting in excessive usage of solvents
and reagents whereas, microwave irradiation can perform the reaction

in minutes and reduce the reaction time.[72]

1.9 Application of transition metal complexes in dehydrogenative

coupling reactions

Imine production is one of the most important reactions in organic and
medicinal chemistry and has been employed in synthetic, biological,
medicinal, and industrial applications as nitrogen sources.[75-77]
Imines have been found to exhibit a variety of biological functions,
including lipoxygenase inhibition, anti-inflammatory, anti-cancer,

antibacterial, and antifungal properties.[78,79]

The reversible condensation of amines and aldehydes is one of
organic chemistry's oldest and most common reactions, was first

discovered by Hugo Schiff in 1864.[80] In the conventional approach,
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desired imines were synthesized in the presence of an acid catalyst.
Numerous extrinsic factors can affect the equilibrium between an imine
and its precursors like solvent, concentration, pH, and temperature as
well as steric and electronic aspects.

The reversible nature of the imine bond can be 'fixed' by
reducing the C=N bond to convert a secondary amine.[81] Although the
strategy of reductive amination is beneficial and widely used for the
synthesis of substituted amines, however, lacks the reversibility factors
that distinguish imines from nitrogenous compounds. Imines are used as
electrophilic reagents in a variety of processes, including additions,
condensations, asymmetric organocatalysis, cross-dehydrogenative

couplings, and cycloadditions due to their high reactivity.[82]

Imines have been synthesized by self-condensation of primary
amines, transition metal-assisted hydrogen transfer from secondary
amines, direct nitroarenes and primary alcohols, oxidation of secondary
amines, the aza-Wittig reaction, N-alkylation of ammonia with alcohols,
and coupling of nitriles with amines.[83]

o
Pr- ~Pr
i o)

Ru\‘CI JPIP—_ T ___Pipr,
Cl H\\“\\\\: \\H
(0] Pr

Figure 1.17 Ru and Os complexes for dehydrogenative coupling

reactions.

Although numerous techniques have been developed in recent
years, the synthesis of imines from alcohols and amines is highly
demanding. Several research groups have made significant
contributions to imine synthesis using a variety of transition metal
complexes,[75,78,84-90] however, there are several drawbacks like

high temperature and longer reaction time, etc. (Figure 1.17).
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1.10 Mechanism of hydrogenation/dehydrogenation reactions

Hydrogenations/dehydrogenations are the thoroughly investigated area
in homogeneous catalysis for organic transformations.[20,53,91]
Several strategies and mechanisms have been developed for
homogeneously catalyzed hydrogenations/dehydrogenations
reactions.[92,93] In recent days, hydrogenation/dehydrogenation
catalysts have evolved from non-cooperative systems to metal-ligand
cooperativity (MLC) systems. Cooperatively catalyzed
hydrogenations/dehydrogenations proceed via Lewis base-transition
metal (LB-TM) catalysts, Lewis acid-transition metal (LA-TM)
catalysts, the ambiphilic cooperation mechanism, and the transition
metal-transition metal (TM-TM) cooperation mechanisms (Figure
1.18).[91,94] The involvement of the ligand, electronic properties of the
metal centre, and the effect of the proton shuttle are significant elements
for controlling the mechanistic preference.

The activation of H. and insertion of hydride into unsaturated
molecules are referred as hydrogenations. On the other hand,
dehydrogenations entail the removal of hydride from saturated
compounds, followed by the release of H». The activation/release of Hx
and the insertion/elimination of hydride are the two main processes in
these catalytic cycles. The reaction mechanisms underlying
homogeneously catalyzed hydrogenations/dehydrogenations can be
categorized according to the H» activation/release phase for convenience
of understanding. Transition metal catalysts with a single reactive site
worked on two non-cooperation mechanisms, the conventional
oxidative addition/reductive elimination and bond metathesis processes
(Figure 1.18).[95] Bifunctional catalysts have two reactive sites and

usually follow a cooperation-type mechanism.[94]

Hydrogenation and dehydrogenation reactions can be carried out
with a concerted outer-sphere mechanism or inner-sphere mechanism.

The outer-sphere mechanism, in the cooperative systems proceeds via
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fascinating redox reactions, could provide one of the M-H moieties with

proton followed by the reduction of the metal centre.

Non-cooperation types

]

L-M L-M-H

TM catalyst TM hydride catalyst

Cooperation (bifunctional) types

l | |

M
LB\-/ M\_/M B\_/B
LB-TM catalyst TM-TM catalyst ambiphilic catalyst
LA\_/M LA\_/LB
LA-TM catalyst LA-LB (FLP) catalyst

M = Transition metals, LA = Lewis acid
LB = Lewis base,TM = transition metal
Figure 1.18 Homogeneous non-cooperation and cooperation

hydrogenation/dehydrogenation catalysts.

As a result, the outer-sphere mechanism in cooperative systems
is efficient for the transfer of a hydride and a proton. On the other hand,
the hydrogenations/dehydrogenations in the inner-sphere mechanism
occurred in a successive manner. The inner-sphere mechanisms are
complicated and proceed via the following considerations: (1) the
isomers of the hydride intermediates; (2) transition metal centre induced
vacant site for the substrate; (3) terminal hydride or the bridging hydride
prefers hydride insertion; and (4) the possibility of double activation of
the substrate by two transition metal centres.[95,96] Ke and co-workers
theoretically illustrated that the NNN ligand is unaffected during
catalysis and does not function as a Lewis base due to the lack of
tautomerization process. The Ru centre supports the inner-sphere
hydride elimination process with the vacant site produced by the H>

release.[91]
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1.10.1 Non-cooperation mechanisms

The conventional oxidative addition/reductive elimination method and
the bond metathesis (hydrogenolysis) process are two non-cooperation
mechanisms for single-site transition metal catalysts. The classic
oxidative addition/reductive elimination mechanism using Wilkinson's
catalyst [RhCI(PPhs)s] is a well-known example of a single-site

mechanism.[97]

H, HF X-vH '/H\\H
L—M L—M_ | L—M—H H L-M_
4 2 v
oxidative addition/ sigma-bond
reductive elimination metathesis X
Transition metal cataysts Transition metal hydride cataysts

. /
Y

Non-cooperation mechanism

Figure 1.19 The schematic diagram of the non-cooperation mechanism.

The catalytic cycle begins with the coordination of Hz to
generate a dihydrogen complex, which is promptly oxidized to a
dihydride intermediate. Further, the substrate moves to the metal centre
for the hydride insertion, and finally, the reductive elimination yields the
hydrogenated product with simultaneous catalyst renewal. The
transition metal hydride (TM-H) catalysts are an alternative form of
single-site transition metal catalyst, favour the bond metathesis

mechanism to activate/release Ho.
1.10.2 Metal-ligand cooperation mechanisms

Pincer complexes have been exploited for effective metal-ligand
cooperativity (MLC) in recent years, providing novel opportunities for
homogenous catalysis. There are various MLC mechanisms described
in the literature, and one of the categories is the aromatization—
dearomatization process. The catalytic mechanism of transition metal
complexes relies on the aromatization—dearomatization of the pyridine
ring. Noyori's bifunctional transition metal catalysts efficiently catalyze
the hydrogenation of diverse polar unsaturated substrates, by heterolytic

19



activation of H> via metal-amine-amide cooperativity.[98-100] The
pyridine-based pincer complexes can be deprotonated at the pyridinyl-
methylene carbon, resulting in the dearomatized pyridine ring. The
dearomatized five-coordinate pincer complexes react stoichiometrically
with various substrates (HX; X = H, C, OH, OR, NHz NR2).
Simultaneously, heterolytic activation of polar and nonpolar chemical
bonds, where the proton is accepted by the dearomatized "methine
carbon" and the X-fragments occupies the empty coordination site on

the ruthenium.

R, R
A
X=6 PH,
H ‘

v " oc—R(———NH
R, \ __y---RuNTs —PBu2 I
\J— e

N—M—Co NN
N R1¥ v
N/Et H R, "
2
Outer-sphere mode Inner-sphere mode

Y

Metal-ligand cooperation
(MLC) mechanism

Figure 1.20 The schematic diagram of metal-ligand cooperation (MLC)

mechanism.

The electronic properties and specific geometry of the metal
complexes have a considerable effect on the catalyst’s mechanistic
pathways. The driving force of the pincer ligand originated by
tautomerization from aromatization/dearomatization mechanism is an

essential aspect of the MLC process.

Alternatively, transfer hydrogenation, acceptorless
dehydrogenation, and dehydrogenative coupling reactions are the most
atom-efficient methods for the conversion of various functional groups.
However, complexes with CNC-pincer ligands are less studied for
hydrogenation/dehydrogenation catalytic reactions. The present thesis
describes the synthesis, characterization, and catalytic activities of new
cationic Ru(11)-NHC pincer complexes with smaller alkyl wingtips and

a variety of co-ligands.
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1.11 Objectives of thesis

To date, many transition metal-based catalysts have been explored
for hydrogenation and dehydrogenation reactions because of their
higher stability and high activity towards many conversions.[101—
105] On comparing the other transition metals, ruthenium has an
exceptional array of catalysis properties and has found several
applications, however ruthenium complexes with CNC-pincer
ligands are less explored for TH, AAD, and ADC catalytic reactions.
A few metal complexes with CNC pincer ligands have been
explored mainly with bulkier aromatic substituents on the nitrogen
atom, which prohibits to observe the electronic effects of other
ancillary ligands present in the coordination sphere. In the present
work we have tried to fill this gap of synthetic chemistry of CNC
pincer complexes and their utilization. The basic objective of the

current thesis are:

e To synthesize the Ru-CNC pincer complexes with
smaller alkyl NHC wingtips.

e To study the reactivity and structure-property
relationship.

e To study the effect of various co-ligands on the

reactivity of these complexes.

e To utilize the acquired knowledge for tuning catalytic

behaviour.
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1.12 Organization of the Thesis

The present thesis describes the synthesis, characterization, and catalytic
activities of new cationic Ru(Il)-NHC pincer complexes with smaller

alkyl wingtips and a variety of co-ligands.

In chapter 1 Literature survey on ruthenium, pincer complexes

have been described.

In chapter 2 Synthesis and characterization of Ru(ll)-NHC

Pincer Complexes has been extensively studied.

In chapter 3 Catalytic Hydrogenation and Dehydrogenation of
ketones and alcohols by using Ru(l11)-NHC Pincer Complexes has been

described.

In chapter 4 Dehydrogenative coupling reactions under
conventional and microwave heating using Ru(ll)-NHC Pincer

Complexes have been studied.

In chapter 5 Role of Ancillary Ligands in Selectivity for
Catalytic Applications has been explored.

In chapter 6 summary of this thesis has been described with

various future scopes.
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Chapter 2

Cationic Ru(Il)-NHC Pincer Complexes: Synthesis and

Characterization

2.1 Introduction

Pincer ligands have gained popularity due to their versatility
and ease of application. Typically, pincer ligands are tridentate ligands
that bind firmly to three adjacent coplanar sites of a metal centre in a
meridional fashion. As a result, two stable cyclometallated rings are
formed which can be five-membered, six-membered, or both five- and
six-membered rings. Pincer-type compounds have become increasingly
important in chemistry, since the pioneering work reported by Shaw
and Van Koten in the 1970s using the PCP and NCN type tridentate
ligands for the synthesis of pincer metal complexes,[1-2] Soon after,
the field turned into an emerging class of new pincer ligand motifs,
such as the NCN, PCP, PNN, PNP and CNC.[3-6] Pincer ligands
containing NHCs' comprises strong electron-donating ability and give
steric and electronic tunability which allows a wide range of structural
modifications as well as high thermal stability.[7-10] Pincer
complexes have made synthetic transformations feasible that were
thought to be difficult at the time of their discovery. Several
approaches have been investigated in the synthesis of target pincer
metal complexes.[11]

In general, the synthetic pathways comprise either (i)
metalation of the desired pincer ligand and coordination of remaining
co-ligands occurs simultaneously in which, formation of metal-carbon
o-bond takes place in the final step or (ii) an initial metalation step
where firstly only desired pincer ligand is coordinated to the metal to
form metal-carbon o-bond and then after coordination of the remaining

co-ligands with metal centre takes place. These synthesis approaches
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were referred to as “metal introduction” and “ligand introduction”
routes, respectively.[12] It is worth mentioning that factors like steric
effects at coordination sites, instability of particular functional groups,
and regioselectivity control, play a curial role in determining the
appropriate synthesis strategy.[13-15] Each method shows different
advantages and drawbacks based on the nature of the pincer ligand, the
metal precursor, and the reaction considerations. The pincer ligand
platform provides robust transition metal complexes with high thermal
stability. These metal complexes have been utilized for numerous
catalytic reactions and small molecule activations, for example,
dinitrogen activation, labilization of the N-H bonds in ammonia,
carbon dioxide reduction, and water splitting. Among the variety of
pincer ligands, pyridine—dicarbene pincer ligands with N-heterocyclic
carbenes (CNC pincer ligands) have become popular ligands which
enhance the electron density at the coordinated metal and increase the
reactivity of the metal centre. For the synthesis of the CNC pincer
complexes, four general types of methods are reported in the literature:
(1) direct metalation, (2) oxidative addition, (3) transmetalation using

metal transfer agents, and (4) transcyclometalation pathways.[15]

Ruthenium pincer complexes can be used as a significant
catalyst due readily availability in different stable oxidation states and
different coordination geometries viz. square pyramidal, trigonal-
bipyramidal and octahedral. Ru-CNC type pincer complexes are
widely communicated in the literature with various co-ligands
including halides, CO and phosphines [16-17] however, the presence
of different co-ligands can influence the electronic and steric properties

and show interesting coordination chemistry.

1,5-cyclooctadiene (COD) is a well-known ligand in
organometallic chemistry and generally form weak metal-COD bonds
in complexes. While a few Ru-CNC pincer complexes with PPhs, CO
and halides as co-ligand are known (Figure 2.1),[18-20] complexes

with COD as co-ligand are rare.[21]
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Figure 2.1 Reported CNC pincer ruthenium complexes with different

co-ligands.

The high lability of the COD ligand makes metal-COD
complexes as useful precursors in organometallic synthesis, as well as
appears as a limiting factor in isolating metal-COD complexes in
presence of other ligands. For example, a CO ligand has been
speculated to originate from the ethanol solvent during the synthesis of
Ru-CNC complex from [Ru(COD)CI2]. as Ru-precursor; however, the
COD ligand was not bonded in the final complex.[16]

The molecular structures of majority of transition metal — COD
complexes reveal a chelate type n2m?-(Z,Z)-COD ligand, adopting a
“boat” conformation or as a bridging n?m?-(Z,Z)-COD ligand, with a
“chair” conformation. Modifications of the metal-coordinated COD
ligand involving C-H activation as well as insertion into metal-hydride
bonds resulting into x':n3 binding modes (Figure 2.2).[22-29] The
“non-innocent” nature of a metal-bound COD ligand has also been
documented during the synthesis of Ir-complexes with N-heterocyclic
ligand.[29] However, examples of complexes with the non-chelating,
non-bridging 12-COD ligand are scarce.[30] The low coordination

number Ni(0) complex reported by Hofmann et al. has been shown to
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have an n?-COD ligand with a significantly elongated alkene bond
indicating a stronger Ni — (n?>-COD) bond.[30]

Different possible configurations and conformations of free
COD molecules have been the subject of several experimental and
theoretical investigations. Earlier the (Z,Z)-isomer has been shown to
be the predominant configuration with the “twisted-boat” as the most
stable conformer followed by the “chair” and “skew”
conformations.[31-37] In 2015, Kunz and co-workers investigated the
conformational interconversion of metal-bound COD ligand in an
“encapsulated” Ir(I) complex using NMR and computational

studies.[38]
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Figure 2.2 Reported «*,73-CgH12 and COD complexes.

In general, the final composition and structure of Ru-CNC
complexes depend on the Ru-precursor, reagents used for the carbene
generation as well as the type of wing-tip substituents on the N-
heterocycle. The substitution on the N-heterocycles of CNC pincer
ligands can influence the steric environment around the central metal
atom. Aromatic substituents are the most common examples reported
in the literature, while smaller, alkyl substituents are somewhat less

explored.
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We have recently started investigating the synthesis and
reactivities of complexes with pyridine—dicarbene CNC pincer ligands
having smaller alkyl substituents. We aimed to utilise the robustness
provided by the CNC pincer ligand, allowing the freedom to have a
variety of bulkier co-ligands. In this series we have prepared cationic
Ru(I)-CNC pincer complexes (CNC = 2,6-bis(1-methylimidazol-2-
ylidene)-pyridine), [Ru(CNC)(CO)(PPh3)CI]X [X = CI (1a), PFs (1b)],
[RU(CNC)(PPh3).CI1X [X = CI (2a), PFs (2b)], [Ru(CNC)(PPhz)2H]X
[X = CI (3a), PFs (3b)] [Ru(CNC)(n*n?>-COD)CI]X (COD = 1,5-
cyclooctadiene), [X = Cl (4a), PFs (4b)], [Ru(CNC)(n>-COD)CI;] (5),
[Ru(CNC)(DMSO).CIIX [X = CI (6a) and PFs (6b)], where the COD
ligand remains coordinated to the Ru in n?m?- and n?2-fashion in 4a/b

and 5, respectively.
2.2 Results and Discussion
2.2.1 Synthesis of Ru(11)-NHC Pincer complexes.

The imidazolium ligand precursor CNC-2HBr was prepared by the
reported procedure in literature [39] and characterized by *H and *3C
NMR spectra. The reaction of imidazolium precursor with Ag.0, in
methanol, affords silver-carbene complex, which undergoes
transmetallation with Ru-precursors in situ to give Ru-CNC complexes
(Scheme 2.1). When the silver-carbene complex was treated with the
[RUHCI(CO)(PPh3)3] precursor (Rul) for 24 h, la was obtained.
Spectroscopic data (3P NMR and LC-MS) of the crude reaction
mixture indicates that 2a and 3a are formed as a minor impurity during
the synthesis of 1a. The dissociation of the CO ligand and subsequent
coordination of the PPhs ligand, present in the solution, may result in
the formation of complex 2a. The complex 2a, subsequently,
undergoes chloride ligand substitution by a methoxy ligand generated
from methanol solvent followed by B-hydride elimination leading to
the synthesis of the hydride complex 3a. Compound 1b was

precipitated out by treating the crude reaction mixture of la with
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NHsPFs in methanol. The minor impurities from la and 1b were

removed upon precipitation followed by recrystallisation.

A similar reaction condition was used to synthesise 2a from
[RuCl>(PPh3)s] as the Ruthenium source (Ru2). However, the
synthesis of compound 2a is always accompanied by in situ
generations of 3a. Compound 2a was attempted to purify in the form
of 2b, by precipitation using NHsPFs. However, we are unable to
separate compound 3b from 2b, which also precipitated during the
anion exchange. The mixture of complexes 2a and 3a can be
converted to 3a, cleanly, as shown in scheme 2 (vide infra).
Spectroscopically pure 2a was obtained by alumina-gel
chromatography followed by recrystallization. Further, anion exchange
of 2a and 3a by precipitation using NH4PFs gives 2b and 3b,

respectively.

Similarly, [RuCI>(COD)]» and [RuCIl2(DMS0)4] was used as
the Ruthenium source (Ru3 and Ru4) for the synthesis of 4a and 6a.
Complexes 4b and 6b were precipitated out by treating the crude
reaction mixture of 4a and 6a with NH4PFg in methanol, respectively.
Complex 5 was also isolated during the crystallization of 4a from the

crude reaction mixture.

