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General Remarks

The present investigations are carried out in Department of Chemistry, Indian Institute of
Technology Guwahati, during the period from July-2014 to september-2019 as a Ph.D.

student under the supervision of Prof. Subhas Chandra Pan.

Mostly, all reactions were carried under air using oven dried glassware and magnetic
stirring. All solvents and reagents were used as received from Aldrich, Merck and

Spectrochem without purification.

But reactions involving air- or moisture-sensitive reagents or intermediates were carried
out in oven-dried glassware under an argon atmosphere. Methanol and ethanol were
freshly distilled from magnesium/iodine under argon. THF and diethylether (Et,O) were
freshly distilled from Sodium under argon. Dichloromethane (CH,Cl;) and 1,2-
dichloroethane (CICH,CH,CI) were freshly distilled from calcium hydride (CaH,).
Chloroform (CHCI3) was distilled calcium chloride (CaCl,) and store under argon. N, N-
diisopropylethylamine (DIPEA) was distilled from CaH, and stored under argon.
Commercial grade xylene, benzene, toluene and were distilled from calcium hydride
(CaHy) before use. Trifluorotoluene (PhCF3) was used as received from Sigma Aldrich

India. All other solvents and reagents were purified according to standard procedures.

'H &¥C NMR spectroscopy: Bruker DRX 400 MHz, Bruker DRX 500 MHz and Bruker
DRX 600 MHz. Chemical shifts, 6 (in ppm), are reported relative to TMS (6 (1H) 0.0
ppm, 6 (13C) 0.0 ppm) which was used as the inner reference. Otherwise the solvents
residual proton resonance and carbon resonance (CHCls, & (*H) 7.26 ppm, & (**C) 77.23
ppm; CD;0D, (*H) 3.31 ppm, & (*3C) 49.15 ppm) were used for calibration.

Column chromatography: Merck or Spectrochem silica gel 60-120, 230-400 mesh or
neutral alumina (Merck or Fischer Scientific) under gravity. After purifications the

solvent was usually removed in Bichi R-114V rotavapour.

MS (ESI-HRMS): Mass spectra were recorded on an Agilent Accurate-Mass Q-TOF
LC/MS 6520, and peaks are given in m/z (% of basis peak).

XRD: X-ray crystallographic data were collected using a Bruker SMART APEX-I1 CCD
diffractometer, equipped with a fine focus 1.75 kW sealed tube Mo-Ka radiation ( 1 =

Vv
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0.71073 A) at 296(2) K, with increasing w (width of 0.3° per frame) at a scan speed of 3
s/frame. Structures were solved by direct methods using SHELXS-97 and refined with

full matrix least squares on F2 using SHELXL-97.

HPLC: HPLC analysis using Dionex (Ultimate 3000) instrument with chiral columns in

comparison with authentic racemic materials.
TLC: Reactions were monitored by TLC on silica gel 60 Fzs4 (0.25mm).

Melting Point: Melting points were measured using BuCHI melting point B-540

apparatus.

Vi
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Abstract

The contents of the present thesis entitled as “Transition Metal and Oxidant Free
Sustainable Syntheses of Heterocyclic Molecules” have been divided into five chapters
based on the results achieved from the experimental works performed during the entire

course of the PhD research programme.

Chapter 1 contains a brief introduction and the literature review of heterocyclic
molecules. Different strategies including non-asymmetric as well as asymmetric

reactions for the synthesis of useful heterocyclic products were also discussed.

Chapter 2 highlights an efficient method for the facile synthesis of heterocycles via
aerobic oxidation of 2-hydroxyacetophenones without any need of redox catalyst system.
Catalytic amount of base has been added for synthesis of phthalides. Also catalytic
amount of acid has been added for synthesis of quinoxalines which supports easy
formation of imine bond. Base/acid has no role in the oxidation process. In addition,
mechanistic studies have been performed to understand the plausible reaction pathway
involved for the oxidation process which is discussed in this section in details. Different
a-ketoamides and olefin are also synthesized under the reaction conditions with
moderate to good yields.

R2 (0]
I\\ NH, Ri
A D®:
2
Z )

o)
1
R2 N diphenyl phosphate O R\
@[ \]\ (10 mol%) /U\/OH DIPEA (10 mol%) | Ny
Ar .
ASNPSAr PhCH;, 80 °C PhCHs, 80 °C Z o
24 h 30-42 h
up to 70% yield 12 examples pyrrolidine 24 examples Ar
PhCH,, 80 °C

up to 84% yield
24 h

5 examples

LD
Ar)J\n/N up to 65% yield
o

Scheme 1

vii
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Chapter 3 represents base mediated an unusual aerobic hydrolysis-cascade reaction for
the first synthesis of N-formyl-2-benzoyl benzothiazolines and N-formyl disulfides from
N-phenacylbenzothiazolium bromides. The reaction proceeds via aerobic formation of
iminium ion intermediate. 2-Substituted benzothiazole with benzylic hydroxyl group was
formed when DIPEA was replaced with cesium carbonate. Also synthetic applications
such as cascade formation of N-substituted imidazoles and 2-benzoyl benzothiazole have
been demonstrated under mild reaction conditions. Detailed mechanistic studies have

been performed to understand the plausible reaction pathway.

o . CHO
N\ OH (Cs,CO0; (2 equiv) e //QR1 DIPEA (2 equiv) NN o
©:S>_<R1 - NNE o | SH1
EtOH, rt | r > Br DMSO, rt R
R = aryl 24-36 h S 6-8 h R = aryl, alkyl
up to 78% yield 9 examples 17 examples ;45 96% yield

Scheme 2

Chapter 4 describes metal-free highly diastereoselctive [3+2] cycloaddition reaction
between N-phenacylbenzothiazolium bromides and prochiral cyclopentene-1,3-diones
which results a tetracyclic product with five stereogenic centres. Benzothiazolium N-
phenacylide is the active 1,3-dipole intermediate generated in situ with the treatment of
DIPEA with N-phenacylbenzothiazolium bromide. The short reaction time and mild
reaction conditions are some of the salient features of this protocol. A few synthetic
transformations of this method were also demonstrated which results interesting fused
heterocyclic molecules. A catalytic asymmetric variant of this process is also studied

preliminary using hydroquinine derived thiourea catalyst in combination with proton

sponge.
o)
(o) Ar
o}
) //«A R'
R N® ' DIPEA (1.1 equiv) ;
N\ R
R * ©:> B? ©: H
Y S CHCl,, rt § HF o

26 examples up to 98% yield
up to > 20:1 dr

Scheme 3

viii
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Chapter 5 demonstrates base mediated denitration reactions of nitroketones. Versatile

nature of a-nitroketones triggered the construction of various heterocyclic molecules. We

have able to synthesize isoxazoles in regioselective manner, isoxazoline N-oxides and

dihydrofurans with excellent diastereomeric ratio and f,y-unsaturated diesters. The scope

of this reaction is quite broad for different heterocyclic moieties.

fo) Ph o
w up to 84% yield
EtO \ R up to >20:1dr
N-O 5 examples
O ® R = alkyl
(o)
EtO NO; | DIPEA (2 equiv)
| CH.CN, rt, 24 h
R2 Ph R!
(o) Ar (o)
NC 53 4 R® N o) NO, G o
DBU (1 equiv DIPEA (2 equiv
D_/( (equv) J_no, (2 equiv)
rZ O R . R1 R
CHCIj3, rt, 30 min CH3CN, rt, 36-72 h
up to 92% yield 28 examples _ 18 examples up to 80% yield
up to >20:1 dr R = aryl, alkyl up to >20:1 rr
Scheme 4

Each of these chapters contain introduction, previous reported works, present result and

discussion, experimental section, references, along with characterization data of products

including few selective spectral data. Overall, this thesis demonstrates some new and

efficient approaches for the synthesis of different heterocyclic moieties.
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Chapter 1

General Introduction
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General Introduction

1.1 Introduction

Most of the chemical compounds are classified on the basis of their structure, bonding
patterns and number of atoms. When all the atoms in a molecule are carbon and are
arranged in cyclic ring format, molecule is called carbocyclic molecule. When the cyclic
compound contains only one type of element, compound is called isocyclic compound.
Heterocyclic molecules are cyclic ring structures containing at least one heteroatom.
Nitrogen, oxygen, and sulfur atoms are the common heteroatoms mostly found in
heterocycles. Other heterocycles having heteroatoms like, boron, phosphorous, silicon,
arsenic, antimony, selenium, tellurium etc. are also well known and have wide
applications.*
A convenient classification of heterocycles can be done by considering ring size. Three-
and four-membered rings are geometrically strained and thus susceptible to ring opening
because of their small size. Such heterocycles are thus well-known reactive
intermediates. Four-membered heterocyclic rings are less strained, and hence more stable
than the three-membered rings and therefore, ring cleavage is less expected. Moreover,
synthesis of four-membered heterocycles is more difficult than the three-membered
heterocycles by direct intramolecular cyclization. Five- and six-membered rings are
readily formed and are very stable. Maximum variety of heterocycles includes five- and
six-membered rings. Their sizes also allow the development of aromatic character.
Compared to five- and six-membered rings, the seven-membered ring skeleton is
difficult to construct due to the unfavourable transannular interactions and entropic
factors. Similarly, synthesis of eight or more membered heterocycles is more difficult
because of their associated torsional, large-angle strain and the high activation energy
needed for the ring closure.
Heterocyclic compounds can also be classified as aliphatic and aromatic heterocyclic
compounds.
The history of heterocyclic chemistry started in the 1800s with the development of
organic chemistry.? In this regard; some notable developments can be highlighted.

(i) Isolation of alloxan from uric acid by Brugnatelli in 1818

(i1) Production of furfural by treating starch with sulfuric acid by Dobereiner in 1832

3

TH-2175_146122003


https://www.britannica.com/science/oxygen
https://www.britannica.com/science/sulfur

Chapter 1

(iii) Separation of pyrrole by dry distillation of bones by Runge in 1834
(iv) Synthesis of indigo dye by Friedlander in 1906
(v) Isolation of chlorophyll derivatives from crude oil and explanation of biological
origin of petroleum by Treibs in 1936
(vi) Role of heterocyclic compounds (purines and pyrimidines) in the genetic code
by Chargaff's rules in 1951
Heterocyclic compounds are extensively distributed in nature and play vital roles in the
metabolism in living cells. Almost all compounds such as vitamins, hemoglobin, DNA,
RNA, co-enzymes, essential amino acids and many other natural products contain
heterocycles (Figure 1.1).' A large number of heterocyclic compounds are
pharmacologically active such as nelfinavir, cathepsin-D inhibitor, ampicillin etc.
(Figure 1.1).® Heterocyclic compounds include many synthetic dyes, the majority of

drugs and most biomass (cellulose and related materials).
0

H
pooeR cal
~OH S
pyrldoxme ascorbic acid biotin
HO ~Ol vitamin Bg vitamin C vitamin H
riboflavin OH
- CH,
vitamin B, 7 CH,
/CH2
HO HaC
X \\\ \\
NH
H H3C CHj3
NN
LA
N
N HO,C CO,H
cytokinin hemoglobine nelfinavir

treatment of HIV

cl N OCF3 i_g /S]/H
HN4< >—s 4 N N
0

- CH
cathepsin-D inhibitor HN— _ amplcnlln Coz
treatment of breast cancer and alzheimer anti-HIV nucleoside antibiotic

Figure 1.1: Some important heterocyclic molecules
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General Introduction

1.2 Synthesis of heterocycles

Heterocycles are considered as the largest classical division of organic structures
covering more than half of the known compounds.* The chemistry of heterocyclic
compounds, dealing with preparation, properties and application, is very vast. Therefore,
synthesis of heterocycles is still highly demanding.
Over the last decade, many new approaches have been applied for the synthesis of
heterocyclic molecules. General methods for the synthesis of heterocycles can be
classified into two parts.

A. Classical cycloaddition reactions

B. Oxidative cyclization reactions.
A. Classical cycloaddition reactions
Cycloadditions® are one of the fundamental reaction processes which have been utilized
with great success for the construction of a variety of heterocyclic skeletons. Classical
cycloaddition reactions have been reported by using diene-dienophiles chemistry. Some
of the dienophiles posses pre-existing dipole system which can be activated by catalytic
amount of simple acid/base or under heating; whereas some dienophiles require
stoichiometric amount of base/acid to generate dipoles. Synthesis of heterocyclic

molecules mainly follows some general strategies (Figure 1.2).

X X©
=X
n~ ©)

intramolecular strategy

X0  ® _ o
Q=det Q=(rFVy

X

X ®
S & ©
[4+1] strategy [3+2] strategy
S
® 0O ® @ _o
m :><\@®<\X@® :(J(J X" ©®
5 %6 o/ ‘o g ® x~ @ X I J
X o X & X © © ©
[5+1] strategy [4+2] strategy [3+3] strategy
@0 @6) ©
Yool T
® X ® X ~®
X 3 S ® g

for higher membered rings

Figure 1.2: General classical strategies for the synthesis of heterocycles

5
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Chapter 1

Common strategies include [3+2]° cycloaddition for five membered rings formation,
[3+3]" cycloaddition for six membered rings formation, [4+3]® cycloaddition for seven
membered rings formation. The construction of heterocycles by classical cycloaddition
reactions involve 1,3-dipoles and dipolarophiles. Common examples of 1,3-dipoles are
provided in Scheme 1.1. Some stable cyclic analogous are there which also serve as 1,3-
dipoles under thermal/photochemical conditions or in the presence of a Lewis acid
(Scheme 1.1).

1, 3-dipoles
_C:ﬁ‘é © / @ o) ® /
= C=N N@ —C:N—Oe N=N—E N=N—N@
nitrile ylides nitrile imiides nitrile oxides  diazo compounds azides
I I I
@ ® @ 0® @ |
N 5 /N‘N/ /N‘o ~ 0 /O\O 09 _N&®
© © o o~ 0. O° O
© S)
azomethine ylides = azomethine imiides nitrones carbonyl ylides carbonyl oxides  ozone nitro
stable cyclic analogs | | |
y 9 N N N ° 7%/
TN TS T
aziridine diaziridine oxaaziridine  epoxide cyclopropane

Scheme 1.1: Common examples of 1, 3-dipoles

Cycloaddition strategy covers enormous number of reactions. Herein, we have discussed
some selective recent reactions.

Nitrile ylides” can be obtained by dehydrochlorination of imidoyl chlorides.
Photochemical ring opening of azirines and addition of electrophilic carbenes to nitriles
also generate nitrile ylide.

Mattay group developed a new synthetic methodology for the synthesis of N-substituted
imidazoles via [3+2] cycloaddition of azirine and imine using 1,4-naphthalene
dicarbonitrile as photocatalyst (Scheme 1.2).2° This reaction is also comfortable for

olefins with electron withdrawing groups.

0 R1 R1 N GN
N \ catalyst (10 mol%) fN>—R2 I \>—R2
B g e ) [
R R2 CH4CN, 350 nm | R® N\ 4 R® vt
R' = Ph, "butyl R3 = Ph, "propyl R R CN
RZ=Ph,H  R*= "propyl P 1o 7% yield catalyst

Scheme 1.2: Photo-catalyzed reaction of azirines and imines

6
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General Introduction

Sibi et al. reported base mediated diastereoselective cycloadditions of nitrile ylides and
chiral oxazolidinones (Scheme 1.3).%

4
o O R
PN ) DIPEA(1.5equiv) N\g
N DRt s N -, R ) R3-—=N-C-R*
Y Al 4AMs _ =R © 9
R2 R Cl DCM, rt RY N via
R' = aryl, alkyl, ester R®=aryl, alkyl up to 91% yield

R2 = aryl, alkyl R* = aryl up to >98:2 dr
Scheme 1.3: Base mediated cycloadditions via nitrile ylides

Wan and co-workers disclosed a methodology for copper catalysed synthesis of fully
substituted 1,2,4-triazoles from diazonium salts and nitriles via nitrile ylide intermediate
(Scheme 1.4).%

® © ©
N, BF4 CuBr (20 mol%) RZW/N _'T_ o [Cu]
o Li,CO5 (1 equiv) Y pa
N 1 — R2 ;» N~ \ / RO N®
SR pe o\
via
neat, 40 °C g Q R2

R1
up to 86% yield

R' = alkyl R2 = alkyl

Scheme 1.4: Cupper bromide catalysed synthesis of 1,2,4-triazoles

Werz group established [3+3] cycloaddition of nitrile imines and donor-accepter
cyclopropanes to afford tetrahydropyridazines in the presence of titanium tetrachloride

(Scheme 1.5).* The nitrile imine was generated in situ from hydrazonyl chloride and

imidazole.
Cl - . MeO,C_ CO,Me
R'  co,Me H imidazole (1 equiv) R3
2 s NG A, I
CO,Me R N R . \
TiCl4 (20 mol%) R N’N
DCM, 45 °C |

R' = aryl R2 = aryl R2

R3 = alkyl, aryl, heteroaryl up to 92% yield

Scheme 1.5: Synthesis of tetrahydropyridazines via nitrile imine

Nitrile oxides’” can also be generated either by in situ treatment of N-
hydroxybenzimidoyl chloride/a-nitroketones with mild bases and then immediately

reacted with dipolarophiles or from the corresponding aldoximes by oxidation reactions.

7
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Chapter 1

Fokin and co-workers developed a regioselective synthesis of isoxazoles via 1,3-dipolar

cycloaddition of nitrile oxides and alkynes using ruthenium catalyst. In the absence of

catalyst, other regioisomer was formed (Scheme 1.6).*%

* 0,
OH [Cp*RuCl(cod)] (5 mol%) N’O N’O

NEt; (1.25 equi
j‘l\ + RZ== 3 ) 1JI\/2 MRZ
R1 R 1

Cl DCE, rt R2 R

o formed in the
R1—_%—% up to 93% yield absence of catalyst

via

R' = aryl, alkyl R? = aryl, alkyl

Scheme 1.6: Ruthenium catalysed regioselective synthesis of isoxazoles

Suga et al. demonstrated cinchona-alkaloid based tertiary amine urea catalyzed first

asymmetric 1,3-dipolar cycloaddition between nitrile oxides and o-hydroxystyrenes to

access chiral isoxazoline derivatives (Scheme 1.7).2"

HO OMe %
N-oH catalyst (100 mol%) o )= H—&N CF,
o AN
1J\ N
R' = aryl ® 0O up to 97% yield N~ O)\N CF,
R'-—=N-0 up to 96% ee - H ]

catalyst

via
Scheme 1.7: Synthesis of chiral isoxazoline derivatives

Diazomethanes™ are highly reactive as well as toxic and explosive. They are mainly
used for cycloaddition reaction, cyclopropanation, esterification etc.

Yamamoto group developed 1,3-dipolar cycloaddition of arynes with diazomethane

derivatives for the synthesis of 1H-indazoles and 1-arylated indazoles (Scheme 1.8).%

R1 R1

R—'\ \N R'CHN, (0.5 equiv) N TMS R'CHN, (1.2 equiv)
N RT _ R

N

J|=
Q\
=z

CsF, CH3CN, rt oTf KF/[18]crown-6
7 xR THF, rt
— R' = aryl, esters R' = aryl, esters, TMS
up to 90% vyield up to 90% yield

Scheme 1.8: Synthesis of 1H-indazoles and 1-arylated indazoles
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General Introduction

A novel synthetic approach for difluoromethyl-substituted pyrazoles was explored by
Mykhailiuk et al (Scheme 1.9). CF,HCHN; was synthesized in situ and subjected to
[3+2] cycloaddition reaction with various alkynes.**"

(i) 'BUONO (2.4 equiv)

AcOH (0.4 equiv) F R F F
F F reflux, 10 min
F N\ ®
- NI EWG SND o
NH, (i) R—=—EWG N N
rt H in situ generated
EWG = esters, ketones up to 83% yield

R = H, CF3, CO,Me, SiMes

Scheme 1.9: Synthesis of difluoromethyl-substituted pyrazoles via diazomethane

Organic azides™ are frequently used in organic synthesis. The terminal nitrogen is mildly
nucleophilic. Aryl azides can be prepared by displacement of the appropriate diazonium
salt with sodium azide or trimethylsilyl azide. Synthesis of aryl azides is also possible by
nucleophilic aromatic substitution of chlorides and diazotization of anilines and aromatic

hydrazines.
Fokin group developed 1,3-dipolar cycloaddition reaction of azides and alkynes,
providing 1,4-disubstituted 1,2,3-triazoles using copper(1) catalyst (Scheme 1.10). **°

CuS045H,0 (2 mol%) o

© ® sodium ascorbate (10 mol%) \N’N\\N
R‘l N\N\\ + = R2 g(
N H,O/BUOH (2:1), rt k2
R' = alkyl R? = aryl, alkyl up to 98% yield

Scheme 1.10: [3+2] Cycloaddition reaction of azides and alkynes

Xu et al. developed TiCl, promoted formal [3+3] cycloaddition reaction of azides and
cyclopropane 1,1-diester for the synthesis of highly functionalized triazinines (Scheme
1.11).4

MeO,C_ CO,Me

R'  co,Me o ® TiCl, (100 mol%) N
* R2-N—-N=N - I
\D4002Me DCM -N

R" N
0 OC-rt R2
R' = alkyl, aryl R2 = alkyl up to 91% yield

Scheme 1.11: Synthesis of triazinines using azides

9

TH-2175_146122003


https://en.wikipedia.org/wiki/Organic_reaction
https://en.wikipedia.org/wiki/Trimethylsilyl_azide
https://en.wikipedia.org/wiki/Diazotization

Chapter 1

Azomethine ylides™ can be synthesized in situ by treating N-alkyl imines with
strong/mild bases and immediately reacted with dipolarophiles. Reactions of azomethine
ylides are highly stereo- and regioselective, and have the potential to form four new
contiguous stereocenters. Azomethine ylides thus have high utility in the formation of

chiral ligands and in total synthesis. More information have been provided in chapter 4.

Kanemasa et al. disclosed cycloaddition reaction of pyridinium methylides with electron-

deficient olefins in stepwise manner (Scheme 1.12).'**

Q\©
A (i) N-methyl maleimide (1 equiv) Ph
| _ NEt; (1.2 equiv), CHCI3, 10 min o
N f-—
Br ® O
o Kﬂ/Ph iy = Ewg (1equiv)
il PhCHg, reflux, 48 h N_
EWG = N-methyl maleimide, )
CN, SO,Ph up to 54% yield

Scheme 1.12: Cycloaddition reaction of pyridinium methylides

Ryan and co-workers demonstrated a transformation of N-protected isatoic anhydrides

into 1,3-benzodiazepin-5-ones using in situ formed azomethine ylide (Scheme 1.13).***

0 OMe Q
0 ( LiF (1.25 equiv) N \@
R , W N—Bn R N—Bn /N“Bn
Z SN0 ( 4 AMS, CH4CN AN )
R ™S

N
R in situ generated
R" = aryl, alkyl up to 96% vyield

Scheme 1.13: Synthesis of 1,3-benzodiazepin-5-ones using azomethine ylide

Xing group published general and direct synthesis of indolizine-1-carbaldehydes via 1,3-
dipolar cycloaddition of phenylpropiolaldehyde with pyridinium ylides (Scheme 1.14).1%¢

f—

A CH4CN, rt o R
Kﬂ/ R' = aryl, alkyl Ar

e} up to 84% vyield

R
X
~ R |
- |\\ Cs,CO3 (1.1 equiv) N"X\,—CHO
G A®J + R'—=—=—cCHO
BrN
o

Scheme 1.14: [3+2] Cycloaddition reaction of azomethine ylides
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General Introduction

Recently, Bakshi et al. developed transition metal free synthesis of nitrogen containing

heterocycles having a fully substituted N-fused pyrrole ring (Scheme 1.15).™

= K,COj3 (2 equiv) . L
L@ \FC— 2005 (2 equv) NN —COsEt

CO2Et DMF, air

60/90 °C, 2h EWG R!
EWG R2

R', R? = H, aryl, alkyl up to 99% vyield
Scheme 1.15: Synthesis of N-fused pyrrole ring

Azomethine imines® are relatively stable intermediates which can provide dinitrogen
fused heterocycles. Some chiral reactions of azomethine imines are also known because

of its stability.

Charette and co-workers disclosed a [3+3] cycloaddition reaction of aromatic

azomethine imines with 1,1-cyclopropane diesters (Scheme 1.16).1%

X
aN CO,Me
COyMe _J Ni(ClOy4), (10 mol%) N CO,Me
* No o NN
COig N. O THF Y
© \]/; 4 AMS. it R2 R
R N
R' = alkyl, aryl 2_ up to 96% yield
- O up to 6.6:1 dr

Scheme 1.16: Nickel catalyzed [3+3] cycloaddition reaction of azomethine imines

Li et al. established the synthesis of dinitrogen fused heterocycles by phosphine-
catalyzed [3+2] cycloaddition of azomethine imines with electron deficient alkenes
(Scheme 1.17).1%°

| \ @ O N® R1
R A _N.O \I\;/
7 NBz
RT N MePPh, (20 mol%) SO2Ph  MePPh, (20 mol%) SO,Ph
‘N-Bz [
DCM, rt SO,Ph DCM, rt SO,Ph
PhO2S SO,Ph R' = aryl, alkyl
up to 94% yield up to 93% yield

Scheme 1.17: [3+2] Cycloaddition reaction of azomethine imines using phosphine based

catalyst
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Chapter 1

Nitrones> *' can be prepared by condensation of N-monosubstituted hydroxylamine/-
nitrobenzene and aldehydes/ketones in the presences of a Lewis acid or under heating
conditions. Also it can be readily synthesized by oxidations of N,N-disubstituted
hydroxyl amines, secondary amines, N-alkyl-a-amino acids and imines. Recently,
synthesis of nitrones has also been demonstrated by electrolysis of benzyl alcohol and

nitrobenzene.*®

Jorgensen group disclosed 1,3-dipolar cycloaddition reactions of acyclic nitrones with
a,f-unsaturated carbonyl compounds. In the presence of TiCl,(PrO), catalyst, N-
crotonoyl succinimide reacts with nitrone to give the exo-product where as in the absence

of a catalyst, the endo-isoxazolidine was obtained (Scheme 1.18).1"

(i) TiCIo(PrO), (10 mol%) g2 o Ph
O o ligand (10 mol%) NTIN | n Ph
R2 _O ® "R Me OH
e G et R3J\i oY
R3 ) NH, ~, ~OH
o (ii) NoHy (aq.) 0 Ph
1 5 _ exo major . Ph
R" = alkyl R< = aryl, alkyl up to 76% yield ligand
R®=aryl up to 72% ee

up to >19:1 dr

Scheme 1.18: [3+2] Cycloaddition reaction of nitrone

MacMillan and co-workers established the first enantioselective organocatalyzed 1,3-

dipolar cycloaddition of nitrone and crotonaldehyde (Scheme 1.19).*™

R2 R2 Me

S /O ~ /O /
R2® catalyst (20 mol% N R3 N R3 Oy N Me
NZORT + R?’MO yst( °) R B >'-"M
o 4°C R" R! Ph N
. HCIO
© CH3CN-H,0 N o H ‘
enco S catalyst

up to 98% vyield
up to 99% ee
up to 99:1 endo:exo

Scheme 1.19: [3+2] Cycloaddition reaction with crotonaldehyde

Song et al. developed asymmetric cycloaddition reaction between N-Boc-N-hydroxy
amido sulfone (nitrone precursor) and y,0-hydroxyenones and synthesized highly
enantio- and diastereo-enriched diaxazinane and dioxazepane heterocycles by using
Song’s chiral oligo ethylene glycol as a cation binding catalyst and KF as the base to

activate the catalyst (Scheme 1.20).17
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QQ S QQ
C D

o) HO, Boc catalyst (10 mol%) Boc\ pe

KF (3 equiv)
RN OH ¢ T\ = . k ])n 0

R' ~S0,Ph o-xylene, rt

= up to 99% yield
R 1a’r5I R =alkylrapd Sp o 98% ce
up to >20:1 dr

Scheme 1.20: Asymmetric synthesis of diaxazinane and dioxazepane heterocycles

Carbonyl ylide™ can be generated upon reaction of the carbenes (generated by metal
catalysis of diazo compounds) with ketones/aldehydes, by photocatalysis, by intra-
molecular hydrogen transfer of 5-hydroxy-4-pyrones or by acid catalysis of hydroxy-3-
pyrones. [3+2] cycloaddition reactions containing carbonyl ylides have widely been
employed to generate oxygen containing heterocyclic molecules.

Doyle group synthesized dioxolanes and dihydrofurans by rhodium(ll)-catalyzed

carbonyl ylide formation and reaction with aldehydes and dimethyl acetylene-

dicarboxylate (Scheme 1.21). *%

COOR' o DMAD (3 equiv)
Rh2(OAc)4 (1 mol%) Rhy(OAc), (1 mol%) Arri,, O\ _.COOR!
k | OR!' + ArCHO -
w AT
Ar DCM, rt N, DCM, rt H;COOC COOCH,
up to 74% yield R' = aryl, alkyl up to 67% yield

Scheme 1.21: Synthesis of dioxolanes and dihydrofurans from carbonyl ylide

Suga et al. established 1,3-dipolar cycloaddition reactions of carbonyl ylides with imines

and also shown the effect of Lewis acid in the reaction (Scheme 1.22).1%

, Rhz(OAc), (2 mol%)
N Yb(OTh)3 (10 mol%)

R2 DCM, rt

up to 94% yield
up to >99:1 dr

R' = aryl, alkyl, OMe RZ2, R3 = aryl, alkyl

Scheme 1.22: Reaction of carbonyl ylide with imines
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Chapter 1

Suga et al. disclosed another 1,3-dipolar cycloaddition reactions between cyclic carbonyl
ylides that were derived from diazodiketone or diazoketoester precursor and N-

methylindoles in the presence of chiral Pybox ligand (Scheme 1.23).1%

®
o] N0
O phin ] N \fph
N N—/

Ph

RhQ(OAC)4 (2 mol%)
Pybox-Ph,-Lu(OTf)3

B R? R@ (10 mol%)
I 1 + I
SNy CHN, Z N

Me 4AMS, PhCHj, rt

Pybox-Ph, PN

R' = aryl, alkyl, OM up to 85% yield
o ey’ ° up to >98% ee

up to 94:6 dr
Scheme 1.23: Asymmetric reaction of carbonyl ylides with N-methylindoles

Ozonolysis® of alkenes to produce carbonyl compounds is a traditional and influential
synthetic transformation. Carbonyl oxide is a reactive 1,3-dipolar species, derived from
the ozonolysis of alkenes and may undergo [3+2] cycloaddition reaction with carbonyls,

olefins and thioketones.

McCullough et al. reported [3+2] cycloadditions of carbonyl oxide (generated from
ozonolysis of vinyl ethers) with imines and provided the corresponding 1,2,4-
dioxazolidines. 1,2,4-Dioxazolidines undergo ring cleavage reactions on either treatment

with base or upon thermolysis (Scheme 1.24).2%

MeO
in MeOH OOH 3
gz HCO,R
1R2RC=CHOR? T MeOH
in DCM ©
— | '/R?:RC=0_ | + HCO,R® 2 R®
or ether N
1 2 - + R1 R4
R', R2 = aryl, alkyl SRR | ———— %X

RS = alkyl
R4, R = aryl, alkyl up to 97% vyield

RS = aryl, alkyl
Scheme 1.24: [3+2] Cycloadditions of carbonyl oxide with imines

Dussault group reported an excellent approach for the ozonolysis of alkenes in the

presence of amine N-oxides and it resulted in the direct formation of aldehydes. The

reaction also continued well in the presence of methanol (Scheme 1.25).2
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_ ©® 04/0 0 o

R4_\R2 + O-NR; — =2 * JJ\ ®O/O > O/o
DCM,0°C R""H R¥H| L Rr

R, R? = alkyl up to 96% yield R via RS0

Scheme 1.25: Ozonolysis of alkenes in the presence of amine N-oxides

Nitro group has been considered as an important building block in organic synthesis
because of its facile transformations into various functionalities as well as its electron-
withdrawing effect.?! Nitro group also acts as a leaving group under suitable reaction
conditions. Nitro groups are rarely found in nature and are generally synthesized by
nitration reactions using nitric acid. More detailed information of nitro compounds have

been provided in chapter 5.

Aziridines,? diaziridines, oxa-aziridines, epoxides and cyclopropyls are the stable cyclic
precursors which generate 1,3-dipoles in the presence of acid/Lewis acid catalyst.?>?®
Dioxiranes are comparatively less stable and are observed during ozonolysis. Sometimes
dioxiranes are synthesized in situ and used for epoxidation reaction. Some selective

examples have been described here.

[3+2] cycloaddition reaction of aziridines with heterocumulenes which provided five

membered heterocycles in the presence of ferric salt in aqueous suspension was

established by Punniyamurthy group (Scheme 1.26).2%

R2
Fe(NO 10 mol% 1
N=C=X CN (NOg3)s ( o) N
R AT R 110,60-80°C ):X>=N\R1
R" = aryl, alkyl radhod Ar
X=NAr, 0,S,Se RZ?=H,aryl, alkyl up to 93% yield

Scheme 1.26: [3+2] cycloaddition reaction of aziridines

Biju and co-workers reported the reaction of aziridines with 2-naphthols in the presence
of AgOTf via formal [3+2] annulation (Scheme 1.27).%¢

Ar.
OH o
N N—Te AGOTF (10 moi%) Moo
R+ _ + X
Ar 12-DCE, 80°C R _

up to 86% vyield

Scheme 1.27: Reaction of aziridines with 2-naphthols
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Chapter 1

Singh et al. reported a metal free aza-Claisen type ring expansion of vinyl aziridines

achieving the synthesis of seven membered N-heterocycles (Scheme 1.28).2

1
1 RT Re
R R4 . N
N BF3.0Et, (1.2 equiv) \ 5
3/\/u * | | N R
R¥™S DCM, rt .
R2 R5 2 R
R
R" = alkyl R* = H, ester
R2 =H, aryl, alkyl R5 = ketone, ester up to 92% yield
R3=H, CO,Me

Scheme 1.28: BF3.0Et; catalyzed synthesis of seven membered N-heterocycles

He and co-workers developed gold(l)-catalyzed synthesis of 3-pyrazolines via [3+2]

cycloaddition of diaziridine and alkynes (Scheme 1.29).%

cil R'  Cbz
VAN P N
NEN- Ph PhgPAUNTY, (10 mol%) //
+ RI— >
PhCHj3, 70 °C Ph
R' = aryl, alkyl up to 95% yield

Scheme 1.29: Gold(I)-catalyzed synthesis of 3-pyrazolines

Banerjee group explored N-substituent controlled electrophilic N-transfer of oxaziridines

with donor-acceptor cyclopropanes in the presence of magnesium iodide (Scheme

1.30).%
R'0,C
COR’ O\ g Malz (20 moi%) Ar ?{ CO.R!
+ _— 1 oOr

ArAco » N—-COR Ph

2 PH 4AMS,DCM  RZ 4o o AN

1- 2 - R

R" = alkyl R%=Ts, Bs, alkyl R2 =Ts, Bs, bbutyl R2 = alkyl

up to 77% yield up to 67% yield

Scheme 1.30: N-substituent controlled reaction of oxaziridines

Johnson group synthesized tetrahydropyran derivatives by scandium(l1triflate catalyzed
formal [4+2] cycloaddition reaction between donor-acceptor (DA) cyclobutanes and
aldehydes (Scheme 1.31).%
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CO,Me
Sc(OTf)3 (2 mol% Z~2
D\\\cone . ﬁ\ (OT0)s (2 mol) '(j:COQMe
R’ CO,Me R2 OH
2 DCM, rt R1 0) R2
1=
R = aryl up to 96% yield
R? = alkyl, aryl up to >99:1 dr

Scheme 1.31: Synthesis of tetrahydropyran via [4+2] cycloaddition reaction

Hu et al. reported a novel [5+2] cycloaddition reaction of 2-(2-aminoethyl)oxiranes with

alkynes using FeCl; catalyst and BF3.OEt, as co-catalysis (Scheme 1.32).%™

RS RY  FeCls (10 mol%) TS Ra
NHTs BF;.OEt, (1 equiv) RL_N
R' o " | | ~ \ R
2 —~
v e DCM, rt R 4
R, R®=H, alkyl R4 RS = aryl, alkyl up to 73% yield

R2 =H, aryl
Scheme 1.32: FeCl; catalyzed [5+2] cycloaddition reaction

Jia and co-workers developed cobalt catalyzed cyclization of CO, imine and epoxide,
and synthesized substituted 1,3-oxazinan-4-ones (Scheme 1.33).%

C0,(CO)g (5 mol%) o)

~ LiCI (10 mol%
;
Ar R?  CO (800 psi) Ar)\O i

R2
R!=H Me 1:4-dioxane, 70 °C
R2 = Me up to 98% yield

Scheme 1.33: Synthesis of substituted 1,3-oxazinan-4-ones

Classical cycloaddition reaction also includes organocatalysis®® where chiral
bases/acids were used as catalyst. Some selective examples have been given below.

MacMillan and co-workers reported enantioselective organocatalytic construction of
pyrrolindolines by cascade addition-cyclization strategy and synthesized (-)-flustramine
B (Scheme 1.34).*° The addition—cyclization of tryptamines with «,f-unsaturated
aldehydes in the presence of imidazolidinone catalyst provided pyrroloindoline adducts

in high yield and excellent enantioselectivities.
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H R

o} . o /

N NHBoc catalyst (20 mol%) N

R A\ ORI R N\B N
P 0 ocC

N CH,Cl,, -85 °C Z N H H Tea
" o iy allyl Ph '
R' = H. COPh up to 97% yield catalyst

up to 99% ee

CO,Me, CH,0Bz up to 50:1 dr

Scheme 1.34: Secondary amine catalysed cyclization reaction

You group developed an enantioselective construction of pyrroloindolines via chiral
phosphoric acid catalyzed cascade Michael addition-cyclization of tryptamines (Scheme
1.35).3" Enantio-enriched pyrroloindoline derivatives were obtained from readily

available tryptamines and enones with good yields.

X R' catalyst (5 mol%) >P-OH
i N o}
R + \/g
Z N (e}
N PhCH3, 4 A MS
20 °C Ar
X =0, NBoc R' = aryl, alkyl Ar- 3,5-(CF3),-CgH3

up to 95% yield
up to 83% ee

R1

(0]

= catalyst —

up to >20:1 dr

Scheme 1.35: Chiral phosphoric acid catalyzed cyclization reaction

Cornaggia et al. established reaction of homophthalic anhydrides with a range of
aromatic and aliphatic aldehydes in the presence of bifunctional organocatalyst under
mild conditions to give dihydroisocumarins with excellent results (Scheme 1.36).%

o (i) catalyst (5 mol%) =
(6] 1B ©
AN o, MTBE, -15 °C R—I\ o
= R? N 1
0 (i) TMSCHN,, (1.2 equiv) T R
MeOH COMe

R = aryl, alkyl up to 99% yield
up to 99% ee

up to 97:3 dr

Scheme 1.36: Bifunctional squaramide catalyzed cyclization reaction

Ghorai and co-workers reported a new strategy for the synthesis of 1-substituted 1,3-

dihydroisobenzofurans via organocatalytic intramolecular oxa-Michael reaction of o-
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General Introduction

alkoxyboronate. The corresponding alkoxyboronate intermediates have been readily
prepared in situ from o-formyl chalcones and neutral borane (Scheme 1.37).%
(0] 0 ~ _
Ar Ar /\(?\lj

N | . 0O catalyst (10 mol%) N Me

o H
w H_B/ —> R- O NH H CF3
RA o : , P
A o CH4NO,/PrOH =
4:1 (WN), 011 M up to 94% yield \ /o o
L CFs

up to 97% ee

catalyst

Scheme 1.37: Organocatalytic cyclization via alkoxyboronate intermediates
B. Oxidative cyclization reactions

Classically, a number of oxidation® catalysts have been described, but most of them
involve toxic metals.*> Recently, numerous oxidative cyclization reactions have been
reported with oxidizing sources like TBHP, DTBP, oxone, DDQ, oxygen, molecular
iodine, hypervalent iodine etc.*® Recently, several aerobic oxidation reactions have also

been reported in the presence/absence of metal catalyst.*’

In classical cyclization reactions, C-H bonds were activated and subsequently undergo
cyclization with strong or mild acids/bases depending upon the bond energy. But there
are some more stable bonds (sp® C-H, sp® C-H) which require the presence of an oxidant
for activation under heating conditions. Bond cleavage occurs after the particular amount
of bond dissociation energy been supplied from the external source. Sometimes higher
wavelength lights were used in the presence/absence of oxidant for bond cleavage at

room temperature. This is the current fantacy for the synthesis of a range of heterocycles.

Stoltz group developed Pd-catalyzed oxidative cyclization reactions under aerobic
conditions that proceeded with excellent yields (Scheme 1.38).% They also reported an
asymmetric version of the reaction by using sparteine ligand and Ca(OH),.

R"  Pd(TFA), (5 mol%)

n = H )
= % pyridine (20 mol%) _ n
RE R |
OH Na,COs; (2 equiv) X~ "0 R!
R'] - H, Me 3 A MS, 02 (1 atm) up to 96% yleId
n=1.2 PhCH3, 80 °C

Scheme 1.38: Pd-catalyzed aerobic oxidative cyclization
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Han group reported a methodology for the synthesis of 2-substituted benzoxazoles,
benzothiazoles and benzimidazoles by an efficient aerobic oxidation reaction catalyzed

by 4-methoxy-TEMPO (Scheme 1.39).%
OMe

= XH catalyst (5 mol%) _ X
R Il * RCHO ——= R [ )R
NH, xylene, 120 °C XN
N
0O, (1 atm) I,
X=NH,0,S R'=aryl butyl up to 96% vyield o
catalyst

Scheme 1.39: Aerobic oxidation by using 4-methoxy-TEMPO

Tang and co-workers developed a protocol for the synthesis of 2-substituted
benzothiazoles by a novel metal-free iodine-mediated intramolecular oxidative

cyclization of 2-(styrylthio)anilines (Scheme 1.40).%°
R1
= S\/ I (1 equiv) = s
R | e it I >
NH, 1,2-DCE, 80 °C N R!
R' = aryl, amide up to 81% yield

Scheme 1.40: 1, mediated intramolecular oxidative cyclization

Yoshimura group demonstrated that in situ generated hypervalent iodine could oxidize
aldoximes to nitrile oxides and generate isoxazolines/isoxazoles after reaction with

alkenes/alkynes (Scheme 1.41).**

R1

3,5-Me,CgHsl (20 mol%) R%« @*W
. _OH oxone (3 equiv) — @ up to 99% yield
RSN R'—=N-00© ]
MeOH/HFIP/H,0 RN R
I N\_R3
rt to 40 °C XN | R
R" = aryl, alkyl ~0

R2, R® = aryl, alkyl up to 75% yield
Scheme 1.41: Nitrile oxide generation from aldoximes by hypervalent iodine

Li et al. reported TBHP and TBAI mediated metal free radical cyclization of a-imino-N-

arylamides via a-(arylaminocarbonyl)iminyl radical intermediate (Scheme 1.42).%?
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R
CO,Et TBAI (1.2 equiv) O 4
TBHP (1.9 equiv) N
T H—CO,Et
1,2-DCE, 0,, 80°C R1N
(0]
R' = aryl, alkyl up to 90% yield

Scheme 1.42: TBHP/TBAI promoted free radical cyclization

Leonori group established a photoredox catalysed reaction for the synthesis of
isoxazolines and isoxazoles via nitrile oxides, generated from oximes on visible-light
irradiation (Scheme 1.43).%

Ru(bpy)sCl; (2 mol%)

N/OH y oxone (2 equiv) N-O
Y 4N > W
CO,H ] NaHCO3; (2 equiv) R 4
R'=aryl, alkyl . ahalkyl 'DMF, rt, Blue LEDs 5 15 959 yield

ketones, esters

Scheme 1.43: Nitrile oxides generation by photoredox catalysis

Shankaraiah group demonstrated the synthesis of pyrrolo[2,1-a]isoquinolines and
indolizino[8,7-b]indoles using TBHP/TBAI catalyst via [3+2] cycloaddition/oxidation/

aromatization sequence (Scheme 1.44).*

N
TBAI (10 mol%) RT

N
A = : CO,R!
R—: 1 o o aq. TBHP (3 equiv) \ / 2
¥ N._CO,R o7 N - AR
R2 'PrOH, 80 °C 0N 0
R" = alkyl R2 = aryl, alkyl R?

up to 96% yield

Scheme 1.44: TBHP/TBAI catalyzed [3+2] cycloaddition

Itoh and co-workers developed an efficient method for the synthesis of pyrrolo[2,1-
aJisoquinoline derivatives using methylene blue catalyst with fluorescent light irradiation
under oxygen atmosphere via [3+2] cycloaddition/oxidative aromatization reactions
(Scheme 1.45).%

EWG hv (fluoroscent lamp) A

N
e @@ . ||l. methyleneblue (1 mol%) R P @:/ :@\
g 1 ! CO,R! NS
= N._COzR | \ / 2 \’il S T/
clo

EWG  CH;CN/PrOH (1:2)

EWG = ester, CN 0, EWG EWG

R' = alkyl ketone up to 75% yield (methyleneblue)

Scheme 1.45: Fluorescent light irradiated [3+2] cycloaddition reaction
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Jiao group established rhodium-catalyzed aerobic oxidative C—H cyclization of anilines,
alkynes and carbon monoxide for an efficient construction of N-heterocycles (Scheme
1.46).%

o [Rh(CO),Cl], (2 mol%)
RN-R R2 Co(OPiv); (20 mol%)
| dppb (5 mol%)

R_Iij a
|
= R? PivOH (30 mol%)

CO/0, (2/1), PhCI, 130 °C
R'=H, alkyl R2? = aryl, alkyl up to 92% yield

Scheme 1.46: Rhodium-catalyzed aerobic oxidative C—H cyclization

Iron catalyzed oxidative spirocyclization of N-arylpropiolamide derivatives with silanes

using TBHP as an oxidant was developed by Wu et al (Scheme 1.47).*’

Fe(acac), (5 mol%) o \/R R2
TBHP (5 equiv) >
+ H- SIR3 N \ SiR33
'BuOH:H,0 (10:1) R1N
130°C o)
R',RZ = aryl, alkyl R3 = aryl, alkyl up to 70% yield

Scheme 1.47: Iron catalyzed oxidative spirocyclization

Xu group established metal free visible-light promoted synthesis of 3-phosphorylated

coumarins (Scheme 1.48).%

Eosin Y (4 mol%) R'" R?_,
TBHP (2 equiv) rf)(R

R--
DMSO N> = o o

25 W, green LED
R' = aryl R? = aryl, OEt up to 88% vyield

‘O

/_

Scheme 1.48: Metal free synthesis of 3-phosphorylated coumarins

A synthesis of 1,2,4-oxadiazolines by organocatalytic oxidative cyclization of
amidoximes using molecular oxygen as the green oxidant was reported by Cho group
(Scheme 1.49).%°
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F
n( N\ ,/;> o n( -3 O
R X - T(p-FPTT (2mol%) R! o
T = Y ~ A
Neom 0,, DMF, 40 °C N-g =
CFL (23 W) o
X =N, CH up to 93% yield O BF, O
R' = H, alkyl | F S) F
n=1,2 T(p-F)PTT

Scheme 1.49: Organocatalytic aerobic oxidative cyclization of amidoximes

Jiang group developed I,/TBHP mediated annulation cascade between yne-allenones and
sulfonyl hydrazides and synthesized 3,4-dihydrobenzo[f]phthalazines via one-pot, two-

step strategy under metal-free conditions (Scheme 1.50).*°

o (i) 1y (50 mol%) OH
C% aq. TBHP (1.2 equiv) O
= 77 0520 1,4-di ir. 50°C  Rr
R—: N 1,4-dioxane, air, 50 °C T
SN RENH (i NEt, O
R1 NH» RSN \ﬁ/
R' = aryl R? = aryl up to 80% yield O

Scheme 1.50: Metal-free synthesis of 3,4-dihydrobenzo[f]phthalazines
Oxidative cyclization reactions using chiral catalysts:

Gaunt and co-workers developed an enantioselective organocatalytic oxidative
dearomatization for the synthesis of fused ring ethers (Scheme 1.51).>* Under oxidizing
conditions, the dearomatization of ortho, para-substituted phenols formed
cyclohexadienones, which further converted to the product via amine catalyzed Michael

addition reaction.

OH O é‘r
0 = Ar
(0] catalyst (10 mol%) . H OTMS
H PhI(OAc), (1 equiv) Ar = 2-naphthyl
ROH, 0 °C to rt catalyst

R = alkyl up to 95% yield
up to 99% ee
up to >20:1 dr

Scheme 1.51: Organocatalytic oxidative dearomatization reaction
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You group reported desymmetrization of cyclohexadienones via Brgnsted acid catalyzed
enantioselective oxa-Michael reaction (Scheme 1.52).> Dearomatization process

provided a facile construction of optically active cyclic and polycyclic compounds in one

pot strategy.
OH o 0 R
Phl(OAc), catalyst (10 mol%) o 0
N
— —_— H >P—OH
ethylene glycol OH 4 AMS ) o
R R -
DCM O\) DCM, rt o <
R =aryl, alkyl up to 93% yield ;
_ t
up t0 99% ee R = 2,6-(’Pr)2-4— BUC6H2

up to >20:1dr catalyst

Scheme 1.52: Desymmetrization reaction of cyclohexadienones

The literature survey revealed that hererocyclic compounds had been synthesized in
various methodologies as well as utilized in different areas. Still continuous intrest has
been focused on the synthesis of various heterocycles and their novel application towards
the therapeutic uses such as antibacterial, antifungal, anti-inflammatory, muscle
relaxants, anti-HIV activity, antimalarial, anticancer, insecticidal agents etc. Therefore,
the exploration of a variety of methods with suitable reactants for the construction of
new heterocyclic molecules is still required. Infact, 59% of US FDA-approved drugs
cover at least one nitrogen containing heterocycles. Thus we became interested in the
convenient syntheses of substituted heterocycles and in the following chapters, few new

methodologies and syntheses of useful heterocycles have been described.
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Synthesis of Heterocycles via Aerobic Oxidation of

2-Hydroxyacetophenones
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Synthesis of Heterocycles via Aerobic Oxidation of 2-Hydroxyacetophenones

2.1 Introduction

The selective oxidation of alcohols to the corresponding carbonyl compounds is
considered as one of the essential organic transformations and widely performed in
laboratory as well as on industrial scale. Traditionally, stoichiometric amounts of toxic
organic or inorganic reagents have been used for such transformations.® Many of these
processes have demerits like high reagent cost, operational complexity and production of
harmful by-products. During the last two decades, there has been a tremendous
development in this field and consequently, the catalytic versions of the reaction using
environment-friendly oxidants have been identified.?

