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SYNOPSIS

The thesis entitled “Strategic Design, Syntheses of Novel Pyrazole Based
Cyclometalated Palladacycles and their Utilization as Pre-Catalysts in Organic

Syntheses™ dissociated into seven chapters.

CHAPTER-I: Introduction to cyclometalated palladium compounds

This part deals with the history, classification of palladacycles and their catalytic
applications as pre-catalysts in C—C and C—N bond formations.

Palladium compounds containing at least one palladium-carbon bond
intramolecularly stabilized by at least one donor atom termed cyclopalladated
compounds or palladacycles are one of the most popular classes of organopalladium
derivatives. Palladacycles are divided into two types (Scheme 1); anionic four-
electron donor (CY) or six-electron donor (YCY). The former usually exist as halogen
or acetate bridged dimers, as two geometric isomers (cisoid and transoid

conformations).1 A short survey of palladacycles will be presented in this part.
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N FT
( Pd\ C—Pd—X
Y/ X &/\‘(

Anionic Four-Electron Donor (CY) Anionic Six-Electron Donor (YCY)
C X Y
X
N\ N\ / \ N /
/Pd\ /Pd\ Pd Pd
v X\ Ny C/ \X/ N,
Cisoid-Palladacycle Transoid-Palladacycle

X =CL Br, I, OAc, etc.

Scheme 1: Classification of palladacycles

In 1995 Herrmann and co-workers successfully synthesized tri(o-tolyl)phosphine
based palladacycle and utilized as pre-catalyst in Heck, Suzuki and Buchwald-
Hartwig reactions (Scheme 2).2 Since then numerous five-membered * and six
membered * palladacycles were reported. The catalytic applications of palladacycles

will be presented in this part.

/ o
R \r R' R
R =o-Tolyl R = Mesityl
R' = Me

Scheme 2: Herrmann and Beller's phosphapalladacycles
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CHAPTER-II: Design and synthesis of pyrazole-based palladacycles via C—H

activation

Pyrazoles are an important class of heterocyclic aromatic compounds having
adjacent nitrogen atoms in a five-membered ring system. Nitrogen-directed
cyclopalladation of an aromatic ring is the most direct route to synthesis C,N-
palladacycles,® * therefore, we examined C—H activation of 1,3,5-triphenylpyrazoles
as ligands with Pd(OAc), (Scheme 3). The results are quite interesting when R = H,
Me and F, the C—H activation proceeded on the N-phenyl of pyrazole (type-I,
palladacycles 1-3). However, when R = CF;, we observed C—H activation on 3-
phenyl as well as N-phenyl of pyrazole (type I and type Ill, Palladacycles 4-7). The
effect of -CF3; group on ortho, meta and para position of N-phenyl ring was evaluated.

These results are presented in this chapter.
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Type-111 /k Ph
«j O/\ /

o
PA(OAC), /ACOH _  pp N\ Ph
. . 100°C/2h \ /
H H 1:R=H
/{ O A\ 2: R=Me
] Type-I 3:R=F
Typedl R P Yield = 59 - 74 %
Type-I
CF,
A o
O o N
/ W N\

CF
4,89 % 5a, 39 % ° Bb,43%

Type-III Type-I Type-I11

CF,q FsC CFs

6, 85 % 7,93 %
Type-111 Type-I11

Scheme 3: palladacycles
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CHAPTER-III: 1,3,5-Triphenylpyrazole palladium dimer and its activity

towards cross-coupling reactions

This chapter deals with the palladium catalyzed Suzuki-Miyaura and Mizoroki-
Heck reactions, which are most important C—C bond forming reactions in organic
synthesis. Normally, 1 to 5 mol% of palladium catalyst along with phosphine ligands
is utilized to perform these cross-coupling reactions. As organophosphines are air-
sensitive, expensive and poisonous, 1,3,5-triphenylpyrazole acetate-bridged
palladacycle-1 used as phosphine free catalyst to promote the cross-coupling
reactions.” The activity of the palladacycle in the Mizoroki-Heck, and Suzuki—
Miyaura cross-coupling reactions were evaluated (Scheme 4). The palladacycle pre-
catalyst showed a wide substrate scope, both in Mizoroki-Heck in N-methyl-2-
pyrrolidone (NMP) as well as in Suzuki-Miyaura cross-coupling reactions in N,N’-
dimethylformamide and water using low catalyst loadings viz., 0.2 mol% and 0.1

mol% respectively.
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0.2 mol% 1
K;PO, (2 eq.),
TBAB (10 mol%)
Leq. 2 eq. NMP/160°C/30h

R
Ar-X + R~ . ArT X

* 20 examples

X =1, Br, Cl R =COOMe, CiH;

0.1 mol% 1 Ar

OH
Ar-X + B KsPO,(1.2¢q)
P DMF/ H,0 * 12 examples

OH
0
1eq. 1.2 eq. S0°C/4h

X =1, Br, Cl

Scheme 4: Mizoroki-Heck and Suzuki-Miyaura cross-coupling reactions

CHAPTER-1V: Cyclometalated palladium pre-catalyst for N-alkylation of
amines using alcohols and regioselective alkylation of sulfanilamide using aryl

alcohols

Chapter-1V discusses N-alkylation of amines and sulfanilamide using alcohols as
substrates using palladacycle-4 and phosphine, involving hydrogen borrowing
strategy.® N-alkylation of primary and secondary amines resulted in high isolated
yields at 100-130 °C, under solvent-free conditions. More challenging secondary
aliphatic, as well as aromatic alcohols, were also successfully utilized as alkylating
agents under similar reaction conditions. The turn over number reached up to 43000
for N-benzylation of aniline using benzyl alcohol. Notably, regioselective N-

alkylation of 2-aminobenzothiazole and 4-aminobenzenesulfonamide to the
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corresponding 2-N-(alkylamino) azoles and 4-amino-(N-alkyl)benzenesulfonamides
using alcohols as alkylating agents have been achieved. Furthermore, we established
the synthetic utility of palladacycle-4 in the synthesis of Piribedil, which is clinically

used for the treatment of Parkinson’s disease.

o 'p

-

P(2-Fur);
° R, 0.2-0.5 mol% Pallacycle-4 R, * 50 examples
N 0.4 - 1 mol% PQ-Fur); R MR, * Gram scale

R™ R Ry OH  LiOH, 100-130°C/24-48 h >y * TON up to 43000
4A MS, Solvent free R,
o)
0\\S//0 0.5 mol% Palladacycle-4 Oy
NH; oo 1 mol % P(2-Fur), \EAR
' LiOH, 120°C /24 h
H,N H,N

4 A MS, Solvent free
* Regioselective

Scheme 5: N-Alkylation of amines

CHAPTER-V: Isolation, characterization of regioisomers of pyrazole-based

palladacycles and their evaluation in C-alkylation of ketones using alcohols

Chapter-V describes C-alkylation of ketones,” using palladacycles-5a and 5b
which are regio-isomers. The substrate scope and limitations using the palladacycle-
5b for the C-alkylation of various ketones under the optimized reaction conditions

were presented (Scheme 6). In most of the cases, electron rich as well as electron
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deficient substituted acetophenones or benzyl alcohols were successfully converted to
the desired products in good to excellent isolated yields under mild reaction
conditions. The turn over number reached up to 32000 for a-alkylation of
acetophenone using benzyl alcohol. The present catalytic system was also
successfully applied for a-alkylation of biologically important steroidal substrates
such as S-pregnenolone, estrone, and trans-dehydroandrosterone under the reaction
conditions. We also examined the synthetic utility of our palladacycle-5b in the
synthesis of Donepezil, which is used in the treatment of Alzheimer disease.

As quinolines are an important class of heterocyclic compounds, we tested
palladacycle-5b as a catalyst for the synthesis of quinoline derivatives starting from
ketones and 2-amino benzyl alcohol. Under the optimized reaction conditions, good to
excellent isolated yields were obtained when we used electron rich as well as electron
deficient acetophenones. Non-activated methylene ketones were also successful to

yield the corresponding quinoline derivatives.

* Regioisomers

o 1 mol% Palladacycle o i lS{OlV_ent lfre;e‘: it
o E * Regioselectivity
RI)K/ R & R/\OH 2 mol /O,P(Z Fun)s R, Ry 42 examples
LiOH * Gram Scale
* R=R; = Aryl and aliphatic alcohols * TON 32000
R

* R, = Alkyl

Scheme 6: C-alkylation of ketones
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CHAPTER-VI: Highly chemoselective alkylation of aminoacetophenones using
pyrazole-based palladacycle

Chapter-VI deals with the chemoselective alkylation of bifunctional
aminoacetophenones® using palladacycle-4 and P(2-Fur);. C-alkylation of
aminoacetophenones proceeds smoothly using LiOH as a base at 80 °C (Scheme 7).
Benzyl alcohols bearing electron-donating or electron-withdrawing groups were
readily alkylated to corresponding C-alkylated products under the optimized
condition. Furthermore, the catalytic system was efficient to tolerate challenging
aliphatic alcohols to yield the corresponding C-alkylated products.

N-alkylation of aminoacetophenones proceeds using Li,COs as a base at 140 °C
(Scheme 7). The substitutions on benzyl alcohol and aminoacetophenone with
electron-withdrawing groups or electron-donating groups were tolerated under the
optimized reaction condition. The least reactive and challenging aliphatic alcohols
such as 1-butanol and 1-hexanol were also successfully converted to the
corresponding N-alkylated products.

Notably, the methodology is not only limited to 2’-aminoacetophenone and its
derivatives but also 4’-aminoacetophenone and 3’-aminoacetophenone were
converted to N-alkylated or C-alkylated products in good yield. Furthermore, we
broaden the scope of the hydrogen borrowing catalysis for the chemoselective

synthesis of Donepezil.
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R_OH R _OH o

H
NOR 1 mol% Palladacycle-4 NH2 4 mol% Palladacycle-4 R
@‘/ 2 mol% P(2-Fur); @‘/ 2 mol% P(2-Fur); NH

o 25 mol% Li,CO; 0o 25 mol% LiOH

* Broad substrate scope
* R = Aryl and Aliphatic
* 29 examples

Scheme 7: Chemoselective alkylation of aminoacetophenones

CHAPTER-VII: An efficient cyclometalated palladacycle for methylation of
ketones and amines using methanol as a C-1 source

Chapter-VII describes the methylation of ketones and amines using palladacycle-
7 and P(Cy)s. Methylation of ketones * and amines * is one of the most important
organic reactions and widely utilized for the synthesis of numerous fine chemicals.
Traditionally, the N-methylation or C-methylation is performed using highly toxic
and hazardous methylating agents in the presence of bases. The use of hydrogen
borrowing methodology using methanol as the environmentally benign methylating
agent has emerged as a powerful method. The palladacycle-7 in methylation of
ketones and amines using LiO'Bu as a base at 120 °C has been studied. Arylketones
and anilines bearing electron-donating or electron-withdrawing groups were readily

methylated to the corresponding products under the reaction condition (Scheme 8).
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2 mol% Palladacycle-7

NH, 4 mol% P(Cy),
30 mol% LiO'Bu
R 120°C, 48 h

MeOH
0 2 mol% Palladacycle-7
Ry 4 mol% P(Cy)s
30 mol% LiO'Bu
120°C, 48 h
R
MeOH

Scheme 8: Methylation of ketones and amines
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Cyclometalated palladium compounds

1.1 Introduction

Organometallic and coordination chemistry are two domains of chemistry that
are complementary. Coordination complexes consist of one or more metals centers
surrounded by ligands, organic or inorganic, ions or molecules that can have an
independent existence. The organometallic chemistry is defined as the chemistry of
compounds containing metal-carbon bond, however, in a general manner, this term is
attributed to the chemistry made of organic transformations assisted by metals. This
chapter describes a general introduction of palladacycles and their utilization as pre-
catalyst for organic transformations. Palladium compounds containing at least one
palladium-carbon bond intramolecularly stabilized by at least one donor atom termed
cyclopalladated compounds or palladacycles, are one of the most popular classes of
organopalladium derivatives. Palladacycles are divided into two types (Figure 1.1):
anionic four-electron donor (CY) or six-electron donor (YCY). The former usually
exist as halogen or acetate bridged dimers, as two geometric isomers (cisoid and

transoid conformations).*
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Y
C X
N (]

C—Pd—X
/ O\
Y X &4\‘(

Anionic Four-Electron Donor (CY) Anionic Six-Electron Donor (YCY)

c X C Y C
X
NSNS NN
/Pd\ /Pd\ Pd Pd
Y X Y c/ \x/ \y
Cisoid-Palladacycle Transoid-Palladacycle

X =Cl, Br, I, OAc, etc.

Figure 1.1: Classification of palladacycles

It is in the mid-sixties that the first cyclometallated complexes were prepared by
Cope et al. by reacting aromatic azo compounds and potassium tetrachloroplatinate(ll)
or palladium(Il)dichloride.? However, two years before a cyclopentadienyl nickel
compound with similar azobenzene ligand was obtained by Dubeck et al (Figure

1.2).3

N
NN \ /SN
’ Ns /Pd Pd N N o/ d Pd
N \ 7 \N \ /
Ni cl cl R
N R
7

Figure 1.2: Origine of metallacycles

Since then, hundreds of palladacycles have been reported; the most common

have five-membered 1,* and six-membered 4a,” rings. Seven-membered palladacycles

2]
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are relatively scarce.® S. R. Foley and co-workers reported isoindolilinime based six-
membered palladacycle,” and lan.J. S. Fairlamb and co-workers reported papaverine
based six-membered palladacycle (Figure 1.3).° Anil J. Elias and co-workers
reported cyclopalladation of cyclobutadiene-bound phenyl groups of Cobalt sandwich
compounds® and recently J. Vicente and co-workers  synthesized
3-phenylpropylamine based seven-membered palladacycles.®® Later, several groups

reported regioselective cyclopalladation of imines’ and oxazolines.?

R =H, Me, iPr, COMe

Papaverine based palladacycle Isoindolinimine based palladacycle

- /\ Ph
7 20 cg
“, S‘ \ /
N2Y
v \rPr' Q/O H2N

R = COCHj and CH,

Cobalt sandwich based palladacycle 3-Phenylpropylamine based
palladacycle

Figure 1.3: Six and seven-membered palladacycles

Although there are several methods available for the generation of palladacycles
such as C—H activation, oxidative addition, and transmetalation, the direct chelation

assisted palladation of C—H bonds is the most simple and direct method for the

3]
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construction of palladacycles. The acetate bridged palladacycles are fluxional
molecules and the trans-form exclusively exists in solution. Monomer and dimer
equilibrium in solution due to weakly bound acetate anions as well as the participation
of coordinating solvents favour bridge-splitting of the dimers and are the reason for
this observation.® The labile acetate anions are easily exchanged by salt metathesis
with tetrabutylammonium halides. The resulting dimers are equally stable, but less
soluble in non-coordinating solvents like dichloromethane or toluene. Upon addition
of coordinating solvents like acetonitrile or upon addition of monodentate ligands
PPh; or pyridine, the solubility is increased due to the formation of monomeric

palladacycles (Scheme 1.1).

/ AN —~ N
4 Y R
R
R = o-tolyl
N
\P Br
/B ™ / L /
Pd Pd Pd_
/NS ¢ L
p. Br
[ Nr
R R R
L = DMSO, DMF, CH;CN, PPh; and

Pyridine

Scheme 1.1: The fluxional behaviour of acetate bridged palladacycles in solution

Early in palladacycle’s history, palladacycles were classified as catalytically
inactive complexes.” In 1995 Herman and co-workers tri(o-tolyl)phosphine based
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palladacycle synthesized and used as pre-catalyst for Heck, Suzuki and Buchwald-
Hartwig reactions successfully (Figure 1.4, A).? Since then over the past decade they
have proven themselves to be convenient and efficient catalyst precursors for the
construction of both C—C and C—N bonds. Palladacyclic catalysts have been
successfully employed in Heck'® and Suzuki couplings,** Buchwald-Hartwig
aminations,'” and other coupling reactions.”® In addition to being important pre-
catalysts, palladacycles are intermediates in many of these and other palladium-

mediated reactions.

R
| R
0} ') R' 0 77N 0 AN
/ Va / \ F
/
L L
/
/P\RO Y /P\RO AY R'
R Y R R
R = o-tolyl R = mesityl
A R' = Me
t Bu
V= O PN
\P/ o7 o Fe O o p (0] O p
\/ \ / \ / / \ /
Pd Pd Pd Pd Pd Pd
N /A /\ / P/ \ /
Fe OvO/P\ PL OO /\tO\\/O
= Y Pn Ph tBl{ ‘Bu Bu B“Y

=
a
=~}

Figure 1.4: Representative examples for phosphapalladacycles

A catalyst system prepared in situ from palladium acetate and tri-o-
tolylphosphine has significantly lower activity than that from the direct use of isolated
one. Relative to the catalyst systems Pd(OAc),+ n phosphine (n = 2-6) in common
practice, they offer a saving of several phosphine equivalents. The TON reached up to
2x10° and 7x10* for Heck and Suzuki reactions respectively.” °° The first palladium

catalyzed amination of aryl chlorides also reported using the phosphapalladcycle.”
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Qiao-Sheng Hu and co-workers reported ferrocene-based phosphapalladacycle for
1,4-additions of aryl boronic acids with ¢,5-unsaturated ketones and 1,2-additions of
aryl boronic acids with aldehydes and o-ketoesters (Figure 1.4, B)."* Then, J. P.
Stambuli and co-workers reported cyclometalated tri-tert-butyl phosphine palladium
acetate complex for amination of ortho-substituted aryl bromides using o-
bromotoluene and dibutylamine (Figure 1.4, C).'*> Recently, K. H. Shaughnessy and
co-workers reported di-tert-butylneopentylphosphine palladacycle selective cross-
dimerization of terminal aryl acetylenes with terminal propargyl alcohols and amides
(Figure 1.4, D).*°

Phosphines are not only considered expensive, air sensitive but are also
available in a fewer variety. The number of systematic studies of
phosphapalladacycles is rather limited. This is likely due to a lack of variety of
phosphines in which electronic properties can be varied in a systematic way. A
formidable challenge lies in utilizing inexpensive phosphine equivalent N-based
precursors for the palladacycles preparation because of their wide diversity and ready
availability. In general, N-based palladacycles offer phosphine free coupling reactions
and exhibit higher air and thermal stability over the conventional palladium sources.
D. Milstein and co-workers reported imine based palladacycles and utilized these in
Heck and Suzuki reactions (Figure 1.5)."" Later R. Grigg and co-workers reported

pyrazole and benzothiazole based palladacycles for Heck reactions (Figure 1.5).'2

6
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CF, Bu
» . o
OAO b 070 N_ 0 00 N o
/ \ /N / \ /X / \ /X
Pd Pd Pd Pd Pd Pd
SN \0\/0/ 0 SN \ / N \ /
Sl

F Rs
R ST A
1
R3/I\ OAON S
0/\0\ / / VA
N Pd Pd
({ K - A
Ov S o0
RI_RZ_ Me or CF3

R;=Hor F R4=Rs=H or F or OMe
R¢=Hor F

R. Grigg and co-workers palladacycles

Figure 1.5: Representative examples for N-based palladacycles

The use of biaryl phosphine as supporting ligands in palladium catalysis has played an
important role in the development of synthetic methods that can be used to form C—C,
C—N, C—0, and C—F bonds in a wide variety of settings. To facilitate the use of these
ligands, Stephen L. Buchwald and co-workers have developed several generations of
palladacyclic pre-catalysts (G1-GS5, Figure 1.6)."° These pre-catalysts can be used to

promote cross-coupling reactions with high efficiency.
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H
1\‘1 R
_NH,
Pd Pld L
Y Iy
G1 G2 (X =Cl) G4 (R = Me)
G3 (X = OMs) G5 (R = Ph)
Me
OMe l Me
O P(‘Bu)z Me P(‘Bu),
l Pr
ipy
L1 L2 = BrettPhos (R = Cy) L4 L5
AlPhos L3 ='BuBrettPhos (R = 'Bu) RockPhos Me,'‘BuXPhos

Figure 1.6: Evolution of pre-catalysts developed by the Buchwald group and selected

bulky supporting ligands

As mentioned vide supra, the palladium or palladacycles catalysis is well

studied towards cross-coupling reactions to enable C—C and C—N bond formation

(Figure 1.7).%°

8



CHAPTER-I

©/N\R'

BUCHWALD - HARTWIG

©/\/R
HECK - MIZOROKI | SUZUKI-MIYAURA
R/\

R
Z R
D ——
R——
SONOGASHIRA STILLE
R

NEGISHI

HIYAMA ©/R

CORRIU - KUMADA

Figure 1.7: Representative examples for palladium catalyzed C—C and C—N bond

formation

On the other hand, borrowing hydrogen methodology is of a great interest
nowadays in C—C and C—N bond formation processes (Scheme 1.2).2**° The
borrowing hydrogen methodology is also called hydrogen auto-transfer process. Due
to the stability of metal hydride complexes, most metal catalysts are inactive in the
borrowing hydrogen methodology. Ideally, the hydrogenation step is irreversible,
resulting in the product. Most common catalysts used for the borrowing hydrogen are
Ru and Ir.¥ This interest includes the use of amines and ketones with less toxic and
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more readily available alcohols as the alkylating agents in a greener approach. In this
method, as shown in Scheme 1.2, the inactive alcohols are converted in situ to a more
reactive and highly electrophilic carbonyl intermediate by temporary removal of
hydrogen toward nucleophilic addition reactions. This carbonyl compound undergoes
condensation with the amine or ketone to form an imine or a,f-unsaturated carbonyl
intermediate, which, upon catalytic hydrogenation by transferring the borrowed
hydrogen, forms the final alkylated product. In this overall process, water is produced
as the only by-product. Thus, the borrowing hydrogen methodology is probably one
of the best possibilities not only from a chemical point of view but also from an
economical and environmental point of view. Based on these aspects, the borrowing

hydrogen methodology received high attention in the last years.

R' R’

)\ M =1Ir, Ru /& or
R OH > R 0 0]
Poor /\ Good )K/Rl
R,

electrophile . electrophile
—
M] M]— g
R’ \ / R’
" )\\ R"
R)\ N - R -< R N - HzO
H
or or
R' R
Ry R,
R R
Rz O Rz O

Scheme 1.2: C—C and C—N bond formation using borrowing hydrogen methodology
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R. Grigg and co-workers reported the first N-alkylation of amines using
alcohols catalyzed by rhodium, iridium and ruthenium based catalysts in 1981.%
Primary and secondary alcohols effect alkylation of primary and secondary amines in
the presence of rhodium, iridium, and ruthenium compounds at <100 °C, whereby
selective monoalkylation of primary amines can be achieved, and heterocyclic rings
can be constructed by both inter- and intra-molecular processes. The catalytic activity
was found to decrease in the order IrCls.H,0-PPh; > NaIrCls-PPhs > RhC13. 3H,0-
PPhz > RuC13.3H,0-PPh3 > 5% Pd-C. 5% Rh-C did not show any catalytic activity.

Then in 1984 Yoshihisa Watanabe and co-workers reported ruthenium-
catalyzed N-alkylation and N-benzylation of aminoarenes with alcohols.??
Aminoarenes were readily converted into secondary and tertiary amines by the
reaction at 150-180 °C with primary alcohols in the presence of a catalytic amount of
a ruthenium complex. dichlorotris(triphenylphosphine)ruthenium was the most
effective catalyst precursor. Secondary amines were obtained in excellent yields when
aminoarenes reacted with an equimolar amount of alcohols. With excess alcohols,
tertiary amines were obtained predominantly. Kinetic measurements revealed that the
rate had a zero-order dependence on aminoarene concentration and first-order
dependence on alcohol concentration and initial concentration of the ruthenium
catalyst. Again the same group, Yoshihisa Watanabe, and co-workers reported N-
alkylation and N-allylation using primary alcohols catalyzed by the platinum
complex.?® Aniline reacted with ethanol in the presence of PtCl,(PhCN), and
SnCl,.2H,0 as a catalyst to give N,N’-diethylaniline in high yield. Without
SnCl,.2H,0 or with triphenylphosphine ligand, conversion of aniline was low and N-
monoalkylanilines were obtained in only low yields. Aliphatic amines were also N-

alkylated in high yields. The similar reaction using allylic alcohols gave N-allylated

11|



| CHAPTER-I

products. The catalysis based on Pt complexes is quite different from that of Ru.
RuCly(PPhs); catalyzed the N-heterocyclization to give quinolines in high vyields,
while with Pt catalyst such an N-heterocyclization did not take place at all. In separate
experiments, the present Pt catalyst system did not catalyze an isomerization of the
allylic alcohols to the corresponding aldehydes, while RuCl,(PPhs)s did.

In 2001, C.S. Cho and co-workers reported an unusual type of ruthenium-
catalyzed transfer hydrogenation of ketones with alcohols accompanied by C—C
coupling.?* The reaction of acetophenone with butanol gives rise to unconventional
alkylated products, 1-phenylhexan-1-ol and 1-phenylhexan-1-one, rather than the
expected direct transfer hydrogenation product, 1-phenylethanol (Scheme 1.3). The
best result in terms of both overall yield and the relative amount of 1-phenylhexan-1-
ol to 1-phenylhexan-1-one is best accomplished by RuCl,(PPhs)s under the standard

set of reaction conditions.

o 5 mol% [Ru]
OH 1,4-dioxane, Argon
80 °C/40h
1 mmol 3 mmol 1-phenylhexan-1-ol 1-phenylhexan-1-one

Scheme 1.3: Ruthenium-catalyzed transfer hydrogenation of ketones with alcohols

In 2002, J.M.J. Williams and coworkers have developed a new methodology for
the one-pot conversion of alcohols to alkanes by Iridium mediated catalytic electronic
activation (Scheme 1.4).?* Then the same group showed ruthenium complexes to
perform efficient transfer hydrogenation reactions between alcohols and alkenes; in
combination with an in situ Wittig reaction, indirect formation of C-C bonds have

been achieved from alcohols.?®

12|
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M =1Ir, Ru Ph;P—\
Rl/\OH m ] RIAO R,
[M] H—[M]-H
R, - \ / X R
Rl/\/ 2 = RI/\/ O=PPh;

Scheme 1.4: Indirect Wittig reaction of alcohols

In 2004, Yasutaka Ishii and co-workers have developed the direct a-
alkylation method of ketones with alcohols catalyzed by iridium complexes without
any solvents.”® This method provides a very convenient route to aliphatic ketones to
which a carbonyl function can be introduced into the desired position by selecting the
ketones and alcohols employed. They have found that the selective a-alkylation of
ketones with alcohols is achieved under the influence of catalytic amounts of
[Ir(cod)Cl], and a base such as KOH without any solvent to give a-alkylated ketones
in good yields. This method provides a novel route to a-alkylated ketones from
ketones and alcohols without formation of any waste.

In 2005, Miguel Yus and co-workers have developed the electrophilic a-
alkylation of ketones with alcohols was accomplished by a [Ru(DMSO)4]Cl,
catalyzed process.?” The reaction can be successfully governed to produce either the
expected ketones or their related alcohols only by changing the reaction conditions.
When 2-aminobenzyl alcohol was used, a cyclization process took place to yield 2,3-
disubstituted quinolines.

In 2006, Yoshiaki Nishibayashi and co-workers have disclosed that
asymmetric a-alkylative reduction of prochiral ketones with primary alcohols
catalyzed by both iridium and ruthenium complexes gave the corresponding optically

13|
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active alcohols with the elongation of the carbon skeleton and with a high enantio-
selectivity (Scheme 1.5).2 The compatibility between iridium and ruthenium
complexes is an essential factor in directly obtaining optically active alcohols with

elongation of the carbon skeleton.

0 oH

1)1 mol% [Ir(cod)Cl], / 4 mol% PPh;

+ k/\ 5mol% KOH /100 °C/4h
on 2) 1 mol% 1/4 mol% ‘PrONa/PrOH
2h
2 mmol 6 mmol (R)-1-phenyl-1-hexanol
75 %, 94 % ee
e
~N PPh;

Scheme 1.5: Asymmetric a-alkylative reduction of a ketone with an alcohol catalyzed

by iridium and ruthenium

In 2005, Ryohei Yamaguchi and co-workers have shown a new efficient system for
the S-alkylation of secondary alcohols with primary alcohols catalyzed by a Cp*Ir
complex (Scheme 1.6).% Moreover, the present system requires an extra addition of
neither hydrogen acceptor nor donor. In addition, almost equimolar amount of
substrates are sufficient to obtain good yields of products. After that several groups

reported C—C and C—N bond formations using borrowing hydrogen method.*
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CH; OH
)\ .\ P 0.5 mol% [Cp*IrCly], _ )\A
R OH R' OH 100 mol% NaO'Bu R R'
110 °C / toluene /17 h
3 mmol 3.6 mmol

R =R'= aryl or alkyl
Scheme 1.6: p-alkylation of secondary alcohols with primary alcohols

32

Although number of progress has been made using Ru** and Ir¥* metal

complexes, numerous other metal catalyzed N-alkylation of amines or C-alkylation of
ketones using alcohols are also reported. 3

Recently Frank Glorius and co-workers have developed a Ru(ll)-NHC
catalyzed practical and scalable o-alkylation of methylene ketones with primary
alcohols to give rise to a variety of branched ketones. In general, good to excellent
yields of the a-branched products were obtained either without or with only a minimal
excess of the alcohol substrate. This protocol significantly broadens the scope of
borrowing hydrogen catalysis in alkylation reactions, enabling the access to the useful
drug donepezil in a single synthetic step. Furthermore they exploited the inherent
reactivity of methyl vs methylene ketones to accomplish the double alkylation of
methyl ketones in a one-pot procedure with a single catalyst.*°

James M. Takacs and co-workers demonstrated that a new ruthenium complex
catalyzes the amination of primary and secondary alcohols and the regioselective
mono- and sequential diamination of diols via the borrowing hydrogen pathway.
Several variations on new intra and intermolecular cyclizations of amino alcohols,
diols, and diamines lead to heterocyclic ring systems.®"

Travis J. Williams and co-workers reported a (pyridyl)phosphine-ligated

ruthenium(l1) catalyst for the chemoselective benzylic N-alkylation of amines, via a

hydrogen-borrowing mechanism. The catalyst operates under mild conditions, neat,
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and without a base or other additive. These conditions offer remarkable functional
group compatibility for applications in organic synthesis, including reactions
involving phenols and anilines, which are very difficult to achieve.*

Timothy J. Donohoe and co-workers recently reported borrowing hydrogen
with secondary alcohols for the first time. They have shown that enolate alkylation
using secondary alcohols can be achieved under borrowing hydrogen conditions to
provide a number of g-branched products. The use of Ph* as a design element was
crucial to the success of this methodology, preventing self-condensation of aryl
ketone. Slow oxidation of the secondary alcohol coupling partner under the catalytic
conditions then enabled the formation of the desired cross-coupled products. Finally,
the Ph* group was readily cleaved to provide a series of - branched esters and

amides (Scheme 1.7).%%

+ \j\ 2 mol% [Cp*IrCI
oH [Cp 2l2

200 mol% NaO'Bu
toluene /85°C /24 h

0.6 mmol 0.9 mmol 97%

2 equiv. Br,
o R CH,Cl, /-17°C o R,
R Nu = ”But;:i)r: or Amine NUMR
(3 equiv.)
-17°Ctort

2

Scheme 1.7: Borrowing hydrogen with secondary alcohols
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Matthias Beller and co-workers developed the use of earth-abundant and
cheap non-noble metal catalysts for this process. They showed that the selective N-
alkylation of amines with alcohols can be catalyzed by defined PNP manganese
pincer complexes. A variety of substituted anilines are monoalkylated with different
(hetero)aromatic and aliphatic alcohols. The catalyst was also active for the
chemoselective monomethylation of primary amines using methanol under mild
conditions.®*® The same group has developed the first manganese catalyzed alkylation
of ketones and related compounds with primary alcohols. This straightforward
transformation takes place with an air- and water-stable manganese(l) PNP pincer
pre-catalyst. A low base concentration and broad applicability are notable features of

this borrowing hydrogen methodology (Scheme 1.8).%%

PR,
\\\\‘CO 1, R = Phenyl
HN—Mn—CO 2, R = Cyclohexyl
7 3, R = isopropyl
Br
PR,
Rs
)\ 3 mol% 3 H
R—NH, + R~ on 75 mol% NaO'Bu_, g~ ">\~
Toluene /80°C /24 h
1 mmol 1.2 mmol R,
O]
o 2 mol% 3
)k/ R, PN 5 mol% Cs,CO4 R>
R + R OH _ Ry
1 tert-Amylalcohol
0
1 mmol 1.2 mmol 1407C/22h

Scheme 1.8: Borrowing hydrogen catalyzed by PNP manganese pincer complexes
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Design and synthesis of pyrazole based palladacyles
via C—H activation

2.1 Introduction

Intramolecular activation of aromatic C—H bonds of coordinated ligands by
transition metals and the resulting cyclometallates represent an active area of research
in the context of regiospecific organic and organometallic synthesis. The rigid nature
and the strong coordination ability of the ligands make their complexes robust and
less sensitive to air and moisture. In recent years, N-based ligands have attracted lot of
attention for the design and synthesis of new metallacycles especially palladacycles.
As a consequence, a vast literature on cyclopalladated complexes with various ligands
that undergo palladation is available." Among the several available methods for the
preparation of palladacycles, ortho-palladation or chelation assisted palladation of
C—H bonds is an attractive methodology.? Although C—H bond activation has been
thoroughly studied, the recognition of chemically similar C—H bonds has turned out
to be an arduous task. Different approaches have been identified to achieve C—H
bond activation of chemically similar environment. In many instances the regio-
isomers have been isolated and structurally characterized.

In 1997, Manuel Martinez and co-workers reported cyclopalladation reactions of
benzylidenebenzylamines, anilines, and propylamine with palladium acetate.* The
cyclometalated compounds were formed via C—H electrophilic bond activation to
produce different types of palladacycles, depending upon the polyfunctional nature of
the ligand selected. In one case a five-membered endo metallacycle was formed via
aromatic C—H bond activation (Scheme 2.1, top). In the other instance the activation
of aliphatic C—H bond has been achieved to form endo six-membered metallacycle

(Scheme 2.1, bottom).
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Pd(OAc), / Toluene N~ | /
N 60°C/ 1h I 0s0
T
R ;
N Pd(OAc),/ Tol N
Z (OAc),/ Toluene Pd Pd
60°C /1h \ / N

Ty

R=H, CH,

Scheme 2.1: Regioselectivity in cyclopalladation of benzylideneamines

In 2004, Irina P. Smoliakova and co-workers reported oxazoline based
palladacycles bearing an endo- or exo-C—N bond by direct ortho-palladation of (R)-
2,4-diphenyl- or (R)-2-methyl-4-phenyl-2-oxazolines.”* Again in 2005, the same
group reported cyclopalladation of (S)-4-tert-butyl-2-methyl-2-oxazoline at the
nonactivated tert-butyl group using palladium(ll) acetate in acetic acid to afford an

oxazoline-derived exo-palladacycle with an (sp®)C—Pd bond (Figure 2.0).*°

Figure 2.0: Regioselectivity in oxazoline based palladacycles

26 |



| CHAPTER-II

In 2011, Esteban P. Urriolabeitia and co-workers described orthopalladated
complexes derived from (Z)-2-aryl-4-arylidene-5(4H)-oxazolones.” The reaction of
the oxazolone with palladium acetate activated the ortho C—H bond of the arylidene

ring to produce regioselectively a six-membered ring over five-membered ring

(Scheme 2.2).
Y
Y X
0O )\
0~ 0 | /\O\
o N Pd(OAc),/ CFsCOOH N\Pd/ IS /
\ 25-95°C/2-4h / ~o_0 N o
T o
X X
Y

X =H, 4-OMe, 2-OMe, 2-Me, 4-Me, 2-Cl, 4-Cl, 4-Br, 4-NO, etc.
Y = H, 3-OMe etc.

Scheme 2.2: Orthopalladated complexes derived from (2)-2- aryl-4-arylidene-5(4H)-

oxazolones

In 2013, Gregory A. Solan and co-workers demonstrated the preferential
palladation of naphthalene ring using N-donors as directing ligands (Scheme 2.3).°
Different chelates were used to control the regioselectivity of palladation at the peri-

or ortho-position to naphthyl ring.

ipr
N , X | A L
'Pr H
Y N~ g N
0 NS Pd Pd(OAC)z / Toluene H Pd(OAC)z / Toluene

H <
OO 60°C/48h OO 60°C/48h

Scheme 2.3: Palladation of naphthalene ring using N-donors as directing ligands
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In mid of 2013, E. Peter Kindig and co-workers investigated the
cyclopalladation of planar chiral pyridine and oxazoline derivatives (Scheme 2.4).
The challenge associated with the presence of two nonequivalent metalation sites was
successfully overcomed by an appropriate adjustment of the reaction conditions,
enabling the access to both six (peri)- and five-membered (ortho) chelates. A peri —

ortho isomerization was identified in the pyridine-based system.

2 =
L H

L " S ok
00 \ o0 L H
Lod . 3 _Pd(OAQ),/ AcOH. __ Pd©AQ, pd Pd
. \()\/T()’ 7N /

d.
L 50°C/1.5h Ru AcOH / Toluene H L o_o0
10°C/4h T
L = Pyridine L = Pyridine, Ru
Ru  ortho-palladacycle C4-oxazoline peri-palladacycle @

Ru —
\ / =
O O N O O
/ N\ N. 7 \
_pd Pd — Ao \_, Pd Pd. 7
JN o0 S0°C72h o\fo _
— Ru

peri-palladacycle @ Ru ortho-palladacycle

Scheme 2.4: Cyclopalladation of planar chiral pyridine and oxazoline derivatives

Recently, Wendt and co-workers reported metal controlled regio-selectivity in
the directed aromatic substitution of 2-(1-naphthyl)-pyridine.? They have found that
cyclometalation of the 2-(1-naphthyl)-pyridine with gold and palladium precursors
proceeds with completely different regioselectivities, cyclopalladation results in a
five-membered metallacycle, cycloauration displays a completely orthogonal

regioselectivity, resulting in the sixmembered ring analogue (Scheme 2.5).
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~ O
cl NN
o KAuCl,/ H,0 _Pd(OAc),
7140 °C/ MW / 20 min T CHCL,
OO 40°C/12h

Scheme 2.5: Metal controlled regio-selectivity in 2-(1-naphthyl)-pyridine

To the best of our knowledge the regioselectivity in cyclopalladation have not
been studied by changing the electronic effect. In order to examine this, we chose
1,3,5-triphenylpyrazoles as the potential ligand system which have two C—H bonds in
closer proximity with directing basic nitrogen, and investigated the cyclopalladation

by tuning electronic properties on the N-phenyl ring of the pyrazole.

2.2 Results and discussions

The pyrazole ligands were readily synthesized by the condensation of
commercially  available  1,3-diphenylpropane-1,3-dione and  corresponding
phenylhydrazines in mixture of acetic acid and methanol under reflux condition
(Scheme 2.6). This method produced the products 1,3,5-triphenyl pyrazole, 3,5-
diphenyl-1-(m-tolyl)-1H-pyrazole and 1-(3-fluorophenyl)-3,5-diphenyl-1H-pyrazole
in 86%, 79% and 84% isolated yields, respectively. These ligands were fully
characterized using standard analytical techniques like *H, *C, **F NMR, and HRMS.
Next, typical cyclopalladation reaction in acetic acid was carried out to get the acetate

bridged dimeric complexes (Scheme 2.7).
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Ph Ph
S
Ph () Ph N
0 NH MeOH /AcOH | N
HN™ G reflux /12 h

R=H, Me, F and CF;

K Yield =76 - 95 %

Scheme 2.6: Synthesis of 1,3,5-triphenylpyrazoles

The ligand, 1,3,5-triphenylpyrazole is a versatile heterocyclic compound
which is having three phenyl rings on pyrazole core. Among the three phenyl rings,
two phenyl rings are in close proximity of the free N-atom of the pyrazole. There are
three possibilities for the C—H bond activation mentioned as type-I, type-11 and type-
I11 (Scheme 2.7). Under the typical reaction conditions the C—H bond activation
preceded on the N-phenyl of the pyrazole (Type-I, palladacycle-1 to palladacycle-3).
We observed clean type-1 C—H bond activated palladacycles with moderate yields
59% (palladacycle-1), 64% (palladacycle-2) and 74% (palladacycle-3)). The

palladacycles are characterized by NMR, LCMS and elemental analysis.
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3, 5-diphenyl-1-(m-tolyl)-1H-pyrazole

6.82
| 7.26 J

7.26

Palladacycle-2

7.9 7.7 7.5 7.3 7.1 6.9 6.7 6.5 6.3 6.1 5.9
ppm

Figure 2.1: 'H NMR spectra for 3, 5-diphenyl-1-(m-tolyl)-1H-pyrazole and

palladacycle-2

The NMR showed distinct peaks for pyrazoles and their corresponding palladacycles.
A representative "H NMR in CDCl; for 3,5-diphenyl-1-(m-tolyl)-1H-pyrazole and its
corresponding palladacycle-2 is shown in figure 2.1. The pyrazole hydrogen resonates
at 6.82 ppm for the 3, 5-diphenyl-1-(m-tolyl)-1H-pyrazole whereas for the

corresponding palladacycle-2 it resonates at 5.92 ppm.
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F

Scheme 2.7: Cyclopalladation of 1,3,5-triphenylpyrazoles

The molecular structures of the palladacycles were further confirmed by using
single crystal X-ray analysis. Palladacycle-1 crystallizes in the monoclinic space
group C2/c, whereas palladacycle-2 and palladacycle-3 crystallizes in the triclinic, P-1
and orthorhombic, Pca2 respectively (Table 2.1). X-ray analysis reveals that all
palladacycles-1 to 3 are dimeric in nature, bridged together by acetates with the
pyrazole ligands aligned in a staggered fashion (Figure 2.2). The geometry around the

palladium atoms exhibits a distorted square planar geometry.

32|



CHAPTER-II

Figure 2.2: Molecular structures of palladacycles 1, 2 and 3. Hydrogen atoms are

omitted for clarity

The Pd—C (1.9518(27) A for 1; 1.961 (28) A for 2; 1.9419 (56) A for 3) and Pd—N
(2.0175(17) A for 1; 2.0248(26) A for 2; 2.0151 (55) A for 3) distances are
comparable with reported cyclometalated palladium compounds (Table 2.0).” The
Pd—C distance in palladacycle-3 is shorter than the corresponding distance in
palladacycle-1 and palladacycle-2. However, the Pd...Pd distance in palladacycle-3
(2.8532(5) A) is slightly shorter than the Pd...Pd distance observed in palladacycle-1

(2.9365(3) A) and palladacycle-2 (2.8829(5) A).

