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4.1 Introduction

Transition metal-based catalysis is fundamental for the formation of carbon-carbon and
carbon-heteroatom bonds to build simple as well as complex molecules [1-4]. Generally, in
the presence of ametal catalyst, an electrophilic reagent (mostly organic halides) coupleswith
anucleophilic reagent (an organometallic reagent, an amine, alkene, alkyne, etc.), which may
be either commercially available or readily synthesized. This methodology provides a variety
of classical cross-coupling reactions such as Suzuki-Miyaura, Negishi, Stille, Kumada,
Hiyama, Buchwald-Hartwig, Heck, Sonogashira, and others. Their development and
widespread applications became boisterous after the full recognition of their synthetic utility.
The chemistry Nobel Prize 2010 was awarded to Akira Suzuki, Richard F. Heck, and Ei-ichi
Negishi for C-C bond formation [5-8]. The Suzuki-Miyaura cross-coupling is a well-known
C-C bond-forming reaction due to the involvement of mild reaction conditions. Several metal
centresarein principle capable of catalyzing the various steps of the reaction, but undoubtedly
palladium-based catalysts dominate the scene due to their unique reactivity [9-10]. Palladium
has readily accessible two stable oxidation states, O and +2, and reversible interconversion
between these two oxidation states is facile. The availability of Pd-containing species with
simultaneously one or more empty and filled non-bonding orbital s are some of the important
features of palladium complexesascatalysts[11]. Palladium-catalyzed C-C coupling reactions
without using any ligands have been reported, but the maor drawbacks associated with them
is the use of toxic solvents, requirement of high temperature and long reaction time. The
palladium-based catalysts are recognized as an indispensable tool for the synthesis of
conjugated dienes and higher polyene systems with high stereoisomeric purity. These biaryls
(symmetrical, unsymmetrical, and hetero-) have great importance in pharmaceuticals and
chemical industry [12-17].

The Suzuki-Miyaura reaction involves palladium-mediated coupling of organic e ectrophiles
with organoboron compounds in the presence of a base. The general catalytic cycle for the
Suzuki-Miyaura reaction begins with more stable Pd(11) species which are then reduced to
Pd(0) species under in situ condition and enter into the catalytic cycle. The initial step of the
catalytic cycle is the activation of the aryl halide by oxidative addition to palladium to form
the organopalladium species. Further, the organopalladium complex breaks and the
transmetal ation takes place and the boron-ate complex (produced by the reaction of the boronic

acid with base) isformed.
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L ater the reductive elimination produces the cross-coupled product with the completion of the
catalytic process (Scheme 4.1) [18-19].
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Scheme 4.1 General catalytic cycle for the Suzuki-Miyaura cross-coupling reaction

It is well-known, that in transition metal-based catalysis the activity and selectivity of a
catalytic system are influenced by the ligand attached to the metal. Thus, selecting a suitable
ligand is an important step to improve catdyst activity. Some literature precedents have
described ligand-free Suzuki-Miyaura reactionusing smple Pd salts, but they act as
precursorsfor Pd nanoparticles which are actua catal ytic species [20-24]. In comparison with
ligand-free protocols, ligand based-systems always offer better selectivity and functiona
group tolerance [25-29]. Previoudly, the phosphine-based ligands were the preferred class of
ligands for the Suzuki-Miyaura reaction due to their tunable steric and electronic properties
controlled by the functional groups attached to the phosphorus atom [30-32]. Despite their
appealing success, phosphinesare not avery desirable class of ligandsfor catalysisdueto their
high cost, detrimental environmental features, complicated syntheses, air and moisture
instability, and difficulty in handling [33].

Thus, several new phosphine-free catalytic systems mainly based on nitrogen-containing
ligands for the Suzuki-Miyaura reaction have been developed. These nitrogen-based systems
have many advantagesincluding their easy handling and moisture insensitivity. Thus, alibrary
of N-based ligands, such as amines [34], oxime [35], hydrazone [36], Schiff bases [37] and
N-heterocyclic carbenes (NHCs) [38] have been utilized effectively in the Suzuki-Miyaura
reactions. Among these ligands, the imidazolium-based NHCs have received specia attention,
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mainly because of their smple synthesis and higher stability. Moreover, the most attractive
characteristic of NHC similar to phosphinesis that their steric and electronic properties can be
tuned easily, and they can stabilize metal centresin the key catalytic steps. Due to these unique
features, NHCs provide highly reactive palladium-based Suzuki-Miyaura coupling catalysts.
Their strong ¢ donor property enables the oxidative addition of unreactive aryl halides and by
tuning substituents at the nitrogen atoms enhances the reductive elimination of the product
[39-4Q].

Imidazolium-based NHC ligands usually bind to a metal centre through C2 carbon atom (1)
termed as normal NHCs (nNNHCs), as shown in Figure 4.1. But Crabtree et al. identified an
aternative binding mode via C4/C5 atom (2/3), referred to as abnorma NHCs (aNHCs) [41].
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Figure 4.1 Normd (1) and abnorma (2 and 3) NHCs

Due to the electron richness, aNHCs are considered to be excellent building blocks in
designing numerous organometallic catalysts that possess good catalytic activities for various
organic reactions [42]. In aNHC, the carbenic centre is near to only one electronegative
nitrogen atom while in NNHC two nearby nitrogen atoms are present. aNHC due to its strong
o donation capability binds strongly with ametal centre and presents superior catalytic activity
in comparison to its normal NHC counterpart [43-44]. Yang et al. reported the synthesis of
picolyl functionalized NHC-Pd(11) complexes4a and 4b (Figure 4.2) via direct metallation of
4,5-diphenyl substituted picolyl hydroxyl di-functionalised imidazolium salts with PdCl>. The
complex 4a and 4b catalyzed the Suzuki-Miyaurareaction in water efficiently and provided a
wide range of functional groups tolerance. Both electron-donating or electron-withdrawing
substituted phenylboronic acids and aryl bromides gave moderate to high yields of cross-
coupled products [45]. Chen et al. synthesized NHC-Pd(11) complexes 5a and 5b bearing an
N-donor group (Figure 4.2) without orthometallation and used them as catalystsin the Suzuki -
Miyaura reaction. Sterically hindered inactivated aryl chlorides coupled efficiently with
sterically hindered boronic acids and provided di- and tri-ortho-substituted biaryls in high
yields at room temperature in ethanol under aerobic condition. They suggested that by
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removing the orthometallation motif, the complexes shorten the pre-activation step time and
showed remarkable catalytic activities [46].