All the complexes are characterized by IR, Mass, and
multinuclear NMR spectroscopic techniques. In the *H NMR spectrum,
the ligand precursor CNC-2HBr exhibit a singlet at 10.59 ppm due to
imidazolium proton and the disappearance of this peak indicated the

carbene generation during complex formation.

The C=0 stretching frequency of 1956 cm™ and 1954 cm™ in
1a and 1b, respectively, are significantly larger than 1922 cm™ of Ru-
CNC pincer [17] and comparable with previously reported CNC
complexes 1952 cm™ and 1954 cm™.[40] Complex 1a showed signals
for ESI* LC-MS at m/z 632.12 and 666.08 assigned to [1la-2CI+H]"
and [1a-CI]*, respectively. 'H NMR of 1a and 1b are almost identical
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with the pyridine protons appearing as a doublet at 8.44 and a triplet

8.11 ppm, while two doublets are observed at 7.77 and 7.56 ppm for

the imidazol-2-ylidene protons. In the 3C NMR spectra, the carbene

carbon signals of 1a and 1b appear at 192 ppm. 3P NMR spectrum of

la and 1b showed peaks at 40.59 ppm and 43.27 ppm, respectively, for

PPhz ligand, comparable with previously reported NNN pincer

complexes.[41]
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Scheme 2.1 Synthesis of CNC pincer ruthenium complexes 1-6.

Compound 2a and 2b show ESI* LC-MS signal at m/z 900.00,

assigned to [2a/b-CI]".

In 'H NMR of 2a, one doublet and triplet

appear at 8.31 and 7.36 ppm for pyridine protons, whereas imidazol-2-
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ylidene protons were shown as two doublets at 7.49 and 7.06 ppm. In
the case of 2b, pyridine and imidazolium protons are slightly shifted to
downfield than 2a, however, methyl protons appear at the same value
3.59 ppm for both the complexes. Interestingly, 3P NMR spectra of
complexes 2a and 2b show two singlets at 31.79 ppm, 26.60 ppm and
31.70 ppm, 26.57 ppm, while no dissociation of PPhz was observed.
The signal at 26.60 ppm was ruled out to be due to O=PPhs by
recording the NMR after the addition of O=PPhs in the NMR sample
of 2a and 2b. These complexes are expected to exhibit one singlet in
the 3P NMR considering the same chemical environment for the two
phosphorus atoms. These two singlets in the 3!P NMR are attributed to
the generation of two species in solution due to the dissociation of the
coordinated chloride ligand. This assumption is confirmed by mass
analysis where ESI* LC-MS signal at m/z 432.59 is observed and
assigned to [2a-CI]?*/[2b-CI]?*".

ESI" LC-MS of the crude reaction mixture for the synthesis of
4a displayed signals at m/z 484.08 and 528.03 assigned to [4a]” with a
chloride or bromide ligand in the coordination sphere, respectively,
indicating that a mixture of complexes with both types of halides
coordinated to Ru is formed. Purification by crystallization gave pure
4a with chloride ligand. Analysis of the mass data for crude reaction
mixture also indicates no hydrogenation of the COD ligand under the
reaction conditions and no evidence of a complex similar to
[Ru(CNC)(Cyclooctene)(CO)(CDH]CI,[25] reported earlier. Mass
spectrogram of 4b is identical to that of la, indicating identical

cationic complex parts.

'H NMR of complex 4a and 4b are nearly identical with six
signals in the range 4.40-1.77 ppm for the COD ligand: two apparent
singlets for the alkene hydrogens and four multiplets for the “axial”
and “equatorial” hydrogens of two types of methylene groups. In
addition, signals for imidazol-2-ylidene and pyridine ring hydrogens as

well as N-methyl groups are also observed at expected chemical shifts.
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The *C NMR of 4a and 4b are also the same containing the expected
number of peaks with two signals for the methylene groups of the
COD ligand and one for the N-methyl of NHC ligand in the alkyl
region. The signal for carbene carbon is observed at 190.00 ppm for 4a
and 192.26 for 4b respectively. The presence of PFe” counterion in 1b

is confirmed by *'P NMR with a signal at 144 ppm.

Compound 6a show ESI* LC-MS signal at m/z 532.01 and
454.00, assigned to [6a]*and [6a-DMSO]* respectively. In 'H NMR of
6a, one doublet and triplet appear at 8.11 and 7.89 ppm for pyridine
protons whereas, imidazol-2-ylidene protons were shown as two
doublets at 7.71 and 6.79 ppm, respectively. In the *3C NMR spectra,
the carbene carbon signal of 6a appears at 184.66 ppm. Similarly, for
6b, pyridine protons appear at 8.60 and 8.38 ppm as a doublet and
triplet, respectively. Two imidazol-2-ylidene protons come as two
doublets at 8.21 and 7.34 ppm, respectively. The carbene carbon signal
of 6b appears at 184.61 ppm in the *C NMR spectra.

Complex 5 is characterised in the solid-state as crystals of 4a
and 5 were obtained from the same solution. Therefore, we believe that
a small fraction of 4a is converted to 5 as a result of a change in the
bonding mode of n%n?-COD to 1?>-COD and coordination of the
chloride counterion to the ruthenium, by keeping several days in
methanol/ether solvent (Scheme 2.2). However, in solution, only 4a is
present with an n2m2-COD ligand and chloride counterion.

Xy o N
P |
72 \CIN/\> MeOH/Et,0 </\N N 8 N/\>
<N\)\Rlu\/I\N -18 °C, Several days N)\Rl(j\\/I\N

/ iﬂj \ / @’C! \

(4a) (5)

Scheme 2.2 Isolation of [Ru(CNC)(n>-COD)Cl;], (5) during

crystallization.
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Metal mediated alkene isomerisation, including cis-trans
isomerisation, may be involved in solution during crystallisation. The
COD ligand is known to undergo metal-mediated C-H activation and
switch from n? to n! or an allylic n® and vice-versa.[22-29] Such a flip
may be operational in this case too resulting in the isolation of the
more crystalline 5 with n?-(E,Z)-COD ligand. During our investigation
of the mechanism (vide infra), the formation of n! or an allylic n® form

of COD ligand is indicated in the LC-MS.
2.2.2 Description of the crystal structures

The molecular structures of complexes 1a, 2a, 4a, 4b and 5 are
confirmed by X-ray crystal diffraction analysis. Complex la (Figure
2.1) are crystallized in an orthorhombic system with a P212:2; space
group while, 2a (Figure 2.2), 4a (Figure 2.3), 4b (Figure 2.4) and 5
(Figure 2.5) are crystallised in a monoclinic system with P21/c space
group and triclinic system with P-1 space group, respectively. The
ruthenium metal centre in all the complexes displays distorted
octahedral geometry. Selected bond lengths and angles of complexes
la, 2a, 4a, 4b and 5 are listed in Table 2.1.

Complex 1la crystallized with bromide ions from the crude
reaction mixture while the mass data of the purified samples indicated
chloride as the halide present in the coordination sphere. The
molecular structure of 1la consists of a six-coordinate Ru (II) centre
with Br~ and triphenylphosphine at the axial positions, CO trans to the
pyridine nitrogen atom, and CNC pincer ligand at the meridional site
(Figure 2.1). Another bromide ion is present in the lattice. The CNC
pincer ligand occupies three meridional sites with a C1-Rul-C10 angle
of 152.3 (4), shorter than the previously reported complexes.[40] The
bite angle (N3-Ru1-C10) of 76.8(4)" is similar to the complex reported
by Peris et. al.[44] The bond distances of Rul-C1 (2.051(9) A) and
Ru1-C10 (2.085(9) A) are comparable to the reported ruthenium NHC
carbene complexes 2.056(5) A and 2.062(5) A. The CO molecule is

present trans to the pyridine ring, and Ru-C(CO) bond length of
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1.875(13) A is equivalent to those reported in the literature.[17,40]
The C-O bond length of 1.114(13) A (Table 2.3) is comparable to
NNN-pincer (C-O, 1.105(6)A) [41] complex and slightly shorter than
the previously reported CNC complex (C-O, 1.152(6) A).[17]

Complex 2a also has distorted octahedral geometry in which
Ru (II) is surrounded by one CNC pincer ligand, two
triphenylphosphines, and one chloride ion (Figure 2.4). The two bulky
triphenylphosphines are situated trans to each other. The N3-Rul-C10
bite angle is 77.5(3)° and comparable to the previously reported
complexes. The bond distance of Rul-C1 (2.052 (6) A) (Table 2.3) is
similar to that in the complex la and comparable to the reported
complex (2.056 (5) A distance whereas Rul-C10 (2.094 (7) A was
slightly larger than the complex la and the previously reported
complex (2.062(5) A).[17] The Ru-P (Rul-P1, 2.370(1) A and Rul-
P2, 2.359(1) A) bonds in the case of 2a are slightly longer than the 1a
(Rul-P1, 2.342 (2) A) and previously reported complex (Rul-P1,
2.318 (2) A).[39]

Figure 2.3 Molecular structure of 1a with thermal ellipsoids drawn at the 50% level.
All hydrogen atoms and a bromide counter anion are omitted for clarity. Selected
bond lengths (A) and angles (°): Ru1-N3, 2.077(8), Rul-C1, 2.051(9); Ru1-C10,
2.085(9); Rul-C14, 1.875(13); Rul-P1, 2.342(2); Rul-Bril, 2.5727(13); C1-Rul-
C10, 152.3(4); N3-Rul-C10, 76.8(4); N3-Rul-P1, 90.7(2); C10-Rul-P1, 94.8(3);
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C1-Rul-Brl, 85.6(2); N3-Rul-Brl, 87.2(2); C10-Rul-Brl, 86.6(3); P1-Rul-Bri,
177.20(6).

Figure 2.4 Molecular structure of 2a with thermal ellipsoids drawn at the 50% level.
All hydrogen atoms and a chloride counter anion are omitted for clarity. Selected
bond lengths (A) and angles (°): Ru1-N3, 2.020(5), Rul-C1, 2.052(6); Rul-C10,
2.094(7); Rul-P1, 2.370(1); Rul-P2, 2.359(1); Rul-Cl1, 2.447(3); C1-Rul-C10,
156.1(3); N3-Ru1-C10, 77.5(3); N3-Rul-P1, 90.76(13); C10-Rul-P1, 89.68(15); C1-
Rul-Cl1, 97.80(19); N3-Rul-Cl1, 176.05(18); C10-Rul-Brl, 106.1(2); P1-Rul-CI1,
87.73(7); P2-Rul-Cl1, 89.12(7).
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Table 2.1 Crystal data and structural refinement parameters for 1a, 2a,

4a, 4b and 5.
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Table 2.2 Selected bond lengths and bond angles of 1a, 2a, 4a, 4b and

5
Complex Bond lengths (A) Bond Angles (°)
la Rul-C14 1.875(13) C1-Rul-N3 76.3(3)
Rul1-C1 2.051(9) C1-Rul-C10 152.3(4)
Ru1-N3 2.077(8) C10-Ru1-N3 76.8(4)
Ru1-C10 2.085(9) C1-Rul-P1 92.0(2)
Rul-P1 2.342(2) N3-Ru1-P1 90.7(2)
Rul-Brl 2.5727(13) C10-Rul-P1 94.8(3)
C1-Rul-Brl 85.6(2)
N3-Rul-Brl 87.2(2)
C10-Rul-Brl 86.6(3)
P1-Rul-Brl 177.20(6)
2a Rul-P2 2.359(1) P2-Rul-P1 176.01(5)
Rul-P1 2.370(1) P2-Rul-Cl1 89.12(7)
Rul-Cl1 2.447(3) P1-Rul-CI1 87.73(7)
Ru1-N3 2.020(5) N3-Ru1-P2 92.54(13)
Ru1-C10 2.094(7) N3-Ru1-P1 90.76(13)
Rul1-C1 2.052(6) N3-Ru1-Cl1 176.05(18)
N3-Ru1-C10 77.5(3)
N3-Rul-C1 78.6(3)
C10-Ru1-P2 88.84(15)
C10-Rul-P1 89.68(15)
C10-Rui-Cl1 106.1(2)
C1-Rul-P2 91.90(16)
C1-Rul-P1 90.96(16)
C1-Rul-Cl1 97.80(19)
C1-Ru1-C10 156.1(3)
4a Ru1-N3 2.045(4) N3-Ru1-C1 76.39(2)
Rul-C1 2.098(5) N3-Ru1-C10 75.84(2)
Ru1-C10 2.100(5) C1-Rul-C10 149.0(2)
Rul-C19 2.209(5) N3-Rul-Cl1 97.70(1)
Ru1-C14 2.210(5) C1-Rul-Cl1 84.73(2)
Rul-C18 2.214(6) C10-Rul-Cl1 85.66(1)
Rul-C15 2.226(5) N3-Ru1-Ccop) 17151
Rul-ClI1 2.4741(13) C1-Rul-Ccop) 104.34
C10-Rul-Cicopy 105.16
Cl1-Rul-Ccop) 90.78
N3-Rul-Ccop) 87.89
C1-Rul-Ccop) 97.46
C10-Rul-Cicop) 94.95
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Cl1-Rul-C(cop) 174.34
Ccon)-Ru1-C(cop) 100.40
4b Rul1-N1 2.066(4) N1-Rul-C10 75.78(17)
Rul-C10 2.116(4) N1-Rul-C1 75.82(17)
Rul-C1 2.118(4) C10-Rul-C1 148.0(2)
Rul1-C19 2.230(5) N1-Rul-Bri 99.61(11)
Rul-C15 2.231(5) C10-Rul-Brl 84.82(13)
Rul-C18 2.228(12) C1-Rul-Brl 85.71(13)
Rul-C14 2.224(5) N1-Ru1-C(con 171.35
Rul-Bri 2.5978(7) C1-Rul-Ccop) 105.10
C10-Rul-Ccop) 105.21
Br1-Ru1-Ccon 89.05
N1-Ru1-C(con 87.43
C1-Rul-Ccop) 97.08
C10-Rul-Ccop) 96.03
Br1-Rul-Ccon 172.88
C(cony-Ru1-Ccon) 83.92
5 Rul-CI2 2.477(2) N3-Rul-C1 78.9(3)
Rul-C14 2.215(11) N3-Ru1-C10 77.7(3)
Rul-Cl1 2.454(2) N3-Rul-Cl1 172.7(2)
Rul-C15 2.224(11) N3-Rul-CI2 84.6(2)
Ru1-N3 1.990(7) Cl1-Rul-CI2 88.12(9)
Ru1-C10 2.074(10) C1-Rul-CI2 84.9(3)
Rul-C1 2.056(10) C1-Rul-Cl1 99.9(3)
C1-Rul-C10 155.9(4)
Cl1-Rul-C(cop) 86.07
CI2-Rul-C(cop) 174.02
C1-Rul-Ccop) 94.59
C10-Rul-C(cop) 95.52
N3-Ru1-Ccon 101.17

Complex 5 is a rare example of complexes in which COD is
bound in a “non-bridging” n2-mode (Figure 2.7). The second chloride
ligand is coordinated trans to pyridine occupying the coordination site
after dissociation of one of the alkene bonds of the COD ligand. The
C=C bond length of COD (coordinated) in 5 is 1.376(16) A,
comparable to the corresponding distance of 1.389(7) in a Ni (0)
complex.[20] The free alkene C=C bond length is 1.474(16) A and has
E-configuration. Although there is some disorder in the non-

coordinated end of the COD ligand in the crystal structure of 5, the
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other bond lengths and bond angles in the COD unit support the
presence of an n?-(E,Z)-COD. This occurrence may be due to the metal
mediated cis-trans isomerization of Z to E-configuration. Additionally,
a close look at the crystal packing diagram of 5 shows the n?-(E,Z)-
COD ligand oriented vertically from the CNC-pincer ligand and may

be preferred in solid state due to better crystal packing.

Figure 2.5 Molecular structure of 4a with thermal ellipsoids drawn at the 50% level.
Hydrogen atoms and one chloride anion are omitted for clarity. Selected bond lengths
(A) and angles (°): Ru1-N3, 2.045(4); Rul-C1, 2.098(5); Ru1l-C10, 2.100(5); C14-
C15, 1.381(8); C18-C19, 1.392(8); Rul-Cl1, 2.4741(13); N3-Rul-C1, 76.40(2); N3-
Rul-C10, 75.84(2); C1-Rul-C10, 149.0(2), N3-Rul-Cl1, 97.70(1); C1-Rul-Cl1,
84.73(2); C10-Rul-Cl1, 85.66(1).
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Figure 2.6 Molecular structure of 4b with thermal ellipsoids drawn at the 50% level.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°):
Rul-N3, 2.066(4); Rul-C1, 2.118(4); Rul-C10, 2.116(4); C14-C15, 1.399(7); C18-
C19, 1.384(7); Rul-Brl, 2.4741(13); N3-Rul-Cl, 75.82(17); N3-Rul-C10,
75.78(17); C1-Rul-C10, 148.0(2), N3-Rul-Br1, 99.61(11); C1-Rul-Brl, 85.71(13);
C10-Rul-Br1, 84.82(13).

Figure 2.7 Molecular structure of 5 with thermal ellipsoids drawn at the 50% level.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°):
Ru1-N3, 1.990(7); Rul-C1, 2.056(10); Rul-C10, 2.074(10); C14-C15, 1.385(17);
C18-C19, 1.329(17); Rul-Cl1, 2.454(2); Rul-Cl2, 2.477(2); N3-Rul-C1, 78.9(3);
N3-Rul-C10, 77.7(3); C1-Rul-C10, 155.9(4); N3-Rul-Cl1, 84.6(2); N3-Rul-ClI2,
172.7(2).

2.2.3 Computational Studies

Intrigued by structural similarities between the n?-COD unit in the
crystal structure of 5 and the calculated structure [35] of free (E,Z)-
COD, we decided to investigate these structures using DFT. Geometry
optimisations were carried out using B97-3c composite functional,
which is a low-cost computational method and has been shown to
produce good geometries for organometallic compounds, at par with
other popular DFT methods.[43] In addition to the geometries starting
from solid-state structures of 4a and 5, unconstrained geometry
optimisations for several structures, isomeric to 5, with different

configurations and orientations for “twisted-boat” and“chair” n?-(ZZ) -
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COD ligand have also been carried out. The six calculated structures
for isomeric forms of 5 are depicted in Figure 2.8, along with their
relative energies. As expected, the calculated structures 5-TB, 5-TB’,
5-C and 5-C’ with “twisted-boat” and “chair” forms of n?-(Z,Z)-COD
ligand are energetically favoured compared to 5 and 5’ with n?-(E,Z2)-
COD ligand.

[(CNC)Ru(n-E,Z-COD)Cl;]  [(CNC)Ru(n?-E,Z-COD’)Cl,)
(5) 13.1 keal mol™? (5') 14.9 keal mol™?

[{CNC)Ru(n?-2,Z-COD™8)Cl,] [(CNC)Ru(n2-Z,2-COD™)CL,]
(5-TB) O kcal mol * (5-TB*) 1.7 kcal mol™?

[{CNC)Ru(n2-Z,Z-coDC)Cl,]  [(CNC)Ru(n?-Z,Z-COD)Cl,)
(5-C) 1.5 keal mol! (5-C’) 4.3 keal mol!

Figure 2.8 Calculated structures and relative Gibbs free energies (at
298.15 K) for isomeric forms of 5. TB and C indicate “twisted boat”

and “chair” conformers of the COD ligand, respectively. Structures 5’,
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5-TB’ and 5-C’ have the COD ligand rotated, by 180°, along with the
Ru-(C=C) bond axis.