Table 2.0: Selected bond distances and bond angles for palladacycles 1, 2 and 3

Palladacycle-1

Pd1—Pd1* (A) 2.937(3)
Pd1—C11 (A) 1.952(3)
Pd1—N1 (A) 2.018(2)
Pd1—O1 (A) 2.044(2)
Pd1—02 (A) 2.144(2)
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C11—Pd1—N1 (°)
01—Pd1—02 (°)
C11—Pd1—01 (°)
01—Pd1—N1 (°)
C11—Pd1—02 (°)
N1—Pd1—02 (°)
C11—Pd1—Pd1* (°)
N1—Pd1—Pd1* (°)
01—Pd1—Pd1* (°)

02—Pd1—Pd1* (°)

CHAPTER-II

80.86(8)
89.99(7)
91.10(8)
171.39(7)
175.94(8)
98.25(7)
99.40(6)
100.02(5)
84.26(4)

76.81(5)

Palladacycle-2  Palladacycle-3

Pd1—Pd2 (&)
Pd1—C17 (A)
Pd1—N2 (A)
Pd1—O01 (A)
Pd1—02 (A)
C17—Pd1—N2 (°)
01—Pd1—02 (°)
C17—Pd1—01 (°)
N2—Pd1—01 (°)
C17—Pd1—02 (°)
N2—Pd1—02 (°)

C17—Pd1—Pd2 (°)

2.883(5) 2.853(5)
1.961(3) 1.942(6)
2.025(3) 2.015(6)
2.124(2) 2.128(4)
2.049(2) 2.036(4)
80.00(1) 80.39(2)
89.19(8) 87.58(1)
178.20(1) 177.70(2)
97.37(9) 98.43(2)
92.38(1) 93.25(2)
172.04(9) 172.37(2)
102.85(8) 100.61(2)
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N2—Pd1—Pd2 (°) 106.37(7) 104.27(1)

01—Pd1—Pd2 (°) 78.32(6) 77.74(9)
02—Pd1—Pd2 (°) 79.30(6) 80.94(1)
Pd2—C38 (A) 1.953(3) 1.960(6)
Pd2—N4 (A) 2.015(3) 2.001(5)
Pd2—03 (A) 2.142(3) 2.031(4)
Pd2—04 (A) 2.041(4) 2.133(4)
C38—Pd2—N4 (°) 80.56(1) 81.07(1)
03—Pd2—04 () 89.45(9) 87.58(1)
C38—Pd2—03 (°) 172.33(1) 93.89(2)
N4—Pd2—03 (°) 96.52(1) 172.77(2)
C38—Pd2—04 (°) 94.30(1) 175.33(2)
N4—Pd2—04 (°) 171.15(1) 97.86(2)
C38—Pd1—Pd2 () 94.90(9) 95.76(2)
N4—Pd1—Pd2 (°) 107.46(8) 101.73(2)
03—Pd1—Pd2 () 79.13(6) 83.86(1)
04—Pd1—Pd2 (°) 80.03(6) 79.98(9)

Table 2.1: Crystal data and structure refinement parameters for the

palladacycles-1 to 3

Identification code Palladacycle-1 Palladacycle-2  Palladacycle-3
Empirical formula C46H36N4O4Pd2.CH2C|z C52H47N4O5Pd2 C45H34F2N406Pd2
Formula weight 1006.51 1020.73 987.57

Temperature/K 296.15 296.15 100 (2)
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Crystal system
Space group
alA

b/A

c/A

al®

pre

V/°
Volume/A®
Z
pealcglem’
w/mm’*

F(000)

Radiation/A[MoKa(]

Orange/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Monoclinic
C2/c
18.0741(4)
16.5018(4)
15.3290(3)
90
114.5910(10)
90
4157.28(16)
4

1.608

1.044

2024
0.71073

1.92 to 30.57
—25<h<25
—23<k<23
—21<1<20
34962

6333

[Rin: = 0.0382]
6333/0/269

1.109

Triclinic

P-1
9.2363(3)
17.2681(5)
17.3174(5)
116.768(2)
97.744(2)
90.041(2)
2437.64(13)
2

1.391

0.787
1038.0
0.71073
2.648 10 58.476
-12<h<12
—23<k<23
—23<1<23
42463
13189

[Rint = 0.0396]
13189/0/572

1.069
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Orthorhombic
Pca2
19.2105(12)
17.0639(11)
13.7730(8)
90

90

90

4514.9(5)

4

1.456

0.855

1984

0.71073

2.12 to 28.84°
—24<=h<=25
—22<=k<=22
—18<=I<=17
61435

11214

[Rint = 0.1002]
11214/1/545

0.978
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Final R indexes R, =0.0307 R; =0.0424 R; =0.0533

[[>=20 (I)] wR, = 0.0788 wR, =0.1074 wR,=0.1194

Final R indexes R, =0.0428 R, =0.0561 R, =0.0740

[all data] wR, =0.0910 wR,=0.1135 wR,=0.1271

Largest diff. peak/ 0.647/ —0.569 1.299 and -0.895
1.91/-0.91

hole/eA™

In order to know the positional effect of CF; on N-phenyl we prepared the
corresponding 0-CFs3, m-CFz and p-CF; substituted pyrazole derivatives from
commercially  available  1,3-diphenyl-1,3-propanedione and  corresponding
phenylhydrazines in 76%, 88% and 95% isolated yield respectively. Under the
reaction condition mentioned above we examined cyclopalladation of the 3,5-
diphenyl-1-(2-(trifluoromethyl)phenyl)-1H-pyrazole and noticed that the C—H
activation proceeded on 3-phenyl of the pyrazole and not on the N-phenyl of the
pyrazole (Scheme 2.8, type-lll, palladacycle-4). We observed exclusively type-IlI
C—H bond activation with 89% isolated yield. The formation of palladacycle-4 was
analysed using *H, °F, 3C and HRMS. 'H NMR in CDCl; showed the pyrazole
hydrogen peak at 6.89 ppm for the 3,5-diphenyl-1-(2-(trifluoromethyl)phenyl)-1H-
pyrazole where as the corresponding palladacycle-4 resonated at 6.30 ppm. Similarly,
YF NMR in CDCl; showed the peak at -60.8 ppm for the 3,5-diphenyl-1-(2-
(trifluoromethyl)phenyl)-1H-pyrazole where as the corresponding palladacycle-4
resonated at -60.2 ppm. The molecular structure of the palladacycle-4 was further
established by using single X-ray diffraction analysis (Figure 2.3). The geometry
around palladium atoms exhibits a distorted square planar geometry. The Pd—C

(1.9763 (99) A) and Pd—N (2.0253 (84) A) distances are comparable with reported
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cyclometalated palladium compounds.® The Pd...Pd distance in palladacycle-4
(3.0642(10) A) is higher than the Pd...Pd distance observed in palladacycle-1,

palladacycle-2 and palladacycle-3.

0O o N
AV LN
Ph N/N Pd(OAc),/ AcOH Pd
100°C/2h o
H CF; Y
Type-II1
4,88 %

Scheme 2.8: Cyclopalladation of 3,5-diphenyl-1-(2-(trifluoromethyl)phenyl)-1H-

pyrazole

The pyrazole ligand, 3,5-diphenyl-1-(4-(trifluoromethyl)phenyl)-1H-
pyrazole, under the cyclopalladation reaction condition yielded the acetate bridged
dimeric complex (Scheme 2.9). The resultant solid was crystallized from
dichloromethane and n-hexane. When we analysed the crystals in a microscope, we
noticed two different types of crystals. The two forms were then separated by
fractional crystallization. The first crop was isolated as a light yellow crystal with
39% vyield (palladacycle-5a, type-1), whereas the third crop was isolated as yellowish

green crystals with 43% yield (palladacycle-5b, type-II1).

38 |



| CHAPTER-II

CF3
CF,
7\ H Qo)\\o 0 2 N \
Ph N /) Pd N
N Pd(OAc), / AcOH_ pp, N Pd Pd
H 100°C/2h N 5 &
Ph Y
CF;s FsC
F3
Type-1 Type-1II
5a, 39 % 5b, 43 %

Scheme 2.9: Cyclopalladation of 3,5-diphenyl-1-(4-(trifluoromethyl)phenyl)-1H-

pyrazole

The *H NMR in CDClI; showed distinct peaks for both the isomers, notably the
pyrazole hydrogen resonate at 6.06 and 6.26 ppm for the palladacycles-5a and 5b
respectively (Figure 2.3). Similarly, the acetate protons are resonating at 1.22 and
1.33 ppm for the palladacycle-5a and palladacycle-5b respectively. The **F NMR
spectrum of palladacycles-5a and 5b show singlet at -62.4 and -63.6 ppm

respectively.
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Palladacycle-5b 5.29 (CH:Cly)
6.26

7.26 (CDCI5)

| I'..f"
S W

|

|
| ’ N
L_JULJLQ_ J'”\JJMJ U.L_ . _ Bl A

Palladacycle-Sa

6.06

J

. T . — T T T . T T
7.7 7.5 7.3 7.1 6.9 6.7 6.5 6.3 6.1 5.9 5.7 5.5 53 5.1 4.9
ppm

Figure 2.3: *H NMR spectra for palladacycle-5a and palladacycle-5b (only aromatic

region shown in the figure for clarity)

The structures of palladacycles-5a and 5b were further unambiguously
established by X-ray diffraction analysis. Palladacycle-5a crystallizes in the triclinic
space group P-1, whereas palladacycle-5b crystallizes in the orthorhombic space
group Pccn (Table 2.3). X-ray analysis reveals that both palladacycles-5a and 5b are
dimeric in nature, bridged together by acetates with the pyrazole ligands aligned in a
staggered fashion (Figure 2.4). The geometry around palladium atoms in both the
structures exhibits a distorted square planar geometry. The Pd—C (1.978(3) A for 5b;
1.940 (3) A for 5a) and Pd—N (2.024(3) A for 5b; 2.015(3) A for 5a) distances are
comparable with reported cyclometalated palladium compounds (Table 2.2).° The
Pd—C distance in palladacycle-5a is shorter than the corresponding distance in
palladacycle-5b. However, the Pd...Pd distance (2.848(5) A) in palladacycle-5b is

slightly shorter than the Pd...Pd distance (2.8884(5) A) observed in palladacycle-5a.
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Figure 2.4: Molecular structures of palladacycles-4, 5a and 5b. Hydrogen atoms are

omitted for clarity

Table 2.2: Selected bond distances and bond angles for palladacycles 4, 5a and

5b
Palladacycle-4 Palladacycle-5b
Pd1—Pd1* (A) 3.064(1) 2.848(3)
Pd1—C11 (A) 1.977(1) 1.978(3)
Pd1—N1 (A) 2.025(8) 2.024(3)
Pd1—O1 (A) 2.132(8) 2.151(2)
Pd1—02 (A) 2.026(9) 2.052(3)
C11—Pd1—N1 (°) 80.12(4) 80.49(1)
01—Pd1-02 (°) 87.84(3) 86.29(9)
C11—Pd1—01 (°) 174.86(4) 176.99(1)
O1—Pd1—N1 (°) 99.86(3) 99.69(9)
C11—Pd1—-02 (°) 91.80(4) 93.73(1)
N1—Pd1—02 (°) 171.10(3) 173.02(1)

C11—Pd1—PdI* (°)  109.81(3) 98.21(9)
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N1—Pd1—Pd1* (°) 104.94(2) 101.92(9)

01—Pd1—Pd1* (°) 75.20(2) 78.81(6)

02—Pd1—Pd1* (°) 81.24(3) 82.68(7)

Palladacycle-5a

Pd1—Pd2 (&) 2.888(5)
Pd1—C17 (A) 1.940(2)
Pd1—N2 (A) 2.015(3)
Pd1—O01 (A) 2.132(2)
Pd1—02 (A) 2.035(3)
C17—Pd1—N2 (°) 80.70(1)
01—Pd1—02 (°) 87.27(1)
C17—Pd1—01 (°) 176.03(1)
N2—Pd1—01 (°) 99.54(1)
C17—Pd1—02 (°) 92.89(1)
N2—Pd1—02 (°) 171.27(1)
C17—Pd1—Pd2 () 97.62(9)
N2—Pd1—Pd2 (°) 103.77(8)
01—Pd1—Pd2 (°) 78.47(7)
02—Pd1—Pd2 (°) 82.85(7)
Pd2—C38 (A) 1.948(3)
Pd2—N4 (A) 2.014(2)
Pd2—03 (A) 2.130(2)

Pd2—04 (A) 2.035(2)
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C38—Pd2—N4 ()
03—Pd2—04 ()
C38—Pd2—03 ()
N4—Pd2—03 (°)
C38—Pd2—04 ()
N4—Pd2—04 (°)
C38—Pd1—Pd2 (°)
N4—Pd1—Pd2 (°)
03—Pd1—Pd2 ()

04—Pd1—Pd2 (°)

80.88(1)
88.29(9)
178.78(1)
99.11(1)
91.86(1)
170.58(1)
101.40(8)
106.07(7)
77.42(7)

81.14(7)

Table 2.3: Crystal

palladacycles-4, 5a and 5b

CHAPTER-II

data and structure refinement parameters for the

ldentification code

Palladacycle-4

Palladacycle-5a

Palladacycle-5b

Empirical formula
Formula weight
TI[K]

wavelength [A]
crystal system
space group

a[A]

b [A]

c [A]

CagH34N4O4F¢Pd,
1057.65

296.15

0.71073 A
Orthorhombic
Fdd2

29.518(5)
33.652(6)

9.1542(14)

CagH34N404FsPd;
1057.65

296.15

0.71073 A
Triclinic

P-1

12.5806(4)
13.4047(4)

16.5104(8)

CugH34N404F6Pd;
1057.65

296.15

0.71073 A
Orthorhombic
Pccn

27.3687(6)
7.6079(2)

22.5235(5)
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o []

B[]

v []

VAT

z

peale [g cm]

1 (MoKa) [mm-1]
F (000)

6 range [°]

limiting indices

reflections
collected
independent
reflections
absorption
correction

refinement method

data / restraints /
parameters
Goodness-of-fit on

F2

90
90

90
9093(3)
8

1.545
0.863

4224.0
1.83-25.36
-35<=h<=34
-40<=k<=40
-5<=Ik=11

20854

3059

[R(int) = 0.1063]
Semi-empirical
from equivalents
Full-matrix least

square on F2

3059/1/290

1.211

110.580(2)
106.147(2)
99.622(2)
2392.68(16)
2

1.586

0.934
1140.0
2.74-28.32
-16<=h<=15
-17<=k<=17
-22<=1<=22

39212

11845

[R(int) = 0.0416]
Semi-empirical
from equivalents
Full-matrix least

square on F2

11845/0/ 607

1.014
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90
90

90
4689.81(19)
4

1.618

0.954
2280.0
2.78- 26.79
-34<h<34
9<k<9

-28<1<28

58819

5005

[R(int) = 0.0522]
Semi-empirical
from equivalents
least

Full-matrix

square on F2

5005/0/304

1.063
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final R indices R1 = 0.0406 R1 =0.0369 R1 =0.0380
[1>20(1) ] [4] WR2 = 0.1056 WR2=0.0877  wR2=0.0873
R indices (all data) R1 = 0.0568 R1 = 0.0568 R1 =0.0536
[a] wR2 =0.1335 wR2 =0.1003 wR2 = 0.0962
peakmax/holemin 1.10 and -0.61 0.83 and -0.57 0.77/-0.85

[e A7]

Next, we investigated the C—H activation of 3,5-diphenyl-1-(3-
(trifluoromethyl)phenyl)-1H-pyrazole, to our surprise type-11l C—H activation was
observed (Scheme 2.10) in 85% yield. The formation of palladacycle-6 was analysed
using *H, *°F, **C and LCMS. *H NMR in CDCl; showed the pyrazole hydrogen peak
at 6.85 ppm for the 3,5-diphenyl-1-(3-(trifluoromethyl)phenyl)-1H-pyrazole where as
the corresponding palladacycle-6 resonated at 6.33 ppm. Similarly, °F NMR in
CDCI; showed the pyrazole hydrogen peak at -63.8 ppm for the 3,5-diphenyl-1-(3-
(trifluoromethyl)phenyl)-1H-pyrazole where as the corresponding palladacycle-6

resonated at -63.7 ppm

]\ H
Ph N
N Pd(OAc),/ AcOH
H H 100°C/2h
Fs;C
F3C Type-IIT
6,85 %

Scheme 2.10: Cyclopalladation of 3,5-diphenyl-1-(3-(trifluoromethyl)phenyl)-1H-

pyrazole
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Then we investigated cyclopalladation of 1-(3,5-bis(trifluoromethyl)phenyl)-
3,5-diphenyl-1H-pyrazole. As expected the C—H activation proceeded on 3-phenyl of
the pyrazole (Scheme 2.11) with isolated yield of 93%. The palladacycles-6 and 7
were fully characterized by NMR, LCMS and elemental analysis. The structures of
palladacycle-6 and palladacycle-7 were further confirmed by single X-ray diffraction
analysis (Figure 2.5 and table 2.5). Palladacycle-6 crystallizes in the monoclinic space
group P2; and palladacycle-7 crystallizes in the triclinic space group P-1 (Table 2.5).
The geometry around the palladium atoms in both palladacycle-6 and palladacycle-7
exhibits a distorted square planar geometry. The Pd—C (1.9755 (1) A for 6; 1.9706 (3)
A for 7) and Pd—N (2.0278(1) A for 6; 2.034 (3) A for 7) distances are comparable
with reported cyclometalated palladium compounds (Table 2.4).° The Pd...Pd
distance in palladacycle-7 (2.873(5) A) is higher than the Pd...Pd distance observed
in palladacycle-6 (2.8629(13) A) and palladacycle-5b, and slightly shorter than

palladacycle-4 and palladacycle-5a.

X Pd Pd N
N
CF;

Type-II1
7,93 %

Ph N
N Pd(OAc), / AcOH_
H 100°C/2h

F;C CF;
F5C

Scheme 2.11: Cyclopalladation of 1-(3,5-bis(trifluoromethyl)phenyl)-3,5-diphenyl-
1H-pyrazole
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Figure 2.5: Molecular structures of palladacycles-6 and 7. Hydrogen atoms are

omitted for clarity

Table 2.4: Selected bond distances and bond angles for palladacycles-6 and 7

Palladacycle-6 Palladacycle-7

Pd1—Pd2 (&)
Pd1—C17 (A)
Pd1—N2 (A)
Pd1—O01 (A)
Pd1—02 (A)
C17—Pd1—N2 (°)
01—Pd1—02 (°)
C17—Pd1—01 (°)
N2—Pd1—01 (°)
C17—Pd1—02 (°)

N2—Pd1—02 (°)

2.863(1)
1.976(2)
2.028(1)
2.163(9)
2.028(9)
80.61(5)
88.29(4)
174.63(4)
99.57(4)
92.15(5)

170.01(4)

2.873(5)
1.971(3)
2.034(3)
2.138(2)
2.034(2)
80.32(1)
88.04(9)
91.13(9)
171.31(9)
179.01(1)

100.53(9)
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C17—Pd1—Pd2 (°) 96.53(4) 100.84(9)

N2—Pd1—Pd2 (°) 104.19(3) 97.30(8)
01—Pd1—Pd2 (°) 78.20(2) 85.83(8)
02—Pd1—Pd2 (°) 83.36(3) 78.56(7)
Pd2—C38 (A) 1.973(1) 1.965(4)
Pd2—N4 (A) 2.031(1) 2.035(3)
Pd2—03 (A) 2.035(1) 2.142(2)
Pd2—04 (A) 2.152(8) 2.021(3)
C38—Pd2—N4 () 80.15(5) 80.14(1)
03—Pd2—04 () 89.37(4) 89.69(9)
C38—Pd2—03 () 92.25(5) 179.00(1)
N4—Pd2—03 (°) 170.09(4) 99.38(9)
C38—Pd2—04 () 174.58(4) 90.78(1)
N4—Pd2—04 (°) 98.79(4) 170.92(1)
C38—Pd1—Pd2 (°) 96.11(4) 103.96(1)
N4—Pd1—Pd2 (°) 103.13(3) 98.08(9)
03—Pd1—Pd2 (°) 83.89(2) 76.96(7)
04—Pd1—Pd2 () 78.92(3) 84.33(8)

Table 2.5: Crystal data and structure refinement parameters for the

palladacycle-7

Identification code Palladacycle-6 Palladacycle-7

CsoH32F12N4O4Pd,.
Empirical formula CagH34FgN4O4Pd,
(CH,Cl,)2.(CHCIy)
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Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o

ol
p/e

V/°
Volume/A®
Z

peaicg/cm®
w/mm™
F(000)
Radiation

0 range [°]

Index ranges

Reflections collected

Independent reflections

1057.59
296.15
monoclinic
P2,
10.1713(11)
17.3718(18)
12.3107(12)
90
103.357(5)
90

2116.4(4)

2

1.660

0.927
1056.0
MoKa (A =0.71073)
3.4 10 54.956
-13<h<13,
-22 <k <22,
-15<1<15
30053

9621
[Rine = 0.0821,

| CHAPTER-II

1447.36
296.15
triclinic

P-1
12.6732(14)
15.4639(7)
16.0509(8)
114.873(2)
96.893(3)
94.600(3)
2803.2(4)

2

1.715

1.016

1434.0
MoKa (A =0.71073)
3.9510 56.77
-16 <h < 16,
-20 <k <20,
-21<1<19
45908

13761

[Rint = 0.0369,
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Data/restraints/parameters 9621/1/569 13761/0/759
Goodness-of-fit on F 1.030 1.033

R1 =0.0805, R; =0.0416,
Final R indexes [[>=2c (I)]

wWR; =0.1973 WR; =0.1044

R; =0.0918, R; = 0.0530,
Final R indexes [all data]

WR; = 0.2089 wWR; =0.1124
Largest diff. peak/hole /e A®  7.26/-1.50 1.43/-1.73

2.3 Conclusion

In conclusion, we examined C—H bond activation of 3,5-diphenyl-1-(R-
phenyl)-1H-pyrazoles (R = H, Me, F and CF;) as ligands with Pd(OAc); via nitrogen-
directed cyclopalladation of the aromatic ring. When R = H, Me and F on the 3-
position of N-phenyl of the pyrazole, the activation proceeded on the 3-position of N-
phenyl of the pyrazole (Type-I). Then we studied effect of -CF3 group on ortho, meta
and para position of N-phenyl ring of the pyrazole. In case of 0-CF; and m-CF;
substituted on the N-phenyl ring, the C—H activation proceeded on the 5-phenyl ring
(Type-I11). However, CFs substituted on the para position of the N-phenyl ring
yielded both type-1 and type-I11 activated palladacycles. From all these observations it
is noteworthy to mention that not only steric and (or) electronic nature and also the
position of the R group playing a crucial role in the regio-selective C—H activation of

pyrazoles to form palladacycles.
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2.4 Experimental Section:

2.4.1 General information

All reagents and solvents were obtained from commercial sources. All 400 (or) 700
MHz 'H, 100 (or) 176 MHz '3C, 376 MHz °F spectra were recorded on a
spectrometer operating at 400 (or) 700 MHz. All *H and **C NMR spectra were
referenced internally to solvent signals. °F NMR spectra, to a,o,o-trifluorotoluene
(0.05% in CDCls; 6 = -63.73). High resolution mass spectra (HRMS) were recorded
with using microTOF-QII mass spectrometer. Single-crystal X-ray diffraction data
were collected at 100 K (or) 296 K using, Mo-Ka radiation (0.71073 A).
Crystallographic data for all palladacycles and details of X-ray diffraction
experiments and crystal structure refinements are given in Table 2.1, Table 2.2 and
Table 2.4. SADABS absorption corrections were applied in both cases. The structures
were solved and refined with SHELX suite of programs. All non-hydrogen atoms
were refined with anisotropic displacement coefficients. The H-atoms were placed at

calculated positions and were refined as riding atoms.

2.4.2 General procedure for synthesis of 1,3,5-triphenyl pyrazole derivatives:

1,3-Diphenylpropane-1,3-dione (10 mmol) and corresponding phenyl hydrazine (10
mmol) were taken in a 100 mL round bottom flask. Then 10 mL of methanol and 10
mL of acetic acid were added to the flask and the reaction mixture was refluxed for 12
h. To the reaction mixture, saturated sodium carbonate solution was added and the
compound was extracted using dichloromethane. The solvent was removed under
vacuum and the residue was purified by column chromatography (n-hexane—ethyl

acetate as an eluent).
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1,3,5-triphenyl pyrazole *°: Prepared from 1,3-diphenylpropane-1,3-dione (2.24 g,
10.0 mmol) and phenyl hydrazine (1.08 g, 10.0 mmol). After purification by column
chromatography, the compound was isolated as a white solid (2.56 g, 8.6 mmol,
86%). Mp = 131-132 °C. *H NMR (400 MHz, CDCly): & = 7.96 (d, J = 8 Hz, 2H,
ArH), 7.29-7.47 (m, 13H, ArH), 6.83 (s, 1H, 4-pyrazole-H) ppm. *C NMR (100
MHz, CDCls): 6 = 151.9, 144.7, 139.8, 132.7, 130.4, 129.1, 128.9, 128.8, 128.7,
128.6, 128.4, 127.8, 126.1, 125.6, 105.3 ppm. HRMS (ESI): calcd for Cz1HisN>
([M+H]"): 297.1386, found: 297.1373. Elemental analysis calcd (%) for CoHigNy: C
85.11, H 5.44, N 9.45; found: C 84.95, H 5.29, N 9.40. IR (cm™): 3061 (m), 3047
(m), 1595 (m), 1494 (s), 1362 (m), 1065 (m), 764 (s), 693 (S).

11

3, 5-diphenyl-1-(m-tolyl)-1H-pyrazole “*: Prepared from 1,3-diphenylpropane-1,3-
dione (2.24 g, 10.0 mmol) and m-tolylphenyl hydrazine hydrochloride (1.59 g, 10.0
mmol). After purification by column chromatography, the compound was isolated as
a white solid (2.45 g, 7.9 mmol, 79%). Mp = 75-76 °C. "H NMR (400 MHz, CDCls) &
= 7.97 (s, ArH, 1H), 7.48-7.33 (m, ArH, 9H), 7.21 (t, J = 8 Hz, ArH, 1H), 7.15-7.08
(m, ArH, 2H), 6.86 (s, 4Pz-H, 1H), 2.37 (s, 3H) ppm. *C NMR (100 MHz, CDCls) &
= 151.9, 144.4, 140.1, 139.1, 133.2, 130.7, 128.8, 128.7, 128.6, 128.5, 128.3, 128.0,
126.0, 125.9, 122.5, 105.1, 21.4 ppm. HRMS (ESI): calcd for CyHigNy ([M+H]Y):
311.1543, found: 311.1561. IR (cm™): 3047 (s), 1489 (s), 1460 (s), 1363 (m), 799
(m), 766 (s), 695 (s), 501 (M).

1-(3-fluorophenyl)-3,5-diphenyl-1H-pyrazole ~ *": ~ Prepared  from  1,3-
diphenylpropane-1,3-dione (2.24 g, 10.0 mmol) and 3-fluorophenyl hydrazine

hydrochloride (1.63 g, 10.0 mmol). After purification by column chromatography, the

52 |



| CHAPTER-II

compound was isolated as a white solid (2.64 g, 8.4 mmol, 84%). Mp = 118-119 °C.
'H NMR (400 MHz, CDCls) & = 7.94 (d, J = 8 Hz, ArH, 2H), 7.48-7.20 (m, ArH,
10H), 7.12 (d, J = 8 Hz, ArH, 1H), 7.02 (t, J = 8Hz, ArH, 1H), 6.84 (s, 4Pz-H, 1H)
ppm. *C NMR (100 MHz, CDCls) & = 162.7 (d, J = 246 Hz), 152.4, 144.7, 141.6 (d,
J =10.2 Hz), 132.9, 130.4, 130.1 (d, J = 9.0 Hz), 128.9, 128.8, 128.7, 128.3, 126.0,
120.8 (d, J = 3.2 Hz), 114.3 (d, J = 21.1 Hz), 112.7 (d, J = 24.7 Hz), 105.9 ppm.*F
NMR (376 MHz, CDCl;) & -112.27 ppm. HRMS (ESI): calcd for CzHisNaF
(IM+HT"): 315.1292, found: 315.1286. IR (cm %): 3061 (m), 1599 (m), 1492 (s), 1459
(s), 1196 (m), 873 (m), 766 (s), 699 (5).

3,5-Diphenyl-1-(2-(trifluoromethyl) phenyl)-1Hpyrazole '?: Prepared from 1,3-
Diphenylpropane-1,3-dione (2.54 g, 11.30 mmol) and (2- (trifluoromethyl)phenyl)
hydrazine (2.00 g, 11.30 mmol). After purification by column chromatography, the
compound was isolated as a white solid (3.14 g, 8.6 mmol, 76%). Mp = 109 -110 °C.
'H NMR (400 MHz, CDCls) & = 7.92 (d, J = 8 Hz, ArH, 2H), 7.82 (t, J = 4 Hz, ArH,
1H), 7.55 (t, J = 4 Hz, ArH, 2H), 7.44 (t, J = 8 Hz, ArH, 2H), 7.35 (t, J = 8 Hz, ArH,
2H), 7.28-7.24 (m, ArH, 5H), 6.89 (s, 4Pz-H, 1H) ppm. **C NMR (100 MHz, CDCly)
0 =152.2, 146.3, 138.3, 133.0, 132.6, 130.7, 129.9, 129.3, 128.8, 128.6, 128.4, 128.3,
128.2, 127.9 (q, J = 5.0 Hz), 126.1, 104.3 ppm. *F NMR (376 MHz, CDCl) & =
60.81 ppm. HRMS (ESI): calcd. for CyHisFsN2 ([M+H]Y): 365.1260, found:
365.1273. Elemental analysis calcd (%) for CyHisFsN2: C 72.52, H 4.15, N 7.69;
found: C 72.60, H 4.22, N 7.58.; IR (cm %): 3064 (m), 1501 (m), 1485 (m), 1465

(M), 1315 (s), 1154 (m), 1137 (s), 1113 (m), 761 (), 596 ().
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3,5-Diphenyl-1-(4-(trifluoromethyl) phenyl)-1H-pyrazole *°

: Prepared from 1,3-
Diphenylpropane-1,3-dione (1.00 g, 4.5 mmol) and (4-(trifluoromethyl)phenyl)
hydrazine (0.86g, 4.9 mmol). After purification by column chromatography, the
compound was isolated as a white solid (1.55 g, 4.25 mmol, 95%). Mp = 114-115 °C.
'H NMR (400 MHz, CDCl): & = 7.94 (d, J = 7.3 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H),
7.51 (d, J = 8.4 Hz, 2H), 7.46 (t, J = 7.5 Hz, 3H), 7.40-7.36 (m, 4H), 7.32-7.29 (m,
2H), 6.86 (s, 1H) ppm. *C NMR (100 MHz, CDCly): & = 152.8, 144.9, 142.8, 132.6,
130.3, 129.0, 128.9, 128.9, 128.5, 126.2 (g, J = 3.7 Hz), 126.0, 125.0, 106.4 ppm. °F
NMR (376 MHz, CDCls): & = -63.29 ppm. IR (KBr): v (cm™) = 3067 (m), 1613 (m),
1485 (m), 1411 (m), 1364 (m), 1326 (s), 1168 (s), 1126 (s), 766 (s), 698 (s). HRMS
(ESI): calcd. for CyHisF3N2 ([M+H]): 365.1260, found: 365.1245.

3,5-Diphenyl-1-(3-(trifluoromethyl) phenyl)-1H-pyrazole *3

: Prepared from 1,3-
Diphenylpropane-1,3-dione (2.42 g, 10 mmol) and (3-(trifluoromethyl)phenyl)
hydrazine (1.76g, 10 mmol). After purification by column chromatography, the
compound was isolated as a white solid (3.21 g, 8.8 mmol, 88%). Mp = 40-41 °C. 'H
NMR (400 MHz, CDCls): & = 7.94 (d, J = 7.2 Hz, 3H), 7.74 (s, 1H), 7.55 (d, J = 7.6
Hz, 2H), 7.51-7.42 (m, 4H), 7 .39-7.35 (m, 4H), 7.30-7.29 (m, 3H), 6.85 (s, 1H)
ppm. °C NMR (100 MHz, CDCly): & = 152.8, 144.8, 140.6, 132.8, 130.3, 129.5,
129.0, 128.9, 128.9 (d, J = 1.0 Hz), 128.4, 128.1, 126.0, 123.9 (d, J = 3.8 Hz), 122.0
(d, J = 3.9 Hz), 106.1 ppm. °F NMR (376 MHz, CDCls): & = -63.79 ppm. IR (KBr):
v (cm™) = 3069 (m), 2811 (m), 1596 (m), 1459 (m), 1365 (s), 1326 (s), 1169 (m),
1125 (s), 1066 (m), 809 (s), 694 (s). HRMS (ESI): calcd. for CzHisFsN, ([M+H]):

365.1260, found: 365.1256.
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1-(3,5-bis(trifluoromethyl)phenyl)-3,5-diphenyl-1H-pyrazole '": Prepared from 1,3-
Diphenylpropane-1,3-dione (2.42 g, 10 mmol) and 3,5-bis((trifluoromethyl)phenyl)
hydrazine (2.44 g, 10 mmol). After purification by column chromatography, the
compound was isolated as a white solid (3.93 g, 9.1 mmol, 91%). Mp = 88-89 °C. 'H
NMR (700 MHz, CDCls): & = 7.93 (d, J = 7.1 Hz, 1H), 7.83 (s, 1H), 7.75 (s, 1H), 7.47
(t, J = 7.7 Hz, 1H), 7.44-7.38 (m, 2H), 7.30 (d, J = 6.5 Hz, 1H), 6.87 (s, 1H) ppm. *C
NMR (176 MHz, CDCls): 6 = 153.4, 145.0, 141.2, 132.5, 132.4, 132.3, 129.9, 129.5,
129.2, 129.0 (d, J = 6.8 Hz), 128.8, 126.1, 124.4 (d, J = 3.3 Hz), 123.7, 122.1, 120.3
(9, J = 3.7 Hz)., 107.0 ppm. **F NMR (376 MHz, CDCls): & =-64.13 ppm. IR (cm %):
3075 (m), 2936 (m), 1480 (m), 1384 (s), 1279 (s), 1187 (m), 1135 (s), 892 (m), 764
(m), 698 (m). HRMS (ESI): calcd. for CysHisFsN, ([M+H]): 433.1134, found:

433.1142.

2.4.3 General procedure for synthesis of palladacycles:

Palladium acetate (5 mmol) and corresponding 1,3,5-triphenylpyrazole (5 mmol) were
suspended in glacial acetic acid (15 mL) and the mixture was heated in an oil bath
(100 °C, 2 h). The reaction mixture was filtered through celite to remove palladium
black and the resultant solution was concentrated. The residue was re-dissolved in
dichloromethane, layered with n-hexane and stored at 5 °C for 24 h and filtered
through celite (1cm height) silicagel (100-200 mesh, 1cm height) to remove palladium
black traces, and repeated the same three times. The solution was concentrated and

recrystallized from a mixture of dichloromethane and n-hexane.

Palladacycle-1 **: Prepared from palladium acetate (1.00 g, 4.4 mmol) and 1,3,5-

triphenylpyrazole (1.31 g, 4.4 mmol). Yield: 1.21 g (59%). Mp 219-220 °C
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(decompose). *H NMR (400 MHz, CsDg) 6 = 7.67 (d, J = 8 Hz, 4H, ArH), 7.42 (d, J =
8 Hz, 4H, ArH), 7.23-7.07 (m, 10H, ArH), 6.98-6.89 (m, 6H, ArH), 6.72 (t, J = 8 Hz,
2H, ArH), 6.50 (t, J = 8 Hz, 2H, ArH), 6.40 (d, J = 8 Hz, 2H, ArH), 5.57 (s, 2H, ArH),
1.49 (s, 6H, Me) ppm. *C NMR (100 MHz, C¢Dg) & = 180.3, 153.7, 143.1, 141.1,
134.6, 133.2, 129.9, 129.6, 129.5, 129.2, 128.8, 128.2, 127.9, 123.4, 122.7, 111.9,
109.5, 22.7 ppm. HRMS (ESI): calcd for CasHzsN4O2Pd, ([M — OAc]"): 863.0690,
found: 863.0614. Elemental analysis calcd (%) for CssH3sN4O4Pd,: C 59.82, H 4.15,
N 6.07; found: C 59.65, H 3.99, N 6.27. IR (cm%): 3052 (m), 2928 (m), 1575 (),

1412 (s), 1342 (m), 1002 (m), 758 (s), 696 ().

Palladacycle-2 '": Prepared from palladium acetate (1.00 g, 4.4 mmol) and 3, 5-
diphenyl-1-(m-tolyl)-1H-pyrazole (1.37 g, 4.4 mmol). Yield: 1.34 g (64%). Mp 188-
189 °C (decompose). *H NMR (400 MHz, CsDs) & = 7.72 (d, J = 7.2 Hz, 4H), 7.37 (d,
J = 7.8 Hz, 2H), 7.24-7.16 (m, 6H), 7.11 (t, J = 7.5 Hz, 6H), 6.98 (d, J = 7.1 Hz, 4H),
6.62 (d, J = 7.8 Hz, 2H), 6.25 (s, 2H), 5.64 (s, 2H), 1.83 (s, 6H), 1.48 (s, 6H) ppm. *C
NMR (100 MHz, CgDg): 6 = 181.3, 154.5, 143.8, 141.8, 133.8, 132.4, 131.7, 130.9,
130.5, 130.3, 129.9, 129.4, 129.0, 128.6, 128.3, 128.1, 127.8, 125.0, 113.8, 110.0,
23.4, 21.2 ppm. Elemental analysis calcd (%) for CsgHsoNsO4Pd,.(C7Hg)o3: C 61.57,
H 4.37, N 5.73; found: C 61.71, H 4.13, N 5.93. IR (cm™%): 3057 (m), 1572 (s), 1469

(m), 1412 (s), 1373 (m), 802 (m), 763 (s), 699 (s).

Palladacycle-3 *": Prepared from palladium acetate (1.00 g, 4.4 mmol) and 1-(3-
fluorophenyl)-3,5-diphenyl-1H-pyrazole (1.38 g, 4.4 mmol). Yield: 1.56 g (74%). Mp
224-225 °C (decompose). *H NMR (400 MHz, CDCls) & = 7.62-7.57 (m, 6H), 7.45-

7.41 (m, 10H), 7.16-7.15 (m, 4H), 6.85 (t, J = 8.7 Hz, 2H), 6.58 (t, J = 8.7 Hz, 2H),
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6.08 (d, J = 10.7 Hz, 2H), 5.98 (s, 2H), 1.27 (s, 6H) ppm. **C NMR (100 MHz,
CDCls): 6 = 181.4, 160.0 (d, J = 237 Hz), 154.6, 142.9, 142.8, 142.6, 133.6 (d, J =8
Hz), 130.3, 129.8, 129.3, 129.1, 129.0, 128.2, 127.0 (d, J = 3 Hz), 110.6, 110.5, 100.7
(d, J = 28 Hz), 23.0 ppm. **F NMR (376 MHz, CDCls) § = -119.13 ppm. Elemental
analysis calcd (%) for CyeHz4F2N4O4Pd,.(CH2ClL)o2: C 56.94, H 3.56, N 5.75; found:
C 56.82, H 3.72, N 5.88. IR (cm™): 3061 (m), 1575 (s), 1467 (m), 1414 (s), 1370

(m), 1194 (m), 871 (m), 761 (s), 697 (s).

Palladacycle-4 *°: Prepared from palladium acetate (1.23 g, 5.50 mmol) and 3, 5-
diphenyl-1-(2-(trifluoromethyl) phenyl)-1H-pyrazole (2.00 g, 5.50 mmol). Yield :
2.57 g (4.8 mmol, 88%). Mp 218-219 °C (decompose). ‘H NMR (400 MHz, CDCls) &
= 7.75(d, J = 8 Hz, ArH, 2H), 7.50 (t, J = 8 Hz, ArH, 2H), 7.41 (t, J = 8 Hz, ArH,
2H), 7.28-7.21 (m, ArH, 6H), 7.17-7.15 (m, ArH, 2H), 7.04 ((t, J = 8 Hz, ArH, 2H),
6.95 (d, J = 8 Hz, ArH, 6H), 6.88-6.82 (m, ArH, 4H), 6.30 (s, 4Pz-H, 2H), 1.42 (s,
OAc) ppm. C NMR (100 MHz, CDCl): & = 180.6, 159.6, 146.6, 137.8, 134.6,
132.3, 131.7, 131.2, 130.1, 129.5, 129.1, 128.9, 128.8, 128.4, 127.9 (q, J = 5.0 Hz),
125.1, 124.1, 122.2, 101.4, 24.3 ppm. °F NMR (376 MHz, CDCl;) & = -60.2 ppm.
Elemental analysis calcd (%) for C4sH3sFsN4O4Pd,: C 54.41, H 3.42, N 5.29; found: C
54.30, H 3.29, N 5.22. IR (cm™): 3055 (m), 1593 (s), 1576 (s), 1505 (m), 1419 (m),

1316 (s), 1140 (s), 765 (s), 697 (m).

Palladacycles 5a and 5b °: Palladium acetate (0.31 g, 1.4 mmol) and 3,5-diphenyl-1-
(4-(trifluoromethyl) phenyl)-1H-pyrazole (0.50 g, 1.4 mmol) were suspended in
glacial acetic acid (5 mL) and the mixture was heated on oil bath (100 °C, 1 h). The

reaction mixture was filtered through celite to remove palladium black and the
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resultant solution was concentrated. The residue was re-dissolved in dichloromethane,
layered with n-hexane and stored at 5 °C for 24 h and filtered through celite (1cm
height) silicagel (100-200 mesh, 1cm height) to remove palladium black traces and
repeated the same three times. The solvents were removed under vacuum and the
yellow product (0.65 g, Yield: 90%) was recrystallized sequentially from a mixture of
dichloromethane and n-hexane. First batch of recrystallization gave palladacycle-5a
(0.28 g, 39.2%) as a pale yellow solid, second batch of recrystallization gave mixture
of palladacycles (0.06 g, 8.1%) in which palladacycle-5b was major and third batch of

recrystallization gave palladacycle-5b (0.31g, 43.0%) as a dark yellow solid.

Palladacycle 5a: Mp = 216-219 °C (decompose). ‘H NMR (400 MHz, CDCly) & =
7.66 (d, J = 6.7 Hz, 4H), 7.59 (t, J = 7.5 Hz, 2H), 7.50-7.41 (m, 10H), 7.24 (s, 2H),
7.08 (d, J = 4.4 Hz, 4H), 6.96 (d, J = 9.7 Hz, 2H), 6.35 (d, J = 8.4 Hz, 2H), 6.06 (s,
2H), 1.22 (s, 6H) ppm. *C NMR (100 MHz, CDCls) & = 182.4, 155.3, 145.8, 143.0,
134.1, 130.3, 129.7 (2C), 129.5, 129.3 (g, J = 3.5 Hz), 129.0 (2C), 128.4, 121.3 (q, J =
3.7 Hz), 111.7 (d, J = 160.3 Hz), 22.7 ppm. °F NMR (376 MHz, CDCls) & = -62.41
ppm. Elemental analysis calcd (%) for CsgHszsFsN4O4Pd,.(CH,Cly)os : C 52.95, H
3.21, N 5.09; found: C 52.69, H 3.67, N 5.96. IR (cm™) = 3060 (m), 1570 (s), 1479

(m), 1417 (s), 1320 (s), 1167 (m), 1118 (s), 763 (s), 698 (5).

Palladacycle 5b: Mp = 221-223 °C (decompose). ‘H NMR (400 MHz, CDCls) & =
7.59 (d, J = 8.4 Hz, 4H), 7.37-7.27 (m, 10H), 7.18 (d, J = 7.2 Hz, 2H), 7.08 (t, J = 7.2
Hz, 2H), 6.92 (d, J = 7.1 Hz, 4H), 6.82-6.74 (m, 4H), 6.26 (s, 2H), 1.33 (s, 6H) ppm.
3¢ NMR (100 MHz, CDCl3) 6 = 180.4, 160.1, 146.3, 145.3, 138.8, 137.2, 131.7,

129.3, 129.0 (2C), 128.6, 128.0, 125.7 (q, J = 2.9 Hz), 123.25 (d, J = 194.0 Hz),
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102.7, 23.3 ppm. °F NMR (376 MHz, CDCls) § = -63.64 ppm. Elemental analysis
calcd (%) for C48H34F6N4O4Pd2.(CH2C|2)0_21 C 53.87, H 3.23, N 5.21; found: C 53.40,
H 3.36, N 5.76. IR (cm™) = 3054 (m), 1570 (s), 1414 (s), 1325 (s), 1159 (m), 1128 (s),

758 (s), 700 (s).

Palladacycle-6 *": Prepared from palladium acetate (1.00 g, 4.4 mmol) and 3,5-
diphenyl-1-(3-(trifluoromethyl) phenyl)-1H-pyrazole (1.60 g, 4.4 mmol). Yield: 1.97
g (85%). Mp 220-221 °C (decompose). *H NMR (400 MHz, CDCls) & = 7.56-7.49
(m, 6H), 7.32 (t, J = 7.4 Hz, 2H), 7.25 (t, J = 7.4 Hz, 4H), 7.20 (d, J = 7.3 Hz, 2H),
7.12 (s, 2H), 7.06 (t, J = 7.3 Hz, 2H), 6.89-6.78 (m, 6H), 6.75 (d, J = 6.9 Hz, 2H),
6.33 (s, 2H), 1.32 (s, 6H) ppm. *C NMR (100 MHz, CDCls) § = 180.1, 160.0, 145.8
(d, J = 63.4 Hz), 136.9 (d, J = 95.0 Hz), 131.8, 129.3, 129.1, 128.8, 128.4, 125.8,
125.2 (q, J = 4.1 Hz), 124.3, 122.2, 102.4, 23.2 ppm. *°F NMR (376 MHz, CDCl3) & =
-63.72 ppm. Elemental analysis calcd (%) for CsgH3zsFsN4O4Pd,: C 54.41, H 3.24, N
5.30; found: C 54.69, H 3.02, N 5.52. IR (cm-1) = 3061 (m), 2914 (m), 1593 (m),
1576 (s), 1420 (s), 1380 (m), 1327 (s), 1176 (m), 1123 (s), 1070 (m), 804 (m), 758 (s),

697(s).

Palladacycle-7 *': Prepared from palladium acetate (1.00 g, 4.4 mmol) and 1-(3,5-
bis(trifluoromethyl)phenyl)-3,5-diphenyl-1H-pyrazole (1.90 g, 4.4 mmol). Yield: 2.44
g (91%). Mp 227-229 °C (decompose). *H NMR (400 MHz, CDCl3) & = 7.78 (s, 2H),
7.34 (m, 12H), 7.08 (t, J = 7.3 Hz, 2H), 6.86 (d, J = 8.0 Hz, 6H), 6.68 (d, J = 7.6 Hz,
2H), 6.47 (s, 2H), 1.35 (s, 6H) ppm. *C NMR (100 MHz, CDCl) & = 180.1, 160.7,
146.2, 146.1, 137.1, 136.7, 131.8, 129.8, 129.2, 128.7, 127.9 (q, J = 3.6 Hz), 126.3,

1245, 124.1, 122.6, 122.1 (g, J = 3.5 Hz), 121.4, 103.0, 23.1 ppm. °F NMR (376
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MHz, CDCls) 6 = -63.78 ppm. Elemental analysis calcd (%) for CsoH32F12N4O4Pd,: C
50.31, H 2.70, N 4.69; found: C 50.69, H 2.40, N 5.02. IR (cm™) = 3060 (m), 1575

(s), 1418 (s), 1394 (s), 1280 (s), 1184 (s), 1139 (s), 899 (m), 760 (m), 700 (m).