Me Me Me A
O Q Me% LMe A LMe
NYN
B Me Cl— Pd Cl Me Me CI-Pd-Cl Me
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4a: R = CG 5CH2
| 4b: R = (CHy),CHCH; 5a Sb )

Figure 4.2 Imidazolium-based picolyl functionalised (4a-b) and without orthometallation
generated (5a-b) NHC-Pd(I1) catalysts

Steeples et al. synthesized five amino acid derived bis- and PEPPSI-type NHC-Pd(l1)
complexes 6a-e (Figure 4.3) for the agueous phase Suzuki-Miyaura reaction. Complex
6d exhibited the best activity among all complexes and 6a and 6b were observed to produce
moderate conversion. Pinacol ester provided good yields of the products in comparison to
boronic acid. It was concluded that the catalysis proceeds through a “catalyst cocktail” model,
with Pd-nanoparticles responsible for most of the catalytic activity as evidenced by

transmission electron microscopy and mercury poisoning test [47].
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Figure 4.3 Bis- and PEPPSI-type NHC-Pd(I1) catalysts (6a-€)

Wang et al. prepared a series of NHC-Pd(I1) complexes 7a-d (Figure 4.4) from commercially
available PdCl,, imidazolium salts, and benzoxazole or benzothiazole in one step. The
obtai ned complexes showed efficient catalytic activity for the Suzuki-Miyaurareaction of aryl

aswell as benzyl chlorides with arylboronic acids in moderate to high yields. Aryl chlorides
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with both electron-donating and e ectron-withdrawing substituents were tolerated and good
results were obtained. However, dectron-deficient and sterically hindered boronic acids
resulted in low product yields. The reaction of benzyl chlorides and substituted arylboronic
acids also afforded diarylmethanes in excellent yields [48]. Seva et al. reported the synthesis
of biphenyl bis-NHC-Pd(II) complexes8a-c (Figure 4.4) and investigated their catalytic
efficiency in the Suzuki-Miyaura reaction in water. The order of reactivity of the complexes
was found to be8a>8b » 8c. In the case of 8c, the different eectron-donating and
withdrawing substituents on phenylboronic acid did not affect the product yield. By using
complex 8a, iodobenzene and bromobenzene provided higher yields of the product while

chlorobenzene resulted in poor yields [49].
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Figure 4.4 Benzoxazole- or benzothiazole- (7a-d) and Biphenyl-based (8a-c) NHC-Pd(l1)
catalysts

Garrido et al. proposed the synthesis of water-soluble sulfonated NHC-Pd(I1) complexes 9a-
d (Figure 4.5) and used them as a catalyst in the Suzuki-Miyaura reaction. The complex 9a
was the most active catalyst, due to weaker coordination and stronger solvation of the chloride
ligand in protic solvents. It catalyzed the coupling of inactivated and sterically hindered
substrates under mild conditions except in the case of most hindered aryl chlorides due to the
competitive hydrodeha ogenation process [50]. Mandal and coworkers reported the synthesis
of halobridged C-H activated aNHC palladium complexes 10a and 10b (Figure4.5) and tested
their efficiency in the Suzuki-Miyaura cross-coupling of aryl chlorides. The preliminary
results indicated that using these complexes aryl chlorides can be activated at room

temperature to provide a quantitative yield of the corresponding biphenyls on reaction with
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boronic acids. These catalysts exhibited their activity at very low catayst loading up to 0.005
mol%. DFT studies suggested that the Pd-carbene bond was very strong and prevented the
palladium leaching in solution and the catalyst remained active for 10 successive catalytic

cycles without much lossin itsactivity [51].
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9a: R = Cl; 9b: R = 3-Cl-pyridine 10a: X = ClI

9c: R = pyridine; 9d: R = 1-CHs-imidazole 10b: X = Br
\ Y,

Figure 4.5 Sulfonated (9a-d) and Hal obridged C-H activated (10a-b) aNHC-Pd(I1) catalysts

Rottschéfer et al. synthesized aseries of aNHC complexes 11a-h (Figur e 4.6) and investigated
the catal ytic activity of complexes 11a, 11c, and 11d for the Suzuki-Miyauracoupling reaction
at room temperature. The dimeric Pd complex 11a was found to be more active than 11c and

11d [52].
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Figure 4.6 C2-arylated imidazolium-based aNHC-Pd(11) catalyst (11a-h)

In conjunction with the meteoric rise in the use of NHC ligands, mertridentate “pincer” ligand

architectures pervade existing catalysis, providing high thermal stability and supporting a
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broad range of metal-based catalysts [53]. Pincer ligands have been used to stabilize
complexes via chelate effects and the donor atoms. Substituents on the pincer ligands can be
varied to control the electron densities on the meta ions [54]. Combining the properties of
NHC donorswith mertridentate ligand architectures represent a potenti all y fascinating concept
of modern ligand design [55]. Pincer based NHC palladium complexes also have attracted
attention for the Suzuki-Miyaura reaction. Wei et al. synthesized monoanionic pincer-NHC
Pd(l1) complexes 12a-c (Figure 4.7) were thermally stable under moisture, air, and at high
temperature. They investigated their application for the Suzuki-Miyaurareaction, complex 12a
was found to be more efficient than 12b and 12c. They were effective even for the coupling
of less activated aryl bromides with phenylboronic acid. A variety of aryl bromides containing
both eectron-donating and e ectron-withdrawing substituents were well tolerated with no
palladium black formation in reaction [56]. Inés et al. reported the synthesis and catalytic
application of the pincer-NHC Pd(I1) complexes 13a and 13b (Figure 4.7) for the Suzuki-
Miyauravia coupling of arylboronic acidswith aryl and benzyl bromides in agueous medium.
Good to excellent yields of bi-arylated products were obtained in all casesirrespective of the
electronic or steric nature of the coupling partners. Catalyst recycling experiments revealed
that increasing the timein every run alowed the recycling of both catalysts up to 13 runs. On
keeping the reaction time constant, the effective reuse of the catalyst was reduced to 3 and 7
runs for 13a and 13b, respectively [57].

P

\\f | Y(  N—Pd—Br
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12a: R = benzyl
12b: R = "butyl 13a: R = C,H;
12c¢: R = 2,4,6-trimethylbenzyl 13b:R=H
K J

Figure 4.7 CNC pincer type NHC Pd(11) catalyst (12a-c) and (13a-b)

Imanaka et al. synthesized pincer-NHC Pd(I1) complexes 14a and 14b (Figure 4.8) with
acetyl-protected D-glucopyranosyl groups in CCN and CNC arrangements. The complexes

catalyzed the Suzuki-Miyaura cross-coupling reactions in water with turnover numbers of

91



Chapter 4

75,000 and 8,900 for 14a and 14b complexes, respectively. Complex 14a was not deactivated
by the addition of metallic Hg which suggested that the active species was the complex itsalf.
Complex 14b exhibited no catalytic activity in the presence of metallic Hg, proposing the
involvement of heterogeneous catalysts, such as Pd nanoparticles [58]. Haque et al. proposed
a series of pincer-NHC Pd(11) complexes 15a-e (Figure 4.8) and investigated their catalytic
potential for the Suzuki-Miyaura and Heck-Mizoroki reactions of phenylboronic acid and n-
butyl acrylate with a broad range of activated and deactivated bromobenzene derivatives in
aqueous medium. The Suzuki-Miyaura reaction afforded biphenyls in higher yields as
compared to the Heck-Mizoroki reaction (except 15b) [59].

( I | \/ PFe N —‘+1 )
b 1%) % .

