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Abstract

Abstract

The contents of this thesis have been divided into five chapters based on the results of
experimental work performed during the complete course of the research period. The chapter 1
of the thesis presents introduction to nitrogen and oxygen containing heterocyclic compounds,
their biological significance and literature methods for their synthesis. Chapter 2 gives a
description about Lewis acid mediated intramolecular C—C bond formation of alkyne-epoxide
leading to six-membered nitrogen and oxygen heterocycles. Chapter 3 illustrates Lewis acid
mediated intramolecular C-O bond formation of alkanol-epoxide leading to substituted
morpholine and 1,4-oxazepane and its application towards the total synthesis of (x)-viloxazine.
In chapter 4, synthesis of dihydroindeno[1,2-c]isochromene via cascade cyclization and Friedel-
Crafts reaction has been described. Chapter 5 presents Brgnsted acid mediated synthesis of 4-
trifluoromethanesulfonate substituted 3,6-dihydropyrans and their application in various C-C

coupling reactions.

Chapter 1: Introduction to Nitrogen and Oxygen containing Heterocyclic

Compounds
Oxygen and nitrogenated heterocyclic compounds are essential to life since they are encountered

in almost all the drugs, most vitamins and many other naturally occurring molecules. They are
key components of pharmaceutical chemistry and therefore, they have been a fruitful source of
inspiration for the design of structural analogues to be used as pharmacological tools as well as
new drugs.

The search for the development of synthetic methodology to make these heterocycles is a major
objective for many synthetic chemists. The most widely used methods are the Prins cyclization,
hetero-Diels—Alder cyclization, intramolecular oxonium-ene cyclization, the intramolecular
Michael additions, ring-closing metathesis electrophile-induced cyclizations of non-activated
alkenes, Lewis acid promoted cyclizations of epoxy alcohols/amines and cascade reaction. These
methods have their own advantages and disadvantages. Among various available methods stated,
this thesis mainly discusses about Prins cyclization, cascade reaction and Lewis acid promoted
cyclizations from O- and N-tethered starting materials in details for the construction of O- and N-

containing heterocycles.

vii
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Chapter 2: Lewis acid mediated synthesis of six-membered nitrogen and
oxygen heterocycles via intramolecular C-C Bond Formation of Alkyne-
Epoxide

Transition-metal-free reactions are often practical, as they are generally less sensitive to air and

moisture. Furthermore, transition metals are associated with drawbacks such as cost, toxicity,
need for non-commercial ligands and threshold values in pharmaceutical products. Therefore, the
search to develop metal-free reactions as efficient alternatives to reactions normally performed
by transition-metal catalysis has undoubtedly attracted the interest of

synthetic chemists. In this chapter we describe mild and an efficient method for the synthesis of
six-membered oxygen and nitrogen heterocyclic compounds by intramolecular C—C bond
formation of alkyne-epoxide mediated by boron trifluoride etherate. The method is highly
substrate-specific and works well for alkyl- and aryl-substituted alkyne-epoxide substrates.

The reaction is generalized as shown in Scheme 1.

- R1%R3
RZ O
. 0,
z&Tﬂ BF4Et,0 (20 mol%) R' = H, Me,Ph: R2=H, Ph
R 1 X\ , CH;Cl,/3h x
R R
0° tort
3
60-78% e e &
2
X = O, NTs; R = alkyl, aryl R® O

R! = Me; R2 = Ph

Scheme 1: Synthesis of pyran and piperidine derivatives

Chapter 3: Lewis acid mediated intramolecular C-O bond formation of
alkanol-epoxide leading to substituted morpholine and 1,4-oxazepane
derivatives: Total synthesis of (+) — viloxazine

Morpholines or 1,4-oxazepane derivatives have attracted considerable attention owing to the
biological activity associated with this motif. Therefore, in this chapter we have established a
strategy for the synthesis of morpholines and 1,4-oxazepanes, using intramolecular C-O bond
formation of alkanol-epoxide. The reaction is mediated by boron trifluoride etherate at ambient

temperature.

The reaction can be generalized as shown in Scheme 2.

viii
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Ts 1 Ts
Ts . R! N R N
RT N BF;.Et,0(1.2 equiv) I . I OH
o OH R?
Hog/ JQ/RS CH2C|2 /rt R fo) > R o
R R R R3
R3

R =H, alkyl, aryl; R = H, Me
R? = Me, Ph; R3 = H, alkyl, aryl

Scheme 2: Synthesis of morpholines and 1,4-oxazepanes

The strategy was successfully applied for the synthesis of (+)-viloxazine, an anti-depressant
agent, starting from (4-tosylmorpholin-2-yl)methanol in 3 steps with an overall yield of 49%.
(Scheme 3).

EtO
o )
o) (o)
L) ==
—
N N
Ts H

—

(4-tosylmorpholin-2-yl)methanol (+)-viloxazine
Scheme 3: Total synthesis of (+)-viloxazine

Chapter 4: Synthesis of dihydroindeno[1,2-c]lisochromene via cascade
cyclization and Friedel-Crafts reaction

Functionalized 1H-isochromene frameworks are found in a variety of natural products, bioactive
molecules and pharmaceuticals. They have important biological effects including antitumor
properties and their efficient and versatile synthesis has been a great source of inspiration to
chemists. Of the various available methods to prepare the isochromene skeleton, one particularly
straightforward and atom economical process has been the use of transition-metal-catalyzed
cyclization of ortho-alkynylarylaldehydes or ortho-alkynylbenzylalcohols. However,
methodology for the synthesis of isochromene skeleton under metal-free conditions are very
limited in the literature. Therefore, in this chapter we have developed a novel route for the
synthesis of dihydroindeno[1,2-c]isochromene via cascade cyclization and Friedel-Crafts
reaction of internal alkynols and aldehydes mediated by borontrifluoride etherate. This protocol

provides a straightforward entry to construct the complex polycyclic skeleton.

The reaction is generalized as scheme 4.

TH-1580_11612224
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R'=H, NO,
R2 = H, Me, Cl, Br, F, CF3;, CO,Me, CN, NO,

Scheme 4: Synthesis of isochromene

Chapter 5: Synthesis of 4-trifluoromethanesulfonate substituted 3,6-
dihydropyrans and their application in various C-C coupling reactions

Unsaturated triflates, considered as pseudohalogens, are important intermediate in organic
synthesis for numerous organic transformations. Although there are several reports which
illustrate the preparation of 4-halotetrahydropyran derivatives, there are only a couple of reports
which demonstrates the preparation of 4-halo-5,6-dihydro-2H-pyrans mediated by Lewis acids.
Besides triflates, present at vinylic position, in general, are valuable substrates owing to its
importance for further functionalization. Metal catalyzed bond forming reactions and C-C bond
forming reactions via coupling reactions have been well explored starting from the triflate
derivatives. Therefore, in this chapter we have develped a one pot, three component and highly
selective Prins cyclization reaction for efficient synthesis of 3,6-dihydro-2H-pyran-4-yl
trifluoromethane-sulfonates from homopropargylic alcohols and aldehydes mediated by triflic

acid and also demonstrates C-C cross coupling reaction.

The reaction can be generalized as shown in Scheme 5.

O._ R ; O_ R
o It TfOH R'M
B ———
o+ OH =
R H CH,CI,, rt/ 12h
OTf R’
where, R = alkyl, aryl R'= alkyl, aryl

Scheme 5

The reaction is further utilized for the synthesis of 4-arylated dihydropyrans via Suzuki coupling
reaction (Scheme 6). Similarly, the methodology was used for Heck, Stille and Sonogashira

coupling to produce the corresponding coupling products, in excellent yields (Scheme 6).
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(o) Ph
=
Ph
=
AN Sonogashira coupling
Ph
o . o Ph ArB(.OH)z . Ph
P Heck coupling Suzuki coupling
P =
N OTf Ar
/\/SnBu3
l Stille coupling
(o) Ph
=
Scheme 6

Xi
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CHAPTER 1

Introduction to Heterocyclic Compounds

1.1. Background
Cyclic compound containing all carbon atoms in ring formation is referred to as carbocyclic
compound and the carbocyclic compound can be classified as heterocyclic compound by
replacing one or more carbon atoms of the ring with a different element. The most common
hetero atoms are oxygen, nitrogen and sulphur but other hetero atoms such as B, P, Si, and Se
containing heterocyclic analogs are also well known. The chemistry of heterocyclic compounds
occupies the largest branch in the organic chemistry for the reason that more than half of the
existed compounds belong to this category. Heterocyclic compounds are valuable subject of
interest as it constitutes the core structural unit in many naturally occurring molecules, for e.g.
from the amino acids - tryptophan, from the alkaloids - morphine, from the vitamins — vitamin
B1, from the coenzymes - coenzyme A, nucleic acids, from the antibiotics - penicillin, etc.
Heterocyclic compounds can be divided into aliphatic and aromatic heterocycles. The aliphatic
heterocycles are the cyclic analogues of amines, ethers and thioethers and their properties are
influenced by the ring strain. The three and four membered aliphatic heterocyclic rings are more
reactive compared to five and six membered analogues due to ring strain. The common aliphatic
heterocyclic compounds are oxirane 1, aziridine 2, thiirane 3, oxetane 4, azetidine 5, thietane 6,
tetrahydrofuran 7, pyrrolidine 8, tetrahydrothiophene 9, tetrahydropyran 10, piperidine 11 and
tetraydothiopyran 12.
A A A O O O
1 2 3 4 5 6
H

H
S OGO 0 O
7 8 9 10 11 12
Figure 1.1.1: Some common three to six membered saturated heterocycles

The most widely used systematic method for naming three to ten membered monocyclic
heterocycles of various degree of unsaturation containing one or more heteroatoms is Hantzsh-
Widman system.? This nomenclature specifies the ring size, position of the heteroatom and the
degree of unsaturation in the ring. In this method, the ring atoms are normally numbered such
that the heteroatom carries the least number. Yet, difficulty arises with the names of unsaturated

heterocycles containing a sp® hybridized atom in the ring for instance, pyran, a heterocycle

TH-1580_11612224
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Introduction

formally the product of the addition of a single hydride ion to the pyrylium cation 13. However,
as this addition could occur either at C-2 or C-4, two isomers of pyran are possible, which are
called as 2H-pyran 14 and 4H-pyran 15, respectively (Figure 1.1.2).

o O 0O O ® ()
& o o o 0o °
13 14 15 16 17 18

tetrahydro-2H-

pyrylium 2H-pyran  4H-pyran  3,6-dihydro-2H-pyran 3,4-dihydro-2H-pyran pyran

Figure 1.1.2: Systematic names of the heterocycles having sp® carbon in the ring

It is also common to use the prefixes dihydro and tetrahydro while referring to compounds that
are partly or fully reduced. For illustration 3,6-dihydro-2H-pyran 16 in which “dihydro” refers to
the two added hydrogen atoms, which are required to reduce one double bond from the parent
compound 2H-pyran. It is also important to note that the lowest possible number is always
selected for the heteroatom. For example, the fully reduced pyrylium cation is referred to as
3,4,5,6-tetrahydro-2H-pyran 18 (Figure 1.1.2).

Numbering of the heterocyclic rings becomes essential when substituents are placed on the ring.
Conventionally, the hetero atom is assigned position 1 and the substituents are then counted
around the ring in a manner so as to give them the lowest possible numbers. While writing the
name of the compound, the substituents are placed in an alphabetical order. In case the
heterocyclic ring contains more than one hetero atom, the order of preference for numbering is
O, S and N. The ring is numbered from the atom of preference in such a way so as to give the
smallest possible number to the other hetero atoms in the ring. As a result the position of the
substituent plays no part in determining how the ring is numbered in such compounds. The

following examples illustrate this rule:

1

1
5 eG4 3 6 0.2 7 o\?
4 N
10 527)2 s[st 6<' 3
3 ] N S NH
1

2
1,2-Isoxazole  4-Methylthiazole Morpholine ~ 2-methyl-1,4-oxazepane
19 20 21 22

Figure 1.1.3: Numbering of heterocycles having substituents on the ring

This introductory chapter is intended to provide an insight into the evolution of some oxygen and
nitrogen containing biologically active compounds and their biological significance. This chapter

also demonstrates on important routes for the construction of oxygen and nitrogen containing

TH-1580_11612224
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heterocycles viz., dihydropyran, piperidine, morpholine and isochromenes and their application

in natural product synthesis.

1.2. Importance of Dihydropyrans, Piperidines, Morpholines, Oxazepanes and

Isochromenes in Nature

Cyclic ethers such as 2H-pyrans and 4H-pyrans are widespread in the core of many naturally
occurring biomolecules.® These molecules display a range of biological properties and have got
diverse applications in cosmetics and agro chemicals as well. Dihydropyrans are important
precursors for the synthesis of biologically active natural products. For example, ambruticin S
23, a structurally novel antifungal antibiotic, was isolated from fermentation extracts of
PolyangiumcellulosumVarfulVumin.* (-)-Kendomycin 24, isolated from Streptomyces bacteria,
exhibiting potent antagonism of the endothelin receptor agonism has pyran unit.> Neopeltolide 25
is a new type of biofunctional oceanic natural product, sequestered from the Caribbean sponge of
Neopeltidae family, found in the deep waters of north Jamaican coast and collected by Wright et
al. It has been found to possess considerable in-vitro cytotoxicity towards a number of different
cancer cell lines, like, A-549 human lung adenocarcinoma, NCI-ADR-RES human ovarian
sarcoma and P388 murine leukemia cell lines, with ICso of 1.2, 5.1, and 0.56 nM, respectively. It
also repressed the growth of the fungal pathogen Candida albicans with a minimum inhibitory
concentration of 0.62 & 956 micro gram/ mL.° Diospongins A, 26 and B, 27, the intriguing C-
aryl glycoside natural products which were isolated from the rhizomes of Diocorea spongiosa
through a bioassay-guided fractionation show promising antiosteoporotic activity (45Ca release
at 200 uM (30.5%) and 20 uM (18.2%),3 hence, can be considered to be a lead for the discovery
of potent and novel antiosteoporotic agents. Besides, Diospongin B displays potent inhibitory
activity on bone resorption induced by parathyroid hormone, which is comparable to that of
elcitionin, a drug used clinically for osteoporosis while diospongin A did not show any activity.’
The 4-methyl substituted dihydropyran unit is present in the macrolide natural products
laulimalide and okadaic acid.® Laulimalide 28 is a macrolide, obtained from a marine sponge. It
exhibits potent cytotoxicity toward numerous cancer cell lines and microtubule stabilizing
activity similar to that of paclitaxel and the epothilones. Okadaic acid 29 is a naturally occurring
polyether toxin that was originally derived from marine dinoflagellates, Prorocentrium spp. It is
a reversible, potent and selective inhibitor of two serine threonine protein phosphatases. The
hydrophobic backbone of okadaic acid enables it to enter cells where it stimulates intracellular
protein phosphorylation. It mimics the effects of insulin, enhances transmitter release at

neuromuscular junctions, causes vasodilation and is a very potent tumor promoter. Okadaic acid

TH-1580_11612224
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is an extremely useful tool for studying cellular processes that are regulated by phosphorylation.

Okadaic Acid is an activator of protein kinase C (PKC).

Kendomycin

OH

Dlospongln A : D|ospong|n B

Laulimide Okadaic acid -

29
28

Figure 1.2.1: Some biologically active oxygen heterocycles

Similarly, nitrogen heterocyclic compounds are important in synthetic chemistry because of their
presence in many biologically active natural products and pharmaceuticals.’ Substituted
piperidines are important heterocycles, which appear in many drugs and drug candidates, as out
of the 200 brand-name drugs by US retail sales in 2009, top 32 contain the piperidine fragments
and thousands of piperidine compounds are submitted to clinical and preclinical studies in last
ten years.'® For example, the compound selfotel (CGS-19755) 30, having a simple piperidine
unit acts as a competitive NMDA antagonist and argatrobane 31 shows thrombin inhibiting
properties.*! a-Conine 32, having a simple piperidine unit is a powerful poison, isolated from
hemlock Conium maculatum.* Likewise, naturally occurring piperidine alkaloid (-)-pelletierine
33, which was isolated from pomegranate (Punica granatum) root bark, has been found to have
anthelmintic properties.*® Prosophylline 34, a hydroxyl piperidine derivative, was isolated from

various Prosopis species and found to exhibit antibiotic and anaesthetic properties.**

TH-1580_11612224
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O, OH NH

< “oH

N ﬁ COOH
Selfotel H,N a-Conine (-)-Pelletierine Prosophylline

Argatrobane
30 NH 31 32 33 34

Figure 1.2.2: Some piperidine containing biological active compounds

Of the various heterocyles known, morpholine derivatives are of particular importance.
Substituted morpholine derivatives are also widely distributed in many naturally occurring and
biologically active molecules.'® Morpholines are some of the most important pharmacophores in
medicinal chemistry as well.*** *® VVarious morpholine derivatives were extracted from natural
sources. For example, alkaloid polygonapholine 35, isolated from the methanol extract of the
rhizome of Polygonatum altelobatum is used as a tonic drug by Taiwanese, the alkaloids
chelonin 36 and Chelonin 37 were the first natural products incorporated 2,6-disubstituted
morpholine fragment isolated from the marine sponge Chelonaplysilla sp. from a lake in Palau,
chelonin exhibited antimicrobial activity against Bacillus subtilis and also anti-inflammatory
effect. Again, nitrogen-substituted morpholines are important as drug candidates with a broad
spectrum of biological activities. For example, linezolid 38 is commercially available
antimicrobial agent that contains a morpholine cycle. Morpholine containing aprepitant 39 is
neurokinin 1 (NK1) receptor antagonist and also, the first drug approved by Food and Drug

Administration to be used against chemotherapy-induced nausea and vomiting.*’

Again, among 1,4-heterocycles, 1,4-oxazepane, which is a seven-membered analogue of
morpholine, also shows significant biological activity'® and is present in very essential natural
products such as neurotoxin batrachotoxin 40 (Figure 1.2.3).*° In the preparation of peptide
nucleic acids (PNAs), amino acid derived oxazepanes are being used to regulate biological
functions.?® The importance of 1,4-oxazepanes is also reflected in their capability to inhibit a

wide range of glycosidase enzymes®! and nitric oxide synthases.?
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Batrachotoxin (BTX) 40

Figure 1.2.3: Some morpholine containing bioactive molecules

Interestingly, isochromene and its derivatives have become popular building blocks in a vast
array of natural products and biologically active compounds.?® For example,
pyranonapthoquinone exhibits pharmaceutical activity: the carboxamides analog, BCH-2051 41,
acts as an anticancer agent in its ability to fight cancer cell line SKOV3 and methyl 1,5,8-
trimethoxy-1H-isochromene-3-carboxylate 42 displays a moderate antitumor function.?* Some
natural products containing 1H-isochromene can be found in bacteria, fungi and higher plants.
Recently reported natural products include banchromene,” indigotide A,% and kalafungin®’ and

some of their derivatives were found to show good antitumor activities.?®

OMe (0]

(0] (0]
o H | o)
0 OMe OMe 42
41

Figure 1.2.4: Bioactive isochromene derivatives

1.3. An Overview for the Synthesis of Dihydropyran, Piperidine, Morpholine,

Oxazepane and Isochromene Derivatives

Construction of these rings from simple and readily available acyclic building blocks remains a

challenge, due to the constraints associated with enthalpic and entropic factors and the reaction is

disfavoured in most of the cases. Despite of these problems, cyclic ethers of these ring sizes were

prepared in high yield by either C-C* and C-O* bond formation. For the synthesis of these
TH-1580 11612224
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heterocycles, many strategies have been proposed over the years. However, the most widely used

methods are

1) Prins cyclization

2) Oxonium-ene cyclization,

3) 1,n-Enyne rearrangement

4) Lewis acid promoted cyclization of epoxy alcohols/amines
5) Cascade reaction

6) Hetero-Diels—Alder (HDA) reaction and

7) Ring-closing metathesis.

Among these methods stated, this thesis mainly discusses about Prins cyclization, cascade
reaction and Lewis acid promoted cyclizations from O- and N-tethered starting materials in

details for the construction of O- and N- containing heterocycles.
1.3.1. Prins cyclization reaction

The reaction is named after H. J. Prins in the year 1919. In his study, he performed a reaction
between simple styrene 43 and formaldehyde 44 in aqueous acidic medium, and a mixture of diol

45, unsaturated alcohol 46 and 1,3-dioxane 47 were obtained as products (Scheme 1.3.1.1).*

b OH o 0
X H AN
OH OH
+ HCHO —>» + +
44 H,O
43 45 46 47

Scheme 1.3.1.1

In 1955, Hanschke has further developed Prins reaction for the selective synthesis of
tetrahydropyran (THP) rings 50 by combining 3-buten-1-ol 48 with a variety of aldehydes or
ketones 49 in the presence of acid, called Prins cyclization reaction (Scheme 1.3.1.2).%
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Nucleophile

(@] o) R1
Acid .
N"0H  + R1/U\ R2 T . qu

Nu 50

If acid = H,SO, Nu=OH
If acid = HCI, Nu=Cl

Scheme 1.3.1.2
1.3.2. Mechanism of the Prins Reaction

The general mechanism is shown in (Scheme 1.3.2.1). The alkene 52 reacts with carbonyl
compounds 51 in the presence of Lewis or Brgnsted acid and generates £-hydroxy carbocation as
a key intermediate 53, which either can react with a nucleophile such as chloride, water or
acetate to give 54, or adds to a second molecule of aldehyde to give 55 or loses a proton to give
homoallylic alcohol 56. Thus, the in- situ generated homo allylicalcohol 56 reacts with another
molecule of aldehyde in the presence of acidic medium to afford oxocarbenium ion 57, which
after Prins cyclization and subsequent addition of nucleophile gives the 2,4,6-
trisubstitutedtetrahydropyran 58.%

R1 R1
O HX X OH

o | 56 ® 53 R
R ® 54
H R” H
H
R 0
R1"X0” “R! H
® 57
Prins HX H
Cyclization R rO. R ® R_O.__R’
. iy g I
R,
R R
R S0~ "R 55
58

Scheme 1.3.2.1: Mechanism of the Prins reaction
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1.3.3. Stereoselectivity in Prins Cyclization

There have been numerous reports in the literature on the Prins cyclization, which demonstrate
excellent diastereoselectivity in favor of equatorial trapping of the cyclic carbocation by the
nucleophiles. Alder has performed the DFT calculations on different possible reaction

intermediates.®*

(equatorial)
Nu

°
£ 61— 71.0 + /
>
> 60 — 62
g T — 56.0 2 R4
L 0+

59 pseudo axial

Scheme 1.3.3.1.

Carbocation 59 in its chair conformation is more stable by 56.0 kJ/mol than cation 60 in its most
stable staggered conformation, which reveals that the reaction proceeds through a chair like
transition state very close to 61 (Scheme 1.3.3.1). According to DFT calculations, carbocation in
its chair conformation 62 is stabilized by stereoelectronic effects. The C2- C3 and C5-C6 ¢* and
o orbital overlap both the equatorial lone pair of the oxygen atom and the vacant p orbital at C4.
Optimal overlap is reached when the hydrogen atom at C4 is pseudo-axial. This stabilization
favors equatorial attack by the nucleophile.

1.3.4. Scope of the Prins Reaction

In the simplest case, oxa-prins cyclization involves a homoallylic alcohol, an aldehyde and a
Lewis acid. A general mechanism is shown in (Scheme 1.3.4.1). Aldehyde 63 reacts with
homoallylic alcohol 64 in the presence of lewis acid to generate an oxocarbenium ion 66 as a key
intermediate, which undergoes 6-endo cyclization to give selectively a secondary
tetrahydropyranyl cation 67, which is trapped by the nucleophile to produce tetrahydropyran 68.
Thus, the carbocation that is generated at 4th position in Prins cyclization can be trapped with a
wide range of nucleophiles (Table 1.3.4.1). This tendency enables it to have many variations in

the Prins cyclization.®
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Nu Nu +
64 <« R 1
R 0 R? MR

68 67

Scheme 1.3.4.1: Mechanism of the Prins cyclization reaction

Table 1.3.4.1: Scope of the prins cyclization with a large array of nucleophiles

/\j\ j\ Lewis Acid - O R
= OH + R' H W U
Nu
Lewis acid (Nucleophile)®’Nucleophile” Nu
1 TiF4, NEt,.5HF, BF;.0OEt, F
2 HCI, TiCl,, SnCly, AlCl3, InCls, ZnCl,, SbCls, ZrCly, NbCls, In(OTf)/TMSCI | ClI
3 SnBry, TiBry, InBrs, FeBr; Br
4 I,, TMSCI/Nal, CeCl;.7H,O/Lil, TMSCI/Nal I
5 CF3;COOH, Montmorillonite KSF, OsReOSiPhs, Sc(OTf)s, Amberlyst 15, OH
Amberlite® IR-120, Ce(OTf)3.H,O/IL/Ph,CO

6 BF;.OEt,/AcOH, TsOH/AcOH, TESOTf/TMSOACc/AcOH OAc
7 TFA/NaN; N3
8 In(OTf)s/NH,SCN SCN
9 BF;.OEt,/CHsCN, PMA/CH5CN, CeCls.7H,0-AcCl/ CH;CN NHCOCH;
10 BF;.OEt,/Arene Ar
11 BF;.OEt,/Cul/ ph—=—H PhCOCH,

*Nucleophile comes from lewis acid, "separate nucleohile source has to be added

Martin had explored the synthetic potential of cyclization involving homopropargylic alcohols.

Reactions of homopropargylic alcohol 69 and aldehyde 70 mediated by anhydrous FeCls or
FeBrs led to 4-halo-2-alkyl-5,6-dihydro-2H-pyrans 71 in vyields ranging from 30 to 98%.
Optimization of the experimental conditions established that the best source of halide anion was
TMSX in the presence of 7 mol% of the iron catalyst FeX3; (Scheme 1.3.4.2). The cyclization
could also be mediated with InCls and InBrs, but the times of reaction were much longer and the

yields were slightly lower.

TH-1580_11612224
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\

X
o FeX3
OH TMSX o ~
P - AL
//\/ H CH,Cl, rt o)
69 70 71

X=Cl, 24 h 80%
X=Br,2h 73%

Scheme 1.3.4.2

Yadav et al. reported a novel route to access stereoselective bicyclic oxygen heterocycles via
epoxy-Prins cyclization reaction. The Prins cyclization reaction between styrene oxide 73 and
(E)-hex-3-ene-1,6-diol 72, followed by trapping of carbocation with alcohol in intramolecular

fashion produced fused bicyclic compounds 74 and 75 (Scheme 1.3.4.3).%’

OH o

o .. o
= + Ph/<| pTSA(10moIA>)= H N

DCE, 75 °C
B0 73 10h, 68% Ph 74
72
69:70 = 955
Scheme 1.3.4.3

Reddy and his group showed a novel route for the synthesis of spiromorpholinotetrahydropyran
derivatives via cascade Prins cyclization and intra molecular C-O bond formation. The coupling
of aldehydes 77 with N-(4-hydroxy-2-methylenebutyl)-N-(2-hydroxyethyl)-4-methylbenzene-
sulfonamide 76 mediated by boron trifluoride etherate at low temperature produced 1,9-dioxa-4-

azaspiro[5.5]undecane derivatives 78 in good yields and high selectivity (Scheme 1.3.4.4).

OH BF;Et,0 o Q
- O -
[ RCHO _DCM.-50°C [ : R
N/
Ts 78

OH , .
%‘W 05-3h
76 77 70-95%

R = alkyl, aryl, heteroaryl de upto 99:1

Scheme 1.3.4.4

Loh and his group had developed a method that allowed easy access to 2,6-trans pyranyl motifs
in good yields. Indium triflate catalysed Prins cyclization of carboalkoxyl allenic alcohol 79 and
aldehydes 80 in dichloromethane at 0 °C, followed by trapping of the carbocation with Br” ion of
TMSBr produced highly diastereoselective 2,6-trans dihydropyrans 81 (Scheme 1.3.4.5).% The

TH-1580_11612224
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reason of high trans diastereoselectivity of the reaction can be explained as the formation of a
Distorted Chair Transition State 82 where the lone pair electron of the ester group stabilizes oxo-

carbenium ion and there is no 1,3- axial interaction.

Br
OH o]
— I In(OTf);, TMSBr AN
n-BuO,C + RO H > .
\ 50 CH,Cl3, 0°C n-BuO,C" ~O7 TR
79 Y=TMS, Br 81

64-94% yield
84:16-> 99:1 dr

Nu
~. " A
_______ - S OR" ______»
Rfl\Y‘Q o) n-BuO,C* O~ 'R
O O 2,6-cis

OH

.% RCHO
n-BuO,C " LANNu- | Nu
Y O n Y
: ~dre | I
L " H ——>

n-BuO,C" ~O0~ TR

82 2,6-trans

Scheme 1.3.4.5

Rychnovsky and co-workers had reported the synthesis of highly substituted tetrahydropyrans by
treatment of a-acetoxy ether with Lewis acid. Here, alkene geometries dictate the product
configurations, with E-alkenes 83 leading to equatorial substituents 84 and Z-alkenes 85 leading
to axial substituents 86 (Scheme 1.3.4.6).%

TH-1580_11612224
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/(é)ic Lewis acid /\rj\
- Ph (0]
Ph 0 CH,Cl,, -78 °C
83 84
X
0,
Lewis acid OAc 67%
Br 68%
BF3Et,0O, HOAc, SnBry
X
/(g)ic Lewis acid /\)\)\/(
= Ph (0]
Ph o CH,Cl,, -78 °C
g5 86
X
Lewis acid OAc 74%
BF5Et,O, HOAc, SnBry Br 64%

Scheme 1.3.4.6

Yadav and co-workers developed Brgnsted acid catalyzed intramolecular aza-Prins cyclization
for the synthesis of fused aza-bicyclic systems. Thus, reaction of (E)-hex-3-ene-1,6-
ditosylamide 88 and styrene oxide 87 in the presence of 10 mol % p-TSA in 1,2-dichloroethane
at 75 °C afforded the corresponding 1,5-ditosyl-octahydro-1H-pyrrolidino[3,2-c]pyridines 90 in
good yields with high trans-selectivity, whereas the reaction of (Z)-hex-3-ene-1,6-ditosylamide
89 afforded cis-fused octahydro-1H-pyrrolidino[3,2-c]pyridines 91 predominantly (Scheme
1.34.7).%

NHTs

s
= M\H
TsHN” 88 ©\H .
35 \\ N

67% (96:0.4)
O P-TSA (10 mol%)

©/</ DCE, 75°C TsHN %
. Q g

TSHN

70% (0 5: 95)
91

Scheme 1.3.4.7
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Saikia and coworkers reported an axial selective Prins cyclization reaction for the synthesis of
axial-4-iodotetrahydropyran 94 from simple homoallylic alcohol 92 and aldehyde 93 promoted
by TMSOTTf and tetrabutylammonium iodide (TBAI) (Scheme 1.3.4.8).%

Ph
H TMSOTf/TBAI
+ —_— thfj\/
/\j\oH /\W (0]

O  DCM,0°C
92 93 05h 94
74%

Scheme 1.3.4.8

Jadav et al. had reported the synthesis of 4-thiocyanotetrahydropyrans 97 in good yields from the
reaction of aldehydes 95, homoallylic alcohols 96 and ammonium thiocyanate in the presence of

10 mol% In(OTf); in refluxing dichloromethane (Scheme 1.3.4.9).43

o SCN
OH  |n(OTf); / NH,SCN
3 4
H + N >
CHzclz’ reflux 0
35 min, 92%
95 96 97

Scheme 1.3.4.9

Saikia and co-workers reported a diastereoselective one-pot, three-component Prins-Friedel-
Crafts reaction for the synthesis of 4-aryltetrahydropyran derivatives 100 from the reaction of
carbonyl compounds 99 with homoallylic alcohols 98 in the presence of arene promoted by

boron trifluoride etherate(Scheme 1.3.4.10).*

Rl

/\i )OL kLA Ry © "R"
+ L} n : '
= OH R R Arene U
o 4 o
98 99 0°Cto40°C Ar
60-95% 100

where R = R'=R" = H, alkyl, aryl
Scheme 1.3.4.10

Aldehyde 101, homoallylic alcohol 100 and alkyne 103 underwent smooth Prins-type cyclization
in the presence of BF3Et,O / CuCl (10 mol% each) in dichloromethane under mild reaction

conditions to afford 4-phenacyl tetrahydropyran derivatives 104 in good yields (Scheme
1,3.4.11).%"
TH-1580 11612224
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i or 4 g
BF5Et,0 / CuCl 0
©)LH * N + >
CHchZ’ rt O
45 min, 76%

104

101 102 103

Scheme 1.3.4.11

A three component coupling of aldehydes 105, homoallylic alcohols 106 and sodium azide in the
presence of trifluoroacetic acid in dichloromethane had been developed to produce 4-

azidotetrahydropyran 107 derivatives in high yields with all cis-selectivity (Scheme 1.3.4.12).*®

N3
3 OH
TFA - NaN3
H - N >
CH2C|27 rt o
5.0h, 89%
105 106 107

Scheme 1.3.4.12
1.3.5. Applications of Prins cyclization towards natural product synthesis

The Prins cyclization is a potentially powerful method for preparing oxygen heterocycles. A
number of research groups have been investigating Prins cyclization reactions towards the

synthesis of natural products.
Synthesis of Kendomycin

(-)-Kendomycin is an antitumor macrolide antibiotic isolated from the bacteria Streptomyces

violaceoruber. It exhibits potent antagonism of the endothelin receptor agonism.”

0 °C, CH,Cl,

X Ph0o,sO0 OCH3 x=0Ac, 33%
X =F, 48%

108

Scheme 1.3.5.1
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In an approach towards the formal synthesis of this macrolide 109, Rychnovsky et al. utilized a
BF;Et,O mediated intramolecular Prins cyclization of 108 containing an electron-rich
benzaldehyde and a homoallylic alcohol moiety within the framework (Scheme 1.3.5.1).*’ For
the electron rich benzaldehyde, the use of acetic acid is necessary to suppress the side reactions.
Synthesis of diospongin A

Dispongin A 113 exhibits antiosteoporotic acitivity. Piva and coworkers developed a concise and
efficient method for total synthesis of dispongin A using Prins cyclization and Kkinetic
resolution.”® It enabled control of the relative configuration of the three stereogenic centres

contained in the natural product.

OH
OH /o) OH R
N o+ Ph/\)LH ar iy > )\)l/\ T m
K>CO3, CH3OH  Ph (@] = Ph Ph 6] Ph
rt, 4 h, 78%

110 111 112 113
Dispongin A

Scheme 1.3.5.2

1.3.6. Intramolecular cyclization from O- and N- containing tethered molecule
Intramolecular reactions offer distinct advantages over their intermolecular counterparts
providing the tethering unit, which connects the reacting functionalities, is neither too long such
that the reaction resembles an intermolecular process, nor too short, in which case geometrical
constraints can physically prevent the reaction. When these conditions on the tether are satisfied,
however, the proximity of the reacting partners, combined with a reduction in the degrees of
freedom in the system, render the intramolecular reaction more entropically and kinetically
favourable. This can result in a more stereo-, regio- and chemoselective process, which is often

reflected in an increased yield of the desired product.

1.3.7. Baldwin’s rules

The presence of cyclic structures in the basic framework of many complex and biologically
active molecules has attracted the attention of many chemists for their formation in organic
synthesis. A series of guidelines that describe the propensity of various systems to participate in
ring forming reactions was put forth by J. E. Baldwin in 1976. This set of guidelines, which
describe the relative ease of ring formations, has become known as Baldwin’s rules of ring
closure and has proved a useful tool in evaluating the feasibility of ring forming reactions. He
suggested that the rules are applicable to reactive intermediates.

Baldwin described his rules in terms of three features of the reaction: (1) the ring size being

TH-1§%H“E?6@?E§9Pted through a numerical prefix), (2) the hybridized state of the carbon atom
B 16
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undergoing the ring closing reaction (sp= digonal, sp?= trigonal, and sp® = tetrahedral), and (3)
the nature of the breaking bond (exo- the breaking bond it is external to the newly formed ring,
and endo - the breaking bond is within newly formed ring.).** Examples of these formalizations
are shown in Figure 1.3.7.1. The attacking species could be a carbanion, a carbonium ion or a
free radical.
4 4 4
3 4 5 3 5 3 5
5§ ’ Y> iy OJ
2 x—)Y i el AN
1 2 f,) 1 Y)
5-Exo-Tet 6-Endo-Trig 6-Exo-Dig 6-Endo-Tet

Figure 1.3.7.1

Baldwin's rules describe the relative rates of ring formation involving 3-7 membered rings as
either favorable or unfavourable. These terms are used in a relative sense. A reaction forms a
favoured product faster than a disfavoured one. However, a disfavoured product may be
observed if there is no any alternate pathway. Since these rules are for rates, they reflect the free
energy of activation at the transition state, A G*, which depends on the number of atoms in the
forming ring, and on the geometry where the electrophile and nucleophile must interact to
achieve maximum orbital overlap and subsequent bonding. The reaction is favourable if the two
nuclei of the tethered chain are aligned with the required orientation i.e. minimum energy

transition state.

For example, 5-endo-trig is unfavorable whereas 5-endo-dig is favorable.>

5-Endo-Trig
— ©
Y= S @ é}‘
X ] X
attack leading to... strain in transition state

Scheme 1.3.7.1: Extreme transition state bond-angle distortion leads to disfavoured 5-endo-trig

s A

5-Endo-Dig
Y= Y=
g0 | T
attack leading to... less strain in transition state

J

Scheme 1.3.7.2: Favored transition-state geometry for effective orbital overlap. Nucleophile
can approach the acetylenic orbitals in a nearly planar fashion

TH-1580_11612224
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The carbon-carbon triple bond of alkynes is one of the basic groups in organic synthesis because
of their rigidity, electronic properties, and versatile reactivity.”* In the past decades, acetylene
chemistry has experienced a renaissance, due to not only its occurrence in molecules in the
frontiers of organic chemistry such as biochemistry or material sciences, but also as building
blocks or versatile intermediates for the synthesis of a vast array of chemicals.>

Metal-catalyzed reactions contribute to the major part of research in this domain of research.
This has led to the development of numerous transition metal catalysts which can perform the
cyclization reaction easily by undergoing a cascade of events with the change in oxidation state
of metal. Metal-catalyzed cycloisomerizations have been employed for the preparation of oxygen

and nitrogen heterocycles of varying ring sizes.

X R  PathF

( Path C
0-5 \
%ﬁth E \D/\/\R
Path D

Scheme 1.3.7.3: Metal catalyzed cycloisomerizations and related reactions

Among variety of transformations involved in the preparation of pyrans, piperidines and their
derivatives, metal-catalyzed 1,n-enyne rearrangements have been studied extensively. Metal-
catalyzed 1,n-enyne rearrangements are atom economical, simple, and safe and can be performed
even on large scale. Transition metal catalysts like Cu,”® Pd,>* Pt>> and Au®® are the prominent
among them.