2.5 NMR spectra for new compounds
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Cyclometalated 1,3,5-triphenyl pyrazole palladium
dimer as a catalyst (or) pre-catalyst towards cross-
coupling reactions

3.1 Introduction

The palladium catalyzed Suzuki-Miyaura and Mizoroki-Heck reactions are the most
important C—C bond forming reactions and play vital roles in modern organic
synthesis."” Usually, 1 to 5 mol% of palladium loading along with phosphine ligands
are utilized to perform these cross-coupling reactions.**° As organophosphines are
air-sensitive, expensive and poisonous, several research groups have concentrated on
developing phosphine free catalyst systems 2> for the C—C bond formation

reactions. Palladacycles 23!

are important organometallic compounds that contain
one or two intramolecularly stabilized neutral donor atoms and one palladium-carbon
bond. They have gained considerable interest owing to their stability towards air and
moisture and also their potential applications in material science, catalysis, and
organic synthesis, biological and medicinal chemistry.

Herrmann and co-workers reported the first application of cyclopalladated tri-o-tolyl-
phosphine complex for cross-coupling reactions,®” raised high expectations for the
palladacycles. Since, then several groups have reported numerous CN,3¥4¢ Cg#"4

54-57

and CP % %% palladacycle catalysts or pre-catalysts and pincer palladium

35-53

complexes. The CN palladacycles gained interest since the pioneering work of

Milstein and co-workers 3¢

on imine-based palladacycles for the cross-coupling
reactions. The importance of the CN palladacycles expanded significantly by
Buchwald,***" Gladysz,***° Najera,**** Nowotny * and others. All these
palladacycles are bench stable and showed high activity over conventional Pd(0)

catalysts. Inspired by all these reports we concentrated in the synthesis of new and
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simple palladacycles. Although several reports exist on the synthesis and

characterization of pyrazole (CN) palladacycles,®*®°

surprisingly so far there is only
one report for the Heck reaction.* Inspired and motivated by the importance of C—C
bond forming reactions using palladacycles the catalytic activity of palladacycle-1

towards Suzuki-Miyaura and Mizoroki-Heck reactions are presented here."

3.2 Results and Discussions

The synthesis and characterization of palladacycle-1 are presented in chapter-I1. First,
we evaluated the activity of the palladacycle-1 towards the Mizoroki-Heck reaction.
The coupling between bromobenzene and methyl acrylate was chosen as the model
reaction. No detectable conversion was observed in the absence of an additive, K,CO3
as a base and DMF as a solvent at 110 °C (Table 3.1, entry 1), however with the
increase in temperature to 140 °C we observed ca., 22% of the desired product. To
further improve the efficiency of the product formation, we varied catalyst loading,
temperature, bases, and solvents. The use of NMP as a solvent at 0.2 mol% pre-
catalyst loading gave 81% yield of the desired trans-methyl cinnamate (Table 3.1,
entry 15). With these optimized conditions in hand, we also examined the reaction
between bromobenzene and styrene. The reaction proceeds smoothly and gave an
essentially quantitative yield of the desired product (99%), which is the best catalytic

efficiency of our palladacycle-1 under these reaction conditions.
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Table 3.1: Optimization of Heck cross coupling reaction of bromobenzene and

methyl acrylate using palladacycle-1*

Ph
Br o 0.1 - 0.4 mol% 1 “~ i P
© + \)J\ P Base, Solvent0 . (0]
) TBAB, 110-160 °C
12-48 h

Entry Cat. Base Solvent TBAB T(°C) Time  Yield®

(mol%) (mol%) (h) (%)
1 0.1 K>COs DMF - 110 12 trace
2 0.1 K,CO3 DMF - 130 12 12
3 0.1 K,CO3 DMF - 130 30 21
4 0.1 K,CO3 DMF - 140 30 22
5 0.1 K,CO3 DMF 10 140 30 32
6 0.1 K3POy4 DMF 10 140 30 54
7 0.1 K3POy4 DMF 10 160 30 57
8 0.2 K3PO, DMF 10 160 30 62
9 0.2 K3POy4 DMAc 10 160 30 45
10 0.2 KsPO4,H,O DMF 10 160 30 15
11 0.4 K3POy4 DMF 10 160 30 49°
12 0.4 K3POy4 DMAc 10 160 30 65
13 0.2 K3POy4 DMF 20 160 30 61
14 0.2 K3POy4 DMF 20 160 48 63
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15 0.2 K3PO4 NMP 10 160 30 81

®Reaction conditions: 1 equiv of bromobenzene, 2 equiv of methyl acrylate, 2 equiv of base, TBAB:
Tetrabutylammoniumbromide, DMAc: dimethylacetamide, NMP: N-methyl-2-pyrrolidone; Pisolated
yield after chromatography; ‘hiphenyl product was also observed, “turn over number, based on a

number of moles of the isolated product.

As our catalyst is analogous to the catalyst reported by Grigg and co-workers,44
we briefly studied the efficacy of our palladacycle-1 in the Heck reaction
(iodobenzene and methyl acrylate) using one of the lowest catalyst loading given in
Grigg’s work. It was found that the turnover number (TON) of our catalyst reached up
to 1.88x10° with 86% isolated yield, under identical conditions used in Grigg and co-
workers.* As expected, a decrease in TONs was observed when the temperature of
the reaction medium reduced from 110 °C to 90 °C. However at the same catalyst
loading employing KsPO,as a base (reaction conditions used in this work) resulted in
TON of 1.92x10° and 96% isolated yield. The observed high catalytic efficiency may
be (a) due to the electronic effect of two phenyl rings present in our ligand and/or (b)
due to NMP/K3PO,. It should be noted that NMP was reported as a good stabilizing
agent for Pd-colloids in ligand free Heck reactions.®® In some instance ® the reactions
were performed around 120 °C to get moderate yields. It was also evident from the
literature, Pd-cycles act as a source of Pd(0) which can be released at a slower rate *
than that of the catalytic reaction. To explore the scope of the reactions catalyzed by
our palladacycle pre-catalyst under the above mentioned reaction condition, we
examined the cross-coupling of a variety of aryl bromides with methyl acrylate and/or
styrene. The results are presented in table 3.2. To our delight, the Heck arylation of

aryl bromides proceeded smoothly under these conditions yielding the corresponding
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products in moderate to good yields, however, activated 4-bromobenzonitrile
converted to the desired product with low yields (Table 3.2, entry 9, 10). Apart from
aryl bromides, aryl iodides could also be coupled under the same reaction conditions
(Table 3.2, entry 13-16). Unfortunately, our pre-catalyst is not active enough to
handle aryl chlorides, however, activated aryl chloride gave the desired product in low

yields.

Table 3.2 : Palladacycle-1 catalyzed Heck reactions of aryl halides with terminal

olefins
0.2 mol% 1
Ar—X + R~ K3POy4 (2 eq.) Ar” X R
TBAB (10 mol%), NMP
1 eq. 2 eq. 160 °C,30 h
Entry Ar-X R Yield® (%) TON°®
1 CsHsBr — COOMe 81 (82)" 404
2 — CsHs 98 496
3 4-OMe-CgH4Br — COOMe 96 480
4 — CsHs 98 486
5 2-OMe-CgH4Br — COOMe 64 317
6 — CeHs 78 390
7 4-Ph-CgH4Br — COOMe 84 423
8 — CeHs 72 360
9 4-CN-CgH4Br — COOMe 47 231
10 — CgHs 37 184
11 1-CHj;-3-CHjs- — COOMe 93 467
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CsHs3Br

12 — CeHs 95 473
13 CeHal — COOMe 99° 497
14 — CgHs 99b (99)! 496
15 4-Me-CgHyl — COOMe 86° 421
16 — CeHs 84° 419
17 4-CF3-CgH4Cl — COOMe 31 154
18 — CeHs 69 346
19 4-COMe-CgH,4CI — COOMe trace -

20 — CgHs 54 (53)" 269

%Isolated yield after chromatography; "TBAB was not used, ‘turn over number (TON), based on

number of moles of the isolated product, %reactions were performed using 6 mmol of aryl halide.

We next investigated whether our palladacycle-1 could also facilitate the
Suzuki-Miyaura reactions. The reactions were carried out relatively milder condition
in the presence of water and the results are presented in table 3.3. In a typical reaction,
1 equivalent of aryl bromide was reacted with 1.2 equivalents of phenyl boronic acid
in the presence of 0.1 mol% of the palladacycle-1, 1.2 equivalent of KsPO, at 50 °C
for 4 h. Both electron-rich, as well as electron-poor aryl bromides and aryl iodides,
could be converted to the desired products in moderate to high yields (Table 3.3,
entries 1-7). Later we subJected our palladacycle-1 pre-catalyst to cross-coupling
between phenyl boronic acid and aryl chlorides. Not surprisingly, under the
conditions mentioned above the aryl chlorides could not be converted effectively

(Table 3.3, entry 8), however, 4 to 41% vyields were achieved at elevated temperature
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(100 °C). We have not made any attempts to determine whether unreacted
palladacycle-1 or other palladium containing species could be detected at the end of
the catalytic reactions. However, a blank run was carried out after the catalytic run to
test whether residual catalyst present in the system or not. As expected no product

formation was observed.

Table 3.3: Palladacycle-1 catalyzed Suzuki reactions of aryl halides with

phenylboronic acid

Ar
oH 0.1 mol% 1
Ar—X 4+ @B/ K3PO, (1.2 eq.)
“oH DMF / H,0
1 eq. 1.2 eq. 50°C/4h
Entry Ar-X Yield® (%)
1 4-OMe-CgH,4Br 99(99)°
2 2-OMe-CgH4Br 98
3 4-Ph-CsH4Br 81(82)"
4 4-CN-CgH,Br 94
5 1-CH3-3-CH3-CsH3Br 93
6 4-CHO-CgH4Br 99
7 4-CH3-CgH,l 99(99)°
8 4-COCH3-CgH4CI trace
9 4-COCH3-CsH4Cl 38°
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10 4-CF3-CgH4ClI 41°(40)*
11 4-CHs-CgH,CI 11°
12 4-OCHs;-CgH,Cl 4°

%Isolated yield after chromatography; “reactions were performed at 100 °C for 6 h, ‘turn over number
(TON), based on number of moles of the isolated product, %reactions were performed using 6 mmol of

aryl halide.

3.3 Conclusion

In summary, we have studied palladacycle-1 in Suzuki-Miyaura and Mizoroki-Heck
cross-coupling reactions. The palladacycle-1 showed appreciable catalytic activity for
the Mizoroki-Heck reaction, moreover, it showed good catalytic activity towards

Suzuki-Miyaura under mild reaction conditions.

3.4 Experimental Section

3.4.1 General information

All reagents and solvents were obtained from commercial sources. Solvents
were purified according to standard procedures. All 400 MHz 'H, 100 MHz
13C, 376 MHz '°F spectra were recorded on a spectrometer operating at 400
MHz. All 'H and *C NMR spectra were referenced internally to solvent
signals. ®F NMR spectra, to o,o,a-trifluorotoluene (0.05% in CDCls; & = -
63.73). High-resolution mass spectra (HRMS) were recorded with using the

micro TOF-QIl mass spectrometer.
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3.4.2 General Procedure for Mizoroki-Heck Reactions

A Schlenk tube was charged with aryl halide (3.18 mmol), potassium phosphate (6.36
mmol), tetra-n-butyl ammonium bromide (0.31 mmol) and the palladacycle-1 (6.4x10
¥ mmol). The tube was connected to a vacuum line under argon and purged three
times. N-methyl-2-pyrrolidone (4 mL) and the olefin (6.36 mmol) were added. The
reaction mixture was stirred at 160 °C for 30 h. The reaction mixture was cooled to
room temperature, diluted with ethyl acetate (10 mL) and filtered through celite (1cm
height) silica gel (100-200 mesh, 1cm height) the filtration process was repeated with
fresh ethyl acetate (2x10 mL). The combined organic solution was washed with water
and brine solution. The organic phase was dried over anhydrous sodium sulphate.
After removal of the solvent, the residue was subjected to column chromatography on
silica gel using ethyl acetate and hexanes mixtures to afford the Mizoroki-Heck

product in high purity.

3.4.3 General Procedure for Suzuki Reactions

A Schlenk tube was charged with aryl halide (3.21 mmol), potassium phosphate (3.85
mmol), phenylboronic acid (3.85 mmol) and the palladacycle-1 (3.2x10° mmol). The
tube was connected to a vacuum line under argon and purged three times. A mixture
of dimethylformamide and distilled water (1:1, 4 mL) was added. The reaction
mixture was stirred at 50-100 °C for 4-6 h. A similar purification method (vide supra)

was used to get the Suzuki coupled product.

3.4.4 Analytical data for the products
trans-Methyl cinnamate (Table 3.2, entry 1) ?*: Prepared from bromobenzene (0.5 g,

3.18 mmol) and methylacrylate (0.55 g, 6.37 mmol). After purification by column
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chromatography, the compound was isolated as a white solid (0.42 g, 2.57 mmol,
81%). Mp = 37-38 °C. HRMS (ESI): calcd. for C1gH100, ((M+H]"): 163.0754 , found:
163.0762. *H NMR (400 MHz, CDCls): & = 7.70 (d, J = 16 Hz, 1H, CH=CH), 7.54-
7.51 (m, 2H, ArH), 7.39 (t, J = 4 Hz, 3H, ArH), 6.45 (d, J = 16 Hz, 1H, CH=CH),
3.81 (s, 3H, OMe) ppm. *C NMR (100 MHz, CDCls): & = 167.5, 144.9, 134.4, 130.3,

128.9, 128.1, 117.8, 51.7 ppm.

(E)-1,2-diphenylethene (Table 3.2, entry 2) ??: Prepared from bromobenzene (0.5 g,
3.18 mmol) and styrene (0.66 g, 6.37 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.56 g, 3.12 mmol,
98%). Mp = 124-125 °C. *H NMR (400 MHz, CDCly) & = 7.66-7.64 (m, 4H, ArH),
7.51-7.35 (m, 6H, ArH), 7.26-7.18 (.m, 2H, CH=CH) ppm. *C NMR (100 MHz,

CDCly) § = 137.5, 128.8, 127.8, 126.7 ppm.

Methyl (E)-3-(4-methoxyphenyl)acrylate (Table 3.2, entry 3) #: Prepared from
bromoanisole (0.3 g, 1.60 mmol) and methylacrylate (0.28 g, 3.21 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.30 g, 1.54 mmol, 96%). Mp = 92-93 °C. HRMS (ESI): calcd. for C11H1,05 ([M +
Na]*): 215.0679 , found: 215.0689. *H NMR (400 MHz, CDCl): 6 = 7.66 (d, J = 16
Hz, 1H, CH=CH), 7.48 (d, J = 8 Hz, 2H, ArH), 6.91 (d, J = 8 Hz, 2H, ArH), 6.32 (d, J
= 16 Hz, 1H, CH=CH), 3.83 (s, 3H, OMe), 3.77 (s, 3H, OMe) ppm. **C NMR (100

MHz, CDCls): 6 = 167.8, 161.4, 144.5, 129.7, 127.1, 115.3, 114.3, 55.3, 51.6 ppm.

(E)-1-methoxy-4-styrylbenzene (Table 3.2, entry 4) #: Prepared from 4-bromoanisole

(0.3 g, 1.60 mmol) and styrene (0.33 g, 3.21 mmol). After purification by column
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chromatography, the compound was isolated as a white solid (0.33 g, 1.57 mmol,
98%). Mp = 134-135 °C. HRMS (ESI): caled. for CisH10 ([M+H]"): 212.1151
found: 212.1127. *H NMR (400 MHz, CDCls): & = 7.53-7.47 (m, 4H, ArH), 7.37 (t, J
=8 Hz, 2H, ArH), 7.26 (t, J = 8 Hz, 1H, ArH), 7.12 (d, J = 16 Hz, 1H,CH=CH), 6.98
(d, J = 16 Hz, 1H,CH=CH), 6.93 (d, J = 8 Hz, 2H, ArH), 3.85 (s, 3H, OMe) ppm. *C
NMR (100 MHz, CDCls): 6 = 159.3, 137.7, 130.2, 128.7, 128.3, 127.8, 127.3, 126.7,

126.3, 114.2, 55.4 ppm.

Methyl (E)-3-(2-methoxyphenyl)acrylate (Table 3.2, entry 5) *’: Prepared from 4-
bromobiphenyl (0.3 g, 1.60 mmol) and methylacrylate (0.28 g, 3.21 mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.20 g, 1.02 mmol, 64%). *H NMR (400 MHz, CDCls) & = 8.00 (d, J = 16 Hz,
1H, CH=CH), 7.50 (d, J = 8 Hz, 1H, ArH) , 7.35 (t, J = 8 Hz, 1H, ArH), 6.90-6.98 (m,
2H, ArH), 6.53 (d, J = 16 Hz, 1H, CH=CH), 3.88 (s, 3H, OMe), 3.80 (s, 3H, OMe)
ppm. **C NMR (100 MHz, CDCl3) & = 168.0, 158.4, 140.3, 131.5, 128.9, 123.4, 120.7,

118.3, 111.2, 55.5, 51.6 ppm.

(E)-1-methoxy-2-styrylbenzene (Table 3.2, entry 6) ®: Prepared from 2-bromoanisole
(0.3 g, 1.60 mmol) and styrene (0.33 g, 3.21 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.26 g, 1.25 mmol,
78%). 'H NMR (400 MHz, CDCl3) & = 7.63-7.48 (m, 4H, ArH), 7.36 (t, J = 8 Hz, 2H,
ArH), 7.28-7.24 (m, 2H, ArH), 7.13 (d, J = 16 Hz, 1H, CH=CH), 6.99 (t, J = 8 Hz, 1H,
ArH), 6.92 (d, J = 16 Hz, 1H, CH=CH), 3.90 (s, 3H, OMe) ppm. **C NMR (100 MHz,
CDCl): 6 = 156.9, 138.0, 129.1, 128.7, 128.6, 127.4, 126.6, 126.5, 126.4, 123.5,

120.8, 111.0, 55.6 ppm.
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Methyl (E)-3-([1,1"-biphenyl]-4-yl)acrylate (Table 3.2, entry 7) *": Prepared from 4-
bromobiphenyl (0.3 g, 1.29 mmol) and methylacrylate (0.22 g, 2.57 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.26 g, 1.09 mmol, 84%). Mp = 148-149 °C. HRMS (ESI): calcd. for CisH140;
(IM+H]+): 239.1067 , found: 239.1064. 1H NMR (400 MHz, CDCly): § = 7.75 (d, J =
16 Hz, 1H, CH=CH), 7.58-7.64 (m, 6H, ArH) , 7.48-7.44 (t, J = 8 Hz, 2H, ArH) ,
7.36-7.40 (t, J = 8 Hz, 2H, ArH), 6.49 (d, J = 16 Hz, 1H, CH=CH), 3.83 (s, 3H, OMe)
ppm. °C NMR (100 MHz, CDCly): & = 167.5, 144.4, 143.1, 140.2, 133.4, 128.9,

128.6, 127.9, 127.6, 127.1, 117.7, 51.8 ppm.

(E)-4-styryl-1,1"-biphenyl (Table 3.2, entry 8) ®: Prepared from 4-bromobiphenyl
(0.3 g, 1.29 mmol) and styrene (0.27 g, 2.57 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.24 g, 0.94 mmol,
72%). Mp = 219-220 °C. *H NMR (400 MHz, CDCls): & = 7.65-7.59 (m, 6H, ArH),
7.55 (d, J = 8 Hz, 2H, ArH), 7.46 (t, J = 8 Hz, 2H, ArH), 7.41- 7.35 (m, 3H, ArH),
7.30-7.25 (m, 1H, ArH), 7.17 (s, 2H, CH=CH) ppm. **C NMR (100 MHz, CDCls): 5
= 140.0, 139.7, 136.7, 135.7, 128.1, 128.1, 128.0, 127.5, 127.0, 126.7, 126.7, 126.3,

126.2, 125.9 ppm.

Methyl (E)-3-(4-cyanophenyl)acrylate (Table 3.2, entry 9) ®’: Prepared from 4-
bromobenzonitrile (0.3 g, 1.65 mmol) and methylacrylate (0.28 g, 3.30 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.15 g, 0.80 mmol, 47%). Mp = 106-107 °C. HRMS (ESI): calcd. for C1;HyO,N

([M+H]"): 188.0706 , found: 188.0703. *H NMR (400 MHz, CDCls): & = 7.58-7.67
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(m, 5H), 6.50 (d, J = 16 Hz), 3.81 (s, 3H, OMe) ppm. *C NMR (100 MHz, CDCL): &

= 166.6, 142.4, 138.7, 132.7, 128.4, 121.4, 118.3, 113.4, 52.0 ppm.

(E)-4-styrylbenzonitrile (Table 3.2, entry 10) >*: Prepared from 4-bromobenzonitrile
(0.3 g, 1.65 mmol) and styrene (0.34 g, 3.30 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.13 g, 0.61 mmol,
37%). Mp = 119-120 °C. HRMS (ESI): calcd. for CisHiiN ([M+H]): 206.0964 |
found: 206.0963. *H NMR (400 MHz, CDCls): & = 7.65-7.53 (m, 6H, ArH), 7.40 (t, J
= 8 Hz, 2H, ArH), 7.32 (t, J = 8 Hz, 1H, ArH), 7.20 (d, J = 16 Hz, 1H, CH=CH), 7.07
(d, J = 16 Hz, 1H, CH=CH) ppm. *C NMR (100 MHz, CDCl): & = 141.9, 136.3,

132.5, 132.4, 128.9, 128.7, 126.9, 126.9, 126.7, 119.1, 110.6 ppm.

Methyl (E)-3-(3,5-dimethylphenyl)acrylate (Table 3.2, entry 11) ®®: Prepared from 5-
bromo-m-xylene (0.3 g, 1.62 mmol) and methylacrylate (0.28 g, 3.24 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.29 g, 1.50 mmol, 93%). Mp = 49-50 °C. HRMS (ESI): calcd. for CioH140;
(IM+H]"): 191.1067 , found: 191.1067. *H NMR (400 MHz, CDCly): § = 7.64 (d, J =
16 Hz, 1H, CH=CH), 7.13 (s, 2H, ArH), 7.01 (s, 1H, ArH), 6.36 (d, J = 16 Hz, 1H,
CH=CH), 3.80 (s, 3H, OMe), 2.32 (s, 6H, Me) ppm. **C NMR (100 MHz, CDCls): &

=167.5, 145.2, 138.4, 134.3, 132.1, 126.0, 117.3, 51.6, 21.2 ppm.

(E)-1,3-dimethyl-5-styrylbenzene (Table 3.2, entry 12) ®®: Prepared from 5-bromo-m-
xylene (0.3 g, 1.62 mmol) and styrene (0.34 g, 3.24 mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.32 g, 1.54

mmol, 95%). Mp = 134-135 °C. *H NMR (400 MHz, CDCls): & = 7.52 (d, J = 8 Hz,
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2H, ArH), 7.37 (t, J = 8 Hz, 2H, ArH), 7.26 (t, J = 8 Hz, 1H, ArH), , 7.16 (s, 2H,
ArH), 7.14-7.04 (m, 2H, CH=CH), 6.93 (s, 1H, ArH), 2.36 (s, 6H, Me) ppm. “°C
NMR (100 MHz, CDCls): § = 137.4, 136.8, 136.6, 128.8, 128.2, 128.0, 127.6, 126.8,

125.8, 123.8, 20.6 ppm.

Methyl (E)-3-(p-tolyl)acrylate (Table 3.2, entry 15) *°: Prepared from 4-iodotoluene
(0.3 g, 1.38 mmol) and methylacrylate (0.24 g, 2.75 mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.21 g, 1.18
mmol, 86%). Mp = 59-60 °C. HRMS (ESI): calcd. for C11H1,0, ([M+H]"): 177.0910 ,
found: 177.0924. *H NMR (400 MHz, CDCls): & = 7.70 (d, J = 16 Hz, 1H, CH=CH),
7.44 (d, J = 8 Hz, 2H, ArH), 7.21 (d, J = 8 Hz, 2H, ArH), 6.42 (d, J = 16 Hz, 1H,
CH=CH), 3.82 (s, 3H, OMe), 2.39 (s, 3H, Me) ppm. **C NMR (100 MHz, CDCls): &

= 167.6, 144.9, 140.7, 131.7, 129.6, 128.1, 116.7, 51.6, 21.5 ppm.

(E)-1-methyl-4-styrylbenzene (Table 3.2, entry 16) *°: Prepared from 4-lodotoluene
(0.3 g, 1.38 mmol) and styrene (0.34 g, 2.75 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.22 g, 1.15 mmol,
84%). Mp = 122-123 °C. *H NMR (400 MHz, CDCly): & = 7.55 (d, J = 8 Hz, 2H,
ArH), 7.46 (d, J = 8 Hz, 2H, ArH), 7.40 (t, J = 8 Hz, 2H, ArH),, 7.31-7.18 (m, 4H,
ArH), 7.17-7.08 (m, 2H, CH=CH), 2.41 (s, 3H, Me) ppm. *C NMR (100 MHz,

CDCls): 6 = 137.55, 134.6, 129.4, 128.7, 128.6, 127.7, 127.4, 126.5, 126.4, 21.3 ppm.

Methy! (E)-3-(4-(trifluoromethyl)phenyl)acrylate (Table 3.2, entry 17) ®: Prepared
from 4-chlorobenzotrifluoride (0.3 g, 1.66 mmol) and methylacrylate (0.29 g, 3.32

mmol). After purification by column chromatography, the compound was isolated as
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light yellow solid (0.12 g, 0.52 mmol, 31%). Mp = 76-77 °C. HRMS (ESI): calcd. for
C11HsO,F3 ([M+H]Y): 231.0627, found: 231.0649. *H NMR (400 MHz, CDCly): & =
7.69 (d, J = 16 Hz, 1H, CH=CH), 7.64-7.61 (m, 4H, ArH), 6.50 (d, J = 16 Hz, 1H,
CH=CH), 3.81 (s, 3H, OMe) ppm. *C NMR (100 MHz, CDCL): § = 166.8, 143.0,

137.8, 128.2, 125.9, 125.2, 122.5, 120.4, 51.9 ppm.

(E)-1-styryl-4-(trifluoromethyl)benzene (Table 3.2, entry 18) "°: Prepared from 4-
chlorobenzotrifluoride (0.3 g, 1.66 mmol) and styrene (0.35 g, 3.32 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.29 g, 1.15 mmol, 69%). Mp = 136-137 °C. *H NMR (400 MHz, CDCl): § = 7.59
(s, 4H, ArH), 7.52 (d, J = 8 Hz, 2H, ArH), 7.37 (t, J = 8 Hz, 2H, ArH), 7.29(t, J = 8
Hz, 1H, ArH), 7.18 (d, J = 16 Hz, 1H, CH=CH), 7.12(d, J = 16 Hz, 1H, CH=CH) ppm.
B3C NMR (100 MHz, CDCl): & = 140.8, 136.7, 131.2, 128.8, 128.3, 127.1, 126.8,

126.6, 125.7, 125.6, 125.6, 125.6 ppm.

(E)-1-(4-styrylphenyl)ethan-1-one (Table 3.2, entry 20) *: Prepared from 4-
chloroacetophenone (0.3 g, 1.94 mmol) and styrene (0.40 g, 3.88 mmol). After
purification by column chromatography, the compound was isolated as a light yellow
solid (0.23 g, 1.04 mmol, 54%). Mp = 144-145 °C. *H NMR (400 MHz, CDCls): & =
7.96 (d, J = 8 Hz, 2H, ArH), 7.60-7.54 (m, 4H, ArH), 7.39 (t, J = 8 Hz, 2H, ArH),
7.31 (t, J =8 Hz, 1H, ArH), 7.23 (d, J = 16 Hz, 1H, CH=CH), 7.13 (d, J = 16 Hz, 1H,
CH=CH), 2.61 (s, 3H, Me) ppm. *C NMR (100 MHz, CDCly): & = 197.5, 142.0,

136.7, 136.0, 131.5, 128.9, 128.8, 128.3, 127.5, 126.8, 126.5, 26.6 ppm.
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4-Methoxy-1,1'-biphenyl (Table 3.3, entry 1) *°: Prepared from 4-bromoanisole (0.3
g, 1.60 mmol) and benzeneboronic acid (0.23 g, 1.92 mmol). After purification by
column chromatography, the compound was isolated as a light yellow solid (0.29 g,
1.58 mmol, 99%). Mp = 89-90 °C. *H NMR (400 MHz, CDCls): & = 7.65-7.55 (m, 4H,
ArH), 7.51-7.43 (m, 2H, ArH), 7.40-7.34 (m, 1H, ArH), 7.07-7.00 (m, 2H, ArH), 3.90
(s, 3H, OMe) ppm. °C NMR (100 MHz, CDCls): & = 159.3, 140.9, 140.9, 133.8,

133.8, 128.8, 128.2, 126.8, 114.3, 55.4 ppm.

2-Methoxy-1,1'-biphenyl (Table 3.3, entry 2) “°: Prepared from 2-bromoanisole (0.3
g, 1.60 mmol) and benzeneboronic acid (0.23 g, 1.92 mmol). After purification by
column chromatography, the compound was isolated as a light yellow liquid (0.29 g,
1.58 mmol, 98%). *H NMR (400 MHz, CDCL): § = 7.54 (d, J = 8 Hz, 2H, ArH), 7.42
(t, J = 8Hz, 2H, ArH), 7.35-7.31 (m, 3H, ArH), 7.06-6.99 (m, 2H, ArH), 3.82 (s, 3H,
OMe) ppm. *C NMR (100 MHz, CDCly): & = 156.5, 155.1, 138.6, 130.9, 130.7,

129.6, 128.6, 128.0, 126.9, 120.8, 111.2, 55.6 ppm.

1,1':4'1"-Terphenyl (Table 3.3, entry 3) **: Prepared from 4-bromobiphenyl (0.3 g,
1.29 mmol) and benzeneboronic acid (0.19 g, 1.54 mmol). After purification by
column chromatography, the compound was isolated as a light yellow solid (0.24 g,
1.04 mmol, 81%). Mp = 211-212 °C. *H NMR (400 MHz, CDCls): § = 7.71-7.67 (m,
8H, ArH), 7.49 (t, J = 8 Hz, 4H, ArH), 7.39 (t, J = 8 Hz, 3H, ArH) ppm. *C NMR

(100 MHz, CDCly): 6 = 140.7, 140.2, 128.9, 127.5, 127.4, 127.1 ppm.

[1,1'-biphenyl]-4-carbonitrile (Table 3.3, entry 4) *® Prepared from 4-

bromobenzonitrile (0.3 g, 1.65 mmol) and benzeneboronic acid (0.24 g, 1.98 mmol).
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After purification by column chromatography, the compound was isolated as a light
yellow solid (0.28 g, 1.56 mmol, 94%). Mp = 88-89 °C. HRMS (ESI): calcd. for
CisHoN ([M+H]"): 180.0808 , found: 180.0807. *H NMR (400 MHz, CDCly): & =
7.74-7.67 (m, 4H, ArH), 7.60 (d, J = 8 Hz, 2H, ArH), 7.51-7.41 (m, 3H, ArH) ppm.
¥C NMR (100 MHz, CDCls): 6 = 145.7, 139.2, 139.0, 132.6, 129.1, 128.7, 127.7,

127.2,119.0, 110.9 ppm.

3,5-Dimethyl-1,1"-biphenyl (Table 3.3, entry 5) ™*: Prepared from 5-bromo-m-xylene
(0.3 g, 1.62 mmol) and benzeneboronic acid (0.24 g, 1.95 mmol). After purification
by column chromatography, the compound was isolated as a light yellow liquid (0.27
g, 1.50 mmol, 93%). *H NMR (400 MHz, CDCl): & = 7.62 (d, J = 8 Hz, 2H, ArH),
7.46 (t, J = 8 Hz, 2H, ArH), 7.37 (m, 1H, ArH), 7.25 (s, 2H, ArH), 7.05 (s, 1H, ArH),
2.43 (s, 6H, Me) ppm. *C NMR (100 MHz, CDCls): § = 141.5, 141.3, 138.3, 128.9,

128.7, 127.2, 127.1, 125.1, 21.4 ppm.

[1,1'-biphenyl]-4-carbaldehyde (Table 3.3, entry 6) °2: Prepared from 4-
bromobenzaldehyde (0.3 g, 1.62 mmol) and benzeneboronic acid (0.24 g, 1.95 mmol).
After purification by column chromatography, the compound was isolated as a light
yellow solid (0.29 g, 1.61 mmol, 99%). Mp = 60-61 °C. HRMS (ESI): calcd. for
Ci3H100 ([M+H]"): 183.0804 , found: 183.0808. *H NMR (400 MHz, CDCls): & =
10.07 (s, 1H, CHO), 7.94 (d, J = 8 Hz, 2H, ArH), 7.76 (d, J = 8 Hz, 2H, ArH) , 7.65
(d, J =8 Hz, 2H, ArH), 7.51-7.41 (m, 3H, ArH) ppm. **C NMR (100 MHz, CDCly): &

=192.0, 147.2, 139.7, 135.2, 130.3, 129.0, 128.5, 127.7, 127.4 ppm.
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4-Methyl-1,1'-biphenyl (Table 3.3, entry 7) **: Prepared from 4-iodotoluene (0.3 g,
1.38 mmol) and benzeneboronic acid (0.20 g, 1.65 mmol). After purification by
column chromatography, the compound was isolated as a light yellow solid (0.23 g,
1.37 mmol, 99%). Mp = 49-50 °C. *H NMR (400 MHz, CDCls): & = 7.65 (d, J = 8 Hz,
2H, ArH), 7.54 (d, J = 8 Hz, 2H, ArH), 7.49 (t, J = 8 Hz, 2H, ArH), 7.39 (t, J = 8 Hz,
1H, ArH), 7.32 (d, J = 8 Hz, 2H, ArH),, 2.46 (s, 3H, Me) ppm. *C NMR (100 MHz,

CDCls): 6 = 141.2, 138.4, 137.1, 129.5, 128.8, 127.0, 127.0, 21.2 ppm.

1-([1,1'-biphenyl]-4-yl)ethan-1-one (Table 3.3, entry 9) *°: Prepared from 4-
chloroacetophenone (0.3 g, 1.94 mmol) and benzeneboronic acid (0.28 g, 2.33 mmol).
After purification by column chromatography, the compound was isolated as a light
yellow liquid (0.14 g, 0.73 mmol, 38%). *H NMR (400 MHz, CDCls): § = 8.04 (d, J =
8 Hz, 2H, ArH), 7.73-7.65 (m, 4H, ArH), 7.50 (t, J = 8 Hz, 2H, ArH), 7.45-7.41 (m,
1H, ArH), 2.67 (s, 3H, Me) ppm. *C NMR (100 MHz, CDCly): & = 197.8, 145.8,

139.9, 135.9, 129.0, 128.9, 128.3, 127.3, 127.2, 26.7 ppm.

4-(trifluoromethyl)-1,1"-biphenyl (Table 3.3, entry 10) *': Prepared from 4-
chlorobenzotrifluoride (0.3 g, 1.66 mmol) and benzeneboronic acid (0.24 g, 1.99
mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.15 g, 0.68 mmol, 41%). Mp = 69-70 °C. *H NMR (400 MHz, CDCly):
§=7.71 (s, 4H, ArH), 7.62 (d, J = 8 Hz, 2H, ArH), 7.51-7.40 (m, 3H, ArH) ppm. *C
NMR (100 MHz, CDCls): 6 = 144.8, 139.8, 129.0, 128.2, 127.4, 127.3, 125.7, 125.7

ppm.
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Cyclometalated palladium pre-catalyst for N-
alkylation of amines using primary and secondary
alcohols, and regioselective alkylation of
sulfanilamide using aryl alcohols

4.1. Introduction

Metal catalyzed C—C and C—N bond formation reactions are powerful tools
that are widely utilized by the synthetic chemist in a great number of
syntheses.® Key to the success of such catalytic reactions are the development
of new ligands and (or) pre-catalysts. N-alkylation of amines is one of the

important C—N bond formation reactions ?

applied in the synthesis of
pharmaceuticals, pesticides and functional materials. Traditionally, reactive
alkyl halides have been used for the production of N-alkylated amines which
often produces over-alkylated products. This method not only reduces the
overall yield of the product but also produces stoichiometric amounts of
inorganic waste. On the other hand use of alcohols as alkylating reagents has
emerged as an interesting greener approach, owing to the fact that it produces
only water as a byproduct by using “borrowing hydrogen” methodology.” As

alluded in the literature,>>

the poor electrophilic alcohols are activated to more
active carbonyl intermediates by temporary removal of hydrogen from the
alcohols. In the presence of amine the insitu formed carbonyl is converted into
imine, which upon hydrogenation forms the final alkylated amine by

transferring the borrowed hydrogen (Scheme 4.1).
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Scheme 4.1: C—N bond formation by borrowing hydrogen

Various catalytic systems using different metals have been developed
and used for the N-alkylation of amines using alcohols.”’ However in
comparison with the Ru ® and Ir * based catalysts, there are limited studies on
the development of Pd-based > catalysts or pre-catalysts, especially

homogeneous *%*°

pre-catalysts for N-alkylation of amines using alcohols.
Recently Ramén and co-workers > reported Pd(OAc); (1 mol%) in the
presence of 100 mol% of CsOH at temperatures of 130—150 °C in toluene as
the solvent. Using benzylic alcohols as the alkylating agent, up to 99% yield of
the alkylated amine was reported. However, this system was not active under
the optimized conditions when aliphatic or secondary alcohols wereused as the

alkylating agents. In 2013, Seayad and co-workers *°

reported, PdCI, as a
catalyst in the presence of dppe or Xantphos(t-Bu) as the ligand for the N-
alkylation of primary and cyclic secondary amines, with TON up to 900 using
neat reagents (no solvent) at temperatures of 90-150 °C. It is noteworthy to
mention that an improved TON of about 46000 was reported using supported-
palladium NiXantphos complex.®® Keeping these reported results in mind we

focused our efforts in developing more active homogenous catalysts for the N-

alkylation of amines using alcohols.
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Palladacycles ® are the most promising and versatile catalysts (or) pre-
catalyst in carbon-carbon and carbon-heteroatom bond forming reactions.
Owing to their facile synthesis, easy handling and possibility of tuning
electronic and steric properties many research groups have devoted their efforts
in synthesizing new palladacycles and studying their applications in catalysis,
organic synthesis, materials and medicinal chemistry. Although ample reports
exist for the dehydrogenation of alcohols,® C—N and C—C bond formations
using alkyl or aryl halides as reagents and palladacycles as catalyst or pre-
catalyst.” Surprisingly, to the best of our knowledge none of the palladacycle
based pre-catalysts have been tested for the N-alkylation of amines and
sulfanilamide using alcohols as reagent. Herein, we report a new palladacycle
which is stable in air- and moisture and highly active towards N-alkylation of

amines and sulfanilamide.

4.2. Results and discussions

The synthesis and characterization of palladacycle-4 is described in chapter-II.
Initially, we studied the reaction of benzyl alcohol with aniline as a model
reaction using different bases/solvents, 4A molecular sieves for 24 h by using
0.2 mol% of palladacycle-4 and 0.4 mol% of PPhs (1:1 ratio metal to ligand) as
a ligand at 120 °C. After screening various solvents and bases, we found that
LiOH (50 mol%) was the best choice under solvent free conditions (Table 4.1).
When carbene was used as a ligand, a low yield of only 19% was observed.
When we lowered the temperature from 120 °C to 100 °C using PPh; as a

ligand the yield got reduced from 91% to 26%.
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Table 4.1: Optimization of N-alkylation of aniline with benzyl alcohol

using palladacycle-4*

P Q NN \
\ ;NpgvoPd
F?e© Y
4
NH, 0.2 mol% palladacycle-4 IP\IIV@
+ 0.4 mol% PPh; ~
©/ ©\/OH LiOH, MS (4A) B} ©/
120°C,24 h

S.No. Base Solvent Yield® (%)
1 LiOH Benzene Trace

2 LiOH Toluene 19

3 LiOH 0-Xylene 27

4 LiOH TBB 76

5 LiOH - 91

6 LiIOH.H,O - 82

7 KO'Bu - 76

8 Cs,COs3 - Trace

9 K3PO,4 - Trace

10 KOH - Trace

11 NaOH - Trace

12° LiOH - 90

13¢ LiOH - 73
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®Reaction condition: aniline (3.0 mmol), benzyl alcohol (3.6 mmol), LiOH 1.5 mmol,
palladacycle-4 6.0x10° mmol, PPh;12.0x10° mmol, TBB = tert-butyl benzene, "isolated yield

after column chromatography, °50 mol% LiOH was used, “25 mol% LiOH was used

To determine which phosphine is best suited for a particular reaction, in
many instances it is necessary to rely on a trial and error type screening
process.? Keeping this in mind we examined the effect of different phosphines
at 100 °C. The combination of the palladacycle-4 with P(2-Fur)s; gave an almost
quantitative yield (98%) of the N-alkylated product. Next, the amount of P(2-
Fur); loading with respect to pre-catalyst or palladacycle-4 was evaluated. It
was found that 2:1 ratio of the P(2-Fur)s; to pre-catalyst is optimum to get
maximum yield of the desired product (see table 4.2, entries 8, 9, 10 and 11). In
the absence of P(2-Fur)s, the combination of the pre-catalyst with the base gave
a low yield of 12% (Table 4.2, entry 14). Under similar conditions, in the
absence of the pre-catalyst no product formation was observed (Table 4.2, entry
13), however palladium precursors such as Pd(OAc),  PdClI; or Pd,(dba)s; gave
lower yields, 26%, 46% and 37% respectively (Table 4.2, entry 16, 17 & 18). It
is noteworthy that N-phenyl ring of pyrazole ligand with electron withdrawing
group (-CF3) gave high vyields of the N-alkylated product. However,
palladacycle-1 ® did not yield any product under the reaction conditions

mentioned videsupra.
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Table 4.2: Phosphines Screening for palladacycle-4 catalyzed N-alkylation

of aniline using benzyl alcohol®

H

NH, 0.2 mol% palladacycle-4 N\/©
@/ + ©\/ X mol% phosphine
OH LiOH, MS (4A)

(0 2 »
Fo e o

PPh; P(0-Tol) P(Bn)(Ph),

Y %o
() TR £

P(Cy)s P(‘Bu)3 P(2-Fur);
Phosphine/ Yield®
S.No.  Phosphine X T (°C)
Palladacycle-4 (%)
1 PPhs 0.4 2 120 91
2 PPhs 0.4 2 110 54
3 PPh; 0.4 2 100 26
4 P(2-Tol)s 0.4 2 100 19
5 P(Bn)(Ph), 0.4 2 100 24
6 P(Cy)s 0.4 2 100 6
7 P('Bu)s 0.4 2 100 trace
8 P(2-Fur)s 0.4 2 100 98
9 P(2-Fur)s 0.2 1 100 91
10 P(2-Fur)s 0.6 3 100 64
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11 P(2-Fur); 0.1 0.5 100 81
12 P(2-Fur); 0.4 2 100 28°
13 P(2-Fur); 0.4 - 100 0¢

14 - - - 100 12°
15 P(2-Fur)s 0.4 2 100 56"
16 P(2-Fur); 0.4 - 100 269
17 P(2-Fur); 0.4 - 100 46"
18 P(2-Fur)s 0.4 - 100 37

“Reaction condition: aniline 3 mmol, benzyl alcohol 3.2 mmol, LiOH 1.5 mmol, "isolated yield
after column chromatography, °LiOH was not used, “palladacycle-4 was not used, °P(2-Fur),
was not used, ‘molecular sieves were not used, ‘instead of palladacycle-4, 0.4 mol% Pd(OAc),
was used, "instead of palladacycle-4, 0.4 mol% PdCl, was used, 'instead of paladacycle-4, 0.2

mol% Pd,(dba); was used

The efficiency of the catalyst for the N-alkylation of aniline using benzyl
alcohol as an alkylating agent was studied by gradually decreasing the pre-
catalyst loading from 0.2 mol% to 0.001 mol% and by increasing the
temperature from 100 °C to 130 °C (Table 4.3). With 0.01 mol% of pre-catalyst
at 100 °C, 93% (TON = 4600) of the N-alkylated product was observed. When
the catalyst loading was lowered to 0.001 mol%, the pre-catalyst exhibited
higher turnover number (43000) at 130 °C, which is among the highest TON’s
(Table 4.3, entry 11) reported for any homogeneous Pd-based catalytic system

till date for N-alkylation of amines using aniline and benzyl alcohol.
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Table 4.3: Palladacycle-4 efficiency for N-alkylation of aniline using benzyl

alcohol?

T O

Y mol% palladacycle-4
2Y mol% phosphine

LiOH, MS (4 A)
100-130 °C, 24-48 h

Solvent free

A

S.No. Y T(C) Time(h) Yield® (%) TON®
1 0.2 100 24 98 245

2 0.1 100 24 91 453

3 0.05 100 24 85 845

4 0.025 100 24 81 1621
5 0.1 110 24 96 482

6 0.05 110 24 92 917

7 0.025 110 24 87 1734
8 0.01 110 24 83 4142
9 0.01 110 48 93 4643
10° 0.001 120 48 61 30013
11° 0.001 130 48 89 43358

“Reaction condition: aniline 5.3 mmol, benzyl alcohol 6.4 mmol, LiOH 2.65 mmol, "isolated

yield after column chromatography, ‘turn over number (TON) based on the isolated product,

dgram scale: aniline (10.7 mmol), benzyl alcohol 12.8 mmol, LiOH 5.3 mmol; average isolated

yield of two runs.