(@]
ACO\XOAC /XOAC Ac%\ R1 PFG
1 =
OAC OAc 5a: Ry = allyl

OAGC OAS 15b: R, = 2-OCHjethyl
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Figure 4.8 Acetyl-protected D-glucopyranosyl-based CCN/CNC (14a-b) and Bis-
imidazolium derived CNC (15a-b) pincer NHC Pd(ll) catalysts

It isnoteworthy that aryl iodides and bromides are highly expensive substratesin the reaction,
whereas chlorides are readily available and cheaper. A considerable research effort has been
centred on the synthesis and use of catalysts capable of activating aryl chloride substrates at
very low catalyst loading. Therefore, thereisagrowing demand for devel oping highly efficient
palladium-based catalysts with the aim to work at low catalyst loading, avoid the use of
noxious additives, use of less activated aryl chlorides and using water as a solvent. In
contribution to ongoing research to achieve an efficient catalytic system an abnormal NHC
based palladium(ll) complex bearing CNN-pincer architecture is used as a catayst for the
Suzuki-Miyaura cross-coupling reaction. Reaction under microwave irradiation, using water
as a solvent and employing less activated aryl chlorides as an aryl halide source are the key

features of the present strategy.
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4.2 Resaults and discussion

4.2.1 Synthesis and char acterization of L2H and L 2PdBr

The synthetic route involved in the preparation of CNN pincer derived NHC ligand L2H and
its paladium complex L2PdBr is summarized in Scheme 4.2. N-akylation of 8-
aminoquinoline was done in dioxane using bromoacetic acid to afford 2-bromo-N-(quinolin-
8-yl)acetamide and further its quaternization with 1-methylimidazole through simple
nucleophilic substitution reaction provided imidazolium-based ligand L2H. Its palladium
complex L2PdBr was obtained by adding palladium acetate to L 2H in methanol at 70 °C.

OTNH

Methanol, 70 °C T Pd-Br
N

N/\§ TN
= S P,
L2H L2PdBr

( ~
(o) X X
> P
B 7 7
N/ ' OH N"  1-methylimidazole
NH, Ethyl chloroformate, Oy NH 70°C NH
NEts, Dioxane
8-aminoquinoline rt. Br NS
2-bromo-N-(quinolin-8-yl) “N® Br@
acetamide \
L2H
X X
= =
N Pd(OAc), N
0N,/

Scheme 4.2 Synthesis of L 2PdBr
In 'H NMR of L2H, the singlet for amidic NH proton (H16) appeared at 10.89 ppm. The
signals at 9.00 and 9.23 ppm were assigned to H1 and H12 protons, respectively. The rest two
imidazolium and the aromatic proton of the quinoline ring appeared in region 7.59-8.58 ppm.
The singlets of aliphatic CH2> and CHs protons were observed at 5.52 and 3.95 ppm,
respectively (Figure 4.9). The unusual coordination mode of NHC ligand to palladium was
proposed on the basis of *H, 3C, DEPT-135, COSY, HSQC, and HMBC NMR studies and X -
ray crystal structure analysis. The 15 proton signals observed in the *H NMR spectrum of L 2H
reduced to 13 in L2PdBr. After coordination, signals observed at 7.83 ppm (H14) and 10.89
ppm (H16) in L2H disappeared (Figure 4.10). Also, in the3C NMR spectrum of L2H, an
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O (C10) signal observed at 6 165.1 ppm (Figure 4.11) shifted downfield to 167.4

ppmin L2PdBr (Figure 4.12).
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'H-H COSY spectrum (Figur e 4.13) displayed scalar couplings for adjacent protons H1<H2,
H2—H3 and H5<~H6 of quinoline moiety, however, it was difficult to locate H4—H5
coupling due to merged resonances. Further, the connection of these six protons with their
parent carbons C1 (149.4 ppm), C2 (122.3 ppm), C3 (139.3 ppm), C4 (128.4 ppm), C5 (120.7
ppm) and C6 (123.0 ppm) was confirmed by direct couplings in HSQC spectrum (Figure
4.14). The connection of protons H12 to C12 (134.7 ppm) and H13 to C13 (127.5 ppm) of
imidazolium moiety was confirmed by the HMBC spectrum (Figur e 4.15). The disappearance
of resonances of C10 (167.4 ppm), C7 (148.92 ppm), C9 (143.64) ppm, C14 (131.2 ppm) and
C8 (129.6 ppm) in the DEPT-135 spectrum confirmed the presence of five quaternary carbon
atoms (Figure 4.16). The assignments to all protons and carbons of L 2PdBr predicted from
1D (*H, C and DEPT-135) and 2D (COSY, HSQC and HMBC) NMR data are shown in
Table4.1
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Figure 4.13 COSY spectrum of L 2PdBr (DM SO-dg)

96



Chapter 4

(3.80,35.18£
(4.95,56.51§

=z
A

-Br
4

\13

N

’

s

/

d

1
12\

.

15

(8.89,123.08§ <7.73,122.3s$ 5{7'57'120'74}
' {7.60,128.84}

{8.85,134.75& q£=
{8.55,139.38}

{9.23,149.50}

(7.07,127.61}

F10

F20

r30

+40

r50

60

F70

80

f1 (ppm)

r90

r100

110

120

130

r140

150

6.0 5.5
2 (ppm)

Figure 4.14 HSQC NMR spectrum of L 2PdBr (DM SO-ds)

T JJL

2

5 2.0

Z
N

{8.9,35.2&l {7.1,34.4§

{8.9,55.6{'

No_/
L “Pd-B

/g
4 13
Py

N
12\
1

|

r o

1"

H

5
{8.9,120.7}

{7.6,123.1} {7.6,123.0}
] §7%,129.73
{8.6,134.6} g 0l {7.4,134.6}
{9.2,143. {7.6,143.

s 18617 [ 634771296y 7 1 13123
{9.3,139.3 « 8 { {7.6,149.0}
1139 »

{7.7,149.5
{8.9,148.9{‘

{9.3,122.

3% . .
{9.3,130.6{((9.3,1 O.Sfla

{3.8,127.
{4.9,131.3),

{4.9,134.44;
{4.9,167.5{'9

L

7{(8.6,149.3}

l

5
(3.8,134.7

r-10

r10
20
r30
F40
r50
r60
r70
r80
F90
r100
110
120
130
r140
r150
r160
170
r180
r190
r200
=210

f1 (ppm)

{

T

7.0

.
6.5
2 (ppm)

9.5 9.0 8.5 8.0 7.5 4.5 4.0

Figure 4.15 HMBC NMR spectrum of L 2PdBr (DM SO-ds)

3.5

97



Chapter 4

—56.5

—35.2

T T T
190 180 170

Table 4.1 H and 13C chemical shifts of L 2PdBr

T T T T T
140 130 120 110 100
f1 (ppm)

T T
70 60

T T T T T
40 30 20 10 0

Figure 4.16 DEPT NMR spectrum of L 2PdBr (DM SO-ds)

Proton Chemical shift (ppm) Carbon  Chemical shift
H1 89.26(dd, J=4.9, 1.4 Hz, 1H), C1 1494
H2 7.70 (dd, J = 8.3, 49 Hz, 1H) C2 1224
H3 8.58 (dd, J=8.3, 1.4 Hz, 1H) C3 139.3
H4-H5 7.60-7.56 (m, 2H) c4 128.8
C5 120.7
H6-H12 8.89-8.85 (m, 2H) C6 123.0
C12 134.7
H7 - C7 148.9
H8 - C8 129.7
H9 - C9 143.6
H10 - C10 167.4
H11 4.93 (s, 2H) C11 56.5
H13 7.06 (d, J=1.5Hz, 1H) C13 1275
H14 - C14 131.2
H15 3.78 (s, 3H) C15 35.2
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The coordination of C14 with Pd(I1) in L2PdBr was further confirmed by single-crystal
structure analysis. The single-crystal of L2PdBr was obtained from the DM SO-acetonitrile
solvent mixture. The compound L2PdBr with the molecular formula CisH13BrN4sOPd
crystallized in the triclinic P-1 space group. The single-crystal XRD data and cell parameters

are summarized in Table 4.2. The ORTEP diagrams of L 2PdBr isillustrated in Figure 4.17.