The small difference in relative energies for structures 5-TB, 5-
TB’, 5-C and 5-C’ are in line with previous studies on different
conformers of the free COD molecule. The interconversions of the
twisted-boat and chair forms of (Z,Z)-COD have been investigated
earlier with the estimated Gibbs free energy of activation for three

distinct paths ranging between 4-6 kcal mol™.[35]

Table 2.3 Selected bond lengths (A) and angles (°) for 4a and 5
obtained from single-crystal X-ray diffraction and DFT studies.

Bond Parameter 4a 5
X-ray DFT® X-ray DFT?
Ru1-N3 2.045(4) 2.038 1.990(7) 1.972
Rul-C1 2.098(5) 2.084 2.056(10) 2.041
Rul-C10 2.100(5) 2.086 2.074(9) 2.041
C14-C15 1.381(8) 1.400 1.385(17) 1.416
C18-C19 1.392(8) 1.393 1.329(17) 1.331
Ru1-Cl1 2.4741(13) 2.475 2.477(2) 2.494
Rul-CI2 -- -- 2.454(2) 2.490
N3-Ru1-C1 76.40(2) 76.1 78.9(3) 78.4
N3-Ru1-C10 75.84(2) 75.8 77.3(3) 78.4
C1-Ru1-C10 149.0(2) 1474 155.9(4) 154.8
N3-Rul-CI1 97.70(1) 98.5 84.6(2) 87.6
N3-Rul-CI2 -- -- 172.7(2) 175.7
C1-Rul-Cl1 84.73(2) 835 87.2(3) 84.6
C10-Rul-Cl1 85.66(1) 84.6 84.9(3) 84.7
C1-Rul-CI2 -- -- 102.6(2) 101.4
C10-Rul-CI2 -- -- 99.9(3) 101.0

Calculated with B97-3c composite functional.

Calculated structures of the cationic complex part of 4a and 5-
C’ are shown in Figure 2.9 with their relative Gibbs free energies. The
zero-point corrected bond dissociation energy (BDE) for the
dissociation of labile alkene (trans to pyridine nitrogen) in 4a* to give

5-C’* is obtained from these calculations as 24.8 kcal mol™. Similarly,
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the bond dissociation energy for the dissociation of chloride ligand in

5-C’ to give the same species 5-C** is obtained as 23.3 kcal mol™.

v .
[RU(CNC)(n*-CODICI]* (4a") [RU(CNC)(n?-2,2-COD% )Cl)* (5-C**)
0 keal mol™ 21.3 keal mol?

Figure 2.9 Calculated structures and relative Gibbs free energies (at
298.15 K) of cationic complex 4a* and 5-C’*.

2.3 Conclusions

In summary, we have investigated the synthesis and characterisation of
ruthenium pincer complexes [Ru(CNC)(CO)(PPh3)CI]X [X = CI" (1a),
PFs (1b)], [Ru(CNC)(PPh3):CI]X [X = CI" (2a), PFes (2b)], and
[RU(CNC)(PPhs)2(H)]X [X = CI" (3a), PFs (3b)], [Ru(CNC)(n%n?-
COD)CIIX [X =CI (4a), PFe (4b)] [Ru(CNC)(DMSO)CIIX [X =CI
(6a), PFs” (6b)] and [Ru(CNC)( n?>-COD)Cl;] (5) with an n?-(E,Z)-
COD ligand. In the case of 4a, Ru-C(COD) bond trans to pyridine is
weaker and labile than the Ru-C(COD) bond trans to halide which
allows the coordination of COD to the Ru in n%n?-manners (4a) and
n?-manners (5). DFT studies indicate that the n?-COD ligand should
exist in (Z,Z) configuration in solution and (E,Z) configuration may
only be favoured in solid state due to crystal packing. containing a

“pyridine-dicarbene” pincer ligand.
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2.4 Experimental
2.4.1 General procedure

All reactions and manipulations were carried out under an inert
atmosphere using the standard Schlenk technique. Solvents were
purchased from S. D. Fine-Chem Limited and purified by distillation
under an inert atmosphere. [RUHCI(CO)(PPh3)3],[46]
[RUCl>(PPhgz)z],[47] [RuCl2(COD)]n[48] and[RuCl,(DMSO)4] [49]
were prepared by following the literature procedure using
RuCls-3H20. Deuterated dimethyl sulphoxide was purchased either
from EURISOtop or Aldrich Chemical Co. NMR spectra were taken
on Bruker Avance (l11) spectrometer operating at 400 MHz (*H), 162
MHz (3'P), and 100 MHz (*3C). NMR chemical shifts are reported in
ppm and referenced to the solvent peaks for *H (DMSO-d®, § 2.54
ppm) and BC (natural abundance of *C in DMSO-d®, § 40.45 ppm)
NMR. 3P NMR chemical shifts are referenced to an external 85%
H3PO4 standard as 0 ppm. The mass chromatograms were recorded on
Bruker-Daltonics-microTOF-QII mass spectrometer. GC Samples were

analysed in Shimadzu QP2010 Ultra, without an internal standard.
2.4.2 Synthesis of [Ru(CNC)(CO)(PPh3)CI]CI, 1la

An oven dried Schlenk tube with the magnetic stirring bar was charged
with the ligand precursor CNC-2HBr (0.200 g, 0.5 mmol) and dried
under vacuum at 100 °C for 2 hours. The Schlenk tube was cooled to
room temperature under the N2 atmosphere. Dry methanol (10mL) was
added, followed by Ag.O (0.116 g, 0.5 mmol) and stirred at room
temperature in the dark, covered with aluminium foil. After 30 min, a
white precipitate had formed, and [RuHCI(CO)(PPhs)s] (0.477 g, 0.5
mmol) was added to the reaction mixture. The reaction mixture was
heated at 60 °C for 24 h, which results in a brown colour solution with
some residue. The reaction mixture was filtered through celite, and the
filtrate was reduced in volume (2 mL) followed by the addition of

diethyl ether (5 mL). The compound precipitated out as a yellow solid.
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The X-ray quality crystals of 1a with bromide as the halide ligand were
obtained by slow diffusion, at -18 °C, of diethyl ether in acetonitrile
solution of the crude reaction mixture. Yield: 0.180 g (40 %). *H NMR
(400 MHz, DMSO-d®, § in ppm): 6 8.44 (d, J = 2.2 Hz, 2H), 8.11 (t, J
= 8.1 Hz, 1H), 7.77 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 2.2 Hz, 2H), 7.39
—7.31 (m, 3H), 7.25 (td, J = 7.7, 2.1 Hz, 6H), 6.94 (dd, J = 10.5, 7.8
Hz, 6H), 3.59 (s, 3H).; °C NMR (DMSO-DS, § in ppm): 192.34,
149.78, 140.41, 132.99, 132.59, 131.98, 129.77, 128.34, 124.54,
118.41, 106.33, 38.01; 3P NMR (DMSO-d®, § in ppm): 42.94; IR (cm’
1: C=0 (1955.77); LCMS: [M]* 666.08, [M-Cl+H] - 632.10, LCMS:
[PFe]” - 144.96, HRMS for [M]" [Cs2H2sCINsOPRu] Calculated —
666.0763, Found — 666.0783; Anal. Calcd. For [C32H2sCINsOPRU]CI:
C59.12, H 4.34, N 10.77 Found: C 59.47, H 4.76, N 11.06.

2.4.3 Synthesis of [Ru(CNC)(CO)(PPh3)CI]PFs, 1b

To a solution of 1a (0.100 g, 0.13mmol) in 2 mL of methanol, add
NHsPFs (0.220 g, 0.13 mmol) and stirred for 30 min at room
temperature. A yellow precipitate of 1b slowly comes out and on
cooling at 0°C some more precipitation occurred. Yield: 0.035g (31%).
'H NMR ((400 MHz, DMSO-d®, & in ppm): 5 8.37 (d, J = 2.4 Hz, 2H),
8.11 (t, J =8.1 Hz, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 2.2 Hz,
2H), 7.36 (t, 3H), 7.25 (td, J = 7.7, 2.2 Hz, 6H), 6.96 (dd, 6H), 3.61 (s,
3H); 3C NMR (DMSO-d®, § in ppm): 192.06, 149.50, 140.49, 132.78,
132.39, 131.93, 129.55, 127.93, 124.52, 118.02, 106.14, 37.82; 3p
NMR (DMSO-d®, § in ppm): 43.27, 143.87; IR (cm™): C=0 (1954.21);
LCMS: [M]* 666.08, [M-CI+H] - 632.11, LCMS: [PFe] - 144.96,
HRMS for [M]" [C32H2sCINsOPRu] Calculated — 666.0763, Found —
666.0807; Anal. Calcd. For [C32H2sCINsOPRU]PFs: C 47.39, H 3.48,
N 8.63 Found: C 47.74, H 3.87, N 8.95.
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2.4.4  Synthesis of [Ru(CNC)(PPh3):CIICI, 2a and
[RU(CNC)(PPhs)2H]ClI, 3a

A similar procedure was followed as with 1a except [RuClz(PPhs)s]
(0.480 g, 0.5 mmol) was added in place of [RUHCI(CO)(PPhsz)s3]. The
solvent was reduced in volume (2 mL) followed by the addition of
diethyl ether (5 mL) resulting in the precipitation of the compound
which was filtered and dried under vacuum. Further, the crude solid
was purified by column chromatography using neutral alumina with
eluting solvent [(hexane/CH2Cl2)/CH30H] [(1:1):5] and
[(hexane/CH.CI,)/CH30OH] [(1:1):7] affords 3a and 2a as a solid. The
X-ray quality crystals of 2a were obtained by slow diffusion of diethyl
ether in acetonitrile solution at -18 °C.

Compound 2a: Yield: 0.155 g (25%). *H NMR (DMSO-d®, 500MHz,
8 in ppm): & 8.31 (d, J = 2.2 Hz, 2H), 7.49 (d, J = 2.1 Hz, 2H), 7.36 (t,
J=75Hz, 1H), 7.29 (t, J = 7.4 Hz, 6H), 7.18 — 7.12 (m, 12H), 7.06 (d,
J = 8.2 Hz, 2H), 7.04 — 7.00 (m, 12H), 3.59 (s, 3H).; 3C NMR
(DMSO-D®, & in ppm): 188.91, 152.10, 132.92, 132.13, 129.19,
127.69, 125.53, 117.83, 105.22, 48.28, 36.73; *'P NMR (DMSO-d®, &
in ppm): 31.79, 26.60. LCMS: [M]* 900.17, [M-CI]?* 432.59, LCMS:
[M]-144.9636, HRMS for [M]" [CasHa3CINsP,Ru] Calculated —
900.1730, Found —900.1714; Anal. Calcd. For [Ca9H43CINsP2RuU]CI: C
62.89, H 4.63, N 7.48 Found: C 63.14, H 4.89, N 7.72.

Compound 3a: Yield: 0.058 g (10%).'H NMR (400 MHz, DMSO-d®):
58.35(d, J =2.3 Hz, 2H), 7.84 (t, J = 8.0 Hz, 1H), 7.61 (d, J = 7.9 Hz,
2H), 7.28 (t, J =7.4 Hz, 6H), 7.25 (d, J =2.2 Hz, 2H), 7.18 (t, J = 7.6
Hz, 12H), 6.85 — 6.70 (m, 12H), 2.46 (s, 6H), -8.88 (t, J = 27.0 Hz,
1H); 13C NMR (DMSO-D®, § in ppm): 198.09, 149.75, 135.85, 131.66,
128.89, 127.71, 123.92, 117.19, 104.11, 48.43, 35.82; 3P NMR
(DMSO-d®, § in ppm): 52.10. LCMS: 866.17 [M]*. HRMS for [M]*
[Ca9H4sNsP2Ru] Calculated — 866.2123, Found — 866.2125; Anal.
Calcd. For [CagHasNsP2RU]CI: C 65.29, H 4.92, N 7.77 Found: C

65.57, H 5.27, N 8.06.
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2.4.5 Synthesis of [Ru(CNC)(PPhs)2CI]PFs, 2b

To a solution of 2a (0.100 g, 0.11 mmol) in 2 mL of methanol, add
NHsPFs (0.190 g, 0.11 mmol) and stirred for 30 min at room
temperature. A yellow precipitate of 2b slowly comes out and on
cooling at 0 °C some more precipitation occurred. Yield: 0.034 g (29
%).'H NMR (DMSO-d®, & in ppm): *H NMR (500 MHz, DMSO-d®) &
8.22 (d, J = 2.2 Hz, 2H), 7.46 (d, J = 2.4 Hz, 2H), 7.36 (t, J = 8.1 Hz,
1H), 7.29 (t, J = 7.5 Hz, 6H), 7.19 — 7.12 (m, 12H), 7.06 — 6.99 (m,
12H), 6.98 (d, J = 4.00 Hz, 2H), 3.59 (s, 3H); 3C NMR (DMSO-D®, §
in ppm): 188.74, 152.09, 132.93, 132.13, 129.18, 127.55, 125.58,
117.75, 105.16, 48.29, 36.72; 3P NMR (DMSO-d®, § in ppm): 31.70,
26.57, -144.18. LCMS: [M]* 900.18, [M-CI]** 432.60, LCMS: [M]-
144,96, HRMS for [M]" [Ca9H43CINsP2Ru] Calculated — 900.1730,
Found — 900.1739; Anal. Calcd. For [C49H43CINsP2Ru]PFs: C 56.30, H
4.15, N 6.70 Found: C 56.47, H 4.42, N 7.21.

2.4.6 Synthesis of [Ru(CNC)(PPhs)2H]ClI, 3a from 2a

Complex 2a was added (0.200 g, 0.21 mmol) in a Schlenk tube
followed by K2COs (0.029 g, 0.21 mmol), and then 'PrOH was injected
via the syringe. The reaction mixture was refluxed at 85 °C for 15 h.
The colour of the reaction mixture was changed from greenish-brown
to brown orange. After the completion of the reaction, the mixture was
filtered, and the solvent was evaporated under a reduced vacuum to
afford a brown solid. The Solid was washed with diethyl ether and
dried under a vacuum. The complex was obtained with a 77.8% yield.

2.4.7 Synthesis of [Ru(CNC)(PPhs)2H]PFs, 3b

To a solution of 3a (0.100 g, 0.11 mmol) in methanol, NH4PFs was
added and stirred for 30 min at room temperature. A precipitate of 3b
slowly comes out and on cooling at 0 °C some more precipitation of
[RU(CNC)(PPhs)2(H)]PFs occurred. Yield: 0.060 g (54%). *H NMR
(400 MHz, DMSO-d®): & 8.31 (d, J = 4.0 Hz, 2H), 7.85 (t, J = 8.1 Hz,

1H), 7.58 (d, J = 8.5 Hz, 2H), 7.28 (t, J = 7.5 Hz, 6H), 7.24 (d, J = 4.00
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Hz 2H), 7.18 (t, J = 7.6 Hz, 12H), 6.90 — 6.64 (m, 12H), 2.47 (s, 2H), -
8.86 (t, J = 27.0 Hz, 1H); *C NMR (DMSO-D®, § in ppm): 201.28,
149.43, 135.54, 131.38, 128.55, 127.41, 123.56, 116.80, 103.74, 47.11,
35.50; %P NMR (DMSO-d®, § in ppm): 51.91, -144.15. LCMS:
866.20 [M]". HRMS for [M]"* [CasH4sNsP2Ru] Calculated — 866.2123,
Found — 866.2168; Anal. Calcd. For [Cs9H4sNsP2Ru]PFs: C 58.22, H
4.39, N 6.93 Found: C 58.63, H 4.81, N 7.25.

2.4.8 Synthesis of [Ru(CNC)(n%:n2-COD)CI]CI, 4a

Similar procedure was followed as with 1la except [Ru(COD)CI;]n
(0.141 g, 0.5 mmol) was added in place of [RuHCI(CO)(PPhs)z]. The
solvent was reduced in volume (2 mL) followed by the addition of
diethyl ether (5 mL) resulting in the precipitation of dark brown
colored compound which was filtered and dried under vacuum.
Further, the resulting precipitate was dissolved in the minimum amount
of methanol, layered with diethyl ether, and kept at -18 °C to afford X-
ray quality brown crystals. Yield: 0.150 g (58%). *H NMR (DMSO-d°,
d in ppm): 8.76 (d, J = 5.00 Hz, 2H), 8.31 (t, J = 10.00 Hz, 1H), 8.16
(d, J = 10.00 Hz, 2H), 7.90 (d, J = 5.00 Hz, 2H), 4.40-4.37 (m, 2H,
COD), 4.32 (s, 6H), 2.67-2.34 (m, 2H, COD), 2.18-2.12 (m, 2H,
COD), 1.98-1.81 (m, 4H, COD), 1.94-1.77 (m, 2H, COD); C NMR
(1a) (DMSO-d®, & in ppm): 190.05, 149.81, 141.47, 127.83, 118.30,
107.61, 81.81, 79.17, 37.07, 30.51, 30.23; LCMS: [M(CD]" - 484.08,
[M(B)]* - 528.03, HRMS for [M(CI)]*, [C21H2sCINsRu] Calculated -
484.0839, Found — 484.0825.

2.4.9 Synthesis of [Ru(CNC)(n?:n>-COD)CI]PFs, 4b

To a solution of crude 4a (0.100 g, 0.19 mmol) in 2 mL of methanol
was added NH4PFs (0.031 g, 0.19 mmol) and stirred for 30 min at
room temperature. A brown precipitate of 4b slowly comes out and on
cooling at 0 °C some more precipitation occurred. The X-ray quality
crystals of 4b were obtained with bromide ligand by slow diffusion of
diethyl ether in acetonitrile solution at -18 °C. Yield: 0.030g (24%). 'H
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NMR (DMSO-d®, & in ppm): 8.63 (d, J = 4.00 Hz, 2H), 8.31 (t, J =
8.00 Hz, 1H), 8.05 (d, J = 8.00 Hz, 2H), 3 7.85 (d, J = 4.00 Hz, 2H),
4.40 (M, 2H, COD), 4.32 (s, 6H), 2.71-2.80 (m, 2H, COD), 2.18-2.13
(m, 2H, COD), 1.95-1.92 (m, 4H, COD), 1.86-1.82 (m, 2H, COD); 3C
NMR (DMSO-d®, & in ppm): 192.26, 150.13, 141.63, 128.11, 118.24,
107.44, 81.90, 79.34, 37.22, 30.51, 30.24; 3P NMR (DMSO-d®, § in
ppm): 144.17. LCMS: [M(CI)]*- 484.08, [M(Br)]*- 528.03, LCMS:
[PFe]-144.96, HRMS for [M]* [C21H2sCINsRu] Calculated - 484.0839,
Found - 484.0853.

2.4.10 Synthesis of [Ru(CNC)(DMSO):CI]CI, 6a

Similar procedure was followed as with 1la except [RuCl,(DMSO)4]
(0.244 g, 0.5 mmol) was added in place of [RuCl2(COD)y]. The solvent
was reduced in volume (2 mL) followed by the addition of diethyl
ether (5 mL) resulting in the precipitation of yellow colored compound
which was filtered and dried under vacuum. Yield: 0.138 g (49%). H
NMR (DMSO-d®, § in ppm): & 8.11 (d, J = 5.00 Hz, 2H), 7.89 (t, J =
10.00 Hz, 1H), 7.71 (d, J = 10.00 Hz, 2H), 6.79 (d, J = 10.00 Hz, 2H),
3.60 (s, 3H), 3.52 (s, 3H), 2.81 (s, 6H), 2.69 (s, 6H).; *C NMR
(DMSO-d®, § in ppm): & 184.66, 153.95, 140.63, 125.80, 118.93,
106.78, 45.41, 45.24, 36.40, 34.82.; LCMS: [M-DMSO]" - 454.00,
[M]" - 532.01, HRMS for [M]", [C17H25CINsRuO2S2] Calculated -
532.0176, Found — 532.0201.