With these optimized conditions, we examined the substrate scope of the

reaction using various substituted anilines, secondary amines and heterocyclic
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amines with benzylalcohol at 100 °C using 0.2 mol% of pre-catalyst (Table
4.4). As presented in table 4.4, most of the amines underwent the coupling
reactions with benzyl alcohol to yield the desired product in good to excellent
yields. Aromatic amines such as aniline, o,p-methoxy aniline, o,m,p-methyl
aniline, o,p-fluoroaniline and benzylamine were alkylated to give the
corresponding N-benzyl amines in isolated yields of 74 to 98% (Table 4.4,
entries 1-9). Cyclic secondary amines were also readily alkylated to the
corresponding tertiary amines in good yields (Table 4.4, entries 11 and 12).
Aromatic primary alcohols such as p-methyl benzyl alcohol, p-methoxy benzyl
alcohol were also used as alkylating agents (Table 4.4, entries 14, 15).
Sterically hindered o-methyl benzyl alcohol, o-methoxy benzyl alcohol and 2-
biphenyl methanol were also efficiently utilized as alkylating agents at 120 °C
(Table 4.4, entries 15, 16 and 17). o-Toluidine was also successfully alkylated

with 3,4-methylenedioxy benzyl alcohol (Table 4.4, entry 18).

Table 4.4: N-Alkylation of various amines using benzyl alcohol®

H R; 0.2 mol% palladacycle-4
N. + )\ o RZ
Rl/ R2 R OH 0.4 mol% P(2-Fur); . )
4 LiOH, 100 °C /24 h RS NY R;
4A MS, Solvent free
R4
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MY P (O O

1,98 %" 2,92 % 3,89 % 4,93 %
74 %€ 73 %°©
OMe F
N
b F
MeO' 5,98 % 6,74 % 7,86 %

0,
28 0% ¢ 8,93 %

b
9,94 % 10,91 % 11, 86 % 12,82 %

®Reaction condition: amine 3 mmol, benzyl alcohol 3.6 mmol, LiOH 1.5 mmol, palladacycle-4
6.0x10° mmol, P(2-Fur); 12.0x10° mmol, "average isolated yields of two runs, ‘in tert-

butylbenzene (concentration = 1M), %reactions were performed at 120 °C.

The least reactive and more challenging alcohols such as aliphatic alcohols and
secondary alcohols were also tested for N-alkylation using our pre-catalyst
(Table 4.5). The reaction between aliphatic alcohols such as 1-octanol, 1-
hexanol, n-butanol with p-methoxy aniline or aniline provided the
corresponding N-alkylated product in good isolated yield of more than 72%
(Table 4.5, entries 19, 20, 21 and 22). The reactions of benzyl alcohol with p-
trifluoromethylaniline and 2-phenylethanol with p-methoxyaniline progressed
well to give the corresponding secondary amines in 71% and 72% isolated
yields respectively (Table 4.5, entries 31 & 23). To our delight, a good yield of

N-alkylated morpholine was achieved with 2-phenylethanol as an alkylating
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reagent (Table 4.5, entry 32). When we applied this approach to the more
challenging secondary alcohols such as 1-phenylpropanol, 1-phenylethanol,1-
(3-methylphenyl)ethanol,  1-(4-methylphenyl)-1-propanol, 2-hexanol, 2-
decanol, 1-phenyl 2-propanol and cylohexanol at 120 °C (or) 130 °C, they were
successfully alkylated to the corresponding amines (Table 4.5, entries 25-30,

33-35).

Table 4.5: N-Alkylation of various amines using primary and secondary

alcohols®
H R; 0.5 mol% palladacycle-4 R
R~ N\Rz + R )\OH 1 mol% PQ-Fur); N2
4

LiOH, 120-130 °C - R N
24-48h 1 \(
4A MS, Solvent free

b
19,78 %Y 20,89 % 21,73 %" 22,81 %
49% 4
NH H
NH
0 oy
N
0 NA ~o
23,72%" b
° 24,68 % 25,86 % P 26,84% Y
NH
IIENCASROADS
NI ~o
27,77 %P 28,73 %" 29,76 % © 30,75% ¢
NH@ hN/\)ij @\)\ /@/
IS o i
CF,
3,71% € 32,74 % ¢ 33,81% ¢
NH ©/NHO
o i :
34.89 % © 35,84% ¢
36% 4
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®Reaction condition: amine 3.0 mmol, alcohol 6.0 mmol, LiOH 1.5 mmol, palladacycle-4
1.5x102 mmol, P(2-Fur); 3.0x102 mmol, “reactions were performed at 120 °C for 24 h,

‘reactions were performed at 130 °C for 48 h, %in tert-butylbenzene (concentration = 1M)

Heteroaromatic amines, such as 4-aminopyridine, 2-aminopyridine and 2-
aminopyramidine, were also efficiently alkylated under these conditions to give
the products 36, 37, and 38 in 84%, 96% and 97% yields respectively (Table
4.6). 2-Aminopyridine was successfully alkylated with 1-decanol and gave
quantitative yield of the corresponding product (Table 4.6, entry 42).
Heteroaromatic aryl alcohols such as 2-pyridinemethanol, 3-pyridinemethanol
and furfuryl alcohol were also efficiently utilized as alkylating reagents at
moderate temperatures (Table 4.6, entries 39, 43 and 44). Interestingly, 2-
amino benzothiazole (Table 4.6, entries 40 and 41) selectively alkylated at

primary amine with benzyl alcohol and 1-naphthyl methanol.*?

As reported in
the literature the regioselective N-alkylation of 2-amino benzothiozole is a
challenging task, here we show that our pre-catalyst has the potential to prepare
2-(N-alkyamine)benzothiazoles via regioselective N-alkylation of 2-amino
benzothioazoles with benzylic alcohols. Compared to the solvent free
condition, the use of representative reactions using non-polar solvent (tert-

butylbenzene) gave relatively lowyields for the N-alkylation of amines (Table

4.4, entries 1, 2 and 5; table 4.5, entries 22 and 35; table 4.6, entry 37).
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Table 4.6: N-Alkylation of amines using heteroaryl amines and (or)

heteroaryl alcohols®

0.2 mol% palladacycle 4
NH, + Rl/\ OH 0.4 mol% P(2-Fur); . g
LiOH, 100-120°C /24 h
4A MS, Solvent free

UJQ OJ@ UJQ

R/

36,84 % 37,96 % 38,97 %
89 % ©
) O i
H
N. s )—NH
oy O (Lo 4
N
39,96 % 40,72 % 41,82 %
=
i H | H M
|\ N . _N N =~
~ 9 9l
b
4292%b 4377%b 44,72%

®Reaction condition: amine 3.0 mmol, benzyl alcohol 6.0 mmol, LiOH 1.5 mmol, palladacycle-
4 6.0x10° mmol), P(2-Fur); 12.0x10° mmol, °reactions were performed using 0.5 mol%

palladacycle-4, 1 mol% P(2-Fur); and at 120 °C, “in tert-butylbenzene (concentration = 1M)

Inspired by the results discussed vide supra and the regioselective N-alkylation
of sulfanilamides using alcohols reported by Feng Li and co-workers ** 4 we
attempted N-alkylation of sulfanilamide using alcohols. To our delight our pre-
catalyst successfully alkylated sulfanilamide, regioselectively, at moderate
temperatures (Table 4.7, entries 45-49). As representative examples, single
crystals of product 49, were grown and analysed using X-ray crystallography to

confirm the regioselectivity (Table 4.7, entry 49). Benzyl alcohol having

electron withdrawing group -CF3; gave the N-alkylated product in 64% yield.
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Furthermore, benzyl alcohol bearing electron donating group such as methyl
and methoxy gave the desired products 46 and 47 in 71% and 68% yield

respectively.

Table 4.7: Regioselective N-Alkylation of sulfanilamide using aryl alcohols®

o}
O\\ S//O 0.5 mol% palladacycle-4 O\\ S//
"NH, PN 1 mol% P(2-Fur); "N R
+ R~ TOH > H
HN LiOH, 120°C /24 h LN
2 4 A MS, Solvent free 2
\ 7 O\\ /
N S\N
H H
H,N H,N
46,71 % 47,71 %
O\\ //() O\ //()
S, >S
N N
H H
~
HN 48, 68 % © HN CFs
8 e 49, 64 %

0]

N

o)
S.
N o]
H )
H,N o

o Molecular structure with thermal
50,72 % ellipsoids at the 50% probability level

®Reaction condition: sulfanilamide 3.0 mmol, aryl alcohol 6.0 mmol, LiOH 1.5 mmol,

palladacycle-4 1.5x102 mmol, P(2-Fur); 3.0x10 mmol

Furthermore, we established the synthetic utility of our palladacyle in the

synthesis of piribedil,*

which is clinically used for the treatment of Parkinson’s
disease. To our delight the reaction of 1-(pyrimidin-2yl)piperazine with
piperonyl alcohol in the presence of 0.5 mol% of palladacycle-4 afforded 76%

isolated yield (Scheme 4.2).
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o)
7 IN O/\ 0.5 mol% palladacycle 4
SN N 1 mol% PQ-Fur), <O]©/\ NTY
K/ NH OH LiOH, MS (4 A) o K/ N e Ny
120°C, 24 h |\j
Solvent fi N
olvent Iree Piribedil, 45, 76 %

Scheme 4.2: Synthesis of piribedil using palladacycle-4

To acquire insight into the reaction mechanism, an NMR experiment was
carried out using benzyl alcohol and aniline as substrates. The formation of
aldehyde and imine was observed in its '"H NMR, suggesting that abstraction of
hydrogen atom takes place to generate benzaldehyde followed by condensation
of amine to form imine. Plausible mechanism is proposed based on the results
we obtained. Finally, the desired product is obtained by hydrogenation of the

imine as shown in Scheme 4.3.%5%1°
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Scheme 4.3: Proposed catalytic pathway for N-alkylation of amines using

alcohols

4.3. Conclusion

In summary, we have demonstrated that a pyrazole based palladacycle-4
utilized as a versatile catalyst or pre-catalyst for the N-alkylation of amines
using alcohols as reagents under solvent free condition. Our palladacycle-4
provided very high turnover numbers for N-alkylation of amines compared to

the palladium based homogeneous catalysts or pre-catalysts reported in the
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literature. Notably, our palladacycle-4 has been shown to be an active

regioselective catalyst for the mono alkylation of sulfanilamide.

4.4. Experimental Section

4.4.1 General information

All reagents and solvents were obtained from commercial sources. Solvents
were purified according to standard procedures. All 400 MHz 'H, 100 MHz
13C, 376 MHz '°F spectra were recorded on a spectrometer operating at 400
MHz. All *H and C NMR spectra were referenced internally to solvent
signals. ®F NMR spectra, to o,o,a-trifluorotoluene (0.05% in CDCls; & = -
63.73). High resolution mass spectra (HRMS) were recorded with using
microTOF-QII mass spectrometer. Single-crystal X-ray diffraction data were
collected at 296 K using, Mo-Ka radiation (0.71073 A). SADABS absorption
corrections were applied in both cases. The structure was solved and refined
with SHELX suite of programs. All non-hydrogen atoms were refined with
anisotropic displacement coefficients. The H atoms were placed at calculated

positions and were refined as riding atoms.

4.4.2 General procedure for N-alkylation of amines using benzyl alcohol

An oven dried Schlenk tube was charged with amine (3.0 mmol), alcohol (3.6
mmol), LiOH (1.5 mmol), palladacycle-4 (6.0 x10°® mmol, 0.2 mol%), P(2-
Fur)s (12.0 x10°® mmol, 0.4 mol%) and activated 4A MS (100 mg) in argon
atmosphere. The reaction mixture was stirred at 100 °C for 24 h. The reaction
mixture was cooled to room temperature, diluted with ethyl acetate (10 mL),

and washed with water followed by brine solution. The organic phase was dried
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over anhydrous sodium sulphate. After removal of the solvent, the crude was
subjected to column chromatography on silica gel using ethyl acetate and

hexanes mixtures to afford the N-alkylated product.

4.4.3 General procedure for N-alkylation of amines using primary and
secondary alcohols

A similar protocol as mentioned for N-alkylation of amines using benzyl
alcohol was used. The quantities involved are as follows: Amine (3.0 mmol),
alcohol (6.0 mmol), LiOH (1.5 mmol), palladacycle-4 (1.5x10 mmol 0.5
mol%), P(2-Fur)s (1.5x10? mmol, 1.0 mol%) and activated 4A MS (100 mg).

The reaction mixture was stirred at 120-130 °C for 24-48 h.

4.4.4 Procedure for N-alkylation of 2-aminobenzothiazole using aryl
alcohols

An oven dried Schlenk tube was charged with LiOH (1.5 mmol), palladacycle-
4 (6x10° mmol, 0.2 mol%), P(2-Fur)s (12x10™ mmol, 0.4 mol%) and activated
4A MS (100 mg). The tube was connected to a vacuum line under argon and
purged three times. To the reaction mixture 2-aminobenzothiazole (3.0 mmol)
and alcohol (6.0 mmol) were added. The Schlenk tube was closed with PTFE
stopper and the reaction mixture was stirred at 100 °C for 24 h. At the end of
the reaction time, the reaction mixture was cooled to room temperature, diluted
with methanol (5 mL), and the tube was washed with methanol three more
times (3x2 mL). The methanol solution was concentrated under vacuum and the
crude was subjected to column chromatography on silica gel using ethyl acetate

and hexane mixtures to afford the N-alkylated product.
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4.4.5 Procedure for N-alkylation of sulfanilamide using aryl alcohols

An oven dried Schlenk tube was charged with LiOH (1.5 mmol), palladacycle-
4 (1.5x10"2 mmol), P(2-Fur)s (3x102 mmol) and activated 4A MS (100 mg).
The tube was connected to a vacuum line under argon and purged three times.
To the reaction mixture sulfanilamide (3.0 mmol) and aryl alcohol (6.0 mmol)
were added. The Schlenk tube was closed with PTFE stopper and the reaction
mixture was stirred at 120 °C for 24 h. At the end of the reaction time, the
reaction mixture was cooled to room temperature, diluted with methanol (5
mL), and the tube was washed with methanol three more times (3x2 mL). The
methanol solution was concentrated under vacuum and the crude was subjected
to flash column chromatography on silica gel using ethyl acetate and hexane

mixtures to afford the N-alkylated product.

4.4.6 Procedure for gram scale reaction for N-benzylation of aniline using
benzyl alcohol

A similar protocol as mentioned for N-alkylation of amines using benzyl
alcohol was used. The quantities involved are as follows: Amine (1.0 g, 10.7
mmol), alcohol (12.8 mmol), LiOH (5.3 mmol), palladacycle-4 (1.1x10'mmol,
0.001 mol%), P(2-Fur)s (2.2x10"'mmol, 0.002 mol%) and activated 4A MS
(300 mg) The reaction mixture was stirred at 130 °C for 48 h. Yield =1.75 g

(89%).

4.4.7 Analytical data for N-alkylated products
N-benzylaniline (Table 4.4, entry 1) **: Prepared from aniline (0.30 g, 3.2

mmol) and benzyl alcohol (0.42 g, 3.8 mmol). After purification by column
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chromatography, the compound was isolated as a yellow liquid (0.58 g, 3.1
mmol, 98%). *H NMR (400MHz, CDCls): & = 7.28-7.39 (m, ArH, 5H), 7.18 (t,
J = 8 Hz, ArH, 2H), 6.72 (t, J = 8 Hz, ArH, 1H), 6.64 (d, J = 8 Hz, ArH, 2H),
4.34 (s, 2H), 4.03 (s, 1H) ppm. *C NMR (100 MHz, CDCls): 6 = 148.3, 139.6,
129.4, 128.8, 127.6, 127.4, 117.7, 112.9, 48.5 ppm. HRMS (ESI): calcd. for

CisH1sN ([M+H]"): 184.1121, found: 184.1147.

N-benzyl-4-methylaniline (Table 4.4, entry 2) °°: Prepared from p-toludine
(0.30 g, 2.8 mmol) and benzyl alcohol (0.36 g, 3.3 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.50 g,
2.5 mmol, 92%). '"H NMR (400 MHz, CDCls): § = 7.41-7.30 (m, ArH, 5H),
7.01 (d, ArH, J = 8 Hz, 2H), 6.59 (d, ArH, J = 8 Hz, 2H), 4.34 (s, 2H), 2.27 (s,
3H) ppm. *C NMR (100 MHz, CDCls): & = 145.9, 139.7, 129.9, 128.7, 127.7,
127.3, 127.0, 113.2, 48.8, 20.5 ppm. HRMS (ESI): calcd. for CisHisN

(IM+H]"): 198.1277, found: 198.1302.

N-benzyl-2-methylaniline (Table 4.4, entry 3) ™: Prepared from o-toludine
(0.30 g, 2.8 mmol) and benzyl alcohol (0.36 g, 3.3 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.49 g,
2.5 mmol, 89%). 'H NMR (400 MHz, CDCls): & = 7.47-7.34(m, ArH, 5H),
7.20- 7.15 (m, ArH, 2H), 6.76 (t, ArH, J = 8 Hz, 1H), 6.69 (t, ArH, J = 8 Hz,
1H), 4.44(s, ,2H), 2.24 (s, 3H) ppm. *C NMR (100 MHz, CDCls): & = 146.1,
139.9, 139.6, 130.2, 128.8, 127.7, 127.4, 127.3, 122.1, 117.4, 110.2, 48.4, 17.6

ppm. HRMS (ESI): calcd. for C14H1sN ([M+H]"): 198.1277, found: 198.1307.
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N-benzyl-3-methylaniline (Table 4.4, entry 4) **: Prepared from m-toludine
(0.30 g, 2.8 mmol) and benzyl alcohol (0.36 g, 3.3 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.51 g,
2.6 mmol, 93%). '"H NMR (400 MHz, CDCls): § = 7.40-7.29 (m, ArH, 5H),
7.09 (t, ArH, J = 8 Hz, 1H), 6.57, (d, ArH, J = 8 Hz, 1H), 6.51-6.47 (m,ArH,
2H), 4.34 (s, 2H), 2.29 (s, 3H) ppm. *C NMR (100 MHz, CDCl3): 5 = 148.2,
139.5, 139.2, 129.3, 128.7, 127.7, 127.4, 118.8, 113.9, 110.3, 48.6, 21.7 ppm.

HRMS (ESI): calcd. for C14H1sN ([M+H]"): 198.1277, found: 198.1301.

N-benzyl-2-methoxyaniline (Table 4.4, entry 5) *°: Prepared from p-anisidine
(0.30 g, 2.4 mmol) and benzyl alcohol (0.32 g, 2.9 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.51 g,
2.4 mmol, 98%). 'H NMR (400 MHz, CDCls): § = 7.40-7.29 (m, ArH, 5H),
6.79 (d, ArH, J = 8 Hz, 2H), 6.62 (d, ArH, J = 8 Hz, 2H), 4.30 (s, 2H), 3.76(s,
3H) ppm. C NMR (100 MHz, CDCls): & = 152.4, 142.5, 139.7, 128.7, 127.7,
127.3, 115.0, 114.3, 55.9, 49.4 ppm. HRMS (ESI): calcd. for Ci4HisNO

(IM+HT"): 214.1226, found: 214.1252.

N-benzyl-2-methoxyaniline (Table 4.4, entry 6) **: Prepared from o-anisidine
(0.30 g, 2.4 mmol) and benzyl alcohol (0.32 g, 2.9 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.38 g,
1.8 mmol, 74%). *H NMR (400 MHz, CDCls): & = 7.41-7.34 (m, ArH, 4H),
7.28 (t, ArH, J = 8 Hz, 1H), 6.87-6.80 ((m, ArH, 2H), 6.70 (t, ArH, J = 8 Hz,
1H), 6.62 (d, ArH, J = 8 Hz, 1H), 4.37 (s, 2H), 3.86 (s, 3H) ppm. *C NMR

(100 MHz, CDCl3): & = 147.0, 139.6, 128.7, 127.7, 127.3, 121.4, 116.9, 110.4,
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109.6, 55.6, 48.3 ppm. HRMS (ESI): calcd. for C14H1sNO ([M+H]"): 214.1226,

found: 214.1260.

N-benzyl-4-fluoroaniline (Table 4.4, entry 7) **: Prepared from 4-fluoroaniline
(0.30 g, 2.7 mmol) and benzyl alcohol (0.35 g, 3.2 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.46 g,
2.3 mmol, 86%). '"H NMR (400 MHz, CDCls): § = 7.37-7.27 (m, ArH, 5H),
6.89 (t, ArH, J = 8 Hz, 2H), 6.60 -6.57 (m, ArH, 2H), 4.30 (s, 2H) ppm. **C
NMR (100 MHz, CDCls3): 6 = 157.3, 154.9, 144.4, 139.2, 128.8, 127.7, 127.5,
115.8 (d, J = 22.3 Hz), 113.9 (d, J = 7.4 Hz), 49.2 ppm. HRMS (ESI): calcd. for

CisHFN ([M+H]"): 202.1027, found: 202.1053.

N-benzyl-2-fluoroaniline (Table 4.4, entry 8) *°: Prepared from 2-fluoroaniline
(0.30 g, 2.7 mmol) and benzyl alcohol (0.35 g, 3.2 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.50 g,
2.5 mmol, 93%). '"H NMR (400 MHz, CDCls): § = 7.41-7.30 (m, ArH, 5H),
7.03-6.96 (m, ArH, 2H), 6.72-6.63 (m, ArH, 2H), 4.39 (s, 2H) ppm. **C NMR
(100 MHz, CDCl3): 6 = 152.9, 150.5, 139.1, 136.7 (d, J = 11.7 Hz), 128.8,
127.5,127.5, 124.7, 124.7, 117.0 (d, J = 7.0 Hz), 114.5 (d, J = 18.4 Hz), 112.5,
112.5, 48.0 ppm. HRMS (ESI): calcd. for CisHi,FN ([M+H]Y): 202.1027,

found: 202.1058.

Dibenzylamine (Table 4.4, entry 9) *°: Prepared from benzyl amine (0.30 g, 2.8
mmol) and benzyl alcohol (0.36 g, 3.3 mmol). After purification by column

chromatography, the compound was isolated as a yellow liquid (0.51 g, 2.6
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mmol, 94%). '"H NMR (400 MHz, CDCls): § = 7.25-7.14 (m, ArH, 10H), 3.72
(s, 4H), 1.75 (br, NH, 1H) ppm. *C NMR (100 MHz, CDCls): & = 140.3, 128.5,
128.3, 127.1, 53.2 ppm. HRMS (ESI): calcd. for C14HisN ([M+H]"): 198.1277,

found: 198.1306.

N-benzylcyclohexanamine (Table 4.4, entry 10) 5P Prepared from cyclohexyl
amine (0.30 g, 3 mmol) and benzyl alcohol (0.39 g, 3.6 mmol). After
purification by column chromatography, the compound was isolated as a
yellow liquid (0.52 g, 2.7 mmol, 91%). *H NMR (400 MHz, CDCls): & = 7.33-
7.24 (m, ArH, 5H), 3.81 (s, 2H), 2.52-2.46 (m, 1H), 1.90 (d, J = 12 Hz, 1H),
1.76-1.72 (m, 2H),1.63-1.59 (m, 1H), 1.48 (br, NH, 1H), 1.31-1.08 (m, 5H)
ppm. C NMR (100 MHz, CDCls): 6 = 141.1, 128.5, 128.2, 126.9, 56.3, 51.2,
33.7, 26.3, 25.1 ppm. HRMS (ESI): calcd. for Ci3HigN ([M+H]™): 190.1590,

found: 190.1619.

4-benzylmorpholine (Table 4.4, entry 11) *°: Prepared from morpholine (0.30
g, 3.4 mmol) and benzyl alcohol (0.45 g, 4.1 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.52 g,
2.9 mmol, 86%). 'H NMR (400 MHz, CDClj): § = 7.37-7.32 (m, ArH, 5H),
3.71 (t, J = 4 Hz, 4H), 3.50 (s,2H) 2.45 (t, J = 4 Hz, 4H) ppm. **C NMR (100
MHz, CDCls3): 6 = 137.8, 129.3, 128.7, 128.4, 127.3, 127.1 , 67.1, 63.59, 53.7

ppm. HRMS (ESI): calcd. for C11H1sNO ([M+H]"): 178.1226, found: 178.1258.

1-benzylpiperidine (Table 4.4, entry 12) °°: Prepared from piperidine (0.30 g,

3.5 mmol) and benzyl alcohol (0.46 g, 4.2 mmol). After purification by column
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chromatography, the compound was isolated as a yellow liquid (0.50 g, 2.9
mmol, 82%). *H NMR (400 MHz, CDCls): § = 7.33-7.25 (m, ArH, 5H), 3.49
(s,2H), 2.39 (s, 4H), 1.60-1.57 (m, 4H), 1.45-1.43 (m, 2H) ppm. **C NMR (100
MHz, CDCl3): 6 = 138.7, 129.4, 128.2, 126.9, 64.0, 54.6, 26.1, 24.5 ppm.

HRMS (ESI): calcd. for C1oHizN ([M+H]): 176.1434, found: 176.1458.

4-methoxy-N-(4-methoxybenzyl)aniline (Table 4.4, entry 13) '’:' Prepared
from p-anisidine (0.37 g, 3.0 mmol) and 4-methoxy benzyl alcohol (0.49 g, 3.6
mmol). After purification by column chromatography, the compound was
isolated as a white solid (0.65 g, 2.7 mmol, 90%). Mp = 94-96 °C. 'H NMR
(400 MHz, CDCl3): & = 7.29 (d, J = 8 Hz, ArH, 2H), 6.87 (d, J = 12 Hz, ArH,
2H), 6.78 (d, J = 8 Hz, ArH, 2H), 6.60 (d, J = 8 Hz, ArH, 2H), 4.21 (s, 2H),
3.81 (s, 3H), 3.75 (s, 3H) ppm. *C NMR (100 MHz, CDCls): & = 158.9, 152.3,
142.6, 131.8, 128.9, 115.0, 114.3, 114.1, 55.9, 55.4, 48.8 ppm. HRMS (ESI):

calcd. for CisH17NO> ([M+H]+) 244.1332, found: 244.1326.

4-methoxy-N-(4-methylbenzyl)aniline (Table 4.4, entry 14) *": Prepared from
p-anisidine (0.37 g, 3 mmol) and 4-methyl benzyl alcohol (0.44 g, 3.6 mmol).
After purification by column chromatography, the compound was isolated as a
white solid (0.65 g, 2.8 mmol, 95%). Mp = 68-69 °C. 'H NMR (400 MHz,
CDCls): 8 =7.28 (d, J = 8 Hz, ArH, 2H), 7.17 (d, J = 8 Hz, ArH, 2H), 6.79 (d, J
= 8 Hz, ArH, 2H), 6.62 (d, J = 8 Hz, ArH, 2H), 4.26 (s, 2H), 3.77 (s, 3H), 2.37
(s, 3H) ppm. *C NMR (100 MHz, CDCls): & = 152.2, 142.7, 136.9, 136.7,
129.4, 127.7, 115.0, 114.2, 55.9, 49.1, 21.2 ppm. HRMS (ESI): calcd. for

C1sH17NO ([M+HT"): 228.1383, found: 228.1391.
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N-(2-methoxybenzyl)aniline (Table 4.4, entry 15) °°: Prepared from aniline
(0.28 g, 3 mmol) and 2-methyl benzyl alcohol (0.82 g, 6 mmol). After
purification by column chromatography, the compound was isolated as a white
solid (0.58 g, 2.7 mmol, 91%). Mp = 86-87 °C. *H NMR (400 MHz, CDCls): &
=7.35-7.28 (m, ArH, 2H), 7.20 (t, J = 8 Hz, ArH, 2H), 6.96-6.91 (m, ArH, 2H),
6.75-6.68 (m, ArH, 3H), 4.37 (s, 2H), 4.15 (br, -NH-, 1H), 3.89 (s, 3H) ppm.
3¢ NMR (100 MHz, CDCls3): 6 = 157.5, 148.5, 129.3, 129.0, 128.4, 127.5,
120.6, 117.4, 113.2, 110.4, 55.4, 43.6 ppm. HRMS (ESI): calcd. for C14H15NO

(IM+HT"): 214.1226, found: 214.1202.

N-(2-methylbenzyl)aniline (Table 4.4, entry 16) *: Prepared from aniline (0.28
g, 3 mmol) and 2-methyl benzyl alcohol (0.73 g, 6 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.56 g,
2.8 mmol, 95%). *H NMR (400 MHz, CDCls): & = 7.36 (d, J = 4 Hz, ArH, 1H),
7.24-7.20 (m, ArH, 5H), 6.76 (t, J = 8 Hz, ArH, 1H), 6.66 (d, J = 8 Hz, ArH,
2H), 4.30 (s, 2H), 3.87 (br, -NH-, 1H), 2.41 (s, 3H) ppm. *C NMR (100 MHz,
CDCl3): &6 = 148.4, 137.1, 136.4, 130.5, 129.4, 128.4, 127.5, 126.3, 117.6,
112.8, 46.5, 19.1 ppm. HRMS (ESI): calcd. for Cy4HisN ([M+H]"): 198.1277,

found: 198.1271.

N-([1,1'-biphenyl]-2-ylmethyl)-4-fluoroaniline (Table 4.4, entry 17) *:
Prepared from 4-fluoro aniline (0.33 g, 3 mmol) and 2-biphenyl methanol (1.10
g, 6 mmol). After purification by column chromatography, the compound was

isolated as a white solid (0.80 g, 2.9 mmol, 96%). Mp = 89-90 °C. 'H NMR
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(400 MHz, CDCl3): & = 7.52-7.30 (m, ArH, 9H), 6.85 (t, J = 8 Hz, ArH, 2H),
6.45-6.42 (m, ArH, 2H), 4.22 (s, 2H), 3.77 (br, -NH-, 1H) ppm. **C NMR (100
MHz, CDCl3): 6 = 157.1, 154.8, 144.4 (d, J = 1.6 Hz), 141.8, 141.0, 136.4,
130.4, 129.1, 128.7, 128.5, 127.8, 127.4 (d, J = 6.8 Hz), , 115.7 (d, J = 22.3
Hz), 113.8 (d, J = 7.4 Hz), 47.0 ppm. HRMS (ESI): calcd. for CigH1sFN

(IM+H]"): 278.1340, found: 278.1373.

N-(benzo[d][1,3]dioxol-5-yImethyl)-2-methylaniline (Table 4.4, entry 18) *:
Prepared from o-toluidine (0.32 g, 3 mmol) and 3,4-methylenedioxy benzyl
alcohol (0.91 g, 6 mmol). After purification by column chromatography, the
compound was isolated as a yellow liquid (0.52 g, 2.1 mmol, 71%). '"H NMR
(400 MHz, CDCl3): & = 7.12-7.07 (m, ArH, 2H), 6.86 (t, J = 8 Hz, 2H), 6.78 (d,
J = 8 Hz, ArH, 1H), 6.68 (t, J = 8 Hz, ArH, 1H), 6.59 (t, J = 8 Hz, ArH, 1H),
5.95 (s, 2H), 4.28 (s, 2H), 3.80 (br, -NH-, 1H), 2.16 (s, 3H) ppm. *C NMR
(100 MHz, CDCl3): 6 = 148.1, 146.9, 146.1, 133.5, 130.2, 127.3, 122.1, 120.8,
117.4, 110.1, 108.5, 108.2, 101.1, 48.3, 17.7 ppm. HRMS (ESI): calcd. for

C1sH1sNO, ([M+H]"): 242.1176, found: 242.1158.

4-methoxy-N-octylaniline (Table 4.5, entry 19) *°: Prepared from p-anisidine
(0.30 g, 2.4 mmol) and 1-octanol (0.63 g, 4.8 mmol). After purification by
column chromatography, the compoundwas isolated as a yellow liquid (0.44
mg, 1.9 mmol, 78%). *H NMR (400 MHz, CDCls): 8 = 6.77 (d, J = 8 Hz, ArH,
2H), 6.58 (d, J = 8 Hz, ArH, 2H), 3.75 (s, 3H), 3.06 (t, J = 8 Hz, 2H), 1.62-1.58
(m, 2H), 1.31-1.28 (m, 10H), 0.89 (t, J = 8 Hz, 3H) ppm. *C NMR (100 MHz,

CDCl3): 6 =152.2, 142.9, 134.7, 115.0, 114.2, 55.9, 45.2, 31.9, 29.8, 29.6, 29.4,
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27.3, 22.8, 14.2 ppm. HRMS (ESI): calcd. for C1sH,sNO ([M+H]"): 236.2009,

found: 236.2035.

N-hexyl-4-methoxyaniline (Table 4.5, entry 20) *: Prepared from p-anisidine
(0.30 g, 2.4 mmol) and 1-hexanol (0.49 g, 4.8 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.44 g,
2.1 mmol, 89%). *H NMR (400 MHz, CDCls): & = 6.78 (d, J = 8 Hz, ArH, 2H),
6.57 (d, J = 8 Hz, ArH, 2H), 3.75 (s, 3H), 3.06 (t, J = 8 Hz, 2H), 1.64-1.57 (m,
2H), 1.42-1.31 (m, 6H), 0.91 (t, J = 8 Hz, 3H) ppm. *C NMR (100 MHz,
CDCl3): 6 = 152.1, 143.0, 115.0, 114.1, 55.9, 45.2, 31.8, 29.8, 27.0, 22.8, 14.2

ppm. HRMS (ESI): calcd. for C13H2;NO ([M+H]"): 208.1696, found: 208.1721.

N-butyl-4-methoxyaniline (Table 4.5, entry 21) ?!: Prepared from p-anisidine
(0.30 g, 2.4 mmol) and 1-butanol (0.36 g, 4.8 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.31 g,
1.8 mmol, 73%). *H NMR (400 MHz, CDCls): 8 = 6.78 (d, J = 8 Hz, ArH, 2H),
6.58 (d, J = 8 Hz, ArH, 2H), 3.75 (s, 3H), 3.07(t, J = 8 Hz, 2H), 1.64-1.56 (m,
2H), 1.48-1.39 (m, 2H), 0.96 (t, J = 8 Hz, 3H) ppm. *C NMR (100 MHz,
CDCl3): 6 = 152.1, 143.0, 115.0, 114.2, 559, 44.9, 31.9, 20.5, 14.1 ppm.

HRMS (ESI): calcd. for C11H17NO ([M+H]"): 180.1383, found: 180.1410.

N-octylaniline (Table 4.5, entry 22) *": Prepared from aniline (0.30 g, 3.2
mmol) and 1-octanol (0.84 g, 6.4 mmol). After purification by column
chromatography, the compound was isolated as a yellow liquid (0.53 g, 2.6

mmol, 81%). *H NMR (400 MHz, CDCls): & = 7.21 (t, J = 8 Hz, ArH, 2H),
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6.73(t, J = 8 Hz, ArH, 1H), 6.63 (d, J = 8 Hz, ArH, 2H), 3.39 (br, NH, 1H),
3.12 (t, J = 8 Hz, 2H), 1.67-1.61 (m,2H), 1.45-1.34 (m, 10H), 0.94 (t, J = 8 Hz,
3H) ppm. **C NMR (100 MHz, CDCls): & = 148.6, 129.3, 117.2, 112.8, 44.1,
31.9, 29.7, 29.5, 29.4, 27.3, 22.8, 14.2 ppm. HRMS (ESI): calcd. for Ci4H23N

(IM+HT*): 206.1903, found: 206.1928.

4-methoxy-N-phenethylaniline (Table 4.5, entry 23) #: Prepared from p-
anisidine (0.30 g, 2.4 mmol) and 2-phenyl ethanol (0.59 g, 4.8 mmol). After
purification by column chromatography, the compoundwas isolated as a yellow
liquid (0.39 g, 1.7 mmol, 72%). *H NMR (400 MHz, CDCls): § = 7.33 (t, J = 8
Hz, ArH, 2H), 7.24 (t, J = 8 Hz, ArH, 3H), 6.79 (d, J = 8 Hz, ArH, 2H), 6.59 (d,
J = 8 Hz, ArH, 2H), 3.76 (s, 3H), 3.37 (t, J = 8 Hz, 2H), 2.91 (t, J = 8 Hz, 2H)
ppm. *C NMR (100 MHz, CDCls): & = 152.3, 142.4, 139.5, 129.2, 128.9,
128.7, 126.5, 115.1, 114.5, 55.9, 46.2, 35.7 ppm. HRMS (ESI): calcd. for

C1sH1ZNO ([M+HT"): 228.1383, found: 228.1404.

N-decyl-2-methylaniline (Table 4.5, entry 24) *: Prepared from o-toluidine
(0.32 g, 3.0 mmol) and 1-decanol (0.95 g, 6.0 mmol). After purification by
column chromatography, the compound was isolated as a yellow liquid (0.50 g,
2.0 mmol, 68%). *H NMR (400 MHz, CDCl3): § = 7.13 (t, J = 8 Hz, ArH, 1H),
7.05 (d, J = Hz, ArH, 1H), 6.64 (dd, J = 15.4, 7.8 Hz, ArH, 2H), 3.45 (br, NH,
1H), 3.16 (t, J = 8 Hz, 2H), 2.14 (s, 3H), 1.71-1.64 (m, 2H), 1.45-1.29 (m,
14H), 0.90 (t, J = 8 Hz, 3H) ppm. *C NMR (100 MHz, CDCls): & = 146.6,

130.1, 127.3, 121.8, 116.7, 109.7, 44.1, 32.0, 29.8, 29.7, 29.6, 29.5, 27.4, 22.8,
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17.6, 14.3 ppm. HRMS (ESI): calcd. for C17HoN ([M+H]"): 248.2373, found:

248.2378.

4-methoxy-N-(1-phenylpropyl)aniline (Table 4.5, entry 25) ?3: Prepared from
p-anisidine (0.30 g, 2.4 mmol) and 1-phenyl-1-propanol (0.66 g, 4.8 mmol).
After purification by column chromatography, the compound was isolated as a
yellow liquid (0.50 g, 2.1 mmol, 86%). *H NMR (400 MHz, CDCls): & = 7.35-
7.24 (m, ArH, 5H), 6.69 (d, J = 8 Hz, ArH, 2H), 6.49 (d, J = 8 Hz, ArH, 2H),
4.18 (t, J = 8 Hz, 1H), 3.71 (s, 3H), 1.90-1.77 (m, 2H), 0.96 (t, J = 8 Hz, 3H)
ppm. *C NMR (100 MHz, CDCls): & = 151.9, 144.3, 141.9, 128.6, 126.9,
126.7, 114.9, 114.6, 60.7, 55.9, 31.8, 10.9 ppm. HRMS (ESI): calcd. for

C1sH1sNO ([M+H]"): 242.1539, found: 242.1567.

4-methoxy-N-(1-phenylethyl)aniline (Table 4.5, entry 26) %*: Prepared from p-
anisidine (0.30 g, 2.4 mmol) and 1-phenyl ethanol (0.59 g, 4.8 mmol). After
purification by column chromatography, the compoundwas isolated as a yellow
liquid (0.46 g, 2 mmol, 84%). '"H NMR (400 MHz, CDCls): & = 7.39- 7.31 (m,
ArH, 4H), 7.23 (t, J = 8 Hz, ArH, 1H), 6.70 (d, J = 8 Hz, ArH, 2H), 6.48 (d, J =
8 Hz, ArH, 2H), 4.45-4.40 (m, J = 8 Hz, 1H), 3.71 (s, 3H), 1.50 (d, J = 8 Hz,
3H) ppm. **C NMR (100 MHz, CDCls): & = 152.0, 145.6, 141.7, 128.7, 126.9,
126.0, 114.9, 114.7, 55.9, 54.4, 25.2 ppm. HRMS (ESI): calcd. for C1sH17NO

(IM+H]"): 228.1383, found: 228.1413.

4-methyl-N-(1-(m-tolyl)ethylaniline (Table 4.5, entry 27) **: Prepared from p-

toluidine (0.32 g, 3 mmol) and 1-(3-methylphenyl)ethanol (0.82 g, 6 mmol).
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After purification by column chromatography, the compound was isolated as a
yellow liquid (0.52 g, 2.3mmol, 77%). *H NMR (400 MHz, CDCls): § = 7.23-
7.16 (m, ArH, 3H), 7.04 (d, J = 8 Hz, ArH, 1H), 6.91 (d, J = 8 Hz, ArH, 2H),
6.45 (d, J = 8 Hz, ArH, 2H), 4.45-4.40 (m, 2H), 3.88 (br, NH, 1H), 2.35 (s, 3H),
2.21 (s, 3H), 1.49 (d, J = 8 Hz, 3H) ppm. **C NMR (100 MHz, CDCls): & =
145.6, 145.3, 138.3, 129.7, 128.6, 127.7, 126.7, 123.0, 113.5, 53.8, 25.2, 21.7,
20.5 ppm. HRMS (ESI): calcd. for CigHigN ([M+H]"): 226.1590, found:

226.1602.

4-methyl-N-(1-(p-tolyl)propyl)aniline (Table 4.5, entry 28) *: Prepared from
p-toluidine (0.32 g, 3.0 mmol) and 1-(4-methylphenyl)-1-propanol (0.90 g, 6.0
mmol). After purification by column chromatography, the compound was
isolated as a yellow liquid (0.52g, 2.2mmol, 73%). 'H NMR (400 MHz,
CDCls): 8 =7.22 (d, J = 8 Hz, ArH, 2H), 7.11 (d, J = 8 Hz, ArH, 2H), 6.89 (d, J
= 8 Hz, ArH, 2H), 6.44 (d, J = 8 Hz, ArH, 2H), 4.18 (t, J = 8 Hz, 1H), 3.93 (br,
NH, 1H), 2.33 (s, 3H), 2.19 (s, 3H), 1.84-1.76 (m, 2H), 0.95 (t, J = 8 Hz, 3H)
ppm. *C NMR (100 MHz, CDCls): & = 145.5, 141.2, 136.4, 129.7, 129.3,
126.5, 126.3, 113.5, 59.8, 31.8, 21.2, 20.5, 10.9 ppm. HRMS (ESI): calcd. for

C17H2:N ([M+H]"): 240.1747, found: 240.1730.

N-(hexan-2-yl)-4-methoxyaniline (Table 4.5, entry 29) **: Prepared from p-
anisidine (0.30 g, 2.4 mmol) and 2-hexanol (0.49 g, 4.8 mmol). After
purification by column chromatography, the compound was isolated as a
yellow liquid (0.38 g, 1.8 mmol, 76%). *"H NMR (400 MHz, CDCls): § = 6.77

(d, J = 12 Hz, ArH, 2H), 6.55 (d, J = 12 Hz, ArH, 2H), 3.76 (s, 3H), 3.40-3.35
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(m, 1H), 1.39-1.34 (m, 6H), 1.15 (d, J = 8 Hz, 3H), 0.92 (t, J = 8 Hz, 3H) ppm.
13C NMR (100 MHz, CDCls): & = 151.9, 142.1, 115.1, 114.8, 55.9, 49.6, 37.1,
28.5, 22.9, 20.9, 14.2 ppm. HRMS (ESI): calcd. for Ci3HNO ([M+H]"):

208.1696, found: 208.1713.

N-decylaniline (Table 4.5, entry 30) 2°: Prepared from aniline (0.28 g, 3.0
mmol) and 2-decanol (0.95 g, 6.0 mmol). After purification by column
chromatography, the compound was isolated as a yellow liquid (0.52 g, 2.2
mmol, 74%). *H NMR (400 MHz, CDCl3): 8 = 7.16 (t, J = 8 Hz, ArH, 2H),
6.66 (t, J = 8 Hz, ArH, 1H), 6.56 (d, J = 8 Hz, ArH, 2H), 3.49-3.41 (m, 1H),
1.61-1.54 (m, 2H), 1.45-1.27 (m, 12H), 1.16 (d, J = 8 Hz, 3H), 0.88 (t, J = 8
Hz, 3H) ppm. **C NMR (100 MHz, CDCl3): & = 147.8, 129.4, 113.2, 48.6, 43.9,
37.4, 32.0, 29.8, 29.7, 29.5, 29.4, 26.3, 24.0, 22.8, 20.9, 14.3 ppm. HRMS

(ESI): calcd. for CigHo7N ([M+H]"): 234.2216, found: 234.2218.

N-benzyl-4-(trifluoromethyl) aniline (Table 4.5, entry 31) **: Prepared from 4-
(trifluoromethyl)aniline (0.30 g, 1.8 mmol) and benzyl alcohol (0.40 g, 3.7
mmol). After purification by column chromatography, the compound was
isolated as a yellow liquid (0.45 g, 1.7 mmol, 71%). '"H NMR (400 MHz,
CDCls): & = 7.43-7.37 (m, ArH, 7H), 6.63 (d, J = 8 Hz, ArH, 2H), 4.38 (s, 2H)
ppm. *C NMR (100 MHz, CDCls): & = 150.6, 138.6, 128.9, 127.7, 127.5,
126.8 (q, J = 3.8 Hz), 119.3, 119.0, 112.1, 47.9 ppm. HRMS (ESI): calcd. for

CraH12FsN ([M+HT): 252.0995, found: 252.1000.
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4-phenethylmorpholine (Table 4.5, entry 32) %: Prepared from morpholine
(0.30 g, 3.4 mmol) and 2-phenyl ethanol (0.84 g, 6.8 mmol). After purification
by column chromatography, the compound was isolated as a yellow liquid
(0.48 g, 2.5 mmol, 74%). *H NMR (400 MHz, CDCls): & = 7.29 (t, J = 8 Hz,
ArH, 2H), 7.20(d, J = 8 Hz, ArH, 3H), 3.75 (t, J = 4 Hz, 4H), 2.81 (t, J = 8 Hz,
2H), 2.62-2.52 (m, 6H) ppm. *C NMR (100 MHz, CDCls): § = 140.3, 128.8,
128.5, 126.2, 67.1, 61.0, 53.8, 33.4 ppm. HRMS (ESI): calcd. for C;,H;17NO

(IM+H]"): 192.1383, found: 192.1407.