In 1995, Blum et al. reported the synthesis of cyclo-propane annulated dihydropyrans from allyl
propargyl ethers in the presence of PtCl, (Scheme 1.3.7.4).°’

TH-1580_11612224
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/;© PtCl, (5 mol%) —\ .Ph

O : O N
Benzene, rt VAR,

w 97% ;P

Scheme 1.3.7.4: Synthesis of cyclo-propane annulated dihydropyrans

Further expanding the scope of this methodology, Furstner et al. reported the synthesis of

nitrogen analogues using PtCl, (Scheme 1.3.7.5).%®

/%Q PtCl, (5 mol%) —\ .Ph
TsN » TsN \

\ Toluene, 80 °C z
78% H
116 117

Scheme 1.3.7.5: Synthesis of piperidine derivative using PtCl,

The research groups of Tse® and Sanford®® independently reported the first examples of
oxidative cyclization of 1,6-enynes, which allowed the formation of cyclopropylketones of type
119. Enyne 118 is treated with the oxidating agent (diacetoxyiodo)benzene in the presence of
Pd(OAc), in acetic acid at 80 °C to give 119 in modest yields. The reaction scope of the
transformation is large, as a wide range of alkyl and aryl substituents as well as ynone and

ynamide functionnalities are tolerated.

— Ph Pd(OAc), (10 mol%)
O Phl(OAc), (2 equiv) §O
\ CH,COH, 80°C . ©

61%

Scheme 1.3.7.6

The research group of Zhang described a rhodium-catalyzed Alder—ene-type reaction. The use of
[{Rh(dppb)CI},](dppb : 1,4-bis-(diphenylphosphanyl)-butane) in combination with a silver salt
in dichloroethane promoted the cycloisomerization of several ether-linked 1,6- enynes 120.%

R
=R [RNCI(dppb)},] (6 mol%)
o AgSbFg (10 mol%) J
N\ A
CICHZCH2CI, rt _—
120 50-91% 121

R = Ph, p-Me-C6H4, p-Cl-C6H4, p-CF3-CGH4, CH2Ph, COzMe, Me

Scheme 1.3.7.7
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Reductive coupling of alkyne and epoxide using metal-catalyst has been well explored for the
construction of cyclic ethers and its nitrogen analogues starting from an O- or N-tethered

compounds containing epoxide and alkyne group (n-system). Some reports are given below:

1) Jamison et al. had developed a methodology for the synthesis of homoallylic alcohol via Ni-
catalysed reductive coupling of alkynes and epoxides. In this report, air-stable and inexpensive
Ni(Il)salts are used as precatalysts (eg. NiBr,.3H,0O) and i-PrOH as reducing agents in the
presence of 40 mol % Ph,Me. Deuterium labeling experiments showed that oxidative addition of
an epoxide C-O bond occurred with an inversion of configuration and then stereospecific cis-

addition to the alkyne provided the desired tetrahydropran product as a single regioisomer.®

o M NiBr,.3H,0 (10 mol%) Ho P
B 0 H
H,,. r PhMe,P (40 mol %) » 3
i-PrOH, 60 °C H iH
X\ 124 R
122 R
up to 82% yield
Ln >95:5 Z/E ratio
O,Ni D R >95:5 endo/exo
via H‘W
X
123

Scheme 1.3.7.8

2) The pumiliotoxins were first isolated in 1967 from the Dendrobates pumilio frogs in South
America.%® These are a subclass of indolizidine alkaloids isolated from the skin secretion of

neotropical frogs.** It shows many biological activities.

I-l\lle ‘//OH

R = Me, pumiliotoxin 209F, 70%
R = n-Bu, pumiliotoxin 251D, 82%

125

In an approach towards the toal synthesis of Pumiliotoxins 125 (209F and 251D), Jamison et al.
utilized Ni-catalysed reductive coupling reaction of alkyne-epoxide.®® Thus, intramolecular
cyclization containing alkyne-epoxide tethered molecule plays a vital role in natural product

synthesis.

TH-1580_11612224
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. Alloc N N cat.Ni(cod),/ PhPMe
N 5 steps /\rMe (cod), 2=
OMe ——— > H O R Et,B
H Me

(e Fl\/le //OH
126 127 128

R = Me, pumiliotoxin 209F, 70%
R = n-Bu, pumiliotoxin 251D, 82%

Scheme 1.3.7.9

Suzuki et al. developed a highly efficient and versatile methodology for the stereospecific
synthesis of a,w-Cis- and o,m-trans-disubstituted eight- and nine-membered cyclic ethers through
Lewis acid mediated cyclization of hydroxy epoxides. For example, the model compound 129
having a cis-epoxide group when refluxed with a stoichiometric amount of Eu(fod)s at 110 °C in
toluene, the corresponding eight membered cyclic ether 130 possessing alkyl substituents at the
a-and w-positions with cis-orientation was obtained in 97% vyield, arising from cyclization via
the selective Sy2 process and exo mode. Similarly, cyclization of the trans isomer of 129 gave

the a,w-trans-derivative in 76% yield.*®

Bn
HO Eu(fod); (1.0-eq)
BnOWOMPM tolue:e -
o) 110 °C
129

Scheme 1.3.7.10

Nishizawa et al. developed a highly active strategy for mercuric triflate catalyzed hydroxylative
carbocyclization of 1,6-enynes 131 to construct five-membered ring products 132 in good to
excellent yields. Enyne was converted into alcohol at room temperature through mercuration of a
terminal alkyne, carbocyclization, hydration, and protodemercuration that reproduced the
catalyst, Hg(OTf),. The catalyst was used in quantities as low as 0.1 mol %.%’

Hg(OTf), (0.1 mol%)
d H,0 (5 equiv) > O

CH5NO,/CH,CN (9:1) OH
A RT, 30h, 99%

131 132

Scheme 1.3.7.11

TH-1580_11612224
21



Introduction

Saikia and coworkers reported intramolecular hydroalkoxylation/hydrothioalkoxylation of
nitrogen-tethered alkenes and alcohols/thiols mediated by boron trifluoride etherate for the

preparation of five-,six-, and seven-Membered 1,3- and 1,4- heterocyclic Compounds.®®

R*  Ts 18 , Ts
) (N R'  BFyOEt (1.2 equiv.) RINNQ BF3OEt, (1.2 equiv.) R.__N )
H,Cl, / rt/ 5h
x-z CH.Cl/rt/5h R Sy X CH.Cl, /rt/5 R X
R R
133 134 135
X=S:n=1 X=§,0;n=10r2
R = H; R'= CO,Me, CH,0Ac, CH,OH R =H, aryl; R" = H, alkyl, aryl, CO;Me
R2 = Me. Ph R2 = Me, Ph
Yield up to 74% Yield up to 93%
18 examples
4 examples

Scheme 1.3.7.12

Ghorai and his coworkers had developed a simple and practical protocol for the synthesis of
nonracemic 2-substituted morpholines, 2,3-disubstituted morpholines, enantiopure 2,6-
disubstituted morpholines, homomorpholines, and higher homologues using Cu(OTf), as a
catalyst. The reaction proceeds via a Sy2-type ring opening of activated aziridines and azetidines
by suitable halogenated alcohols in the presence of Lewis acid followed by base-mediated

intramolecular ring closure of the resulting haloalkoxy amine (Scheme 1.3.7.13).%°

R
* Cu(OTf), Ri_+«.0_*R3s
R, N-SOAr o \5
3 > )
m R Rz N
> _Cl \

n
137

1 0, 0,
m=0,1:n=1,2 Yield upto 92%, ee upto 99%

R'=H, Ph, i-Pr, i-Bu; R? = H, Me, Et, i-Pr, vinyl, allyl ; R = H, Ph

Scheme 1.3.7.13

Myers and co-workers reported the synthesis of enantio- and diastereoselective trans-2,5-
disubstituted morpholine derivatives 141 from enantiopure epoxides 138 with amino alcohols
139 via the regioselective hydroxyl activation-ring closure of the resulting amino diol adducts
140 (Scheme 1.3.7.14).”°
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NH, R N/Ts 2
1
R1/§<c|) + HO\),,IR — /\(‘)? L T Rf\ﬁ NH
H 2 R2 O\)"/R
138 139 OH 52
140 141

Scheme 1.3.7.14

A versatile approach for the stereoselective synthesis of C-substituted morpholine derivatives
using intramolecular reductive etherification reaction of keto alcohol 142 with a Lewis acid has
been reported by Gharpure (Scheme 1.3.7.15). The reaction of enantiomerically enriched amino
alcohols with a-bromo ketones using potassium carbonate as a base in acetone generates the keto
alcohol, which, in presence of TMSOTf and Et;SiH was reduced in a highly stereoselective
fashion to furnish diversely substituted morpholines 143 in good vyields and excellent
diastereoselectivities.”

TMSOTf p
P - |
R? N\)OJ\ R3 (Eﬁf(l;'z — RiNj\
Ko oome  NROAT
142 143
R'/R?/R3 = alkyl, aryl, heteroaryl etc. (dr=19:1)

P=Ts, Ns

Scheme 1.3.7.15

The protocol was further extended to the first stereoselective total synthesis of (x)-chelonin C.
Chelonin C is a marine natural product. It was isolated from the marine sponge Chelonaplysilla
sp.”?and belongs to the family of 2,6-disubstituted morpholines. This family of alkaloids exhibits

antimicrobial activity against Bacillus subtilis and in vivo anti-inflammatory activity.
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Ts
Ts oo Q N
. e D)\ KGO © oM
+ T o e
OH MeO Br  acetone, rt
5h, 78% BzO 146 OMe
BzO 145
144 TMSOTY, Et;SiH
CH2C|2, 0 °C-rt

1h, 81%

MeO NaCqoHg
-1
MeO THF, -78 °C
e o,
chelonin C LS 2o
148

Scheme 1.3.7.16

Reboxetine is a potent selective norepinephrine reuptake inhibitor (NRI) and widely studied for

its pharmacological properties.”” Commercially sold as an antidepressant, reboxetine has

comparable efficacy to that of imipramine, desipramine, and fluoxetine and has an improved

side-effect profile.” Tamagnan and his coworkers developed a methodology which describes the

stereospecific synthesis of (S,S)-reboxetine 151 via a new and particularly effective preparation

of (S)-2-(hydroxymethyl)morpholine. The synthesis proceeded in 30% overall yield and 99% ee

in eight linear steps starting from commercially available (S)-3-amino-1,2-propanediol 149."

CICH,COCI (1.1 equiv) OEt
EtsN (1.2 equiv) Yo OH 7 steps
HO \—if CH3CN/MeOH \_& P ©
($)\—NH, -10 °C to rt, 16h NH CI (0]
94% g
149 H
150 151
(S,S)-Reboxetine
99%

Scheme 1.3.7.17

Chemler et al. reported the formation of 2-amino methyl functionalized morpholines mediated

by copper(I1) 2-ethylhexanoate promoted alkene oxyamination reaction.’
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Cu(2-ethylhexanoate), (2 equiv)
R Nucleophile (1.5 equiv)
Y\OH Cs,CO5 (1 equiv), xylene, 130 °C, 24h R

N >
R2 \/\ Nu = R3SOZNH2, PhC(O)NHz, NaN3 RZN\/K/N*
R' = alkyl, aryl N* = NHSO,R®
R? = alkyl-SO,, aryl-SO, NHC(O)Ph, Ng
152 153

Scheme 1.3.7.18

1.3.8. Cascade reaction

A cascade reaction, also known as a domino reaction or tandem reaction, is a consecutive series
of intramolecular organic reactions which often proceed via highly reactive intermediates. In
cascade reactions, isolation of intermediates is not required, as each reaction composing the
sequence occurs spontaneously. These reactions involve careful design of a multistep reaction in
a one-pot sequence in which the first step creates the functionality to trigger the second reaction
and so on, making this approach economical and environmentally friendly.

Based on the mechanism of the steps involved, K. C. Nicolaou labels the cascades

as nucleophilic/electrophilic, radical, pericyclic or transition-metal-catalyzed.”’

The history of cascade reaction began with the first report by Robert Robinson in 1917 for the
synthesis of tropinone 158. The reaction proceeds through intramolecular double Mannich
reaction and the reactants used in its preparation are succinaldehyde 154 , methylamine 155 and

acetonedicarboxylic acid 156 (or even acetone).”

COOH COOH

CHO o
[ + H,NMe + o o :
CHO
155 COOH COOH
154 158
156 157

Scheme 1.3.8.1

In 2004, Rao et al. reported a short enantioselective synthesis of the broad-spectrum antibiotic (—
)-chloramphenicol.  Herein, the chiral epoxy-alcohol 159 was first treated with
dichloroacetonitrile in the presence of NaH. The resulting intermediate 160 then underwent a
BF3;-Et,0-mediated cascade reaction. Intramolecular opening of the epoxide ring yielded
intermediate 161, which, after an in situ hydrolysis facilitated by excess BF3-Et,0, afforded (-)-

chloramphenicol 162 in 71% overall yield.”
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A

OH
1) NaH, Cl,CHCN O "NH
= 2) BF3.Et,0 J
o - z
O2N (0
159 OoN 160
OH Hydrolysis ﬂcb
Q/HAOH 71 % yield o N
NHCOCHCI
O,N 2
o OH
162 2N 161

Scheme 1.3.8.2: Synthesis of (-)-chloramphenicol via a nucleophilic cascade

Raabe et al. in 2006 reported organocatalytic cascade in which linear aldehydes 163,
nitroalkenes 165 and a,5-unsaturated aldehydes 164 were condensed together organocatalytically
to afford tetra-substituted cyclohexane carbaldehydes 167 with moderate to excellent
diastereoselectivity and complete enantiocontrol (Scheme 1.3.8.3). The transformation is

mediated by the readily available proline-derived organocatalyst 166.2°

O*Ph
N
N PhOTMS o
0 o) 1830 mols Rk@%
mol~7/o
| | . _NO
RU A RSV + Rz/\/ 2 t g R2 ) _ R3
(o] Z
163 o 165 PhCHs, 0 °C to rt NO,
-H,0O
R' = alkyl; RZ = aryl 167
s ’ 35-70% vyield
R® = H, alkyl, aryl 68:32-99:1 dr
>99%ee

Scheme 1.3.8.3: Asymmetric synthesis of tetra-substituted cyclohexane carbaldehydes via a triple

organocatalytic cascade reaction

Xia and his group had developed an efficient and mild reaction conditions for the synthesis of

difluoromethylated 170 Pd(0)-catalyzed
difluoroalkylation/cyclization of acrylamide 168 with ethyl difluorobromoacetate 169. In this

isoquinoline-1,3-dione via radical cascade

protocol Pd-catalyzed single electron transfer processes was introduced into radical

addition/cyclization of N-alkyl-N-methacryloyl leading to fluoroalkylated

benzamides,

isoquinoline-1,3-diones in a good to moderate yields.®
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O O Q
10% PdCly(PPhs), N~
’T‘ +  BrCF,COOEt >
20% DPE-phos @]
3 equiv 2 eq. K,CO4
T equiv 169 dioxane, Ar, 80 °C EtOOCF,C
168 170
20-80%

Scheme 1.3.8.4: Pd(0)-catalyzed radical reactions.

Sammis and his group had developed a highly efficient and diastereoselective synthesis of E-
dienes through radical cyclization of bromoallyl hydrazones. This reaction proceeded via one-pot
condensation/radical cyclization/cycloreversion cascade starting from aldehydes in high yields
(>75%) and high diastereoselectivities (>95:5). This methodology is a new and direct method for
the conversion of hydrazines into dienes and also the first example of forming dienes from alkyl

hydrazones.®?

2
Ts R
N/N\)\r¢Br BU3an 1/\AL o
> RITY R
i R® AIBN 1,
171 CgHg, 80 °C
172
R' = alkyl,
R2=R3=H,Me

Scheme 1.3.8.5: Formation of diene from bromoallyl hydrazones

Echavarren and his coworkers had established a methodology of a transition-metal-catalyzed
cascade for the formal intramolecular [4+2] cycloaddition of 1,6-enynes 171 mediated by gold
catalyst. 1,6-enynes underwent intramolecular cyclization under mild conditions in the presence

of Au(l) complexes 172a-b to yield the tricyclic products 173 in moderate to excellent yields.®®
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— R3 174a or 174b (2 mol%)
- AgSbFg (2 mol%) N
\ / 6 Z | _R3

-
o

Z g
CH2C|2, rt | “
\—\\7R1 H R, R4
R2

175
173
43-96% vyield
R', R2, R3 = H, alkyl, aryl
Z= CH2, C(COQMe)z

Cy*F;C—yAu—CI ¥ F;(i}:’-\u—CI
i-Prs,, MeO
i-Pr MeO
174a 174b

Scheme 1.3.8.6
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CHAPTER 2

Lewis Acid Mediated Intramolecular C—C Bond Formation
of Alkyne- Epoxide Leading to Six-Membered Oxygen and
Nitrogen Heterocycles

2.1. Importance of Pyrans and Piperidines

Cyclic ethers are widely present in many natural products exhibiting several important biological
activities and have diverse applications in cosmetics and agro chemicals as well.! The dihydro-
and tetrahydropyrans are core units of many biologically active natural products, such as
aspergillide A-C? 1 and pyranicin® 2 (Figure 2.1.1). Aspergillides A-C, were isolated by Kusumi
and co-workers from a marine-derived fungus, Aspergillus ostianus strain 01F313, collected off
the coast of Pohnpei. Importantly, aspergillides A-C displayed cytotoxicity against mouse
lymphocytic leukemia cells (L1210) with LD50 values of 2.1, 71.0, and 2.0 pug/mL, respectively.
Pyranicin, a tetrahydropyran containing natural product from annonaceous acetogenin family,
isolated from the stem bark of the Goniothalamus giganteus tree, native to Thailand by
McLaughlin et al. in 1997, acts as antimalarial, antiparasitic, and antitumor drug and it has

recently exhibited promising results against Parkinsonism.

(-)-Aspergillide A

OH 1
H

CioHzs,

YA

HO" 0

Pyracinin 2

Figure 2.1.1
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Chapter 2

Similarly, nitrogen containing cyclic structures such as piperidine and its derivatives are also
present in several biologically active natural products and pharmaceuticals.* Compounds with the
piperidine sub-structure exhibit anti-hypertensive,®> and antibacterial activity.® Many natural
products having a piperidine moiety have been isolated and thus this moiety is an important
building block for various biologically significant compounds. For example, Yaequinolone J1
and J2 (Figure 2.1.2) with p-methoxyphenylguinoline skeleton fused with pyran ring have been
isolated from penicillium sp. FKI 2140 and exhibit insecticidal antibiotic property.’

Yaequinolone J2

Yaequgnolone J1 4

Figure 2.1.2

4-Amido piperidine derivative indoramine 5 is used as an alpha-1 selective adrenoceptor
antagonist.® The compounds with 4-arylpiperidine backbone such as (-)-paroxetine 6, (+)-
femoxetine 7 and their analogues are significantly important class of serotonin (5-

hydroxytryptamine) reuptake inhibitors® (Figure 2.1.3).

ZT

N Q .
QL AT

NH N
H

o (-)-Paroxetine 6 (+)-Femoxetine 7
Indoramine 5

Figure 2.1.3
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2.2. Literature Methods

Metal catalyzed reductive coupling between alkyne and epoxide for C-C bond formation was
developed with complete (>95:5) regioselectivity. This methodology unlike 1,n-enyne
cyclization requires z-system of one molecule (alkyne) and functional group that has no multiple
bonds (epoxide). Jamison and his group described a novel methodology for nickel catalyzed
multicomponent coupling reactions. This method demonstrated intermolecular and
intramolecular reductive coupling of alkynes and epoxides using BusP and EtsB as reducing
agents. Here, the usually disfavoured endo epoxide-opening product in alkyne-epoxide reductive
cyclizations was shown, thus, the compound 8 in presence of Ni-catalyst underwent cyclization

to give the compound 9 (Scheme 2.2.1).1°

Ni(cod), (10 mol%)

Ph BusP (20 mol%
\/rX \/\CI) 3P ( LN OH
N Et;B (200 mol%) :
ether, 3h nX

9
> 95:5

n=0,1
X = CH,, O, NBn, C(CO,Me),

Scheme 2.2.1

Chung et al. reported a methodology which describes Gold(l)-catalyzed cyclization of enynes
containing an olefinic cycle. Enynes bearing a cyclic olefin 11 were prepared by a rhodium-
catalyzed intermolecular [4 + 2] cycloaddition of diynes 10 with 2,3-dimethylbutadiene in 30
min with high yields in the presence of dichloromethane at room temparature. These compounds
then subjected to Diels alder reaction, using gold-catalyst to afford the expected polycyclic diene
compound 12 in 85-99% yields. Consecutive rhodium-catalyzed Diels-Alder/gold(l)-catalyzed
cycloisomerization reactions were integrated in one-pot. First, Diels-Alder reaction was carried
out in the presence of [Rh(NHC)(cod)CI]/AgSbFes, after completion of the reaction, Au(PPhs)CI
and AgSbFe were added, and the whole mixture was stirred at the same temperature for 1 h

(Scheme 2.2.2).1
5 mol% — R 5 mol% TR
L — X
X/—— R Rh-NHC/AgSbFy X [(PPh3)Au]SbFg
» \ < > M »
\_—: CHZC'Z 115 OC'20 OC © CH20|2 y 15 OC'20 OC
2,3—d|methylt.)utad|ene Me 30 min Me Me
10 30 min 11 12
R= Me, Et, C-Pr, Ar Yield= 69-98% Yield= 85-99%

X= NC,H,S0,. C(CO,Me),
Scheme 2.2.2

TH-1580_11612224
36



Chapter 2

Liu and co-workers reported a one-pot operation for the highly diastereo and enantiospecific
synthesis of bicyclic heterocycles with multiple stereogenic centers. Tungsten-promoted two new
cycloadditions for common epoxides and functionalized alkynes in the presence of Lewis acid
catalyst was shown. Alkynyltungsten complex 13 and propargyltungsten complex 15 in the
presence of BFsEt.O underwent [3+2] and [3+3] cycloaddition in dichloromethane at -40 °C to

give enantiospecific bicyclic lactones 14 and 16. (Scheme 2.2.3).1?

)

[3+2]
W%\X BF;Et,O (25 mol%)= O\»:CX
CH,Cl,, -40 °C

13
W
r [3+3]
wo N\ BF5Et,0 ( 25 mol%) é\/hx
ﬁ CH,Cl, -40°c  ©
O 56% 16
X=0, NTs, -CH
15

Scheme 2.2.3

Chatani and his group proposed a methodology for the skeletal reorganization of enynes in the
presence of Lewis acid as a catalyst. The reaction of 1,6-enynes with an alkyl group at the
acetylenic carbon 17 in the presence of 10 mol % of InCls in toluene at 80 °C, resulted in a new
type of skeletal reorganization to give 1-allyl-1-cyclopentenes 18 in good yields, in which a

terminal olefinic carbon migrates between the acetylenic carbons (Scheme 2.2.4).13

E — cat. InClj EW/\
_— >
E 80 °C E

\ toluene 82% (E:Z = 4:1)
2h
17 18
Scheme 2.2.4

Pericas and co-workers developed a one-pot procedure for the synthesis of triazolooxazepinols,
triazolodiazepinols and triazolothiazepinols via stereospecific and regioselective epoxide ring
opening followed by intramolecular azide-alkyne cycloaddition under metal-free conditions.
Treatment of phenyl glycidyl propargylethers or amines or thioethers 19 with 3 equivalents of
NaN3 in t-BuOH/H>O under micro-wave (MW) irradiation condition gave a bicyclic systems
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featuring a triazole ring fused to a seven membered hetrocycles 20. The reaction gave single

diastereomer having the trans configuration in a good to moderate yields (Scheme 2.2.5).14

0

R

X =0, NH, NBu, NBn, S

N”
K- NaN3 ‘NK
A >
Ph X/\ t-BUOH/H,0 Ph—<\/

MW X

HO
20
11 examples
(X=0,NR, S)
2-steps, one-pot, 53-80% yield

Scheme 2.2.5

Echavarren et al. reported a strategy which describes the formation of oxepane derivatives via

oxidative ring opening of 3-oxabicyclo[4.1.0]hept-4-enes 22, formed by the intramolecular Pt(11)

catalyzed cyclopropanation of enol ethers by alkynes. The facile oxidative cleavage was
performed with DDQ or CAN to give seven-membered ring double acetals 24. In addition, a

novel benzannulation had been found to take place by simply heating the cyclopropane

derivatives in the presence of a protic acid to provide the compound 23 (Scheme 2.2.6).%°

R1
/
)
R2 @) )n
21 R" = R?= alkyl, aryl

PtCl, l n=1,2

R1
DDQ,H,0 /—\ R' H'
-« 0 S -
< 2 H R2
R2 ' s
\ 78 7 O~n
24 22 23
52-97% 52-95%
- (o)
Scheme 2.2.6

Dake and co-workers demonstrated an alternative route for the synthesis of azahydrindan. Cyclic

ene-N-p-toluenesulfonamides tethered to an electron-deficient alkyne 25 under the influence of
catalytic Pt(I1) salts (PtCl. or [dppbPtu-OH]2(BF4)2) or AgOTT cyclised to produce 26 in a good

to moderate yields, ranging from 47% to 99%. The resulting functionalized 2-azahydrindans can

be further manipulated using the Diels—Alder reaction. Thus, the synthetic concept is based on
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38



Chapter 2

tandem cycloisomerization—cycloaddition reactions in one-pot, two-step process which generate

highly functionalized 1-azadecalin ring systems in a highly stereocontrolled manner (Scheme

2.2.7).16
X
EWG Catalytic ~ _EWG
| Pt(Il) or Ag (1) |
N Salt o N
Ts 47-99% 'i's (can be isolated or subjected to
25 . Diels-Alder reaction directly)
major
26
Scheme 2.2.7

Yu and co-workers developed a new alternative route for the synthesis of vinylic C-Cl and C-Br
bond. Here, FeCls- and FeBrs-promoted cyclization/halogenation of alkynyl diethyl acetals 27
gave (E)-2-(1-halobenzylidene or alkylidene)-substituted five-membered carbo- and heterocycles
28 selectively. The compound then subjected to Suzuki coupling with aryl boronic acid to afford
the coupling product 29. The present protocol has provided a new alternative route to vinylic C-
Cl and C-Br bond formation (Scheme 2.2.8).%

X Ar
—R
Y/? FeXs (1 equiv) R Pd(OAc),/L _ j\R
> Y > Y
< X =Cl, Br Ar(OH), o
OEt ~91% OEt ~91%
27 28 29

Y = O,NTs, C(CO,Et), R'=Ror p-CgHy-Ar

R = aryl, alkyl

Scheme 2.2.8

Evans and his coworkers developed a new method that demonstrates intermolecular metal
catalyzed [4 + 2 + 2] cycloaddition. The reaction of heteroatom-tethered enyne 30 and 1,3-
butadiene in the presence of the Wilkinson catalyast and a silver salt led to a fused five and
eight-membered ring product 31 as well as 32. Depending on the metal counterion, excellent
selectivity can be obtained for either the homo- or heterocycloaddition adducts. The
stereochemistry of the reaction was also studied by introducing a stereogenic center at C-2 of 33,

which leads to a diastereoselective product 34. (Scheme 2.2.9).%
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[RhCI(PPh3)3]

Ph Ph
L (10 mol %)
/——=—=—Ph  AgOTF (20 mol %)
X - X + X X
\_\ N
\ PhMe, reflux, 92% Ph
30 31 32

[ 31:32 :
X=NTs, SO,, O Ratio of >19:1

cat. Rh(PPhs);Cl

TsN
Np \ AgOTf, PhMe, A
1,3-Butadiene

91%

Scheme 2.2.9

Yamamoto and his group developed a one pot procedure for the synthesis of vinylnaphthalene
derivatives 37 via PtBro-catalyzed consecutive enyne metathesis-aromatization in good to
moderate yields. In this reaction Pt-catalyst plays a dual role. 1,7-enynes 35, fused with an
aromatic ring and bearing a leaving methoxy group at the 4-position, in the presence of PtBr»
underwent enyne metathesis to produce an intermediate 36 which was isolated. The presence of a
methoxy substituent in the tether further extends the scope of this reaction to generate an
aromatic ring 37 where PtBr; acts as a lewis acid to facilitate elimination of MeOH from the
isolated intermediate to give the aromatized product (Scheme 2.2.10).%°

R
P R "
= 2 mol %, PtBr, PiBr
” =
~ 1 4-dioxane, 120 °C H | -MeOH
::"e - 3¢ OMe - 37
This intermediate can be isolated 35-76%
R = alkyl, aryl

Scheme 2.2.10

2.3. Present Work

Considering the importance of oxygen and nitrogen heterocycles,?® we were in search of methods
for synthesizing multifunctional oxygen and nitrogen heterocyclic frameworks. Cyclic ethers are
prepared in high yield by either C—C?! or C—0?? bond formation. Literature reports revealed that
cyclization of enyne is one of the best method for achieving such goals. Di- and tetrahydropyrans

can also be synthesized using epoxides and homoallylic alcohols under Prins cyclization
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conditions.? Taking clues from these we envisioned that functionalized oxygen and nitrogen
heterocyclic compounds could be prepared from O- and N-tethered alkyne-epoxide substrates
mediated by Lewis acid. Although there are reports for the synthesis of O- and N-heterocyclic
compounds from alkyne-epoxide coupling via intramolecular alkyne—azide cycloadditions* and
nickel-catalyzed reductive coupling of alkyne epoxide,° to our knowledge the synthetic potential
of the use of a Lewis acid for the synthesis of such rings using substrates with an epoxide and an
alkyne has not been examined so far.

In this chapter we have developed a strategy that describes intramolecular C-C bond formation of
oxygen- and nitrogen-tethered alkynes and epoxides mediated by Lewis acid under ambient

conditions. The reaction can be generalized as shown in Scheme 2.3.1.

X X

¥ o,
N e R1L2\WR3 4 R&)\WRS
R /\Rs CH,Cl, / 3h I 1
0°Ctort N
60-78% R'=H, Me,Ph: R2=H,Ph R =Me;R*=Ph

X = 0O, NTs; R® = alkyl, aryl

Scheme 2.3.1

Accordingly, 2-((3-phenylprop-2-ynyloxy)methyl)-3-phenyloxirane 42a was treated with 0.2
equivalents of boron trifluoride etherate in dichloromethane at room temperature and the reaction
proceeded smoothly to afford phenyl(4-phenyl-3,6-dihydro-2H-pyran-3-yl)methanone 47a in
68% yield, the structure of which was determined by NMR and X-ray analysis.?

In order to optimize the reaction conditions, alkyne-epoxide 42a was subjected to react with
several Lewis and Bronsted acids (Table 2.3.1). It was observed that apart from BFzEt20, InCl3
and Bi(OTf)3 also resulted in the desired product in good vyields. Zn(OTf), and In(OTf)s gave
28% and 20% yield, respectively. Brgnsted acids CSA gave low yield but TFOH gave moderate
yield. FeCls yielded only 25% of the desired product. However, reaction using TMSOTf was
unsuccessful in which decomposed product was observed. BFzEt,O with 0.2 equivalents was

found to be the best reagent for the reaction.

Survey of the various solvents revealed that THF and dioxane gave relatively lower yields, and
no progress in the reaction was noticed in toluene and acetonitrile. Dichloromethane (DCM)
proved to be the best than all other solvents. The reaction was also performed at -20 °C in
CHCl; for 10 h but gave only 50% yield.
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Table 2.3.1. Optimization of the reaction

o Lewis/ o
Bronsted acid
Ph/<l/\o/\ P o
Ph Solvents Ph
42a 0°Ctort 47a O

S.No. Lewis/Brgnsted Time (h) Solvent  %Yield®

acid (equiv.)

1. BFsEtO(1) 3 CH:Cl2 68
2. InCl3 () 3 CH:Cl2 65
3.  Bi(OTf)3(0.5) 3 CH:Cl2 63
4.  TMSOTf (0.5) 8 CHCl trace
5.  BFsEt0 (0.5) 3 CH:Cl> 68
6. BFsEt0 (0.2) 3 CHCl2 68
7. BF3zEt0 (0.2) 3 THF d
8. BFsEt:0(0.2) g Toluene d
9. BFsEt0(0.2) 8 CH3CN d
10 Zn(OTH2 (1) 10 CH:Cl2 28
11 CSA(D) 8 CHCl 32
12 TfOH (2) 5 CH:Cl2 50
13 FeCl3 (1) 10 CHCl 25
14 In(OTH)3(2) 8 CH:Cl2 20

2Yields refer to isolated yield. The compounds were
characterized by IR, NMR and Mass spectrometry.
d = decomposed product.

Having obtained the optimized conditions, the scope of the reaction was investigated with a
variety of substrates 42a-j and 46a-g (Table 2.3.2 and 2.3.3). Oxygen-?° and Nitrogen-tethered?®
alkyne-epoxide substrates were prepared using a previously described method by Balamurugan
et al.. Substrates were prepared in the manner shown in the Scheme 2.3.2 and Scheme 2.3.3.
Commercially available propargyl alcohol 38 was treated with iodo benzene derivatives under
Sonogashira coupling conditions to afford corresponding terminal alkyne substituted propargylic
alcohols 39. Allyl bromide 40 was coupled with aryl substituted propargylic alcohols using
reported procedure to accomplish O-tethered alkene-alkynes 41. O-tethered alkene and alkyne
compounds were treated with meta-chloroperbenzoic acid in dichloromethane at 0 °C to achieve

O-tethered alkyne-epoxide derivatives 42 as starting materials (Scheme 2.3.2).
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Arl, PACl,(PPh;)
/\OH 2 3 2> /\OH

Cul, EtzN, rt Ar

38 39
NaH R1/\/\Br
THF/0 °C-rt R?
40
0
0 m-CPBA
2 -
Rl e, 2R
R? R R
Ar 0 °C-rt 1 Ar
42 41

R'= Ph, R 2= Me, Ph

Scheme 2.3.2. Starting material preparation of O-tethered ether

On the other hand, N-tethered alkyne-epoxide substrates were prepared from allyl bromide 40

and sulphonamide to produce corresponding N-tosyl amines 43. The compound 43 was

TSNHz, K2CO3

R R
Bf/\[( > TsHN/\W
Acetone/0 °C-60 °C

40 43
= e P
Ar THF/0 °C-rt
44 24h

N
(13)[ ~_ m-CPBA %(
R |l R ||

CH,Cl,/0 °C-rt

Ar R = Me, Ph Ar

46 45
R = Me, Ph

Scheme 2.3.3. Starting material preparation of N-tethered ether

coupled with aryl substituted propargyl bromide 44 using reported procedure to accomplish N-
tethered alkene-alkynes 45. N-tethered alkene and alkyne compounds were treated with m-CPBA
in dichloromethane at 0 °C to achieve N-tethered alkyne-epoxide derivatives 46 as starting
materials (Scheme 2.3.3).

During the course of this study, we noticed that varying the substitution of methyl and phenyl

TH-1§§82918?2E}% epoxide ring resulted in the products with different dihydropyrans and 3,4-
43
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dehydropiperidines along with some decomposed products. It was observed from the Table 2.3.2.
that 1,2-disubstituted (entries 1-3, 6-7, 10) and terminal epoxides (entries 4,5) gave
dihydropyrans in good yields. Substrates 42a-b, 42d-g, 41j (entries 1-2,4-7,10, in Table 2.3.2.)
gave 5,6-dihydropyrans while substrate 42c (entry 3) gave 3,6-dihydropyran 47c. The formation
of 47c might be due to higher stability of the conjugated enone 3,6-dihydropyran compared to
5,6-dihydropyran. Unsubstituted alkyne 42h (entry 8) was found to be unreactive under the same
reaction conditions. Similarly, terminal methyl substituted alkyl-epoxide 42i (entry 9) did not
give any product. This is attributed to the lower stability of the carbocation A (Scheme 2.3.4),
formed from methyl substituted epoxide compared to the aryl substituted epoxide.?® Alkyl
substituted alkyne-epoxide 42f-g (entries 6,7) gave 74 and 76% yields, respectively. Thiophene
substituted alkyne-epoxide 42j (entry 10) also worked well giving 60% vyield. Similarly, N-
tethered epoxides 46a-g (entries 1-7, in Table 2.3.3.) having alkyl and aryl substituents gave 3,4-
dehydropiperidines 48a-g in good yields.

Table 2.3.2. BFzEt;,0 mediated intramolecular C-C- bond formation of O-tethered alkyne and epoxide

Entry Alkyne-Epoxide 42 Product 47 % Yield®
@) (0]
@)
L OIS L .
7
42a 47a
O
(0]
, ©/<1/\ /\©\ -
42b
(0]
@)
3 ©/<1/\ /\©\ 62
42c

Continue....
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Entry Alkyne-Epoxide 42 Product 47 % Yield®

N

0 0
0
3~ \@ w )
42d 47d ©
0 0
0
O
42e 47a
0
y 74
0
47f
0
=
7
0
479

O
42f
(0]
] ©/<]/\O/\(\/)/
7
429

76

. ©/<‘/\O/\\\ ;
42h
(0]
9 d
42i

60

(@]
10 WO X s
|
42j
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Table 2.3.3. BF3Et,O mediated intramolecular C-C- bond formation of N-tethered alkyne and epoxide

Entry Alkyne-Epoxide 46 Product 48 % Yield?
o 'Il\'ls
N
! Ts/\t/f 77
46a 7 = A
48a O

N

(0] Ts
N X N
=
46b
48b O
O Ts
N NN N
46¢ =
48c 0
(0] Ts
N NN N
Ts N O 69
%
46d
48b O
"I\'ls
N
5 <1/\Ts - 78
46e =

w

I

48e o)
(0] Ts
N S .
6 Ts N 75
46f Z
48f O
0 N oM
e
N
7 <‘ATS X 73
_—
469
OMe

489 O

2Yield refers to isolated yield. The compounds are characterized by IR, H, 3C NMR and mass
spectrometry. d = Decomposed product.
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The mechanism of the reaction can be explained as follows. The epoxide 42 or 46 in the
presence of BFzEt2O opens up to generate carbocation A, which after rearrangement gives most
stable oxocarbenium ions B and F via phenyl and hydrogen migration, respectively.?” The
oxocarbenium ions B and F are then attacked by alkyne group, via a 6-exo-trig cyclization to
give carbocations C and G, respectively. The intermediates C and G are then trapped by water

to give enols D and H, which after rearrangement gives ketones E and I. The ketone E after

elimination gives final compound 47 or 48. On the other hand, ketone I
compound J, then rearranges to give more stable compound 47c.

initially forms

X X
EtQO_FSB\O X Etzo,F?BO R §
Pl —— @RI = R s P
R’ R@ Q.) cyclization R'© @
\ L, R Q) o Et,0 F;BO
A Et20_FgB c
X =0, NTs; R =H, Ph, Me
R'=H, Ph; R" alkyl, aryl J H20
S) X )
R R H R
A A0 -Et,0.BF;0H OH
R ; R' 0 R' o X
47 B EtZO_FaBP) R" Et,OFsBO  R"
D
when R'=H, Ph; R = H, Me
X X
O ’
Et,0 F;BO R' _Grexotrig | R OH
' ® — " R - cychzatlon =R \
R R
I~ o4 %
R" o o? d R" BF3 OEt, BF3 Ot
A 2V F3 E G
X o X
X Rearrangement -Et,0.BF;0H H o
- R = Y R
\ O "
R RR (‘OBF ROEt
RI Rll 3 2
47c J !
when R = Me, R' = Ph

Scheme 2.3.4. Mechanism of the reaction
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The structure of the compound 47a was confirmed by the *H, *C, COSY, DEPT and X-ray

analysis.