2.4.11 Synthesis of [Ru(CNC)(DMSO):CI]PFs, 6b

To a solution of crude 6a (0.100 g, 0.17 mmol) in 2 mL of methanol
was added NH4PFs (0.029 g, 0.17 mmol) and stirred for 30 min at
room temperature. A bright yellow precipitate of 6b slowly comes out
and on cooling at 0 °C some more precipitation occurred. Yield:
0.070g (21%). *H NMR (DMSO-d®, § in ppm): & 8.60 (d, J = 5.00 Hz
2H), 8.38 (t, J = 10.00 Hz, 1H), 8.21 (d, J = 10.00 Hz, 2H), 7.34 (d, J =
10.00 Hz 2H), 4.18 (s, 3H), 4.01 (s, 3H), 2.81 (s, 6H), 2.60 (s, 6H).;
13C NMR (DMSO-d®, & in ppm): 184.61, 153.78, 140.42, 124.65,
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116.75, 118.81, 106.36, 45.20, 45.05, 36.23, 34.66; *'P NMR (DMSO-
d®, § in ppm): 144.18. [M-DMSQ]" - 454.02, [M]" - 532.21, HRMS for
[M]*, [C17H25CINsRUO2S>] Calculated - 532.0176, Found — 532.0211.

2.4.12 X-ray data collection and structure refinement

Single crystal X-ray data of compounds 1la, 2a, 4a, 4b and 5 were
collected on the Rigaku Oxford Diffractometer using graphite-
monochromated Mo Ka radiation (A = 0.7107 A). The data collection
was evaluated with the help of CrysAlisPro CCD software. Data
collections for all complexes were carried out at room temperature.
Final refinement included atomic positions for all the atoms,
anisotropic thermal parameters for all the non-hydrogen atoms, and
isotropic thermal parameters for all the hydrogen atoms. Full matrix
least-squares refinement against |F2| was carried out using the WinGx
package of programs.[50] In 5, the disordered lattice chloride ion was
refined by splitting them into two parts without fixing any site
occupancy factor (sof). The occupancies of the split atoms were
refined by means of a free variable. Details of the structural parameters
and final refinements for the compounds are given in Table 1, 2, 3 and

4, respectively.
2.4.13 DFT calculations

DFT calculations were performed using ORCA 4.2.1 program
package.[51,52] Geometry optimizations were carried out in methanol
solution with  SMD solvation model using B97-3c composite
functional developed by Grimme and co-workers.[53,54] Default
settings of ORCA program, i.e., def2-mTZVP basis set on all atoms
with def2-ECP on Ru atom, the resolution of identity (RI)
approximation to speed up the calculations with def2-mTZVP/J
auxiliary basis set, and Grimme’s D3, atom-pairwise dispersion
correction with the Becke-Johnson damping scheme (D3BJ) dispersion
corrections were used during the geometry optimizations. Analytical

vibrational frequency calculations were carried out at the same level of
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theory as for the optimizations to validate that the optimized structures
correspond to minima or transition states of the potential energy
surface. Enthalpies and Gibbs free energies at T=298.15 K were
obtained from the frequency calculations. Single-point energy
calculations were performed at the optimized geometry using B97M
density functional and def2-TZVP all-electron basis set for all atoms
except Ru for which def2-QZVP was used with def2-ECP.[55-57] The
resolution of identity chain of sphere (RIJCOSX) was used with its
corresponding auxiliary basis, def2/J, as implemented in ORCA to
improve the calculations efficiency.[58] Dispersion effects were
treated again in the Grimme's DFT-D3 framework with Becke—
Johnson damping (D3BJ).[59-61] The grids used were “grid5” and the
default “gridX” as implemented in ORCA for final single point energy
calculations. The electronic energies obtained from single point energy
calculations were converted to Gibbs free energies using the total
corrections obtained for the thermochemical analysis performed at
B97-3c level.
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2.4.14 Characterization of metal complexes
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Figure 2.10 *H NMR spectrum of 1a
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Figure 2.11 3'P NMR spectrum of 1a
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Chapter 3

Catalytic Transfer Hydrogenation and Dehydrogenation
of ketones and alcohols using Ru(ll)-NHC Pincer

Complexes

3.1 Introduction

Hydrogenation/dehydrogenation reactions play an important
role in synthetic organic chemistry, and such reactions involving
oxygenated compounds are particularly useful for manufacturing
agrochemicals, pharmaceuticals, foods, and fuels.[1-2] Metal-
catalyzed hydrogenations are a potent and practical approach for
reducing ketones to secondary alcohols.[3-13] While hydrogenation
with Hz is a non-polluting reaction, however, takes a long time to
complete. Transfer hydrogenation (TH) is an atom-efficient catalytic
process and does not require the use of dangerous molecular hydrogen
or high-pressure equipment. The catalyst can construct a hydride and
abstract proton from the hydrogen donor and transfer it to the ketone's

carbonyl moiety.[3,4-6]

From an economic and environmental perspective, catalytic
processes have a clear advantage over stoichiometric reactions.
Traditionally, which reactions have been carried out using high
hydrogen pressure or a stoichiometric amount of hazardous reagents,
various additives, and co-catalysts, often eliminate copious waste.[2]
On the other hand, transfer hydrogenation and acceptorless
dehydrogenation are two of the most atom-efficient ways to access

valuable intermediates and various organic transformations.[11-13]
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Figure 3.1 Reported ruthenium pincer complexes for Transfer

hydrogenation of ketones.

Typically, these reactions require high temperatures, in the
range of 100-140 °C, and long reaction times of 24-72 h, although
milder reaction conditions have also been reported recently.[16-18] In
2004, Milestein and co-workers reported an electron-rich, bulky
ruthenium PNP pincer complex (Figure 2.2), which was found to be
very efficient for catalytic acceptorless alcohol dehydrogenation
(AAD). Similarly, ruthenium and osmium CNN pincer complexes can
also be used for the dehydrogenation of secondary alcohol under

acceptorless reaction conditions at 130 °C (Figure 2.2).

The high temperature required for these reactions are generally
detrimental to the selectivity of the reactions, e.g., at higher
temperatures, the selectivity between primary and secondary alcohol
present in the same molecule is lost. Therefore, there is a need to
explore active catalysts or new processes that can work at low
temperatures with a range of substrates. Microwave radiation has
revolutionized chemical reactions and is widely exploited in various
organic syntheses, to reduce the reaction time drastically.[19-21]
Condensation between an aldehyde or/and ketone with amines to
synthesize imines using microwave heating has been described in the
literature; however, microwave-assisted AAD reaction has not been

explored.
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dehydrogenation of alcohols

Ruthenium pincer complexes are of significant interest as
catalysts as they are readily available in different stable oxidation
states and coordination geometries viz. square pyramidal, trigonal-
bipyramidal, and octahedral.[25-28]

2y
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Figure 3.3 Cationic Ru(I1)-CNC pincer complexes in this study.

Ru(Il) complexes bearing pincer ligands have been well
studied, however, complexes with CNC-pincer ligands are less
explored for the transfer hydrogenation of ketones and acceptorless
dehydrogenation of alcohols.[1,22] Therefore, it is worth exploring the
reactivity of Ru(ll) CNC pincer complexes for these transformations.
Herein, we report the application of Ruthenium-CNC pincer
complexes [Ru(CNC)(CO)(PPhs)CI]PFs (1b), [Ru(CNC)(PPhs3).CI]PF¢
(2b), [Ru(CNC)(PPhs);H]PFs (3b), [Ru(CNC)(n*n>-COD)CI]PFs
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(4b), and [Ru(CNC)(DMSO).CI]PFs (6b) for transfer hydrogenation of

ketones and acceptorless dehydrogenation of alcohols.
3.2 Results and Discussion
3.2.1 Catalytic application in transfer hydrogenation

Ruthenium complexes 1b, 2b, 3b, 4b, and 6b were used as catalysts
for the transfer hydrogenation (TH) of ketones using isopropanol, and
the reaction was monitored by gas chromatography without internal
standard. Initially, the transfer hydrogenation of cyclohexanone in
refluxing isopropanol was selected as a model reaction to evaluate the
catalytic activity of complexes. Using 2 mmol of ketone, 1 mol% of
catalyst, and 1 equivalent of sodium iso-propoxide (NaO'Pr) as base
complex 1b showed higher catalytic activity than other complexes viz:
2b, 3b, 4b, and 6b resulting in >99 % conversion of cyclohexanone in
30 min (Table 3.1, entry 2).

Table 3.1 Optimisation table of different catalysts

O 1 mol% catalyst, OH

1 eq. Base
'PrOH, 82 °C,
Time (t min)

Entry? | Catalyst | Base | Time | Conversion®(%) | TON/TOF
(min) ()
1. 1b | NaO'Pr| 15 85 85/340
2. 1b | NaO'Pr| 30 >99 99/198
3. 2b NaO'Pr | 30 61 61/122
4. 3b  [NaOPr| 30 72 72/144
5. 4b NaO'Pr | 30 80 80/160
6. 6b NaO'Pr | 30 56 56/112
7. 1b NaOH 15 55 55/220
8. 1b NaOH 30 79 79/158
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9. 1b KOH | 15 71 71/284
10. 1b KOH | 30 74 74/148
11. 1b | KOBu | 15 - -

12. 1b | KOBu | 30 78 78/156
13. 1b | NaOPr| 15 48° 96/384
14. 1b | NaO'Pr| 30 51° 102/204

aReaction conditions: Ketone (2.0 mmol), Catalyst([Ru] 1 mol%),NaOPr(1 eq.),
iPrOH (5 mL), at 82 °C under a slow N flow. "Determined by gas chromatography
without internal standard. Catalyst([Ru] 0.5 mol%). TON = (Number of moles of
substrate converted)/(Number of moles of catalyst), at the end of the reaction. TOF =
[(TON)/ hour].

Under similar conditions, complex 2b, 3b, 4b and 6b exhibited
slightly lower catalytic activity with 61%, 72%, 80%, and 56%
conversions, respectively (Table 3.1, entries 3, 4, 5 and 6). Further, the
effect of various bases e.g., NaOH, KOH, KO'Bu in different time
intervals (15 min and 30 min) with complex 1b were also studied
(Table 3.1, entries 7-12). The conversion of cyclohexanone to
corresponding alcohol was achieved in 79%, 74%, and 78% in 30 min
(Table 3.1, entries 6, 8, and 10) and 55%, 71%, and 0% in 15 min
(Table 3.1, entries 5, 7 and 9) using the bases NaOH, KOH, and
KO'Bu, respectively, indicating there is a significant induction period
for catalysis with KO'Bu. As the results, ruthenium complex 1b (1
mol%) as catalyst and NaO'Pr as a base in isopropanol under reflux

temperature were chosen as suitable reaction conditions.

The scope of catalyst 1b was then examined using various
ketone substrates to establish the generality of the reaction. Several
ketone derivatives with aliphatic and aromatic substituents, as well as
both the electron-donating and withdrawing substituents were
investigated (Table 3.2). Aliphatic cyclic ketones (Table 3.2, entries
1,3) gave good to moderate conversions in 30 min and 1 hour,

however, the reaction proceed comparatively slowly in the case of
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aliphatic acyclic ketone (Table 3.2, entry 2). For aromatic ketones, the
yield varies from 58-99% in one hour (Table 3.2, entries 4-10). The
electron-withdrawing substituents like Br at the para position (Table
3.2, entry 5) showed comparable conversion to acetophenone but in the
case of chloro (Table 3.2, entry 5) reactivity of reaction was slightly

decreased.

Table 3.2 Transfer hydrogenation of various ketones with catalyst 1b

Entry? Reactant Product % Conv.” at TON/TOF(h™Y)
the time
(Isolated
yield®)
0.5h 1h
1 <:>:O QOH >09 - 98/196
(98)
: m )\)OU\ “ 7 o
(30)
3. 0 OH 65 80 62/62
T
m 0 OH 80 | >99 95/95
QX X =)
3 5 oH| 60 97 75175
(75)
5 0 OH| 58 | 84 80/80
cl C"®‘<
(80)
= ) OH| 32 | 58 45/45
~ O e
5 0 OH 24 68 53/53
oo .
) o) OH 12 73 67/67
*
10. o) OH 70 83 64/64
Lo, oa, e

[y
=
o



3Reaction conditions: Ketone (2.0 mmol), 1b ([Ru] 1 mol%),NaOPr(1 eq.), 'PrOH (5
mL), at 82 °C under a slow N, flow for 0.5 and 1h. Determined by gas
chromatography without internal standard. Clsolated yields. TON = (Number of
moles of substrate converted)/(Number of moles of catalyst), at the end of the
reaction. TOF = [(TON)/ hour].

Subsequently, the electron-donating methyl substituents at para
and meta positions (Table 3.2, entries 7, 8) relatively decelerated the
rate of transfer hydrogenation. Benzophenone was reduced in 1h with
73% conversion, whereas 4,4’-dichlorobenzophenone gave 83%
conversion (Table 3.2, entries 9, 10). For the unexpected high
reactivity of benzophenone, we believe that after the dissociation of
one PPhs ligand the steric environment around Ru-center is not so
crowded to prevent its coordination to the Ru. Further, the bulkiness of
the product may be helpful in the dissociation from the catalyst which
can, then, start another catalytic cycle. The alcohols were isolated in
good to excellent yield after column chromatography as reported in
Table 3.2.

A plausible mechanism for transfer hydrogenation is shown in
Scheme 3.2, with complex 2b as the catalyst precursor and 3b as the
Ru-hydride intermediate. A similar mechanism may also be suggested
to be operating during the catalysis with 1b. It is worth mentioning that
the corresponding Ru-hydride species for 1b is observed in the
fragmentation pattern of l1la in LC-MS as [1a-2CI+H]",
however,attempts to synthesize or identify this Ru-hydride
intermediate under catalytic conditions have been unsuccessful,
probably due to its high reactivity. Therefore, mechanistic studies were
performed on catalysis with complexes 2b and 3b. 3P NMR of an
NMR scale experiment with 1 equivalent each of 2b, base, and
isopropanol indicates the presence of free PPhs ligand as well as the

generation of the hydride complex 3b in the catalytic reaction mixture.

Based on the 3P NMR and mass analyses of the catalytic
samples, it is proposed that in the presence of NaO'Pr, complex 2b
generates the ruthenium alkoxide species A. The Ru-H intermediate
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3b’ is formed from A via B-H elimination by releasing one molecule of
acetone, or by dissociation of a PPhs ligand if starting from 3b. The
addition of a ketone to the intermediate 3b’ produces another
ruthenium alkoxide intermediate B, which releases the hydrogenated
product upon protonation from 'PrOH resulting in the formation of A

again.

m " |PFe m |PFs
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Scheme 3.1 Plausible mechanism for transfer hydrogenation catalysis
by 2b.

To further confirm our proposed mechanism, we have
synthesized 3b from 2a and performed a catalytic test run starting from
3b. The reaction of complex 3a with KoCOs in refluxing 'PrOH for 15
h, affords clean synthesis of hydride intermediate complex 3a (Scheme
3.2).
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Scheme 3.2 Synthesis of CNC pincer ruthenium complexes 3a and 3b
from 2a.

The pure hydride complex 3a was characterized by *H, 1C, IR,
and mass spectrometry. ESI* LC-MS of 3a displayed signal at m/z
866.2 assigned to [3a], matching with the catalytic sample mass.
Anion exchange of complex 3a with NH4PFg was carried out to obtain
the cleaner data of 3b. In *H NMR of 3b, the hydrido signal gives a
triplet at 6 = -8.86 ppm, which is indicative of the Ru-H complex with
two phosphines. Similarly, signals assignable to the pyridine protons
and imidazol-2-ylidene protons appeared at 6 = 8.31 as a doublet, 6 =
7.85 ppm as a triplet and two doublets at 6 = 7.58 ppm and 6 = 7.24
ppm. All the aromatic protons are slightly shifted to the downfield in
comparison to 2a, though methyl protons show a significant upfield
shift at § = 2.47 ppm. 3P NMR spectrum of 3b showed peaks at & =
51.96 for PPhz and 6 = 144.16 ppm for PFe, respectively. Encouraged
by excellent conversions of transfer hydrogenation reactions, we also
examined the dehydrogenation reactions of primary alcohols with all

the synthesized catalysts.
3.2.2 Catalytic application in Aceptorless alcohol dehydrogenation

3.2.2.1 Acceptorless alcohol dehydrogenation under thermal

conditions.

The dehydrogenation of benzyl alcohol was examined as a model
reaction to investigate the applicability of these complexes (1b, 2b, 4b,
and 6b) for catalytic AAD reactions. Complex 1b in toluene with
KO'Bu at 110 °C for 3h afforded >99% conversion to benzaldehyde
(Table 3.3, entry 1) while complex 2b, 4b and 6b gave 47%, 89% and
60% conversions, respectively (Table 3.3, entry 2, 3 and 4). The
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catalytic activity of complex 1b with different bases was then studied
under a similar reaction condition, and screening suggested that KO'Bu
is the best option (Table 3.3, entry 1). Keeping the other conditions
same, a decrease in catalyst loading from 3 mol% to 1 mol% resulted
in a drop in the catalytic activity with 30% conversion in 3h (Table 3.3,
entry 6). Therefore, the complex 1 (3 mol%) and KO'Bu was then
chosen as a suitable catalyst system for AAD of a range of primary and
secondary alcohols under these optimized reaction conditions (Table
3.4).

Table 3.3 Screening of catalyst with different bases.

O
oH Catalyst (3 mol %), Base (1 eq.) H
OA Toluene, reflux (110 °C), 3h
Entry? | Catalyst Base % Conversion® TONS/TOF

1. 1b KO'Bu >99 33/11
2. 2b KO'Bu 47 15/5
3. 4b KO'Bu 89 29/10
4, 6b KO'Bu 60 20/6
3. 1b NaO'Bu 20 6/2
4, 1b NaOH 51 17/5
5. 1b KOH 65 2117
6. 1b KO'Bu 30¢ 10/3

aReaction conditions: Benzyl alcohol (1 mmol), Catalyst (3 mol %), Base (1 eq.),
Toluene (5 ml), at 110 °C under a slow N flow under thermal condition.
®Determined by gas chromatography without an internal standard. TON = [(Number
of moles of substrate converted)/(Number of moles of catalyst)] at the end of the
reaction. °TON = [(Number of moles of substrate converted)/(Number of moles of
catalyst)] at the end of the reaction. “TOF = [(TON)/hour]. ¢Catalyst loading, 1

mol%.

3.2.2.2. Acceptorless alcohol dehydrogenation under microwave

conditions.

Taking inspiration from excellent improvements, in terms of reduced
reaction temperature and time, reported for several organic syntheses
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reactions,[16-18,23] the dehydrogenation of benzyl alcohol using Ru-
complexes 1b and 2b was further explored under microwave
irradiation at low temperatures using optimized conditions for the
thermal reaction. Thus, a toluene solution of benzyl alcohol and KO'Bu
was heated at 50 °C in the presence of 3 mol% catalysts for 10 min
under microwave radiation to obtain benzaldehyde. Ruthenium-CNC
pincer complexes (1b and 2b) showed moderate to excellent
conversion, while ruthenium complex 1b again performs better than
complex 2b (33%) (Table 3.4). In contrast, when benzyl alcohol was
treated at 80 °C under microwave conditions, >99% conversion to the

benzaldehyde was observed after 5 min. (Table 3.4, entry 3).