Two molecules of L2PdBr were found in unit cell packing (Figure 4.18).

Table 4.2 Crystal data and structure refinement for L 2PdBr

| dentification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

p/°

/e

Volume/A3

Z

peacg/em®

wmm™

F(000)

Crystal size/mm?
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restrainty/parameters
Goodness-of-fit on F?
Final Rindexes [[>=2c (1)]
Final R indexes[all data]
Largest diff. peak/hole/ e A3

L 2PdBr

C15H138I’N40Pd

451.60

293

Triclinic

P-1

7.3794(5)

8.0408(5)

13.4452(8)

94.425(5)

105.428(5)

110.031(5)

709.94(8)

2

2.113

4128

440.0

05x02x01

MoKa (A = 0.71073)

9.666 to 50
-8<h<8,-9<k<9,-15<1<15
8257

2481 [Rint = 0.0366, Rsigma = 0.0248]
2481/0/195

1.151

Ri2 = 0.0811, wRP = 0.1966
Ri2 = 0.0857, R = 0.2057
2.02/-3.71

3Ry = YIFo| — [Fell/Z|Fol. ® WR2 = [EW(Fo? — EAXXW(FH) Y2, wherew =
U[c*(Fo?) + (aP)? + bP], P= (Fs? + 2F2)/3.
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Figure 4.18 Unit cell packing of L 2PdBr

All the calculated bond Iengths and bond angles of L 2PdBr are given in Table 4.3 and Table
4.4. The Pd(1)-C(14), Pd(1)-N(1), Pd(1)-N(2) and Pd(1)-Br(1) bond lengths are 1.943(13),
2.077(10), 2.004(10) and 2.378(2) A, respectively. The C(13)-C(14)-N3, C(14)-Pd(1)-N(1),
C(14)-Pd(1)-N(2) and N(1)-Pd(1)-N2 bond angles are 103.0(11)°, 171.9(5)°, 91.6(5)° and
80.6(4)°, respectively. The bond lengths and the bond angles are in good agreement with the
previously reported palladium aNHC complexes [51, 60-61].

Table 4.3 Bond Lengthsfor L 2PdBr

Atom Length/A Atom Length/A
PA(1)-Br(l) | 2378(2) |C(10)-C(11)| 1535(17)
PAL)-N(1) | 2077(10) | N()-C(12) | 1.339(17)
PA(1)-N(2) | 2004(10) | N(4)-C(13) | 1376(17)
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Pd(1) C(14) | 1.943(13) | N(4) C(15) | 1.448(17)
N(1)-C(9) | 1.320(16) | C(9-C(8) | 1.388(19)
N(1) C(6) | 1.378(16) | C(3) C(4) | 1.360(19)
N(2-C(10) | 1.359(16) | C(3)-C(2) | 1.412(18)
N(2) C(1) | 1406(16) | C(6) C(1) | 1.434(16)
O(1)-C(10) | 1.207(16) | C(6)-C(5) | 1.393(17)
N(3) C(14) | 1.420(16) | C(1) C(2) | 1.386(18)
N(3) C(12) | 1.334(17) | C@)C() | 1.414(19)
N(3) C(11) | 1.465(16) | C(8) C(7) 1.38(2)

C(14) C(13) | 1.376(18) | C(5) C(7) | 1.429(18)

Table 4.4 Bond Anglesfor L 2PdBr

Atoms Angle/* Atom Angle/*
N(1)-Pd(1)-Br(1) 95.7(3)  |C(12)-N(4)-C(13)| 109.4(11)
N(2)-Pd(1)-Br(1) 172.03) |C(12)-N(4)-C(15)| 124.4(11)
N(2)-Pd(1)-N(2) 80.6(4) |C(13)-N(4)-C(15)| 125.7(11)
C(14)-Pd(1)-Br(2) 91.7(4) N(1)-C(9)-C(8) | 123.7(12)
C(14)-Pd(1)-N(1) 171.9(5) C(4)-C(3)-C(2) | 123.0(12)
C(14)-Pd(1)-N(2) 91.6(5) N(1)-C(6)-C(1) | 116.1(11)
C(9)-N(1)-Pd(2) 131.2(9) N(1)-C(6)-C(5) | 122.8(11)

C(9)-N(1)-C(6) 117.6(11) | C(5)-C(6)-C(1) | 121.0(11)
C(6)-N(1)-Pd(2) 110.4(8) N(2)-C(1)-C(6) | 115.1(11)
C(10)-N(2)-Pd(2) 128.7(9) C(2-C(1)-N(2) | 127.2(11)
C(10)-N(2-C(2) 119.9(10) | C(2)-C(1)-C(6) | 117.6(11)
C(1)-N(2)-Pd(2) 111.2(8) C(3)-C(4)-C(5 | 118.2(12)
C(14)-N(3)-C(11) | 1238(10) | C(7)-C(8)-C(9) | 119.6(12)
C(12)-N(3)-C(14) | 111.3(10) | N(3)-C(12)-N(4) | 107.1(11)
C(12)-N(3)-C(11) | 124.6(10) | C(1)-C(2)-C(3) | 119.8(12)
N(3)-C(14)-Pd(1) 119.6(9) |N(4)-C(13)-C(14)| 109.2(11)
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C(13) C(14) Pd(1) | 137.3(10) | C(6) C(5) C(4) | 120.0(12)
C(13)-C(14)-N(3) | 103.0(11) | C(6)-C(5)-C(7) | 117.4(11)
N(2)-C(10) C(11) | 113.8(11) | C(4) C(5) C(7) | 122.5(12)
O(1)-C(10)-N(2) | 128.0(11) |N(3)-C(11)-C(10)| 115.1(10)
O(1) C(10) C(11) | 118.0(11) | C(8) C(7) C(5) | 118.6(11)

HRM S data showed the presence of [L2H - Br]" at myz=267.1319 (267.1240, calculated) and
[L2PdBr - Br]*a m/z = 371.0122 (371.0124, calculated) (Figure 4.19 and Figur e 4.20).

x106 +ESI Scan (rt: 0.347 min) Frag=135.0V VS342.d
X
2 * 26711319
_
1.8 N
1.6 (@) NH
1.4 T
1.2 N/x
1 \QN
0.8 \
0.64 m/z = 267.1240 (calculated)
267.1319 (found)
04 134.0657
0.2 sngs 1900968
. Wb | 197.1284 2149173 247.1662 | 282.9047 3011329 351.0767
" 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400
Counts vs. Mass-to-Charge (m/z)

Figure4.19 HRMSof L2H

x10% | Eg1 Scan (rt: 0.442 min) Frag=135.0v V5343.d

3754 = 267|1246 AN
354

3.25-] N/

34

] No./

215 % ~Pd 371.0122

254

2.25-]
NN
2 L
1.75 N

1 5] 209873 \

1257 | m/z = 371.0124 (calculated)

14

371.0122 (found)
0.75-] [
0.5
0.251 221667 961 1239 I | 2009691 3042994 3495907 345.0342 [