Figure 2.3.1 : ORTEP diagram is drawn with 30% probability elipsoid.

Conclusions

In conclusion, we have developed a mild and an efficient method for the synthesis of six
membered oxygen and nitrogen heterocyclic compounds by intramolecular C-C bond formation
of alkyne-epoxide mediated by boron trifluoride etherate. The method is highly substrate specific
and works well for alkyl and aryl substituted alkyne-epoxide substrates.

2.4. Experimental section

2.4.1. Instrumentation and Characterization

All the reagents were of reagent grade (AR grade) and were used as purchased without further
purification. Silica gel (60-120 mesh size) was used for column chromatography. Reactions were
monitored by TLC on silica gel GF2s4 (0.25 mm). Melting points were recorded in open capillary
tubes and are uncorrected. Fourier transform-infra red (FT-IR) spectra were recorded as neat
liquid or KBr pellets. *H and 3C NMR spectra were recorded in CDCls on 600, 400, 300 and
150, 100, 75 MHz NMR spectrometers, respectively, using TMS as internal standard. Chemical
shifts (8) are reported in ppm and spin-spin coupling constants (J) are given in Hz. HRMS
spectra were recorded using Q-TOF mass spectrometer.

2.4.2. Synthesis of starting materials
Compounds 42a and 42h are known that were prepared according to the literature
procedure.’®142® Their IR, NMR and HRMS data agreed well with the reported data. The same
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procedure was used to prepare compounds 42b-g, 42i and 42j.1%142° N-tethered compounds 46a-

469 were prepared as per the literature procedures, 101426

2.4.3. General Procedure for preparation of O-tethered compounds 42a-j:

In an oven dried round bottom flask NaH (1.5 equiv.) was taken and dry tetrahydrofuran (THF)
(20 mL) was added to it. To this a solution of propargyl alcohol (1 equiv.) or its derivatives were
added slowly. The reaction mixture was stirred for 0.5 h at 0 °C. Allyl bromide (1 equiv.) was
added to the reaction mixture drop wise. The reaction was monitored by thin layer
chromatography and after completion of the reaction, THF was removed by evaporation. The
residue was extracted with ethyl acetate (30 ml), washed with water and brine solution (20 ml x
2). Organic layer was dried over anhydrous Na>SO4 and solvent was evaporated using rotary
evaporator to give crude product. The crude product was purified on silica gel column
chromatography using ethyl acetate and hexane as eluents. The ether (1.0 equiv.) thus obtained
was treated with meta-chloroperbenzoic acid (m-CPBA) (1.5 equiv.) in dichloromethane (15 mL)
at 0 °C. The reaction mixture was brought to room temperature and stirred for specific time.
After completion of the reaction which was found by TLC, a saturated aqueous solution of
Na,SOz was added to quench excess m-CPBA. Dichloromethane was added to the reaction
mixture, washed with saturated sodium bicarbonate and brine solution, and dried over anhydrous
Na>SOs. Evaporation of the solvent gave the crude product which was purified by neutral

alumina using ethyl acetate and hexane as eluents.
Synthesis of 2-Phenyl-3-(((3-(p-tolyl)prop-2-yn-1-yl)oxy)methyl)oxirane (42b):

In an oven dried round bottom flask NaH ( 36 mg, 1.5 mmol ) was taken and dry THF (3
mL/mmol) was added to it. To this a solution 3-p-tolylprop-2-yn-1-ol (146 mg, 1mmol) were
added slowly. After stirring for 0.5 h at 0 °C, 3-Bromo-1-phenyl-1-propene (148 mg, 1 mmol)
was added to the reaction mixture drop wise. The reaction was monitored by TLC and after
completion of the reaction THF was removed by evaporation. The residue was extracted with
ethyl acetate (10 ml), washed with water and brine solution (5 ml x 2). Organic layer was dried
over anhydrous Na>SO4 and solvent was evaporated using rotary evaporator to give crude
product. The crude product was purified on silica gel column chromatography using ethyl acetate
and hexane as eluents. The 1-((E)-3-(3-p-tolylprop-2-ynyloxy)prop-1-enyl)benzene ( 262 mg,
Immol) thus obtained was treated with meta-chloroperbenzoic acid (258 mg, 1.5 mmol) in
dichloromethane (5 mL) at 0 °C. The reaction mixture was brought to room temperature and

stirred for specific time. After completion of the reaction which was found by TLC, a saturated
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aqueous solution of NaxSOs was added to quench excess m-CPBA. Dichloromethane was added
to the reaction mixture, washed with saturated sodium bicarbonate and brine solution, and dried
over anhydrous Na>SO4. Evaporation of the solvent gave the crude product which was purified
by neutral alumina using ethyl acetate and hexane as eluents over silica gel to give 2-Phenyl-3-

(((3-(p-tolyl)prop-2-yn-1-yl)oxy)methyl)oxirane 42b (242 mg, 87%) as a colourless oil.
2.4.4. General Procedure for the Synthesis of N-tethered compounds 46a-g:

To an oven dried round bottom flask with magnetic stir bar was added allyl bromide (1.1 equiv.),
4-methylbenzenesulfonamide (1 equiv.), K2COs (2 equiv.) and acetone (5 mL/mmol). The round
bottom flask was heated at 60 °C. Upon completion of the reaction (16 h), the solution was
cooled to room temperature, filtered through a short plug of celite and washed with EtOAc, and
solvent was removed in vacuo to afford a crude product. Purification of the resulting crude
residue via silica gel flash column chromatography afforded the desired N-toysl allylic amine. In
an oven dried round bottom flask NaH (1.5 equiv.) was taken and dry THF (20 mL) was added to
it. To this a solution of N-tosyl allylic amine (1 equiv.) or its derivatives were added slowly. The
reaction mixture was stirred for 0.5 h at 0 °C. Propargyl bromide (1 equiv.) was added to the
reaction mixture drop wise. The reaction was monitored by thin layer chromatography and after
completion of the reaction THF was removed by evaporation. The residue was extracted with
ethyl acetate (30 ml) and washed with water and brine solution (20 ml x 2). Organic layer was
dried over anhydrous Na2SO4 and solvent was evaporated using rotary evaporator to obtain crude
product. The crude product was purified on silica gel column chromatography using ethyl acetate
and hexane as eluents to give the N-tethered product. The product (1.0 equiv.) thus obtained was
treated with meta chloroperbenzoic acid (1.5 equiv.) in dichloromethane at 0 °C. The reaction
mixture was brought to room temperature and stirred for specific time. After completion of the
reaction which was found by TLC, a saturated aqueous solution of Na,SO3z was added to quench
excess m-CPBA. Dichloromethane (30 mL) was added to the reaction mixture, washed with
saturated sodium bicarbonate and brine solution, and dried over anhydrous Na>SOa. Evaporation
of the solvent gave the crude product which was purified by neutral alumina using ethyl acetate

and hexane as eluents.

Synthesis of 4-Methyl-N-((2-methyloxiran-2-yl)methyl)-N-(undec-2-yn-1-
yl)benzenesulfonamide (46a):

To an oven dried round bottom flask with magnetic stir bar was added 3-Bromo-2-
methylpropene (0.11 ml, 1.1 mmol), 4-Toluenesulfonamide (171mg, 1 mmol), K2COsz (276 mg,
2mmol) and acetone (10 mL). The round bottom flask was heated at 60 °C. Upon completion of
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the reaction (6 h), the solution was cooled to room temperature, filtered through a short plug of
celite and washed with EtOAc, and solvent was removed in vacuo to afford a crude product.
Purification of the resulting crude residue via silica gel flash column chromatography afforded 2-
methyl-N-tosylprop-2-en-1-amine. In an oven dried round bottom flask NaH ( 36 mg, 1.5 mmol)
was taken and dry THF (10 mL) was added to it. To this a solution of 2-methyl-N-tosylprop-2-
en-1-amine (225 mg, 1 mmol) was added slowly. After stirring for 0.5 h at 0 °C, 1-bromopent-2-
yne (230 mg,1 mmol) was added to the reaction mixture drop wise. The reaction was monitored
by TLC and after completion of the reaction THF was removed by evaporation. The residue was
extracted with ethyl acetate (20 ml) and washed with water and brine solution (10 ml x 2).
Organic layer was dried over anhydrous Na»SO4 and solvent was evaporated using rotary
evaporator to obtain crude product. The crude product was purified on silica gel column
chromatography using ethyl acetate and hexane as eluents to give N-(2-methylallyl)-N-
tosylundec-2-yn-1-amine. The product (375 mg, 1.0 mmol) thus obtained was treated with meta-
chloroperbenzoic acid (258 mg, 1.5 mmol) in dichloromethane at 0 °C. The reaction mixture was
brought to room temperature and stirred for specific time. After completion of the reaction which
was found by TLC, a saturated aqueous solution of Na;SOs was added to quench excess
mCPBA. Dichloromethane (30 mL) was added to the reaction mixture, washed with saturated
sodium bicarbonate and brine solution, and dried over anhydrous Na;SOs. Evaporation of the
solvent gave the crude product which was purified by neutral alumina using ethyl acetate and
hexane as eluents to afford 4-Methyl-N-((2-methyloxiran-2-yl)methyl)-N-(undec-2-yn-1-

yl)benzenesulfonamide 46a (352 mg, 90%) as a colourless oil.

2.4.5. General Procedure for Lewis Acid Catalyzed Intramolecular C—C Bond Formation

of Alkyne-Epoxide 47a-j and 48a-g:

To a corresponding alkyne-epoxide substrates (1.0 equiv) in dichloromethane (5 ml) at 0 °C,
BFsEt2O (0.2 equiv.) was added drop wise and the reaction mixture was brought to room
temperature. The reaction was continued for specified time and monitored by TLC. After
completion of the reaction, the reaction mixture was treated with saturated sodium bicarbonate
solution (5 ml). The product was extracted with CH>Cl, (2 x 10 ml) and washed with brine.
Organic layer was separated and dried over anhydrous Na,SOs and evaporated using rotary
evaporator to obtain the crude product. The crude product was purified by silica gel column

chromatography using ethyl acetate and hexane as eluents to afford the cyclic compounds 2.
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Synthesis of Phenyl(4-phenyl-3,6-dihydro-2H-pyran-3-yl)methanone (47a):

To 1-((2)-3-(3-phenylprop-2-ynyloxy)prop-1-enyl)benzene 41a (248 mg, 1.0 mmol) in CH2Cl;
(5 mL/mmol) at 0 °C, BFsEt.O (0.025 ml, 0.2 mmol) was added drop wise and the reaction
mixture was brought to room temperature. The reaction was continued for specified time and
monitored by TLC. After completion of the reaction, the reaction mixture was treated with
saturated sodium bicarbonate solution (5 ml). The product was extracted with CH2Cl, (2 x 10 ml)
and washed with brine. Organic layer was separated and dried over anhydrous Na,SOs and
evaporated using rotary evaporator to obtain the crude product. The crude product was purified
by silica gel column chromatography using ethyl acetate and hexane as eluents to afford
Phenyl(4-phenyl-3,6-dihydro-2H-pyran-3-yl)methanone 47a, (179 mg, 68%) as a colourless

solid.
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2.6. Characterization Data:

2-Phenyl-3-(((3-(p-tolyl)prop-2-yn-1-yl)oxy)methyl)oxirane (42b):

o Colourless oil; R (hexane/ EtOAc 9:1) 0.60; yield 242 mg, 87%;

WO\Q\ IH NMR (400 MHz, CDCl3) 7.34-7.26 (m , 7 H), 7.11 (d, J = 8

Hz, 2 H), 4.47 (s, 2 H), 3.97 (dd, J = 11.6 and 3.6 Hz, 1 H), 3.84

(d,J=16Hz, 1 H), 376 (dd, J =11.6 and 4.8 Hz, 1 H), 3.29-

3.26 (m, 1 H), 2.34 (s, 3 H); 13C NMR (75 MHz, CDCls) [1 138.6, 136.6, 131.6, 128.5, 128.4,

128.2, 125.5, 119.2, 86.8, 83.7, 69.3, 60.9, 59.3, 55.9, 21.4. IR (KBr, neat) 2922, 2851, 1256,

1098, 1073, 749, 697 cm*; HRMS (ESI) calcd. for CigH1s02, (M + H)* 279.1385, found
279.1387.

2-Methyl-3-phenyl-2-(((3-phenylprop-2-yn-1-yl)oxy)methyl)oxirane (42c):

5 Colourless oil; Rt (hexane/ EtOAc 9:1) 0.50; yield 242 mg, 87%;

m °\© IH NMR (600 MHz, CDCls) & 7.47- 7.26 (m, 10 H), 4.49 (s, 2 H),

4.23 (s, 1 H), 3.79 (d, J = 10.8 Hz, 1 H), 3.75 (d, J = 10.8 Hz, 1 H),

1.15 (s, 3 H); *C NMR (150 MHz, CDCls) 6 135.8, 132.0, 128.6, 128.5, 128.3, 127.9, 126.6,

122.7, 86.9, 85.0, 73.9, 62.1, 61.5, 59.2, 20.3; IR (KBr, neat) 2926, 2853, 1490, 1255, 1092,
1027, 700 cm™t; HRMS (ESI) caled. for C19H1902 (M + H)* 279.1385, found 279.1386.

2-Methyl-2-(((3-phenylprop-2-yn-1-yl)oxy)methyl)oxirane (42d):

o) Colorless oil; Rf (hexane/EtOAc 9:1) 0.60; Yield 186 mg, 92%; 'H
%O/\Q | NMR (600 MHz, CDCls3) 6 7.45- 7.31 (m, 5 H), 4.43 (d, J = 2.4 Hz,

2H), 3.69 (d, J =11.2 Hz, 1 H), 3.58 (d, J = 11.2 Hz, 1 H), 2.81 (d, J
=4.8 Hz, 1 H), 2.64 (d, J = 4.8 Hz, 1 H), 1.42 (s, 3 H); 3C NMR (150
MHz, CDCls) 6 131.9, 128.7, 128.5, 122.7, 86.7, 84.9, 73.2, 59.4, 56.0, 51.8, 18.7; IR (KBr,
neat) 2916, 2848, 1255, 1095, 757 cm—1; HRMS (ESI) m/z calcd for C13H1502 (M + H)*
203.1072, found 203.1069.

2-Phenyl-2-(((3-phenylprop-2-yn-1-yl)oxy)methyl)oxirane (42e):

0 Colourless oil; R (hexane/ EtOAc 9:1): 0.50; Yield 248 mg, 94%; ‘H
O\@ NMR (300 MHz, CDCls) 6 7.58-7.15 (m, 10 H), 4.47 (s, 2 H), 4.20 (d,
J=114Hz,1H),395(d,J= 11.4 Hz, 1 H), 3.20 (d, J = 5.4 Hz, 1 H),

2.83 (d, J = 5.4 Hz, 1 H); C NMR (75 MHz, CDCls) 6 137.6, 131.7,
128.5, 128.4, 128.3, 127.4, 126.2, 122.4, 86.6, 84.6, 71.4, 59.3, 58.8, 53.3; IR (KBr, neat): 2925,

TH-1580_11612224
55



Chapter 2

2854, 1490, 1256, 1098, 1027, 698 cm™*; HRMS (ESI) calcd. for C1gH1702 (M + H)* 265.1229,
found 265.1228.

2-((But-2-yn-1-yloxy)methyl)-3-phenyloxirane (42f):

o Colourless oil; Rt (hexane/ EtOAc 9:1): 0.50; Yield 213 mg, 95%;
‘ wo\| IH NMR (400 MHz, CDCl3) & 7.36-7.26 (m, 5 H), 4.21 (s, 2 H),
3.87 (dd, J = 11.6 and 3.2 Hz, 1 H), 3.82 (brs, 1 H), 3.67 (dd, J =
11.6 and 4.8 Hz, 1 H), 3.24 (t, J = 2.4 Hz, 1 H), 1.85 (s, 3 H). 23C NMR (100 MHz, CDCls)
0 136.8, 128.5, 128.3, 125.7, 83.0, 74.8, 69.2, 60.8, 59.1, 55.9, 3.6; IR (KBr, neat): 2920, 1497,
1461, 1357, 1139, 1095, 1023, 698 cm™; HRMS (ESI*) calcd. for CisH1402 (M + Na)*
225.0886, found 225.0885.

2-Phenyl-3-((undec-2-yn-1-yloxy)methyl)oxirane (429):

Colourless oil; Rf (hexane/ EtOAc 9:1): 0.60; Yield 276 mg,
92%; 'H NMR (400 MHz, CDCls) & 7.34-7.25 (m, 5 H), 4.23
(s,2 H), 3.87 (d, J = 11.2 Hz, 1 H), 3.81 (s, 1 H), 3.68 (dd, J =
11.2 and 5.2Hz, 1 H), 3.23 (d, J = 1.6 Hz, 1 H), 2.21 (t, J = 5.6 Hz, 2 H), 1.54-1.47 (m, 2 H),
1.41-120 (m, 10 H), 0.87 (t, J = 6.4 Hz, 3 H); 3C NMR (100 MHz, CDCls)
0 136.9, 128.6, 128.3, 125.8, 87.8, 75.5, 69.2, 60.9, 59.2, 56.1, 31.9, 29.5, 29.2, 29.0, 28.7, 22.8,
18.9, 14. 2; IR (KBr, neat): 2927, 2855, 1461, 1357,1137, 1095, 750, 698 cm™; HRMS (ESI)
calcd. for C2oH290, (M + H)* 301.2162, found 301.2158.

2-Methyl-3-(((3-(p-tolyl)prop-2-yn-1-yl)oxy)methyl)oxirane (42i):

/<Cl)/\ Colourless oil; R (hexane/ EtOAc 9:1) 0.50; yield 194 mg, 90%; ‘H
O\@\ NMR (600 MHz, CDCl3) 6 7.30 (d, J = 8.0Hz, 2 H), 7.11 (d,J =
8.0 Hz, 2 H), 4.41 (d, J = 9.6 Hz, 2 H), 3.80 (dd, J = 10.8 and 3.0 Hz,

1 H), 3.60 (dd, J = 11.4 and 5.4 Hz, 1 H), 2.93-2.97 (m, 2 H), 2.34 (s, 3H), 1.33 (d, J = 7.0 Hz, 3
H); 13C NMR (150 MHz, CDCls) 6 138.7, 131.7, 129.1, 119.4, 86.8, 83.9, 69.9, 59.3, 57.6, 52.3,
21.5, 17.3; IR (KBr, neat) 2924, 2855, 1510, 1356, 1258, 1120, 1091, 817, 753 cm™; HRMS
(ESI): m/z calcd. for C14H1702 (M + H)*" 217.1229, found 217.1227.

2-Phenyl-3-(((3-(thiophen-2-yl)prop-2-yn-1-yl)oxy)methyl)oxirane (42j):

Colourless oil; R (hexane/ EtOAc 9:1) 0.50; yield 238 mg, 88%;

w \ﬂ) IH NMR (400 MHz, CDCls) & 7.37-7.22 (m, 7 H), 6.99-6.96 (dd, J
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= 4.8 and 3.6 Hz, 1 H), 4.50 (s, 2 H), 3.97 (dd, J = 11.2 and 3.2 Hz, 1 H), 3.85 (d, J = 1.6 Hz, 1
H), 3.75 (dd, J = 11.2 and 4.8 Hz, 1 H), 3.29-3.26 (m, 1 H); 3C NMR (100 MHz, CDCls)
0 136.8, 132.7, 128.6, 128.4, 127.6, 127.1, 125.8, 122.4, 88.8, 80.1, 69.5, 60.9, 59.5, 56.0; IR
(KBr, neat) 2923, 2854, 1674, 1463, 1359, 1190, 1098, 848, 697 cm™; HRMS (ESI): m/z calcd.
for C16H1502S (M + H)™ 271.0787, found 271.0789.

4-Methyl-N-((2-methyloxiran-2-yl)methyl)-N-(undec-2-yn-1-yl)benzenesulfonamide (46a):

5 Colourless oil; Rf (hexane/ EtOAc 9:1) 0.45; yield 352 mg, 90%; 'H
ﬂﬁ%\ﬁf NMR (400 MHz, CDCl3) § 7.71 (d, J = 7.2 Hz, 2 H), 7.26 (d, J = 7.2

7 Hz, 2 H), 4.23 (d, J = 18.4 Hz, 1 H), 4.12 (d, J = 18.4 Hz, 1 H), 3.28
(s, 2 H), 2.75 (d, J = 4.4 Hz, 1 H), 2.62 (d, J = 3.6 Hz, 1 H), 2.39 (s, 3 H), 1.82 (t, J = 6.0 Hz, 2
H), 1.39 (s, 3 H), 1.28-1.14 (m, 12 H), 0.87 (t, J = 6.8 Hz, 3 H); *C NMR (100 MHz, CDCls)
0 143.5, 136.2, 129.5, 128.0, 86.7, 72.3, 55.7, 51.9, 50.9, 38.4, 32.0, 29.3, 29.2, 28.9, 28.4, 22.8,
21.6, 19.0, 18.6, 14.3; IR (KBr, neat) 2927, 2856, 1442, 1351, 1164, 1090, 1047, 658 cm™;
HRMS (ESI) calcd. for C22H3sNO3S (M + H)* 392.2254, found 392.2261.

4-Methyl-N-((3-phenyloxiran-2-yl)methyl-N-(3-phenylprop-2-yn-1-yl)benzene-sulfonamide
(46b):

o Colourless oil; Rt (hexane/ EtOAc 4:1) 0.40; yield 342 mg, 82%;
‘ W¥% IH NMR (600 MHz, CDCl3) & 7.78 (d, J = 8.4 Hz, 2 H), 7.35-

7.21 (m, 10 H), 7.06 (d, J =7.2 Hz, 2 H), 452 (d, J = 18.6 Hz, 1
H), 4.44 (d, J = 18.6 Hz, 1 H), 3.74 (d, J = 2.4 Hz, 1 H), 3.58 (d, J = 3.6 Hz, 2 H), 3.26 (dt, J =
4.8 and 4.2 Hz, 1 H), 2.34 (s, 3 H); *C NMR (150 MHz, CDCls) & 143.8, 136.3, 135.8, 131.5,
129.6, 128.6, 128.5, 128.4, 128.2, 127.8, 125.7, 122.0, 86.0, 81.7, 60.5, 57.0, 48.0, 39.0, 21.4; IR
(KBr, neat) 2922, 2851, 1643, 1447, 1383, 1265 cm™:; HRMS (ESI) calcd. for C25H2aNO3S (M +
H)" 418.1477, found 418.1474.

4-Methyl-N-((3-phenyloxiran-2-yl)methyl)-N-(3-(p-tolyl)prop-2-yn-1-yl)benzene

sulfonamide (46c¢):

0 Colourless oil; Rs (hexane/ EtOAc 4:1) 0.45; yield 357 mg, 83%;
w%\@ IH NMR (600 MHz, CDCl3) & 7.70 (d, J = 8.4 Hz, 2 H), 7.27-7.11
(m, 7 H), 6.96 (d, J = 8.4 Hz, 2 H), 6.88 (d, J = 8.4 Hz, 2 H), 4.44

(d,J=18.0Hz, 1 H),4.34 (d, J=18.0 Hz, 1 H), 3.74 (d, J = 1.2 Hz, 1 H), 3.50 (dd, J = 12.0 and
4.8 Hz, 2 H), 3.17 (dt, J = 5.4 and 4.2 Hz, 1 H), 2.27 (s, 3 H), 2.26 (5, 3 H); 1*C NMR (150 MHz,

CDCl3) 6 143.9, 138.9, 136.5, 131.6, 129.8, 129.1, 128.7, 128.6, 127.6, 127.5, 125.8, 119.2, 86.3,
TH-1580_11612224
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81.2, 60.6, 57.3, 48.2, 39.2, 21.7 (2C); IR (KBr, neat) 2922, 2851, 1462, 1349, 1163, 1090, 843,
744 cmt; HRMS (ESI) calcd. for C26H2sNO3S (M + H)* 432.1633, found 432.1639.

4-Methyl-N-((2-phenyloxiran-2-yl)methyl)-N-(3-(p-tolyl)prop-2-yn-1-yl)benzene
sulfonamide (46d):

0 Colourless oil; Rf (hexane/ EtOAc 4:1) 0.50; yield 371 mg, 89%; 'H
5#'3,\@ NMR (600 MHz, CDCls) & 7.75 (d, J = 8.4 Hz, 2 H), 7.48 (d, J = 8.4

Hz, 2 H), 7.38 (t, J = 8.4 Hz, 3 H), 7.25-7.19 (m, 5 H), 7.00 (d, J = 8.4
Hz, 2 H), 4.38 (brs, 2 H), 3.97 (d, J = 15 Hz, 1 H), 3.74 (d, J = 15.0 Hz,
1 H), 3.27 (d, J = 5.4 Hz, 1 H), 2.83 (d, J = 5.4 Hz, 1 H), 2.32 (s, 3 H); 3C NMR (150 MHz,
CDCls) 6 143.9, 137.6, 136.2, 131.7, 129.8, 128.7, 128.6, 128.4, 128.3, 128.1, 126.5, 122.4, 86.0,

82.0, 59.4, 53.3, 49.5, 39.2, 21.6; IR (KBr, neat) 2923, 2853, 1447, 1350, 1161, 1027, 757, 696
cml; HRMS (ESI) calcd. for C2sH2sNO3S (M + H)* 418.1477, found 418.1476.

4-Methyl-N-((2-methyloxiran-2-yl)methyl-N-(3-phenylprop-2-yn-1-yl)benzene-sulfonamide
(46e):

o Colourless oil; Rs (hexane/ EtOAc 4:1) 0.50; yield 298 mg, 84%; 'H
%%\@ NMR (600 MHz, CDCls) & 7.76 (d, J = 8.1 Hz, 2 H), 7.34- 7.20 (m, 5

H), 7.00 (d, J = 8.1 Hz, 2 H), 4.48 (d, J = 18.6 Hz, 1 H), 4.40 (d, J =
18.6 Hz, 1 H), 3.39 (d, , J = 13.2 Hz, 2 H), 2.82 (d, J = 4.8 Hz, 1 H), 2.67 (d, J = 4.8 Hz, 1 H),
2.33 (s, 3 H), 1.45 (s, 3 H); 3C NMR (75 MHz, CDCl3) & 143.6, 135.8, 131.4, 129.5, 128.4,
128.0, 127.7, 122.0, 85.8, 81.5, 55.7, 51.6, 50.9, 38.6, 21.4, 18.9. IR (KBr, neat): 2923, 2853,
1491, 1349, 1162, 1090, 1027, 757 cm™; HRMS (ESI) calcd. for CzoH22NOsS (M + H)*
356.1320, found 356.1315.

4-Methyl-N-((2-methyloxiran-2-yl)methyl-N-(3-(p-tolyl)prop-2-yn-1-yl)benzene-
sulfonamide (46f):

o Colourless oil; R (hexane/ EtOAc 4:1) 0.50; yield 306 mg, 83%; 'H
%%N@ NMR (600 MHz, CDCls) § 7.75 (d, J = 8.4 Hz, 2 H), 7.25 (d, J = 8.4
Hz, 2 H), 7.02 (d, J = 8.0 Hz, 2 H), 6.91 (d, J = 8.0 Hz, 2 H), 4.47 (d,

J=18.6 Hz, 1 H), 4.39 (d, J = 18.6 Hz, 1 H), 3.39 (s, 2 H), 2.81 (d, J
= 4.2 Hz, 1 H), 2.66 (d, J = 4.8 Hz, 1 H), 2.33 (5, 3 H), 2.32 (5, 3 H), 1.43 (s, 3 H); 3C NMR
(150 MHz, CDCls) 6 143.6, 138.6, 136.0, 131.4, 129.6, 128.8, 127.8, 119.0, 86.0, 80.9, 55.7,

51.7,51.0, 38.7, 21.4 (2C), 19.0; IR (KBr, neat) 2921, 2851, 1348, 1162, 1090, 1039, 844, 743

cml; HRMS }ESI) calcd. for CoiHaaNOsS (M + H)* 370.1477, found 370.1476.
TH-1580_ 1161222
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N-(3-(4-methoxyphenyl)prop-2-yn-1-yl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)-

benzenesulfonamide (469):

o Colourless oil; Rt (hexane/ EtOAc 4:1) 0.50; yield 315 mg, 82%;
%%\@ 'H NMR (600 MHz, CDCl3) 8 7.75 (d, J = 7.8 Hz, 2 H), 7.25 (d, J

ome | =7.8Hz,2H),6.96 (d, J=8.4Hz, 2 H),6.75 (d, J = 8.4 Hz, 2 H),
4.46 (d, J = 18.6 Hz, 1 H), 4.37 (d, J = 18.6 Hz, 1 H), 3.78 (s, 3
H), 3.38 (s, 2 H), 2.82 (d, J = 4.8 Hz, 1 H), 2.66 (d, J = 4.8 Hz, 1 H), 2.34 (s, 3 H), 1.44 (s, 3 H);
13C NMR (150 MHz, CDCl3) 8 159.8, 143.8, 136.2, 133.1, 130.1, 129.7, 114.4, 113.9, 85.9,

80.4,55.9,55.5, 51.9, 51.2, 38.9, 21.6, 19.1; IR (KBr, neat) 2923, 2850, 1606, 1509, 1348, 1248,
1162, 1031, 750 cm™; HRMS (ESI) calcd. for C21H24NO4S (M + H)* 386.1426, found 386.1422.

Phenyl(4-phenyl-3,6-dihydro-2H-pyran-3-yl)methanone (47a):

o Colourless solid; mp 111-112 °C; Rf (hexane/ EtOAc 9:1) 0.50; Yield
- O 179 mg, 68%; H NMR (600 MHz, CDCl3) & 7.70 (d, J = 7.6 Hz, 2H),
O ° 751 (t, J=7.8Hz, 1 H), 7.43-7.40 (m, 2 H), 7.34-7.31 (m, 2 H), 7.27 (t,
J=7.8Hz,1H), 7.22(d, J=7.8Hz, 2 H), 6.73 (dd, J=1.8and 1.2 Hz, 1 H), 4.63 (dd, J=2.4
and 1.8 Hz, 2 H), 4.12 (dd, J = 11.4 and 5.4 Hz, 1 H), 3.78-3.74 (m, 1 H), 3.63 (dd, J = 11.4 and
7.2 Hz, 1 H); C NMR (100 MHz, CDCls) 6 196.0, 143.0, 140.1, 137.7, 137.5, 132.2, 129.3,
129.0, 128.5, 128.3, 127.5, 70.6, 65.4, 42.1; IR (KBr, neat) 2923, 2852, 1640, 1447, 1265, 1105,
1047, 742, 700 cm™; HRMS (ESI) calcd. for C1gH170, (M + H)* 265.1229 found 265.1229.

(4-Phenyl-3,6-dihydro-2H-pyran-3-yl)(p-tolyl)methanone (47b):

0 Yellow oil; Rs (hexane/ EtOAc 9:1) 0.50; yield 197 mg, 71%; 'H
O - O NMR (600 MHz, CDCl3) 6 7.62 (d, J = 8.0 Hz, 1 H), 7.35- 7.21 (m, 8
° H), 6.71 (dd, J = 2.8 and 1.6 Hz,1 H), 4.62 (dd, J = 2.8 and 2.0 Hz, 2

H), 4.12 (dd, J = 11.2 and 5.6 Hz, 1 H), 3.78-3.74 (m, 1 H), 3.63 (dd, J = 11.2 and 7.2 Hz, 1 H),
2.38 (s, 3 H); ¥C NMR (150 MHz, CDCls) § 195.8, 142.1, 140.3, 137.9, 134.8, 130.6, 129.6,
129.4, 129.2, 128.4, 127.5, 70.7, 65.5, 42.1, 21.7; IR (KBr, neat) 2924, 2852, 1641, 1454, 1264,
1106, 759, 7001 cm™:; HRMS (ESI) calcd. For C1gH102 (M + H)* 279.1385, found 279.1384.

(5-Methyl-4-phenyl-3,6-dihydro-2H-pyran-3-yl)(phenyl)methanone (47c):

Yellow oil; Rf (hexane/EtOAc 9:1) 0.50; yield 172 mg, 62%; 'H NMR (600
MHz, CDCls) & 7.94 (d, J = 7.4 Hz, 1 H), 7.59-7.26 (m, 9 H), 4.48-4.38 (m, 2
H), 4.07 (dd, J = 11.2 and 4.4 Hz, 1 H), 3.87 (dd, J = 11.2and 4.0 Hz, 1 H),
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3.33 (brs, 1 H), 1.45 (s, 3 H); 3C NMR (150 MHz, CDCls) & 198.4, 141.4, 137.3, 135.5, 133.8,
133.7, 129.4, 129.1, 128.9, 128.8, 127.3, 71.4, 66.9, 46.5, 19.7; IR (KBr, neat) 2923, 2852, 1641,
1447, 1265, 1105, 1047, 742, 701 cm; HRMS (ESI) calcd. For C1oH1902 (M + H)* 279.1385,
found 279.1383.

(5-Methyl-5,6-dihydro-2H-pyran-3-yl)(phenyl)methanone (47d):

o Yellow oil; Rt (hexane/EtOAc 9:1) 0.50; yield 131 mg, 65%; *H NMR (400

A0 | MHz, CDCl3) 8 7.67-7.65 (m, 2 H), 7.56-7.52 (m, 1 H), 7.47-7.43 (m, 2 H), 6.54

(brs, 1 H), 4.49 (dd, J = 12.0 and 2.0 Hz, 2 H), 3.95 (dd, J = 10.8 and 5.6 Hz, 1

H), 3.34 (dd, J = 10.8 and 7.2 Hz, 1 H), 2.63-2.58 (m, 1 H), 1.06 (d, J = 7.2 Hz,

3 H); 13C NMR (100 MHz, CDCls) 6 196.0, 146.0, 137.8, 136.9, 132.0, 129.3, 128.4, 70.1, 65.3,

30.3, 16.7; IR (KBr, neat) 2924, 2852, 1641, 1447, 1264, 1111, 1024, 820, 711 cm™; HRMS
(ESI) calcd. For C13H1502 (M + H)* 203.1072, found 203.1074.

1-(5-Phenyl-5,6-dihydro-2H-pyran-3-yl)ethanone (47f):

0 Yellow oil; Rf (hexane/EtOAc 9:1) 0.40; yield 166 mg, 74%; *H NMR (400

‘ ©)/\)Y MHz, CDCls) 6 7.38-7.34 (m, 2 H), 7.32-7.29 (m, 1 H), 7.26-7.22 (m, 2 H),
J 6.98 (brs, 1 H), 4.48 (d, J = 16.8 Hz, 1 H), 4.42 (d, J = 16.8 Hz, 1 H), 4.06

(dd, J=11.6 and 5.2 Hz, 1 H), 3.74-3.69 (m, 1 H), 3.56 (dd, J = 10.8 and 7.6 Hz, 1 H), 2.33 (s, 3
H); 13C NMR (100 MHz, CDCls)
5 197.8, 140.5, 140.1, 138.6, 129.0, 128.3, 127.5, 70.2, 64.6, 41.9, 25.2; IR (KBr, neat) 2922,

2850, 1667, 1389, 1239, 1107, 701 cm™; HRMS (ESI) calcd. For C13H1402 (M + Na)* 225.0886,
found 225.0871.

1-(5-Phenyl-5,6-dihydro-2H-pyran-3-yl)nonan-1-one (479):

o Yellow oil; Rt (hexane/EtOAc 9:1) 0.50; yield 228 mg, 76%; ‘H NMR
W (400 MHz, CDCls) 6 7.37-7.33 (m, 2 H), 7.30-7.27 (m, 1 H), 7.23-7.20
0}

(m, 2 H), 6.97 (brs, 1 H), 4.47 (d, J = 16.4 Hz, 1 H), 4.39 (d, J = 16.4 Hz,
1 H), 4.04 (dd, J = 13.6 and 5.6 Hz, 1 H), 3.74-3.66 (m, 1 H), 3.53 (dd, J = 10.8 and 7.2 Hz, 1
H), 2.65 (t, J = 16.4 Hz, 2 H), 1.65-1.58 (m, 2 H), 1.32-1.20 (m, 10 H), 0.87 (t, J = 7.2 Hz, 3 H);
13C NMR (100 MHz, CDCls)
0200.3, 140.2, 139.2, 138.2, 129.0, 128.3,127.5,70.4, 64.8,41.9,37.2, 32.0, 29.5,29.4,29.3, 2
47,22.8,14.3; IR (KBr, neat) 2925, 2854, 1667, 1454, 1108, 1024, 700 cm™; HRMS (ESI)
calcd. For CooH290, (M + H)™ 301.2162, found 301.2168.

TH-1580_11612224
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(5-Phenyl-5,6-dihydro-2H-pyran-3-yl)(thiophen-2-yl)methanone (47j):

) s\ Pale yellow oil; Rf (hexane/EtOAc 9:1) 0.40; yield 163 mg, 60%; *H NMR
AN | (400 MHz, CDCl3) & 7.66-7.64 (m, 1 H), 7.41-7.34 (m, 2 H), 7.31-7.27 (m,
4 H),7.11 (t, 3 = 3.6 Hz, 1 H), 6.95 (brs, 1 H), 4.60 (brs, 2 H), 4.13 (dd, J =
11.2 and 4.0 Hz, 1 H), 3.82-3.75 (m, 1 H), 3.64 (dd, J = 11.2 and 7.2 Hz, 1 H); 3C NMR (100
MHz, CDCls)
0 186.9, 142.7, 140.3, 139.8, 138.2, 133.9, 133.6, 129.1, 128.4, 128.1, 127.6, 70.7, 65.4, 42.0; IR
(KBr, neat) 2957, 2824, 1621, 1414, 1121, 1052, 700 cm:; HRMS (ESI) calcd. For C1sH1502S

(M + H)* 271.0787, found 271.0790.