The direct oxidation of alcohol compounds with molecular oxygen is rare due to
the high energy barrier involved in the electron transfer from alcohol to oxygen and vice
versa.? For molecular oxygen, which has a triplet ground state, this high-energy barrier is
nature’s way of protecting organic compounds from destructive oxidation.* Some
oxidation reactions need stoichiometric amount of reagents such as dimethyl sulfoxide,
lead acetates, chromium and manganese oxide. But aldehyde, on exposure to oxygen or
air, gets slowly converted to the corresponding peracid, which further reacts with the
aldehyde to form the normal acid.* In fact, all the alcohols have a different rate of
oxidation depending upon their stability. Some catalytic aerial oxidation reactions using
transition metals as reported by Stahl, Sigman, Stoltz, Backvall, Katsuki and Taylor are
noteworthy.” Few metal-free aerial oxidative approaches have also been reported with
tert-butyl hydroperoxide (TBHP), H,0,, DMSO, TEMPO etc. as oxidants.® We
presumed that activated alcohols like a-hydroxyketones might be aerially converted to
the corresponding aldehydes i.e 2-ketoaldehydes in small equilibrium quantities. If this
in situ formed aldehyde could be trapped by other reagents or reacted with other
compounds in catalytic condition, then this equilibrium could be shifted and overall high
yield of the final product could be attained. We were particularly interested in the
oxidation of 2-hydroxyacetophenones (1) as the resulting products 2-ketoaldehydes (2)
are potentially valuable synthetic intermediates for the synthesis® of crotonates,

quinoxalines, dihydropyrazines, imidazoles,” piperidines,” furans,”® a-ketoimines, a-
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ketoamides® and many other important class of compounds. Therefore, we planned to
react the in situ formed 2-ketoaldehydes with reactive partners like homophthalic
anhydride,® o-phenylenediamine, pyrrolidine and stabilized ylide which could provide
phthalide,'® quinoxaline,'* a-ketoamide® and olefin® respectively. These are important

core motifs present in various biologically active natural products™® * (Figure 2.1).

HO O o
O O
R HO O
COOH OH Hept HO
. . L OH
Antibacterial activit o s
Isoochracinc acid Ry:H Antibacterial activity Inihibitor of CCRS
Herbaric acid. R=OH Cytosporon E anti HIV-1 activity
’ Fuscinarin
e} OAc (o)
0]
: (Lp
AcO OAc 0
n
Bu AcO
Anticonvulsant, anasthesia ONO,
and antischemic activities Anti-cancer activity
3-Butylphthalide . _ COOH (-)-Alcyopterosin E
Antibacterial/Antibiotic

Cryphonectric acid

N 0] | O

[ H
NWN NJ\WN N

MeO N\ Ph 4 H o | 0 Antibiotic

Ij /]/ o \ S Livomycin

MeO N S

H
Protein tyrosine kinase o) N N )K( N N NS
inhibitor o | o " |

Figure 2.1: Some important biologically active natural products containing phthalide

and quinoxaline as core structure

Owing to the impressive biological activities, enormous emphasis has been given
on the efficient construction of phthalides, quinoxalines and a-ketoamides. Previous
reports for the oxidation of alcohols and 2-hydroxyacetophenones have also been studied
thoroughly for synthesis of those heterocycles.
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Synthesis of Heterocycles via Aerobic Oxidation of 2-Hydroxyacetophenones

2.2 Known methods towards synthesis of phthalide, quinoxalines and a-ketoamide

In the past decades, phthalides, quinoxalines and a-ketoamides have been used as an
effective building block in organic synthesis, thus a large number of synthetic strategies
have been developed for their preparation. Some of the representative examples have

been shown in this section.

Zhang et al. accomplished organocatalytic enantioselective aldol-lactonization reaction
by using chiral (L) prolinamide alcohol catalyst and synthesized high optically active 3-

substituted phthalides under mild reaction conditions (Scheme 2.1).*%

1) catalyst (2.5 mol%)

0 o PhCOOH (2.5 mol%) 0 o
X Yo~ 1 40 °C m
| P i ~R — N HN— Ph
R/ CHO R2 2) K5CO3, 15 min 0 H Ph
R2 HO
1 oo R catalyst
R! R2 = Alkyl

up to 99% ee
up to 93% yield

Scheme 2.1: Synthesis of phthalide using chiral organocatalyst

Youn group developed the synthesis of 3-substituted phthalides from 2-alkenyl-
benzaldehydes by NHC-catalyzed domino oxidation/oxa-Michael addition reaction. This
methodology provided a broad substrate scope and extensive functional group tolerance

in economical, sustainable and eco-friendly route (Scheme 2.2).1f

e} O
N =N,
oI AN H catalyst (20 mol%)‘ R-+ v o N\@//N
|
N EWG NEt; (40 mol%), o
PhCHs, air, 80 °C EWG catalyst
EWG= CO,Et, CN, COPh up to 97% yield

Scheme 2.2: Synthesis of phthalide using NHC catalyst

1-Methyl-3-(propyl-3-sulfonic acid) imidazolium triflate supported on magnetic
nanoparticles ([HSO3;PMIM]OTF-SiO,@MNPs) catalyzed reaction of 2-formylbenzoic
acid and acetophenone for the preparation of isobenzofuran-1(3H)-one derivative, was
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achieved by Khosropour and co-workers (Scheme 2.3).% The catalyst could be easily
separated by an external magnet and could be reused six times without significant loss of

its activity under thermal conditions and MW irradiation.

(0] (@]
0] HSO;PMIM]OTf-SiO>@MNPs
H . )K [ 3 ] 2@ 3 o
Ar solvent free 0]
0 thermal or MW
Ar

up to 98% yield
Scheme 2.3: Synthesis of phthalide catalyzed by [HSO3sPMIM]OT{-SiO,@MNPs]

Rangappa group developed propylphosphonic anhydride-DMSO mediated oxidation—

condensation reaction for the synthesis of functionalized quinoxalines with broad

substrate scope and in high yield (Scheme 2.4).*

"Pr_ ,O
NH, 0 N
R D + RAJ\KOH PPA (2 equiv) (I I oo
= DMSO:EtOAc O:F'> p—Pr
NH2 R2 NACTN
1 (2:1) 4 e
R = aryl 09C-rt up to 95% yield (PPA)
R?=aryl, H

Scheme 2.4: Synthesis of quinoxalines from a-hydroxy ketones

DMSO catalyzed metal-free oxidative amidation of 2-oxoaldehydes for the synthesis of
a-ketoamide was illustrated by Ahmed and co-workers (Scheme 2.5).%° They have also

reported the one-pot synthesis of a-ketoamides from acetophenones by utilizing iodine as

oxidant.
1
+ HN )H( “R2
R "2 DMSO,80°C R R
o o]
R =aryl, alkyl R' R? = alkyl up to 94% vyield

Scheme 2.5: Synthesis of a-ketoamide
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2.3 Known methods for the oxidation of alcohols and 2-hydroxyacetophenones

Oxidation reactions play an important role in organic synthesis and molecular oxygen is
an ideal oxidant for both economic and ecological reasons. The use of molecular oxygen
as a stoichiometric oxidant in combination with a catalytic amount of metal has
exceptional practical advantages for applications in organic synthesis. In the past few
years, metal-catalyzed oxidative kinetic resolution reactions provided excellent levels of
enantioselectivity using ambient air/oxygen as the stoichiometric oxidant. However,
catalytic oxidation of alcohols to carbonyl compounds has attracted much attention both

in the laboratory and industrial synthetic chemistry.

In 2002, Mizuno and co-workers disclosed Ru/Al,O3 heterogeneous catalyzed oxidation
of alcohols. Primary and secondary allylic alcohols afforded the corresponding enals or
enones without intramolecular hydrogen transfer or geometrical isomerization of double
bonds. (Scheme 2.6).1*

JO\H OH 0 o
or RU/A|203

R1 R2 R']/\)\Rz 02 R1JJ\R2 or R1/\/U\RZ + HZO
R' = aryl, allyl, alkyl up to 98% vyield
R? = H, alkyl

Scheme 2.6: Oxidation of alcohol using Ru/Al,;O3

Aerobic oxidation of primary and secondary allyl and benzyl alcohols was described by
Brown group using catalytic amount of copper salts and osmium tetroxide, activated with

quinuclidine and prereduced with an alkene (allyl ethyl ether) (Scheme 2.7).2%®

2 mol% (quinuclidine)OsO4

OH 1 mol% Copper(ll) 2-ethylhexanoate o
:,;P\H)\R 18 mol% allyl ethyl ether :,'/;\\U)J\R
Sog - RN

e CH3CN, 25 °C ~
R = H, alkyl 1 atm Oy/air up to 98% yield

Scheme 2.7: Aerobic oxidation of alcohol
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Stahl and co-workers disclosed an efficient organocatalytic method for chemoselective
aerobic oxidation of 2° alcohols in the presence of unprotected 1° alcohols, which are

prevalent in lignin model compounds. (Scheme 2.8).°

AcNH-TEMPO (5 mol%)

1 HNO; (10 mol%) . Q
R R HCI (10 mol%) R
2 2
T CH5CN:H,0 (19:1) T
R 1 atm O,, 45 °C R
R = aryl, alkyl up to 98% yield

R', R?, R® = OH, OMe
Scheme 2.8: Metal-free aerobic oxidation of lignin models
Taylor group explored the in situ oxidation—Wittig reaction of a-hydroxyketones using

10 equivalents of manganese dioxide as an oxidant. The highly stereoisomeric (E isomer)

products were obtained with high yields (Scheme 2.9).”

© RU_R®  \ho, (10 equi 1
T one Moo g
P< g Z
R Ph/'IDhPh DCM R R?
R!=H. Me up to 95% yield
R2 = EWG

Scheme 2.9: In situ oxidation—Wittig reactions using a-hydroxyketones

Jiang group exploited an efficient copper-catalyzed one-pot synthesis of ynediones
through the oxidative coupling of alkynes with o-hydroxy ketones. The distinct
mechanism was proved by control experiments, in situ IR measurements and isotopic

labelling experiments. (Scheme 2.10).°

e} . - O R
J_on (i) CUTC, PhCH3, 02,90 °C { M
Ar (i) =—R r

)
R = aryl, alkyl up to 92% yield

Scheme 2.10: Oxidative coupling of a-hydroxy ketone with terminal alkyne under O,
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2.4 Result and discussion

We realized that activated alcohols like a-hydroxyketones might be aerobically
converted to the corresponding aldehydes i.e. 2-ketoaldehydes in small equilibrium
quantities. If this in situ formed aldehyde could be domesticated by different reagents or
reacted with another reactive partner in catalytic conditions, then this equilibrium could
be shifted and overall high yield of the final product could be attained. To test the
concept, initially, we heated 2-hydroxyacetophenone 1a in toluene to 80 °C for 30 hours.
Interestingly, we got some amount of benzaldehyde* (detected by TLC and GC) which
could be formed by aerial oxidation of 2-hydroxyacetophenone to phenylglyoxal 2a
followed by decarboxylation.

Encouraged by this interesting outcome, we have planned to perform the reactions of 2-
hydroxyacetophenone with other compounds under this condition. Initially,
homophthalic anhydride was chosen as the reaction partner. Since homophthalic
anhydride 3a needed to be activated with base, we screened different bases for this
reaction (Table 2.1). No reaction was observed with potassium carbonate but 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) provided 20% yield of the phthalide product 4a
(confirmed by X-ray crystallography). 1,4-Diazabicyclo[2.2.2]octane (DABCO) as
catalyst provided an increased yield (40%) of the product (entry 3). Also, a similar yield
was observed with 1,1,3,3 tetramethylguanidine (TMG) (entry 4). Slightly higher yields
were obtained with 4-dimethylaminopyridine (DMAP) and diisobutylamine (entries 5-6).
Interestingly, triethylamine was found to be a better catalyst providing 60% yield of the
product (entry 7). Finally, DIPEA was found to be best catalyst to afford the maximum
yield i.e. 70% of the product. The yield was unaffected but reaction rate was increased
with more loading of the catalyst (entries 9-10). Surprisingly, yield of the product was
decreased and that of the by-product (benzaldehyde) was increased when the reaction
temperature was raised up to 100 °C (entry 11). To test the role of atmospheric oxygen,
the reaction was tried under oxygen atmosphere by using oxygen balloon. Although the
yield has not been improved, the reaction rate got increased (entry 12).
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Table 2.1: Catalyst screening

O
o talyst
/U\/OH . o cata ys
Ph PhCH3 temp

time
entry? catalyst (mol%o) temperature time (h) yield (%)"
1 K,COj3 (10) 80 °C 30 0
2 DBU (10) 80 °C 30 20
3 DABCO (10) 80 °C 30 40
4 TMG (10) 80 °C 30 40
5 DMAP (10) 80 °C 30 50
6 (‘Bu);NH (10) 80 °C 30 50
7 EtsN (10) 80 °C 30 60
8 DIPEA (10) 80 °C 30 70
9 DIPEA (20) 80 °C 22 70
10 DIPEA (30) 80 °C 18 70
11 DIPEA (10) 100 °C 18 60
12° DIPEA (10) 80 °C 18 70

2 Reactions were carried out with 0.025 mmol of 1a and 0.025 mmol of 3a in 0.25 mL toluene. ° Isolated

yield after silica gel column chromatography.® Reaction under an oxygen atmosphere.

Then different solvents were screened in presence of DIPEA (Table 2.2). Only 20% of
the product was observed with DCE solvent (entry 2). Other solvents such as CH3;CN,
DMSO and DMF, provided only a trace amount of the desired product (entries 3-5). In
ethanol, only 25% of the product was isolated. Many nonpolar solvents like benzene,
chlorobenzene, mesitylene etc were tried to improve the yield of the reaction (entries 7-

11). But toluene was found to be the best in comparison to others.
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Table 2.2. Solvent Screening

o o)
Ph)og N ©i‘;1 DIPEA (10 mol%) 5
L e ey Ly
Ph
entry? solvent yield (%)"
1 PhCH; 70
2 DCE 20
3 CH3CN 0
4 DMSO 0
5 DMF <10
6 EtOH 25
! CeHe 30
8 PhCI 30
9 PhCF; 60
10 xylene 50
11 mesitylene 50

®Reactions were carried out with compound 1a (0. 025 mmol) and 3a (0.025 mmol) in 0.25 mL solvent.

bIsolated yield after silica gel column chromatography.

2.5 Substrate scope of phthalides

After identifying the optimized conditions, the scope of the reaction was studied.
Initially, a variety of 2-hydroxyacetophenones 1 was examined with homophthalic
anhydride 3a (Scheme 2.11). Pleasingly, different electron-withdrawing and electron-
donating groups in the ortho, meta, and para positions of the aryl group were engaged in
the reaction and moderate to good yields were achieved with most of the substrates. p-

Tolyl and p-anisyl derivatives reacted well and provided the products 4b and 4c in good
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yields i.e. 55% and 50% respectively. 4-Halo substituted hydroxyacetophenones also
employed in the reaction and delivered the corresponding products in good yields. 4-
Cyano containing product 4g was isolated with a moderate yield.

Scheme 2.11: Scope of phthalide with different 2-hydroxyacetophenones *°

0
o R!
M on |\ X Yo  DIPEA (10 mol%)
R = o PhCHz 80°C

30-42 h

av,84% (¢ S 4w, 65%

3Reactions were carried out with 0.1 mmol of 1 and 0.1 mmol of 3 in 1 mL toluene. ° Isolated yield after

silica gel column chromatography.
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Also, a good vyield of 74% was attained with hydroxyacetophenone 1h having 4-nitro
group. Incorporation of the biphenyl group did not change the outcome of the reaction.
Delightfully, different ortho-tolyl and halo substituted hydroxyacetophenones were
studied and here too, good yields were obtained. 2-Hydroxyketones containing meta-
substituted aryl group, were also screened and the products 4n-q were attained with
acceptable yields. Interestingly, better yield (72%) was obtained for the compound 40
with 3-methoxy substitution. Disubstituted hydroxyacetophenones such as 1r and 1s
could also be employed and the products 4r-s were isolated in acceptable yields. The
reaction also worked well with hydroxyketone 1t having 2-naphthyl group and delivered
the product 4t with 50% vyield. Our reaction was also suitable for heteroaryl
hydroxyketones. Gratifyingly the highest yield of 84% was obtained with 2-thieyl
containing hydroxyketone 1v. 2-Hydroxyacetone 1w was also employed in the reaction,
but no desired product was formed.

Then we focused on the employment of other substituted homophthalic anhydrides. 7-
Methoxy substituted anhydride 3b delivered the corresponding product 4w in 65% yield.
7-Bromo substituted anhydride 3c reacted slowly with 1a but an inseparable mixture of
product and 1a was obtained. Unfortunately, other anhydrides (e.g. 3d-g) did not deliver

the desired products under the same reaction conditions (Scheme 2.12).
o 0 0 0 0
Br
o S 0 N O Ph 0 0
3¢ 3d [ 3e 3t 3g
Scheme 2.12: Unproductive anhydrides

Role of base and oxygen: To further investigate the aerial oxidation of 2-
hydroxyacetophenone (1a), we performed a few controlled experiments (Scheme 2.13).
When the reaction of 2-hydroxy-acetophenone (1a) and homophthalic anhydride (3a)
was carried out in the inert atmosphere for 30 hours, no product was detected which
indicated the importance of air for the reaction. To clarify the requirement of air
environment, the same reaction between 1a and 3a in the presence of oxygen atmosphere

was conducted. Interestingly, reaction rate got remarkably enhanced and 70% vyield of 4a
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was observed in only 18 hours. Thus it proves that oxygen in air is the actual oxidant. To
confirm that phenylglyoxal (2a) is the actual reactive intermediate, we carried out a
reaction between 2a and 3a and product 4a was formed in 72% yield. We synthesized
intermediate 4a’ from 2a and 3a at room temperature” (observed in mass spectrometry)
and proceed under standard reaction condition without purification. Interestingly, we
obtained the desired product 4a. Also, we observed that DIPEA does not participate in

the oxidation process. Hydroxyl ketone 1x (secondary alcohol) was also employed in the

reaction with 3a in presence of DIPEA catalyst; however no reaction occurred.

(A)

(B)

(E)

DIPEA (10 mol%) 0'8H
Ph)J\/OH . H,08 ( (2.5 equiv) - _
O PhCHj,, 80 °C

DIPEA

)\/OH _(10mol%)

Ph " pncH,
80 °C, 30 h

inert atmosphere 0% V|e|d Ph
(e}
0 DIPEA
(e} 10 mol%
NG _(10mol%) o
o  PhCHs
A - 80°C, 18 h 4a o
O, atmosphere 70% yield  Pnh
0 (0]
o DIPEA
0,
" _ . (0) (10 mol%) 0]
0  PhCHs o
2a 3a 80 °C, 28 h 4a
72% Ph
DIPEA (10 mol%)
PhCH3, 80°C
0 89%
DIPEA
(10 mol%) 0
Ph
Ph PhCHj, rt,
28 h (e}
HO (e}
43"
5 a
0 DIPEA
Ph)J\(OH + 0 M No Reaction
o 80°C,30h
Me

O, atmosphere

Scheme 2.13: Controlled experiments and Screening of 1x, 2a
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Role of Moisture: To further check whether moisture in the air also plays a role in the
phthalide (3) formation, a reaction in the presence of H,0 (2.5 equiv) was performed
(Scheme 2.13f). Indeed, in the product 4a, O incorporation was found that was
confirmed by mass spectrometry. Thus the possibility for the formation of an
intermediate 4a’" was envisaged that could be generated via aldol condensation between

homophthalic acid 3a’ (hydrolyzed form of homophthalic anhydride) and phenylglyoxal.

Based on the experiments, a plausible mechanism has been depicted in Scheme 2.14 for
the formation of phthalides. It reveals that DIPEA catalyzes the reaction either between
homophthalic anhydride (3a) and small equilibrium quantities of phenylglyoxal (2a)
(path a) or between homophthalic acid (3a') and phenylglyoxal 2a (path b) that provides
4a'"" on decarboxylation of corresponding intermediates 4a’ and 4a’’ respectively.
Finally, DIPEA facilitates the conjugate addition of carboxylic acid functionality to

enone moiety in 4a’"’ to afford phthalide 4a.

o
Ph)% B DIPEA
DIPEA COz

(0]
%T 2a H20  patha s 0 0
&% (0] o
O
Ph 3a' 07 ~oH OH Ph
OH o DIPEA
1a DIPEA = -CO,
path b Ph
0" “OH
4a"

Scheme 2.14: Proposed mechanism for phthalide synthesis

Different alcohols like 2-nitroethanol 1y and ethyl 2-hydroxyacetate 1z were also

examined for aerobic oxidation. Unfortunately, no fruitful result was observed.

Then we became curious about the direct synthesis of quinoxalines 6 by the
reaction of 2-hydroxyacetophenone (1a) with o-phenylenediamine (5a). Bioactivity and
uses of quinoxaline derivatives have been discussed earlier (Figure 2.1). The previous

reports on quinoxalines synthesis include oxidative reaction of 2-hydroxyacetophenones
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with o-phenylenediamine but either a metal catalyst in the presence of air or a
stoichiometric oxidant such as MnO, had been used.** Based on our preceding discovery,
we predicted that direct synthesis of quinoxaline might be possible by aerobic oxidation
of 2-hydroxyacetophenone. For easy formation of imine, catalytic amount of acid could
be added. Then we optimized the reaction with different acids and solvents (Table 2.3).
Initially, different acids like benzoic acid, diphenyl phosphate and p-TSA were tested in
the reaction (entries 1-3). Interestingly, diphenyl phosphate gave the best yield of 62% in
toluene solvent. Various solvents were also screened in the reaction. Similar yields were
obtained in DMSO and DMF (entries 4-5). But slightly lower yields were isolated in
acetonitrile and chlorobenzene solvents (entries 6-7).

Table 2.3. Optimization table

0 NH, acid cata(!yst N\
)J\/OH . (10 mol%)
_ W\ IS0 S _
Ph N

NH, solvent, 80 °C

1a 5a 28 6a
entry? catalyst solvent yield (%6)°
1 PhCOOH PhCH3 58
2 diphenyl phosphate PhCH3; 62
3 p-TSA PhCH; 55
4 diphenyl phosphate DMSO 58
5 diphenyl phosphate DMF 60
6 diphenyl phosphate CH3CN 40
7 diphenyl phosphate PhCI 42

3Reactions were carried out with 1a (0.05 mmol) and 5a (0.05 mmol) in 0.5 mL solvent. "Isolated yield

after silica gel column chromatography.

2.6 Substrate scope of quinoxalines

Next, we sought to enhance the generality of the reaction by incorporating a range of 2-

hydroxyacetophenones and o-phenylenediamines (Scheme 2.15). Gratifyingly, different
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substitutions at the ortho-, meta- and para- positions of the phenyl group of 2-
hydroxyacetophenone were well tolerated. Different substituents in the para position
were explored and it did not significantly affect the reaction and high yields were
maintained. For example, 4-methyl, 4-bromo and 4-phenyl substituted
hydroxyacetophenones provided the analogous yields of the products 6b (55%), 6¢
(59%) and 6d (60%). Pleasingly, the highest yield of 70% was achieved for product 6f
having a 3-cyano substituent. Ortho-substitution of the aryl group was also tolerated and
the products 6g and 6h were obtained with 67% and 45% vyields respectively.
Hydroxyketones 1t containing a 2-naphthyl substituent provided the corresponding
product 6i in good yield. For heteroaromatic hydroxyketone 1u having 2-furyl moiety,
high yield (65%) of the product 6j was obtained. Different o-phenylenediamines were
also screened and good yields of the corresponding products 6k-I were observed under
the same reaction conditions.

Scheme 2.15: Scope of quinoxalines *°

Pho. O
, PhO" “OH 2
| on RI\\ NH, (10 mol%) SN
R' + o —
_ NH, Phcgi,:o C AR

6a, 62% 6b, 553)\©\ 6c, 59j%\©\ 6d, 3‘;@\
N N N
N N N Cl
L. L X
N N N
6e, 47% 6f, 70% 6g, 67% 6h, 45%

O,N Ny
CC l R
2-Naph Ph N™ "Ph
%

61, 40%

6i, 60% 6j, 65 6k, 63%

3Reactions were carried out with 0.2 mmol of 1 and 0.2 mmol of 5 in 2 mL toluene. "Isolated yield after

silica gel column chromatography.
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We further explored the possibility of uncatalyzed aerial oxidative reactions of 2-
hydroxyacetophenones (Scheme 2.16). To our delight, when the reaction of 2-
hydroxyacetophenone (1a) and pyrrolidine (7) was carried out at 80 °C in toluene, the
desired a-ketoamide product 8a was isolated in 52% yield. Inspired by this result, we
further screened different para-, ortho-, and meta- substituted hydroxyacetophenones 1h,
1k and 1o respectively and gratifyingly the corresponding products 8b-d were obtained
in acceptable yields. A naphthyl group was also well-tolerated and product 8e was
isolated in an acceptable yield.

To further domesticate the intermediate formed from aerobic oxidation of 2-
hydroxyacetophenone, we performed a Wittig reaction with stabilized ylide 9. Here also
moderate yield (40%) of the product 10 was achieved (Scheme 2.16).

Scheme 2.16: Synthesis of a-ketoamides and Wittig Reaction *”

: 0
(A) A /U\/OH . HN PhCH3 /U\”/
r

80 °C 24 h
1 7 8a-8e

8a, Ar = Ph, 52% 8d, Ar = 3-OMeCgH,, 53%
8b, Ar=4-NO,CgH4, 65%  8e, Ar = 2-naphthyl, 48%
8c, Ar = 2-CICgHy, 41%

0
o)
(B) PhCH3 _ Ph
OH + ——— > P
Ph/uv Pi" 1 so°c. 36h
hs 0]
1a 9 10, 40%

3Reactions were carried out with 0.2 mmol of 1 and 0.2 mmol of 7/9 in 2 mL toluene. ° Isolated yield after

silica gel column chromatography.

In summary, we have disclosed an unprecedented metal and external oxidant free aerobic
oxidative reaction of 2-hydroxyacetophenones without any need of redox catalyst
system. The in situ trapping concept was not exploited previously in the aerial oxidation
reaction. The aerobic oxidative reactions of 2-hydroxyacetophenones allow synthesis of
compounds such as phthalides, quinoxalines, a-ketoamides under reaction condition. To
our knowledge, this is the first example of metal-free aerobic oxidation of 2-

hydroxyacetophenones.
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2.7 Experimental section

Starting materials like 1a, 3a, 5a, 5b, 5¢ were purchased from Aldrich. Pyrrolidine and
N,N-diisopropylethylamine (DIPEA) were purchased from Spectrochem. Anhydride
derivatives (3b-3g) were prepared from the corresponding acids according to the

previously reported procedure.’

A. General procedure for the synthesis of 2-hydroxyacetophenones
2-Hydroxyacetophenones 1c, 1g, 1h, 1i, 1j, 1k, 1I, Im, 1n, 1o, 1p, 1q, 1s, 1t, 1u, 1v
were prepared from the corresponding acetophenones according to the previously
reported procedure A.>" 2-Hydroxyacetophenones 1b, 1d, 1e, 1f, 1r were prepared from
the corresponding 2-bromo acetophenones according to the previously reported
procedure A"

KOH (4.5 equiv) o

o) .
Phl(OAc), (1.5 equiv OMe TsOH (2 equiv)
w OAgaCaE el )Q/OH J_on
Ar 0 THF:H,0 3:1)  Ar
MeOH, 0 °C B ) 1

reflux

HCOONa.2H,0 (6.3 equiv) o)

(A) Ar)K/ Br i Ar)K/OH

EtOH : H,O (17:3)
reflux

Scheme 2.17: Synthesis of a-hydroxyketones

Procedure A: To a solution of KOH (9 mmol) in MeOH (6 mL) was added a suspension
of substituted acetophenone (2 mmol) in MeOH (4 mL) at 0 °C. Then PhI(OAc), (3
mmol) was added in four portions. After stirring for 3 hours at room temperature, the
reaction was quenched by the addition of water. MeOH was removed under vacuum. The
product was extracted with EtOAc (4 mL x 3), and the combined organic extracts were
washed with brine and dried over anhyd. Na,SO,. After removal of the solvent in
vacuum, crude was obtained without further purification. Crude was dissolved in
THF:H,0 (1.5 mL:0.5 mL) with the addition of p-TsOH.H,O (4 mmol). The mixture was
stirred at reflux for 4.5 hours. When the reaction was completed (monitored by TLC), the
reaction was quenched with water and the product was extracted with EtOAc (4 mL x 3).

The combined organic extracts were washed with brine and dried over anhyd. Na SOy,
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After removal of the solvent in vacuum the residue was purified by column
chromatography to give the corresponding 2-hydroxyacetophenone.

Procedure A’: A solution of substituted 1-bromoacetophenone (2 mmol) and sodium
formate (12.5 mmol) in 2.5 mL 85% ethanol was stirred at reflux for 12 hours. Then
ethanol was removed and diluted to dissolve the excess sodium formate and caused the
product to precipitate. Then the product was isolated by filtration and recrystallized from
95% ethanol.

B. General procedure for the synthesis of 3-substituted phthalides (4a-4w)

In a 5 mL round bottom flask, compound 1 (0.1 mmol), 3 (0.1 mmol) and DIPEA (10
mol%) were taken in 1 mL toluene. Then the round bottom flask was sealed with a glass
stopper and placed in a heating bath at 80 °C. After completion of the reaction, as
monitored by TLC, the reaction mixture was allowed to cool at room temperature and
diluted with EtOAc (3 mL). The organic layer was washed with water, brine and dried
(anhyd. Na;SO,). The solvents were concentrated in vacuum and purified by silica gel
column chromatography (7%-15% EtOAc/hexane) to afford 3-substituted phthalides 4.

C. General procedure for the synthesis of Quinoxalines (6a-61)

In a 5 mL round bottom flask, compound 1 (0.2 mmol), 5 (0.2 mmol) and diphenyl
phosphate (10 mol%) were taken. Then 2 mL toluene was added to it. Then the round
bottom flask was sealed with a glass stopper and placed in a heating bath at 80 °C for 24
hours. After completion of the reaction, as monitored by TLC, the reaction mixture was
allowed to cool at room temperature and diluted with EtOAc (5 mL). The organic layer
was washed with water, brine and dried (anhyd. Na,SO,;). The solvents were
concentrated in vacuum and purified by silica gel column chromatography (3%-7%

EtOAc/hexane) to afford quinoxalines 6.

D. General procedure for the synthesis of a-Ketoamides (8a-8e)

In a 5 mL round bottom flask compound 1 (0.1 mmol) and pyrrolidine (7) (0.1 mmol) in
1 mL toluene were taken. Then the round bottom flask was sealed with a glass stopper
and placed in a heating bath at 80 °C for 24 hours. After completion of the reaction, as
monitored by TLC, the reaction mixture was allowed to cool at room temperature and
diluted with EtOAc (3 mL). The organic layer was washed with water, brine and dried
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(anhyd. Na;SO,). The solvents were concentrated in vacuum and purified by silica gel

column chromatography (20%-25% EtOAc/hexane) to afford a-ketoamides 8.

E. General procedure for the synthesis of (E)-1,4-diphenylbut-2-ene-1,4-dione (10)
In a 5 mL round bottom flask compound 1a (0.2 mmol) and 9 (0.2 mmol) in 2 mL
toluene were taken. Then the round bottom flask was sealed with a glass stopper and
placed in a heating bath at 80 °C for 36 hours. After completion of the reaction, as
monitored by TLC, the reaction mixture was allowed to cool at room temperature and
diluted with EtOAc (5 mL). The organic layer was washed with water, brine and dried
(anhyd. Na,;SO,4). The solvents were concentrated in vacuum
and purified by silica gel column chromatography (3%
EtOAc/hexane) to afford 40% of olefin 10. Yellow solid (yield
40%, 18.5mg); *H NMR (600 MHz, CDCl3):¥ 6 8.07 (d, J =
7.4 Hz, 2H), 8.02 (s, 1H), 7.64 (t, J = 7.4 Hz, 1H), 7.54 (t, J = 7.8 Hz, 2H); *C NMR
(150 MHz, CDCl3): 6 190.1, 137.1, 135.4, 134.1, 129.1; HRMS (ESI-TOF): Calc for
C16H130; [M+H]" 237.0910; found: 237.0914.

F. General procedure’ for the synthesis of 3-benzoyl-1-oxoisochromane-4-
carboxylic acid (4a’)

In a 5 mL round bottom flask, phenylglyoxal 2a (0.2 mmol), homophthalic anhydride 3a
(0.2 mmol), 4 A MS (200 mg) and DIPEA (0.02 mmol) were taken in 2 mL toluene.
Then the reaction mixture was stirred for 28 hours at room temperature. After
completion of the reaction, as monitored by TLC, the reaction mixture was diluted with
DCM (10 mL) and sat. NaHCO3 (pH~10). The mixture was stirred for 10 minutes. Then
the aqueous layer was washed with DCM (3 times). 10% HCI was added to the aqueous
layer carefully (pH~1) and extracted with DCM. Then the organic layer was washed with
brine, dried over anhyd. Na,SO,4 and concentrated in vacuum. Mass spectrometry of the
crude sample was taken. HRMS of the product 4a’ was observed and move for the next
reaction without purification. HRMS (ESI-TOF): Calc for C17H1305 [M+H]" 297.0757;
found: 297.0754.
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Sample Name SAMPLE 31 Position P1-C7 TInstrument Name Instrument 1

User Name nj Vol 20 InjPosition

Sample Type Sample TRM Calibration Status  Success Data Filename SCS-PS-INT.d

ACQ Method ESIALS 100-500.m Comment Acquired Time 24-Jul-19 4:44:11 PM (UTC+05:30)

x10 7 +ESI Scan (rt: 0.316 min) Frag=175.0V SC5-P9-INT .d

1154

114
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1.054
14
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0.9
085
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i
&
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——223.0759

2112171
—235.0755
L 263.0700
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3701341
 382.1630

R . |
100 120 140 160 180 200 220 280 300
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o
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E
5
g
B
g
g
8
8
g

G. Crystal structure of compound 4a

ORTEP crystal structure
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Table 2.4: Crystal data and structure refinement for compound 4a

Empirical formula Cis Hp O3
Formula weight 251.25
CCDC Number 1518677

Crystal habit, colour Block, White

Crystal size, mm® 0.30x0.25x0.20

Temperature, T 293 (2)

Wavelength, A (A) 0.71073
Crystal system orthorhombic
Space group ‘P212121°

Unit cell dimensions

a=5.1674(3) A

b=11.2335(7) A

¢ =21.3205(14) A

a=90.00°, #=90.00°, y=90.00°

Volume, V (A% 1237.61(13)
Z 4
Calculated density, Mg-m™ 1.348
Absorption coefficient, o (mm™) 0.093
F(000) 524.0
@range for data collection 3.39° to 24.980°
Limiting indices R =S
g 23<1<25

Reflection collected/unique

3266/1945 [R(int) = 0.0209]

Completeness to ¢

99.8% (0= 24.98°)

Max. and min. transmission 0.995/0.994
Refinement method 'SHELXL-97(Sheldrick, 1997)'
Data/restraints/parameters 1945/0/172
Goodness—offit on F2 1.012

Final R indices [I1>2sigma(l)]

R1=0.0470, wR2 = 0.1008

R indices (all data)

R1=0.0637, wR2 =0.1132

Largest diff. peak and hole

0.135 and —0.156 - A

*GOF = [Y[w(Fo> — F)?] IM — N 12 (M =number of reflections, N = number of parameters refined).’R; =
Y IFol = [Fell/ X | Fo. ‘WR, = [ZIw(Fo® ~ Fe*)*] / XIw(Fo*)’11 ™
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H. Isotopic Labelling Experiment:

DIPEA (10 mol%)
Ph)K/OH + @ H,0"8 ( 25equw
o PhCH3 (0.1 M),

80°C,30h
0, atmosphere product Ph

In a Schlenk tube, compound 1a (0.1 mmol), 3a (0.1 mmol), HZO18 (0.25 mmol) and
DIPEA (10 mol%) were taken in 1 mL dry toluene under oxygen atmosphere. Then the
tube was sealed with a septum and placed in a heating bath at 80 °C in presence of an
oxygen balloon. After completion of the reaction, as monitored by TLC, HRMS of the
reaction mixture was taken. HRMS (ESI-TOF): Calc for CigH13°0,*0 [M+H]*
255.0901; found: 255.0870.
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2.9 Characterization Data of Products

3-(2-ox0-2-phenylethyl)isobenzofuran-1(3H)-one  (4a):**"  Pale
yellow solid (yield: 70%, 17.5 mg); R; = 0.5 (EtOAc/hexane 1:9); *H
NMR (600 MHz, CDCl5): 6 7.96 (d, J =8.1 Hz, 2H), 7.93 (d, J = 8.1
Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 7.61 (t, J = 7.9 Hz, 1H), 7.56 (dd, J
=18.3, 8.3 Hz, 2H), 7.49 (t, J = 7.9 Hz, 2H), 6.19 (t, J = 7.0 Hz, 1H),
3.79 (dd, J = 17.5, 6.2 Hz, 1H), 3.40 (dd, J = 17.6, 7.6 Hz, 1H); *C

NMR (100 MHz, CDCl3): & 196.0, 170.2, 149.7, 136.1, 134.3, 133.9, 129.4, 128.8,
128.1, 125.8, 125.7, 122.8, 77.2, 43.7, HRMS (ESI-TOF): Calc for C1gH1303 [M+H]"
253.0859; found: 253.0864.

3-(2-0xo0-2-(p-tolyl)ethyl)isobenzofuran-1(3H)-one  (4b):  Pale
yellow solid (yield: 55%, 14.5 mg); R = 0.5 (EtOAc/hexane 1:9); 'H
NMR (600 MHz, CDCl3): § 7.92 (d, J = 7.6 Hz, 1H), 7.85 (d, J =
8.1 Hz, 2H), 7.66 (t, J = 7.5 Hz, 1H), 7.58 — 7.52 (m, 2H), 7.28 (d, J
= 8.0 Hz, 2H), 6.18 (t, J = 6.6 Hz, 1H), 3.76 (dd, J = 17.5, 5.7 Hz,
1H), 3.37 (dd, J = 17.5, 7.4 Hz, 1H), 2.42 (s, 3H); *C NMR (150

MHz, CDCls): ¢ 195.9, 170.4, 150.1, 145.1, 134.5, 133.9, 129.7, 129.6, 128.5, 126.1,
125.9, 123.1, 77.5, 43.78, 21.92; HRMS (ESI-TOF): Calc for Cy;His03 [M+H]"
267.1016; found: 267.1016.

3-(2-(4-methoxyphenyl)-2-oxoethyl)isobenzofuran-1(3H)-one
(4c): White solid (yield: 50%, 14.2 mg); Rt = 0.4 (EtOAc/hexane
1:9); *H NMR (600 MHz, CDCls): & 7.93 (d, J = 8.9 Hz, 2H),
7.91(d, J = 7.7 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.57 (d, J = 7.7
Hz, 1H), 7.54 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 8.9 Hz, 2H), 6.19 —
6.15 (m, 1H), 3.87 (s, 3H), 3.73 (dd, J = 17.3, 5.7 Hz, 1H), 3.33
(dd, J = 17.3, 7.5 Hz, 1H); *C NMR (150 MHz, CDCls): § 194.7,

OMe

170.4, 164.3, 150.1, 134.4, 130.7, 129.6, 129.5, 126.1, 125.9, 123.1, 114.2, 77.7, 55.8,
43.5; HRMS (ESI-TOF): Calc for C17H1504 [M+H]" 283.0965; found: 283.0968.

3-(2-(4-fluorophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4d): Yellow solid (yield:
50%, 13.5 mg); Ry = 0.45 (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls): & 7.99 (dd,
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J=28.8, 54 Hz, 2H), 7.93 (d, J = 7.6 Hz, 1H), 7.67 (t, J = 7.5 Hz,
1H), 7.56 (d, J = 8.1 Hz, 2H), 7.16 (t, J = 8.5 Hz, 2H), 6.16 (t, J = 6.5
Hz, 1H), 3.74 (dd, J = 17.5, 5.9 Hz, 1H), 3.37 (dd, J = 17.5, 7.2 Hz,
1H); C NMR (150 MHz, CDCls): & 194.6, 170.3, 167.2, 165.5,
149.8, 134.5, 132.8, 131.1, 131.1, 129.7, 126.1, 126.0, 122.9, 116.3,
116.2, 77.3, 43.8; HRMS (ESI-TOF): Calc for CiH12FO3 [M+H]"
271.0765; found: 271.0768.
3-(2-(4-chlorophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one  (4e):
Yellow solid (yield: 45%, 12.8 mg); R¢ = 0.45 (EtOAc/hexane 1:9);
'H NMR (400 MHz, CDCls): & 7.61 (t, J = 8.0 Hz, 3H), 7.37 (dd, J
= 11.0, 4.0 Hz, 1H), 7.29 — 7.23 (m, 2H), 7.17 (d, J = 8.6 Hz, 2H),
5.86 (t, J = 6.5 Hz, 1H), 3.44 (dd, J = 17.6, 6.0 Hz, 1H), 3.08 (dd, J =
b 17.6, 7.0 Hz, 1H); **C NMR (150 MHz, CDCls): & 195.0, 170.3,
149.7, 140.6, 134.7, 134.5, 129.8, 129.7, 129.4, 126.1, 126.0, 122.9, 77.2, 43.9; HRMS
(ESI-TOF): Calc for C16H1,Cl03 [M+H]" 287.0469; found: 287.0470.
3-(2-(4-bromophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one  (4f):
Yellow solid (yield: 55%, 18.0 mg); R¢ = 0.45 (EtOAc/hexane 1:9);
'H NMR (600 MHz, CDCl3): & 7.93 (d, J = 7.8 Hz, 1H), 7.82 (d, J =
8.5 Hz, 2H), 7.67 (t, J = 7.4 Hz, 1H), 7.63 (d, J = 8.6 Hz, 2H), 7.56
(t, J = 6.3 Hz, 2H), 6.16 (t, J = 6.5 Hz, 1H), 3.73 (dd, J = 17.6, 6.0
Hz, 1H), 3.36 (dd, J = 17.6, 7.0 Hz, 1H); *C NMR (150 MHz,
CDCly): 6 195.2, 169.8, 149.7, 135.1, 134.5, 132.4, 129.8, 129.7,
129.4,126.1, 126.0, 122.9, 77.1, 43.8; HRMS (ESI-TOF): Calc for C15H1,BrOs [M+H]*
330.9964; found: 330.9961.
4-(2-(3-0xo0-1,3-dihydroisobenzofuran-1-yl)acetyl)benzonitrile (49):
Yellow solid (yield: 40%, 11.0 mg); R; = 0.4 (EtOAc/hexane 1:9); 'H
NMR (600 MHz, CDCls): & 8.05 (d, J = 8.4 Hz, 2H), 7.94 (d, J =
7.6 Hz, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.69 (t, J = 7.1 Hz, 1H), 7.57
(dd, J = 16.1, 7.7 Hz, 2H), 6.16 (t, J = 6.4 Hz, 1H), 3.75 (dd, J =
17.7, 6.2 Hz, 1H), 3.42 (dd, J = 17.7, 6.6 Hz, 1H); *C NMR (150

Br
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MHz, CDCl3): 6 195.0, 169.5, 149.4, 139.2, 134.6, 132.9, 129.9, 128.8, 126.2, 122.8,
117.8, 117.4, 76.9, 44.2; HRMS (ESI-TOF): Calc for C17H1,NO3 [M+H]" 278.0812;
found: 278.0809.

