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Abstract

Abstract

The contents of this thesis have been divided into two parts based on the results of experimental
work performed during the complete course of the research period. Part | consists of four
chapters. Chapter 1 deals with an introduction to substituted tetrahydropyran and tetrahydrofuran
ring containing natural products and previous approaches for their synthesis. In chapter 2
diastereoselective synthesis of 4-iodotetrahydropyrans is described. Chapter 3 presents the
diastereoselective synthesis of substituted 3-aroyltetrahydrofurans via Prins cyclization of enol
ethers. Chapter 4 deals with the Beckmann rearrangement of 3-aroyltetrahydrofurans. Part Il
consists of two chapters. Chapter 1 presents an overview of important aspects of chiral 1,3-diols
and chiral sulfoxides and their synthesis using different approaches. Chapter 2 describes the
synthesis and resolution of racemic 1,3-diol ligands and their application in enantioselective

sulfoxidation of alkyl aryl sulfides.

Part |

Chapter 1: Some Aspects of the Synthesis of Five and Six Membered Oxygen

Heterocycles

Five and six membered oxygen heterocycles occur widely in nature. Tetrahydropyrans are
structural features of many biologically active natural products such as polyether antibiotics,
marine toxins, and pheromones. Over recent years thousands of tetrahydropyran containing
compounds have been entered into preclinical and clinical trials. Similarly a wide variety of
interesting biologically active molecules contain substituted tetrahydrofuran subunits. For
example, the annonaceous acetogenins are a large family of natural products with a diverse range
of biological activities including antitumor, antihelmic, antimalarial, antimicrobial, and
antiprotozoal. Substituted tetrahydrofurans are also found in polyether antibiotics, lignans, and
C-glycosides.

To build this class of heterocycles many strategies have been developed over the years. The most
widely used methods in natural product synthesis are the Prins, intramolecular oxonium-ene
cyclisation reactions, hetero-Diels-Alder cyclization, the intramolecular Michael additions and
ring-closing metathesis. Other strategies include electrophile-induced cyclizations of
nonactivated alkenes and Lewis acid-promoted cyclizations of epoxy alcohols. Among these
methods stated here Prins cyclization has attracted much attention towards the synthesis of
natural products. Since, these cyclization reactions themselves proceed largely through a chair-

Vi
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Abstract

like transition state that allows for control of stereoisomers in the course of the reaction. This
organization of the reaction allows to set four relative stereogenic centers in one step. We have
attempted to utilize Prins cyclization stratergy for the synthesis of five and six membered oxygen

heterocycles.

Chapter 2: Axial-selectivity in Prins-Cyclization Reaction: Synthesis of 4-

lodotetrahydropyrans

The main advantage of Prins cyclization is its all-cis selectivity. Recently, several groups have
reported the highly selective synthesis of all-cis 4-substituted tetrahydropyrans with good yields.
Among these, 4-halotetrahydropyrans are important in organic synthesis, because it can be
transformed into other substituted tetrahydropyrans. Generally 4-halotetrahydropyrans are
prepared by Lewis acid mediated reaction, and the Lewis acids used are SnCl,, SnBr,, TMSBI,
TiCls, TiBrs, TiF4, InCls, AICls, FeCls, ZrCls, BF3OEt,, etc. The halo functions in all these
reactions are placed in equatorial positions. This is in accordance to the Alder’s model. There are
limited methods for the synthesis of axial-4-halotetranydropyrans. Here we have developed an
axial selective Prins-cyclization reaction for the synthesis of 4-iodotetrahydropyrans from
homoallylic alcohols and aldehydes promoted by TMSOTf and tetrabutyl ammonium

iodide/bromide. The reaction is generalized as shown in Scheme 1.

o) R' R'__O.__R
+ TMSOTf
RJ\H /\)\OH - U
TBAX :
DCM / 0°C X
58-86%

Where R = alkyl, aryl; R = H, alkyl; X = |, Br
Scheme 1: Synthesis of 4-halotetrahydropyans and the scope of the reaction

The stereoselectivity and stereochemistry of the compounds were determined from crude *H
NMR and single crystal X-ray analysis. The axial position of the halide group at 4-position was
determined by comparison with equatorial products. It is known that reaction of aldehydes with
homoallylic alcohols in the presence of iodine gives equatorial iodinated products. It was
observed that the equatorial proton of 2-(4-bromophenyl)-4-iodotetrahydro-2H-pyran, attached
to the axial iodide resonates at 4.91 ppm and in the case of axial proton of equatorially
substituted iodide resonates at 4.38 ppm (Figure 1), this is in agreement with the fact that the
equatorial proton resonates at lower field than the axial proton.

Vii
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4.38 ppm

4.91 ppm

/ﬁ l«——— Equatorial

Axial Equatorial

Figure 1: Chemical shift values (ppm) of axial and equatorial protons of 2-(4-bromophenyl)-4-

iodotetrahydro-2H-pyran

In conclusion, we have developed an axial-selective Prins-cyclization reaction with high
diastereoselectivity and good yields. The 4-axial halosubstituted products would be an important
synthetic intermediate for the synthesis of 4-equatorial substituted tetrahydropyrans by

substitution reactions.

Chapter 3: Diastereoselective Synthesis of Substituted Tetrahydrofurans via

Prins Cyclization of Enol Ethers

The synthesis of tetrahydrofurans, because of their importance in many biological processes, has
attracted particular attention from the organic synthetic chemist. Therefore an abundant literature
deals with numerous approaches to the synthesis of mono- or poly-THF skeletons. Prins
cyclization is an important reaction for the synthesis of tetrahydropyrans and tetrahydrofurans
because of its diastereoselectivity. Although the preparation of these heterocycles through C-C
bond-forming Prins cyclization is becoming increasingly important, Pure Prins-type cyclization
has rarely been used for the synthesis of tetrahydrofurans, though Prins-type cylcization followed
by pinacol rearrangement gives tetrahydrofurans. In the present work an attempt was made to
cyclize enol ethers having alkyne group. After screening of various Lewis and Brgnstad acids it
Indium triflate was found to be the best reagent for cyclization which afforded the substituted

tetrahydrofurans in good yield and excellent stereoselectivity (Scheme 2).

N ©
J\/ In(OTf)s (0.5 equiv.) R\Q/\COZEt
. R
o N ogy GG/ =0
21-92% R

R, R" = alkyl, aryl

Scheme 2: Synthesis of substituted tetrahydrfurans

viii
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The reaction is diastereoselective, only a single diastereomer was obtained from each reaction,
which was determined by crude *H NMR. The stereochemistry of the cyclized products were

determined by nOe experiments and single-crystal X-ray analysis (Figure 2).

nOe

Figure 2. Correlation between NOE and X-ray crystallographic structure of Ethyl 2-(-3-benzoyl-
5-(4-bromophenyl)tetrahydrofuran-2-yl)acetate

In conclusion, we have developed a mild and efficient method for the synthesis of substituted
tetrahydrofurans via Prins cyclization reaction from enol ethers in good yields. The method is

highly diastereoselective and gives only cis- 2,5-diastereomers.

Chapters 4: Beckmenn rearrangement of 3-aroyltetrahydrofuran: synthesis of
N-aryltetrahydrofuran-3-carboxamides

In chapter 3 we have described the diastereoselective synthesis of substituted tetrahydrofurans
via Prins cyclization reaction from enol ethers. In order to provide the synthetic application of
these 3-aroyl tetrahydrofurans, Beckmann rearrangement reaction was studied (Scheme 3). The
substituted tetrahydrofurans were first converted to oxime derivatives containing both anti and

syn isomer as inseparable mixture.

R1 O R1 (@)
\QACOOE’[ NH,OH.HCI U’\COOH soCl,

"7,—:0 CH3;COONa, methanol % _N diethyl ether
R reflux R// OH rt
39-50%
RO RO
T cooet T cooet
R = Ph, 4-OMePh, 4-MePh, heteroaryl ""’/O * "’//NH
R' = H, Et, Ph, 4-BrPh, 4-CIPh, 4-MePh /
HN, o=
R R
major minor

Scheme 3: Beckmen rearrangement of 3-aroyltetrahydrofuran

Thionyl chloride treatment of those oximes gave the Beckmann products at room temperature. It
was observed that Beckmann rearrangement of 3-benzoyltetrahydrofuran (R = Ph, R' = H)

iX
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resulted in an inseparable mixture of N-phenyltetrahydrofuran-3-carboxamide and N-
(tetrahydrofuran-3-yl)benzamide with a ratio of 9:1 in 50% overall yield. On the other hand
other tetrahydrofurans gave only N-aryltetrahydrofuran-3-carboxamides as a single isomer. The
exclusive formation of aryl migrated products indicates that the aryl group is a better migrating

group than the tetrahydrofuran ring.

In conclusion we have studied the thionyl chloride-mediated Beckmann rearrangement of 3-
aroyl-tetrahydrofurans. N-aryltetrahydrofuran-3-carboxamides were obtained almost exclusively
from the E/Z mixture of oximes in moderate yields. The preferential formation of aryl migrated

products indicates that aryl group is a better migrating group than the tetrahydrofuran ring.
Part 11

Chapter 1. Review on Asymmetric Synthesis of 1,3-Diols and Chiral

Sulfoxides

Optically active 1,3-diols are very important compounds in asymmetric synthesis, since they
represent chiral building blocks for many polyketide-derived natural products, and have
frequently been used as valuable intermediates in the synthesis of drugs and natural products
with important biological activity. Such diols have shown promise as chiral ligands and more
frequently as chiral auxiliaries. Unlike 1,2 and 1,4 diols, 1,3-diols are less frequently encountered
as chiral ligand. It is important that the diol is conformationally rigid for it to be an effective
chiral auxiliary / ligand. Chiral 1,3-diols can be obtained via the following three methods: (a)
diastereoselective reduction of chiral hydroxy ketones (b) enantioselective reduction of p-
diketones (c) diastereoselective reduction of S-diketones followed by resolution of the resulting
diol.

Sulfoxides are found in a variety of natural products and pharmaceuticals. They have also been
employed as chiral auxiliaries in a range of reaction classes, and as chiral ligands. Sulfur is well-
suited to the role of an agent for transfer of chirality for several reasons. The faces of a sulfoxide
are highly differentiated due to the large steric difference between its substituents, which range
from an electron lone pair to large alkyl groups. Both sulfur and oxygen have lone pairs of
electrons available to coordinate to Lewis acidic functionality, often promoting highly ordered
transition states. Finally, sulfur can readily form covalent bonds, including to heteroatoms, and
can be cleaved under relatively mild conditions. These properties have inspired considerable

investigation into the synthetic applications of sulfoxides.

X
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A diverse array of techniques for the synthesis of enantiomerically enriched sulfoxides has been
developed. These methods generally fall into two categories: chiral auxiliary directed
functionalizations and catalytic enantioselective oxidations. The most straightforward route to
enantiomerically enriched sulfoxides involves preparation and substitution of a pure
diastereomer using a chiral reagent. This method consists of the synthesis of a sulfinylating agent
with an electrophilic sulfur of known configuration, followed by reaction with an organometallic
reagent. Chiral auxiliary methodologies produce relatively simple sulfoxides with very high
enantiomeric purity. These products are ideally suited for use as chiral ligands or chiral

auxiliaries.

Catalytic enantioselective oxidations involve asymmetric oxidation of prochiral sulfides
catalyzed by metal complexes with enantiomerically pure chelating lingands. C,-
symmetricbidendate diols, Cs-symmetric triethanol amines, tridendate Schiff bases, and
tetradendate salen-type ligands, have been commonly used, typically in combination with d0
metal ions: Ti(IV) and V(V) and less frequently with Mn(lll), Fe(l11), and Al(lI1) .

Chapter 2. Synthesis of a new chiral 1,3-diol ligand with a benzyl backbone

and application in asymmetric sulfoxidation of alkyl aryl sulfides.

Section A: Synthesis and resolution of 1,3-diols

Our synthetic route involved the diastereoselective reduction of S-diketones 3 by LIAIH(O-tBu)s,

followed by resolution of the racemic mixture containing the anti diols.

R Br 2 Q 0
M K,COs/ Nal F>h)ﬁ)k Ph LIAIH(O-tBu);
Ph Ph Acetone R TETRy B0 - rt
1 reflux 3a:R'=Ph, 91%
3b: R' = C3H, 81%
3c: R' = 4-MeO-CgHy, 77%
3d: R' = 4-CI-CgH,, 70%
OH OH OH OH OH OH OH OH
Ph)jﬂ Ph + Ph/j/'\Ph + Ph/ﬁ/LPh + Ph/jﬁ Ph
R1” @ R B R Y R 5
4ao, + 4ap: R' = Ph, 90% 4ay: R' = Ph, 3% 4as: R" = Ph, 0%
4ba + 4bp: R' = C3H,, 81% 4by: R' = C3Hy, 3% 4b3: R" = C3Hy, 0%
4ca + 4cP: R' = 4-MeO-CgHy, 84%  4cy: R! = 4-MeO-CgH,,6% 4¢5: R' = 4-MeO CgH,,0%
4do. + 4dB: R' = 4-CI-CgH,, 75% 4dy: R' = 4-CI-CgHy, 4%  4d5: R' = 4-CI-CgHy, 0%

Scheme 4: Diastereoselective reduction of p-diketones

Xi
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After successful synthesis of the (x)-4ap, the diols were resolved into its chiral components 4a
and 4p by converting them to their diastereomeric esters 6a and 6p using N-ethoxycarbonyl-L-

proline derivative 5, and subsequent hydrolysis by methanolic solution of potassium hydroxide.

(Scheme 5).
D,COO
OH OH N OR OR OR OR
Ph Ph COAEL 5 R Ph Spho ¢ Ph Ph
o Py CH,Cl, K R R
4aop: R = Ph 6aa: R' = Ph, 46% 6ap: R' = Ph, 47%

4bap: R' = C3H,
4cap: R' = 4-MeO-CgH,
4dop: R' = 4-CI-C4H,

6ba: R' = C3Hy, 38%
6ca: R' = 4-MeO-CgH,, 35%
6do: R' = 4-CI-CgH,, 32%

KOH/MeOH| Where R =
reflux

OH OH

Ph Ph

R']
4ao: R' = Ph,86%
4ba: R' = C3Hy, 88%
4ca: R' = 4-MeO-CgH,4,78%
4da: R' = 4-CI-CgHy, 84%

@CO
N

6bp: R' = C3H;, 40%
6¢cB: R! = 4-MeO-CgH,, 37%
6dB: R' = 4-CI-CgHy, 37%

KOH/MeOH
\ reflux
CO,Et
OH OH
Ph Ph
R1

4ap: R' = Ph, 89%

4bp: R' = C3H;, 89%

4cB: R' = 4-MeO-CgH,, 84%
4dp: R' = 4-CI-C4H,, 87%

Scheme 5: Resolution of the racemic mixtures

The absolute configuration of the diols was determined by X-ray crystallographic analysis. The
absolute stereochemistry of (+)-4aa was found to be (S,S). The ORTEP diagram shows that there

are two molecules in the asymmetric unit.

\@%@ﬁ &R

\

e
G @;{? @@_@E

Figure 3: ORTEP diagram of compound 4aa

Xii
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Section B: Enantioselective oxidation of alkyl aryl sulfides using 1,3-diols as

chiral ligand

After the synthesis and resolution to chiral 1,3-diols 4aa-4da and 4af-4dp, the diols were
examined as chiral ligands for titanium catalyzed oxidation of sulfides to sulfoxides, using TBHP
as oxidant. After screening of the diol ligands the ligands 4aa and 4ap having a benzyl backbone
are found to be the best ligand for enantioselectivity. Various alkyl aryl sulfides were allowed to
react under optimized reaction conditions (Scheme 6). Sulfoxides were obtained in good yields

and in moderate to good enantioselectivities.

Ligand 4aa
A Ti(O-iPr)y/ toluene -‘\S&o OHI ¢!
gl TBHP/ -20 °C AR Ph Ph
MS 4A oh
R = aIkyI 52-70% ee = 39-87%
4ao

Scheme 6: Synthesis of chiral sulfoxide from sulfides

In conclusion we have investigated a new chiral ligand, 1,3-diol for the oxidation of prochiral
sulfide using titanium peroxo complex as oxidant. The new catalytic system provided chiral

sulfoxides in moderate to good ee values.

xiii

TH-1362_09612211



Index

Statement

Certificate

Index

Acknowledgements

List of Abbreviations

Abstract

Index

Part |
Chapter 1
Chapter 2

Chapter 3

Chapter 4

Part 11
Chapter 1

Chapter 2

TH-1362_09612211

Introduction
Axial Selectivity in Prins-Cyclization: Synthesis of 4-lodotetrahydropyrans

Diastereoselective Synthesis of Substituted Tetrahydrofurans via Prins

Cyclization of Enol Ethers

Beckmen Rearrangement of 3-Aroyltetrahydrofuran: Synthesis of N-

Aryltetrahydrofuran-3-carboxamides

Review on Asymmetric Synthesis of 1,3-Diols and Chiral Sulfoxides

Synthesis of a New Chiral 1,3-Diol Ligand with a Benzyl Backbone and
Application in Asymmetric Sulfoxidation of Alkyl Aryl Sulfides

List of Publications

Xiv

Xiv

01
03
25

51

81

97
99

125

153



Part 1

TH-1362_09612211



CHAPTER 1

Introduction

1.1. Importance of tetrahydropyrans and tetrahydrofurans

Five and six membered oxygen heterocycles occur widely in nature.® Tetrahydropyrans are
structural features of many biologically active natural products such as polyether antibiotics,
marine toxins, and pheromones.? Over recent years thousands of tetrahydropyran containing
compounds have been entered into preclinical and clinical trials.® Tetrahydropyran containing
macrocycle, (-)-kendomycin (1) has a diverse and fascinating pharmacological profile and
exhibits potent antagonism of the endothelin receptor agonism.* Catechols (2) and (3) isolated
from extracts of Plectranthus sylvestris (labiatae), a plant found in the woody hills in east Africa
are potent antioxidants and possess anti-inflamatory properties.” (-)-centrolobine (4) was isolated

HO
HO

2 R=Ac

3R=H

OH

.
SEONs
5
(-)-Centrolobine (-)-Diospongin B

Figure 1.1.1.Important natural products containing tetrahydropyran as a core unit.

from the heart-wood of the tree Centrolobiumtomentosum, whereas its enantiomer (+)-
centrolobine occurs in the closely related species Centrolobiumrobustum. Both enantiomers have
antibiotic and anti-fungal activity.® The 2,3,6-trisubstitutedtetrahydropyran, (-)-diospongin B (5),
isolated from the rhizomes of Dioscoreaspongiosa exhibits antiosteoporotic acitivity.”

A wide variety of interesting biologically active molecules contain substituted tetrahydrofuran

subunits.® For example, the annonaceousacetogenins are a large family of natural products

TH-1362_09612211



Part | Introduction

containing multiple tetrahydrofuran units. They exhibit diverse range of biological activities such
as antitumor, antihelmic, antimalarial, antimicrobial, and antiprotozoal.® Substituted tetrahydro-
furans are also found in polyether antibiotics,™ lignans,** and C-glycosides.'? The 16 membered
macrodiolide pamamycin-607 (6) was isolated from Streptomyces albonigerand S. aurantiacus.
It shows potent activity against gram-positive bacteria as well as against phytopathogenic
fungi.*® The biologically active alkaloid muscarine (7) is the major toxic principle found in the
well-known mushroom Amanita muscaria (Fly agaric).** Muscurine acts as a selective agonist of
the neurotransmitter acetylcholine on smooth muscles of the gastrointestinal tract, eye exocrine
glands and heart.

HO,

Z

D\/NMGI,»
Me

(@)

7
L-( + )-Muscarine

(-)-Citreoviridin (0] Nonactic acid

Figure 1.1.2.Important natural products containing tetrahydropyran as a core unit.

The mycotoxin citreoviridine (8), isolated from Penicillum citreoviride, is a potent inhibitor of
the soluble mitochondrial ATPase.'® Nonactin, an ionophoric macrolide antibiotic, has been
shown to possess antitumor activity both against mammalian cell lines in vitro and against
Crocker sarcoma 180 in studies with mice. The potential biological importance of nonactin is
because of its ability to bind alkali metal cations, particularly potassium.'’ It was isolated from a
variety of Streptomyces cultures, and consists of two subunits of (+)-nonactic acid (9) and two

subunits of (-)-nonactic acid arranged in an alternating order.
1.2. General approaches for the synthesis of tetrahydropyrans

To construct this class of heterocycles many strategies have been developed over the years. The
most widely used methods in natural product synthesis are the Prins,*® intramolecular oxonium-

ene cyclization reactions,'® hetero-Diels—Alder cyclization,® the intramolecular Michael

TH-1362_ 09612211
4
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additions®® and ring-closing metathesis.”> Other strategies include electrophile-induced
cyclizations of nonactivated alkenes and Lewis acid promoted cyclizations of epoxy alcohols.
Among these methods stated here Prins cyclization has attracted much attention towards the
synthesis of natural products.”® We have attempted to highlight Prins cyclization stratergy for the
synthesis of five and six membered oxygen heterocycles.

1.2.1. The Prins cyclization

The Prins reaction is one of the fundamental methods for C-C bond formation, first reported by
H. J. Prins in the year 1919.% Basically, it is the addition of aldehydes or ketones to alkenes in
the presence of acid. In his initial studies, H. J. Prins performed the reaction of formaldehyde 10
and styrene 11 using water as solvent. The outcome of the reaction was a mixture of 1,3-
butanediol 12, unsaturated alcohol 13 and 1,3-dioxane 14 (Scheme 1.2.1.1).

OH o o
o) ®
A N H OH N"oH
+ LS + -
H™ H H,0
10 1 12 13 14

Scheme 1.2.1.1

Later the reaction was developed by Stapp for the synthesis of tetrahydropyran derivatives 17.
The Stapp’s reaction involves the condensation of aliphatic terminal olefins 15 with
paraformaldehyde 16 and hydrochloric acid in anhydrous media (Scheme 1.2.1.2). The
investigators observed the formation of 4-chloro tetrahydrofuran.

@)
HCI
-70 °C R
70-80%
15 16 17

R= H, CH3, C3H7, C5H11, C7H15

Scheme 1.2.1.2

1.2.2. Mechanism of Prins reaction

The general mechanism is shown in Scheme 1.2.2.1. The alkene 19 reacts with carbonyl
compounds 18 in the presence of acid catalyst to generate the key intermediate p-hydroxy
carbocation 20. This intermediate can either react with a nucleophile such as chloride, water or
acetate to give 21, or adds to a second molecule of aldehyde to give the dioxane 22, or loses a
proton to give homoallylic alcohol 23. The in situ generated homoallylic alcohol further reacts

with another molecule of aldehyde in the acidic medium to generate the oxocarbenium ion 24,
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which after Prins cyclization and subsequent addition of nucleophile gives the tetrahydropyran

derivative 25 %

H
o @ 5
H
R1_< —_— R1_(
18 H H
19 J
R
H
O R
R - X OH
R__~ -— 4>HX
23 OH R
R H 20 R 21
O ®
R—4 | H
H O ®
. R—< | H
_ H
NS
R1/\8 R Y
24 l
Prins R1\(9 Ry ® R1YO Ry
Cyclization HX ('O -H o
®
X
R 07 R,
X=Cl, OAc 25

Scheme 1.2.2.1
1.2.3. Stereoselectivity in Prins cyclization

The Prins cyclization has attracted attention from synthetic chemists because the stereochemistry
of substituted products is well-controlled in favor of equatorial trapping of cyclic carbocation by
the nucleophiles. Alder has performed the DFT calculations on different possible reaction
intermediates, and rationalized the diastereoselectivity through a chairlike transition state.?’
Carbocation 26 in its chair conformation is more stable by 56 kJ/ mol than cation 27 in its most
stable staggered conformation, which reveals that the reaction proceeds through a chair like
transition state very close to 28. According to DFT calculations, carbocation in its chair
conformation 29 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
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overlap is reached when the hydrogen atom at C4 is pseudo axial. This stabilization favors

equatorial attack by the nucleophile.

Nu (equatorial)

© 1
(@)

5 T =
¥ 2
2 - 3014 29
o
(0]
C
i

O

Zéer pseudoaxial

—_— 0

Scheme 1.2.3.1
1.2.4. Scope of the Prins cyclization in tetrahydropyran synthesis

In general, oxa-Prins cyclization is the Lewis acid catalyzed/mediated reaction of an aldehyde
and a homoallylic alcohol. The general mechanism is shown in Scheme 1.2.4.1. Reaction of
aldehyde 30 and homoallylic alcohol 31 in the presence of Lewis acid generates an
oxocarbenium ion 33 as key intermediate. The oxocarbenium ion undergoes 6-endo cyclization
to give selectively a secondary tetranydropyrynyl cation 34, which is trapped by the nucleophile
present in the reaction mixture to produce tetrahydropyran 35. Thus, by varying the nature of
nucleophile source present in the solution, it is possible to functionalize the C-4 of the

tetrahydropyran with different functional groups (Table 1.3.4.1).%

®_Acid
LO, ci
AL, 30 |
R (”H o O,Ac:id R ==
= =7
O L %R
)\/\ RTOOYR 33
R X .
31 32 l
6 5 H
" ; iyl
Nu =~ 1
OR1 OR'I 2 3 \
35 34 Nu” (equatorial)

Scheme 1.2.4.1. Mechanism of Prins cyclization reaction
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Over the last five decades several halogenated Lewis acids have been used by different
investigators where the tetrahydropyranyl cation is trapped by halide nucleophiles. Combination
of Lewis acids and arenes has been utilized in tandem Prins-Friedel-Crafts reactions sequences to
trap the tetrahydrpyrynylcation by aryl nucleophile, similarly tandem Prins-Ritter sequences
have been used to trap by nitrile nucleophile. Trapping of the cations by hydroxide, acetate,

azide, alkyne, and various sulfur nucleophiles have also been reported.

Tablel.2.4.1. Scope of the Prins cyclization with various nucleophiles

Nu
/\j\ i Lewis Acid b\
= OH © R/ H nucleophiles =
R” 07 "R,
Lewis Acid/ Nucleophile Nu
TiF4, NEty5HF, BF3OEt; F
HCI, TiCly, SnCly, AlCl3, InCl3, ZnCl;, SbCls, ZrCls, NbCls, In(OTf)s/TMSCI Cl
SnBry, TiBry, InBrs, FeBrs Br
I,, TMSCI/Nal, CeCl37H,0O/Lil, TMSCI/Nal I
CF3;COOH, Montmorillonite KSF, O3ReOSiPhs, Sc(OTf)s, Amberlyst 15, OH
Amberlite® IR-120, Ce(OTf)3.H,O/IL/PhCOOH
BF3 OEt,/AcOH, TsOH/AcOH, TESOTf/ TMSOAc/AcOH OAcC
TFA/NaN3 N3
In(OTf)s/NH,SCN SCN
BF3OEt,/CH3CN, PMA/CH3CN, CeCl37H,0-AcCI/CH;CN NHCOCH3;
BF3; OEt,/Arene Ar
BF3;OEt,/Cul/Ph———H PhCOCH,

1.2.5. Intramolecular Prins cyclization

The tetrahydropyranyl cation generated after Prins cyclization can be trapped by internal
nucleophiles which results ultimately the formation of bicyclic systems. Yadav and coworkers
reported the coupling of (Z)-hex-3-ene-1,6-diol 37 with a series of aldehydes 36 by means of p-
toluenesulfonic acid-catalyzed intramolecular-Prins-cyclization to provide the corresponding
hexahydro-2H furo[3,2-c]pyran derivatives 38 in good yields with complete cis-selectivity
(Scheme 1.2.5.1). On the other hand, the reaction of (E)-hex-3-ene-1,6-diol with aliphatic

aldehydes gave trans-fused bicyclic furopyrans.?®
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HO
Br HO DCE, reflux

10h, 74% Br

Scheme 1.2.5.1
1.2.6. Prins cyclization of y, J-unsaturated alcohols
Bunt and co-workers developed a Prins cyclization method involving y,0-unsaturated alcohols 39
and aldehydes 40 having a tethered nucleophile.® This cascade process gave bicyclic products,

2,8-dioxa[4.4.0]bicyclodecanes 43, with concomitant generation of three new stereocenters.