1-(5-Methyl-1-tosyl-3,4-dehydropiperidin-3-yl)nonan-1-one (48a):

Ts Yellow oil; Rf (hexane/EtOAc 9:1) 0.40; yield 301 mg, 77%; *H NMR (400

N
W MHz, CDCls) 8 7.68 (d, J = 7.6 Hz, 2 H), 7.31 (d, J = 7.6 Hz, 2 H), 6.70 (brs,
6 | 1H),3.90(d, J=16.8 Hz, 1 H), 3.48 (d, J = 18.0 Hz, 1 H), 3.43 (dd, J =

11.6 and 4.4 Hz, 1 H), 2.72-2.64 (m, 1 H), 2.58 (t, J = 6.8 Hz, 2 H), 2.49
(dd, J=11.2 and 7.6 Hz, 1 H), 2.41 (s, 3 H), 1.58-1.50 (m, 2 H), 1.30-1.18 (m, 10 H), 1.11 (d, J
= 72 Hz, 3 H), 08 (t J = 68 Hz, 3 H);, ¥C NMR (100 MHz,
CDCI3)0 199.6, 143.8, 142.3, 134.8, 133.1, 129.9, 127.8, 48.7, 43.8, 36.9, 31.8, 31.2, 29.4, 29.3,
29.2,24.5,22.7,21.6,17.7, 14.1; IR (KBr, neat) 2925, 2854, 1667, 1459, 1348, 1166, 1025, 657
cmt; HRMS (ESI) calcd. For C22HzaNOsS (M + H)* 392.2254, found 392.2258.

Phenyl(4-phenyl-1-tosyl-3,4- dehydropiperidin-3-yl)methanone (48b):

Yellow oil; (hexane/EtOAc 4:1) 0.30; yield 250 mg, 60%; 'H NMR (600
MHz, CDClz) 6 7.71 (d, J =8.4 Hz, 2 H), 7.62 (d, J = 7.8 Hz, 2 H), 7.42-7.27
(m, 8 H), 7.15 (d, J = 7.8 Hz, 2 H), 6.63 (s, 1 H), 4.35 (dd, J = 18.0 and 1.8
Hz, 1 H), 3.95-3.89 (m, 2 H), 3.75 (d, J =16.8 Hz, 1 H), 2.67 (dd, J = 10.8
and 7.2 Hz, 1 H), 2.43 (s, 3 H); ¥*C NMR (150 MHz, CDCl3) §195.4, 143.9, 139.3, 137.1,
135.3, 132.2, 130.9, 129.9, 129.4, 128.5, 127.9, 127.7, 127.3, 124.4, 114.1, 49.6, 44.5, 42.8,
21.5; IR (KBr, neat) 2922, 2852, 1643, 1163, 1090, 1039, 1026, 761, 670 cm™; HRMS (ESI)
calcd. for C2sH24NO3S (M + H)™ 418.1477 found 418.1477.

(4-Phenyl-1-tosyl-3,4-dehydropiperidin-3-yl)(p-tolyl)methanone (48c):

Ts Yellow oil; R¢ (hexane/EtOAc 4:1) 0.35; yield 263 mg, 61%; *H NMR (600
MHz, CDCl3) 6 7.69 (d, J = 8.4 Hz, 2 H), 7.55 (d, J = 8.4 Hz, 2 H), 7.36-7.27
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(m, 5 H), 7.20 (d, J = 8.4 Hz, 2 H), 7.15 (d, J = 8.4 Hz, 2 H), 6.60 (brs, 1 H), 4.34 (dd, J = 16.8
and 1.8 Hz, 1 H), 3.95-3.88 (m, 2 H), 3.74( d, J = 16.8 Hz, 1 H), 2.64 (dd, J = 12.0 and 7.2 Hz, 1
H), 2.43 (s, 3 H), 2.37 (s, 3 H); 3C NMR (150 MHz, CDCls) §195.3, 144.1, 143.3, 142.7,
139.5, 135.6, 134.6, 130.1, 129.6, 129.5, 129.3, 129.2, 128.2, 128.0, 114.3, 49.9, 44.8, 42.9, 22.8
(2C): IR (KBr, neat) 2923, 2853, 1642, 1454, 1348, 1166, 1091, 701 cm; HRMS (ESI) calcd.
For CasH2sNO3sS (M + H)* 432.1633, found 432.1632.

(5-Methyl-1-tosyl-3,4-dehydropiperidin-3-yl)(phenyl)methanone (48e):

s Yellow oil; Rt (hexane/EtOAc 4:1) 0.50; yield 277 mg, 78%; *H NMR (600

MHz, CDCl3) § 7.73 (d, J = 8.4 Hz, 2 H), 7.58 (d, J = 7.8 Hz, 2 H), 7.53 (t, J =

7.2 Hz, 1H), 743 (t,J=7.8Hz, 2H),7.35(d, J=7.8Hz, 2H) 645 (d,J=

4.2 Hz, 1 H), 4.09 (d, J = 16.2 Hz, 1 H), 3.74 (dt, J = 16.8 and 2.4 Hz, 1 H), 3.53

(dd, J = 11.4 and 5.4 Hz, 1 H), 2.71-2.76 (m,1 H), 2.58 (dd, J = 11.4 and 7.8 Hz, 1 H), 2.44 (s, 3

H), 1.10 (d, J = 7.2 Hz, 3 H); 13C NMR (75 MHz, CDCls) & 195.4, 146.3, 143.7, 137.2, 132.8,

131.4, 129.9, 129.6, 128.7, 128.0, 127.5, 48.7, 44.3, 31.1, 21.5, 17.5; IR (KBr, neat) 2964, 2926,

1644, 1346, 1167, 1091, 713 cm; HRMS (ESI) calcd. For C2oH22NOsS (M + H)* 356.1320
found 356.1314.

= (0]

(5-Methyl-1-tosyl-3,4-dehydropiperidin-3-yl)(p-tolyl)methanone (48f):

Yellow oil; Rf (hexane/EtOAc 4:1) 0.4; yield 278 mg, 75%; *H NMR (600
w MHz, CDCl3) 6 7.73 (d, J = 8.4 Hz, 2 H), 7.51 (d, J = 8.4 Hz, 2 H), 7.34 (d, J

! = 8.4 Hz, 2 H), 7.23 (d, J = 8.4 Hz, 2 H), 6.42 (d, J = 3.0 Hz, 1 H), 4.08 (d, J
= 16.8 Hz, 1 H), 3.74 (dt, J = 16.8 and 2.4 Hz, 1 H), 3.53 (dd, J = 11.4 and 5.4 Hz, 1 H), 2.70-
278 (m, 1 H), 2.57 (dd, J = 11.4 and 7.2 Hz, 1 H), 2.43 (s, 3 H), 2.41 (s, 3 H), 1.09 (d, J = 7.2
Hz, 3 H); 3C NMR (150 MHz, CDCls) 5 195.4, 145.6, 144.0, 143.1, 134.8, 134.2, 133.4, 130.0,
129.6, 129.2, 128.0, 49.0, 44.7, 31.4, 21.8, 21.7, 17.9; IR (KBr, neat) 2925, 2854, 1727, 1643,
1605, 1347, 1167, 1091, 745 cm™: HRMS (ESI) calcd. For CaiHzNO3S (M + H)* 370.1477
found 370.1477.

(4-Methoxyphenyl)(5-methyl-1-tosyl-3,4-dehydropiperidin-3-yl)methanone (48g):

Yellow oil; Rs (hexane/EtOAc 4:1) 0.35; yield 281 mg, 73%; *H NMR (600
MHz, CDCls) 8 7.73 (d, J = 8.1 Hz, 2 H), 7.64 (d, J = 8.1 Hz, 2 H), 7.34 (d, J =
7.8 Hz, 2 H), 6.91 (d, J = 7.8 Hz, 2 H), 6.38 (d, J = 3.6 Hz, 1 H), 4.07 (d, J =
16.2 Hz, 1 H), 3.87 (s, 3 H), 3.67 (dt, J = 16.8 and 2.4 Hz, 1 H), 3.54 (dd, J =

OMe
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11.4 and 5.4 Hz, 1 H), 2.70-76 (m, 1 H), 2.56 (dd, J = 11.4 and 7.2 Hz, 1 H), 2.43 (s, 3 H), 1.10
(d, J = 7.2 Hz, 3 H); 3C NMR (150 MHz, CDCls) § 194.4, 163.3, 144.3, 144.0, 134.2, 133.4,
131.8, 130.0, 129.9, 128.0, 113.8, 55.7, 49.1, 44.9, 31.3, 21 .7, 17.9; IR (KBr, neat) 2918, 2849,
1640, 1598, 1256, 1165, 1091, 1028, 842, 746 cm’t; HRMS (ESI) calcd. for C21H2aNO4S (M +
H)* 386.1426 found 386.1421.
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2.7. Selected Spectra
'H and 3C NMR Spectra of Phenyl(4-phenyl-3,6-dihydro-2H-pyran-3-yl)methanone 47a:
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'H and *C NMR Spectra of 1-(5-Phenyl-5,6-dihydro-2H-pyran-3-yl)ethanone 47f:
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'H and C NMR Spectra of 1-(5-Phenyl-5,6-dihydro-2H-pyran-3-yl)nonan-1-one 47g:
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'H and BC NMR Spectra of (5-Phenyl-5,6-dihydro-2H-pyran-3-yl)(thiophen-2-
yl)methanone 47j:
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'H and ¥C NMR Spectra of 1-(5-Methyl-1-tosyl-3,4-dehydropiperidin-3-yl)nonan-1-one
48a:
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IH and

methanone48f:

B3C NMR Spectra of (5-Methyl-1-tosyl-3,4-dehydropiperidin-3-yl)(p-tolyl)
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'H and C NMR Spectra of (4-Methoxyphenyl)(5-methyl-1-tosyl-3,4-dehydropiperidin-3-
yl)methanone 48g:
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2.8. Crystal Parameters

TH-1580_11612224

The crystal parameters of compound 47a

47a- CCDC 979057

Formula
Formula weight
T/K
Crystal system
Space group
a/A
b/A

c/A

Abs. Coeff./mm*
Abs. Correction
GOF on F?

Final R indices [/ >
20(1)]

R indices [all data]

Cis Hi6 O2
264.31
296(2)

Monoclinic
P21/c

12.3796(15)

10.5493(15)

11.3168(13)
90.00

106.991(8)
90.00

1413.4(3)

4
0.080
Multi-scan
1.008
R1=0.0448
wR2 = 0.1138
R1 = 0.0752

wR2 = 0.1295
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CHAPTER 3

Lewis Acid Mediated Intramolecular C-O Bond Formation of
Alkanol-Epoxide Leading to Substituted Morpholine and 1,4-
Oxazepane Derivatives: Total Synthesis of (+)- Viloxazine

3.1. Importace of Morpholines and Oxazepane Derivatives

Morpholines are some of the most important biologically active compounds.! High popularity of
the morpholine moiety is caused by several factors. First, the oxygen atom in the morpholine
core can participate in the donor-acceptor type interactions with the corresponding receptor,
increasing binding affinity. Second, the electronegative effect of the oxygen atom reduces the
basicity of the nitrogen atom. Morpholine and their derivatives have attracted the attention of
researchers over the years due to their immense significance as synthetic intermediates for a
number of medicinally active molecules. For instance, isoflav- 3-enes 1 is a vital group of
chromene intermediates, applicable in the production of a number of natural products and
medicinal agents such as potassium channel activating drugs. Moreover, morpholine’s basic
structural framework is the common feature of several tannins and polyphenols found in fruits,
vegetables, teas, and red wines, which are known for their health-promoting effects.? Many
compounds of this class have shown notable biological properties, for example, viloxazine 2,
reboxetine 3 and edivoxetine 4 show antidepressant properties.® Similarly, the compounds 5 and
6 containing morpholine unit have anti-inflammatory and GABAGR receptor-antagonist properties
(Figure 3.1.1.).* Morpholines are not only used in organic synthesis as bases or N-alkylating
agents® but also used as versatile synthetic units in organic synthesis, particularly for the
construction of agrochemicals, fungicides and bactericides.® They are also used as chiral
auxiliary in some chemical transformations.” Furthermore, 2,6-disubstituted morpholines are
used as antitumor agents,®® mild diuretics, and anorectics.?” Likewise, seven-membered

analogues of morpholine are very important as we have already discussed in chapter 1.
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Figure 3.1.1. Some biologically active Morpholines
3.2. Literature Methods

Over the years, several synthetic approaches have been developed for the preparation of 1,4-

heterocycles. Some reports are given below-

The use of enantiopure 1,5-diacetates for the preparation of chiral heterocycles was explored by
Backvall and co-workers. They first performed a reaction for an efficient enantio- and
diastereoselective synthesis of 1,5-diol diacetates 8 via dynamic Kkinetic asymmetric
transformation (DYKAT) in the presence of Candida antarctica lipase B (CALB), Pseudomonas
cepacia lipase 11 (PS-C I1), and ruthenium catalyst. The enantiopure diacetates were then used for
the enantioselective synthesis of 2,6-disubstituted piperidine and 3,5-disubstituted morpholine 9
(Scheme 3.2.1).°

OH OH gYKAT 5
u-cat OAc (:)Ac Ji j
R
7 8 9
X=CH, © >99% ee
Scheme 3.2.1
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Also, epoxide was used as a starting material to form the morpholine ring. In this example, (R)-
2-benzylmorpholine was achieved by reacting epoxide with ethanolamine sulfonate.
Ethanolamine sulfonate 11 was used for the ring opening of epoxide 10 under basic condition,
followed by ring closure of sulfate ester 12 upon treatment with base resulted (R)-2-
benzylmorpholine 13 in 66% isolated yield (Scheme 3.2.2).1°

0SO,Na

o}

NaOH, MeOH Toluene, NaOH  Ph
9, pn~OSOaNa OHH _ A[j
PH 40°C Ph\)\/NH 65°C

10 11

H
12 13

Scheme 3.2.2

Carboni and his group had successfully synthesized morpholine derivatives by applying three-
component Petasis coupling reaction. 1,2-Aminoalcohols 14 was directly engaged in a one-pot
cyclisation procedure with boronic acid 15 and glyoxal to produce 2-hydroxymorpholines 17
(Scheme 3.2.3).1!

R'__OH O _R® R0 "
I + R-B(OH), + I N I IRS
R?” “NH 07 H R?” "N~ "R
'3 15 R3

R 16
14 17

' ) 4 50-92% vyield
R'=H, Me, R? = H, Ph, R% = Me, PhCH,
R* = aryl, vinyl, R® = H, Me, Ph

Scheme 3.2.3

Kimpe et al. reported the synthesis of cis-3,5- disubstituted morpholine derivatives 20 based on
expansion of 2-(allyloxymethyl)aziridine ring 19 via an electrophile induced ring closure using
bromine in dichloromethane (Scheme 3.2.4). 12

Br

\‘/ 2 equiv NaH \'/ . >LNJ;
THF, 0%, 30 min N 1.05 equiv Brp

N 0]
LN__OH 1.05equiv %O\/\ CH,Cl,
THF, 3h,A 0 °C-rt, 3h Br 20
18 _~FBr 19
89% 43%
Scheme 3.2.4
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Wolfe et al. reported the synthesis of 3,5-disubstituted morpholines from enantiomerically pure
amino alcohols. Treatment of the N-protected amino alcohols 21 with NaH and allyl bromide
afforded allyl ethers 22. Cleavage of the Boc-group followed by Pd-catalyzed N-arylation of the
resulting amine trifluoroacetate salts provided 23 in moderate to good yield.

Then, Pd-catalyzed carboamination reaction between a substituted ethanolamine derivative 23
and an aryl or alkenyl bromide afforded enantiopure cis-3,5-disubstituted morpholines 24
(Scheme 3.2.5) .1®

R'-Br
Elﬁoc AT 2 mol % Pd(OAc),
HN ) NaH HN 1) TFA, CH,Cl, \LHN]/R 8 mol % P(2-furyl) R1/\[ j’
HO 2) allyl \L j 2) ArBr,NaO'Bu  ~0~ NaO'Bu, Toluene, 105 °C
5q  Dromide cat. Pdy(dba)s/ligand 23 12-18 h
Toluene, 40-80°C  57.730, R R'=alkyl 21-26%

59-86 %
Scheme 3.2.5

Ghorai and his group proposed an alternative route for the enantioselective synthesis of
morpholines and their homologues in good yields. The reaction proceeds via an Sn2-type ring
opening of activated aziridines and azetidines by suitable halogenated alcohols in the presence of
Lewis acid followed by base-mediated intramolecular ring closure of the resulting haloalkoxy
amine.

The ring opening of chiral (R)-2-phenyl-N-tosylaziridine 25 (ee>99%) with haloethanol in the
presence of Cu-(OTf).-catalyst at 0 °C, followed by KOH-promoted cyclization to afford the
nonracemic morpholine 26 (Scheme 3.2.6).%4

The strategy was extended further for the syntheses of morpholine homologue 1,4-oxazepanes in

R1 * O
Cu(OTf), \S
N— SOzAr _—
R3 _—

* SOzAr
n 26
m=01:n=12 Yield upto 92%, ee upto 99%

good yields.

25 HO

R' = H, Ph, i-Pr, i-Bu; R? = H, Me, Et, i-Pr, vinyl, allyl; R3= H,Ph

Scheme 3.2.6

Breuning et al. proposed a straightforward one-pot procedure for the preparation of
enantiomerically pure 2-(hydroxymethyl)-morpholines with a widely variable substitution
pattern. Addition of chiral B-amino alcohols 27 to (S) or (R)-epichlorohydrin 28 in the presence
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of LiClO4 afforded the corresponding chloro alcohols, which were treated with NaOMe to give
the epoxides and, by subsequent intramolecular cyclization gave the morpholines 29 in good
yields 57-77% (Scheme 3.2.7).1°

LiClOy, toluene ~—OH
RHN OH 14-48 h, 20-50 °C /N
\_/ W/\CI ’ _ RN O
R™ + 0 then - \—/
R NaOMe, MeOH R1\R2
27 (S)-28 abile, \ie
14-72 h, 20-50 °C 29
R =Bn, Me, Boc, H
R'=H, alkyl
R2 = H, Ph, Me, Bn T Base
Stepwise ol
r /—[ base ; ©
> OH ———  » RN
OH
(S)-28, RN oH R
Lewis acid RT R2
R2
Scheme 3.2.7

Teran and his co-workers reported a regiospecific synthesis of 7-alkyl- or 7-aryl-6-hydroxy-1,4-
oxazepan-5-ones and 2-[aryl(hydroxyl)methyl]- or 2-[1-hydroxyalkyl)morpholine-3-ones from a
diastereomeric mixture of trans-3-alkyl- or 3-aryl-N-(2-hydroxyethyl)-N-(1-phenylethyl)oxirane-
2-carboxamides. Chiral sulphonium salt was first synthesized from (S)-phenylethylamine, then
asymmetric epoxidation was carried out with aldehydes in presence of a base. Finally, the chiral
trans-epoxyamides 30 in presence of Lewis acid underwent 6-exo and 7-endo cyclization to give

1,4-oxazepan-5-ones 32 and morpholin-3-ones 31 (Scheme 3.2.8).1

OH OH

R
© 7-endo R 0] 2 6-exo R 0
HO j . N. N _
N R* o™ 'N
| O *
0) R* R
32 30 31
[1,4] - oxazepan-5-one morpholin-3-one
23-98 % RCHO 40-96 %
R* = (S)-phenylethyl Base
R = Ar, Alkyl
Ph, e Ph,

Ph,, - Br r
- . NK . [
NH2 I MeZSW 1
® O
OH

OH

Scheme 3.2.8

Aggarwal and his group demonstrated an alternative route for the synthesis of 6- and 7-
membered
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1,4-heterocyclic compounds in good-to-excellent yields. In this, 1,2-/1,3-aminoalcohols was
reacted with bromoethylsulfonium salt 33 in presence of NaH or DBU to afford the 1,4-
heterocyclic compounds such as morpholines 34 and benzoxazepines 35. The reactions proceed
through generation of a vinyl sulfonium salt from bromoethylsulphonium salt in presence of a
base followed by annulation to give the desired products. The method accommodates a range of
nitrogen substituents and the amino alcohol can be substituted by amino thiols and diamines to

give thiomorpholines, piperazines and benzodiazepines (Scheme 3.2.9).17

[XH
o 3
XH p R
Y  NaH, CH,Cl, OTf  NaH, CH,CI, X
< BI’\/\+ ~ [ j
Cixj X,Y =0, NTs SPhz x=0,8,NTs N
o W, TR
, Ph, He

64-99% 68-99%

35 34
Scheme 3.2.9

3.3. Present Work

In the previous chapter we have developed a methodology for the synthesis of oxygen and
nitrogen heterocyclic compounds via intramolecular C-C bond formation of alkyne-epoxide
mediated by boron trifluoride etherate. This chapter presents a methodology for the synthesis of
morpholines and 1,4-Oxazepanes, using intramolecular C-O bond formation of alkanol-epoxide
mediated by boron trifluoride etherate at ambient temperature in moderate to good vyields.
Furthermore, the synthesis of (+)-viloxazine, which has been found to show anti-depression
property, is presented as a demonstration of the synthetic utility of this method. The reaction can

be generalized as shown in Scheme 3.3.1.

BF;.Et,0(1.2 equw) I I
Hoj j{pR3 CHyCly/rt, 1.5 h J\<OH R }
R2

R =H, alkyl, aryl; R' = H, Me
R? = Me, Ph; R® = H, alkyl, aryl

Scheme 3.3.1

To start with, alkanol epoxide 40a was treated with 1.2 equivalents of boron trifluoride etherate
in dichloromethane at room temperature for 1.5 h and (4-tosylmorpholin-2-yl) methanol 44a was

obtained in 78% vyield. The reaction was also performed using different Lewis acids and
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Bransted acids and the results are shown in Table 3.3.1. The reaction with metal triflates such as
Zn(OTf),, Cu(OTf)2 and In(OTf)s (entries 3-5) gave 30, 15 and 19% vyields, respectively.
Bi(OTf)3 produced 40% of the product, Sc(OTf)s was found to be poor for the reaction resulting
only trace amount of the desired product (entry 10). On the other hand, metal salts InClz (entry 2)
gave 46%, whereas FeClz produced only trace amount (entry 11). Brensted acids such as
camphor sulfonic acid (CSA) and triflic acid (TfOH) gave 33% and 52% vyields, respectively.
Strong Lewis acid Trimethylsilyl trifluoromethanesulfonate (TMSOTT) (entry 8) failed to
produce the desired product, instead starting material was found to be decomposed.

Table 3.3.1 Optimization of the reaction condition

Ts Ts
N reagent N
of 1 Tomem L
HO 2 0 OH
0°Ctort

40a 44a
entry reagent (mmol) yield (%)@
1 BF,OEt, (1.2) 78
2 InCls (1.0) 46
3 Zn(OTf), (1.0) 30
4 Cu(OTf), (1.0) 15
5 In(OTf)3 (1.0) 19
6 CSA (1.2) 33
7 TfOH (1.2) 52
8 TMSOTT (1.0) -
9 Bi(OTf); (1.0) 40
10 Sc(OTf); (1.0) trace
11 FeCl; (1.0) trace

aYield refers to isolated yield. bDecomposed.

Once optimized conditions were obtained, we further examined the scope of the reaction with
variety of substrates 40a-40m, which were prepared as per literature methods (Scheme 3.3.2 and
3.3.3). For the synthesis of N-tethered primary alkenol, commercially available ethanol amine 36
was treated with tosyl chloride in dichloromethane to afford corresponding N-tosylated ethanol
amine 37, which was coupled with allyl bromide 38 using potassium carbonate as base.'® On the
other hand, the secondary alcohol was synthesized using Henry reaction and subsequent

reduction of nitro group to amine, which was then coupled with allyl bromide using sodium
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hydride as base. The N-tethered alkenol 39 was then treated with m-chloroperbenzoic acid to

give corresponding epoxide 40.%°

Rll
R'\/\/Br 38 R 1’\-]3
\[ TSCVEtsN R NHTs K,CO4/ acetone j/
CH2C|2 OH reflux HO™ R"™ ™%
37 39 R
R=H M m-CPBA, CH2C|2
=n, Me 0
R'=R"= H, Me, Ph 0°Ctort
Ts
R N
J L9
HO™ R"
40 R
Scheme 3.3.2
MeNO, 42 R Zn/NH4HCO, R TsCl/ EtzN
RCHO - _—
43 36 rt
NaH/ DMF
0°C to rt l)\/Br
38
Ts
m-CPBA N
? CH,CI J: \k
2Cl> S
0°Ctort R™ "OH
39
Scheme 3.3.3

It was observed from the Table 3.3.2 that terminal epoxides (entries 1-10) gave the desired
morpholines whereas 1,2-disubstituted epoxides (entries 11-13) produced 1,4-oxazepanes in
good yields. It has been observed that yield is determined by the nature of the substituent present
in the substrates. Alkanol epoxides 40a-c gave single isomer 44a-c in 78, 80 and 72% vyields,
respectively. The relative stereochemistry of compound 44c was determined from the NOE
experiment (Figure 3.3.1). The compound 44c showed a clear characteristic NOE correlation
between the hydrogen C-5H and hydrogens of methyl substituent at C-2 position. There is
another NOE correlation between the hydrogens of C-5Me and two hydrogens of -CH>OH at C-2
position of 44c. Substrate 40d gave two separable diastereomers 44d and 44d’ in 40 and 42%
yields, respectively. The stereochemistry of the two diastereomers was determined by NOE
experiment. There is a NOE correlation between hydrogen C-6H and hydrogens of methyl (-
CH3) substituent at C-2 position of compound 44d” (Figure 3.3.1).
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Table 3.3.2 Synthesis of morpholines and 1,4-oxazepanes

Ts Ts
R'. _N. OH RL__N
HO;/ ]Q/ BF;Et,O 12equw) I . I OH
R2 CH2C|2/ rt R o R R o RZ
R2
40 44 45 R
SI.No. Substrate 40 Product 44/45 Yield(%)? dr
Ts Ts
N N
1 [ Ro [ j\/ 8
OH (0] pH
44a
Ts Ts
N N
2 EQQO [ j@ 80
OH (0] OH
44b
Ts Ts
/",/ N //", N
3 EQQO [ j\\ 72
OH (0] o
Ts Ts
N N
4 ):qvo e AN 40 —
OH H )io:k OR
40d 44d
Ts
N
ﬁ :k\\ 42 -
" OH
i (@]
44d'
Ts Ts
N N
5 q<(/3 ]<\ 75 11
OH O):o OH
40e
44e
Continue...
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SI.No. Substrate 40 Product 44/45 Yield(%)? dr
Ts Ts
N N
6 QQO j<\ 70 3:2
O,N O,N
40f 44f
Ts Ts
N N
7 0 j@ 68 1:1
oﬂ@ /@Jio OH
MeO2C MeOZC
409 449
Ts Ts
N N
8 QQO ]<\ 61 1:1
Br OH Br 0 OH
40h
44h
Ts Ts
N N
9 o) ]<\ 65 3:2
oﬂ@ /@J:o i
MeO MeO
40i 44i
Ts Ts
N N
10 [ 0 [ 95
OH (0] OH
40j
44j
Ts Ts
N N
11 [ Q 3 48 _
OH HO o
40k
45k
Continue.....
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SI.No.

Substrate 40

Product 44/45

Yield(%)® dr

Ts
N
12 [ \\<0
OH
401

451

Ts
N
HO“'E 3
o
45m
Ts
N
oL )
.
45m’'
Ts
N
C gf
(@)
44m

48

35 -

15

51 -

25 9:1

2Yield refers to isolated yield. All the products were characterized by 'H, *C NMR and Mass

spectrometry. °Inseperable mixture of diastereomers. Ratio was determined by 1H NMR.

Again there is a NOE correlation between two hydrogens of C-2CH>OH and hydrogens of C-

6Me of 44d".
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NOE
44c 44d’ 45!0' 45m’'

Figure 3.3.1 NOE of compounds 44c, 44d", 451" and 45m'

The formation of compounds 44c, 44d and 44d’ may be due to the stability imparted by
hydrogen bonding between the hydroxyl group and the tertiary amine group (Figure 3.3.2). The
starting material for the synthesis of 44c is a chiral compound 40c and therefore, it produces only
single diastereomer 44c, whereas diastereomeric mixture 40d produces both the diastereomers
44d and 44d’.

hydrogen hydrogen
hyd .
ycrogen bonding _0 bonding _0

bonding\ H:(j\ I H J\ 2. H
N NH K Me
—N TS/N' TS/N~
Mgs Me e} Me o Me
o e

H 44c 44d 444’
Figure 3.3.2.

On the other hand, substrates 40e-i furnished two inseparable diastereomers each with varied
ratios. Substrate 40j gave single isomer 44j with very good yield (95%). Epoxide 40k-m having
terminal groups produced seven membered 1,4- oxazepanes. Epoxide 40k furnished only anti
diasteromer 45k with 48% vyield and 401 gave separable diastereomers 45l and 451" with 48% and
35% vyields, respectively. The relative stereochemistry of 45k was determined from coupling
constant (C-7H, 4.43 ppm, J = 7.8 Hz) and X-ray crystallographic analysis (Figure 3.3.3).2° The
relative stereochemistry of compounds 451 and 451" was determined from NOE experiment of
451. There is a NOE correlation between hydrogen C-7H and hydrogens of methyl (-CHz)
substituent at C-6 position of compound 45| (Figure 3.3.1). The compound 40m having terminal
methyl group gave three isolable compounds, two of which are diastereomeric oxazepanes 45m
and 45m’ with 15% and 51% yields, respectively, and six membered diastereomeric mixture
44m with a ratio of 9:1 and 25% overall yield. The relative stereochemistry of these two
compounds is determined from NOE experiment of 45m” (Figure 3.3.1). There was no NOE
between C-6H proton and protons of methyl group at C-7Me, which indicates that OH group at

C-6 and Me at C-7 are cis to each other.
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vy
%!% )

¢ Q

Figure 3.3.3. ORTEP diagram of compound 45k with 45% probability ellipsoid

The mechanism of formation of morpholines and oxazepanes can be rationalized by considering
the formation of different stable carbocations. The boron trifluoride etherate opens the
monosubstituted terminal epoxide ring of 40 to give more stable either secondary or tertiary
carbocation A, where R = Me, Ph; R®= H (entries 1-10, path a), which is attacked by alkanol to
give six membered intermediate B. The intermediate B is then hydrolyzed to form morpholine
44. On the other hand, disubstituted epoxide 40k,l opens under the same reaction conditions to

give more stable benzylic carbocation C, where R? = H, Me; R® = Ph (entries 11,12, path b), or

-

N

Ts Ts
1
RN RL_N_a BF30Et2 BE. O RS ©
R2 o) BF3Et,O R2 2 3 2 /BF3'OEt2
R” “OH R™ o
H/ R © 2
40 b R’ R%R3
A
where R2 = Me, Ph; R® = H l H20

Rl BF30Et2

Ts
:[ R'. N_ OH
I %RS

R” 0
l ) ¢
where R? = H, Me; R® = Me, Ph 44
T 1 Ts
Rl N o Rl N
I _BF3OEt, H20 R:(
R o o) o OH
3 3
D R 45 R

Scheme 3.3.4. Plausible mechanism of the reaction
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secondary carbocation A or C, R? = H; R® = Me (entry 13, in this case both carbocations A
and C are secondary). The carbocation C is subsequently attacked by alkanol to give seven
membered intermaediate D (entries 11, 12). Similarly, secondary carbocations A and C are
attacked by alkanol to produce B and D (entry 13), respectively. The intermediates B and D

are then hydrolysed to give morpholine 44 and oxazepane 45, respectively (Scheme 3.3.4).

The strategy is successfully applied for the synthesis of (+)-viloxazine 2. The compound is
considered as an anti-depression agent. Only a few protocols have been introduced for total
synthesis of viloxazine till date.’”?* The synthesis started with the bromination of alcohol 44a
with carbon tetrabromide and triphenyl phosphine in dichloromethane at room temperature to
give bromide 46, which was then treated with 2-ethoxyphenol 47 to provide N-tosyl protected
(+)-viloxazine 48. Deprotection of 48 with sodium naphthalide gave the final product (+)-
viloxazine 2 in 80% yield (Scheme 3.3.5).

OEt EtO
OH 4 j@
0 Br 4 0]
[ j) CBr, / PhsP o 7 oj)
T . > [
N CH,Cl,, reflux [N KzCr(Z% l/ngSCN .8
0 Ts Ts
44a 95% 46 65%
. Na-naphthalene
80% | THE, -78°C
0
0
Y
N
H
(+)-viloxazine 2
Scheme 3.3.5. Total synthesis of (+)-viloxazine 2
Conclusions

In conclusion, we have developed a mild and efficient method for the synthesis of substituted
morpholines via intramolecular cyclization reaction of N-tethered alkanols-epoxides in good
yields. The reaction is compatible with a wide range of functional groups such as ester, ether, -
NO2, and bromo. The major advantage of this reaction is that it generates alcohols in side chain
of the morpholine ring, which is used for the synthesis of biologically active molecule (+)-
viloxazine 2.
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3.4. Experimental section

3.4.1. Instrumentation and Characterization
As described in chapter 2 section 2.4.1

3.4.2. General Procedure for the Synthesis of N-Tethered Alkanol-Epoxide:

The alkenols 40a-m (lequiv) was treated with meta-chloroperbenzoic acid (m-CPBA) (1.5
equiv) in dicholomethane (15 ml) at 0 °C. The reaction mixture was brought to room temperature
and stirred for a specific time. After completion of the reaction, as determined by TLC, a
saturated aqueous solution of Na>SOs was added to quench excess m-CPBA. Dichloromethane
was added to the reaction mixture, washed with saturated sodium bicarbonate and brine
solutions, and dried over anhydrous Na>SO4. Evaporation of the solvent gave the crude product,

which was purified by neutral alumina using ethyl acetate and hexane as eluents.

Synthesis of N-(2-hydroxyethyl)-4-methyl-N-(oxiran-2ylmethyl)benzene-sulfonamide (40a):
To a stirred solution of N-allyl-N-(2-hydroxyethyl)-4-methylbenzenesulfonamide (254 mg, 1.0
mmol) in dichlorormethane (6.0 mL/mmol), was added m-chloroperbenzoic acid (258.0 mg, 1.49
mmol) at 0 °C. The reaction mixture was brought to room temperature and stirred for 12 h. The
progress of the reaction was monitored by TLC with ethyl acetate and hexane as eluents. After
completion of the reaction, a saturated aqueous solution of Na>SOs was added to quench excess
mCPBA. Dichloromethane was added to the reaction mixture, washed with saturated sodium
bicarbonate and brine solution. The organic layer was dried over (Na2SO4) and evaporated to
leave the crude product which was purified by column chromatography over neutral alumina
using ethyl acetate and hexane as eluents to give N-(2-hydroxyethyl)-4-methyl-N-(oxiran-2-

ylmethyl)benzenesulfonamide 40a as a colourless oil.

3.4.3. General Procedure for Lewis Acid Catalyzed Intramolecular C—O Bond Formation
of Alkanol-Epoxide:

To a corresponding hydroxyl-epoxide substrates (1.0 equiv) in dichloromethane (5.0 mL) at 0 °C
was added boron triflouride etherate (1 equiv) dropwise, and the reaction mixture was brought to
room temperature. The reaction was continued for a specified time and monitored by TLC. After
completion of the reaction, the reaction mixture was treated with saturated sodium bicarbonate
solution (5.0 mL). The product was extracted with CH2Cl> (2 x 10.0 mL) and washed with brine.

Organic layer was separated and dried over anhydrous Na,SOs and evaporated using rotary
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evaporator to obtain the crude product. The crude product was purified by silica gel column

chromatography using ethyl acetate and hexane as eluents to afford the cyclic compounds.

Synthesis of (4-Tosylmorpholin-2-yl)methanol (44a):

To a stirred solution of N-(2-hydroxyethyl)-4-methyl-N-(oxiran-2-ylmethyl)benzenesulfonamide
(270 mg, 1.0 mmol) in dichloromethane (5.0 mL/mmol), was added boron triflouride etherate
(0.15 mL, 1.2 mmol) dropwise at 0 °C. The reaction mixture was brought to room temperature
and stirred for 1.5 h. The progress of the reaction was monitored by TLC with ethyl acetate and
hexane as eluents. After completion of the reaction, the reaction mixture was washed with
saturated sodium bicarbonate solution and brine solution. The organic layer was dried over
(NaxSO4) and evaporated to leave the crude product which was purified by column
chromatography over silica gel using ethyl acetate and hexane as eluents to give (4-

tosylmorpholin-2-yl)methanol 44a as a white solid.

3.4.4. Synthesis of 2-(Bromomethyl)- 4-tosylmorpholine (46):

Carbon tetrabromide (671 mg, 2.0 mmol) was added in one portion to a solution of 44a (500 mg,
1.84 mmol) in dry CH2Cl (3.5 mL/mmol) at 0 °C, and the reaction was stirred at 0 °C. After 10
minutes, a solution of PhsP (530 mg, 2.0 mmol) in CH2Cl> (1.5 mL/mmol) was added via
cannula and stirred at 0 °C for 10 min. Then the reaction mixture was allowed to warm to room
temperature and further stirred for 2 h. After reaction completed, the mixture was evaporated in
vacuo. The residue was purified by silica gel column chromatography to give the bromide 46 as

white solid.

3.4.5. Synthesis of 2-((2-Ethoxyphenoxy)methyl)-4-tosylmorpholine (48):

To a solution 2-ethoxyphenol 47 (414 mg, 3 mmol) in acetonitrile (3 mL/mmol) was added
K2COs (620 mg, 4.5 mmol) at room temperature, followed by a solution of 46 (1200 mg, 4.5
mmol) in CH3CN (1 mL). The reaction mixture was heated to reflux overnight. After cooling to
rt, silica gel was added to the reaction mixture and the solvent was removed on the vacuum. The

residue was purified by column chromatography to give 48 as a white solid.