4-methyl-N-(1-phenylpropan-2-yl)aniline (Table 4.5, entry 33) *’: Prepared
from p-toluidine (0.32 g, 3.0 mmol) and 1-phenyl 2-propanol (0.82 g, 6.0
mmol). After purification by column chromatography, the compound was
isolated as a yellow liquid (0.55 g, 2.4 mmol, 81%). '"H NMR (400 MHz,
CDCls): 8 =7.34 (t, J = 8 Hz, ArH, 2H), 7.29-7.22 (m, ArH, 3H), 7.04 (d, J = 8
Hz, ArH, 2H), 6.60 (d, J = 8 Hz, ArH, 2H), 3.80-3.76 (m, 1H), 3.01-2.96 (m,
1H), 2.75-2.70 (d, 1H), 2.29 (s, 3H), 1.18 (d, J = 4 Hz, 3H) ppm. **C NMR
(100 MHz, CDCl3): 6 = 145.0, 138.8, 130.0, 129.6, 128.4, 126.6, 126.4, 113.8,
49.9, 42.4, 20.5, 20.3 ppm. HRMS (ESI): calcd. for CisHioN ([M+H]"):

226.1590, found: 226.1588.

N-cyclohexyl-4-methoxyaniline (Table 4.5, entry 34) ?°: Prepared from p-
anisidine (0.30 g, 2.4 mmol) and cyclohexanol (0.49 g, 4.8 mmol). After
purification by column chromatography, the compound was isolated as a
yellow liquid (0.44 g, 2.2 mmol, 89%). *H NMR (400 MHz, CDCls): & = 6.77

(d, J = 8Hz, ArH, 2H), 6.57 (d, J = 8Hz, ArH, 2H), 3.75 (s, 3H), 3.21-3.14 (m,
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1H), 3.00 (br, NH, 1H), 2.07-2.04 (m, 2H), 1.78-1.64 (m, 3H), 1.41-1.08 (m,
5H) ppm. *C NMR (100 MHz, CDCls): & = 151.9, 141.7, 115.0, 114.9, 55.9,
52.9, 33.7, 26.1, 25.2 ppm. HRMS (ESI): calcd. for Ci3H;gNO ([M+H]"):

206.1539, found: 206.1569.

N-cyclohexylaniline (Table 4.5, entry 35) >°: Prepared from aniline (0.30 g, 3.2
mmol) and cyclohexanol (0.64 g, 6.4 mmol). After purification by column
chromatography, the compound was isolated as a yellow liquid (0.47 g, 2.7
mmol, 84%). *H NMR (400 MHz, CDCls): & = 7.18 (t, J = 8 Hz, ArH, 2H),
6.68 (t, J = 8 Hz, ArH, 1H), 6.60 (d, J = 8 Hz, ArH, 2H), 3.31- 3.24 (m, 1H),
2.10-2.06 (m,2H), 1.81-1.76 (m, 2H), 1.70-1.65 (m, 1H), 1.45-1.13 (m, 5H)
ppm. C NMR (100 MHz, CDCls): § = 129.4, 116.9, 113.3, 33.6, 26.1, 25.1

ppm. HRMS (ESI): calcd. for C1oH17N ([M+H]"): 176.1434, found: 176.1451.

N-benzylpyridin-4-amine (Table 4.6, entry 36) >*: Prepared from 4-
aminopyridine (0.30 g, 3.2 mmol) and benzyl alcohol (0.41 g, 3.8 mmol). After
purification by column chromatography, the compound was obtained as a white
solid (0.49 g, 2.6 mmol, 84%). Mp = 108-109 °C. *H NMR (400 MHz, CDCls):
6 =28.16 (d, J = 8 Hz, ArH, 2H), 7.35-7.31 (m, ArH, 5H), 6.45-6.46 (m, ArH,
2H), 4.87 (br, NH, 1H), 4.35 (d, J = 4 Hz, 2H) ppm. **C NMR (100 MHz,
CDCl3): 6 = 153.4, 150.0, 149.9, 138.0, 128.9, 127.7, 127.4, 107.8, 46.9 ppm.

HRMS (ESI): calcd. for C12H12N2 ([M+H]™): 185.1073, found: 185.1088.

N-benzylpyridin-2-amine (Table 4.6, entry 37) >*: Prepared from 2-

aminopyridine (0.30 g, 3.2 mmol) and benzyl alcohol (0.41 g, 3.8 mmol). After
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purification by column chromatography, the compound was obtained as a white
solid (0.56 g, 3 mmol, 96%). Mp = 95-96 °C. *H NMR (400 MHz, CDCls): & =
8.10-8.09 (m, ArH, 1H), 7.39-7.26 (m, ArH, 6H), 6.59 (t, J = 8 Hz, ArH, 1H),
6.36 (d, J = 8 Hz, ArH, 1H), 5.14 (br, NH, 1H), 4.50 (d, J = 8 Hz, 2H) ppm. *C
NMR (100 MHz, CDCls3): 6 = 158.8, 148.3, 139.3, 137.6, 128.7, 127.5, 127.3,
113.2, 106.9, 46.4 ppm. HRMS (ESI): calcd. for C12H12N, ([M+H]Y): 185.1073,

found: 185.1098.

N-benzylpyrimidin-2-amine (Table 4.6, entry 38) °°: Prepared from 2-
aminopyramidine (0.30 g, 3.1 mmol) and benzyl alcohol (0.41 g, 3.7 mmol).
After purification by column chromatography, the was obtained as a half-white
solid (0.57 g, 3.1 mmol, 98%). Mp = 81-82 °C. *H NMR (400 MHz, CDCls): &
=8.13 (s, ArH, 2H), 7.35-7.24 (m, ArH, 5H), 6.46 (t, J = 4 Hz, ArH, 1H), 6.28
(br, NH, 1H), 4.62 (d, J = 4Hz, 2H) ppm. *C NMR (100 MHz, CDCls): § =
162.4, 158.1, 139.2, 128.7, 127.7, 127.3, 110.7, 45.6 ppm. HRMS (ESI): calcd.

for C11H11N3 ([M+H]"): 186.1026, found: 186.1055.

N-(pyridin-2-ylmethyl)aniline (Table 4.6, entry 39) ?: Prepared from aniline
(0.28 g, 3.0 mmol) and 2-pyridine methanol (0.65 g, 6.0 mmol). After
purification by column chromatography, the compound was isolated as a white
solid (0.53 g, 2.9 mmol, 96%). Mp = 50-51 °C. *H NMR (400 MHz, CDCls): &
=8.58 (d, J = 4 Hz, ArH, 1H), 7.64 (t, J = 8 Hz, ArH, 1H), 7.33 (d, J = 8 Hz,
ArH, 1H), 7.18 (t, J = 8 Hz, ArH, 3H), 6.72 (t, J = 8 Hz, ArH, 1H), 6.67 (d, J =

8 Hz, ArH, 2H), 4.47 (s, 2H) ppm. **C NMR (100 MHz, CDCl3): § = 158.7,
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149.4, 148.0, 136.8, 129.4, 122.2, 121.7, 117.7, 113.2, 49.5 ppm. HRMS (ESI):

calcd. for C12H1oN, ([M+H]Y): 185.1073, found: 185.1083.

N-benzylbenzo[d]thiazol-2-amine (Table 4.6, entry 40) *°: Prepared from 2-
Amino benzothiazole (0.45 g, 3.0 mmol) and benzyl alcohol (0.65 g, 6.0
mmol). After purification by column chromatography, the compound was
isolated as a white solid (0.52 g, 2.1 mmol, 72%). Mp = 165-166 °C. '"H NMR
(400 MHz, DMSO-dg): & = 8.51 (t, J = 4 Hz, NH, 1H), 7.66 (d, J = 8 Hz, ArH,
1H), 7.40-7.33 (m, ArH, 5H), 7.26 (t, J = 8 Hz, ArH, 1H), 7.22 (t, J = 8 Hz,
ArH, 1H), 7.02 (t, J = 8 Hz, ArH, 1H), 4.60 (d, J = 8 Hz, 2H) ppm. *C NMR
(100 MHz, DMSO-dg): 6 = 166.2, 152.4, 138.9, 130.4, 128.4, 127.4, 127.0,
125.5, 120.9, 120.9, 118.1, 47.2 ppm. HRMS (ESI): calcd. for CisH;i2N,S

(IM+H]"): 241.0794, found: 241.0804.

N-(naphthalen-1-ylmethyl)benzo[d]thiazol-2-amine (Table 4.6, entry 41) *°:
Prepared from 2-Amino benzothiazole (0.45 g, 3.0 mmol) and benzyl alcohol
(0.95 g, 6.0 mmol). After purification by column chromatography, the
compound was isolated as a white solid (0.72 g, 2.5 mmol, 83%). Mp = 147-
148 °C. *H NMR (400 MHz, DMSO-de): & = 8.55 (s, NH, 1H), 8.13 (d, J = 8
Hz, ArH, 1H), 7.96 (d, J = 8 Hz, ArH, 1H), 7.87 (d, J = 8 Hz, ArH, 1H), 7.67
(d, J = 8 Hz, ArH, 1H), 7.60-7.41 (m, ArH, 5H), 7.23 (t, J = 8 Hz, ArH, 1H),
7.03 (t, J = 8 Hz, ArH, 1H), 5.08 (s, 2H) ppm. *C NMR (100 MHz, DMSO-
ds): 6 = 165.9, 152.5, 134.0, 133.4, 131.0, 128.6, 127.8, 126.4, 125.8, 125.6,
125.6, 125.5, 123.5, 121.0, 120.9, 118.1, 45.4 ppm. HRMS (ESI): calcd. for

C1sH1aN,S ([M+H]"): 291.0950, found: 291.0954.
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N-decylpyridin-2-amine (Table 4.6, entry 42) *: Prepared from 2-amino
pyridine (0.28 g, 3.0 mmol) and 1-decanol (0.95 g, 6.0 mmol). After
purification by column chromatography, the compoundwas isolated as a yellow
liquid (0.65 g, 2.8mmol, 92%). *H NMR (400 MHz, CDCls): § = 8.04 (d, J = 8
Hz, ArH, 1H), 7.40 (d, J = 8 Hz, ArH, 1H), 6.53 (t, J = 8 Hz, ArH, 1H), 6.35 (d,
J = 8 Hz, ArH, 1H), 4.50 (br, NH, 1H), 3.63 (t, J = 8 Hz, 2H), 3.25-3.20 (m,
2H), 1.64-1.52 (m, 2H), 1.33-1.26 (m, 12H), 0.86 (t, J = 8 Hz, 3H) ppm. **C
NMR (100 MHz, CDCls3): 6 = 159.1, 148.3, 137.6, 112.7, 106.4, 63.2, 42.5,
32.9, 32.0, 29.7, 29.6, 27.2, 25.9, 22.8, 14.2 ppm. HRMS (ESI): calcd. for

C1sH26N5 ([M+H]"): 235.2169, found: 235.2180.

N-(pyridin-3-ylmethyl)aniline (Table 4.6, entry 43) ?®: Prepared from aniline
(0.28 g, 3.0 mmol) and 3-pyridine methanol (0.65 g, 6.0 mmol). After
purification by column chromatography, the compoundwas isolated as a white
solid (0.42 g, 2.3mmol, 96%). Mp = 92-93 °C. *H NMR (400 MHz, CDCls): &
= 8.65 (s, ArH, 1H), 8.54 (d, J = 4 Hz, ArH, 1H), 7.70 (d, J = 8 Hz, ArH, 1H),
7.28 (t, J = 8 Hz, ArH, 1H), 7.20 (t, J = 8 Hz, ArH, 2H), 6.76 (t, J = 8 Hz, ArH,
1H), 6.64 (d, J = 8 Hz, ArH, 2H), 4.38 (s, 2H), 4.13 (br, NH, 1H) ppm. *3C
NMR (100 MHz, CDCls3): 6 = 149.3, 148.8, 147.7, 135.2, 129.4, 123.6, 118.2,
113.1, 45.9 ppm. HRMS (ESI): calcd. for CioHioN, ([M+H]Y): 185.1073,

found: 185.1083.

N-(furan-2-ylmethyl)aniline (Table 4.6, entry 44) *°: Prepared from aniline

(0.28 g, 3.0 mmol) and furfuryl alcohol (0.59 g, 6.0 mmol). After purification
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by column chromatography, the compoundwas isolated as a yellow liquid (0.37
g, 2.1mmol, 71%). *H NMR (400 MHz, CDCls): = 7.38 d, J = 4 Hz, ArH,
1H), 7.21 (t, J = 8 Hz, ArH, 2H), 6.77 (t, J = 8 Hz, ArH, 1H), 6.69 (d, J = 8 Hz,
ArH, 2H), 6.35-6.34 (m, ArH, 1H), 6.25 (d, J = 4 Hz, ArH, 1H), 4.34 (s, 2H),
4.03 (br, -NH-, 1H) ppm. *C NMR (100 MHz, CDCls): § = 152.9, 147.8,
142.0, 129.3, 118.2, 113.3, 110.5, 107.1, 41.5 ppm. HRMS (ESI): calcd. for

C11H1:NO ([M+HT"): 174.0913, found: 174.0939.

4-amino-N-benzylbenzenesulfonamide (Table 4.7, entry 45) *: Prepared from
sulfanilamide (0.52 g, 3.0 mmol) and benzyl alcohol (0.65 g, 6.0 mmol). After
purification by column chromatography, the compound was isolated as a white
solid (0.56 g, 2.2 mmol, 71%). Mp = 138-139 °C. 'H NMR (400 MHz, DMSO-
de): & = 7.49 (d, J = 8.8 Hz, 2H), 7.34-7.30 (m, 4H), 7.25-7.21 (m, 1H), 7.00
(s, 1H, -NH), 6.90 (s, 2H, -NH), 6.64 (d, J = 8.8 Hz, 2H), 4.34 (s, 2H). ppm.
13C NMR (100 MHz, DMSO-dg): & = 151.2, 139.4, 130.3, 128.4, 127.3, 127.1,
111.1, 45.8 ppm. HRMS (ESI): calcd. for C13H1N»0,S ([M+H]"): 263.0849,

found: 263.0888.

4-amino-N-(4-methylbenzyl)benzenesulfonamide (Table 4.7, entry 46) 3
Prepared from sulfanilamide (0.52 g, 3.0 mmol) and 4-methylbenzyl alcohol
(0.73 g, 6.0 mmol). After purification by column chromatography, the
compound was isolated as a white solid (0.59 g, 2.1mmol, 71%). Mp = 148-
149 °C. 'H NMR (400 MHz, DMSO-ds): & = 7.56 (t, J = 8 Hz, NH, 1H), 7.44
(d, J = 8 Hz, ArH, 2H), 7.14-7.09 (m, ArH, 4H), 6.61 (d, J = 8 Hz, ArH, 2H),

5.93 (s, NHy, 2H), 3.82 (d, J = 8 Hz, 2H), 2.27 (s, 3H) ppm. *C NMR (100
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MHz, DMSO-dg) & = 153.1, 136.7, 135.6, 129.3, 129.1, 128.1, 126.2, 113.3,
46.5, 21.3 ppm. HRMS (ESI): calcd. for Ci14H16N20,S ([M+H]"): 277.1005,

found: 277.1031.

4-amino-N-(4-methoxybenzyl)benzenesulfonamide (Table 4.7, entry 47) %
Prepared from sulfanilamide (0.52 g, 3.0 mmol) and 4-methoxybenzyl alcohol
(0.83 g, 6.0 mmol). After purification by column chromatography, the
compound was isolated as a white solid (0.59 g, 2.0mmol, 68%). Mp = 129-
130 °C. *H NMR (400 MHz, DMSO-dg): & = 7.47 (d, J = 8 Hz, ArH, 2H), 7.25
(d, J = 8 Hz, ArH, 2H), 6.90-6.88 (m, ArH, 2H and NH,, 2H), 6.61 (d, J = 8
Hz, ArH, 2H), 4.25 (d, J = 4 Hz, 2H), 3.72 (s, 3H) ppm. *C NMR (100 MHz,
DMSO-dg): 6 = 157.8, 150.9, 130.7, 129.8, 128.0, 126.9, 113.4, 110.7, 54.7,
44.9 ppm. HRMS (ESI): calcd. for C14H15N203S ([M-H]): 291.0798, found:

291.0762.

4-amino-N-(4-(trifluoromethyl)benzyl)benzenesulfonamide (Table 4.7, entry
48) 3 Prepared from sulfanilamide (0.52 g, 3.0 mmol) and 4-(trifluoro)methyl
benzyl alcohol (1.05 g, 6.0 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.63g, 1.9 mmol,
64%). Mp = 174-175 °C. 'H NMR (400 MHz, DMSO-dg): 8 = 7.77 (t, J = 8
Hz, NH, 1H), 7.64 (d, J = 8 Hz, ArH, 2H), 7.49-7.42 (m, ArH, 4H), 6.59 (d, J =
8 Hz, ArH, 2H), 5.94 (s, NH,, 2H), 3.97 (d, J = 8 Hz, 2H) ppm. *C NMR (100
MHz, DMSO-dg): & = 152.6, 143.2, 128.5, 128.2, 125.4, 125.0 (q, J = 3.7 Hz),
112.7, 45.5 ppm. °F NMR (376 MHz, DMSO-dg): & = -61.80. HRMS (ESI):

calcd. for C14H13F3N20,S ([M+H]"): 331.0723, found: 331.0760.
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4-amino-N-(benzo[d][1,3]dioxol-5-yImethyl)benzenesulfonamide (Table 4.7,
entry 49) *: Prepared from sulfanilamide (0.52 g, 3.0 mmol) and 3,4-
methylenedioxy benzyl alcohol (0.91 g, 6.0 mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.66 g,
2.1 mmol, 72%). Mp = 146-147 °C. *H NMR (400 MHz, DMSO-d): & = 7.56
(t, J = 8 Hz, NH, 1H), 7.41 (d, J = 8 Hz, ArH, 2H), 6.79 (d, J = 8 Hz, ArH, 1H),
6.75 (s, ArH, 1H), 6.68 (d, J = 8 Hz, ArH, 1H), 6.59 (d, J = 8 Hz, ArH, 2H),
5.96 (s, 2H), 5.91 (s, NH., 2H), 3.78 (d, J = 8 Hz, 2H) ppm. **C NMR (100
MHz, DMSO-dg): 6 = 153.0, 147.7, 146.8, 132.4, 129.0, 126.3, 121.4, 113.2,
108.7, 108.4, 101.4, 46.5 ppm. HRMS (ESI): calcd. for Ci4sH14N204S

([M+H]"): 307.0747, found: 305.0731.

2-[4-(benzo[1,3]dioxol-5-yImethyl)piperazin-1-yl]pyrimidine (scheme 4.2, 50)
32: Prepared from 2-(piperazin-1-yl)pyrimidine (0.30 g, 1.8 mmol) and 1,3-
Benzodioxole-5-methanol (0.55 g, 3.6 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.41 g, 1.4 mmol,
76%). Mp = 96-97 °C. *H NMR (400 MHz, CDCls): § =8.28 (d, J = 4 Hz, ArH,
2H), 6.85 (s, ArH, 1H), 6.74 (s, ArH, 2H), 6.47 (t, J = 8 Hz, ArH, 1H), 5.93 (s,
2H), 3.89 (t, J = 8 Hz, 4H), 3.65 (s, 2H), 2.67 (t, J = 8 Hz, 4H) ppm. *C NMR
(100 MHz, CDCl3): 6 = 161.8, 157.8, 147.8, 146.8, 131.8, 122.4, 109.9, 109.7,
108.0, 101.0, 62.9, 52.9, 43.7 ppm. HRMS (ESI): calcd. for Ci6H18N4O2

(IM+HT*): 299.1516, found: 299.1503.
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Isolation and characterization of regio-isomers of
pyrazole based palladacycle, and their use in a-
alkylation of ketones using alcohols

5.1 Introduction
Palladacycles are an important class of organometallic compounds. The interest in the
use of palladacycles has been due to their various applications such as in catalysis,
medicinal science, and organic synthesis.! Since the discovery of the application of
palladacycle in catalysis by Herrmann and co-workers in 1995, intense research has
been focused on the palladacycles synthesis, structural analysis, and application
towards catalysis.'* Among the several available methods for the preparation of
palladacycles, ortho-metallation of C—H bonds is an attractive methodology.”
Although C—H bond activation has been thoroughly studied, the recognition of
chemically similar C—H bonds have turned out to be a challenging task. Different
approaches have been identified to achieve C—H bond activation of chemically
similar environments.® In many instances, the regio-isomers have been isolated and
structurally characterized. For example, Solan and co-workers demonstrated the
preferential palladation of naphthalene ring using N-donors as directing ligands."
Recently, Wendt and co-workers® reported metal controlled regio-selectivity in the
directed aromatic substitution of 2-(1-naphthyl)-pyridine. Although, the regio-isomers
of palldacycles have been reported, in many instances their applications for catalysis
have not been examined.

a-Alkylation of carbonyl compounds is one of the most fundamental reactions
used to form a C—C bond. Traditionally, the a—alkylation of ketones was achieved by
the reaction of ketones with electrophiles such as alkyl halides. However, this method

involves the use of toxic organo halides and formation of large amount of inorganic
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salts as waste. An alternative, greener approach for the a-alkylation of ketones is to
use alcohols as an alkylating agent.* Over the last decade, several groups have
reported various metal catalyzed methods for the o-alkylation of ketones using
alcohols as an alkylating agent.>*? For instance, Chao and co-workers reported the a-
alkylation of ketones by trialkylamines under heterogeneous Pd/C catalysis.”* A
homogeneous pincer type Pd—-NHC catalyst was reported for the a-alkylation of
acetophenone using benzyl alcohol at 125 °C, giving a mixture of alcohol and ketone
as products.’ More recently, Beller and co-workers elegantly reported the manganese
based catalytic system for the a-alkylation of ketones. However, many of these
catalytic systems suffer from low product selectivity, low yield, and high reaction
temperature. As discussed in the previous chapters, we have also been pursuing the
synthesis of 1,3,5-triphenyl based palladacycles and their application towards
catalysis.™ In this chapter-V, we describe here the regio-isomers of palladacycles 5a
and 5b activity towards a-alkylation of ketones. As alluded vide supra, the reactivity
difference in regio-isomers especially the palladacycles have not been examined. We
also discuss the activity of regio-isomers of the palladacycles 5a and 5b as catalysts,

which have been studied by experiments and DFT calculations.

5.2 Results and Discussions

The synthesis and characterization of 3,5-diphenyl-1-(4-(trifluoromethyl)
phenyl)-1H-pyrazole ligand, palladacycle-5a and 5b were presented in chapter-11. To
explore the optimum reaction conditions for the alkylation of acetophenone with
benzyl alcohol, we have screened various bases and temperatures using palladacycle-
5b and the ancillary ligand P(2-Fur);=P(C4H30)s; under solvent-free conditions. Of

the different conditions screened, LiOH at 80 °C, resulted quantitative yield of the
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desired product using palladacycle-5b (Table 5.1, entry 4). However, use of the
palladacycle-5a gave relatively low vyield (Table 5.1, entries 1 and 16). When the
reaction was performed using commercially available palladium sources such as
Pd(OAc),, PdCl,, and Pdy(dba)s, no product formation was observed under similar

reaction conditions (Table 5.1, entries 13, 14, and 15 respectively).

Table 5.1: Optimization of a-alkylation of acetophenone with benzyl alcohol

using palladacycles-5a and 5b®

0
1 mol% Palladacycle-5b
. O\/ 2 mol% P(2-Fur);
OH ,
25 mol% LiOH

solvent free

T,24 h
S.No. Base T (°C) Yield® (%)
1° LiOH 50 56

2 LiOH 50 78

3 LiOH 60 82

4 LiOH 80 08

5 LiOH.H,O 80 89

6 CsOH.H,0 80 92

7 KO'Bu 80 ND

8 Cs,CO; 80 ND

9 KsPO, 80 ND
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10 KOH 80 Trace
11 NaOH 80 Trace
12 Li,CO3 80 21
13¢ LiOH 80 ND
14° LiOH 80 Trace
15' LiOH 80 ND
16° LiOH 80 91

®Reaction conditions: Acetophenone 1.0 mmol, benzyl alcohol 1.2 mmol, LiOH 0.25 mmol,
palladacycle-5b 1x10? mmol, P(2-Fur); 2x10% mmol. "Isolated yield after column chromatography,
‘palladacycle-5a was used, %instead of palladacycle-5b, 2 mol% Pd(OAc), was used. ‘instead of
palladacycle-5b, 2 mol% PdCl, was used, finstead of palladacycle-5b, 1 mol% Pd,(dba); was used. ND:

Not Detected.

The catalytic performance of the palladacycles-5a and 5b were evaluated
using the model substrates acetophenone and benzyl alcohol. The reactions were
performed under solvent-freeconditions at 60 °C using 1 mol% of catalyst. The
catalytic performance of the palladacycles-5a and 5b are compared in figure 5.1. At
60 °C using 1 mol% of catalyst loading, palladacycle-5b displayed superior activity
over palladacycle-5a. Although both the palldacycles were active for the a-alkylation
of acetophenone with benzyl alcohol, we chose palladacyle-5b for further studies
because of its superior activity over palladacycle-5a. In order to know the catalytic
efficiency of palladacycle-5b, we examined a 2.0 g (16.7 mmol) scale reaction by
loading 0.001 mol% catalyst at 130 °C for 48 h. Palladacycle-5b exhibited high

turnover number (TON) up to 32000 (66%).
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Figure 5.1: Reactivity study of palladacycles 5a and 5b using acetophenone and
benzyl alcohol at 60 °C. Reaction conditions: 0.5 mmol acetophenone, 0.6 mmol
benzyl alcohol, 25 mol% LiOH, 1 mol% palladacycle-5b, and 2 mol% P(2-Fur)s.
Conversions were analysed using ‘H NMR by taking p-xylene as the internal

standard.

Encouraged by these results, we have evaluated the substrate scope and
limitations using palladacycle-5b for the alkylation of various ketones using different
aryl and aliphatic primary alcohols. In most cases, electron rich as well as electron
deficient substituted acetophenones or benzyl alcohols were successfully alkylated to
the desired products in good to excellent isolated yields under mild reaction
conditions (Table 5.2, entries 1-9). Ortho-substituted benzylic alcohols (or) aryl
ketones (Table 5.2, entries 10, 14, 15, 16 and 18) as well as aliphatic ketones (Table
5.2, entry 11) were selectively alkylated to the corresponding a-alkylated ketones.
Substrates having two a-carbons that are prone to potential alkylation generally show

selectivity issues. Interestingly, we found that the present catalytic system offers a
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regio-selective alkylation in the case of 2-pentanone and 1-(4-methoxyphenyl)propan-
2-one with benzyl alcohol (Table 5.2, entries 12 and 13). The present catalytic system
was also successfully applied to the a-alkylation of biologically important steroid S-
pregnenolone. In general, p-pregnenolone under metal reaction condition is
susceptible to isomerization of C=C bond to produce progesterone, which has an o, -
unsaturated ketone moiety.'® Under the optimized conditions, the reaction of -
pregnenolone with 4-methyl benzyl alcohol proceeded smoothly to give the
corresponding a-alkylated product (Table 5.2, entry 17) in 78% yield, without

affecting the other functional groups such as C=C and —OH.

Table 5.2: Scope of the a-alkylation of aryl ketones using aryl and aliphatic

alcohols ®
0 1 mol% Palladacycle-Sb O
)J\/Rz N 2mol% PQ2-Fur); R,
R, R* oH 25 mol% LiOH, R
80-100 °C, 24 h R

Solvent free
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1 98 %
81%¢ 2 4 % 3 92 % 4, 94 %
94 % d
5,82% 6,96 % 7,86 % 8,92 %
SSUVes M W
10, 94 %
9, 87 % ‘e ° 1,42 % 12, 72 %
91 %*©
e
Q0O
M P
14, 65 % .
13, 68 % 91 %P ’ °
trace €
344
o)
16, 64% b HO 17,78 9% boe 18,72 %"
ND°©
214

*Reaction conditions: Aryl ketone 1 mmol, alcohol 1.2 mmol, LiOH 0.25 mmol, palladacycle-5b 1x10
mmol, P(2-Fur); 2x102 mmol, "reactions were performed at 100 °C for 24 h and 2 mmol alcohol was
used, ‘reactions were performed using palladacycle-5a for 12 h, %reactions were performed using

palladacycle-5b for 12 h, *3 mmol alcohol was used.

In addition, we also explored this methodology to substrates like aliphatic alcohols or
methylene ketones at slightly higher temperature. Aliphatic alcohols such as 1-
butanol, ethanol, 2-phenyl ethanol, and 1-octanol could be used as electrophilic
partner for obtaining the corresponding ketones (Table 5.3, entries 19-22). The

alkylation of cyclic or methylene ketones such as 1-tetralone, 5,6-dimethoxy-1-
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indanone or propiophenone, resulted in the corresponding alkylated products in good
to excellent isolated yields (Table 5.3, entries 23-26). Good to excellent yields were
also achieved in the case of heteroaryl ketones or heteroaryl alcohols as coupling
partners at relatively mild conditions (Table 5.3, entries 27, 28 and 29). While, it has
been a challenge to alkylate non-activated methylene ketones with less reactive
aliphatic alcohols, in our case, the alkylation of methylene ketones with aliphatic
alcohols were carried at moderate temperatures (Table 5.3, entry 30). To increase the
adaptability of our catalytic system, we applied our strategy toestrone and trans-
dehydroandrosterone.The reaction of estrone with benzyl alcohol and trans-
dehydroandrosterone with p-methylbenzyl alcohol proceeded smoothly to the
corresponding alkylated products in 78% and 76% vyields, respectively (Table 5.3,
entries 31 and 32). It should be noted that selective mono benzylation of trans-
dehydroandrosterone was achieved without isomerisation under the optimized
reaction conditions. It is worth mentioning that our protocol offers the a-alkylation of
S-pregnenolone, estrone and trans-dehydroandrosterone without the use of any

protection and de-protection of other functional groups.*?

Table 5.3: Scope of the a-alkylation of aryl (or) heteroaryl ketones using aryl (or)

hetero aryl alcohols?

0 1 mol% Palladacycle 5b 0O
)K/ R, + o~ 2 mol% PQ-Fur); R,
R, R OH 25 mol% LiOH Ry
100-120°C, 24 - 48 h R

Solvent free
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MeO
0O
O O 0

o/ b 22,81 %"
19,85 % 20, 74 % P& 21,89 %P 549, ¢
69 %"
0 0
o ()
O‘ O MeO ’
MeO 0
23,96 %" 24,91 %" 25,92 %" 26, 86 % ¢
0
0 O =
S ( O ¢ |
\ | o) ~" 0 N
o} O O
27,81 %" 28,79 %P 29,81 %" 30,72 % %

i1 N
31,78 % P8 32,76 %8

“Reaction conditions: Aryl ketone 1 mmol, alcohol 2 mmol, LiOH 0.25 mmol, palladacycle-5b 1x107
mmol, P(2-Fur); 2x102 mmol, “reactions were performed at 100 °C for 24 h, “reactions were performed
at 120 °C for 24, “reactions were performed at 120 °C for 48 h and 2 mol% palladacycle-5b, 25 mol%
LiO'Bu were used, °reactions were performed using palladacycle-5a for 12 h, 'reactions were

performed using palladacycle-5b for 12 h, %alcohol 3 mmol was used.

Another important biologically active molecule is donepezil which is used in
the treatment of Alzheimer’s disease.'” Using palladacycle-5b, we were able to
synthesize donepezil starting from N-benzyl-4-piperidinemethanol and 5,6-
dimethoxy indanone in moderate yield (46%, Scheme 5.1), which is marginally higher

than the yields reported by Glorius and co-workers

using Ru-based catalytic
system. We further tested the synthetic utility of the catalyst for the alkylation of 4-

piperidine methanol with benzyl alcohol to get N-benzyl-4-piperidinemethanol
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(Scheme 5.1). The yields were comparable or better than the yields reported by

Yamada and co-workers using Ir-based catalytic system.*®

O 2 mol% Palladacycle-Sb O
MeO o MeO
N 4 mol% PQ2-Fur);
MeO " 1O 25mol% LiOH MeO
¢ 100°C /48 h

1 mmol 3 mmol 33,46 % N C
Donepezil
1 mol% Palladacycle-5b

NH HO 2 mol% P(2-Fur); N
HO * 25 mol% LiOH HO
434mmol  13.02 mmol 20°C/24h 34,71 % (3.09 mmol, 0.63 g)

Scheme 5.1: Synthesis of donepezil and N-benzyl 4-piperidinemethanol

Quinolines are an important class of heterocyclic compounds used in the
design of pharmacologically active compounds that are used as anti-inflamatory, anti-
malarial, and anti-asthmatic drugs.’® They can be prepared by using conventional
Friedlander annulation reaction from 2-aminobenzaldehyde and ketones.?® However,
the low stability of 2-aminobenzaldehyde and self-condensation by-product limits the
use of this method. Modified Friedlanderquinoline synthesis using more stable 2-
aminobenzylacohol under hydrogen-borrowing conditions have been reported as a
versatile method.?! Using palladacycle-5b, with the optimized conditions for the a-
alkylation of ketones mentioned above, 2-aminobenzylalcohol were reacted with
acetophenoneto provide the corresponding qunoline in 89% yield (Table 5.4, entry
35). Good isolated yields were obtained when we used 4-methyl acetophenone and 4-
fluoro acetophenone (Table 5.4, entries 36 and 37). Propiophenone, butyrophenone,
and 1-tetralone were also reacted with 2-aminobenzylacohol to yield the

corresponding quinoline derivatives in 82%, 78%, and 91%, respectively (Table 5.4,
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entries 38, 39 and 40). Palladacycle-5b showed regio-selectivity towards the
formation of 2-propyl quinoline, when used 2-pentanone as a substrate (Table 5.4,

entry 41).

Table 5.4: Synthesis of quinolines using 2-aminobenzyl alcohol and ketones®

§) 1 mol% Palladacycle-5b

R
OH /LK/R 2 mol% PQ2-Fur); X2
+ R; 2 25 mol% LiOH N R
NH, 100 °C, 24 h 1

Solvent free

38,82 % 39,78 %
X
AN
~
N P
N
40,91 % 41, 68 %

®Reaction conditions: 2-Amino benzylalcohol 1 mmol, ketone 1.2 mmol, LiOH 0.25 mmol,

palldacycle-5b 1x10? mmol, and P(2-Fur); 2x10 mmol.

Further, we investigated the catalytic activity of the palladacycles-5a and 5b
by choosing 12 h reaction time at respective temperatures that are listed in Tables 5.2
(entries 1, 10, 14 and 18) and 5.3 (entry 22). Palladacycle-5b exhibited better yields
over palladacyle-5a. Notably, a remarkable difference was observed when ortho-

substituted acetophenone or ortho-benzyl alcohols were used as substrates and in such
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cases palladacycle-5a was almost unreactive or not efficient to produce the desired

products (Table 5.2, entries 10, 14, and 18).

0
| 1 mol% Palladacycle-5b
Q( . Q) 2 mol% P(2-Fur)s O O
I 25 mol% LiOH g
O

80°C/12h

1 1
mmo 1.2 mmol 95 %, 0.9 mmol

OH 1 mol% Palladacycle-5b
2 mol% P(2-Fur); O O
" 25 mol% LiOH ‘Y\/‘
o 80°C/12h O

1 mmol 1.2 mmol 80 %, 0.8 mmol

Scheme 5.2: Control experiments

It is of interest to understand the mechanism for the catalytic reaction. As
shown in scheme 5.3, we have proposed a plausible mechanism for the reaction based
on our experimental results and literature reports 2* for a-alkylation of ketones with
alcohols. Reaction of lithium alkoxide with in situ formed phosphine coordinated
palladium species (PPX) generated the palladium alkoxide species (PPX-BA) which
undergone B-hydride elimination to generate the Pd—H (PPX-H) intermediate and the
aldehyde. The in situ generated base catalyzed «,p-unsaturated carbonyl compound
access the Pd—H which upon reaction with alcohol releases the product. Control
experiments were performed to validate the proposed mechanism (Scheme 5.2).
Reaction of acetophenone with benzaldehyde under the optimized reaction conditions
resulted only a,B-unsaturated compound in 95% yield. Reaction of «, B-unsaturated
compound with benzyl alcohol in the presence of palladacycle-5b (1 mol%), P(2-
Fur)s (2 mol%), and LiOH (25 mol%) at 80 °C for 12 h resulted in 80% of the desired

product. These results support our proposed mechanism.
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O O L HOo = LiOAc
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\
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Scheme 5.3: Proposed catalytic pathway for a-alkylation of ketones using alcohols

To probe the high activity of palladacycle-5b over 5a for the a-alkylation of
ketones using alcohols, the mechanism of the catalytic reactions were investigated
using DFT methods (ESI). The free energy profiles for the reaction between
acetophenone and benzyl alcohol using both the palladacycles (5a and 5b)-phosphine
PP1 and PP2 were mapped. Optimized geometries of both these catalysts (Figure 5.2)
suggest that they have a planar geometry around Pd. In PP1, the distances Pd-P, Pd-
0, and Pd-N are 2.3, 2.11, and 2.15 A respectively. On the other hand, in PP2, Pd-P,
Pd-0, and Pd-N distances are 2.54, 2.06, and 2.18 A respectively. Palladacycles PP1
and PP2 have a free energy difference of 12.03 kcal/mol with PP1 being more stable
than PP2. The initial step in the catalytic reactivity is the reaction of LiOH with

benzyl alcohol (BA) giving lithium benzyloxide (Li-BA). The free energy change
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during the reactions was computed with respect to the reactants PP1 +Li-BA and PP2

+Li-BA respectively.

Figure 5.2: Optimized geometries of palladacycle-phosphine catalysts 5a (PP1 : left)

and 5b (PP2 : right). Phenyl & furyl H atoms not shown for clarity

80
60 ~—— Palladacycle 5a P.P«luT:\.'
40 ]
3 ) . Benzaldehyde
o . 3 )
£ 2 : ; \
8 : Acetophenone
'3-—; 0 PPI+LEBA _ | PPLAIG
=g (0.0) % PPI-TSI P oPrep (59 Li-BA
I (-10.8) H —
Lﬁ LY i 92 \\ Y
— —" A { b Fi %
g ~20 N AT —
e PPI-Intl ‘— LiOAc (-23.6) (-2338)
-30.7) PPIH PPL-BA +
—40 PP Int2 Li-Alko
2 :
~60 AL Po AN
) i
~80 -

Figure 5.3: Free energy profile for reaction between Li-BA with PP1

The free energy profile for the catalytic cycle of PP1 is given in Figure 5.3. In

the presence of base (LiOH), BA is converted to lithiated benzyl alcohol (Li-BA) with
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H,O as the side product. Li-BA then reacts with the catalyst PP1 to form an
intermediate PP1-Intl which has a free energy of -19.8 kcal/mol with respect to the
reactants. In complex PP1-Intl1, the Pd-O(Li-BA) and Li(Li-BA)-O(OAc) distances
are 4.14 and 1.84 A respectively. PP1-Int1 is converted to another complex PP1-Int2
that involves thetransfer of Li atom from Li-BA to the OAc groupalong with the
formation of a new bond between Pd and O atom of Li-BA through a transition state
PP1-TS1. Pd-O(Li-BA) and Li-O(OAc) distances in PP1-TS1 are 2.54 and 1.78 A
respectively. In PP1-Int2,the distances Pd-O(Li-BA) and Li-O(OAc) are 2.11 and
1.92 A respectively. Then lithium acetate (LiOAc)dissociates from catalyst PP1
resulting in the benzylated complex with PP1, PP1-BA. Pd-O(BA) distance in PP1-
BA is 2.06 A. PP1-BA has a free energy of -9.2 kcal/mol. PP1-BA is then converted
to complex PP1-H (with benzaldehydeas the intermediate)that involves the transfer of
H atom from benzyl CH;to Pd atom through a transition state PP1-TS2. PP1-TS2 has
a free energy of 51.1 kcal/mol. Pd—H(-CH, benzyl) distances in PP1-BA, PP1-TS2,
and PP1-H are 3.1, 2.93, and 1.59 A respectively. The intermediate benzaldehydethen
reacts with the reactant acetophenone to give the pre-product (Pre-P) with the
removal of H,O. Pre-P then reacts with PP1-H to form an alkoxide complex PP1-
Alko which has a free energy of -5.8 kcal/mol. PP1-Alko complex is formed by H
atom transfer from Pd atom to the double bond of Pre-P accompanied with the bond
formation between O atom of Prep-P and Pd atom. This is apparent from the Pd—H
bond distances that are 1.59 A in PP1-H and 5.1 A in PP1-Alko. Also, Pd-O(Pre-P)
distance in PP1-Alko is 2.1 A. In the final step, PP1-Alko reacts with Li-BA to form
lithiatedalkoxide, Li-Alkoand regenerates the active species PP1-BA for the next
cycle. The free energy change for the formation of Li-Alko and PP1-BA is -

23.8kcal/mol. Li-Alkothen reacts with H,O to give the final product of this reaction.
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Figure 5.4: Free energy profile for reaction between Li-BA with PP2

The free energy profile (Figure 5.4) was mapped for the same reaction using
palladacycle PP2 as catalyst. The first step is the formation of a complex PP2-Intl
where Li-BA comes close to Pd metal, with Pd-O(Li-BA) and Li- O(OAc) distances
being 3.5 and 1.9 A respectively. It has a free energy of -21.8 kcal/mol and is more
stable than the similar intermediate PP1-Intl by 2 kcal/mol. PP2-Intl is converted to
another complex PP2-Int2 through a transition state PP2-TS1 which has a barrier of
4.9 kcal/mol. The similar step was encountered in the case of the reaction catalyzed
by PP1 (PP1-TS1) with a barrier of 9 kcal/mol indicating that the reaction catalyzed
by catalyst PP2 would be more favorable than by catalyst PP1. Like PP1-TS1, this
transition state also corresponds to the transfer of Li atom from Li-BA to the leaving
group LIOAc and the formation of a new bond between Pd metal and O atom of Li-
BA. PP2-TS1 connects to PP2-Int2 on the other side with a free energy change of -

41.5 kcal/mol. PP2-Int2 is more stable than PP1-Int2 by 10.8 kcal/mol. The leaving
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group LiOAc then dissociates to give PP2-BA having a free energy change of -19.8
kcal/mol. PP2-BA is more stabilized than PP1-BA Dby 10.6 kcal/mol making the
reaction more favorable when catalyst PP2 is used. In the next step, PP2-BA is
converted to PP2-H via transition state PP2-TS2 which is 42.4 kcal/mol higher than
reactants. The products (PP2-H) for this step using PP2 are stabilized by 18.6
kcal/mol more than the products using PP1 (PP1-H). In the next step, PP2-H reacts
with Pre-P to form PP2-Alko as the product with free energy change of -16.2
kcal/mol. It is more stable than that of PP1-Alko by 10.4 kcal/mol. In the final step,
PP2-Alko reacts with Li-BA to regenerate PP2-BA (active species) and Li-Alkowith
a free energy change of -34.3 kcal/mol. Product obtained in this step is also more
stable than that obtained using catalyst PP1 by 10.5 kcal/mol. Li-Alkocan then react
with water to give the final product. In addition, another reaction path involving an
isomer of palladacycle2 with the phosphine ligand trans to pyrazole nitrogen (PP3)
was also studied. The free energy profile for this path was found to be similar to that
for PP1. Hence, this path was ruled out to account for the observed experimental
results.

The free energies of the important intermediates and transition states for the
reaction paths using palladcycles-5a and 5b are compared. Of interest is the
difference in free energies (AAG) of the concerned stationary points (k) along the path
for the two reactions i.e. AAG =AG(PP2)-AG«(PP1). We can see that overall
energies for reaction using PP2 are lower than that when using PP1 with the largest
stabilization of 18.6 kcal/mol for PP2-H compared to that of PP1-H. In addition, the
overall barrier for the reaction using PP2 (2TS2 vs 1TS2) is lowered by ~ 9 kcal/mol
compared that when using PP1. These findings indicate that reaction using PP2 is

expected to be favorable than PP1 consistent with the experiments.

161 |



CHAPTER-V

5.3 Conclusion

In summary, we successfully studied applications of palladacycles 5a and 5b
as catalysts for the o-alkylation of ketones using alcohols under solvent free
conditions. Experimental studies reveal that palladacycle-5b is more active than
palladacycle-5a. Comparison of the energy profiles for reactions involving
palladacycles-5a and 5b using DFT methodsreveal that the reactions proceed through
similar pathways. However, the intermediates and transition states are more stabilized
for the reaction involving 5b. In addition, the overall free energy barrier for the
reaction using palladacycle-5b is stabilized by ~ 9 kcal/mol compared to palladacycle-
5b. Hence, palldacycle-5b is expected to be more favorable than palldacycle-5a
which is consistent with experimental results. Our catalytic system broadens the scope
of the hydrogen borrowing catalysis in alkylation reaction. Furthermore, we were able
to exploit this catalytic system for the synthesis of biologically active and important

molecule donepezil.