3-(2-(4-nitrophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4h): Yellow solid (yield:
74%, 21.9 mg); R = 0.3 (EtOAc/hexane 1:9); *H NMR (600 MHz,
CDCly): 6 8.34 (d, J = 8.6 Hz, 2H), 8.12 (d, J = 8.6 Hz, 2H), 7.94
(d,J=7.6 Hz, 1H), 7.70 (t, J = 7.4 Hz, 1H), 7.57 (dd, J = 13.3, 7.4
Hz, 2H), 6.17 (t, J = 6.3 Hz, 1H), 3.78 (dd, J = 17.7, 6.3 Hz, 1H),
3.46 (dd, J = 17.7, 6.5 Hz, 1H); **C NMR (150 MHz, CDCls): &
NO, 194.8, 169.9, 151.0, 149.3, 140.7, 134.6, 129.9, 129.4, 126.2,
126.1, 124.3, 122.7, 76.8, 44.4; HRMS (ESI-TOF): Calc for CisH1z2NOs [M+H]"
298.0710; found: 298.0703.
3-(2-([1,1'-biphenyl]-4-yl)-2-oxoethyl)isobenzofuran-1(3H)-one  (4i):  Yellow solid
(yield: 50%, 16.4 mg); Ry = 0.45 (EtOAc/hexane 1:9); *H NMR (400
MHz, CDCl3): & 8.03 (d, J = 8.6 Hz, 2H), 7.93 (d, J = 7.7 Hz, 1H),
7.68 (dd, J = 16.0, 7.9 Hz, 3H), 7.64 — 7.54 (m, 4H), 7.47 (t, J = 7.3
Hz, 2H), 7.41 (t, J = 7.9 Hz, 1H), 6.23 — 6.18 (m, 1H), 3.81 (dd, J =
17.6, 5.8 Hz, 1H), 3.43 (dd, J = 17.6, 7.3 Hz, 1H); *C NMR (100
pn  MHz, CDCl3): 6 195.6, 170.2, 149.7, 146.5, 139.5, 134.8, 134.3,
129.4, 129.0, 128.8, 128.4, 127.4, 127.3, 125.9, 125.8, 122.8, 77.2, 43.7; HRMS (ESI-
TOF): Calc for CyH1703 [M+H]" 329.1172; found: 329.1172.
3-(2-0xo0-2-(o-tolyl)ethyl)isobenzofuran-1(3H)-one (4j): Yellow solid (yield: 55%, 14.6
mg); Rs = 0.5 (EtOAc/hexane 1:9); *H NMR (400 MHz, CDCls):
5792 (d,J =76 Hz, 1H), 7.70 — 7.62 (m, 2H), 7.59 — 7.53 (m,
2H), 7.44 — 7.39 (m, 1H), 7.27 (dd, J = 13.3, 6.0 Hz, 3H), 6.17 (t,
J = 6.5 Hz, 1H), 3.67 (dd, J = 17.5, 6.4 Hz, 1H), 3.37 (dd, J =
17.5, 6.7 Hz, 1H), 2.59 (s, 3H); *C NMR (100 MHz, CDCl;); &
199.4, 170.4, 149.9, 139.2, 136.6, 129.6, 129.2, 126.1, 126.0,
122.8, 77.6, 46.3, 21.9; HRMS (ESI-TOF): Calc for Cy;His05 [M+H]" 267.1016;
found: 267.1016.
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3-(2-(2-chlorophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4k):
Yellow gummy solid (yield: 40%, 11.4 mg); Rf = 0.45
(EtOAc/hexane 1:9); *"H NMR (600 MHz, CDCl3): & 7.92 (d, J =
7.6 Hz, 1H), 7.71 — 7.67 (m, 1H), 7.61 — 7.55 (m, 3H), 7.44 — 7.42
(m, 2H), 7.38 — 7.35 (m, 1H), 6.13 (t, J = 6.5 Hz, 1H), 3.68 (dd, J =
17.6, 6.8 Hz, 1H), 3.49 (dd, J = 17.6, 6.4 Hz, 1H); *C NMR (150
MHz, CDClg): 6 198.8, 170.2, 149.5, 138.2, 134.5, 132.9, 131.5, 131.0, 129.9, 129.7,
127.4,126.1, 126.0, 122.7, 77.3, 48.0; HRMS (ESI-TOF): Calc for C16H1,CIO3 [M+H]"
287.0469; found: 287.0467.
3-(2-(2-bromophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4l): Yellow solid (yield:
70%, 23.0 mg); R; = 0.45 (EtOAc/hexane 1:9); *H NMR (400
MHz, CDCl3): 6 7.91 (d, J = 7.6 Hz, 1H), 7.69 (t, J = 7.5 Hz, 1H),
7.63 — 7.54 (m, 3H), 7.49 (d, J = 9.3 Hz, 1H), 7.42 — 7.37 (m, 1H),
7.34 (d, J = 7.7 Hz, 1H), 6.12 (t, J = 6.5 Hz, 1H), 3.64 (dd, J =
17.6, 6.7 Hz, 1H), 3.47 (dd, J = 17.6, 6.4 Hz, 1H); *C NMR (100
MHz, CDCly); 6 199.7, 170.2, 149.4, 140.3, 134.5, 134.2, 132.6,
129.7, 129.4, 127.9, 126.0, 122.7, 119.1, 77.0, 47.5; HRMS (ESI-TOF): Calc for
C16H1,BrO; [M+H]" 330.9964; found: 330.9965.
3-(2-(2-iodophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4m): Yellow oily liquid
(yield: 50%, 18.8 mg); R; = 0.45 (EtOAc/hexane 1:9); *H NMR
(400 MHz, CDCl3): 6 7.94 (dd, J = 13.4, 7.8 Hz, 2H), 7.70 (t, J =
7.5Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.56 (t, J = 7.2 Hz, 1H), 7.44
(dd, J = 17.6, 8.1 Hz, 2H), 7.17 (t, J = 7.5 Hz, 1H), 6.14 (t, J = 6.5
Hz, 1H), 3.65 (dd, J = 18.1, 6.7 Hz, 1H), 3.41 (dd, J = 17.7, 6.7 Hz,
1H); **C NMR (100 MHz, CDCl5): & 199.8, 169.9, 149.1, 142.5,
140.9, 134.2, 132.3, 129.4, 128.4, 128.2, 125.7, 122.6, 91.0, 77.0, 46.4; HRMS (ESI-
TOF): Calc for CygH12103 [M+H]" 378.9826; found: 378.9822.
3-(2-ox0-2-(m-tolyl)ethyl)isobenzofuran-1(3H)-one (4n): Yellow solid (yield: 60%,
15.9 mg); R¢ = 0.5 (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls); 6 7.92 (d, J = 7.6
Hz, 1H), 7.77 (s, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 7.58 — 7.53 (m,
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2H), 7.42 (d, J = 7.5 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 6.20 —
6.15 (t, 1H), 3.77 (dd, J = 17.6, 5.7 Hz, 1H), 3.38 (dd, J = 17.6,
7.4 Hz, 1H), 2.41 (s, 3H); *C NMR (150 MHz, CDCls): &
196.5, 170.4, 150.0, 138.9, 136.4, 134.8, 134.5, 129.6, 128.9,
128.9, 126.1, 125.9, 125.6, 123.0, 77.5, 44.0, 21.5; HRMS
(ESI-TOF): Calc for Ci7His03 [M+H]® 267.1016; found:

267.1018.
3-(2-(3-methoxyphenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (40): Yellow solid (yield:
72%, 20.3 mg); R = 0.4 (EtOAc/hexane 1:9); *H NMR (600
MHz, CDCls): 6 7.92 (d, J = 5.3 Hz, 1H), 7.66 (s, 1H), 7.59 —
7.52 (m, 2H), 7.50 (s, 2H), 7.38 (s, 1H), 7.14 (d, J = 7.4 Hz,
1H), 6.17 (s, 1H), 3.86 (s, 3H), 3.76 (d, J = 17.6 Hz, 1H), 3.39
(d, J = 17.6 Hz, 1H); **C NMR (150 MHz, CDCls): 6 196.1,
170.3, 160.2, 149.9, 137.7, 134.5, 130.0, 129.6, 126.1, 126.0,
123.0, 121.0, 120.6, 112.5, 77.4, 55.7, 44.0; HRMS (ESI-TOF): Calc for Ci;H1504
[M+H]" 283.0965; found: 283.0968.
3-(2-(3-bromophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one (4p): Yellow solid (yield:
35%, 11.5 mg); R; = 0.45 (EtOAc/hexane 1:9); *H NMR (400
MHz, CDCls): 4 8.09 (s, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.87 (d,
J = 6.8 Hz, 1H), 7.73 (d, J = 6.0 Hz, 1H), 7.67 (t, J = 7.5 Hz,
1H), 7.55 (t, J = 6.8 Hz, 2H), 7.37 (t, J = 7.9 Hz, 1H), 6.16 (t, J
= 6.5 Hz, 1H), 3.73 (dd, J = 17.8, 6.0 Hz, 1H), 3.38 (dd, J =
17.8, 7.0 Hz, 1H); *C NMR (100 MHz, CDCls): & 194.7,
170.0, 149.4, 137.8, 136.7, 134.3, 131.2, 130.4, 129.5, 126.7, 125.8, 123.2, 122.7, 76.9,
43.8; HRMS (ESI-TOF): Calc for C16H1,BrOz [M+H]" 330.9964; found: 330.9961.
3-(2-0x0-2-(3-(trifluoromethyl)phenyl)ethyl)isobenzofuran-
1(3H)-one (4q): Yellow solid (yield: 32%, 10.2 mg); Rs = 0.45
(EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls): & 8.22 (s,
1H), 8.14 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.87 (d,
J=7.7 Hz, 1H), 7.70 — 7.64 (m, 2H), 7.58 — 7.55 (m, 2H), 6.19
(t, J=6.4 Hz, 1H), 3.79 (dd, J = 17.7, 6.0 Hz, 1H), 3.44 (dd, J =
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17.7, 6.9 Hz, 1H); *C NMR (150 MHz, CDCls): & 194.9, 170.1, 149.6, 136.9, 134.5,
131.5, 130.4, 129.8, 126.2, 126.1, 125.2, 122.8, 76.9, 44.0; HRMS (ESI-TOF): Calc for
C17H12F303 [M+H]" 321.0733; found: 321.0738.
3-(2-(3,4-dichlorophenyl)-2-oxoethyl)isobenzofuran-1(3H)-one
(4r): Pale yellow solid (yield: 56%, 17.9 mg); Rf = 0.45
(EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls): & 8.04 (s,
1H), 7.93 (d, J=7.7 Hz, 1H), 7.78 (d, J = 10.4 Hz, 1H), 7.68 (t, J
=7.4 Hz, 1H), 7.59 — 7.53 (m, 3H), 6.15 (t, J = 6.4 Hz, 1H), 3.71
(dd, J = 17.7, 6.1 Hz, 1H), 3.37 (dd, J = 17.7, 6.8 Hz, 1H); *C
NMR (150 MHz, CDCl3): & 194.1, 170.1, 149.5, 138.8, 135.8,
134.6, 133.9, 131.2, 130.4, 129.8, 127.4, 126.1, 126.1, 122.8, 76.9, 43.9; HRMS (ESI-
TOF): Calc for C16H1:Cl,03 [M+H]" 321.0080; found: 321.0077.
3-(2-(benzo[d][1,3]dioxol-5-yl)-2-oxoethyl)isobenzofuran-1(3H)-
one (4s): Yellow solid (yield: 82%, 24.2 mg); Rf = 0.35
(EtOAc/hexane 1:9); *H NMR (400 MHz, CDCls): & 7.91 (d, J =
7.6 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 7.57 — 7.51 (m, 3H), 7.45 (s,
1H), 6.85 (d, J = 8.2 Hz, 1H), 6.16 (t, J = 6.5 Hz, 1H), 6.06 (s,
O 2H), 3.69 (dd, J = 17.4, 5.9 Hz, 1H), 3.31 (dd, J = 17.4, 7.3 Hz,
o 1H); 3C NMR (150 MHz, CDCls):  194.3, 170.5, 152.7, 150.1,
148.7, 134.5, 131.4, 129.7, 126.2, 126.0, 125.1, 123.1, 108.3, 108.1, 102.3, 77.7, 43.7;
HRMS (ESI-TOF): Calc for C17H1305 [M+H]" 297.0757; found: 297.0755.
3-(2-(naphthalen-2-yl)-2-oxoethyl)isobenzofuran-1(3H)-one (4t): Yellow solid (yield:
50%, 15.0 mg); R; = 0.5 (EtOAc/hexane 1:9); *H NMR (600
MHz, CDCls): & 8.45 (s, 1H), 8.04 (d, J = 8.6 Hz, 1H), 7.93 (dd,
J=143,7.4 Hz, 3H), 7.89 (d, J = 8.1 Hz, 1H), 7.67 (t, J =75
Hz, 1H), 7.62 (dd, J = 12.2, 7.6 Hz, 2H), 7.56 (dd, J = 14.5, 7.2
Hz, 2H), 6.24 (t, J = 6.5 Hz, 1H), 3.92 (dd, J = 17.4, 5.8 Hz, 1H),
3.54 (dd, J = 17.5, 7.3 Hz, 1H); *C NMR (150 MHz, CDCl5): §
196.2, 170.4, 150.0, 136.1, 134.5, 133.7, 132.6, 130.5, 129.9,
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129.7, 129.2, 129.0, 128.0, 127.3, 126.1, 126.0, 123.7, 123.1, 77.5, 44.0; HRMS (ESI-
TOF): Calc for CyH1503 [M+H]" 303.1016; found: 303.1006.
3-(2-(furan-2-yl)-2-oxoethyl)isobenzofuran-1(3H)-one (4u): Grey solid (yield: 50%,
12.0 mg); R = 0.5 (EtOAc/hexane 1:9); 'H NMR (600 MHz,
CDCl3): 8 7.92 (d, J = 7.6 Hz, 1H), 7.67 (t, J = 7.5 Hz, 1H), 7.61 (5,
1H), 7.55 (t, J = 8.4 Hz, 2H), 6.58 (dd, J = 3.5, 1.6 Hz, 1H), 6.12 (t, J
= 6.7 Hz, 1H), 3.60 (dd, J = 17.1, 6.6 Hz, 1H), 3.27 (dd, J = 17.1, 6.8
Hz, 1H); *C NMR (150 MHz, CDCls): & 184.9, 170.2, 152.4, 149.6,
147.3, 134.5, 129.7, 126.1, 126.0, 122.8, 118.4, 112.9, 77.0, 43.6;
HRMS (ESI-TOF): Calc for Cy4H1,04 [M+H]" 243.0652; found: 243.0655.
3-(2-oxo-2-(thiophen-2-yl)ethyl)isobenzofuran-1(3H)-one (4v): Pale yellow solid
(yield: 84%, 21.6 mg); R¢ = 0.45 (EtOAc/hexane 1:9); *H NMR (400
MHz, CDCls): & 7.92 (d, J = 7.6 Hz, 1H), 7.70 (dt, J = 3.5, 1.0 Hz,
2H), 7.66 (d, J = 6.7 Hz, 1H), 7.56 (dd, J = 7.9, 1.3 Hz, 2H), 7.15
(dd, J = 4.8, 3.9 Hz, 1H), 6.13 (t, J = 6.6 Hz, 1H), 3.68 (dd, J = 17.0,
6.2 Hz, 1H), 3.34 (dd, J = 17.0, 7.0 Hz, 1H); **C NMR (100 MHz,
CDCl3): 3 188.6, 170.1, 149.4, 143.3, 134.9, 134.6, 132.9, 129.5,
128.4, 128.4, 125.8, 122.7, 77.0, 44.1; HRMS (ESI-TOF): Calc for C14H1105S [M+H]"
259.0423; found: 259.0427.
6-methoxy-3-(2-0xo0-2-phenylethyl)isobenzofuran-1(3H)-one (4w): Pale yellow solid
(yield: 65%, 18.3 mg); R; = 0.5 (EtOAc/hexane 1:9); *H NMR
(400 MHz, CDCly): 6 7.96 (d, J = 8.8 Hz, 2H), 7.62 — 7.59
(m, 1H), 7.48 (dd, J = 7.5, 5.4 Hz, 3H), 7.34 (s, 1H), 7.21 (d, J
=8.5 Hz, 1H), 6.14 — 6.09 (m, 1H), 3.87 (s, 3H), 3.77 (dd, J =

O 17.6, 5.6 Hz, 1H), 3.36 (dd, J = 17.6, 7.5 Hz, 1H); *C NMR
(100 MHz, CDCl3): & 196.0, 171.4, 160.6, 141.9, 135.9, 133.6, 129.9, 128.6, 128.2,
123.6, 122.9, 107.3, 77. 0, 55.6, 43.6; HRMS (ESI-TOF): Calc for C17H1504 [M+H]"
283.0965; found: 283.0976.

N 2-phenylquinoxaline (6a):** White solid (yield 62%, 25.5 mg); Ry
@ z = 0.5 (EtOAc/hexane 1:19); *H NMR (600 MHz, CDCls): § 9.33
(s, 1H), 8.20 (d, J = 7.6 Hz, 2H), 8.16 (d, J = 8.2 Hz, 1H), 8.12 (d, J
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=8.3 Hz, 1H), 7.78 (t, J = 8.2 Hz, 1H), 7.74 (t, J = 6.9 Hz, 1H), 7.57 (t, J = 7.4 Hz, 2H),
754 — 750 (m, 1H); ®*C NMR (150 MHz, CDCls): & 152.1, 143.6, 142.5, 141.8,
136.99, 130.5, 130.4, 129.8, 129.7, 129.4, 129.3, 127.8; HRMS (ESI-TOF): Calc for
C14H11N> [M+H]" 207.0917; found: 207.0922.
N 2-(p-tolyl)quinoxaline (6b): White solid (yield 55%, 24.2 mg);
@ j\@ R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600 MHz, CDCls): &
N 9.31 (s, 1H), 8.14 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 8.0 Hz, 3H),
Me 777 (t,J=7.6 Hz, 1H), 7.72 (t, J = 7.5 Hz, 1H), 7.37 (d, J =
7.7 Hz, 2H), 2.45 (s, 3H); °C NMR (150 MHz, CDCls): & 152.0, 143.5, 142.5, 141.6,
140.7, 134.2, 130.4, 130.1, 129.7, 129.5, 129.3, 127.6, 21.6; HRMS (ESI-TOF): Calc
for C1sH13N, [M+H]" 221.1073; found: 221.1076.
4 2-(4-bromophenyl)quinoxaline (6¢): Yellow solid (yield 59%,
@ : 33.6 mg); Ry = 0.45 (EtOAc/hexane 1:19); *H NMR (600 MHz,
Nj\@\ CDCl3): 6 9.27 (s, 1H), 8.11 (t, J = 8.6 Hz, 2H), 8.06 (d, J = 8.5
BY Hgz, 2H), 7.76 (dt, J = 15.1, 6.8 Hz, 2H), 7.67 (d, J = 8.5 Hz,
2H); *C NMR (150 MHz, CDCls): & 150.8, 143.0, 142.4, 141.9, 135.8, 132.5, 130.7,
130.0, 129.8, 129.4, 129.2, 125.2; HRMS (ESI-TOF): Calc for Cy4H10BrN; [M+H]"
285.0022; found: 285.0021.
2-([1,1'-biphenyl]-4-yl)quinoxaline (6d): White solid (yield

N
@ j\@ 60%, 33.7 mg); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600
N
Ph

r

MHz, CDCls): 6 9.37 (s, 1H), 8.29 (d, J = 8.2 Hz, 2H), 8.17 (d,

J =8.0 Hz, 1H), 8.13 (d, J = 7.5 Hz, 1H), 7.79 (t, J = 7.9 Hz,

3H), 7.75 (t, J = 7.5 Hz, 1H), 7.68 (d, J = 7.4 Hz, 2H), 7.49 (t, J = 7.6 Hz, 2H), 7.40 (t, J

=7.4 Hz, 1H); 3C NMR (150 MHz, CDCl3): 8 151.6, 143.5, 143.2, 142.6, 141.8, 140.4,

135.8, 130.5, 129.8, 129.7, 129.3, 129.1, 128.2, 128.1, 128.0, 127.4; HRMS (ESI-TOF):
Calc for CyoHisN, [M+H]* 283.123; found: 283.1225.

N 2-(3-bromophenyl)quinoxaline (6e): White solid (yield 47%, 26.7

@ : mg); Rr = 0.45 (EtOAc/hexane 1:19); *H NMR (600 MHz, CDCls):

N 5 9.28 (s, 1H), 8.38 (s, 1H), 8.17 — 8.07 (m, 3H), 7.78 (dt, J = 14.9,

N 7.1 Hz, 2H), 7.64 (d, J = 7.9 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H); °C
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NMR (150 MHz, CDCl3): & 1504, 143.1, 142.4, 142.0, 139.0, 133.3, 130.8, 130.7,
130.2, 129.9, 129.4, 126.2, 123.7, HRMS (ESI-TOF): Calc for Cy4H1oBrN, [M+H]"
285.0022; found: 285.0023.
N 3-(quinoxalin-2-yl)benzonitrile (6f): White solid (yield 70%, 32.2
E:[ : mg); Ri = 0.35 (EtOAc/hexane 1:19); 'H NMR (600 MHz,
N CDCl3): 6 9.31 (s, 1H), 8.53 (s, 1H), 8.41 (d, J = 8.0 Hz, 1H), 8.14
(t, J =8.8 Hz, 2H), 7.84 — 7.77 (m, 3H), 7.67 (t, J = 7.8 Hz, 1H);
N 3C NMR (150 MHz, CDCl3): 6 149.4, 142.6, 142.3, 142.2, 138.1,
133.5, 131.6, 131.4, 131.0, 130.6, 130.2, 129.9, 129.4, 118.6, 113.8; HRMS (ESI-TOF):
Calc for Cy5H10N3 [M+H]" 232.0869; found: 232.0872.
Ny 2-(2-chlorophenyl)quinoxaline (6g): Yellow solid (yield 67%,
E:[ _ 32.1 mg); R¢ = 0.45 (EtOAc/hexane 1:19); *H NMR (600 MHz,
N]D CDCls): 6 9.21 (s, 1H), 8.19 — 8.16 (m, 2H), 7.81 (dd, J = 6.1, 3.7
al Hz, 2H), 7.73 (d, J = 9.2 Hz, 1H), 7.55 (d, J = 9.2 Hz, 1H), 7.47 -
7.44 (m, 2H); 3C NMR (150 MHz, CDCls): 5 152.6, 146.4, 142.5, 141.5, 136.7, 132.8,
132.2, 131.0, 130.5, 130.4, 129.8, 129.4, 127.7; HRMS (ESI-TOF): Calc for
CuH1oCIN; [M+H]* 241.0527; found: 241.0532.
N 2-(2-nitrophenyl)quinoxaline (6h): Yellow solid (yield 45%, 22.5
©i _ mg); Rs = 0.3 (EtOAc/hexane 1:19); 'H NMR (600 MHz, CDCls):
N]D 3 8.96 (s, 1H), 8.17 (d, J = 9.7 Hz, 1H), 8.11 (dd, J = 11.7, 5.4 Hz,
O2N 2H), 7.83 — 7.80 (m, 2H), 7.76 (dd, J = 18.8, 7.5 Hz, 2H), 7.67 (t, J
= 7.7 Hz, 1H); *C NMR (150 MHz, CDCls): § 151.3, 144.5, 142.0, 141.7, 133.5, 133.2,
132.1, 130.8, 130.6, 130.5, 129.8, 129.5, 125.2; HRMS (ESI-TOF): Calc for
C14H10N30; [M+H]" 252.0768; found: 252.0771.
2-(naphthalen-2-yl)quinoxaline (6i): White solid (yield 60%,
@N\ 30.6 mg); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600 MHz,
N7 O CDCl3): 5 9.48 (s, 1H), 8.65 (s, 1H), 8.36 (d, J = 7.1 Hz, 1H),
O 8.20 (d, J = 8.2 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 8.02 (dd, J =
10.6, 6.1 Hz, 2H), 7.93 — 7.89 (m, 1H), 7.82 — 7.75 (m, 2H), 7.56
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(dd, J = 5.3, 4.0 Hz, 2H); *C NMR (150 MHz, CDCls): & 151.9, 143.7, 142.6, 141.8,
134.3, 134.3, 133.6, 130.6, 129.8, 129.8, 129.4, 129.3, 129.1, 128.0, 127.7, 127.5, 126.9,
124.7; HRMS (ESI-TOF): Calc for C1gH13N, [M+H]* 257.1073; found: 257.1067.
N 2-(thiophen-2-yl)quinoxaline (6j): White solid (yield 65%, 27.5
@ % mg); R; = 0.45 (EtOAc/hexane 1:19); *H NMR (600 MHz, CDCls):
N S// § 9.23 (s, 1H), 8.06 (dd, J = 7.9, 5.2 Hz, 2H), 7.85 (d, J = 3.6 Hz,
1H), 7.75 — 7.71 (m, 1H), 7.68 (t, J = 7.1 Hz, 1H), 7.54 (d, J = 5.0
Hz, 1H), 7.19 (t, J = 5.0 Hz, 1H); *C NMR (150 MHz, CDCls): & 147.6, 142.4, 142.3,
142.2, 141.5, 130.6, 130.0, 129.4, 129.3, 128.7, 127.2; HRMS (ESI-TOF): Calc for
C1oHoN,S [M+H]" 213.0481; found: 213.0485.
cl N 6,7-dichloro-2-phenylquinoxaline (6k): White solid (yield
I:[ : 63%, 34.4 mg); R; = 0.45 (EtOAc/hexane 1:19); *H NMR (600
cl Nj\@ MHz, CDCly): § 9.29 (s, 1H), 8.24 (d, J = 3.2 Hz, 1H), 8.21
(d, J = 2.8 Hz, 1H), 8.16 (s, 2H), 7.56 (g, J = 6.1 Hz, 3H); *°C
NMR (150 MHz, CDCl3): 6 152.8, 144.4, 141.3, 140.4, 136.2, 135.1, 134.2, 131.0,
130.4, 130.0, 129.5, 127.8; HRMS (ESI-TOF): Calc for C14HsCIoN, [M+H]" 275.0137;
found: 275.0142.
ON N 6-nitro-2-phenylquinoxaline (61):**¢ Yellow solid (yield
@ b 40%, 20.0 mg); R; = 0.35 (EtOAc/hexane 1:19); ‘H NMR
Nj\@ (600 MHz, CDCls): & 9.50 (s, 1H), 9.04 (s, 1H), 8.56 (d, J =
9.1 Hz, 1H), 8.29 (d, J = 9.2 Hz, 1H), 8.27 (d, J = 9.4 Hz,
2H), 7.64 — 7.60 (m, 3H); *C NMR (150 MHz, CDCls): & 154.5, 147.6, 145.7, 145.1,
140.4, 135.7, 131.6, 131.4, 129.6, 128.2, 125.9, 124.0; HRMS (ESI-TOF): Calc for
C14H10N30, [M+H]* 252.0768; found: 252.0765.
o) 1-phenyl-2-(pyrrolidin-1-yl)ethane-1,2-dione (8a):*  Yellow
wNO gummy solid (yield 52%, 10.5 mg); Rt = 0.5 (EtOAc/hexane 1:8);
O 'H NMR (600 MHz, CDCls): & 8.00 (d, J = 7.7 Hz, 2H), 7.65 —
7.62 (m, 1H), 7.53 — 7.48 (m, 2H), 3.68 — 3.64 (m, 2H), 3.45 — 3.42 (m, 2H), 2.00 — 1.91
(m, 4H); HRMS (ESI-TOF): Calc for C1,H14sNO, [M+H]™ 204.1019; found: 204.1021.
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o 1-(4-nitrophenyl)-2-(pyrrolidin-1-yl)ethane-1,2-dione (8b):*
NO Yellow solid (yield 65%, 16.0 mg); Rs = 0.35 (EtOAc/hexane
OZN/O)J\g 1:8); 'H NMR (600 MHz, CDCls): & 8.34 (d, J = 8.6 Hz, 1H),
8.21 (d, J = 8.6 Hz, 1H), 3.67 (t, J = 6.7 Hz, 1H), 3.50 (t, J =
6.3 Hz, 1H), 1.99 (s, 2H); HRMS (ESI-TOF): Calc for C1,H13N,04 [M+H]* 249.0870;
found: 249.0874.
0 1-(2-chlorophenyl)-2-(pyrrolidin-1-yl)ethane-1,2-dione (8c):®
NO Yellow oily liquid (yield 41%, 9.7 mg); R; = 0.45 (EtOAc/hexane
©il\g 1:8); *H NMR (600 MHz, CDCls): & 7.83 (d, J = 6.2 Hz, 1H), 7.49
(t, J = 8.4 Hz, 1H), 7.44 — 7.38 (m, 2H), 3.60 (t, J = 6.8 Hz, 4H), 2.08 — 1.87 (m, 4H);
HRMS (ESI-TOF): Calc for C1,H;3CINO, [M+H]" 238.0629; found: 238.0632.
o 1-(3-methoxyphenyl)-2-(pyrrolidin-1-yl)ethane-1,2-dione (8d):®
"D Yellow gummy solid (yield 53%, 12.3 mg); Rf = 0.35
o (EtOAc/hexane 1:8); *H NMR (600 MHz, CDCls): & 7.83 (d, J =
OMe 6.2 Hz, 1H), 7.49 (t, J = 8.4 Hz, 1H), 7.44 — 7.38 (m, 2H), 3.60 (t, J
= 6.8 Hz, 4H), 2.08 — 1.87 (m, 4H); HRMS (ESI-TOF): Calc for Ci3H1sNO3 [M+H]"
234.1125; found: 234.1128.
g 1-(naphthalen-2-yl)-2-(pyrrolidin-1-yl)ethane-1,2-dione
D (8e):% Yellow gummy solid (yield 48%, 12.0 mg); R; = 0.5
(EtOAc/hexane 1:8); *H NMR (600 MHz, CDCls): & 8.52 (s,
1H), 8.06 (d, J = 8.6 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.94 (d, J = 8.6 Hz, 1H), 7.89 (d,
J=8.1Hz, 1H), 7.64 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 3.72 (t, J = 6.8 Hz,
2H), 3.47 (t, J = 6.5 Hz, 2H), 2.02 — 1.93 (m, 4H); HRMS (ESI-TOF): Calc for
C16H1sNO;, [M+H]" 254.1176; found: 254.1173.
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Synthesis of N-Formyl-2-Benzoyl Benzothiazolines and
2-Substituted Benzothiazoles from

N-Phenacylbenzothiazolium Bromides

O R CHO
N\ OH (Cs,C05 (2 equiv) B /J<R1 DIPEA (2 equiv) XXy N O
©:S>_<R1 ) NN o g ' = >_/< 1
EtOH, rt @: > Br DMSO, rt s R
R = aryl 24-36 h Z s oy R = aryl, alkyl
up to 78% yield 9 examples 17 examples ;45 96% yield
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Synthesis of N-Formyl-2-Benzoyl Benzothiazolines and
2-Substituted Benzothiazoles from N-Phenacylbenzothiazolium Bromides

3.1 Introduction

One of the current challenges in synthetic organic chemistry is to develop
efficient, selective and metal-free oxidation of organic substrates that utilize dioxygen as
the terminal oxidant.® The direct oxidative synthesis of heterocycles using molecular
oxygen is rare. Benzothiazolines are important classes of heterocycles which display a
wide range of biological and medicinal activities and are used as antiglutamates,
antioxidants, anticonvulsants and also as efficient reducing agents® (Figure 3.1).
Benzothiazole motifs are also present in a myriad of natural products and biologically
active compounds.® In particular, 2-substituted benzothiazoles are utilized as
antiparasitics, antituberculotics, antitumor agents, and calcium channel antagonists
(Figure 3.1).*

//\ OMe
F,CO S S S
antiglutamate CJM126(VI) GWe1o
N
\>—©7NH11CH3
HO S

[11C]PIB
Figure 3.1: Representative bioactive benzothiazoline and benzothiazoles
Thus, the interest in the rapid construction of benzothiazolines® and 2-substituted
benzothiazoles® has been observed over the years. However little attentions were given

for the C2-substituted benzothiazoles with benzylic hydroxyl group.’
3.2 Reported strategies for 2-acyl heterocycles synthesis

Over the past decades, quiet a number of synthetic methodologies have been reported in
the literature for the effective synthesis of 2-acyl heterocycles. Some of the selective

reported strategies have been shown in the following section.
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Kodomari et al. accomplished a reaction of o-aminothiophenol and ketones in the
presence of neutral alumina under solvent-free conditions to give 2,2-disubstituted

benzothiazolines in high yields (Scheme 3.1).>

o}
NH, O Al,O4 ¥ >&\\R2
R2
+ >
SH RAS( rt, 1h s R
O L]
R', R? = alkyl, aryl up to 84% yield

Scheme 3.1: Synthesis of 2,2-disubstituted benzothiazolines

Wu group developed a synthesis of 2-acylbenzothiazoles from o-aminothiophenol and
arylethenes/arylacetylenes/2-hydroxyaromatic ketones/carbinols by one pot metal free
oxidation/cyclization sequence (Scheme 3.2).% The same group had also shown another

synthetic route by I,/KOH promoted direct ring-opening aroylation of benzothiazole.®”

NH,

O
o) T
Ar Ar)\ o ZSsH N O
o O R >
or | s

=z O I, DMSO, 80 °C

AT Ar
up to 85% yield

Scheme 3.2: Synthesis of 2-acylbenzothiazoles

A convenient redox condensation reaction between o-halonitrobenzenes, acetophenones,
and sulphur catalyzed by N-methylmorpholine (NMM) has been reported by Nguyen et

al. for the formation of 2-aroylbenzothiazoles (Scheme 3.3).%

NMM (2 equiv)

NO, Q S (4 equiv) N O
o R
S Ar

Halo 120 °C, 16 h
up to 92% yield

Scheme 3.3: Synthesis of 2-acylbenzothiazoles from o-halonitrobenzenes

Delord and co-workers demonstrated metal and photo-catalyst free visible light triggered

C-H acylation of N-heterocycles (Scheme 3.4).%
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0] K28208 (2 eqUiV) 0]
+ R)H(OH @_/{
I CH5CN/H,0 (1:2) R
2X26 WCFL 1 15 86% yield

R = alkyl, aryl tt. 15 h

Scheme 3.4: Acylation of N-heterocycles using visible light

3.3 Selective methodologies for 2-substituted benzothiazoles synthesis

2-Substituted benzothiazoles have enormous usefulness in pharmaceuticals. Hence, a

range of synthetic methodologies have been developed for their preparation.®

Boger et al. reported syntheses of 2-substituted benzothiazoles directly from 2-
aminothiophenol and corresponding carboxylic acid by warming with P,0s/CH3SO3H
(1/10, w/w) followed by agqueous basic workup. Aliphatic and aromatic carboxylic acids
afforded the corresponding 2-substituted benzothiazoles. The reaction was not useful for
a,-unsaturated carboxylic acids (Scheme 3.5).%

NH, P,05/CH;SO3H N
QI+ oo 2 (T
SH rt to 90 °C S

R = alkyl, aryl up to 96% yield

Scheme 3.5: P05 catalyzed syntheses of 2-substituted benzothiazoles

Barhami and co-workers developed a new convenient method for the syntheses of 2-
substituted benzimidazole and benzothiazole with excellent yields using H,O,/CAN
system from 1,2-phenylenediamines and 2-aminothiophenols respectively (Scheme
3.6).%

NH, H,0,/CAN N
R@ * A-CHO ——— R S—Ar
X

XH 50 °C
X=NH, S up to 98% yield

Scheme 3.6: Syntheses of 2-aryl benzimidazole and benzothiazole
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Recently, I,-mediated oxidative annulation reaction for synthesis of 2-arylbenzothiazoles
from arylaldehydes, aromatic amines, and ammonium thiocyanate has been developed by

Hajra and co-workers (Scheme 3.7).%9

NH
A 2 l,, DMSO
| 23
R-+— Ar-CHO I —
! P + B ———— R_| _ S\ Ar
110 °C,12h
NH4SCN up to 98% yield

Scheme 3.7: I,-mediated oxidative synthesis of 2-arylbenzothiazoles

Kwon group developed phosphine initiated double-Michael reaction that enables the
syntheses of C2-functionalized five-membered heterocyclic rings from dinucleophiles
and allenes (Scheme 3.8).

YH

y
N A .\ 40/\COZEt PMe3; or DMAP N AN X>£
! 1
Z S xH CH5CN, 90 °C = CO,Et
X,Y=NTs, O, S up to 93% yield

Scheme 3.8: Syntheses of 2,2-disubstituted heterocycles

3.4 Synthetic methodologies using thiazolium salt

N-Phenacylbenzothiazolium bromides are useful heterocyclic ammonium salts and
deliver highly reactive azo-methine ylides'® in the presence of base. A range of
cycloaddition reactions have been developed by treating this ylide with various olefinic
dipolarophiles.!! In the absence of suitable dipolarophiles, self-isomerized products were
observed.*?

Matthias et al. reported DBU catalyzed C2-benzoylation of azole from N-alkyl
thiazolium salts in presence of weak base (Scheme 3.9). Upon heating N-allyl
benzothiazoline derivative, the C2-alkyl benzothiazole product was formed as stable

product via Claisen rearrangement.*

R o R

NG 8 N oH CL—w
£ 3 O OO

S r MeOH, rt S Ar 70°C

R = alkyl, allyl up to 96% yield R = allyl up to 70% yleld

Scheme 3.9: DBU catalyzed C2-benzoylation of thiazole
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Hydrolysis of N-phenacylbenzothiazolium bromide with strong bases like sodium
hydroxide delivered hemiketalic 1,4-benzothiazines. But in the presence of pyridine/hot
water conditions, ring opening occurred and N-formyl-N-phenacyl thiophenol product

was observed (Scheme 3.10).*2

fg
N\)J\ pyrldlne N® o aq NaOH
8P j<°”
SH water s r MeOH rt
up to 74% yield R = aryl up to 60% yield

Scheme 3.10: Self-isomerization of N-phenacylbenzothiazolium

Though hemiketalic 1,4-benzothiazines products were synthesized for biological study,

further derivatizations are not known in the literature.

3.5 Result and discussion

The investigation was started by stirring N-phenacylbenzothiazolium bromide 1a with an
excess amount of base in ethanol at room temperature (Table 3.1). When 2 equivalents of
DABCO was treated (Table 3.1, entry 1), pleasingly N-formyl-2-benzoyl benzothiazoline
2a was formed in 25% yield along with hemiketalic 1,4-benzothiazine 3a (10%) in 24
hours. The structure of 2a was confirmed by X-ray crystallography.* To improve the
yield of the product, different bases were screened. The yield of 2a got decreased with
pyridine but a significant 78% yield was attained for 3a. Thus it was expected that 3a is
an intermediate for the formation of 2a. Piperidine provided almost equal amounts of 2a
and 3a (entry 3). Interestingly, the yield of 2a got improved with DBU. The reaction also
worked with inorganic base such as sodium carbonate though moderate yield was
detected (entry 5). Cs,CO3; was also employed in the reaction and surprisingly one
different product (neither 2a nor 3a) was observed after 24 hours. When NaOH was
used, 3a was observed as the major product after 6 hours (entry 6) and it decomposed to
a complex reaction mixture after long reaction time. Finally, DIPEA was found to be the
best base to provide 80% yield of 2a in 6 hours (entry 7). To further enhance the yield of
the product 2a, different solvents were checked. Similar yields were obtained in CH3CN
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and DMF (entries 8-9). Slightly lower yield (62%) was observed in CHCI; solvent.

Finally, DMSO turned out to be the best solvent to deliver product 2a in 90% yield

(entry 11). When water was used as the solvent, hemiketalic 1,4-benzothiazine 3a was

formed in 90% yield along with trace amount of 2a (entry 12). NaOH was also used in

DMSO solvent and 3a was again observed as the major product after 6 hours.

Table 3.1: Optimization of reaction condition

0

Ph

or X
sol

base (2 equw

solvent time

@EH @E%H

1a
entry® base solvent time (h) yieléé;’/o)b yiel(c:i%(l;%) )

1 DABCO EtOH 24 25 10

2 pyridine EtOH 24 18 72

3 piperidine EtOH 24 42 48

4 DBU EtOH 24 68 15

5 Na,CO3 EtOH 36 57 0

6 NaOH EtOH 6 15 70

7 DIPEA EtOH 6 80 5

8 DIPEA CH3CN 6 80 15

9 DIPEA DMF 6 82 10

10 DIPEA CHCl3 6 62 10

11 DIPEA DMSO 6 90 5

12 DIPEA H,O 6 5 90°

3Reaction conditions: 0.1 mmol of 1a in 1 mL solvent using 2 equivalents of base. "Isolated yield after

silica gel column chromatography. “product was filtered and washed with cold water.

TH-2175_146122003
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3.6 Substrate scope of N-formyl-2-benzoyl benzothiazolines

After getting N-formyl-2-benzoyl benzothiazoline 2a in decent yield, the scope and
generality of the methodology was studied under the optimized conditions. At the
beginning, the ketoaryl group in 1 was varied (Scheme 3.11). It turned out that a range of
substitutions at the ortho-, meta-, and para- positions of the aryl group were tolerated.
Initially, different para-substitutions were checked and good results were attained. For
example, acceptable yield was achieved with benzothiazolium bromide 1b having para-
tolyl group. Gratifyingly, an excellent result was achieved with 4-anisyl group containing
salt 1c and the corresponding product 2c was isolated in 96% yield. Then different 4-halo
substitutions were investigated and the products 2d-2f were obtained in varied yields. 4-
Fluoro and 4-chlorophenacyl substituted salts 1d and 1e provided good yields 88% and
72% respectively while 4-bromophenacyl substituted salt 1f afforded moderate yield of
55%. Benzothiazolium bromide 1g having electron poor nitro group also participated in
the reaction, and moderate yield was detected. Then biphenyl group containing salt 1h
was employed in the reaction, and product 2h was isolated in 74% yield. The reaction
was also smooth with m-methoxy substituted aryl group containing salt 1i, and
gratifyingly produced good yield. Then ortho-substituted aryl group containing salts 1j
and 1k were screened, and the desired products 2j-2k were obtained in 87% and 80%
yields respectively. 3,4-Disubstituted salt was also well tolerated to delivered product 21
in 78% vyield. Benzothiazolium bromide 1m having 2-napthyl group also took part in the
reaction, and 74% vyield for 2m was detected. Then a reaction was carried out with 2-
thienyl substituted salt 1n, and gratifyingly product 2n was obtained in 84% vyield.
Moreover, our methodology is also suitable for cinnamyl substituted benzothiazolium
bromides 1o, albeit slightly lower yield was observed for the corresponding product 20.
Aliphatic substituted salts 1p and 1q having 'butyl keto and CF3 keto group were also
prepared and engaged in the reaction. Product 2p having 'butyl keto group was isolated
with 55% yield. But the corresponding hemiketalic 1,4-benzothiazine product 3q was
observed for CF; keto containing salt 1g. When the reaction was carried out in 1 mmol
scale, the yield slightly dropped for 2a. Then we decided to vary aryl part of 1. Thus, 5-

choloro substituted N-phenacylbenzothiazolium bromide 1r was prepared and engaged in
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the reaction (Scheme 3.11). Gratifyingly, the reaction progressed well to provide 2r in
moderate yield.

Scheme 3.11: Substrate scope of N-formyl-2-benzoyl benzothiazolines *°

R
XN DIPEA (2 equiv) N o]
R—:(;E S B R ] X

S DMSO, rt, 6-8 h S R
1 2
CHO CHO CHO CHO
@NHO@ < 4 <
S Ph S S
2a, 90%, 79%° 2b, 75% 2¢, 96% 2d, 88% 2e, 72%
OMe F cl
CHO
pHo /CHO CHO N/CHO 3 o
o oo orbe ot O
S S
MeO
2f, 55% 29 62% 2h 74% 2i, 78% 211 87%
Ph MeO
CHO CHO HO ,CHO
i \ o) i/\ : % C :N
2Kk, 80% >: 21, 78% 2m, 74% 2n, 84% 45% F’h
HO CHO CHO
cl N O
@E @E }OH AP
S Ph
2p 55% 2q, 0% 3q, 78% 2r, 48%

®Reactions were carried out with 0.2 mmol of 1 in 2 mL DMSO using 2 equivalents of DIPEA at rt for 6-8
hours. ®Yields were determined after isolation from silica gel column chromatography. °Reaction was
carried out with 1 mmol of la.

Then we move for substrate scope of the hemiketalic 1,4-benzothiazine product 3.
Initially different electron donating and withdrawing substituents were incorporated at
the para position (Scheme 3.12). Product 3b having para-tolyl substituent was isolated
with 85% yield. But a mixture of products was observed for electron-withdrawing 4-

bromo and 4-nitro substrates 1f and 1g respectively.
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Scheme 3.12: Substrate scope of hemiketalic 1,4-benzothiazine®”
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SH
$" Pn
3a, 90% 3b, 85%

v o
L Br 3f + 3f', 80% .
CHO O

CUb @[ﬁ@

3g + 3g', 83% _
0))

®Reactions were carried out with 0.2 mmol of 1 in 2 mL water using 2 equivalents of DIPEA at rt for 6-8

hours. °Products were filtered and washed with cold water

3.7 Substrate scope of 2-substituted benzothiazole

We observed a facile formation of 2-substituted benzothiazole 4a (68% vyield) after
treatment of N-phenacylbenzothiazolium bromide 1a with caesium carbonate in ethanol
during optimization. Different solvents were also screened to improve the yield of 4a,
but still ethanol was the best solvent. Encouraged by this result, different keto group
containing benzothiazolium bromides 1 were screened in this condition (Scheme 3.13).
Initially, p-substituted aryl group containing salts 1 were employed in the reaction, and
gratifyingly good results were observed. For example, product 4b having tolyl group was
isolated in 72% vyield. Different 4-halo substitutions were also tolerated and the
corresponding products 4c-4e were obtained in acceptable yields. The reaction also took
place with meta-anisyl group containing salt 1i, and the desired product 4f was attained
in 78% vyield. Ortho-anisyl group containing salt 1j also participated in the reaction to
deliver 4g in moderate yield. Then 3,4-dicholosubstiuted salt 11 was screened and good
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result was observed for product 4h. Moreover, heteroaromatic thienyl keto group can
also be incorporated in 1, and the product 4i was isolated in moderate vyield.
Interestingly, when butyl keto group containing salt 1p was employed, only formation of

benzothiazoline 2p was observed.

Scheme 3.13: Substrate scope of 2-substituted benzothiazole®”

R

N Cs,CO;5 (2 equiv) N OH
(CLys’ >

S EtOH, rt, 24 h S R

4a, 68% 4b, 72% 4c, 54%
M

e F
C< O d
\ LS

4d, 75% 4e, 70% 4f, 78%

cl Br MeO
N  OH N  OH
@[ \ @[ \ N oW
S S
MeO S 8
4h, 62% 4i, 45% Z
4g, 55% 0870 cl ay

®Reactions were carried out with 0.2 mmol of 1 in 2 mL EtOH using 2 equivalents of cesium carbonate at
rt for 24 hours. Yields after silica gel column chromatography.

Then we observed formation of symmetrical disulfide 5a after stirring methylester
containing salt 1s with DIPEA in DMSO (Scheme 3.14). Organic disulfides are
important  structural moieties found in various marine natural products,®
pharmaceuticals,'® materials,*’” and polymers.*® The reaction was also checked with ‘butyl
ester containing salt 1t, and product 5b was formed in 95% yield.*® When "butyl ester
containing salt 1t was stirred with DIPEA in water no reaction occurred. But treatment of
1t with Cs,COg in ethanol provided the 2-substituted benzothiazole 6.
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Scheme 3.14: Anomalous behaviour of ester containing salts

Then we focused on the employment of other N-phenacyl heterocyclic ammonium salts
lu-ly. Unfortunately, the desired products (N-formyl heterocycles/2-substituted

heterocycles) were not achieved under the same reaction conditions (Scheme 3.15).

HZ) A { {
@ “ph @[ “ph @f(ph @%ph @///<ph
| \> B® N g N\ S) N O N
r > Br [ > Br \> Br \>—Me®
S o N N S Br

1u 1v \ 1w \ 1x 1y

Scheme 3.15: Unproductive salts

The synthetic utility of our method was established by performing few useful
transformations (Scheme 3.16). Initially, a one-pot tandem reaction of 1a was carried out
with ammonium acetate to deliver 7a, which was further treated with Raney Ni in dry
ethanol to deliver 4-substituted N-phenylimidazole® 8a in good overall yield. Similar
yield was also observed when 2a was treated under similar reaction conditions. Inspired
by this outcome, other derivatives 8b and 8c were also prepared. Then acid treatment of
2a resulted in the formation of 2-benzoyl benzothiazole 9 in high yield. Finally, disulfide
5a was refluxed in dry ethanol with Raney Ni. Gratifyingly, desulfurization**® happened

and the desired methyl N-formyl-N-phenylglycinate (10) was formed in 86% yield.
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O
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S EtOH-CHCls S EtOH

60 °C
R =Ph, 1a R = Ph, 8a, 70%
R = 4-OMeCgHy4, 1c 7 R = 4-OMeCgHy, 8b, 60%
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2a 9, 88%
OHC. ~ OHC.
N~ >co,Me N~ >Co,Me
#8 Raney Ni
S
MeOZC\/N\CHO EtOH, reflux
5a 10, 86%

Scheme 3.16: Synthetic Transformations
3.8 Plausible reaction mechanism

To understand the mechanism of the reaction, few reactions were carried out (Scheme
3.17). Some reactions have been performed in dry EtOH/MeOH to avoid oxidation by
DMSO.

Role of H,O: After treatment of 1a with DIPEA in DMSO-D,0 mixture (10:1), product
2a was formed with 60% D in the formamide functionality. Thus it dictates that
formamide motif could be generated from hydrolysis of 1a with the moisture present in
the solvent. Reaction was also performed in absolute methanol under open atmosphere as
well as under argon atmosphere. As a result, N-formyl-2-benzoyl benzothiazolines
formation has been observed under open atmosphere because of hygroscopic nature of
methanol. But formation of dimerized [3+3] cycloaddition product (5a,6,12a,13-
tetrahydrobenzo[4,5]thiazolo[3,2-a]benzo[4,5]thiazolo[3,2-d]pyrazine-6,13-diyl)bis-
(phenyl-methanone) 11 was observed under argon as checked in mass spectroscopy
instead of N-formyl-2-benzoyl benzothiazolines. Inseparable mixture was isolated from
column chromatography.

Role of O, and base: Also, oxygen/air free reaction was performed in ethanol-water

mixture solvent (frizzed in liquid nitrogen). Here the major product was 3a. Thus, it is
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clear that oxygen is helping for an iminium ion formation which led to formation of 2a.
To support the observation 3a as the key intermediate, reaction was performed by
treating 3a under the reaction conditions and gratifyingly product 2a was observed. It has

been observed that the base has a significant role in the reaction.
O 0

//[< D/H
DIPEA (2 equi
No Ph (2equiv) N O
Y B —
s r dry DMSO-D,0 (10:1) I Ph
1a it8h 2a, 60% D in NCHO group

o)
®///<Ph DIPEA (2 equiv)

N/§O @)
N
Y a0 P
g B dyMeOH,r 8n s Pn

1

open atmosphere 2a, 75%
Ph
0) S
@ DIPEA (2 equi
N quiv) N N
Y B g
g - dry MeOH, rt, 8 h . Ph
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a
O
Ph

1a 1, 70%
0
CHO
///< CHO
®/ Ph  DIPEA (2 equiv) T 5 N
o O O e
S EtOH-H,0 (10:1) s pn s” >Ph
1a i, 6h 2a, 15% 3a, 80%
0O, free
CHO CHO
N DIPEA (2 equiv) N o
[I o - @[ 4
Sj<Ph Dry DMSO, rt, 6 h s Ph
CHO CHO
N N O
(L e (Lo
s Ph Dry DMSO, rt, 6 h S Ph
3a Za, 0%

Scheme 3.17: Control Experiments for product 2a

When 3a was treated with cesium carbonate in ethanol, product 4a was obtained in 70%
yield. Also, reaction of 2a with cesium carbonate delivered 4a in 50% vyield. Thus, it is

expected that 4a was formed from 2a via intermediate 3a (Scheme 3.18).
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Also it has been observed that atmospheric oxygen has no significant role in the
formation of disulfide compound 5b but base has a vital role in the reaction (Scheme
3.18).

GHO Cs,CO5 (2 equiv) OH
S equiv N
gy SR Y
j<0H EtOH, rt S Ph
S Ph
3a

4a, 70%

/CHO Cs,CO5 (2 equiv) N OH
N O . @[ Py
> Z EtOH, rt S Ph
S Ph
2a

4a, 50%
0
OHC.
A //Z< t N~ >Co,Bu
N OBU DIPEA (2 equiv) s
CLyef S
S EtOH, rt, 6 h tB“O"’C\/N\CHo
O, Free
1t 5b, 90%
0
OHC.
N~ >Co,Bu
®N OBu S
(L d
S EtOH, rt, 6 h tBuOZCvN\CHO
1t 5b, 0%

Scheme 3.18: Control Experiments for product 4a and 5b

Based on the observations from control experiments, a plausible mechanism has been
shown in Scheme 3.19 for the formations of 2a, 4a and 5a. It is expected that 12 will first
form by hydrolysis, which under basic condition generates 3a‘. Then an unusual imine
(13) formation takes place under air.** Finally, cyclization of 13 delivers 2a. Also, 3a" is
in equilibrium with 3a, and interestingly, in our condition, 3a' predominates. On cesium
carbonate treatment, 2a is hydrolyzed to form 14. Then 1,2-hydride shift along with
aromatization takes place, and benzothiazole 4a is formed. Similarly, 1s is converted to

15, which converted to disulphide 5a in presence of base.
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Scheme 3.19: Proposed mechanistic pathway

In summary, this report demonstrates an unusual aerobic hydrolysis-cascade reaction for
the first synthesis of N-formyl-2-benzoyl benzothiazolines and green approaches for 2-
substituted benzothiazoles and disulfides. The aerobic formation of iminium ion
intermediates as well as disulfides and 1,2-hydride shift for aromatization are rare and
will lead further investigations. Also, synthetic applications such as cascade formation of
N-substituted imidazoles have been demonstrated. Given the high pharmaceutical
importance of benzothiazoline and benzothiazoles, the newly synthesized products will

be useful for the development of new drugs.
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3.9 Experimental section

2-Bromoacetophenone and Cs,CO3 were purchased from aldrich. Pyrrolidine, DIPEA,
DABCO and DBU were purchased from spectrochem. Benzothiazole was purchased

from alfa aesar.

A. General procedure for the synthesis of N-Arylbenzothiazolium bromides
N-Arylbenzothiazolium bromides salts 1 were prepared by refluxing benzothiazole with
corresponding phenacyl bromides in ethanol (1M) for 2 hours. Then the solid was
filtered and washed using diethyl ether/DCM.

B. Synthesis of N-formyl-2-benzoyl benzothiazoline (2a-2q)

In a 5 mL round bottom flask, compound 1 (0.2 mmol) and DIPEA (0.4 mmol) were
taken in 2 mL DMSO. Then the reaction mixture was stirred at room temperature for 6-8
hours. After completion of the reaction, as monitored by TLC, the reaction mixture was
diluted with EtOAc (5 mL). The organic layer was washed with water, brine and dried
(anhyd. Na;SO,). The solvents were concentrated in vacuum and purified by silica gel
column chromatography (10%-20% EtOAc/hexane) to afford N-formyl-2-benzoyl
benzothiazoline 2.

C. Synthesis of hemiketalic 1,4-benzothiazine (3)

In a 5 mL round bottom flask, compound 1 (0.2 mmol) and DIPEA (0.4 mmol) were
taken in 2 mL water. Then the reaction mixture was stirred at room temperature for 6-8
hours. The solid was filtered and washed repeatedly with water. Then the compound was

dried under vacuum and kept in desiccator for 12 hours. Compound 3 was obtained.