0 ol h Y . I Ll L L L]
e e e e o o — e — e
240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385 390 395 400

Counts vs. Mass-to-Charge (m/z)

Figure. 4.20 HRMS of L 2PdBr
4.2.2 Catalytic application of L2PdBr in the Suzuki-Miyaura cross-coupling

The catadytic ability of complex L2PdBr for the Suzuki-Miyaura cross-coupling was

investigated. Extensive screening of different bases, solvents, temperature, catalyst, and base

loading was performed using p-chlorotol uene (17b) and phenylboronic acid (18a) as substrates
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under microwave irradiation (Table 4.5). The investigation initiated by choosing H2O as a
solvent system, using 1 mol% L 2PdBr and 3 equiv. of K-COg, provided biaryl product 19b in
92% yield (Table 4.5, entry 1). Among different bases, K>COs showed better results (Table
4.5, entries 1-10). The effect of the solvents using K2COs as the base was also investigated
(Table 4.5, entries 1, 11-14). 19b was obtained in high yieldsin DMF, H20, and EtOH, low
yield in ACN and no product formation was observed in toluene. Increasing or lowering the
amount of L2PdBr from 1 mol% resulted in a decreased yield of 19b (Table 4.5, entries 1,
15-17). Further increasing the K2COs amount from 1.0 to 3.0 equiv. improved the product
yield (Table 4.5, entries 1, 18-21). Finally, the effect of the temperature was evauated, and
lower yields were obtained upon increasing or decreasing the reaction temperature from 120
°C (Table 4.5, entries 22 and 23). 1 mol% of L2PdBr, 3 equiv. of KoCO3 a 120 °C and use
of green solvent HO under microwave irradiation for 15 min was chosen as the optimized

reaction conditions for biaryl formation.

Table 4.5 Optimization of the Suzuki-Miyaura cross-coupling reaction

L2PdBr, Base
o o) a U,
solvent,15 min

17b 18a 19b
Entry L2PdBr (mol%) Base(equiv.) Solvent Yield (%)P
1 1 K2COs (3) H20 92
2 1 NaxCOs (3) H20 71
3 1 Cs:COs3 (3) H20 36
4 1 NaOH (3) H20 trace
5 1 KOH (3) H20 30
6 1 KO'BuU (3) H20 60
7 1 K3POs4 (3) H20 40
8 1 KHCO:s (3) H20 trace
9 1 NaHCOs (3) H-0 57
10 1 NEts (3) H20 -
11 1 K2COz (3) DMF 93
12 1 K2COs (3) EtOH 90
13 1 K2COs (3) CHsCN 20
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14 1 K2COs (3) Toluene -

15 3 K2COs (3) H20 90
16 05 K2COz3 (3) H20 87
17 0.1 K2COz3 (3) H20 76
18 1 K2COs (1) H20 79
19 1 K2COs (1.5) H20 83
20 1 K2COs (2) H20 88
21 1 K2COs (2.5) H20 90
22¢ 1 K2COs (3) H20 84
23 1 K2COs (3) H20 69

3Reaction conditions: 17b (1 mmoal), 18a (1.2 mmol). Pisolated yield. ‘temp. at 110 °C.
dtemp. at 130 °C.

Due to the remarkable activity of L2PdBr, we further expanded the coupling reaction of
various aryl chlorides (chlorobenzene, p-chlorotoluene, p-nitrochlorobenzene, p-
chloroacetophenone,  p-chloroanisole,  o-chlorotoluene, o-aminochlorobenzene, o-
chloroanisole, and o-nitrochlorobenzene) with different boronic acids (phenylboronic acid, p-
methoxyboronic acid, o-methylboronic acid, napthene-1-boronic acid, 3,4-dimethoxyboronic
acid, 2,3,4-trimethoxyboronic acid, 3,4,5-trimethoxyboronic acid, and phenanthrene-9-
boronic acid) under optimized reaction condition (Table 4.6). Aryl chlorides and boronic acid
with electron-neutral, electron-donating, and electron-withdrawing groups at para position
gave the biaryl product in 95-82% yields (Table 4.6, entries 19a, 19b, 19c, 19d, 19h 19i, and
19j). The ortho-substituted aryl halides and boronic acids were aso tolerated under these
reaction conditions (Table 4.6, entries 19e, 19f, 199, 19k, and 19I). Sterically hindered and
bulky boronic acid derivatives (T able 4.6, entries 19m-t) reacted well and provided the desired
product in good yields. Encouraged by the good catalytic applicability of L2PdBr, we
extended this protocol for the synthesis of more challenging heteroaryls by increasing reaction
time to 30 mins. Heteroaryl chlorides (2-chloropyridine, 2-chloropyrazine, and 2,6-
dichloropyrazine) reacted well with arylboronic acid derivatives and provided mono and
biheteroarylated productsin satisfactory yields (Table 4.6, entries 19u-y). All the synthesized
compounds were isolated by column chromatography and characterized by *H and *C NMR
spectroscopy. The representative *H and 3C NMR spectra of 19b are shown in Figure 4.21
and Figure 4.22.
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Table 4.6 The Suzuki-Miyaura coupling reaction of aryl chlorides with arylboronic acids?

7 N\ + 7\

L2PdBr (1 mol%),
K5,CO3 (3 equiv.)

7 N/ N\

H,0,15 min,
120 °C, MW
17b 18a 19a-y
O
O ~O O
19a, 95% 19b, 92% 19¢, 85% 19d, 82%
Y (=)
(0]
NO, /o NH,
19¢, 79% 19f, 72% 199, 73% 19h, 93%
/ / /
0 O,N o (o)
19i, 90% 19j, 89% 19K, 74% 191, 70%
%) O OO s
o (6]
O O P \
19m, 86% 19n, 82% 190, 81% 19p, 76%

o

19q, 80% 19r, 75%
X
»
N
o~
19u, 69%°
N
N
»
N
19x, 62%°

19s, 78% 19t, 73%
N N
N N
[ = [ 7
N N
19v, 71%°€ 19w, 63%°
N
A
L 0]
“ §
19y, 64%°

aReaction conditions: aryl halide (1.0 mmol), boronic acid (1.2 mmal), K>COs (3.0 equiv.),

and 3 mL HO. bYield. cTime: 30 mins.
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Figure 4.22 3C NMR spectrum of 19b (CDCl3)
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4.2.3 M echanism of the Suzuki-Miyaura cross-coupling reaction

To study the possible mechanism for this transformation, the coupling of 17b with 18ain the
presence of K2COz in H2O was monitored by electrospray ionization high-resolution mass
spectrometry (ESI-HRMS). The proposed plausible mechanism is shown in Scheme 4.3.