5.4 Experimental section:

5.4.1 General information

All chemicals were used as received from commercially available sources. NMR
spectra were recorded on Bruker ARX 400 spectrometer at room temperature. *H (400
MHz) and *3C (100 MHz) NMR chemical shifts in ppm were referenced internally to
its proton resonance of incomplete deuterated solvent signals. *>F NMR spectra were
externally reference to a,a,o-trifluorotoluene in CDCl; (6 = -63.73 ppm). Electron
spray ionization mass spectra were recorded on a Bruker microTOF-QII spectrometry.

IR spectra were recorded with Perkin Elmer instrument. Single-crystal X-ray
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diffraction data were collected at 296 K using, Mo-Ka radiation (0.71073 A).
Crystallographic data for the palladacyclel&2 and compound 30 and details of X-ray
diffraction experiments and crystal structure refinements are given in Table S1.
SADABS absorption corrections were applied in both cases. The structures were
solved and refined with SHELX suite of programs. All non-hydrogen atoms were
refined with anisotropic displacement coefficients. The H atoms were placed at

calculated positions and were refined as riding atoms.

5.4.2 General procedure for a-alkylation of ketones using alcohols

An oven dried Schlenk tube was charged with palladacycle 5b or 5a (1x10? mmol to
2x102 mmol), P(2-Fur)s (2x10% mmol to 4x10Z mmol). Under inert atmosphere LiOH
(0.25 mmol), ketone (1.0 mmol), alcohol (1.2 mmol to 2.0 mmol) were added to the
reaction mixture and the system was purged with nitrogen gas for 10 minutes. Then
the Schlenk tube was closed with PTFE stopper and the reaction mixture was stirred
at 80-130 °C for 24-48 h. The reaction mixture was cooled to room temperature,
diluted and washed with dichloromethane (3x5 mL), and concentrated under vacuum.
The crude mixture was subjected to column chromatography on silica gel using ethyl

acetate and n-hexanes mixtures to afford the a-alkylated product in high purity.

5.4.3 General procedure for the synthesis of quinolines

An oven dried Schlenk tube was charged with palladacycle-5b (1x10 mmol), P(2-
Fur)s (2x10 mmol). Under inert atmosphere, LiOH (0.25 mmol), ketone (1.2 mmol),
2-aminobenzyl alcohol (1.0 mmol) were added to the reaction mixture and the system
was purged with nitrogen gas for 10 minutes. Then the Schlenk tube was closed with

PTFE stopper and the reaction mixture was stirred at 100 °C for 24 h. The reaction

163 |



| CHAPTER-V

mixture was cooled to room temperature, diluted and washed with dichloromethane
(3x5 mL), and concentrated under vacuum. The crude product was subjected to
column chromatography on silica gel using ethyl acetate and n-hexanes mixtures to

afford the corresponding quinoline derivative products in high purity.

5.4.4 Analytical data for a-alkylated products

1,3-diphenylpropan-1-one (Table 5.2, entry 1) %: Prepared from acetophenone (0.12
g, 1.0mmol) and benzyl alcohol (0.13 g, 1.2 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.21 g, 0.9 mmol,
98%). Mp = 72-73 °C. *H NMR (400 MHz, CDCls): § =7.99 (d, J = 7.1 Hz, 2H), 7.57
(t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 2H), 7.35-7.22 (m, 5H), 3.33 (t, J = 7.7 Hz,
2H), 3.10 (t, J = 7.7 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & = 199.3, 141.4,
136.9, 133.1, 128.7, 128.6, 128.5, 128.1, 126.2, 40.5, 30.2 ppm. HRMS (ESI): calcd.

for C1sH14ONa ([M+Na]"): 233.0937, found: 233.0942.

3-phenyl-1-(p-tolyl)propan-1-one (Table 5.2, entry 2) **: Prepared from 4-methyl
acetophenone (0.13 g, 1.0 mmol) and benzyl alcohol (0.13 g, 1.2 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.21 g, 0.9 mmol, 94%). Mp = 68-69 °C. 'H NMR (400 MHz, CDCls): § = 7.89 (d, J
= 8.2 Hz, 2H), 7.34-7.21 (m, 7H), 3.29 (t, J = 7.5 Hz, 2H), 3.08 (t, J = 7.5 Hz, 2H),
2.42 (s, 3H) ppm. *C NMR (100 MHz, CDCl): 8 = 198.9, 143.9, 141.5, 134.5,
129.4, 128.6, 128.5, 128.3, 126.2, 40.4, 30.3, 21.7 ppm. HRMS (ESI): calcd. for

Ci6H160 ([M+H]"): 225.1274, found: 225.1281.
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1-(4-methoxyphenyl)-3-phenylpropan-1-one (Table 5.2, entry 3) #: Prepared from
4'-methoxy acetophenone (0.15 g, 1.0 mmol) and benzyl alcohol (0.13 g, 1.2 mmol).
After purification by column chromatography, the compound was isolated as a white
solid (0.22 g, 0.9 mmol, 92%), Mp = 96-97 °C. 'H NMR (400 MHz, CDCly): & = 7.96
(d, 3 =8.9 Hz, 2H), 7.33-7.20 (m, 5H), 6.93 (d, J = 8.9 Hz, 2H), 3.86 (s, 3H), 3.26 {t,
J = 7.8 Hz, 2H), 3.07 (t, J = 7.7 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & =
197.9, 163.5, 141.5, 130.4, 130.0, 128.6, 128.5, 126.1, 113.8, 55.5, 40.2, 30.4 ppm.

HRMS (ESI): calcd. for CeH150, ([M+H]"): 241.1223, found: 241.1233.

1-(4-ethylphenyl)-3-phenylpropan-1-one (Table 5.2, entry 4) ?*: Prepared from 4-
ethyl acetophenone (0.15 g, 1.0mmol) and benzyl alcohol (0.13 g, 1.2 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.22 g, 0.9 mmol, 94%), Mp = 65-66 °C. *H NMR (400 MHz, CDCly): & =7.93 (d, J
= 8 Hz, 2H), 7.31-7.22 (m, 7H), 3.31 (t, J = 8 Hz, 2H), 3.10 (t, J = 8 Hz, 2H), 2.73 (q,
J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H) ppm. **C NMR (100 MHz, CDCly): & =
198.9, 150.0, 1415, 134.7, 128.6, 128.5, 128.3, 128.2, 126.2, 40.4, 30.3, 28.9,

15.3ppm.HRMS (ESI): calcd. for C;7H130 ([M+H]"): 239.1430, found: 239.1442.

1-(naphthalen-1-yl)-3-phenylpropan-1-one (Table 5.2, entry 5) %: Prepared from 1-
acetonaphthone (0.17 g. 1.0 mmol) and benzyl alcohol (0.13 g, 1.2 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.21 g, 0.8 mmol, 82%), Mp = 54-55 °C. 'H NMR (400 MHz, CDCl): & = 8.47 (s,
1H), 8.05 (d, J = 8.6 Hz, 1H), 7.95-7.87 (m, 3H), 7.62—7.53 (m, 2H), 7.33 (dd, J =
11.3, 4.8 Hz, 4H), 7.25-7.20 (m, 1H), 3.45 (t, J = 7.6 Hz, 2H), 3.15 (t, J = 7.6 Hz,

2H) ppm. *C NMR (100 MHz, CDCly): & = 199.3, 141.5, 135.7, 134.3, 132.7, 129.8,
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129.7, 128.7, 128.6, 127.9, 126.9, 126.3, 123.9, 40.7, 30.4 ppm. HRMS (ESI): calcd.

for C1oH160 ([M+H]"): 261.1274, found: 261.1277.

3-(naphthalen-2-yl)-1-(p-tolyl)propan-1-one (Table 5.2, entry 6) *: Prepared from
4'-methyl acetophenone (0.13 g. 1.0 mmol) and 2-naphthalenemethanol (0.19 g, 1.2
mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.26 g, 0.9 mmol, 96%), Mp = 90-91 °C. *H NMR (400 MHz, CDCly):
8= 8.06 (d, J = 8.1 Hz, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.74 (t, J = 4 Hz, 1H), 7.55—
7.47 (m, 2H), 7.41 (d, J = 4.1 Hz, 2H), 7.25-7.23 (m, 3H), 3.53(t, J = 8 Hz, 2H), 3.40
(d, J = 8 Hz, 2H), 2.40 (s, 3H) ppm. *C NMR (100 MHz, CDCls): § = 199.1, 144.0,
137.6, 134.5, 134.1, 131.8, 129.4, 129.1, 128.3, 127.1, 126.3, 126.2, 125.8, 125.7,
123.7, 39.8, 27.4, 21.8 ppm. HRMS (ESI): calcd. for CyH1g0 ([M+H]"): 275.1430,

found: 275.1426.

3-(4-fluorophenyl)-1-(p-tolyl)propan-1-one (Table 5.2, entry 7) %: Prepared from 4
methyl acetophenone (0.13 g. 1.0mmol) and 4-fluoro benzylalcohol (0.15 g, 1.2
mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.21 g, 0.8 mmol, 86%), Mp = 67-68 °C. *H NMR (400 MHz, CDCly):
8 =7.85(d, J = 8.2 Hz, 2H), 7.26-7.18 (m, 4H), 6.97 (t, J = 8.7 Hz, 2H), 3.25 (d, J =
7.6 Hz, 2H), 3.04 (t, J = 7.6 Hz, 2H), 2.41 (s, 3H) ppm. *C NMR (100 MHz, CDCly):
8 = 198.84, 161.53 (d, J = 243.7 Hz), 144.07, 137.13 (d, J = 3.2 Hz), 134.49, 129.96
(d, J = 7.8 Hz), 129.44, 128.29, 115.36 (d, J = 21.1 Hz), 40.45, 29.50, 21.77 ppm. *°F
NMR (376 MHz, CDCl3): 6 = -118.33 ppm. HRMS (ESI): calcd. for CigHisFO

([M+H]"): 243.1180, found: 243.1171.
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1-(benzo[d][1,3]dioxol-5-yl)-3-(4-(trifluoromethyl)phenyl)propan-1-one (Table 5.2,
entry 8) *': Prepared from 3',4'-methylenedioxy acetophenone (0.16 g. 1.0mmol) and
4-trifluoro benzylalcohol (0.21 g, 1.2 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.29 g, 0.9 mmol,
92%), Mp = 62-63 °C. *H NMR (400 MHz, CDCly): & = 7.54 (d, J = 8.2 Hz, 3H),
7.43 (d, J = 1.7 Hz, 1H), 7.35 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 8.2 Hz, 1H), 6.03 (s,
2H), 3.24 (t, J = 7.7 Hz, 2H), 3.11 (t, J = 7.4 Hz, 2H) ppm. *C NMR (100 MHz,
CDCl): 6 = 196.7, 152.0, 148.4, 145.6, 131.7, 129.5, 128.9, 128.6 (d, J = 32.3 Hz),
1255 (q, J = 3.8 Hz), 124.4, 123.1, 108.0 (d, J = 8.0 Hz), 102.0, 39.7, 30.1 ppm. *F
NMR (376 MHz, CDCls): 6 = -63.34 ppm. HRMS (ESI): calcd. for Ci7H13F303

([M+H]"): 323.0890, found: 323.0897.

1-(naphthalen-2-y1)-3-(p-tolyl)propan-1-one (Table 5.2, entry 9) **: Prepared from 2-
acetylnaphthalene (0.17 g. 1.0 mmol) and 4-methyl benzylalcohol (0.15 g, 1.2 mmol).
After purification by column chromatography, the compound was isolated as a white
solid (0.24 g, 0.8 mmol, 87%), Mp = 108-109 °C. *H NMR (400 MHz, CDCly): § =
8.46 (s, 1H), 8.05 (d, J = 8.6 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H),7.88 (t, J = 7.6 Hz,
2H), 7.62 -7.53 (m, 2H), 7.17 (dd, J = 23.5, 7.8 Hz, 4H), 3.43(t, J = 7.6 Hz, 2H), 3.10
(t, J = 7.7 Hz, 2H), 2.34 (s, 3H) ppm. *C NMR (100 MHz, CDCls): & = 199.4, 138.4,
135.8, 135.7, 134.4, 132.7, 129.8, 129.7, 129.4, 128.6, 128.6, 128.5, 127.9, 126.9,
124.0, 40.9, 30.0, 21.2 ppm. HRMS (ESI): calcd. for CyHisONa ([M+Na]"):

297.1250, found: 297.1255.

1-(4-methoxyphenyl)-3-(o-tolyl)propan-1-one (Table 5.2, entry 10) ?": Prepared from

4'-methoxy acetophenone (0.15 g, 1.0 mmol) and 2-methyl benzylalcohol (0.15 g, 1.2
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mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.24 g, 0.9 mmol, 94%), Mp = 82-83 °C. *H NMR (400 MHz, CDCly):
§=17.96 (d, J = 8.8 Hz, 2H), 7.21-7.12 (m, 4H), 6.94 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H),
3.21 (t, J = 7.6 Hz, 2H), 3.05 (t, J = 7.6 Hz, 2H), 2.36 (s, 3H) ppm. *C NMR (100
MHz, CDCl;): 6 = 198.1, 163.6, 139.7, 136.1, 130.4, 130.4, 130.1, 128.8, 126.4,
126.3, 113.9, 55.6, 38.9, 27.8, 19.5 ppm. HRMS (ESI): calcd. for C17H130, ([M+H]"):

255.1380, found: 255.1393.

1, 5-diphenylpentan-3-one (Table 5.2, entry 11) %: Prepared from acetone (58 mg,
1.0 mmol) and benzylalcohol (0.32 g, 3.0mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.22 g, 0.9 mmol,
91%). *H NMR (400 MHz, CDCls): & = 7.32-7.27 (m, 4H), 7.24-7.14 (m, 6H), 2.91
(t, J = 7.6 Hz, 4H), 2.73 (t, J = 7.6 Hz, 4H) ppm. *C NMR (100 MHz, CDCls): =
209.3, 141.1, 128.6, 128.4, 126.2, 44.6, 29.8 ppm. HRMS (ESI): calcd. for C;7H150

([M+H]"): 239.1430, found: 239.1431.

1-phenylhexan-3-one (Table 5.2, entry 12) %: Prepared from 2-pentanone (86 mg,
1.0 mmol) and benzylalcohol (0.13 g, 1.2 mmol). After purification by column
chromatography, the compound was isolated as colourless liquid (0.13 g, 0.7 mmol,
72%). *H NMR (400 MHz, CDCls): 6 = 7.28 (d, J = 7.5 Hz, 2H), 7.20 (t, J = 6.4 Hz,
3H), 2.91 (t, J = 7.6 Hz, 2H), 2.73 (t, J = 7.7 Hz, 2H), 2.38 (t, J = 7.3 Hz, 2H), 1.60
(dd, J = 14.8, 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H) ppm. *C NMR (100 MHz,
CDClLy): & = 210.4, 141.3, 128.6, 128.4, 126.2, 45.1, 44.4, 29.9, 17.4, 13.8 ppm.

HRMS (ESI): calcd. for C1,HisONa ([M+Na]"): 199.1093, found: 199.1092.
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1-(4-methoxyphenyl)-4-phenylbutan-2-one (Table 5.2, entry 13) ?°: Prepared from 4-
methoxyphenylacetone (0.16 g, 1.0 mmol) and benzylalcohol (0.13 g, 1.2 mmol).
After purification by column chromatography, the compound was isolated as white
solid (0.17 g, 0.7 mmol, 68%), Mp = 66-67 °C. *H NMR (400 MHz, CDCls): & = 7.26
(t, J = 7.3 Hz, 2H), 7.18 (t, J = 7.3 Hz, 1H), 7.13 (d, J = 6.9 Hz, 2H), 7.08 (d, J = 8.6
Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 3.80 (s, 3H), 3.60 (s, 2H), 2.87 (t, J = 7.4 Hz, 2H),
2.76 (t, J = 7.3 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): § = 208.0, 158.8, 141.1,
130.5, 128.6, 128.5, 126.2, 114.3, 55.4, 49.6, 43.4, 29.9 ppm. HRMS (ESI): calcd. for

C17H150; ([M+HT"): 255.1380, found: 255.1391.

3-(2-methoxyphenyl)-1-(4-methoxyphenyl)propan-1-one (Table 5.2, entry 14) *:
Prepared from 4'-methoxy acetophenone (0.15 g, 1.0 mmol) and 2-methoxy
benzylalcohol (0.27 g, 2.0mmol). After purification by column chromatography, the
compound was isolated as a colourless liquid (0.25 g, 0.9 mmol, 91%). *H NMR (400
MHz, CDCly): & = 7.97 (d, J = 8.8 Hz, 2H), 7.21 (t, J = 6.4 Hz, 2H), 6.96-6.83 (m,
4H), 3.86 (s, 3H), 3.84 (s, 3H), 3.21 (d, J = 7.6 Hz, 2H), 3.04 (d, J = 7.7 Hz, 2H) ppm.
¥C NMR (100 MHz, CDCl3): 6 = 198.7, 163.4, 157.6, 130.5, 130.3, 130.2, 129.8,
127.6, 120.7, 113.8, 110.4, 55.6, 55.3, 38.8, 26.1 ppm. HRMS (ESI): calcd. for

C17H150s ([M+H]"): 271.1329, found: 271.1339.

3-([1,1"-biphenyl]-2-yl)-1-(4-fluorophenyl)propan-1-one (Table 5.2, entry 15) *::
Prepared from 4'-fluoro acetophenone (0.14 g, 1.0mmol) and 2-biphenylmethanol
(0.22 g, 1.2 mmol). After purification by column chromatography, the compound was
isolated as a pale yellow liquid (0.25 g, 0.8 mmol, 82%). 'H NMR (400 MHz,

CDCly): 8 = 7.71 (dd, J = 8.7, 5.4 Hz, 2H), 7.46-7.25 (m, 9H), 7.03 (t, J = 8.6 Hz,
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2H), 3.07-3.04 (m, 2H), 3.00-2.96 (m, 2H) ppm. *C NMR (100 MHz, CDCL): § =
197.9, 165.8 (d, J = 254.6 Hz), 141.9 (d, J = 34.1 Hz), 138.7, 138.5, 133.1, 130.8 (d, J
= 9.3 Hz), 130.4, 129.6, 129.3, 128.7, 128.5, 128.2, 127.9, 127.2, 126.4, 115.7 (d, J =
21.8 Hz), 40.3, 28.6 ppm. *°F NMR (376 MHz, CDCL): & = -106.40 ppm. HRMS

(ESI): calcd. for CoHi7FO ([M+H]"): 305.1336, found: 305.1352.

3-(2-fluorophenyl)-1-phenylpropan-1-one (Table 5.2, entry 16) *!: Prepared from
acetophenone (0.12 g, 1.0mmol) and 2-fluoro benzyl alcohol (0.25 g, 2.0mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.15 g, 0.6 mmol, 64%). *H NMR (400 MHz, CDCls): & = 7.97 (d, J = 8.4 Hz,
2H), 7.56 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.28 (d, J = 6.7 Hz, 1H), 7.23-
7.00 (m, 3H), 3.32 (t, J = 7.6 Hz, 2H), 3.10 (t, J = 7.8 Hz, 2H) ppm. *C NMR (100
MHz, CDCly): & = 199.1, 161.4 (d, J = 244.9 Hz), 141.4, 136.9, 133.2, 131.0 (d, J =
5.0 Hz), 128.7, 128.2,126.3, 124.2 (d, J = 3.5 Hz), 115.4 (d, J = 21.9 Hz), 38.9,
24.1ppm. °F NMR (376 MHz, CDCly): & = -119.40. HRMS (ESI): calcd. for

CisH1sFO ([M+HT"): 229.1023, found: 229.1018.

1-((8S,9S,10R,13S,14S,17S)-3-hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-
17-y1)-3-(p-tolyl)propan-1-one (Table 5.2, entry 17) *: Prepared from -
pregnenolone (0.32 g, 1.0 mmol) and 4-methyl benzyl alcohol (0.37 g, 3.0mmol).
After purification by column chromatography, the compound was isolated as a white
solid (0.33 g, 0.8 mmol, 78%), Mp = 116-117 °C. *H NMR (400 MHz, CDCls): & =
7.10-7.05 (m, 4H), 5.34 (d, J = 5.1 Hz, 1H), 3.58-3.46 (m, 1H), 2.85 (t, J = 7.7 Hz,

2H), 2.70-2.64 (m, 2H), 2.49 (t, J = 8.9 Hz, 1H), 2.31 (s, 3H), 2.24-2.15 (m, 2H),
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2.04-1.93 (m, 2H), 1.84 (d, J = 9.8 Hz, 2H), 1.69-1.36 (m, 11H), 1.27-1.07 (m, 3H),
1.00 (s, 3H), 0.59 (s, 3H) ppm. *C NMR (100 MHz, CDCls): § = 210.8, 140.9, 138.5,
135.6, 129.2, 128.4, 121.5, 71.8, 63.2, 57.1, 50.1, 46.3, 44.4, 42.4, 39.1, 37.4, 36.6,
32.0, 31.9, 31.7, 29.5, 24.7, 23.1, 21.2, 21.1, 19.5, 13.5 ppm. HRMS (ESI): calcd. for

CasHaoO2Na ([M+Na]"): 443.2921, found: 443.2926.

3-phenyl-1-(o-tolyl)propan-1-one (Table 5.2, entry 18) ?*: Prepared from 2'-methyl
acetophenone (0.13 g, 1.0 mmol) and benzylalcohol (0.22 g, 2.0mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.16 g, 0.7 mmol, 72%). *H NMR (400 MHz, CDCls): & = 7.62 (d, J = 8.8 Hz,
1H), 7.38 (t, J = 8.0 Hz, 1H), 7.33-7.21 (m, 7H), 3.25 (t, J = 7.6 Hz, 2H), 3.07 (t, J =
7.6 Hz, 2H), 2.50 (s, 3H) ppm. *C NMR (100 MHz, CDCly): & = 203.5, 141.3, 138.2,
138.0, 132.1, 131.3, 128.6, 128.5, 128.5, 126.2, 125.8, 43.3, 30.4, 21.4 ppm. HRMS

(ESI): calcd. for C1sH160 ([M+H]"): 225.1274, found: 225.1267.

1-(4-methoxyphenyl)hexan-1-one (Table 5.3, entry 19) **: Prepared from 4'-methoxy
acetophenone (0.15 g, 1.0mmol) and 1-butanol (0.15 g, 2.0mmol). After purification
by column chromatography, the compound was isolated as a white solid (0.17 g, 0.8
mmol, 85%). Mp = 39-40 °C. *H NMR (400 MHz, CDCl): § = 7.93 (d, J = 8.9 Hz,
2H), 6.92 (d, J = 8.9 Hz, 2H), 3.85 (s, 3H), 2.93-2.85 (m, 2H), 1.74-1.68 (m, 2H),
1.41-1.31 (m, 4H), 0.90 (s, 3H) ppm. *C NMR (100 MHz, CDCly): & = 199.4, 163.4,
130.4, 130.3, 113.8, 55.6, 38.4, 31.7, 24.5, 22.7, 14.1 ppm. HRMS (ESI): calcd. for

Ci1sH1502 ([M+H]"): 207.1380, found: 207.1386.
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1-(4-methoxyphenyl)butan-1-one (Table 5.3, entry 20) *?: Prepared from 4'-methoxy
acetophenone (0.15 g, 1.0mmol) and ethanol (0.14 g, 3.0mmol). After purification by
column chromatography, the compound was isolated as a colourless liquid (0.13 g,
0.7 mmol, 74%). *H NMR (400 MHz, CDCly): & = 7.94 (d, J = 8.9 Hz, 2H), 6.92 (d, J
= 8.9 Hz, 2H), 3.86 (s, 3H), 2.89 (t, J = 7.3 Hz, 2H), 1.80-1.71 (m, 2H), 0.99 (t, J =
7.4 Hz, 3H) ppm. *C NMR (100 MHz, CDCly): § = 199.2, 163.4, 130.4, 130.4, 113.8,
55.6, 40.3, 18.1, 14.1ppm. HRMS (ESI): calcd. for Ci1H140, ([M+H]"): 179.1067,

found: 179.1075.

1-(4-methoxyphenyl)-4-phenylbutan-1-one (Table 5.3, entry 21) **: Prepared from
4'-methoxy acetophenone (0.15 g, 1.0mmol) and 2-phenyl ethanol (0.24 g, 2.0mmol).
After purification by column chromatography, the compound was isolated as a white
solid (0.23 g, 0.9 mmol, 89%), Mp = 57-58 °C.'H NMR (400 MHz, CDCls): & = 7.92
(d, J = 8.9 Hz, 2H), 7.32-7.29 (m, 2H), 7.23-7.19 (m, 3H), 6.93 (d, J = 8.9 Hz, 2H),
3.86 (s, 3H), 2.94 (t, J = 7.3 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 2.13-2.05 (m, 2H)
ppm. *C NMR (100 MHz, CDCl;): & = 198.7, 163.4, 141.8, 130.3, 130.2, 128.6,
128.4, 125.9, 113.7, 55.5, 37.4, 35.3, 26.0 ppm. HRMS (ESI): calcd. for Ci7H:50;

([M+HT"): 255.1380, found: 255.1387.

1-(4-methoxyphenyl)decan-1-one (Table 5.3, entry 22) **: Prepared from 4'-methoxy
acetophenone (0.15 g, 1.0mmol) and 1-octanol (0.26 g, 2.0mmol). After purification
by column chromatography, the compound was isolated as a white solid (0.21 g, 0.8
mmol, 81%), Mp = 46-47 °C. *H NMR (400 MHz, CDCly): § = 7.94-7.91 (m, 2H),
6.93-6.89 (m, 2H), 3.85 (s, 3H), 2.88 (dd, J = 12.2, 7.7 Hz, 2H), 1.69 (dd, J = 12.9,

6.0 Hz, 2H), 1.33-1.25 (m, 12H), 0.87 (t, J = 5.6 Hz, 3H) ppm. *C NMR (100 MHz,
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CDCl3): 6 =199.3, 163.4, 130.4, 130.3, 113.7, 55.5, 38.4, 32.0, 29.6, 29.6, 29.5, 29.4,
24.7, 22.8, 14.2 ppm. HRMS (ESI): calcd. for C17H260, ([M+H]"): 263.2006, found:

263.2008.

2-benzyl-3,4-dihydronaphthalen-1(2H)-one (Table 5.3, entry 23) %*: Prepared from
1-tetralone (0.15 g, 1.0 mmol) and benzyl alcohol (0.22 g, 2.0mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.23 g, 0.9 mmol, 96%). *H NMR (400 MHz, CDCls): § = 8.08 (d, J = 7.7 Hz,
1H), 7.47 (t, J = 8.1 Hz, 1H), 7.34-7.30 (m, 3H), 7.25-7.22 (m, 4H), 3.50 (dd, J =
13.6, 3.9 Hz, 1H), 2.96-2.92 (m, 2H), 2.78-2.72 (m, 1H), 2.66 (dd, J = 13.6, 9.6 Hz,
1H), 2.14-2.10 (m, 1H), 1.85-1.75 (m, 1H) ppm. *C NMR (100 MHz, CDCl): & =
199.5, 144.2, 140.2, 133.4, 129.4, 128.8, 128.5, 127.7, 126.8, 126.3, 49.6, 35.8, 28.8,

27.8 ppm. HRMS (ESI): calcd. for C17H360 ([M+H]"): 237.1274, found: 237.1276.

2-(4-methylbenzyl)-3,4-dihydronaphthalen-1(2H)-one (Table 5.3, entry 24) 3.
Prepared from 1-tetralone (0.15 g, 1.0 mmol) and 4-methylbenzyl alcohol (0.24 g,
2.0mmol). After purification by column chromatography, the compound was isolated
as a colourless liquid (0.23 g, 0.9 mmol, 91%). *H NMR (400 MHz, CDCls): 5 = 8.07
(d, J = 7.1 Hz, 1H), 7.46 (t, J = 6.8 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 7.22 (d, J = 7.6
Hz, 1H), 7.12 (s, 4H), 3.45 (dd, J = 13.7, 4.0 Hz, 1H), 2.93 (m, 2H), 2.75-2.70 (m,
1H), 2.61 (dd, J = 13.7, 9.6 Hz, 1H), 2.33 (s, 3H), 2.15-2.08 (m, 1H), 1.81-1.78 (m,
1H) ppm. C NMR (100 MHz, CDCly): & = 199.5, 144.2, 140.2, 133.4, 129.4, 128.8,
128.5, 127.7, 126.8, 126.3, 49.6, 35.8, 28.8, 27.8 ppm. HRMS (ESI): calcd. for

Ci1sH150 ([M+H]"): 251.1430, found: 251.1420.
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2-benzyl-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one (Table 5.3, entry 25) *:
Prepared from 5,6-dimethoxy indanone (0.19 g, 1.0mmol) and benzyl alcohol (0.22
g, 2.0mmol). After purification by column chromatography, the compound was
isolated as a white solid (0.26 g, 0.9 mmol, 92%), Mp = 128-129 °C. *H NMR (400
MHz, CDCly): & = 7.30-7.19 (m, 6H), 6.80 (s, 1H), 3.92 (s, 3H), 3.90 (s, 3H), 3.36
(dd, J = 13.9, 3.6 Hz, 1H), 3.08-2.97 (m, 2H), 2.75 (d, J = 16.6 Hz, 1H), 2.63 (dd, J =
13.8, 10.3 Hz, 1H) ppm. *C NMR (100 MHz, CDCly): & = 206.6, 155.7, 149.5, 149.0,
139.9, 129.3, 129.0, 128.6, 126.4, 107.5, 104.5, 56.3, 56.2, 49.2, 37.4, 32.0 ppm.

HRMS (ESI): calcd. for C1gH1g0sNa ([M+Na]"): 305.1148, found: 305.1158.

2-methyl-1,3-diphenylpropan-1-one (Table 5.3, entry 26) %*: Prepared from
propiophenone (0.13 g, 1.0 mmol) and benzyl alcohol (0.22 g, 2.0mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.19 g, 0.8 mmol, 86%). *H NMR (400 MHz, CDCls): & = 7.94 (d, J = 8.6 Hz,
2H), 7.55 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 7.30-7.18 (m, 5H), 3.81-3.73
(m, 1H), 3.19 (dd, J = 13.7, 6.3 Hz, 1H), 2.71 (dd, J = 13.7, 7.8 Hz, 1H), 1.22 (d, J =
6.9 Hz, 3H) ppm. *C NMR (100 MHz, CDCly): & = 203.8, 140.0, 136.5, 133.0, 129.2,
128.7, 128.5, 128.4, 126.3, 42.8, 39.5, 17.5 ppm. HRMS (ESI): calcd. for CisH160

([M+H]"): 225.1274, found: 225.1277.

3-phenyl-1-(thiophen-2-yl)propan-1-one (Table 5.3, entry 27) %: Prepared from 2-
acetylthiophene (0.13 g, 1.0 mmol) and benzyl alcohol (0.22 g, 2.0mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.17 g, 0.8 mmol, 81%). *H NMR (400 MHz, CDCl): & = 7.69 (d, J = 4.5 Hz,

1H), 7.62 (d, J = 4.9 Hz, 1H), 7.33-7.20 (m, 5H), 7.13-7.10 (m, 1H), 3.24 (t, J = 7.6
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Hz, 2H), 3.08 (t, J = 7.6 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & = 192.3,
144.3, 141.1, 133.7, 131.9, 128.7, 128.5, 128.2, 126.3, 41.2, 30.5 ppm. HRMS (ESI):

calcd. for C13H1,0S ([M+H]"): 217.0682, found: 217.0684.

1-(benzo[d][1,3]dioxol-5-yl)-3-(furan-2-yl)propan-1-one (Table 5.3, entry 28) *:
Prepared from 3,4-methylenedioxy acetophenone (0.16 g, 1.0 mmol) and 2-
furylmethanol (0.19 g, 2.0mmol). After purification by column chromatography, the
compound was isolated as a yellow solid (0.19 g, 0.8 mmol, 79%). Mp = 95-96 °C. 'H
NMR (400 MHz, CDCls): & = 7.57 (dd, J = 8.2, 1.6 Hz, 1H), 7.45 (d, J = 1.5 Hz, 1H),
7.30 (d, J = 1.3 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.28-6.27 (m, 1H), 6.04 (s, 3H),
3.25 (t, J = 7.6 Hz, 2H), 3.06 (t, J = 7.6 Hz, 2H) ppm. *C NMR (100 MHz, CDCls): &
= 196.9, 155.0, 151.9, 148.4, 141.2, 131.8, 124.4, 110.4, 108.0, 108.0, 105.4, 102.0,
36.8, 22.8 ppm. HRMS (ESI): calcd. for Ci4H12,04;Na([M+Na]"): 267.0628, found:

267.0632.

1-(benzo[d][1,3]dioxol-5-yl)-3-(pyridin-2-yl)propan-1-one (Table 5.3, entry 29) *¢:
Prepared from 3,4-methylenedioxy acetophenone (0.16 g, 1.0mmol) and 2-
pyridinemethanol (0.22 g, 2.0mmol). After purification by column chromatography,
the compound was isolated as a colourless liquid (0.21 g, 0.8 mmol, 81%). 'H NMR
(400 MHz, CDCls): & = 8.53 (d, J = 4.5 Hz, 1H), 7.74 (m, 1H), 7.61 (dd, J = 8.2, 1.7
Hz, 1H), 7.43 (m, 2H), 7.26-7.20 (m, 1H), 6.83 (d, J = 8.2 Hz, 1H), 6.03 (s, 2H), 3.52
(t, J = 7.1 Hz, 2H), 3.30 (t, J = 7.1 Hz, 2H) ppm. *C NMR (100 MHz, CDCl): =
197.2, 160.2, 152.0, 148.3, 147.4, 138.4, 131.7, 124.7, 124.6, 122.0, 108.0, 102.9,
37.8, 31.4 ppm. HRMS (ESI): calcd. for CisH1sNO3z ([M+H]): 256.0968, found:

256.0971.
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2-methyl-1-phenyldodecan-1-one (Table 5.3, entry 30) “: Prepared from
propiophenone (0.13 g, 1.0mmol) and 1-decanol (0.32 g, 2.0mmol). After purification
by column chromatography, the compound was isolated as a colourless liquid (0.20 g,
0.7 mmol, 72%). *H NMR (400 MHz, CDCly): 6 = 7.95 (d, J = 8.6 Hz, 2H), 7.55 (t, J
= 7.3 Hz, 1H), 7.46 (t, J = 7.5 Hz, 2H), 3.47 (m, 1H), 1.84-1.75 (m, 1H), 1.47-1.39
(m, 1H), 1.29 -1.24 (m, 16H), 1.19 (d, J = 6.8 Hz, 3H), 0.87 (t, J = 6.8 Hz, 3H) ppm.
3C NMR (100 MHz, CDCl3): 6 =204.7, 136.9, 132.9, 128.7, 128.4, 40.7, 33.9, 32.0,
29.9, 29.7, 29.6, 29.4, 27.5, 22.8, 17.3, 14.2 ppm. HRMS (ESI): calcd. for Ci9H300

([M+H]"): 275.2369, found: 275.2381.

(8R,9S,13S,14S)-16-benzyl-3-hydroxy-13-methyl-7,8,9,11,12,13,15,16-octahydro-

6H-cyclopenta[a]phenanthren-17(14H)-one (Table 5.3, entry 31) *': Prepared from
estrone (0.27 g, 1.0 mmol) and benzylalcohol (0.32 g, 3.0mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.28 g, 0.7
mmol, 78%),Mp = 231-232 °C. 'H NMR (400 MHz, DMSO) & = 8.99 (s, 1H), 7.28 (t,
J=7.3Hz, 2H), 7.20 (d, J = 7.4 Hz, 3H), 7.02 (d, J = 8.4 Hz, 1H), 6.50 (d, J = 8.5 Hz,
1H), 6.43 (s, 1H), 3.03 (dd, J = 13.4, 3.9 Hz, 1H), 2.70 (dd, J = 17.5, 10.9 Hz, 3H),
2.28 (d, J = 12.6 Hz, 1H), 2.11 (d, J = 9.2 Hz, 1H), 1.92-1.75 (m, 3H), 1.50-1.21 (m,
7H), 0.62 (s, 3H) ppm. *C NMR (100 MHz, DMSO): 5 = 155.4, 140.2, 137.5, 130.4,
129.4, 128.7, 126.5, 126.4, 115.4, 113.2, 50.8, 48.3, 48.3, 44.0, 37.8, 37.1, 32.1, 29.4,
27.7, 26.7, 25.9, 13.8 ppm. HRMS (ESI): calcd. for CysH30, ([M+H]"): 361.2162,

found: 361.2151.
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(8R,9S,10R,13S,14S)-3-hydroxy-10,13-dimethyl-16-(4-methylbenzyl)-

3,4,7,8,9,10,11,12,13,14,15,16-dodecahydro-1H-cyclopenta[a]phenanthren-17(2H)-
one (Table 5.3, entry 32) *': Prepared from trans-dehydroandrosterone (0.29 g,
1.0mmol) and 4-methyl benzylalcohol (0.37 g, 3.0mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.30 g, 0.7
mmol, 76%), Mp = 168-169 °C. *H NMR (400 MHz, CDCly): & = 7.10-7.05 (m, 4H),
5.34-5.30 (m, 1H), 3.55-3.47 (m, 1H), 3.16 (dd, J = 13.7, 4.1 Hz, 1H), 2.61 (dd, J =
13.7, 9.8 Hz, 1H), 2.37 (d, J = 9.4 Hz, 1H), 2.32 (s, 3H), 2.21 (d, J = 11.2 Hz, 1H),
1.95 (dd, J = 11.6, 4.3 Hz, 1H), 1.88-1.80 (m, 4H), 1.69-1.62 (m, 2H), 1.52-1.43 (m,
3H), 1.31 (t, J = 6.4 Hz, 3H), 1.08 (s, 1H), 1.01 (s, 3H), 0.92-0.86 (m, 3H), 0.70 (s,
3H) ppm. *C NMR (100 MHz, CDCly): & = 141.1, 136.9, 135.9, 129.2, 129.0, 121.1,
71.8, 51.5, 50.5, 50.4, 48.2, 42.4, 37.4, 37.3, 36.8, 32.0, 31.7, 31.1, 31.1, 28.4, 22.8,
21.2, 20.5, 19.5, 145, 14.3, 13.5 ppm. HRMS (ESI): calcd. for CyH3s02Na

([M+Na]™"): 415.2608, found: 415.2615.

2-((1-benzylpiperidin-4-yl)methyl)-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one

(scheme 5.1, compound 33) *: Prepared from 5,6-dimethoxy indanone (0.19 g,
1.0mmol) and (1-benzylpiperidin-4-yl)methanol (0.62 g, 3.0mmol). After purification
by column chromatography, the compound was isolated as a yellow semi-liquid (0.18
g, 0.46 mmol, 46%). *H NMR (400 MHz, CDCly): & = 7.32-7.31 (m, 4H), 7.27-7.23
(m, 1H), 7.15 (s, 1H), 6.84 (s, 1H), 3.94 (s, 3H), 3.89 (s, 3H), 3.56 (s, 2H), 3.22 (dd, J
= 17.6, 8.1 Hz, 1H), 2.96-2.92 (m, 2H), 2.71-2.65 (m, 2H), 2.06-1.99 (m, 2H), 1.93—
1.86 (m, 1H), 1.71-1.67 (m, 2H), 1.45-1.25 (m, 4H) ppm. *C NMR (100 MHz,

CDCls): & = 207.8, 155.6, 149.5, 148.8, 137.6, 129.5, 129.4, 128.3, 127.3, 107.4,
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104.5, 63.2, 56.3, 56.2, 45.5, 38.7, 34.3, 33.5, 32.7, 31.6 ppm. HRMS (ESI): calcd. for

CasHasNOs ([M+H]*): 380.2220, found: 380.2226.

(1-benzylpiperidin-4-yl)methanol (scheme 5.1, compound 34) “°: Prepared from 4-
piperidinemethanol (0.50 g, 4.34 mmol) and benzyl alcohol (1.41 g, 13.02 mmol).
After purification by column chromatography, the compound was isolated as a light
yellow semi-liquid (0.63 g, 3.09 mmol, 71%). *H NMR (400 MHz, CDCls): § = 7.32—
7.29 (m, 5H), 3.52 (d, J = 4.0 Hz, 2H), 3.50-3.47 (m, 2H), 2.92 (d, J = 11.2 Hz, 2H),
1.98 (t, J = 11.6 Hz, 3H), 1.71 (d, J = 12.7 Hz, 2H), 1.50 (br, 1H), 1.31 (d, J = 11.9
Hz, 2H) ppm.”*C NMR (100 MHz, CDCls): & = 138.3, 129.4, 128.3, 127.2, 68.0, 63.5,
53.5, 38.6, 28.8 ppm. HRMS (ESI): calcd. for C13H1sNO ([M+H]"): 206.1539, found:

206.1543.

2-phenylquinoline (Table 5.4, entry 35) *: Prepared from 2-aminobenzyl alcohol
(0.12 g, 1.0 mmol) and acetophenone (0.14 g, 1.2 mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.18 g, 0.9
mmol, 89%), Mp = 81-82 °C. *H NMR (400 MHz, CDCly): & = 8.25-8.18 (m, 4H),
7.85 (dd, J = 19.0, 8.3 Hz, 2H), 7.74 (t, J = 8.4 Hz, 1H), 7.56-7.46 (m, 4H) ppm. *C
NMR (100 MHz, CDCls): 6 = 157.4, 148.2, 139.6, 137.1, 129.9, 129.7, 129.5, 129.0,
127.7, 127.6, 127.3, 126.4, 119.1ppm. HRMS (ESI): calcd. for CisHiuN ([M+H]Y):

206.0964, found: 206.0975.

2-(p-tolyl) quinoline (Table 5.4, entry 36) *®: Prepared from 2-aminobenzyl alcohol
(0.12 g, 1.0mmol) and 4'-methyl acetophenone (0.16 g, 1.2 mmol). After purification

by column chromatography, the compound was isolated as a white solid (0.20 g, 0.9
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mmol, 91%), Mp = 82-83 °C. *H NMR (400 MHz, CDCly): § = 8.21 (d, J = 8.6 Hz,
2H), 8.08 (d, J = 8.1 Hz, 2H), 7.84 (dd, J = 18.6, 8.3 Hz, 2H), 7.73 (t, J = 7.7 Hz, 1H),
7.52 (t, J = 7.5 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 2.4 (s, 3H) ppm. *C NMR (100
MHz, CDCls): 6 = 157.4, 139.7, 137.0, 137.0, 136.7, 129.9, 129.7, 129.6, 127.7,
127.6, 127.2, 126.3, 119.1, 21.5 ppm. HRMS (ESI): calcd. for CigHisN ([M+H]Y):
220.1121, found: 220.1117.

2-(4-fluorophenyl) quinoline (Table 5.4, entry 37) *: Prepared from 2-aminobenzyl
alcohol (0.12 g, 1.0 mmol) and 4'-fluoro acetophenone (0.16 g, 1.2 mmol). After
purification by column chromatography, the compound was isolated as a white solid
(0.19 g, 0.8 mmol, 86%), Mp = 93-94 °C. *H NMR (400 MHz, CDCL): & = 8.24-8.15
(m, 4H), 7.83 (d, J = 8.5 Hz, 2H), 7.74 (t, J = 7.0 Hz, 1H), 7.54 (t, J = 7.5 Hz, 1H),
7.21 (t, J = 8.7 Hz, 2H) ppm. *C NMR (100 MHz, CDCls): & = 163.9 (d, J = 249.3
Hz), 156.3, 137.2, 135.8 (d, J = 2.4 Hz), 130.0, 129.6 (d, J = 8.5 Hz), 129.0,127.8,
127.6, 127.2, 126.5, 118.8, 115.9 (d, J = 21.6 Hz) ppm. *°F NMR (376 MHz, CDCly):
§ = -113.3 ppm. HRMS (ESI): calcd. for CisHioNF ([M+H]"): 224.0870, found:

224.0869.

3-methyl-2-phenylquinoline (Table 5.4, entry 38) **: Prepared from 2-aminobenzyl
alcohol (0.12 g, 1.0mmol) and propiophenone (0.16 g, 1.2 mmol). After purification
by column chromatography, the compound was isolated as a colourless liquid (0.18 g,
0.8 mmol, 82%). *H NMR (400 MHz, CDCly): 5 = 8.19 (d, J = 8.3 Hz, 1H), 8.04 (s,
1H), 7.79 (d, J = 8.1 Hz, 1H), 7.68 (t, J = 8.2 Hz, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.55~
7.43 (m, 4H), 2.47 (s, 3H) ppm. *C NMR (100 MHz, CDCly): & = 160.6, 146.6,
140.9, 137.0, 129.4, 129.3, 129.0, 128.9, 128.4, 128.3, 127.7, 126.8, 126.6, 20.7 ppm.