D. General procedure for the synthesis of 2-Substituted Benzothiazoles (4a-4i)

In a 5 mL round bottom flask, compound 1 (0.2 mmol) and Cs,CO3 (0.4 mmol) were
taken in 2 mL ethanol. Then the reaction mixture was stirred at room temperature for 24-
36 hours. After completion of the reaction, as monitored by TLC, the reaction mixture
was diluted with EtOAc (5 mL). The organic layer was washed with water, brine and
dried (anhyd. Na,SO,). The solvents were concentrated in vacuum and purified by silica
gel column chromatography (10%-20% EtOAc/hexane) to afford 2-substituted
benzothiazoles 4.
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E. Synthesis of Symmetrical Disulfides (5)

In a 5 mL round bottom flask, compound 1s/1t (0.2 mmol) and DIPEA (0.4 mmol) were
taken in 2 mL DMSO. Then the reaction mixture was stirred at room temperature for 6
hours. After completion of the reaction, as monitored by TLC, the reaction mixture was
diluted with EtOAc (5 mL). The organic layer was washed with water, brine and dried
(anhyd. Na;SO4). The solvents were concentrated in vacuum and purified by silica gel
column chromatography (40%-50% EtOAc/hexane) to afford desired products 5a/5b.

F. Synthesis of tert-butyl benzo[d]thiazole-2-carboxylate (6)
In a 5 mL round bottom flask, compound 1t (0.2 mmol) and Cs,COj3 (0.4 mmol) were
taken in 2 mL ethanol. Then the reaction mixture was stirred at room temperature for 24
hours. After completion of the reaction, as monitored by TLC, the reaction mixture was
diluted with EtOAc (5 mL). The organic layer was washed with water, brine and dried
(anhyd. Na;S0O.). The solvents were concentrated in vacuum and purified by silica gel
column chromatography to afford tert-butyl benzo[d]thiazole-2-
©:S\>_/<o - carboxylate 6 as colourless sticky liquid. Yield 78%, 36.5 mg; Rs =
0.5 (EtOAc/hexane 1:10); *H NMR (600 MHz, CDCl3): 6 8.23 (d, J
=8.2 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H),
1.68 (s, 9H); *C NMR (150 MHz, CDCls): & 160.3, 159.7, 153.5, 136.9, 127.5, 127.1,
125.7, 122.2, 84.8, 28.3; HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cy,H14sNO,S
236.0740; found: 236.0744.

G. Synthesis of 4-substituted N-phenylimidazole (8a-8c)

(0]
®///<R NH,4OAc (20 equiv)
) o @[%
EtOH-CHCI;
1 60 °C

Scheme 3.20: Synthesis of benzothiazole fused imidazoles

In a 5 mL round bottom flask, compound 1 (0.3 mmol) and NH,OAc (6 mmol) were
taken in 2 mL EtOH:CHCl3 (3:1). Then the reaction mixture was stirred at 60 °C for 24

hours.? After completion of the reaction, as monitored by TLC, the reaction mixture was
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diluted with DCM (5 mL). The organic layer was washed with water, brine and dried
(anhyd. Na;SO,). The solvents were concentrated in vacuum and purified by silica gel
column chromatography (10%-20% EtOAc/hexane) to afford 3-substituted
benzo[d]imidazo[5,1-b]thiazole 7.
Raney Ni /=N
©: >)\ EtOH, reflux N\)\R
8

Scheme 3.21: Synthesis of 4-substituted N-phenylimidazole

Raney Nickel (600 mg) was taken in a 5 mL round bottom flask and washed repeatedly
with dry ethanol. Then compound 7 was dissolved in 2 mL dry ethanol and added to it.
The reaction mixture was set to reflux under argon atmosphere. After completion of the
reaction, as monitored by TLC, the reaction mixture was filtered using DCM. The
organic layer was washed with water, brine and dried (anhyd. Na,SO,). The solvents
were concentrated in vacuum and purified by silica gel column chromatography (10%-
20% EtOAc/hexane) to afford 4-substituted N-phenylimidazole 8.

H. Synthesis of 2-benzoyl benzothiazole (9)
In a 5 mL round bottom flask, compound 2a (0.2 mmol) and p-TSA (0.04 mmol) were
taken in 2 mL toluene. Then the reaction mixture was stirred for 8 hours at 80 °C. After
completion of the reaction, as monitored by TLC, the reaction mixture was diluted with
EtOAc (5 mL). The organic layer was washed with water, brine and dried (anhyd.
N o Na,S0O,). The solvents were concentrated in vacuum and purified by
©: \>—/{ silica gel column chromatography (4% EtOAc/hexane) to afford 2-
Ph benzoyl benzothiazole 9 (42 mg). R; = 0.5 (EtOAc/hexane 1:30); mp
96-98 °C; *H NMR (600 MHz, CDCls):  8.56 (d, J = 7.3 Hz, 2H), 8.25 (d, J = 8.2 Hz,
1H), 8.03 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.4 Hz, 1H), 7.61 — 7.54 (m, 4H); **C NMR
(150 MHz, CDCl3): & 185.6, 167.3, 154.1, 137.2, 135.1, 134.1, 131.5, 128.7, 127.8,
127.1, 125.9, 122.4; HRMS (ESI-TOF) m/z: [M+Na]* Calcd for Ci4sHoNNaOS
262.0297; found: 262.0315.
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I.  Synthesis of methyl N-formyl-N-phenylglycinate®® (10)

Raney Nickel (400 mg) was taken in a 5 mL round bottom flask and washed repeatedly
with dry ethanol. Then compound 5a (0.1 mmol) was dissolved in 2 mL dry ethanol and
added to it. The reaction mixture was set to reflux under argon atmosphere. After
completion of the reaction, as monitored by TLC, the reaction mixture was filtered using
DCM. The organic layer was washed with water, brine and dried (anhyd. Na;SO4). The
solvents were concentrated in vacuum and purified by silica gel column chromatography
(20% EtOAc/hexane) to afford N-formyl-N-phenylglycinate 10 (33
mg). R; = 0.5 (EtOAc/hexane 1:5); colourless sticky liquid; ‘H
NMR (600 MHz, CDCls): & 8.49 (s, 1H), 7.42 (t, J = 7.8 Hz, 2H),
7.32 (t, J = 7.4 Hz, 1H), 7.22 (d, J = 7.5 Hz, 2H), 4.50 (s, 2H), 3.76
(s, 3H); *C NMR (150 MHz, CDCls): & 169.0, 162.6, 141.2, 130.0, 127.5, 124.1, 52.6,
47.5; HRMS (ESI-TOF) m/z: [M+H]® Calcd for C;oH:1,NO; 194.0812; found:
194.0823.

OHC..
N~ >Cco,Me

J. Single crystal X-ray diffraction data of compound 2a:

ORTEP crystal structure
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Table 3.2. Crystal data and structure refinement for compound 2a.

Empirical formula

CI5HI1INO2S

Formula weight 280.71
CCDC Number 1921604
Crystal habit, colour Block, Pale Yellow
Crystal size, mm® 0.30x0.25x0.20
Temperature, T 293
Wavelength, A (A) 0.71073
Crystal system monoclinic
Space group ‘P21/c

Unit cell dimensions

a=11.5827(8) A

b = 8.0597(3)A

c = 14.5854(9)A

a=90.00°, g =105.805° y=90.00°

Volume, V (&%) 1310.12(14)
z 4
Calculated density, Mg-m™> 1.365
Absorption coefficient, o (mm™) 0.328
F(000) 560.0
@ range for data collection 2.52° to 28.7420°
Reflection collected/unique 2993/2161
Completeness to & 99.86% (6= 26.32°)
Max. and min. transmission 1.00000/0.86350
Refinement method 'SHELXL-2018/3’
Data/restraints/parameters 2993/0/172
Goodness—offit on F2 0.905

Final R indices [I>2sigma(l)]

R1 = 0.0455, wR2 =0.1142

R indices (all data)

R1=0.0690, wR2 = 0.1410

*GOF = [Y[w(Fo? — F&)? IM = N ]2 (M =number of reflections, N = number of parameters refined)."R; =

Y |IFo| = |Fell/ 2| Fo, WR, = [S[w(Fo® — F2)?1 / SIw(Fo?)11*
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3.11 Characterization data of products
2-benzoylbenzo[d]thiazole-3(2H)-carbaldehyde (2a):
Pale yellow solid (yield: 90%, 48 mg); Rs = 0.5 (EtOAc/hexane
N o) 1:9); mp 132-134 °C; *H NMR (400 MHz, CDCls): § 9.03 (s, 1H),
(:Es 7.93 (d, J = 7.2 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.7
Hz, 2H), 7.31 (d, J = 8.0 Hz, 1H), 7.18 — 7.13 (m, 2H), 7.06 (t, J =
7.6 Hz, 1H), 7.03 (s, 1H); *C NMR (100 MHz, CDCls): § 188.2, 158.4, 137.5, 134.3,
132.9, 129.2, 129.0, 128.0, 126.6, 125.9, 123.5, 111.4, 62.4; HRMS (ESI-TOF): Calc
for C1sH12NO,S [M+H]" 270.0583; found: 270.0593.
2-(4-methylbenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2b):
=0 Pale yellow solid (yield: 75%, 424 mg); Rf = 05
N 0 (EtOAc/hexane 1:9); mp 172-174 °C; 'H NMR (600 MHz,
©:s CDCl3): 6 9.03 (s, IH), 7.83 (d, J=8.1 Hz, 2H), 7.31 (d,J=7.9
Hz, 3H), 7.18 — 7.12 (m, 2H), 7.06 (t, J = 7.6 Hz, 1H), 7.01 (s,
CH; 1H), 2.44 (s, 3H); **C NMR (150 MHz, CDCls): 5 187.9, 158.5,
145.4, 137.4, 130.2, 129.9, 129.1, 128.0, 126.6, 125.8, 123.5, 111.4, 62.3, 22.0; HRMS
(ESI-TOF): Calc for C1H14NO,S [M+H]" 284.0740; found: 284.0759.
2-(4-methoxybenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2c):
s Yellow solid (yield: 96%, 57 mg); Rs = 0.4 (EtOAc/hexane
N// o) 1:9); mp 184-186 °C; *H NMR (600 MHz, CDCls): § 9.02 (s,
©:S 1H), 7.91 (d, J = 8.8 Hz, 2H), 7.30 (d, J = 8.0 Hz, 1H), 7.16 —
7.12 (m, 2H), 7.06 (t, J = 7.3 Hz, 1H), 6.99 (s, 2H), 6.97 (s,
OMe 1H), 3.89 (s, 3H); °C NMR (150 MHz, CDCls): & 187.1,
164.5, 158.5, 131.3, 128.1, 126.5, 125.8, 125.4, 123.4, 114.4, 111.4, 62.1, 55.8; HRMS
(ESI-TOF): C1H14NOsS [M+H]" 300.0689; found: 300.0705.

=0 2-(4-fluorobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2d):
N O Yellow solid (yield: 88%, 50 mg); Rs = 0.45 (EtOAc/hexane 1:9);
(:ES mp 164-166 °C; *H NMR (600 MHz, CDCls): § 9.05 (s, 1H), 7.99
-7.97 (m, 2H), 7.33 (d, J = 8.0 Hz, 1H), 7.24 — 7.15 (m, 4H), 7.10
F (t,J=7.6 Hz, 1H), 7.01 (s, 1H); *C NMR (150 MHz, CDCls): &
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186.9, 166.2 (d, J = 105.3 Hz), 158.5, 137.3, 131.7 (d, J = 9.4 Hz), 129.2, 127.8, 126.7,
126.0, 123.6, 116.5 (d, J = 21.9 Hz), 111.5, 62.3; *°F NMR (377 MHz, CDCly): 5 -
102.92; HRMS (ESI-TOF): C15H1:FNO,S [M+H]" 288.0489; found: 288.0506.
2-(4-chlorobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2e):
_0 Yellow solid (yield: 72%, 43.5 mg); R¢ = 0.45 (EtOAc/hexane
N// 0 1:9); mp 188-190 °C; 'H NMR (600 MHz, CDCls): & 9.01 (s,
@ES 1H), 7.86 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.31 (d, J
= 8.0 Hz, 1H), 7.19 — 7.13 (m, 2H), 7.08 (t, J = 7.5 Hz, 1H), 6.97
Cl (s, 1H); **C NMR (150 MHz, CDCls): & 187.1, 158.4, 140.9,
137.3, 131.2, 130.3, 129.6, 127.7, 126.8, 126.0, 123.6, 111.5, 62.3; HRMS (ESI-TOF):
C1sH1:*>CINO,S [M+H]" 304.0194; found: 304.0212.

2-(4-bromobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2f):
=0 Yellow solid (yield: 55%, 38.0 mg); R: = 0.45 (EtOAc/hexane
©iN 0o 1:9); mp 190-192 °C; *H NMR (600 MHz, CDCls): & 9.02 (s,
S 1H), 7.79 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 8.6 Hz, 2H), 7.31 (d, J
= 8.0 Hz, 1H), 7.19 — 7.13 (m, 2H), 7.08 (t, J = 7.6 Hz, 1H), 6.96
(s, 1H); *C NMR (150 MHz, CDCls): & 187.3, 158.4, 137.2,

132.5, 131.6, 130.3, 129.6, 127.6, 126.7, 125.9, 123.5, 116.6, 111.4, 62.3; HRMS (ESI-
TOF): C1sH1:"*BINO,S [M+H]* 347.9688; found: 347.9721.

Br

2-(4-nitrobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (29):

_0 Yellow solid (yield: 62%, 39.0 mg); R = 0.3 (EtOAc/hexane
N// 0 1:9); mp 180-182 °C; *H NMR (600 MHz, CDCls): & 8.31 (s,
@S 1H), 8.26 (d, J = 8.8 Hz, 2H), 8.02 (d, J = 8.3 Hz, 1H), 7.90 (d, J
= 8.0 Hz, 1H), 7.76 (d, J = 8.6 Hz, 2H), 7.51 (t, J = 7.7 Hz, 1H),
NO, 7.43 (t, J = 7.2 Hz, 1H), 7.35 (s, 1H); *C NMR (150 MHz,
CDCl3): 6 167.4, 159.0, 153.1, 148.4, 143.6, 134.9, 128.5, 126.9, 126.2, 124.3, 123.9,

122.0, 73.7; HRMS (ESI-TOF): C15H11N,0,S [M+H]" 315.0434; found: 315.0439.

2-([1,1"-biphenyl]-4-carbonyl)benzo[d]thiazole-3(2H)-carbaldehyde (2h):
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=0 Yellow solid (yield: 74%, 51mg); R = 0.45 (EtOAc/hexane 1:9);
@N o mp 152-154 °C; *H NMR (600 MHz, CDCls): & 9.05 (s, 1H),
s 8.01 (d, J = 8.3 Hz, 2H), 7.74 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 7.3
Hz, 2H), 7.49 (t, J = 7.5 Hz, 2H), 7.43 (t, J = 7.4 Hz, 1H), 7.33 (d,
J=8.0 Hz, 1H), 7.19 -7.15 (m, 2H), 7.09 (d, J = 7.6 Hz, 1H), 7.06
(s, 1H); *C NMR (150 MHz, CDCls): & 187.8, 158.5, 147.0, 139.8, 137.4, 129.6, 129.2,
128.7, 128.0, 127.8, 127.5, 126.7, 125.9, 1235, 111.5, 62.4; HRMS (ESI-TOF):
C21H1sNO,S [M+H]" 346.0896; found: 346.0917.
2-(3-methoxybenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2i):
_0 Yellow solid (yield: 78%, 46.5 mg); R; = 0.4 (EtOAc/hexane
N// 0 1:9); mp 105-107 °C; 'H NMR (400 MHz, CDCl5): & 9.03
O:s; ;\: (s, 1H), 7.49 — 7.44 (m, 2H), 7.42 (t, J = 8.1 Hz, 1H), 7.31
OMe (d, J = 7.8 Hz, 1H), 7.19 — 7.12 (m, 3H), 7.07 (t, J = 7.1 Hz,
1H), 7.00 (s, 1H), 3.85 (s, 3H); *C NMR (100 MHz, CDCl5): & 188.1, 160.3, 158.4,
137.5, 134.2, 130.1, 128.0, 126.6, 125.9, 123.5, 121.2, 120.9, 113.3, 111.4, 62.5, 55.7,
HRMS (ESI-TOF): C1H14NO3S [M+H]" 300.0689; found: 300.0706.
2-(2-methoxybenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2j):
=0 Yellow solid (yield: 87%, 52 mg); R¢ = 0.4 (EtOAc/hexane 1:9);
N O mp 154-156 °C; *H NMR (600 MHz, CDCl5): 9.00 (s, 1H), 8.04 —
O:s; ;\: 8.02 (m, 1H), 7.56 (t, J = 8.7 Hz, 1H), 7.27 (d, J = 8.1 Hz, 1H),
MeO 7.14 — 7.06 (m, 3H), 7.05 (d, J = 7.9 Hz, 1H), 7.02 (d, J = 8.5 Hz,
1H), 6.98 (s, 1H), 4.00 (s, 3H); *C NMR (150 MHz, CDCl5); & 188.0, 159.4, 158.6,
138.3, 135.7, 132.7, 127.9, 126.2, 125.7, 123.4, 122.2, 121.7, 111.7, 111.2, 67.4, 56.0;
HRMS (ESI-TOF): C1H14NO3S [M+H]" 300.0689; found: 300.0704.
2-(2-fluorobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2k):
=0 Yellow solid (yield: 80%, 46 mg); Rs = 0.45 (EtOAc/hexane 1:9);
@N o mp 137-139 °C; *H NMR (600 MHz, CDCl3): § 9.02 (s, 1H), 8.02
S% (t, J = 8.3 Hz, 1H), 7.63 -7.30 (m, 1H), 7.29 (t, J = 7.4 Hz, 2H),
" 7.22 —7.19 (m, 1H), 7.18 — 7.13 (m, 2H), 7.07 (t, J = 7.6 Hz, 1H),
6.91 (d, J = 3.8 Hz, 1H); *C NMR (150 MHz, CDCls): & 185.8, 185.7, 162.3 (d, J =
251.8 Hz), 161.4, 158.4, 137.7, 136.3 (d, J = 9.1 Hz), 132.3 (d, J = 2.5 Hz), 127.2, 126.6,

Ph
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125.9, 125.4 (d, J = 3 Hz), 123.7, 120.9 (d, J = 12.6 Hz), 116.8 (d, J = 23.8 Hz), 111.3,

66.4, 66.3.;°F NMR (377 MHz, CDCl5): 6 -104.79; HRMS (ESI-TOF): C15H1:FNO,S

[M+H]" 288.0489; found: 288.0489.

2-(3,4-dichlorobenzoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2I):

o Yellow solid (yield: 78%, 52.5 mg); Rs = 0.45 (EtOAc/hexane
0 1:9); mp 165-167 °C; 'H NMR (400 MHz, CDCls): & 8.94 (s,

Cl

Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.13 - 7.08 (m, 2H), 7.02 (t, J =
Cl 7.6 Hz, 1H), 6.86 (s, 1H); *C NMR (100 MHz, CDCl3); & 186.3,
158.4, 139.0, 137.2, 134.1, 132.7, 131.3, 130.9, 127.7, 127.5, 126.9, 126.1, 123.7, 111.5,
62.4; HRMS (ESI-TOF): C15H10*°CI,NO,S [M+H]" 337.9804; found: 337.9801.
2-(2-naphthoyl)benzo[d]thiazole-3(2H)-carbaldehyde (2m):
o\\7 Yellow solid (yield: 74%, 47 mg); Ry = 0.5 (EtOAc/hexane 1.9);
N 0 mp 154-156 °C; *H NMR (600 MHz, CDCls): § 9.07 (s, 1H), 8.44
@ (s, 1H), 8.00 — 7.94 (m, 3H), 7.90 (d, J = 8.1 Hz, 1H), 7.65 (t, J =
7.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.20
(s, 1H), 7.19 — 7.13 (m, 2H), 7.08 (t, J = 7.6 Hz, 1H); *C NMR
(150 MHz, CDClg): 6 188.2, 158.5, 137.4, 136.1, 132.6, 130.7,
130.2, 129.9, 129.3, 129.2, 128.1, 128.0, 127.4, 126.6, 125.9, 124.3, 123.5, 111.5, 62.5;
HRMS (ESI-TOF): C19H14sNO,S [M+H]" 320.0740; found: 320.0756.
2-(thiophene-2-carbonyl)benzo[d]thiazole-3(2H)-carbaldehyde (2n):
o\\7 Red solid (yield: 84%, 46 mg); R¢ = 0.45 (EtOAc/hexane 1:9); mp
N o 128-130 °C; *H NMR (600 MHz, CDCl3); & 9.04 (s, 1H), 7.79 —
@ 7.76 (m, 2H), 7.31 (d, J = 8.0 Hz, 1H), 7.24 — 7.20 (m, 1H), 7.20 —
// 7.15 (m, 2H), 7.10 (t, J = 7.6 Hz, 1H), 6.88 (s, 1H); **C NMR (150
MHz, CDCly): 6 182.3, 158.4, 139.0, 137.2, 135.5, 133.0, 128.7, 128.0, 126.6, 125.9,
123.4, 111.3, 63.1; HRMS (ESI-TOF): Ci3H1oNO,S, [M+H]* 276.0147; found:
276.0167.
2-cinnamoylbenzo[d]thiazole-3(2H)-carbaldehyde (20):

F
N
(:[Q_%:} 1H), 7.94 (d, J = 2.0 Hz, 1H), 7.67 - 7.65 (m, 1H), 7.53 (d, J = 8.4

S
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o Yellow solid (yield: 45%, 26.5 mg); R; = 0.55 (EtOAc/hexane 1:9);

D mp 160-162 °C; *"H NMR (600 MHz, CDCl3): 6 9.02 (s, 1H), 7.77
@N 2 (d, J = 15.9 Hz, 1H), 7.58 (d, J = 6.3 Hz, 2H), 7.45 — 7.41 (m, 3H),
S /  7.30(d,J =8.0Hz 1H), 7.21 - 7.17 (m, 2H), 7.11 (t, J = 7.6 Hz, 1H),

Ph 684 (d, J = 15.9 Hz, 1H), 6.47 (s, 1H); *C NMR (150 MHz,

CDCl3): & 188.1, 158.6, 146.3, 137.3, 134.2, 131.3, 129.2, 128.9, 127.7, 126.6, 126.1,
123.7, 120.3, 111.4, 65.2; HRMS (ESI-TOF): C17H1,NO,S [M+H]" 296.0740; found:

296.0752.
2-pivaloylbenzo[d]thiazole-3(2H)-carbaldehyde (2p):
o White solid (yield: 55%, 27.5 mg); Rs = 0.4 (EtOAc/hexane 1:9); mp

z o  118-120 °C; *H NMR (400 MHz, CDCls): § 8.85 (s, 1H), 7.13 (d, J
@[Q—y = 8.0 Hz, 1H), 7.08 — 7.01 (m, 2H), 6.96 (t, J = 7.5 Hz, 1H), 6.39 (s,
1H), 1.22 (s, 9H); *C NMR (100 MHz, CDCls): & 204.0, 157.8,
137.8, 127.6, 126.5, 125.6, 123.4, 110.8, 60.9, 42.8, 27.2; HRMS (ESI-TOF):
C13H16NO,S [M+H]" 250.0896; found: 250.0912.
2-benzoyl-5-chlorobenzo[d]thiazole-3(2H)-carbaldehyde (2r):
0 Pale yellow solid (yield: 48%, 29 mg); R¢ = 0.45 (EtOAc/hexane
cl ; o 1:9); mp 150-152 °C; *H NMR (600 MHz, CDCl3): 'H NMR
\@SH% (600 MHz, CDCl3) & 8.98 (s, 1H), 7.92 (d, J = 7.3 Hz, 2H), 7.65
(t, J = 7.5 Hz, 1H), 7.53 (t, J = 7.8 Hz, 2H), 7.30 (s, 1H), 7.04 (s,
3H); *C NMR (150 MHz, CDCls): § 187.9, 158.1, 138.6, 134.5, 132.6, 132.5, 129.3,
129.0, 126.5, 125.8, 124.1, 112.0, 63.1; HRMS (ESI-TOF): Calc for CisH11*°CINO,S
[M+H]" 304.0194; found: 304.0209.
2-hydroxy-2-phenyl-2,3-dihydro-4H-benzo[b][1,4]thiazine-4-carbaldehyde?* 2 (3a):
CHO Yellow solid (yield 90%, 48.8 mg); Rs = 0.5 (EtOAc/hexane 1:5); mp
N 140-142 °C; *H NMR (600 MHz, CDCls): & 8.74 (s, 1H), 7.65 (d, J =
(;[Sj% 7.3 Hz, 2H), 7.37 (dd, J = 10.1, 4.9 Hz, 2H), 7.31 (t, J = 7.3 Hz, 1H),
7.17 — 7.08 (m, 4H), 4.86 (d, J = 13.4 Hz, 1H), 3.29 (d, J = 13.4 Hz,
1H), 3.15 (s, 1H); *C NMR (150 MHz, CDCls): § 162.6, 140.9,
134.0, 129.1, 128.9, 127.3, 126.3, 126.3, 125.9, 120.7, 83.2, 50.1; HRMS (ESI-TOF)
m/z: [M-OH]" Calcd for C15sH1,NOS 254.0634; found: 254.0659.
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CHO 2-hydroxy-2-(p-tolyl)-2,3-dihydro-4H-benzo[b][1,4]thiazine-4-
@N carbaldehyde (3b): Yellow solid (yield 85%, 48 mg): Ry = 0.5
S OH (EtOAc/hexane 1:5); mp 145-147 °C; 'H NMR (600 MHz,
CDCly): 6 8.79 (s, 1H), 7.59 (d, J = 8.2 Hz, 3H), 7.24 — 7.14 (m,
CH, 8H), 4.91(d, J=13.4 Hz, 1H), 3.34 (d, J = 13.4 Hz, 1H), 3.22 (s,
1H), 2.38 (s, 4H); *C NMR (150 MHz, CDCls): § 162.6, 139.0, 138.0, 134.0, 129.5,
128.4, 127.2, 126.6, 126.3, 126.1, 125.8, 120.7, 83.2, 50.1, 21.3; HRMS (ESI-TOF)
m/z: [M-OH]" Calcd for C1H1sNOS 269.0874; found: 269.0876.
2-hydroxy-2-(trifluoromethyl)-2,3-dihydro-4H-benzo[b][1,4]thiazine-4-carbaldehyde
cHO (30): Red solid (yield 78%, 41mg); Rs = 0.5 (EtOAc/hexane 1:4); mp
N 125-127 °C; *H NMR (600 MHz, CDCls): 5 8.63 (s, 1H), 7.26 — 7.22
©is OH (m, 2H), 7.20 — 7.12 (m, 2H), 4.79 (d, J = 13.5 Hz, 1H), 3.47 (d, J =
CFs 13,5 Hz, 1H): C NMR (150 MHz, CDCly): & 162.4, 134.5, 127.3,
127.1, 126.7, 124.4, 123.1 (g, Jor = 310 Hz), 121.2, 83.0 (q, Je.cr = 31 Hz), 43.8;
HRMS (ESI-TOF) m/z: [M-OH]" Calcd for C1oHgF3NOS 247.0279; found: 247.0290.
benzo[d]thiazol-2-yl(phenyl)methanol (4a):’
h OH Pale yellow solid (yield 68%, 32.5 mg); R; = 0.5 (EtOAc/hexane
O:s% 1:9); *H NMR (400 MHz, CDCls): & 7.98 (d, J = 8.2 Hz, 1H), 7.83
(d, J = 7.6 Hz, 1H), 7.53 (d, J = 6.9 Hz, 2H), 7.46 (t, J = 7.7 Hz,
1H), 7.41 — 7.31 (m, 4H), 6.14 (s, 1H), 4.02 (s, 1H); *C NMR (150
MHz, CDCly): 6 175.1, 152.8, 141.1, 135.5, 129.0, 128.9, 127.0, 126.3, 125.4, 123.3,
122.0, 74.6; HRMS (ESI-TOF): Calc for CyH1,NOS [M+H]" 242.0634; found:
242.0647.
N OH benzo[d]thiazol-2-yl(p-tolyl)methanol (4b):
©is\ Pale yellow (yield 72%, 38.8 mg); Rt = 0.5 (EtOAc/hexane
1:9); mp 120-123 °C; *H NMR (400 MHz, CDCls): & 7.98 (d,
CH, J=8.1Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.7 Hz,
1H), 7.41 (d, J = 8.0 Hz, 2H), 7.36 (t, J = 7.6 Hz, 1H), 7.19 (d, J = 7.9 Hz, 2H), 6.11 (5,
1H), 3.79 (s, 1H), 2.35 (s, 3H); *C NMR (150 MHz, CDCls): § 152.8, 138.8, 138.2,
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135.5, 129.7, 126.9, 126.3, 125.3, 123.3, 122.0, 74.54, 21.4; HRMS (ESI-TOF): Calc
for C15sH14sNOS [M+H]" 256.0791; found: 256.0812.
\ oH benzo[d]thiazol-2-yl(4-fluorophenyl)methanol (4c):
©:s\ Yellow solid (yield 54%, 28 mg); Rs = 0.45 (EtOAc/hexane 1:9);
mp 108-110 °C; *H NMR (600 MHz, CDCls): & 7.98 (d, J = 8.2
¢ Hz, 1H), 7.85 (d, J = 7.9 Hz, 1H), 7.54 — 7.45 (m, 3H), 7.38 (t, J =
7.2 Hz, 1H), 6.13 (s, 1H), 3.93 (s, 1H); *C NMR (150 MHz, CDCl3): & 174.8, 163.0 (d,
J = 245.7 Hz), 152.8, 137.0, 135.5, 128.8 (d, J = 10 Hz), 126.5, 125.5, 123.3, 122.0,
115.9 (d, J = 10 Hz), 73.9; **F NMR (377 MHz, CDCls): § -113.05; HRMS (ESI-
TOF): Calc for C14H;:FNOS [M+H]" 260.0540; found: 260.0547.
benzo[d]thiazol-2-yl(4-chlorophenyl)methanol (4d):
N OH Yellow solid (yield 75%, 41 mg); Rf = 0.45 (EtOAc/hexane 1:9);
@ES\ mp 115-117 °C; *H NMR (600 MHz, CDCls): § 7.97 (d, J = 8.0
Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.2 Hz, 3H), 7.39 -
¢l 7.34 (m, 3H), 6.12 (s, 1H), 4.11 (s, 1H); *C NMR (150 MHz,
CDClg): 6 152.7, 139.5, 135.4, 134.7, 129.2, 128.3, 126.5, 125.5, 123.3, 122.0, 73.9;
HRMS (ESI-TOF): Calc for C14H1;*CINOS [M+H]" 276.0244; found: 276.0249.
benzo[d]thiazol-2-yl(4-bromophenyl)methanol (4e):
N OH Yellow solid (yield 70%, 44.5 mg); R; = 0.45 (EtOAc/hexane
CES% 1:9); mp 115-117 °C; *H NMR (400 MHz, CDCls): 6 8.01 (d, J =
8.2 Hz, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.54 (d, J = 8.4 Hz, 2H),
Br 7.50(t,J=7.7Hz 1H), 7.44 (d,J=8.4 Hz,2H), 740 (t, J=7.6
Hz, 1H), 6.13 (s, 1H), 3.96 (s, 1H); *C NMR (100 MHz, CDCl5): § 153.9, 143.5, 130.2,
130.1, 130.0, 128.5, 127.3, 126.8, 115.3, 114.2, 56.4; HRMS (ESI-TOF): Calc for
CuH1."°BrNOS [M+H]" 319.9739; found: 319.9755.
benzo[d]thiazol-2-yl(3-methoxyphenyl)methanol (4f):
N OH Yellow solid (yield 78%, 42.2 mg); R¢ = 0.4 (EtOAc/hexane 1:9);
©:s\>_%:> mp 130-132 °C; 'H NMR (600 MHz, CDCls): & 7.99 (d, J = 8.2
Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 7.36 (t, J
MeO = 7.6 Hz, 1H), 7.30 (t, J = 7.9 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H),
7.09 (s, 1H), 6.88 — 6.86 (m, 1H), 6.11 (s, 1H), 3.88 (s, 1H), 3.80 (s, 3H); **C NMR (150
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MHz, CDCly): 6 174.8, 160.2, 152.8, 142.7, 135.6, 130.1, 126.3, 125.4, 123.3, 122.0,
119.2, 114.6, 112.3, 74.6, 55.5; HRMS (ESI-TOF): Calc for CysH14NO,S [M+H]"
272.0740; found: 272.0742.
benzo[d]thiazol-2-yl(2-methoxyphenyl)methanol (4g):
N OH Yellow solid (yield 55%, 29.5 mg); R = 0.4 (EtOAc/hexane 1:9);
©:s\ mp 138-140 °C; 'H NMR (600 MHz, CDCls): § 7.99 (d, J = 8.2
MeO Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.34 (dt,
J=15.6, 7.8 Hz, 2H), 7.00 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 8.2 Hz,
1H), 6.35 (d, J = 5.2 Hz, 1H), 4.19 (s, 1H), 3.87 (s, 3H); *C NMR (150 MHz, CDCls):
& 175.0, 156.9, 152.8, 135.7, 130.0, 129.4, 128.4, 126.1, 125.1, 123.3, 121.9, 121.4,
111.2, 71.2, 55.7; HRMS (ESI-TOF): Calc for C15H14NO,S [M+H]* 272.0740; found:
272.0741.
benzo[d]thiazol-2-yl(3,4-dichlorophenyl)methanol (4h):
w Yellow solid (yield 62%, 38 mg); R¢ = 0.45 (EtOAc/hexane 1:9);
(:[S}—%:} mp 125-127 °C; *H NMR (600 MHz, CDCls): 8 7.97 (d, J = 8.2
Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.65 (s, 1H), 7.48 (t, J = 7.7 Hz,
cl ci 1H), 7.44 (d, J = 8.3 Hz, 1H), 7.40 — 7.36 (m, 2H), 6.11 (s, 1H),
4.24 (s, 1H); *C NMR (150 MHz, CDCls): & 173.8, 141.1, 135.4, 133.2, 132.9, 131.0,
1289, 126.6, 126.2, 125.7, 123.4, 122.1, 73.3; HRMS (ESI-TOF): Calc for
C1H10*>CI,NOS [M+H]* 309.9855; found: 309.9858.
benzo[d]thiazol-2-yl(thiophen-2-yl)methanol (4i):
N oH  Yellow sticky solid (yield 45%, 22 mg); R; = 0.45 (EtOAc/hexane
@S\ 1:9); *H NMR (600 MHz, CDCls): § 8.04 (d, J = 8.1 Hz, 1H), 7.90
// (d,J=8.0Hz, 1H), 7.51 (t, J = 7.7 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H),
7.37 (d, J=5.0 Hz, 1H), 7.21 (d, J = 3.3 Hz, 1H), 7.04 - 7.03 (m, 1H), 6.44 (s, 1H), 3.82
(s, 1H); *C NMR (150 MHz, CDCl3): & 173.7, 152.8, 144.4, 135.6, 129.3, 127.1, 126.7,
126.5, 126.3, 125.6, 1235, 122.1, 111.0, 70.7; HRMS (ESI-TOF): Calc for
C12H10NOS; [M+H]" 248.0198; found: 248.0204.
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dimethyl 2,2'-((disulfanediylbis(2,1-phenylene))bis(formylazanediyl))diacetate (5a):
Colourless sticky liquid (yield 92%, 41 mg); Rf=0.5
(EtOAc/hexane 1:3); *H NMR (400 MHz, CDCls):
@ © 5 8.16 (s, 2H), 7.58 — 7.55 (M, 2H), 7.50 — 7.46 (m,
2H), 7.37 — 7.34 (m, 4H), 4.39 (s, 4H), 3.74 (s, 6H);
C NMR (150 MHz, CDCls): & 168.8, 163.1,
138.9, 134.9, 130.4, 130.1, 129.5, 129.2, 52.6, 47.5; HRMS (ESI-TOF): Calc for
C20H21N206S, [M+H]" 449.0836; found: 449.0862.
di-tert-butyl 2,2'-((disulfanediylbis(2,1-phenylene))bis(formylazanediyl))diacetate (5b):
Colourless sticky liquid (yield 95%, 16.0 mg);
Q\ /\f( \{/ Rf = 0.5 (EtOAc/hexane 1:2); *H NMR (600
MHz, CDCl,): & 8.16 (s, 2H), 7.56 (d, J = 6.6
© Hz, 2H), 7.49 (d, J = 6.3 Hz, 2H), 7.35 (m,
4H), 4.27 (s, 4H), 1.46 (s, 18H); °C NMR
(150 MHz, CDCls): 6 167.3, 163.1, 139.1, 135.0, 130.4, 129.9, 129.2, 128.9, 82.6, 48.6,
28.2; HRMS (ESI-TOF): Calc for CoH21N206S; [M+H]" 533.1775; found: 533.1827.
3-phenylbenzo[d]imidazo[5,1-b]thiazole (7a):
N/>N As per condition D, 6a was isolated as white solid (yield 78%,
@ = 58.5 mg); R¢ = 0.5 (EtOAc/hexane 1:6); mp 148-150 °C; *H NMR
S>)\© (600 MHz, CDCls): & 8.39 (s, 1H), 7.80 — 7.75 (m, 3H), 7.69 (d, J
b = 7.9 Hz, 1H), 7.47 (t, J = 7.7 Hz, 3H), 7.39 (t, J = 7.7 Hz, 1H),
7.28 (s, 1H); *C NMR (150 MHz, CDCl3): § 133.4, 133.4, 131.3, 130.6, 129.0, 126.8,
126.5, 126.5, 126.1, 124.8, 124.7, 124.1, 113.1; HRMS (ESI-TOF): Calc for C15H11N,S
[M+H]" 251.0637; found: 251.0652.
1,4-diphenyl-1H-imidazole (8a):*°
_N White solid (yield 90%, 46.2 mg); R = 0.5 (EtOAc/hexane 1:9);
NI// 'H NMR (400 MHz, CDCls): & 7.91 (s, 1H), 7.85 (d, J = 7.3
©/ Hz, 2H), 7.57 (s, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.46 — 7.37 (m,
5H), 7.28 (t, J = 7.4 Hz, 1H); *C NMR (100 MHz, CDCls): §
143.4,137.4, 135.9, 133.9, 130.1, 128.9, 127.8, 127.3, 125.1, 121.5, 114.0; HRMS (ESI-
TOF): Calc for C1sH13N, [M+H]"221.1073; found: 221.1082.
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3-(4-methoxyphenyl)benzo[d]imidazo[5,1-b]thiazole (7b):
N/§N White sticky solid (yield 75%, 63 mg); R = 0.4
©: = (EtOAc/hexane 1:6); *H NMR (600 MHz, CDCls): & 8.36 (s,
S>)\© _ 1H), 7.72 (t, J = 8.5 Hz, 3H), 7.67 (d, J = 7.9 Hz, 1H), 7.45
b © (t, J = 7.7 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.02 (d, J = 8.7
Hz, 2H), 3.86 (s, 3H):; *C NMR (150 MHz, CDCls): & 159.1, 143.3, 137.5, 135.7,
130.1, 127.7, 126.8, 126.4, 121.5, 114.3, 112.9, 55.5; HRMS (ESI-TOF): Calc for
C1sH13N20S [M+H]" 281.0743; found: 281.0751.
4-(4-methoxyphenyl)-1-phenyl-1H-imidazole (8b):
FN , Light yellow sticky folid (vield 80%, 45 mg); R; = 0.4
N\/)\Q\O (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCl5): & 7.89
@ (s, 1H), 7.77 (d, J = 8.7 Hz, 2H), 7.52 — 7.48 (m, 3H), 7.44
8b (d, 3 = 7.5 Hz, 2H), 7.38 (t, J = 7.3 Hz, 1H), 6.96 (d, J = 8.7
Hz, 2H), 3.85 (s, 3H); **C NMR (150 MHz, CDCls): & 159.1, 143.3, 137.5, 135.7,
130.1, 127.7, 126.8, 126.4, 121.5, 114.3, 112.9, 55.5; HRMS (ESI-TOF): Calc for
C1sH15N20 [M+H]* 251.1179; found: 251.1182.
3-(tert-butyl)benzo[d]imidazo[5,1-b]thiazole (7c):
/<N White sticky solid (yield 80%, 55 mg); R = 0.4 (EtOAc/hexane 1:6);
@NW 'H NMR (600 MHz, CDCly): & 8.26 (s, 1H), 7.64 (d, J = 8.0 Hz,
S 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.30 (t, J =
T 7.7 Hz, 1H), 1.41 (s, 9H); *C NMR (150 MHz, CDCls): & 140.1,
133.9, 131.5, 126.0, 125.6, 125.5, 124.3, 121.4, 112.8, 32.1, 30.1; HRMS (ESI-TOF):
Calc for C13H1sN2S [M+H]" 231.0950; found: 231.0954.
4-(tert-butyl)-1-phenyl-1H-imidazole (8c):

_N Light yellow sticky solid (yield 90%, 43.2 mg); Rf = 04

N/ (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls): & 7.80 (s, 1H),
©/ 7.46 (t, J = 7.9 Hz, 2H), 7.38 (d, J = 7.5 Hz, 2H), 7.33 (t, J = 7.4 Hz,
8¢ 1H), 6.98 (s, 1H), 1.34 (s, 9H); *C NMR (150 MHz, CDCls): &

154.0, 137.9, 134.8, 130.0, 127.2, 121.4, 112.0, 32.1, 30.3; HRMS (ESI-TOF): Calc for
Ci13H17N, [M+H]" 201.1386; found: 201.1405.
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Synthesis of N-Formyl-2-Benzoyl Benzothiazolines and
2-Substituted Benzothiazoles from N-Phenacylbenzothiazolium Bromides
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Chapter 4

[3+2] Cycloaddition Between
N-Phenacylbenzothiazolium Bromides and Prochiral
Cyclopentenones via Desymmetrization Strategy

0
O Ar
0
' //Z<A R'
Q<R ©:N® " DIPEA (1.1 equiv) ©: /
+ \ e} R
R >
\ s bBr CHCls, rt S HH ©

26 examples up to 98% yield
up to > 20:1 dr
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[3+2] Cycloaddition Between N-Phenacylbenzothiazolium Bromides
and Prochiral Cyclopentenones via Desymmetrization Strategy

4.1 Introduction

Modification of a molecule resulting loss of one or more symmetry elements is called
desymmetrization. Traditionally, desymmetrization reactions have been used for the
introduction of chirality because of sufficient reaction rate difference between the
isomers. The desymmetrization reaction of meso or prochiral compounds has been
considered as one of the powerful methodologies in organic synthesis. It often leads to
the formation of stereochemically fused complex molecules having multiple stereogenic
centres in a single step.! In Figure 4.1, we have shown a few selective examples of
bicyclic heterocycles fused cyclopentane moieties which demonstrate useful biological

activities.?

HCV NS3 protease inhibitor XL-647 SRH 117887 myrmicarin 645
telaprevir

Figure 4.1: Selective examples of bioactive bicycles containing cyclopentane moieties.
4.2 Known desymmetrization reactions with prochiral cyclopentene-1,3-diones

One of the prominent advantages of desymmetrization reactions is that the symmetric
precursors are either readily available or can be prepared from simple starting materials
in a few steps. As an instance, alkylative desymmetrization of prochiral cyclopentene-
1,3-dione has proven to be an important method to provide valuable synthons for
bioactive compounds. Recently, various groups documented a variety of
desymmetrization reactions with prochiral cyclopentene-1,3-diones.’
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Manna et al. reported an enantioselective formal C(sp”)-H alkylation reaction using
organocatalyst via desymmetrization of prochiral 2,2-disubstituted cyclopentene-1,3-

diones (Scheme 4.1).

O o H H
0,
R2 NO catalyst (10 mol%) R2 N N CFs
"/R1 + // 2 151 \n/
R3 Na,CO5 (1.5 equiv) R" |MeO o}

o 5 PhCF3, -10 °C R3 O L,
R' = Me, Et R* = Alkyl up to 92% vield catalyst
R2 = Alkyl, Bn up to 96% ee - -

Scheme 4.1: Formal C(sp?)—H alkylation of cyclopentene-1,3-diones

A new oxidative Heck-type desymmetrization strategy for 2,2-disubstituted
cyclopentene-1,3-diones was demonstrated by Lee and co-workers. The reaction is very
functional group tolerant and proceeds in the presence of unprotected alcohols, phenols,
amides, acids and ketones (Scheme 4.2).*"

Ar Pd(OAc), (10 mol%) (0]
Me _B. ligand (11 mol%) Me = 0
R + (I) (I) 7, H/F3C \ /) \ :l
R N N~
o a0 Bar  bma 0,500 A Bu
o ligand
R = Ph. Bn up to 92% yield

up to 88% ee

Scheme 4.2: Oxidative Heck coupling of substituted cyclopentene-1,3-diones

Wang group disclosed silver catalyzed 1,3 dipolar cycloaddition between azo-methine
ylides and cyclopentene-1,3-diones, which delivered highly functionalized bicyclic
pyrrolidine/cyclopentane derivatives with excellent stereoselectivities in good to high
yields (Scheme 4.3).%* Similar work has also been reported independently by Singh

group using silver(I)—ferrophox complex in the same year.

CF,
o) R* O Br
» R Agoac/ sy MeOLCGTH 7
/5\ PN (5 mol%) HN /
R2 ¥ MeO,7 NTTRE ——————~ L /g2 | FsC NH,
| NEts, CH,Cl, RS FsC NHPPh,
R'=Me, Et R3=Aryl, Alkyl -20°C, 1224 h o vi O
, , . ) up to 93% yield Br
R2=Bn R* = Alkyl up to 99% ee (S)-L
up to >20:1 dr CF3

Scheme 4.3: Silver catalyzed cycloaddition reaction via desymmetrization strategy
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and Prochiral Cyclopentenones via Desymmetrization Strategy

Recently, Zhi et al. achieved a highly efficient enantioselective desymmetrization
protocol for cyclopentene-1,3-diones and synthesized cyclopentane-substituted oxindoles
via organocatalytic Michael addition of 3-substituted oxindoles (Scheme 4.4)2"

o — OMe ]
[
Ar “"Me
catalyst (10 mol%) & N
R | R+ N HOO | NH H
DCM, rt, 12 h N N A N CFs
Boc Boc o
R'= Bn, Allyl up to 92% yield catalyst O

up to 94% ee CF3 ~

up to >20:1 dr

Scheme 4.4: Synthesis of cyclopentane-substituted oxindoles
4.3 Reaction with azo-methine ylides

Pyridinium, quinolinium, isoquinolinium methylides, etc. are one class of reactive
heteroaromatic azo-methine ylides, which can be easily prepared from alkylation of aza-
aromatic heterocycles with active alkyl halides followed by deprotonation with some
bases. A wide variety of 1,3-diploar cycloaddition® reactions have been developed
employing these azo-methine ylides and products such as polysubstituted pyridines,

terpyridines and indolizines were obtained.®

For example, Shang group reported straightforward and convenient access to highly
functionalized di- and tri-substituted indolizines via 1,3-dipolar cycloaddition reaction of
pyridinium salts and alkynes in the presence of potassium carbonate (Scheme 4.5).%°

s
Lo, K2COj (2 equiv)
N + Rl-=——R?
© R DMF, rt
Br
o) R' R? = Aryl, Alkyl
R = Aryl, Alkyl up to 93% yield

Scheme 4.5: Synthesis of substituted indolizines

Cossy group investigated 1,3-dipolar cycloaddition of stabilized pyridinium ylides with
electron-deficient ynamides resulting in various N-fused heterocycles with a fully

substituted pyrrole ring (Scheme 4.6).%
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7 R
; 1 IRNE
= T R K>COj3 (4 equiv) [E ) R’

I 2003 N~
R Kﬁ/ N \\ N4 _ N/EWG
X@ ' N—EWG DMF, rt \/N Y R2

R R2 o
o R" = COzEt, COAr, CORAlkyl 0
R' = Alkyl, Aryl, OMeR? = Alkyl, Aryl up to 83% yield
EWG = Boc, Ts

Scheme 4.6: [3 + 2] cycloaddition reaction with electron-deficient ynamides

Synthesis of spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines] via [3+2] cyclo-
addition reaction of N-phenacylbenzothiazolium bromides’ with 3-methyleneoxindole
was developed by Yan and co-workers using triethylamine with high diastereoselectivity
(Scheme 4.7).7

€
NEt; (1.2 equiv) ﬁ o)
Cx e LT
EtOH, rt S N/—oArv
‘R'
R'=H, Bn. "Bu up to 80% vyield

up to >20 :1 dr

Scheme 4.7: Synthesis of spiro-oxindole derivatives

Yan group described triethylamine mediated stepwise 1,3-dipolar cycloaddition reaction
of N-phenacylbenzothiazolium bromides with nitroalkenes in ethanol and synthesized
tetrahydro-, dihydro- and benzo[d]pyrrolo[2,1-b]thiazoles (Scheme 4.8).”

R (0]
S , R
Br //QO (1) NEt3 (1.2 equiv) Y
N\@ 4 Ar/\/"‘oz EtOH, reflux N :
S> (2) DDQ (1.2 equiv) NO,
reflux S
R = Ar, OEt up to 92% yield

Scheme 4.8: Synthesis of substituted indolizines

Recently, Bertuzzi et al. published unusual C-4 regioselective addition of indoles to
activated N-benzylpyridinium salts for the synthesis of optically active 1,4-

dihydropyridines using organocatalyst (Scheme 4.9).2
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catalyst (10 mol%)

EWG proton sponge R
(j/ A\ (100 mol%)
© , Ry~ - =
Z N
H

X

|l @
N
kA

Br
PhCH;3 X j\H
r o N
20°C 7 §7ON CF,
EWG = NO,, CN H
1,4 dihydropyridines - catalyst -

up to 80% yield
up to 91% ee

Scheme 4.9: Synthesis of chiral 1,4-dihydropyridines derivatives

4.4 Result and discussion

We became interested particularly in the cycloaddition reactions with N-
phenacylbenzothiazolium bromides’ as the resulting products are different derivatives of
benzothiazoles® and could be potentially bioactive (discussed in chapter 3). Though
different olefinic dipolarophiles were employed previously in the cycloaddition reaction
with N-phenacylbenzothiazolium bromides, to the best of our knowledge, no report on
desymmetrization reaction with a meso or prochiral dipolarophile has been documented.
Herein, we disclose an organocatalytic highly diastereoselective desymmetrizing
cycloaddition reaction between N-phenacylbenzothiazolium bromides and cyclopentene-
1,3-diones.