(" )
A al /Ar‘l K2CO3 + Hzo
M L2H—Pd"
~N
17b
21 Cl
KClI
L2—Pd'-Br —— L2H—Pd° AT
20a L2H—Pd! —— 22b
. OH detected in
detected in 22a HRMS
20b 4 HRMS
detected in Ar,—B(OH),
HRMS A o+ Ho 182
19b L2H—Pd"\ Ch
Are B(OH)
L 23 ( 3 )

Scheme 4.3 Plausible mechanism and reactive intermediates identified by ESI-HRMS

In mass spectrum, the characteristic isotopic pattern of palladium suggests the presence of
active Pd(0) species 20a at m/z 444.0643 (calcd for CisH22N4OsPd” ([L2HPd + 4H20 - Br]*):
444.0620) [62]. Another mass pattern at m/z 412.0383 for Pd(0) species 20b (calcd for
C14H18N4O4Pd" ([20a + H - H20 - CH3]"): 412.0363), indicates the removal of water molecule
and methyl group from 20a during ionization (Figure 4.23).

x10 4 |+ESI Scan {rt: 0.137 min) Frag=80.0V V5-PdK.d
6] 20b
55 [C14H1sN, O Pd]”
54 4120383
4.3
4 20a
35 [C15HN,05Pd]”
3 444 0643
235
5 536.1645
15
1 \
"
o | ST ST W | |J.m | | | L i | ——— \ [lafu,
hiesbaiiss

7 T 7 T T T T 7 7 T 7 7 7 T T T 7 7 T 7
350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 S50
Counts vs. Mass-to-Charge {m/z)

Figure 4.23 HRMS of 20a and 20b
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Next, the oxidative addition of aryl halide 17b to 20a gives 21. The CI” ligand exchange
reactionin 21 by OH™ results in the formation of 22a[63]. A prominent peak observed for 22b
at m/z 465.0659 (calcd for CaiH19N4OPd™ ([22a - CH3]™®): 465.0543) indicates the rapid
ionization of 22ato 22b (Figure 4.24). Inthe next step, transmetal ation of 22a with 18a gives
23, and finally, on reductive elimination, the cross-coupled product 19b is formed and 20a is

regenerated.
x104 [+ESI Scan (rt: 0.153 min) Frag=80.0V VS-PdKCLd 22h
> [CyHN,0,Pd]*
4.5 465.0659
4,
3% 412.0388
3 4251361
2.5
2.
1.5 319.0013
; 371.1004 523.2451
0.5 l I
T T T T T T
310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550
Counts vs. Mass-to-Charge (m/z)

Figure 4.24 HRMS of 22b

4.3 Experimental
4.3.1 Synthesis of 2-bromo-N-(quinolin-8-yl)acetamide

To astirred solution of bromoacetic acid (1 mmol) in dioxane at 0 °C, ethyl chloroformate (1
mmol) and triethylamine (1 mmol) were added. After 40 min, 8-aminoquinoline (1 mmol) was
added and the reaction mixture was kept at room temperature till the completion of the
reaction. Dioxane was evaporated under vacuum on a rotary evaporator, the resdue was
diluted with water and the product was extracted in ethyl acetate. The ethyl acetate layer was
washed with water, dried over anhydrous sodium sulfate, and evaporated under reduced
pressure. The crude product was purified by column chromatography using hexanes and ethyl
acetate as the eluent to afford 2-bromo-N-(quinolin-8-yl)acetamide (Scheme 4.2).

4.3.2 Synthesis of imidazolium-based ligand L 2H

2-bromo-N-(quinolin-8-yl)acetamide (discussed in chapter 2, section 2.4) (1 mmol) and 1-
methylimidazole (1.2 mmol) was stirred at 70 °C for 6 hr. Obtained crude was washed with
ethyl acetate and ether to give L2H (Scheme 4.2).
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4.3.3 Synthesis of imidazolium-based NHC/CNN pincer palladium(l1) complex L 2PdBr

L2H (2 mmol) was dissolved in methanol and to this solution Pd(OAc)2 (1 mmol) was added,
the reaction mixturewasstirred for 5h at 70 °C. A precipitate wasisolated by filtration, washed
with ethyl acetate and ether, dried under vacuum to afford complex L2PdBr as a yellowish
green powder (Scheme 4.2).

4.3.4 General procedurefor the Suzuki-Miyaura reaction

A mixture of aryl chloride (1 mmol), boronic acid (1.2 mmol), K2COs (3 equiv.) and L 2PdBr
(2 mol%) in 3 mL H>0O was stirred under microwave irradiation at 120 °C for 15 min. After
completion, the reaction mixture was cooled down to room temperature and product was
extracted in ethyl acetate. The ethy| acetate |ayer was washed with water, dried over anhydrous
sodium sulfate and evaporated under reduced pressure. The crude product was purified by

column chromatography using a mixture of hexanes and ethyl acetate as the eluent.
4.3.5 Physical and spectral data of synthesized compounds

2-bromo-N-(quinolin-8-yl)acetamide

<) Whitesolid (71%); mp: 128-129 °C; 'H NMR (400 MHz, CDCl3) § 10.93

@| (s1H), 888 (dd, J=4.2 16 Hz, 1H), 881-874 (m, 1H), 8.19 (dd, J =

0w NH 8.3, 1.6 Hz, 1H), 7.64-7.54 (m, 2H), 7.50 (dd, J = 8.3, 4.2 Hz, 1H), 4.34

T (s, 2H). 23C NMR (100 MHz, CDCl3) § 164.4, 148.7, 138.8, 136.3, 133.6,
= 128.0, 127.2, 122.5, 121.8, 116.6, 29.7.

3-methyl-1-(2-oxo-2-(quinolin-8-ylamino)ethyl)-1H-imidazol-3-ium bromide (L 2H)
o)

X Pale brown solid (96%); mp: 107-108 °C; *H NMR (400 MHz, DMSO-

N" | de) §10.89 (s, 1H), 9.23 (s, 1H), 9.00 (dd, J = 4.2, 1.5 Hz, 1H), 8.59-8.44

OTNH (m, 2H), 7.83 (s, 1H), 7.78 (s, 1H), 7.77-7.73 (m, 1H), 7.69 (dd, J = 8.3,
N S 4.2 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 5.52 (s, 2H), 3.95 (s, 3H); *C NMR
oM (100 MHz, DMSO-ds) § 165.1, 149.6, 138.8, 138.4, 137.2, 134.5, 128.4,
B/ 1273, 1243, 1236, 1233, 122.8, 1180, 52.2, 36.4. HRMS (ESI): m/z

calcd for [C1sH1sN4O]* [L2H - Br]* 267.1240, found 267.1319.
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Abnormal NHC/CNN pincer palladium(l1) complex (L 2PdBr)

Yellowish green solid (65%); mp: 263-264 °C; 'H NMR (400 MHz,

)
©\/Nj DMSO-ds) §9.26 (dd, J = 4.9, 1.4 Hz, 1H), 8.89-8.85 (m, 2H), 8.58 (dd, J

O N-plg| =83 L4Hz 1H),7.70 (dd, J =83, 4.9 Hz, 1H), 7.60-7.56 (m, 2H), 7.06
TN,J\§ (d, J=1.5Hz, 1H), 4.93 (s, 2H), 3.78 (s, 3H); *C NMR (100 MHz, DMSO-
H):'N de) 5 167.4, 149.4, 148.9, 143.6, 139.3, 134.7, 131.2, 129.7, 128.8, 127.5,

———/ 1230, 1224, 1207, 565, 352. HRMS (ES): mz cacd for
[C1sH13N4OPd] " [L 2PdBr - Br]* 371.0124, found 371.0122).

H NMR and 3C NMR Spectral data of the Suzuki-Miyaura coupling products

1,1'-biphenyl (19a)
White solid; *H NMR (400 MHz, CDCl3) § 7.66-7.62 (m, 4H), 7.51-7.46

(m, 4H), 7.42-7.36 (m, 2H); *C NMR (100 MHz, CDCl3) 5 141.2, 128 8,

127.3,127.2.