®
Ri O oHC o O‘Q/\/OP R
oP
L\/R > mP il @
39 R =aryl, P=Bn 41

73 83%
Scheme 1.2.6.1

1.2.7. Enol ethers in Prins cyclization

One variation of the Prins cyclization that has been reported is the use of enol ethers as the
source of the oxocarbenium ion. Frater and Nussbaumer utilized this methodology for the
synthesis of the natural products (z)-(cis-6-methyltetrahydropyran-2-yl)acetic acid 46 by TFA
promoted cyclization of enol ether 44 (Scheme 1.2.7.1).%! The stereochemical outcome of the
cyclization of 44 was explained by chair like transition state in which the ester functionality and
methyl group occupied quasi-equatorial positions and the addition of electrophile (oxocarbenium

ion) and nucleophile (trifluoroacetate) occurred largely in an anti-fashion.

OR
Jo O
x._CO,Me - —
07y CH,Cl,/ 0 °C, @ ©
K2CO3 COZMe COZH
44 o 45 46

Scheme 1.2.7.1

Another example of using enol ether as the source of the oxocarbenium ion intermediate was
reported by Kozmin for the synthesis of 4-hydroxy tetrahydropyrans.® The cyclization of 47 was
promoted by trifluoroacetic acid. The resulting trifluoroacetate was hydrolyzed using LiOH to
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afford the all cis-tetrahydropyran 48 in high yield. The observed stereochemistry in the product
was consistent with Frater’s explanation. The reaction proved to be efficient in the construction

of the three stereogenic centers and only one isomer was observed.

OH
).Kj\/\ TFA 0
~Z "0 N CH,Cly/ 5 °C, )k\ o
a7 LiOH, THF-H,O 48
77%

Scheme 1.2.7.2

1.2.8. Mukaiyama Aldol-Prins cyclization in tetrahydropyran synthesis

Rychnovsky and co-workers developed a new version of Mukaiyama aldol-Prins (MAP)
cyclization. Unsaturated enol ethers such as 49 were allowed to react with aldehydes 50 in the
presence of TiBr, to give 4-bromotetrahydropyran products 51 (Scheme 1.2.8.1).%

Br
(0]
TiBry

/\/E\ O)J\H el
Ph o ¥ .

CH.,Cl,/ -78 °C, Ph

5 min.
49 50 82%

Scheme 1.2.8.1
1.2.9. Prins cyclizations of enecarbamates

Enecarbamates are shown to be excellent terminating groups for Prins cyclizations. Funk and
coworkers developed a diastereoselective synthesis of 2,3,6-trisubstituted tetrahydropyran-4-

ones via Prins cyclizations of enecarbamates (Scheme 1.2.9.1).3*

0
Ot-Bu 55
o
OtBu  tBuLl, THF CgHir A\ A
CoHir A 78--50°C1h nCls
7
I e s T Ao
O ’
52 M o HO0 OTB: 84% 56 OTBS
OTBS 62/054
-78°C, 3h

Scheme 1.2.9.1
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1.3. Prins-pinacol rearrangement in tetrahydropyran synthesis

Prins-pinacol reactions are employed to construct a wide variety of oxygen heterocycles.
Overman and co-workers reported a convenient synthesis of tetrahydropyrans by acid promoted
condensation of 2-methylene-1,4-diols 57 with aldehydes 58 in a reaction sequence whose
central step is pinacol terminated Prins cyclization.* Preferential formation of oxocarbenium ion
59 occurs by condensation of 57 and 58 in the presence of acid catalyst. Prins cyclization of 59
would generate cation 60, followed by preferential axial hydride shift would complete the

reaction (Scheme 1.3.1).

1
g
% R! 3 SnCly -
R? + R°CHO .
57 OH 58 CH3NO,, 25 °C R N0~ R
61
i N T Pinacol
R )
H,| OH H R
R o
RN = Prins R2 ®
(@\RS > ) R3
59 »

Scheme 1.3.1
1.4. General approaches for the synthesis of tetrahydropyrans

Due to the importance of tetrahydrofurans, huge amount of effort has been devoted toward the
development of methods for the stereoselective construction of these heterocyclic ring systems
having different substitution. Some of the commonly used methods include intramolecular
nucleophilic substitutions,® intramolecular cyclization of 4-alkenols,®” 3-alkenols,*® oxidative
cyclization of 1,5-dienes,® [3+2]cycloaddition and annulation reactions,”® metal-catalyzed

® ring expansion of oxetanes,*

cycloisomerization,** olefin metathesis,** radical cyclizations,*
Prins cyclization,” etc. This part of thesis mainly deals with the synthesis of tetrahydrofurans

involving Prins cyclization.
1.4.1. Prins cyclization in tetrahydrofuran synthesis

Although Prins-cyclization has emerged as a powerful C-O and C-C bond-forming technique in
the synthesis of tetrahydropyran rings, reports of pure Prins-cyclization in the synthesis of
tetrahydrofurans are very rare. However Prins cyclizations terminated by a pinacol

TH-1362_09612211
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rearrangement have been widely used to construct a wide variety of polysubstituted

tetrahydrofurans.

Cho and co-workers utilized Lewis acid promoted Prins-type cyclization of terminally
substituted alkynyl alcohols 61with various aldehydes 62 to synthesize cis-2,5-tetrahydrofurans
and cis-2,6-tetrahydropyrans (Scheme 1.4.1.1).**#° The 5- and 6-exocyclic vinyl cations 64
generated as a result of Prins-type cyclization was trapped as a vinyl triflate in CH,ClI, to give 3-
furanylidenes and 3-pyranylidenes 66. Those 3-furanylidenes and 3-pyranylidenes underwent
hydrolysis to give the corresponding 3-acyl-substituted products having all-cis-configured
isomers, such as 2,3,5-trisubstituted tetrahydrofurans and 2,3,6-trisubstituted tetrahydropyrans.
On the other hand, in ethereal solution the reaction directly gave the corresponding 3-acyl-

substituted products 68.

/
= ©)
Ph)\Mn/ TMSOTf ‘3 RS
n=12 "61 —»Ph 7‘”:&
+

H
JOL 63
2
Phar O~ uR?
\\ 1:
ﬂw %‘R \({’n:gm
OTf
TfO

@OEt2

J TMSOH /Et,0

H
67  OTMS

- work-up o RO Pha_ O~ uR2
H iR ik H ( ]
n
68 R
(0]

Scheme 1.4.1.1

A diastereoselective synthesis of 2,3-disubstituted tetrahydrofurans was developed by White and
coworkers where SnBr, promoted oxonium-Prins cyclization of (E)-4-phenylbut-3-en-1-ol 69
and aldehyde 70 was used.”® In the absence of an internal nucleophile, the benzyl carbocation
intermediates generated after Prins-cyclization were trapped by bromide to give 2,3-cis- and 2,3-
trans-configured products 71/72. On the other hand, trapping of the carbocation intermediates by

a proximate internal nucleophile led to the formation of bicyclic products 74 (Scheme 1.4.1.2).
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RCHO 70 OH HO N
SnBr,, TMSBr th SnCl,
CH,Cl,, -78 °C CH,Cly, -78°C

55-92% 69 88%

Scheme 1.4.1.2

Kraft and co-workers reported the Prins-type cyclization of the 3-(4-methylpent-3-
enyloxy)acrylate 75 under different Lewis acidic conditions (Scheme 1.4.1.3).*” They observed
the formation of a 1:1 mixture of tetrahydrofurans 76 and 77, when a solution of the enol ether in
CH,CI;, was treated with a catalytic amount of MsOH at room temperature. But employing an
excess of boron trifluorideetherate instead of MsOH, the Prins-type cyclization of 75 led to the
formation of the (tetrahydrofuranyl)acrylate 81, which was isolated in 59% yield. They proposed
a mechanism, where a zwitterionic boron ester enolate 78 was formed by the reaction with boron
trifluoride. This underwent cyclization to give the tetrahydro-4H-furo [3,2-c]pyran 79, and
cleavage of the allylictetrahydrofuranyl ether bond led to 80. Intramolecular nucleophilic attack
by the boron trifluoride alcoholate to the geminally dimethyl-substituted C-atom resulted finally

in the formation of the (tetrahydrofuranyl)acrylate 81 with extrusion of boron trifluoride.

// MsOH

o A COEt  CH,CI,, 1t
75 40%
l BF; Et,0

Scheme 1.4.1.3

Chen and co-workers devised an oxidative Prins cyclization method for the synthesis of
substituted tetrahydropyrans and tetrahydrofurans.*® Allylsilane-tethered a-stannyl ethers were
used as precursors to generate oxocarbenium ions under oxidative condition. Thus, treatment of

Z-allylsilane derivative with Ce(NBuy4)2(NO3)s generated the intermediate oxocarbenium ion,
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which underwent Prins cyclization with the pendant allylsilane to afford 2,3-cis-disubstituted

tetrahydrofuran as a single diastereomer (Scheme 1.4.1.4).

Ce(NBuy),(NO3)
s~/ b R :
K CH,Cly/ CHiCN o\r

Bn SnBus MS 4A
-23-25°C
82 83%

Scheme 1.4.1.4

Mousset and co-workers discovered Pinacol terminated Prins cyclization in an attempt to make
the acetonide of meso allylic diol 85 by condensation with acetone 86 in the presence of an
acidic clay catalyst,*® these authors instead observed the formation of tetrahydrofuran 89 in high

yield.

I ') "8 pinacol rearrangement
H'®
&)
W Prins cyclization o795
® .\\( - |
87 88

Scheme 1.4.1.5

They proposed the mechanism as generation of an oxocarbenium ion 87 by the condensation of
allylic diol and acetone that underwent Prins cyclization via chair conformer, resulting
hydroxypyranyl a-hydroxycarbenium ion 88. Pinacol rearrangement of the carbenium ion
ultimately generated the tetrahydrofuran 89 (Scheme 1.4.1.5). In this cascade process, two C-C

bonds, one C-O bond, and two new stereocenters were created with complete stereoselectivity.

1.5. Aza-Prins cyclization
In aza-Prins cyclization homoallyl amines are used as counterpart of homoallyl alcohol in oxa-

Prins cyclization. Aza-Prins cyclization leads to the formation of piperidines. Yadav and co-

workers reported a rapid and efficient BiCl; promoted stereoselective synthesis of trans-2,4-
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disubstituted piperidine derivatives 92 by aza-Prins cyclization of N-protected homoallylamines
90 and epoxides 91(Scheme 1.5.1).>°

Cl
0 1 BiCls
R d e NHR -
CH,Cl,, 0°C=rt N R
90 91 83-94% 21 o2

R = Me, Ph, p-MeOPh, i-Pr; R' = Ts, Ms, Boc

Scheme 1.5.1

In a similar way Yadav’s group utilized Gals catalyzed aza-Prins cyclization of aldehydes and N-
tosylhomoallylamines for the synthesis of 4-iodopiperidines. Thus, the reaction of benzaldehyde
with N-tosylhomoallylamine in the presence of 10 mol% of Gals and stoichiometric amount of
molecular iodine at ambient temperature gave the 4-iodo-2-phenylpiperidine in 91% yield with

cis-selectivity.™

O

H NHTs Gal3/ |2
+ >
/\) CH,Cly, reflux N
6.5h, 91% '

93 94 95

Scheme 1.5.2

Yadav and co-workers further 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 97 and styrene oxide 96 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 98 in
good yields with high trans-selectivity, whereas the reaction of (Z)-hex-3-ene-1,6-ditosylamide
99 afforded cis-fused octahydro-1H-pyrrolidino[3,2-c]pyridines 100 predominantly
(Schemel.5.3).
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©/<l p-TSA (10 mol%)
DCE, 75 °C
96 TsHN

TsHN

70% (0.5:95)

Scheme 1.5.3

1.6. Thia-Prins cyclization

Thia-Prins cyclization involves Lewis acid catalyzed reaction of homoallyl thiols and aldehydes.
Recently, these types of reaction have received considerable attention and showed significant
progress in tetrahydrothiopyran synthesis.

Kishi et al. have studied thia-Prins cyclization of various aldehydes and homoallylthiol in ionic
liquid HF salt to obtain 4-fluorothiacyclohexanes in excellent yields.>® Although, cis-products
were obtained selectively (higher than 92%), formation of small amount of trans-products were
also observed (Schemel.6.1).

O

S
neat, Et4yNF-5HF

101 102 103

Scheme 1.6.1

A novel thia-Prins bicyclization approach was developed by Yadav and coworkers for the
stereoselective synthesis of dithia- and azathia-bicycles.>* Coupling of homoallylic mercaptans
such as hex-3-ene-1,6-dithiol and N-(6-mercaptohex-3-enyl)-4-methylbenzenesulfonamide 104
with various aldehydes 105 using 10 mol% InBr; in dichloromethane gave hexahydro-2H-
thieno[3,2-c]thiopyran derivatives and octahydrothiopyrano[4,3-b]pyrrole 106 derivatives,

respectively, with high stereoselectivity. Trans-fused products 106 were obtained from E-
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homoallyllic mercaptans whereas Z-homoallyllic mercaptans afforded cis-fused products 108

(Schemel.6.2).

SH
) 10 mol% InBr

R H CH,Cl,, 0 °C-rt

HX 74-90%
104 105
E-olefin
SH O 10 mol% InBr;
o, =
XH CH20|2, 0 °C-rt
107 105 76-86% 108
Z-olefin cis-fused
X=8,NTs R =alkyl, aryl
styryl etc
Scheme 1.6.2

1.7. Applications of Prins cyclization towards natural product synthesis

The Prins cyclization is a potentially powerfull method for the synthesis of 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.*

AcOH, BF5OEt,

-
o

-)-Kendomycin
0°C, CH,Cl, ) y

X = OAc, 33%
X Ph0,SO OCH3; x=F 48%

109

Scheme 1.7.1

In an approach towards the formal synthesis of this macrolide, Rychnovsky et al. utilized a

BF3Et,O mediated intramolecular macro Prins cyclization of 109 containing an electron-rich
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benzaldehyde and a homoallylic alcohol moiety within the framework (Scheme 1.7.1).%? For the

electron rich benzaldehyde, the use of acetic acid is necessary to suppress the side reactions.

Synthesis of diospongin A
Dispongin A (114) exhibits antiosteoporotic acitivity. Piva and coworkers developed a concise
and efficient total synthesis of dispongin A using Prins cyclization and kinetic resolution.”® It

enabled control of the relative configuration of the three stereogenic centres contained in the

natural product.

OH H

nm o

OH o) TFA, CH,Cl,
> = _ 0O
PhM + Ph/\)J\H K2003, CHgoH _ m
rt, 4h Ph™ O Ph Ph” ~O Ph
o)
111 112 78% 113 114
Dispongin A

Scheme 1.7.2

Total synthesis of () kumausyne

Kumausynes are secondary metabolites produced by red algae of the genus Laurencia. Overman
and coworkers developed a total synthesis of () kumausyne (118) consisting 13 steps with > 5%
yield.*® The central step is the convenient formation of (+)-hydrobenzofuranone 117 on large
scale, and with complete stereocontrol, by Prins-pinacol sequence involving 1-vinyl
cyclopentanediol 115 and a-(benyloxy)acetaldehyde 116 as starting material. Starting with the
chiral, nonracemic (1S,2R) diol, (-)-hydrobenzofuranone was obtained in good enantiomeric

purity.
O“l‘t\'\ i ll\)/ITgé % OB AcO,
n 2
d/ + H)K/OBn g 4 > IIIII/ —>_> /
/"’OH CH20|2, 0 °C-rt o \
69% N HOH L
115 116 117 118
trans-(+)-Kumausyne
Scheme 1.7.3
Conclusion

The Prins cyclization is a powerful and versatile tool for the synthesis of functionalized
tetrahydropyran and tetrahydrofuran skeletons that are commonly encountered in a wide range of
biologically active natural products. Involvement of cyclic transition state makes Prins-

cyclization methodologies to be high diastereoselective. Furthermore the cationic intermediates
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formed during the course of the reactions can be trapped by various nucleophiles either by
intramolecular fashion or by intermolecular fashion. Due to the high stereoselective nature,
versatility, simple reaction precursors, and mild reaction conditions, it has been a key strategic

process in the total synthesis of heterocyclic and carbocyclic natural products.
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CHAPTER 2

Axial Selectivity in Prins-Cyclization: Synthesis of 4-
lodotetrahydropyrans

2.1. Importance and applications of 4-halotetrahydropyrans

Tetrahydropyran unit is found in many natural and biologically active compounds.! 4-
halotetrahydropyrans are synthetically attractive because they can be transformed into other
substituted tetrahydropyrans by functionalization of the halo function.® Therefore, 4-halo
tetrahydropyrans have been used as key intermediates in organic synthesis. For example, in
the Loh’s methodology for the total synthesis of (-)-centrolobine 4 involves the 4-bromo
tetrahydropyran 3 as the key intermediate (Scheme 2.1.1).%® Certain 4-halotetrahydropyrans
and their mixtures are effectively employed as plasticizers and extrusion aids for polyvinyl

fluoride.®
Br

A )
= N H InBrs, TMSBr N N g
+ CH,Cl,, -78 °C, 1h
BnO OMe MeO |

83%
‘““(oj"”’ /\©\
MeO 4 OH

(-)-Centrolobine

3 OBn

Scheme 2.1.1. Total synthesis of (-)-centrolobine
2.2. Literature methods for the synthesis of 4-halotetrahydropyrans

Since tetrahydropyrans are frequently encountered in nature, there has been much interest in
the development of methods for the stereoselective synthesis of these units. Over the years
many strategies have been developed for the synthesis of substituted tetrahydropyrans, among

which the Prins-Cyclization reaction has been most widely used because of its
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distereoselectivity.* Generally, 4-halo tetrahydropyrans are prepared using Lewis acids such
as SnCls,®> SnBry,® TMSBr,**® TiCl,,” TiBr,?® TiF,’ InCl5,'° AICI;," FeCls,® ZrCl,,*
BF5OEt,,® NbCl,,* BiCls,™ TMSI,* CeCls'and others.® The halo function in all these
reactions is placed in equatorial position. This is in accordance to the Alder’s model.™ There
are limited methods for the synthesis of 4-axial halotetranydropyrans. There are a few
methods where axial-4-halo substituted tetrahydropyrans are side products or 1:1 mixture

with equatorial products.*® &

Lolkema et al. reacted methyl 2-acetoxy-2-(3-alken-l-oxy)acetates with different chain
substitution as precursors to generate a-ester oxocarbenium ions. They observed that the
SnCls-induced cyclization of the acetales, in most cases gives tetrahydropyran derivatives
containing an equatorial methoxycarbonyl function at C-2 and an axial chlorine atom at C-
42° Thus the acetales 5 and 8 after cyclization yielded axial 4-chlorotetrahydropyran

derivatives (7 and 10) as the major isomer (Scheme 2.2.1).

X Et Cl
E?OAC ok 7R, o

o CH,Cl, MeOC
MeO,C
CO,Me -78°C-rt 2 G
5 6 7

14% 68%

— Cl

OAc —onCl _ O%\CI + O/#
CH,CI

i 2 MeO,C MeO,C [,

-718°C -rt Et
8 o 0% g 10
62%

£

Scheme 2.2.1

Rychnovosky and co-workers reported an axial selective Prins-cyclization of a-bromo ethers
or a-iodo ethers promoted by TMSX (X = Br, I) in high diastereoselectivity and very good
yields, for the synthesis of axial 4-bromo or 4-iodotetrahydropyran derivatives (Scheme
2.2.2).** The actual precursors of the reaction were a-acetoxy ethers 11 which underwent

halide exchange under the reaction condition to generate a-halo ethers.
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Z
;
R /Y\Rj TMSX (2.5 equiv.)

© Lutidine (0.2 equiv.r)
OAc CH,Cl,, 0-23°C
11 1
R' = i-Pr, PhCH,CH, 64-98%
R2 = Me, t-Bu, CH,CI, CH,CH,OTIPS X =Br, |

Py

N

><II||-< O
2N

N

Scheme 2.2.2

Borkar et al. developed a methodology where the combination of MgBr, and p-TSA was
used for the Prins-cyclization of homoallylic alcohols 13 and aldehydes 14.2% The outcome of
the reaction in all the cases was a diastereomeric mixture of both equatorial and axial 4-

bromo tetrahydropyrans, where the axial isomer 16 was obtained as minor isomer (Scheme

2.2.3).

; R
MgBr2 R1 O :: R2 R1 O F R2

1 B
S EEEEE— +
\K/ ¥ RZJJ\R3 CH2C|2, rt v

.3 14 56-88% Br1s Br 16
major minor
R'=H, alkyl, Ph,
R? = alkyl, aryl.
R3 = alkyl
Scheme 2.2.3

Alternatively, axial 4-iodotetrahydropyrans can be synthesized from their equatorial isomers
by iodide substitution. Hilmersson and co-workers reported a methodology for substitution of
unactivated alkyl fluorides with iodide by means of Ybls.%* They applied the methodology to

o) Ybl; (1.1 equiv.) e} e}
RO\ _F - RQ + RO\

CH,Cly, rt
17 2 18 | 19

91-97%
R = CsH,4, axial:equatorial = 10:1

R = p-F-CgH,, axial:equatorial = 5:1
R = p-Br-CgHj,, axial:equatorial = 4:1
Scheme 2.2.4
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the equatorial 4-fluoro tetrahydropyrans 17 and observed the formation of axial 4-iodo

tetrahydropyrans 18 as a major diastereomers with moderate to good selectivity.

2.3. Present work

* we were in search of a

In continuation of our interest in tetrahydropyran synthesis,?
halogenating agent, other than Lewis acid, for the synthesis of 4-halotetrahydropyrans.
Considering tetrabutyl ammonium iodide (TBAI) as such type of iodinating agent, we started
our investigation by treating 4-bromobenzaldehyde 20 and homoallylic alcohol 21 with

tetrabutylammonium iodide in Prins-cyclization condition (Scheme 2.3.1).

o 3 0 i B
21 & N
4  BFyOEt N
. /©)L TBAI :
DCM/ 0 °C | :
20 78% 22b 23b
Scheme 2.3.1

To our surprise, a diastereomeric mixture (22b and 23b) with an equatorial to axial ratio of
1:2 was obtained in 78% overall yield (Scheme 2.3.1). The result is in contrast to the usual
Prins-cyclization reaction. This result encouraged us to explore the reaction under different
Lewis acidic conditions and with various iodinating agents. The results are summarized in
Table 2.3.1. Reaction of 4-bromobenzaldehyde and homoallylic alcohol with BF3;OEt,/Nal
and TMSCI/Nal resulted a 1:1 mixture of axial and equatorial isomers with 46% and 91%
yield, respectively. The reaction with TMSI along with catalytic amount of 2,6-lutidine gave
3:2 mixture of equatorial and axial products which was in contrast to the results reported by
Rychnovosky.?! On the other hand, BFsOEt,/TBAI and TMSCI/TBAI gave mixtures with
ratios of 1:2.5 and 1:2 in 78% and 62% yield, respectively. It was observed that systems like
InCI3/TBAI, Sc(OTf)s/TBAI, and In(OTf)s/TBAI were not suitable for this reaction. The
reaction with one equivalent of TMSOTT produced a single diastereomer 23b with 76% yield,
which was confirmed by *H NMR of crude product. The same reaction with catalytic amount
of TMSOTT gave only 18% vyield.
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Table 2.3.1. Prins-cyclization in different conditions

o /\Q\OH Br Br
/©)LH Lewis acid, DCM o o
Br Halide ion source g *
0°C | :
20 22b 23b
Entry Lewis acid (equiv.) lodide ion source Ratio® of 22b:23b Yield(%)?
1 BF;Et,0 (1) Nal 1:1 46
2 BF;EL,O (1) TBAI 1:25 78
3 TMSI (1) / 2,6-Lutidine B 3:2 82
4 TMSCI (1) Nal 11 91
5 TMSCI (1) TBAI 1:2 62
6 InCl; (1) TBAI NR B
7 Sc(OTf); (1) TBAI NR B
8 In(OTf); (1) TBAI NR B
9 TMSOTf (0.1) TBAI 0:1 13
10 TMSOTT (1) TBAI 0:1 76
11 TMSOTT (1) I 1:1 50

*Yields refer to isolated yield. The compounds are characterized by IR, *H and **C NMR,
and mass spectrometry. Diastereomeric ratios were determined by *H NMR. NR= No
reaction.

Replacement of TBAI with iodine (entry 11) also gave mixture (1:1) of products. Thus 1.0
equivalent of TMSOTTf and TBAI as iodide ion source are found to be the most effective. The

reaction is generalized as shown in Scheme 2.3.2.

O_ LR
TMSOTf
/\)\ TBAI
DCM /0 °C T 23
Scheme 2.3.2

The scope of the reaction was further studied with varieties of aldehydes and homoallylic
alcohols under the same reaction conditions (Table 2.3.2). Both aliphatic and aromatic

aldehydes gave axial-selective products with high yields and diastereoselectivity.
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Table 2.3.2. Synthesis of axial-4-bromo- and iodotetrahydropyran

Entry Aldehyde (R) Alcohol Time/h Product 23 Yield®
(RY)
NO,
(@)
a 4-NO»-CgH,4 H 0.5 78
T 23a
Br
(@)
b 4-Br-CgH,4 H 0.5 76
[ 23b
© NO
c 3-NO,-CgH4 H 0.5 £ 76
i 23c
COzMe
(@)
d 4-MeO,C- H 0.5 (jﬁ 85
CeHy E
I 23d

e CeHs-CH; H 0.5 78

0
T 23e

f n-CgH13 H 0.5 ©C6H13 83

| 23f

Continued... ... ... .....
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Entry Aldehyde (R) Alcohol Time/h Product Yield®
(R
¢}
g cyclo-CgHg H 0.5 82
] 239

C3H7\©’C3H7
h n-CsHy n-CsHy 2.0 H 80
| 23h

i n-C,yHs CeHs-CH, 2.0 74

Bn\EOJ/\
i 23
Cl
Bn o
j 4-Cl-CgH4 CesHs-CH, 2.0 86
T 23]

®Yields refer to isolated yield. The compounds are characterized by IR, 'H and

3C NMR, and mass spectroscopy

It was observed that simple aromatic aldehydes, benzaldehyde and aldehydes having electron
donating substituents on an aromatic ring, such as 4-methoxybenzaldehyde gave equatorial
and axial diastereomers 26 and 27 with a ratio of 1:1 and 1:2, respectively (Scheme 2.3.3).
This is due to the stabilization of oxocarbenium ion by phenyl and methoxy groups, which
leads to oxonia-Cope rearrangement.

R
ﬁ H  TMmsoTf/TBAal C O
- +
R DCM/0°C -
[ ]
24 26 27

when R = H; 26a:27a = 1:1; 74%
when R = OMe; 26b:27b =1:2; 80%
Scheme 2.3.3
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The TMSOTf mediated cyclization was also studied with brominating agent, tetrabutyl
ammonium bromide (TBAB), which yielded axial-4-bromotetrahydropyrans 28 (Table 2.3.3).
The longer reaction time and lower yields of the 4-bromotetrahydropyrans is attributed to the

less reactivity of TBAB compared to that of TBAI.