Initially, we studied the model reaction between prochiral cyclopentene-1,3-dione 1a and
N-phenacylbenzothiazolium bromides 2a in ethanol at room temperature (Table 4.1). It is
expected that the active 1,3-dipole benzothiazolium N-phenacylide (3a) will be generated
in situ from 2a under basic medium. Delightfully, in the presence of pyridine, the desired
cycloaddition product 2-benzyl-2-methyl-hexahydro-1benzo[d]cyclopenta[3,4]pyrrolo-
[2,1-b]thiazol-10-yl) (phenyl) methanone 4a was isolated as a single diastereomer in 70
% yield (Table 4.1, entry 1). The relative configuration of 4a was determined by X-ray
crystal structure.’® Although DABCO could not improve the vyield of the product, a
higher yield of 80% was achieved with DBU. Interestingly, an enhancement in yield was
observed with 1,1,3,3-tetramethylguanidine (TMG) (entry 4). Then triethylamine and
diisopropylethylamine (DIPEA) were screened, and gratifyingly highest yield of 92%
was obtained with DIPEA (entry 6). Inorganic bases such as K,COj3 and Cs,COj3 also
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Table 4.1: Optimization of reaction condition

Ph OH o <?/[Z)
[?K/ @[ base(11eqU|v) N / Ph ©[®N\> Ph
Br solvent rt @[S 1A Me S
4a (dr >20:1) 3a
entry? base solvent yield (%)°
1 pyridine EtOH 70
2 DABCO EtOH 72
3 DBU EtOH 80
4 TMG EtOH 85
5 EtsN EtOH 88
6 DIPEA EtOH 92
7 K,CO3 EtOH 54
8 Cs,CO3 EtOH Sl
9 '‘BuoK EtOH 0
10 DIPEA CH,Cl, 91
11 DIPEA (CH.CI), 93
12 DIPEA CHCl3 98
13 DIPEA PhCH3 84
14 DIPEA DMSO 55
15 DIPEA CH3CN 78
16 DIPEA (C2Hs),0 40

8Reaction conditions: 0.05 mmol of 1a and 0.05 mmol of 2a was stirred with 0.055 mmol of base in 0.5

mL solvent. "Isolated yield after silica gel column chromatography.

provided the product but lower yields were detected (entries 7-8). Unfortunately, no
desired product was obtained with '‘BUOK (entry 9). After getting DIPEA as the best
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catalyst, we started our solvent screening (entries 10-16). Initially different halogenated
solvents were screened in the reaction (entries 10-12). Interestingly the yield got
increased to 98% in chloroform solvent (entry 12). When the reaction was placed in
toluene, the yield dropped to 84% (entry 13). Other solvents like DMSO, acetonitrile and
diethyl ether were also screened, but the desired product was achieved with lower yields
(entries 14-16).

4.5 Substrate scope

After establishing the optimized conditions, the generality and scope of the cycloaddition
reaction were studied. Initially, N-phenacylbenzothiazolium bromides 2 having various
aryl groups were tested with cyclopentene-1,3-dione 1a (Scheme 4.10) and in most of the
cases exclusive diastereoselectivity (>20:1) was observed as determined by ‘H NMR
spectroscopy. At first, benzothiazolium bromides 2b-g having different para-
substitutions on the phenyl group were screened and very good results were achieved.
para-Tolyl and para-anisyl derived benzothiazolium bromides 2b and 2c delivered the
products 4b and 4c with high yields and excellent diastereoselectivities. Gratifyingly, 4-
halo substituted aryl groups containing benzothiazolium bromides 2d-2f also provided
the corresponding products 4d-4f in good to high yields. However, electron-poor
benzothiazolium bromide 2g having para-nitro substitution provided the product 4g in
slightly lower yield. Biphenyl group containing bromide 2h also took part in the reaction
and good vyield of 84% was achieved for 4h. Next, benzothiazolium bromide 2i having
meta-anisyl group was screened and the corresponding product 4i was isolated in 95%
yield and >20:1 diastereomeric ratio. Our methodology was also suitable for o-
substituted aryl group containing benzothiazolium salts 2j-2k. Product 4k having o-
fluoro substitution was isolated in 83% vyield and 10:1 diastereomeric mixture. A
disubstituted bromide such as 2l was also tolerated in the reaction and 96% yield was
achieved with excellent diastereoselectivity. A similar outcome was also observed with
benzothiazolium salt 2m having 2-naphthyl group. Finally, a heteroaromatic group

containing bromide 2n was employed and 95% yield was obtained for product 4n.
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Scheme 4.10: Scope of N-phenacylbenzothiazolium bromides®"*

O O
R DIPEA(1 1 equiv)
@[\>Br CHCl3, rt, 2.5-4 h @E

s HH o s HH b S HH o S HH o

4a, 98%, >20:1 dr 4b, 96%, >20:1 dr 4c, 89%, >20:1 dr 4d, 89%, >20:1 dr

Br

Ph /
Ol CL
s HH o S HH o

4e, 94%, >20:1 dr 4f, 96%, >20:1 dr 4g, 70%, >20:1 dr

Cl

MeOQO

S HH o

S HH o S HH o S HH o

4i, 95%, >20:1 dr 4j, 96%, >20:1 dr 4k, 83%, 10:1 dr 41, 96%, >20:1 dr

S HH o

4m, 95%, >20:1 dr 4n, 95%, >20:1 dr

4Unless otherwise mentioned, reaction was carried out with 0.2 mmol of 1a and 0.2 mmol of 2a using 0.22

mmol of DIPEA at room temperature. “Isolated yield after silica gel column chromatography.

“Diastereomeric ratio was determined by 'H NMR spectroscopy.

The scope of diastereoselective [3+2] cycloaddition was further explored on a range of
cyclopentene-1,3-diones 2 (Scheme 4.11). Initially, a variety of substitutions on the
phenyl group of the benzyl motif was checked and satisfactory results were obtained. In
fact, the reaction was again compatible with electron-poor as well as electron-rich aryl

groups having substitutions at the ortho, meta and para positions and excellent
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diastereoselectivity (>20:1) was achieved. For example, para-xylyl cyclopentenedione
1b delivered the product 40 with 86% vyield and excellent diastereoselectivity.
Cyclopentenedione 1c and 1d having 4-halophenyl group also served as good substrate
for this reaction and provided the corresponding products 4p and 4q in excellent yields.

Excellent yield was also observed for product 4r having 3-methyl substitution in the

Scheme 4.11: Scope of cyclopentenediones in the cycloaddition reaction®?*
0 q
[:éf' S Ph DIPEA (1.1 equiv)
 CIYe
Y - CHCly, 1t @[S
1 2

2.5-3h
a
e} O
Ph H e Ph H 0
Me Me
N \ N \
Me Cl
S HH o s"HH O
40, 86%), >20:1 dr 4p, 90%, >20:1 dr 4q, 95%), >20:1 dr
O O (6]
Ph Ph H e Ph H e}
Me Me OMe Me Br
s HH [ S HH o S HH o
4r, 86%, >20:1 dr 4s, 91%, >20:1 dr 4t, 76%, >20:1 dr

S HH o
Cl
4u, 95%, 18:1 dr

@ESHHO A @ESHHO C[SHHO

4x, 87%, >20:1 dr 4y, 85%, 8:1 dr 4z, 70%, >20:1 dr

4Unless otherwise mentioned, reaction was carried out with 0.2 mmol of 1a and 0.2 mmol of 2a using 0.22

mmol of DIPEA at room temperature. “Isolated vyield after silica gel column chromatography.

“Diastereomeric ratio was determined by *H NMR spectroscopy.
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benzyl group. Though high yield was achieved for product 4s having 3-methoxyphenyl
group, slight less yield was detected for product 4t having 3-bromophenyl group. The
outcome was excellent with ortho-substituted cyclopentenedione 1h albeit the product
4u was obtained as 18:1 diastereomeric mixture. 2-Methylnaphthyl group was also well
tolerated in the reaction and product 4v was isolated in 87% yield. The reaction also
proceeded well when benzyl group of la was replaced with phenyl group and
gratifyingly, a good vyield of 72% was observed for the product 4w. Then
cyclopentenedione 1k having allyl group was prepared and engaged in the reaction. To
our delight, the desired cycloaddition product 4x was formed in 87% yield. Interestingly,
the diastereoselectivity was lower for product 4y possibly due to the less steric difference
between methyl and propyl groups. When the methyl group of 1a was replaced by ethyl

group, the outcome also did not change and the product 4z was isolated in 70% yield.
4.6 Attempt for the asymmetric synthesis of 4a

For the development of an asymmetric variant, we started the optimization by screening
different conditions (Table 4.2). Initially, the reaction of 1a and 2a in toluene was set in
the presence of catalyst I (10 mol%). But only 20% vyield of the product 4a was observed
having 0% ee (entry 1). This indicated that the catalyst is playing the role of base only
instead of H-bonding. Then another reaction of 1a, 2a and catalyst | was set in toluene
with one equivalent of NaHCO3/H,0O (0.5 mL) as additive at room temperature. Product
4a was isolated with 80% yield and 15% ee (entry 2). When Amberlyst A21 was
employed as an additive, racemic product was obtained. Then the temperature was
decreased and interestingly 26% ee was observed at -20 °C (entry 5). Then Amberlyst
A21 was replaced with proton sponge® and the reaction was observed under different
temperature conditions (entries 7-9). Gratifyingly, 75% vyield of product 4a was detected
with 26% ee at 0 °C. Other thiourea catalysts were also screened, but they were unable to
improve enantiomeric excess of the product (entries 10-12). For example, Takemoto
catalyst (I11) and indane derived catalyst 1V provided the product with excellent yields

but almost racemic mixtures were isolated.
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Table 4.2: Optimization of reaction condition for chiral product

CF3 CFs
LA el
N N CF
- NN CFs @E?—H H ’
- NW
n v
o) O
0o ///< catalyst (10 mol%) Ph H O
Me @ ph  base (1.1 equiv) Ph
N N /
+ 7
Ph \> B@ Me
r PhCHg, temp.
o} S s HH o
1a 2a 4a, >20:1 dr

entry® | catalyst = base(1.1equiv)  temperature | yield (%)° | ee (%)°

1 | _ 25°C 20 0
2 | Aq.NaHCOs 25°C 80 15
3 I Amberlyst A21 25°C 82 0
4 I Amberlyst A21 0°C 70 20
5 I Amberlyst A21 -20°C 65 26
6 I Amberlyst A21 -40 °C 60 20
7 I Proton sponge 0°C 75 26
8 I proton sponge -20°C 62 15
9 I proton sponge -40 °C 57 15
10 1 proton sponge )G 84 11
11 "I proton sponge 0°C 76 3
12 v proton sponge 0°C 98 2

®Reactions were carried out with 1a (0. 025 mmol) and 2a (0.025 mmol) in 0.25 mL toluene for 4 days.

®Isolated yield after silica gel column chromatography. Determined by HPLC.

After finding proton sponge as a suitable base, we optimized the reaction with different
solvents at 0 °C (Table 4.3). Trifluorotoluene was found as the best solvent providing
62% yield and 43% ee of the product (entry 2). Moderate yield and enantiomeric excess
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was achieved in MTBE solvent (entry 3). Chloroform and chlorobenzene were unable to
improve the ee but provided the product with good yields (entries 4-5).

Table 4.3: Solvent screening for chiral product

o) //[2 catalyst I (10 mol%) Ph H O
Me @ ph Proton sponge (1.1 equiv) Ph
"L i e
5 S Br solvent, 0 °C sTHH §
1a 2a 4a, >20:1 dr
entry®  solvent yield (%)° | ee (%)°
1 PhCHs 75 26
2 PhCF; 62 43
3 MTBE 55 40
4 CHCI; 82 10
5 PhCI 76 10

®Reactions were carried out with 1a (0. 025 mmol), 2a (0.025 mmol) and catalyst I (10 mol%) in 0.25 mL

solvent for 4 days. "Isolated yield after silica gel column chromatography. “Determined by HPLC.

Thus, moderate enantiomeric excess (43% ee) was achieved with proton sponge as an

additive in the presence of hydroquinine derived thiourea catalyst in PhCF3 solvent at 0

°C (Scheme 4.12).
O  catalyst 1 (10 mol%) Ph 0 o OMe %
proton sponge
\Me H N CF3

0 ///<
Me ®N @Ph (1.1 equiv) ol
N _—
Pt @[ Ver @[ T O
% S PhCF3, 0 °C s HH © )\
1a 2a

N
4d Z 7 N CF,

4a, 62%, >20:1 dr, 43% ee catalyst |

Scheme 4.12: Asymmetric synthesis of tetracycle

To explain the high diastereoselectivity of our product, we proposed plausible transition
states (Figure 4.2). Plausible endo-TS A and B have been drawn to depict the
stereochemical outcome of the reaction. In TS A, the steric effect is lower as the larger
group of cyclopentenedione moiety stays away, whereas in TS B the steric hindrance

could be seen.
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0 o} .
Or- R Or-
N. N.
@\/ @y
S S O Rt
A B

Figure 4.2: Plausible transition state.

To establish the synthetic utility of our method, a few reactions were envisaged using 4a
(Scheme 4.13). Initially, DDQ mediated oxidative reaction of 4a was performed, which
resulted in heteroaromatic compound 5 in 93% yield. Interestingly, regio- as well as
diastereoselective mono-hydroxymethylation of 4a with DBU/ag. HCHO provided
alcohol 6 in 85% vyield. The structure of 6 was confirmed by X-ray crystallography.™
Finally desulfurization reaction with Raney nickel in ethanol*? delivered fused

pyrrolidine derivative 7 in 60% yield and diastereoselectivity was preserved.

0 4
con(ER
Ph H 0 o

R 5 . :'- Q™
Ph W LBT et ™ i Lo
T\’ \I “““““ A ,.
@[S H 5 =) oo ‘W‘;‘ ,2\‘ \_\/("'L{ ?Q:«‘(nw

6, 85%, >20:1 dr l =Y x
Ccoor = Yennc
DBU \ 1\ ,x
aq. HCHO SRS ]
THF, 0°C
P
Ph—’ H P
H @ Raney Nj N Me
Me EtOH Ph
N \oPh T )
reflux S HT o
H o 4a, dr >20:1

7,60%, >20:1 dr

Scheme 4.13: Synthetic transformations
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In summary, we have developed a metal-free highly diastereoselective [3+2]
cycloaddition reaction between N-phenacylbenzothiazolium bromides and prochiral
cyclopentene-1,3-diones under mild reaction conditions. The corresponding tetracyclic
products having five stereogenic centres could be useful in the development of new
pharmaceuticals. The scope of the reaction is quite broad tolerating a variety of aryl and
heteroaromatic groups. Interesting fused heterocyclic molecules have been synthesized
from the product. A preliminary catalytic asymmetric approach has also been

documented providing the product in moderate enantioselectivity.

4.7 Experimental section

A. General procedure for the synthesis 1,3-cyclopentenediones 1

1,3-Cyclopentenediones 1 were prepared according to reported procedures.?*"

B. General Procedure for the synthesis of N-arylbenzothiazolium bromides 2
N-Arylbenzothiazolium bromides salts 2 were prepared by refluxing benzothiazole with
corresponding phenacyl bromides in ethanol (1M) for 2 hours. Then the solid was
filtered and washed using diethyl ether/DCM.

C. General procedure for the synthesis of products 4a-4z

DIPEA (38 uL, 0.24 mmol) was added to a stirred solution of 1 (0.2 mmol) and 2 (0.2
mmol) in CHCI; (2 mL). After stirring for 2.5-4 hours at room temperature, 3 mL of
water was added. The resulting mixture was extracted with EtOAc (3 X 2 mL). The
combined organic phase was dried over anhyd. Na,SO,4, evaporated in vacuum and

purified by column chromatography (8%-10% EtOAc in hexane) to give compound 4.

D. General procedure for the synthesis of asymmetric version of 4a

Proton sponge (23.5 mg, 0.11 mmol) and hydroquinine derived thiourea catalyst I (5.9
mg, 0.01 mmol) were added to the solution of 1a (0.1 mmol) and 2a (0.1 mmol) in
trifluorotoluene (1 mL) respectively under argon atmosphere. After stirring for 4 days at
0 °C, 3 mL of water was added. The resulting mixture was extracted with EtOAc (3 X 2

mL). The combined organic phase was dried over anhyd. Na,SQO,, evaporated in vacuum
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and purified by column chromatography (8% EtOAc in hexane) to give 62% of
compound 4a.

HPLC information: Chiralpak IB column. Flow rate 1 mL/min. UV detection at 274 nm
for major diastereomer; t (major) = 12.2, t (minor) = 19.8 min. using hexane:isopropanol
= 95:5 as eluent, ee 43%.

E. General procedure for the synthesis of 10-benzoyl-2-benzyl-2-methyl-1H-
benzo[d]cyclopenta[3,4]pyrrolo[2,1-b] thiazole-1,3(2H)-dione (5):
DDQ (56.7 mg, 0.25 mmol) was added to a solution of 4a (45.3 mg, 0.1 mmol) in CHCI;
(1 mL). After stirring for 3 hours at room temperature, 3 mL of water was added. The
resulting mixture was extracted with DCM (3 x 2 mL). The combined organic phase was
dried over anhyd. Na;SO, evaporated in vacuum and purified by column
chromatography (10% EtOAc in hexane) to give compound 5 as a yellow solid (41.7 mg,
93%); R; = 0.45 (EtOAc/hexane 1:8); mp 181-184 °C; 'H
NMR (600 MHz, CDCls3): 6 8.30 (dd, J = 5.9, 3.6 Hz, 1H),
Ph 7.80 — 7.73 (m, 4H), 7.56 (t, J = 7.8 Hz, 2H), 7.47 (dd, J =
6.2, 3.1 Hz, 2H), 7.19 (t, J = 7.6 Hz, 2H), 7.12 — 7.06 (m,
3H), 3.15 (d, J = 13.4 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 1.33 (s, 3H); *C NMR (125
MHz, CDCly): 6 196.5, 194.7, 184.5, 139.6, 137.7, 136.5, 134.0, 133.8, 132.5, 130.3,
129.9, 128.4, 128.0, 127.0, 127.0, 124.0, 121.6, 121.2, 118.6, 62.6, 41.8, 21.1; HRMS
(ESI-TOF) m/z: [M+H]" Calcd for C23H2oNOsS 450.1158; found: 450.1159.

F. General procedure for the synthesis of 10-benzoyl-2-benzyl-3a-(hydroxylmethyl)-
2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclopenta[3,4]pyrrolo[2,1-
b]thiazole-1,3(2H)-dione (6):

DBU (1.5 uL, 0.01 mmol) was added to a solution of 4a (45.3 mg, 0.1 mmol) in dry THF

(0.5 mL) at 0 °C under argon. After stirring for 1 hour, 0.17 ml (5 mmol) 37%

formaldehyde solution was added dropwise and resulting solution was stirred for another

30 minutes at 0 °C. After consumption of 4a, 1mL of water was added. Then the

resulting mixture was extracted with EtOAc (3 x 2 mL). The combined organic phase

was dried over anhyd. Na,SO, evaporated in vacuum and purified by column
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chromatography (15% EtOAc in hexane) to give
compound 6 as a white solid (41 mg, 85%, >20:1 dr); R =
0.45 (EtOAc/hexane 1:5); mp 170- 172 °C; *H NMR (600
MHz, CDCls): § 8.10 (d, J = 7.5 Hz, 2H), 7.63 (t, J = 7.4
Hz, 1H), 7.51 (t, J = 7.7 Hz, 2H), 7.25 — 7.22 (m, 3H),
7.07 (d, J =7.6 Hz, 1H), 7.02 (t, J = 7.7 Hz, 1H), 6.98 — 6.95 (m, 2H), 6.83 (dd, J = 17.9,
7.8 Hz, 2H), 5.89 (s, 1H), 5.35 (s, 1H), 3.36 — 3.31 (m, 1H), 3.16 (s, 1H), 3.03 (d, J =
10.8 Hz, 1H), 2.86 (s, 2H), 2.66 (s, 1H), 0.43 (s, 3H); **C NMR (150 MHz, CDCl,): &
217.5, 216.5, 195.5, 145.5, 135.2, 134.2, 134.1, 129.9, 129.1, 128.9, 128.7, 127.8, 127.6,
126.3, 123.1, 123.0, 111.6, 78.3, 71.2, 66.6, 64.3, 60.2, 57.4, 44.3, 20.1; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for CagHosNO,4S 484.1577; found: 484.1582.

G. General procedure for the synthesis of 1-benzoyl-5-benzyl-5-methyl-2-
phenyltetrahydrocyclopenta[c]pyrrole-4,6(1H,5H) -dione (7):

In a5 mL round bottom flask, Raney nickel (600 mg, washed 6-7 times with dry ethanol)
and 4a (45.3 mg, 0.1 mmol) were taken in dry ethanol (2 mL). Then the round bottom
flask was sealed with a condenser and placed in oil bath at 100 °C under argon for reflux.
After consumption of 4a, 1mL of water was added. Then the resulting mixture was
extracted with EtOAc (3 x 2 mL). The combined organic phase was dried over anhyd.
Na,SO,, evaporated in vacuum and purified by silica-gel (230-400 mesh) column
chromatography (5% EtOAC in hexane) to give compound 7 as a red sticky solid (41 mg,
85%, >20:1 dr); R; = 0.55 (EtOAc/hexane 1:15); 'H NMR
(600 MHz, CDClg): 6 8.15(d, J=7.4 Hz, 2H), 7.66 (t, J= 7.4
Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 7.26 (s, 2H), 7.17 — 7.11 (m,
5H), 7.02 (d, J = 6.9 Hz, 2H), 6.73 (t, J = 7.3 Hz, 1H), 6.52 (d,
J =8.0 Hz, 2H), 5.82 (s, 1H), 3.94 — 3.89 (m, 2H), 3.02 (dd, J
= 30.9, 13.0 Hz, 2H), 2.90 — 2.85 (m, 1H), 2.70 (d, J = 10.2 Hz, 1H), 1.24 (s, 3H); *C
NMR (150 MHz, CDCl3): 6 218.0, 217.9, 197.7, 146.2, 135.1, 134.1, 129.3, 129.1,
128.8, 128.6, 127.7, 118.6, 113.9, 66.4, 60.0, 55.4, 52.8, 50.5, 44.6, 19.6; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for CagH26NO3 424.1907; found: 424.1906.

138

TH-2175_146122003



[3+2] Cycloaddition Between N-Phenacylbenzothiazolium Bromides
and Prochiral Cyclopentenones via Desymmetrization Strategy

H. Crystal structure of compound 4a and 6

(42)

ORTEP crystal structure: (40% probability level) diagram of 4a and 6 (all hydrogen
atoms are omitted for clarity)
Table 4.4: Crystal data and structure refinement for 4a and 6.

TH-2175_146122003

Identification code 4a 6
formula CosH23NO3S CyoHo5NO,4S
Formula weight 453.53 483.56
CCDC number 1540321 1566468
T (K) 296(2) 100(2)
Wavelength, A(A) 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P21/n P-1
a(A) 13.4330(10) 12.2788(5)
b (A) 8.4143(6) 13.5044(5)
c (A) 20.1570(14) 15.3335(4)
a (°) 90.00 105.770(3)
B(°) 90.985(7) 110.274(3)
y (°) 90.00 90.739(3)
V (A% 2278.0(3) 2279.07(15)
Z 4 4
Deated (9 €M) 1.322 1.409

139




Chapter 4

2 (mm™) 0.173 0.181

F(000) 952.0 1016.0

Crystal size/mm?® 0.24x0.18x0.16 0.30x0.20x0.20
Reflections collected 9228 38001

Unique reflections 3990[R(int) =0.0268] | 12165
Goodness-of-fit (GOF)? on F* | 1.094 0.970

R:°, WRSS (1= 24(1))

0.0483, 0.1185

0.0542, 0.1480

R.°, WR® (all data)

0.0708, 0.1335

0.0806, 0.1576

*GOF = [Y[w(Fo? — F&)? /M = N ]2 (M =number of reflections, N = number of parameters refined)."R; =

Y IFo| = |Fell/ 2| Fo, WR; = [E[w(Fo® — F2)*1 / SIw(Fo?)11 *
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4.9 Characterization Data of Products
10-benzoyl-2-benzyl-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclopenta[3,4]-
pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4a): The title compound 4a was prepared (4 h) as
per the general procedure as a white solid (88.6 mg, 98%,
>20:1 dr); R¢ = 0.55 (EtOAc/hexane 1:9); mp 150-152 °C; *H
Ph  NMR (500 MHz, CDCls): & 8.06 (dd, J = 8.3, 1.0 Hz, 2H),
7.61(t, J=7.4Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.20 — 7.16
(m, 3H), 7.08 (d, J = 7.7 Hz, 1H), 7.03 (dd, J = 11.2, 4.3 Hz, 1H), 6.97 — 6.93 (m, 2H),
6.86 — 6.79 (m, 2H), 5.86 (s, 1H), 5.28 — 5.23 (m, 1H), 2.90 (d, J = 12.6 Hz, 1H), 2.84 —
2.79 (m, 2H), 2.74 (d, J = 12.6 Hz, 1H), 0.41 (s, 3H); *C NMR (100 MHz, CDCls): &
218.8, 213.6, 194.8, 145.0, 135.2, 134.3, 134.1, 129.5, 129.1, 129.0, 128.9, 127.9, 127.4,
126.5, 123.4, 123.3, 112.2, 74.3, 70.2, 60.3, 56.1, 55.0, 46.5, 19.2; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C,sH24NO3S 454.1471; found: 454.1471.
2-benzyl-2-methyl-10-(4-methylbenzoyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta[3,4] pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4b): The title compound 4b was

S HH o

prepared (3 h) as per the general procedure as a white
solid (89.5 mg, 96%, >20:1 dr); Rf = 0.50
< eph (EtOAc/hexane 1:9); mp 160-163 °C; *H NMR (600
©:s HH o MHz, CDCls): 6 7.96 (d, J = 8.2 Hz, 2H), 7.28 (d, J =
8.1 Hz, 2H), 7.21 — 7.17 (m, 3H), 7.07 (d, J = 7.6 Hz, 1H), 7.04 — 7.00 (m, 1H), 6.95 (dd,
J=6.4,2.9 Hz, 2H), 6.85 - 6.79 (m, 2H), 5.86 (s, 1H), 5.24 (d, J = 8.8 Hz, 1H), 2.89 (d,
J =12.7 Hz, 1H), 2.85 — 2.77 (m, 2H), 2.73 (d, J = 12.7 Hz, 1H), 2.42 (s, 3H), 0.38 (s,
3H); *C NMR (150 MHz, CDCls): & 218.9, 213.6, 194.3, 145.1, 144.9, 135.0, 131.6,
129.6, 129.4, 129.1, 128.8, 127.8, 127.1, 126.4, 123.3, 123.0, 112.0, 74.2, 70.0, 60.1,
56.0, 54.9, 46.3, 21.8, 19.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cy9H2sNO3S
468.1628; found: 468.1631.
2-benzyl-10-(4-methoxybenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4c): The title compound 4c was

H3;C

prepared (3 h) as per the general procedure as a white sticky solid (85.9 mg, 89%, >20:1
dr); R; = 0.40 (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls): § 8.07 (d, J = 8.9 Hz,
2H), 7.24 —7.19 (m, 3H), 7.10 (d, J = 7.6 Hz, 1H), 7.06 — 7.03 (m, 1H), 6.98 (dd, J = 9.2,
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2.8 Hz, 4H), 6.87 — 6.81 (m, 2H), 5.86 (s, 1H), 5.26 (d,
J = 9.1 Hz, 1H), 3.90 (s, 3H), 2.91 (d, J = 12.7 Hz,
1H), 2.88 — 2.78 (m, 2H), 2.75 (d, J = 12.7 Hz, 1H),
0.40 (s, 3H); °C NMR (125 MHz, CDCls): § 219.1,
213.7,193.1, 164.2, 144.9, 135.0, 131.4, 129.3, 128.8,
127.7, 127.1, 127.0, 126.4, 123.3, 123.0, 114.1, 114.1, 114.1, 111.9, 74.2, 69.8, 60.2,
55.9, 55.6, 55.0, 46.3, 19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cy9H2sNO4S
484.1577; found: 484.1575.
2-benzyl-10-(4-fluorobenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4d): The title compound 4d was

H;CO

prepared (2.5 h) as per the general procedure as a white

solid (83.8 mg, 89%, >20:1 dr); Rf = 0.45 (EtOAc/hexane
ph  1:9); mp 180-182 °C; 'H NMR (600 MHz, CDCl3): 5 8.10
s"HH § (dd, J = 8.7, 5.4 Hz, 2H), 7.23 — 7.19 (m, 3H), 7.17 (t, J =
8.5 Hz, 2H), 7.10 (d, J = 7.6 Hz, 1H), 7.04 (t, J = 7.7 Hz, 1H), 6.96 (dd, J = 6.2, 2.7 Hz,
2H), 6.86 (t, J = 7.5 Hz, 1H), 6.79 (d, J = 8.0 Hz, 1H), 5.80 (s, 1H), 5.22 (dd, J = 5.5, 3.5
Hz, 1H), 2.90 (d, J = 12.7 Hz, 1H), 2.82 — 2.78 (m, 2H), 2.74 (d, J = 12.7 Hz, 1H), 0.40
(s, 3H); *C NMR (125 MHz, CDCls): 5 218.8, 213.4, 193.1, 167.2, 165.2, 144.7, 135.0,
131.8 (d, J = 10 Hz), 130.5, 129.3, 128.8, 127.8, 127.2, 126.5, 123.3 (d, J = 16.2 Hz),
116.1 (d, J=21.2 Hz), 112.0, 74.2, 70.1, 60.2, 55.8, 54.8, 46.4, 19.1; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C,gH23FNOsS 472.1377; found: 472.1376.
2-benzyl-10-(4-chlorobenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4e): The title compound 4e was

prepared (3 h) as per the general procedure as a light
yellow solid (91.5 mg, 94%, >20:1 dr); Rf = 0.45

‘Meph (EtOAc/hexane 1:9); mp 172-175 °C; 'H NMR (600
©:s HH O MHz, CDCls): 5 8.00 (d, J = 8.6 Hz, 2H), 7.46 (d, J = 8.6
Hz, 2H), 7.22 — 7.17 (m, 3H), 7.09 (d, J = 7.5 Hz, 1H), 7.03 (t, J = 7.7 Hz, 1H), 6.95 (dd,
J=6.2,2.7 Hz, 2H), 6.85 (t, J = 7.5 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 5.78 (s, 1H), 5.22
—5.17 (m, 1H), 2.90 (d, J = 12.7 Hz, 1H), 2.79 (d, J = 5.2 Hz, 2H), 2.74 (d, J = 12.7 Hz,

Cl
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1H), 0.40 (s, 3H); *C NMR (125 MHz, CDCls): § 218.7, 213.4, 193.6, 144.7, 140.6,
135.0, 132.4, 130.4, 129.3, 129.2, 128.8, 127.8, 127.2, 126.5, 123.4, 123.3, 112.0, 74.2,
70.1, 60.2, 55.8, 54.7, 46.4, 19.1;, HRMS (ESI-TOF) m/z: [M+H]® Calcd for
CasH23CINOSS 488.1082; found: 488.1084.
2-benzyl-10-(4-bromobenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4f): The title compound 4f was
prepared (2.5 h) as per the general procedure as a brown
solid (101.9 mg, 96%, >20:1 dr); Ry = 044
{pn (EtOAcihexane 1:9); mp 125127 °C; *H NMR (600
©:s HH O MHz, CDCl3): 6 7.92 (d, J=8.6 Hz, 2H), 7.63 (d, J = 8.6
Hz, 2H), 7.21 - 7.17 (m, 3H), 7.08 (d, J = 7.6 Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 6.95 (dd,
J=6.3,2.9 Hz, 2H), 6.85 (t, J = 7.5 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 5.78 (s, 1H), 5.21
—5.16 (m, 1H), 2.89 (d, J = 12.7 Hz, 1H), 2.81 — 2.77 (m, 2H), 2.73 (d, J = 12.7 Hz, 1H),
0.39 (s, 3H); °C NMR (150 MHz, CDCl5): § 218.7, 213.3, 193.8, 148.7, 144.7, 135.0,
132.8, 132.2, 130.5, 129.7, 129.4, 129.3, 128.8, 128.4, 127.8, 127.3, 126.5, 123.4, 123.3,
112.0, 74.2, 70.1, 60.2, 55.8, 54.7, 46.4, 19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd
for CygH23BrNO3S 532.0577; found: 532.0582.
2-benzyl-2-methyl-10-(4-nitrobenzoyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4] pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4g): The title compound 4g was

Br

prepared (3 h) as per the general procedure as a yellow

solid (69.7 mg, 70%, >20:1 dr); Ry = 0.35

N Me i (EtOAc/hexane 1:9); mp 188-190 °C; *H NMR (600

©:s 1S MHz, CDCls): 6 8.35 (d, J = 8.8 Hz, 2H), 8.23 (d, J =

8.9 Hz, 2H), 7.25 — 7.20 (m, 3H), 7.13 (d, J = 7.6 Hz,

1H), 7.08 (t, J = 7.2 Hz, 1H), 6.98 (dd, J = 6.4, 2.8 Hz, 2H), 6.90 (t, J = 7.5 Hz, 1H), 6.83

(d, J = 8.0 Hz, 1H), 5.82 (s, 1H), 5.16 (d, J = 8.5 Hz, 1H), 2.93 (d, J = 12.7 Hz, 1H), 2.86

—2.80 (m, 2H), 2.77 (d, J = 12.7 Hz, 1H), 0.42 (s, 3H); *C NMR (150 MHz, CDCl5): &

218.5, 213.0, 193.4, 150.7, 144.3, 138.7, 134.9, 130.1, 129.3, 128.8, 127.8, 127.3, 126.6,

124.0, 123.7, 123.6, 112.0, 74.1, 70.5, 60.2, 55.7, 54.4, 46.5, 19.1; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for CgH23N,05S 499.1322; found: 499.1321.
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10-([1,1'-biphenyl]-4-carbonyl)-2-benzyl-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo-
[d]cyclopenta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4h): The title compound 4h
was prepared (2.5 h) as per the general procedure as a
white solid (88.8 mg, 84%, >20:1 dr); Rf = 0.48
(EtOAc/hexane 1:9); mp 198-200 °C; 'H NMR (600
MHz, CDCls): & 8.14 (d, J = 8.3 Hz, 2H), 7.71 (d, J =
8.3 Hz, 2H), 7.63 (d, J = 7.4 Hz, 2H), 7.48 (t, J = 7.6 Hz,
2H), 7.42 (t, J = 7.3 Hz, 1H), 7.22 — 7.17 (m, 3H), 7.09 (d, J = 7.6 Hz, 1H), 7.04 (t, J =
7.6 Hz, 1H), 6.97 (dd, J = 5.9, 3.0 Hz, 2H), 6.85 (dd, J = 7.5, 5.0 Hz, 2H), 5.90 (s, 1H),
5.26 (d, J =9.0 Hz, 1H), 2.90 (d, J = 12.7 Hz, 1H), 2.88 — 2.81 (m, 2H), 2.75 (d, J = 12.7
Hz, 1H), 0.41 (s, 3H); *C NMR (100 MHz, CDCls): § 218.9, 213.6, 194.2, 146.7,
144.8, 139.5, 135.0, 132.7, 129.6, 129.4, 129.1, 128.8, 128.5, 127.8, 127.5, 127.3, 127.2,
126.4, 123.4, 123.2, 112.0, 74.2, 70.1, 60.2, 55.9, 54.8, 46.4, 19.2; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C34H2sNO3S 530.1784; found: 530.1780.
2-benzyl-10-(3-methoxybenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4i): The title compound 4i was

S HH o

H,CO prepared (2.5 h) as per the general procedure as a white
solid (91.7 mg, 95%, >20:1 dr); Rf = 0.41 (EtOAc/hexane
1:9); mp 152-155 °C; *H NMR (600 MHz, CDCls): § 7.70
(d, J = 7.7 Hz, 1H), 7.59 — 7.57 (m, 1H), 7.42 (t, J = 8.0
©:s HH O Hz, 1H), 7.22 — 7.16 (m, 4H), 7.09 (d, J = 7.6 Hz, 1H),
7.03 (t, J=7.7 Hz, 1H), 6.97 (dd, J = 6.1, 3.1 Hz, 2H), 6.85 (t, J = 7.5 Hz, 1H), 6.82 (d, J
= 8.0 Hz, 1H), 5.86 (s, 1H), 5.31 (d, J = 8.9 Hz, 1H), 3.87 (s, 3H), 2.92 (d, J = 12.7 Hz,
1H), 2.83 (dt, J = 11.0, 10.4 Hz, 2H), 2.76 (d, J = 12.7 Hz, 1H), 0.45 (s, 3H); 1*C NMR
(100 MHz, CDCl3): & 218.7, 213.5, 194.5, 159.9, 144.9, 135.3, 135.0, 129.9, 129.3,
128.8, 127.8, 127.2, 126.4, 123.3, 123.2, 121.5, 120.8, 112.9, 112.1, 74.3, 70.2, 60.2,
55.9, 55.5, 55.0, 46.3, 19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cy9H2sNO4S
484.1577; found: 484.1573.
2-benzyl-10-(2-methoxybenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4j): The title compound 4j was
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prepared (3 h) as per the general procedure as a light yellow
sticky solid (92.7 mg, 96%, >20:1 dr); Ry = 0.40
(EtOAc/hexane 1:9); *H NMR (600 MHz, CDCls5): & 7.64 (d,
J = 6.0 Hz, 1H), 7.54 — 7.50 (m, 1H), 7.23 — 7.19 (m, 3H),
7.01 (ddd, J = 24.1, 11.4, 5.2 Hz, 6H), 6.78 (t, J = 7.4 Hz,
1H), 6.70 (d, J = 8.0 Hz, 1H), 6.07 (s, 1H), 5.26 (dd, J = 5.7, 3.5 Hz, 1H), 4.00 (s, 3H),
2.91 (d, J = 12.7 Hz, 1H), 2.83 — 2.80 (m, 2H), 2.73 (d, J = 12.7 Hz, 1H), 0.42 (s, 3H);
3C NMR (100 MHz, CDCls): § 218.2, 214.0, 198.1, 158.6, 145.4, 135.2, 134.6, 131.2,
129.3, 129.3, 128.7, 127.7, 126.6, 126.1, 125.3, 122.8, 122.5, 121.0, 112.4, 111.5, 73.9,
73.4, 60.0, 56.2, 55.7, 54.8, 46.3, 19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
CaoH26NO,S 484.1577; found: 484.1577.
2-benzyl-10-(2-fluorobenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4k): The title compound 4k was

prepared (3 h) as per the general procedure as a yellow solid
(78.1 mg, 83%, 10:1 dr); Rf = 0.45 (EtOAc/hexane 1:9); mp
170-172 °C; *H NMR (600 MHz, CDCls): & 7.83 (td, J = 7.7,
1.6 Hz, 0.13H), 7.79 (td, J = 7.7, 1.7 Hz, 1H), 7.55 (td, J =
S HH o 7.5, 1.6 Hz, 1H), 7.23 (dd, J = 8.9, 5.6 Hz, 5H), 7.13 (dd, J =
11.1, 8.4 Hz, 1H), 7.02 (dd, J = 13.5, 7.4 Hz, 2H), 6.99 — 6.95 (m, 2H), 6.85 (dd, J = 8.0,
2.4 Hz, 1H), 6.81 (t, J = 7.5 Hz, 1H), 5.91 (d, J = 6.8 Hz, 0.11H), 5.87 (d, J = 2.0 Hz,
1H), 5.11 (d, J = 4.2 Hz, 0.1H), 4.93 (d, J = 9.5 Hz, 1H), 3.08 (t, J = 5.6 Hz, 0.20H), 2.97
(d, J=10.3 Hz, 1H), 2.94 (d, J = 13.2 Hz, 0.17H), 2.87 (d, J = 12.6 Hz, 1H), 2.72 (dd, J
= 16.2, 6.4 Hz, 2H), 1.43 (d, J = 11.4 Hz, 04H), 0.30 (s, 3H); **C NMR (100 MHz,
CDCl3): 8 218.7,213.6, 194.0 (d, J =5 Hz), 161.9 (d, J = 253 Hz), 144.8, 135.6 (d,J =9
Hz), 135.1, 131.3, 129.4, 128.8, 127.7, 126.6, 126.5, 124.8 (d, J = 3 Hz), 123.2, 123.1,
123.0, 116.9, 116.7, 112.8 (d, J = 5 Hz), 73.6, 73.1 (d, J = 6 Hz), 60.1, 55.8, 54.0, 46.5,
19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CagHx:FNOsS 472.1377; found:
472.1382.
2-benzyl-10-(3,4-dichlorobenzoyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4l): The title compound 4l was

prepared as (3 h) per the general procedure as a white sticky solid (100 mg, 96%, >20:1
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dr); R = 0.46 (EtOAc/hexane 1:9); *H NMR (600 MHz,
CDCl3): 6 8.12 (d, J = 1.9 Hz, 1H), 7.89 (dd, J = 8.4, 2.0
Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.20 (dd, J = 4.8, 1.5
Hz, 3H), 7.09 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 7.7 Hz,
s HH B 1H), 6.95 (dd, J = 6.4, 2.8 Hz, 2H), 6.86 (t, J = 7.5 Hz,
1H), 6.78 (d, J = 8.0 Hz, 1H), 5.72 (s, 1H), 5.19 (d, J = 9.0 Hz, 1H), 2.91 (d, J = 12.7 Hz,
1H), 2.82 — 2.78 (m, 1H), 2.77 — 2.72 (m, 2H), 0.42 (s, 3H); *C NMR (100 MHz,
CDCly): 6 218.4, 213.1, 192.7, 148.7, 144.6, 138.7, 134.9, 133.6, 133.6, 131.0, 129.3,
128.8, 127.9, 127.8, 127.4, 126.5, 123.5, 1235, 112.1, 74.2, 70.2, 60.2, 55.7, 54.6, 46.4,
19.0; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CygH2,CI,NO3sS 522.0692; found:
522.0691.
10-(2-naphthoyl)-2-benzyl-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4m): The title compound 4m was

prepared (3 h) as per the general procedure as a red solid
(95.7 mg, 95%, >20:1 dr); R; = 0.50 (EtOAc/hexane 1:9);
mp 160-162 °C; 'H NMR (600 MHz, CDCls): & 8.69 (s,
1H), 8.07 (dd, J = 8.6, 1.6 Hz, 1H), 8.00 (d, J = 8.1 Hz,
1H), 7.92 (dd, J = 15.7, 8.4 Hz, 2H), 7.66 (t, J = 7.5 Hz,
1H), 7.61 — 7.59 (m, 1H), 7.16 — 7.11 (m, 4H), 7.08 (t, J = 7.7 Hz, 1H), 6.97 (dd, J = 7.2,
1.9 Hz, 2H), 6.92 (d, J = 7.9 Hz, 1H), 6.88 (t, J = 7.5 Hz, 1H), 6.03 (s, 1H), 5.37 (dd, J =
6.3, 2.7 Hz, 1H), 2.94 (d, J = 12.6 Hz, 1H), 2.91 — 2.88 (m, 2H), 2.78 (d, J = 12.7 Hz,
1H), 0.49 (s, 3H); *C NMR (100 MHz, CDCly): § 218.7, 213.5, 194.7, 145.1, 135.9,
135.0, 132.4, 131.3, 131.2, 129.9, 129.3, 129.2, 128.8, 127.8, 127.7, 127.4, 127.1, 126.4,
124.1, 123.3, 123.2, 112.2, 74.4, 70.3, 60.2, 56.0, 55.2, 46.4, 19.1; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C3,H2sNO3S 504.1628; found: 504.1628.
2-benzyl-2-methyl-10-(thiophene-2-carbonyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione  (4n):
The title compound 4n was prepared (3.5 h) as per the general

ph procedure as a white solid (87.2 mg, 95%, >20:1 dr); R =
0.48 (EtOAc/hexane 1:9); mp 156-158 °C; 'H NMR (600
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MHz, CDCls): § 7.99 (d, J = 3.8 Hz, 1H), 7.70 (d, J = 4.9 Hz, 1H), 7.24 — 7.21 (m, 3H),
7.18 —7.16 (m, 1H), 7.09 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 7.3 Hz, 1H), 6.97 (dd, J = 6.3,
3.0 Hz, 2H), 6.85 (t, J = 7.5 Hz, 1H), 6.79 (d, J = 8.0 Hz, 1H), 5.62 (s, 1H), 5.25 (d, J =
9.4 Hz, 1H), 2.92 (dd, J = 20.8, 11.5 Hz, 2H), 2.80 (t, J = 9.9 Hz, 1H), 2.75 (d, J = 12.7
Hz, 1H), 0.40 (s, 3H); *C NMR (125 MHz, CDCls): § 218.6, 213.5, 188.0, 144.8,
140.0, 135.4, 135.0, 134.2, 129.4, 128.8, 128.5, 127.8, 127.0, 126.4, 123.2, 112.1, 74.2,
71.3, 60.1, 55.8, 54.7, 46.3, 19.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
C26H22NO3S; 460.1036; found: 460.1044.
10-benzoyl-2-methyl-2-(4-methylbenzyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta [3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (40): The title compound 40 was
prepared (2.5 h) as per the general procedure as a
white solid (80.3 mg, 86%, >20:1 dr); Rt = 0.50
@ i (EtOAc/hexane 1:9); mp 146-148 °C; *H NMR (600
S HH o MHz, CDCly): 6 8.07 (d, J = 7.4 Hz, 2H), 7.62 (t, J
=7.4 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.08 (d, J = 7.6 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H),
6.96 (d, J = 7.7 Hz, 2H), 6.83 (dt, J = 10.2, 8.2 Hz, 4H), 5.86 (s, 1H), 5.28 (d, J = 8.4 Hz,
1H), 2.84 (dt, J = 13.7, 6.6 Hz, 3H), 2.70 (d, J = 12.7 Hz, 1H), 2.23 (s, 3H), 0.41 (s, 3H);
¥C NMR (100 MHz, CDCly): 6 218.7, 213.6, 194.8, 145.0, 137.4, 134.1, 134.0, 131.9,
129.4,129.2,129.0, 128.9, 127.3, 126.4, 123.3, 123.2, 112.2, 74.2, 70.1, 60.2, 55.9, 55.0,
46.0, 21.0, 19.0; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CagH,6NOsS 468.1628;
found: 468.1630.
10-benzoyl-2-(4-fluorobenzyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4p): The title compound 4p was

prepared (2.5 h) as per the general procedure as a
white solid (84.8 mg, 90%, >20:1 dr); Rt = 0.45
@ \ (EtOAc/hexane 1:9); mp 161-164 °C; *H NMR (600

S HH 0o MHz, CDCl5): 4 8.07 (d, J =8.1 Hz, 2H), 7.62 (t, J =
7.4 Hz, 1H), 7.50 (dd, J = 11.0, 4.6 Hz, 2H), 7.08 (d, J = 7.6 Hz, 1H), 7.05 — 7.01 (m,
1H), 6.92 — 6.86 (m, 4H), 6.86 — 6.81 (m, 2H), 5.90 (s, 1H), 5.25 (d, J = 9.3 Hz, 1H),
2.94 (d, J = 10.4 Hz, 1H), 2.87 — 2.82 (m, 2H), 2.71 (d, J = 12.9 Hz, 1H), 0.35 (s, 3H);
3C NMR (100 MHz, CDCls): & 218.8, 213.4, 194.5, 163.4, 160.9, 144.7, 134.1, 134.1,
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131.0, 130.9, 130.8, 129.0, 128.9, 127.1, 126.5, 123.4, 123.2, 115.8, 115.6, 111.9, 74.2,
70.1, 59.9, 55.9, 54.7, 45.2, 19.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
CogH23FNO3S 472.1377; found: 472.1377.
10-benzoyl-2-(4-chlorobenzyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4q): The title compound 4q was
prepared (3 h) as per the general procedure as a white
solid (925 mg, 95%, >20:1 dr); Ry = 0.44
@ (EtOAc/hexane 1:9); mp 166-168 °C; *H NMR (600
S HH o MHz, CDCl5): 6 8.10 (d, J = 7.4 Hz, 2H), 7.64 (t, J =
7.4 Hz, 1H), 7.52 (t, J = 7.7 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 7.6 Hz, 1H),
7.05 (t, J=7.7 Hz, 1H), 6.89 (d, J = 8.2 Hz, 2H), 6.88 — 6.84 (m, 2H), 5.92 (s, 1H), 5.28
(d, J =9.3 Hz, 1H), 3.00 (d, J = 10.4 Hz, 1H), 2.92 — 2.84 (m, 2H), 2.71 (d, J = 12.9 Hz,
1H), 0.37 (s, 3H); °C NMR (125 MHz, CDCly): § 218.6, 213.2, 194.5, 144.7, 134.1,
134.1, 133.7, 133.5, 130.8, 129.0, 128.9, 127.1, 126.5, 123.4, 123.2, 111.9, 74.2, 70.2,
59.8, 55.9, 54.7, 45.1, 19.3; HRMS (ESI-TOF) m/z: [M+H]" Calcd for C,sH,3CINO3S
488.1082; found: 488.1085.
10-benzoyl-2-methyl-2-(3-methylbenzyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4r): The title compound 4r was

0 prepared (3 h) as per the general procedure as a white
solid (80.3 mg, 86%, >20:1 dr); Ry = 0.52
(EtOAc/hexane 1:9); mp 142-145 °C; *H NMR (600
MHz, CDCls): 6 8.10 (d, J = 7.5 Hz, 2H), 7.64 (t, J =
7.4 Hz, 1H), 7.52 (t, J = 7.8 Hz, 2H), 7.11 — 7.02 (m, 3H), 7.00 (d, J = 8.4 Hz, 1H), 6.88
— 6.81 (m, 2H), 6.76 (d, J = 8.5 Hz, 2H), 5.90 (s, 1H), 5.30 (dd, J = 6.4, 2.7 Hz, 1H),
2.88 (d, J = 12.6 Hz, 1H), 2.85 — 2.81 (m, 2H), 2.72 (d, J = 12.6 Hz, 1H), 2.21 (s, 3H),
0.44 (s, 3H); *C NMR (100 MHz, CDCls): § 218.7, 213.5, 194.7, 145.0, 138.4, 134.9,
134.0, 130.0, 129.0, 128.9, 128.7, 128.5, 127.2, 126.4, 126.3, 123.3, 123.1, 112.1, 74.3,
70.1, 60.2, 55.9, 55.1, 46.4, 21.2, 19.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
Ca9H26NO3S 468.1628; found: 468.1633.