Table 3.4 Screening of catalyst under microwave conditions.

]
oH Catalyst (3 mol %), KOBu (1 eq;) H
Toluene, T °C, t min., MW ;
Entry? Catalyst Temp.(°C) % Conversion® TONYTOF¢
(Time)
1. 1b 50 (10 min) >09 33/193
2. 2b 50 (10 min) 33 11/68
3. 1b 80 (5 min) >09 33/412

aReaction conditions: Benzyl alcohol (1 mmol), Catalyst (3 mol %), KO'Bu (1 eq.),
Toluene (5 ml), at 50 °C and 80 °C, respectively under a slow N, flow under
microwave condition. PDetermined by gas chromatography without an internal
standard. °TON = [(Number of moles of substrate converted)/(Number of moles of
catalyst)] at the end of the reaction. “TOF = [(TON)/hour].

3.2.2.3. Substrate scope for acceptorless alcohol dehydrogenation

under thermal and microwave conditions.

The dehydrogenation reaction of various alcohols to examine the
substrate scope has been studied using the optimized conditions (Table
3.5 and 3.6). The complex 1b (3 mol%), with KO'Bu, was found to be
an efficient precatalyst for acceptorless dehydrogenation with a range
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of primary benzylic alcohols under thermal and microwave conditions.
The dehydrogenation proceeded well with both the electron-donating
and withdrawing substituents and gave the desired aldehydes in good
to excellent yields.

Table 3.5 Acceptorless alcohol dehydrogenation of various alcohols
with Ru catalyst 1b under conventional heating

Entry? Reactant Product Thermal (110 °C, 3 h)
% Conversion® TONY
(Isolated yield) TOF
1 ©/\OH o >99 (95) 31/10
o
2 oH 0 59 (52) 1715
yen
3 /©/\OH 0 >99 (90) 29/10
MeO Q)LH
MeO
4 /©/\OH o 72 (67) 2217
Cl
5 oH o 20 (14) 41
O,N
6. /©/\OH o >99 (90) 30/10
Br
7 o on 0 92 (84) 28/9
< seh
0 ¢
0
8 T\ oH T\ n >99 (95) 31/10
> .
o)

8Reaction conditions: Alcohols (1 mmol), Catalyst (3 mol %), KO'Bu (1 eq.),
Toluene (5 mL), under a slow N flow under thermal condition (110 °C/3h).
Determined by gas chromatography without internal standard. TON = [(Number of
moles of substrate converted)/(Number of moles of catalyst)] at the end of the
reaction. “TOF = [(TON)/hour].
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Benzyl alcohol with isopropyl- and chloro-groups underwent a
smooth reaction and resulted in the corresponding aldehyde in
excellent yield (>80%) in 10 min under the microwave, while in
thermal conditions, low conversion was observed (Table 3.5 and 3.6,
entries 2 and 4). The catalytic efficiency increases to >99% (Table 3.5
and 3.6, entry 3) for 4-methoxy substituent under thermal and

microwave conditions, respectively.

Table 3.6 Acceptorless alcohol dehydrogenation of various alcohols

with Ru catalyst 1b under the microwave.

Entry? Reactant Product Microwave (50 °C, 10 min)
% Conversion® TONY
(Isolated yield) TOF¢
1 ©/\OH 0 >99 (93) 31/193
o
2. OH 0 82 (76) 25/158
ven
3 /©/\OH 0 >99 (87) 29/181
MeO Q)kH
MeO
4 /@AOH o >99 (90) 30/187
Cl
5 oH o >99 (92) 30/191
OLN
6 /@ﬁm o 61 (54) 18/112
Br
7. 0 oH 0 >99 (86) 28/179
< soq
0 ¢
o
8 77\ OH /- H >99 (92) 30/191
> .
e}

3Reaction conditions: Alcohols (1 mmol), Catalyst (3 mol %), KO'Bu (1 eq.),
Toluene (5 mL), under a slow N2 flow under microwave (50 °C/10min). "Determined

by gas chromatography without internal standard. “TON = [(Number of moles of
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substrate converted)/(Number of moles of catalyst)] at the end of the reaction. “TOF
= [(TON)/hour].

Benzyl alcohol with p-nitro substituent performed well using
microwave condition and gave >99% conversion (Table 3.5 and 3.6,
entry 5), whereas a little drop was observed with Bromo substituent
under microwave condition (Table 3.5 and 3.6, entry 6). Piperonyl
alcohol and 2-thiophene methanol were also effective substrates to
dehydrogenate in >99% conversions under thermal and microwave

conditions, respectively (Table 3.5 and 3.6, entries 7 and 8).

Based on our investigation for transfer hydrogenation catalysis,
a plausible mechanism for acceptorless dehydrogenation of alcohols
has been proposed (Scheme 3.4). The reaction begins with the
synthesis of ruthenium alkoxide species A by the reaction of complex
2b with alcohol in the presence of KO'Bu. Further, the Ru-H
intermediate 3b’, considered as the catalytically active species, is
generated via B-H elimination, releasing one molecule of aldehyde.
The Ru-H intermediate 3b’ can also be formed by dissociation of a
PPhs ligand if starting from the Ru-hydride complex 3b. Finally, the
addition of alcohol to the intermediate 3b’ produces another ruthenium
alkoxide intermediate C, which liberates the H> and regenerates the
ruthenium alkoxide species A. ESI™ mass analysis of the catalytic
mixture confirms the presence of ruthenium hydride complex 3b in the

reaction mixture.
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Scheme 3.3 Plausible mechanism for acceptorless dehydrogenation of

alcohols catalysis by 2b.
3.3 Conclusions

In summary, we have studied the catalytic activity of Ru(Il)-CNC
complexes viz; [Ru(CNC)(CO)(PPh3)CI]PFs (1b),
[RU(CNC)(PPh3)Cl] PFs (2b), [Ru(CNC)(n*n>-COD)CI]PFs (4b) and
[Ru(CNC)(DMSO)2CI]PFs (6b) for transfer hydrogenation of ketones
and AAD of alcohols. All the ruthenium complexes were found
catalytically active for both types of reactions. Complex 1b was found
to be catalytically more active than its analogous complexes 2b, 4b, 6b
for transfer hydrogenation of ketones and AAD, respectively under the
optimised conditions. The in-situ transformations of these complexes
during their synthesis were also observed, which helps in
understanding their behaviour during catalysis. Subsequently, the
substrate scope for transfer hydrogenation catalysis with a range of
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substituted ketones was studied with complex 1b as the catalyst
precursor. Compared to conventional “oil-bath” heating, microwave
irradiation resulted in faster catalysis under milder conditions.
Substrate scope for AAD with complex 1b has been explored with

various electron-donating and withdrawing alcohol substrates.
3.4 Experimental
3.4.1 General procedure for catalytic hydrogen transfer reaction

Typically, the ketone (2 mmol) and catalyst (1 mol %) were dissolved
in 'PrOH (5 ml), under an inert atmosphere in two neck 25 ml R.B.
flask equipped with a reflux condenser, followed by the addition of Na
(1 eq., 2 mmol) to generate NaO'Pr, in situ. After all the sodium metal
had dissolved, the reaction mixture was quickly heated to reflux by
lowering into a preheated oil bath. The conversion of the
corresponding product at 15 min time intervals was determined by the
relative peak area of the substrate and the product in GC without an
internal standard. After the reaction was completed, the solution was
cooled quickly in an ice bath and analysed by GC-MS. The product
was purified by silica gel column chromatography using hexane/ethyl
acetate (typically 8:2) as an eluent to determine the isolated yield.
NMR data for alcohol products match the reported values.

3.4.2 General procedure for acceptorless dehydrogenation reaction

under thermal condition

Typically, catalyst (3 mol%) was added to the solution of alcohol (1
mmol), KO'Bu (1 eq.) in toluene under an inert atmosphere in toluene
in a 2-neck R.B. flask equipped with a reflux condenser and heated at
110 °C for 3h by lowering into a preheated oil bath. The conversion of
the corresponding product was determined by the relative peak area of
the substrate and the product in GC without an internal standard. After
completion of the reaction, the product was extracted with chloroform

and dried in a vacuum. The product was purified by silica gel column
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chromatography using hexane/ethyl acetate (typically 8:2) as eluent.

'H NMR data for the aldehyde products match the reported values.

3.4.3 General procedure for acceptorless dehydrogenation reaction

under microwave conditions.

Typically, catalyst (3 mol %) was added to the solution of alcohol (1
mmol), KO'Bu (1 eq.) in toluene under an inert atmosphere in a 2-neck
R.B. flask equipped with a straight-tube air condenser and heated at the
required temperature under microwave radiation for the specified time.
The conversion of the corresponding product was determined by the
relative peak area of the substrate and the product in GC without an
internal standard. After completion of the reaction, the product was
extracted with chloroform and dried in a vacuum. The product was
purified by silica gel column chromatography using hexane/ethyl
acetate (8:2) as eluent. *H NMR data for the aldehyde products match

the reported values.
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3.4.3 Characterization data and Mechanistic studies

3.4.3.1 Characterization data for Transfer hydrogenation of ketone
products

( )-on

Cyclohexanol; *H NMR (500 MHz, CDCls, § in ppm): § 3.72 — 3.47
(m, 1H), 2.62 (d, J = 8.7 Hz, 1H), 1.99 — 1.84 (m, 2H), 1.81 — 1.66 (m,
2H), 1.39 — 1.20 (m, 5H), 1.20 — 1.06 (m, 2H).

O~

1-Phenylethanol; *H NMR (500 MHz, CDCls, § in ppm): & 7.27 (d, J
= 7.9 Hz, 1H), 7.17 (d, J = 8.2 Hz, 1H), 4.86 (q, J = 6.5 Hz, 1H), 2.43
(s, 1H), 2.36 (s, 1H), 1.49 (d, J = 6.5 Hz, 3H).

OH
Br—< >—<

1-(4-Bromophenyl) ethanol; *H NMR (500 MHz, CDCls, § in ppm):
57.46 (d, J=8.4 Hz, 1H), 7.23 (d, J = 8.4 Hz, 1H), 4.84 (q, J = 6.5 Hz,
1H), 2.10 (s, 1H), 1.45 (d, J = 6.5 Hz, 3H).

OH
o

1-(4-Chlorophenyl) ethanol; *H NMR (500 MHz, CDCls, § in ppm):
8 7.30 (d, J = 1.9 Hz, 1H), 4.86 (q, J = 6.4 Hz, 1H), 2.07 (s, 1H), 1.46
(d, J = 6.5 Hz, 3H).

-

1-(4-Methylphenyl) ethanol; *H NMR (500 MHz, CDCls, & in ppm):
6727(d,J=79Hz, 1H), 7.17 (d, J = 8.2 Hz, 1H), 4.86 (q, J = 6.5 Hz,
1H), 2.43 (s, 1H), 2.36 (s, 3H), 1.49 (d, J = 6.5 Hz, 3H).
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OH

1-(3-Methylphenyl) ethanol; *H NMR (500 MHz, CDCls, § in ppm):
§7.28 —7.21 (m, 1H), 7.22 — 7.14 (m, 2H), 7.09 (d, J = 7.4 Hz, 1H),
4.86 (g, J = 6.5 Hz, 1H), 2.37 (s, 3H), 1.93 (s, 1H), 1.49 (d, J = 6.5 Hz,
3H).

OH

Diphenyl methanol; *H NMR (500 MHz, CDCls, § in ppm): & 7.43 —
7.38 (m, 4H), 7.34 (t, J = 7.6 Hz, 4H), 7.30 — 7.24 (m, 2H), 5.85 (d, J =
2.1 Hz, 1H), 2.24 (d, J = 3.2 Hz, 1H).

OH

Cl I I Cl

4,4’-Dichloro-diphenyl methanol; *H NMR (500 MHz, CDCls, § in
ppm): & 7.29 (q, J = 8.6 Hz, 8H), 5.77 (s, 1H), 2.34 (d, J = 7.8 Hz, 1H).
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3.4.3.2 Characterization data for Acceptorless dehydrogenation of
alcohol products

O
yH
Benzaldehyde; *H NMR (500 MHz, CDCls, § in ppm):10.04 (s, 1H),

7.91 (d, J=7.91 Hz, 2H), 7.65 (t, J=7.65 Hz, 1H), 7.56 (d, J=7.56 Hz,
2H).

O
Q*H
4-1sopropylbenzaldehyde; H NMR (500 MHz, CDCls, & in

ppm):9.97 (s, 1H), 7.81 (d, J=7.81 Hz, 2H), 7.39 (d, J=7.39 Hz, 2H),
4.12 (q, 3H), 3.55 (d, J=3.55 Hz, 6H).

@)
Q*”
MeO

4-Methoxybenzaldehyde; *H NMR (500 MHz, CDCls, & in ppm):9.88
(s, 1H), 7.84 (d, J=7.84 Hz, 2H), 7.09 (d, J=7.09 Hz, 2H), 3.89 (s, 3H).

O
Q)LH
Cl

4-Chlorobenzaldehyde; *H NMR (500 MHz, CDCls, & in ppm):9.98
(s, 1H), 7.82 (d, J=7.82 Hz, 2H), 7.52 (d, J=7.52 Hz, 2H).

0
oy
O,N
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4-Nitrobenzaldehyde; *H NMR (500 MHz, CDCls, & in ppm):10.16
(s, 1H), 8.40 (d, J=8.40 Hz, 2H), 8.08 (d, J=8.08 Hz, 2H).

O

Br

4-Bromobenzaldehyde; *H NMR (500 MHz, CDCls, & in ppm):9.96
(s, 1H), 7.81 (d, J=7.81 Hz, 2H), 7.50 (d, J=7.50 Hz, 2H).

o

Piperonaldehyde; *H NMR (500 MHz, CDCls, § in ppm):9.80 (s,
1H), 7.41 (d, J=7.41 Hz, 1H), 7.33 (s, 1H), 6.93 (d, J=6.93 Hz, 1H),
6.07 (s, 2H).

/ \ H

S
O

2-Thiophenecarboxaldehyde; *H NMR (500 MHz, CDCls, § in
ppm):10.04 (s, 1H), 8.16 (d, J=8.00 Hz, 1H), 7.65 (d, J=4.00 Hz, 1H),
7.50 (d, J=8.00 Hz, 1H).
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3.4.3.2 Mechanistic studies
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Figure 3.4 3'P NMR of 2b in the presence of base and isopropanol.
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Figure 3.5 LC-MS spectrum of catalytic sample from 2b.
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Chapter 4

Dehydrogenative coupling reactions under conventional
and microwave heating using Ru(ll)-NHC Pincer

Complexes

4.1 Introduction

The development of atom efficient and environment-friendly strategies
for the construction of C-N bonds is a highly desirable and extensively
studied area of chemistry.[1-19] Transition metal-catalyzed
acceptorless dehydrogenation of alcohols and their dehydrogenative
coupling can be used to convert alcohols to a range of compounds in a
green and atom-efficient manner. Alcohols could be, for example,
converted to aldehydes or acids, ketones, esters, and amides, or C=N
bonds created via acceptorless alcohol dehydrogenation (AAD) or
related dehydrogenative coupling processes. The alcohols could also be
used to form C-N and C-C bonds by coupling with amines or
ketones/secondary alcohols using the borrowing hydrogen (BH) or
hydrogen autotransfer (HA) methods. (Scheme 4.1).[20-31] AAD and
other dehydrogenative coupling processes AAD of primary alcohol can
give an aldehyde or an ester formed via nucleophilic attack by another
alcohol molecule on the aldehyde followed by a second
dehydrogenation step.[32—-35] Similarly, acceptorless dehydrogenative
coupling (ADC) of an alcohol with an amine can give an imine, an amide
or a substituted amine (after rehydrogenation of the imine) depending
on the nature of the catalyst.[36,37] Amine double dehydrogenation
(ADD) to give nitriles is a closely related class of reactions that have
attracted considerable interest in recent times.[38—40] In addition to the
atom economy and reaction safety (without the need for an oxidant
altogether), the AAD to form a carbonyl compound (e.g., a ketone or an

aldehyde) or ADD to form nitriles are also crucial towards the
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development of Liquid Organic Hydrogen Carriers (LOHCs) for the so-
called hydrogen economy.[41-43]

Alcohol dehydrogenation Amine Double
0 i Dehydrogenation
RJLH + RO0R + R—=N
Aldehyde Ester Nitrile (n = 1)
ROH + H.NThr ——
Alcohol AT Dehydrogenative Coupling of Alcohol & Amine
0O
RSNRR RAH’HRR+ RJj\ﬁ’Hn\R
Imine Amine Amide
(n=0or1) (n=0or1) (n=0o0r1)

Scheme 4.1 Possible products from acceptorless alcohol
dehydrogenation, amine double dehydrogenation or dehydrogenative

coupling of alcohols and amines.

In recent years, transition metal complexes have been shown as
efficient catalysts for these related reactions.[24-27] Tremendous
progress has been made in this field with contributions from
Milstein,[24,25,28,44-47] Kempe,[48] Beller,[49-52] Fujita,[53,54]
Sun,[55,56] Williams,[57] and many other groups (Figure 4.1).[30,58—
62] There are several transition metal complexes known to accomplish
the key reaction step, i.e., the AAD reaction [22,26,27,29,63] as well as
subsequent dehydrogenative coupling reactions.[18,64,65] Although
most of the complexes reported in the earlier studies were those of the
“precious” metals,[5,8-12,19,66—70] “base” metal complexes have also

emerged as efficient catalysts in recent years.[13-16]
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\/\/C\Pprz

N
‘/ P/ ~, /|I'\
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Figure 4.1 Ru and Ir complexes for AAD and dehydrogenative coupling

reactions.
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NHC-Ru complexes were also used in the dehydrogenative
coupling of alcohols with amines to produce imines (Figure 4.1).[71-
73] For example, Madsen et al. reported the [RuClx(liPr)(p-cymene)]
compound for direct imine synthesis from alcohols and amines.
Similarly, NHC-diruthenium(l) complex with a hydroxy appendage on
the naphthyridine unit showed good activity for the acceptorless
dehydrogenative coupling under mild condition.[36] Later,
Nishibayashi et al. have reported two Ru complexes with NHC and
phosphine-based PCP-type pincer ligands, were excellent catalysts in

the direct synthesis of imines from amine and benzyl alcohol.[72]

Ru—=Cl

;
\ fBuP\ // Bu
N?( cl 2 BuP\\(//P Bu, 2
R{ e |
e C
C 0
o

Madson et. al

(2012) Nishibyashi et. al

(2018)

Figure 4.2 Reported ruthenium NHC complexes for dehydrogenative
coupling of alcohols and amines

The use of microwaves over conventional heating has various
advantages viz; enhancement of reactions rate, production of higher
yields, uniform and selective heating, less energy usage, improve
reaction repeatability and many more.[74,75] Microwave heating
differs from conventional heating as it involves correlation of
electromagnetic radiation with matter, resulting in an energetic coupling
at the molecular level. Microwave-assisted heterogeneous catalysis has
been extensively studied, however homogenous catalysis using

microwave is not well explored till date.[76]

Ruthenium-CNC type pincer complexes have shown high
efficiency in a broad range of transformations.[77-80] Recently,
transfer hydrogenation of a wide range of ketones and aldehydes was

explored by our group using the Ruthenium-CNC pincer complexes 1
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and 2 as the catalyst precursors (Figure 4.3).[81] Further, the hydride
complex 3 was synthesized from 2 and confirmed to be the active
catalyst formed during catalysis with the precatalyst 2. Herein, we report
the  application of  Ruthenium-CNC  pincer  complexes
[RU(CNC)(CO)(PPh3)CI]PFs (1) and [Ru(CNC)(PPh3).CI]PFs (2), for
acceptorless dehydrogenative coupling of alcohols and amines under
conventional heating and microwave. Interestingly, Ruthenium complex
2b shows excellent efficiency for ADC under thermal and microwave
conditions than Ruthenium complex 1b, resulting in the imine synthesis

with various amines and benzyl alcohol.

o o 0"
— = —
/N l\ll\ClN\ /N NPN\ /N TPN\
Oy QU ST
Pe lop Cl i P
0 P = PPh,
(1a, X = CI; 1b, X = PFg) (2a, X = Cl; 2b, X = PFg) (3a, X = Cl; 3b, X = PFy)

Figure 4.3 Cationic Ru(l11)-CNC pincer complexes in this study.
4.2 Results and discussion

4.2.1 Dehydrogenative coupling of alcohols and amines

4.2.1.1 Catalyst screening for dehydrogenative coupling of alcohols

and amines under thermal and microwave conditions.