HRMS (ESI): calcd. for CigHisN ([M+H]"): 220.1121, found: 220.1115.
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3-ethyl-2-phenylquinoline (Table 5.4, entry 39) *: Prepared from 2-aminobenzyl
alcohol (0.12 g, 1.0mmol) and butyrophenone (0.18 g, 1.2 mmol). After purification
by column chromatography, the compound was isolated as a colourless liquid (0.18 g,
0.8 mmol, 78%). *H NMR (400 MHz, CDCls): & = 8.25-8.11 (m, 2H), 7.84 (d, J = 8.0
Hz, 1H), 7.70 (t, J = 7.6 Hz, 1H), 7.57-7.44 (m, 6H), 2.81 (q, J = 7.5 Hz, 2H), 1.21 (t,
J =7.5Hz, 3H) ppm. *C NMR (100 MHz, CDCl): & = *C NMR (100 MHz, CDCls):
0 =160.4, 145.1, 135.7, 135.5, 129.3, 128.9, 128.5, 128.5, 127.9,127.6, 127.1, 126.8,
126.0 26.1, 14.8 ppm. HRMS (ESI): calcd. for Cy7HisN ([M+H]"): 234.1277,

found:234.1283.

5,6-dihydrobenzo[c]acridine (Table 5.4, entry 40) *: Prepared from 2-aminobenzyl
alcohol (0.12 g, 1.0 mmol) and 1-tetralone (0.17 g, 1.2 mmol). After purification by
column chromatography, the compound was isolated as a white solid (0.21 g, 0.9
mmol, 91%), Mp = 65-66 °C. *H NMR (400 MHz, CDCls): & = 8.62 (d, J = 7.6 Hz,
1H), 8.18 (d, J = 8.5 Hz, 1H), 7.91 (s, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.66 (t, J = 7.7
Hz, 1H), 7.50-7.43 (m, 2H), 7.39 (t, J = 8.0 Hz, 1H), 7.28 (d, J = 7.4 Hz, 1H), 3.12 (t,
J = 7.7 Hz, 2H), 3.01 (t, J = 7.7 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & =
153.4, 147.6, 139.5, 134.7, 133.9, 130.7, 129.8, 129.4, 128.8, 128.1, 128.0, 127.4,
127.0, 126.2, 126.2, 28.9, 28.5 ppm. HRMS (ESI): caled. for CizHisN ([M+H]*):

232.1121, found: 232.1122.

2-propylquinoline (Table 5.4, entry 41) *°: Prepared from 2-aminobenzyl alcohol
(0.12 g, 1.0mmol) and 2-pentanone (0.10 g, 1.2 mmol). After purification by column

chromatography, the compound was isolated as a colourless liquid (0.12 g, 0.7 mmol,
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68%). ‘H NMR (400 MHz, CDCl3): & = 8.11 (d, J = 8.1 Hz, 2H), 7.79 (d, J = 8.1 Hz,

1H), 7.70 (t, J = 7.7 Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 8.5 Hz, 1H), 2.99

(d, J = 7.7 Hz, 2H), 1.90-1.81 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H) ppm. **C NMR (100

MHz, CDCls): 6 = 163.0, 147.7, 136.6, 129.6, 128.7, 127.6, 126.9, 125.9, 121.5, 41.1,

23.4, 14.1 ppm. HRMS (ESI): caled. for CyHisN ([M+H]Y): 172.1121, found:

172.1126.

5.5 NMR spectra for new a-alkylated products
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Chemoselective alkylation of aminoacetophenones
with alcohols by using a palladacycle-phosphine
catalyst

6.1 Introduction

Alkylation of ketones and amines are the important class of reactions in organic
chemistry.! Classical methodologies for the alkylation of ketones and amines involves
alkyl halides or alkyl sulfonates as alkylating agents.?> Although most of these
methods proved to be efficient in many instances they also produce wastes such as
alky halides and (or) side-products. The use of borrowing hydrogen or hydrogen auto
transfer strategy has been emerged as an environmentally friendly greener approach
for the construction of C—C and C—N bonds as this method involves water as the only
side product.® Over the past decade, several groups have been involved to develop
methodologies for the alkylation of ketones® and amines® using alcohols as benign
alkylating agents. Among the metal complexes,®™® a greater number of progress has
been made using Ru ® and Ir * metal complexes. It is interesting to note that Cho et al
described Ru-based catalyst for the a-alkylation of ketones.*® Meanwhile Ishi et al
reported Ir-based catalyst for the same reaction.'” Feringa and Barta demonstrated the
alkylation of amines using alcohols.*® More recently, Beller and co-workers elegantly
utilized the hydrogen borrowing methodology for the synthesis of N-alkylated and C-
alkylated products using manganese pincer complex.**

Development of efficient and selective transformation of molecules with more
than one functional group is an important problem in organic synthesis. A chemo
selective reaction offers minimization of the use of protecting or activating groups.
Although there are numerous metal catalyzed ®*° N-alkylation of amines or C-

alkylation of ketones using alcohols are reported, chemoselective N-alkylation of
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amines or C-alkylation of ketones using alcohols is a neglected area. Recently, Li and
co-workers reported copper **® and Iridium ™" catalyzed regioselective N-alkylation of
2-aminobenzothiazoles or amino-azoles with benzyl alcohols respectively. More
recently, the same group reported regioselective N-alkylation of sulfanilamides using
alcohols.”™ 2’-Aminoacetophenones are important class of compounds in the
preparation of isatin ** and indole ° derivatives. A survey on the literature revealed
that there is only one report for the chemoselective alkylation of 2’-
aminoacetophenones.?*”

In 2000, Grigg and co-workers reported synthesis and application of pyrazole
based palladacyclesas catalysis.”® Grigg and co-workers report on pyrazole based
palldacycles and easy accessibility of pyrazoles, motivated us to develop variety of
pyrazole based palldacycles. Recently, we demonstrated pyrazole based palladacycles
as catalysts for the C—C and C—N bond forming reactions.'**?*> As part of our efforts
in the development of pyrazole based palladacycles for the activation of alcohols as
electrophile, herein we report chemoselective alkylation of aminoacetophenones using

palldacycle-phosphine complex (Scheme 6.1).

R/©\/ OH R/@\/OH

H - 1 mol% Palladacycle-4
P NJ@ 1 mol% Palladacycle-4 __NH, . Y K\rNHZ _
DL R ezmorereu, [ [ 2mtRad, Q)
R 25 mol% Li,CO; R 25 mol% LiOH R' it R
3 140-150°C /48 h O  80-100°C/24h

2

[@%0 @cn AW
PUONTO NP poun =
O =,

Palladacycle-4
Scheme 6.1: Palladacycle-4  catalyzed chemoselective  alkylation  of

aminoacetophenones
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6.2 Results and discussion

6.2.1 C-Alkylation of aminoacetophenones

Initially, to explore the alkylation reaction, 2’-aminoacetophenone and benzyl alcohol
were chosen as the model substrates using 1 mol% of palldacycle-4, 2 mol% of P(2-
Fur)s, 25 mol% LiOH under solvent-free condition (Table 6.1). At 100 °C, use of 1.2
equivalents of benzyl alcohol resulted 18% of the N-alkylated product and 66% of the
C-alkylated product (Table 6.1, entry 1). Surprisingly, when the reaction was carried
out using 2 equivalents of benzyl alcohol, the reaction yielded exclusively the C-
alkylated product in 95% isolated yield (Table 6.1, entry 2). Then, we evaluated
different bases and temperature. Of the different bases screened, LiOH was found to

be promising under solvent-free condition at 80 °C (Table 6.1, entry 3).

Table 6.1: Optimization of chemo selective C-alkylation of 2’-

aminoacetophenone using benzyl alcohol®

NH 1 mol % Palladacycle-4 H\/@
. @ 2 mol % P(2-Fur); NH, N
OH 25 mol % Base +

0 80-100°C/24h 0 o
1 2a 3a
Entry Base T(°C) Yield® (%)

3a 2a
1° LiOH 100 18 66
2 LiOH 100 <5 95
3 LiOH 80 trace 96
4 CsOH.H,O 80 ND 88
5 Li,CO3 80 ND ND
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6 Cs,CO3 80 ND ND
7 K3PO4 80 ND ND
8 KOH 80 ND trace
9 NaOH 80 ND trace
10 KO'Bu 80 ND 76

®Reaction condition: 2’-Aminoacetophenone 1 mmol, benzyl alcohol 2 mmol, LiOH 0.25 mmol,

bisolated yield after column chromatography, “benzyl alcohol 1.2 mmol was used, ND: Not Detected

Having established the optimal reaction condition using the palladacycle-phosphine
catalyst, the reaction scope was explored with a range of alcohols and
aminoacetophenones. We found that benzyl alcohols bearing electron-donating or
electron-withdrawing groups were readily alkylated to the corresponding C-alkylated
products (Table 6.2, compounds 2a-2e) in 88-97% isolated yields. Furthermore,
heteroaromaticfurfuryl alcohol was also tolerated under the reaction conditions.
(Table 6.2, compound 2h). Challenging aliphatic alcohols such as 1-propanol, 1-
hexanol and 1-decanol could be successfully converted to the corresponding C-
alkylated products in 73%, 89% and 84% respectively (Table 6.2, compounds2l, 2m,

2n).
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Table 6.2: Scope of chemoselective C-alkylation of aminoacetophenones using
alcohols®
1 mol% Palladacycle-4

NH; . @ 2 mol% P(2-Fur);, g NH, @
R' R OH 25 mol% LiOH R' R
0 (0]

80-100°C/24h

2
OO GO Oy
24, 96 % 2b, 94 % 2¢,97 %
- - o
':1 ! 2
(0] O
2d, 92 % 2e, 88 % -
NH
N O O 2 0 \
H 5 H,N “
0 0
2f, 61 % P 2¢,91 % ¢ 2h, 78 %
H,;N O O H,N F NH,
QO M0 O O
o 0 0
2i,73 % ¢ 2j, 86 % 2k, 91 %
@%(‘)/\) 5 3
21,73 % © 2m, 89 % °© 2n, 84 % ©

®Reaction condition: 2’-Aminoacetophenone 1 mmol, benzyl alcohol 2 mmol, LiOH 0.25 mmol,
palladacycle-4 1x102 mmol, P(2-Fur); 2x10> mmol, isolated yield after column chromatography, °32%
of compound 2g was also isolated, ‘reaction was performed at 60 °C, “26% dialkylated compound was

also isolated, °reactions were performed at 100 °C.
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Encouraged by these results, next we explored the scope and limitation of different
aminoacetophenones. 3’-Aminoacetophenone which is electronically different from
2’-aminoacetophenone was subjected to the reaction conditions, which resulted 32%
of the desired mono C-alkylated product along with 61% of the undesired di-alkylated
product (Table 6.2, compound 2f). However, decreasing the temperature to 60 °C,
resulted exclusively the C-alkylated product in 91% yield (Table 6.2, compound 2g).
Reaction of 4’-aminoacetophenone with 4-methyl benzyl alcohol or 4-fluoro benzyl
alcohol yielded the desired C-alkylated products in 73% and 86% respectively (Table
6.2, entry 2i and 2j). We also observed 26% of the dialkylated product in case of 4’-
aminoacetophenone and 4-methyl benzyl alcohol under the reaction conditions
mentioned above. 1-(3-Amino-[1,1-biphenyl]-4-yl)ethanone underwent the a-

alkylation comfortably to yield 2k in 91% vyield.

6.2.2 N-Alkylation of aminoacetophenones

Next, we turned our attention to investigate the applicability of this method for the
chemoselective N-alkylation of aminoacetophenones. Different bases at various
temperatures were examined and the results are summarized in table 6.3. LiOH and
CsOH.H,0 failed to give the desired N-alkylated product even at 130 °C (Table 6.3,
entries 1-5). Among the different bases tested Li,CO3 was found to be the only base
produced the N-alkylated product at 130 °C with the use of 2 equivalents of benzyl
alcohol (Table 6.3, entry 6). Increasing the amount of benzyl alcohol to 3 equivalents
improved the yield of the N-alkylated product to 76% (Table 6.3, entry 7). As
expected, running the reaction at 140 °C increased the yield to 95%. Hence, we
selected the reaction of aminoacetophenones (1 mmol), benzyl alcohol (3 mmol),

catalyst (1mol%), Li,COs3 (25 mol%) at 140 °C for 24 h as the best reaction condition.
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Table 6.3: Optimization of Chemo selective N-alkylation of 2’-
Aminoacetophenone using benzyl alcohol?
1 mol% Palladacycle-4 H\/@
NH, 2 mol% PQ-Fur), N
+ OH 25 mol% Base
100-140°C/24h

o o o
1 3a 2a
Entry Base T (°C) Yield ® (%)
3a 2a
1° LiOH 100 <5 95
2° CsOH.H,0 100 ND 73
3° LiOH 120 ND 98
4° LiOH 130 ND 97
5 CsOH.H,0 130 ND 89
6° Li,CO3 130 54 ND
7 Li,COs 130 76 ND
g Cs,CO3 130 ND ND
ek K3sPO, 130 ND ND
10° K,COs 130 ND ND
11¢ Li,COs 140 95 ND

®Reaction condition: 2’-Aminoacetophenone 1 mmol, benzyl alcohol 2 mmol, base 0.25 mmol,
bisolated yield after column chromatography, ‘benzyl alcohol 2 mmol was used, %benzyl alcohol 3

mmol was used, ND: Not Detected.

With the optimum reaction conditions, the scope of the palladacycle-phosphine

promoted N-alkylation was studied with a range of benzyl alcohols and
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aminoacetophenones and the results are presented in table 6.4. The substitutions on
benzyl alcohol and aminoacetophenone with electron-withdrawing groups or electron-
donating groups are tolerated. Benzyl alcohols such as 4-methyl benzyl alcohol, 4-
fluoro benzyl alcohol, 3,4-methylenedioxy benzyl alcohol, 1-naphthyl methanol and
2-biphenyl methanol were converted to the desired products in excellent yields (Table
6.4, compounds 3a-3f). The reaction with electron withdrawing substituted (F) 2’-
aminoacetophenone was slow and gave the respective N-alkylated product in 49%
(Table 6.4, compound 3Kk). However, electron-donating group substituted (OMe) 2’-
aminoacetophenone produced the respective N-alkylated product in 62% yield (Table
6.4, compound 3i). Moreover, 2’-aminoacetophenone with phenyl at 5-position
underwent N-alkylation comfortably to yield 3j in 78%. Furthermore, when N-
alkylation was applied to 4-aminoacetophenone it resulted the desired product in 68%.
To our delight, the least reactive and challenging aliphatic alcohols such as 1-butanol
and 1-hexanol were successfully alkylated to the corresponding products (Table 6.4,
compounds 3l and 3m).

Donepezil is an important biologically active molecule which is used for the treatment
of Alzheimer disease. We applied our catalytic protocol for the synthesis of
donepenzil that involves chemoselective alkylation followed by N-alkylation.
Although, 4-piperidinemethanol is prone to undergo self-coupling or N-alkylation, the
reaction of 5,6-dimethoxy indanone with 4-piperidine methanol produced selectively
the C-alkylated product (Scheme 6.2, compound 4). The subsequentreaction of
compound 4 with benzyl alcohol yielded donepezil under the conditions mentioned
above. It is worth mentioning that our protocol does not need conventional mutagenic
or toxic alkylating agents and represents one of the shortest route to make this

biologically important molecule.
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Table 6.4: Scope of chemoselective N-alkylation of aminoacetophenones using

1 mol% Palladacycle-4 H R
NH, o N
2 mol% P(2-Fur);
R + OH  25mol% Li,CO; R
R 140 -150°C /24 h
(0)

alcohols 2

0 3
F
H H
o} o o
3a,95 % 3b, 94 % 3¢, 87 %
o
O O 3
N O N or i rﬁ‘
= "} ) - S
o o
3d,92 % 3e, 88 %
o
H A\ I
rQ rol
32,72 % 3h, 68 %
31,73 %
H H H
o o o}
3i, 62 % 3j, 78 % 3k, 49 %
H H
li IN\j li IN\/\j
o o
31,43 %" 3m, 22 %"

®Reaction condition: 2’-Aminoacetophenone 1 mmol, benzyl alcohol 2 mmol, Li,CO; 0.25 mmol,
palladacycle-4 1x10? mmol, P(2-Fur); 2x102 mmol, isolated yield after column chromatography,

Preactions were performed at 150 °C for 48 h.
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MeO o 1 mol% Palladacycle-4
I;ié , BN 2 mol% P(2-Fur); MeO
MeO 25 mol% LiOH MeO

1 mmol 3mmol OH 100°C/48h 451 %

Key intermediate

o OH o
MeO 1 mol% Palladacyce-4 MeO
.\ 2 mol% P(2-Fur); ¢
MeO 25 mol% LiOH
100°C /48 h MeO
0.5 mmol NH 1.5 mmol

N
5,56 % L@

Scheme 6.2: Chemoselective synthesis of donepezil

To know the bonding mode of the palladacycle-4 and the ancillary ligand phosphine,
we attempted to grow single crystals of palladacycle-4 & tri(2-furl)phosphine.
Although our attempts to crystallize palladacycle-tri(2-furl)phosphine had been
unsuccessful, we were lucky to get crystals of palladacycle-triphenylphosphine and
analysed using the single crystal X-ray diffraction technique (Table 6.5). The
molecular structure of compound P-PPh; is shown in Figure 6.1, along with selected
bond lengths and bond angles. The Pd—C, Pd—N, Pd—P, and Pd—O bond lengths are

comparable to the reported palladacycle complex of similar type.?®
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Figure 6.1. Molecular structure of P-PPh; (Thermal ellipsoids at 30% probability),
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and bond angles
(degree): Pd1-P1 2.2397(8), Pd1-012.099(2), Pd1-N2 2.112(2),Pd1-C15 2.019(3),
P1-C25 1.840(3), P1-C37 1.821(4), P1-C31 1.817(4), O1-Pd1-P1 90.59(6), O1-Pd1-
N2 95.00(9), N2-Pd1-P1 174.41(7), C15-Pd1-P1 93.33(9), C15-Pd1-01 176.05(11),

C15-Pd1-N2 81.08(11).

Table 6.5: Crystal data and structure refinement parameters for P-PPh;

Identification code P-PPhs
Empirical formula Ca2H32F3N20,PPd
Formula weight 791.06
Temperature/K 296.15
Crystal system monoclinic
Space group P2i/c

alA 14.7824(5)
b/A 14.1452(5)
c/A 21.3761(7)
al® 90

B/° 107.739(2)
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V/°
Volume/A3
Z
Peaicd/cm3
w/mm-1
F(000)
Radiation

20 range for data collection/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [I>=20(1)]

Final R indexes [all data]

Largest diff. peak/hole / e A-3

palladacycle-4-triphenylphosphine

CHAPTER-VI

90

4257.2(3)

4

1.234

0.520

1608.0

MoKa (A = 0.71073)
3.506 to 56.692
-14<h<19
-18<k<18
-28<1<28

71771

10568

[Rin = 0.0801,
Reigma = 0.0545]
10568/0/461

0.800

R; = 0.0472, WR;
0.1142

R; = 0.0766, WR;
0.1244

0.70/-1.29

We repeated the reaction of 2’-aminoacetophenone with benzyl alcoholusing in situ
and isolated palladacycle-4-
triphenylphosphine (P-PPhs). The results are summarized in scheme 6.3. The results
showed that the product yields were slightly higher for the isolated P-PPh3 over the in

situ generated complex leading us to conclude that the palladacycle-4-phosphine
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complex is the active catalyst (or) pre-catalyst for the N-alkylation and C-alkylation

reactions.

1 mol % Palladacycle-4

X e
1) NH, N @ 2 mol % PPh; .\ N
OH  25mol % LiOH NH, Q(
o 100°C/24h 0
1 mmol 2 mmol

84 % 18 %

1 mol % Palladacycle-4

i P
2) NH, N @ 2 mol % PPh; .\ N
OH 25 mol % Li,CO; NH, Q(
o) 150°C /24 h 0
1 mmol 3 mmol

<5% 74 %

(0] 100°C/24h
1 mmol 2 mmol

X H\/@
3) NH, + @ 2 mol % P-PPh; .\ N
OH 25 mol % LiOH NH
2
(o)

89 % 12 %

NG ¥ e

a) Q{z + @OH 2 mol % P-PPhy . @

25 mol % Li,CO;, NH,
0 150°C/ 24 h )

1 mmol 3 mmol ND 81 %

Scheme 6.3: Control experiments with and without isolated palladacycle-4-PPh;

Controlled experiments were run with the combination of acetophenone, aniline and
benzyl alcohol under the optimized conditions for N-alkylation and C-alkylation
(Scheme 6.4). It is important to note that either N-alkylated (94%) or C-alkylated
(84%) compound was observed as the major product,demonstrates that the reaction

conditions play a very important role in achieving the chemoselectivity.
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NH,
O Cleo
1 mol% Palladacycle-4 O H\/@
1) 1 mmol 2 mmol 2 mol% P(2-Fur); . N.
0 25 mol% LiOH
80 °C, 24h
’ 84 % 9
@ Solvent free ? 32%

1 mmol

NH,
O O
5 1 mol% Palladacycle-4 0 H\/@
) 1 mmol 3 mmol 2mol% P(2-Fur)s . N
O 25 mol% Li,CO;
@ 140°C, 24h <5% 94 %
Solvent free

1 mmol

Scheme 6.4: Control experiments

6.3 Conclusion

In conclusion, we have established an efficient palladacycle-4-phosphine catalyzed
chemoselective alkylation of aminoacetophenones. Our methodology has the
advantage that, just by switching the base and temperature, the reaction changes from
C-alkylated product to N-alkylated product. Using this protocol, a wide range of
substituted alcohols was successfully alkylated to either the C-alkylated or N-

alkylated products in good yields.

6.4 Experimental section

6.4.1 General information

All chemicals were used as received from commercially available sources.
Acetonitrile was distilled over CaH, and toluene was dried using standard protocol. 1-
(2-Amino-5-methoxyphenyl)ethanone, 1-(2-amino-5-fluorophenyl)ethanone and 1-(4-
amino- [1,1-biphenyl]-3-yl)ethanone were synthesized by following literature

reported methods.* NMR spectra were recorded on Bruker ARX 400 spectrometer at
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room temperature. *H (400 MHz) and **C (100 MHz) NMR chemical shifts in ppm
were referenced internally to its proton resonance of incomplete deuterated solvent
signals. *°F NMR spectra were externally reference to a,a,a- trifluorotoluene in
CDCl; (6 = -63.73 ppm). Electron spray ionization mass spectra were recorded on a
Bruker microTOF-QII spectrometry. IR spectra were recorded with Perkin Elmer
instrument. Single-crystal X-ray diffraction data were collected at 296 K using, Mo-
Ka radiation (0.71073 A). SADABS absorption corrections were applied in both
cases. The structures were solved and refined with SHELX suite of programs. All
nonhydrogen atoms were refined with anisotropic displacement coefficients. The H

atoms were placed at calculated positions and were refined as riding atoms.

6.4.2 Synthesis of P-PPh;*

AcO_ PPhy
PPh; Pd\N_N
CH,CL,/12h / CF;
" ~Ph

P-PPh3, 94%

Under argon, palladacycle-4 (0.5 g, 0.47 mmol) and triphenyl phosphine (0.248 g,
0.94 mmol) were dissolved in dry dichloromethane and stirred overnight at room
temperature. The solvents were removed under vacuum and the residue was washed
with diethyl ether. The yellow product was recrystallized from a mixture of
dichloromethane and hexanes. Yield: 0.70 g (0.9 mmol, 94%). Mp = 174-175 °C. 'H
NMR (400 MHz, CDCls): & = 7.79-7.69 (m, ArH, 7H), 7.50-7.21 (m, ArH, 17H), 7.12
(d, J =4 Hz, ArH, 2H), 6.90 (t, J = 8 Hz, ArH, 1H), 6.76 (s, 4Pz-H, 1H), 6.46-6.38

(m, ArH, 2H), 1.80 (s, 3H) ppm. **C NMR (100 MHz, CDCls): & = 160.3, 148.3,
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148.1, 147.1, 146.6, 139.4 (d, J = 13.0 Hz), 135.8 (d, J = 12.2 Hz), 135.2, 132.3,
131.7, 131.2, 130.7, 130.5 (d, J = 2.4 Hz), 130.2, 129.1 (d, J = 5.3 Hz), 128.9, 128.6,
128.1 (d, J = 10.9 Hz), 127.4 (q, J = 5.3 Hz), 126.9 (d, J = 5.8 Hz), 123.7 (d, J = 72.5
Hz), 101.7, 23.1 ppm. **P NMR (162 MHz, CDCls): 5 = 46.19 ppm. *°F NMR (376
MHz, CDCl): 6 = -60.69 ppm. HRMS (ESI): calcd. for CsHa29FsN2PPd ([M-
OCOCHS;]"): 731.1064, found: 731.1071. IR (KBr): v (cm™) = 3055 (m), 2926 (m),

1577 (s), 1412 (s), 1317 (), 1175 (s), 1115 (s), 761 (m), 722 (m), 695 (s), 542 (5).

6.4.3 General Procedure for C-Alkylation of aminoacetophenones

An Oven dried schlenk tube was charged with palladacycle-4 (1x10? mmol), P(2-
Fur)s (2x10 mmol). Inside Glove box LiOH (0.25 mmol) was added, and outside the
Glove box under argon aminoacetophenone (1 mmol), alcohol (2 mmol) were added
to the reaction mixture. The tube was connected to a vacuum line under argon and
purged three times. Schlenk tube was closed with PTFE stopper and the reaction
mixture was stirred at 80-100 °C for 24 h. At the end of the reaction, the reaction
mixture was cooled to room temperature, diluted with dichloromethane (5 mL), and
concentrated under vacuum. The crude was subjected to column chromatography on
silica gel using ethyl acetate and hexanes mixtures to afford the a-alkylated product in

high purity.

6.4.4 General Procedure for N-Alkylation of aminoacetophenones:

An Oven dried schlenk tube was charged with palladacycle-4 (1x10? mmol to 2x107
mmol), P(2-Fur); (2x102 mmol to 4x102 mmol). Inside Glove box Li,COs (0.25
mmol) was added, and outside the Glove box under argon aminoacetophenone (1

mmol), alcohol (3 mmol) were added to the reaction mixture. The tube was connected
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to a vacuum line under argon and purged three times. Schlenk tube was closed with
PTFE stopper and the reaction mixture was stirred at 140-150 °C for 24-48 h. At the
end of the desired reaction time, the reaction mixture was cooled to room temperature,
diluted with dichloromethane (5 mL), and concentrated under vacuum. The crude was
subjected to column chromatography on silica gel using ethyl acetate and hexanes

mixtures to afford the N-alkylated product in high purity.

6.4.5 Analytical data for alkylated products

1-(2-aminophenyl)-3-phenylpropan-1-one (Table 6.2, Compound 2a) *°: Prepared
from 2’-aminoacetophenone (0.14 g, 1 mmol) and benzyl alcohol (0.22 g, 2 mmol).
After purification by column chromatography, the compound was isolated as a white
solid (0.22 g, 0.9 mmol, 96%). Mp = 78-79 °C. 'H NMR (400 MHz, CDCls): § = 7.75
(d, J = 8.3 Hz, 1H), 7.35-7.22 (m, 6H), 6.65 (t, J = 8.4 Hz, 2H), 6.31 (s, 2H), 3.30 (t,
J = 7.2 Hz, 2H), 3.08 (t, J = 7.2 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & =
201.6, 150.5, 141.6, 134.3, 131.1, 128.6, 128.5, 126.1, 117.9, 117.5, 115.9, 41.0, 30.7

ppm. HRMS (ESI): calcd. for C1sHisNO ([M+H]"): 226.1226, found: 226.1235.

1-(2-aminophenyl)-3-(4-fluorophenyl)propan-1-one (Table 6.2, Compound 2b) %
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 4-fluorobenzyl alcohol
(0.25 g, 2 mmol). After purification by column chromatography, the compound was
isolated as a yellow liquid (0.23 g, 0.9 mmol, 94%). *H NMR (400 MHz, CDCly): & =
7.70 (d, J = 8.1 Hz, 1H), 7.29-7.16 (m, 3H), 6.96 (t, J = 8.7 Hz, 2H), 6.62 (m, 2H),
3.23 (t, J = 7.6 Hz, 2H), 3.00 (t, J = 7.7 Hz, 2H) ppm. *C NMR (100 MHz, CDCls): &
=201.4, 161.5 (d, J = 243.7 Hz), 150.4, 137.2 (d, J = 3.2 Hz), 134.5, 131.1, 129.9 (d,

J = 7.8 Hz), 118.0, 117.6, 116.0, 115.3 (d, J = 21.1 Hz), 41.1, 29.8 ppm. °F NMR
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(376 MHz, CDCls): § = -118.37 ppm. HRMS (ESI): calcd. for C1sH14sFNO ([M+H]"):

244.1132, found: 244.11109.

1-(2-aminophenyl)-3-(benzo[d][1,3]dioxol-5-yl)propan-1-one (Table 6.2, Compound
2c) %: Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 3,4-
methylenedioxybenzyl alcohol (0.30 g, 2 mmol). After purification by column
chromatography, the compound was isolated as a white solid (0.26 g, 0.9 mmol,
97%). Mp = 94-95 °C. *H NMR (400 MHz, CDCls): § = 7.72 (d, J = 8.1 Hz, 1H), 7.26
(t, J = 7.7 Hz, 1H), 6.75-6.61 (m, 5H), 5.92 (s, 2H), 3.23 (t, J = 7.9 Hz, 2H), 2.96 (t, J
= 7.8 Hz, 2H) ppm. *C NMR (100 MHz, CDCls): & = 201.6, 150.5, 147.8, 145.9,
1354, 134.4, 131.1, 121.3, 118.0, 117.5, 116.0, 109.1, 108.4, 100.9, 41.3, 30.5 ppm.

HRMS (ESI): calcd. for CisH1sNO3 ([M+H]"): 270.1125, found: 270.1111.

1-(2-aminophenyl)-3-(p-tolyl)propan-1-one (Table 6.2, Compound 2d) *: Prepared
from 2’-aminoacetophenone (0.14 g, 1 mmol) and 4-methylbenzyl alcohol (0.24 g, 2
mmol). After purification by column chromatography, the compound was isolated as
a yellow liquid (0.22 g, 0.9 mmol, 92%). *H NMR (400 MHz, CDCl): & = 7.75 (d, J
= 8.1 Hz, 1H), 7.29 (d, J = 7.2 Hz, 1H), 7.16-7.09 (m, 4H), 6.77-6.66 (m, 2H), 3.26
(t, J = 7.6 Hz, 2H), 3.01 (t, J = 7.7 Hz, 2H), 2.33 (s, 3H) ppm. *C NMR (100 MHz,
CDCl): 6 = 201.9, 138.5, 135.7, 134.4, 131.2, 129.3, 128.4, 118.3, 118.1, 117.0,
116.7, 41.3, 30.3, 21.1 ppm. HRMS (ESI): calcd. for C1sH1sNO ([M+H]"): 240.1383,

found: 240.1403.

1-(2-aminophenyl)-3-(o-tolyl)propan-1-one (Table 6.2, Compound 2e) *%: Prepared

from 2’-aminoacetophenone (0.14 g, 1 mmol) and 2-methylbenzyl alcohol (0.24 g, 2
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mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.21 g, 0.8 mmol, 88%). Mp = 57-58 °C. *H NMR (400 MHz, CDCly):
8 =7.75(d, J = 8.1 Hz, 1H), 7.31-7.26 (m, 1H), 7.20-7.14 (m, 4H), 6.73 (d, J = 8.2
Hz, 1H), 6.68 (t, J = 7.6 Hz, 1H)., 3.23 (t, J = 7.6 Hz, 2H), 3.04 (t, J = 7.6 Hz, 2H),
2.36 (s, 3H) ppm. *C NMR (100 MHz, CDCl): & = 201.9, 149.6, 139.7, 136.2,
134.5, 131.1, 130.5, 128.8, 126.4, 126.3, 118.4, 118.0, 116.6, 39.8, 28.1, 19.5 ppm.

HRMS (ESI): calcd. for Ci6Hi7NO ([M+H]"): 240.1383, found: 240.1377.

1-(3-(benzylamino)phenyl)-3-phenylpropan-1-one (Table 6.2, Compound 2f) %
Prepared from 3’-aminoacetophenone (0.14 g, 1 mmol) and benzyl alcohol (0.22 g, 2
mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.19 g, 0.6 mmol, 61%). Mp = 83-84 °C. *H NMR (400 MHz, CDCly):
§ = 7.37-7.20 (m, 13H), 6.82 (dd, J = 8.4, 2.9 Hz, 1H), 4.37 (s, 2H), 3.25 (t, J = 7.7
Hz, 2H), 3.06 (t, J = 7.5 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): & = 199.8,
148.3, 141.5, 138.9, 138.0, 129.5, 128.9, 128.6, 128.5, 127.6, 127.5, 126.2, 117.7,
111.9, 48.4, 40.6, 30.4 ppm. HRMS (ESI): calcd. for CH21NO ([M+H]"): 316.1696,

found: 316.1714.

1-(3-aminophenyl)-3-phenylpropan-1-one (Table 6.2, Compound 2g) **: Prepared
from 3’-aminoacetophenone (0.14 g, 1 mmol) and benzyl alcohol (0.22 g, 2 mmol).
After purification by column chromatography, the compound was isolated as a light
yellow solid (0.21 g, 0.9 mmol, 91%). Mp = 91-92 °C. 'H NMR (400 MHz, CDCls): &
= 7.36-7.20 (m, 8H), 6.90 (dd, J = 7.9, 3.1 Hz, 2H), 4.14 (s, 2H), 3.26 (t, J = 7.6 Hz,

2H), 3.06 (t, J = 7.6 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): 5 = 199.6, 146.3,
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141.4, 138.0, 129.6, 128.6, 128.5, 126.2, 120.0, 118.9, 114.4, 40.6, 30.3 ppm. HRMS
(ESI): calcd. for C1sHisNO ([M+H]): 226.1226, found: 226.1228.

1-(2-aminophenyl)-3-(furan-2-yl)propan-1-one (Table 6.2, Compound 2h) %*:
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 2-furylmethanol (0.20 g,
2 mmol). After purification by column chromatography, the compound was isolated
as a pale yellow solid (0.17 g, 0.7 mmol, 78%). Mp = 77-78 °C. 'H NMR (400 MHz,
CDCl): 6 = 7.78 (d, J = 8.6 Hz, 1H), 7.35 (d, J = 1.8 Hz, 1H), 7.29 (t, J = 7.7 Hz,
1H), 6.68 (t, J = 7.5 Hz, 2H), 6.32-6.31 (m, 1H), 6.07 (d, J = 3.1 Hz, 1H), 3.34 (t, J =
7.6 Hz, 2H), 3.09 (t, J = 7.6 Hz, 2H) ppm. *C NMR (100 MHz, CDCls): & = 200.9,
155.2, 150.4, 141.2, 134.5, 131.1, 118.0, 117.5, 116.0, 110.4, 105.3, 37.5, 23.0 ppm.

HRMS (ESI): calcd. for C13H13NO, ([M+H]"): 216.1019, found: 216.1015.

1-(4-aminophenyl)-3-(p-tolyl)propan-1-one (Table 6.2, Compound 2i) *: Prepared
from 4’-aminoacetophenone (0.14 g, 1 mmol) and 4-methylbenzyl alcohol (0.24 g, 2
mmol). After purification by column chromatography, the compound was isolated as
a white solid (0.17 g, 0.7 mmol, 73%). Mp = 96-97 °C. *H NMR (400 MHz, CDCly):
8 =7.82 (d, J = 8.7 Hz, 2H), 7.16-7.10 (m, 4H), 6.64 (d, J = 8.7 Hz, 2H), 3.19 (t, J =
7.5 Hz, 2H), 3.01 (t, J = 7.7 Hz, 2H), 2.33 (s, 3H) ppm. *C NMR (100 MHz, CDCly):
o = 197.8, 151.2, 138.7, 135.6, 130.6, 129.3, 128.4, 127.6, 113.9, 40.1, 30.2, 21.1

ppm. HRMS (ESI): calcd. for C16Hi7NO ([M+H]"): 240.1383, found: 240.1401.

1-(4-aminophenyl)-3-(4-fluorophenyl)propan-1-one (Table 6.2, Compound 2j) %
Prepared from 4’-aminoacetophenone (0.14 g, 1 mmol) and 4-fluorobenzyl alcohol

(0.25 g, 2 mmol). After purification by column chromatography, the compound was
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isolated as a white solid (0.21 g, 0.8 mmol, 86%). Mp = 94-95 °C. 'H NMR (400
MHz, CDCls) & 7.80 (d, J = 8.6 Hz, 2H), 7.21-7.17 (m, 2H), 6.96 (t, J = 8.7 Hz, 2H),
6.64 (d, J = 8.3 Hz, 2H), 3.17 (t, J = 7.6 Hz, 2H), 3.01 (t, J = 7.6 Hz, 2H) ppm. **C
NMR (100 MHz, CDCly): 6 = 197.5, 161.5 (d, J = 243.5 Hz), 151.2, 137.4 (d, J = 3.1
Hz), 130.7, 129.9 (d, J = 7.8 Hz), 128.6 (d, J = 5.5 Hz), 127.6, 115.3 (d, J = 21.1 Hz),
114.0, 39.9, 29.8 ppm. °F NMR (376 MHz, CDCl): 6 = -118.5 ppm. HRMS (ESI):

calcd. for C1sH1sFNO ([M+H]"): 244.1132, found: 244.1121.

1-(4-amino-[1,1'-biphenyl]-3-yl)-3-phenylpropan-1-one (Table 6.2, Compound 2Kk)
%2: prepared from 1-(4-amino-[1,1-biphenyl]-3-yl)ethanone (0.21 g, 1 mmol) and
benzyl alcohol (0.22 g, 2 mmol). After purification by column chromatography, the
compound was isolated as a white solid (0.27 g, 0.9 mmol, 91%). Mp = 122-123 °C.
'H NMR (400 MHz, CDCly): & = 7.96 (d, J = 2.1 Hz, 1H), 7.56-7.51 (m, 3H), 7.43 (t,
J=7.7 Hz, 2H), 7.36-7.22 (m, 6H), 6.77 (d, J = 8.6 Hz, 1H), 3.37 (t, J = 7.7 Hz, 2H),
3.10 (t, J = 7.6 Hz, 2H) ppm. *C NMR (100 MHz, CDCly): § = 201.7, 149.6, 141.6,
140.6, 133.3, 129.5, 129.3, 128.9, 128.7, 128.6, 126.7, 126.4, 126.2, 118.2, 118.1,
41.2, 30.7 ppm. HRMS (ESI): calcd. for CyHioNO ([M+H]"): 302.1539, found:

302.1536.

1-(2-aminophenyl)pentan-1-one (Table 6.2, Compound 2I) %: Prepared from 2’-
aminoacetophenone (0.14 g, 1 mmol) and 1-propanol (0.12 g, 2 mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.13 g, 0.7 mmol, 73%). *H NMR (400 MHz, CDCls): & = 7.75 (d, J = 8.4 Hz,
1H), 7.27-7.23 (m, 1H), 6.67-6.63 (m, 2H), 2.93 (t, J = 7.6 Hz, 2H), 1.74-1.67 (m,

2H), 1.46-1.37 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H) ppm. **C NMR (100 MHz, CDCl): &
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=203.3, 150.3, 134.2, 131.4, 118.2, 117.5, 115.9, 39.2, 27.2, 22.7, 14.1 ppm. HRMS

(ESI): calcd. for C11HisNO ([M+H]): 178.1226, found: 178.1245.

1-(2-aminophenyl)octan-1-one (Table 6.2, Compound 2m) #: Prepared from 2’-
aminoacetophenone (0.14 g, 1 mmol) and 1-hexanol (0.20 g, 2 mmol). After
purification by column chromatography, the compound was isolated as colourless
liquid (0.20 g, 0.8 mmol, 89%). *H NMR (400 MHz, CDCls): & = 7.74 (d, J = 8.1 Hz,
1H), 7.27-7.23 (m, 1H), 6.71-6.65 (m, 2H), 2.91(t, J = 7.6 Hz, 2H), 1.73-1.66 (m,
2H), 1.33-1.27 (m, 8H), 0.86 (t, J = 6.8 Hz, 3H) ppm. *C NMR (100 MHz, CDCl): &
= 203.4, 149.4, 134.3, 131.4, 118.7, 118.0, 116.6, 39.5, 31.9, 29.6, 29.3, 25.1, 22.8,

14.2 ppm. HRMS (ESI): calcd. for C14H2:NO ([M+H]"): 220.1696, found: 220.1705.

1-(2-aminophenyl)dodecan-1-one (Table 6.2, Compound 2n) #: Prepared from 2’-
aminoacetophenone (0.14 g, 1 mmol) and 1-decanol (0.32 g, 2 mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.23 g, 0.8 mmol, 84%). *H NMR (400 MHz, CDCls): & = 7.73 (d, J = 8.0 Hz,
1H), 7.24 (t, J = 7.6 Hz, 1H), 6.67-6.62 (m, 2H), 2.90 (t, J = 7.6 Hz, 2H), 1.73-1.65
(m, 2H), 1.32-1.24 (m, 16H), 0.86 (t, J = 6.8 Hz, 3H) ppm. *C NMR (100 MHz,
CDCl): 6 = 203.4, 150.0, 134.2, 131.3, 118.4, 117.8, 116.2, 39.5, 32.0, 29.8, 29.8,
29.7, 29.6, 29.5, 25.1, 22.8, 14.2 ppm. HRMS (ESI): calcd. for C1gHNO ([M+Na]"):

298.2141, found: 298.21509.

1-(2-(benzylamino)phenyl)ethanone (Table 6.4, Compound 3a) ?'°: Prepared from
2’-aminoacetophenone (0.14 g, 1 mmol) and benzyl alcohol (0.32 g, 3 mmol). After

purification by column chromatography, the compound was isolated as a white solid
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(0.21 g, 0.9 mmol, 95%). Mp = 78-79 °C. *H NMR (400 MHz, CDCls): § = 7.78 (d, J
= 8.0 Hz, 1H), 7.34-7.26 (m, 6H), 6.78-6.66 (m, 2H), 4.47 (s, 2H), 2.60 (s, 3H) ppm.
¥C NMR (100 MHz, CDCl3): 6 = 201.2, 149.9, 135.2, 132.8, 128.8, 127.5, 127.4,
118.8, 115.7, 113.4, 47.7, 28.1 ppm. HRMS (ESI): calcd. for CisHisNO ([M+H]"):
226.1226, found: 226.1232.

1-(2-((4-methylbenzyl)amino)phenyl)ethanone (Table 6.4, Compound 3b) %
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 4-methylbenzyl alcohol
(0.37 g, 3 mmol). After purification by column chromatography, the compound was
isolated as a bright yellow liquid (0.22 g, 0.9 mmol, 94%). *H NMR (400 MHz,
CDCls): & = 7.78 (d, J = 8.1 Hz, 1H), 7.31 (t, J = 7.7 Hz, 1H), 7.19 (dd, J = 37.6, 7.7
Hz, 4H), 6.72—-6.60 (m, 2H), 4.43 (s, 2H), 2.60 (s, 3H), 2.34 (s, 3H) ppm. *C NMR
(100 MHz, CDCl3): 6 =201.1, 150.6, 137.0, 135.5, 135.2, 132.8, 129.5, 127.2, 127.1,
118.2, 114.9, 112.7, 46.9, 28.1, 21.2 ppm. HRMS (ESI): calcd. for CisH17NO
([M+H]"): 240.1383, found: 240.1378.
1-(2-((4-fluorobenzyl)amino)phenyl)ethanone (Table 6.4, Compound 3c) 2
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 4-fluorobenzyl alcohol
(0.38 g, 3 mmol). After purification by column chromatography, the compound was
isolated as a yellow solid (0.21 g, 0.8 mmol, 87%). Mp = 85-86 °C. *H NMR (400
MHz, CDCly): & = 7.78 (d, J = 8.2 Hz, 1H), 7.33-7.29 (m, 3H), 7.02 (t, J = 8.7 Hz,
2H), 6.64-6.61 (m, 2H), 4.43 (s, 2H), 2.61 (s, 3H) ppm. **C NMR (100 MHz, CDCly):
§=201.2, 162.1 (d, J = 245.0 Hz), 150.8, 135.1, 134.5, 132.9, 128.7 (d, J = 8.0 Hz),

118.0, 115.6 (d, J = 21.4 Hz), 114.7, 112.2, 46.1, 28.1 ppm. **F NMR (376 MHz,
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CDCl): & = -116.7 ppm. HRMS (ESI): calcd. for CisH14FNO ([M+H]"): 244.1132,

found: 244.1121.

1-(2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)phenyl)ethanone (Table 6.4,
Compound 3d) ¥: Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 3,4-
methylenedioxybenzyl alcohol (0.46 g, 3 mmol). After purification by column
chromatography, the compound was isolated as a yellow liquid (0.25 g, 0.9 mmol,
92%). *H NMR (400 MHz, CDCl): & = 7.76 (d, J = 8.1 Hz, 1H), 7.34-7.28 (m, 1H),
6.82-6.74 (m, 3H), 6.67-6.59 (m, 2H), 5.92 (s, 2H), 4.35 (s, 2H), 2.59 (s, 3H) ppm.
3C NMR (100 MHz, CDCl3): 6 = 201.1, 150.8, 148.1, 146.8, 135.1, 132.8, 128.8,
120.3, 118.0, 114.6, 112.3, 108.4, 107.8, 101.1, 46.7, 28.1 ppm. HRMS (ESI): calcd.

for C1H15sNO3 ([M+H]+): 270.1125, found: 270.1113.