S HH o CHs
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10-benzoyl-2-(3-methoxybenzyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4s): The title compound 4s was
0 prepared (2.5 h) as per the general procedure as a
brown solid (87.9 mg, 91%, >20:1 dr); R = 0.39
(EtOAc/hexane 1:9); mp 104-106 °C; 'H NMR
OCHs (600 MHz, CDCly): 5 8.08 (d, J = 7.7 Hz, 2H), 7.62
(t, J=7.4Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.09 (t, J = 7.9 Hz, 2H), 7.03 (t, J = 7.7 Hz,
1H), 6.84 (t, J = 7.5 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.71 (dd, J = 8.2, 2.3 Hz, 1H),
6.53 (d, J = 7.5 Hz, 1H), 6.48 (s, 1H), 5.89 (s, 1H), 5.30 — 5.27 (m, 1H), 3.69 (s, 3H),
2.90 — 2.86 (m, 3H), 2.71 (d, J = 12.6 Hz, 1H), 0.40 (s, 3H); *C NMR (100 MHz,
CDCly); 6 218.7, 213.5, 194.7, 159.6, 144.9, 136.5, 134.0, 129.8, 129.0, 128.9, 127.2,
126.4, 123.3, 123.1, 121.5, 115.0, 113.1, 112.0, 74.2, 70.1, 60.0, 56.0, 55.1, 55.0, 46.4,
19.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CagHsNO,S 484.1577; found:
484.1576.
10-benzoyl-2-(3-bromobenzyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4t): The title compound 4t was

S HH o

o) prepared (2.5 h) as per the general procedure as a white
solid (80.7 mg, 76%, >20:1 dr); Ry = 045
(EtOAc/hexane 1:9); mp 146-148 °C; *H NMR (600
MHz, CDCls): 8 8.08 (d, J = 8.2 Hz, 2H), 7.63 — 7.59
(m, 1H), 7.50 (t, J = 7.0 Hz, 2H), 7.33 (d, J = 7.9 Hz, 1H), 7.11 — 7.01 (m, 4H), 6.89 —
6.80 (m, 3H), 5.93 (s, 1H), 5.26 (d, J = 9.4 Hz, 1H), 2.97 (d, J = 10.4 Hz, 1H), 2.88 (t, J
= 9.9 Hz, 1H), 2.82 (d, J = 12.8 Hz, 1H), 2.67 (d, J = 12.8 Hz, 1H), 0.35 (s, 3H). *C
NMR (150 MHz, CDCl3): & 218.3, 213.0, 194.5, 144.7, 137.3, 134.1, 134.0, 132.3,
130.9, 130.3, 129.0, 129.0, 128.0, 127.0, 126.5, 123.4, 123.2, 122.8, 111.9, 74.2, 70.2,
59.7, 55.9, 54.8, 45.2, 19.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CasH3BrNO3S
532.0577; found: 532.0578.
10-benzoyl-2-(2-chlorobenzyl)-2-methyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclo-
penta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4u): The title compound 4u was

S HH o Br

prepared (2.5 h) as per the general procedure as a white solid (92.5 mg, 95%, 18:1 dr); R¢
= 0.44 (EtOAc/hexane 1:9); mp 126-128 °C; *H NMR (600 MHz, CDCls): 6 8.19 (d, J =
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e . 7.4 Hz, 0.13H), 8.13 — 8.09 (m, 2H), 7.62 (t, J = 7.4 Hz,

o Mo 1H), 7.53 (d, J = 7.9 Hz, 0.13H), 7.50 (t, J = 7.8 Hz, 2H),

@N ‘ 7.27 (d, J = 3.6 Hz, 0.06H), 7.25 (dd, J = 7.1, 1.9 Hz, 1H),
S HH o 7.16 (d, J = 2.2 Hz, 0.14H), 7.15 — 7.11 (m, 2H), 7.08 (d,

J=7.5Hz, 0.10H), 7.04 (dd, J = 11.8, 5.2 Hz, 2H), 7.02 — 6.98 (m, 1H), 6.91 (d,J=7.9
Hz, 0.09H), 6.84 — 6.79 (m, 2H), 6.09 (s, 0.06H), 5.98 (s, 1H), 5.61 (d, J = 9.3 Hz,
0.06H), 5.37 (d, J = 9.3 Hz, 1H), 3.97 (d, J = 10.8 Hz, 0.06H), 3.60 (t, J = 9.7 Hz,
0.06H), 3.51 (dd, J = 10.4, 0.6 Hz, 1H), 3.28 — 3.23 (m, 1H), 3.02 — 2.95 (m, 2H), 1.01
(s, 0.18H), 0.46 (s, 3H); *C NMR (100 MHz, CDCly): & 216.1, 211.7, 195.0, 145.0,
134.4,134.1, 134.0, 132.6, 132.2, 129.9, 129.2, 129.1, 129.1, 129.0, 128.9, 127.4, 126.9,
126.4, 123.2, 123.2, 112.6, 74.5, 70.2, 58.5, 55.3, 54.4, 41.2, 17.8; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C,sH23CINO3S 488.1082; found: 488.1082.
10-benzoyl-2-methyl-2-(naphthalen-2-ylmethyl)-3a,3b,10,10a-tetrahydro-1H-benzo[d]-
cyclopenta[3,4]pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4v): The title compound 4v was
prepared (3 h) as per the general procedure as a white
solid (90.5 mg, 90%, >20:1 dr); Ry = 0.48
(EtOAc/hexane 1:9); mp 148-150 °C; *H NMR (600
MHz, CDCls3): 6 8.02 (d, J = 7.4 Hz, 2H), 7.74 (dd, J
= 5.9, 3.4 Hz, 1H), 7.70 — 7.64 (m, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.48 — 7.41 (m, 5H),
7.09 (d, J = 7.4 Hz, 1H), 7.07 — 7.01 (m, 2H), 6.87 — 6.80 (m, 2H), 5.88 (s, 1H), 5.23 (d,
J=9.2 Hz, 1H), 3.05 (d, J = 12.8 Hz, 1H), 2.91 (d, J = 12.8 Hz, 1H), 2.84 (d, J = 10.4
Hz, 1H), 2.80 — 2.75 (m, 1H), 0.46 (s, 3H); *C NMR (100 MHz, CDCl;): 5 218.8,
213.5,194.5, 144.9, 134.0, 133.2, 132.5, 128.9, 128.8, 128.5, 128.3, 127.7, 127.7, 127.2,
127.1, 126.5, 126.4, 126.2, 123.4, 123.2, 112.0, 74.3, 70.1, 60.2, 55.8, 54.9, 46.4, 19.4;
HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cs;H2sNOsS 504.1628; found: 504.1631.
10-benzoyl-2-methyl-2-phenyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclopenta[3,4]-
pyrrolo[2,1-b]thiazole-1,3(2H)-dione  (4w):  The title

compound 4w was prepared (3 h) as per the general

procedure as a brown sticky solid (66.7 mg, 76%, >20:1 dr);
Rf = 0.60 (EtOAc/hexane 1:9); *H NMR (600 MHz, CDCl5):
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8 8.16 (d, J = 7.4 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.8 Hz, 2H), 7.33 — 7.28
(m, 3H), 7.15 (dd, J = 13.4, 7.5 Hz, 3H), 7.06 (t, J = 7.6 Hz, 1H), 6.90 (t, J = 7.4 Hz,
2H), 6.73 (d, J = 8.8 Hz, 1H), 6.06 (s, 1H), 5.59 (d, J = 8.9 Hz, 1H), 3.95 (dd, J = 10.5,
1.2 Hz, 1H), 3.68 (dd, J = 10.3, 9.2 Hz, 1H), 0.90 (s, 3H); **C NMR (100 MHz, CDCl5):
0 213.4, 209.0, 1954, 145.7, 136.5, 134.2, 132.4, 129.5, 129.1, 129.0, 128.3, 128.2,
126.3, 126.3, 123.7, 123.2, 117.2, 113.6, 75.0, 69.8, 62.8, 55.0, 54.0, 20.4; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for Cy7H2,NOsS 440.1315; found: 440.1312.
2-allyl-10-benzoyl-2-methyl-3a,3b,10,10a-tetrahydro-1H-
benzo[d]cyclopenta[3,4]-pyrrolo[2,1-b]thiazole-1,3(2H)-

Me dione (4x): The title compound 4x was prepared (2.5 h) as
O:S T \  per the general procedure as a brown sticky solid (70.1 mg,
87%, >20:1 dr); R; = 0.58 (EtOAc/hexane 1:9); *H NMR
(600 MHz, CDCls): & 8.16 (d, J = 7.3 Hz, 2H), 7.64 (t, J = 7.4 Hz, 1H), 7.53 (t, J = 7.8
Hz, 2H), 7.09 (d, J = 7.7 Hz, 1H), 7.04 (t, J = 7.7 Hz, 1H), 6.85 (t, J = 7.6 Hz, 2H), 6.02
(s, 1H), 5.54 (dq, J = 10.0, 7.6 Hz, 1H), 5.42 (d, J = 9.3 Hz, 1H), 5.09 (d, J = 9.8 Hz,
1H), 5.03 (d, J = 15.9 Hz, 1H), 3.80 (d, J = 10.3 Hz, 1H), 3.40 (t, J = 9.8 Hz, 1H), 2.28 —
2.25 (m, 1H), 2.17 (dd, J = 13.1, 7.9 Hz, 1H), 0.32 (s, 3H); *C NMR (150 MHz,
CDCly): 6 217.6, 212.3, 194.9, 144.9, 134.1, 130.8, 129.1, 129.0, 127.2, 126.4, 123.3,
123.2, 120.5, 112.1, 74.4, 70.2, 58.2, 55.4, 54.4, 43.4, 17.6; HRMS (ESI-TOF) m/z:
[M+H]" Caled for C4H22NO3S 404.1315; found: 404.1312.
10-benzoyl-2-methyl-2-propyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclopenta[3,4]-
pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4y): The title compound 4y was prepared (2 h) as
per the general procedure as a light yellow sticky solid (68.8
mg, 85%, 8:1 dr); R = 0.56 (EtOAc/hexane 1:9); *H NMR of
©: ‘ major diastereomer (600 MHz, CDCl5): 6 8.20 (dd, J = 8.3,
S HH 0o 1.1 Hz, 2H), 7.66 (dd, J = 10.6, 4.3 Hz, 1H), 7.55 (t, J = 7.8
Hz, 2H), 7.11 (dd, J = 7.9, 1.1 Hz, 1H), 7.07 — 7.04 (m, 1H), 6.88 — 6.84 (m, 2H), 6.05
(s, 1H), 5.50 (d, J = 9.3 Hz, 1H), 3.91 (dd, J = 10.3, 1.1 Hz, 1H), 3.54 — 3.49 (m, 1H),
1.52 — 1.42 (m, 2H), 1.23 — 1.15 (m, 2H), 0.83 (t, J = 7.3 Hz, 3H), 0.37 (s, 3H); *C
NMR (150 MHz, CDCl3): 6 217.9, 212.6, 195.0, 145.0, 134.2, 134.1, 129.2, 129.0,
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127.2, 126.3, 123.2, 123.2, 112.2, 74.5, 70.3, 57.9, 55.3, 54.1, 41.2, 17.9, 17.3, 14.1;
HRMS (ESI-TOF) m/z: [M+H]" Calcd for C,4H2NO3S 406.1471; found: 406.1443.
10-benzoyl-2-benzyl-2-ethyl-3a,3b,10,10a-tetrahydro-1H-benzo[d]cyclopenta[3,4]-
pyrrolo[2,1-b]thiazole-1,3(2H)-dione (4z): The title compound 4z was prepared (2.5 h)
as per the general procedure as a white solid (65.3 mg,
70%, >20:1 dr); Ry = 0.50 (EtOAc/hexane 1:9); mp 106-
@ 108 °C; *H NMR (600 MHz, CDCls): 6 8.10 (d, J = 7.3

S HH o Hz, 2H), 7.64 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.8 Hz, 2H),
7.22 —7.19 (m, 3H), 7.06 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 7.7 Hz, 1H), 6.98 (dd, J = 6.4,
2.9 Hz, 2H), 6.84 (t, J = 7.3 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 5.83 (s, 1H), 5.36 (d, J =
8.9 Hz, 1H), 3.01 (d, J = 12.6 Hz, 1H), 2.86 — 2.79 (m, 3H), 0.99 (dq, J = 14.9, 7.5 Hz,
1H), 0.77 (dg, J = 14.7, 7.5 Hz, 1H), 0.56 (t, J = 7.5 Hz, 3H); *C NMR (125 MHz,
CDCly): 6 218.6, 213.4, 195.1, 145.2, 135.4, 134.4, 134.3, 129.9, 129.3, 129.3, 129.2,
129.1, 128.0, 127.4, 126.6, 123.4, 123.0, 111.5, 74.2, 70.0, 64.0, 56.6, 55.3, 43.8, 27.7,
8.0, HRMS (ESI-TOF) m/z: [M+H]" Calcd for CyoHzsNO3S 468.1628; found:
468.1630.
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4.10 Selected spectra of products
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4.10 COSY and NOESY spectra for stereochemistry of product 7
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Chapter 5

Synthesis of Heterocyclic Molecules by Denitration of
a-Nitroketones

o Ph oo
w up to 84% vyield
EtO \ R upto>20:1dr
/N—O 5 examples
@O R = alkyl
0O
EtO NO | DIPEA (2 equiv)
| CHaCN, rt, 24 h
R? Ph R
(o) Ar 0
3 —
NC R o R® CN o) NO, o A o
DBU (1 equiv) /U\/NOQ DIPEA (2 equiv)
| < R N
0. R RT N\ R
R CHClIs, rt, 30 min CH3CN, rt, 36-72 h N-O
up to 92% yield 28 examples _ 18 examples up to 80% yield
up to >20:1 dr R =aryl, alkyl up to >20:1 rr
R = aryl
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Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

5.1 Introduction

As per name, o-nitroketones' has two electron withdrawing functionalities, one is
carbonyl group, and the other is nitro group at the a-carbon adjacent to the carbonyl
group. Because of the two electron withdrawing groups, it serves as excellent Michael
donor in the primary step. Other two functionalities show their versatile nature
depending on the opponent reactive partners (Figure 5.1).2¢ The flexible nature of a-
nitroketones made it more applicable starting material in many organic synthesis.

6. C3-donor, C3-acceptor sites

5. C3-donor, C2-acceptor sites U
10" O
Il .
4. C3-donor, O1-donor sites &—— R)K/NAO@ —>1. O5-donor, C3-acceptor sites
2,39 s
3. C2-C3 bond cleavage ﬂ

2. C3 donor site

Figure 5.1: Flexible reactive sites of a-nitroketones.

a-Nitroketones serve as important building blocks for a range of valuable synthetic
transformations.”® Herein, we have shown transformation of a-nitroketones to isoxazole
and dihydrofuran via base mediated denitration strategy.

Isoxazoles, important five-membered aromatic heterocycles, are often found in natural
products and biologically active compounds as well as used as building blocks in organic
synthesis.* In particular, 3,4,5-trisubstituted oxazoles have drawn attention in view of
their biological activities® such as activation of PPARS, BET protein antagonism,
antibacterial and antifugal activities and inhibition of casein kinase (Figure 5.2). These
bioactivities have prompted the development for the synthesis of a variety of

trisubstituted isoxazoles.®

Substituted dihydrofurans are also one class of important heterocycles frequently found
in numerous natural products (e.g., azadirachtin, austocystin D, etc.) and in a number of
pharmaceuticals (e.g., aflatoxin B1, clerodin, etc.). In addition they display important
biological activities, and are extensively applied in the pharmaceutical industry (Figure
5.2).”® Due to their diverse applications in organic synthesis, a large number of synthetic

chemists became interested to develop many synthetic methodologies.’
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SO,NH, é
R
o S@@ L
O SN HO TN
N~ g
N CHs N
N~g N R =Cl, Br
(0]
valdecoxib )
| Pe
(nonsteroidal anti-inflammatory drug) (antibacterial agent) (inhibitor of tumer cell migration)
| \ CH3 OH O O O H
IC5q (CKd) .
0.23 uM (90%) (cyclooxygenase-1 inhibitor) austocystin D aflatoxin B4

Figure 5.2: Selective examples of bioactive heterocyclic compounds containing
isoxazole and dihydrofuran moieties.

Nitro compounds can be considered as versatile building blocks in organic synthesis.
Due to the activating effect of the nitro group and its facile transformations into various
functionalities, importance of nitro compounds has been extended in the preparation of
complex molecules.*®

5.2 Known strategies for Michael and acyl transfer reactions

Recently, a variety of methods have been developed for the highly enantioselective
Michael addition’**? reactions of nitroalkanes and nitro-esters with a,f-unsaturated
systems.™® However as an active nucleophilic reagent, a-nitroketones were less explored.
Previously, few groups independently have disclosed the organocatalytic asymmetric
conjugate addition of a-nitroketones followed by acyl transfer reaction. Our group also
contributed well to the asymmetric acyl transfer zone.™

For example, Wang et al. reported bifunctional indane amine-thiourea catalyzed
asymmetric organocatalytic Michael and hemiketalization followed by retro-aldol
reaction between f,y-unsaturated ketoesters and a-nitroketones (Scheme 5.1).%* Similar

protocol was also utilized by Yan and Kwong groups.®**%
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CF3
Os_OR?® Os_OR3_NO,
0 catalyst (10 mol%) I/r s
E—— X
NO, * 152
R1J\/ 2 9 1,2-DCE, 0°C i R NJ\H CFs
] R? R'"” "O H
R =alkyl, aryl  R? = alkyl, aryl up to 99% yield catalyst
R3 = Et, Me up to 97% ee

Scheme 5.1: Indane derived thiourea catalyzed Michael/acyl transfer reaction

Our group demonstrated the synthesis of highly enantioselective 3-acyloxy pyrazoles via

Michael/hemiketalization followed by retro-aldol reaction between a-nitroketones with

unsaturated pyrazolones by using bifunctional thiourea catalyst (Scheme 5.2).1%

CF3

RZ 02
J?\/ % catalyst (10 mol%) G
NO, + \/\
! 2 o 1 N CF
R NoN PhCF3, 0 °C OCOR 3
RS R3 catalyst
R' = alkyl, aryl R? =RS = aryl up to 94% yield

up to 99% ee

Scheme 5.2: Organocatalytic asymmetric Michael/Hemiketalization/Retro-aldol reaction

In 2018, our group established an efficient methodology for the construction of highly
diastereo- and enantiopure 2,4-disubstituted chromans from 2-hydroxycinnamaldehydes
and a-nitroketones using prolinol TMS ether catalyst and benzoic acid as an additive
(Scheme 5.3). 1

Ph
7 XCHO j\/ catalyst (20 mol%) N o N Ph
R + 2 -
~F on R’ PhCO,H (20 mol%) R__ J_, | w oms
1,2-DCE, -20 °C o 0" R catalyst
= Aryl, Alkyl up to 93% yield

up to 96% ee
up to >20:1 dr

Scheme 5.3: Prolinol TMS ether catalyzed asymmetric Michael/acyl transfer reaction

In the same year, cinchona derived bifunctional squaramide catalysed another acyl
transfer sequence was developed by using a-nitroketones and y/6-hydroxyenones
(Scheme 5.4).14
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NO
o] o Q :
catalyst (10 mol%) (o)
J\/No2 + 2 NF OH __° =~ 'R "
R R n PhCHj, rt T
R = Aryl, Alkyl n=0.1 up to 93% yield
R® = Aryl up to 98% ee

Scheme 5.4: Quinine derived squaramide catalyzed Michael/acyl transfer reaction

Our group successfully explored hydroquinine derived squaramide catalysed domino

Michael/acyl transfer reaction between a-nitroketones and in situ generated ortho-

quinone methides (Scheme 5.5).:

R? FsC
R? N NO, 3 (o] o/
(0]
catalyst (10 mol%) R——
1J\/N02 + R ~ po2rh MR A /©\
R L 10% aq. NaHCO; % FiC N N
OH (50 equiv) o)\w H

N
1,2-DCE, rt up to 99% yield catalyst W

R" = Aryl, Alkyl R2 = Aryl
up to 98% ee

Scheme 5.5: Hydroquinine derived squaramide catalyzed Michael/acyl transfer reaction

5.3 Known strategies for cycloaddition and denitration reactions

Mostly nitro compounds have become corporate source of nitrile oxides since it can be
dehydrated and become important precursors in the synthesis of heterocyclic compounds
via 1,3-dipolar cycloaddition.®> Another synthetic protocol is based on the conversion of
the nitro compounds into alkyl or silyl nitronates, followed by cycloaddition/
elimination. Other methods need treatment of the nitro compounds with acylating agents
or the reagents must be heated in the presence of strong acids. Nonetheless, under
heating condition; activated nitro compounds undergo cycloaddition reaction even
without an acid catalyst.

In the reports that involve the use of acylating agents for the dehydration of nitro
compounds, several authors have proposed mechanisms in which an acyl derivative of
nitronic acid is suggested as the intermediate which collapses to nitrile oxide. But bases
could be used for the dehydration of primary nitro compounds. Machetti group

demonstrated that the use of a dehydrating agent can be avoided and tertiary diamine
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bases, such as DABCO or TMEDA promote the dehydration of the nitro compounds as a
thermodynamically favored process.™

In 2011, Itoh et al. demonstrated silica gel supported polyphosphoric acid catalysed
reaction of «-nitroacetophenone with suitable alkynes and alkenes to provide
isoxazoles/isoxazolines (Scheme 5.6).*" Similar protocol was executed by Wang and Pal
groups by using Cu(OAc),/DDQ and PEG/H,0 respectively.**® **f

o}
R
o PPA/SIO, o 1222 2 g
Jno, ———= =
NOZ )J\\ ® ' \)
R PhCHg, reflux | & SN o N
(0] R2 @)
R = Aryl R' = H, CO,Me up to 99% yield

R? = alkyl, aryl, CO,Me
Scheme 5.6: Acid catalysed cycloaddition reaction

Wu group synthesised trisubstituted isoxazoles from a-nitroketones and acetophenone
via in situ phenylglyoxal formation followed by Knoevenagel condensation and

denitration (Scheme 5.7).

o Ar. o
0 ) Cuo, I,
. 2 R 0
Ar)J\ RJVNO2 »
DMSO, 70 °C N-g" R
R = Aryl, Alkyl up to 85% yield

Scheme 5.7: Synthesis of trisubstituted isoxazoles using acetophenones

Machetti group reported a synthesis of substituted isoxazoles utilizing N-
methylpiperidine (NMP) as base and Cu(ll) catalyst through cycloaddition followed by
condensation reaction of a-nitroketone with 1,3-dicarbonyl compounds (Scheme 5.8).1°

(0]

) O O Cu(OAc),/NMP
Ph)J\/NOZ * — R
R PhcHs, 60 °C N
R = Me, Ph, OEt 0

up to 93% yield

Scheme 5.8: Cycloaddition reaction using Cu(OAc),/NMP
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Machetti group later synthesized isoxazole derivatives from primary nitro compounds

via base catalyzed cycloaddition reaction (Scheme 5.9).*

Ph" X {
R7NO, + DABCO/NMI — N
-H20 o}

R = MeCO, PhCO, Eh .
CO,Et, CONHMe 5
PhSO,, Ph Rl — ™\
“H,0 ‘
2 ph~ O

up to 99% yield
Scheme 5.9: Cycloaddition reaction in presence of base

Chuang group reported base mediated synthesis of 2,3-dihydrofurans from a-nitro

carbonyl compounds and 3-benzylidene-2,4-pentanedione (Scheme 5.10).""

(0]
NEt; (1 equiv)
O5N d 2 R |
2 \)J\R + R | R
R3 CH4CN, 60 °C
R = Ph, OEt R1 Me, Ph
R? = Me, OMe, OEt up to 99% vyield
R® = Ph, p-Tol

Scheme 5.10: Base mediated synthesis of dihydrofuran

A new methodology was also developed by Chuang group for the synthesis of highly
functionalized isoxazoles from a-nitro carbonyl compounds and ethyl a-nitrocinnamates
(Scheme 5.11).*®

(o]
i NEt; (1 EtO Ar
equiv
EtO)J\[N 2, OzN\)J\ L» I\
Ar CH3CN, 60 °C N\o
R = Ph, OEt up to 78% vyield

Scheme 5.11: Base mediated synthesis of isoxazoles
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Namboothiri and co-workers developed a convenient approach for the regioselective
synthesis of tetra-substituted furans using Morita-Baylis-Hillman acetate (MBH acetate)

and a-nitroacetophenone (Scheme 5.12).%°

N
Ar 02 Ar
| 0 DABCO (2 equiv) /]
OAc +
NO
ON Ph)JV 2 THF, rt o

up to 59% yield

Scheme 5.12: DABCO mediated synthesis of furan

5.4 Result and discussion

According to literature, a-nitroketone 1 shows unusual character in the presence
of different reacting partners. Therefore, initially we set a model reaction of a-nitro
chalcones 2a and 2-benzylidene-1,3-diphenylpropane-1,3-dione 3a with a-nitroketone la
in the presence of an achiral catalyst expecting the acyl transfer product 4a (Scheme
5.13). Other withdrawing groups like cyano, acetyl were also employed. But
unfortunately we obtained the single Michael attack product 4a’ as the major and another
unidentified minor product. When we increased the catalyst amount in the reaction of a-
nitro chalcones with a-nitroketone, the minor unidentified product became major one and
was isolated. The isoxazole 5a product was characterized from NMR and mass
spectrometry. Nitroketone 1a first gets deprotonated by base which undergoes conjugate
addition reaction to a-nitro chalcone 2a to form isoxazoline N-oxide. Finally, product 5a

was formed via base mediated rearrangements and aromatization (Scheme 5.13).
Ph

ANy | 0
o O
O Q tertiary amine thiourea EWG | Ph EWG
. N02 + Ph EWG (10 mol%) Ph N N02
| solvent Ph Ph
Ph
1a 2a/3a NO, L (0] Ph |
EWG = NO, (2a), PhCO (3a) (expected product) 4a’', formed

4a, not formed

with excess 0 Ph
base DBU (2 equiv) Ph o)
)J\/NOZ + | N
Ph CHCI3 rt, 24 h N~g

Ph
5a, 55% yield
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Mechanism:
Ph 2 Ph
(0] NO, base Ph 0
M No, , © — B
Ph * | N-g"  pn
Ph 5
1a l 2a a
\ base
o) 0 o)
NO, (rtloz O pp Ph
Ph 00 Ph” 00 oh 0 P NAGH O
o NO N® base | = N
(0] Ph =~ OH -HN02 O"EI_D\O Ph H<O// (0] Ph
Ph" 0 Ph" Y0 ©

Scheme 5.13: Primary analysis

Therefore, we planned to synthesize isoxazoles regioselectively by varying the a-
nitroketone 1. We have selected para-anisyl nitroketone 1b for determining the
regioisomeric ratio (rr) (Table 5.1). When we set reaction of 1b and 2a in the presence of
DBU in chloroform solvent, the desired isoxazole product 5b was isolated in 3:1 ratio
along with the regioisomer 5b* (entry 1). A complex reaction mixture was formed in the
presence of DABCO catalyst (entry 2). Improved yield as well as good regioselectivity
was observed with DIPEA (entry 3). Then attention was given on the solvent
optimization. In toluene, smooth conversion was also observed but regioselectivity of the
product got decreased (entry 4). Whereas, DMSO was not at all a good solvent and only
5% vyield was attained (entry 5). Gratifyingly, a decent yield of 72% with high
regioselectivity (5:1) was achieved in acetonitrile (entry 6). The vyield and
regioselectivity got slightly decreased when the reaction temperature was increased to 60
°C (entry 7).

Table 5.1: Optimization of reaction conditions

0}
S i i (e |
0 " Ph PR N-0 Ph \éj;;?
2 N i
/@)‘\/ N Oﬁ/ O, base (2 equiv) 5b OMe Ph \:o
MeO Ph solvent, rt (0] Ph o o
1b 2a o
O-N MeO .
- unsymmetrical —
5b' OMe intermediate
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entry? base solvent | time (h) | yield (%)° | rr (5b/5b’)°

1 DBU CHCl3 24 68 3:1
2 DABCO CHCl; 24 mixture -

3 DIPEA CHCl; 36 71 3.5:1
4 DIPEA PhCH;3 36 55 2:1
5 DIPEA DMSO 36 5 -

6 DIPEA CH3CN 36 72 5:1
7 DIPEA CHsCN 20 70 4.6:1

®Reaction condition: 0.05 mmol of 1b and 0.05 mmol of 2a in 0.5 mL solvent using 2 equivalents base at
rt. ®Isolated yield (combined yield). ‘Determined by *H NMR. “Reaction at 60 °C.

5.5 Substrate scope of isoxazoles

After the best reaction conditions was established, the scope and generality of the
isoxazole product was checked. Initially the keto-functionality of a-nitro-e,-unsatutared
ketone 2 was varied and the results are shown in Scheme 5.14. At the beginning,
different electron donating and withdrawing groups substitution at para position were
tested and the products 5c-5¢ were obtained in good yields and excellent
regioselectivities. In particular, product 5e having 4-chloro substitution was isolated as
single regioisomer in 80% yield. Then enone 2e having 2,4-dimethylphenyl group was
employed and delightfully here also the product 5f was obtained as a single regioisomer.
Smooth conversion was also seen with 2-thienyl enone 2f but in this case the opposite
regioisomer 59" was formed as the major product because of more electron density on
thiophene ring. Alphatic enone 2g was also tolerated in the reaction, albeit slight lower
yield of product 5h was observed with excellent regioselectivity because of the
difference in electron withdrawing properties between aliphatic and aromatic carbonyls.
Then, the optimization of the reaction was further carried out with different groups of the
olefin functionality in enone 2 (Scheme 5.14). Thus enones 2h-2k having variations in
para-substititions were initially engaged in the reaction. The corresponding products 5i-
5| were isolated in acceptable yields and good regioselectivities. For example, enone 2h
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Scheme 5.14: Substrate scope of isoxazoles ***

R 2 2
O No, DIPEA@equv) 0 R® o o R o
A M no, + o L — W 7
' | CH4CN, rt R \ Ar Rt I Ar
R2 Eh N-O O-N
1 2 5 5'

o Pho 9 Ph o O  Pph O  Pph
0 o}
N
Phw \ /O)K(g’« W
N-g Ar Mem” . N-g  Ar g N-g  Ar

5b/5b', 72%, 5:1, 36 h Me s¢/5¢c', 69%, 2.4:1, 36 h 5d/5d', 78%, 6:1, 36 h 5e/5e', 80%, >20:1, 36 h

Ar=4-OMeCgH, M€ O  Ph A\ O ph 5 O ph 5
Me N-o0 Ar S N-g Ar N-o Ar

5f/5f' , 60%, >20:1, 36 h 59/5g', 71%,1:3.1, 30 h 5h/5h', 42%, >20:1, 36 h

Me OMe cl NO,
O 0 i 0 b 0 o 0
Ph” Y PR Ph™ D PR
N-0o Ar N-0o Ar N-0O Ar N-0O Ar
5i/5i', 70%, 4:1, 36 h 5§/5§', 72%, 5.6:1, 30 h 5k/5k', 68%, 5:1,36 h  5l/5I', 69%, 7.3:1, 36 h
Ar = 4-OMeCgH, Cl
cl
2 0 ? 0
PR Y N B T
N-o Ar N-Q Ar
5m/5m’, 70%, 8:1, 30 h 5n/5n', 35%, 4:1,72h  50/50', 52%, 4.6:1, 36 h
X
)w g
i
N\
66%, 24 h 5p, 71%, 30 h Me 5q, 55%, 36 h 5r, 72%, 36 h

3Reaction condition: 0.1 mmol of 1, 0.1 mmol of 2 and 0.2 mmol of DIPEA in 1 mL CHsCN. "Isolated
yields (combined yield). “Regioisomeric ratio was determined by *H NMR.

having 4-methyl group delivered product 5i with 70% yield and 4:1 regioisomeric ratio.
Products 5j and 5k having 4-methoxy and 4-chloro substituents respectively were
obtained with 5.6:1 and 5.1:1 regioisomeric ratios. Also, high regioselectivity and
acceptable yield was observed for the product 51 having 4-nitroaryl group. Higher
regioselectivity (8:1) was observed for product 5m having meta-chloro substitutions with

good yield. For ortho-chloro derivative lower yield as well as lower regioselectivity was
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observed after longer reaction time. A heteroaromatic furyl group was also screened and
the regioisomeric product 50 was obtained as 4.6:1 mixture. The single regioisomer was
prepared from pyridinium salt according to the reported procedure® and spectral data

was compared.

The generality of the reaction was further established by preparing isoxazoles with same
ketofunctionalities (Scheme 5.14). Product 5a was again synthesized under this reaction
condition and 66% yield of the product was detected. Similarly other products 5p-5r
were isolated in good yields. In these cases, the cyclization happened through a
symmetrical intermediate. Gratifyingly, smooth conversions were observed for products
5p and 5q with 4-fluoro and 2,4-dimethyl functionalities respectively. Heteroaromatic
enone with heteroaromatic nitroketone was also tested in the reaction and 72% vyield of

the product 5r was observed.

5.6 Substrate scope of isoxazoline N-oxide

Next, we became interested to employ a-nitrocinnamates in the reaction. Though Chuang
and co-workers earlier employed aromatic nitroketones with a-nitrocinnamates in their
reaction, to our best knowledge aliphatic a-nitroketones were not studied. Thus we
reacted aliphatic nitroketone 1 with a-nitrocinnamate 2’ and this resulted in the formation
of single isoxazoline N-oxide 6 (Scheme 5.15) instead of isoxazole because of more
electron withdrawing nature of aliphatic carbonyls than aromatic one. Linear and
branched aliphatic substituted nitroketones participated well in the reaction to provide
decent yields of the products 6a-6e. 1-Nitro-4-phenylbutan-2-one provided 84% yield of
the product 6a. Branched o-nitroketones having cyclohexyl and 'butyl group delivered
the products 6b-6¢ with 50% and 68% yields respectively. "Butyl and "hexyl substituted
a-nitroketones were also employed in the reaction and good yields of the products 6d-6e

were observed.

Scheme 5.15: Substrate scope of isoxazoline N-oxide using aliphatic nitroketones ¢

o ? WP
J\/Noz + EtO NOz DIPEA (2 equiv) WR
5 | —— &0 V{4
1 2' Mpp  CHLCN, rt, 24 h ©0 @ 6 5201
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o Ph oo o E:‘h o F?’h
Et0”  \ \ \
NéO EtO Ny Bo ¢
00 Ph ©OQ @ og @
6a, 84% 6b, 50% 6¢c, 68%

®Reaction condition: 0.1 mmol of 1, 0.1 mmol of 2’ and 0.2 mmol of DIPEA in 1 mL CH5CN. ®|solated
yields after silica gel column chromatography. °dr determined by *H NMR.

Cyano group is as an important motif in organic synthesis which can be
transferred to amine, ester etc. and thus useful in natural product synthesis. After
realizing the importance of cyano group we changed our reacting partner and treated o-
cyano-a,f-unsatutared ketone 7a with a-nitroketone 1a in the presence of base catalyst.
Tetra-substituted dihydrofuran 8a was obtained as the product and it was characterized
from NMR and mass spectrometry (Scheme 5.16).

e) (0]

base
Ph)J\/NOZ.'_ Ph | o
sowent

1a Ph

l

Scheme 5.16: Primary analysis of a-nitroketone with a-cyano-a,ﬁ-unsatutared ketone

After finding the dihydrofuran product, we began our investigation by reacting
nitroketone la and a-cyano-a,f-unsatutared ketone 7a (Table 5.2). Unfortunately, the
desired product was not obtained in suitable quantity with DABCO and K,COs in
chloroform at room temperature (entries 1-2). When DBU was employed as the base
catalyst, product 8a was isolated with 92% vyield in short reaction time (entry 3). After
finding the best catalyst, different varieties of solvents i.e. toluene, DMSO, acetonitrile
and ethanol were screened. But in all of the cases we got good quantities of the product

only after longer reaction period (entries 5-8). Hence, DBU was finalized to be the best

catalyst in chloroform solvent for this reaction.

174

TH-2175_146122003



Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

Table 5.2: Optimization of reaction condition

(@] >

(0] 3
)J\/NO CN base (1 equiv) NC O
Ph 2, Ph | _ |

solvent, rt  pp” O Ph

1a 7a “Ph 8a

entry? base solvent time | yield (%) dr’
1 DABCO CHCl3 24 h <10
2 K>COs3 CHCl3 24 h 0
3 DBU CHCI; 20 min 92 >20:1
4 DIPEA CHCl3 2h 85 >20:1
5 DBU PhCH3 2h 90 >20:1
6 DBU DMSO 2h 85 >20:1
7 DBU CHsCN 2h 72 >20:1
8 DBU EtOH 2h 80 >20:1

®Reactions were carried out with 1a (0.05 mmol) and 7a (0.05 mmol) in 0.5 mL solvent using 1 equivalent
of base at rt. ®Isolated yield after silica gel column chromatography. ‘Determined by *H NMR.

5.7 Substrate scope of dihydrofuran

After that, the scope of the a-cyano-a,S-unsatutared ketone 7 was studied and pleasingly
a variety of groups including aliphatic functionalities were tolerated and excellent results
(>20:1 dr) were achieved (Scheme 5.17). Initially, the aryl group of ketone motif in 7
was varied. At first, enones 7b-7e having para-substitutions were evaluated and good
results was achieved. 4-Methyl substituted aryl enone 7b was screened under the reaction
conditions and product 8b was obtained with 87% yield. Enone 7c having 4-anisyl group
reacted efficiently to provide 94% vyield of the product 8c. Then halo substituted enones
7d-7f were tested in the reaction and the corresponding products 8d-8f were isolated
with good vyields. 4-Chloro substituted enone was also well tolerated and 88% vyield of
the product 8d was observed. The reactions worked well with meta-chloro substituted

enone 7f and product 8f was isolated in 83% yield. Heteroaromatic group containing
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enone 7g was also employed to obtain 83% yield of the product 8g. Also, aliphatic enone

7h was well tolerated in our reaction delivering 80% yield of the product 8h.

Scheme 5.17: Scope of a-cyano-a,8-unsaturated ketones for dihydrofuran®®*
R2

NC N 0
N DBU( 1equw)
Ph)J\/Noz J\[ |
R2 CHCls, rt, 30 min R O Ph

Me MeO Cl
8a, 92%, >20:1 dr 8b, 87%, >20:1 dr 8¢, 94%, >20:1 dr 8d, 88%, >20:1 dr

£ Ph Ph
NC N N = Ph
0 NC_ I o NCL T o NCL o
25y | | |
Cl (0] Ph =~ (0] Ph 0] Ph
\_0
8e, 85%, >20:1 dr 8f, 83%, >20:1 dr 89, 83%, >20:1 dr 8h, 80%, >20:1 dr
Me OMe NO, Ph
NCI%%O N P NC. { o N { o
| T~ T T~
pp” O Ph ppy” O Ph pp” O Ph py” O Ph
8i, 77%, >20:1 dr 8j, 79%, >20:1 dr 8k, 77%, >20:1 dr 8l, 81%, >20:1 dr
O o WO
Me
N N NG N MeO
NC N NC N N =
O Ph O Ph O Ph W
Ph Ph Ph O Ph

8m, 89%, >20:1 dr 8n, 92%, >20:1 dr 80, 91%, >20:1 dr 8p, 70%, >20:1 dr

A\
o [ O
= —_—
| T~ T~
pr” O Ph pp” O Ph pn” O Ph

8q, 35%, >20:1 dr 8r, 45%, >20:1 dr 8s, 60%, >20:1 dr

®Reactions condition: 0.3 mmol of 1a and 0.3 mmol of 7 using 0.3 mmol DBU in 3 mL CHCl; at rt for 30
min. °Isolated yield. °dr determined by *H NMR.
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Then we turned our attention to change the olefin aryl group of enone 7. A range of
substitutions were incorporated at the para, meta and ortho positions on the different aryl
groups of the olefin functionality in enone irrespective of their electronic nature.
Different substitution at the para position of the aryl ring did not influence considerably
on the yield of the products. 4-Methyl and 4-methoxy substituted enones 7i-7j were
subjected under the reaction conditions and acceptable yields were attained. Electron
deficient NO, group was also tolerated and product 8k was isolated in 77% vyield.
Biphenyl group containing enone 71 also participated in the reaction to deliver product 8l
in 81% vyield. Then meta-substitutions were checked and to our delight, better results
were achieved. Product 8m (CCDC 1887603)%° having meta-tolyl substitution was
isolated in 89% vyield. Excellent yield (92%) was observed for meta-bromo substituted
enone. Product 8o was obtained from ortho-methyl substituted aryl enone 70 in 91%
yield. 2,4-Disubstituted aryl group containing enone 7p was employed and product 8p
was obtained in acceptable yield. However lesser yields were detected when
heteroaromatic groups i.e 2-furyl and 3-pyridyl motifs were incorporated in the reaction.
Finally, an aliphatic cyclohexyl substituted enone 7s was engaged in the reaction and

moderate yield was obtained.

Afterwards, different a-nitroketones were evaluated under similar reaction
conditions and pleasingly here also, good results were achieved (Scheme 5.18). Initially
4-methyl substituted a-nitroketone was tested and the product 8t was isolated in 92%
yield. Our methodology was also suitable for 4-alkoxy substituted a-nitroketones and
good vyields were achieved for products 8u and 8v. 4-Fluoro substituted nitroketone
provided 78% yield of the desired product 8w. Poor yield was observed for 8x having 4-
chloro substitution. Then, biphenyl motif containing nitroketone was employed and
gratifyingly high yield of 89% was attained for product 8y. Moderate yield with 8:1 dr of
the product 8z was attained for 3-chloro substituted nitroketone. This methodology was
also suitable for 2,4-disubstituted aryl group containing nitroketones and the
corresponding product 8z’ was isolated in 72% yield. An aliphatic nitroketone having
"hexyl group was prepared and employed in the reaction. The reaction progressed well to

deliver product 8z'" in 68% vyield. Finally, we employed ethyl nitroacetate 1’ in the
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reaction and gratifyingly, product 8z’’’ was isolated in good vyield with excellent

diastereomeric ratio.

Scheme 5.18: Scope of a-nitroketones for dihydrofuran®®*

Ph
NC N 0
|
ph” O
Me
8t, 92%, >20:1 dr
Ph
NC R 0
|
prn” O
Cl

8x, 35%, >20:1 dr

o)
8u, 78%, >20:1 dr 8v, 82%, >20:1 dr 8w, 78%, 16:1 dr
Ph Ph Ph
NC N 0 NC N /o) NC 3 0
| | | OMe
ph” O ph” ©O ph” O
cl
Ph OMe
8y, 89%, >20:1 dr 8z, 63%, 8:1 dr 8z', 72%, >20:1 dr
Ph Ph
NC N 0 NC 3 0
i T~
pn” O B AN

8z", 68%, >20:1 dr 8z™ 9 88%, >20:1 dr

®Reactions condition: 0.3 mmol of 1 and 0.3 mmol of 7a using 0.3 mmol DBU in 3 mL CHClIj; at rt for 30

min. "Isolated yield. °dr determined by ‘*H NMR. %1’ used instead of 1a.

Then a-nitrochalcones 2a and a-cyanochalcones 7a were treated with a-methyl

nitroketone 9. Gratifyingly the reaction progressed well in both cases to deliver

tetrasubstituted furan products 10 and 11 in good yields. Though the diastereoselectivity

of the product 10 was excellent, product 11 was obtained as a mixture of diastereomers

(Scheme 5.19).
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0] Ph

Ph\_?»Ph /—210
2a NO2 Ph 5, CN Ph
o] . Me O
DIPEA (2 equw) DBU (1 equiv) NC S

NO, ———  » \
Ph _ 0 Ph

CH3CN rt,1h Me CHCl3, rt, 30 min Eh
10, 82%, >20:1 dr 9 11,76%, 1:1dr

Scheme 5.19: Reaction of a-methyl nitroketones for dihydrofuran

After that, we thought to change the position of electron withdrawing group and thus
reacted f,y-unsaturated a-ketoester 12a with a-nitroketone 1a in the presence of DBU
base (1 equivalent) in chloroform solvent. Interestingly, conjugated diester 13a was
isolated instead of the expected dihydrofuran product 14 (Scheme 5.20). It can be
expected that DBU will first deprotonate nitroketone 1a and conjugate addition happens
to f,y-unsaturated a-ketoester 12a to generate A. Hemiketalization of A affords B (via
path a) which on retro-Henry reaction provides C. Finally, DBU mediated elimination of
HNO, from C delivers 13a. There is also a possibility for the formation of product 14 via
denitration of intermediate A (via path b). After investigating the reaction mechanism,
we concluded that the acyl transfer reaction®® is quite faster and the product 13a was
obtained after denitration of the acyl transfer intermediate C.

S
O Ph

patn g 29 JﬁVK
p—
1a O % CO,Me

OZN\)J\ o) Ph Ph CO,Me

B
Ph DBU ozv
DBUl HNo2
O) path b
COzMe

/\)J\Cone
HN02 J\/k
12a
cone

MeOZC

Scheme 5.20: Plausible mechanism for f,y-unsaturated diester product

5.8 Substrate scope of #,y-unsaturated diester

The generality of the reaction was further established by utilizing differently substituted

f,y-unsaturated ketoesters 12 and a-nitroketones 1 (Scheme 5.21). At first, we employed
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a range of unsaturated Kketoesters 12 in the reaction. The reaction worked well with
ketoesters 12b-12c having methoxy and chloro substitutions at the para-position of the
aryl group. The products 13b and 13c were isolated in acceptable yields. Slightly lower
yield was observed for product 13d having 4-nitro substitution. Ketoester 12e having
meta-substituted aryl group also participated in the reaction and moderate yield was
detected for 13e. Then an ethyl ester was screened and interestingly, the yield got
enhanced for the product 13f. We also checked ketoester 12g having 2-thienyl group and
cyclohexyl substituted ketoester 12h. However, no desired product was formed in both
cases. 2-Thienyl derived ketoester was unable to deliver the desired product because of
the high electron donor ability of the ring. Aliphatic ketoester 12h was also not suitable

for our methodology because of unavailability of acidic benzylic proton.

Scheme 5.21: Substrate scope of 8,y-unsaturated diester *°

o}
o 0 i J
DBU (1 equiv)
NO, U 0~ "R
RJJ\/ + R‘I/VJ\COZRZ _
CHClg, 1t, 1 day R! CO,R?
1 12 13
X i i i
0" "Ph O)J\Ph QJJ\ph O)J\Ph
=
©)‘\/kCOZMe /O)‘\/kcozm /©)‘\%002Me OMCOzMe
MeO cl O2N
13a, 65% 13b, 65% 13c, 62% 13d, 40%
Y i i X
O” "Ph QJJ\ph O)J\Ph O~ "Ph
Me = =
CO,Me ZCo,Et X > co,Me CO,Me
\_s
13e, 50% 13f, 77% 139, 0% 13h, 0%
o/\/ F Cl

-

o 0 U @) M o 0" "0
=
PhM Ph” > >Co,Me Ph” 7 Cco,Me Ph CO,Me

COzMe
13i, 63% 13j, 70% 13k 61% 131, 60%
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OMe
SNG% Ph
MeO
i | o/&o
o Yo o "0 o0 Yo _
M _ M Ph CO,Me
Ph CO,Me Ph COMe Ph CO,Me
13m, 72% 13n, 73% 130, 77% —~ 13p,°80% -

®Reactions condition: 0.3 mmol of 1 and 0.3 mmol of 12 using 0.3 mmol DBU in 3 mL CHCI; at rt for 1

day. "Isolated yield. °9 used instead of 1a.

Then we turned our attention to engage different a-nitroketones 1 in this reaction
(Scheme 5.21). Initially different para-substituted aryl group containing a-nitroketones
were investigated and to our delight the products 13i-13k were isolated in acceptable
yields. Smooth conversion was observed for product 13i having 4-allyloxy substitution.
4-Fluoro aryl nitroketone was also engaged in the reaction and the desired product 13j
was obtained with 70% yield. 4-Chloro aryl nitroketone afforded the product 13k with
61% yield. Similar yield was detected for product 13l having meta-methyl substitution.
Gratifyingly, 2,4-disubstituted nitroketone was also tolerated and product 13m was
isolated in 72% yield. Moreover, heteroaryl and aliphatic nitroketones could also be
employed and the corresponding products 13n and 130 were obtained in good vyields.
Finally, a-methyl nitroketone 9 was screened to deliver the product 13p in 80% vyield

with perfect selectivity.

In conclusion, different denitration reactions of a-nitroketones have been successfully
presented. Versatile nature of a-nitroketones triggered the construction of various
heterocyclic molecules. Regioselective synthesis of isoxazoles and isoxazoline N-oxides
has been developed. A variety of tetrasubstituted dihydrofurans has also been
synthesized with good to high yields and excellent diastereoselectivities. Some
unsaturated diesters have also been prepared which might have pharmaceutical and

industrial use.
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5.9 Experimental section

DIPEA and DBU were purchased from spectrochem and used without further

purification. Ethyl nitroacetate 1’ was purchased from aldrich.

R1/R)J\H R1/R)\/N02 RURJJ\/NOZ
Water, rt DCM
’ 0°C to rt 1
EtNO,

PCC
o Imidazole
M

OH 0]
H Ph)\(No2 DCM Ph)J\(NOZ
Water, rt Me Me
0°Ctort 9
(@)
RQFU

o)
R1J\/N02 +  RYNPh
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Scheme 5.22: Synthesis of starting materials

A. General procedure for the synthesis of a-nitroketones 1
a-Nitroketones 1/9 were prepared according to the reported procedure.l“b* 21

B. General procedure for the synthesis of a-nitro enones 2 and a-nitrocinnamate 2’
a-Nitro enones 2 and a-nitrocinnamate 2' were prepared according to literature
procedure.?

C. General procedure for the synthesis of a-cyano enones 7
a-Cyano enones 7 were prepared according to reported procedure.?

D. General procedure for the synthesis of g,y-unsaturated ketoesters 12

f,y-Unsaturated ketoesters 12 were prepared according to reported procedure.®*

182

TH-2175_146122003



Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

E. General procedure for the synthesis of isoxazoles (5a- 5r)

DIPEA (34 uL, 0.2 mmol) was added to a stirred solution of a-nitroketones 1 (0.1 mmol)
and a-nitro enones 2 (0.1 mmol) in CH3CN (1 mL) and stirring was maintained at room
temperature. After consumption of starting materials, 3 mL of water was added. The
resulting mixture was extracted with EtOAc (3 X 2 mL). The combined organic phase
was dried with Na,SO,, evaporated in vacuum and purified by column chromatography
(4%-8% EtOAC in Hexane) to give compound 5.