Encouraged by the excellent dehydrogenation results earlier, the
dehydrogenative coupling of aniline with benzyl alcohol, resulting in the
imine synthesis, was explored as a model system. Aniline was chosen
during the catalyst screening to exclude the possibilities of side reactions
like amine dehydrogenation. The optimized conditions for the alcohol
dehydrogenation reactions, viz., solvent, temperature, base, and catalyst
amount, were borrowed as the key initial step in this case, too, is the
alcohol dehydrogenation. In catalyst screening experiments, it was
observed that the Ru-catalyst 2b performs better than catalyst 1b for the

ADC of alcohols and amines under both thermal and microwave
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conditions (Table 4.1). This interesting reverse trend in catalytic activity
indicates involvement of the Ru-metal centre in the dehydrogenative
coupling step as, otherwise, the catalyst better at alcohol
dehydrogenation should also have been better at the imine formation.

Table 4.1 Catalyst screening under thermal and microwave conditions.

OH Catalyst (3 mol %), KO'Bu (1 eq.) ~ @ @
* HaN=R Toigene, X °C, Y min, MW/Thermal ©/\N . gﬂ

(a) (b)
Entry* | Catalyst | TH/ Temp. (°C) | % Conversion® TONY/TOF Selectivity
MW (Time) ab
L. 1b TH 110 (3h) 60 20/6 75:25
2. 1b MW | 80 (30 min) 58 19/38 100:0
3. 2b TH 110 3 h) 68 227 100:0
4. 2b MW 80 (30 min) >99 33/66 100:0
5, 2b MW | 80 (15 min) 56 18/74 100:0

4Reaction conditions: Benzyl alcohol (1 mmol), Catalyst (3 mol %), KO'Bu (1 eq.),
Toluene (5 mL) under a slow N flow under thermal condition (110 °C/3h) and
microwave condition (80 °C/30 min). "Determined by gas chromatography without an
internal standard. “TON = [(Number of moles of substrate converted)/(Number of
moles of catalyst)] at the end of the reaction. “TOF = [(TON)/hour].

4.2.1.2 Substrate scope for dehydrogenative coupling of alcohols

and amines under thermal and microwave conditions.

ADC of several amines, including benzylic, heterocyclic, cyclic, and
acyclic aliphatic amines, was explored with benzyl alcohol for the direct
synthesis of imines under the optimized reaction condition (Table 4.2
and 4.3). It was found that complex 2b serves as an efficient pre-catalyst
for a range of substrates and gives excellent conversion in most cases.
n-hexylamine and 2-aminopyridine are suitable substrates for imination

with >99% conversions (Table 4.2 and 4.3, entries 3 and 4).
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Table 4.2. Imine synthesis reaction from various amines and benzene

methanol with catalyst 2b under conventional heating.

X _R
OH Catalyst (3 mol %), KO'Bu (1 eq.) ©/\N
+ p—
HaN—R Toluene, 110 °C, 3 h,Thermal

Entry? | Reactant Product Thermal® (110 °C, 3 h)

% Conversion® | TONYTOF¢

(Isolated yield)

[
&
Ia)

) 68(65) 2177

2 | Ty (| >9800 30/10

3 w ) >99(93) 31/10

4. e e >99(85) 28/9
NH;” N gN N

5 N 0 § 0 86(73) 24/8

6 2 e 83(71) 23/7
NHz" N gN N

7 e ox 95(85) 28/9

oo

4

=
-0

Ji) NR :

4Reaction conditions: Amines (1 mmol), Benzyl alcohol (1 mmol), Catalyst (3 mol %),
KO'Bu (1 eq.), Toluene (5 mL) under a slow N flow under thermal® condition (110
°C/3h). °Determined by gas chromatography without internal standard. “TON =
[(Number of moles of substrate converted)/(Number of moles of catalyst)] at the end
of the reaction. ®TOF = [(TON)/hour].
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Table 4.3. Imine synthesis reaction from various amines and benzene

methanol with catalyst 2b under microwave.

Entry? | Reactant Product Microwave® (80 °C, 30 min)

9% Conversion® | TONYTOF®

(Isolated yield)

1 99(82 27154
. @ @AN @ >99(82)
2 eI IR 30/60
3 w ) >09(84) 28/56
4. e e >99(86) 28/57
NH;” N O/\N N
5 N 0O . 0 >99(90) 29/59
6 /‘ e 85(80) 26/59
NHz" SN g“ N
j9 ¢ 47(38) 12/25

\I
z
-

(0]
z
<

Ji) 33(18) 6/12

4Reaction conditions: Amines (1 mmol), Benzyl alcohol (1 mmol), Catalyst (3 mol %),
KO'Bu (1 eq.), Toluene (5 mL) under a slow N flow under microwave® condition (80
°C/30min). °Determined by gas chromatography without internal standard. “TON =
[(Number of moles of substrate converted)/(Number of moles of catalyst)] at the end
of the reaction. ®TOF = [(TON)/hour].

However, reaction with cyclohexylamine gave slightly reduced
conversion, 86% under thermal condition (Table 4.2, entry 5). 6-MethyI-
2-aminopyridine and 3,4 dimethylaniline gave 83%, 85% and 95%, 47%
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under thermal and microwave conditions, respectively (Table 4.2 and
4.3, entries 6 and 7). In the case of 2,5-difluoro aniline, no conversion
under thermal conditions and a low yield of 33% in the case of

microwave conditions was observed (Table 4.2 and 4.3, entry 8).

4.2.1.3 Synthesis of pharmaceutically important scaffolds under

microwave conditions.

To further evaluate the applicability of the reaction, different
biologically active imine precursors were assembled. The reaction of 4-
aminostilbene with benzyl alcohol and 4-methoxy benzyl alcohol under
microwave for 10 min gave >99% conversions for Resveratrol
precursors in both cases (Table 4.4, entries 1 and 2). Resveratrol derived
imines are active precursors for the resveratrol drugs which is used for

Alzheimer’s disease.

Table 4.4 Synthesis of biologically active imine precursors with catalyst
2b

Entry? Reactant Reactant Product %Conversion® TONY/
(Alcohol) (Amine) (Isolated yield) TOF¢
1. ©”0H O o O O - O >99(90) 30/60
2. /©/\OH - O - O >99(87) 29/58
% & e
- o
o
3. OH HN N >99(95) 31/63
o™ WO OO
4. OH A >99(91) 30/60
L, O

4Reaction conditions: Amines (1 mmol), Alcohols (1 mmol), Catalyst (3 mol %),
KO'Bu (1 eq.), Toluene (5 mL) under a slow N, flow for 30 min at 80 °C under
microwave. ?Determined by gas chromatography without internal standard. TON =
[(Number of moles of substrate converted)/(Number of moles of catalyst)] at the end
of the reaction. “TOF = [(TON)/hour].

On the other hand, the reaction of 1,2-diaminobenzene with

benzyl alcohol results in 2-phenylbenzimidazole and intermolecular
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reactions of 2-amino-phenylethanol) delivered indole in >99%

conversion (Table 4.4, entries 3 and 4).

4.2.2 Mechanisms for dehydrogenative coupling of alcohols and

amines.

The mechanisms for AAD and ADC catalysed by transition metal
complexes have been studied thoroughly earlier.[24-28,37,82,83]
Based on the earlier studies reported in literature and our recent
investigation of the mechanism of transfer hydrogenation and
acceptorless dehydrogenation of alcohols using these complexes,[81] a
plausible mechanism for acceptorless dehydrogenative coupling of
alcohols and amines has been proposed involving the Ru-hydride
complex 3 as an intermediate (Scheme 4.2). The presence of ruthenium
hydride complexes 3 and 3’ in the reaction mixture of ADC reactions
starting from the precatalyst 2 was again confirmed through mass
spectrometry. Dissociation of a PPhs ligand and the formation of
complexes 3 and 3’ was also observed during our investigation for
transfer hydrogenation catalysis in a previous report.[81] The reaction
begins with the formation of a ruthenium alkoxide species A by the
reaction of complex 2° with alcohol in the presence of KO'Bu. Further,
the Ru-H intermediate B is formed via B-H elimination resulting in the
generation of the metal-bound aldehyde. Release of the aldehyde
molecule produces Ru-H intermediate 3°, which can also be formed by
dissociation of a PPhs ligand, starting from the Ru-hydride complex 3.
Finally, the addition of an alcohol molecule to the intermediate 3’
produces another intermediate C, which liberates H. gas and regenerates
the ruthenium alkoxide species A, completing the alcohol
dehydrogenation step.

For the imine formation, the dehydrogenative coupling step can
be considered to proceed via nucleophilic attack of an amine on the
metal-bound aldehyde in the intermediate B, which generates the
intermediate D. A similar mechanism for ADC of amines and alcohols
by ruthenium catalysts has been studied and reported earlier.[36] This
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nucleophilic attack should be facilitated in a metal-bound aldehyde due
to decreased electron density at the metal-bound carbon atom. Further,
a weaker trans effect of PPhs ligand allows the aldehyde intermediate to
remain metal-bound and facilitates the coupling with an amine. Proton
transfer from the ammonium nitrogen to the oxygen atom then generates
intermediate E with the coordinated hemiaminal species. Dissociation
of the hemiaminal generates Ru-hydride intermediate 3°, which can
participate further in another alcohol dehydrogenation step. Dehydration

of the hemiaminal generates the final imine product.
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Scheme 4.2 Plausible mechanism for aceptorless alcohol
dehydrogenation and dehydrogenative coupling of amines by complexes
2 and 3.

The role of trans effect of an ancillary ligand in the selectivity of
the type of reaction is an important feature of these complexes. A similar
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observation has recently been reported for the role of metal
nanoparticles in the photo dehydrogenative coupling of amines, where
stronger adsorption over the metal nanoparticle results in
dehydrogenative homocoupling of amines while the weaker adsorption

results in imine formation.[84]
4.3 Conclusion

In summary, we have studied the catalytic activity of Ru(Il)-CNC
complexes viz; [Ru(CNC)(CO)(PPh3)CI]PFs (1b) and
[Ru(CNC)(PPh3)2Cl] PFs (2b) for ADC of benzyl alcohol and amines.
Both the ruthenium complexes were found catalytically active for both
types of reactions. Compared to conventional “oil-bath” heating,
microwave irradiation resulted in faster catalysis under milder
conditions. Further, an unexpected reversal in the catalytic activity of
the two complexes has been observed. In our earlier reports, complex
1b was found to be catalytically more active than its analogous complex
2b for acceptorless dehydrogenation of alcohols, but now, complex 2b
was found more active for direct synthesis of imines than complex 1b.
A mechanism is proposed involving the role of Ru-center to explain this
reversal in catalytic activity. This report highlights, for the first time, the
enhancement in catalytic activity for ADC reactions under microwave
radiation and potential electronic effects of other ligands present on the
metal complex in the selectivity control of dehydrogenation over the
dehydrogenative coupling. The results reported in this study can lead to

the design of more selective catalysts.
4.4 Experimental
4.4.1 General considerations

All reactions and manipulations were carried out under an inert
atmosphere using the standard Schlenk technique. Solvents were
purchased from S. D. Fine-Chem Limited and purified by distillation
under N2 atmosphere. The metal complexes were synthesized according
to our previous work. Microwave experiments were performed in

Milestone Start S microwave reactor equipped with a straight-tube air
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condenser connected to an inert-gas line and oil bubbler, a magnetic
stirrer bar and a non-contact infrared feedback temperature system
which allows continuous stirring and constant temperature control. The
microwave reactor has a maximum power output of 1200W while the
required power output is controlled electronically to maintain the
reaction temperature. NMR spectra were taken on Bruker Avance (I11)
spectrometer operating at 400 MHz (*H). NMR chemical shifts are
reported in ppm and referenced to the solvent peaks for *H (CDCls, &
7.26 ppm). The mass chromatograms were recorded on Bruker-
Daltonics-microTOF-QIl  mass spectrometer. GC Samples were
analysed in Shimadzu QP2010 Ultra.

4.4.2 General procedure for imination reaction under thermal

condition.

Typically, catalyst (3 mol %) was added to the solution of alcohol (1
mmol), amine (1 mmol), KO'Bu (1 eq.) in toluene under an inert
atmosphere in a 2-neck R.B. flask equipped with reflux condenser and
heated at 110 °C for 3h by lowering into a preheated oil bath. The
conversion of the corresponding product was determined by the relative
peak area of the substrate and the product in GC without an internal
standard. After completion of the reaction, the product was extracted
with chloroform and dried in vacuum. The product was purified by
alumina gel column chromatography using hexane/ethyl acetate
(typically 7.7:0.3) as eluent. *H NMR data for the aldehyde products

match the reported values.

4.4.3 General procedure for imination reaction under microwave

condition.

Typically, catalyst (3 mol %) was added to the solution of alcohol (1
mmol), amine (1 mmol), KO'Bu (1 eq.) in toluene under an inert
atmosphere in a 2-neck R.B. flask equipped with a straight-tube air
condenser and heated at 80 °C for 30 min under microwave radiation.
The conversion of the corresponding product was determined by the

relative peak area of the substrate and the product in GC without an
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internal standard. After completion of the reaction, the product was
extracted with chloroform and dried in vacuum. The product was
purified by silica gel column chromatography using hexane/ethyl acetate
(typically 7.7:0.3) as eluent. *H NMR data for the aldehyde products

match the reported values.
4.4.3 Characterization data and Mechanistic studies

4.4.3.1 Characterization data for Dehydrogenative coupling
products

@mﬁl

N-1-diphenylmethanimine; *H NMR (CDCls, § in ppm): 8.50 (s, 1H),
7.72-7.69 (m, 2H), 7.63-7.58 (m, 1H), 7.55-7.50 (m, 1H), 7.47-7.33 (m,
4H), 7.20-7.17 (m, 2H).

X
N-benzyl-1-phenylmethanimine; *H NMR (CDCls, § in ppm): 8.31 (s,

1H), 7.70-7.67 (m, 2H), 7.61-7.56 (m, 1H), 7.47-7.43 (m, 1H), 7.38-7.34
(M, 4H), 7.20-7.16 (M, 2H), 4.74 (s, 2H).

020

N-hexyl-1-phenylmethanimine; *H NMR (CDCls, § in ppm): 8.27 (s,
1H), 7.71-7.66 (m, 2H), 7.55-7.53 (m, 1H), 7.47-7.40 (m, 2H), 3.62-3.59
(m, 2H), 2.05-1.96 (M, 2H), 1.32-1.25 (m, 6H), 0.88-0.83 (m, 2H).

N NS
©/\N N
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N-(pyridin-2-yl)-1-phenylmethanimine; *H NMR (CDCls, & in ppm):
8.86 (s, 1H), 8.49 (d, J=8.00 Hz, 1H), 7.70-7.67 (m, 3H), 7.64-7.58 (m,
1H), 7.54-7.47 (m, 2H), 6.68 (d, J=8.00 Hz, 1H), 6.45 (d, J=8.00 Hz,

1H).

SO
o
N-cyclohexyl-1-phenylmethanimine; *H NMR (CDCls, § in ppm):

8.20 (s, 1H), 7.79-7.65 (m, 2H), 7.54-7.46 (m, 2H), 7.35-7.23 (m, 1H),
1.80-1.76 (m, 1H), 1.40-1.24 (m, 10 H).

N-(6-methylpyridin-2-yl)-1-phenylmethanimine; *H NMR (CDCls, §
in ppm): 8.58 (s, 1H), 7.68-7.63 (m, 3H), 7.54-7.52 (m, 1H), 7.48-7.45
(m, 2H), 6.50 (d, J=8.00 Hz, 1H), 6.34 (d, J=8.00 Hz, 1H), 2.37 (s, 3H).

@Nﬁ

N-(3,4-dimethylphenyl)-1-phenylmethanimine; *H NMR (CDCls, §
in ppm): 8.51 (s, 1H), 7.93-7.87 (m, 2H), 7.74-7.69 (m, 1H), 7.57-7.50
(m, 2H), 7.21 (s, 1H), 7.19 (s, 1H), 7.09 (s, 1H), 2.33 (s, 3H), 1.30 (s,
3H).

NS
N
F
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N-(2,5-difluorophenyl)-1-phenylmethanimine; *H NMR (CDCls, § in
ppm): 8.22 (s, 1H), 7.69-7.64 (m, 2H), 7.57-7.53 (m, 1H), 7.48-7.45 (m,
2H), 7.36 (s, 1H), 7.26 (s, 1H), 7.10 (s, 1H).

N
©/\N
N-(4-styryl)-1-phenylmethanimine; *H NMR (CDCls, & in ppm): 8.52
(s, 1H), 7.88-7.76 (m, 2H), 7.75-7.71 (m, 2H), 7.70-7.66 (m, 2H), 7.65-

7.58 (m, 1H), 7.56-7.51 (m, 1H), 7.50-7.49 (m, 2H), 7.48-7.43 (m, 2H),
7.41-7.38 (m, 2H), 6.89 (d, J=8.00 Hz, 2H).

NN
o
>0

N-(4-styryl)-1-(4-methoxyphenylmethanimine; *H NMR (CDCls, § in
ppm): 8.53 (s, 1H), 7.89-7.80 (m, 2H), 7.76-7.72 (m, 2H), 7.70-7.66 (m,
2H), 7.65-7.57 (m, 1H), 7.56-7.49 (m, 2H), 7.48-7.42 (m, 2H), 7.40-7.39
(m, 2H), 6.90 (d, J=8.00 Hz, 2H), 3.83 (s, 3H).

C N
/
N
H
2-phenylbenzimidazole; *H NMR (CDCls, § in ppm): 12.54 (s, 1H),
8.23-8.20 (t, J=8.00 Hz 2H), 7.65-7.41 (m, 5H), 7.24-7.19 (m, 2H).

©\/\>
N
H
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Indole; H NMR (CDCls, § in ppm): 9.98 (s, 1H), 7.52-7.48 (m, 1H),
7.47-7.41 (m, 1H), 7.32-7.27 (M, 1H), 7.18-7.07 (m, 1H), 7.00-7.66 (m,
1H), 6.57 (d, J=8.00 Hz, 1H).