4-methyl-1,1'-biphenyl (19b)

White solid; *H NMR (400 MHz, CDCls) § 7.64 (dd, J= 8.2, 1.2 Hz,
[J 2H), 7.58-7.54 (m, 2H), 7.51-7.46 (m, 2H), 7.41-7.36 (m, 1H), 7.31
(d, J = 7.9 Hz, 2H), 2.46 (s, 3H); 3C NMR (100 MHz, CDCl3) &
141.2,138.4, 137.1, 1295, 128.8, 127.0, 127.0, 21.2.

4-nitro-1,1'-biphenyl (19¢)
Q O Paleyellow solid; *H NMR (400 MHz, CDCl3) § 8.36-8.30 (m, 2H),
0 NH
? 7.79-7.74 (m, 2H), 7.68-7.63 (M, 2H), 7.56-7.45 (m, 3H); °C NMR

(100 MHz, CDCl3) & 147.6, 147.1, 138.8, 129.2, 128.9, 127.8,

127.4,124.1.

1-([1,1'-biphenyl]-4-yl)ethan-1-one (19d)

5 White solid; 'H NMR (400 MHz, CDCl3) & 8.08-8.04 (m, 2H), 7.74-
[ 7.70 (m, 2H), 7.66 (m, J = 7.0, 1.5 Hz, 2H), 7.53-7.48 (m, 2H), 7.46-
7.40 (m, 1H), 2.67 (s, 3H); *C NMR (100 MHz, CDCl3) § 197.7, 145.8, 139.9, 135.9, 129.0,
128.9, 128.2, 127.3, 127.2, 26.6.
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2-nitro-1,1'-biphenyl (19¢)
Yellow solid; *H NMR (400 MHz, CDCl3) § 7.88 (dd, J = 8.1, 1.2 Hz,
1H), 7.65 (td, J = 7.6, 1.3 Hz, 1H), 7.54-7.43 (m, 5H), 7.36 (dd, J = 7.6,
NO, 1.9 Hz, 2H); 3C NMR (100 MHz, CDCls) § 149.3, 137.4, 136.3, 132.3,
132.0,128.7, 128.3, 128.2, 127.9, 124.1.

2-methoxy-1,1'-biphenyl (19f)

Q O Colourless oil; *H NMR (400 MHz, CDCl3) § 7.58-7.53 (m, 2H), 7.44 (t,
H J=7.5Hz, 2H), 7.35 (td, J = 5.7, 1.4 Hz, 3H), 7.09-7.00 (m, 2H), 3.84
P (s, 3H); °C NMR (100 MHz, CDCl3) 5 156.4, 138.5, 130.9, 129.5, 128.6,

128.0, 126.9, 120.8, 111.2, 55.6.
[1,1'-biphenyl]-2-amine (19g)
Pale brown solid; *H NMR (400 MHz, CDCl3) &) 7.54-7.45 (m, 4H),
7.43-7.37 (m, 1H), 7.25-7.17 (m, 2H), 6.89 (td, J = 7.5, 1.1 Hz, 1H), 6.82
NHo (dd, J = 7.9, 0.9 Hz, 1H), 3.68 (s, 2H); *C NMR (100 MHz, CDCls) &
1435, 139.6, 130.5, 129.1, 128.8, 128.5, 127.7, 127.2, 118.7, 115.6.

4-methoxy-1,1'-biphenyl (19h)
[ /] White solid; *H NMR (400 MHz, CDCls) § 7.61-7.55 (m, 4H), 7.48-
@]
7.43 (m, 2H), 7.37-7.32 (m, 1H), 7.04-7.01 (m, 2H), 3.89 (s, 3H); *C

NMR (100 MHz, CDCl3) 6 159.1, 140.8, 133.8, 128.7, 128.2, 126.8,

126.7, 114.2,55.4.
4-methoxy-4'-methyl-1,1'-biphenyl (19i)
7 White solid; *H NMR (400 MHz, CDCl3) § 7.57-7.54 (m, 2H),
(O] 7.51-7.48 (M, 2H), 7.29-7.25 (m, 2H), 7.03-6.99 (m, 2H), 3.88
(s, 3H), 2.43 (s, 3H); *C NMR (100 MHz, CDCls) § 159.0,
138.0, 136.4, 133.8, 129.5, 128.0, 126.6, 114.2, 55.4, 21.1.

4-methoxy-4'-nitro-1,1'-biphenyl (19j)
7 Yellow oil; *H NMR (400 MHz, CDCl3) § 8.29 (d, J= 8.9 Hz,
EDZNOJ 2H), 7.71 (d, J = 8.9 Hz, 2H), 7.61 (d, J = 8.8 Hz, 2H), 7.04
(d, J=8.8Hz, 2H), 3.90 (s, 3H); *.C NMR (100 MHz, CDCl3)
6160.4,147.2,146.5,131.1,128.6,127.1, 124.2,114.6, 55 4.

111



Chapter 4

4'-methoxy-2-nitro-1,1'-biphenyl (19k)
o/ Yellow solid (74%); *H NMR (400 MHz, CDCl3) § 7.85-7.81 (m,
1H), 7.64-7.59 (m, 1H), 7.46 (t, J = 7.4 Hz, 2H), 7.31-7.27 (m, 2H),
NO:2 7.01-6.97 (m, 2H), 3.87 (s, 3H): 13C NMR (100 MHz, CDCl3)
159.7, 149.4, 135.9, 132.2, 131.9, 129.5, 129.1, 127.8, 124.0, 114.2, 55.3.

2,2'-dimethyl-1,1"-biphenyl (19I)
Colourlessliquid; *H NMR (400 MHz, CDCl3) § 7.56-7.50 (m, 2H), 7.38

O O (qd, J = 6.7, 1.9 Hz, 6H), 2.50 (s, 6H); 3C NMR (100 MHz, CDCl3) §
141.7, 136.8, 136.4, 131.1, 130.1, 129.3, 126.2, 2.

1-phenylnaphthalene (19m)
White solid; *H NMR (400 MHz, CDCl3) § 8.06-7.93 (m, 3H), 7.70-7.20
O O (m, 9H); 3C NMR (100 MHz, CDCls) & 138.5, 133.5, 132.8, 128.2,
127.9, 127.8, 126.6, 126.0, 125.0, 125.8, 125.4.

1-(4-nitr ophenyl)naphthalene (19n)
Pale yellow solid; *H NMR (400 MHz, CDCls). § 8.39 (d, J = 8.8
ON O O Hz, 2H), 7.97 (dd, J = 7.9, 3.2 Hz, 2H), 7.82 (d, J = 8.6 Hz, 1H),
O 7.70 (d, J = 8.8 Hz, 2H), 7.62-7.55 (m, 2H), 7.54-7.49 (m, 1H),
7.46 (dd, J = 7.1, 1.1 Hz, 1H); 3C NMR (100 MHz, CDCls) §
147.7, 147.2, 137.8, 133.8, 131.0, 130.9, 129.0, 128.6, 127.1, 126.7, 126.2, 125.3, 125.1,
123.6.