3.4.6. Synthesis of 2-((2-Ethoxyphenoxy)methyl)morpholine, (£)-viloxazine (2):
To a cooled (-78 °C) green suspension of sodium metal (33 mg, 1.44 mmol) and naphthalene
(208 mg, 1.62 mmol) in dry tetrahydrofuran (3 mL/mmol) was added the corresponding N-tosyl

protected (+)-viloxazine 48 (140 mg, 0.36 mmol) under argon, and the mixture was stirred for 45
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min at the same temperature. Then, the reaction was hydrolyzed with brine (10.0 mL) and
extracted with CHCl> (3x10 mL). The combined organic layers were dried over anhydrous
MgSO4 and evaporated. The resulting residue was purified by flash chromatography (deactivated
silica gel, ether/acetone) to yield the corresponding pure product as a colourless solid.
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3.6. Characterization Data
N-(2-hydroxyethyl)-4-methyl-N-(oxiran-2ylmethyl)benzene-sulfonamide (40a):
Colourless oil. Rs (hexane/ EtOAc 3:2) 0.50; yield 203 mg, 75%; 'H NMR
Ils (600 MHz, CDCl3) 6 2.18 (t,J = 10.2 Hz, 1 H), 2.33 (t, J = 11.4 Hz, 1 H), 2.37
[OJVO (s, 3 H), 3.44-3.48 (m, 2 H), 3.50-3.64 (m, 4 H), 3.86 (d, J = 11.4 Hz, 1 H),
7.28 (d, J = 7.8 Hz, 2 H), 7.56 (d, J = 7.2 Hz, 2 H); 3C NMR (150 MHz,
CDCI3) & 21.5, 45.5, 47.1, 63.2, 65.8, 75.5, 127.8, 129.9, 131.9, 144.1; IR (KBr, neat) 3508,
2923, 2866, 1453, 1339, 1166, 1048, 754 cm™*; HRMS (ESI) calcd. for C1oH1sNOsS (M + H)*
272.0951, found 272.0950.
N-(2-Hydroxyethyl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)benzenesulfonamide (40b):
Colourless oil; Rt (hexane/ EtOAc 3:2) 0.47; yield 271 mg, 95%; 'H NMR
IIS (600 MHz, CDClz) 8 1.37 (s, 3 H), 2.41 (s, 3 H), 2.69 (d, J=4.2 Hz, 1 H), 2.94
[OQVO (d, J = 4.2 Hz, 1 H), 3.01-3.07 (m, 1 H), 3.24 (d, J =15.0 Hz, 1 H), 3.32 (t, J =
6.0 Hz, 1 H), 3.34-3.38 (m, 1 H), 3.40 (d, J = 15.0 Hz, 1 H), 3.69-3.72 (m, 1
H), 3.73-3.78 (m, 1 H), 7.31 (d, J = 7.8 Hz, 2 H), 7.67 (d, J = 7.8 Hz, 2 H); 3C NMR (150 MHz,
CDClI3) 6 19.3, 21.7, 52.0, 53.5, 54.5, 57.2, 61.4, 127.5, 130.1, 135.7, 144.0; IR (KBr, neat)
3454, 2927, 1598, 1338, 1162, 1090, 1029, 816, 706 cm™; HRMS (ESI) calcd. for C13H20NO4S
(M + H)" 286.1108, found 286.1108.

N-(1-Hydroxypropan-2-yl)-4-methyl-N-((2-methyloxiran-2- -yl)methyl)benzenesulfonamide

(diastereomeric mixture, 7:3: 40c):

Colourless oil; Rf (hexane/ EtOAc 3:2) 0.40; yield 230 mg, 77%; *H NMR
(400 MHz, CDCl3) 3 0.69 (d, J = 6.4 Hz, 3 H, major), 0.83 (d, ] = 6.8 Hz, 3 H,
minor), 1.41 (s, 3 H, major), 1.49 (s, 3 H, minor), 2.43 (s, 3 H), 2.71-2.84 (m, 2
H), 3.24-3.28 (m, 1 H), 3.36-3.41 (m, 1 H), 3.48-3.61 (m, 2 H), 3.72-3.94 (m, 2
H), 7.30-7.33 (m, 2 H), 7.68-7.72 (m, 2 H); *C NMR (100 MHz, CDCls) & 13.0, 13.3, 18.9,
20.0, 21.7, 45.9, 49.9, 52.9, 53.2, 55.8, 56.8, 58.4, 64.9, 65.1, 127.2, 127.5, 129.9, 130.0, 137.2,
137.4, 143.8, 144.0; IR (KBr, neat) 3522, 2928, 2876, 1598, 1453, 1337, 1216, 1153, 1091,
1025, 756 cm-1; HRMS (ESI) calcd. for C14H22NO4S (M + H)* 300.1264, found 300.1263.

N-(2-hydroxypropyl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)benzenesulfonamide
(diastereomeric mixture, 3:2, 40d):
Colourless oil; Rs (hexane/ EtOAc 3:2) 0.45; yield 278 mg, 93%; 'H NMR

(400 MHz, CDCl3) 6 1.12 (d, J = 6.4 Hz, 3 H, major), 1.16 (d, J = 6.8 Hz, 3 H,
minor), 1.37 (s, 3 H, minor), 1.42 (s, 3 H, major), 2.44 (s, 3 H), 2.71-2.74 (m,
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1 H, major), 2.77-2.87 (m, 1 H, minor), 3.14-3.18 (m, 1 H), 3.20-3.23 (m, 1 H), 3.45 (d, J = 15.2
Hz, 1 H), 3.57 (d, J = 15.2 Hz, 1 H), 3.90-3.98 (m, 1 H), 4.04-4.12 (m, 1 H), 7.34 (d, J = 7.6 Hz,
2 H), 7.69 (d, J = 8.0 Hz, 2 H); 3C NMR (150 MHz, CDCls) § 19.2, 19.3, 19.5, 20.5, 20.7, 21.7,
52.0, 52.2, 53.6, 55.9, 57.0, 57.3, 58.4, 59.4, 65.2, 67.2, 127.4, 127.5, 129.9, 130.0, 135.4, 135.5,
144.0, 144.1; IR (KBr, neat) 3450, 2925, 1598, 1494, 1339, 1161, 1020, 908, 729 cm'!; HRMS
(ESI) calcd. for C1aH22NO4S (M + H)* 300.1264, found 300.1267.

N-(2-Hydroxy-2-phenylethyl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)

benzenesulfonamide (diastereomeric mixture, 5:4, 40e):

Ts Colourless oil; Rs (hexane/ EtOAc 3:2) 0.45; yield 339 mg, 94%; ‘H

NJV NMR (400 MHz, CDClIs) 6 1.35 (s, 3 H, minor), 1.45 (s, 3 H, major), 2.40
©/[OH P (s, 3H),2.70 (d, J =4.0 Hz, 1 H, minor), 2.76 (d, J = 4.0 Hz, 1 H, major),
2.97-3.04 (m, 3 H, major), 3.06-3.15 (m, 3 H, minor), 3.28-3.35 (m, 1 H),
3.44-3.48 (m, 1 H, major), 3.68 (d, J = 15.6 Hz, 1 H, minor), 4.89 (d, J = 9.2 Hz, 1 H, major),
5.08 (d, J =9.2 Hz, 1 H, minor), 7.26-7.43 (m, 6 H), 7.42 (d, J=7.2Hz, 1 H), 7.67 (d,J=7.6
Hz, 2 H); C NMR (150 MHz, CDCls) & 19.1, 19.3, 21.6, 52.0, 52.1, 52.5, 56.2, 56.7, 57.3,
58.4,60.3, 71.4, 73.6, 126.0, 126.1, 127.4, 127.5, 127.7, 128.0, 128.5, 128.6, 129.9, 130.0, 135.4,

135.6, 141.4, 141.7, 144.0, 144.2; IR (KBr, neat) 3485, 2924, 1495, 1334, 1161, 1091, 1024, 754
cm’; HRMS (ESI) calcd. for CigH2sNO4S (M + H)* 362.1421, found 362.1423.

N-(2-hydroxy-2-(4-nitrophenyl)ethyl)-4-methyl-N-((2-methyl-oxiran-2-yl)methyl) benzene-
sulfonamide (diasteromeric mixture 4:3, 40f):

Te Colourless oil; R (hexane/ EtOAc 3:2) 0.50; yield 292 mg, 72%; 'H
NJVO NMR (600 MHz, CDClz) & 1.35 (s, 3 H, minor), 1.49 (s, 3 H, major),
Oﬁo'* 2.42 (s, 3 H, major), 2.43 (s, 3 H, minor), 2.75 (d, J = 4.2 Hz, 1 H,
neo® minor), 2.81 (d, J =4.2 Hz, 1 H, major), 3.00-3.09 (m, 3 H), 3.29 (dd,
J=15.0 and 1.2 Hz, 1 H, minor), 3.41 (dd, J = 15.0 and 5.4 Hz, 1 H, major), 3.48 (d, J = 15.0
Hz, 1 H, minor), 3.76 (d, J = 15.0 Hz, 1 H, major), 5.06 (d, J = 8.4 Hz, 1 H, minor), 5.23 (d, J =
8.4 Hz, 1 H, major), 7.30-7.34 (m, 2 H), 7.51-7.60 (m, 2 H), 7.64-7.71 (m, 2 H), 8.19 (d, J = 8.4
Hz, 2 H); 13C NMR (150 MHz, CDCls) § 21.7, 36.0, 49.5, 62.2, 62.4, 116.3, 126.8, 126.9, 127.8,
128.5, 128.8, 128.83, 129.2, 130.0, 137.5, 138.0, 138.6, 143.9, 145.4; IR (KBr, neat) 3499, 2923,
2852, 1521, 1453, 1347, 1161, 1090, 853, 698 cm™; HRMS (ESI) calcd. for C19H23N206S (M +
H)* 407.1271, found 407.1275.
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Methyl 4-(1-hydroxy-2-(4-methyl-N-((2-methyloxiran-2-yl)methyl)phenylsulfonamido)

ethyl)-benzoate (diastereomeric mixture, 1:1, 40Q):

Ts Colourless oil; R¢ (hexane/ EtOAc 3:2) 0.50; yield 306 mg, 73%; 'H
quo NMR (600 MHz, CDCls) & 1.24 (s, 3 H), 2.39 (s, 1.5 H), 2.41 (s, 1.5

: OH H), 2.70 (s, 0.5 H), 2.77 (s, 0.5 H), 2.97 (s, 1 H), 3.01-3.10 (m, 2 H),

Me0C 3.28 (d, J = 15.0 Hz, 0.5 H), 3.26-3.42 (m, 1 H), 3.69 (d, J = 15.0 Hz,
0.5 H), 3.89 (s, 3 H), 4.96 (d, J = 10.2 Hz, 0.5 H), 5.14 (d, J = 12.0 Hz, 0.5 H), 7.29 (d, J = 7.2
Hz, 2 H), 7.43-7.50 (m, 2 H), 7.65 (d, J = 7.8 Hz, 2 H), 7.98 (d, J = 8.4 Hz, 2 H); 13C NMR (150
MHz, CDCl3) 6 19.1, 19.3, 21.7, 22.8, 51.9, 52.0, 52.2, 53.6, 56.4, 56.8, 57.4, 58.3, 60.3, 71.2,
73.5, 126.0, 126.1, 127.4, 127.5, 129.9, 129.93, 130.1, 130.2, 135.3, 135.7, 144.2, 144.3, 146.6,
146.9, 167.0, 167.1; IR (KBr, neat) 3498, 2925, 2854, 1722, 1612, 1437, 1339, 1282, 1159,

1089, 1019, 987, 816, 758 cm™; HRMS (ESI) calcd. for C21H26NO6S (M + H)* 420.1481, found
420.1478.

N-(2-(3-Bromophenyl)-2-hydroxyethyl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)

benzene-sulfonamide (diastereomeric mixture, 1:1, 40h):

Ts Colourless oil; Rf (hexane/ EtOAc 3:2) 0.39; yield 312mg, 71%; ‘H
N OXNQQO NMR (600 MHz, CDCls) 6 1.34 (s, 1.5 H), 1.46 (s, 1.5 H), 2.40 (s, 3 H),
Un 2.71 (d, 3 = 3.0 Hz, 0.5 H), 2.77 (d, J = 3.6 Hz, 0.5 H), 2.96-3.02 (m, 1.5

H), 3.06-3.10 (m, 1 H), 3.26 (d, J = 15.0 Hz, 0.5 H), 3.35-3.44 (m, 1.5

H), 3.70 (d, J = 15.0 Hz, 0.5 H), 4.87 (d, J = 9.6 Hz, 0.5 H), 5.05 (d, J = 9.6 Hz, 0.5 H), 7.19 (t,
J=7.8Hz, 1H), 7.28-7.39 (m, 4 H), 7.52 (s, 0.5 H), 7.59 (s, 0.5 H), 7.65-7.68 (m, 2 H); 13C
NMR (150 MHz, CDCls) & 19.1, 19.3, 21.6, 51.9, 52.0, 53.5, 56.4, 56.7, 57.3, 58.3, 60.2, 70.8,
73.1, 122.7, 124.7, 124.8, 127.4, 127.5, 129.1, 129.2, 130.0, 130.1, 130.16, 130.2, 130.8, 130.9,
135.3, 135.5, 143.8, 144.1, 144.2, 144.3; IR (KBr, neat) 3492, 2925, 2855, 1597, 1428, 1338,

1159, 1090, 804, 762 cm™*; HRMS (ESI) calcd. for C1gH23BrNO4S (M + H)* 440.0526, found
440.0526 for "°Br.

N-(2-Hydroxy-2-(4-methoxyphenyl)ethyl)-4-methyl-N-((2-methyloxiran-2-yl)methyl)

benzene-sulfonamide (diastereomeric mixture, 1:1, 40i):

— Colourless oil; R (hexane/ EtOAc 3:2) 0.50; yield 301 mg, 77%; ‘H
qu NMR (600 MHz, CDCl3) & 1.33 (s, 1.5 H), 1.43 (s, 1.5 H), 2.39 (s, 3

O/[OH P H), 2.68 (d, J = 3.0 Hz, 0.5 H), 2.74 (d, J = 3.0 Hz, 0.5 H), 2.93-3.01

MeO (m, 1.5 H), 3.06-3.13 (m, 1 H), 3.26 (d, J = 15.0 Hz, 0.5 H), 3.33 (d, J
=15.6 Hz, 0.5 H), 3.41-3.47 (m, 1 H), 3.66 (d, J = 15.0 Hz, 0.5 H), 3.77 (s, 3 H), 4.84 (d, J= 9.6
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Hz, 0.5 H), 5.02 (d, J = 9.0 Hz, 0.5 H), 6.85 (d, J = 7.8 Hz, 2 H), 7.21-7.67 (m, 4 H), 7.65-7.70
(m, 2 H); 3C NMR (150 MHz, CDCls) § 19.0, 19.2, 21.6, 51.9, 52.0, 53.4, 53.6, 55.3, 56.1,
56.6, 57.2, 58.2, 60.0, 70.9, 72.1, 73.1, 113.8, 114.0, 127.1, 127.2, 127.3, 127.4, 129.9, 130.0,
133.5, 133.9, 135.5, 135.7, 143.9, 144.1, 159.2, 159.3; IR (KBr, neat) 3508, 2978, 1598, 1455,
1341, 1162, 1092, 815, 770 cm*; HRMS (ESI) calcd. for CooH2sNOsS (M + H)* 392.1526,
found 392.1527.

N-(2-Hydroxyethyl)-4-methyl-N-((2-phenyloxiran-2-yl)methyl)benzenesulfonamide (40j):

Colourless oil; Rf (hexane/ EtOAc 3:2) 0.40; yield 336 mg, 97%; 'H NMR

Ts
[N (400 MHz, CDCls) & 2.43 (s, 3 H), 2.87 (d, J = 6.6 Hz, 1 H), 2.93 (dt, ] = 9.6
0]
oH and 4.4 Hz, 1 H), 3.41 (d, J = 6.6 Hz, 1 H), 3.46 (dt, J = 9.6 and 4.8 Hz, 1 H),

3.69-3.81 (m, 4 H), 7.29-7.39 (m, 5 H), 7.43 (d, J = 7.6 Hz, 2 H), 7.65 (d, J =
7.2 Hz, 2 H); 3C NMR (100 MHz, CDCl3) 8 21.7, 53.1, 53.5, 53.6, 60.7, 61.3,
126.3, 127.6, 128.5, 128.8, 130.1, 135.1, 137.3, 144.2; IR (KBr, neat) 3508, 2977, 2876, 1598,
1452, 1336, 1153, 1091, 1024, 815, 679 cm-1; HRMS (ESI) calcd. for C1sHzNO4S (M + H)*
348.1264, found 348.1262.

N-(2-hydroxyethyl)-4-methyl-N-((3-phenyloxiran-2-yl)methyl)benzenesulfonamide (40k):

Ts Colourles oil, Rf (hexane/ EtOAc 3:2) 0.50; yield 330 mg, 95%; ‘H NMR
[N o (600 MHz, CDCl3) 6 2.42 (s, 3 H), 3.25-3.30 (m, 2 H), 3.32-3.34 (m, 2 H),
OH (dd, J=16.8 and 4.8 Hz, 1 H), 3.82 (t, J = 4.8 Hz, 2 H), 3.86 (d, J = 1.8 Hz, 1

H), 7.25 (d, J = 8.4 Hz, 2 H), 7.29-7.35 (m, 5 H), 7.71 (d, J = 8.4 Hz, 2 H);
) 13C NMR (150 MHz, CDCls) 6 21.7, 51.2, 52.6, 57.6, 61.6, 61.7, 125.9,
127.4, 128.6, 128.7, 130.1, 135.7, 136.0, 144.1; IR (KBr, neat) 3499, 2923, 2873, 1598, 1451,
1337, 1160, 1089, 978, 815, 756 cm-1; HRMS (ESI) calcd. for C1gH22NO4S (M + H)™ 348.1264,
found 414.1359.

N-(2-Hydroxyethyl)-4-methyl-N-((2-methyl-3-phenyloxiran-2-yl)methyl)benzene

sulfonamide (diastereomeric mixture, 4:1, 401):

Ts Colourless oil, Rt (hexane/ EtOAc 3:2) 0.48 yield; 332 mg, 92%; 'H NMR
N

[ 0 (600 MHz, CDCl3) 6 1.13 (s, 3 H, major), 1.58 (s, 3 H, minor), 2.38 (s, 3 H,
OH minor), 2.44 (s, 3 H, major), 3.03-3.08 (m, 1 H), 3.46 (d, J = 6.0 Hz, 2 H),

3.49-3.54 (m, 1 H), 3.66 (t, J = 4.8 Hz, 1 H), 3.77-3.81 (m, 1 H), 3.83-3.87
(m, 1 H), 3.99 (s, 1 H, minor), 4.32 (s, 1 H, major), 7.23-7.37 (m, 7 H), 7.53
(d, J =7.8 Hz, 2 H, minor), 7.72 (d, J = 7.8 Hz, 2 H, major); *3C NMR (150 MHz, CDCls) &
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20.5, 21.6, 21.7, 51.4, 51.7, 53.4, 55.4, 61.1, 61.6, 61.7, 62.3, 63.7, 63.9, 126.5, 126.6, 127.4,
127.6, 127.9, 128.2, 128.3, 128.6, 130.0, 130.1, 135.0, 135.1, 135.5, 136.0, 143.8, 144.1; IR
(KBr, neat) 3520, 2928, 1598, 1450, 1339, 1161, 1089, 751, 656 cm™; HRMS (ESI) calcd. for
C19H24NO4S (M + H)* 362.1421, found 380.1323.

N-(2-Hydroxyethyl)-4-methyl-N-((3-methyloxiran-2-yl)methyl)benzenesulfonamide

(diastereomeric mixture, 1:2, 40m):

Ts Colourless oil; Rf (hexane/ EtOAc 3:2) 0.46; yield 257 mg, 90%; ‘H NMR
N

[ \koK (400 MHz, CDCl3) 6 1.25 (d, J = 5.2 Hz, 3 H, minor), 1.29 (d, J = 5.2 Hz, 3 H,
major), 2.39 (s, 3 H), 2.93-3.00 (m, 2 H, major) 3.01-3.09 (m, 2 H, minor),
3.10-3.15 (m, 1 H, major), 3.16-3.19 (m, 1 H, minor), 3.20-3.30 (m, 2 H), 3.45-
3.51 (m, 1 H, minor), 3.57-3.63 (m, 1 H, major), 3.74 (t, J = 5.2 Hz, 2 H, major), 3.77-3.80 (m, 2
H, minor), 7.29 (d, J = 7.6 Hz, 2 H), 7.69 (d, J = 7.6 Hz, 2 H); 3C NMR (100 MHz, CDCl3) &
17.0, 18.7, 20.0, 21.5, 51.1, 51.6, 52.4, 52.7, 53.7, 55.7, 58.6, 61.4, 65.9, 68.0, 127.2, 129.8,
129.9, 135.5, 143.8; IR (KBr, neat) 3518, 2926, 2854, 1625, 1598, 1452, 1337, 1161, 1090,
1020, 802, 752 cm-1; HRMS (ESI) calcd. for C13H20NO4S (M + H)* 286.1108, found 328.1219.

OH

(4-Tosylmorpholin-2-yl)methanol (44a):

T White solid; mp 120-121 °C; Rf (hexane/ EtOAc 3:2) 0.47; yield 211 mg,

N 78%; 'H NMR (400 MHz, CDCl3) & 2.27 (dd, J = 11.6 and 10.4 Hz, 1 H),

[OLOH 2.39 (dt, J = 11.6 and 3.6 Hz, 1 H), 2.45 (s, 3 H), 3.52-3.59 (m, 3 H), 3.64-

3.70 (m, 2 H), 3.74 (dd, J=11.2 and 2.8 Hz, 1 H), 3.92-3.97 (m, 1 H), 7.34

(d, J=8.4 Hz, 2 H), 7.63 (t, J = 8.4 Hz, 2 H); 3C NMR (100 MHz, CDCls) 21.6, 45.6, 47.1,

63.3, 65.9, 75.5, 128.0, 129.9, 132.1, 144.2; IR (KBr, neat) 3498, 2921, 2863, 1597, 1344, 1168,
1097, 974, 756 cm-1; HRMS (ESI) calcd. for C12H18NO4S (M + H)* 272.0951 found 272.0951.

(2-Methyl-4-tosylmorpholin-2-yl)methanol (44b):

s Pale yellow oil; Rf (hexane/ EtOAc 3:2) 0.47; yield 228 mg, 80%; *H NMR

[N (600 MHz, CDCl3z) 6 1.25 (s, 3 H), 2.42 (s, 3 H), 2.64-2.68 (m, 1 H), 2.77

OJCOH (d, J=12.0 Hz, 1 H), 2.95 (d, J=12.0 Hz, 1 H), 3.19 (dt, J = 11.4 and 2.4

Hz, 1 H), 3.50 (dd, J = 11.4 and 5.4 Hz, 1 H), 3.55 (d, J = 10.8 Hz, 1 H),

3.75 (dt, J =12.0 and 4.2 Hz, 1 H), 3.84-3.88 (m, 1 H), 7.32 (d, J=7.8 Hz,2 H), 7.60 (d,J = 7.8

Hz, 2 H); 13C NMR (150 MHz, CDCls) 19.2, 21.7, 45.8, 50.6, 60.5, 66.8, 73.5, 127.9, 130.0,

132.4, 144.1; IR (KBr, neat) 3509, 2925, 2879, 1598, 1455, 1350, 1166, 1090, 1057, 760 cm-1;
HRMS (ESI) calcd. for C13H20NO4S (M + H)" 286.1108 found 286.1111.
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((2R*,55*)-2,5-dimethyl-4-tosylmorpholin-2-yl)methanol (44c):

T Pale yellow oil; Rs (hexane/ EtOAc 3:2) 0.40; yield 215 mg, 72%; [a]p?®

[N +13.6 (¢ 0.25, CHCls): 'H NMR (400 MHz, CDCls) § 1.09 (d, J = 5.2 Hz, 3

oj\\\\OH H), 1.22 (s, 3 H), 2.43 (s, 3 H), 2.96 (d, J = 13.6 Hz, 1 H), 3.37 (m, 2 H),

3.60 (d, J=10.8 Hz, 1 H), 3.73 (d, J=11. 6 Hz, 1 H), 3.86-3.94 (m, 2 H),

7.26 (d, J = 6.8 Hz, 2 H), 7.67 (d, J = 7.2 Hz, 2 H); 3C NMR (150 MHz, CDCls) 13.8 21.7, 22.4

22.9 (minor), 45.2, 48.6, 62.3, 66.0, 73.2, 127.2, 130.0, 137.1, 143.8; IR (KBr, neat) 3434, 29

24, 2854, 1454, 1337, 1161, 1037, 953, 815, 680 cm™; HRMS (ESI) calcd. for C14H22NO4S (M
+ H)* 300.1264 found 300.1278.

((2R*,6S*)-2,6-Dimethyl-4-tosylmorpholin-2-yl)methanol (44d):

Te White solid, mp 127-128 °C; Rf (hexane/ EtOAc 3:2) 0.45; yield 120 mg,

N 40%; 'H NMR (600 MHz, CDCls3)  1.11 (d, J = 6.0 Hz, 3 H), 1.16 (s, 3
H")io:k‘\\\OH H), 1.92 (t, J = 10.8 Hz, 1 H), 2.05 (d, J = 11.6 Hz, 1 H), 2.45 (s, 3 H),
3.52-3.60 (m, 2 H), 3.69 (d, J = 11.2 Hz, 1 H), 3.91 (d, J = 11.2 Hz, 1 H),
3.94-3.98 (m, 1 H), 7.36 (d, J = 8.0 Hz, 2 H), 7.62 (d, J = 8.0 Hz, 2 H); 3*C NMR (150 MHz,
CDCl3) 19.2, 21.7, 23.3, 50.4, 51.3, 62.5, 65.6, 73.7, 127.9, 130.0, 132.5, 144.2; IR (KBr, neat)
3463, 2925, 2852, 1598, 1493, 1342, 1166, 1094, 1030, 814, 662 cm-1; HRMS (ESI) calcd. for
C14H22NO4S (M + H)* 300.1264 found 300.1271.

((25*,65*)-2,6-Dimethyl-4-tosylmorpholin-2-yl)methanol (44d’):

s White solid, mp 125-126 °C; Rf (hexane/ EtOAc 3:2) 0.48; yield 126 mg,

N 42%; 'H NMR (400 MHz, CDCl3) § 1.07 (d, J = 6.4 Hz, 3 H), 1.29 (s, 3
""J':olﬁ\\\OH H), 1.82 (t, J = 10.4 Hz, 1 H), 2.38 (d, J = 11.2 Hz, 1 H), 2.42 (s, 3 H),
3.27-3.33 (m, 2 H), 3.50 (d, J = 7.2 Hz, 1 H), 3.55 (dt, J = 11.2 and 3.0 Hz,
1 H), 3.96-4.05 (m, 1 H), 7.31 (d, J = 8.0 Hz, 2 H), 7.59 (d, J = 8.4 Hz, 2 H); 3C NMR (150
MHz, CDCls) 18.3, 19.0, 21.7, 49.8, 51.6, 65.4, 68.8, 74.0, 127.9, 130.0, 132.6, 144.0; IR (KB,
neat) 3461, 2920, 2857, 1592, 1490, 1348, 1169, 1098, 1032, 817, 665 cm-1; HRMS (ESI)
calcd. for C14H22NO4S (M + H)+ 300.1260 found 300.1271.

(2-Methyl-6-phenyl-4-tosylmorpholin-2-yl)methanol (diastereomeric mixture, 1:1, 44e):

White solid, M. P. 133-136 °C; Rf (hexane/ EtOAc 3:2) 0.40; yield 271

Ts
N
[ j@ mg, 75%; 'H NMR (600 MHz, CDCl3) § 1.26 (s, 1.5 H), 1.43 (s, 1.5
OH
(0]

H), 2.07-2.17 (m, 1.5 H), 2.40 (s, 1.5 H), 2.42 (s, 1.5 H), 2.53 (d, 11.2
Hz, 0.5 H), 3.44 (dd, J = 10.8 and 3.2 Hz, 1 H), 3.60 (d, J = 11.6 Hz, 0.5
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H), 3.67 (d, J = 11.6 Hz, 0.5 H), 3.76 (dd, J = 11.6 and 1.6 Hz, 1 H), 3.81 (d, J = 11.6 Hz, 0.5 H),
3.94 (d, J = 11.2 Hz, 0.5 H), 4.88 (dd, J = 10.8 and 2.8 Hz, 0.5 H,), 4.94 (d, J = 10.4 Hz, 0.5 H),
7.28-7.32 (m, 7 H), 7.58 (d, J = 6.8 Hz, 2 H); 3C NMR (150 MHz, CDCls) 18.0, 21.6, 23.2,
50.0, 50.4, 51.8, 51.9, 62.2, 68.8, 71.5, 71.6, 74.1, 74.5, 126.3, 126.4, 127.7, 127.8, 128.4, 128.5,
128.57, 128.6, 129.9, 130.0, 132.2, 132.4, 138.7, 138.8, 144.0, 144.1; IR (KBr, neat) 3531, 2925,
1598, 1454, 1342, 1160, 1092, 1021, 816, 755 cm-1; HRMS (ESI) calcd. for C1oH2sNO4S (M +
H)* 362.1421 found 362.1418.

(2-Methyl-6-(4-nitrophenyl)-4-tosylmorpholin-2-yl)methanol (diastereomeric mixture, 3:2,
44f1):

Ts White solid, mp 142-144 °C; Rf (hexane/ EtOAc 3:2) 0.45; yield

N]<\ 284 mg, 70%; *H NMR (600 MHz, CDCls) & 1.30 (s, 3 H, major),

0 g 1.46 (s, 3 H, minor), 2.05-2.10 (m 1 H), 2.19 (d, J = 12.0 Hz, 1 H,

OaN major), 2.42 (s, 3 H, minor), 2.43 (s, 3 H, major), 2.55 (d, J =115

Hz, 1 H, minor), 3.50 (t, J = 12.0 Hz, 1 H), 3.67 (d, J = 11.4 Hz, 1 H, minor), 3.71 (dd, J = 11.4

and 1.2 Hz, 1 H, major), 3.82 (d, J = 12.0 Hz, 1 H), 3.86 (d, J = 11.4 Hz, 1 H, major), 3.99 (d, J =

11.4 Hz, 1 H, minor), 5.05 (dd, J = 10.8 and 2.4 Hz, 1 H, major), 5.08 (dd, J = 10.8 and 2.4 Hz, 1

H, minor), 7.32 (t, J = 8.4 Hz, 2 H), 7.49-7.53 (m, 2 H), 7.59 (d, J = 8.4 Hz, 2 H), 8.18 (d, J = 8.4

Hz, 2 H); ¥C NMR (100 MHz, CDCls) & 18.0, 21.7, 22.9, 23.2, 50.1, 50.5, 51.5, 51.7, 62.4,

68.9, 70.8, 71.0, 74.7, 75.2, 123.8, 123.9, 126.5, 127.2, 127.8, 127.9, 128.1, 128.5, 130.1, 130.2,

132.3, 144.4, 1445, 146.0, 148.0; IR (KBr, neat) 3528, 2925, 1600, 1522, 1454, 1349, 1166,

1092, 1022, 759, 698 cm-1; HRMS (ESI) calcd. for C19H23N206S (M + H)™ 407.1271 found
407.1277.

Methyl  4-(6-(hydroxymethyl)-6-methyl-4-tosylmorpholin-2-yl)benzoate (diastereomeric
mixture, 1:1, 449):

Ts White solid, mp 150-152 oC; Rf (hexane/ EtOAc 3:2) 0.40;

N]C yield 285 mg, 68%; *H NMR (600 MHz, CDCls) & 1.27 (s, 1.5

o on H), 1.44 (s, 1.5 H), 2.05-2.10 (m, 1 H), 2.18 (d, J = 12.0 Hz, 0.5

MeO,C H), 2.40 (s, 1.5 H), 2.41 (s, 1.5 H), 2.54 (d, J = 11.4 Hz, 0.5 H),
3.46 (t,J = 12.0 Hz, 1 H), 3.64 (d, J = 11.4 Hz, 0.5 H), 3.67 (d, J = 11.4 Hz, 0.5 H), 3.78 (dd, J =
12.0 and 1.2 Hz, 1 H), 3.81 (d, J = 11.4 Hz, 0.5 H), 3.89 (s, 1.5 H), 3.90 (s, 1.5 H), 4.00 (d, J =
11.4 Hz, 0.5 H), 4.95 (d, J = 10.2 Hz, 0.5 H), 4.98 (d, J = 10.8 Hz, 0.5 H), 7.30 (t, J = 8.4 Hz, 2
H), 7.36-7.40 (m, 2 H), 7.57 (d, J = 7.8 Hz, 2 H), 8.98 (dd, J = 8.4 and 3.6 Hz, 2 H); 1*C NMR
(150 MHz, CDCl3) & 18.1, 21.7, 22.9, 23.3, 50.0, 50.5, 51.7, 51.8, 52.4, 62.4, 68.9, 71.3, 71.4,
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74.4, 74.8, 126.3, 126.32, 127.8, 127.9, 129.9, 130.0, 130.1, 130.2, 130.3, 132.4, 143.7, 143.8,
144.2, 144.3, 166.8, 166.9; IR (KBr, neat) 3492, 2925, 2854, 1721, 1455, 1342, 1282, 1166,
1091, 1020, 779, 705 cm-1; HRMS (ESI) calcd. for C21H26NOsS (M + H)* 420.1475, found
420.1480.

(6-(3-Bromophenyl)-2-methyl-4-tosylmorpholin-2-yl)methanol (diastereomeric mixture,
1:1, 44h):

Ts Pale yellow oil; Rf (hexane/ EtOAc 3:2) 0.48; yield 268 mg, 61%; ‘H
Br\@):N]COH NMR (600 MHz, CDClzs) 6 1.26 (s, 1.5 H), 1.42 (s, 1.5 H), 2.02-2.07

° (m, 1 H), 2.14 (d, J = 12.0 Hz, 0.5 H), 2.40 (s, 1.5 H), 2.42 (s, 1.5 H),
2.50 (d, J =11.4 Hz, 0.5 H), 3.45 (dd, J =11.4 and 6.0 Hz, 1 H), 3.61
(d,J =114 Hz, 0.5 H), 3.66 (d, J =12.0 Hz, 0.5 H), 3.74 (d, J = 11.4Hz, 1 H), 3.81 (d,J =114
Hz, 0.5 H), 3.92 (d, J = 11.4 Hz, 0.5 H), 4.87 (dd, J = 10.2 and 3.0 Hz, 0.5 H), 4.90 (d, J = 10.8
Hz, 0.5 H), 7.16-7.23 (m, 2 H), 7.30 (t, J = 9.0 Hz, 2 H), 7.40 (t, J = 6.0 Hz, 1 H), 7.45 (s, 0.5 H),
7.47 (s, 0.5 H), 7.57 (d, J = 7.8 Hz, 2 H); ¥C NMR (150 MHz, CDCls) & 18.0, 21.2, 23.2, 50.4,
51.7, 51.8, 62.3, 68.8, 70.9, 71.0, 72.1, 74.4, 74.8, 122.8, 125.0, 125.1, 127.8, 129.3, 129.9,
130.1, 130.2, 130.3, 131.5, 131.6, 132.1, 132.3, 141.1, 141.2, 144.2, 144.3; IR (KBr, neat) 35009,
2925, 2853, 1597, 1341, 1165, 1071, 808, 774, 682 cm-1; HRMS (ESI) calcd. for
C19H23BrNO4S (M + H)* 440.0526, found 440.0527 for °Br.

(6-(4-Methoxyphenyl)-2-methyl-4-tosylmorpholin-2-yl)methanol (diastereomeric mixture,
3:2, 44i):

Ts Colourless oil; Rf (hexane/ EtOAc 3:2) 0.38; yield 254 mg, 65%;
Nj<\ 'H NMR (600 MHz, CDCl3) & 1.25 (s, 3 H, major), 1.43 (s, 3 H,
Q):O 2 minor), 2.04-2.14 (m, 1 H), 2.18 (d, J = 12.0 Hz, 1 H, minor), 2.42
MeO (s, 3 H, major), 2.43 (s, 3 H, minor), 2.55 (d, J = 11.4 Hz, 1 H,
major), 3.41-3.44 (m, 1 H), 3.61 (d, J=11.4 Hz, 1 H, major), 3.65 (dd, J =11.4 and 1.2 Hz, 1 H,
minor), 3.72 (d, J = 11.4 Hz, 1 H), 3.76 (d, J = 11.4 Hz, 1 H, major), 3.78 (s, 3 H), 4.02 (dd, J =
11.4 and 2.4 Hz, 1 H, minor), 4.83 (dd, J = 10.2 and 2.4 Hz, 1 H, minor), 4.90 (d, J = 10.2 and
2.4 Hz, 1 H, major), 6.83-6.87 (m, 2 H), 7.20-7.26 (m, 2 H), 7.32 (t, J = 8.4 Hz, 2 H), 7.58 (d, J =
7.8 Hz, 2 H); C NMR (150 MHz, CDCls) § 18.2, 21.7, 23.4, 49.9, 50.5, 52.0, 55.5, 62.5, 68.9,
71.3, 715, 74.2, 74.4, 114.1, 114.2, 127.7, 127.8, 127.86, 127.9, 128.4, 128.7, 130.0, 131.0,
132.5, 144.1, 144.2, 159.8, 159.9; IR (KBr, neat) 3527, 2925, 2853, 1613, 1456, 1341, 1249,
1165, 1092, 1033, 815, 755 cm-1; HRMS (ESI) calcd. for CooH26NOsS (M + H)* 392.1526,
found 392.1525.
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(2-Phenyl-4-tosylmorpholin-2-yl)methanol (44j):

s Pale yellow oil; R (hexane/ EtOAc 3:2) 0.45; yield 330 mg, 95%; ‘H NMR
N

[ (400 MHz, CDCl3) & 2.45 (s, 3 H), 2.50-2.57 (m, 1 H), 2.88 (d, J = 12.4 Hz,
0 OH | 1H),3.33(d,J=11.6 Hz, 1 H), 3.50 (d, J = 11.6 Hz, 1 H), 3.67 (d, J = 12.4
Hz, 1 H), 3.72 (d, J = 7.6 Hz, 2 H), 4.17 (d, J = 12.4 Hz, 1 H), 7.32-7.37 (m,
3H),7.42 (t, J=7.6 Hz, 2 H), 7.51 (d, J = 7.6 Hz, 2 H), 7.66 ((d, J = 7.6 Hz,
2 H); 3C NMR (150 MHz, CDCls) 6 21.6, 45.7, 47.9, 60.8, 69.3, 78.2, 127.3, 127.9, 128.1,
128.8, 129.9, 131.9, 138.3, 144.1; IR (KBr, neat) 3509, 2925, 2854, 1598, 1450, 1350, 1166,
1092, 1017, 816, 759 cm™; HRMS (ESI) calcd. for CisH22NO4S (M + H)* 348.1264, found
348.1267.

(6S*,7R*)-7-Phenyl-4-tosyl-1,4-oxazepan-6-ol (45k).