4.4.3.2 Mechanistic studies
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Figure 4.4 LC-MS spectrogram of catalytic sample of imination

reaction of complex 2b
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Chapter 5

Role of Ancillary Ligands in Selectivity for Catalytic
Applications

5.1 Introduction

Transition metal pincer complexes have attracted great attention because
of their vast application in organic transformations.[1,2] Pincer
complexes exhibit high thermal stability, robust nature, and variable
oxidation states which proves them a significant catalyst for high
temperature and pressure reactions without catalyst decomposition.[3,4]
A large number of commercially available organometallic precatalysts
and ligands have been developed till now, because of their tendency to
synthetically alter the ligand additives for catalysis.[5-14] N-
heterocyclic carbenes (NHCs) are the common class of ligand additives
that have been employed as organocatalysts and also used in a wide
range of catalytic processes with transition metals and Group 13
elements.[15,16] NHCs are readily available as stable salts with a
variety of N-substituents, central ring size, and central ring
functionalization, making them versatile ligands to carry out several
reactions.[17,18]

Among the variety of pincer ligands, CNC pincer ligands have
become gradually popular due to the increase the electron density at the
coordinated metal as well as enhance the reactivity of the metal
centre.[19-22] Additionally, the development of ligand construction
with NHCs, in comparison to other functional groups gave an
opportunity to tune the catalytic activity. Furthermore, the advantage of
combining steric and electronic effects with pincer ligands has led to the
construction of ruthenium pincer complexes, with a wide variety of

applications in catalysis.[1,23]

Hydrogenation and transfer hydrogenation of carbonyl

compounds by ruthenium complexes are industrially accepted processes
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to produce alcohols via Hz or isopropanol as reducing agents rather than
NaBHs and LiAIH4.[12-14,24-27] Metal complexes give high control
of selectivity with atom economy than the classical methods, which
makes this approach a viable pathway for carbonyl compound reduction

in organic synthesis.

Likewise, dehydrogenation reactions are also one of the most
fundamental transformations in organic chemistry reactions to
synthesize aldehydes or ketones.[6,28-31] Typically, stoichiometric or
excess of additional oxidants is used for conventional dehydrogenation
operations. on the other hand, acceptorless dehydrogenation reaction is
an atom-efficient and ecologically friendly technique for alcohol
dehydrogenation. Subsequently, dehydrogenative coupling of alcohols
and amines, imines are formed [32-35] which is used as electrophilic
reagents in a variety of processes, including additions, condensations,
multi-component reactions, asymmetric organocatalysis, cross-
dehydrogenative couplings, and cycloadditions. Because of their high
reactivity, they have been employed in synthetic, biological, medicinal,
and industrial applications as nitrogen sources. Several metal complexes
were investigated for these transformations,[10,11,36—-38] with some
limitations, therefore, synthesis of selective catalyst is desirable at

present.

Wing-tip substituents on the N-heterocyclic carbene can
modulate the steric environment around the central metal atom. This is
an important structural feature of CNC-based metal complexes.
Therefore, we have explored the CNC pincer ligands with smaller
wingtips at N-heterocycle. We report herein the synthesis, structure and
catalytic ~ activity ~ of  Ru(ll)-CNC  complexes, namely
[Ru(CNC™)(CO)(PPh3)CIIX [X = CI' (7a), PFs (7b)],
[RU(CNCP)(PPh3).CIIX [X = CI (8a), PFs (8b)] and
[Ru(CNC™)(DMSO0),CI]X [X = CI" (10a) and PFs (10b)].
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Figure 5.1 Cationic Ru(l1)-CNC pincer complexes in this study.

The comparative reactivities of complexes 7b, 8b, and 10b with
our previously synthesized N-methyl complexes 1b, 2b, 4b, and 6b
(Figure 5.1) have been investigated for the transfer hydrogenation of
cyclohexanone, acceptorless dehydrogenation of benzyl alcohol and
acceptorless dehydrogenative coupling of benzyl alcohol with aniline,

respectively.
5.2 Results and Discussion
5.2.1 Synthesis of CNC pincer ruthenium complexes

The imidazolium ligand precursor CNC"-2HBr was easily synthesized
by the reported procedure in literature [39] in gram-scale and
characterised by H. The synthesis of new metal complexes done using
our previously optimised method, in which treatment of imidazolium
precursor with Ag20, in methanol, promptly affords the silver-carbene
complex, followed by transmetallation with Ru-precursors in situ to
afford Ru-CNC complexes (Scheme 5.1). The disappearance of the
imidazolium proton peak at 10.72 ppm in the *H NMR spectrum of
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ligand precursor CNC'™P"-2HBr indicated the carbene generation during

complex formation.
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Scheme 5.1 Synthesis of CNC pincer ruthenium complexes 7-10.

The reaction of the silver-carbene complex with the
[RUHCI(CO)(PPhz)3] precursor (Rul) for 24 h, gave 7a. Compound 7b
was precipitated out by treating 7a with NH4PFs in methanol. *H NMR
of 7b showed signals as a doublet at 8.46 and a triplet at 8.21 ppm for
the pyridine protons, while two doublets are observed at 7.82 and 7.70
ppm for the imidazol-2-ylidene protons. Isopropyl protons come at 4.70
ppm for C-H protons and 1.49, 1.35 and 1.31 ppm for attached CH3
protons, respectively. In the 3C NMR spectra, the carbene carbon signal
of 7b appears at 188 ppm. 3P NMR spectrum of 7b showed peaks at
49.01 ppm for PPhs ligand which is slightly higher than our previously
reported CNC pincer complexes.[40]

Alternatively, 8a is prepared by the same reaction condition as
7a rather than [RuCl2(PPhz)s] is used as the Ruthenium source (Ru2).
Though, during the synthesis of compound 8a, 9a is also generated in

situ as like our methyl N-methyl analogous complexes. Later,
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compounds 8a and 9a were purified by using alumina gel column

chromatography.
o AL
NN, K,COs, 'PrOH N
(/I\RU/LN 1;h s5°c " /\\/B
AT A
(8b), P = PPhy (9b)

Scheme 5.2 Synthesis of CNC pincer ruthenium complex 9b from 8b.

Spectroscopically pure 8a was isolated by recrystallization.
Furthermore, anion exchange with NH4PFe¢ gives 8b. Compound 8b
show ESI* LC-MS signal at m/z 956.14, assigned to [8b-CI]*. In H
NMR of 8b, imidazol-2-ylidene protons were shown as two doublets at
10.41 and 8.26 ppm whereas, one doublet and triplet appear at 8.84 and
8.60 ppm for pyridine protons. 3P NMR spectra of complex 8b show
two singlets at 28.38 ppm and 20.69 ppm, while no dissociation of PPhs
was observed. Complex 8b is expected to exhibit one singlet in the 3!P
NMR considering the same chemical environment for the two
phosphorus atoms. These two singlets in the 3!P NMR are attributed to
the generation of two species in solution due to dissociation of the
coordinated PPhz ligand. This assumption is confirmed by mass analysis
where ESI* LC-MS signal at m/z 694.14 is observed and assigned to [8b-
PPhz]". Furthermore, on treatment with K>COsz in isopropanol, the
mixture of complexes 8b and 9b can be converted to 9b, as shown in

scheme 5.2.

Followed by a similar reaction condition, 10a was also
synthesized from [RuCl2(DMSO)4] as the Ruthenium source (Ru3).
Pure 10a was obtained by precipitation followed by recrystallization of
the crude reaction mixture. Furthermore, anion exchange with NH4PFs
gives 10b. Compound 10b show ESI* LC-MS signal at m/z 588.08 and
510.06, assigned to [10b-CI]* and [10b-DMSO]* respectively. In H
NMR of 10b, one doublet and triplet appear at 8.61 and 8.25 ppm for

pyridine protons whereas, imidazol-2-ylidene protons were shown as
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two doublets at 8.03 and 7.96 ppm, which is slightly shifted to lower
ppm than the respective analogous complexes 7b and 8b, respectively.
Isopropyl protons come at 5.54 ppm for C-H protons and 1.53 ppm for
attached CHj3 protons, respectively. In the 2*C NMR spectra, the carbene

carbon signal of 10b appears at 183 ppm.

p 0o,
1. MeOH, Ag,0, 30 °C, 30 min Pz
N N N

»

7/ N" N N 4 NN
$7 w T PR (LI
= )~ A0p /-

(11),X=1,Br

Scheme 5.3 Synthesis of CNC-COD pincer ruthenium complex.

Several attempts were also made for synthesizing Ru-COD
pincer complex by using Ru precursor [RuCl>(COD)]n (Scheme 5.3)
Although mass spectrogram indicates the formation of the desired
complex, dissociation of COD ligand was also observed, which was not
observed in our previously synthesized analogous Ru-COD pincer
complex.[41] This is probably due to the steric hindrance of the N-
isopropyl which is somewhat bulkier than the N-methyl. We were not
able to successfully isolate the complex probably due to the dissociation
of COD ligand from the desired complex and subsequent decomposition
(Figure 5.20).

5.2.2 Description of the crystal structures

The molecular structures of complexes 9a and 10a are confirmed by X-
ray crystal diffraction analysis. Complexes 9a (Figure 5.2) and 10a
(Figure 5.3) crystallised in a monoclinic system with a P21/c space
group, respectively. The ruthenium metal centre in both complexes
displays distorted octahedral geometry. Selected bond lengths and

angles of complexes 9a and 10a are listed in table 5.5.

The molecular structure of 9a consists of a six-coordinate Ru (1)
centre with one CNC pincer ligand, two triphenylphosphines, and one

hydride (Figure 5.2). The two bulky triphenylphosphines are situated
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trans to each other. The N3-Rul-C10 bite angle is 77.7(3)° and
comparable to our previously reported complexes. The bond distances
of Rul-C1 (2.015(7) A and Ru1-C11 (2.045(7) A was slightly shorter
than the previously reported complex (with chloride) (2.052 (6) A) and
(2.094 (7) A, respectively. The Ru-P (Rul-P1, 2.3502 (18) A and Ru1l-
P2, 2.3334(19) A) bonds in the case of 9a are slightly shorter than the
previously reported complex (with chloride) (Rul-P1, 2.370(1) A and
Rul1-P2, 2.359(1) A).[40]

The molecular structure of 10a has distorted octahedral
geometry, consists of a six-coordinate Ru(ll) centre with two dimethyl
sulphoxide trans to each other, one chloride ion trans to the pyridine
nitrogen atom, and a CNC pincer ligand (Figure 5.3). One chloride ion
is present in the lattice. The CNC pincer ligand occupies three
meridional sites with a C1-Rul-C10 angle of 101.34 (13) shorter than
the previously reported complexes 152.3 (4).[19,40,41] The bite angle
(N3-Rul1-C10) of 77.99(17)° is similar to the complex reported by Peris
et. al.[19] and our previously reported complexes. The bond distances
of Ru1-C1 (2.073(5) and Rul-C11 (2.062(5) A are comparable to the
reported ruthenium NHC carbene complexes 2.056(5) A and 2.062(5) A
and (2.051(9) A and (2.085(9) A.[19,40]
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Figure 5.2 Molecular structure of 9a with thermal ellipsoids drawn at the 50% level.
All hydrogen atoms and one chloride counter-anion are omitted for clarity. Selected
bond lengths (A) and angles (°): Rul-N1, 2.052(6), Rul-C1, 2.015(7); Rul-C11,
2.045(7); Rul-P1, 2.3502(18); Rul-P2, 2.3334(19)N1-Rul-P1, 100.71(18); C11-Rul-
P1, 94.5(2).

Figure 5.3 Molecular structure of 10a with thermal ellipsoids drawn at the 50% level.
All hydrogen atoms and one chloride counter-anion are omitted for clarity. Selected
bond lengths (A) and angles (°): Rul-N1, 1.996(4), Rul-C1, 2.073(5); Rul-C11,
2.062(5); Rul-S1, 2.2936(11); Rul-S2, 2.3130(12); Rul-Cl1, 2.4300(11); C1-Rul-
C11, 101.34(13); N1-Rul-C1, 77.99(17); N1-Rul-S1, 89.79(11); N1-Rul-S2,
89.28(11); C10-Rul-S1, 91.83(12); C1-Rul-Cl1, 97.80(19); N1-Rul-Cl1, 101.34(13).
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Table 5.4 Crystal data and structural refinement parameters for 9a and

9a 10a
Empirical formula Cs3Hs1NsP2Ru C21H39Cl2NsOsRuS2
T/K 300 300
Crystal System Monoclinic Monoclinic
Space Group P21/n P21/c
a/A 12.3384(3) 11.3897(2)
b/A 26.5703(15) 11.0142(2)
c/A 14.8808(6) 24.3549(5)
a/e 90 90
B/° 92.582(3) 96.689(2)
v/° 90 90
V/A3 4873.5(4) 3034.49(10)
z 4 4
Reflections 21984/9229 13716/5766
Collected/unique
R (int) 0.0908 0.0825
Final R indices [1>20(1)] R1=0.1032 R1=0.0756
wR2 = 0.2955 wR2 = 0.1989
R indices (all data) R1=0.1253 R1=0.0814
wR2 = 0.3274 wR2 =0.2083
GOF on F2 1.162 1.014
5.2.2 Catalytic application in transfer hydrogenation

cyclohexanone

The ruthenium complexes 7b, 8b, and 10b have been investigated for
the reduction of cyclohexanone via transfer hydrogenation (TH) with
isopropanol in the presence of a base. The reaction was monitored by
gas chromatography with n-decane as an internal standard. Using 2
mmol of cyclohexanone, 1 mol% of catalyst, and 1 equivalent of sodium
iso-propoxide (NaO'Pr) as base complex 7b (81%) showed higher
catalytic activity than other complexes viz: 8b and 10b (64 and 70%,
respectively, Table 5.1, entries 5, 6 and 7) while, lower than the
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previously synthesized N-methyl complex 1b (>99%, Table 5.1, entry

1). Complexes 2b, 4b and 6b gave 61, 80 and 56%, conversions,

respectively (Table 5.1, entries 2, 3 and 4). Catalyst 11b is in situ
generated from [RuCl,(COD)]»+CNC™2PFs in catalysis reaction

conditions and gave 54% conversion (Table 5.1, entry 8).

Table 5.1 Transfer hydrogenation with different catalysts

Q 1 mol% catalyst, OH
1eq. NaO'Pr
'PrOH, 82 °C,
Time (30 min)
%Entry | Catalyst Ancillary Conversion® | TONS/TOF
ligand (L) & (%) (hh
N-wingtip (R)
1. 1b® L=CO >99 99/198
R =Me
2. 2b® L = PPhs 61 61/122
R =Me
3. 4be L=COD 80 80/160
R = Me
4, 6b® L =DMSO 56 56/112
R = Me
5 7b L=CO 81 81/162
R="Pr
6 8b L = PPhs 64 64/128
R="Pr
7. 10b L=DMSO 70 70/140
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R='Pr

8. 11bf L=COD 54 54/108

R="Pr

aReaction conditions: Cyclohexanone (2.0 mmol), Catalyst (1 mol%), NaO'Pr (1 eq.),
'PrOH (5 mL), at 82 °C under a slow N, flow. "Determined by gas chromatography
with n-decane as an internal standard. °TON = (Number of moles of substrate
converted)/(Number of moles of catalyst), at the end of the reaction. TOF = [(TON)/
hour]. ¢[40, 41]. fIn situ generated from [RuCl,(COD)],+CNCP"2PFs.

We assume that, with N-isopropyl, the catalytic performance will
increase, but it does not give the expected reactivity. This decrease in
reactivity is probably due to the steric hindrance at the ruthenium centre,
which is not allowed to substrate to approach efficiently as like with N-
methyl. The steric factor is dominating here rather than the electronic
factor with isopropyl N-isopropyl complexes. As a result, ruthenium
complex 1b with methyl N-methyl (1 mol%) as catalyst and NaO'Pr as
a base in isopropanol under reflux temperature was more efficient than

its respective newly synthesized N-isopropyl analogous complexes.

5.2.3 Catalytic application in acceptorless dehydrogenation of

benzyl alcohol

After transfer hydrogenation, dehydrogenation of benzyl alcohol was
also examined to investigate the applicability of complexes 7b, 8b and
10b for catalytic AAD reactions. Complexes 7b and 10b in toluene in
the presence of KO'Bu at 110 °C for 3h afforded >99% conversion to
benzaldehyde (Table 5.2, entries 5 and 7) while, complex 8b gave much
lower conversion, 38% (Table 5.2, entry 6). The observed catalytic trend
is also similar with the analogous N-methyl complexes, where CO
containing complex 1b shows higher conversion >99% (Table 5.2, entry
1) than the PPhs (2b, 47%, Table 5.2, entry 2) and DMSO (6b, 60%,

Table 5.2, entry 4) complexes, respectively.
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Table 5.2 Acceptorless dehydrogenation of benzyl alcohol with

different catalysts

0
oH Catalyst (3 mol %), Base (1 eq.) H
Toluene, reflux (110 °C), 3h
%Entry | Catalyst Ancillary Conversion® | TONY/TOF¢
ligand (L) & (%) (h'h
N-wingtip (R)

1. 1b L=CO >99 33/11
R =Me

2. 2b L = PPhs 47 15/5
R =Me

3. 4b L=COD 89 29/10
R =Me

4. 6b L =DMSO 60 20/6
R =Me

5. 7b L=CO >99 33/11
R="Pr

6. 8b L = PPh3 38 12/4
R=Pr

7. 10b L=DMSO >99 33/11
R=Pr

8. 11b® L=COD 8 3/0.8
R="Pr
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3Reaction conditions: Benzyl alcohol (1 mmol), Catalyst (3 mol %), KO'Bu (1 eq.),
Toluene (5 mL) under a slow N, flow at 110 °C for 3h. "Determined by gas
chromatography without an internal standard. “TON = [(Number of moles of substrate
converted)/(Number of moles of catalyst)] at the end of the reaction. 9TOF =
[(TON)/hour]. ¢In situ generated from [RuCl(COD)],+CNC*2PFs.

The observed catalytic performance is owing to the higher trans
effect of CO than PPhs and DMSO, but in the case of N-isopropyl,
DMSO complex also gave >99% conversion (Table 5.2, entry 7), due to
the steric effect of N-isopropyl along with trans effect. In situ generated
ruthenium COD catalyst (11b) performs very poor (Table 5.2, entry 8),
probably because of lower solubility of ligand and metal precursor in

toluene, therefore generation of precatalyst was not so feasible.

5.2.4 Catalytic application in acceptorless dehydrogenative coupling
of benzyl alcohol and aniline

The acceptorless dehydrogenative coupling (ADC) of aniline with
benzyl alcohol was explored, resulting in imine synthesis. In a
comparison of all the synthesized ruthenium complexes, it was observed
that the Ru-complexes with N-isopropyl performs better than Ru-

complexes with N-methyl for the ADC of alcohols and amines.

Table 5.3 Dehydrogenative coupling of benzyl alcohol and aniline with
different catalysts

OH
+
HoN

Catalyst (3 mol %), KO'Bu (1 eq.)