F. General procedure for the synthesis of isoxazoline N-oxide 6

DIPEA (34 pL, 0.2 mmol) was added to a stirred solution of aliphatic a-nitroketones 1
(0.1 mmol) and a-nitrocinnamate 2' (0.1 mmol) in CH3CN (1 mL) and stirring was
maintained at room temperature for 24 hours. After consumption of starting materials, 3
mL of water was added. The resulting mixture was extracted with EtOAc (3 X 2 mL).
The combined organic phase was dried with Na,SO,, evaporated in vacuum and purified
by column chromatography (15%-20% EtOAc in Hexane) to give compound 6.

G. General procedure for the synthesis of dihydrofurans (8, 10, 11)

DBU (45 uL, 0.1 mmol) was added to solution of a-nitroketones 1/1'/9 (0.3 mmol) and
a-cyano/a-nitro enones 7/2a (0.3 mmol) in CHCI; (3 mL). After stirring for 30 minutes
at room temperature, 5 mL of water was added. The resulting mixture was extracted with
DCM (3 X 5 mL). The combined organic phase was dried with Na,SO,, evaporated in
vacuum and purified by column chromatography (5%-10% EtOAc in Hexane) to give

dihydrofuran products.

H. General procedure for the synthesis of unsaturated diesters 13

DBU (45 uL, 0.3 mmol) was added to a stirred solution of a-nitroketones 1/9 (0.3 mmol)
and pB,y-unsaturated ketoesters 12 (0.3 mmol) in CHCI; (3 mL) and stirring was
maintained at room temperature for 24 hours. After consumption of starting materials, 5
mL of water was added. The resulting mixture was extracted with DCM (3 X 5 mL). The
combined organic phase was dried with Na,SO,, evaporated in vacuum and purified by

column chromatography (4%-8% EtOAc in Hexane) to give compound 13.
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I. Crystal structure of compound 5-benzoyl-2-phenyl-4-(m-tolyl)-4,5-dihydro-

furan-3-carbonitrile (8m)

SRS
i
N A
O
PN T
Bod TS
TRy Y

ORTEP crystal structure of 8m (35% probability level)

Table 5.3. Crystal data and structure refinement for compound 8m

Empirical formula C25H19NO2
Formula weight 365.41
CCDC Number 1887603

Crystal habit, Colour Block, White

Crystal size (mm®) 0.24x0.18x0.16
Temperature, T 293(2)

Wavelength, A (A) 0.71073
Crystal system monoclinic

Space group P21/n

Unit cell dimensions

a=10.8449(4) A

b = 16.9400(7) A

c=11.0749(4) A

a=90.00°, £=96.952(4)°, y=90.00°

Volume, V (A% 2019.64(13)
Z 4
Calculated density, g-cm™ 1.202
i (mm™) 0.076
F(000) 768.0
Limiting indices -12<h<12,-19<k<20,-13<1<11
Reflection collected/unique 3548/2570
Completeness to & 99.8% (0= 25°)
Data/restraints/parameters 3548/0/254
Goodness-of-fit (GOF)? on F 1.064

R:°, WR (1> 24(1))

R1 =0.0500, wR2 = 0.1122

R:°, WR,® (all data)

R1=0.0721, wR2 = 0.1274
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*GOF = [Y[w(Fo?> — FA? IM — N 1% (M =number of reflections, N = number of
parameters refined).’"Ry = ¥ ||Fo| — |Fel|/ I |Fo, WR, = [Y[w(Fo® — F)] /
SIw(Fo)’ ™

5.10 References

1. For reviews of the reactions of a-nitroketones, see: (a) Fischer, R. H.; Weitz, H.
M. Synthesis 1980, 261. (b) Ballini, R. Synlett 1999, 1009. (c) Ballini, R.; Bosica,
G.; Fiorini, D.; Palmieri, A. Tetrahedron 2005, 61, 8971. (d) Gharui, C.; Pan, S.
C. Org. Biomol. Chem. 2019, 17, 5190.

2. (a) Ballini, R.; Petrini, M.; Rosini, G. J. Org. Chem. 1990, 55, 5159. (b) Ballini,
R.; Castagnani, R.; Marcantoni, E. J. Chem. Soc. Perkin Trans. 1 1992, 3161. (c)
Ballini, R.; Giantomassi, G. Tetrahedron 1995, 51, 4173. (d) Ballini, R. Studies
in Natural Products Chemistry, ed. Atta-ur-Rahman, Elsevier, Amsterdam, 1997,
vol. 19, p. 117.

3. (a) Kamal, A.; Khanna, G. B. R.; Krishnaji, T.; Ramu, R. Bioorg. Med. Chem.
Lett. 2005, 15, 613. For patent works, see: (b) Biftu, T.; Weber, A. E.
aminotetrahydropyrans as dipeptidyl peptidase-1V inhibitors for the treatment or
prevention of diabetes, WO2007/126745A3, 2007. (c) Cottrell, K. M.; Maxwell,
J.; Tang, Q.; Grillot, A.-L.; Tiran, A. L.; Perola, E. inhibitors of serine proteases,
US2011/0165120A1, 2011.

4. (a) Cali, P.; Naerum, L.; Mukhijia, S.; Hjelmencrantz, A. Bioorg. Med. Chem.
Lett. 2004, 14, 5997. (b) Liu, J.; Yu, L.-F.; Eaton, J. B.; Caldarone, B.; Cavino,
K.; Ruiz, C.; Terry, M.; Fedolak, A.; Wang, D.; Ghavami, A.; Lowe, D. A,;
Brunner, D.; Lukas, R. J.; Kozikowski, A. P. J. Med. Chem. 2011, 54, 7280. (c)
Kumbhare, R. M.; Kosurkar, U. B.; Ramaiah, M. J.; Dadmal, T. L.; Pushpavalli,
S.N.C.V.L,; Pal-Bhadra, M. Bioorg. Med. Chem. Lett. 2012, 22, 5424.

5. (a) Epple, R.; Azimioara, M.; Russo, R.; Xie, Y.; Wang, X.; Cow, C.; Wityak, J.;
Karanewsky, D.; Bursulya, B.; Kreusch, A.; Tuntlan, T.; Gerken, A.; Iskandar,
M.; Saez, E.; Seidel, H. M.; Tian, S.-S. Bioorg. Med. Chem. Lett. 2006, 16, 5488.
(b) Jayaroopa, P.; Vasanth-Kumar, G.; Renuka, N.; Akshatha, K. N.;

185

TH-2175_146122003



Chapter 5

Mahadevamurthy, S.; Jay-Kumar, K. Pharm. Lett. 2012, 4, 1685. (c) Gehling, V.
S.; Hewitt, M. C.; Vaswani, R. G.; Leblanc, Y.; Co6té, A.; Nasveschuk, C. G;
Taylor, A. M.; Harmange, J.-C.; Audia, J. E.; Pardo, E.; Joshi, S.; Sandy, P,
Mertz, J. A.; Sims, R. J.; Bergeron, L.; Bryant, B. M.; Bellon, S.; Poy, F,;
Jayaram, H.; Sankaranarayan, R.; Yellapantula, S.; Srinivasamurthy, N. B.;
Birudukota, S.; Allbrecht, B. K. ACS Med. Chem. Lett. 2013, 4, 835. (d) Sysak,
A.; Obminska-Mrukowicz, B. Eur J. Med. Chem. 2017, 137, 292.

6. (a) Nishiwaki, N.; Kobiro, K.; Hirao, S.; Sawayama, J.; Saigo, K.; Ise, Y,;
Nishizawa, M.; Ariga, M. Org. Biomol. Chem. 2012, 10, 1987. (b) Hu, M.; He,
X.; Niu, Z.; Yan, Z.; Zhou, F.; Shang, Y. Synthesis 2014, 46, 510. (c) Chen, W.,;
Zhang, J.; Wang, B.; Zhao, Z.; Wang, X.; Hu, Y. J. Org. Chem. 2015, 80, 2413.
(d) Dighe, S. U.; Mukhopadhyay, S.; Kolle, S.; Kanojiya, S.; Batra, S. Angew.
Chem. Int. Ed. 2015, 54, 10926. (e) Cao, G.; Wang, Y.; Cui, T.; Huang, L.; Teng,
D. RSC Adv. 2016, 6, 225109.

7. (a) Meyers, A. |. Heterocycles in Organic Synthesis, John Wiley & Sons, New
York, 1974. (b) Dean, F. M. Advances in Heterocyclic Chemistry, Ed. Katritzky,
A. R. Academic New York, 1982, vol. 30, p. 167. (c) Dean, F. M.; Sargent, M. V.
Comprehensive Heterocyclic Chemistry, Ed. Bird, C. W.; Cheeseman, G. W. H.
Pergamon, New York, 1984, vol. 4, Part 3, p. 531. (d) Fraga, B. M. Nat. Prod.
Rep. 1992, 9, 217.

8. (a) Kilroy, T. G; O'Sullivan, T. P.; Guiry, P. J. Eur. J. Org. Chem. 2005, 4929. (b)
Merritt, A. T.; Ley, S. V. Nat. Prod. Rep. 1992, 9, 243. (c) Lipshutz, B. H. Chem.
Rev. 1986, 86, 795.

9. For selected recent examples, see: (a) Zhang, Y.; Raines, A. J.; Flowers II, R. A.
Org. Lett. 2003, 5, 2363. (b) Yang, Z.; Fan, M.; Mu, R.; Liu, W.; Liang, Y.
Tetrahedron 2005, 61, 9140. (c) Kezuka, S.; Tanaka, S.; Ohe, T.; Nakaya, Y;
Takeuchi, R. J. Org. Chem. 2006, 71, 543. (d) Laétitia, J. B.; Sergiy, Y.; Rémi, L.;
Thierry, L. J. Org. Chem. 2006, 71, 2352. (¢) Chuang, C.-P.; Tsai, A.-l. Synthesis
2006, 675. (f) Caliskan, R.; Ali, M. F.; Sahin E.; Watson, H. W.; Balci, M. J. Org.
Chem. 2007, 72, 3353. (g) Burgaz, E. V.; Yilmaz, M.; Pekel, A. T.; Oktemer, A.
Tetrahedron 2007, 63, 7229. (h) Chen, B.; Lu, Z.; Chai, G..; Fu, C.; Ma, S. J. Org.

186

TH-2175_146122003



Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

Chem. 2008, 73, 9486. (i) Anag, O.; Sezer, O.; Candan, O.; Giingér, F. S.;
Cansever, M. S. Tetrahedron Lett. 2008, 49, 1062. (j) Wang, Q.-F.; Hou, H.; Hui,
L.; Yan, C.-G. J. Org. Chem. 2009, 74, 7403. (k) Naveen, T.; Kancherla, R.;
Maiti, D. Org. Lett. 2014, 16, 5446. (I) Tang, S.; Liu, K.; Long, Y.; Gao, X.; Gao,
M.; Lei, A. Org. Lett. 2015, 17, 2404. (m) Cao, Z.; Zhang, R.; Meng, X.; Li, H.;
Li, J.; Zhu, H.; Chen, G.; Sun, X.; You, J. RSC Adv. 2016, 6, 74582.

10. Ono, N. The Nitro Group in Organic Synthesis, Wiley-VCH: New York, 2001; p
182.

11. For general reviews on conjugate additions, see: (a) Perlmutter, P. Conjugate
Addition Reactions in Organic Synthesis; Pergamon Press: Oxford, U.K., 1992.
(b) Tomioka, K.; Nagaoka, Y. In Comprehensive Asymmetric Catalysis; Jacobsen,
E. N., Pflatz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999, Vol. 3, Chapt. 31.

12. For reviews on organocatalytic asymmetric conjugate addition, see: (a) Corey, E.
J.; Zhang, F. Y. Org. Lett. 2000, 2, 4257. (b) Ballini, R.; Bosica, G.; Fiorini, D.;
Palmieri, A.; Petrini, M. Chem. Rev. 2005, 105, 933. (c) Almasi, D.; Alonso, D.
A.; Ngjera, C. Tetrahedron:Asymmetry 2007, 18, 299. (d) Tsogoeva, S. B. Eur.
J. Org. Chem. 2007, 11, 1701. (e) Sulzer-Mossé, A.; Alexakis, A. Chem.
Commun. 2007, 43, 3123. (f) Vicario, J. L.; Badia, D.; Carrillo, L. Synthesis
2007, 2065. (g) Zhang, Y.; Wang, W. Catal. Sci. Technol. 2012, 2, 42.

13. (a) Gao, Y.; Ren, Q.; Siau, W.-Y.; Wang, J. Chem. Commun. 2011, 47, 5819. (b)
Lu, R.-J.; Yan, J.-Y.; Wang, J.-J.; Du, Q.-S.; Nie, S.-Z.; Yan, M. J. Org. Chem.
2011, 76, 6230. (c) Li, P.; Chan, S. H.; Chan, A. S. C.; Kwong, F. Y. Org.
Biomol. Chem. 2011, 9, 7997.

14. (a) Maity, R.; Gharui, C.; Sil, A. K.; Pan, S. C. Org. Lett. 2017, 19, 662. (b)
Maity, R.; Pan, S. C. Org. Biomol. Chem. 2018, 16, 1598. (c) Mondal, K.; Pan, S.
C. J. Org. Chem. 2018, 83, 5301. (d) Gharui, C.; Behera, D.; Pan, S. C. Adv.
Synth. Catal. 2018, 360, 4502. (e) Bania, N.; Pan, S. C. Org. Biomol. Chem.,
2019, 17, 1718. (f) Maity, R.; Sahoo, S. C.; Pan, S. C. Eur. J. Org. Chem. 2019,
2297.

15. (a) Cecchi, L.; Sarlo, F. D.; Machetti, F. Tetrahedron Lett. 2005, 46, 7877. (b)
Cecchi, L.; Sarlo, F. D.; Machetti, F. Eur. J. Org. Chem. 2006, 4852. (c)

187

TH-2175_146122003



Chapter 5

Machetti, F.; Cecchi, L.; Trogu, E.; Sarlo, F. D. Eur. J. Org. Chem. 2007, 4352.
(d) Itoh, K.-I.; Aoyama, T.; Satoh, H.; Fujii, Y.; Sakamaki, H.; Takido, T.;
Kodomari, M. Tetrahedron Lett. 2011, 52, 6892. (e) Lin, L.; Zhang, J.; Wang, R.
Asian J. Org. Chem. 2012, 1, 222. (f) Chary, R. G.; Reddy, G. R.; Ganesh, Y. S.
S.; Prasad, K. V.; Raghunadh, A.; Krishna, T.; Mukherjee, S.; Pal, M. Adv. Synth.
Catal. 2014, 356, 160. (g) Aoyama, T.; Itoh, K.-1.; Hanzawa, T.; Meguro, N.;
Osanai, M.; Hayakawa, M.; Ouchi, A. Eur. J. Org. Chem. 2018, 6363.

16. Yang, Y.; Gao, M.; Deng, C.; Zhang, D.-X.; Wu, L.-M.; Shu, W.-M.; Wu, A.-X.
Tetrahedron 2012, 68, 6257.

17. Chuang, C.-P.; Chen, K.-P; Hsu, Y.-L; Tsai, A.-l., Li, S.-T. Tetrahedron 2008,
64, 7511.

18. Chen, K.-P.; Chen, Y.-J.; Chuang, C.-P. Eur. J. Org. Chem. 2010, 5292

19. Mane, V.; Kumar, T.; Pradhan, S.; Katiyar, S.; Namboothiri, I. N. N. RSC Adv.
2015, 5, 69990.

20. CCDC 1887603 contains the crystallographic data for 8m. The data can be
obtained from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

21. (a) Boger, D. L.; Lerner, R. A.; Cravatt, B. F. J. Org. Chem. 1994, 59, 5078. (b)
Li, R.; Liu, Z.; Wu, L. Synlett 2006, 9, 1367. (c) Dighe, S. U.; Mukhopadhyay,
S.; Priyanka, K; Batra, S. Org. Lett. 2016, 18, 4190.

22.(a) Liu, J.; Gong, L.; Meggers, E. Tetrahedron Lett. 2015, 56, 4653. (b)
Fioravanti, S.; Pellacani, L.; Vergari, M. C. Org. Biomol. Chem. 2012, 10, 524.

23. Maity, R.; Pan, S. C. Eur. J. Org. Chem. 2017, 871.

24. (a) Belmessieri, D.; Morrill, L. C.; Simal, C.; Slawin, A. M. Z.; Smith, A. D. J.
Am. Chem. Soc. 2011, 133, 2714. (b) Preegel, G.; llmarinen, K.; Jarving, |;
Kanger, T.; Pehk, T.; Lopp, M. Synthesis 2015, 47, 3805.

188

TH-2175_146122003



Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

5.11 Characterization Data of Products
(4-phenylisoxazole-3,5-diyl)bis(phenylmethanone) (5a)
o)

Ph
(0]
Ph)j\(\g_(
N

=0 Ph
5a

Pale yellow sticky solid (23.3 mg, 66%); R; = 0.6 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): & 8.10 — 8.07 (m, 2H), 8.01 — 7.97 (m, 2H), 7.66 (t, J = 7.4 Hz, 1H), 7.62
(t, J=7.4Hz, 1H), 7.51 (t, J = 7.8 Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 7.38 — 7.35 (m, 2H),
7.32 - 7.28 (m, 3H); *C NMR (100 MHz, CDCls): & 186.6, 183.0, 162.4, 160.3, 136.0,
135.6, 134.9, 134.6, 130.8, 130.4, 130.1, 129.2, 129.0, 128.9, 128.6, 127.0, 125.2;
HRMS (ESI-TOF) m/z: [M+H]" Calcd for C3H1NO3" 354.1125; found: 354.1125.
(3-benzoyl-4-phenylisoxazol-5-yl)(4-methoxyphenyl)methanone (5b/5b’)

o Ph o o Ph o
e e
N-O 0-N
5b OMe 5b’ OMe

Pale yellow sticky solid (25.7 mg, 72%); Rs = 0.5 (EtOAc/hexane 1:19); Regioisomeric
ratio = 5:1; *H NMR (600 MHz, CDCls): & 8.09 — 8.06 (m, 2.4H), 8.01 — 7.98 (m,
2.4H), 7.65 (t, J = 7.4 Hz, 1.3H), 7.51 (dd, J = 8.1, 7.6 Hz, 2.4H), 7.38 — 7.35 (m, 2.4H),
7.31-7.29 (m, 3.5H), 6.95 (d, J = 9.0 Hz, 2.3H), 3.90 (s, 0.6H), 3.89 (s, 3H); *C NMR
(150 MHz, CDCl3): & 186.8, 181.4, 164.9, 162.9, 160.2, 136.0, 134.9, 133.3, 133.0,
130.8, 130.4, 130.0, 129.1, 129.0, 128.9, 128.6, 128.6, 127.1, 124.3, 114.3, 55.9; HRMS
(ESI-TOF) m/z: [M+H]" Calcd for C,4H1sNO4" 384.1230; found: 384.1244.
(3-(4-isopropylbenzoyl)-4-phenylisoxazol-5-yl)(4-methoxyphenyl)methanone (5¢/5c’)

Yellow sticky solid (29.4 mg, 69%); R¢ = 0.55 (EtOAc/hexane 1:19); Regioisomeric ratio
=2.4:1; *H NMR (600 MHz, CDCl5): & 8.06 (d, J = 9.0 Hz, 0.97H), 8.03 — 7.98 (m,
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4.44H), 7.92 (d, J = 8.4 Hz, 0.89H), 7.40 — 7.34 (m, 5.7H), 7.32 (d, J = 8.3 Hz, 1H), 7.31
— 7.27 (m, 4.45H), 6.97 (d, J = 9.0 Hz, 0.88H), 6.96 — 6.92 (m, 2.28H), 3.89 (s, 1.2H),
3.89 (s, 3H), 3.01 — 2.98 (m, 1.59H), 1.29 — 1.25 (m, 8.89H); *C NMR (150 MHz,
CDCl3): 0 186.3, 185.0, 182.8, 181.5, 165.1, 164.9, 162.8, 162.5, 160.5, 160.3, 156.8,
156.5, 133.9, 133.3, 133.0, 131.1, 130.7, 130.0, 130.0, 129.0, 128.6, 128.6, 128.5, 127.2,
127.2, 127.1, 124.6, 124.3, 114.3, 114.3, 55.9, 34.6, 23.8; HRMS (ESI-TOF) m/z:
[M+H]" C24H1sNO4" 426.1700; found: 426.1700.
(3-(4-fluorobenzoyl)-4-phenylisoxazol-5-yl)(4-methoxyphenyl)methanone (5d/5d")

Ph o

Pale yellow sticky solid (31.3 mg, 78%); R = 0.45 (EtOAc/hexane 1:19); Regioisomeric
ratio = 6:1; '"H NMR (600 MHz, CDCl3): 6 8.16 (dd, J = 8.9, 5.4 Hz, 2H), 8.08 — 8.06
(m, 0.6H), 8.01 (d, J = 9.0 Hz, 2H), 7.40 — 7.37 (m, 2.3H), 7.33 (dd, J = 5.0, 1.9 Hz,
3.5H), 7.20 (t, J = 8.6 Hz, 2H), 6.97 (d, J = 9.0 Hz, 2H), 3.92 (s, 0.5H), 3.91 (s, 3H); *°C
NMR (150 MHz, CDCls): 6 185.0, 181.4, 167.0 (d, J = 257 Hz), 165.0, 163.1, 159.9,
133.6 (d, J = 10.5 Hz), 133.3, 133.0, 132.5, 132.4, 130.0, 129.1, 128.6, 128.5, 127.0,
124.3, 116.3 (d, J = 22.5 Hz), 114.3, 55.9; HRMS (ESI-TOF) m/z: [M+H]"* Calcd for
CasH17FNO," 402.1136; found: 402.1134.
(3-(4-chlorobenzoyl)-4-phenylisoxazol-5-yl)(4-methoxyphenyl)methanone (5e/5¢e’)

Pale yellow sticky solid (33.4 mg, 80%); R = 0.44 (EtOAc/hexane 1:19); Regioisomeric
ratio = >20:1; *H NMR (600 MHz, CDCls): & 8.08 — 8.02 (m, 2H), 8.02 — 7.97 (m, 2H),
7.51 —7.46 (m, 2H), 7.39 — 7.34 (m, 2H), 7.34 — 7.28 (m, 3H), 6.97 — 6.92 (m, 2H), 3.89
(s, 3H); *C NMR (150 MHz, CDCls): & 185.4, 181.3, 165.0, 163.1, 159.8, 141.6, 134.3,
133.0, 132.1, 130.0, 129.4, 129.2, 128.6, 128.5, 127.0, 124.4, 114.3, 55.9; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for C,4H;7,CINO," 418.0841; found: 418.0854.
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(3-(2,4-dimethylbenzoyl)-4-phenylisoxazol-5-yl) (4-methoxyphenyl)methanone (5f/5f")

Pale yellow sticky solid (24.7 mg, 60%); R; = 0.5 (EtOAc/hexane 1:19); Regioisomeric
ratio = >20:1; *H NMR (600 MHz, CDCls): & 8.02 — 7.97 (m, 2H), 7.63 (d, J = 7.9 Hz,
1H), 7.39 — 7.34 (m, 2H), 7.31 — 7.28 (m, 3H), 7.13 — 7.06 (m, 2H), 6.96 — 6.92 (m, 2H),
3.89 (s, 3H), 2.56 (s, 3H), 2.37 (s, 3H); *C NMR (150 MHz, CDCls): & 188.4, 181.5,
164.9, 162.7, 161.7, 144.6, 141.1, 133.5, 133.3, 133.0, 132.9, 129.9, 129.0, 128.6, 128.6,
127.3, 126.6, 124.1, 114.3, 55.9, 21.9; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
CasH2NO," 412.1543; found: 412.1556.
(5-(4-methoxybenzoyl)-4-phenylisoxazol-3-yl)(thiophen-2-yl)methanone (5g/5g’)

Ph o Ph o

OMe
Pale yellow sticky solid (27.6 mg, 71%); R¢ = 0.39 (EtOAc/hexane 1:19); Regioisomeric
ratio = 1:3.1; 'H NMR (600 MHz, CDCls): & 8.22 — 8.20 (m, 1H), 8.11 — 8.10 (m,
0.3H), 8.06 — 8.02 (m, 2H), 7.99 — 7.95 (m, 0.6H), 7.83 — 7.81 (m, 1.3H), 7.45 — 7.42 (m,
2H), 7.42 — 7.39 (m, 0.6H), 7.36 — 7.32 (m, 3.7H), 7.23 (dd, J = 4.7, 4.1 Hz, 1H), 7.21
(dd, J = 4.8, 4.1 Hz, 0.3H), 6.98 — 6.95 (m, 2H), 6.93 (d, J = 8.9 Hz, 0.56H), 3.89 (s,
3H), 3.88 (s, 1H); *C NMR (150 MHz, CDCls); 5 184.8, 181.4, 177.7, 173.6, 165.1,
164.9, 163.3, 161.2, 161.0, 159.5, 142.8, 142.4, 139.5, 137.4, 137.1, 136.8, 136.3, 133.2,
133.0, 130.2, 130.1, 129.2, 129.1, 129.0, 128.9, 128.5, 128.4, 127.0, 127.0, 125.4, 124.2,
114.3, 114.3, 55.9, 55.9; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CyHisNO,S*
390.0795; found: 390.0793.
1-(5-(4-methoxybenzoyl)-4-phenylisoxazol-3-yl)-3-methylbutan-1-one (5h/5h’)
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White sticky solid (15.3 mg, 42%); R; = 0.45 (EtOAc/hexane 1:19); Regioisomeric ratio
=>20:1; *H NMR (600 MHz, CDCls): § 7.93 — 7.89 (m, 2H), 7.37 — 7.31 (m, 5H), 6.93
— 6.88 (m, 2H), 3.87 (s, 3H), 2.98 (d, J = 6.9 Hz, 2H), 2.31 — 2.29 (m, 1H), 0.99 (d, J =
6.7 Hz, 6H); *C NMR (150 MHz, CDCls): & 194.5, 181.3, 164.8, 164.0, 159.3, 132.9,
130.3, 129.0, 128.5, 128.3, 127.2, 123.4, 114.2, 55.8, 50.6, 24.8, 22.8; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for C»,H,,NO4* 364.1543; found: 364.1567.
(3-benzoyl-4-(p-tolyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (5i/5i")

HsC

White sticky solid (27.8 mg, 70%); R; = 0.44 (EtOAc/hexane 1:19); Regioisomeric ratio
= 4:1; *"H NMR (600 MHz, CDCl5): & 8.10 — 8.07 (m, 2H), 8.06 (d, J = 8.9 Hz, 0.5H),
8.03 — 8.00 (m, 2.5H), 7.65 (t, J = 7.4 Hz, 1.3H), 7.51 (t, J = 7.8 Hz, 2.3H), 7.27 (s,
1.2H), 7.26 (s, 1.2H), 7.11 (d, J = 8.0 Hz, 2.5H), 6.98 (s, 0.5H), 6.96 (dd, J = 6.4, 4.6 Hz,
2H), 3.89 (s, 3.8H), 2.30 (s, 3.8H); *C NMR (150 MHz, CDCl5): & 186.9, 181.5, 164.9,
162.7, 160.2, 139.1, 136.0, 134.9, 133.3, 133.0, 130.8, 130.4, 129.9, 129.4, 129.3, 129.0,
128.9,128.7,124.5, 124.1, 114.3, 55.9, 21.5; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
CasH2oNO," 398.1387; found: 398.1363.
(3-benzoyl-4-(4-methoxyphenyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (5j/5j')

MeO MeO

Yellow sticky solid (29.8 mg, 72%); R = 0.4 (EtOAc/hexane 1:19); Regioisomeric ratio
= 5.6:1; '"H NMR (600 MHz, CDCls): & 8.09 — 8.06 (m, 2H), 8.06 — 8.04 (m, 0.35H),
8.02 —7.99 (m, 2H), 7.65 (t, J = 7.4 Hz, 1.2H), 7.51 (t, J = 7.9 Hz, 2.2H), 7.34 — 7.32 (m,
2.1H), 6.97 — 6.93 (m, 2.1H), 6.84 — 6.81 (m, 2.1H), 3.89 (s, 3.3H), 3.76 (s, 3.3H); °C
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NMR (150 MHz, CDCl3): 6 187.0, 181.5, 164.9, 162.5, 160.2, 160.2, 136.0, 134.9,
133.3, 133.0, 131.5, 131.4, 130.8, 130.4, 129.3, 129.0, 128.9, 128.7, 126.1, 124.2, 119.2,
114.3, 114.1, 55.9, 55.4; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CasHyoNOs
414.1336; found: 414.1338.
(3-benzoyl-4-(4-chlorophenyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (5k/5k")

Yellow sticky solid (28.4 mg, 68%); R = 0.5 (EtOAc/hexane 1:19); Regioisomeric ratio
=5.1:1; '"H NMR (600 MHz, CDCls): 5 8.11 — 8.07 (m, 2H), 8.07 (d, J = 9.0 Hz, 0.4H),
8.04 — 7.99 (m, 2.3H), 7.70 — 7.66 (m, 1.1H), 7.53 (dd, J = 8.2, 7.6 Hz, 2.1H), 7.36 —
7.33 (m, 2.2H), 7.31 — 7.28 (m, 2.4H), 7.00 — 6.96 (m, 2.4H), 3.90 (s, 3.6H); *C NMR
(100 MHz, CDCls): & 186.5, 181.1, 165.1, 163.1, 159.9, 135.8, 135.3, 135.0, 133.3,
133.0, 131.5, 130.8, 130.4, 129.1, 129.0, 128.8, 128.4, 125.7, 123.5, 114.4, 55.9; HRMS
(ESI-TOF) m/z: [M+H]" Calcd for C»4H17CINO," 418.0841; found: 418.0850.
(3-benzoyl-4-(4-nitrophenyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (51/51)

Brown sticky solid (29.6 mg, 69%); R = 0.3 (EtOAc/hexane 1:19); Regioisomeric ratio
= 7.3:1; 'H NMR (600 MHz, CDCls): & 8.23 — 8.20 (m, 2H), 8.20 (s, 0.26H), 8.16 —
8.12 (m, 2.1H), 8.11 (s, 0.25H), 8.08 — 8.05 (m, 2H), 8.04 (d, J = 1.3 Hz, 0.24H), 7.72 —
7.68 (m, 1.23H), 7.61 — 7.58 (m, 2.3H), 7.55 (dd, J = 8.1, 7.5 Hz, 2.3H), 7.02 — 6.98 (m,
2.3H), 3.92 (s, 3H); *C NMR (150 MHz, CDCls): & 185.9, 180.5, 173.3, 165.3, 163.9,
159.6, 148.0, 135.6, 135.3, 134.3, 133.4, 133.1, 131.2, 130.9, 130.4, 130.1, 129.1, 128.9,
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128.2, 123.7, 123.0, 114.6, 56.0; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
C24H17N20¢" 429.1081; found: 429.1084.
(3-benzoyl-4-(3-chlorophenyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (5m/5m’)

Yellow sticky solid (29.2 mg, 70%); R = 0.5 (EtOAc/hexane 1:19); Regioisomeric ratio
=8:1; '"H NMR (600 MHz, CDCls): 5 8.12 — 8.08 (m, 2H), 8.03 — 8.00 (m, 2H), 7.67 (t,
J=7.4Hz, 1H), 7.64 (d, J = 7.4 Hz, 0.15H), 7.53 (t, J = 7.8 Hz, 2H), 7.50 (d, J = 7.7 Hz,
0.24H), 7.40 (d, J = 1.7 Hz, 1H), 7.36 — 7.34 (m, 0.12H), 7.31 — 7.28 (m, 1H), 7.28 -
7.25 (m, 2.3H), 7.00 (s, 0.19H), 6.99 — 6.96 (m, 2H), 3.90 (s, 3.3H); *C NMR (150
MHz, CDCl3): 6 186.3, 181.0, 165.1, 163.4, 159.8, 135.9, 135.0, 134.4, 133.0, 130.8,
130.1, 129.8, 129.2, 129.1, 129.0, 128.4, 128.3, 123.3, 114.4, 55.9; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C,4H:7,CINO4" 418.0841; found: 418.0846.
(3-benzoyl-4-(2-chlorophenyl)isoxazol-5-yl)(4-methoxyphenyl)methanone (5n/5n’)

White sticky solid (14.6 mg, 35%); R = 0.45 (EtOAc/hexane 1:19); Regioisomeric ratio
= 4:1; *H NMR (600 MHz, CDCl3): & 8.19 — 8.15 (m, 2H), 8.06 — 8.02 (m, 2H), 8.02 —
8.00 (m, 0.5H), 7.66 (t, J = 7.4 Hz, 1.3H), 7.53 (t, J = 7.8 Hz, 2.3H), 7.41 — 7.36 (m,
2.2H), 7.31 — 7.26 (m, 2.2H), 6.99 (d, J = 8.9 Hz, 0.5H), 6.98 — 6.93 (m, 2H), 3.89 (s,
2.8H); 1*C NMR (150 MHz, CDCls): 5 185.7, 180.6, 164.9, 163.8, 160.2, 135.6, 134.7,
132.9, 132.2, 130.9, 130.5, 129.7, 128.9, 128.4, 127.2, 127.1, 114.3, 55.9; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for C4H:7,CINO," 418.0841; found: 418.0860.
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(3-benzoyl-4-(furan-2-yl)isoxazol-5-yl)(4-methoxyphenyl)methanone (50/50")

Brown sticky solid (19.4 mg, 52%); R; = 0.55 (EtOAc/hexane 1:19); Regioisomeric ratio
=4.6:1;'H NMR (600 MHz, CDCls): § 8.11 — 8.07 (m, 2.1H), 8.08 — 8.03 (m, 2H), 7.69
—7.65 (m, 1.2H), 7.52 (dd, J = 8.1, 7.6 Hz, 2.3H), 7.23 — 7.21 (m, 1H), 7.03 — 7.00 (m,
2H), 6.99 — 6.98 (m, 0.4H), 6.43 — 6.40 (m, 1.2H), 3.92 (s, 3.3H); *C NMR (150 MHz,
CDCl): 6 186.8, 180.9, 164.9, 161.1, 159.2, 144.0, 141.5, 139.5, 135.9, 134.9, 132.9,
130.5, 129.0, 128.8, 115.1, 114.4, 113.9, 112.0, 55.9; HRMS (ESI-TOF) m/z: [M+H]*
CH1sNOs" 374.1023; found: 374.1028.
(4-phenylisoxazole-3,5-diyl)bis((4-fluorophenyl)methanone) (5p)

Ph

White sticky solid (27.6 mg, 71%); R; = 0.50 (EtOAc/hexane 1:19); *H NMR (600 MHz,
CDCl5): § 8.16 — 8.12 (m, 2H), 8.06 — 8.01 (m, 2H), 7.38 — 7.30 (m, 5H), 7.19 — 7.13 (m,
4H); C NMR (150 MHz, CDCl,): & 184.7, 181.2, 167.0 (d, J = 257 Hz, 1H), 166.7 (d,
J = 3.4 Hz, 1H), 162.22, 160.08, 133.6 (d, J = 9 Hz, 1H), 133.2 (d, J = 10.5 Hz, 1H),
130.06, 129.38, 128.64, 126.76, 125.36, 116.4 (d, J = 7.5 Hz, 1H), 116.3 (d, J = 6 Hz,
1H); HRMS (ESI-TOF) m/z: [M+H]" Calcd for C,3H1sF-NO3" 390.0936; found:
390.0941.

(4-phenylisoxazole-3,5-diyl)bis((2,4-dimethylphenyl)methanone) (5q)

Yellow sticky solid (22.5 mg, 55%); R; = 0.50 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): 6 7.61 (d, J =7.9 Hz, 1H), 7.43 (d, J = 7.9 Hz, 1H), 7.36 — 7.31 (m, 2H),
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7.29 — 7.25 (m, 3H), 7.08 (t, J = 10.9 Hz, 3H), 7.00 (d, J = 8.0 Hz, 1H), 2.55 (s, 3H),
2.49 (s, 3H), 2.37 (s, 3H), 2.35 (s, 3H); *C NMR (150 MHz, CDCls): & 188.3, 185.0,
163.0, 161.8, 144.6, 143.9, 141.1, 140.0, 133.5, 133.3, 132.9, 132.8, 132.8, 131.7, 129.8,
128.9, 128.5, 127.2, 126.6, 126.5, 124.3, 21.8, 20.9; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for Co7H24NO5" 410.1751; found: 410.1755.
(4-phenylisoxazole-3,5-diyl)bis(thiophen-2-ylmethanone) (5r)

Ph o)

White sticky solid (26.3 mg, 72%); R; = 0.55 (EtOAc/hexane 1:19); 'H NMR (600
MHz, CDCl3): & 8.21 — 8.18 (m, 1H), 8.10 — 8.07 (m, 1H), 7.85 — 7.81 (m, 2H), 7.48 —
7.44 (m, 2H), 7.42 — 7.37 (m, 3H), 7.24 — 7.20 (m, 2H); *C NMR (150 MHz, CDCls): &
177.4, 173.4, 161.8, 160.0, 142.8, 142.4, 137.4, 137.2, 136.9, 136.3, 130.3, 129.3, 129.1,
128.9, 128.4, 126.8, 125.5; HRMS (ESI-TOF) m/z: [M+H]* Calcd for CioH1,NO3S,*
366.0253; found: 366.0255.
3-(ethoxycarbonyl)-4-phenyl-5-(3-phenylpropanoyl)-4,5-dihydroisoxazole 2-oxide (6a)

o P oo

EtoWK/\ Ph

N=-O
00 9 6a

White sticky solid (30.8 mg, 84%, >20:1 dr); R; = 0.5 (EtOAc/hexane 1:4); '"H NMR
(600 MHz, CDClg): 8 7.41 — 7.37 (m, 2H), 7.38 — 7.35 (m, 1H), 7.33 — 7.30 (m, 2H),
7.29 - 7.24 (m, 2H), 7.19 (d, J = 7.3 Hz, 1H), 7.16 (d, J = 7.0 Hz, 2H), 4.94 (d, J = 2.6
Hz, 1H), 4.85 (d, J = 2.5 Hz, 1H), 4.35 — 4.30 (m, 2H), 3.25 — 3.17 (m, 2H), 2.88 (t, J =
7.6 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H); **C NMR (150 MHz, CDCls): & 189.8, 168.0,
140.3, 137.9, 129.4, 128.7, 128.5, 128.5, 127.0, 126.2, 117.5, 79.1, 62.7, 52.5, 42.8,
29.02, 14.1; HRMS (ESI-TOF) m/z: [M+H]" Calcd for C;H22NOs" 368.1492; found:
368.1495.

5-(cyclohexanecarbonyl)-3-(ethoxycarbonyl)-4-phenyl-4,5-dihydroisoxazole  2-oxide
(6b)

196

TH-2175_146122003



Synthesis of Heterocyclic Molecules by Denitration of a-Nitroketones

o FPh oo

\
©0 @ ep

White sticky solid (17.2 mg, 50%, >20:1 dr); R = 0.55 (EtOAc/hexane 1:4); 'H NMR
(600 MHz, CDCl3): 6 7.40 (t, J = 7.3 Hz, 2H), 7.37 — 7.34 (m, 1H), 7.34 — 7.31 (m, 2H),
492 (d, J = 2.6 Hz, 1H), 4.87 (d, J = 2.6 Hz, 1H), 4.34 (9, J = 7.1 Hz, 2H), 3.28 — 3.21
(m, 1H), 1.87 (d, J = 12.7 Hz, 1H), 1.83 — 1.74 (m, 3H), 1.69 (d, J = 13.1 Hz, 1H), 1.39
(s, 1H), 1.35 (d, J = 7.1 Hz, 3H), 1.36 — 1.28 (m, 3H), 1.22 — 1.07 (m, 2H); **C NMR
(150 MHz, CDCl3): 6 194.1, 168.5, 138.4, 129.7, 128.9, 127.2, 117.4, 79.2, 62.9, 53.3,
47.0, 30.0, 28.0, 27.3, 26.1, 26.0, 25.6, 14.4; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
C19H24NO5" 346.1649; found: 316.1645.
3-(ethoxycarbonyl)-5-(3-methylbutanoyl)-4-phenyl-4,5-dihydroisoxazole 2-oxide (6c)
Ph o

A
EtO”  \

N=O
00 9 6¢

White sticky solid (21.7 mg, 68%, >20:1 dr); Ry = 0.55 (EtOAc/hexane 1:4); ‘H NMR
(600 MHz, CDCl3): 8 7.38 (dd, J = 7.9, 6.5 Hz, 2H), 7.35 — 7.31 (m, 3H), 4.92 (d, J =
2.6 Hz, 1H), 4.85 (d, J = 2.6 Hz, 1H), 4.33 (q, J = 7.1 Hz, 2H), 2.81 — 2.79 (m, 1H), 2.69
—2.66 (m, 1H), 2.12 — 2.09 (m, 1H), 1.34 (t, J = 7.1 Hz, 3H), 0.89 (d, J = 6.7 Hz, 3H),
0.84 (d, J = 6.7 Hz, 3H); *C NMR (150 MHz, CDCls): § 190.9, 168.5, 138.3, 129.7,
129.0, 127.2, 117.9, 79.2, 63.0, 53.0, 49.8, 30.0, 24.4, 22.9, 22.5, 14.4; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for C17H,,NOs* 320.1492; found: 392.1497.
3-(ethoxycarbonyl)-5-pentanoyl-4-phenyl-4,5-dihydroisoxazole 2-oxide (6d)

o fEhoo

EtOW

N=O
00 @ 6q

White sticky solid (22.3 mg, 70%, >20:1 dr); R = 0.65 (EtOAc/hexane 1:4); *H NMR
(600 MHz, CDCls): 6 7.39 (dd, J = 7.9, 6.5 Hz, 2H), 7.36 — 7.31 (m, 3H), 4.93 (d, J =
2.6 Hz, 1H), 4.84 (d, J = 2.5 Hz, 1H), 4.33 (q, J = 7.1 Hz, 2H), 2.87 (td, J = 7.1, 1.4 Hz,
2H), 1.55 - 1.52 — 1.47 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H), 1.29 (d, J = 7.7 Hz, 2H), 0.88
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(d, J = 7.4 Hz, 3H); *C NMR (150 MHz, CDCl5): § 191.3, 168.4, 138.3, 129.7, 129.0,
127.3, 117.7, 79.3, 63.0, 53.0, 41.2, 25.3, 22.4, 14.4, 14.1; HRMS (ESI-TOF) m/z:
[M+H]" Calcd for C17H2,NOs" 320.1492; found: 392.1499.
3-(ethoxycarbonyl)-5-heptanoyl-4-phenyl-4,5-dihydroisoxazole 2-oxide (6e)

00 @ ge

White sticky solid (26.3 mg, 72%, >20:1 dr); R; = 0.55 (EtOAc/hexane 1:19); *H NMR
(600 MHz, CDCl5): 6 7.42 — 7.39 (m, 2H), 7.38 — 7.32 (m, 3H), 4.95 (d, J = 2.6 Hz, 1H),
4.86 (d, J = 2.5 Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 2.88 (t, J = 7.4 Hz, 2H), 1.58 — 1.54
(m, 2H), 1.36 (t, J = 7.2 Hz, 3H), 1.30 (s, 4H), 0.93 — 0.84 (m, 5H); *C NMR (150
MHz, CDCls): 6 191.3, 168.4, 138.3, 129.7, 129.0, 127.3, 117.7, 79.3, 63.0, 53.0, 41.5,
31.8, 30.0, 28.9, 23.2, 22.8, 14.4, 14.4; HRMS (ESI-TOF) m/z: [M+H]" Calcd for
C19H2sNOs" 348.1805; found: 348.1799.
trans-5-benzoyl-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8a)

Pale yellow solid (97 mg, 92%, >20:1 dr); Rt = 0.5 (EtOAc/hexane 1:12); mp 125-128
°C; 'H NMR (600 MHz, CDCls): & 8.06 (d, J = 7.3 Hz, 2H), 7.94 (d, J = 7.4 Hz, 2H),
7.65 (t, J = 7.4 Hz, 1H), 7.55 — 7.47 (m, 5H), 7.43 (t, J = 7.4 Hz, 2H), 7.39 (d, J = 7.3
Hz, 1H), 7.35 (d, J = 7.1 Hz, 2H), 5.92 (d, J = 5.6 Hz, 1H), 4.76 (d, J = 5.6 Hz, 1H); *C
NMR (100 MHz, CDCl3): & 192.6, 166.6, 139.4, 134.5, 133.6, 132.1, 129.6, 129.3,
129.1, 129.0, 128.7, 127.8, 127.6, 127.3, 116.5, 89.6, 85.3, 52.6; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C4H1sNO," 352.1332; found: 352.1332.
trans-5-benzoyl-4-phenyl-2-(p-tolyl)-4,5-dihydrofuran-3-carbonitrile (8b)
NC Ph
o
o)
Me 8b Ph
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White solid (95.3 mg, 87%, >20:1 dr); R¢ = 0.5 (EtOAc/hexane 1:12); mp 135-137 °C;
'H NMR (600 MHz, CDCls): 6 7.94 (t, J = 7.7 Hz, 4H), 7.64 (t, J = 7.4 Hz, 1H), 7.50 (t,
J=79Hz, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.39 — 7.33 (m, 3H), 7.28 (d, J = 8.1 Hz, 2H),
5.89 (d, J = 5.6 Hz, 1H), 4.75 (d, J = 5.6 Hz, 1H), 2.42 (s, 3H); *C NMR (150 MHz,
CDCl3): 8 192.8, 166.8, 142.8, 139.6, 134.5, 133.7, 129.7, 129.6, 129.4, 129.2, 128.7,
127.9, 127.6, 124.6, 116.8, 89.6, 84.4, 52.7, 21.9; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for Co5H2oNO," 366.1489; found: 366.1490.
trans-5-benzoyl-2-(4-methoxyphenyl)-4-phenyl-4,5-dihydrofuran-3-carbonitrile (8c)

NC Ph

White solid (107.4 mg, 94%, >20:1 dr); Ry = 0.35 (EtOAc/hexane 1:12); mp 125-127 °C;
'H NMR (600 MHz, CDCls): & 8.02 (d, J = 8.9 Hz, 2H), 7.93 (d, J = 7.3 Hz, 2H), 7.64
(t,J=7.4Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.39 — 7.32 (m, 3H),
6.99 — 6.95 (m, 2H), 5.88 (d, J = 5.6 Hz, 1H), 4.72 (d, J = 5.6 Hz, 1H), 3.87 (d,J =04
Hz, 3H); *C NMR (150 MHz, CDCls): & 192.8, 166.5, 162.6, 139.7, 134.4, 133.7,
129.6, 129.5, 129.3, 129.1, 128.6, 127.8, 119.9, 117.1, 114.4, 89.6, 83.1, 55.7, 52.7;
HRMS (ESI-TOF) m/z: [M+H]" Calcd for C,sH,0NO3" 382.1438; found: 382.1440.
trans-5-benzoyl-2-(4-chlorophenyl)-4-phenyl-4,5-dihydrofuran-3-carbonitrile (8d)
NC_  FPh
| o]
o)

Cl 8d .