Table 2.3.3.Reaction with TBAB

Q R TMSOTf RGOR
R)J\H + MOH TBAB U
DCM/0°C H
Br
24 25 28
Entry Aldehyde (R)  Alcohol Time/h Product 28 Yield (%)?
R)

(T
SRGA

b (CH3),CHCH; H 2 70

C n-C2H5 C6H5-CH2 2 58

d cyclo-CeH 11 cyclo-Can 2 60

(@)
a cyclo-CgHiz H 2 K)Q 65
Br 28a
(@)
Br 28b
O
Br 28¢
O
Br 28d

*Yields refer to isolated yield. The compounds are characterized by IR, *H and
3C NMR, and mass spectroscopy
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The stereoselectivity and stereochemistry of the compounds were determined from crude *H

NMR and single crystal X-ray crystallographic analysis (Figure 2.3.1).%

Brl

C16
Figure 2.3.1. ORTEP diagram of 4-bromo-2,6-dicyclohexyl-tetrahydro-2H-pyran (28d)

The axial position of the halide group at 4-position was determined by comparison with
equatorial products. It is known that reaction of aldehydes with homoallylic alcohols in
presence of iodine gives equatorial iodinated products.'® It was observed that the equatorial
proton of 23b attached to the axial iodide resonates at 4.91 ppm and in the case of axial
proton of equatorially substituted iodide (compound 22b) resonates at 4.38 ppm (Figure
2.3.2). This is in agreement with the fact that the equatorial proton resonates at lower field

than the axial proton.®

438 ppm 22b 23b

4.91 ppm

Figure 2.3.2.Chemical shift values (ppm) of axial and equatorial protons of 22b and 23b

A mechanistic proposal for the axial-selective Prins-cyclization is shown in Scheme 2.3.4.
The reaction of aldehyde 24 with alcohol 25 in presence of TMSOTTf gives acetal 29, which
after reaction with TBAI gives species 30. The species 30 decomposes to provide
oxocarbenium ion 32, which then, forms an intimate ion pair 33 with iodide ion. Prins-
cyclization of favored chair conformation 33 and simultaneous addition of proximate iodide

ion produces the desired axial product 23.
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0
)k TMSOTf OTM
_TBAI
R H R’
CH,Ch, A x
24 HO X 0°C R w
25
TBA OTMS
R1 R1 R1
0 @
H o)
Rgi'/ -~ [RA M“ [ A\AQ}
©
23 | 33 | 32

Scheme 2.3.4: Proposed mechanism of the reaction

Conclusion

In conclusion, we have developed an axial-selective Prins-cyclization reaction with high
diastereoselectivity and good yields. The 4-axial halosubstituted products would be an
important synthetic intermediate for the synthesis of 4-equatorial substituted tetrahydropyrans

by substitution reactions.
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. The solvents were of commercial grade and purified according to
established procedures. Organic extracts were dried with anhydrous sodium sulfate. Solvents
were removed in a rotary evaporator under reduced pressure. Silica gel (60-10 mesh size) was
used for coloumn chromatography. Reactions were monitored by TLC on silica gel GF;s4
(0.25 mm).

Melting points were recorded with a Biichi B-540 melting point apparatus."H NMR spectra
were recorded in CDCl; on 600 and 400 MHz NMR spectrometer using TMS as internal
standard. The *C NMR spectra were recorded at 150 and 100 MHz using CDCl; as internal
standard. IR spectra were recorded on FT-IR spectrometer. The HRMS data were measured
with Waters QTOF-Premier, LC Ms/Ms system. The crystal data were collected with Brukar
Smart Apex-1l CCD diffractrometer using graphite monochromatic Mock, radiation (A =
0.71073A) at 298 K.
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2.4.2. General procedure for the synthesis of compounds 23a-23j and 28a-28d. To an ice-
cold solution of homoallyl alcohol (1.2 equiv.), aldehyde (1.0 equiv.) and
tetrabutylammonium halide (1.2 equiv) in anhydrous CH,Cl, (3 mL) under nitrogen
atmosphere was added TMSOTT (1.2 equiv) through a syringe. Then the reaction mixture was
stirred at the same temperature for a specified time. The progress of the reaction was
monitored by TLC with ethyl acetate and hexane as eluents. The reaction was quenched by
addition of a saturated aqueous NaHCOj3 solution; the product was extracted with CH,ClIy,
and then washed with brine solution. The organic layer was dried (Na,SO,) and evaporated to
leave the crude product, which was purified by short column chromatography over silica gel

to give the title compounds.

TH-1362_09612211
35



Part | Chapter 2

2.5. References and Notes

1. (a) Santos, S.; Clarke, P. A. Eur. J. Org. Chem. 2006, 2045-2053. (b) Miranda, P. O.;
Carballo, R. M.; Martin, V. S.; Padrén, J. 1. Org. Lett. 2009, 11, 357-360. (c) F. Liu,
T.-P. Loh, Org. Lett. 2007, 9, 2063-2066. (d) Hu, X. H.; Liu, F.; Loh, T.-P. Org. Lett.
2009, 11, 1741-1743. (e) Meilert, K.; Brimble, M. A. Org. Lett.2005, 7, 3497-3500.
(f) Dziedzic, M.; Furaman, B. Tetrahedron Lett. 2008, 49, 678-681. g) Lian, Y.,
Hinkle, R. J. J. Org. Chem. 2006, 71, 7071-7074.

2. (a) Miranda, P. O.; Didz, D. D.; Padran, J. l.; Bermejo, J.; Martin, V. S. Org. Lett.
2003, 5, 1979-1982. (b) Chan, K. P.; Loh, T.-P. Org. Lett. 2005, 7, 4491. (c)
Vechorkin, O.; Proust,V.; Hu, X. J. Am. Chem. Soc. 2009, 131, 9756-9766. (d)
Vechorkin, O.; Hu, X. Angew. Chem. Int. Ed. 2009, 48, 2937-2940. (e) Chan, K.-P.;
Ling, Y. H.; Chan, J. L.-T.; Loh, T.-P. J. Org. Chem. 2007, 72, 2127-2132.

3. Jr, H. W. H.; Stapp, P. R.; Okla, B.; 1970, Ser. No. 653,650Int. Cl. CO8f 45/34U.S.
Cl. 260-30.4.

4. (a) Arundale, E.; Mikeska, L. A. Chem. Rev. 1952, 52, 505-555. (b) Adams, D. R;
Bhatnagar, S. P. Synthesis, 1977, 661-672. (c) Snider, B. B. In The Prins Reaction
and Carbonyl Ene Reactions; Trost, B. M.; Fleming, I.; Heathcock, C. H.; Eds;
Pergamon Press: New Work, 1991; Vol. 2; pp 527-561. (d) Overman, L. E.;
Pennington, L. D. J. Org. Chem. 2003, 68, 7143-7157. (e) Pastor, I. M.; Yus, M.;
Curr. Org. Chem.2007, 11, 925-957.

5. Perron, F.; Albizati, K. F. J. Org. Chem. 1987, 52, 4128-4130.

6. (a) Yu, B.; Jiang, T.; Li, J.; Su, Y.; Pan, X.; She, X. Org. Lett. 2009, 11, 3442-3445.
(b) Marumoto, S.; Jaber, J. J.; Vitale, J. P.; Rychnovsky, S. D. Org. Lett. 2002, 4,
3919-3922.

7. Bunnelle, W. H.; Seamon, D. W.; Mohler, D. L.; Ball, T. F.; Thompson D. W.
Tetrahedron Lett. 1984, 25, 2653-2654.

8. Orden, L. J. V,; Patterson, B. D.; Rychnovsky, S. D. J. Org. Chem. 2007, 72, 5784-
5793.

9. Bondalapati, S.; Reddy, U. C.; Kundu, D. S.; Saikia, A. K. J. Fluorine Chem. 2010,
131, 320-324.

10. Yang, X.-F.; Mague, J. T.; Li, C.-J. J. Org. Chem. 2001, 66, 739-747.

TH-1362_09612211
36



Part | Chapter 2

11. (a) Biermann, U.; Lutzen, A.; Metzger, J. O. Eur. J. Org. Chem. 2006, 2631-2637. (b)
Yadav, J. S.; Reddy, B. V. S.; Reddy, M. S.; Niranjan, N.; Prasad, A. R. Eur. J. Org.
Chem. 2003, 1779-1783.

12. Yadav, J. S.; Rajasekhar, K.; Murthy, M. S. R. Tetrahedron Lett. 2005, 46, 2311-
2314.

13. Launay, G. G.; Slawin, A. M. Z.; O’Hagan, D. Beilstein J. Org. Chem. 2010, 6 (41).

14. Yadav, J. S.; Reddy, B. V. S.; Gupta, M. K.; Biswas, S. K. Synthesis, 2004, 2711-
2715.

15. Yadav, J. S.; Reddy, B. V. S.; Venugopal, C.; Srinivas, R.; Ramalingam, T. Synth.
Commun. 2002, 32, 1803-1808.

16. (a) Sabitha, G.; Reddy, K. B.; Bhikshapathi, M.; Yadav, J. S. Tetrahedron Lett. 2006,
47, 2807-2810. (b) Sabitha, G.; Reddy, K. B.; Reddy, G. S. K. K.; Fatima, N.; Yadav,
J. S. Synlett 2005, 2347-2351.

17. Yadav, J. S.; Reddy, B. V. S.; Kumar, G. G. K. S. N.; Reddy, G. M. Chem. Lett. 2007,
36, 426-427.

18. (a) Marton, D.; Tagliavini, G.; Zordan, M.; J. Organomet. Chem. 1990, 390, 127-138.
(b) Kishi, Y.; Inagi, S.; Fuchigami, T. Eur. J. Org. Chem. 2009, 103-109. (c) Yadav,
J. S.; Reddy, B. V. S.; Kumar, G. G. K. S.; Swami T. Tetrahedron Lett. 2007, 48,
2205-2208.

19. Epstein, O. L.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 16480-16481.

20. Lolkema, L. D.; Semeyn, C.; Speckamp, W. N. Tetrahedron 1994, 50, 7115-7128.

21. Jasti, R.; Vitale, J.; Rychnovsky, S. D. J. Am. Chem. Soc. 2004, 126, 9904-9905.

22. Borkar, P; Weghe, P. V. D.; Reddy, B. V. S.; Yadav, J. S.; Gree, R. Chem. Commun.
2012, 48, 9316-9318.

23. Traff, A. M.; Janjetovic, M.; Ta, L.; Hilmersson, G. Angew. Chem. Int. Ed. 2013, 52,
12073-12076.

24. (a) Reddy, U. C.; Bondalapati, S.; Saikia, A. K. Eur. J. Org. Chem. 2009, 1625-1629.
(b) Reddy, U. C.; Bondalapati, S.; Saikia, A. K. J. Org. Chem. 2009, 74, 2605-2608.
(c) Reddy, U. C.; Raju, B. R.; Kumar, E. K. P.; Saikia, A. K. J. Org. Chem. 2008, 73,
1628-1630.

25. Thecrystallographic data for compound 28d has been deposited with the Cambridge
Crystallographic Data Centre as supplimentary publication No. CCDC 792987.

TH-1362_09612211
37



Part | Chapter 2

2.6. Characterization Data

4-lodo-2-(4-nitrophenyl)tetrahydro-2H-pyran (23a).
NO,] White solid, M.P: 103-105 °C; (125mg, 76% yield); *H NMR (400
o MHz, CDCls): 6 1.80 (dddd, J =11.2, 10.8, 4.0 and 3.6 Hz, 1 H), 1.97-
2.10 (m, 2 H), 2.24 (m, 1 H), 4.09(m, 2 H), 4.92-4.97 (m, 2 H), 7.51
T (d, J=8.4 Hz, 2 H), 8.20 (J = 8.8 Hz, 2 H); **C NMR (100 MHz,
CDCl3): 6 29.4, 35.0, 43.1, 64.9, 74.9, 123.9, 126.7, 147.5, 149.4; IR:
2922, 2858, 1519, 1346, 1070, 1048, 848, 747 cm™. HRMS (APCI) m/z calcd for C11H1,INO3
(M+H)" 333.9940, found 333.9957.
2-(4-Bromophenyl)-4-iodotetrahydro-2H-pyran (23b)
Brl Colorless solid; M. P.: 74-76 °C; (139 mg, 76% yield); *"H NMR (400
o MHz, CDCls): 6 1.82 (dddd, J = 10.8, 10.8, 3.6 and 3.6 Hz, 1 H), 1.95-
2.15 (m, 2 H), 2.10 (dm, J = 14.4 Hz, 1 H), 4.00-4.11(m, 2 H), 4.80
: | (dm, J =108 Hz, 1 H), 490-4.93 (m, H), 7.22 (d, J =8.0 Hz, 2 H),
7.46 (d, J = 8.4 Hz, 2 H); **C NMR (100 MHz, CDCls): & 30.1, 35.2, 43.0, 64.9, 75.2, 121.6,
127.9, 131.7, 141.0; IR: 2919, 2857, 1458, 1245, 1069, 1047, 818, 797 cm™. HRMS (APCI)
m/z calcd for C11H1,BrlO (M+H)" 366.9194, found 366.9185.
4-Iodo-2-(3-nitrophenyl)tetrahydro-2H-pyran (23c¢)
Brown color solid; M. P.: 82-84 °C; (124 mg, 75% yield); '"H NMR
0 No,| (400 MHz, CDCLy): § 1.84 (dddd, /= 10.8, 10.4, 4.0 and 3.6 Hz, 1 H),
1.96-2.03 (m, 2 H), 2.24 (m, 1 H), 4.08-4.11 (m, 2 H), 4.90-4.97 (m, 2
] H), 7.52 (t, J=7.6 Hz, 1 H), 7.67 (d, J = 7.6 Hz, 1 H), 8.13 (dt, J =
8.0 and 1.2 Hz, 1 H), 8.24 (s, 1 H); >C NMR (100 MHz, CDCl;):  29.5, 35.0, 43.0, 64.9,
74.7,121.1, 122.7, 129.5, 132.1, 144.2, 148.5; IR: 2917, 2859, 1530, 1348, 1070, 1048, 736,
708 cm™. HRMS (APCI) m/z calcd for C;1H2INO; (M+H)+ 332.9940, found 332.9953.
Methyl 4-(4-iodotetrahydro-2H-pyran-2-yl)benzoate (23d)
coomel  Colorless solid, M. P.: 93-95 °C; (147 mg, 85% yield); 'H NMR
o (400 MHz, CDCls3): 3 1.83 (dddd, J=11.2,10.8,3.6 and 3.2 Hz, 1
H), 1.95-2.05 (m, 2 H), 2.22 (m, 1 H), 3.91 (s, 3 H), 4.07-4.10
(m, 2 H), 4.89-4.96 (m, 2 H), 7.41 (d, J=8.0 Hz, 2 H), 7.46 (d, J
= 8.0 Hz, 2 H); *C NMR (100 MHz, CDCls): & 30.0, 35.1, 43.0,
52.3,64.9, 75.4, 125.9, 129.5, 129.9, 147.1, 167.1; IR: 2925, 1716, 1638, 1273, 1099, 1068,
1046, 964 cm™. HRMS (APCI) m/z calcd for Cy3H15103 (M+H)* 347.0144, found 347.0156.
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2-Benzyl-4-iodotetrahydro-2H-pyran (23e)
o Yellowish oil; (118 mg, 78% yield); *H NMR (400 MHz, CDCls): & 1.58
m (dddd, J =11.2,10.4, 3.6 and 2.8 Hz, 1 H), 1.81-1.89 (m, 2 H), 1.97 (m,
i 1 H), 2.70 (dd, J = 14.0, and 6.0 Hz, 1 H), 2.90 (dd, J = 14.0, and 7.2 Hz,
1 H), 3.82-3.89 (m, 2 H), 4.04 (ddd, J = 12.0, 7.2, and 6.0 Hz, 1 H), 4.82(brm, 1 H), 7.19-
7.24 (m, 3 H), 7.27-7.31 (m, 2 H); *C NMR (100 MHz, CDCls): & 30.8, 35.5, 40.7, 42.0,
64.6, 74.3, 126.5, 128.5, 129.5, 138.3; IR: 2951, 2855, 1428, 1252, 1181, 1064, 1047, 751,
700 cm™. HRMS (APCI) m/z calcd for C1oH1510 (M+H)* 303.0246, found 303.0231.
2-Hexyl-4-iodotetrahydro-2H-pyran (23f):
Colorless oil; (123 mg, 83% yield); *H NMR (400 MHz, CDCls): & 0.88 (t, J
=7.2 Hz, 3 H), 1.20-1.35 (m, 8 H), 1.37-1.44 (m, 2 H), 1.55 (dddd, J = 10.8,
10.0, 4.4 and 3.6 Hz, 1 H), 1.80-1.89 (m, 2 H), 1.98 (m, 1 H), 3.70-3.79 (m,
1 H), 3.82-3.89 (m, 2 H), 4.85(brm, 1 H); *C NMR (100 MHz, CDCly): § 14.2, 22.7, 25.5,
29.5, 31.3, 31.9, 35.7 (2C), 41.2, 64.4, 73.7; IR: 2927, 2856, 1458, 1245, 1183, 1069, 855,
724 cm™. HRMS (APCI) m/z calcd for C11H210 (M+H)* 297.0715, found 297.0729.
2-Cyclohexyl-4-iodotetrahydro-2H-pyran (23g):
Pale yellow oil; (118 mg, 81% vyield); *"H NMR (400 MHz, CDCls): § 0.94-
1.05 (m, 2 H), 1.10-1.28 (m, 3 H), 1.34-1.44 (m, 1 H), 1.58 (dddd, J = 10.8,
10.0, 4.0 and 3.2 Hz, 1 H), 1.61-1.66 (m, 2 H), 1.70-1.77 (m, 2 H), 1.80-
1.88 (m, 3 H), 1.99 (m, 1 H), 3.50 (ddd, J = 10.4, 2.4 and 2.0 Hz, 1 H),
3.81-3.91 (m, 2 H), 4.88 (quin, J = 2.8 Hz, 1 H); *C NMR (100 MHz, CDCls): § 26.2, 26.3,
26.7, 28.9, 29.1, 32.0, 35.8, 38.2, 42.4, 64.6, 77.9, IR: 2924, 2852, 1449, 1243, 1188, 1070,
1054, 810 cm™. HRMS (APCI) m/z calcd for C13H1lO: (M+H)* 295.0559, found 295.0552.
4-lodo-2,6-dipropyltetrahydro-2H-pyran (23h):
CaHre_O_ LCsH,| Pale yellow oil; (118 mg, 80% yield); 'H NMR (400 MHz, CDCls): &
U 0.90 (t, J = 7.2 Hz, 6 H), 1.28-1.60 (m, 10 H), 1.94 (dd, J = 14.8 and
: 2.4 Hz, 2 H), 3.74 (ddd, J = 10.4, 4.4 and 2.0 Hz, 2 H), 4.84 (quin, J =
2.4 Hz, 1 H); C NMR (100 MHz, CDCls): & 14.2, 19.0, 32.0, 37.8, 41.1, 73.4; IR: 2957,
2871, 1638, 1465, 1223, 1186, 1081, 1064, 820 cm™. HRMS (APCI) m/z calcd for C11H2110
(M+H)" 297.0715, found 297.0722.
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2-Benzyl-6-ethyl-4-iodotetrahydro-2H-pyran (23i):
o Pale yellow oil; (122 mg, 74% vyield); *H NMR (400 MHz, CDCl5):
W 8 0.92 (t, J = 7.2 Hz, 3 H), 1.37-1.53 (m, 2 H), 1.58 (ddd, J = 14.0,
T 7.6 and 4.8 Hz, 1 H), 1.92-2.00 (m, 2 H), 2.69 (dd, J = 13.6, and 5.6
Hz, 1 H), 2.95 (dd, J = 13.6, and 3.2 Hz, 1 H), 3.67-3.72 (m, 2 H), 4.00-4.07 (m, 1 H), 4.82
(quin, J = 2.8 Hz, 1 H), 7.19-7.29 (m, 5 H); **C NMR (100 MHz, CDCls): 5 10.1, 28.6, 31.3,
40.4, 40.5, 42.1, 74.3, 75.0, 126.4, 128.3, 129.6, 138.6; IR: 2962, 2879, 1634, 1454, 1207,
1075, 1063, 752, 699 cm™. HRMS (APCI) m/z calcd for C14H19l0 (M+H)* 331.0559, found
331.0545.
2-Benzyl-6-(4-chlorophenyl)-4-iodotetrahydro-2H-pyran (23j):
¢ Colorless oil; (178 mg, 86% yield): ‘H NMR (400 MHz,
o O CDCl3): 6 1.58 (dddd, J =10.8, 10.4, 4.4 and 3.6 Hz, 1 H),
O 1.68 (dddd, J =11.2, 10.8, 4.0 and 3.2 Hz, 1 H), 2.00 (dd, J =
i 14.8 and 2.0 Hz, 1 H), 2.18 (dd, J = 14.8 and 2.0 Hz, 1 H),
2.83 (dd, J=13.6 and 5.6 Hz, 1 H), 3.02 (dd, J= 14.0 and 6.4
Hz, 1 H), 4.22-4.28 (m, 1 H), 4.80-4.90 (m, 2 H), 7.20-7.33 (m, 9 H); *C NMR (100 MHz,
CDCls): 6 30.1, 39.7, 42.0, 42.7, 74.7, 74.9, 126.5, 127.4, 128.4, 128.6, 129.7, 133.2, 138.1,
140.7; IR: 2922, 2854, 1492, 1065, 816, 699 cm™. HRMS (APCI) m/z calcd for C1gH15CIIO
(M+H)" 413.0169, found 413.0188.
4-Bromo-2-cyclohexyltetrahydro-2H-pyran (28a):
Pale yellow oil; (80 mg, 65% yield); *H NMR (400 MHz, CDCls): & 0.95-
1.06 (m, 2 H), 1.09-1.29 (m, 4 H), 1.32-1.41 (m, 1 H), 1.58 -1.69 (m, 2 H),
1.71-1.76 (m, 2 H), 1.80 (dddd, J = 11.2, 10.8, 3.6 and 3.2 Hz, 1 H), 1.87 (m
1 H), 1.99 (m, 1 H), 2.03-2.12 (m, 1 H), 3.56 (ddd, J = 8.8, 7.2 and 1.6 Hz, 1
H), 3.83-3.96 (m, 2 H), 4.75 (quin, J = 2.8 Hz, 1 H); *C NMR (100 MHz, CDCls): § 26.3,
26.4, 26.7, 28.8, 29.0, 34.7, 37.2, 42.6, 51.3, 63.3, 76.5; IR: 2924, 2853, 1449, 1224, 1191,
1072, 1029, 809 cm™. HRMS (APCI) m/z calcd for Ci1HioBrO (M+H)* 247.0698, found
247.0692.
4-Bromo-2-isobutyltetrahydro-2H-pyran (28b):
Colorless oil; (78 mg, 70% yield); *H NMR (400 MHz, CDCls): & 0.88 (d, J
= 6.4 Hz, 6 H), 1.09-1.16 (m, 1 H), 1.40-1.48 (m, 1 H), 1.68-1.77 (m, 2 H),
1.81-1.96 (m, 2 H), 2.01-2.10 (m, 1 H), 3.79-3.94 (m, 3 H), 4.68 (quin, J =
2.8 Hz, 1 H); *C NMR (100 MHz, CDCly): § 22.5, 23.3, 24.4, 34.5, 40.5, 44.9, 50.8, 63.1,
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70.5; IR: 2956, 2867,1459, 1235, 1189, 1068, 1020, 790 cm™. HRMS (APCI) m/z calcd for
CoH17BrO (M+H)* 221.0541, found 221.0552.
2-Benzyl-4-bromo-6-ethyltetrahydro-2H-pyran (28c):
o Pale yellow oil; (82 mg, 58% yield); *H NMR (400 MHz, CDCls): &
W 0.92 (t,J=7.6 Hz,3H), 1.45(q,J=7.6 Hz, 1 H), 1.54 (q, J = 7.2
& Hz, 1 H), 1.69 (dddd, J = 11.2, 10.8, 3.6 and 3.2 Hz, 2 H), 1.95 (m, 2
H), 2.94 (dd, J = 14.0 and 6.0 Hz, 1 H), 2.66 (dd, J = 14.0 and 6.8 Hz, 1 H), 3.73 (ddd, J =
11.6, 6.8 and 4.8 Hz, 1 H), 4.08 (ddd, J = 11.2, 6.8 and 5.2 Hz, 1 H), 4.71 (quin, J = 2.8 Hz, 1
H), 7.18-7.30 (m, 5 H); *C NMR (100 MHz, CDCls): & 10.1, 28.8, 39.4 (2C), 42.2, 51.1,
73.0, 73.6, 126.3, 128.3, 129.6, 138.5; IR: 2962, 2864,1454, 1242, 1189, 1076, 1031, 752,
700 cm™. HRMS (APCI) m/z caled for C14H19BrO (M+H)* 283.0698, found 283.0704.
4-Bromo-2,6-dicyclohexyltetrahydro-2H-pyran (28d):
Colorless solid, M. P.: 62-64 °C; (98 mg, 60% yield); *H NMR (400

0 MHz, CDCl5): & 0.92-1.05 (m, 4 H), 1.10-1.28 (m, 6 H), 1.30-1.39
(m, 2 H), 1.58-1.79 (m, 10 H), 1.95-2.07 (m, 4 H), 3.47-3.52 (m, 2
Br H), 4.79 (quin, J = 2.8 Hz, 1 H); **C NMR (100 MHz, CDCls): &

26.2, 26.3, 26.8, 29.0, 29.3, 37.5, 42.8, 52.4, 76.7; IR: 2924, 2851,1445, 1262, 1094, 1063,
741, 718 cm™. HRMS (APCI) m/z calcd for C17H29BrO (M+H)* 329.1480, found 329.1465.
4-lodo-2-phenyltetrahydro-2H-pyrans (26a & 27a):

Pale yellow oil; (107 mg, 74% vyield); *H NMR (400 MHz,
o o CDCl3): & 1.89 (dddd, J =10.8, 10.8, 4.0 and 3.6 Hz, 1 H),
& 1.97 (ddd, J =11.2, 4.0, and 3.6 Hz, 1 H), 2.16-2.28 (m, 1 H),

i |

2.30-2.40 (m, 1 H), 2.56 (ddd, J = 13.2, 2.0 and 2.0 Hz, 0.5
H), 3.59 (ddd, J = 11.6, 10.8, and 3.2 Hz, 0.5 H), 4.00 (dddd, J = 11.6, 9.2, 3.6 and 2.0 Hz,
0.5 H), 4.02-4.11 (ddd, J = 14.4, 12.0 and 5.2 Hz, 0.5 H), 4.32 (dd, J = 11.2, and 2.0 Hz, 0.5
H), 4.40 (dddd, J = 11.6, 10.4, 4.8 and 4.4 Hz, 0.5 H), 4.83 (dd, J = 10.8, and 2.0 Hz, 0.5 H),
4.93 (quin., J = 3.2 Hz, 0.5 H), 7.25-7.35 (m, 5 H); *C NMR (100 MHz, CDCls): § 22.1,
30.6, 35.3, 39.7, 42.9, 47.7, 64.9, 69.6, 75.8, 81.4, 125.9, 126.1, 127.8, 128.0, 128.6; IR:
2954, 2853, 1451, 1245, 1069, 1044, 752, 698 cm™. HRMS (APCI) m/z calcd for C11Hy3l0
(M+H)" 289.0089, found 289.0074.
4-lodo-2-(4-methoxyphenyl)tetrahydro-2H-pyran (26b & 27b):
Pale yellow oil; (128 mg, 80% yield); *H NMR (400 MHz, CDCls): & 1.89 (dddd, J =11.2,
10.4, 4.4 and 3.2 Hz, 1 H), 1.94-1.99 (m, 1 H), 2.16-2.26 (m, 1 H), 2.28-2.40 (m, 1 H), 2.52
(ddd, J=13.2, 2.4 and 2.0 Hz, 0.5 H), 3.58 (ddd, J = 12.0, 10.8, and 3.2 Hz, 0.5 H), 3.79 (s, 3
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H), 4.00 (dddd, J =11.6, 11.2, 3.2 and 2.8 Hz, 0.5
H), 4.02-4.11 (ddd, J = 14.4, 12.0 and 4.4 Hz, 0.5
H), 4.27 (dd, J = 11.2, and 2.0 Hz, 0.5 H), 4.40
T | (dddd, J =12.4,12.0, 5.6 and 4.4 Hz, 0.5 H), 4.83
(dd, J =10.8, and 2.0 Hz, 0.5 H), 4.93 (quin., J =
3.2 Hz, 0.5 H), 6.87 (d, J = 8.8 H, 2 H), 7.24 (d, J = 8.8 Hz, 2 H); *C NMR (100 MHz,
CDCl3): 6 22.3, 30.8, 35.2, 39.7, 42.7, 47.6, 55.4, 64.9, 69.6, 75.4, 81.0, 113.9, 127.2, 127.5,
133.5, 134.0, 159.2, 159.3; IR: 2954, 2850, 1462, 1247, 1071, 1035, 828 cm™. HRMS (APCI)
m/z calcd for C1,H3510, (M+H)* 319.015, found 319.0204.
2-(4-Bromophenyl)-4-iodotetrahydro-2H-pyran (22b):
Br) Colorless solid; M. P.: 82-84 °C: (70 mg, 38% vyield); *H NMR (400
o MHz, CDCl3): 4 2.19 (dd, J = 12.8 and 11.2 Hz, 1 H), 2.30-2.36 (m, 2
H), 2.53 (dddd, J = 12.8, 2.4, 2.0 and 1.6 Hz, 1 H), 3.55-3.62 (m, 1 H),
| 4.00 (dddd, J = 11.2, 3.6, 3.2 and 2.8 Hz, 1 H), 4.29 (dd, J = 10.8 and
2.0 Hz, 1 H), 4.34-4.42 (m, 1 H), 7.20 (d, J = 8.8 Hz, 2 H), 7.46 (d, J = 8.8 Hz, 2 H); °C
NMR (100 MHz, CDCls): 6 29.9, 39.6, 47.6, 69.6, 80.7, 121.8, 127.6, 131.8, 140.4; IR: 2928,
2854, 1489, 1231, 1068, 1042, 817 628 cm™.HRMS (APCI) m/z calcd for Cy;H1,BrlO
(M+H)" 366.9194, found 366.9187.