Ts White solid, mp 132-134 °C; Ry (hexane/ EtOAc 3:2) 0.37; yield 167 mg, 48%;
N3 'H NMR (600 MHz, CDCls) & 2.45 (s, 3 H), 3.05-3.10 (m, 1 H), 3.40 (dd, J =

0 15.0 and 3.6 Hz, 1 H), 3.73 (dd, J = 15.0 and 1.2 Hz, 1 H), 3.88 (d, 3.0 Hz, 1
H), 3.89 (d, 3.0 Hz, 1 H), 3.91-3.95 (m, 1 H), 4.19 (dd, J = 12.6 and 3.0 Hz, 1
H), 443 (d,J=7.8 Hz, 1 H), 7.28 (t,J = 7.2 Hz, 1 H), 7.33-7.36 (m, 4 H), 7.40
(d,J=7.8Hz, 2 H), 7.72 (d, J = 7.8 Hz, 2 H); 3C NMR (150 MHz, CDCl3) & 21.7, 52.6, 54.5,
73.5, 76.2, 88.3, 126.6, 127.2, 128.0, 128.6, 130.1, 136.0, 141.2, 144.0; IR (KBr, neat) 3508,
2923, 1597, 1494, 1336, 1161, 1089, 1029, 816, 757 cm™; HRMS (ESI) calcd. for C1sH22NO4S
(M + H)* 348.1264 found 348.1268.

HO'™

(6R*,7S*)-6-Methyl-7-phenyl-4-tosyl-1,4-oxazepan-6-ol (45l).

Pale yellow oil; R (hexane/ EtOAc 3:2) 0.40; yield 173 mg, 48%; 'H NMR
(600 MHz, CDCI3) 6 0.75 (s, 3 H), 2.44 (s, 3 H), 3.00 (dt, J = 12.6 and 4.2 Hz,
1 H), 3.10 (d, J = 15.6 Hz, 1 H), 3.64 (d, J = 15.0 Hz, 1 H), 3.88 (dt, J = 12.0
and 3.6 Hz, 1 H), 3.98 (dd, J = 13.8 and 3.6 Hz, 1 H), 4.17 (dd, J = 12.6 and
4.2 Hz, 1 H), 4.68 (s, 1 H), 7.23-7.26 (m, 1 H), 7.31 (t, J = 7.8 Hz, 2 H), 7.34
(d,J=7.8Hz, 2 H), 7.41 (d, J = 7.2 Hz, 2 H), 7.72 (d, J = 7.8 Hz, 2 H); 3C NMR (150 MHz,
CDCl3) 6 21.2, 21.7,53.3, 61.6, 74.0, 76.4, 89.2, 126.9, 127.0, 127.2, 127.7, 130.1, 136.0, 139.3,
144.0; IR (KBr, neat) 3507, 2929, 2872, 1595, 1451, 1335, 1157, 1024, 815, 750 cm; HRMS
(ESI) calcd. for C19H24NO4S (M + H)* 362.1421 found 362.1431.
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(6R*,7R*)-6-Methyl-7-phenyl-4-tosyl-1,4-oxazepan-6-ol (45I).
Pale yellow oil; R (hexane/ EtOAc 3:2) 0.45; yield 126 mg, 35%; 'H NMR
LS (600 MHz, CDCls) & 1.13 (s, 3 H), 2.44 (s, 3 H), 3.24 (d, J = 13.8 Hz, 1 H),
'é(} 3.27-3.31 (m, 1 H), 3.45 (d, J = 14.4 Hz, 1 H), 3.53 (dt, J = 13.8 and 3.6 Hz, 1
H), 3.77-3.82 (m, 1 H), 4.10-4.15 (m, 1 H), 4.41 (s, 1 H), 7.29-7.35 (m, 7 H),
7.70 (d, J = 7.8 Hz, 2 H); 13C NMR (150 MHz, CDCls) 6 21.7, 24.4, 51.9,
608,714,748, 88.0, 1274, 128.1, 128.2, 128.3, 130.1, 135.5, 138.1, 143.9;

IR (KBr, neat) 3507, 2929, 2872, 1595, 1451, 1335, 1157, 1024, 815, 750 cm™*; HRMS (ESI)
calcd. for C19H24NO4S (M + H)* 362.1421 found 362.1431.

(6R*,7S*)-7-Methyl-4-tosyl-1,4-oxazepan-6-ol (45m).

T Pale yellow oil; Rs (hexane/ EtOAc 3:2) 0.45; yield 43 mg, 15%; 'H NMR
N} (600 MHz, CDCls) & 0.87 (d, J = 6.6 Hz, 3 H), 2.43 (s, 3 H), 3.28 (d, J = 13.8
HO“';O and 4.2 Hz, 1 H), 3.31-3.34 (m, 1 H), 3.44 (dt, J = 13.8 and 4.2 Hz, 1 H), 3.49

(dd, J = 14.4 and 4.2 Hz, 1 H), 3.64 (dt, J = 12.6 and 3.0 Hz, 1 H), 3.78-3.83
(m, 2 H), 3.97 (dt, J = 12.0 and 4.2 Hz, 1 H), 7.32 (d, J = 7.8 Hz, 2 H), 7.67 (d, J = 7.8 Hz, 2 H);
13C NMR (100 MHz, CDCls) 18.5, 21.7, 51.2, 54.1, 70.0, 72.2, 79.2, 127.0, 130.0, 135.9, 143.8;
IR (KBr, neat) 3508, 2973, 2925, 1598, 1495, 1337, 1163, 1089, 1039, 763, 701 cm’l; HRMS
(ESI) calcd. for C13H20NO4S (M + H)* 286.1108 found 332.1318.

(6S*,75*)-7-Methyl-4-tosyl-1,4-oxazepan-6-ol (45m’).

s Pale yellow oil; Rs (hexane/ EtOAc 4:1) 0.38; yield 145 mg, 51%; 'H NMR
N (600 MHz, CDCl3) & 1.30 (d, J = 6.0 Hz, 3 H), 2.42 (s, 3 H), 2.87-2.92 (m, 1
Ho’gg H), 3.02 (d, J = 8.4 Hz, 1 H), 3.22 (d, J = 15.0 Hz, 1 H), 3.53-3.56 (m, 2 H),
3.64 (d, J = 15.0 Hz, 1 H), 3.74 (ddd, J = 12.0, 9.0 and 3.0 Hz, 1 H), 4.04 (dd,
J=12.0and 3.6 Hz, 1 H), 7.31 (d, J = 8.4 Hz, 1 H), 7.66 (d, J = 8.4 Hz, 2 H); 3C NMR (100
MHz, CDCls) 20.1, 21.7, 52.8, 54.5, 73.1 76.6, 83.1, 127.0, 130.0, 136.0, 143.9; IR (KBr, neat)
3508, 2973, 2925, 1598, 1495, 1337, 1163, 1089, 1039, 763, 701 cm™*; HRMS (ESI) calcd. for
C13H20NO4S (M + H)* 286.1108 found 332.1318.

1-(4-Tosylmorpholin-2-yl)ethanol (diastereomeric mixture, 9:1, 44m).

T Pale yellow oil; Rf (hexane/ EtOAc 3:2) 0.40; yield 75 mg, 25%; ‘H NMR
N (600 MHz, CDCl3z) 6 1.19 (d, J = 6.0 Hz, 3 H), 2.21 (t, J = 10.8 Hz, 1 H),
[OjﬁfOH 2.30 (brs, 1 H), 2.38 (dd, J = 10.8 and 1.8 Hz, 1 H), 2.45 (s, 3 H), 3.35 (dd, J
=7.8and 7.2 Hz, 1 H), 3.53-3.62 (m, 3 H), 3.69 (t, J = 12.0 Hz, 1 H), 3.96
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(d,J=11.4 Hz, 1 H), 7.32 (d, J = 8.4 Hz, 2 H, minor), 7.35 (d, J = 8.4 Hz, 2 H, major), 7.63 (d, J
= 7.8 Hz, 2 H, major), 7.67 (d, J = 8.4 Hz, 2 H, minor); *C NMR (100 MHz, CDCls) 18.9, 20.2,
21.7, 22.8, 45.6, 47.2, 52.8, 54.6, 66.0, 68.2, 73.2, 76.7, 79.2, 83.2, 127.0, 128.0, 130.0, 130.1,
132.3, 143.9, 144.2; IR (KBr, neat) 3508, 2973, 2925, 1598, 1495, 1337, 1163, 1089, 1039, 763,
701 cmt; HRMS (ESI) calcd. for C1sH20NO4S (M + H)* 286.1108 found 332.1318.

2-(Bromomethyl)- 4-tosylmorpholine (46):

o o White solid M.P. 81-82 °C; Rt (hexane) 0.80; yield 583 mg, 95%; 'H NMR

[ r (600 MHz, CDCls) § 2.24 (t, J = 10.2 Hz, 1 H), 2.42-2.47 (m, 1 H), 2.45 (s,
Ts 3 H), 3.31 (dd, J = 10.8 and 5.4 Hz, 1 H), 3.35 (dd, J = 10.2 and 5.4 Hz, 1
H), 3.51 (d, J = 11.4 Hz, 1 H), 3.69-3.77 (m, 3 H), 3.95 (d, J = 10.2 Hz, 1
H), 7.36 (d, J = 7.8 Hz, 2 H), 7.64 (d, J = 7.8 Hz, 2 H); 3C NMR (150 MHz, CDCl3) § 21.7,
31.5, 45.4, 49.0, 66.2, 74.3, 128.0, 130.0, 132.2, 144.3; IR (KBr, neat) 2920, 2862, 1597, 1452,
1344, 1167, 1097, 974, 756 cm™*; HRMS (ESI) calcd. for C12H17BrNO3sS (M + H)* 334.0107,
found 334.0115 for "Br.

2-((2-Ethoxyphenoxy)methyl)-4-tosylmorpholine (48):

EtO White solid, M.P. 90-92 °C; R (hexane/ EtOAc 4:2) 0.40; yield 381 mg,
O:@ 65%; 'H NMR (600 MHz, CDCl3) 6 1.41 (t, J = 7.2 Hz, 3 H), 2.36 (t, J =
0 5.4 Hz, 1 H), 2.43 (s, 3 H), 2.45 (dt, J = 11.4 and 3.6 Hz, 1 H), 3.55 (d, J =
[Nj) 11.4 Hz, 1 H), 3.72 (dt, J = 11.4 and 2.4 Hz, 1 H), 3.80 (d, J = 11.4 Hz, 1
T H), 3.93-3.97 (m, 3 H), 4.02-4.05 (m, 3 H), 6.84-6.89 (m, 3 H), 6.92-6.96
(m, 1 H),7.33(d,J=7.8Hz 2H),7.64(d, J=7.8Hz 2H), 3C NMR (150 MHz, CDCls) §
15.0. 21.7, 45.7, 48.0, 64.6, 66.1, 70.5, 73.8, 114.0, 116.1, 121.1, 122.7, 128.0, 129.9, 132.3,
144.1, 148.4, 149.6; IR (KBr, neat) 2924, 2854, 1596, 1504, 1453, 1346, 1256, 1167, 1122,
1041, 961, 754 cm™; HRMS (ESI) calcd. for C20H26NOsS (M + H)* 392.1526, found 392.1536.

2-((2-Ethoxyphenoxy)methyl)morpholine, (x)-viloxazine (2).

EtO Colourless solid, M.P. 177-179 °C; Rt (MeOH/ CHClI3, 9:1) 0.40; yield 145
Oj@ mg, 80%; 'H NMR (600 MHz, CDCl3) & 1.41 (t, J = 7.2 Hz, 3 H), 2.81 (t, J
0 =11.4 Hz, 1 H), 2.89 (d, J = 9.0 Hz, 1 H), 2.95 (dd, J = 12.6 and 6.6 Hz, 1
[Nj) H), 3.15 (d, J =12.0 Hz, 1 H), 3.70 (t, J = 11.4 Hz, 1 H), 3.75 (t, J = 6.0 Hz,
i 1 H), 3.91-3.97 (m, 3 H), 4.04-4.08 (m, 3 H), 6.87-6.89 (m, 2 H), 6.91-6.93
(m, 2 H); 13C NMR (150 MHz, CDCls) & 15.1, 45.7, 48.3, 64.7, 67.8, 71.0, 74.9, 114.1, 115.4,
121.2,122.2, 148.8, 149.5; IR (KBr, neat) 3440, 2924, 1503, 1453, 1255, 1125, 1039, 1002, 745
cm; HRMS (ESI) calcd. for C13H20NOs (M + H)* 238.1438, found 238.1437.
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3.7. Selected Spectra

'H NMR and 3C NMR spectra of (4-Tosylmorpholin-2-yl)methanol (44a):

BQUENCE
Relax. delay 1.000 sec

| Pulee 45.0 degrees

| Acq. time 2.561 sec

| widen 6398.0 mx
| 40 repetitions

OSSERVE  H1, 399.8509605

N 1 —r ] B —
6 5 3 L2 1 ppm
s
moo e

DATA PROCESSING GP_AXs_251 18

' PT wize 32768 -
Total time 2 minutes Solvent: cdeld

Temp. 25.0 C / 298.1 K
Operator: chem
Mercury-400 *IITG-MMR*

5 333 83583 g2 3

i d8% :‘:‘:‘jés’ ”2 e
A e T T o T e e
220 200 180 160 140 120 100 80 60 40 20 0 ppm

PULSE SEQUENCE

Relax. delay 1.000 sec
Pulse 45.0 degress

. Aeq. time 1.304 sec
width 25125.¢6 Nx

1330 repetitions

{OBSERVE €13, 100.542593¢
DECOUPLE M1, 399.8529994
| Powsr 42 a8
continuously on

| WALTE-16 medulated

| DATA PROCESSING

! Line brosdening 0.5 Nx
| T size 65536

{Tetal time 51 minutes

| GP_AKS_251_13C

| Solvent: cdcld
| Temp. 25.0 C / 298.1 K
}O.oﬂton chem
;m-loo *IITG-MMR*
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'H NMR and 3C NMR spectra of ((2R*,55*)-2,5-dimethyl-4-tosylmorpholin-2-yl)methanol
(44c):

yarye ’
LI S S M s S B S S s S S S B B B R LA B L e e e S B S LA Hn s s s
8 7 6 5 4 3 v 2 1 ppm
10 ® L § ks T ¥ i
" aw
g 5 gnma a8 b
& o o - - EX
| PSR SEQUENCE {OBSERVE  H1, 399.8509617 DATA PROCESSING
Relax. delay 1.000 : {rr size 32768 o I
Pulse 45.0 degress : . Total time 3 minutes | Solvent: cdeld
Req. time 2.561 mac ] | Temp. 25.0 € / 298.1 K
width 6398.0 Hs H i | operaters chem
| 64 repatitions H : Mercury-400 ‘IITa-MMR*
| | ' i
2 8 83 nads @ 0o Mmoo
PRI 885 &ad na e R
M oo oo H
R b mRRD 88 e 83 2 B R
Current Data Parameters
(RME GP-AKS-232_13C
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20141113
Time 13.07
INSTR! spect
PROBHD 5 mm PABBO BB/
PULPRC z9pg30
™ 32768
SOLVENT (= ok ]
NS
DS 2
e 36057.681 Hz
FIDRES 1.100393 Hz
AQ 0.4543829 sec
RG 65.24
oW 13.867 usec
DE 6.50 usec
™ 295.8 K
D1 2.00000000 sec
DIl 0.03000000 sec
TDO 1
ammmma= CHANNEL £] m=mmme=m
sF0. 150.9279571 Miz
NUC1 13C
Pl 10.50 usec
PLW1 95.00000000 W
mesmsmsss CHANNEL £2 ===
SFO2 600.1724007 MHz
Nucz H
CEPDPRG[2 waltzlé
PCPD2 70.00 usec
PLW2 21.00000000 W
PLWLZ 0.61714000 W
PLW13 0.30239999 W
F2 = Processing parameters
SI
SE 150.9128349 MHz
WOW EM
SSB o
LB 1.00 Hz
GB o
PC 1.40
T T T T T T T T T T T T T T T T T " T T T ™
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm
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NOESY of ((2R*,55%)-2,5-dimethyl-4-tosylmorpholin-2-yl)methanol (44c):
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'H NMR and *C NMR spectra of ((2R*,65*)-2,6-Dimethyl-4-tosylmorpholin-2-yl)methanol
(44d):
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Chapter 3

'H NMR and 13C NMR spectra of ((25*,65*)-2,6-Dimethyl-4-tosylmorpholin-2-yl)methanol
(44d°):
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Chapter 3

NOESY of ((25*,65*)-2,6-Dimethyl-4-tosylmorpholin-2-yl)methanol (44d”):
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'H NMR and 3C NMR spectra of (6S*,7R*)-7-Phenyl-4-tosyl-1,4-oxazepan-6-ol (45k):
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Chapter 3

'H NMR, C NMR and NOESY spectra of (6R*,75*)-6-Methyl-7-phenyl-4-tosyl-1,4-
oxazepan-6-ol (45l):
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Chapter 3

'H NMR and 3C NMR spectra of (6R*,7R*)-6-Methyl-7-phenyl-4-tosyl-1,4-oxazepan-6-ol

(451):
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Chapter 3

NOESY of (6R*,7R*)-6-Methyl-7-phenyl-4-tosyl-1,4-oxazepan-6-ol (45I"):
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Chapter 3

'H NMR and 3C NMR spectra of 2-(Bromomethyl)- 4-tosylmorpholine (46):
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Chapter 3

'H NMR and 3C NMR spectra of 2-((2-Ethoxyphenoxy)methyl)-4-tosylmorpholine (48):
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Chapter 3

'H NMR and 3C NMR spectra of 2-((2-Ethoxyphenoxy)methyl)morpholine, (z)-viloxazine

(2):
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Chapter 3

3.8. The crystal parameters of compound 45k

TH-1580_11612224

CCDC 1419078
Formula C18H21NO4S
Formula weight 347.42
T/IK 296(2)
Crystal system Monoclinic
Space group P21
alA 11.6233(9)
b/A 5.2394(4)
c/A 14.2882(9)
al® 90.00
BI° 100.456(8)
y/° 90.00
VIA3 855.70(11)
Z 2
Abs. Coeff./mm™ 0.211
Abs. Correction None
GOF on F? 1.131
Final R indices [I > 2o(I)] | R1 =0.0655
wR2 =0.1350
R indices [all data] R1=0.0764
wR2 =0.1416




CHAPTER 4

Synthesis of Dihydroindeno[1,2-c]Isochromene via Cascade
Cyclization And Friedel-Crafts Reaction

4.1. Importance of Isochromenes

Isochromene frameworks are prevalent in a wide variety of natural products, bioactive
molecules, and pharmaceuticals.! Pentalongin 1, for example, which was isolated from Pentas
longiflora Oliv. (Rubiaceae), shows antifungal and antiparasital activity, and the powder from
the roots of P. longiflora is used by the traditional healers of the Dispensary of Traditional
Medicine of Curphametra (Butare, Rwanda) to treat the skin disease pityriasis versicolor.?
The guinone dehydroherbarin 2 has been isolated from the dematiaceous fungus Torula
herbarum? that is often found on the dry leaves and twigs of Felia microphylla. It has also been
found in the endolichenic fungal strain, Corynesspora sp. BA-10763, which occurs in the cavern
beard lichen Usnea cavernosa,* and exhibits antimicrobial and antiamoebic activity, as well as
cause significant inhibition of both metastatic prostate and breast cancers (PC-3M and MDA-
MB-231 respectively).34 On the other hand, 1,3-disubstituted-3,4-
dehydropyranonaphthoquinones 3a-c have been found as very effective antitumor

chemotherapeutics.®

OR'" O
0
| O
(0]
2 =
_J RO
0]
] ’ 2 .
1 : 2aR' = Me, R = Me (dehydroherbarin)
pentalongin 2bR'=H,R2=H

2cR'=H, R?= Me

O  OMe 3a R = OMe
o 3b R = NR'R?[R" = H, RZ = N(CH,)4;N(CH3;),, N(CH,)30H,
| _ R N(CHz)3Br, N(CHz)38™(CHz)z, N(CH2),N"(CHy)s, N(CHz)zN:I'
5 o 0} O
3 N(CH,)3HN =
(o] ;
OMe O
R = CH3, R? = N(CH,),N(CH3),]
3¢ R = NH(CH,)3N(CH,3), (BCH-2051)

Figure 5.1.1. Bioactive molecules containing isochromene unit
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Chapter 4

4.2. Literature Methods

Innumerable synthetic approaches have been proposed and utilized for the preparation of
isochromene and its derivatives. Review of literature reveals that transition metal-catalyzed
cyclization such as the representative Pd(11) Heck reaction,® cycloisomerization of Au(l),” or
Pd(I1)® catalyzed, Os-catalyzed,® Ru(ll)-catalyzed,'® complex with a tetradentate N-P mixed
ligand,'* Ir pincer complexes-catalyzed,'? or Rh(lll)-catalyzed oxidative coupling,'® have been

generally used for the synthesis of these units.

However, cascade reactions have become increasingly important for achieving such goals.'*
These reactions involve careful design of a multistep reaction in a one-pot sequence, making this

approach economical and environmentally friendly.

Liu and co-workers have reported the synthesis of four membered complex indeno[1,2-
clisochromene via Lewis acid catalyzed tandem polycyclization of ortho-
arylethylnylphenylmethanol and vinyl azides (Scheme 4.2.1).1° The recation of internal alkynols
4 and vinyl azides 5 in presence of In(OTf)s using a mixed additive of 2,2,2-trifluoroethanol
(TFE) (3 equiv) and hexafluoroisopropanol (HFIP) (3 equiv) afforded pyran-based indeno[1,2-
clisochromene 6 scaffold in moderate to high yields. This tandem polycyclization protocol

proceeded through cycloisomerization, formal [4+2] cycloaddition, and an elimination process.

Me
R o .
R, @/\ 30mol% IOThs  Re, = | A
RS N HFIP:TFE = 1:1 \ /7 R
L OH toluene, rt d R
4 6

. 95%
R=aryl, R = Me, OMe, F, CF3, R" = aryl

Scheme 4.2.1.

Michelet and co-workers have reported a methodology for the synthesis of 1H-isochromene

derivatives via gold catalyzed domino cycloisomerization/reduction approach. Functionalized
ortho-alkynylbenzaldehydes 7, in presence of 1 mol % of [AuClx(Pic)] 9 and 1.2 equiv of
Hantzsch ester (HEH) 10 at room temperature in toluene gave the desired 1H-isochromenes 8 in
a very good yields up to 96% (Scheme 4.2.2). The reaction was highly chemo- and regioselective
and proceeds through 6-endo cyclization mode as well as in situ reduction and the reaction

conditions were compatible with both aryl- and alkyl-substituted alkynyl derivatives.*®
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R2 [Au] (1-5 mol %)

= Hantzsch ester R2 N EtO,C CO,Et
N —Gzewn ) Lo YT
U// _0 toluene, rt % O \ N

1-5h R Cl-Au—0O H

Hantzsch ester
10

R'=H, MeO, F, Cl,X=CH, N
R2 = Ph, n-Bu, t-Bu, (CH,);Cl
CH,OMe, CH,OBn, Bn, cyclopropyl, Ar

Scheme 4.2.2.

Chang and his group have developed a three-step synthetic route for the synthesis of
isochromenes in a good to excellent yields. This novel approach was carried out by the Henry
reaction of aldehydes 11 with NH4OAc and nitroalkanes (MeNO: or EtNO;), aerobicWacker-
type oxidation of the resulting nitroalkenes 12, followed by K>COs-promoted intramolecular

Michael cyclization leading to isochromene derivatives 14 (Scheme 4.2.3).17

OR! R OR! OR!

R = NH4OAc ~ PdCl,, CuCl,, 0, R K,CO; R S
o — ==,
CHO MeNOz THF/MeOH (viv = 9/1) O THF 0
1 NO, 14 NO,
13
78-88%
R = H, OMe; R = O-alkyl 78-85% 78-87%
Scheme 4.2.3.

Belmont and co-workers have described a method for the synthesis of isochromenes using silver
catalysed hydroarylation/cycloisomerization domino reaction starting from  ortho-
alkynylbenzaldehydes. The reaction of ortho-phenylacetylenyl benzaldehyde 15 with silver
triflate (10 mol %) in dimethylformamide in presence of an external nucleophile
trimethoxybenzene 16 (3 equiv.) at 80 °C led to arylisochromenes 17 in 3h with 91% isolated
yield (Scheme 4.2.4).1

OMe

O X0 . i AgOTf (10 mol%)‘
80 °C
15 16

Scheme 4.2.4.
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Iwasawa and co-workers have reported the synthesis of isochromene esters utilizing 1,6-addition
of nucleophiles to benzopyranylidenetungsten(0) complexes. The reaction of phenyl-substituted
benzopyranylidene complex 19 with ethylmagnesium bromide proceeded smoothly in
tetrahydrofuran (THF) at -78 °C to give alkenyltungsten species 20 utilizing a facile 1,6-addition
reaction of various nucleophile such as Grignard reagents, alkoxide, and cyanide onto the
tungsten complex and iodine oxidation of the addition intermediates gave isochromene ester
derivatives 21 in good yield (Scheme 4.2.5).1°

Ph 3 equiv Ph Ph Et
o _W(CO(th) o EtMgBr_ @
Fi S
™ THF, -78 °C =
.  HF. W(CO3) W(CO)s
AN
20
18 19
benzopyranylidenetungsten(0) l Et;zl’ol\éleOH’ l2
complex i
Ph Et
s
Z>co,Me
21
72%
Scheme 4.2.5.

Terada and his group have reported the enantioselective transformation of ortho-alkynylaryl
ketones into optically active 1H-isochromene derivatives through a cyclization/enantioselective
reduction sequence with a chiral silver phosphate catalyst and Hantzsch ester as the reducing
agent. The proposed sequence involves a two-step transformation, intramolecular cyclization of
22 catalyzed by a n-Lewis acidic metal complex with a binolderived phosphate 23 (binol=1,1'-
binaphthalene-2,2'-diol) as the chiral counteranion to generate isobenzopyrylium ion 25 as a key
intermediate, and then enantioselective reduction of 25 with a Hantzsch ester 24 to afford the

final product 26 in an enantioselective manner (Scheme 4.2.6).%°
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R2
2
FZ MI(R)], (10 mol%) N X R
X R3_| o
R » R |, o 6898%
LA_O ee 22-92%
R1
A | (1.1 equiv) J O
N R = Me, Et o} o
cyclization H enantioselective z
MI(R)], 24 reduction g OM
24
MI(R)]n G
R? n
XN 23
—| R 0. O\ -
P Ospl ) MR,
g P10
T G = CgFs-, 9-anthryl,
isobenzopyrylium 2,4,6-iPrzCgH,-, CgHs-
25

R'=R?=alkyl, aryl, R®=H, F

Scheme 4.2.6.

4.3. Present Work

Cascade'* and Friedel-Crafts?® reactions play a major role in organic synthesis due to their
stereoselectivity and C-C bond forming ability in a single step. Bearing the significance of these
reactions in mind herein, we report a novel Lewis acid mediated intermolecular cascade reaction,
starting from alkynol and commercially available aromatic aldehydes leading to tetracyclic
dihydroindeno[1,2-c]isochromene in good to excellent yields. The reaction can be generalized as

shown in Scheme 4.3.1.

Pz
A e . B
BF5 OEt,
27 CH,Cl,

R=H, 4-Me

R'=H, 5-NO,

R2= aryl

Scheme 4.3.1.

Initially, (2-(phenylethynyl)phenyl)methanol 27a (1.0 equiv) was treated with benzaldehyde 28a
in presence of borontrifluoride etherate (1.0 equiv) in dichloromethane at room temperature for
12 h and 11-phenyl-5,11-dihydroindeno[1,2-c]isochromene 29a was obtained in 65% isolated

yield. Increasing the Lewis acid loading upto 1.5 equivalents resulted in 87% yield of the desired
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product under the same reaction conditions. In order to optimize the reaction conditions, other

parameters such as Lewis and Brensted acids, solvents, reaction time were studied.

Table 4.3.1. Optimization of the reaction

R ; OH
X
27
Entry  Lewis/Brgnsted acid (equiv) Time (h) solvent (%)yielda
1 BF, ELO (1) 12 CH,CI, 65
2 BF," Et,0 (1.5) 12 CH,CI, 87
3 BF, Et,0 (1.5) 12 DCE 80
4 BF, Et,0 (L.5) 12 Toluene 35
5 InCl, (1) 24 CH,CI, 20
6 In(OTf)2 (1) 24 CH,CI, 15
7 Cu(OTf)2 (1) 24 CH,CI, 22
8 Zn(0TH), (1) 24 CH,CI, 20
9 FeCl, (1) 24 CH,CI, 25
10. TfOH (1) 24 CH,CI, 30
11. CSA (1) 24 CHCl; -

3Yields refer to isolated yield. Compound is characterized by 'H, *C NMR, IR and mass

spectrometry.

Survey of the various solvents revealed that dichloromethane is the best solvent over 1,2-
dichloroethane and toluene. Therefore, dichloromethane (DCM) was chosen as a solvent for
further investigations (Table 4.3.1). From the Table 4.3.1, it was observed that other Lewis and
Bransted acids were found to be inefficient. InCls gave 20% yield while In(OTf)s gave only 15%
yield. Likewise, Cu(OTf)2, Zn(OTf), and FeCls produced 22, 20, and 25% vyield respectively.
However, among the Brgnsted acids, TfOH yielded 30% whereas, camphor sulfonic acid (CSA)

failed to give the desired product.

With this optimized conditions in hand, a variety of alkyne alcohols and aldehydes were

evaluated as substrates and the results are summarized in Table 4.3.2.
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Table 4.3.2. Synthesis of tetrahydro-1H-indeno[1,2-b]pyridine and hexahydrobenzo[g]quinolone

~-CHO
R2g£;;]/28

\ >
N BF3 OEt,
7 CH,Cl,
Entry  Alcohol 27, R= Aldehyde 28 Product 29 Yield? (%)
Rl=
D@
CHO ‘
L oeeen T s
28a Q
29a
D@
CHO
1— Cl ‘
2 R, Ri=H @[ O 89
of
28b Q
29b
I
CHO ‘
N D
Cl 28c cl Q
29c
(I
CHO ‘
4 R, R'=H /L::]/ 4!5? 85
Cl
28d O
of
29d
Continue....
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Entry  Alcohol 27, R'= Aldehyde 28 Product 29 Yield® (%)
D@
C' o
5 R, R!=H ©:CHO Cl O 65
o] Q Cl

28e
29e
L7
CHO ii.?
e wew o B D =
Br O
Br
28f
29f
L3
CHO ‘
7 R, R'=H /(j O 80
F &
28g
F
29g
D@
CHO ‘
8 R, R'=H Q O 86
MeOOC
28h Q
MeO,C

2

9
CHO ‘
9 R, R=H /©/
NC
28i

NC
29
CHO
10 R, R=H Q
FsC
F

70

0

&
0 T

29j

OB

280
3C

Continue...
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Entry Alcohol 27, R, R? Aldehyde 28 Product 29 Yield?(%)

CHO
11 R, R=H [ j 84
28k
NO,
1_
12 R, R=H Me 78
28l
1—
13 R, R*=H Me,N 71
28m
CHO
14 R=H, R1=5-NO2 CI/©/ 73
28n
1_
15 R, R*=H MeO 72
280
CHO 90
16 R=Me, R!=H Q
MeOOC
28h
85

17 R, R]':H >/\CHO
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3Yields refer to isolated yield. Compound is characterized by 'H, *C NMR, IR and mass

spectrometry.

It was observed from Table 4.3.2 that there is no role of electron-withdrawing and electron-
donating groups on the aromatic ring of the aldehydes. Both electron withdrawing and electron
donating groups on the aromatic ring of the aldehydes gave in good to high yields. This is due to
the resonance stabilization of carbocation B both by aryl group as well as isochromene oxygen
(Scheme 4.3.2). The low yield for the 2,6-dichlorobenzaldehyde may be attributed to steric
hindrance. The electronic effect of substituents on the aromatic side chain of the substrates was
also studied considering electron donating methyl and electron withdrawing nitro groups. It was
observed that as usual the aromatic group with methyl substituent facilitates the Friedel-Crafts
reaction and gave product 29p with 90% vyield, whereas substrate with electron-withdrawing
nitro group failed to give desired product (29g 0%,). Aliphatic aldehyde such as
isovalaraldehyde gave tricyclic compound 6,6-dimethyl-3-phenyl-1,4,5,6-
tetrahydrobenzo[de]isochromene 29r in 85% yield. The structure of the compounds was
determined by H, ®NMR, IR and HRMS analysis. Finally it was confirmed by the X-ray
crystallographic analysis of 3b.?

Figure 4.3.1. X-ray crystallographic structure of 29b

The mechanism of the reaction can be explained as follows. Lewis acid activates the aldehydes
28 for the nucleophilic attack by the alkyne group of 27 and subsequent cascade type attack by
benzylic alcohol to form intermediate A, which after elimination of BFsOH gives carbocation B.
The carbocation B, after Fridel-Crafts reaction produces final compound 3 (Scheme 4.3.2.). The

mechanism for the formation of 29r can be depicted as follows.
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Scheme 4.3.2. Mechanism of the reaction

The intermediate B rearranges to more stable carbocation C, which after Friedel-Crafts

cyclization gives 3r (Scheme 4.3.2.).

Conclusions

In conclusion, we have developed a mild and efficient method for the synthesis of
dihydroindeno[1,2-c]isochromene from alkynol and aldehydes via cascade cyclization and
Fridel-Crafts reaction mediated by boron trifluoride etherate in good yields. The reaction is
compatible with a wide range of functional groups such as halo, ether, ester, nitro, amine and
nitrile. The important aspect of this reaction is that it produces dihydroindeno[1,2-c]isochromene

regioselectively.

4.4. Experimental

4.4.1. Instrumentation and Characterization

As described in chapter 2 section 2.4.1

4.4.2. Synthesis of Starting Material: The alkynol was synthesized by the literature
procedure.?

4.4.3. General Procedure for the formation of isochromene 29a-r:
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To a stirred solution of aldehyde (1.0 equiv) and alkynol (1.5 equiv) in dry dichloromethane (5.0
mL) was added BF3OEt> (1.5 equiv) dropwise at 0 °C. The reaction mixture was brought to
room temperature and stirred for a specific time. The progress of the reaction was monitored by
TLC using ethyl acetate and hexane as eluents. After completion of the reaction, the reaction
mixture was treated with saturated sodium bicarbonate solution (5.0 mL). The product was
extracted with CH2Cl> (2 x 10.0 mL) and washed with brine. Organic layer was separated and
dried over anhydrous Na>SO4 and evaporated using rotary evaporator to obtain the crude
product. The crude product was purified by silica gel column chromatography using ethyl acetate

and hexane (49:1) as eluents to afford the cyclic compounds.
Synthesis of 5,11-dihydro-11-phenylindeno[1,2-c]isochromene 29a:

To a stirred solution of benzaldehyde 28a (0.1 mL, 1 mmol) and (2-(2-
phenylethynyl)phenyl)methanol 27a (312 mg, 1.5 mmol) in CH2Cl> (5 mL/mmol) was added
BF3OEt, ( 0.18 mL, 1.5 mmol) dropwise at 0 °C. The reaction mixture was brought to room
temperature and stirred for 12 h. The progress of the reaction was monitored by TLC using ethyl
acetate and hexane as eluents. After completion of the reaction, CH2Cl, (10 mL) was added and
the reaction mixture was washed with saturated sodium bicarbonate solution and brine solution.
The organic layer was separated and dried over anhydrous Na>,SO4 and evaporated using rotary
evaporator to leave the crude product which was purified by column chromatography over silica
gel using ethyl acetate and hexane as eluents to give 5,11-dihydro-11-phenylindeno[1,2-

clisochromene 29a as a yellow solid.
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4.6. Characterization Data:

11-Phenyl-5,11-dihydroindeno[1,2-clisochromene (29a):

o White solid, mp 118-120 °C; Rt (hexane/ EtOAc 49:1) 0.20; yield 257 mg,
O ‘ 87%; *H NMR (600 MHz, CDCls3) § 4.79 (s, 1 H), 5.40 (d, J = 4.5 Hz, 2 H),
O 6.75(d, J = 7.2 Hz, 1 H), 7.05 (s, 3 H), 7.17 (d, J = 7.2 Hz, 2 H), 7.21-7.30
Q (m, 6 H), 7.41 (d, J = 7.2 Hz, 1 H); **C NMR (150 MHz, CDCl3) & 50.7,
70.7, 118.4, 118.9, 120.9, 124.2, 124.4, 126.1, 127.1, 127.2, 127.21, 128.1, 128.5, 129.0, 130.0,
130.8, 136.9, 140.0, 148.2, 156.1; IR (KBr, neat) 3060, 2849, 1605, 1492, 1451, 1142, 1086,

1029, 972, 753 cm't; HRMS (ESI) calcd. for C22H170 (M + H)* 297.1274, found 297.1279.

11-(2-Chlorophenyl)-5,11-dihydroindeno[1,2-clisochromene (29b):
O o Pale yellow solid, mp 130-132 °C; Rt (hexane/ EtOAc 49:1) 0.20; yield 294
0% 1 - =
p ‘O mg, 89%; “H NMR (400 MHz, CDClz) & 5.40-5.49 (m, 3 H), 6.70 (d, J = 7.6
Q Hz, 1 H), 6.83 (d, J = 8.0 Hz, 1 H), 6.99 (t, J = 7.2 Hz, 1 H), 7.06-7.20 (m, 5
H), 7.30 (t, J=7.6 Hz, 2 H), 7.42 (d,J=7.6 Hz, 1 H), 7.50 (d, J = 7.6 Hz, 1
H); 1*C NMR (150 MHz, CDCls) & 46.2, 70.7, 118.5, 120.9, 124.2, 124.4, 126.2, 127.2, 127.4,
127.6, 127.8, 128.4, 128.6, 129.9, 134.4, 136.9, 137.6, 147.7, 156.4; IR (KBr, neat) 2925, 2851,
1615, 1491, 1261, 1145, 1086, 1034, 750 cm™’; HRMS (ESI) calcd. for C2H16%°CIO (M + H)*
331.0884, found 331.0879.

11-(3-Chlorophenyl)-5,11-dihydroindeno[1,2-c]isochromene (29c):

Colourless oil; Rt (hexane/ EtOAc 49:1) 0.20; yield 290 mg, 88%; *H NMR
O S (600 MHz, CDCl3) 8 4.72 (s, 1 H), 5.41 (d, J = 4.4 Hz, 2 H), 6.73 (d, J = 7.2

ol Q Hz, 1 H), 7.05-7.10 (m, 3 H), 7.12-7.16-7.21 (m, 5 H), 7.23 (s, 1 H), 7.29 (t,
J=7.2Hz, 1H),7.41(d, J =7.6 Hz, 1 H); °C NMR (150 MHz, CDCl3) &

50.1, 70.7, 118.3, 118.5, 120.7, 124.2, 124.5, 126.3, 126.4, 127.2, 127.7, 128.0, 128.5, 130.3,
130.5, 134.7, 136.8, 142.2, 147.5, 156.3; IR (KBr, neat) 2924, 2852, 1604, 1491, 1406, 1281,
1117, 1034, 750 cm™; HRMS (ESI) calcd. for C22H16*°CIO (M + H)* 331.0884, found 331.0888.