White solid (101.5 mg, 88%, >20:1 dr); R; = 0.45 (EtOAc/hexane 1:12); mp 155-158 °C;
'H NMR (600 MHz, CDCls): § 7.99 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 7.2 Hz, 2H), 7.65
(t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.47 — 7.41 (m, 4H), 7.40 - 7.37 (m, 1H),
7.34 (d, J = 7.1 Hz, 2H), 5.93 (d, J = 5.6 Hz, 1H), 4.73 (d, J = 5.6 Hz, 1H); *C NMR
(150 MHz, CDCly): & 192.4, 165.5, 139.2, 138.2, 134.6, 133.5, 129.7, 129.3, 129.3,
129.2, 129.0, 128.8, 127.8, 125.8, 116.3, 89.6, 85.9, 52.8; HRMS (ESI-TOF) m/z:
[M+H]" Calcd for C,4H17CINO,* 386.0942; found: 386.0942.
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trans-5-benzoyl-2-(4-bromophenyl)-4-phenyl-4,5-dihydrofuran-3-carbonitrile (8e)
Ph
/ e

NC

Ph
Br 8e

White solid (109.3 mg, 85%, >20:1 dr); R = 0.45 (EtOAc/hexane 1:12); mp 172-174 °C;
'H NMR (600 MHz, CDCls): & 7.94 (d, J = 8.7 Hz, 4H), 7.68 (t, J = 7.4 Hz, 1H), 7.64
(d, J=8.5Hz, 2H), 7.53 (t, J = 7.8 Hz, 2H), 7.46 (t, J = 7.3 Hz, 2H), 7.41 (d, J = 7.3 Hz,
1H), 7.36 (d, J = 7.1 Hz, 2H), 5.95 (d, J = 5.6 Hz, 1H), 4.74 (d, J = 5.6 Hz, 1H); ©*C
NMR (150 MHz, CDCl3): 6 192.4, 165.5, 139.1, 134.6, 133.5, 132.3, 129.7, 129.3,
129.2, 129.1, 128.8, 127.8, 126.7, 126.2, 116.3, 89.6, 86.0, 52.8; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C,4H17BrNO," 430.0437; found: 430.0444.
trans-5-benzoyl-2-(3-chlorophenyl)-4-phenyl-4,5-dihydrofuran-3-carbonitrile (8f)

Ph

NC_
0
/

Cl

Ph
8f

Pale yellow solid (95.8 mg, 83%, >20:1 dr); R = 0.5 (EtOAc/hexane 1:12); mp 110-112
°C; 'H NMR (400 MHz, CDCls): & 8.03 — 7.98 (m, 2H), 7.94 — 7.90 (m, 2H), 7.66 (t, J
=7.4Hz, 1H), 7.51 (t, J = 7.9 Hz, 3H), 7.46 — 7.38 (m, 4H), 7.36 — 7.31 (m, 2H), 5.94 (d,
J=5.6 Hz, 1H), 4.73 (d, J = 5.6 Hz, 1H); *C NMR (150 MHz, CDCls):  192.3, 165.0,
139.1, 135.2, 134.7, 133.4, 132.1, 130.4, 129.7, 129.3, 129.2, 129.0, 128.9, 127.8, 127.6,
125.8, 116.0, 89.6, 86.7, 52.9; HRMS (ESI-TOF) m/z: [M+H]" CxH1;CINO,"
386.0942; found: 386.0946.
trans-5-benzoyl-4-phenyl-4,5-dihydro-[2,2'-bifuran]-3-carbonitrile (8g)

NC ;Ph
(0]
/
~ O
\ o 8 Ph
g

White solid (84.5 mg, 83%, >20:1 dr); Ry = 0.5 (EtOAc/hexane 1:12); mp 140-142 °C;

'H NMR (600 MHz, CDCls): & 7.90 (d, J = 7.2 Hz, 2H), 7.66 — 7.61 (m, 2H), 7.49 (t, J

=79 Hz, 2H), 7.42 (t, J = 7.3 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H), 7.34 — 7.31 (m, 2H),

7.11 (d, J = 3.5 Hz, 1H), 6.59 — 6.56 (m, 1H), 5.90 (d, J =5.7 Hz, 1H), 4.71 (d, J =5.7
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Hz, 1H); °C NMR (150 MHz, CDCls): & 192.4, 157.7, 146.0, 143.0, 139.1, 134.6,
133.5, 129.7, 129.4, 129.2, 128.8, 127.9, 115.5, 115.3, 112.3, 90.3, 84.0, 52.3; HRMS
(ESI-TOF) m/z: [M+H]" Calcd for C»,H1sNOs* 342.1125; found: 342.1121.
trans-5-benzoyl-2-(tert-butyl)-4-phenyl-4,5-dihydrofuran-3-carbonitrile (8h)

NC :Ph

W"

gh Ph

White sticky solid (79 mg, 80%, >20:1 dr); R; = 0.6 (EtOAc/hexane 1:12); ‘H NMR
(600 MHz, CDCls): & 7.85 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.47 (t, = 7.8
Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 7.3 Hz, 1H), 7.25 (d, J = 7.1 Hz, 2H), 5.74
(d, J = 4.9 Hz, 1H), 4.42 (d, J = 4.9 Hz, 1H), 1.41 (s, 9H); *C NMR (150 MHz,
CDCls): & 192.9, 179.5, 139.8, 134.4, 133.4, 129.6, 129.2, 129.1, 128.6, 127.6, 116.2,
114.3, 89.3, 84.6, 52.9, 28.3; HRMS (ESI-TOF) m/z: [M+H]* Calcd for CpH»,NO,*

332.1645; found: 332.1651.
trans-5-benzoyl-2-phenyl-4-(p-tolyl)-4,5-dihydrofuran-3-carbonitrile (8i)

Me
NC 3
(0]
[
Ph (0] Ph
8i

White solid (84.3 mg, 77%, >20:1 dr); Rs = 0.5 (EtOAc/hexane 1:12); mp 106-108 °C;
'H NMR (600 MHz, CDCls): 5 8.07 (d, J = 7.4 Hz, 2H), 7.94 (d, J = 7.4 Hz, 2H), 7.65
(t, J = 7.4 Hz, 1H), 7.54 — 7.47 (m, 5H), 7.24 (s, 4H), 5.92 (d, J = 5.6 Hz, 1H), 4.70 (d, J
= 5.6 Hz, 1H), 2.39 (s, 3H); **C NMR (100 MHz, CDCl3): 6 192.7, 166.5, 138.5, 136.4,
134.5, 133.6, 132.0, 130.3, 129.3, 129.1, 129.0, 127.7, 127.6, 127.4, 116.6, 89.7, 85.5,
52.5, 21.3; HRMS (ESI-TOF) m/z: [M+H]" Ca5H2NO," 366.1489; found: 366.1495.
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trans-5-benzoyl-4-(4-methoxyphenyl)-2-phenyl-4,5-dihydrofuran-3-carbonitrile (8j)

OMe
NC 3
(0]
/
Ph (@) Ph

White solid (90.3 mg, 79%, >20:1 dr); R¢ = 0.4 (EtOAc/hexane 1:12); mp 132-134 °C;
'H NMR (600 MHz, CDCls): § 7.99 (d, J = 7.5 Hz, 2H), 7.87 (d, J = 7.7 Hz, 2H), 7.58
(t, J =7.4 Hz, 1H), 7.48 — 7.39 (m, 5H), 7.20 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.6 Hz,
2H), 5.83 (d, J = 5.7 Hz, 1H), 4.62 (d, J = 5.7 Hz, 1H), 3.77 (s, 3H); *C NMR (100
MHz, CDClg): 6 192.7, 166.3, 159.9, 134.5, 133.6, 132.0, 131.4, 129.3, 129.1, 129.0,
127.6, 127.4, 116.6, 115.0, 89.7, 85.6, 55.5, 52.2; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for CosH,oNO3" 382.1438:; found: 382.1439.
trans-5-benzoyl-4-(4-nitrophenyl)-2-phenyl-4,5-dihydrofuran-3-carbonitrile (8k)

NO,
NC,
0
/
PR 0" L

The title compound 3k was prepared as per the general procedure as a brown solid (91.4
mg, 77%, >20:1 dr); R; = 0.35 (EtOAc/hexane 1:12); mp 115-117 °C; *H NMR (600
MHz, CDCls): 6 8.27 (d, J = 7.4 Hz, 2H), 8.02 (d, J = 7.5 Hz, 2H), 7.98 (d, J = 7.5 Hz,
2H), 7.68 (t, J = 7.4 Hz, 1H), 7.57 — 7.52 (m, 5H), 7.48 (t, J = 7.7 Hz, 2H), 5.87 (d, J =
6.0 Hz, 1H), 5.04 (d, J = 6.0 Hz, 1H); *C NMR (150 MHz, CDCls): 5 191.9, 167.1,
148.1, 146.5, 134.8, 133.6, 132.6, 129.5, 129.3, 129.1, 129.0, 127.7, 126.8, 124.9, 116.0,
89.1, 84.3, 51.7; HRMS (ESI-TOF) m/z: [M+H]" Calcd for Cy;H1sN,O4" 397.1183;
found: 397.1176.
trans-4-([1,1'-biphenyl]-4-yl)-5-benzoyl-2-phenyl-4,5-dihydrofuran-3-carbonitrile (8I)
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White solid (103.7 mg, 81%, >20:1 dr); R = 0.45 (EtOAc/hexane 1:12); mp 144-146 °C;
'H NMR (600 MHz, CDCls): & 8.12 — 8.06 (m, 2H), 8.01 — 7.95 (m, 2H), 7.67 (t, J =
7.0 Hz, 3H), 7.62 (d, J = 7.8 Hz, 2H), 7.56 — 7.45 (m, 7H), 7.44 (d, J = 8.1 Hz, 2H), 7.39
(t, J = 7.4 Hz, 1H), 5.96 (d, J = 5.7 Hz, 1H), 4.83 (d, J = 5.6 Hz, 1H); *C NMR (150
MHz, CDClg): 6 192.6, 166.6, 141.7, 140.6, 138.3, 134.5, 133.6, 132.1, 129.4, 129.2,
129.0, 129.0, 128.3, 128.3, 127.8, 127.7, 127.4, 127.3, 116.6, 89.6, 85.3, 52.4; HRMS
(ESI-TOF) m/z: [M+H]" Calcd for CzgH2,NO," 428.1645; found: 428.1644.

trans-5-benzoyl-2-phenyl-4-(m-tolyl)-4,5-dihydrofuran-3-carbonitrile (8m)

Light yellow solid (97.7 mg, 89%, >20:1 dr); Rs = 0.5 (EtOAc/hexane 1:12); mp 130-133
°C; 'H NMR (600 MHz, CDCls): § 8.07 (d, J = 7.5 Hz, 2H), 7.95 (d, J = 7.5 Hz, 2H),
7.65 (t, J = 7.4 Hz, 1H), 7.55 — 7.47 (m, 5H), 7.32 (t, J = 7.9 Hz, 1H), 7.19 (d, J = 7.6
Hz, 1H), 7.15 (d, J = 6.5 Hz, 2H), 5.92 (d, J = 5.6 Hz, 1H), 4.72 (d, J = 5.6 Hz, 1H), 2.39
(s, 3H); *C NMR (150 MHz, CDCls): 8 192.7, 166.5, 139.4, 139.4, 134.5, 133.6, 132.1,
129.5, 129.4, 129.1, 129.0, 128.4, 127.6, 127.4, 124.9, 116.6, 89.7, 85.4, 52.7, 21.7,
HRMS (ESI-TOF) m/z: [M+H]" Calcd for C,5HoNO," 366.1489; found: 366.1483.

trans-5-benzoyl-4-(3-bromophenyl)-2-phenyl-4,5-dihydrofuran-3-carbonitrile (8n)

203

TH-2175_146122003



Chapter 5

Pale yellow solid (118.4 mg, 92%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); mp 135-137
°C; 'H NMR (600 MHz, CDCls): & 8.04 (d, J = 7.2 Hz, 2H), 7.96 (d, J = 7.2 Hz, 2H),
7.67 (t,J = 7.4 Hz, 1H), 7.55 — 7.47 (m, 7H), 7.31 — 7.28 (m, 2H), 5.86 (d, J = 5.8 Hz,
1H), 4.80 (d, J = 5.8 Hz, 1H); *C NMR (150 MHz, CDCls): & 192.2, 166.8, 141.7,
134.7, 133.6, 132.3, 131.9, 131.2, 130.9, 129.4, 129.2, 129.1, 127.7, 127.1, 126.7, 123.7,
116.3, 89.4, 84.8, 52.0; HRMS (ESI-TOF) m/z: [M+H]" CxH1;BrNO," 430.0437;
found: 430.0442.

trans-5-benzoyl-2-phenyl-4-(o-tolyl)-4,5-dihydrofuran-3-carbonitrile (80)

\ 0
IH
Ph™ 0O
Ph
8o

White solid (99.5 mg, 91%, >20:1 dr); Rs = 0.5 (EtOAc/hexane 1:12); mp 125-128 °C;
'H NMR (600 MHz, CDCls): & 8.02 (d, J = 8.6 Hz, 2H), 7.94 (d, J = 7.3 Hz, 2H), 7.64
(t, J = 7.4 Hz, 1H), 7.54 — 7.45 (m, 5H), 7.40 (d, J = 7.7 Hz, 1H), 7.31 (t, J = 7.5 Hz,
1H), 7.27 = 7.24 (m, 1H), 7.21 (d, J = 7.4 Hz, 1H), 5.92 (d, J = 5.4 Hz, 1H), 5.15 (d, J =
5.4 Hz, 1H), 2.30 (s, 3H); *C NMR (150 MHz, CDCls): & 192.7, 166.1, 138.0, 136.3,
134.5, 133.8, 132.0, 131.2, 129.3, 129.2, 129.0, 128.4, 127.6, 127.6, 127.4, 116.6, 89.7,
85.7, 48.2, 19.7; HRMS (ESI-TOF) m/z: [M+H]" CusHxNO," 366.1489; found:

366.1488.
trans-5-benzoyl-4-(2,4-dimethoxyphenyl)-2-phenyl-4,5-dihydrofuran-3-carbonitrile
(8p)
OMe
=0
NC. 3
D
Ph” ~O bh

Brown solid (86.3 mg, 70%, >20:1 dr); Rs = 0.25 (EtOAc/hexane 1:12); mp 130-132 °C;
'H NMR (600 MHz, CDCls): 6 8.04 (d, J = 7.1 Hz, 2H), 7.93 (d, J = 7.2 Hz, 2H), 7.63 —
7.61 (m, 1H), 7.51 — 7.45 (m, 5H), 7.23 (d, J = 8.4 Hz, 1H), 6.53 — 6.51 (m, 1H), 6.48 (d,
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J=2.4Hz, 1H), 5.88 (d, J = 5.7 Hz, 1H), 5.03 (d, J = 5.7 Hz, 1H), 3.83 (s, 3H), 3.63 (s,
3H); *C NMR (150 MHz, CDCls): § 193.2, 166.8, 161.1, 158.2, 134.1, 131.8, 129.5,
129.3, 128.9, 127.5, 119.7, 117.0, 105.1, 99.1, 88.3, 84.2, 55.6, 55.5, 46.9; HRMS (ESI-
TOF) m/z: [M+H]" C26H2,NO4" 412.1543; found: 412.1540.
trans-2'-benzoyl-5'-phenyl-2*,3'-dihydro-[2,3'-bifuran]-4'-carbonitrile (8q)

)
NG, S
T~
Ph” 0

- Ph

Light yellow sticky solid (35.8 mg, 35%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); *H
NMR (600 MHz, CDCl3): & 8.05 — 8.00 (m, 4H), 7.67 (t, J = 7.5 Hz, 1H), 7.55 — 7.50
(m, 3H), 7.49 — 7.45 (m, 3H), 6.44 — 6.39 (m, 2H), 6.08 (d, J = 5.6 Hz, 1H), 4.97 (d, J =
5.6 Hz, 1H); *C NMR (150 MHz, CDCls): & 192.1, 167.1, 151.1, 143.5, 134.6, 133.6,
132.2, 129.5, 129.2, 129.0, 127.7, 127.3, 116.3, 111.1, 108.7, 86.3, 82.5, 45.9; HRMS
(ESI-TOF) m/z: [M+H]" C2H1sNO3" 342.1125; found: 342.1121.
trans-5-benzoyl-2-phenyl-4-(pyridin-3-yl)-4,5-dihydrofuran-3-carbonitrile (8r)

/ N

8r

Light brown sticky solid (47.2 mg, 45%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:4); *H
NMR (600 MHz, CDCl3): 6 8.66 — 8.61 (m, 2H), 8.03 (d, J = 7.3 Hz, 2H), 7.96 (d, J =
7.2 Hz, 2H), 7.73 — 7.71 (m, 1H), 7.67 (t, J = 7.4 Hz, 1H), 7.57 — 7.51 (m, 3H), 7.50 —
7.45 (m, 2H), 7.40 — 7.38 (m, 1H), 5.87 (d, J = 5.7 Hz, 1H), 4.89 (d, J = 5.7 Hz, 1H); ©*C
NMR (150 MHz, CDCls): 191.9, 166.9, 150.0, 149.3, 135.3, 134.9, 134.6, 133.4, 132.3,
129.2, 129.1, 128.9, 127.5, 126.8, 124.3, 116.0, 114.1, 89.1, 84.2, 49.7; HRMS (ESI-
TOF) m/z: [M+H]" C,3H17N,0," 353.1285; found: 353.91.
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trans-5-benzoyl-4-cyclohexyl-2-phenyl-4,5-dihydrofuran-3-carbonitrile (8s)

O

NC \ P

Phisozﬁ‘zph
Yellow sticky liquid (64.2 mg, 60%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); 'H NMR
(400 MHz, CDCl5): 6 8.03 (d, J = 7.8 Hz, 2H), 7.93 (d, J = 6.8 Hz, 2H), 7.65 (t, J = 7.4
Hz, 1H), 7.54 (t, J = 7.7 Hz, 2H), 7.49 — 7.40 (m, 3H), 5.69 (d, J = 4.8 Hz, 1H), 3.69 (t, J
= 4.4 Hz, 1H), 1.78 (m, 7H), 1.36 — 1.27 (m, 3H), 1.17 (d, J = 3.0 Hz, 1H); *C NMR
(150 MHz, CDCl3): & 194.2, 166.5, 134.3, 134.2, 131.8, 129.3, 129.1, 128.9, 127.6,
127.5, 117.7, 85.2, 82.9, 51.8, 41.4, 29.9, 29.4, 26.4, 26.4, 26.4; HRMS (ESI-TOF)
m/z: [M+H]" C24H24NO," 358.1802; found: 358.1798.
trans-5-(4-methylbenzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8t)

Ph o

NC
\ O
Ph

8t Me
White solid (100.7 mg, 92%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); mp 164-166 °C;
'H NMR (600 MHz, CDCls): 6 8.06 (d, J = 7.3 Hz, 2H), 7.83 (d, J = 8.2 Hz, 2H), 7.53 —
7.50 (m, 1H), 7.49 — 7.46 (m, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.40 — 7.37 (m, 1H), 7.37 —
7.34 (m, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.90 (d, J = 5.6 Hz, 1H), 4.74 (d, J = 5.6 Hz, 1H),
2.44 (s, 3H); *C NMR (150 MHz, CDCls): & 192.2, 166.7, 145.7, 139.5, 132.1, 131.1,
129.9, 129.6, 129.5, 129.0, 128.6, 127.9, 127.7, 127.4, 116.6, 89.6, 85.3, 52.8, 22.0;
HRMS (ESI-TOF) m/z: [M+H]" CsH2NO," 366.1489; found: 366.1494.
trans-2,4-diphenyl-5-(4-propoxybenzoyl)-4,5-dihydrofuran-3-carbonitrile (8u)
Ph o

NC%
\ o)
PH

8u 0 N\~
Light yellow solid (95.5 mg, 78%, >20:1 dr); R¢ = 0.4 (EtOAc/hexane 1:12); mp 163-165
°C; 'H NMR (600 MHz, CDCls): & 8.06 (d, J = 7.2 Hz, 2H), 7.90 (d, J = 8.9 Hz, 2H),
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752 (t,J=7.3Hz, 1H),7.48 (t, J=7.4 Hz, 2H), 7.42 (t, J = 7.3 Hz, 2H), 7.38 — 7.34 (m,
3H), 6.95 (d, J = 8.9 Hz, 2H), 5.87 (d, J = 5.8 Hz, 1H), 4.77 (d, J = 5.8 Hz, 1H), 4.01 (t, J
= 6.5 Hz, 2H), 1.89 — 1.81 (m, 2H), 1.06 (t, J = 7.4 Hz, 3H); *C NMR (150 MHz,
CDCly): 6 191.0, 166.6, 164.3, 139.6, 132.0, 131.8, 129.6, 129.0, 128.6, 127.9, 127.7,
1275, 126.3, 116.7, 114.8, 89.5, 85.4, 70.1, 52.8, 22.6, 10.7; HRMS (ESI-TOF) m/z:
[M+H]" C27H2sNO3" 410.1751; found: 410.1758.
trans-5-(4-(allyloxy)benzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8v)
Ph o

NC%
\ 0
PH

8v O N—
White solid (100 mg, 82%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); mp 165-167 °C; 'H
NMR (600 MHz, CDCl3): & 8.06 (d, J = 7.4 Hz, 2H), 7.91 (d, J = 8.9 Hz, 2H), 7.54 —
7.50 (m, 1H), 7.48 (t, J = 7.4 Hz, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.39 — 7.33 (m, 3H), 6.98
(d, J = 8.9 Hz, 2H), 6.05 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H), 5.87 (d, J = 5.8 Hz, 1H), 5.47
—5.40 (m, 1H), 5.36 — 5.33 (m, 1H), 4.77 (d, J = 5.8 Hz, 1H), 4.63 (d, J = 5.3 Hz, 2H);
3C NMR (150 MHz, CDCl5): 6 191.0, 166.6, 163.6, 139.6, 132.4, 132.0, 131.7, 129.6,
129.0, 128.6, 127.9, 127.6, 127.5, 126.7, 118.6, 116.7, 115.1, 89.5, 85.4, 69.2, 52.8;
HRMS (ESI-TOF) m/z: [M+H]" C,7H2,NO3" 408.1594; found: 408.1586.
trans-5-(4-fluorobenzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8w)

Ph o

NC%
\ (0]
Ph

8w F

Yellow solid (56.5 mg, 78%, 9:1 dr); R¢ = 0.4 (EtOAc/hexane 1:12); mp 175-178 °C; *H
NMR (600 MHz, CDCl3): 6 8.04 (d, J = 7.7 Hz, 2H), 7.99 (dd, J = 8.8, 5.3 Hz, 2H),
7.53 (t,J = 7.4 Hz, 1H), 7.48 (t, J = 7.5 Hz, 2H), 7.43 (t, = 7.3 Hz, 2H), 7.40 — 7.34 (m,
3H), 7.18 (t, J = 8.5 Hz, 2H), 5.86 (d, J = 5.8 Hz, 1H), 5.79 (d, J = 6.0 Hz, 0.07H), 4.85
(d, J = 6.0 Hz, 0.06H), 4.80 (d, J = 5.8 Hz, 1H); *C NMR (150 MHz, CDCl5): & 191.1,
166.5 (d, J = 256 Hz), 166.4, 139.3, 132.2 (d, J = 6 Hz), 132.2, 130.2 (d, J = 3 Hz),
129.7, 129.1, 128.8, 127.9, 127.62 127.3, 116.5 (d, J = 16.5 Hz), 89.6, 85.5, 52.5;
HRMS (ESI-TOF) m/z: [M+H]* C,sH17,FNO," 370.1238; found: 370.1247.
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trans-5-(4-chlorobenzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8x)

NC%
\ o}
Ph

8x cl
Pale yellow solid (40.4 mg, 35%, >20:1 dr); Rs = 0.4 (EtOAc/hexane 1:12); mp 185- 187
°C; 'H NMR (400 MHz, CDCls): & 8.03 (d, J = 6.9 Hz, 2H), 7.89 (d, J = 8.6 Hz, 2H),
7.52 — 7.47 (m, 4H), 7.45 — 7.39 (m, 3H), 7.36 (dd, J = 8.3, 6.8 Hz, 3H), 5.85 (d, J = 5.8
Hz, 1H), 4.79 (d, J = 5.7 Hz, 1H); **C NMR (150 MHz, CDCls): & 191.6, 166.4, 141.2,
139.3, 132.2, 132.0, 130.8, 129.7, 129.6, 129.1, 128.8, 127.9, 127.6, 127.3, 116.4, 89.6,
85.5, 52.5; HRMS (ESI-TOF) m/z: [M+H]" C4H17CINO," 386.0942; found: 386.0938.
trans-5-([1,1'-biphenyl]-4-carbonyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (8y)
Ph o

NC
1R
PH

8y Ph

White solid (113.4 mg, 35%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); mp 162-164 °C;
'H NMR (600 MHz, CDCls):  8.07 (d, J = 7.2 Hz, 2H), 8.01 (d, J = 8.4 Hz, 2H), 7.72
(d, J = 8.4 Hz, 2H), 7.64 (d, J = 7.2 Hz, 2H), 7.54 — 7.51 (m, 1H), 7.51 — 7.47 (m, 4H),
7.43 (q, J = 7.4 Hz, 3H), 7.43 — 7.36 (m, 3H), 5.94 (d, J = 5.7 Hz, 1H), 4.80 (d, J = 5.7
Hz, 1H); *C NMR (150 MHz, CDCly): & 192.2, 166.6, 147.2, 139.6, 139.5, 132.3,
132.1, 130.0, 129.7, 129.3, 129.0, 128.8, 128.7, 127.9, 127.8, 127.7, 127.5, 127.4, 116.6,
89.7, 85.4, 52.8; HRMS (ESI-TOF) m/z: [M+H]" CgHx»NO," 428.1645; found:
428.1555.

trans-5-(3-chlorobenzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (82)

Ph o

NC
Cl
m
Ph

8z
Brown solid (72.5 mg, 63%, 8:1 dr); R; = 0.4 (EtOAc/hexane 1:12); mp 155-157 °C; *H
NMR (600 MHz, CDCl3): 6 8.03 (dd, J = 5.3, 3.4 Hz, 2H), 8.01 (t, J = 1.7 Hz, 0.12H),
7.96 (t, J = 1.8 Hz, 0.12H), 7.94 (t, J = 1.8 Hz, 1H), 7.83 (dd, J = 5.1, 4.0 Hz, 0.14H),
7.82—-7.79 (m, 1H), 7.63 — 7.60 (m, 1H), 7.55 — 7.51 (m, 1H), 7.51 — 7.48 (m, 2H), 7.47
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(d, J = 7.4 Hz, 1H), 7.44 (dd, J = 7.7, 6.3 Hz, 3H), 7.40 — 7.38 (m, 1H), 7.36 — 7.34 (m,
2H), 5.83 (d, J = 5.8 Hz, 1H), 5.78 (d, J = 5.8 Hz, 0.12H), 4.84 (d, J = 5.8 Hz, 0.12H),
479 (d, J = 5.8 Hz, 1H); *C NMR (150 MHz, CDCls): & 191.6, 166.4, 139.1, 135.6,
135.2, 134.4, 132.2, 130.5, 129.7, 129.5, 129.1, 128.8, 127.9, 127.6, 127.4, 127.2, 116.4,
89.7, 85.4, 52.5; HRMS (ESI-TOF) m/z: [M+H]" C,H17CINO," 386.0942; found:
386.0941.
trans-5-(2,4-dimethoxybenzoyl)-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (3z')

Eh o OMe
) o
Ph 8z OMe

White solid (88.6 mg, 72%, >20:1 dr); R = 0.25 (EtOAc/hexane 1:12); mp 185-187 °C;
'H NMR (600 MHz, CDCls): 6 8.09 (d, J = 6.9 Hz, 2H), 8.02 (d, J = 8.8 Hz, 1H), 7.52 —
7.46 (m, 3H), 7.42 — 7.38 (m, 2H), 7.35 - 7.31 (m, 3H), 6.64 — 6.61 (m, 1H), 6.36 (d, J =
2.2 Hz, 1H), 6.17 (d, J = 4.2 Hz, 1H), 4.28 (d, J = 4.1 Hz, 1H), 3.87 (s, 3H), 3.20 (s, 3H);
3C NMR (150 MHz, CDCl3): 6 192.0, 167.3, 166.0, 161.2, 141.8, 134.3, 131.8, 129.2,
128.9, 128.1, 127.9, 127.8, 127.2, 117.1, 116.5, 106.4, 98.1, 91.7, 85.6, 55.9, 55.0, 54.1;
HRMS (ESI-TOF) m/z: [M+H]" C26H1,NO," 412.1543; found: 412.1550.
trans-5-heptanoyl-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (3z'")
"0
NC
M

Ph 8z"
Yellow sticky liquid (73.2 mg, 68%, >20:1 dr); R; = 0.4 (EtOAc/hexane 1:12); *H NMR
(400 MHz, CDCl3): & 8.08 (d, J = 6.7 Hz, 2H), 7.53 (ddd, J = 12.5, 7.3, 5.9 Hz, 3H),
7.42 — 7.37 (m, 2H), 7.33 (t, J = 6.5 Hz, 3H), 4.98 (d, J = 5.7 Hz, 1H), 4.60 (d, J = 5.7
Hz, 1H), 2.75 — 2.57 (m, 2H), 1.67 — 1.61 (m, 2H), 1.28 (s, 6H), 0.89 — 0.87 (m, 3H); **C
NMR (100 MHz, CDCl3): 6 207.2, 166.2, 139.7, 132.3, 129.6, 129.2, 128.5, 127.6,
127.5, 127.4, 116.5, 92.5, 85.2, 52.9, 39.1, 31.7, 29.0, 23.2, 22.6, 14.2; HRMS (ESI-
TOF) m/z: [M+H]" C24H26NO," 360.1958; found: 360.1963.
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trans- ethyl -4-cyano-3,5-diphenyl-2,3-dihydrofuran-2-carboxylate (3z'"")

Reaction performed in 0.2 mmol scale. Yellow sticky solid (56.3 mg, 88%, >20:1 dr); Ry
= 0.4 (EtOAc/hexane 1:12); *H NMR (600 MHz, CDCls): & 8.08 (d, J = 6.7 Hz, 2H),
7.53 (ddd, J = 12.5, 7.3, 5.9 Hz, 3H), 7.42 — 7.37 (m, 2H), 7.33 (t, J = 6.5 Hz, 3H), 4.98
(d, J = 5.7 Hz, 1H), 4.60 (d, J = 5.7 Hz, 1H), 2.75 — 2.57 (m, 2H), 1.67 — 1.61 (m, 2H),
1.28 (s, 6H), 0.89 — 0.87 (m, 3H); *C NMR (150 MHz, CDCls): § 169.2, 167.1, 139.3,
132.2, 1295, 129.0, 128.6, 127.7, 127.4, 127.3, 116.5, 86.2, 84.7, 62.4, 54.2, 14.3;
HRMS (ESI-TOF) m/z: [M+H]" CxH1gNO3" 320.1281; found: 320.1283.
(2-methyl-4-nitro-3,5-diphenyl-2,3-dihydrofuran-2-yl)(phenyl)methanone (10)

Ph
ON_ _©

Ph Ph
10

Reaction performed in 0.2 mmol scale. Light yellow sticky solid (63 mg, 82%, >20:1 dr);
Ry = 0.4 (EtOAc/hexane 1:15); *H NMR (600 MHz, CDCls): & 8.20 (d, J = 7.2 Hz, 2H),
7.65 (t, J = 7.4 Hz, 1H), 7.62 (d, J = 7.1 Hz, 2H), 7.55 — 7.51 (m, 3H), 7.42 — 7.35 (m,
7H), 5.63 (s, 1H), 1.38 (s, 3H); *C NMR (150 MHz, CDCls): & 199.2, 184.7, 135.6,
134.7, 134.2, 133.6, 133.5, 130.5, 129.4, 129.0, 128.9, 128.6, 118.4, 114.3, 89.7, 55.7,
20.6; HRMS (ESI-TOF) m/z: [M+H]" C24H20NO," 386.1387; found: 386.1390.
5-benzoyl-5-methyl-2,4-diphenyl-4,5-dihydrofuran-3-carbonitrile (11)

NG Ph
/ Me o
Ph O
Ph

1"

Reaction performed in 0.2 mmol scale. Yellow sticky solid (55.3 mg, overall yield 88%,
1:1 dr); Ry = 0.4 (EtOAc/hexane 1:15); NMR data of one diastereomer given; *H NMR
(600 MHz, CDCls): 6 8.23 (d, J = 6.8 Hz, 2H), 7.57 — 7.50 (m, 4H), 7.42 (dt, J = 16.0,
7.0 Hz, 4H), 7.26 (s, 1H), 7.22 (dd, J = 8.2, 7.6 Hz, 2H), 7.08 (d, J = 7.2 Hz, 2H), 4.58
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(s, 1H), 1.96 (s, 3H); *C NMR (150 MHz, CDCls): 6 185.7, 165.2, 136.3, 135.4, 134.5,
132.6, 132.3, 130.6, 129.7, 129.2, 129.2, 128.9, 128.7, 127.9, 127.1, 116.5, 111.4, 103.9,
85.4, 60.8, 28.3; HRMS (ESI-TOF) m/z: [M+H]" CusHxNO," 366.1489; found:
366.1490.
(Z2)-1-methoxy-1-oxo0-4-phenylpenta-2,4-dien-2-yl benzoate (13a)

(0]

O)]\Ph
13a

Pale yellow sticky solid (60 mg, 65%); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): § 7.76 — 7.71 (m, 2H), 7.53 (t, J = 7.5 Hz, 1H), 7.34 (dd, J = 8.1, 7.6 Hz,
2H), 7.33 - 7.28 (m, 2H), 7.28 (s, 1H), 7.19 (t, J = 7.7 Hz, 2H), 7.09 (t, J = 7.4 Hz, 1H),
5.68 (d, J = 0.9 Hz, 1H), 5.58 (d, J = 1.2 Hz, 1H), 3.83 (s, 3H); *C NMR (150 MHz,
CDClg): 6 164.3, 163.2, 142.1, 139.8, 138.1, 133.7, 130.2, 128.5, 128.4, 128.4, 128.3,
127.8, 127.1, 123.2, 52.9; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CigHi;04"
309.1121; found: 309.1123.
(2)-1-methoxy-4-(4-methoxyphenyl)-1-oxopenta-2,4-dien-2-yl benzoate (13b)
0

PR

@) Ph
/©)‘\%C02Me
MeO 13b

Yellow sticky solid (65.9 mg, 65%); R; = 0.55 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): § 7.83 — 7.76 (m, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.38 (dd, J = 8.2, 7.6 Hz,
2H), 7.31 (d, J = 0.7 Hz, 1H), 7.23 (d, J = 8.8 Hz, 2H), 6.72 (d, J = 8.8 Hz, 2H), 5.63 (d,
J = 1.0 Hz, 1H), 5.55 (d, J = 1.3 Hz, 1H), 3.85 (s, 3H), 3.65 (s, 3H); *C NMR (150
MHz, CDCly): 6 164.4, 163.2, 159.4, 141.5, 137.9, 133.7, 132.3, 130.2, 128.7, 128.3,
128.3, 122.0, 113.8, 55.3, 52.8; HRMS (ESI-TOF) m/z: [M+H]" CxH1905" 339.1227;
found: 339.1225.
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(2)-4-(4-chlorophenyl)-1-methoxy-1-oxopenta-2,4-dien-2-yl benzoate (13c)
o]

O)J\Ph
/©)‘\/kcoz'\/|e
cl 13c

Pale yellow sticky solid (63.6 mg, 62%); R; = 0.45 (EtOAc/hexane 1:19); *H NMR (400
MHz, CDCls): § 7.73 — 7.68 (m, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.36 (t, J = 7.8 Hz, 2H),
7.26 (d, J = 1.0 Hz, 1H), 7.19 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 8.6 Hz, 2H), 5.68 (s, 1H),
5.54 (d, J = 1.0 Hz, 1H), 3.82 (s, 3H); *C NMR (100 MHz, CDCls): & 164.3, 163.1,
141.3, 138.3, 138.2, 133.9, 133.8, 130.1, 128.6, 128.6, 128.5, 128.3, 127.9, 123.9, 52.9;
HRMS (ESI-TOF) m/z: [M+H]" Calcd for C19H16C10," 343.0732; found: 343.0743.
(Z)-1-methoxy-4-(4-nitrophenyl)-1-oxopenta-2,4-dien-2-yl benzoate (13d)
o]

O)J\Ph
O)k/\cozl\ﬂe
O,N 13d

Pale yellow sticky solid (42.4 mg, 40%); R; = 0.35 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDClg): & 7.96 (d, J = 8.8 Hz, 2H), 7.69 — 7.63 (m, 2H), 7.50 (t, J = 7.5 Hz, 1H),
7.39 (d, J = 8.8 Hz, 2H), 7.30 (dd, J = 9.9, 5.8 Hz, 3H), 5.82 (s, 1H), 5.61 (s, 1H), 3.84
(s, 3H); *C NMR (150 MHz, CDCls): 5 164.0, 162.8, 147.2, 146.5, 141.1, 138.4, 134.2,
130.0, 128.4, 128.3, 127.9, 127.1, 126.1, 123.7, 53.0; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for C19H1sNOg" 354.0972; found: 354.0973.
(Z)-1-methoxy-1-oxo-4-(m-tolyl)penta-2,4-dien-2-yl benzoate (13e)
0

PN

O "Ph

M
© Z > co,Me

13e

Colourless sticky solid (48.3 mg, 50%); R = 0.5 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCly): 6 7.74 — 7.68 (m, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.33 (t, J = 7.9 Hz, 2H),
7.29 (d, J =0.8 Hz, 1H), 7.07 (dd, J = 7.2, 3.3 Hz, 2H), 6.85 (d, J = 6.3 Hz, 1H), 5.66 (d,
J = 1.0 Hz, 1H), 5.56 (d, J = 1.3 Hz, 1H), 3.83 (s, 3H), 2.17 (s, 3H); *C NMR (150
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MHz, CDClg): 6 164.3, 163.2, 142.4, 139.8, 138.0, 137.9, 133.7, 130.2, 128.5, 128.5,
128.5, 128.4, 128.3, 127.9, 124.2, 123.3, 52.9, 21.4; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for CooH1904" 323.1278; found: 323.1279.
(2)-1-ethoxy-1-oxo-4-phenylpenta-2,4-dien-2-yl benzoate (13f)

0

PN

@) Ph

Z > COo,Et

13f

Pale yellow sticky solid (74.3 mg, 77%); R; = 0.4 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCly): 6 7.77 — 7.72 (m, 2H), 7.65 (d, J = 7.5 Hz, 1H), 7.50 (t, J = 7.9 Hz, 2H),
7.34 (t, J = 7.8 Hz, 2H), 7.30 (s, 1H), 7.20 (t, J = 7.7 Hz, 2H), 7.09 (t, J = 7.4 Hz, 1H),
5.68 (s, 1H), 5.58 (d, J = 1.1 Hz, 1H), 4.29 (q, J = 7.1 Hz, 2H), 1.31 (d, J = 7.1 Hz, 3H);
¥C NMR (150 MHz, CDCly); 6 166.7, 164.4, 142.2, 139.9, 138.4, 133.6, 130.2, 129.0,
128.4, 128.3, 127.9, 127.8, 127.1, 123.0, 62.0, 14.3; HRMS (ESI-TOF) m/z: [M+H]"
Calcd for CooH1904" 323.1278; found: 323.1280.
(2)-1-methoxy-1-oxo0-4-phenylpenta-2,4-dien-2-yl 4-(allyloxy)benzoate (13i)
o

1L
Ph” > >co,Me

13i

Pale yellow sticky solid (68.7 mg, 63 %); R; = 0.45 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls):  7.69 (d, J = 8.9 Hz, 2H), 7.31 — 7.25 (m, 3H), 7.20 (t, J = 7.7 Hz, 2H),
7.11 (t, J = 7.4 Hz, 1H), 6.83 (d, J = 8.9 Hz, 2H), 6.04 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H),
5.68 (s, 1H), 5.58 (d, J = 1.2 Hz, 1H), 5.45 — 5.39 (m, 1H), 5.34 — 5.31 (m, 1H), 4.58 (dt,
J=5.2, 1.4 Hz, 2H), 3.82 (s, 3H); **C NMR (150 MHz, CDCls): & 164.0, 163.3, 163.0,
142.1, 140.0, 138.2, 132.6, 132.4, 128.4, 128.0, 127.8, 127.1, 123.0, 121.0, 118.4, 114.4,
69.1, 52.8; HRMS (ESI-TOF) m/z: [M+H]" Calcd for C»H» 05" 365.1384; found:
365.1387.

(2)-1-methoxy-1-oxo-4-phenylpenta-2,4-dien-2-yl 4-fluorobenzoate (13j)
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M °
Ph” N co,Me

13
Pale yellow sticky solid (68.4 mg, 70%); R; = 0.44 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): 8 7.71 (dd, J = 8.9, 5.4 Hz, 2H), 7.31 (d, J = 0.7 Hz, 1H), 7.29 — 7.25 (m,
2H), 7.18 (t, J = 7.7 Hz, 2H), 7.09 (t, J = 7.4 Hz, 1H), 7.00 (t, J = 8.7 Hz, 2H), 5.67 (s,
1H), 5.57 (d, J = 1.2 Hz, 1H), 3.83 (s, 3H); *C NMR (150 MHz, CDCls): § 166.1 (d, J
=243 Hz), 163.31, 163.09, 142.29, 139.84, 137.77, 132.8 (d, J = 9 Hz), 128.48, 128.40,
127.79, 127.19, 124.76, 124.74, 123.65, 115.5 (d, J = 22 Hz), 52.9; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C19H16FO4" 327.1027; found: 327.1030.
(Z)-1-methoxy-1-oxo-4-phenylpenta-2,4-dien-2-yl 4-chlorobenzoate (13Kk)
o]

M °
Ph” > Nco,Me

13k

Yellow sticky solid (62.5 mg, 61%); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): & 7.61 (d, J = 8.7 Hz, 4H), 7.31 — 7.28 (m, 6H), 7.27 — 7.25 (m, 5H), 7.18
(t, J=7.7 Hz, 4H), 7.09 (t, J = 7.4 Hz, 2H), 5.66 (d, J = 1.0 Hz, 2H), 5.56 (d, J = 1.2 Hz,
2H), 3.82 (s, 6H); *C NMR (150 MHz, CDCls): & 163.5, 163.0, 142.3, 140.2, 139.8,
137.7, 131.5, 128.7, 128.5, 128.4, 127.8, 127.2, 126.9, 123.8, 52.9; HRMS (ESI-TOF)
m/z: [M+H]" Calcd for C19H16CIO4" 343.0732; found: 343.0735.
(2)-1-methoxy-1-oxo0-4-phenylpenta-2,4-dien-2-yl 3-methylbenzoate (13I)

Me

M °
Ph & CO,Me

131
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Yellow sticky solid (57.9 mg, 60%); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls):  7.56 (d, J = 7.8 Hz, 1H), 7.50 (s, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.32 —
7.28 (m, 3H), 7.25-7.19 (m, 3H), 7.11 (t, J = 7.4 Hz, 1H), 5.68 (d, J = 1.0 Hz, 1H), 5.58
(d, J = 1.2 Hz, 1H), 3.83 (s, 3H), 2.34 (s, 3H); *C NMR (150 MHz, CDCls): 5 164.5,
163.2,142.1, 139.9, 138.1, 134.5, 130.7, 128.4, 128.3, 128.2, 127.8, 127.4, 127.1, 123.2,
52.9, 21.4; HRMS (ESI-TOF) m/z: [M+H]" Calcd for CyH190," 323.1278; found:
323.1276.

(2)-1-methoxy-1-oxo0-4-phenylpenta-2,4-dien-2-yl 2,4-dimethoxybenzoate (13m)

OMe

MeO

U J
Ph = CO,Me

13m
Pale yellow sticky solid (79.4 mg, 72%); R = 0.3 (EtOAc/hexane 1:19); *"H NMR (600
MHz, CDCls): & 7.49 (d, J = 8.8 Hz, 1H), 7.33 (dd, J = 5.1, 3.2 Hz, 2H), 7.24 (dd, J =
10.8, 4.2 Hz, 3H), 7.16 (t, J = 7.4 Hz, 1H), 6.42 (d, J = 2.3 Hz, 1H), 6.38 — 6.35 (m, 1H),
5.72 (d, J = 1.0 Hz, 1H), 5.60 (d, J = 1.2 Hz, 1H), 3.85 (s, 3H), 3.84 (s, 3H), 3.81 (s, 3H);
¥C NMR (150 MHz, CDCl3): 6 165.2, 163.5, 162.6, 162.3, 141.9, 140.2, 138.5, 134.9,
128.4, 127.8, 127.5, 127.1, 122.4, 110.1, 104.7, 98.8, 56.1, 55.7, 52.8; HRMS (ESI-
TOF) m/z: [M+H]" Calcd for Cy1H2106" 369.1333; found: 369.1337.
(2)-1-methoxy-1-ox0-4-phenylpenta-2,4-dien-2-yl thiophene-2-carboxylate (13n)

)

A
Ph” N >Co,Me

Yellow sticky solid (68.7 mg, 73%); R; = 0.5 (EtOAc/hexane 1:19); *H NMR (600
MHz, CDCls): & 7.57 (dd, J = 3.8, 1.2 Hz, 1H), 7.55 (dd, J = 4.9, 1.2 Hz, 1H), 7.30 —
7.28 (m, 3H), 7.21 (t, J = 7.7 Hz, 2H), 7.12 (t, J = 7.4 Hz, 1H), 7.02 (dd, J = 4.9, 3.8 Hz,
1H), 5.70 (d, J = 1.0 Hz, 1H), 5.61 (d, J = 1.2 Hz, 1H), 3.83 (s, 3H); **C NMR (150
MHz, CDCls): 6 163.1, 159.6, 142.0, 139.8, 137.7, 135.0, 133.8, 131.7, 128.6, 128.4,
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127.9, 127.8, 127.1, 123.4, 52.9; HRMS (ESI-TOF) m/z: [M+H]"* Calcd for C17H150,S*
315.0686; found: 315.0687.
(2)-1-methoxy-1-oxo0-4-phenylpenta-2,4-dien-2-yl heptanoate (130)

"Hexyl

U °
Ph = CO,Me

130
Colourless sticky liquid (73 mg, 77%); R; = 0.45 (EtOAc/hexane 1:19); *H NMR (400
MHz, CDCls): 8 7.35 — 7.26 (m, 5H), 7.18 (d, J = 0.8 Hz, 1H), 5.62 (s, 1H), 5.56 (d, J =
1.3 Hz, 1H), 3.81 (s, 3H), 1.94 (t, J = 7.6 Hz, 2H), 1.21 (m, 6H), 0.83 (m, 5H); **C NMR
(100 MHz, CDCl3): 6 171.5, 163.2, 142.4, 139.9, 137.8, 128.4, 128.0, 127.9, 1274,
123.3, 52.8, 33.4, 32.1, 28.8, 24.4, 22.6, 14.2; HRMS (ESI-TOF) m/z: [M+H]" Calcd
for C1oH2504" 317.1747; found: 317.1744.
(2Z,4Z)-1-methoxy-1-oxo-4-phenylhexa-2,4-dien-2-yl benzoate (13p)
Ph
| o~ ~o

Ph” 7 >Co,Me

13p

Light yellow sticky liquid (77.2 mg, 80%); R; = 0.55 (EtOAc/hexane 1:19); 'H NMR
(600 MHz, CDCl3): 6 7.60 — 7.45 (m, 8H), 7.49 (t, J = 7.4 Hz, 5H), 7.28 (dd, J = 5.9, 2.2
Hz, 9H), 7.25 (s, 4H), 7.08 — 7.06 (m, 14H), 6.85 (ddd, J = 8.8, 5.0, 3.8 Hz, 4H), 6.37 —
6.32 (m, 4H), 3.79 (s, 12H), 1.63 (d, J = 7.2 Hz, 13H); *C NMR (150 MHz, CDCl5): &
164.5, 163.8, 138.5, 137.7, 137.6, 134.3, 133.3, 131.1, 130.1, 128.6, 128.5, 128.3, 127.9,
126.9, 52.6, 15.6; HRMS (ESI-TOF) m/z: [M+H]® CxHi1sNOs" 323.1278; found:
323.1280.
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Selected spectra of products
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Thesis Conclusion

Importantly, the thesis describes synthesis of various heterocyclic compounds without
any transition metal or external oxidant. In chapter 1, importance of heterocyclic
molecules and their synthesis by different strategies have been discussed. Chapter 2
highlights synthesis of heterocycles via aerobic oxidation of 2-hydroxyacetophenones.
Catalytic amount of base/acid has been added for continuation of some reaction but has
no role in the oxidation process. Chapter 3 represents an unusual aerobic hydrolysis-
cascade reaction for the synthesis of N-formyl-2-benzoyl benzothiazolines, 2-substituted
benzothiazoles and disulfides. The reaction proceeds via base mediated aerobic
formation of iminium ion intermediate. Chapter 4 describes metal-free highly
diastereoselctive [3+2] cycloaddition reaction between N-phenacylbenzothiazolium
bromides and prochiral cyclopentene-1,3-diones which results a tetracyclic product with
five stereogenic centres. Interesting fused heterocyclic molecules have been synthesized
from the tetracyclic product. A preliminary catalytic asymmetric approach has also been
documented. Lastly, chapter 5 demonstrates base mediated denitration reactions of
nitroketones. We have been able to synthesize isoxazoles in regioselective manner,
isoxazoline N-oxides and dihydrofurans with excellent diastereomeric ratio and f,y-
unsaturated diesters.

226

TH-2175_146122003



List of publications and presentations

1.

"BusNI-Catalyzed a-Benzoxylation of Ketones with Terminal Aryl Alkenes,
Buddhadeb Mondal, Subas Chandra Sahoo and Subhas Chandra Pan*, Eur. J.
Org. Chem. 2015, 3135.

Organocatalytic Asymmetric Michael-Hemiacetalization Reaction Between 2-
Hydroxyacetophenones and Enals: A Route to Chiral pg,y-Disubstituted -
Butyrolactones, Megha Balha, Buddhadeb Mondal, Subas Chandra Sahoo_and
Subhas Chandra Pan*, J. Org. Chem. 2017, 82, 6409.

Direct Aerobic Oxidative Reactions of 2-Hydroxyacetophenones, Subas
Chandra Sahoo, Utpal Nath and Subhas Chandra Pan*, Eur. J. Org. Chem.
2017, 44434,

Diastereoselective Desymmetrization of Prochiral Cyclopentenediones via
Cycloaddition Reaction with N-Phenacylbenzothiazolium Bromides, Subas
Chandra Sahoo, Mayank Joshi and Subhas Chandra Pan*, J. Org. Chem. 2017,
82, 12763.

Catalytic Enantioselective Synthesis of 3,4,5-Trisubstituted Isoxazoline N-Oxides
and Regioselective Synthesis of 3,4,5-Trisubstituted Isoxazoles, Subas Chandra
Sahoo and Subhas Chandra Pan*, Eur. J. Org. Chem. 2019, 1385.
DBU-Mediated Addition of a-Nitroketones to o-Cyano-enones and a«,f-
Unsaturated a-Ketoesters: Synthesis of Dihydrofurans and Conjugated Dienes,
Subas Chandra Sahoo, Rajendra Maity and Subhas Chandra Pan*, ACS Omega.
2019, 4, 2792.

Organocatalytic Asymmetric Michael-Acyl Transfer Reaction of a-Nitroketones
with 2-Hydroxybenzylidene Ketones, Rajendra Maity, Subas Chandra Sahoo
and Subhas Chandra Pan*, Eur. J. Org. Chem. 2019, 2297.

Synthesis  of  N-Formyl-2-Benzoyl Benzothiazolines,  2-Substituted
Benzothiazoles and Symmetrical Disulfides from N-Phenacylbenzothiazolium
Bromides, Subas Chandra Sahoo and Subhas Chandra Pan*, Org. Lett. 2019,
21, 6208.

a-Nitro-o,f-Unsaturated Ketones: An Electrophilic Acyl Transfer Reagent in
Catalytic Asymmetric Friedel-Crafts and Michael Reactions, Chandrakanta

227

TH-2175_146122003



Parida, Rajendra Maity, Subas Chandra Sahoo and Subhas Chandra Pan*, Org.
Lett. 2019, 21, 6700.

10. Organocatalytic Asymmetric Domino [3+2]-Cycloaddition-Acyl Transfer
Reaction between Azomethine Ylides and a-Nitro-o,5-Unsaturated Ketones,
Subas Chandra Sahoo and Subhas Chandra Pan*, manuscript under

preparation.

Presentations

e National Conference on Frontiers in Chemical Sciences (FICS-2016), December
8-10, 2016, Indian Institute of Technology Guwabhati, India (Poster presentation).

e International Conference on Frontiers in Chemical Sciences (FICS-2018),
December 6-8, 2018, Indian Institute of Technology Guwahati, India (Poster
presentation).

e International Conference on XV J-NOST Conference for Research Scholars (J-
NOST-2019), October 18-21, 2019, University of Delhi, Delhi, India (Poster
presentation).

228

TH-2175_146122003