OMe OMe
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2.7. Selected Spectra of tetrahydropyrans
'H and *3C spectra of 2-(4-bromophenyl)-4-iodotetrahydro-2H-pyran (23b)
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'H and 3C spectra of 2-(4-bromophenyl)-4-iodotetrahydro-2H-pyran (22b)
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'H and 13C spectra of 2-benzyl-6-ethyl-4-iodotetrahydro-2H-pyran (23i)

womw_as_bonryipropy i

wrpl  alpml
B E BFECTAL
date  des B3 RN e woL weed
lgm o BB Mo
AEEIIRTT IO EoH § oEen O
e [ ) AN, TER
at iwis alfs ENH
rESEE rLags
x moi wesd il -
b 4 . -
di i dp ¥
" " sasersares ™"
e M
# TRANENTTTER :I “l‘“ =
- ™ =
afeg LI BERFLAY I
ot eE.E wp =i
N wF Aannacr
- - Fif.
Ll e e [
En s rp LiF.e
dul ¥ -4i.a
- nas o
- - = ™
- IEEEE vl LEl
th 1]
- edE pR
|
I AU S S S RS .Ju[-u —
- B e e —— e o e T O ———
a ] ) L] 5 a 3 z i =0 Pipm
rE.ER B T - o X
. 4.8 aan L] “. - (LR o (RN
omw_benryl propyl_ledids
supl  sudLde
AP R BPECIAL
"t- Jdun T8 :il -y AT
salvn CECIS  gmin mot s
) » Apin mol sses
ASGUIRET G L] o
L E3ENE. 8 e ia.gee
at L1NS alfe LN
H LRVER FLace
(T -
b [T =
I ]
- P 4
o ranE PROCERE DD
TRANESTTTUR L] d.ki
n. T el
ifrg LEE.S5E OTPLAY
1ar o =iNEN. ¥
Lpwr [ zaanL. 1
2 [N TH i LETaA. 8
BECOUPLER e rrEacy
Wn g =¥, ¥
#ar [ =iE .8
- ¥y
- - e e
A [t (]
i LI it]
o a
Lo

I

_ 283

= '.::I':

g L =4

s ~f 28 232
i i1

—— e

e W T W T 1]
(LM}

108,50
. ™

—_— Wi
e . 11 "]

—
=
E,‘_
=

N e M T s Bt L e e S T ——

e
180 180 1a0 120 100 an EQ a8 Zn a Ppe

TH-1362_09612211
45



Part |

Chapter 2

'H and 3C spectra of 2-benzyl-6-(4-chlorophenyl)-4-iodotetrahydro-2H-pyran (23j)
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'H and 3C spectra of 2-Benzyl-4-bromo-6-ethyltetrahydro-2H-pyran (28c)
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'H and 3C spectra of 4-bromo-2,6-dicyclohexyltetrahydro-2H-pyran (28d)
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2.8. Crystal Parameters

TH-1362_09612211

The crystal parameters of compound 28d

Parameters 28d-CCDC 792987

Formula Ci7Hx BrO

Formula weight 329.30

TIK 296(2)

Crystal system Monoclinic

Space group P2(1)/n

a/A 5.3938(5)

b/A 22.729(2)

c/A 13.7330(15)

al® 90.00

Bl° 97.254(7)

yl° 90.00

VIA? 1670.1(3)

Z 4

Abs. Coeff./mm™ 2.454

Abs. Correction Multi-Scan

GOF on F? 0.847

Final R indices [I> 20(I)] | R1 =0.0443
wR2 =0.1200

R indices [all data] R1=0.1160
wR2 = 0.1609
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CHAPTER 3

Diastereoselective Synthesis of Substituted

Tetrahydrofurans via Prins Cyclization of Enol Ethers

3.1. Importance and applications of tetrahydrofurans

Tetrahydrofuran units are essential part of many naturally occurring and biologically active
molecules including the group of cytotoxic polyethers,® polyether antibiotics,? antitumor
acetogenins,® lignans* etc. For example the marine natural product trans-kumausyne (1) is a
secondary metabolite produced by red algae of genus Laurencia.” Pamamycins are sixteen
membered macrodiolides containing two or three cis 2,5-disubstituted tetrahydrofuran units
within the macrocyclic framework. They were isolated from Streptomyces alboniger and S.
aurantiacus® and display autoregulatory, antibiotic, and anionophoric activities.” Pamamycin-
607 (2) is especially interesting for its potent activity against gram-positive bacteria including
multiple antibiotic resistant strains of Mycobacterium tuberculosis as well as against
phytopathogenic fungi. The mycotoxin (-)-citreoviridine (3) isolated from Penicillum
citreoviride is a potent inhibitor of the soluble mitochondrial ATPase.® The ionophoric macrolide
antibiotic nonactin, possesses antitumor activity both against mammalian cell lines in-vitro and
against Crocker sarcoma 180 in studies with mice.® It was isolated from a variety of
streptomyeces cultures, and consists of two subunits of (+)-nonactic acid and two subunits of (-)-

nonactic acid arranged in an alternating order.

trans-Kumausyne (1)

HO, OH
Re YUY A

(-)-Citreoviridin (3) O Nonactic acid (4)

Figure 3.1.1. Some important biological active molecule containing tetrahydrofuran as a

substructure.

TH-1362_09612211
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3.2. An overview of relevant synthetic methods

The stereoselective synthesis of tetrahydrofurans (THF), because of their ubiquitous nature in
many biological processes, has been the subject of extensive investigation. Therefore, an
abundant literature deals with numerous synthetic strategies to construct mono- or poly-THF
skeletons, namely, intramolecular cyclization of 4-alkenols,'® 3-alkenols,™ oxidative cyclization
of 1,5 dienes,*? [3+2] cycloaddition,*® radical cyclization of alkoxy acrylates,** ring expansion of
oxetanes,’ Prins cyclization'” etc. These methods have their own merits and demerits but some
of them suffer from diastereoselectivity. Prins cyclization is an important reaction for the
synthesis of tetrahydropyrans and tetrahydrofurans because of its diastereoselectivity.'® Although
there are many reported methods for the synthesis of di- and tetrahydropyrans via C-C bond-

forming Prins cyclization,'®**

17,18

pure Prins-type cyclization has rarely been used for the synthesis
of tetrahydrofurans, though Prins-type cylcization followed by pinacol rearrangement gives
tetrahydrofurans.™

Wourtster and co-workers described a highly stereoselective method for the synthesis of 2,2-
disubstituted 4-acyl tetrahydrofuran 7, involving Prins-pinacol condensation of allylic diols 5
with unsymmetrical ketones 6 mediated by SnCl, (Scheme 3.2.1). The reaction proceeds via the
Prins cyclization of the acetal derived from the allylic diol and the ketone and subsequent pinacol

rearrangement of the tetrahydropyrany! cation gives the tetrahydrofuran product.*®

o) RZ, O
OH 4 SnCl 19
R'])J\Rz 44> R .
CH,Cl,
OH -78=-20 °C 7 4
5 6
72-98%

R' = alkyl, cycloalkyl, aryl, -CH,OMe, -CH,Br. R? = alkyl

Scheme 3.2.1

Cho et al. reported a novel methodology for stereoselective synthesis of cis-disubstituted
tetrahydrofurans 10 bearing an allenyl group at the 3-position via TMSOTf-mediated Prins-type
cyclization of terminally substituted homopropargylic alcohols 8 and aldehydes 9 (Scheme
3.2.2)'"2 In most cases, various aldehydes provided the corresponding product in moderate to

good yields with excellent selectivity.

TH-1362_09612211
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OH Pha_ O _R!
M ™S R'COR? 9 qu
Ph

TMSOTY, Et,0

8 10

Where R' = alkyl, aryl; R?=H, alkyl 55 - 95%
Scheme 3.2.2

Cho et al. further explored the methodology with homopropargyl alcohols 11 having alkyl and
aryl substituent at the alkyne terminus. The reaction proceeded via the formation of
oxocarbenium ion which underwent Prins-type cyclization giving exocyclic vinyl cation. The
exocyclic vinyl cation was trapped as a vinyl triflate 13 when dichloromethane was used as a
solvent, whereas in ethereal solution the vinyl cation underwent hydrolysis to give the all cis-
2,3,5-trisubstituted ketone product 14 (Scheme 3.2.3).1°¢

Pha_© 2 o )
R R2CHO 12 OH R R,CHO 12 Ph R
R TMSOTf Ph)\/ TMSOTf \ g
Et,0, -78 °C~RT CH,Cl,, -78 °C~RT
o 2 TfO
14 11 13
18-41% i

Where R, R? = H, alkyl, aryl

Scheme 3.2.3

Gharpure reported a stereoselective method for the synthesis of trans-2,3-disubstituted
dihydrobenzofuran derivatives 16 using TMSOTf-mediated intramolecular alkyne Prins type

cyclization of 15 derived from o-alkynyl phenol at low temperature (Scheme 3.2.4).8

Ar © Ar
R! Z TMSOTf R
\CO(/\/COOH CH,Clp, 0°C 3 cookt
15 R'=H, alkyl, Cl ;:-81%
Scheme 3.2.4

Loh and co-workers have developed a facile method for the synthesis of tetrahydrofurans and
pyrans 19 from the reaction of aldehyde 18 and unsaturated alkenes having y and & hydroxy
groups 17 promoted by In(OTf);z via intramolecular (3,5) oxonium-ene reaction at 0 °C (Scheme

TH-1362_09612211
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3.2.5). By increasing the reaction temperature from 0 to 40 °C, they observed the formation of

exocyclic isomer 20 as a major product.”’

(@) 1

OH
O R In(OTf)s ji InOTH; R R
- 4 + —_—

Y, CH,Cl,, 0 - 40 °C WR R SH CH,Cl,, 0°C 141
R’ n=1 n=1,2 /,
20 17 18 19
65-97% 39-95%

R= Me, C-C6H11
R' = alkyl, aryl

Scheme 3.2.5

Kamimura and co-workers have described a stereoselective procedure for the construction of
multisubstituted tetrahydrofurans 22 utilizing the radical cyclization of alkoxyacrylate 21

mediated by BusSnH/AIBN system at 80 °C (Scheme 3.2.6).

MeO L~ o R2, O .,

AN
BusSnH/AIBN CO,Me
R2 R R1 > R1 P
PhSe—" R3 Toluene, 80 °C R3
21 © 22
59-99%

R' = alkyl, OBu-t, R? = alkyl, aryl, R®=H, Me

Scheme 3.2.6

Yadav et al. have reported an oxidative ring closure methodology for the synthesis of 2-
hydroxymethyl tetrahydrofurans 24 involving the g-hydroxyketone 23 as starting material using
m-CPBA as oxidant (Scheme 3.2.7).22 However this methodology was found to be inferior when

the diasteroselectivity of the product is considered.

HO R
OH O o)
R

Ph m-CPBA Ar

Ar — CH,Cl,, 0 °C-rt O

Ph
23 24
52-71%

R =H, -CH,0Bn, -COOEt, -COPh
Ar = Ph, 4-OMe -Ph, 2-CI-Ph

Scheme 3.2.7
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3.3. Present work

Recently, Saikia and co-workers developed a methodology for the synthesis of cis-2,6-
dihydropyrans via Prins cyclization of enol ether.”® Here enol ethers having terminal double
bond was treated with trimethylsilyl trifluoromethanesulfonate (TMSOTTf) to give cis-2,6-
dihydropyrans via Prins cyclization reaction. Considering the earlier reports and the present work
of our own group, an attempt was made to cyclize enol ethers having alkyne group. On that
account enol ether 27a was prepared from the homopropargylic alcohol 25 using Michael

addition of alcohol to ethyl propiolate 26.

(@]

OMe [ j OMe
N
|

26 cOOEt

& /A // . &
CH20|2, rt
OH s o ~COOEt
27a
82%
Scheme 3.3.1

But on treatment with TMSOTf in dichloromethane at 0 ‘C to room temperature the reaction of
enol ether 27a ended with a black material. Several Lewis and Brgnsted acids were screened and
finally it was found that 0.2 equivalents of indium triflate (In(OTf)3) in dichloromethane gave
some product in 40% yield. The product was characterized as ethyl 2-(3-(4-methoxybenzoyl)
tetrahydrofuran-2-yl) acetate 28a by NMR spectroscopy and mass spectrometry (Table 3.3.1).
The yield was increased by increasing the amount of In(OTf); to 0.5 equivalents. Increasing the
amount to 1.0 equivalent also resulted in same vyield. It was observed that Cu(OTf), and
BF3Et,0 also resulted in the desired product but gave 28 and 35% vyield, respectively. Zn(OTf),
was found to be unreactive. Brgnsted acid TfOH gave two inseparable products tetrahydrofuran
28a and tetrahydropyran 29a in 42% overall yield with a ratio of 1:3. On the other hand, CSA
was found to be inefficient for the reaction. Similarly, BF3Et,O in benzene produced
tetrahydrofuran 28a and tetrahydropyran 29a in 40% overall yield with a ratio of 1:1.
CeCl37H,0 was also found to be inefficient. The reaction with FeCl; was completed within two
hours producing 28a in 45% vyield along with some decomposed products. InCl; gave 28a in

28% and starting material 27a was recovered in 50%.

TH-1362_09612211
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Table 3.3.1.0Optimization of the reaction

OMe 0] o

Lewis/ QACOZEt COzEt

= Bronsted acid %0 + oy ©\
OMe

O O

Solvent
o/\)J\OEt
MeO

27a 28a 29a

Entry  Lewis/Bransted Time Solvent % Yield®
acid (equiv.) (h) 28 & 29

1 TMSOTf (1.1) 24 CHCl, d

2 In(OTf); (0.2) 24 CH,Cl, 40 (28a)

3 In(OTf); (0.5) 12 CH,Cl, 60 (28a)

4 In(OTH); (1.0) 12 CH,Cl, 60 (28a)

5 BFsEt,0 (1.1) 24 CH,Cl,  35(28a)

6 BF3Et,O (1.1) 24 Benzene 30 (28a+29a)”
7 TfOH (1.1) 24 CH,Cl, 42 (28a+29a)"
8 CeCl3.7H,0 24 CH.,Cl, n

9 Cu(OTf), (0.2) 24 CH,Cl,  28(28a)

10 Zn(OTf), (1) 30 CH,Cl, n

11 CSA (1) 10 CH,Cl, N

12 FeCl; (1) 2 CH,Cl, 45 (28a)°

13 InCl; (1) 24 CH,Cl, 28 (28a)

%Yields refer to isolated yield. The compounds were characterized by IR, NMR and
Mass spectrometry. bRatio is determined by *H NMR. d = decomposed product.

n = No reaction

The indium triflate-mediated Prins-cyclization reaction of alkyne enol ether is generalized as
shown in (Scheme 3.3.2).

Rl
= INOTf); R._O
D e L o
2 2 “,
R OMOEt R
0 °C-rt O/"
27 28

Scheme 3.3.2
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In order to prove its general applicability, enol ethers 27b-27p were synthesized similar to that of
27a and subjected to optimized reaction condition (Table 3.3.2). It was observed from the Table
3.3.2 that ethers having aromatic substituted alkyne side chains gave moderate to good yields.
On the other hand, ethers with aliphatic substituted alkynes (entries 7-8) gave low vyields.
Electron withdrawing groups on the aromatic ring of the alkyne side chain play a role in the
reactivity of the substrates. Electron withdrawing groups on the aromatic ring reduce the
reactivity of the substrate 27e (entry 5). Substrates 27d and 27f having strong electron
withdrawing groups on aromatic ring, such as —NO; and -COOMe (entries 4 and 6) were
decomposed under these reaction conditions. On the other hand, electron donating groups on
aromatic ring enhance the reactivity (entries 2,3). This might be due to the better stabilization of
carbocation B (Scheme 3.3.3) by electron rich aromatic ring and destabilization of the same
carbocation by electron deficient aromatic ring. Aliphatic substituted substrates (entries 7-8)
gave 21 and 30% yields, respectively, which indicate that carbocation B is less stabilized by
alkyl groups than the electron rich aromatic groups at the alkyne terminus. It was observed that

1-substituted enol ethers (entries 10-16) gave tetrahydrofuran in good yields.

Table 3.3.2. Synthesis of substituted tetrahydrofuran

Entry Acrylyl enol ether 27 Product 28 Yield (%)?
OMe
QACOZEt
/ //
1 -9 e) 27a 60
O/\)J\OEI:
MeO
Q/\COZEt
2 _ 56
~ o 27b
O/\)J\OEt
QACOZEt
gz
= o 27¢c 54
3
OMOEt d

Continued... ... ... ....

TH-1362_09612211
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Entry Acrylyl enol ether 27 Product 28 Yield (%)
O,N 0
(fcozEt
_ o d
4 Z 27d O ey 0
O/\)kOEt NOZ
cl o)
QACOZE’[
= 27e i
0
5 28e 45
OMOEt d
cl
MeO,C o
QACOZEt
"”//O d
6 28f 0
CO,Me
0
QACozEt
7 =0 28 21
s
° OEt
8 m 30
%O 28h
<
o
QACOZEt
9 %=0 67
S 28i
o)
/\Q/\COZEt
10 = 84
\i 28
0
/\QAcozEt
11 70 63
28k
Continued...... .......
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Entry Acrylyl enol ether 27 Product 28 Yield (%)?

12 63
13 92
14

/ 71

’////O

Br
(@)

15 CO,Et

=0 72

f 280

(@)
CO,Et

16

"”/jo 28p 81

2Yield refers to isolated yield. The compounds are characterized by IR, *H, *°C NMR and mass

spectrometry. d = Decomposed product.

The stereochemistry of the product was determined by nOe of compound 280, which was further
confirmed by X-ray crystallographic analysis.?* There was a strong nOe between 2C-H and 5C-H
protons, which indicates that substituents at 2 and 5 positions are cis to each other. The reaction
is highly diastereoselective, which was determined from 'H and *C NMR analysis of crude
compound (Figure 3.3.1).
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D&’“ D
O\'ﬁ(}l\&{/ D4
‘i"\{\(a\\‘(’ P o
~ TN [

Figure 3.3.1. nOe and ORTEP diagram of compound 280

The mechanism of the reaction can be explained as follows. The ester group of enol ether 27 is
activated by In(OTf)3 to form oxocarbenium ion A. The oxocarbenium ion A is then attacked by
the alkyne group via a 5-endo-trig cyclization to give carbocation B. The formation of five
membered ring is in contrast to Baldwin’s rule,?® but in the present situation formation of five
membered ring is possible because of proper alignment of molecular orbital of alkyne group with
the sp® hybridized carbonyl group.”® The intermediate carbocation B is stabilized by enolate. The
intermediate B is then trapped by water during the work up of the reaction to give enol C, which

after rearrangement gives ketone 28 (Scheme 3.3.3).

" " OLA
EtO
Z Z LA M
O  In(OTf); O| R! WR
=
R O/\)J\OEt R OMOEt A
27
5-endo-trig
cyclization
1 1 EtO
R\\ R LA
=0 J OH HO el
O O 2 o) H- ®R1
) OEt 9 OEt !
H H
28 Cc B
Scheme 3.3.3. Plausible mechanism of the reaction
Conclusion:

In conclusion, we have developed a mild and efficient method for the synthesis of substituted
tetrahydrofurans via Prins cyclization reaction from enol ethers in good yields. The method is
highly diastereoselective and gives only cis 2,5-diastereomers.
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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 preparation of acrylyl enol ethers (27a-27p): To a solution of
homopropargylic alcohol (2.0 mmol) in dichloromethane (3 mL), N-methyl morpholine (2
mmol) and ethyl propiolate (2.2 mmol) were added. The reaction mixture was stirred at room
temperature and the progress of the reaction was monitored by TLC. After completion of the
reaction the solvent was removed on a rotary evaporator and diluted with water (5 mL). The
product was extracted with ethyl acetate (3x10 mL), and the combined organic layers were
washed with brine (3 mL) and finally dried over anhydrous Na,SO,4. The solvent was removed
under rotary evaporator and the crude product was purified on silica gel column chromatography

using ethyl acetate and hexane as eluents.

3.4.3. General Procedure for the Synthesis of 2,3,5-trisubstituted tetrahydrofuran (28a-
28p):

To a suspension of In(OTf); (0.5 mmol) in dry dichloromethane (1 mL) at 0 °C, enol ether (1
mmol) in dry CH,Cl, (2 mL) was added drop wise under nitrogen atmosphere. The reaction
mixture was brought to room temperature. The reaction was continued for specified time and
monitored by TLC. After disappearance of the starting material, the reaction mixture was treated
with saturated sodium bicarbonate solution (5 mL). The product was extracted with CH,Cl, (2 x
10 mL) and the combined organic layer was washed with brine. Organic layer was separated and
dried over anhydrous Na,SO, 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 28.
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3.6. Characterization Data

(E)-Ethyl 3-((4-(4-methoxyphenyl)but-3-yn-1-yl)oxy)acrylate (27a):

Ome) Colourless oil; R; (hexane/ EtOAc 4:1) 0.66; yield 450 mg, 82%; 'H
NMR (400 MHz, CDCl3) 6 1.28 (t,J=7.2Hz,3H),2.82 (t, J=7.2 Hz, 2
o H), 3.81 (s, 3 H), 4.03 (t, J = 7.2 Hz, 2 H), 4.17 (g, J = 7.2 Hz, 2 H), 5.26
OMOB (d, J =12.4 Hz, 1 H), 6.82 (d, J = 9.2 Hz, 2 H), 7.34 (d, J = 8.4 Hz, 2 H),
7.63 (d, J = 12.4 Hz, 1 H);"*CNMR(100 MHz,CDCl3) & 14.4, 20.3, 55.2, 59.8, 69.1, 82.3, 97.1,
104.2, 113.9, 115, 133.1, 159.4, 162.0, 167.5; IR (KBr, neat) 2986, 2839, 1708, 1627, 1259,
1136, 1038, 765 cm™; HRMS (ESI) calcd. for C16H1004 (M + H)* 275.1278, found 275.1279.

=Z

(E)-Ethyl 3-((4-(p-tolyl)but-3-yn-1-yl)oxy)acrylate (27b):

Colourless oil; R; (hexane/ EtOAc 9:1) 0.63; yield 454 mg, 88%; ‘H NMR
(400 MHz, CDClg) 8 1.27 (t, J = 7.2 Hz, 3 H), 2.34 (s, 3 H), 2.82 (t, J = 7.2
0 Hz, 2 H), 4.03 (t, J = 7.2 Hz, 2 H), 4.17 (g, J = 7.2 Hz, 2 H), 5.26 (d, J = 12.4
OMOEt Hz, 1 H), 7.09 (d, J = 8.0 Hz, 2 H), 7.29 (d, J = 8.0 Hz, 2 H), 7.63 (d, J =
12.4 Hz, 1 H); °C NMR (150 MHz, CDCls) & 14.5, 20.4, 21.6, 60.0, 69.2, 82.7, 84.1, 97.3,
120.2, 129.2, 131.7, 138.3, 162.1, 167.8. IR (KBr, neat) 2975, 2929, 1709, 1626, 1135, 1044,
818, 745 cm™; HRMS (ESI) calcd. for C16H1903 (M + H)* 259.1329, found 259.1320.

Z

(E)-Ethyl 3-((4-phenylbut-3-yn-1-yl)oxy)acrylate (27c):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.61; yield 410 mg, 84%:; ‘H NMR
(600 MHz, CDCl3) 6 1.26 (t,J = 7.2 Hz, 3 H), 2.82 (t, J = 7.2 Hz, 2 H), 4.03
0 (t, J=7.2Hz, 2 H), 416 (9, J = 7.2 Hz, 2 H), 5.26 (d, J = 12.6 Hz, 1 H),
o“\)koa 7.28-7.30 (m, 3 H), 7.39-7.41 (m, 2 H), 7.62 (d, J = 12.6 Hz, 1 H); *C NMR
(150 MHz, CDCl3) 6 14.5, 20.5, 60.0, 69.2, 82.7, 85.0, 97.3, 123.3, 128.2, 128.4, 131.8, 162.1,
167.8. IR (KBr, neat) 2981, 2939, 1709, 1626, 1134, 1043, 817, 745 cm™; HRMS (ESI) calcd.
for C1sH1703 (M + H)* 245.1172, found 245.1172.