3,4-dimethoxy-4'-nitro-1,1'-biphenyl (190)

2H), 7.74-7.69 (m, 2H), 7.23 (dd, J = 8.3, 2.2 Hz, 1H), 7.15
(d, J = 2.2 Hz, 1H), 7.00 (d, J = 8.3 Hz, 1H), 3.99 (s, 3H),
3.97 (s, 3H); 3C NMR (100 MHz, CDCl3) § 150.1, 149.5, 147.4, 146.7, 131.5, 127.2, 124.1,
120.1, 111.7, 110.5, 56.1, 56.1.

/ Yellow solid;*H NMR (400 MHz, CDCl3) § 8.31-8.26 (m,
OEEY
O_

2,3,4-trimethoxy-1,1'-biphenyl (19p)
White solid; *H NMR (400 MHz, CDCl3) § 7.53 (d, J = 7.0 Hz, 2H),
o)
\| 7.46-7.41(m,2H), 7.34(t,J=7.3Hz, 1H), 7.06 (d, J = 8.6 Hz, 1H),

R 6.77 (d, J= 8.6 Hz, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.70 (s, 3H); :3C
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NMR (100 MHz, CDCl3s) & 153.1, 151.4, 142.6, 138.3, 129.1, 128.8, 128.1, 126.7, 124.8,
107.5, 61.0, 60.9, 56.0.

34,5-trimethoxy-1,1"-biphenyl (19q)
— Off white solid; *H NMR (400 MHz, CDCls) § 7.60-7.57 (m, 2H),

O
O/ 7.48-7.44 (m, 2H), 7.40-7.35 (m, 1H), 6.81 (s, 2H), 3.96 (S, 6H), 3.93
©)

(s, 3H); 3C NMR (100 MHz, CDCls) § 153.5, 141.4, 137.7, 137.2,
128.7, 127.3, 127.1, 104.6, 61.0, 56.2.

9-phenylphenanthrene (19r)

White solid; *H NMR (400 MHz, CDCl3) § 8.84 (d, J = 8.0 Hz, 1H),
8.79 (d, J = 8.1 Hz, 1H), 8.03-7.93 (m, 2H), 7.77-7.65 (m, 4H), 7.65-
7.49 (m, 6H); 3C NMR (100 MHz, CDCl3) § 140.9, 138.8, 131.6,
131.2, 130.1, 128.7, 127.7, 127.4, 127.0, 126.9, 126.6, 126.5, 126.5,
122.9,122.6.

9-(4-methoxyphenyl)phenanthrene (19s)

White solid; *H NMR (400 MHz, CDCl3) § 8.82 (d, J= 8.3 Hz,
1H), 8.76 (d, J = 8.1 Hz, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.93(d,
J=9.0Hz, 1H), 7.74-7.63 (m, 4H), 7.59 (t, J = 8.2 Hz, 1H), 7.54-
7.50 (m, 2H), 7.12-7.08 (m, 2H), 3.95 (s, 3H); *C NMR (100
MHz, CDCl3) 6 159.1, 138.4, 133.2, 131.7, 131.5, 131.1, 130.7,
129.9, 128.6, 127.5, 127.0, 126.8, 126.5, 126.4, 122.9, 122.5, 113.8, 55.4.

9-(4-nitr ophenyl)phenanthrene (19t)

e Pale yellow solid; *H NMR (400 MHz, CDCl3) § 8.83 (d, J =
8.4 Hz, 1H), 8.77 (d, J = 7.9 Hz, 1H), 8.43-8.37 (m, 2H), 7.95
(dd, J = 7.8, 1.5 Hz, 1H), 7.82 (dd, J = 8.2, 1.3 Hz, 1H), 7.78-
on 7.66 (M, 6H), 7.60 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H); C NMR

(100 MHz, CDCl3) & 147.8, 147.3, 136.4, 131.1, 130.9, 130.7,
130.4, 130.2, 128.9, 128.0, 127.4, 127.2, 127.0, 126.9, 126.2, 123.6, 123.2, 122.6.

2-(4-methoxyphenyl)pyridine (19u)
X Yellow ail; *H NMR (400 MHz, CDCl3) § 8.68 (d, J = 4.4 Hz, 1H),

| N 7.97(d, J = 8.7 Hz, 2H), 7.72 (dt, = 16.7, 7.9 Hz, 2H), 7.23-7.16 (m,
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1H), 7.02 (d, J = 8.7 Hz, 2H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCls) § 160.5, 157.1, 149.5,
136.7, 132.0, 128.2, 121.4, 119.9, 114.1, 55.4.

2-phenylpyrazine (19v)

Light yellow solid; *H NMR (400 MHz, CDCl3) § 9.05 (d, J = 1.5 Hz, 1H),
[ ) 8.65 (dd, J= 2.4, 1.6 Hz, 1H), 8.52 (d, J = 2.5 Hz, 1H), 8.06-8.00 (m, 2H),
7.56-7.46 (m, 3H); 3C NMR (100 MHz, CDCl3) § 152.8, 144.2, 142.9,
142.2,136.3, 129.9, 129.1, 126.9.

2-(o-tolyl)pyrazine (19w)
Ny Colourless oil (63%); *H NMR (400 MHz, CDCl3) § 8.76 (d, J = 1.3 Hz,
[ - 1H), 8.73-8.72 (dd, J = 2.5, 1.6 Hz, 1H), 8.57 (d, J = 2.5 Hz, 1H), 7.47-.44
(m, 1H), 7.40-7.32 (m, 3H), 2.43 (s, 3H); 3C NMR (100 MHz, CDCl3) &
155.8, 144.7, 143.9, 142.0, 136.4, 136.3, 131.1, 129.8, 129.4, 126.2, 20.3.

2,6-diphenylpyrazine (19x)
White solid; *H NMR (400 MHz, CDCl3) §9.00 (s, 2H), 8.19 (d, J

N
N
| N = 6.8 Hz, 4H), 7.62-7.50 (m, 6H); 3C NMR (100 MHz, CDCl3) &
152.6, 137.7, 135.9, 130.4, 129.1, 127.1.

2,6-di(naphthalen-1-yl)pyrazine (19y)
N White solid; *H NMR (400 MHz, CDCls) § 8.98 (s, 2H),
O ® ‘ 8.32-8.22 (m, 2H), 8.05-7.95 (m, 4H), 7.81 (d, J = 6.7 Hz,
O § O 2H), 7.65 (t, J = 7.4 Hz, 2H), 7.58 (dd, J = 6.1, 2.9 Hz, 4H);
13C NMR (100 MHz, CDCls) § 154.5, 143.3, 133.9, 133.1,
130.8, 130.5, 128.7, 128.6, 127.3, 126.4, 125.3, 124.6.

4.4 Conclusions

In the present work, synthesis and characterization of imidazolium-based quinoline ligand
L2H and its abnormal NHC/CNN pincer palladium(ll) complex L 2PdBr are discussed. The
NMR studies and crystallography data suggested the abnormal binding of palladium via C5
carbon atom of the imidazolium ring. Also, complex L 2PdBr showed good catalytic activity
for the Suzuki-Miyaura cross-coupling of aryl chlorides with arylboronic acids. The reaction
was completed under microwave irradiation utilizing mild base and water asa solvent. Simple

synthetic route for air and moisture stable catalyst, the good catalytic application under
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agueous condition, and utilization of aryl chlorides as substrates are the few advantages of the

present study.
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