Toluene, 110 °C, 3 h

@N

Y

Entry?® | Catalyst Ancillary | Conversion® | TONS/TOFY
ligand (L) & (%) (hd)
N-wingtip
(R)
1. 1b L=CO 60 20/6
R =Me
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2. 2b L = PPhs 68 22/7
R = Me

3. 4b L=COD 71 23/8
R = Me

4, 6b L = DMSO 97 32/10
R = Me

5. 7b L=CO 90 29/10
R =Pr

6. 8b L = PPhs 96 31/10
R ='Pr

7. 10b L= DMSO 92 30/10
R="Pr

8Reaction conditions: Aniline (1 mmol), Benzyl alcohol (1 mmol), Catalyst (3 mol %),
KO®Bu (1 eq.), Toluene (5 mL) under a slow N, flow at 110 °C for 3h. ®Determined by
gas chromatography with n-decane as an internal standard. “TON = [(Number of moles
of substrate converted)/(Number of moles of catalyst)] at the end of the reaction. “TOF
= [(TON)/hour].

Although ruthenium complexes with PPhs and DMSO as a co-
ligand shows higher conversions of 96 and 92%, respectively (Table 5.3,
entries 4, 6 and 7) than the other analogous complex, CO as a co-ligand
(Table 5.3, entries 1 and 5). The remarkable reverse trend in catalytic
activity indicates involvement of the Ru-metal centre in the
dehydrogenative coupling step as, otherwise, the catalyst better at
alcohol dehydrogenation (CO and COD as a co-ligand) should also have

been better at the imine formation.
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5.4 Conclusions

In summary, a straightforward synthesis of a series of pincer ruthenium
complexes viz: [Ru(CNC™™)(CO)(PPhs)CI]X [X = CI" (7a), PFs (7b)],
[Ru(CNC™)(PPhs),CI]X [X = CI" (8a), PFs (8b)],
[RU(CNCP)(PPhs)2(H)]X [X = CI° (9a), PFs (9b)] and
[RU(CNC™®)(DMSO0)2(CN]X [X = CI (10a), PFs (10b)] reported from
a “pyridine-dicarbene” pincer ligand. These complexes were found
catalytically active for the transfer hydrogenation of cyclohexanone,
acceptorless dehydrogenation of benzyl alcohol and dehydrogenative
coupling of benzyl alcohol and aniline, respectively. The in-situ
transformations of these complexes during their synthesis were also
observed, which helps in understanding their behaviour during catalytic
transformations. Complexes containing CO and COD proved to be
better catalysts for transfer hydrogenation and acceptorless
dehydrogenation reactions, whereas complexes with PPhs and DMSO
showed more efficiency for imine synthesis under the optimised

conditions, respectively.
5.5 Experimental
5.5.1 General procedure

All reactions were carried out under an inert atmosphere using the
standard Schlenk technique. Solvents were purchased from S. D. Fine-
Chem Limited and purified by distillation under an inert atmosphere.
[RUHCI(CO)(PPha)z],[42] [RuCl2(PPh3)3],[43] [RuCl2(DMSO)4],[44]
and [RuCl2(COD)]n [45] were prepared by following the literature
procedure using RuClsz-3H20. Deuterated dimethyl sulphoxide was
purchased either from EURISOtop or Aldrich Chemical Co. NMR
spectra were taken on Bruker Avance (I11) spectrometer operating at 400
MHz (*H), 162 MHz (*!'P), and 100 MHz (**C). NMR chemical shifts
are reported in ppm and referenced to the solvent peaks for *H (DMSO-
d®, & 2.54 ppm) and °C (natural abundance of 3C in DMSO-d®, § 40.45
ppm) NMR. P NMR chemical shifts are referenced to an external 85%
H3PO4 standard as 0 ppm. The mass chromatograms were recorded on
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Bruker-Daltonics-microTOF-QII mass spectrometer. GC Samples were

analysed in Shimadzu QP2010 Ultra, with an internal standard.
Synthesis of [Ru(CNCP")(CO)(PPhs)CI]PFs, 7b

An oven dried Schlenk tube with the magnetic stirring bar was charged
with the ligand precursor CNC™P"-2HBr (0.227 g, 0.5 mmol) and dried
under vacuum at 100 °C for 2 hours. The Schlenk tube was cooled to
room temperature under N2 atmosphere. Dry methanol (10 mL) was
added, followed by Ag.O (0.115 g, 0.5 mmol) and stirred at room
temperature in the dark, covered with aluminium foil. After 30 min, a
white precipitate had formed, and [RuHCI(CO)(PPhs)s] (0.475 g, 0.5
mmol) was added to the reaction mixture. The reaction mixture was
heated at 60 “C for 24 h, which results in a brown colour solution with
some residue. The reaction mixture was filtered through celite, and the
filtrate was reduced in volume (2 mL) followed by the addition of
diethyl ether (5 mL). The compound precipitated out as yellowish brown
solid. The resulting precipitate was dissolved in 2 mL of methanol, add
1 equivalent NH4PFs and stirred for 30 min at room temperature. A
yellow precipitate of 7b slowly comes out on cooling at 4 °C. Yield:
0.180 g (40 %). *H NMR (DMSO-d®, 500MHz, § in ppm): & 8.46 (d, J
= 6.4 Hz, 2H), 8.21 (t, J = 7.8 Hz, 1H), 7.82 (d, J = 4.1 Hz, 2H), 7.70 (d,
J=8.1Hz, 2H), 7.44 (t, J = 7.6 Hz, 3H), 7.34 (t, J = 7.7 Hz, 6H), 6.96
(t, J=9.4 Hz, 6H), 4.70 (dh, J = 13.1, 6.6 Hz, 2H), 1.49 (t, J = 7.4 Hz,
6H), 1.35 (d, J = 6.6 Hz, 3H), 1.31 (d, J = 6.8 Hz, 3H).; 3C NMR
(DMSO-D®, § in ppm): 188.83, 150.61, 144.82, 132.53, 132.38, 131.92,
131.11, 129.32, 121.08, 119.66, 107.89, 54.45, 26.24, 20.74; 3P NMR
(DMSO-d®, § in ppm): 49.01, 48.60, -144.17; LCMS: [M(Br)]*- 768.02,
[M(CD]*- 72213 [M-CI+H] - 688.12, HRMS for [M]*
[C36H36BrNsOPRu] Calculated — 668.0878, Found — 666.0841.

Synthesis of [Ru(CNCP")(PPhs)2CI]PFs, 8b

Similar procedure was followed as with 7b except [RuCly(PPhs)s]
(0.478 g, 0.5 mmol) was added in place of [RuUHCI(CO)(PPhs)z]. The
solvent was reduced in volume (2 mL) followed by the addition of
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diethyl ether (5 mL) resulting in the precipitation of compound which
was filtered and dried under vacuum. Further, resulting precipitate was
dissolved in 2 mL of methanol, add one equivalent of NH4PFs (0.190 g,
0.11 mmol) and stirred for 30 min at room temperature. A yellowish-
green precipitate of 8b slowly comes out and on cooling at 4 °C some
more precipitation occurred. Yield: 0.155 g (25%). *H NMR (DMSO-
d®, 500MHz, & in ppm): & 8.84 (d, J = 8.1 Hz, 2H), 8.60 (t, J = 8.1 Hz,
1H), 8.26 (d, J = 8.1 Hz, 2H), 8.26 (d, J = 8.1 Hz, 2H), 4.79 (p, J=6.9
Hz, 2H), 1.61 (d, J = 6.7 Hz, 12H); *°C NMR (DMSO-D®, § in ppm):
186.15, 154.21, 145.88, 145.14, 135.33, 133.93, 133.02, 129.35, 122.31,
120.16, 114.81, 106.68, 54.07, 22.68; 3P NMR (DMSO-d®, & in ppm):
50.70, -144.17. LCMS: [M]* 956.14, [M-CI]?* 460.60, HRMS for [M]*
[Cs3Hs51CINsP2Ru] Calculated — 956.2357, Found — 956.2398.

Synthesis of [Ru(CNC™P")(PPhs)2H]PFs, 9b from 8b

Complex 8b (0.200 g, 0.18 mmol) was taken in an oven dried Schlenk
tube followed by the addition of K2CO3(0.025 g, 0.18 mmol), and then
'PrOH was injected via the syringe. The reaction mixture was refluxed
at 85 °C for 15 h. The colour of the reaction mixture was changed from
green to yellowish green. After the completion of the reaction, the
mixture was filtered, and the solvent was evaporated under a reduced
vacuum to afford yellowish green solid. Solid was washed with diethyl
ether and dried under vacuum. The X-ray quality crystals of 9b were
obtained by slow diffusion of diethyl ether in methanol solution at -18
°C. Yield: 0.155 g (25%). 'H NMR (DMSO-d®, 500MHz, § in ppm): &
8.31 (d, 2H), 7.73 (t, J = 8.1 Hz, 1H), 7.48 (d, 2H), 7.43 (d, J = 8.1 Hz,
2H), 7.27 (t, J = 6.7 Hz, 6H), 7.15 (t, J = 7.7 Hz, 12H), 6.78 (dt, J = 9.0,
5.0 Hz, 12H), 4.30 (p, J = 6.9 Hz, 2H), 0.16 (d, J = 6.7 Hz, 12H), -8.66
(t, J = 24.5 Hz, 1H); °C NMR (DMSO-D®, § in ppm): 196.75, 150.28,
136.70, 135.91, 132.53, 132.04, 129.62, 129.33, 128.46, 120.29, 118.79,
104.95, 53.01, 21.40; 3P NMR (DMSO-d®, § in ppm): 31.79, 26.60.
LCMS: [M]* 922.18, HRMS for [M]" [CssHs2NsP2Ru] Calculated —
922.2750, Found — 922.2773.
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Synthesis of [Ru(CNCP")(DMSQO).CI]PFs, 10b

Similar procedure was followed as with 7a except [RuCl,(DMSO)4]
(0.241 g, 0.5 mmol) was added in place of [RUHCI(CO)(PPhz)3]. The
solvent was reduced in volume (2 mL) followed by the addition of
diethyl ether (5 mL) resulting in the precipitation of compound which
was filtered and dried under vacuum. The X-ray quality crystals of 10a
were obtained by slow diffusion of diethyl ether in methanol solution at
-18 °C. The resulting precipitate of 10a (0.100 g, 0.11 mmol) was
dissolved in 2 mL of methanol, add NH4PFs (0.190 g, 0.11 mmol) and
stirred for 30 min at room temperature. A bright yellow precipitate of
10b slowly comes out and on cooling at 4 °C some more precipitation
occurred. Yield: 0.034 g (29 %). *H NMR (DMSO-d®°, 400MHz, § in
ppm): 8 8.61 (d, J = 2.3 Hz, 2H), 8.25 (t, J = 8.1 Hz, 1H), 8.03 (d, J =
2.3 Hz, 2H), 7.96 (d, J = 8.2 Hz, 2H), 5.54 (p, J = 6.7 Hz, 2H), 2.69 (s,
9H), 2.54 (s, 3H), 1.53 (d, J = 6.7 Hz, 12H).; 3C NMR (DMSO-D?, § in
ppm): 183.85, 154.82, 145.91, 141.58, 135.25, 122.32, 121.49, 120.20,
114.85, 107.59, 54.10, 51.61, 49.16, 45.77, 40.93, 22.70; %P NMR
(DMSO-d®, § in ppm):-144.18 ppm. LCMS: [M]* 588.08, [M-DMSO]*
510.06, HRMS for [M]" [C21H33CINsO2S2Ru] Calculated — 588.0803,
Found — 588.0822.

5.5.2 X-ray data collection and structure refinement

Single crystal X-ray data of compounds 9a and 10a were collected on
the Rigaku Oxford Diffractometer using graphite-monochromated Mo
Ka radiation (A = 0.7107 A). The data collection was evaluated with the
help of CrysAlisPro CCD software. Data collections for all complexes
were carried out at room temperature. Final refinement included atomic
positions for all the atoms, anisotropic thermal parameters for all the
non-hydrogen atoms, and isotropic thermal parameters for all the
hydrogen atoms. Full matrix least-squares refinement against |F2| was
carried out using the WinGx package of programs.[46] Details of the
structural parameters and final refinements for the compounds are given
in Table 5.4.
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Table 5.4 Crystal data and structural refinement parameters for 9a and

10a
Complex Bond lengths (A) Bond Angles (°)
9a Rul-C1 2.015(7) C1-Rul-C10 154.6(3)
Rul-C10 2.045(7) C1-Rul-N3 77.7(3)
Rul-N3 2.052(6) C10-Rul-N3 76.9(3)
Rul-P1 2.350(18) C1-Rul-P1 91.5(2)
Rul-P2 2.333(19) C1-Rul-P2 91.8(2)
C10-Ru1-P1 94.5(2)
C10-Rul-P2 88.7(2)
N3-Rul-P2 100.71(18)
10a Rul-S1 2.293(11) S1-Rul-Cl1 87.57(4)
Ru1-S2 2.313(12) S1-Rul-S2 175.97(5)
Rul-N3 1.996(4) S2-Rul-Cl1 93.40(5)
Rul-Cl1 2.430(11) N3-Rul-S1 89.79(11)
Rul-C10 2.062(5) N3-Rul-S2 89.28(11)
Rul-C1 2.073(5) N3-Rul-Cl1 177.26(12)
N3-Rul-C1 77.99(17)
N3-Rul-C10 78.15(18)
C1-Rul-S1 91.83(12)
C1-Rul-Cl1 101.34(13)

5.5.3 General procedure for catalytic hydrogen transfer reaction

Cyclohexanone (2 mmol) and catalyst (1 mol %) were dissolved in
'PrOH (5 ml), under an inert atmosphere in Schlenk tube, followed by
the addition of Na (1 eq., 2 mmol) to generate NaO'Pr, in situ. After all
the sodium metal had dissolved, the reaction mixture was quickly heated
to reflux by lowering into a preheated oil bath. The conversion of the
corresponding product was determined by the relative peak area of the
substrate and the product in GC with n-decane as an internal standard.

The product was purified by silica gel column chromatography using
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hexane/ethyl acetate (typically 8:2) as an eluent. NMR data for alcohol

product match the reported values.

5.5.4 General procedure for catalytic acceptorless dehydrogenation

reaction

Typically, catalyst (3 mol%) was added to the solution of alcohol (1
mmol), KO'Bu (1 eq.) in toluene under an inert atmosphere in toluene
in a 2-neck R.B. flask equipped with a reflux condenser and heated at
110 °C for 3h by lowering into a preheated oil bath. The conversion of
the corresponding product was determined by the relative peak area of
the substrate and the product in GC without an internal standard. After
completion of the reaction, the product was extracted with chloroform
and dried in a vacuum. The product was purified by silica gel column
chromatography using hexane/ethyl acetate (8:2) as eluent. *H NMR
data for the aldehyde product match the reported values.

5.5.5 General procedure for the catalytic dehydrogenative coupling

reaction

Typically, catalyst (3 mol %) was added to the solution of alcohol (1
mmol), amine (1 mmol), KO'Bu (1 eq.) in toluene under an inert
atmosphere in a 2-neck R.B. flask equipped with a reflux condenser
and heated at 110 °C for 3h by lowering into a preheated oil bath. The
conversion of the corresponding product was determined by the relative
peak area of the substrate and the product in GC with n-decane as an
internal standard. After completion of the reaction, the product was
extracted with chloroform and dried in a vacuum. The product was
purified by alumina gel column chromatography using hexane/ethyl
acetate (7.7:0.3) as eluent. *H NMR data for the imine product match

the reported values.
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5.5.6 Characterization data of metal complexes
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Characterization data for Transfer hydrogenation, acceptorless
dehydrogenation and dehydrogenative coupling products

OH

Cyclohexanol; *H NMR (500 MHz, CDCls, § in ppm): & 3.72 — 3.47 (m,
1H), 2.62 (d, J = 8.7 Hz, 1H), 1.99 — 1.84 (m, 2H), 1.81 — 1.66 (m, 2H),
1.39 -1.20 (m, 5H), 1.20 — 1.06 (m, 2H).

O

Benzaldehyde; *H NMR (500 MHz, CDCls, § in ppm): 10.04 (s, 1H),
7.91 (d, J=7.91 Hz, 2H), 7.65 (t, J=7.65 Hz, 1H), 7.56 (d, J=7.56 Hz,
2H).

N-1-diphenylmethanimine; *H NMR (CDCls, § in ppm): 8.50 (s, 1H),
7.72-7.69 (m, 2H), 7.63-7.58 (m, 1H), 7.55-7.50 (m, 1H), 7.47-7.33 (m,
4H), 7.20-7.17 (m, 2H).
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Chapter 6

Conclusions and future scope

6.1 Conclusions

In summary, my thesis work primarily focuses on the synthesis,
characterization, and applications of Ru(11)-NHC pincer complexes
with different co-ligands.

In chapter 1, we briefly described the different types of pincer
ligands and their transition metal catalysts. In particular, the
synthesis, and application of ruthenium catalysts in various organic

transformations is explained.

In chapter 2, we synthesized and characterized several Ru(Il)- NHC
pincer complexes with different co-ligands.

In Chapter 3, we have investigated the application of the Ru(ll)-
NHC pincer complexes for Transfer hydrogenation of ketones and
acceptorless dehydrogenation of alcohols. We observed that
catalyst 1b performs better compared to other analogous complexes
for both transformations. The substrate scope for transfer
hydrogenation reactions and acceptorless dehydrogenation of
alcohols with several ketones and alcohols has been explored by
using 1b as a catalyst. In addition, detailed NMR and mass
investigations were also carried out under catalytic and controlled
reaction conditions, to explain the mechanistic pathway by
identifying catalytic intermediates, like hydride and alkoxide-

coordinated Ru species.

In Chapter 4, the application of the Ru(Il)-NHC pincer complexes
for catalytic acceptorless dehydrogenative coupling of alcohols and
amines has been studied. It was noticed that complex (2b) is better
for catalytic transformation than the other analogous complexes,

whereas complex (1b) is less reactive. The trend of catalytic
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performance of Ru(Il)-NHC pincer complexes in acceptorless
dehydrogenative coupling is reversed in comparison to the transfer
hydrogenation and acceptorless dehydrogenation reactions,
because of the more trans effect of CO as a co-ligand than PPhs.
The present catalytic systems may provide new selectivity for
various catalytic transformations. Substrate scope with 2b has been
performed with different substituted amines and alcohols under
conventional and microwave heating (with reduced time and
temperature), respectively. Biologically active imine precursors

have been also synthesized by using 2b as a catalyst.

In chapter 5, we have synthesized and characterized Ru(ll) NHC-
pincer complexes with N-isopropyl and different co-ligands. We
observed similar performance trends of N-isopropyl complexes
with analogous N-methyl complexes for transfer hydrogenation,
acceptorless dehydrogenation, and dehydrogenative coupling
reactions, except for the DMSO complex. Likewise, complex 1b is
better compared to all the methyl and N-isopropyl complexes for
transfer hydrogenation and acceptorless dehydrogenation reactions.
In the case of dehydrogenative coupling reactions, N-isopropyl
complexes proved to be better than methyl complexes, due to the
electronic effects as well as steric crowdedness of N-isopropyl
which facilitates the dissociation of catalytic substrates from the

ruthenium metal centre.
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6.2 Future scope

The development of more selective catalysts with different co-
ligands can provide the opportunity for selective organic
transformation reactions and reduce the formation of side products.
Therefore, the synthesis of new and selective catalysts for a variety
of organic transformations is highly desirable.

In the recent past, several researchers have extensively
developed various catalysts, however, there is a lack of information
on co-ligands influence on catalyst selectivity until now. Systematic
studies in more selective catalysts towards different reactions can

revolutionize the field in numerous aspects.

Even though rapid advancement in the field, the
development of a robust catalytic system with pincer NHCs for
various catalytic processes is still the top-most necessity of the
scientific community. Development of the air-stable and low-cost
metal homogeneous catalyst for the selective transformations using

suitable reaction conditions is also under-explored.
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