=

(E)-Ethyl 3-((4-(2-nitrophenyl)but-3-yn-1-yl)oxy)acrylate (27d):

Colourless oil; Rs (hexane/ EtOAc 4:1) 0.54; yield 474 mg, 82%; ‘H NMR
(600 MHz, CDCl3) § 1.27 (t, J = 7.2 Hz, 3 H), 2.91 (t, J = 7.2 Hz, 2 H), 4.08
(t, J=6.0 Hz, 2 H), 4.17 (g, J = 7.2 Hz, 2 H), 5.27 (d, J = 12.6 Hz, 1 H), 7.44
(t,J=7.2Hz, 1 H),7.32(d, J =7.2 Hz, 1 H), 7.60 (d, J = 8.4 Hz, 1 H), 7.62

(d, J=12.6 Hz, 1 H), 8.00 (d, J = 7.8 Hz, 1 H); *C NMR (150 MHz, CDCls) & 14.6, 20.9, 60.1,
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68.7, 78.0, 93.7, 97.6, 118.7, 124.7, 128.7, 132.9 (2C), 135.1, 162.0, 167.8; IR (KBr, neat) 2982,
2951, 1709, 1628, 1527, 1474, 1345, 1132, 1046, 476 cm™; HRMS (ESI) calcd. for C1sH1gNOs
(M + H)* 290.1023, found 290.1023.

(E)-Ethyl 3-((4-(4-chlorophenyl)but-3-yn-1-yl)oxy)acrylate (27¢):

cll Colourless oil; Rt (hexane/ EtOAc 9:1) 0.57; yield 445 mg, 80%; *H NMR
(600 MHz, CDCl3) 6 1.27 (t,J =7.2 Hz, 3 H), 2.81 (t, J = 6.6 Hz, 2 H), 4.03
o (t, J = 6.6 Hz, 2 H), 4.17 (g, J = 7.2 Hz, 2 H), 5.26 (d, J = 12.6 Hz, 1 H),
O/\)%Et 7.26 (d, J =8.4 Hz, 2 H), 7.32 (d, J = 8.4 Hz, 2 H), 7.62 (d, J = 12.6 Hz, 1
H); *C NMR (150 MHz, CDCls) & 14.5, 20.4, 60.0, 69.0, 81.6, 86.1, 97.3, 121.7, 128.7, 133.0,
134.2, 162.0, 167.8. IR (KBr, neat) 2981, 2937, 1709, 1626, 1489, 1135, 1092, 828 cm™; HRMS
(ESI) calcd. for C15sH16CIO3 (M + H)* 279.0782, found 279.0810.

Z

(E)-Methyl 2-(4-((3-ethoxy-3-oxoprop-1-en-1-yl)oxy)but-1-yn-1-yl)benzoate (27f):

Colourless oil; Ry (hexane/ EtOAc 4:1) 0.60; yield 526 mg, 87%; *H NMR
(400 MHz, CDCl3) 8 1.20 (t, J = 7.2 Hz, 3 H), 2.85 (t, J = 6.8 Hz, 2 H), 3.86
(s, 3H), 4.03 (t, J = 6.8 Hz, 2 H), 4.13 (9, J = 7.2 Hz, 2 H), 5.23 (d, J = 12.4
O/\)J\OEL Hz,1H),7.29 (t, J=80Hz,1H),7.39(t,J=72Hz,1H),7.48(d,J=7.6
Hz, 1 H), 7.59 (d, J = 12.4 Hz, 1 H), 7.86 (d, J = 7.6 Hz, 1 H); *C NMR (100 MHz, CDCls) &
14.4, 20.7, 52.2, 59.9, 69.0, 81.2, 90.3, 97.2, 123.7, 127.8, 130.3, 131.7, 132.0, 134.4, 162.0,
166.6, 167.7; IR (KBr, neat) 2982, 2952, 1732, 1714, 1626, 1328, 1129, 1044, 960, 760 cm™;
HRMS (ESI) calcd. for C17H1905 (M + H)* 303.1227, found 303.1247.

MeOZC

(E)-Ethyl 3-(dec-3-yn-1-yloxy)acrylate (279):

Colourless oil; R; (hexane/ EtOAc 9:1) 0.76; yield 506 mg, 91%: *H NMR
FZ )5 (600 MHz, CDCl3) 6 0.89 (t, J =7.2 Hz, 3 H), 1.24-1.33 (m, 4 H), 1.25 (t, J
&\)Ok = 7.2 Hz, 3 H), 1.35-1.38 (m, 2 H), 1.44-1.49 (m, 2 H), 2.13-2.15 (m, 2 H),
@) OEt
2.54-2.58 (m, 2 H),3.91 (t, J=7.2 Hz, 2 H), 4.16 (9, J = 7.2 Hz, 2 H), 5.21
(d, J =12.6 Hz, 1 H), 7.58 (d, J = 12.6 Hz, 1 H); **C NMR (150 MHz, CDCls) & 14.2, 14.6, 18.9,
19.8, 22.8, 28.7, 29.0, 31.5, 60.0, 69.7, 75.1, 82.9, 97.1, 162.2, 167.9; IR (KBr, neat) 2932, 2857,
1713, 1628, 1134, 1046, 824 cm™; HRMS (ESI) calcd. for C15H,505 (M + H)* 253.1798, found

253.1800.
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(E)-Ethyl 3-(hex-3-yn-1-yloxy)acrylate (27h):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.50; yield 313 mg, 80%; ‘H NMR

Z (600 MHz, CDCl3) & 1.10 (t, J = 7.2 Hz, 3 H), 1.26 (t, J = 7.2 Hz, 3 H),

. 0 2.14-2.16 (m, 2 H), 2.53-2.56 (m, 2 H), 3.91 (t, J=7.2Hz,2H),4.16 (q, J =

2 OFt 7.2 Hz, 2 H), 5.21 (d, J = 12.6 Hz, 1 H), 7.58 (d, J = 12.6 Hz, 1 H); *C NMR

(150 MHz, CDCl3) 6 12.6, 14.2, 14.3, 19.8, 61.5, 69.7, 81.7, 84.2, 97.2, 164.9, 167.9; IR (KBr,

neat) 2978, 2850, 1716, 1625, 1242, 1181, 1025, 799 cm™; HRMS (ESI) calcd. for C13H:703 (M
+H)" 197.1172, found 197.1185.

(E)-Ethyl 3-((4-(thiophen-2-yl)but-3-yn-1-yl)oxy)acrylate (27i):

S\ Colourless oil; Rs (hexane/ EtOAc 4:1) 0.60; yield 405 mg, 81%; *H NMR
= (400 MHz, CDCl3) 6 1.26 (t, J = 7.2 Hz, 3 H), 2.83 (t, J = 6.8 Hz, 2 H), 4.00
© (t, J=7.2Hz,2 H), 416 (9, J = 7.2 Hz, 2 H), 5.25 (d, J = 12.4 Hz, 1 H), 6.93
o/\)J\OEt (t, J=4.8 Hz, 1 H), 7.15 (d, J = 4.0 Hz, 1 H), 7.20 (d, J = 4.8 Hz, 1 H), 7.61
(d, J = 12.4 Hz, 1 H); *C NMR (100 MHz, CDCls) & 14.4, 20.6, 60.0, 68.7,75.8, 89.0, 97.3,
123.2, 126.8, 127.0, 131.9, 161.9, 167.7; IR (KBr, neat) 2981, 2905, 1710, 1625, 1328, 1132,
1045, 832, 703 cm™; HRMS (ESI) calcd. for C13H1503S (M + H)* 251.0736, found 251.0743.

=Z

(E)-Ethyl 3-((6-phenylhex-5-yn-3-yl)oxy)acrylate (27j):

Colourless oil; R; (hexane/ EtOAc 9:1) 0.56; yield 490 mg, 90%; ‘H
NMR (600 MHz, CDCl3) § 1.00 (t, J = 7.2 Hz, 3 H), 1.25 (t, J = 7.2 Hz,

0 3 H), 1.73-1.80 (m, 1 H), 1.82-1.87 (m, 1 H), 2.68 (dd, J = 17.4 and 6.6
O/\)J\OEt Hz, 1 H), 2.73 (dd, J = 16.2 and 6.6 Hz, 1 H), 4.02-4.07 (m, 1 H), 4.15
(9,J=7.2Hz,2H),5.32 (d, = 12.6 Hz, 1 H), 7.27-7.29 (m, 3 H), 7.38-7.40 (m, 2 H), 7.62 (d, J
=12.6 Hz, 1 H); **C NMR (150 MHz, CDCls) 9.6, 14.6, 25.3, 27.1, 60.0, 83.3 (2 C), 85.1, 97.8,
123.4, 128.2, 128.4, 131.8, 162.5, 168.3; IR (KBr, neat) 2975, 2936, 1708, 1640, 1491, 1135,
1048, 758 cm™; HRMS (ESI) calcd. for C17H2103 (M + H)* 273.1485, found 273.1485.

=Z

(E)-Ethyl 3-((6-phenylhex-1-en-5-yn-3-yl)oxy)acrylate (27k):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.60; yield 475 mg, 88%:; ‘H
NMR (600 MHz, CDCl3) § 1.26 (¢, J = 7.2 Hz, 3 H), 2.76 (dd, J = 16.8

0 and 6.6 Hz, 1 H), 2.85 (dd, J = 16.8 and 6.6 Hz, 1 H), 4.15 (q, J = 7.2
oA ogy Hz, 2 H), 4.23 (q, J = 7.2 Hz, 1 H), 5.32-5.42 (m, 3 H), 5.88-5.95 (m, 1

H), 7.27-7.33 (m, 3 H), 7.38-7.41 (m, 2 H), 7.57 (d, J = 12.6 Hz, 1 H); *C NMR (150 MHz,
TH-1362_09612211
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CDCl3) 6 14.6, 26.5, 60.0, 81.8, 83.4, 84.6, 98.8, 119.2, 128.3, 128.5, 131.8, 132.0, 135.2, 161.3,
168.0; IR (KBr, neat) 2927, 2853,1707, 1644, 1475, 1134, 1044, 786 cm™’; HRMS (ESI) calcd.
for C17H1903 (M + H)+ 271.1329, found 271.1329.

(E)-Ethyl 3-((1-cyclopentyl-5-phenylpent-4-yn-2-yl)oxy)acrylate (271):

Colourless oil; R¢ (hexane/ EtOAc 9:1) 0.60; yield 561 mg, 86%;
'H NMR (400 MHz, CDCls) 6 1.23-1.31 (m, 4 H), 1.50-1.55 (m, 2

0 H), 1.63-1.70 (m, 2 H), 1.72-1.92 (m, 6 H), 2.64-2.77 (m, 2 H),
O/\)kOEt 4.07-4.20 (m, 3 H), 5.32 (d, J=12.0 Hz, 1 H), 7.27-7.30 (m, 3 H),
7.37-7.42 (m, 2 H), 7.63 (d, J = 12.0 Hz, 1 H); *C NMR (150 MHz, CDCls) § 14.6, 25.2, 25.3,
26.2, 32.7, 33.3, 36.6, 38.7, 40.5, 59.9, 83.1, 85.2, 97.8, 123.5, 128.2, 128.5, 131.8, 162.5, 168.2;
IR (KBr, neat) 2953, 2863, 1709, 1642, 1371, 1131, 1045, 757 cm™; HRMS (ESI) calcd. for
C21H2703 (M + H)" 327.1955, found 327.1973.

Z

(E)-Ethyl 3-((1,4-diphenylbut-3-yn-1-yl)oxy)acrylate (27m):

Colourless oil; R; (hexane/ EtOAc 9:1) 0.51; yield 512 mg, 80%:; *H
NMR (400 MHz, CDCls) & 1.22 (t, J = 7.6 Hz, 3 H), 2.91 (dd, J =
16.8 and 5.6 Hz, 1 H), 3.05 (dd, J = 16.8 and 7.2 Hz, 1 H) 4.08-4.14
(m, 2 H), 5.08 (t, J = 6.8 Hz, 1 H), 5.27 (d, J = 12.8 Hz, 1 H), 7.26-
7.29 (m, 3 H), 7.34-7.40 (m, 7 H), 7.58 (d, J = 12.8 Hz, 1 H); °C
NMR (100 MHz, CDCl3) ¢ 14.5, 29.0, 60.0, 82.7, 83.5, 85.0, 99.1, 123.3, 126.4, 128.2, 138.4,
128.9, 129.0, 131.8, 138.9, 161.3, 167.8; IR (KBr, neat) 2953, 2924, 1709, 1640, 1491, 1128,
1040, 830 cm™; HRMS (ESI) calcd. for C2H21 03 (M + H)* 321.1485, found 321.1486.

(E)-Ethyl 3-((1-(4-chlorophenyl)-4-phenylbut-3-yn-1-yl)oxy)acrylate (27n):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.44; yield 552 mg, 78%;
'H NMR (400 MHz, CDCls) & 1.23 (t, J = 7.2 Hz, 3 H), 2.89 (dd,
J=16.8 and 6.6 Hz, 1 H), 3.02 (dd, J = 16.8 and 5.4 Hz, 1 H),
4.07-4.14 (m, 2 H), 5.06 (t, J = 6.6 Hz, 1 H), 5.24 (d, J = 12.6 Hz,
1 H), 7.25-7.40 (m, 9 H), 7.56 (d, J = 12.6 Hz, 1 H); *C NMR
(100 MHz, CDCls) 6 14.5, 28.9, 60.1, 81.8, 83.9, 84.4, 99.5, 123.2, 127.9, 128.4, 128.5, 129.2,
131.8, 134.8, 137.4, 160.9, 167.6; IR (KBr, neat) 2924, 2854, 1709, 1644, 1492, 1133, 1092, 758
cm™; HRMS (ESI) calcd. for Co1H»ClO3 (M + H)* 355.1095, found 355.1095.
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(E)-Ethyl 3-((1-(4-bromophenyl)-4-phenylbut-3-yn-1-yl)oxy)acrylate (270):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.40; yield 666 mg, 84%;
'H NMR (400 MHz, CDCl3) & 1.23 (t, J = 7.2 Hz, 3 H), 2.88
(dd, J = 16.8 and 6.4 Hz, 1 H), 3.02 (dd, J = 16.8 and 6.4 Hz, 1
H), 4.12 (q, J = 7.2 Hz, 2 H), 5.05 (t, J = 6.4 Hz, 1 H), 5.25 (d, J
= 12.4 Hz, 1 H), 7.24-7.31 (m, 5 H), 7.32-7.35 (m, 2 H), 7.52-
7.56 (m, 3 H); *C NMR (100 MHz, CDCl3) 5 14.5, 28.8, 60.1, 81.8, 83.9, 84.3, 99.5, 122.9,
123.2, 128.2, 128.4, 128.5, 131.8 (2C), 132.1 (2C), 137.9, 160.9, 167.6; IR (KBr, neat) 2956,
2853, 1708, 1643, 1131, 1044, 822, 756 cm™; HRMS (ESI) calcd. for Cp1HoBrOs (M + H)*
399.0590, found 399.0602.

(E)-Ethyl 3-((4-phenyl-1-(p-tolyl)but-3-yn-1-yl)oxy)acrylate (27p):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.50; yield 548 mg, 82%;
'H NMR (600 MHz, CDCl3) § 1.22 (t, J = 7.2 Hz, 3 H), 2.36 (s, 3
H), 2.88 (dd, J = 16.8 and 5.6 Hz, 1 H), 3.00 (dd, J = 16.8 and 7.6
Hz, 1 H), 4.05-4.15 (m, 2 H), 5.06 (t, J = 6.0 Hz, 1 H), 5.27 (d, J =
12.8 Hz, 1 H), 7.18-7.36 (m, 9 H), 7.58 (d, J = 12.8 Hz, 1 H); *C
NMR (150 MHz, CDCls) & 14.5, 21.4, 28.9, 60.0, 82.7, 83.4, 85.1, 99.0, 126.4, 128.2, 128.4,
129.6 (2C), 131.8, 135.9, 138.7, 161.4, 167.9; IR (KBr, neat) 2924, 2954, 1709, 1641, 1491,
1132, 1044, 758 cm™; HRMS (ESI) calcd. for C2H30; (M + H)* 335.1642, found 335.1644.

Ethyl 2-(3-(4-methoxybenzoyl)tetrahydrofuran-2-yl)acetate (28a):

o Colourless oil; R¢ (hexane/ EtOAC 4:1) 0.40; Yield 176 mg, 60%; ‘H NMR
QACOZH (600 MHz, CDCl3) & 1.18 (t, J = 7.2 Hz, 3 H), 2.13-2.18 (m, 1 H), 2.29-
7O 2.34 (m, 1 H), 2.60 (dd, J = 15.0 and 6.0 Hz, 1 H), 2.64 (dd, J = 15.0 and
6.6 Hz, 1 H), 3.78-3.86 (m, 1 H), 3.87 (s, 3 H), 3.91 (q, J = 7.8 Hz, 1 H),
Med 4.00-4.06 (m, 1 H), 4.09 (q, J = 7.2 Hz, 2 H), 4.59 (g, J = 6.6 Hz, 1 H),
6.95 (d, J = 8.4 Hz, 2 H), 7.96 (d, J = 8.4 Hz, 2 H); *C NMR (150 MHz, CDCls) § 14.2, 32.0,
39.7, 50.4, 55.7, 60.8, 68.1, 78.1, 114.1, 129.8, 131.0, 164.0, 170.9, 198.4; IR (KBr, neat) 2962,
2876, 1732, 1670, 1600, 1259, 1171, 1027, 840 cm™; HRMS (ESI) calcd. for C16H2105 (M + H)*
293.1384 found 293.1392.
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Ethyl 2-(3-(4-methylbenzoyl)tetrahydrofuran-2-yl)acetate (28b):

0 Colourless oil; Rs (hexane/ EtOAc 9:1) 0.30; Yield 155 mg, 56%; ‘H NMR
QACOZEt (600 MHz, CDCl3) 5 1.18 (t, J = 7.2 Hz, 3 H), 2.13-2.17 (m, 1 H), 2.32-2.36
O (m, 1 H), 2.42 (s, 3 H), 2.61 (dd,J = 15.0 and 6.0 Hz, 1 H), 2.66 (dd, J = 15.0
and 7.2 Hz, 1 H), 3.84-3.89 (m, 1 H), 3.91 (g, J = 7.8 Hz, 1 H), 4.00-4.05 (m,
1 H), 4.07 (9, J=7.2 Hz, 2 H), 4.61 (q, J = 6.6 Hz, 1 H), 7.28 (d, J = 8.4 Hz,
2 H), 7.88 (d, J = 8.4 Hz, 2 H); *C NMR (150 MHz, CDCls)  14.2, 21.8, 31.9, 39.7, 50.7, 60.8,
68.0, 77.9, 128.8, 129.6, 134.2, 144.5, 170.8, 199.4; IR (KBr, neat) 2978, 2873, 1734, 1677,
1607, 1449, 1177, 1059, 1033, 774 cm™; HRMS (ESI) calcd. for CigH»1:04 (M + H)* 277.1434
found 277.1429.

Ethyl 2-(3-benzoyltetrahydrofuran-2-yl)acetate (28c):

o Colourless oil; R¢ (hexane/ EtOAc 9:1) 0.30; Yield 142 mg, 54%; 'H NMR
QACOZB (600 MHz, CDCl3) & 1.18 (t, J = 7.2 Hz, 3 H), 2.12-2.18 (m, 1 H), 2.32-2.39
7O (m, 1 H), 2.61(dd, J = 15.0 and 6.0 Hz, 1 H), 2.68 (dd, J = 15.0 and 7.8 Hz, 1
H), 3.86-3.93 (m, 2 H), 4.01-4.04 (m, 1 H), 4.06 (g, J = 7.2 Hz, 2 H), 4.62 (q,
J=6.6 Hz, 1 H), 7.48 (t, J = 7.8 Hz, 2 H), 7.59 (t, J = 7.2 Hz, 1 H), 7.97 (d, J
= 7.2 Hz, 2 H); *C NMR (150 MHz, CDCls) 14.3, 32.0, 39.7, 50.8, 60.8, 68.0, 77.9, 128.7,
129.0, 133.6, 136.7, 170.8, 199.9; IR (KBr, neat) 2979, 2875, 1733, 1678, 1448, 1058, 1028, 698
cm™; HRMS (ESI) calcd. for C15H1004 (M + H)* 263.1278 found 263.1273.

Ethyl 2-(3-(4-methoxybenzoyl)tetrahydrofuran-2-yl)acetate (28a) and Ethyl 2-(3-(4-
methoxy phenyl)-4-oxotetrahydro-2H-pyran-2-yl)acetate (29a):

o o )} Colourless oil; Rs (hexane/ EtOAc 4:1) 0.40; Yield
Q/\CO Et CO,Et ]
/ Ca . 122mg, 42%; "H NMR (600 MHz, CDCl3) 8 1.12 (t, J

=0 o ©\ =7.2Hz, 3H, pyran), 1.17 (t, J = 7.2 Hz, 3 H, furan),

OMe| 5 08-2.12 (m, 1 H, pyran), 2.18 (dd, J = 16.2 and 5.4
MeG Hz, 1 H, furan), 2.29-2.34 (m, 1 H, furan), 2.42 (dd,J
=15.6 and 9.0 Hz, 1 H, pyran), 2.46-2.50 (m, 1 H, pyran), 2.60 (dd,J = 15.0 and 6.0 Hz, 1 H,
furan), 2.64 (dd, J = 15.0 and 6.6 Hz, 1 H, furan), 3.78-3.86 (m, 1 H, furan), 3.87 (s, 3 H, pyran
and furan), 3.91 (q, J = 7.8 Hz, 1 H, furan), 3.97 (m, 2 H, pyran), (4.00-4.06 (m, 1 H, furan), 4.05
(9, =7.2Hz, 2 H, pyran), 4.09 (q, J = 7.2 Hz, 2 H, furan), 4.11-4.15 (m, 1 H, pyran), 4.17 (q,d =
7.8 Hz, 1 H, pyran), 4.59 (g, J = 6.6 Hz, 1 H, furan), 4.70-4.75 (m, 1 H, pyran), 6.95 (d, J =8.4
Hz, 2 H, pyran and furan), 7.96 (d, J = 8.4 Hz, 2 H, pyran and furan).
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Ethyl 2-(3-(4-chlorobenzoyl)tetrahydrofuran-2-yl)acetate (28e):

o Colourless oil; Ry (hexane/ EtOAc 8:1) 0.30; Yield 133 mg, 45%; ‘H NMR
QACOZE‘ (600 MHz, CDCl3) § 1.19 (t, J = 7.2 Hz, 3 H), 2.12-2.16 (m, 1 H), 2.31-2.37
70 (m, 1 H), 2.61 (dd, J =15.0 and 6.0 Hz, 1 H), 2.68 (dd, J = 15.0 and 6.6 Hz,
1 H), 3.80-3.87 (m, 1 H), 3.91 (q, J = 7.2 Hz, 1 H), 4.01-4.05 (m, 1 H), 4.07
- (9,J=7.2Hz 2H), 461(q, J=6.6Hz, 1 H), 7.47(d, J=7.8 Hz, 2 H),
7.91 (d, J=7.8 Hz, 2 H); ®C NMR (150 MHz, CDCls) § 14.3, 31.9, 39.6, 50.8, 60.9, 68.0, 77.9,
128.8, 129.3, 130.1, 135.0, 170.8, 198.8; IR (KBr, neat) 2980, 2876, 1732, 1681,1589, 1488,
1171, 1092, 1059, 834 cm™; HRMS (ESI) calcd. for Ci5H1,CIOs (M + H)" 297.0888 found
297.0898.

Ethyl 2-(3-heptanoyltetrahydrofuran-2-yl)acetate (289):

o Colourless oil; Rs (hexane/ EtOAc 8:1) 0.30; Yield 57 mg, 21%; ‘H NMR
QACOZH (600 MHz, CDCl3) & 0.88 (t, J = 6.6 Hz, 3 H), 1.22-1.32 (m, 9 H),1.58-1.60
jo (m, 2 H), 2.01-2.08 (m, 1 H), 2.14-2.21 (m, 1 H), 2.47 (t, J = 7.2 Hz, 2 H),
5 2.55 (dd, J = 15.0 and 6.0 Hz, 1 H), 2.62 (dd, J = 15.0 and 7.2 Hz, 1 H), 2.97-

3.01 (m, 1 H), 3.85(q, J =7.2 Hz, 1 H), 3.90-3.94 (m, 1 H), 4.12 (q, J = 7.2 Hz, 2 H), 4.42 (q,
J=6.0 Hz, 1 H); **C NMR (100 MHz, CDCls) § 14.2, 14.4, 22.7, 23.7, 29.1, 29.2, 29.6, 30.4,
31.8, 40.1, 55.9, 60.9, 67.9, 170.9, 210.3; IR (KBr, neat) 2954, 2856, 1732, 1711, 1629, 1172,
1062, 1032, 726 cm™; HRMS (ESI) calcd. for C1sH2704 (M + H)* 271.1904 found 271.1899.

Ethyl 2-(3-propionyltetrahydrofuran-2-yl)acetate (28h):

o Colourless oil; R; (hexane/ EtOAc 8:1) 0.28; Yield 57 mg, 30%; ‘H NMR
QACOZEt (400 MHz, CDCl3) & 1.07 (t, J = 6.8 Hz, 3 H), 1.25 (t, J = 6.8 Hz, 3 H), 2.02-
F° 2.30 (m, 1 H), 2.16-2.23 (m, 1 H), 2.51-2.58 (m, 3 H), 2.63 (dd, J = 15.2 and

6.8 Hz, 1 H), 2.97-3.03 (m, 1 H), 3.85 (dd, J = 15.2 and 8.4 Hz, 1 H), 3.92 (dd, J = 14.4 and 8.4
Hz, 1 H), 413 (q, J=7.2 Hz, 2 H), 443 (q, J = 6.4 Hz, 1 H); *C NMR (100 MHz, CDCls) &
7.8,14.4, 30.5, 35.9, 40.1, 55.7, 60.9, 67.9, 77.6, 171.0, 210.7; IR (KBr, neat) 2980, 2849, 1739,
1693, 1172, 1094, 1030, 802 cm™; HRMS (ESI) calcd. for C11H1004 (M + H)* 215.1278 found
215.1272.

Ethyl 2-(3-(thiophene-2-carbonyl)tetrahydrofuran-2-yl)acetate (28i):

Colourless oil; Ry (hexane/ EtOAc 3:1) 0.40; Yield 180 mg, 67%; *H NMR (400 MHz, CDCl3) &
1.20 (t, J = 7.2 Hz, 3 H), 2.24-2.37 (m, 2 H), 2.61-2.72 (m, 2 H), 3.75 (q, J = 6.8 Hz, 1 H), 3.96

TH-14827 ok b L H), 4.00-4.10 (M, 3 H), 456 (g, J=6.4 Hz, 1 H), 7.17 (1, = 4.8 Hz, 1 H), 7.69
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o (t, J = 4.8 Hz, 1 H), 7.79 (d,J = 3.6 Hz, 1 H); °C NMR (100 MHz, CDCl)

QACOZH 514.3, 32.1, 39.7, 52.2, 60.9, 68.2, 78.3, 128.5, 132.6, 134.7, 144.4, 170.7,

=© 192.8;IR (KBr, neat) 2925, 2855, 1732, 1659, 1415, 1160, 1094, 729 cm™;
E/{; HRMS (ESI) calcd. for C1sHy704S (M + H)* 269.0842 found 269.0842.