11-(4-Chlorophenyl)-5,11-dihydroindeno[1,2-c]lisochromene (29d):
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O o Colourless oil; Rf (hexane/ EtOAc 49:1) 0.20; yield 280 mg, 85%; *H NMR
‘O (400 MHz, CDCls) & 4.75 (s, 1 H), 5.41 (d, J = 4.4 Hz, 2 H), 6.72-6.74 (m,
1 H), 7.07-7.11 (m, 3 H), 7.15-7.22 (m, 4 H), 7.24 (t, , J = 7.2 Hz, 1 H),
Q 726 (d,J=72Hz,1H),7.30(t,J=7.2Hz, 1 H), 7.42 (d, J = 7.6 Hz, 1 H);
13C NMR (100 MHz, CDCls) & 49.9, 70.8, 118.4, 118.5, 120.7, 124.2,
1245, 126.3, 127.2, 127.4, 127.8, 128.5, 129.2, 129.5, 130.5, 132.8, 136.8, 138.6, 147.7, 156.2;
IR (KBr, neat) 2924, 2852, 1604, 1440, 1407, 1261, 1117, 1034, 750 cm™; HRMS (ESI) calcd.

for C2H16%CIO (M + H)* 331.0884, found 331.0853.

Cl

11-(2,6-Dichlorophenyl)-5,11-dihydroindeno[1,2-clisochromene (29¢):
O o Colourless oil; Rf (hexane/ EtOAc 49:1) 0.20; yield 236 mg, 65%; *H NMR
y ‘Q (600 MHz, CDCl3) 6 5.39 (d, J = 4.4 Hz, 2 H),5.73 (s, 1 H), 6.72 (d, J = 7.2
O Hz, 1 H), 7.07-7.12 (m, 4 H), 7.15(d, J =7.2 Hz, 2 H), 7.22 (t, J = 7.2 Hz, 1

Cl

H), 7.34 (t, J=7.2 Hz, 1 H), 7.45 (d, J = 7.6 Hz, 1 H), 7.51 (d, J = 7.6 Hz, 1
H); $3C NMR (150 MHz, CDCls3) & 46.8, 70.7, 117.4, 118.6, 120.1, 123.2, 124.5, 126.1, 127.0,
127.4, 127.9, 128.0, 128.4, 128.6, 128.7, 128.9, 130.3, 140.0, 144.5, 156.3; IR (KBr, neat) 2925,

2853, 1615, 1471, 1218, 1117, 1087, 973, 772 cm™}; HRMS (ESI) calcd. for C2,H15*Cl.0 (M +
H)* 365.0494, found 365.0424.

11-(3-Bromophenyl)-5,11-dihydroindeno[1,2-clisochromene (29f):
o Yellow solid, mp 146-148 °C; R¢ (hexane/ EtOAc 49:1) 0.19; yield 310 mg,
O ‘O 83%:; 'H NMR (400 MHz, CDCls) & 4.84 (s, 1 H), 5.44 (d, J = 4.4 Hz, 2 H),
Br O 6.71 (d, J = 7.2 Hz, 1 H), 7.08-7.12 (m, 3 H), 7.15-7.22 (m, 2 H), 7.32 (t, J =
7.2Hz,1H),7.38 (d,J=8.0Hz,2H),745(d,J=7.6 Hz,1H), 754 (d,J =
7.6 Hz, 2 H); 3C NMR (100 MHz, CDCls) § 50.2, 70.7, 118.3, 118.6, 120.6, 124.2, 124.5, 125.9,
125.99, 126.0, 126.3, 127.3, 127.6, 127.7, 128.4, 128.5, 128.53, 130.3, 136.9, 144.4, 147.3,
156.4; IR (KBr, neat) 2925, 2853, 1619, 1466, 1324, 1121, 1066, 755 cm™; HRMS (ESI) calcd.
for C22H16"°BrO (M + H)* 377.0359, found 377.0319.

11-(4-Fluorophenyl)-5,11-dihydroindeno[1,2-c]isochromene (299):
O o Yellow solid, mp 125-127 °C; Rt (hexane/ EtOAc 50:1) 0.18; yield 251mg,
‘Q 80%; *H NMR (400 MHz, CDCls) § 4.77 (s, 1 H), 5.42 (d, J = 4.4 Hz, 2 H),
Q 6.74 (t, J =7.2 Hz, 1 H), 6.97 (t, J = 8.0 Hz, 2 H), 7.06-7.11 (m, 3 H), 7.15-
F 7.24 (m, 4 H), 7.30 (t, J = 8.0 Hz, 1 H), 7.42 (d, J = 7.6 Hz, 1 H); C NMR
(100 MHz, CDClz3) 6 49.8, 70.7, 115.9 (d, J = 21.3 Hz), 118.4, 118.6, 120.7,
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124.1, 124.4,126.2, 127.1, 127.3, 127.8, 128.5, 129.5 (d, J = 8.0 Hz), 130.6, 135.5, 135.6 (d, J =
3.5 Hz), 136.8, 148.0, 156.1, 162.1 (d, J = 243.2 Hz); °F NMR (376 MHz, CcFs/CDCls) § 45.92
(s, -F): IR (KBr, neat) 2924, 2853, 1600, 1489, 1220, 1150, 1066, 1016, 772 cm™*; HRMS (ESI)
calcd. for C22H16FO (M + H)* 315.1180, found 315.1189.

Methyl 4-(5,11-dihydroindeno[1,2-clisochromen-11-yl)benzoate (29h):

O o 1 White solid, mp 121-123 °C; R¢ (hexane/ EtOAc 49:1) 0.25; yield 304 mg,
‘O 86%; *H NMR (600 MHz, CDCl3) § 3.86 (s, 3 H), 4.80 (s, 1 H), 5.41 (d, J

Q = 4.4 Hz, 2 H), 6.68-6.70 (m, 1 H), 7.04-7.08 (m, 3 H), 7.13-7.18 (m, 2 H),
MeO,C 7.29 (t, J=7.2 Hz, 1 H), 7.31-7.33 (m, 2 H), 7.42 (d, J = 7.6 Hz, 1 H), 7.95

(d, J = 7.6 Hz, 2 H) ; 3C NMR (150 MHz, CDCls) § 50.4, 52.2, 70.7, 118.4, 118.6, 120.6, 124.2,
124.4, 126.3, 127.2, 127.5, 127.7, 128.1, 128.5, 129.2, 130.0, 130.4, 136.9, 145.7, 147.3, 156.3,
167.1; IR (KBr, neat) 2950, 2847, 1721, 1610, 1435, 1281, 1112, 1019, 970, 758 cm™’; HRMS
(ESI) calcd. for CasH1603 (M + H)* 335.1329, found 335.1293.

4-(5,11-Dihydroindeno[1,2-c]isochromen-11-yl)benzonitrile (29i):

Colourless oil; Rt (hexane/ EtOAc 49:1) 0.28; yield 225mg, 70%; *H NMR

(0]
O A (400 MHz, CDCls) & 4.80 (s, 1 H), 5.42 (d, J = 2.0 Hz, 2 H), 6.74-6.76 (m,
O 1 H), 7.07-7.11 (m, 3 H), 7.13(d, J= 7.2 Hz, 1 H), 7.19 (t, J = 7.2 Hz, 1
Q H), 7.32 (t, J = 7.2 Hz, 1 H), 7.36 (d, J = 7.2 Hz, 2 H), 7.44 (d, J = 7.2 Hz,
NC

1 H), 7.56 (d, J = 2.0 Hz, 2 H); $*C NMR (100 MHz, CDCls) & 50.3, 70.7,
111.0, 118.7, 120.4, 124.1, 124.6, 126.5, 127.4, 127.7, 128.4, 128.6, 128.8, 128.9, 129.2, 132.9,
136.8, 146.1, 146.7, 156.6; IR (KBr, neat) 2924, 2853, 2227, 1606, 1489, 1408, 1260, 1142,
1085, 970, 757 cm'™:; HRMS (ESI) calcd. for CasH1sNO (M + H)* 322.1226, found 322.1190.

11-(4-(Trifluoromethyl)phenyl)-5,11-dihydroindeno[1,2-c]isochromene (29j):

o Yellow oil; R¢ (hexane/ EtOAc 49:1) 0.20; yield 273 mg, 75%; 'H NMR

O ‘O (600 MHz, CDCl3) 6 4.76 (s, 1 H), 5.38 (d, J = 3.0 Hz, 2 H), 6.67-6.69 (m,
Q 1 H), 7.00-7.10 (m, 3 H), 7.12 (d, J = 7.2 Hz, 1 H), 7.14-7.17 (m, 1 H), 7.28
FoC (t, J=7.2Hz, 1 H),7.34(d, J=7.8 Hz, 2 H), 7.42 (d, J = 7.2 Hz, 1 H), 7.51
(d, J = 7.8 Hz, 2 H); 3C NMR (150 MHz, CDCls) & 50.2, 70.7, 118.3,

118.6, 120.6, 122.3, 123.5, 124.2 (q, J = 270.0 Hz), 124.5, 126.0 (q, J = 3.0 Hz), 126.4, 127.3,
127.6, 127.8, 128.4, 128.6, 130.4, 136.9, 144.5, 147.3, 156.5; °F NMR (376 MHz, CsFs/CDCl5)
5 99.33 (s, -F); IR (KBr, neat) 3068, 2845, 1617, 1491, 1325, 1123, 1066, 857, 752 cm™*; HRMS

(ESI) calcd. for C23H16F30 (M + H)* 365.1148, found 365.1136.
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11-(3-Nitrophenyl)-5,11-dihydroindeno[1,2-c]isochromene (29K):
o Yellow oil; Rs (hexane/ EtOAc 49:1) 0.30; yield 286 mg, 84%; 'H NMR
O ‘O (600 MHz, CDCl3) 6 4.87 (s, 1 H), 5.45 (d, J = 2.0 Hz, 2 H), 6.69-6.70 (m,
N Q 1 H), 7.08-7.10 (m, 3 H), 7.15 (d, J = 7.2 Hz, 1 H), 7.21 (t, J = 7.2 Hz, 1
H), 7.33 (t, J = 7.2 Hz, 1 H), 7.43-7.47 (m, 2 H), 7.56 (d, J = 7.2 Hz, 1 H),
8.10 (d, J=7.2 Hz, 1 H), 8.17 (s, 1 H); 3C NMR (100 MHz, CDCls) § 49.8, 70.7, 117.9, 118.7,
120.3, 122.4, 123.0, 124.1, 124.6, 126.4, 127.4, 127.6, 127.8, 128.5, 129.2, 130.0, 134.2, 136.8,
142.5, 146.8, 148.7, 156.6; IR (KBr, neat) 2926, 2853, 1604, 1529, 1490, 1351, 1281, 1145,
1087, 972, 753 cm’t; HRMS (ESI) calcd. for C22H1sNOs (M + H)* 342.1125, found 342.1097.

11-(p-Tolyl)-5,11-dihydroindeno[1,2-c]isochromene (29I):

5 Yellow oil; Rr (hexane/ EtOAc 49:1) 0.23; yield 242 mg, 78%; *H NMR
O o (600 MHz, CDCls) & 2.29 (s, 3 H), 4.74 (s, 1 H), 5.40 (d, J = 4.0 Hz, 2 H),
O 6.78 (d, J = 7.2 Hz, 1 H), 7.04-7.09 (m, 5 H), 7.13-7.18 (m, 4 H), 7.27 (t, J =
Q 7.2 Hz, 1 H), 7.40 (d, J = 7.2 Hz, 1 H); C NMR (150 MHz, CDCl3) 5 21.3,
50.3, 70.7, 118.3, 118.9, 120.9, 124.2, 124.3, 126.0, 127.0, 127.1, 127.8,
127.9, 128.5, 129.7, 130.8, 136.6, 136.7, 136.8, 148.4, 155.9; IR (KBr, neat) 2922, 2853, 1604,
1490, 1405, 1259, 1142, 1085, 973, 757 cm™?; HRMS (ESI) calcd. for CasHisO (M + H)*
311.1430, found 311.1391.

4-(5,11-Dihydroindeno[1,2-c]isochromen-11-yl)-N,N-dimethylaniline (29m):

o Colourless oil; Rf (hexane/ EtOAc 49:1) 0.27; yield 241mg, 71%; *H NMR

O ‘O (400 MHz, CDCl3) 6 2.90 (s, 6 H), 4.72 (s, 1 H), 5.40 (d, J = 2.4 Hz, 2 H),

Q 6.66 (d, J=8.8Hz, 2 H), 6.83 (d, J=7.2 Hz, 1 H), 7.06-7.11 (m, 2 H), 6.12

Me,N (d,J=7.2Hz, 2 H), 7.16-7.22 (m, 2 H), 7.25-7.29 (m, 2 H), 7.40 (d, J = 7.2

Hz, 1 H); 3C NMR (150 MHz, CDCls) & 29.9, 40.9, 49.9, 70.7, 113.3,

118.2, 119.2, 121.0, 124.2, 124.3, 125.9, 127.0, 127.3, 127.9, 128.5, 128.8 (2C), 131.1, 136.8,

149.0, 149.8, 155.7; IR (KBr, neat) 2923, 2852, 1604, 1460, 1349, 1219, 1198, 1085, 974, 773
cm™; HRMS (ESI) calcd. for C24H22NO (M + H)* 340.1696, found 340.1710.

11-(4-Chlorophenyl)-3-nitro-5,11-dihydroindeno[1,2-c]isochromene (29n):

ON Yellow oil; Rr (hexane/ EtOAc 49:1) 0.29; yield 274mg, 73%; *H NMR
(0]

O ‘ (400 MHz, CDCls) 6 4.80 (s, 1 H), 5.50 (d, J = 12.4 Hz, 2 H), 6.77 (d, J

O = 8.4 Hz, 1 H), 7.16-7.21 (m, 3 H), 7.27-7.31 (m, 3 H), 7.36 (t, J = 7.2
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Hz, 1 H), 7.49-7.53 (m, 1 H), 7.97-8.0 (m, 2 H); 13C NMR (150 MHz, CDCls) & 49.9, 70.3,
117.1, 119.7, 120.1, 120.2, 124.5, 124.8, 127.8, 127.9, 129.0, 129.3, 129.3, 129.7, 131.1, 133.4,
135.5, 137.1, 137.5, 145.4, 148.4, 160.5; IR (KBr, neat) 2925, 2854, 1603, 1583, 1507, 1489,
1329, 1219, 1126, 1087, 894, 772 cm™; HRMS (ESI) calcd. for CzHisCINOs (M + H)*
376.0735, found 376.0753.

11-(4-Methoxyphenyl)-5,11-dihydroindeno[1,2-clisochromene (290):

o Colourless oil; Rf (hexane/EtOAC 49:1) 0.21; yield 235 mg, 72%; *H NMR

O ‘O (400 MHz, CDCl3) 6 3.89 (s, 3 H), 5.11 (s, 1 H), 5.14 (d, J = 14.8 Hz, 2 H),

7.00-7.06 (m, 4 H), 7.10 (d, J =7.6 Hz, 1 H), 7.17 (t, J=7.6 Hz, 1 H), 7.24-

O 7.31 (m, 3 H), 7.37 (d J = 8.0 Hz, 2 H), 7.62 (d, J = 7.6 Hz, 1 H); 3C NMR

(150 MHz, CDCl3) 6 55.5, 69.9, 82.0, 114.6, 120.7, 123.8, 124.7, 125.8,

126.0, 126.8, 127.3, 127.8, 129.1, 129.8, 130.4, 134.6, 136.8, 136.81, 141.2, 146.6, 159.5; IR

(KBr, neat) 2926, 2835, 1605, 1569, 1461, 1247, 1195, 1033, 852, 759 cm™*; HRMS (ESI) calcd.
for C23H1902 (M + H)* 327.1380, found 327.1382.

MeO

Methyl 4-(9-methyl-5,11-dihydroindeno[1,2-c]isochromen-11-yl)benzoate (29p):

N | Colourless solid, mp 140-142 °C; Rt (hexane/EtOAc 49:1) 0.21; yield

O ‘O 331 mg, 90%; 'H NMR (600 MHz, CDCls) § 2.30 (s, 3 H), 3.87 (s, 3 H),
Q .| 478(s, L H), 540 (dd, J = 16.2 and 13.2 Hz, 2 H), 6.65-6.67 (m, 1 H),
MeO,C | 6.96 (s, 1 H), 7.04-7.05 (m, 3 H), 7.11 (d, J = 7.8 Hz, L H), 7.17 (t, J =

7.6 Hz, 1 H), 7.30-7.36 (m, 3 H), 7.96 (d, J = 8.4 Hz, 2 H); *C NMR (150 MHz, CDCls) § 21.8,

50.3, 52.2, 53.6, 70.7, 117.5, 118.3, 120.4, 124.4, 125.1, 126.0, 127.6, 128.1, 128.2, 128.5,

129.1, 130.4, 130.6, 134.2, 137.3, 146.0, 147.7, 156.5, 167.1; IR (KBr, neat) 2951, 2853, 1722,

1610, 1492, 1435, 1280, 1111, 1048, 813, 779 cm™:; HRMS (ESI) calcd. for C25H2103 (M + H)*

369.1485, found 369.15009.

6,6-Dimethyl-3-phenyl-1,4,5,6-tetrahydrobenzo[de]iso-chromene (29r):

O o Colourless oil; Rs (hexane/EtOAc 49:1) 0.21; yield 234 mg, 85%; H
" / O NMR (400 MHz, CDCl3) & 0.66 (s, 3 H), 1.25 (d, J = 10.6 Hz, 1 H,
Me shielded), 1.31 (s, 3 H), 2.31 (d, J = 16.0 Hz, 1 H), 2.48 (d, J = 16.0 Hz, 1

H), 3.75 (s, 1 H, deshielded), 5.22 (s, 2 H), 6.42-6.45 (m, 1 H), 6.97-6.99 (m, 2 H), 7.16-7.23 (m,

3 H), 7.25-7.32 (m, 2 H); ¥C NMR (150 MHz, CDCls) § 26.5, 31.5, 40.7, 45.6, 57.9, 70.1,

112.4, 120.4, 123.8, 125.3, 126.5, 127.3, 127.4, 128.0, 128.1, 128.3, 128.4, 128.6, 128.7, 131.4,

141.2, 157.0; IR (KBr, neat) 2955, 2837, 1649, 1492, 1452, 1365, 1170, 1080, 756 cm™; HRMS

(ESI) calcd. for C2oH210 (M + H)* 277.1587, found 277.1591.
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4.7. Selected Spectra

'H NMR and 3C NMR spectra of 11-Phenyl-5,11-dihydroindeno[1,2-c]isochromene (29a)
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'H NMR and 2C NMR spectra of compound 11-(3-Bromophenyl)-5,11-dihydroindeno[1,2-

clisochromene
(291):
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'H NMR and ¥C NMR spectra of Methyl 4-(5,11-dihydroindeno[1,2-c]isochromen-11-

yl)benzoate (29h):
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'H NMR and 3C NMR spectra of 11-(p-Tolyl)-5,11-dihydroindeno[1,2-c]isochromene (291):
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'H NMR and BC NMR spectra of 11-(4-Methoxyphenyl)-5,11-dihydroindeno[1,2
clisochromene (290):
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4.8. Crystal Parameters

TH-1580_11612224

The crystal parameters of compound 29b

CCDC 1483531
Formula C22H14CIO
Formula weight 329.78
TIK 296(2)
Crystal system Monoclinic
Space group P21/c
a/A 17.382(19)
b/A 6.286(7)
c/A 17.040(18)
al® 90.00
Bl° 117.003(18)
yl° 90.00
VIA3 1659(3)
Z 4
Abs. Coeff./mm* 0.234
Abs. Correction multi-scan
GOF on F? 1.016
Final R indices [I > 25(1)] R1 = 0.0683
wR2 =0.1508
R indices [all data] R1=0.0915
wR2 =0.1664
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CHAPTER 5

Bronsted Acid Mediated Synthesis of 4-
Trifluoromethanesulfonate Substituted 3,6-Dihydropyrans
And Their Application In Various C-C Coupling Reactions

5.1. Importance of Dihydropyrans

Multicomponent reactions have attracted the considerable attention in synthetic organic
chemistry due to their ability to form a series of bonds in a single step.! In particular,
multicomponent reactions can provide functionalized heterocyclic compounds with high
stereoselectivity.? Dihydropyran units are valuable compounds of interest for the reason that
these units constitute important structural unit in many natural products of biological importance.
Compounds such as martiriol and salinomycin carry dihydropyran unit in which double bond in
cyclic system is responsible for the biological activity. Martiriol 1, for that matter, is a
biologically active molecule, isolated from the red algae of the genus Laurencia, shows potent
activity against various tumour cell lines.® Similarly, salinomycin 2, isolated from a culture broth
of Streptomyces albus is known to possess interesting antibacterial and anticoccidial properties.*
The presence of double bond in cyclic system is not only responsible for their biological
properties but also serve as a functional group for further manipulations in organic synthesis.®

They can also be used as building blocks in organic synthesis.®

Martiriol 1

Salinomycin 2

Figure 5.1.1. Bioactive molecules containing dihydropyran ring
5.2. Literature Methods

Over the years, many strategies have been developed for the synthesis of dihydropyrans, which
include hetero-Diels-Alder reactions,’ olefin metathesis,® base promoted cyclizations of sulfenyl
dienols,® oxonium-ene reactions,'® [4+2] annulations,** intramolecular C-C bond formation of

alkyne-epoxide,*? and Prins cyclization reactions.'* Among existing methodologies, the Prins
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cyclization has emerged as a powerful tool as it provides the desired product in a single step with

high diastereoselectivity.

Li and coworkers reported a methodology for the synthesis of 4-chlorotetranhydropyrans 5 and 6
from homoallylic alcohols 3 and epoxides 4 as aldehyde alternates in the presence of InCls
(Scheme 5.2.1). The stereochemistry depends upon the geometry of olefin, when cis unsaturated
alcohol was used, 2,3,4-trisubstituted tetrahydropyran 5 with cis conformation was obtained as
the major product. However, when trans unsaturated alcohol, such as trans-3-hexene-1-ol was
used, 2,3,4-trisubstituted tetrahydropyran 6 with a trans—trans conformation was obtained as the

dominant product.*

P /<CJ) InCly + Ejy\

SN + B
OH " Ph DCM, it Ph o Ph
3 4 5h 5 6
Alkene yield 5:6

E 87% 0:100

Z 96% 100:0
Scheme 5.2.1.

The construction of C-N bond at 4™ position of THPs was successfully demonstrated by Yadav
and co-workers via Prins-Ritter sequence. The reaction of homoallyl alcohol 7 with aldehyde 8
in the presence of CeClz7H20/AcCl underwent Prins cyclization to give the 4-tetrahydropyranyl
cation, which was trapped by acetonitrile through Ritter reaction to produce the corresponding 4-

amidotetrahydropyran 9 with high cis-selectivity (Scheme 5.2.2).%°

Me
CHO
CeC|3 '7H20/ACC| (@)
/\/\ -
= OH + CH4CN/ rt
7 6h
Me NHAc
8 91% 9
Scheme 5.2.2.

Li et al. reported a novel route to access diastereoselective 4-halotetrahydropyrans in high yields
via carbonyl allylation-Prins cyclization. The Prins cyclization reaction between two equivalents
of aldehydes 10 with 1 equiv of allyltributylstannane in presence of indium chloride and
methylene chloride at room temperature produced 4-chlorotetrahydropyrans 11 with high

diastereoselectivity. But, the reaction with 3-trimethylsilylallyltributylstannane under the same
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reaction conditions led to a diastereoselective formation of 3,4-dihydropyrans 12 (Scheme
5.2.3).16

J InCl 11 2590%
2RTH 8

10 CH,Cl, R = alkyl, aryl

Me;3Si _~_SnBus o R

12 50-69%
R = alkyl

Scheme 5.2.3.

Loh and his group developed an efficient Prins cyclization reaction to construct 2,6-cis-4,5-
dibromo-tetrasubstituted THP rings with high stereoselectivity and in good yields. The reaction
between y-brominated homoallylic alcohol 13 or 14 and aldehydes promoted by 1.0 equivalents
of InBrs with 1.2 equivalents of TMSBr in CH2Cl; at 0 °C to afford 2,4,5,6-tetrasubstituted
tetrahydropyrans 15 or 16 as a single isomer. The stereochemistry of the bromine substituent at
the 5-position was controlled by the geometric configuration of the y-brominated homoallylic
alcohols. Dibromo-THP products were further functionalized to various substituted pyran-
containing compounds (Scheme 5.2.4.).%

Br

L
Br
R1)\/\ e R S07 R, - 17
13  Br Ry~ "H.InBrs, TMSBr 15 conditions or
> or XA =r
or CH,Cl,, 0 °C, 90 min Br

Br

OH Br N
R)\/\/Br '
1

14 R” "0 R™ 07 R

R,
R1 = -CH2CH2Ph 16 18
Rp =-Cy, alkyl, aryl vield up to 95%

Scheme 5.2.4.

Martin and his group showed a novel route for the synthesis of tetra- and penta-substituted
dihydropyrans via silylalkyne-Prins cyclization. The coupling between chiral secondary
homopropargylic alcohols 19 bearing a trimethylsilyl group at the triple bond and aldehydes 20
in the presence of iron(lll) halides, provided (2,5,6-trialkyl-4-halo-5,6-dihydro-2H-pyran-3-
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yDtrimethylsilane 21 in good vyields. The protocol is highly stereoselective, affording cis-

dihydropyran as a major isomer (Scheme 5.2.5.).18

R2
O R3 R'l R:/)’ (@) R‘1
Ho¢x . Fex, 0 .
= T™MS R3" “H - N
19 CH2C|2 ™S DS R2 T™MS R2
20 X X
R' = R? = R3 = alkyl or aryl 21 22
X=Cl or Br 55-82%
>99:1
Scheme 5.2.5.

Hinkle and co-workers reported a tandem silyl-Prins reaction between oJ-triethyl-
silyloxyvinyltrimethylsilanes 23 and a variety of aldehydes 24 to afford cis-2,6-disubstituted
dihydropyrans (DHPs) 25 using 5 mol % of BiBrs in CH,Cl. (Scheme 5.2.6.).1° The
diastereoselectivities in the crude products are significantly affected by aldehyde substitution,
with electron-rich aldehydes, providing 2-3:1 (cis:trans) and neutral (or electron-poor) aldehydes

affording dr > 19:1 (cis:trans).

)\/\ 5% BiBr3

R' A + R2 — 9 . RI"0O7R?
1 R2-CHO CH,Cl,
23 24 rt, 12h 47-98%
R' = H, CsHys, Ph R2= alkyl, aryl 25
Scheme 5.2.6.

Furman and co-workers reported a stereoselective synthesis of cis-2,6-disubstituted
dihydropyrans (DHPs) via stannyl-Prins cyclization. The reaction of vinylstannes 26 with
aldehydes 27 in the presence of trimethylsilyl trifluoromethanesulfonate (TMSOTT) afforded cis-
2,6-disubstituted dihydropyrans 28 in good vyields with excellent stereoselectivity (Scheme
5.2.7.).2% Although the dihydropyrans are obtained in the racemic form but the use of optically
pure vinylstanne afforded optically pure 2,6-disubstituted dihydropyrans (Scheme 5.2.8.).
Finally, they applied this methodology for the synthesis of natural product (-)-centrolobine.

i§ L
TMSOTT ( 2equiv )

R’ X + R2-CHO > R 0] R?
-78 °C, Et,0, 2-4h
SnBU3 ’ 2%
26 27 69-94%
R"=H, CeHs, CgHyiz  R?= alkyl, aryl 28
Scheme 5.2.7.
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T Q
)\/\ TMSOTF (2equiv) o Ao g

Ph N + R-CHO 5
SnBus -78 °C, Et,0, 2-4h

29 30 .
80-95% vyield, 87-91% ee

R= CGH5, p—BrC6H4 31

p-TSOCGH4, C6H5(CH2)2
Scheme 5.2.8.

Sabitha et al. reported a protocol for Prins cyclization reaction from various ketones and
homoallylic or homopropargylic alcohols in the presence of TMSI, generated in situ from
TMSCI and Nal. The reaction was performed at room temperature to afford the corresponding
2,2-disubstituted-, spirocyclic-4-iodotetrahydropyrans and spirocyclic- 4-iodo-5,6-dihydro-2H-
pyrans in good yields (Scheme 5.2.9).2

(0]

/U\ TMSCI/Nal
R-R + Z > 0H — R
32 33
R = alkyl N
R' = alkyl, aryl yield up to 97%
Scheme 5.2.9.

Apart from Prins cyclization, there are several other synthetic routes reported in the literature for
the synthesis of dihydropyrans.

Sun and his group developed a novel strategy for one-pot formation of chiral polyfunctionalized
3,4-dihydropyrans through organocatalytic hydration/aldol/oxa-Diels Alder domino reaction
method. Alkynl aldehyde 35 was reacted with aldehyde 36 in the presence of (S)-
diphenylprolinol catalyst using TFA as an additive in THF at room temperature to furnish the
3,4-dihydropyran hemiacetal 37 and its diastereomer syn-37. The products 37 and syn-37 were
then reduced with EtsSiH/BF3sEt2O to furnish chiral 3,4-dihydropyrans products 38 and syn-38
with good to high yields, moderate to good diastereoselectivities, and high enantioselectivities.
In this protocol, the self-condensation of alkynals was first time implemented under

organocatalytic conditions (Scheme 5.2.10).2
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Ph
Q\ﬁvh

H OH
Cat. (20 mol %)

EtSiH
0,
2 R—=-CHO + Rz/\CHO TFA (20 mol%) BF—EtO> -
THF, rt =2 T
35 36
R4 =aryl 72-88%
up to 9:1 dr

R, = Me, Et, Bn, EXOOCCH, allyl and 92% ee

cheme 5.2.10.

Kurahashi and co-workers reported an unprecedented hetero-Diels—Alder-type [4+2]
cycloaddition for the synthesis of dihydropyrans from unactivated aldehydes and simple dienes.
The reaction of aldehyde 39 with diene 40 in the presence of the cationic iron(lll) porphyrin
catalyst (5 mol %) in benzene at 80 °C for 12 h afforded the pyran motif 41 in excellent yield. In
this protocol, the high functional group tolerance and robustness of the catalyst were shown.
Further, the reaction was performed in water using unactivated ketone such as cyclohexanone

with a diene to show the potential applicability of the catalyst (Scheme 5.2.11).23

o I [Fe(TPP)IBF, (5 mol%) ﬁ
P > Ph
+ o
H benzene, 80 °C, 12 h H

40 4
92%

Scheme 5.2.11.

5.3. Present work

One-pot, multi component and selective reactions are considered as green synthetic routes.?*
Again, Prins cyclization® reactions are known for C-C and C-O bond forming reaction in a
single step. Considering the importance of these reactions, herein, we report a one-pot, three
component and highly selective Prins cyclization reaction for efficient synthesis of 3,6-dihydro-
2H-pyran-4-yl trifluoromethane-sulfonates from homopropargylic alcohols and aldehydes
mediated by triflic acid in which triflic acid acts as Bransted acid as well as a nucleophile. In this
work, we have developed an unprecedented Prins cyclization for the synthesis of dihydropyran
that contains triflate group at the vinylic position of the ring. Triflates, present at vinylic position,
in general, are valuable substrates owing to its importance for further functionalization. Metal
catalyzed bond forming reactions and C-C bond forming reactions, such as Suzuki,?® Heck,?’

Stille,?® and Sonogashira®® coupling reactions have been well explored starting from the triflate

TH-1580_11612224
144



Chapter 5

derivatives. The dihydropyran thus formed is transformed into different 4-alkyl and aryl
substituted products using Suzuki, Heck, Stille and Sonogashira coupling reactions.

The reaction can be generalized as shown in Scheme 5.3.1.

(0] R 0 R
o o TfOH/CH,Cl, R'M
H
+ _ D
/\/ R)J\H 0 °Crt g

oTf R’

R = alkyl, aryl

R' = alkyl,aryl, alkene, alkyne

Scheme 5.3.1.

For this investigation, homopropargyl alcohol 42 (1.5 equiv) and benzaldehyde 43a (1.0 equiv)
were treated with 1.2 equivalents of triflic acid in dry dichloromethane at room temperature for
12 h and 3,6-dihydro-2-phenyl-2H-pyran-4-yl trifluoromethane-sulfonate 44a was obtained in
92% vyield. The reaction is regioselective and only 3,6-dihydropyran was formed in the reaction.
The stereochemistry of the compound was determined by ‘H, 3C, DEPT and HMQC analysis.
Finally, the structure was confirmed by X-ray crystallographic analysis (Figure 5.3.1).%° The
scope of the reaction was examined with variety of aliphatic and aromatic aldehydes (Table

5.3.1).
Table 5.3.1. Synthesis of dihydropyrans?

O TfOH / CH,Cl, O_R

= R™ "H rt/12h =

42 43 OTf
44

Entry Aldehyde 43 Product 44 Yield (%)°

CHO
.U

o)
43a Z
OTf 44a
CHO Me
2 /©/ O 80
e
43b = 44b
OTf
C OMe
IS :
43c = A4c
OTf

92

HO

M
MeO

Continue...
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Entry Aldehyde 43 Product 44 Yield (%)°
Cr
(0]
4 Cl 72
43d =~ Gl
OTf 44d
CHO
5 ©/ 0 Cl 74
Cl = 44e
43e OTf
CHO Cl
6 cl /[ j (o] 75
43f = 44f
OTf
Cl Cl
CHO
7 (0]
60
Cl = Cl
=0 OTF 449
CHO
Br = 44h
43h OTf
/©/CHO F
(@]
9 F 70
43i = 44i
OTf
CHO CF,
10 F3C /[ j (@) 65
43j 7 44
OTf
NO,
CHO
11 ©/ O 70
) NO,
43k oTf 44k
O,N CHO cl
I j 0]
12 Cl NO, 61
43I P
44|
OTf
Continue....
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Entry Aldehyde 43 Product 44 Yield (%)°

/©/CHO CO,Me
13 MeO,C 72
43m
OO
14 I!II"IIII/’ 73

J\/CHO
67

OTf
o
W
440
OTf
O
16 64°
%
OTf 44
2Yields refer to isolated yield. Compounds are characterized by IR, NMR and mass spectrometry. d =
decomposed. bTwo inseparable diastereomeric mixture with a ratio of 2:1 determined by *H NMR.

15

It was observed from the Table 5.3.1. that both aromatic and aliphatic aldehydes gave good
yields. Aromatic aldehydes are better substrates than the aliphatic substrates. There is no major
role of electron withdrawing and donating groups on the aromatic rings, both groups are
providing comparable yields. To study the steric effect, ortho-, meta- and para-
chlorobenazaldehydes (entries 4-6) were reacted with alcohol 42, but the effect is not noticeable.
On the other hand, highly sterically hindered 2,6-dichlorobenzaldehyde (entry 7) and 4-chloro-3-
nitrobenzaldehyde (entry 12) gave low yields. 4-Methoxybenzaldehyde was found to be
decomposed under these reaction conditions. Reaction of 43p gave two inseparable
diastereomers with a ratio of 2:1, which was determined by *H NMR.

The mechanism of the reaction can be explained as follows. The acidic proton activates the
aldehyde for nucleophilic attack by homopropargylic alcohols to form oxocarbenium ion 46,
which after Prins cyclization generates carbocation 47. The carbocation 47 is then attacked by

triflate ion to give dihydropyran 44 (Scheme 5.3.2).
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| - [ o
Py o [ O

/\//R;\Q R(~O
HO

46
42 l

oTf

44

Scheme 5.3.2. Mechanism of the reaction

Figure 5.3.1. ORTEP diagram of compound 44n with 50% ellipsoid probability

To explore this methodology, the reaction is further utilized for the synthesis of 4-arylated
dihydropyrans. It may be noted that 4-arylated tetrahydropyrans are found in many biologically
active natural products.3! Generally, 4-aryl tetranydropyrans are prepared by Prins-Friedel-Crafts
reactions.?®®® 32 The major drawback of the existing methods is that the electron deficient
aromatic rings cannot participate in this reaction. Therefore, use of triflates 44 as an arylating
unit via Suzuki coupling would be a better alternative for introduction of various aryl groups
including both electron donating and electron withdrawing groups. Thus, the reaction of 44a
with different aryl and heteroaryl boronic acids 48a-f under Suzuki coupling conditions afforded
4-aryl- dihydropyrans 49a-f in good yields (Table 5.3.2). Similarly, Heck, Stille and Sonogashira
coupling of 44a produce corresponding coupling products 50, 51 and 52, respectively, in

ceII ent >/| elds (Scheme 5.3.3.-5.3.5).
11612224
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Table 5.3.2. Suzuki coupling reaction
ArB(OH), 48
Ph

o PdCl,, PhP,
Cy :
N32003, THF

Ph

@o

OTf 444 40°C,1h Ar 49
Entry Boronic acid 48 Product 49 Yield (%)2
(0] Ph
B(OH), pZ
1 [::::(/ 95
R 49a
(0] Ph
B(OH), P
2 /©/ 93
Cl
48b 49b
Cl
(0] Ph
o g
3 . 94
48c 49c
F
(0] Ph
B(OH), _
4 [:;:T/ 91
48d 49d
NO,
NO,
(@] Ph
S =
[ )—B(OH),
5 & 92
A g 49e
48e __
(0] Ph
B(OH), P
MeO
48f 49f

OMe

2yields refer to isolated yield. Compounds are characterized by IR, NMR and mass spectrometry.
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Scheme 5.3.3. Heck coupling reaction

: @ q

(0]
_ d(OAc), / KOAC =
OTf DMF X
60°C/12h 50
44a 85% O
Scheme 5.3.4. Stille coupling reaction

; @)
0 PdCl,, Ph,P, LiCl
= /\/Sl']BU:s =
OTf DMF, 80°C , 2h 51
44a 87%

Scheme 5.3.5. Sonogashira coupling reaction

4
o}

'

PdCl,, PhsP, Cul
Et;N, DMF I

80 °C, 2h, 95%
44a 52

=

Conclusions

In conclusion, we have developed one-pot, three component, mild and efficient method for the
synthesis of 4-trifluoromethanesulfonate substituted dihydropyrans via Prins cyclization reaction
in good yields. The reaction is compatible with a wide range of functional groups such as ester,
ether, nitro, and bromo. The important aspect of this reaction is that it introduces
trifluoromethanesulfonate group at 4-position of the dihydropyrans, which can be used for

subsequent coupling reactions such as Suzuki, Heck, Stille and Sonogashira coupling reactions.