1-(2-((naphthalen-1-ylmethyl)amino)phenyl)ethanone (Table 6.4, Compound 3e) %
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 1-naphthylmethanol (0.48
g, 3 mmol). After purification by column chromatography, the compound was isolated
as a yellow solid (0.24 g, 0.8 mmol, 88%). Mp = 109-110 °C. *H NMR (400 MHz,
CDCls): 6 = 8.03 (d, J = 8.9 Hz, 1H), 7.90 (d, J = 7.5 Hz, 1H), 7.80 (d, J = 8.1 Hz,
1H), 7.57-7.47 (m, 3H), 7.43-7.39 (m, 1H), 7.33 (t, J = 8.6 Hz, 1H), 6.77 (d, J = 8.5
Hz, 1H), 6.66 (t, J = 7.6 Hz, 1H), 4.91 (s, 2H), 2.59 (s, 3H) ppm. *C NMR (100
MHz, CDCl;): 6 = 201.1, 150.6, 135.2, 134.0, 132.8, 131.4, 129.0, 128.2, 126.5,
125.9, 125.7, 125.2, 123.1, 118.4, 115.1, 112.7, 45.1, 28.1 ppm. HRMS (ESI): calcd.

for C1oH17NO ([M+H]"): 276.1383, found: 276.1380.
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1-(2-(([1,1'-biphenyl]-2-ylmethyl)amino)phenyl)ethanone (Table 6.4, Compound 3f)
%2: prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 2-biphenylmethanol
(0.55 g, 3 mmol). After purification by column chromatography, the compound was
isolated as a white solid (0.22 g, 0.7 mmol, 73%). Mp = 107-108 °C. *H NMR (400
MHz, CDCl): & = 7.75 (d, J = 8.0 Hz, 1H), 7.49-7.23 (m, 10H), 6.59 (t, J = 8.0 Hz,
1H), 6.49 (d, J = 8.5 Hz, 1H), 4.35 (s, 2H), 2.59 (s, 3H) ppm. **C NMR (100 MHz,
CDCls): 6 = 201.0, 150.6, 141.7, 141.0, 135.8, 135.1, 132.8, 130.3, 129.2, 128.4,
128.0, 128.0, 127.3, 118.1, 118.0, 114.7, 114.5, 112.5, 112.3, 45.0, 28.1 ppm. HRMS
(ESI): calcd. for C21H1oNO ([M+H]"): 302.1539, found: 302.1545.

1-(2-((furan-2-ylmethyl)amino)phenyl)ethanone (Table 6.4, Compound 3g) 2'°:
Prepared from 2’-aminoacetophenone (0.14 g, 1 mmol) and 2-furyl methanol (0.29 g,
3 mmol). After purification by column chromatography, the compound was isolated
as a red solid (0.16 g, 0.7 mmol, 72%). Mp = 71-72 °C. 'H NMR (400 MHz, CDCly):
§=7.77 (d, J = 8.1 Hz, 1H), 7.38-7.34 (m, 2H), 6.78 (d, J = 8.5 Hz, 1H), 6.64 (t, J =
7.6 Hz, 1H), 6.32 (dd, J = 3.1, 1.9 Hz, 1H),6.24 (d, J = 3.9 Hz, 1H), 4.43 (s, 2H), 2.59
(s, 3H) ppm. *C NMR (100 MHz, CDCly): & = 201.1, 152.2, 150.6, 142.1, 135.1,
132.8, 118.2, 114.9, 112.1, 110.5, 107.0, 40.3, 28.1 ppm. HRMS (ESI): calcd. for

C1sH1sNO, ([M+H]*): 216.1019, found: 216.1012.

1-(4-(benzylamino)phenyl)ethanone (Table 6.4, Compound 3h) **: Prepared from 4’-
aminoacetophenone (0.14 g, 1 mmol) and benzyl alcohol (0.32 g, 3 mmol). After
purification by column chromatography, the compound was isolated as a yellow solid
(0.15 g, 0.6 mmol, 68%). Mp = 84-85 °C. *H NMR (400 MHz, CDCls): & = 7.79 (d, J

= 8.6 Hz, 2H), 7.36-7.27 (m, 5H), 6.63 (d, J = 8.6 Hz, 2H), 4.68 (s, 2H), 2.49 (s, 3H)
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ppm. *C NMR (100 MHz, CDCly): & = 196.9, 151.4, 141.0, 130.9, 128.6, 127.6,
127.1, 113.8, 65.3, 26.1 ppm. HRMS (ESI): calcd. for CisHisNO ([M+H]Y):

226.1226, found: 226.1237.

1-(2-(benzylamino)-5-methoxyphenyl)ethanone (Table 6.4, Compound 3i) **
Prepared from 1-(2-amino-5-methoxyphenyl)ethanone (0.17 g, 1 mmol) and benzyl
alcohol (0.32 g, 3 mmol). After purification by column chromatography, the
compound was isolated as a yellow liquid (0.16 g, 0.6 mmol, 62%). ‘H NMR (400
MHz, CDCly): & = 7.34-7.23 (m, 6H), 7.00 (dd, J = 9.2, 3.0 Hz, 1H), 6.64 (d, J = 9.2
Hz, 1H), 4.44 (s, 2H), 3.77 (s, 3H), 2.60 (s, 3H) ppm. *C NMR (100 MHz, CDCly): &
= 200.6, 149.1, 146.1, 139.1, 134.6, 129.9, 128.8, 127.1, 123.4, 116.3, 113.7, 56.3,
47.3, 28.2 ppm. HRMS (ESI): calcd. for CigHi7NO, ([M+H]"): 256.1332, found:

256.1338.

1-(4-(benzylamino)-[1,1'-biphenyl]-3-yl)ethanone (Table 6.4, Compound 3j) *:
Prepared from 1-(4-amino-[1,1'-biphenyl]-3-yl)ethanone (0.21 g, 1 mmol) and benzyl
alcohol (0.32 g, 3 mmol). After purification by column chromatography, the
compound was isolated as a yellow solid (0.24 g, 0.7 mmol, 78%). Mp = 104-105 °C.
'H NMR (400 MHz, CDCly): & = 8.01 (d, J = 2.2 Hz, 1H), 7.60-7.53 (m, 3H), 7.44 (t,
J=7.7 Hz, 2H), 7.38-7.30 (m, 6H), 6.77 (d, J = 8.8 Hz, 1H), 4.53 (d, J = 5.6 Hz, 2H),
2.69 (s, 3H) ppm. *C NMR (100 MHz, CDCl): & = 201.2, 150.3, 140.7, 138.7,
133.9, 131.2, 129.0, 128.8, 127.6, 127.3, 127.1, 126.6, 126.3, 118.2, 112.9, 46.9, 28.2

ppm. HRMS (ESI): calcd. for C,1HigNO ([M+H]"): 302.1539, found: 302.1504.
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1-(2-(benzylamino)-5-fluorophenyl)ethanone (Table 6.4, Compound 3k) *:
Prepared from 1-(2-amino-5-fluorophenyl)ethanone (0.15 g, 1 mmol) and benzyl
alcohol (0.32 g, 3 mmol). After purification by column chromatography, the
compound was isolated as a yellow liquid (0.12 g, 0.5 mmol, 49%). ‘H NMR (400
MHz, CDCl): & = 7.38 (dd, J = 9.8, 3.0 Hz, 1H), 7.32-7.19 (m, 5H), 6.94-6.89 (m,
1H), 6.40 (dd, J = 9.3, 4.5 Hz, 1H), 4.66 (s, 1H), 3.15 (d, J = 6.8 Hz, 2H), 2.58 (s, 3H)
ppm. *C NMR (100 MHz, CDCls): & = 200.1, 153.9, 146.8, 140.3 (d, J = 504.9 Hz),
129.6, 128.6 (d, J = 31.3 Hz), 127.1 (d, J = 61.5 Hz), 126.6, 122.7 (d, J = 22.9 Hz),
117.3 (d, J = 22.1 Hz), 114.6 (d, J = 6.9 Hz), 45.4, 28.1 ppm. *°F NMR (376 MHz,

CDCly): & = -131.11 ppm. HRMS (ESI): calcd. for CisH1FNO ([M+H]"): 244.1132,

found: 244.1111.

1-(2-(butylamino)phenyl)ethanone (Table 6.4, Compound 3I) **: Prepared from 2’-
aminoacetophenone (0.14 g, 1 mmol) and 1-butanol (0.22 g, 3 mmol). After
purification by column chromatography, the compound was isolated as a yellow
liquid (0.08 g, 0.4 mmol, 43%). *H NMR (400 MHz, CDCl): & = 7.73 (dd, J = 8.1,
1.5 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H), 6.57 (t, J = 7.5 Hz,
1H), 3.20 (t, J = 7.0 Hz, 2H), 2.57 (s, 3H), 1.71-1.64 (m, 2H), 1.51-1.42 (m, 2H),
0.98 (d, J = 7.3 Hz, 3H) ppm. *C NMR (100 MHz, CDCl): § = 200.9, 151.3, 135.1,
133.0, 117.5, 113.9, 111.9, 42.5, 31.3, 28.0, 20.5, 14.0 ppm. HRMS (ESI): calcd. for

C12H17NO ([M+H]"): 192.1383, found: 192.1378.

1-(2-(hexylamino)phenyl)ethanone (Table 6.4, Compound 3m) **: Prepared from 2’-
aminoacetophenone (0.14 g, 1 mmol) and 1-hexanol (0.31 g, 3 mmol). After

purification by column chromatography, the compound was isolated as a yellow
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liquid (0.05 g, 0.2 mmol, 22%). *H NMR (400 MHz, CDCly): § = 7.74 (dd, J = 8.1,
1.5 Hz, 1H), 7.35 (t, J = 7.0 Hz, 1H), 6.70 (d, J = 8.6 Hz, 1H), 6.57 (t, J = 7.0 Hz,
1H), 3.22-3.16 (m, 2H), 2.58 (s, 3H), 1.73-1.65 (m, 2H), 1.48-1.27 (m, 6H), 0.91 (t,
J = 7.0 Hz, 3H) ppm. *C NMR (100 MHz, CDCls); & = 200.8, 151.3, 135.1, 132.9,
117.4, 113.7, 111.8, 42.8, 31.7, 29.2, 28.0, 27.0, 22.7, 14.2 ppm. HRMS (ESI): calcd.

for C14H21NO ([M+H]"): 220.1696, found: 220.1704.

5,6-dimethoxy-2-(piperidin-4-ylmethyl)-2,3-dihydro-1H-inden-1-one (scheme 6.2,
Compound 4) *: Prepared from 5,6-dimethoxy indanone (0.19 g, 1 mmol) and 4-
piperidinemethanol (0.35 g, 3 mmol). After purification by column chromatography,
the compound was isolated as a yellow solid (0.15 g, 0.5 mmol, 51%). Mp = 97-98
°C. *H NMR (400 MHz, CDCls): & = 7.16 (s, 1H), 6.85 (s, 1H), 3.95 (s, 1H), 3.90 (s,
1H), 3.23 (dd, J = 17.5, 8.1 Hz, 1H), 3.11-3.06 (m, 2H), 2.74-2.57 (m, 4H), 1.93-
1.86 (m, 1H), 1.77-1.61 (m, 2H), 1.34-1.11 (m, 4H) ppm. *C NMR (100 MHz,
CDCls): 6 = 208.0, 155.6, 149.6, 148.9, 129.5, 107.5, 104.5, 56.3, 56.2, 46.9, 46.8,
45.3, 39.5, 35.0, 34.5, 33.4, 33.1 ppm. HRMS (ESI): calcd. for C17H23NOs ([M+H]"):

290.1751, found: 290.1763.

2-((1-benzylpiperidin-4-yl)methyl)-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one

(scheme 6.2, Compound 5) *%: Prepared from 5,6-dimethoxy-2-(piperidin-4-
ylmethyl)-2,3-dihydro-1H-inden-1-one (0.14 g, 0.5 mmol) and benzylalcohol (0.16 g,
1.5 mmol). After purification by column chromatography, the compound was isolated
as a yellow semi-liquid (0.11 g, 0.5 mmol, 56%). 'H NMR (400 MHz, CDCly): § =
7.32-7.31 (m, 4H), 7.27-7.23 (m, 1H), 7.15 (s, 1H), 6.84 (s, 1H), 3.94 (s, 3H), 3.89

(s, 3H), 3.56 (s, 2H), 3.22 (dd, J = 17.6, 8.1 Hz, 1H), 2.96-2.92 (m, 2H), 2.71-2.65
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(m, 2H), 2.06-1.99 (m, 2H), 1.93-1.86 (m, 1H), 1.71-1.67 (m, 2H), 1.45-1.25 (m,

4H). °C NMR (100 MHz, CDCly): = 207.8, 155.6, 149.5, 148.8, 137.6, 129.5,

129.4, 128.3, 127.3, 107.4, 104.5, 63.2, 56.3, 56.2, 45.5, 38.7, 34.3, 33.5, 32.7, 31.6.

HRMS (ESI): caled. for CoqHzsNOs ([M+H]"): 380.2220, found: 380.2245.

6.5 NMR spectra for new compounds
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An efficient cyclometalated palladium pre-catalyst for
methylation of ketones and amines using methanol as
a C-1 source

7.1 Introduction

An environmentally benign method with inexpensive substrates such as
alcohols involving borrowing hydrogen has emerged as a powerful tool over the last
few decades.’ In particular, methylation has become an essential protocol for the
synthesis of biologically active molecules.? Conventional methylation uses
iodomethane, diazomethane, dimethyl sulfate and dimethyl carbonate as the common
methylating reagent.®> Use of these methods required highly toxic and hazardous
methylating reagents or excess base. An additional drawback of these procedures is
selectivity and the formation of a stoichiometric amount of waste. When dimethyl
carbonate is used, CO, and methanol are produced as by-products that need to be
potentially recycled. Hence, much attention has been focused on methanol as it serves
as a cheaper, abundant and renewable C-1 source to enable atom economic C—C and
C—N bond formations under borrowing hydrogen condition. This approach would
provide an expedient route to this important class of compounds. Although, methanol
is the simplest alcohol, relatively high energy is required to activate or dehydrogenate
it compared with other alcohols such as ethanol and higher alcohols.”

There is numerous transition metal-based catalysts were reported for C-

alkylation of ketones ° using higher alcohols, however, few metals such as Rhodium,®

7 8

Iridium ° and Ruthenium ° were successful for C-methylation of ketones using
methanol. Palladium-based catalysts were examined for dehydrogenation of alcohols,®
N-alkylation of amines™ and C-alkylation of ketones.** Most recently, Zhaomin Hou
and co-workers demonstrated poly(aminostyrene)-supported palladium catalyst for
ketone methylation with methanol.*? To the best of our knowledge this is the only
report so far using palladium as a catalyst (or) pre-catalyst for C-methylation of
ketones and there are no reports based on homogeneous palladium catalyst for C-
methylation of ketones as well as N-methylation of amines using methanol.

The first C-methylation of ketones using methanol reported by Feng Li and
co-workers using an iridium-Cp* complex.” Later, Yasushi Obora and co-workers

reported an Ir-phosphine catalyst.”” Recently, Donohoe and co-workers demonstrated
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an Ir-phosphine and Rh-phosphine complexes catalyzed C-methylation under mild
reaction conditions.”® An N-heterocyclic carbene based Ir complex was also reported
by Andersson and co-workers.”® An efficient Ruthenium catalyst was reported, for the
first time, to catalyze the C-methylation of ketones and esters using methanol as a
green methylating agent by Seayad and co-workers.® In all these cases, expensive
metals or higher catalyst loadings, excess bases and (or) higher temperature was used
to get the products. In this chapter, we disclose the palladium-based catalytic system
which is efficient for the methylation of ketones and amines using methanol as a
methylating agent.

So far, only expensive metal catalysts such as rhodium, iridium and ruthenium
complexes were successful for the C-methylation of ketones using methanol. So,
developing a less expensive transition metal catalyst such as palladium using a
suitable ligand that could be synthesized from cheaper, readily available and easily
accessible starting materials could be advantageous for developing future sustainable
catalytic methods.

7.2 Results and discussions

We developed and described in previous chapters a portfolio of methods for
homogeneous pyrazole-based palladacycles that catalyze the N-alkylation of
amines,'% C-alkylation of ketones** using borrowing hydrogen as well as Suzuki and
Heck coupling reactions.’* Motivated by these results we continued our efforts in
order to develop an efficient palladacycle-catalyst system by the strategic design of
pyrazole ligand to methylate amines and ketones using methanol as a C-1 source.
During the development of catalyst system we observed regioselective
cyclopalladation as well as improvement of efficiency in activity towards methylation
of ketones using methanol under reaction condition regulated by incorporation of
CF3-group on N-phenyl of the pyrazole ligand. Key to success is the incorporation of
the CFs-group on 1,3,5-triphenylpyrazole ligand with combination of suitable
phosphine.
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Figure 7.1: Palladacycles examined in methylation of ketones and amines using

methanol

7.2.1 C-Methylation of ketones

We studied the reaction of propiophenone using 2 mol% palladacycle, 4 mol%
of tri(2-furyl)phosphine and 30 mol% LiOH in methanol (1 mL) at 100 °C for 48 h
(Table 7.1). Using palladacycles 1 (or) 2 (or) 3 under the reaction condition the
formation of the desired product was not observed. Palladacycles-4 and 5a were also
not successful. However, when we attempted palladacycle-5b and 6 the desired C-
methylated product was obtained in a meager 12% and 11% isolated yield, showing
that palladacycles-1, 2, 3, 4 and 5a are not active, and palladacycle-5b and 6 are less
active under the reaction conditions (Table 7.1, entries 1-7). With the aim of
improving the efficiency of the catalytic system we designed palladacycle-7 and
examined the reaction. Interestingly, as we expected palladacycle-7 showed superior
activity with 76% isolated yield (Table 7.1, entry 8).
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Table 7.1: C-methylation of ketones using propiophenone and methanol under

various reaction condition®

G)L

@Q

2 mol% Palladacycle
4 mol% Phosphine

30 mol%Base
MeOH (1 mL)

0

SRl

Q@Q

&
H AN

y

P(2-Fur); P(Bn)(Ph), P(o-Tol); P(Cy); P(tBu);
S.No. Palladacycle Phosphine  Base T(C) Yield (%)°
1 1 P(2-Fur)s LiOH 100 ND
2 2 P(2-Fur)s LiOH 100 ND
3 3 P(2-Fur)s LiOH 100 ND
4 4 P(2-Fur)s LiOH 100 trace
5 5a P(2-Fur);  LiOH 100 ND
6 5b P(2-Fur);  LiOH 100 12
7 6 P(2-Fur)s LiOH 100 11
8 7 P(2-Fur);  LiOH 100 76
9 7 P(2-Fur);  LiOtBu 100 82
10 7 P(2-Fur)s CsOH.H,0 100 ND
11 7 P(2-Fur);  Cs,CO; 100 ND
12 7 P(2-Fur);  KOtBu 100 41
13 7 P(o-Tol)s LiotBu 100 trace
14 7 P(Bn)(Ph), LiOtBu 100 trace
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15 7 P(Cy)s LiotBu 100 86
16 7 P(tBu)s LiotBu 100 72
17 7 P(Cy)s LiotBu 110 91
18 7 P(Cy)s LiotBu 120 94
19 - P(Cy)s LiotBu 120 ND°
20 7 P(Cy)s - 120 ND*
21 7 P(Cy)s LiOtBu 120 86°

®Reaction condition: propiophenone 1 mmol, base 0.30 mmol, palladacycle 2x10 mmol, phosphine
4x10% mmol, Pisolated yield, reactions were performed without palladacycle-7, %reactions were

performed without LiOtBu, °0.20 mmol LiOtBu was used.

We were delighted to observe an increased yield of up to 82% using LiOtBu instead
of LIOH (Table 7.1, entry 9). Other bases such as CsOH.H,O and Cs,CO; did not
provide the desired product. However, KtOBu yielded the desired product in 41%
yield (Table 7.1, entry 12). LiOH and LiOtBu were found to be suitable bases
compared to others (Table 7.1, entries 10-12), may be due to the effective
stabilization of various intermediates by the smaller Li* cation towards the in situ
formed active Pd(11)—OMe species.

Next, we focused our attention on identifying an appropriate monodentate
phosphine with the aim of improving the yield of the C-methylated product. P(o-Tol)s
and P(Bn)(Ph), were failed to give the product (Table 7.1, entries 13 and 14).
Surprisingly, the yield of the C-methylated product improved to 86% when PCys used,
however, P(tBu); yielded 72% under the equal reaction conditions (Table 7.1, entries
15 and 16). The donor strength, as well as steric effect of the phosphines, could be a
factor for the enhancement in catalytic performance under the reaction conditions.
Increasing the temperature to 110 °C and 120 °C resulted in 91% and 94% yield of the
C-methylated product respectively (Table 7.1, entries 17 and 18). Furthermore, the
reaction did not proceed in the absence of palladacycle-7 and (or) LiOtBu (Table 7.1,
entries 19 and 20), indicating the requirement of both the palladacycle-7 and LiOtBu
for C-methylation of propiophenone. The optimal reaction condition for C-
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methylation using methanol is therefore 120 °C for 48 h with use of 2 mol%
palladacycle-7, 4 mol% PCys;, 30 mol% LiOtBu in methanol (ImL) for 1 mmol of

propiophenone.

Table 7.2: Substrate scope for C-methylation of ketones using methanol a

o 0
Rl)k’ RI)K(
R, 2 mol% Palladacycle-7 R
(or) 4 mol% PCy, (or) "2
R, 30 mol%LiOtBu R,
NH 120°C/48h N
y —
CH;OH (1 mL) /
R 3
1 R1
JUNNCV LU eV
0 0 o 0
1,94 % 2,86 % 3,94 % 4,91 %
0 0 N
O N
MeO MeO 0
5,72 % 6, 68 % 7,65 % 8,62 %
MeO MeO
0 0 0]
9,72 %" 10,76 %" 11,86 %
H H H
o) ot gt O
5
0
12,82 % 13,91 % 14,93 % 15,91 %
H H =
NN NS E\i
Ty
MeO OMe g NG
16,89 % 17,78 % 18,91 %

“Reaction condition: aryl ketone (or) amine 1 mmol, base 0.30 mmol, palladacycle-7 2x10 mmol,
phosphine 4x10? mmol , isolated yield, °reactions were performed using palladacycle-7 3x10? mmol,
phosphine 6x10 mmol and 2 mL methanol at 130 °C for 48 h.
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In order to explore the substrate scope and limitations of the method under these
optimized reaction conditions, we examined different aryl ketones. Good to excellent
isolated yields were achieved for the C-methylated ketone products 1, 2, 3 and 4 from
the corresponding  ketones,  propiophenone,  butyrophenone, 4’-methoxy
propiophenone and 4-butyrobiphenyl, as shown in table 7.2. Cyclic ketones such as
5,6-dimethoxy indanone and 6-methoxy tetralone were smoothly methylated to the
corresponding products in good yields (Table 7.2, compounds 5 and 6). Notably, our
catalytic system tolerated heteroaryl ketones such as 2-methyl-5-propionyl furan and
3-propionyl pyridine to yield the corresponding C-methylated products in 65% and 62%
respectively (Table 7.2, compounds 7 and 8). To demonstrate the usefulness of our
catalytic system 1,3-diphenylpropan-1-one, 1-(4-methoxyphenyl)-3-phenylpropan-1-
one, 1-(4-methoxyphenyl)hexan-1-one, and 1-(4-methoxyphenyl)decan-1-one were
examined under the reaction conditions, to get the corresponding C-methylated
compounds 9, 10, 11 and 12 in 72%, 76%, 86% and 82% isolated yields respectively.

7.2.2 N-Methylation of amines

Motivated by the results obtained for C-methylation of aryl ketones, next we
concentrated on N-methylation of amines. N-Methylated amines have found
applications as important drug molecules and natural products. However, these
molecules are still synthesized using toxic and/or hazardous methyl halides or sulfates
as alkylating agents. Till to date only limited studies based on transition metal-
catalyzed N-methylation of amines using methanol have been described, especially
metals such as Ru and Ir have been used for the N-methylation.?*® To the best of our
knowledge, there exist no reports on palladium-catalyzed N-methylation of amines by
methanol. In order to examine the efficiency of the palladacycle-7 and phosphine
system we performed N-methylation of aniline under reaction conditions mentioned
before. To our delight, selective mono N-methylation of aniline proceeded smoothly
and furnished the desired products in 91% isolated yield (Table 7.2, compound 13).
Encouraged by these results, we explored the possibility to apply different amines
under the reaction conditions. As shown in table 7.2, different anilines gave the N-
methylated products in good to excellent isolated yields (Table 7.2, entries 14-17:
78%-93%). In most cases, the catalyst showed very good selectivity. 4-Methyl aniline
and 4-methoxy aniline gave isolated yields of 93% and 89% respectively (Table 7.2,
compounds 14 and 16), whereas sterically hindered 2-methyl aniline and 2-methoxy
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aniline gave a yield of 91% and 78% respectively (Table 7.2, compounds 15 and 17).
Notably, only mono methylated products were observed in all the cases of aromatic
primary amines. Aliphatic amines are generally more nucleophilic than aromatic
amines. Interestingly, a heterocyclic aliphatic amine such as 1-(2-
pyrimidyl)piperazine was also tolerated under the reaction conditions to give the
corresponding methylated product in 91% isolated yield (Table 7.2, compound 18).
Encouraged by the results obtained for the methylation of ketones and amines, we
then concentrated on sequential one-pot synthesis of 2-methyl-1,3-diphenylpropan-1-
one that involves C-alkylation followed by C-methylation.®™"*® In order to examine
this, 1.2 mmol acetophenone was treated with 1 mmol benzyl alcohol at 80 °C using 3
mol% palladacycle-7, 6 mol% tri(2-furyl)phosphine and 50 mol% LitOBu for 6 h
under solvent-free condition. The subsequent methylation was accomplished by
raising the temperature to 130 °C and adding methanol (Scheme 7.1). We were
delighted to see that the present catalytic system is effective for this sequential
reaction to give the 2-methyl-1,3-diphenylpropan-1-one in 73% isolated yield
(Scheme 7.1) under the reaction conditions, and thus demonstrating a useful double-

alkylation reaction to perform both carbon-carbon bond-forming steps in one pot

synthesis.
o OH ?
3 mol% 7/ 6 mol% P(2-Fur);
50 mol% LiOtBu/80°C/6h
+ then
MeOH (2 mL) /130 °C /48 h 9.73 %
1.2 mmol 1 mmol ’

Scheme 7.1: One-pot synthesis of 2-methyl-1,3-diphenylpropan-1-one

Motivated by the results obtained, we envisaged that the present catalyst system
could be used for the preparation of C-deuteromethylated ketones using CD3sOD as
deuteromethyl source under the reaction conditions. To our delight, the present
method successfully produced corresponding C-deuteromethylated compounds in
good isolated yields using methanol-d, (Scheme 7.2). C-deuteromethylation of 4-
methoxy propiophenone and 4-butyro biphenyl were converted to corresponding C-
deuteromethylated compounds under the reaction condition in 86% and 71% isolated

yield respectively (Scheme 7.2, entries 19 and 20).
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Ar 6 mol% PCy; Ar
30 mol% LiO'Bu CD
3
0-5 mmol 130°C /48 h
CD;0D

MeO Ph
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D

0 8 D
19, 86 % 20,71 %

Scheme 7.2: C-Deuteromethylation of aryl ketones using methanol-d4
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O>_<
Ar

transition state

Scheme 7.3: The proposed catalytic cycle

We have proposed a plausible mechanism for the reaction based on our
experimental results using methanol-d4 (Scheme 7.2) and literature reports "% for
C-methylation of ketones using methanol as shown in scheme 7.3. The reaction of
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lithium methoxide with in situ formed phosphine coordinated palladium species
generated the palladium methoxide species which undergone f-hydride elimination to
generate the palladium hydride intermediate and formaldehyde. The in situ generated
base catalyzed «,f-unsaturated carbonyl compound access the palladium hydride
which upon reaction with lithiummethoxide releases the corresponding C-methylated
product. And we believe that methylation of amines also could be followed a similar
type of mechanism.

7.3 Conclusion

In conclusion, we have developed palladacycle-7 and phosphine catalyst
system for the use of methanol as a C-1 source to methylate ketones and amines. The
scope of this reaction includes ketones and amines, and consecutive one-pot double
alkylation reaction provides a convenient route to 2-methyl-1,3-diphenylpropan-1-one
from simple acetophenone. Furthermore, the catalytic system was successfully
extended to C-deuteromethylation of methylene ketones using methanol-d, for the

first time.

7.4 Experimental section
7.4.1 General information

All reagents and solvents were obtained from commercial sources. Solvents
were purified according to standard procedures. All 400 (or) 700 MHz *H, 100
(or) 176 MHz *3C spectra were recorded on a spectrometer operating at 400 (or)
700 MHz. All *H and **C NMR spectra were referenced internally to solvent
signals. High-resolution mass spectra (HRMS) were recorded with using the

microTOF-QII mass spectrometer.

7.4.2 General procedure for methylation of ketones and amines using methanol

An oven dried Schlenk tube was charged with palladacycle-7 (2x10 mmol to 3x107

mmol), PCys (4x10% mmol to 6x10 mmol). Under inert atmosphere Li'OBu (0.30
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mmol), ketone or amine (1.0mmol) and methanol (1mL) were added to the reaction
mixture. Then the Schlenk tube was closed with PTFE stopper and the reaction
mixture was stirred at 120-130 °C for 48 h. The reaction mixture was cooled to room
temperature, diluted with dichloromethane, and concentrated under vacuum. The
crude mixture was subjected to column chromatography on silica gel using ethyl
acetate and n-hexanes mixtures to afford the corresponding methylated products in

high purity.

7.4.3 Analytical data for methylated compounds

2-methyl-1-phenylpropan-1-one  (Table 7.2, entry 1) °°: Prepared from
propiophenone (0.13 g, 1 mmol). After purification by column chromatography, the
compound was isolated as colourless liquid (0.15 g, 0.94 mmol, 94%). *H NMR (400
MHz, CDCls): & = 7.96 (d, J = 7.1 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.5
Hz, 2H), 3.61-3.51 (m, 1H), 1.22 (d, J = 6.8 Hz, 6H) ppm. *C NMR (100 MHz,
CDCls): 6 = 204.6, 136.3, 132.9, 128.7, 128.4, 35.5, 19.3 ppm.

2-methyl-1-phenylbutan-1-one (Table 7.2, entry 2) *: Prepared from butyrophenone
(0.15 g, 1 mmol). After purification by column chromatography, the compound was
isolated as colourless liquid (0.14 g, 0.86 mmol, 86%). *H NMR (400 MHz, CDCly):
§=7.96 (d, J = 7.1 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.5 Hz, 2H), 3.45-
3.36 (m, 1H), 1.92-1.77 (m, 1H), 1.57-1.42 (m, 1H), 1.19 (d, J = 6.9 Hz, 3H), 0.92 (t,
J = 7.4 Hz, 3H) ppm. **C NMR (100 MHz, CDCls): & = 204.6, 137.1, 132.9, 128.7,
128.3,42.2, 26.8, 16.9, 12.1 ppm.

1-(4-methoxyphenyl)-2-methylpropan-1-one (Table 7.2, entry 3) *: Prepared from 4-
methoxypropiophenone (0.16 g, 1 mmol). After purification by column
chromatography, the compound was isolated as colourless liquid (0.17 g, 0.94 mmol,
94%). *H NMR (400 MHz, CDCl): & = 7.94-7.84 (m, 2H), 6.93-6.81 (m, 2H), 3.79
(s, 3H), 3.45 (sept, J = 6.8 Hz, 1H), 1.13 (d, J = 6.8 Hz, 6H) ppm. *C NMR (100
MHz, CDCls): 6 = 203.1, 163.3, 130.6, 129.1, 113.7, 55.5, 35.0, 19.3 ppm.
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1-([1,1"-biphenyl]-4-yl)-2-methylbutan-1-one (Table 7.2, entry 4) **: Prepared from
4-butyrobiphenyl (0.22 g, 1 mmol). After purification by column chromatography, the
compound was isolated as a colourless liquid (0.22 g, 0.91 mmol, 91%). 'H NMR
(700 MHz, CDCls): & = 8.05 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.5 Hz, 2H), 7.64 (d, J =
7.1 Hz, 2H), 7.48 (t, J = 7.7 Hz, 2H), 7.40 (t, J = 7.4 Hz, 1H), 3.45 (h, J = 6.8 Hz, 1H),
1.91-1.85 (m, 1H), 1.57-1.51 (m, 1H), 1.24 (d, J = 6.9 Hz, 3H), 0.96 (t, J = 7.5 Hz,
3H) ppm. *C NMR (176 MHz, CDCls): & 204.1, 145.6, 140.0, 135.6, 129.0, 129.0,
128.3,127.4, 127.3, 42.3, 26.8, 16.9, 11.9 ppm.

5,6-dimethoxy-2-methyl-2,3-dihydro-1H-inden-1-one (Table 7.2, entry 5) '
Prepared from 5,6-dimethoxyindanone (0.19 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a yellow colour solid (0.15 g, 0.72
mmol, 72%). Mp = 131-132 °C. *H NMR (400 MHz, CDCls): & = 7.18 (s, 1H), 6.86
(s, 1H), 3.96 (s, 3H), 3.90 (s, 3H), 3.30 (dd, J = 16.7, 7.3 Hz, 1H), 2.78-2.53 (m, 2H),
1.29 (d, J = 7.4 Hz, 3H) ppm. *C NMR (100 MHz, CDCls): 5 = 208.4, 155.6, 149.6,
148.8, 129.2, 107.5, 104.6, 56.34, 56.2, 42.3, 34.9, 16.8 ppm.

6-methoxy-2-methyl-3,4-dihydronaphthalen-1(2H)-one (Table 7.2, entry 6) ™:
Prepared from 6-methoxy-1-tetralone (0.18 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.13 g, 0.68 mmol,
68%). 'H NMR (400 MHz, CDCly): 6 = 7.98 (d, J = 8.7 Hz, 1H), 6.78 (dd, J = 8.7, 2.5
Hz, 1H), 6.65 (d, J = 2.5 Hz, 1H), 3.82 (s, 3H), 3.01-2.86 (m, 2H), 2.55-2.66 (m, 1H),
2.18-2.11 (m, 1H), 1.87-1.77 (m, 1H), 1.23 (d, J = 6.9 Hz, 3H) ppm. *C NMR (100
MHz, CDCls): 6 = 199.8, 163.5, 146.8, 130.0, 126.2, 113.2, 112.6, 55.5, 42.4, 31.6,
29.3, 15.7 ppm.

2-methyl-1-(5-methylfuran-2-yl)propan-1-one (Table 7.2, entry 7) °: Prepared from
1-(5-methylfuran-2-yl)propan-1-one (0.14 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.099 g, 0.65
mmol, 65%). *H NMR (400 MHz, CDCly): & = 7.10 (d, J = 3.4 Hz, 1H), 6.14 (dd, J =
3.4, 0.9 Hz, 1H), 3.30-3.23 (m, 1H), 2.38 (s, 3H), 1.18 (d, J = 6.9 Hz, 9H) ppm. *C
NMR (100 MHz, CDCls): 6 =193.3, 157.8, 150.9, 119.4, 108.9, 36.0, 19.2, 14.2 ppm.
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2-methyl-1-(pyridin-3-yl)propan-1-one (Table 7.2, entry 8) °: Prepared from 3-
propionylpyridine(0.14 g, 1 mmol). After purification by column chromatography, the
compound was isolated as a colourless liquid (92 mg, 0.62 mmol, 62%). *H NMR
(400 MHz, CDCly): & = 8.44 (d, J = 6.3 Hz, 2H), 7.72 (d, J = 7.8 Hz, 1H), 7.29 (dd, J
= 8.4, 4.1 Hz, 1H), 2.01-1.93 (m, 1H), 0.99 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.8 Hz,
3H) ppm. *C (100 MHz, CDCls): & = ppm: 203.1, 153.2, 149.7, 135.7, 131.4, 123.7,
35.9, 18.8 ppm.

2-methyl-1,3-diphenylpropan-1-one (Table 7.2, entry 9) **: Prepared from 1,3-
diphenylpropan-1-one (0.21 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.16 g, 0.72 mmol,
72%). *H NMR (400 MHz, CDCly): & = 7.99-7.93 (m, 2H), 7.61-7.54 (m, 1H), 7.51-
7.45 (m, 2H), 7.34-7.17 (m, 5H), 3.85-3.75 (m, 1H), 3.21 (dd, J = 13.7, 6.3 Hz, 1H),
2.73 (1H, dd, J = 13.7, 7.9 Hz), 1.24 (d, J = 6.9 Hz, 3H) ppm. **C NMR (100 MHz,
CDCls): 8 = 203.7, 139.9, 136.4, 132.9, 129.1, 128.6, 128.3, 128.3, 126.2, 42.7, 39.3,
17.4 ppm.

1-(4-methoxyphenyl)-2-methyl-3-phenylpropan-1-one (Table 7.2, entry 10) *%:
Prepared from 1-(4-methoxyphenyl)-3-phenylpropan-1-one (0.24 g, 1 mmol). After
purification by column chromatography, the compound was isolated as a colourless
liquid (0.19 g, 0.76 mmol, 76%). *H NMR (400 MHz, CDCls): = 7.91 (d, J = 8.9 Hz,
2H), 7.13 =7.28 (m, 5H), 6.91 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H), 3.65-3.74 (m, 1H),
3.15(dd, J =13.6, 6.7 Hz, 1H), 2.68 (dd, J = 13.6, 7.9 Hz, 1H), 1.19 (d, J = 6.9 Hz,
3H) ppm. *C NMR (100 MHz, CDCls): & = 202.2, 163.3, 140.0, 130.5, 129.3, 129.0,
128.3,126.1, 113.7,55.4, 42.3, 39.5, 17.5 ppm.

1-(4-methoxyphenyl)-2-methylhexan-1-one (Table 7.2, entry 11) **: Prepared from
1-(4-methoxyphenyl)hexan-1-one (0.21 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.19 g, 0.86 mmol,
86%). 'H NMR (700 MHz, CDCl5): § = 7.94 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz,
2H), 3.86 (s, 3H), 3.41 (h, J = 6.8 Hz, 1H), 1.82-1.73 (m, 1H), 1.46-1.38 (m, 1H),
1.34-1.22 (m, 4H), 1.17 (d, J = 6.9 Hz, 3H), 0.86 (t, J = 6.8 Hz, 3H) ppm. *C NMR
(176 MHz, CDCls): 8 = 203.3, 163.4, 130.6, 129.9, 113.9, 55.6, 40.2, 33.8, 29.8, 23.0,
17.5, 14.1 ppm.
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1-(4-methoxyphenyl)-2-methyldecan-1-one (Table 7.2, entry 12) ?*: Prepared from 1-
(4-methoxyphenyl)decan-1-one (0.26 g, 1 mmol). After purification by column
chromatography, the compound was isolated as a colourless liquid (0.23 g, 0.82 mmol,
82%). *H NMR (700 MHz, CDCls): & = 7.91 (d, J = 8.2 Hz, 2H), 6.90 (d, J = 7.5 Hz,
2H), 3.81 (s, 3H), 3.40-3.36 (m, 1H), 1.77-1.73 (m, 1H), 1.40-1.21 (m, 13H), 1.14 (d,
J = 6.9 Hz, 3H), 0.83 (d, J = 6.4 Hz, 3H) ppm. *C NMR (176 MHz, CDCly): & =
203.1, 163.3, 130.5, 129.8, 113.8, 55.4, 40.2, 34.0, 31.9, 29.8, 29.5, 29.3, 27.5, 22.7,
17.5, 14.1 ppm.

N-methylaniline (Table 7.2, entry 13) *': Prepared from aniline (93 mg, 1 mmol).
After purification by column chromatography, the compound was isolated as
colourless liquid (97 mg, 0.91 mmol, 91%). *H NMR (CDCls, 400 MHz): & = 7.20-
7.32 (m, 2H), 6.61-6.83 (m, 3H), 3.72 (s, br, 1H), 2.89 (s, 3H) ppm. *C NMR
(CDCls, 100 MHz): 6 = 149.5, 129.3, 117.4, 112.5, 30.8 ppm.

N,4-dimethylaniline (Table 7.2, entry 14) *’: Prepared from p-toluidine (0.11 g, 1
mmol). After purification by column chromatography, the compound was isolated as
pale yellow liquid (0.11 g, 0.93 mmol, 93%). *H NMR (400 MHz, CDCls): & = 7.03
(d, J =8.2 Hz, 1H), 6.66 (d, J = 8.2 Hz, 1H), 2.84 (s, 1H), 2.26 (s, 1H) ppm. **C NMR
(CDCls, 100 MHz): 6 = 146.5, 129.9, 127.5, 113.4, 31.7, 20.5 ppm.

N,2-dimethylaniline (Table 7.2, entry 15) *’: Prepared from o-toluidine (0.11 g, 1
mmol). After purification by column chromatography, the compound was isolated as
pale yellow liquid (0.11 g, 0.91 mmol, 91%). *H NMR (CDCls, 400 MHz): § = 7.18
(m, 1H), 7.07 (m, 1H), 6.64-6.72 (m, 2H), 2.92 (s, 3H), 2.16 (s, 3H) ppm. *C NMR
(CDCls, 100 MHz): & = 147.2, 130.1, 127.3, 122.1, 117.1, 109.4, 30.9, 17.5 ppm.

4-Methoxy-N-methylaniline (Table 7.2, entry 16) *®: Prepared from p-anisidine (0.12
g, 1 mmol). After purification by column chromatography, the compound was isolated
as pale yellow liquid (0.12 g, 0.89 mmol, 89%). 'H NMR (CDCls, 400 MHz): & =
6.80 (d, J = 9.2 Hz, 2H), 6.59 (d, J = 8.8 Hz, 2H), 3.75 (s, 3H), 2.81 (s, 3H) ppm. *C
NMR (CDCls, 100 MHz): & = 152.1, 143.7, 114.9, 113.6, 55.8, 31.6 ppm.
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2-Methoxy-N-methylaniline (Table 7.2, entry 17) *°: Prepared from o-anisidine (0.12
g, 1 mmol). After purification by column chromatography, the compound was isolated
as pale yellow liquid (0.11 g, 0.78 mmol, 78%). 'H NMR (CDCls, 400 MHz): & =
7.00 — 6.96 (m, 1H), 6.84 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 6.77 — 6.73 (m, 1H), 6.68
(dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 3.91 (s, 3H), 2.93 (s, 3H) ppm. *C NMR (CDCl;,
100 MHz): 6 = 146.9, 139.4, 121.4, 116.4, 109.4, 109.3, 55.4, 30.4 ppm.

2-(4-methylpiperazin-1-yl)pyrimidine (Table 7.2, entry 18) ?°: Prepared from 2-
(piperazin-1-yl)pyrimidine (0.16 g, 1 mmol). After purification by column
chromatography, the compound was isolated as pale yellow liquid (0.16 g, 0.91 mmol,
91%). *H NMR (700 MHz, CDCls): 6 = 8.28 (d, J = 4.7 Hz, 2H), 6.46 (t, J = 4.7 Hz,
1H), 3.83 (s, 4H), 2.46 (d, J = 5.1 Hz, 4H), 2.32 (s, 3H) ppm. **C NMR (176 MHz,
CDCls): 6 =161.8, 157.8, 110.0, 55.0, 46.2, 43.6 ppm.

1-(4-methoxyphenyl)-2-methylpropan-1-one-2,3,3,3-d4 (scheme 7.2, entry 19) :
Prepared from 4-methoxypropiophenone (82 mg, 0.5 mmol). After purification by
column chromatography, the compound was isolated as pale yellow liquid (79 mg,
0.43 mmol, 86%). *H NMR (700 MHz, CDCls): & = 7.90 (d, J = 8.8 Hz, 2H), 6.88 (d,
J = 8.8 Hz, 2H), 3.81 (s, 3H), 1.15 (s, 3H) ppm. **C NMR (176 MHz, CDCly): & =
199.6, 163.3, 130.2, 113.7, 55.4, 31.3-30.4 (m), 8.3 ppm.

1-([1,1'-biphenyl]-4-yl)-2-(methyl-d3)butan-1-one-2-d (scheme 7.2, entry 20) %:
Prepared from 4-butyrobiphenyl (0.11 g, 0.5 mmol). After purification by column
chromatography, the compound was isolated as white solid (0.12 g, 0.36 mmol, 71%).
Mp = 86-87 °C. *H NMR (700 MHz, CDCls): & = 8.04 (d, J = 8.4 Hz, 2H), 7.68 (d, J
=8.4 Hz, 2H), 7.63 (d, J = 7.1 Hz, 2H), 7.47 (t, J = 7.7 Hz, 2H), 7.40 (t, J = 7.9 Hz,
1H), 1.80-1.77 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H) ppm. *C NMR (176 MHz, CDCly): &
= 200.4, 145.7, 140.1, 136.0, 129.1, 128.8, 128.3, 127.4, 127.4, 40.8-39.1 (m), 29.9,
18.0, 14.0 ppm.
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Summary
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