Ethyl 2-(3-benzoyl-5-ethyltetrahydrofuran-2-yl)acetate (28j):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.40; Yield 244 mg, 84%; 'H
COEtl  NMR (600 MHz, CDCl3) § 0.93 (t, J = 7.2 Hz, 3 H), 1.13 (t, J = 7.2 Hz,
3 H), 1.49-1.54 (m, 1 H), 1.65-1.70 (m, 1 H), 1.94-1.99 (m, 1 H), 2.14-
2.19 (m, 1 H), 2.61 (dd,J = 15.0 and 6.0 Hz, 1 H), 2.68 (dd, J = 15.0
and 6.0 Hz, 1 H), 3.89-3.96 (m, 2 H), 4.04 (q, J =7.2 Hz, 2 H), 4.62 (q,
J=6.0Hz, 1 H),7.48 (t, J=7.8 Hz, 2 H), 7.58 (d, J = 7.8 Hz, 1 H), 7.95 (d, J = 7.8 Hz, 2 H);
3C NMR (150 MHz, CDCl3) & 10.3, 14.3, 28.5, 36.9, 40.1, 50.7, 60.8, 77.5, 80.6, 128.6, 128.9,
133.5, 136.8, 170.9, 200.3; IR (KBr, neat) 2967, 2876, 1735, 1680, 1597, 1450, 1173, 1096,
1051, 700 cm™; HRMS (ESI) calcd. for C17H304 (M + H)* 291.1591 found 291.1568.

ol

Ethyl 2-(3-benzoyl-5-vinyltetrahydrofuran-2-yl)acetate (28k):

o Colourless oil; Rs (hexane/ EtOAc 9:1) 0.37; Yield 181 mg, 63%; ‘H
WCOZH NMR (600 MHz, CDClg) & 1.17 (¢, J = 7.2 Hz, 3 H), 2.09-2.14 (m, 1 H),

=0 2.27-2.32 (m, 1 H), 2.64 (dd, J = 15.0 and 6.6 Hz, 1 H), 2.72 (dd, J =
15.0 and 6.0 Hz, 1 H), 3.95-3.82 (m, 1 H), 4.05 (g, J = 7.2 Hz, 2 H),
450 (g, J=6.6 Hz, 1 H), 4.68 (q, J=6.6 Hz, 1 H), 5.15 (d, J = 10.8
Hz, 1 H), 5.29 (d, J = 16.2 Hz, 1 H), 5.83-5.90 (m, 1 H), 7.47-7.50 (m, 2 H), 7.58 (t,J = 7.8 Hz,
1 H), 7.95 (d, J = 7.8 Hz, 2 H); **C NMR (150 MHz, CDCly) & 14.3, 37.7, 40.1, 50.8, 60.8, 77.9,
80.1, 116.6, 128.7, 129.0, 133.6, 136.7, 138.2, 170.8, 200.0; IR (KBr, neat) 2923, 2853, 1733,
1679, 1594, 1448, 1173, 1033, 1006, 692 cm™: HRMS (ESI) calcd. for Ci7Hp04 (M + H)*
289.1434found 289.1429.

Ethyl 2-(3-benzoyl-5-(cyclopentylmethyl)tetrahydrofuran-2-yl)acetate (28l):

0 Colourless oil; Rs (hexane/ EtOAc 9:1) 0.50; Yield 217 mg, 63%; *H
O/\QAC%B NMR (600 MHz, CDCls) & 1.15 (t, J = 7.2 Hz, 3 H), 1.45-1.50 (m, 4
70 H), 1.57-1.62 (m, 3 H), 1.69-1.85 (m, 4 H), 1.92-1.98 (m, 1 H),

d 2.15-2.19 (m, 1 H), 2.60 (dd, J = 15.0 and 6.6 Hz, 1 H), 2.68 (dd, J

= 15.0 and 6.0 Hz, 1 H), 3.89-3.93 (m, 1 H), 4.00-4.07 (m, 3 H),

4.60 (q, J=6.0Hz, 1 H), 7.47 (t, J = 7.6 Hz, 2 H), 7.57 (t, J = 7.2 Hz, 1 H), 7.95 (d,J = 7.8 Hz,
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2 H); *C NMR (150 MHz, CDCls) & 14.3, 25.1, 25.2, 33.1, 37.5, 37.9, 40.2, 42.1, 50.7, 60.7,
71.1, 77.5, 78.9, 128.7, 128.9, 133.5, 136.8, 170.9, 200.4; IR (KBr, neat) 2949, 2866, 1738,
1676, 1449, 1162, 1052, 709 cm™; HRMS (ESI) calcd. for C1H504 (M + H)" 345.2060 found
345.2076.

Ethyl 2-(3-benzoyl-5-phenyltetrahydrofuran-2-yl)acetate (28m):

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.37; Yield 311 mg, 92%; ‘H

@\C}ACOZH NMR (600 MHz, CDCls) & 1.19 (t, J = 7.2 Hz, 3 H), 2.25-2.31 (m, 1

%0 H), 2.51-2.55 (m, 1 H), 2.76 (dd,J = 15.0 and 6.0 Hz, 1 H), 2.83 (dd,

d J=15.0and 5.4 Hz, 1 H), 4.06-4.11 (m, 3 H), 482 (9, J=6.6 Hz, 1

H), 5.10 (dd, J=7.8 and 7.8 Hz, 1 H), 7.26-7.28 (m, 1 H), 7.33-7.37

(m, 4 H), 7.48 (t, J = 7.8 Hz, 2 H), 7.56-7.60 (m, 1 H), 7.97 (d, J = 7.8 Hz, 2 H); **C NMR (150

MHz, CDCls) § 14.3, 29.9, 39.9, 50.7, 60.9, 78.0, 80.7, 126.0, 127.9, 128.6, 128.7, 129.0, 133.7,

136.6, 141.8, 170.8, 200.1; IR (KBr, neat) 2921, 2852, 1731, 1679, 1614, 1448, 1130, 1060,
1031, 700 cm™; HRMS (ESI) calcd. for C,1H304 (M + H)* 339.1591 found 339.1593.

Ethyl 2-(3-benzoyl-5-(4-chlorophenyl)tetrahydrofuran-2-yl)acetate (28n):

Cl Colourless oil; Rs (hexane/ EtOAc 9:1) 0.32; Yield 264 mg,
@\@ACOZE 71%:; *H NMR (400 MHz, CDCls) & 1.20 (t, J = 7.2 Hz, 3 H),
%0 2.15-2.26 (m, 1 H), 2.49-2.55 (m, 1 H), 2.75 (dd, J = 15.2 and

d 6.0 Hz, 1 H), 2.81 (dd, J = 15.2 and 6.0 Hz, 1 H), 4.02-4.12 (m,

3 H),4.81(q, J=6.0Hz,1H),503(dd, J=8.4and 6.8 Hz, 1

H), 7.27-7.33 (m, 4 H), 7.47-7.51 (m, 2 H), 7.56-7.62 (m, 1 H), 7.97 (d, J = 7.6 Hz, 2 H); °C
NMR (100 MHz, CDCls) 6 14.3, 39.8 40.1, 50.5, 60.9, 78.1, 80.0, 127.4, 128.7, 128.8, 129.0,
133.5, 133.7, 136.5, 140.4, 170.7, 199.9; IR (KBr, neat) 2977, 2929, 1734, 1678, 1492, 1447,
1168, 1011, 823, 696 cm™; HRMS (ESI) calcd. for CpH»,ClOs (M + H)* 373.1201 found

373.1178.

Ethyl 2-(3-benzoyl-5-(4-bromophenyl)tetrahydrofuran-2-yl)acetate (280):

Br Colourlesssolid; M. P. 79-81 °C; Ry (hexane/ EtOAc 9:1) 0.30;
@@ACOZE Yield 300 mg, 72%; "H NMR (600 MHz, CDCls) § 1.19 (t, J =
"0 7.2 Hz, 3 H), 2.16-2.23 (m, 1 H), 2.50-2.54 (m, 1 H), 2.75 (dd, J

= 15.0 and 6.6 Hz, 1 H), 2.80 (dd, J = 15.0 and 6.0 Hz, 1 H),

4.06-4.10 (m, 3 H), 4.80 (g, J=6.6 Hz, 1 H), 5.02 (dd, J=7.8

and 7.8 Hz, 1 H), 7.24 (q, J = 8.4 Hz, 2 H), 7.45-7.50 (m, 4 H), 7.59 (t, J = 7.2 Hz, 1 H), 7.96 (d,
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J=7.8 Hz, 2 H); ®°C NMR (100 MHz, CDCls) § 14.1, 39.6, 39.9, 50.3, 60.7, 77.9, 79.8, 121.4,
127.5, 128.5, 128.8, 131.5, 133.6, 136.3, 140.7, 170.5, 199.7; IR (KBr, neat) 2925, 2856, 1732,
1679, 1488, 1012, 816, 695 cm™; HRMS (ESI) calcd. for C21H2,BrO, (M + H)* 417.0696 found

417.0695 and 419.0682.

Ethyl 2-(3-benzoyl-5-(p-tolyl)tetrahydrofuran-2-yl)acetate (28p):

o)
CO,Et

“
[ O

Colourless oil; Rs (hexane/ EtOAc 9:1) 0.36; Yield 285 mg, 81%;
'H NMR (600 MHz, CDCl3) & 1.17 (t, J = 7.2 Hz, 3 H), 2.24-2.30
(m, 1 H), 2.34 (s, 3 H), 2.47-2.52 (m, 1 H), 2.75 (dd, J = 15.0 and
6.0 Hz, 1 H), 2.82 (dd, J = 15.0 and 6.0 Hz, 1 H), 4.05-4.10 (m, 3
H), 4.80 (q, J=6.0 Hz, 1 H), 5.03 (dd, J=7.8and 7.2 Hz, 1 H),

7.15(d, J = 7.8 Hz, 2 H), 7.25 (d, J = 7.8 Hz, 2 H), 7.48 (t, J = 7.8 Hz, 2 H), 7.56-7.60 (m, 1 H),
7.96 (d, J = 7.8 Hz, 2 H); *CNMR(150 MHz, CDCl3) 5 14.3, 21.4, 29.9, 40.0, 50.8, 60.9, 78.0,
80.6, 126.0, 128.7, 129.0, 129.3, 133.6, 136.7, 138.8, 170.8, 200.1; IR (KBr, neat) 2925, 2854,
1733, 1680, 1616, 1450, 1131, 1057, 1031, 813, 701 cm™; HRMS (ESI) calcd. for CoH2504 (M
+ H)* 353.1747 found 353.1748.
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3.7. Selected spectra of Substituted Tetrahydrofurans
'H and 3C spectra of ethyl 2-(3-(4-methoxybenzoyl)tetrahydrofuran-2-yl)acetate (28a)
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'H and 3C spectra of Ethyl 2-(3-(4-methylbenzoyl)tetrahydrofuran-2-yl)acetate (28b)
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'H and 3 Cspectra ofethyl 2-(3-benzoyl-5-ethyltetrahydrofuran-2-yl)acetate (28j)
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'H and 3 Cspectra of ethyl 2-(3-benzoyl-5-phenyltetrahydrofuran-2-yl)acetate (28m)
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'H and 3C spectra ofethyl 2-(3-benzoyl-5-(4-bromophenyl)tetrahydrofuran-2-yl)acetate (280)
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3.8. Crystal parameters

Crystal parameters of compound 280

CCDC 1005256
Formula C21H21Bri04
Formula weight 417.29
TIK 293(2)
Crystal system Monoclinic
Space group P 21/c
a/A 16.043(2)
b/A 5.0891(7)
c/A 24.389(3)
al® 90.00
BI° 101.335(9)
y/° 90.00
VIA3 1952.4(4)
Z 4
Abs. Coeff./mm™ 2.128
Abs. Correction Multi-scan
GOF on F? 1.280
Final R indices [I >|R1=0.0791
25(D)] WR2 = 0.1835
R indices [all data] R1 =0.2206
WR2 = 0.2315
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CHAPTER 4

Beckmann Rearrangement of 3-Aroyl Tetrahydrofuran:

Synthesis of N-Aryltetrahydrofuran-3-carboxamides

4.1. Introduction

The Beckmann rearrangement is an important reaction for the transformation of ketoximes into
amides in the presence of an acid.* In 1886 Beckmann first carried out the conversion of an
oxime into an amide, since then this reaction has been called after his name, the Beckmann

rearrangement.

N-OH o)
:
1J'\R2 RZJLN’R

H
1 2

R

Scheme 4.1.1

The reaction generally requires high temperature and strongly acidic and dehydrating media such
as phosphorus pentachloride, concentrated sulfuric acid, or the so-called ‘Beckmann’s mixture’
which contains acetic acid, acetic anhydride and hydrogen chloride.? Since these reagents are not
suitable for a large number of sensitive substrates, several attempts have been made to achieve
the Beckmann rearrangement under significantly milder conditions. In these studies, thionyl
chloride,’ silica gel,* molybdenum trioxide on silica gel,”> montmorillonite KSF,® bismuth(1I1)
chloride,” 2,4,6-trichloro-1,3,5-triazine,® and gallium(lll) triflate,” P,0s° HSOCI* PCls,*
metallic Lewis acids [RhCl(cod)]»,"* RuCls,** HgCl,*® several liquid-phase catalysis systems,
ethyl chloroformate/boron trifluoride etherate,'® anhydrous oxalic acid,” bis(2-ox0-3-
oxazolidinyl) phosphoric chloride,*® and diethyl chlorophosphate’® were used. Potential solid
acid catalysts such as TS-1,° SAPO-11,** FSM-16,% ZSM-5,2 ZSM-11,* TiO,-Zr0,,* and
mordenite,?® have been evaluated as substitutes for the traditionally employed reagents. Several
lanthanide-containing catalysts have also been found to be effective for the rearrangement.?”*®
Recently, organocatalyst for the Beckmann rearrangement has attracted researcher’s attention for
its efficiency in catalytic activity and easy to handle during the rearrangement. Cyanuric chloride
(CNC) is a highly efficient organocatalyst used for Beckmann rearrangement.?
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4.2. Mechanism

The general mechanism of Beckmann rearrangement is shown in scheme 4.1.2. Acid converts the
oxime OH into a leaving group. The alkyl (or aryl) group transto the leaving group then
migrates to the nitrogen, with the release of a water molecule, resulting in a nitrilium ion 4 which
rearranges to carbocation 5. The water molecule then attacks the carbocation and after

deprotonation and tautomerization results in the final amide product 2 (Scheme 4.2.1).%

RZ—=N-R'
R! |_FD 1 —Hzo 4
RZ OH RZ (" OH, R?
1 3 .
\—N\ 5
_(@ R! _|
H,O l
J—NH =N =t =N 6
o) R’ H-O R! H-O) R’
2 7 H
Scheme 4.2.1

A general observation of this rearrangement is that the group in position anti to the leaving group
migrates preferentially to the nitrogen atom in a concerted fashion.
The Beckmann rearrangement is well valorized in the industrial production of one of the

important polyamides, nylon 6 (11).*

O
NHZOH 250 oC H H,
—> N C
HZO trace 5 n
11

Caprolactam Nylon 6
Scheme 4.2.2
4.3. Present work

In chapter 3 we have described the diastereoselective synthesis of substituted tetrahydrofurans
via Prins cyclization reaction of enol ethers. In order to provide the synthetic application of these
3-aroyl tetrahydrofurans, Beckmann rearrangement reaction was studied (Scheme 4.3.1). The

substituted tetrahydrofurans were first converted to oxime derivatives containing both anti and
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syn isomer as inseparable mixture. Thionyl chloride treatment of those oximes gave the
Beckmann products at room temperature. It was observed that Beckmann rearrangement of 3-
benzoyl tetrahydrofuran 12a resulted in an inseparable mixture of N-phenyltetrahydrofuran-3-
carboxamide 14a and N-(tetrahydrofuran-3-yl)benzamide 15a with a ratio of 9:1 in 50% overall
yield (table 4.3.1). On the other hand tetrahydrofurans 12b-i gave only N-aryltetrahydrofuran-3-
carboxamides as a single isomer. The exclusive formation of aryl migrated products indicates

that the aryl group is a better migrating group than the tetrahydrofuran ring.

o

R1 R1 (@)
UACOOEt NH,OH.HCI R *(_7’\000,3 SOCl,
. & —_——
“—0 CH3COONa, methanol % _N diethyl ether
R// reflux R/:: OH rt
12 13
R © R ©
T cooet b T cooe
=0 NH
HN o=
R R
major minor
14 15
Scheme 4.3.1
Table 4.3.1. Beckmann rearrangement of 3-aroyl tetrahydrofurans.
Entry Reactant (12) Product (14 / 15) Yield(%)?

0 0
CO,Et QACOOEt QACOOEt 50

+

Ego

% — ”,/O ’//NH

a wa A 14:15 =
@ 9:1°
o o
(_jAcozEt QACOOEt

”/,//O ””//O

b f e 49
Continued...... ........
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Entry Reactant (12) Product (14 / 15) Yield(%)*
o o)
(JACOZEt COOEt
- .
C d HN// 49
MeO ZOMe
o) o]
CO,Et QACOOEt
o "’f//o
d = HN// 45
S 9
4 ¥
o) 0
/\QACozEt COOEt
% =0
o IS
o o]
@QACOzEt COOEt
v e
Cl C|\©\®/\
o]
CO,E / COOEt
g “=0 50 39
o ke
Br
o)
\Q\Q/\COOEt
h - 41

Br
o
CO,Et

FO
HN

&
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Entry Reactant (12) Product (14 / 15) Yield(%)®
o 0
CO,Et COOEt
i 3
. Y 40
”//O (0]

®Yield refers to isolated yield. The compounds are characterized by IR, 'H, *C NMR and mass
spectrometry. "Determined by *H NMR

Conclusion

In conclusion we have studied the thionyl chloride mediated Beckmann rearrangement of 3-aroyl
tetrahydrofurans. N-aryltetrahydrofuran-3-carboxamides were obtained almost exclusively from
the E/Z mixture of oximes in moderate yields. The preferential formation of aryl migrated

products indicates that aryl group is a better migrating group than the tetrahydrofuran ring.

4.4. Experimental section

4.4.1. Instrumentation and Characterization

As described in chapter 2 section 2.4.1

4.4.2. General procedure for the Beckmann rearrangement.

A solution of tetrahydrofuran (1.1 mmol), hydroxylamine hydrochloride (1.1 mmol), and sodium
acetate (1.1 mmol) in methanol (3 mL) was refluxed, and the reaction was monitored by TLC.
After completion of the reaction, methanol was evaporated under vacuo and diluted with water,
and the product was extracted with ethyl acetate. The ethyl acetate layer was washed with brine,
dried over anhydrous Na,SO,4 and concentrated under vacuo. The crude E/Z oxime was
dissolved in diethyl ether (1 mL) and treated with SOCI, (1.1 mmol), and the reaction was
continued overnight. The solvent and residual SOCI, were removed under vacuo, and the product

was purified by silica gel column chromatography using hexane:EtOAc as eluents.
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4.4. Characterization Data

Ethyl 2-(3-(Phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (14a) and Ethyl 2-(3-Benzamido
tetrahydrofuran-2-yl)acetate (15a)

o) 0 (14a:15a = 9:1). Semisolid, Rs (hexane/EtOAc, 4:1) 0.35;
QACOOE‘ QACOCB yield 69 mg, 50%; 'H NMR (400 MHz, CDCl3) § 1.28 (t, J
HJ/O * 5 NH = 7.2 Hz, 3 H, 14a and 15a), 1.99-2.08 (m, 1 H, 14a and
15a), 2.47-2.56 (m, 1 H, 14a and 15a), 2.63 (dd, J = 16.0
@ and 8.4 Hz, 1 H, 14a), 2.70 (dd, J = 16.4 and 8.4 Hz, 1 H,
15a), 2.76-2.84 (m, 1 H, 14a and 15a), 2.90-2.96 (m, 1 H, 14a and 15a), 3.88 (q, J = 7.6 Hz, 1 H,
14a and 15a), 3.92-3.90 (m, 1 H, 14a and 15a), 4.12 (g, J = 7.6 Hz, 2 H, 15a), 4.19 (g, J = 7.2
Hz, 2 H, 14a), 4.33 (t, J = 6.4 Hz, 1 H, 15a), 4.38-4.46 (m, 1 H, 14a), 7.09 (t, J = 7.2 Hz, 1 H,
14a and 15a), 7.29-7.34 (M, J = 7.2 Hz, 2 H, 14a), 7.37-7.44 (m, 2 H, 15a), 7.57 (d, J = 7.2 Hz, 2
H, 14a and 15a), 8.56 (brs, 1 H, 15a), 8.70 (brs, 1 H, 14a); *C NMR (100 MHz, CDCl3) 5 14.3,
20.1, 29.1, 39.7, 40.0, 51.1, 61.4, 63.1, 68.5, 78.6, 78.7, 119.8, 124.2, 124.3, 128.3, 128.5, 129.1,
131.8, 138.5, 170.9, 172.6; IR (KBr, neat) 3319, 2980, 2885, 1731, 1666, 1600, 1539, 1443,
1311, 1163, 1067, 1028, 757 cm™: HRMS (ESI) calcd for CisH,0NO4 (M +H)* 278.1387, found
278.1396.

5

Ethyl 2-(3-(p-tolylcarbamoyl)tetrahydrofuran-2-yl)acetate (14b):

o Semisolid, R; (hexane/EtOAc, 4:1) 0.30; yield 71 mg, 49%; *H NMR (400
Q/\COOE" MHz, CDCls3) 6 1.28 (t, J = 7.6 Hz, 3 H), 2.01-2.08 (m, 1 H), 2.30 (s, 3 H),
HN?‘;O 2.49-2.60 (m, 1 H), 2.63 (dd, J = 14.0 and 8.8 Hz, 1 H), 2.78 (dd, J = 16.4

1 H), 4.18 (q, J = 7.2 Hz, 2 H), 4.37-4.42 (m, 1 H), 7.10 (d, J = 8 Hz, 2 H),
7.44 (d, J = 8 Hz, 2 H), 8.52 (brs, 1 H); *C NMR (100 MHz, CDCl3) 5 14.3,
21.0, 29.1, 40.0, 51.1, 61.4, 68.5, 78.7, 119.8, 129.6, 133.8, 135.9, 170.7, 172.6; IR (KBr, neat)
3318, 2961, 2850, 1735, 1655, 1603, 1537, 1458, 1311, 1162, 1060, 1026, 736 cm™; HRMS
(ESI) calcd for CigHzoNO, (M +H)* 292.1543, found 292.1542.

Q and 4.8 Hz, 1 H), 2.90-2.94 (m, 1 H), 3.87 (q, J = 7.6 Hz, 1 H), 3.93-3.99 (m,

Ethyl 2-((2S,3R)-3-((4-methoxyphenyl)carbamoyl)tetrahydrofuran-2-yl)acetate (14c):

o White solid, M. P.: 95-97 -C. R; (hexane/EtOAc, 3:1) 0.35; yield 75 mg,
Q/\COOEt 49%; *H NMR (400 MHz, CDClg) § 1.27 (t, J = 7.2 Hz, 3 H), 1.99-2.08 (m,
HNFO 1 H), 2.47-2.54 (m, 1 H), 2.62 (dd, J = 16.0 and 8.4 Hz, 1 H), 2.78 (dd, J =

16.4 and 4.8 Hz, 1 H), 2.90-2.93 (m, 1 H), 3.78 (s, 3H), 3.87 (g, J = 7.6 Hz, 1
H), 3.94-3.99 (m, 1 H), 4.18 (q, J = 7.2 Hz, 2 H), 4.37-4.41 (m, 1 H), 6.84 (d,

OM
=) J=84 Hz, 2 H), 7.46 (d, ] = 8.4 Hz, 2 H), 8.46 (brs, 1 H); 3C NMR (100
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MHz, CDCI13) é 14.3, 29.2, 40.0, 51.0, 55.7, 61.4, 68.5, 78.8, 114.3, 121.5, 121.7, 131.7, 170.6,
172.5; IR (KBr, neat) 3313, 2978, 2874, 1738, 1659, 1603, 1549, 1465, 1313, 1160, 1030, 737
cm™®; HRMS (ESI) calcd for C1H2NOs (M +H)* 308.1492, found 308.1493.

Ethyl 2-(3-(thiophene-2-carboxamido)tetrahydrofuran-2-yl)acetate. (14d):

o Semisolid, Ry (hexane/EtOAc, 4:1) 0.37; yield 64 mg, 45%; "H NMR (400
QACOOE‘ MHz, CDClg) & 1.24 (t, J = 7.2 Hz, 3 H), 2.01-2.08 (m, 1 H), 2.24-2.60 (m, 1
5 NH H), 2.63 (dd, J = 14.0 and 8.8 Hz, 1 H), 2.78 (dd, J = 16.4 and 4.8 Hz, 1 H),
i /S 2.96-3.01 (m, 1 H), 3.88 (q, J = 7.2 Hz, 1 H), 3.98-4.07 (m, 1 H), 4.12 (q, J =

7.2 Hz, 2 H), 4.34-4.39 (m, 1 H), 7.74 (d, J = 4.8 Hz, 1 H), 7.84 (d, J = 3.6
Hz, 1 H), 8.63 (brs, 1 H); *C NMR (100 MHz, CDCls) § 14.3, 29.2, 40.0, 52.9, 61.5, 68.7, 78.9,
114.2, 117.8, 125.6, 142.4, 170.6, 172.8; IR (KBr, neat) 3319, 2980, 2885, 1731, 1666, 1600,
1539, 1443, 1311, 1163, 1067, 1028, 757 cm™; HRMS (ESI) calcd for CisHasNO4S (M +H)*
284.0951, found 284.0953.

Ethyl 2-(5-Ethyl-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)-acetate (14e):

o Semisolid, R (hexane/EtOAc, 4:1) 0.38; yield 64 mg, 42%; ‘H NMR
/\QACOOH (400 MHz, CDCls) § 0.96 (t, J = 7.2 Hz, 3 H), 1.13 (t, J = 7.2 Hz, 3 H),
HN7’ o 1.58-1.68 (m, 1 H), 1.74-1.84 (m, 1 H), 2.02-2.10 (m, 1 H), 2.22-2.30

@ (m, 1 H), 2.66 (dd, J = 16.4 and 8.8 Hz, 1 H), 2.81 (dd, J = 16.4 and 5.6

Hz, 1 H), 3.18 (q, J = 7.6 Hz, 1 H), 3.74-3.82 (m, 1 H), 3.98-4.10 (m, 2

H), 4.34 (q, J = 7.2 Hz, 1 H), 7.07 (t, J = 7.6 Hz, 1 H), 7.28 (t, J = 8.0 Hz, 2 H), 7.47 (d, J = 8.0
Hz, 2 H), 7.60 (brs, 1 H); *C NMR (150 MHz, CDCI3) § 10.6, 14.2, 28.3, 30.0, 34.9, 36.7, 49.7,
61.1, 80.8, 119.8, 124.5, 129.2, 138.1, 170.9, 172.5; IR (KBr, neat) 3444, 2925, 2856, 1731,
1666, 1600, 1540, 1443, 1311, 1177, 1034, 755 cm™; HRMS (ESI) calcd for C17H2aNO, (M +
H)* 306.1700, found 306.1709.