TH-1580_11612224
150



Chapter 5

5.4. Experimental Section

5.4.1. Instrumentation and Characterization

As described in chapter 2 section 2.4.1

5.4.2. General Procedure for the formation of 4-trifluoromethanesulfonate 3,6-
dihydropyan 44:

To a stirring solution of aldehyde (1.0 equiv) and 3-butyn-1-ol (1.5 equiv) in dry
dichloromethane (5.0 mL/mmol) was added triflic acid (1.2 equiv) dropwise at 0 °C. The
reaction mixture was brought to room temperature and stirred for a specific time. The progress of
the reaction was monitored by TLC using ethyl acetate and hexane as eluents. After completion
of the reaction, the reaction mixture was treated with saturated sodium bicarbonate solution (5.0
mL). The product was extracted with CH2Cl, (2 x 10.0 mL) and washed with brine. Organic
layer was separated and dried over anhydrous Na;SO4 and evaporated using rotary evaporator to
obtain the crude product. The crude product was purified by silica gel column chromatography
using ethyl acetate and hexane as eluents to afford the cyclic compounds.

Synthesis of 6-phenyl-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (44a).

To a stirring solution of benzaldehyde 43a (0.1 mL, 1 mmol) and 3-butyn-1-ol 42 (0.11 mL, 1.5
mmol) in CH2Cl> (5 mL/mmol) was added TfOH (0.1 mL, 1.2 mmol) dropwise at 0 °C. The
reaction mixture was brought to room temperature and stirred for 12 h. The progress of the
reaction was monitored by TLC using ethyl acetate and hexane as eluents. After completion of
the reaction, CH2Cl> (10 mL) was added and the reaction mixture was washed with saturated
sodium bicarbonatesolution and brine solution. The organic layer was separated and dried over
anhydrous Na»SO4 and evaporated using rotary evaporator to leave the crude product which was
purified by column chromatography over silica gel using ethyl acetate and hexane as eluents to
give 6-phenyl-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate 44a as a colourless oil; Ry
(hexane/ EtOAc 50:1) 0.20; yield 292 mg, 92%.

5.4.3. General procedure of Suzuki coupling reaction 49a-e:

To a solution of 44 (1.0 mmol) in THF (4.0 mL/mmol) were added PPhz (5 mol %), PdClI2 (5 mol
%), boronic acid 48 (1.56 mmol) and 2M aqueous solution of NaxCOz (2.0 mL) under inert
atmosphere. The reaction mixture was stirred at 40 °C for 1hr. Then water was added to reaction
mixture and extracted with EtOAc (3x10 mL). Combined organic layer was dried and
concentrated under reduced pressure. Residue obtained was purified by silica gel column

chromatography using EtOAc/hexane as eluent to furnish the compound 49.
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Synthesis of 4,6-Diphenyl-3,6-dihydro-2H-pyran (49a):

To a solution of 3,6-dihydro-2-phenyl-2H-pyran-4-yl trifluoromethanesulfonate 44a (308 mg, 1
mmol) in THF (4.0 mL/mmol) were added PPh3(14 mg, 5 mol %), PdCl> (9 mg, 5 mol%), phenyl
boronic acid 48a (183 mg, 1.56 mmol) and 2M aqueous solution of Na2COsz (2.0 mL) under inert
atmosphere. The reaction mixture was stirred at 40 °C for 1h. Then water was added to reaction
mixture and extracted with EtOAc (3x10 mL). Combined organic layer was dried and
concentrated under reduced pressure. Residue obtained was purified by silica gel column
chromatography using EtOAc/hexane as eluent to furnish the 2,4-diphenyl-3,6-dihydro-2H-
pyran 49a as a yellow oil; Rs (hexane/ EtOAc 50:1) 0.3; yield 224 mg, 95%.

5.4.4. Synthesis of 4-(4-methoxyphenyl)-6-phenyl-3,6-dihydro-2H-pyran (49f):

A mixture of 44a (308 mg, 1.0 mmol), agueous sodium carbonate (1.4 mL, 2.80 mmol), lithium
chloride (125 mg, 2.98 mmol), Pd(PhsP)s (23 mg, 0.02 mmol), 4-methoxyphenylboronic acid 48f
(166 mg, 1.09 mmol), and THF (5 mL/mmol) was refluxed for 3 h. After completion of the
reaction the solvent was removed by evaporation; water was added and the mixture was
extracted with ethyl acetate (2x10 mL). Combined organic layer was dried and concentrated
under reduced pressure. The product was purified by column chromatography on silica gel (ethyl
acetate/hexane, 1/4) to give 49f as a pale yellow oil; Rf (hexane/ EtOAc 50:1) 0.40; yield 239
mg, 90%.

5.4.5. Synthesis of (E)-6-Phenyl-4-styryl-3,6-dihydro-2H-pyran (50):

To a solution of 44 (308 mg, 1.0 mmol) in DMF (10 mL/mmol) were added Pd(OAc)2 (11 mg, 5
mol%) and AcOK (196 mg, 2 mmol) under inert atmosphere. The reaction mixture was stirred
at 60 °C for overnight. Then water was added to reaction mixture and extracted with EtOAc
(3x10 mL). Combined organic layer was dried and concentrated under reduced pressure. Residue
obtained was purified by silica gel column chromatography using EtOAc/Pet. ether as eluent to
furnish the compound 50 as a yellow oil; Rt (hexane/ EtOAc 50:1) 0.35; yield 222 mg, 85%.

5.4.6. Synthesis of 4-allyl-6-phenyl-3,6-dihydro-2H-pyran (51):

A dried reaction tube was charged with triflate 44 (308 mg, 1mmol). To this PPhs (14 mg, 5
mol%), PdClI, (9 mg, 5 mol %) was added and reaction tube was evacuated. Then LiCl (126 mg,
3 mmol), dry DMF (10 mL/mmol) and allyltributylstannane (397 mg, 1.21mmol) were added
under nitrogen atmosphere. Reaction mixture was heated at 80 °C for 2 h. Reaction was
quenched with saturated NH4Cl solution and extracted with EtOAc (4x5 mL). Combined organic

layer was dried and concentrated under reduced pressure. Residue obtained was purified by silica
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gel column chromatography using EtOAc/hexane as eluent to furnish 4-allyl-3,6-dihydro-2-
phenyl-2H-pyran 51 (174 mg, 87%) as yellow oil; R¢ (hexane/ EtOAc 50:1) 0.35; yield 174 mg,
87%.

5.4.7. Synthesis of 6-phenyl-4-(phenylethynyl)-3,6-dihydro-2H-pyran (52):

A dried reaction flask was charged with triflate 44 (308 mg, 1.0 mmol). To this PPhz (14 mg, 5
mol %), PdCl> (9 mg, 5 mol %), Cul (19 mg, 1 mol %) were added and the reaction flask was
evacuated. Then EtsN (2.5 mL, 18 mmol), dry DMF (10 mL/mmol) and phenyl acetylene (0.17
ml, 1.58 mmol) were added under nitrogen atmosphere. Reaction mixture was heated at 80 °C
for 2 h. Reaction was quenched with saturated NH4Cl solution and extracted with EtOAc (4x5
mL). Combined organic layer was dried and concentrated under reduced pressure. Residue
obtained was purified by silica gel column chromatography using EtOAc/hexane as eluent to
furnish the 6-phenyl-4-(phenylethynyl)-3,6-dihydro-2H-pyran 52 (247 mg, 95 %) as a yellow oil;
R (hexane/ EtOAc 50:1) 0.35; yield 247mg, 95%.
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Dintzner, M. R. Synlett 2013, 24, 1091.

5.6. Characterization Data:

6-phenyl-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (44a):

Colourless oil; R (hexane/ EtOAc 50:1) 0.20; yield 292 mg, 92%; ‘H NMR
0 (400 MHz, CDCl3) 6 2.05 (dd, J = 12.0 and 6.0 Hz, 1 H), 2.68-2.73 (m, 1 H),
_ 3.86 (ddd, J =12.0, 8.0 and 4.0 Hz, 1 H), 4.11 (ddd, J = 12.0, 8.0 and 4.0 Hz,
OTf 1 H), 5.26 (d, J =4.0 Hz, 1 H), 5.93 (s, 1 H), 7.34-7.38 (m, 5 H); °C NMR

(100 MHz, CDCls) 8 28.5, 63.1, 75.8, 118.7 (g, J = 318.0 Hz), 120.2, 127.8,
128.9, 128.9, 139.0, 146.9; 1°F NMR (376 MHz, CDCI3/TFA) & 2.03 (s, -F); IR (KBr, neat)
2929, 2869, 1690, 1455, 1422, 1351, 1246, 1141, 1029, 894, 762 cm't; HRMS (ESI) calcd. for
C12H12F304S (M + H)* 309.0403, found 309.0408.

6-(p-Tolyl)-3,6-dihydro-2H-pyran-4-yl trifluoromethane-sulfonate (44b):

ve | Colourless oil; Rf (hexane/ EtOAc 50:1) 0.21; yield 257mg, 80%; *H
o NMR (400 MHz, CDCl3) 6 2.34 (s, 3 H), 2.40 (dd, J = 12.0 and 4.0 Hz,
P 1 H), 2.65-2.70 (m, 1 H), 3.83 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.11
OT# (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 5.22 (d, J = 4.0 Hz, 1 H), 5.91 (s, 1

H), 7.18 (d, J = 7.2 Hz, 2 H), 7.23 (d, J = 7.2 Hz, 2 H); *C NMR (150
MHz, CDCl3) 8 21.3, 28.5, 62.9, 75.5, 118.7 (q, J = 318.0 Hz), 120.3, 127.7, 129.6, 136.0, 138.8,
146.8; 1°F NMR (376 MHz, CDCI3/TFA) & 1.99 (s, -F); IR (KBr, neat) 2926, 2866, 1689, 1420,
1349, 1212, 1142, 1071, 899, 816 cm™; HRMS (ESI) calcd. for CisH14F30.S (M + H)*
323.0559, found 323.0565.

6-(2-Chlorophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44d):

Colourless oil; Rf (hexane/ EtOAc 50:1) 0.2; yield 246 mg, 72%; *H NMR
0 (400 MHz, CDCls) & 2.38 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.70-2.76 (m, 1
2l H), 3.88 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.16 (ddd, J = 12.0, 8.0 and
OTf 4.0 Hz, 1 H), 5.70 (d, J = 4.0 Hz, 1 H), 5.90 (s, 1 H), 7.24-7.29 (m, 2 H),

7.39 (dd, J = 7.2 and 4.0 Hz, 1 H), 7.45 (d, J = 7.2 Hz, 1 H); 3C NMR
(150 MHz, CDCls) § 28.4, 63.4, 72.4, 117.4 (q, J = 319.5 Hz), 119.7, 127.3, 128.9, 129.9, 130.0,
133.1, 136.4, 147.1; °F NMR (376 MHz, CDCIs/TFA) § 2.01 (s, -F); IR (KBr, neat) 2928,
2872, 1690, 1420, 1219, 1142, 1065, 764 cm’; HRMS (ESI) calcd. for C12H1CIF304S (M +
H)+ 343.0013, found 343.0010.
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6-(3-Chlorophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-
methanesulfonate (44e):
o] ol Colourless oil; Rt (hexane/ EtOAc 50:1) 0.2; yield 253 mg, 74%; *H NMR
Z (400 MHz, CDCl3) 6 2.41 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.66-2.73 (m, 1
OTf H), 3.86 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.11 (ddd, J = 12.0, 8.0 and

4.0 Hz, 1 H), 5.24 (d, J = 4.0 Hz, 1 H), 5.90 (s, 1 H), 7.21-7.23 (m, 1 H), 7.31-7.32 (m, 2 H),
7.35 (d, J = 7.2 Hz, 1 H); 3C NMR (150 MHz, CDCI3) & 28.4, 63.1, 75.0, 118.7 (q, J = 318.0
Hz), 119.7, 125.7, 127.9, 129.0, 130.2, 134.8, 141.1, 147.2; *°F NMR (376 MHz, CDCI3/TFA) &
2.08 (s, -F); IR (KBr, neat) 2928, 2870, 1689, 1421, 1214, 1142, 1073, 875 cm™’; HRMS (ESI)
calcd. for C12H11CIF304S (M + H)+ 343.0013, found 343.0035.
6-(4-Chlorophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44f):

cn  Colourless oil; Rr (hexane/ EtOAc 50:1) 0.2; yield 256 mg, 75%; 'H NMR
o] (400 MHz, CDCl3) 6 2.42 (dd, J = 12.0 and 6.0 Hz, 1 H), 2.67-2.74 (m, 1
_— H), 3.86 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.16 (ddd, J = 12.0, 8.0 and
oTf 4.0 Hz, 1 H), 5.25 (d, J=6.0 Hz, 1 H), 5.89 (s, 1 H), 7.28 (d, J = 7.2 Hz, 2

H), 7.36 (d, J = 7.2 Hz, 2 H); *C NMR (100 MHz, CDCls) 6 28.3, 63.0,
74.9, 115.4 (g, J = 318.0 Hz), 120.2, 129.0 (2C), 134.6, 137.6, 147.1; %F NMR (376 MHz,
CDCIs/TFA) & 1.97 (s, -F); IR (KBr, neat) 2929, 2869, 1692, 1421, 1213, 1148, 1091, 1066,
900, 765, 613 cm™; HRMS (ESI) calcd. for C12H11CIF304S (M + H)* 343.0013, found 343.0017.
6-(2,6-Dichlorophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (449):

Cl Colourless oil; Rs (hexane/ EtOAc 50:1) 0.19; yield 225mg, 60%; 'H NMR
o (400 MHz, CDCl3) 6 2.38 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.81-2.91 (m, 1 H),
e 3.88 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.24 (dd, J = 12.0 and 4.0 Hz, 1 H),
OTf 578 (s, 1 H),5.97 (s, 1 H), 7.17 (t, J=7.2 Hz, 1 H), 7.31 (d, J = 8.0 Hz, 2 H);

13C NMR (150 MHz, CDCls) & 28.1, 65.2, 72.7, 118.6 (g, J = 318.0 Hz), 119.7, 129.6, 130.5,
133.1, 136.1, 146.9; 1°F NMR (376 MHz, CDCI3/TFA) & 1.91 (s, -F); IR (KBr, neat) 2923,
2857, 1659, 1437, 1219, 1119, 1052, 775 cm™*; HRMS (ESI) calcd. for Ci12H10CloF304S (M +
H)* 376.9623, found 376.9627.

6-(3-Bromophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44h):
Colourless oil; Rf (hexane/ EtOAc 50:1) 0.18; yield 301mg, 78%; 'H NMR
o sr| (400 MHz, CDClz) 6 2.42 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.66-2.74 (m, 1 H),
= 3.87 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.11 (ddd, J = 12.0, 8.0 and 4.0
ort Hz, 1 H), 5.24 (d, J = 4.0 Hz, 1 H), 5.90 (s, 1 H), 7.25 (d, J = 8.0 Hz, 2 H),

7.46-7.51 (m, 2 H); 3C NMR (150 MHz, CDCls) & 28.4, 63.1, 74.9, 118.6 (q, J = 319.5 Hz),
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119.7, 122.9, 126.2, 130.5, 130.8, 131.9, 141.4, 147.2; ®'F NMR (376 MHz, CDCI3/TFA) & 2.04
(s, -F); IR (KBr, neat) 2871, 1690, 1420, 1213, 1141, 1072, 784 cm™*; HRMS (ESI) calcd. for
C12H11"°BrFs04S (M + H)* 386.9508, found 386.9520.
6-(4-Fluorophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44i):

£\ Colourless oil; Rf (hexane/ EtOAc 50:1) 0.19; yield 228mg, 70%; ‘H NMR

o (600 MHz, CDCl3) 8 2.41 (dd, J = 12.0 and 6.0 Hz, 1 H), 2.67-2.74 (m, 1 H),
_ 3.86 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 4.11 (ddd, J = 12.0, 6.0 and 6.0
oTf Hz, 1 H), 5.25 (d, J = 6.0 Hz, 1 H), 5.90 (s, 1 H), 7.07 (d, J = 8.0 Hz, 2 H),

7.32 (d, J = 8.0 Hz, 2 H); 13C NMR (150 MHz, CDCls) & 28.4, 63.0, 75.0, 115.7, 118.7 (q, J =
318.0 Hz), 119.9, 129.4, 134.9, 147.0, 163.0 (g, J = 246.0 Hz); 9F NMR (376 MHz,
CDCIs/TFA) § 2.06 (s, -F); IR (KBr, neat) 2925, 2869, 1690, 1421, 1219, 1141, 1071, 897, 775
cm™; HRMS (ESI) calcd. for C12H11F404S (M + H)* 327.0309, found 327.0313.

6-(4-(Trifluoromethyl)phenyl)-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (44j):
Pale yellow oil; Rs (hexane/ EtOAc 50:1) 0.20; yield 244mg, 65%; ‘H

CF3
o NMR (600 MHz, CDCls) & 2.42 (dd, J = 18.0 and 6.0 Hz, 1 H), 2.69-2.76
_ (m, 1 H), 3.90 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 4.14 (ddd, J = 12.0, 6.0
oTf and 6.0 Hz, 1 H), 5.33 (d, J = 6.0 Hz, 1 H), 5.92 (s, 1 H), 7.48 (d, J = 8.0

Hz, 2 H), 7.66 (d, J = 8.0 Hz, 2 H); 3C NMR (150 MHz, CDCls) § 28.4, 63.3, 75.1, 118.7 (q, J
= 319.5 Hz), 119.5, 121.9, 124.1 (q, J = 270.0 Hz), 126.0, 128.0, 130.3, 143.0, 147.3; °F NMR
(376 MHz, CDCI3/TFA) & 2.20 (s, -F), 13.27 (s, -F); IR (KBr, neat) 2928, 2872, 1622, 1421,
1327, 1216, 1130, 1069, 858, 792 cm™*; HRMS (ESI) calcd. for CisH11FsOsS (M + H)*
377.0277, found 377.0249.
6-(2-Nitrophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44k):
Yellow oil; R (hexane/ EtOAc 50:1) 0.25; yield 247mg, 70%; *H NMR (600
o MHz, CDClz) 6 2.39 (dd, J =18.0 and 6.0 Hz, 1 H), 2.79-2.85 (m, 1 H), 3.91
= No; (ddd, J =12.0, 6.0 and 6.0 Hz, 1 H), 4.22 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H),
orf 5.86 (d, J = 6.0 Hz, 1 H), 6.02 (s, 1 H), 7.50 (t, J = 7.2 Hz, 1 H), 7.66 (d, J =
7.2 Hz, 1 H), 7.73 (d, J = 7.2 Hz, 1 H), 7.98 (d, J = 7.2 Hz, 1 H); 1*C NMR (150 MHz, CDCl3) &
28.3, 63.9, 71.4, 118.6 (q, J = 318.0 Hz), 119.9, 124.8, 129.3, 129.4, 133.9, 134.6, 147.1, 148.2;
BF NMR (376 MHz, CDCI3s/TFA) 6 1.97 (s, -F); IR (KBr, neat) 2929, 2873, 1689, 1531, 1419,
1353, 1211, 1141, 1073, 901, 789, 751 cm™*; HRMS (ESI) calcd. for C12H11FsNOsS (M + H)*
354.0259, found 354.0259.
6-(4-Chloro-3-nitrophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (44l):
cl Yellow oil; Rf (hexane/ EtOAc 50:1) 0.25; yield 236mg, 61%; 'H NMR

0 N6 (600 MHz, CDCl3) & 2.44 (dd, J = 18.0 and 6.0 Hz, 1 H), 2.70-2.76 (m, 1
TH-1530_11612224 2
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H), 3.90 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 4.13 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 5.33 (d, J
=4.0Hz,1H),590(,1H),751(d,J=72Hz,1H),757(d,J=72Hz,1H),789(d,J=7.2
Hz, 1 H); 13C NMR (150 MHz, CDCls) & 28.3, 63.3, 74.0, 118.6, 118.7 (q, J = 318.0 Hz), 124.6,
127.3, 131.9, 132.5, 139.8, 147.8, 148.2; 1%F NMR (376 MHz, CDCI3/TFA) § 2.1 (s, -F); IR
(KBr, neat) 2927, 2873, 1690, 1539, 1421, 1353, 1214, 1141, 1073, 888, 792 cm™}; HRMS (ESI)
calcd. for C12H9FsNOsSNa (M + Na)* 409.9689, found 409.9691.

Methyl 4-(4-(((trifluoromethyl)sulfonyl)oxy)-3,6-dihydro-2H-pyran-2-yl)benzoate (44m):

COMe Colourless oil; Rs (hexane/ EtOAc 50:1) 0.23; yield 263 mg, 72%; ‘H
2

o NMR (600 MHz, CDCls) & 2.41 (dd, J = 16.0 and 6.0 Hz, 1 H), 2.68-
P 2.74 (m, 1 H), 3.88 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 3.91 (s, 3 H),
oTf 4.12 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 5.31 (s, 1 H), 5.91 (s, 1 H),

7.42 (d, J = 7.2 Hz, 2 H), 8.04 (d, J = 7.2 Hz, 2 H); 3C NMR (150
MHz, CDCl3) 6 28.4, 52.4, 63.2, 75.2, 118.6 (q, J = 319.5 Hz), 119.7, 127.5, 130.2, 130.6, 144.0,
147.1, 166.8; 1°F NMR (376 MHz, CDCIs/TFA) & 2.07 (s, -F); IR (KBr, neat) 2925, 2850, 1725,
1690, 1418, 1282, 1213, 1142, 1113, 1072, 860, 771 cm™*; HRMS (ESI) calcd. for C14H14F306S
(M + H)* 367.0458, found 367.0465.
6-(Naphthalen-2-yl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (44n):
Colourless solid; mp 71-73 °C Rt (hexane/ EtOAc 50:1) 0.20; yield 261mg,
o OO 73%; *H NMR (600 MHz, CDCl3) 6 2.42 (dd, J = 12.0 and 4.0 Hz, 1 H),
= 2.67-2.83 (m, 1 H), 3.86 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.10 (ddd, J
o = 12.0, 8.0 and 4.0 Hz, 1 H), 5.39 (d, J = 4.0 Hz, 1 H), 5.99 (s, 1 H), 7.43
(d, J=8.0 Hz, 1 H), 7.47-7.50 (m, 2 H), 7.77 (s, 1 H), 7.81-7.85 (m, 3 H); 3C NMR (150 MHz,
CDClIs) & 28.5, 62.9, 75.7, 118.7 (q, J = 318.0 Hz), 120.1, 125.2, 126.5, 126.6, 127.0, 127.9,
128.3, 128.9, 133.3, 133.5, 136.4, 147.0; 1°F NMR (376 MHz, CDCIs/TFA) & 2.04 (s, -F); IR
(KBr, neat) 2976, 2868, 1689, 1464, 1422, 1244, 1114, 1058, 886, 757 cm™; HRMS (ESI) calcd.
for C16H14F304S (M + H)* 359.0559, found 359.0564.
6-1sobutyl-3,6-dihydro-2H-pyran-4-yl trifluoromethane-sulfonate (440):
Colourless oil; R (hexane/ EtOAc 50:1) 0.20; yield 193mg, 67%; 'H NMR

O
W (600 MHz, CDCl3) § 0.93 (s, 3 H), 0.94 (s, 3 H), 1.27-1.32 (m, 1 H), 1.55-1.60
OTf (m, 1 H), 1.79-1.87 (m, 1 H), 2.26 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.58-2.64

(m, 1 H), 3.71 (ddd, J = 12.0, 6.0 and 6.0 Hz, 1 H), 4.09 (ddd, J = 12.0, 6.0
and 6.0 Hz, 1 H), 4.27 (d, J = 6.0 Hz, 1 H), 5.72 (s, 1 H); 13C NMR (150 MHz, CDCls) 5 22.1,
23.3, 24.5, 28.6, 43.8, 63.2, 71.9, 117.6 (g, J = 318.0 Hz), 121.2, 146.4; 1°F NMR (376 MHz,
CDCI3/TFA) § 2.05 (s, -F): IR (KBr, neat) 2960, 2872, 1690, 1442, 1211, 1143, 1072, 884, 614

cmt; HRMS (ESI) calcd. for C1oH16F304S (M + H)* 289.0721, found 289.0715.
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6-(1-Phenylethyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-methanesulfonate (diastereomeric
mixture, 2:1, 44p):

Colourless oil; Rt (hexane/ EtOAc 50:1) 0.20; yield 215mg, 64%; *H NMR
(400 MHz, CDCls) 6 1.30 (d, J = 4.0 Hz, 3 H, minor), 1.35 (d, J =8.0 Hz, 3
H, major), 2.07-2.12 (m, 1 H, minor), 2.16-2.24 (m, 1 H, major), 2.56-2.64
(m, 1 H), 2.82-2.89 (m, 1 H, major), 3.08-3.15 (m, 1 H, minor), 3.62-3.71
(m, 1 H), 4.09-4.13 (m, 1 H), 4.24-4.26 (m, 1 H, major), 4.36-4.37 (m, 1 H, minor), 5.54 (s, 1 H,
major), 5.68 (s, 1 H, minor), 7.20-7.26 (m, 3 H), 7.29-7.35 (m, 2 H); *C NMR (150 MHz,
CDClIs) 6 15.0, 17.0, 28.4, 43.6, 44.7, 63.4, 63.8, 78.1, 78.2, 118.6 (q, J = 319.5 Hz), 119.7,
126.9, 127.0, 128.0, 128.1, 128.6, 128.7, 142.1, 142.9, 147.0, 147.3; *F NMR (376 MHz,
CDCI3/TFA) 6 1.9 (s, -F); IR (KBr, neat) 2972, 2873, 1690, 1420, 1213, 1143, 1073, 891, 763
cm; HRMS (ESI) calcd. for C14H16F304S (M + H)* 337.0716, found 337.0722.
4,6-diphenyl-3,6-dihydro-2H-pyran (49a):
— >~ VYellow oil; Rf (hexane/ EtOAc 50:1) 0.3; yield 224 mg, 95%; *H NMR (400
© O MHz, CDCls3) 6 2.49 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.71-2.80 (m, 1 H), 2.92
(ddd, J =12.0, 8.0 and 4.0 Hz, 1 H), 4.19 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H),
O 5.31(d,J=4.0Hz, 1 H), 6.22 (s, 1 H), 7.27-7.39 (m, 6 H), 7.41-7.45 (m, 4 H);
13C NMR (100 MHz, CDCls) & 27.2, 63.6, 76.9, 125.1, 125.5, 127.7, 127.8,
128.2, 128.6, 128.7, 135.0. 140.2, 141.5; IR (KBr, neat) 2924, 2853, 1600, 1493, 1263, 1120,
1029, 771 cmt; HRMS (ESI) calcd. for C17H170 (M + H)* 237.1274, found 237.1277.
4-(4-Chlorophenyl)-6-phenyl-3,6-dihydro-2H-pyran (49b):

0]

=

oTf

=

Pale yellow oil; R¢ (hexane/ EtOAc 50:1) 0.28; yield 251 mg, 93%; 'H NMR

0 O (400 MHz, CDCl3) 6 2.44 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.67-2.76 (m, 1 H),
& 3.91 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.19 (ddd, J =12.0, 8.0 and 4.0 Hz, 1
O H), 5.29 (d, J = 4.0 Hz, 1 H), 6.20 (s, 1 H), 7.29-7.42 (m, 9 H); 3C NMR (100
& MHz, CDCls) 6 27.2, 63.5, 76.8, 126.1, 126.4, 127.7, 128.2, 128.8 (2C), 133.5,

134.0, 138.6. 141.2; IR (KBr, neat) 2924, 2853, 1598, 1493, 1368, 1177, 1074,
762 cm™*; HRMS (ESI) calcd. for C17H16CIO (M + H)* 271.0884, found 271.0886.
4-(4-Fluorophenyl)-6-phenyl-3,6-dihydro-2H-pyran (49c):

— __) Pale yellow oil; Rf (hexane/ EtOAc 50:1) 0.25; yield 238 mg, 94%; 'H NMR
S O (400 MHz, CDCl3) 6 2.45 (dd, J = 16.0 and 4.0 Hz, 1 H), 2.68-2.77 (m, 1 H),
7 3.92 (ddd, J =12.0, 8.0 and 4.0 Hz, 1 H), 4.19 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1

O H), 5.30 (d, J = 4.0 Hz, 1 H), 6.16 (s, 1 H), 7.03 (t, J = 8.0 Hz, 2 H), 7.29-7.43
£ (m, 7 H); C NMR (100 MHz, CDCls) & 27.3, 63.6, 76.9, 115.5 (d, J = 21.0

Hz), 125.4, 126.3 (d, J = 8.0 Hz), 127.8, 128.2, 128.7, 134.1, 136.3 (d, J = 3.3 Hz), 141.3, 162.5
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(d, J =245.1 Hz); *F NMR (376 MHz, CDCI3/TFA) § -39.2 (s, -F); IR (KBr, neat) 2925, 2854,
1601, 1451, 1275, 1231, 1160, 1071, 836, 700 cm™:; HRMS (ESI) calcd. for C17H16FO (M + H)*
255.1180, found 255.1185.

4-(3-Nitrophenyl)-6-phenyl-3,6-dihydro-2H-pyran (49d):

o )

=

NO,

Yellow oil; R (hexane/ EtOAc 50:1) 0.30; yield 255 mg, 91%; *H NMR (400
MHz, CDCl3) 6 2.51 (dd, J = 16.0 and 4.0 Hz, 1 H), 2.76-2.85 (m, 1 H), 3.96
(ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.25 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H),
5.34(d,J=4.0Hz, 1 H), 6.38 (s, 1 H), 7.31-7.43 (m, 5 H), 7.52 (t, J = 8.0 Hz, 1
H), 7.76 (t, J = 8.0 Hz, 1 H), 8.13 (d, J = 8.0 Hz, 1 H), 8.28 (s, 1 H); 13C NMR
(100 MHz, CDCl3) 6 27.0, 63.4, 76.8, 119.9, 122.4, 127.6, 128.4, 128.8, 129.6,

130.9, 133.1, 140.8, 141.8, 148.7; IR (KBr, neat) 2924, 2855, 1528, 1453, 1349, 1269, 1121,
1063, 892, 737 cm™; HRMS (ESI) calcd. for C17H16NO3 (M + H)* 282.1125, found 282.1130.
6-Phenyl-4-(thiophen-2-yl)-3,6-dihydro-2H-pyran (49e):

Yellow oil; Rt (hexane/ EtOAc 50:1) 0.30; yield 222 mg, 92%; H NMR (400
MHz, CDCl3) 6 2.49 (dd, J = 16.0 and 4.0 Hz, 1 H), 2.71-2.78 (m, 1 H), 3.90
(ddd, J = 16.0, 8.0 and 4.0 Hz, 1 H), 4.15 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H),
5.28 (d, J=4.0 Hz, 1 H), 6.20 (s, 1 H), 6.99 (t, J = 8.0 Hz, 1 H), 7.03 (d, J = 8.0
Hz, 1 H), 7.17 (d, J = 8.0 Hz, 1 H), 7.30 (d, J = 8.0 Hz, 1 H), 7.32-7.42 (m, 4 H);

13C NMR (100 MHz, CDCls) § 27.6, 63.3, 76.6, 122.5, 124.1, 127.5, 127.8, 128.2, 128.7, 129.7,
141.1, 144.8; IR (KBr, neat) 2924, 2854, 1639, 1453, 1361, 1263, 1116, 1062, 879, 698 cm™;
HRMS (ESI) calcd. for C15H150S (M + H)*" 243.0844, found 243.0851.
4-(4-methoxyphenyl)-6-phenyl-3,6-dihydro-2H-pyran (49f):

Pale yellow oil; R¢ (hexane/ EtOAc 50:1) 0.40; yield 239 mg, 90%; ‘H NMR
(600 MHz, CDClg3) 6 2.51 (dd, J = 16.0 and 6.0 Hz, 1 H), 2.68-2.74 (m, 1 H),
3.80 (s, 3 H), 3.91 (ddd, J =12.0, 8.0 and 4.0 Hz, 1 H), 4.17 (ddd, J = 12.0, 8.0
and 4.0 Hz, 1 H), 5.29 (d, J =4.0 Hz, 1 H), 6.12 (s, 1 H), 6.88 (d, J = 8.0 Hz, 2
H), 7.30 (t, J = 8.0 Hz, 1 H), 7.34-7.38 (m, 4 H), 7.42 (d, J = 8.0 Hz, 2 H); 13C
NMR (150 MHz, CDCls) 6 27.3, 55.5, 63.7, 76.9, 114.0, 123.8, 126.2, 127.8,

128.1, 128.7, 132.8, 134.4, 141.7, 159.4; IR (KBr, neat) 2957, 2836, 1607, 1456, 1309, 1248,
1180, 1062, 1034, 832, 761, 700 cm™; HRMS (ESI) calcd. for C1gH1902 (M + H)* 267.1385,
found 267.1385.

TH-15

(E)-6-Phenyl-4-styryl-3,6-dihydro-2H-pyran (50):

Yellow oil; R (hexane/ EtOAc 50:1) 0.35; yield 222 mg, 85%; 'H NMR (400
MHz, CDCls) 6 2.38 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.53-2.62 (m, 1 H), 3.87
(ddd, J = 16.0, 8.0 and 4.0 Hz, 1 H), 4.15 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H),
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5.27 (d, J =4.0 Hz, 1 H), 5.92 (s, 1 H), 6.57 (d, J = 16.0 Hz, 1 H), 6.81 (d, J = 16.0 Hz, 1 H),
7.20-7.25 (m, 1 H), 7.30-7.43 (m, 9 H); 13C NMR (100 MHz, CDCls) & 25.0, 63.4, 76.9, 126.5,
127.3,127.6, 127.7, 128.2, 128.7, 128.8, 130.2, 130.5, 134.2, 137.4, 141.3; IR (KB, neat) 2924,
2853, 1593, 1492, 1274, 1118, 1092, 1012, 830, 699 cm™*; HRMS (ESI) calcd. for C19H190 (M +
H)" 263.1430, found 263.1436.

4-allyl-6-phenyl-3,6-dihydro-2H-pyran (51):

Yellow oil; Rt (hexane/ EtOAc 50:1) 0.35; yield 174 mg, 87%; 'H NMR (400
MHz, CDCl3) 5 1.98 (dd, J = 16.0 and 4.0 Hz, 1 H), 2.25-2.33 (m, 1 H), 2.80
(d, J = 8.0 Hz, 2 H), 3.78 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.02 (ddd, J =
12.0, 8.0 and 4.0 Hz, 1 H), 5.05-5.12 (m, 3 H), 5.56 (s, 1 H), 5.76-5.87 (m, 1
H), 7.27-7.37 (m, 5 H); 3C NMR (100 MHz, CDCl3) § 28.4, 41.7, 63.5, 76.4,

116.8, 124.0, 127.6, 127.9, 128.6, 135.3, 135.7, 141.9; IR (KBr, neat) 2924, 2854, 1689, 1450,
1364, 1220, 1075, 771 cm™; HRMS (ESI) calcd. for C14H17O (M + H)* 201.1274, found

201.1277.

6-phenyl-4-(phenylethynyl)-3,6-dihydro-2H-pyran (52):

Yellow oil; Rt (hexane/ EtOAc 50:1) 0.35; yield 247mg, 95%; 'H NMR (400
MHz, CDCls) 6 2.28 (dd, J = 12.0 and 4.0 Hz, 1 H), 2.53-2.62 (m, 1 H), 3.83
(ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H), 4.06 (ddd, J = 12.0, 8.0 and 4.0 Hz, 1 H),
5.23 (d, J = 4.0 Hz, 1 H), 6.25 (s, 1 H), 7.28-7.32 (m, 4 H), 7.33-7.40 (m, 4 H),
7.42-7.45 (m, 2 H); 13C NMR (100 MHz, CDCls) & 29.2, 63.2, 76.6, 89.1, 89.2,
119.6, 123.3, 127.7, 128.3, 128.4, 128.5, 128.8, 131.7, 135.2, 140.6; IR (KBr,

neat) 2919, 2850, 1597, 1490, 1450, 1253, 1120, 1062, 756, 699 cm™; HRMS (ESI) calcd. for
C19H170 (M + H)* 261.1274, found 261.1279.

TH-1580_11612224
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5.7. Selected Spectra

'H and BC NMR Spectra of 6-(p-Tolyl)-3,6-dihydro-2H-pyran-4-yl trifluoromethane-
sulfonate (44b):
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F NMR spectrum of 44b
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TH-1580_11612224

HMQC spectra of 44b
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'H NMR and 3C NMR spectra of compound 6-(4-Chlorophenyl)-3,6-dihydro-2H-pyran-4-
yl trifluoro-methanesulfonate (44f):

| o

4 Lo0-—=
110

6301
2833

{ i

T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10 0

90
f1 (ppm)

TH-1580_11612224
166



Chapter 5

BF NMR spectrum of 44f
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'H NMR and 2C NMR spectra of 6-(2-Nitrophenyl)-3,6-dihydro-2H-pyran-4-yl trifluoro-
methanesulfonate (44k)
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BF NMR spectrum of 44k
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'H NMR and 3C NMR spectra of Methyl 4-(4-(((trifluoromethyl)sulfonyl)oxy)-3,6-
dihydro-2H-pyran-2-yl)benzoate (44m):
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BF NMR spectrum of 44m
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'H NMR and 3C NMR spectra of 4,6-diphenyl-3,6-dihydro-2H-pyran (49a):
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!H NMR and 3C NMR spectra of (E)-6-Phenyl-4-styryl-3,6-dihydro-2H-pyran (50):
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'H NMR and 3C NMR spectra of 4-allyl-6-phenyl-3,6-dihydro-2H-pyran (51):
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'H NMR and 3C NMR spectra of 6-phenyl-4-(phenylethynyl)-3,6-dihydro-2H-pyran (52):
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2.8. Crystal Parameters

TH-1580_11612224

The crystal parameters of compound 44n

CCDC 1433323
Formula C16H13F304S
Formula weight 358.32
TIK 296(2)
Crystal system Monoclinic
Space group P21
a/A 5.8732(3)
b/A 8.2240(4)
c/A 33.7553(17)
al® 90.00
pI° 94.151(3)
yl° 90.00
VIAS 1626.14(14)
Z 4
Abs. Coeff./mm™* 0.248
Abs. Correction multi-scan
GOF on F? 1.041
Final R indices [I > 20(I)] | R1=0.1452
wR2 =0.2197
R indices [all data] R1 =0.2008
WR2 =0.2402
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