Ethyl 2-(5-phenyl-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (14f):

White solid, M. P.: 101-102 °C. R; (hexane/EtOAc 4:1) 0.33; yield
0]
Q\Q/\COOH 72 mg, 41%; *H NMR (400 MHz, CDCls) 6 1.13 (t, J = 7.2 Hz, 3

=0 H), 2.11-2.19 (m, 1 H), 2.32-2.39 (m, 1H), 2.74 (dd, J = 16.8 and 9.6
HN Hz, 1 H), 2.88 (dd, J = 17.6 and 5.6 Hz, 1 H), 3.08-3.12 (m, 1 H),
@ 4.23 (g, J = 7.6 Hz, 2 H), 4.56-4.60 (m, 1H), 5.01 (dd, J = 8.8 and

6.0 Hz, 1 H), 7.11 (t, J = 7.2 Hz, 1 H), 7.24 (t, J = 7.6 Hz, 2 H), 7.34
(t, J=7.6 Hz, 2 H), 7.46 (d, J = 8 Hz, 2 H), 7.59 (d, J = 8 Hz, 2 H), 8.88 (brs, 1 H); *C NMR
(100 MHz, CDCl3) & 14.4, 29.9, 40.6, 51.3, 61.6, 79.0, 80.0, 119.7, 121.6, 124.3, 127.7, 129.2,
131.7, 138.6, 140.6, 170.8, 173.0; IR (KBr, neat) 3343, 2923, 2853, 1734, 1663, 1600, 1546,
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1443, 1310, 1175, 1011, 756, cm™; HRMS (ESI) calcd for Co1H24NO4 (M + H)* 354.1700, found
354.1705.

Ethyl 2-(5-(4-chlorophenyl)-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (149):

cl White solid, M. P.: 132-133 °C. Ry (hexane/EtOAc 4:1) 0.29;
o)
%COOB yield 75 mg, 39%; 'H NMR (400 MHz, CDCls) § 1.16 (t, J =

=0 7.2 Hz, 3 H), 2.41-2.49 (m, 1 H), 2.54-2.61 (m, 1H), 2.75 (dd, J
HN =17.6 and 8.8 Hz, 1 H), 2.81 (dd, J = 17.6 and 4.4 Hz, 1 H),
@ 3.36 (0, J = 7.2 Hz, 1 H), 4.09 (g, J = 7.6 Hz, 2 H), 4.53-4.60

(m, 1H), 4.83 (dd, J = 8.4 and 8.0 Hz, 1 H), 7.11 (t, J = 6.8 Hz, 1
H), 7.29-7.34 (m, 4 H), 7.44-7.82 (m, 4 H), 7.56 (brs, 1 H); *C NMR (100 MHz, CDCls) § 14.2,
39.9, 40.2, 50.8, 61.1, 78.21, 80.2, 119.9, 124.3, 127.3, 129.0, 129.5, 133.8, 137.8, 140.5, 170.7,
172.8; IR (KBr, neat) 3324, 2923, 2855, 1730, 1665, 1600, 1541, 1446, 1308, 1175, 1010, 755,
cm™: HRMS (ESI) caled for C,1H23CINO, (M + H)* 388.1310, found 388.1315.

Ethyl 2-(5-(4-bromophenyl)-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (14h):

Br White solid, M. P.: 152-154 -C. R; (hexane/EtOAc 4:1) 0.22;
o
\Q\QACOOH yield 88 mg, 41%; *H NMR (400 MHz, CDCls) 8 1.15 (t, J =

"7;0 6.8 Hz, 3 H), 2.41-2.47 (m, 1 H), 2.54-2.61 (m, 1H), 2.79 (dd, J
HN =17.2 and 8.8 Hz, 1 H), 2.92 (dd, J = 16.4 and 4.0 Hz, 1 H),
@ 3.35 (g, J = 6.8 Hz, 1 H), 4.09 (m, 2 H), 4.53-4.60 (m, 1H),

481 (t, J=84Hz, 1 H), 711 (t, J=6.8Hz, 1 H), 7.31 (t, J =
7.6 Hz, 2 H), 7.37 (d, J = 7.6 Hz, 2 H), 7.46-7.49 (m, 4H) 7.57 (brs, 1 H); *C NMR (100 MHz,
CDCI3) 6 14.1, 39.8, 40.1, 50.7, 61.0, 78.2, 80.2, 119.7, 121.5, 124.4, 129.2, 133.7, 138.1, 140.8,
170.5, 172.8; IR (KBr, neat) 3322, 2927, 2857, 1731, 1669, 1601, 1542, 1447, 1308, 1174, 1020,
752, cm™; HRMS (ESI) calcd for Co1HasBrNO4 (M + H)* 432.0805, found 432.0795.

Ethyl 2-(3-(phenylcarbamoyl)-5-(p-tolyl)tetrahydrofuran-2-yl)acetate (14i):

White solid, M. P.: 114-116 °C. R (hexane/EtOAc 4:1) 0.32;
o)
\Q\QACOOH yield 72 mg, 41%; "H NMR (400 MHz, CDCl3) & 1.13 (1, J = 7.2

"7;0 Hz, 3 H), 2.22-2.28 (m, 1 H), 2.36(s, 3 H), 2.42-2.47 (m, 1H),
HN 2.74 (dd, J = 15.0 and 6.0 Hz, 1 H), 2.84 (dd, J = 15.0 and 6.0 Hz,
@ 1 H), 3.06-3.11 (m, 1 H), 4.21 (q, J = 7.6 Hz, 2 H), 4.53-4.57 (m,

1H), 4.89 (dd, J = 8.8 and 6.0 Hz, 1 H), 7.12 (t, J = 7.2 Hz, 1 H),
7.25(d,J=7.8Hz, 2 H), 7.34 (d, J = 7.6 Hz, 2 H), 7.46 (t, J = 7.8 Hz, 2 H), 7.63 (d, J = 8 Hz, 2
H), 8.62 (brs, 1 H); *C NMR (100 MHz, CDCls) § 14.3, 21.2, 29.9, 40.2, 51.4, 61.7, 79.1, 80.1,
119.5, 121.8, 124.2, 127.2, 129.8, 132.1, 138.8, 140.2, 170.6, 172.9; IR (KBr, neat) 3341, 2923,
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2846, 1731, 1666, 1601, 1543, 1449, 1312, 1171, 1017, 753, cm'l; HRMS (ESI) calcd for
CooHNO,4 (M + H)Jr 368.1856, found 368.1848.
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4.5. Selected spectra of N-aryltetrahydrofuran-3-carboxamides

'H and '*C spectra of ethyl 2-(-3-((4-methoxyphenyl)carbamoyl)tetrahydrofuran-2-yl)acetate
(14c)
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'H and 3C spectra of ethyl 2-(3-(thiophene-2-carboxamido)tetrahydrofuran-2-yl)acetate (14d)
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'H and 3C spectra of ethyl 2-(5-phenyl-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (14f)
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'H and 3C spectra of ethyl 2-(5-phenyl-3-(phenylcarbamoyl)tetrahydrofuran-2-yl)acetate (14h)
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CHAPTER 1

Review on Asymmetric Synthesis of 1,3-Diols and Chiral Sulfoxides

1.1. Importance and applications of chiral 1,3-diols

Optically active 1,3-diols are very important compounds in asymmetric synthesis, since they
represent chiral building blocks for many polyketide-derived natural products, and have
frequently been used as valuable intermediates in the synthesis of drugs and natural products
with important biological activity." Such diols have shown promise as chiral ligands? and more
frequently as chiral auxiliaries.’

1.1.1. Aschiral ligands

Unlike 1,2 and 1,4 diols, 1,3-diols are less frequently encountered as chiral ligand. A few C,-
symmetric chiral 1,3-diols are known in the literature, none have proved to be very good sources
of chirality. It is important that the diol is conformationally rigid for it to be an effective chiral
auxiliary / ligand.

Chiral 1,3-diols 1 & 2 were obtained from the yeast-reduction products of 2-oxocyclopentane-
and 2-oxocyclohexane carboxylates and excess MeLi, BuLi or PhLi. These ligands form
titanium complexes 3 with TiCl(i-PrO); which are effective catalysts for enantioselective
nucleophilic addition of MeMgCI 4 to benzaldehyde and 1-naphthaldehyde yielding 1-phenyl

ethanol and 1-naphthyl ethanol, respectively in good enantioselectivities (Scheme 1.1.1.1).%
oH OH OH OH
R

1 2

(0]
Tlo | e OH
/ . Ar
( © » Ar)\

3 5
n=1or2 Ar = Ph, Naphthyl

Scheme 1.1.1.1

Recently Matsuo and coworkers have reported effective use of a chiral 1,3-diol ligand 7 for
brgnsted acid catalyzed asymmetric reduction of ketones 6 and acyl silanes (Scheme 1.1.1.2)).

The alcohols 8 were obtained with excellent enantioselectivity.?
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w

OH OH
o (97% ee)
1 DNBSA (5 mol%) OH
1 2 >
RTe © [CHCHpsH  RVRY
benzene, reflux
R' < R? up to >99% ee
R" = alkyl,

R2 = alkyl, cycloalkyl, SiMes,
SiMe,'Bu, SiMe,Ph

Scheme 1.1.1.2

1.1.2. As chiral auxiliaries

(-)-(R, R)-2,4-pentanedioldiol 10 was found to be an excellent chiral auxilliary in the reductive
cleavage of chiral acetals 11, derived from ketones 9, with hydride reagent to produce the
optically active alcohols. The products 12 were formed diastereoselectively, and the removal of

the chiral auxiliary afforded optically active alcohols 13 with ee upto 96%.%

OH OH Al-H
0 L
L, 2. 38 L wilk
R'OR ® >< R-T 12
H R'” "R? R2
9 11
1. [O]
R' = ¢y, n-hexyl, ph 2. Base
R2 = Me
H, ,OH
R Rz 13
R1>R2

Scheme 1.1.2.1

Tai and co-workers used (3S,55)-2,6-dimethyl-3,5-heptanediol 17 as chiral auxiliary for
diastereo-differentiating Simmons-Smith reactions of enol ethers 14 derived from various

ketones.>® The diastcrcomeric cxcess of these reactions reached to be >99%.

15
14 d.e =>99.5

Scheme 1.1.2.2
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TiCl, catalyzed coupling of chiral acetals 18 derived from aldehydes and (S,S)-2,4-pentane diol
with the silyl enol ether 19 provides excellent diastereoselection for the product 20 (Scheme

1.1.1.3).% This procedure was followed towards the synthesis of (R)-(+)-a-lipoic acid.

w, R COOH
o / '
Ny :<O‘S'\“* 1.7iCl, c‘;k/

—_—

he o~‘» 2.CF3COOH  HO
R M

18 19 20
upto 98% yield and 96% de

Scheme 1.1.2.3

1.1.3. Asintermediate in chiral synthesis

Chan and co-workers used rhodium complex of bisphosphinamidite ligand 22 for highly
enantioselctive hydrogenation of methyl esters of 2-acetamidoacrylic acid and (Z)-2-acetamido-
3-arylacrylic acid. The chiral bisphosphinamidite ligand 22 was prepared from the chiral diol 21
(Scheme 1.1.3.1).

HO, H H NHPPh,
B S N NHPPh,
.
HO H
21 22

Scheme 1.1.3.1

Chiral 1,3 diols are known to act as precursors for chiral 1,3 diamine ligands. (1R,3R)-1,3-
diphenylpropane-1,3-diamine 25 was used as ligand for Ru-catalyzed enantioselective
hydrogenation of prochiral ketones. The synthetic route of the diamine ligand involved (1S,3S)-

1,3-diphenylpropane-1,3-diol 23 as intermediate (Scheme 1.1.3.2).*°

OH OH N3 NH2 NH,
) MsCl, Et5N
°C oh m Pd/C
i) NaN5s, DMF

17 h

Scheme 1.1.3.2
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1.2. Synthesis of chiral 1,3 diols

Chiral 1,3-diols can be obtained via the following three methods:

(a) Diastereoselective reduction of chiral hydroxy ketones.

(b) Enantioselective reduction of p-diketones.

(c) Diastereoselective reduction of S-diketones followed by resolution of the resulting diols.
A Dbrief description of these methods is given below.

1.2.1. Diastereoselective reduction of chiral hydroxy ketones

This method involves hydroxyl directed reduction of the keto function by a suitable reducing
agent. When the reducing agent possesses the capacity to bind to the hydroxyl function with
intramolecular transfer of hydride, the anti-1,3-diol 28 is formed preferentially.®® 5 On the other
hand, when an additive is employed to preorganize the substrate prior to intermolecular hydride

addition, the syn isomer 30 predominates.> °* >

" I'_ g OH OH
0 —
— R 7ot | ——
R2 H R‘l R2
anti
OH O 27 28

26 e L OH OH
1 o-M-| — » : z
RR2 L R1/\/\R2
syn
29 30

Scheme 1.2.1.1

For example, Evans and coworkers used the mild reducing agent tetramethylammonium
triacetoxyborohydride to reduce acyclic f-hydroxy ketones to their corresponding anti diols with
high diastereoselectivity (Scheme 1.2.1.2).%

OH O OH OH OH OH
WJ\( MesNBH(OAC), \M+Y_\/H/ Ht'f) (?AC
o : ’B\
CH4CN, ACOH R@QH,_ OAc
31 rt 32 33 R
86% Ta

anti : syn = 96:4

Scheme 1.2.1.2
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The mechanism of these reductions involves an acid-promoted ligand exchange of acetate for
substrate alcohol 31 by the triacetoxyborohydride anion. The resultant hydride intermediate,
presumably an alkoxydiacetoxy borohydride, reduces proximal ketones by intramolecular
hydride delivery.

1.2.2. Enantioselective reduction of g-diketones

In this case the reduction can be achieved either by using the combination of a suitable chiral

catalyst and a reducing agent or by enzymatically.®

Chiral catalyst/

O O reducing agent OH ?H b QH OH

R R orENzYMATIC R R
34 35 36

Scheme 1.2.2.1

Ohtsuka and co-workers prepared optically pure 1,3-diaryl-1,3-propanediols 38 from the
corresponding 1,3-diketones 37 by enantioselective borohydride reduction in the presence of a

catalytic amount of s-ketoiminato cobalt(ll) complexes 39 (Scheme 1.2.2.2).%*

Ar Ar
OH OH > $
39 (1 mol%) sl
NaBH4 ‘)\/\‘ Ar —N N Ar
EtOH, THFA d Yoot %

CHCl3, -20 °C
Ar = 2,4,6 trimethylphenyl
39

Scheme 1.2.2.2

Ikeda et al. reported a practical synthesis of optically pure (R,R)-2,4-pentanediol 41. This highly
efficient enzymatic method involves the reduction of acetylacetone 40 by Pichia farinose 1AM
4682.%

W Pichia farinose

0 O 94% ~ OH OH

98% de
40 >99% ee

41

Scheme 1.2.2.2
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Diastereoselective reduction of g-diketones followed by resolution of the resulting diols
[S-diketones can be diastereoselectively reduced to get predominantly a pair of enantiomers as a
racemic mixture. The racemate can be resolved in to pure enantiomeric forms by using suitable
resolution techniques. Several resolution techniques are available, including (a) Resolution by
direct crystallization (b) Resolution through formation and separation of diastereomers (c)
Crystallization-induced asymmetric transformations leading to total formation of the initial
racemate into a single enantiomer.

Joshi and coworkers prepared (R,R) / (S,S)-2,2-dimethyl-1,3-diphenyl-1,3-propanediols 46 and
47 in enantiomerically pure form by diastereoselective reduction of the corresponding g-diketone

Diastereoselective reduction:

O O _ OH OH
LIiAI(O'Bu),H,
Ph)%Ph >  Ph”«>< *Ph
THF, 0 °C
42 dl 43

Resolution:

&COC| EtOZC’N —> Higher Ry diester
OH OH COzEt EtOZC Chromatography

Ph™ « * Ph Py CH2C|2

43 45 Ph A —— Lower Ry diester
OH OH
Higher Ry diester — KORE. : 46
CH3OH, reflux Ph Ph

KOH OH OH

Lower R; diester —————» H 47
CH30H, reflux Ph Ph

Scheme 1.2.3.1

42, followed by resolution of the resulting racemic diols 43.” The racemic diols were converted
to diastereomeric N-carbethoxy-L proline ester derivatives 45, which after chromatographic

separation and subsequent hydrolysis gave the pure enantiomers (Scheme 1.2.3.1).

1.2.3. Other synthetic transformations

Enantioselective Aldol-Tishchenko reaction is widely employed to prepare chiral 1,3-diols.® A
number of combinations of Lewis acids and chiral ligands have been used for the
enantioselective direct tandem Aldol condensation-Evans-Tishchenko reduction of aldehydes
and ketones. Shibasaki and coworkers developed mild and catalytic methods for the synthesis of
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chiral 1,3-diols by enantioselective Aldol-Tishchenko reaction of aromatic aldehydes and
ketones.®® Thus 1-(4-bromophenyl)propan-1-one 48 and 4-bromobenzaldehyde 49 were allowed
to react under catalytic action of the system [La(OTf);+R-BINOL+BuLi], to provide the
Tishchenko adduct 50, which after hydrolysis gave (1S,3S)-1,3-Bis(4-bromophenyl)-2-
methylpropane-1,3-diol 51 (Scheme 1.2.4.1).

a(OTf);+R-BINOL+BuLi

(1:3:5.6) (10 mol %)
/@)&/ )K©\ THE, rt, 48h OH (5) O
Br
50
Br Br

NaOMe
MeOH
OH
OH OH C=)H
R-BINOL Br O O Br
70%
52 ee =85%

Scheme 1.2.4.1

Corey et al. have described a synthetic route to obtain (R,R)-1,3-phenyl-1,3-propanediols. The
racemic a-silyl organolithium 54 was allowed to react with (R)-styrene oxide 55 to produce the
chiral y-hydroxysilane 56 which afforded the (R,R)-chiral diol after treatment with mercuric

acetate 57 (Scheme 1.2.4.2).°

Ph, 2 i) Hg(OAc),, AcOH
. . %, 1 g C)2, AC
SiPhy SiPhy 4 Ph\‘/\é/Ph ii) KOH, MeOH ™" - Ph
SPh THF o OH SiPh; OH OH
53 54 56 57

Scheme 1.2.4.2

1.3. Importance and applications of chiral sulfoxides

Sulfoxides are found in a variety of natural products and pharmaceuticals. For example the drug
armodafinil (58) is used for the treatment of sleep disorders and bipolar depression.™

Esomeprazole (59) is a proton pump inhibitor*! used in the treatment of dyspepsia, peptic ulcer
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disease, and gastroesophageal reflux disease. Podolactone D (60) is one of the first terpenes
known to contain a sulfoxide grouping, with plant growth inhibitory activity.*? Fulvestrant (61)
IS an anti-oestrogen hormone antagonist, used to treat advanced breast cancer and metastatic

breast cancer.*®

O O o) N O o0—
1 - /7
O S"”’ANH \C[%S -
2 N \
O H \ //

Armodafinil (58)

Esomeprazole (59)

Figure 1.3.1: Natural products and drugs molecules containing sulfoxide moiety.

Chiral sulfoxides have been widely employed as chiral auxiliaries in a range of reaction
classes,** and more recently as chiral ligands.'® Sulfur is well-suited to the role of an agent for
transfer of chirality for several reasons. The faces of a sulfoxide are highly differentiated due to
the large steric and stereoelectronic difference between its substituents, which range from an
electron lone pair to large alkyl groups, which are able to differentiate the diastereotopic faces of
a proximale or even a remote reaction centre. Both sulfur and oxygen have lone pairs of
electrons available to coordinate to Lewis acidic functionality, often promoting highly ordered
transition states. Finally, sulfur can readily form covalent bonds, including to heteroatoms, and
can be cleaved under relatively mild conditions. These properties have inspired considerable

investigation into the synthetic applications of sulfoxides.

1.3.1. Aschiral auxiliaries

Chiral sulfoxides belong to the class of chiral organosulfur compounds which are most widely
used in asymmetric synthesis due to their ready availability and high asymmetric induction
exerted by the chiral sulfinyl group. Moreover, the chiral sulfur groupings are easily removable
under mild conditions by reductive or eliminative methods.'® As a result a number of chiral
sulfoxides have been utilised as chiral auxiliaries in a variety of stereoselective carbon-carbon
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bond-forming reactions, such as Aldol reaction,*” Diels-Alder reaction,'®* Michael additions,*
asymmetric reductions®® and asymmetric Heck reaction®' as stereochemical controllers and in

solid-phase asymmetric synthesis of amine and amino acid containing molecules.??

Solladié and co-workers employed chiral sulfoxide induced asymmetric aldol-type reaction to
obtain chiral g-hydroxyesters 64 (Scheme 1.3.1.1).}"

1. t-BuMgCl
0O O o)
L _THE7sec B MQS AlHg HO H

-i'—\\‘i4 OfBu 5 _I':\\\i‘ 3 OBn 40> tBUOzC\>\/\OBn
p-To Bro~-CHO PO Rco,tBu 93%

62 n g 63 64
78°C 69%
de = 90%

Scheme 1.3.1.1

The reduction of chiral p-ketosulfoxides has been the most extensively investigated and used
reactions which ivolves the asymmetric induction by chiral sulfoxides.?® The stereochemical
outcome in the reduction of either isomer of the p-ketosulfoxide can be controlled by the

configuration of the sulfoxide, the reducing reagent and the absence or presence of a Lewis acid.

9 OH (l? (0] 9 OH
: oS . B
S n-Pent <—D|BAL N \)J\H—Pent _DIBAL _ & S\/\n—Pent
ZnCl,
67 65 66

Scheme 1.3.1.2

This methodology was successfully applied by Carreno et al. for the enantioselective total
synthesis of (-)-centrolobine 70 (Scheme 1.3.1.3).% Their strategy is based on the stereoselective

reduction of a chiral p-ketosulfoxide 68 bearing an ester as the source of chirality.

O O O O OH O

| . |l .
M eo)K/\/U\/ DIBAL/Z0Br, 0
80%
THF de = >98%
l 69

7
MeO 0 OH

(-)-centrolobine

Scheme 1.3.1.3
107
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Sulfinimines are being utilized as versatile chiral nitrogen intermediates for the preparation of a
range of chiral amines, including a-branched and «,a-dibranched amines, a- and -amino acids,
aziridines and a- and p-amino phosphonic acids. Davis and co-workers reported a chiral
sulfoxide induced asymmetric Strecker synthesis of a-amino acids 73/75 by diastereoselective
addition of Et,AICN/i-PrOH to enantiopure sulfinimines 71 (Scheme 1.3.1.4).%

Et,AICN NHGL NH;
84-90% /©/ 79% R)\czo;
de = 36-42%
.. H 73
O, ,
~

1,
71
R = Ph, CMes +
Et,AICN/ j-PrOH 6NHCL  NHg

/\ :

de8—4 ;3920?60/ N 79%  RTTCO;
- = (o]
75

Scheme 1.3.1.4

Co-symmetric bis-sulfoxides have proved to be efficient chiral auxiliaries for asymmetric
desymmetrization of various diols such as meso-erythritol derivatives, or cyclic meso-1,2-diols.
Maezaki et al. reported the use of C,-symmetric bis-sulfoxide 77 as chiral auxiliary for
asymmetric desymmetrization of cyclic meso-1,2-diols 76 via diastereoselective acetal fission
(Scheme 1.3.1.5).?

O/

S
L e
77 /
X \\"SV ‘S o)
SZ S0 =©[>“«QLI> KHMDS @[}
ugd Yo TMSOTH 2,6-lutidine s/ 0 " BnBr
o) 78

76
meso-diol X=(CHy),, CH,, O 71-92%  de =>96% in each case

Scheme 1.3.1.5

1.3.2. As chiral ligands

The application of chiral sulfoxides as ligands for transition metals has been less thoroughly
explored than their use as chiral auxiliaries. Leeuwen and co-workers synthesized R-benzyl-(R)-
cysteinol sulfoxide and S-benzyl-(R)-cysteinol sulfoxide 81 and used as ligands for iridium(l)-
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catalyzed reduction of ketones (Scheme 1.3.2.1).* Thus acetophenone 80 was reduced to

corresponding alcohol 82 in 99% yield and 65% ee by this method.

80 99% 82
ee = 65%

Scheme 1.3.2.1

Copper (I1) complex of C,-symmetric bis(sulfoximine) ligand 85 was used by Bolm and co-

workers for catalytic enantioselective Diels-Alder reaction (Scheme 1.3.2.2).%’

—-?ZN 85 N:I 1
Ph Ph
(0) 5 mol %
5 mol % Cu(TfO), H
© 1 07 -/
o MS 4A O CO,Et
DCM
83 84 RT 86

Scheme 1.3.2.2

Liao and co-workers synthesized a C,-symmetric chiral bis-sulfoxide ligand 89 and for the
rhodium-catalyzed asymmetric 1,4-addition of arylboronic reagents 88 to a,f-unsaturated
substrates 87,22 which afforded the corresponding adducts 90 in good yields and excellent

Q 89
|III-S\ /S
o 0 d o

+ PhB(OH), [Rh(CzH4)2C|]2= é
40°C “'Ph

87 % 90
96%
ee = 98%

enantioselectivities (Scheme 1.3.2.3) .

Scheme 1.3.2.3
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1.4. Synthesis of chiral sulfoxides

The synthesis of chiral sulfoxides has been the subject of constant interest over the past two
decades. A diverse array of methods is presently available to obtain enantiomerically enriched
sulfoxides. These methods generally fall into two categories:

(a) Chiral auxiliary directed functionalizations

(b) Catalytic enantioselective oxidation
1.4.1. Chiral auxiliary-based method:
The most straightforward route to enantiomerically enriched sulfoxides involves preparation and
substitution of a pure diastereomer using a chiral reagent. This method consists of the synthesis
of a sulfinylating agent with an electrophilic sulfur of known configuration, followed by reaction
with an organometallic reagent.
Andersen reported the first practical synthesis of chiral alkyl aryl sulfoxides, using optically pure
menthol as chiral auxiliary (Scheme 1.4.1.1).%° Substitution at the sulfur atom of commercially
available (S)-menthyl p-toluenesulfinate 93 with an appropriate organometallic reagent , gave the
sulfoxides 94 with excellent enantioselectivity, which is favoured since it has the advantage that
the substitution takes place with 100% inversion of configuration. A wide variety of
enantiomerically pure p-tolyl alkyl or aryl sulfoxides have been prepared by using various

organometallic nucleophiles.

1 (O 4

i S. RMgBr S.
~cl : 1. Condensation > OMenthyl /@/ R
: OH 2.Recrystallization

91 & 93 94

(l'l) O <, O
S

Scheme 1.4.1.1

The usefulness of this method is mainly due to the accessibility of the sulfinylating agent, which
is obtained as a mixture of diastereomers, and can be separated by repeated recrystallizations.
The enantiomerically pure sulfinate is then displaced by an organomagnesium halide with clean
inversion at the sulfur center. However, this widely used method suffers from limitations.
Efficient recrystallization of the menthol sulfinate is possible only if it contains an aryl

substituent, so dialkyl sulfoxides are not accessible by this method.

Cyclic oxathiazolidines derivatives have also been employed to synthesize enantiorich chiral

sulfoxides. José L. and co-workers described the use of cyclic oxathiazolidines 96 derived from
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norephedrine 95 to obtain chiral sulfoxides 97 through two sequential nucleophilic attacks
(Scheme 1.4.1.2).%°

o)
v
1. RMgX
HO  NH 1.0ICOBn o Sw-COBn o2 0
- & T4 _S. ,
Ph Me 2.80, Ph,\ /\Me 3. R'MgX R 97R
95 96 one pot up to 78% yield
R, R' = alkyl, aryl, vinyl 98% ee

Scheme 1.4.1.2

Sulfoxides obtained by chiral auxiliary based methodologies are relatively simple and having
very high enantiomeric purity. These products are ideally suited for use as chiral ligands or chiral

auxiliaries.
1.4.2. Catalytic enantioselective oxidation method

This method mainly involves asymmetric oxidation of prochiral sulfides catalyzed by metal
complexes with enantiomerically pure chelating ligands. C-symmetric bidendate diols,®* Cs-
symmetric triethanol amines,® tridendate Schiff bases®* and tetradendated salen-type ligands
have been commonly used, typically in combination with d® metal ions: Ti(1V) , V(V) and less
frequently with Mn(l11), Fe(111), Al(111) . Non-metal catalyzed asymmetric sulfoxidations are also
reported where chiral oxidizing agents, chiral organocatalysts, and enzymes have been used to
induce chirality.

1.42.1. Metal catalyzed enantioselective sulfoxidations

The first major advance in metal catalyzed asymmetric sulfide oxidation was reported nearly
simultaneously by Kagan®** and Modena® in 1984. Both are based on modifications to Sharpless
titanium catalysed asymmetric epoxidation®® reaction. Using (R,R) diethyl tartarate 100 as chiral
ligand for titanium catalysed oxidation of prochiral sulfides Kagan and coworkers synthesized
various sulfoxides 99 in moderate to good enentioselectivities (Scheme 1.4.2.1.1). They

Ti(O'Pr)4/ (R,R) DET/H,0

.. O
_S._, 1:2:1 \g
R > RR!
TBHP (2 equiv.)
98 CH,Cl,, -20 °C 99

(R,R) DET

R = aryl, heteroaryl, alkyl
R' = alkyl

Scheme 1.4.2.1.1
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discovered that addition of stoichiometric water to the catalyst was crucial to achieve
enantioselectivity in the oxidation of sulfides. Yields and enantioselectivities were high for aryl

alkyl sulfoxides and moderate for dialkyl sulfoxides.

Modena and co-workers modified the Sharpless method by addition of excess diethyl tartrate.
Yields and selectivities were nearly identical to those reported by Kagan, and experimental
evidence suggested that the excess tartrate may in fact serve only to introduce an uncontrolled
amount of water.

Uemura and co-workers reported advance titanium catalyzed oxidation of aryl alkyl sulfides 101
by substituting binaphthol 103 for tartrate 100 (Scheme 1.4.2.1.2).3'% *" This method is superior
to that of Kagan and Modena when the catalyst loadings and enantioselectivities of the products

are concerned.

Ti(O'Pr), (0.1-.025 equiv.) OO
R-BINOL (0.2-0.5 e.quw.) { o OH
Ar/S‘ ;  H0(0.5-2.0 equiv.) - S’

R Ar” R )
101 TBHP (2.0 equw.), 102 OO 103
CCly or toluene

0°C 32-88% , R-BINOL
ee = up to 96% (R)

Scheme 1.4.2.1.2

Superchi and Rosini used Cy-symmetric (1S,2S)-1,2-diphenylethane-1,2-diol 106 as chiral
ligand. Their reaction conditions were similar to that of Umera.®® Thus using TBHP as oxidant

and carbon tetrachloride as solvent at 0 °C the sulfoxide 105 was obtained with 80% ee in 62%

yield.
Ti(O'Pr), (0.05 equiv.)
s DIOL 106 (0.1 equiv.) "\SP
~ H>0 (1.0 equiv.) ~
TBHP (2.0 equiv.)
104 CCl,,0°C 105
60%

ee =80% (R)
Scheme 1.4.2.1.3

Co-symmetric hexanediol 108 was used by Imamoto and co-workers as a chiral ligand in
titanium catalyzed sulfide oxidation (Scheme 1.4.2.1.4).*° Unlike Kagan and Umera’s methods,

the investigators used anhydrous conditions and observed that the oxidation proceeded with the
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highest degree of enantiopurity when conducted in the presence of molecular sieves. Cumene

hydroperoxide gave better result than TBHP.

o, &
/©/ 5 1ioien, /©/ S
CHP, MS 4A
107 -20°C,Toluene 109
42%

ee =95% (S)

Scheme 1.4.2.1.4

Cs-Symmetric chiral triethanolamine ligands have also been used for titanium catalysed
enantioselective sulfoxidation.* Licini and Nugent investigated the use of 111 as ligand for

titanium catalyzed sulfoxidation of alkyl aryl sulfides. The catalytic activity was good and the ee

values were up to 84% (Scheme 1.4.2.1.5).

Q 111 (0.06 equiv.) o o oH
©/S Ti(O'Pr), (0.05 equiv.) *s? Ph ('\Ph
> N
CHP (1 equiv.) ©/ 112 HO)E: l

110 DCE, 0 °C
70% Ph
ee = 84%(S)

Scheme 1.4.2.1.5

Figure 1.4.2.1.1 shows some of the other chiral diol ligands used for titanium catalysed

sulfoxidation.

Fa
13 t-Bu 114
«OH
t-Bu |
OH OH Nj/i OH
116 17 Lo 118 119OH

Figure 1.4.2.1.1. Chiral diols used for titanium catalyzed sulfoxidation.
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After titanium, a number of vanadium complexes with chiral tridendate Schiff bases, and
tetradendated salen-type ligands have been used successfully in asymmetric sulfide oxidation.
Bolm et al. achieved good levels of enantioselectivity in enantioselective sulfoxidation by using
vanadium Schiff base complex formed in situ by the reaction of VO(acac), and a Schiff base
121 (Scheme 1.4.2.1.6 ).*2

|
H N -
o o, &
S
Sy
VO(acac),, Hy0,, 122

120 rt, CHyCl, 94%
ee =70% (S)

Scheme 1.4.2.1.6

Aqueous hydrogen peroxide, a cheap and environmentally benign reagent was used as oxidant.
Thus the use of atmospheric conditions was the most significant point, overcoming the extreme
sensitivity associated with titanium catalyzed oxidations, and elliminataing the need for an inert

atmosphere. Asymmetric oxidation occurred even in the presence of 0.1 mol% of the catalyst.

Sun et al. reported an efficient procedure for sulfide oxidation catalysed by a vanadium-salen
complex under air (Scheme 1.4.2.1.7). The oxidant used was aquous hydrogen peroxide. After
screening a number of salen ligands, ligand 124 was found to be the optimum ligand for this
oxidation method.*® Thus sulfoxide 125 was obtained from thoanisole 123 in very good yield
(81%), and excellent enantioselectivity (ee = 95%). The investigators also found the catalytic

system to be very impressive for kinetic resolution of racemic sulfoxides with hydrogen peroxide

N
s 0)
©/ ~ VO(acac), ©/S
_ >
H,O,, CHCl;
123 125

81%
ee =95% (R)

under air.

Scheme 1.4.2.1.7
114
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Liu et al. used a novel chiral NOO-tridentate ligand 127 bearing a rigid tetrahydroquinoline
framework, for vanadium catalyzed enantioselective oxidation of aryl methyl sulfides (Scheme
1.4.2.1.8).** The oxidant was aquous H,O,. With this catalytic system (S)-2-(methylsulfinyl)
naphthalene 128 was obtained from the sulfide 126 in 92% yield and 77% ee.

CHj
X
| 127
/
N
OH N
s OH O*S~°
~ 2 mol% . ~
VO(acac), (1mol%)
126 30% H,0, (1.15 equiv.) 128
Acetone, 0 °C,16h 92%

ee=77% (S)
Scheme 1.4.2.1.8

Chiral ligand-iron complexes have been successfully used in catalytic enantioselective

sulfoxidation. Chiral salens, porphyrines are the most commonly used ligands among others.*

Katsuki and Egami used a novel chiral Fe (salen) complex 131 for asymmetric oxidation of alkyl

aryl and methyl alkyl sulfides 129 using aquous hydrogen peroxide as oxidant (Scheme

1.4.2.1.9).%°
131 (1 mol%)
aq. H,O, (1.5 equiv.) O, &

1-S<g2 > 1S
RW R H,0, 20 °C R' R

129 130
R' = alkyl, aryl R'= aryl; ee = 81-96%
R?= alkyl R' = alkyl; ee = 87-94%

Scheme 1.4.2.1.9

Manganese-chiral schiff base complexes are also successfully used in enantioselective sulfide
oxidation.”® Recently, Choi et al. used a manganese-schiff base complex 133 to synthesize
esomeprazole 134 in 59% vield and 70% ee (Scheme 1.4.2.1.10).%%
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Ph  Ph
— BF,|
_N\ + /N_ [ 4]
M
0
133
O N Oo— O o & o—
- \©:\%s _ 10 mol% e \©:N\%'s _
N \_/ 0-PhIONO (1.5 equiv.) N \
132 -40 °C, 72h 134 N
CH;OH 50
ee =70%

Scheme 1.4.2.1.10

Basak et al. reported a chiral bis-hydroxamic acid (BHA)-molybdenum complex catalyzed
oxidation of sulfides and disulfides utilizing one equivalent of trityl hydroperoxide with yields
up to 83% and ee up to 86% (Scheme 1.4.2.1.11). They synthesized the complex by stirring bis-
hydroxamic acid 136 and MoOs(acac), at room temperature.*” Thus (S)-1-(methylsulfinyl)

naphthalene 137 was obtained from the corresponding sulfide 135 in 82% yield and 86% ee.

S S‘\\\
O h MoO,(acac), O ~
O Trityl hydroperoxide, O
CH,Cl,, 17h, 0 °C
135 137

82%
ee = 86%(S)

Scheme 1.4.2.1.11

Other less frequently reported metals are Al(II1), Cu(ll), W(VI), Zr(IV) etc with varous chiral

schiff base derived ligands.*
1.4.2.2. Non-metal catalyzed enantioselective sulfoxidations

In non-metal catalyzed enantioselective sulfoxidation, enantioselectivity is controlled either by
using chiral oxidants or by carrying out the oxidation in the presence of chiral catalysts.
Generally used chiral oxidants are chiral peracids,*® chiral hydroperoxides,®® chiral
oxaziridines,® chiral hypervalent iodo compounds®* etc. Nonmetallic chiral catalysts used for

this purpose includes chiral organocatalysts or biocatalysts.
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Seebach and Aoki used a chiral hydroperoxide (TADOOH) 139 derived from H,0, and tetraaryl-
1,3-dioxolane-4,5-dimethanol (TADDOL) in asymmetric sulfide oxidation.”® Using this
hydroperoxide as oxidant, thioanisole 138 was oxidized in good yield and high enantiopurity
(Scheme 1.4.2.2.1).

OH 139
o, »°
s 15 equi N
©/ ~ .5 equiv. ©/
THF 140
138 73%

ee = 86%(S)

Scheme 1.4.2.2.1

Davis and co-workers found several N-sulfonyloxazaridines, derived from camphor, to be
interesting reagents for enantioselective sulfoxidation.® The most successful catalyst discovered
by this group is dichlorocamphorylsulfonyloxaziridine 142. With this reagent methyl(p-
tolyl)sulfane 141 provided the corresponding sulfoxide 143 in 95% ee (Scheme 1.4.2.2.2).

Cl
Cl 142 o0 o
N~ CPR
S 4°N~50,Ph N
CCly, 4h, 20 °C /©/
143
141
95%

ee =95% (S)

Scheme 1.4.2.2.2

Chiral hypervalent iodine reagents are known oxidize prochiral sulphides enantioselectively.

Zhdankin and co-workers used a chiral benziodoxazine derivative 145, developed from (S)-

O
Siigros L)
LR

84%
ee =29% (R)

Scheme 1.4.2.2.3
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proline, in the enantioselective oxidation of sulfide, producing sulfoxide 146 in 84% yield and

29% ee.>?

Enantioselective sulfoxidation by biological systems is a less popular method for preparing
enantioriched sulfoxides. Oxidation is generally carried out using isolated enzymes or whole cell
cultures. Holland et al. reported the oxidation of various sulfides to sulfoxides by the biocatalyst
present in the fungus Helminothosporium sp. NRRL 4671 with very high enantioselectivity.
Similarly Mortierella isabellina ATCC 42613 has also been successfully used to prepare highly

enantioenriched sulfoxides.>*
Conclusion

Chiral 1,3 diols have been shown to be good chiral auxiliary in a number of asymmetric
reactions and have potential to act as chiral ligands in different organic transformations.
Construction of conformationally rigid 1,3 diols is a great endeavour and better understanding in
structure-reactivity-selectivity relationship of these chiral diols could open up an opportunity for

designing new efficient and versatile ligands.

Enantiomerically pure sulfoxides are excellent stereocontrolling element in various asymmetric
reactions. Also the utility of chiral sulfoxides in asymmetric syntheses of biologically interesting
compounds is well documented. Over the past three decades considerable attention has been
focused on developing routes to enantioenriched sulfoxides using a combination of metal
catalyzed processes, biocatalysis and use of chiral auxiliaries. Among these catalytic
enantioselective oxidation is highly desirable, and can be used to generate sulfoxides with
excellent ee values. But it suffers from a lack of generality, and the catalyst must also be
optimized and able to adjust to the structure of the sulfide.
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CHAPTER 2
Synthesis of a New Chiral 1,3-Diol Ligand with a Benzyl

Backbone and Application in Asymmetric Sulfoxidation of
Alkyl Aryl Sulfides

Section A: Synthesis and resolution of 1,3-diols

1,3-Diol is a structural motif present in hundreds of natural products.® These diols have found
applications as chiral auxiliaries> or rarely as chiral ligands® in various asymmetric
transformations. Unlike 1,2- and 1,4-diols, number of successful 1,3-diols are limited in
literature, because most of them lack sufficient conformational rigidity to be an effecetive chiral
auxiliary/ligand. The design and synthesis of sterically constrained chiral 1,3-diols containing
backbone rigidity, is an important endeavor. This part of work deals with diastereoselective
synthesis of new 1,3-diols with a benzylic and alkyl backbone and resolution to their

enantiomers by using chiral resolving agent.
2.1. Results and discussions

Our synthetic route involved the diastereoselective reduction of s-diketones 3 by LiAIH(O-tBu);,
followed by resolution of the racemic mixture containing the anti diols. Diketones 3 were
synthesized by the reaction of 1,3-diketone 1 with bromides 2 in the presence of K,COs/Nal in

0O O

R Br 2
U K,CO5/ Nal Ph)Jj)L Ph LIAIH(O-Bu),
Ph Ph Acetone R' R 036 - rt
1 reflux 3a:R'=Ph, 91%
3b: R' = C3H, 81%
3c: R' = 4-MeO-CgHy, 77%
3d: R' = 4-CI-CgH,, 70%
OH OH OH OH OH OH OH OH
Ph)j/\Ph + Ph/j/'\ Ph Ph/'j)\ Ph Ph/j/\Ph
R1 o R‘l B R‘l Y R1 5
4aq + 4ap: R' = Ph, 90% 4ay: R' = Ph, 3% 4as: R' = Ph, 0%
4ba + 4bp: R' = C3H,, 81% 4by: R' = C3H, 3% 4b3: R" = C3Hy, 0%
4ca + 4cP: R' = 4-MeO-CgH,, 84%  4cy: R' = 4-MeO-CgHy,6% 4¢8: R' = 4-MeO CgH,,0%
4do, + 4dp: R = 4-CI-CgHy, 75% 4dy: R' = 4-CI-CgH,, 4%  4d5: R" = 4-CI-CgH,, 0%
Scheme 2.1.1
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acetone. The resulting diketones 3 were converted to 1,3-diols (£)-4 according to Barluenga
method,* which involed diastereoselective reduction of diketones by the bulky reducing agent
LiAIH(O-tBu)s (Scheme 2.1.1). Out of four probable isomers 4a and 4p were obtained as major
isolated products (75-90%). The isomers 4ay, 4by, 4cy and 4dy were detected by *H NMR in
minor amounts 3%, 3%, 6% and 4%, respectively. * On the other hand the isomers 45 were not
detected by *H NMR.

After successful synthesis of the (x)-4ap, the diols were resolved into its chiral components 4a
and 4p by converting them to their diastereomeric esters 6a and 6p using N-ethoxycarbonyl-L-
proline derivative 5, and subsequent hydrolysis by methanolic solution of potassium hydroxide
(Scheme 2.1.2).°

O,Cou
N OR OR OR OR

OH OH
\
Ph Ph COEt 5 Ph)jﬁPh + Ph/j/'\Ph
» Py /CHCly R R!
0oC
4ac: R' = Ph 6ac: R' = Ph, 46% 6ap: R' = Ph, 47%

6ba: R" = C3H, 38%
6ca: R' = 4-MeO-CgH,, 35%

4bop: R' = C53H; 6bp: R' = C3H,, 40%

4caf: R' = 4-MeO-CgH,
4dap: R" = 4-CI-CgH,

reflux

OH OH
Ph Ph
R1

4aa: R' = Ph,86%
4bo: R' = C5H, 88%

4ca: R' = 4-MeO-CgH,,78%

4do: R' = 4-CI-CgH,, 84%

Scheme 2.1.1

6da: R' = 4-CI-CgH,4, 32%

@CO
J KOH/MeOH

KOH/MeOHl Where i =

6cpB: R' = 4-MeO-CgH,, 37%
6dp: R' = 4-CI-CgH,, 37%

\ reflux
CO,Et
(=)H OH
Ph Ph
R1

4ap: R' = Ph, 89%

4bp: R' = C5H;, 89%

4cB: R' = 4-MeO-CgH,, 84%
4dp: R' = 4-CI-C4H,, 87%

The absolute configuration of the diols was determined by X-ray crystallographic analysis.® The

absolute stereochemistry of (+)-4aa was found to be (S,S). The ORTEP diagram shows that there

are two molecules in the asymmetric unit (figure 2.1.1).
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A
Figure 2.1.1: ORTEP diagram of compound 4aa

Section B: Enantioselective oxidation of alkyl aryl sulfides using 1,3-diols as

chiral ligand

Over the years many approaches have been developed for the synthesis of chiral sulfoxides using
metal complexes including initial reports of Kagan’ and Modena.? Titanium peroxo complexes
bearing C, symmetric chiral 1,2- and 1,4-diol ligands such as DEAT,”® BINOL,® 1,2-
diphenylethane-1,2-diol™® etc. have been used for asymmetric sulfoxidation. Titanium peroxo
complexes having C3 symmetry have also been reported.** So far there is no reports of any metal
catalyzed sulfoxidation where 1,3-diols are used as chiral controller. Present work demonstrates

the use of a new chiral 1,3-diol for titanium catalyzed enantioselective sulfoxidation.
2.2. Results and discussions

After the synthesis and resolution to chiral 1,3-diols 4aa-4da and 4ap-4dp, the diols were
examined as chiral ligands for titanium catalyzed oxidation of sulfides to sulfoxides, using
TBHP as oxidant. The results are summarized in Table 2.2.1. Thus the reaction of methyl (p-
tolyl)sulfane with titanium isopropoxide and tertiary butyl hydroperoxide in presence of chiral
1,3-diols 4aa and 4ap gave chiral methyl-4-(methylsulfinyl)benzene 8g (R) and 9g (S),
respectively with 87% ee each (Table 2.2.1). On the other hand chiral 1,3-diol having a butyl
backbone is found to be not effective in enantioselective oxidation of sulfide to sulfoxide under
the same reaction conditions. The oxidation of methyl (p-tolyl)sulfane using chiral 1,3-diol 4bp
gave only 24% ee of the corresponding S-isomer 9g (S). Chiral diols with 4-methoxy- and 4-
chloro-benzyl backbone gave sulfoxide 8g (R) with 37% and 71% ee, respectively. This implies
that the both rigidity and electronic effects of benzyl group are crucial in high enantioselectivity.
Both electron-donating and electron-withdrawing substituent on the aromatic ring of the benzyl

group decreases the enatioselectivity in comparison to the simple benzylic group. The chiral 1,3-
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ligands 4aec and 4ap having a benzyl backbone are found to be the best ligand for

enantioselectivity.

Table 2.2.1. Enatioselective oxidation of sulfides with chiral 1,3-diols.

S\ TI(O'IPr)4/ toluene = S\ /,,S\
TBHP/ -20 °C +/©/

MS 4A/ Ligand 4

79 36h 89 (R) 99 (S)
Entry 1,3 Diol (4) Yield (%)* % ee” Products
/Abs.Conf. °
1 4a0 60 87 89 (R)
2 4ca 59 37 89 (R)
3 4da, 57 71 89 (R)
4 4ap 58 87 99 ()
5 4bp 45 24 9g (S)

®Yield refers to isolated yield of sulfoxides, the remaining is isolated as sulfone . "Determined by
HPLC using Chiralcel OD-H column. “Determined by comparison of its sign of specific rotation
with the literature data.

The utility of chiral 1,3-diol ligand 4aa was extended to titanium catalyzed oxidation of various
substrates as shown in Table 2.2.2. It was observed from the Table 2.2.2 that the nature of alkyl
group and electronic effect of the aryl substituent play an important role in enantioselection. The
electron-donating groups in aromatic ring increase the enantioselectivity (entry g-i), whereas the
electron-withdrawing groups reduce the enantioselectivity (entry j, k). On the other hand the
increase in size of alkyl groups in an alkyl side chain of phenyl alkyl sulfide, increase the
enantioselectivity (entry a-c), which is reverse in the case of naphthyl alkyl sulfides (entry m,n).
Branching in a side chain increases the enantioselection (entry d). Olefinic and aromatic ring in a

alkyl side chain reduce the enantioselectivity (entry e, f).
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Table 2.2.2. Synthesis of chiral sulfoxide from sulfides

Ligand 4aa
o . OH OH
s, Ti(O-iPr),/ toluene _ '\StO 3
Ar R TBHP/ -20 °C Ar/ R Ph Ph
MS 4A Ph
4ao,
Entry Substrate 7 Time/h Product 8 Yield ee (%)°8/
(%)? Abs.Conf.°
S\ ..\S&\\O
a ©/ 36 ©/ > 59 52 (R)
Sv ..\S.\\\\O
b ©/ 40 ©/ ~ 65 72 (R)
S\/\/ '.\ \\\O
o
c ©/ 40 ©/ g 60 75 (R)
SY ..\S“\\\O
d ©/ 40 @ j/ 61 80 (R)
S 94 @)
S
e ©/ 24 @ TN 59 50 (R)
S\/C6H5 .'\S‘\\\\O -
i 36 ol 70 54 (R)
/©/ ™ ..\s’“\\O
g 36 Q/ > 60 87 (R)
S\/ ..\S»\\\O
h /©/ 40 /@ ~ 65 78 (R)
Continued...... ... ... ...
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Entry Substrate 7 Time/h Product 8 Yield ee (%)°8 /
(%)* Abs.Conf.

S L O
_ CyHg \S\
i 40 /@ CaHe 69 45 (R)
S\/ ..\S.&‘O
j Jij 36 Q T e 43 (R)
Br
Br
S X O
CyHg \S\
ko 48 /@ CqHg 60 41 (R)
r
Br
S N©
l /O/ 36 Q > 55 39 (R)
MeO
MeO

S\/ .\S'O

m OO 48 e 52 72 (R)
I

n 48 “CyHo 52 67 (R)

2Yield refers to isolated yield of sulfoxides, the remaining is isolated as sulfone . "Determined by
HPLC using Chiralcel OD and OD-H columns. ‘Determined by comparison of its sign of specific
rotation with the literature data.

Conclusion

In conclusion we have investigated a new chiral ligand, 1,3-diol for the oxidation of prochiral
sulfide using titanium peroxo complex as oxidant. The new catalytic system provided chiral
sulfoxides in moderate to good ee values. The use of this chiral ligand for other asymmetric

synthesis is under investigation in our laboratory.

2.3. Experimental section

2.3.1. Instrumentation and Characterization

As described in chapter 2 section 2.4.1
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2.3.2. General procedure for the synthesis of 2-alkyl/benzyl-1,3-diphenylpropane-1,3-dione,
(3a-d)

To a stirred suspension of dibenzoyl methane (1.0 mmol), K,COs3 (1.1 mmol) and Nal (1.1
mmol) in dry acetone (5 ml) was added alkyl/benzyl bromide (1.2 mmol) dropwise under N,
atmosphere. The mixture was stirred at reflux for 12 h. The reaction was monitored by TLC and
after completion of the reaction it was cooled to room temperature and filtered through a celite
pad. The filtrate was evaporated under vacuo and the residue was purified by silica gel column

chromatography (hexane: ethyl acetate) to give the pure product.

2.3.3. General procedure for the synthesis of 2-alkyl/benzyl-1,3-diphenylpropane-1,3-diol,
(+)-4aa/p-4da/p

To a suspension of LiAIH, (4.0 mmol), in dry THF (3 ml), t-BuOH (12.0 mmol) was added at O
°C. Evolution of hydrogen gas was monitored. When the evolution of gas ceased, diketone 3a
(2.0 mmol) in dry THF (2 ml) was added to the reaction mixture at the same temperature. After
completion of the addition, it was slowly warmed to room temperature and stirred for 6h. The
reaction was monitored by TLC. After completion of the reaction, dry methanol was added to the
reaction mixture at 0 °C followed by the drop wise addition of 2N H,SO,. It was then filtered
through a celite pad, washed with CH,Cl,. The organic layer was separated and the aqueous
layer was extracted with CH,Cl,. The combined organic layer was washed with brine, dried
(Na,SO,4) and evaporated under vacuo. The crude residue was suspended in a mixture of hexane
and diethyl ether. The slurry was filtered and the insoluble part was washed with hexane-diethyl
ether (9:1), dried (Na,SOg,) and recrystallized to give the product.

2.3.4. General procedure for the synthesis of diesters 6aa / 6bp-6da / 6df

A solution of () 4 (1.6 mmol) in dry pyridine (12.4 mmol), was added to a 1 M solution (4 ml)
of acid chloride 5 at 0°C. The progress of the reaction was monitored by TLC. After completion
the reaction mixture was diluted with CH,Cl,, washed successively with 1 N HCI, water and
saturated NaHCOg3. The organic layer was dried (Na,SO,), and concentrated under vacuo to give
crude product. The two diastereomers are finally separated by preparative TLC (hexane: ethyl

acetate).
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2.3.5. General procedure for the hydrolysis of 6aa-6do and 6ap-6dp to 4au-4da and 4ap-
4dp

The diesters 6aa-6da (0.46 mmol) and 6ap-6ap (0.46 mmol) were refluxed with 1 N methanolic
KOH solution (10 mL) for 2h. The solvent was removed under vacuo and diluted with water and
then extracted with ethyl acetate (3x 10 mL). The organic layer was washed with brine, dried
(Na,SO,4) and evaporated under vacuo to give a residue which was recrystallized from hexane:

chloroform.
Typical experimental procedure for the synthesis of chiral sulfoxides

To a solution 1,3-diol (16 mg, 0.05 mmol) containing MS 4A (70 mg) was added Ti(iOPr)4 (7.4
pL, 0.025 mmol) in toluene (1 mL). The mixture was stirred for 2h at rt and then methyl-p-tollyl
sulphide (68 pL, 0.5 mmol) was added. The mixture was cooled to -20 °C and t-
butylhydroperoxide (0.2 mL, 1 mmol) was added. After stirring for 36 h at the same temperature,
the reaction was quenched with 10% aqueous solution of sodium sulfite. The aqueous layer was
extracted with ethyl acetate (3x15 mL) and organic layer was dried (Na,SO,4). The solvent was
evaporated under reduced pressure and separated by preparative TLC (3:2; hexane:ethyl acetate).

The enantiomeric excess was measured by chiral HPLC analysis using chiracel OD-H column.
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2.5. Characterization Data

2-Benzyl-1,3-diphenylpropane-1,3-dione (3a):

O O Colourless solid, M.P.: 105-106 °C: (1.28 g, 91%): ‘H NMR (400
MHz, CDCls): 6 3.45 (d, J = 6.8 Hz, 2 H, -CH,-), 5.52 (t, J = 6.8 Hz, 1

O O H, -CH,-), 7.20-7.25 (m, 4 H. ArH), 7.38-7.42 (m, 5 H. ArH), 7.51-
O 7.55 (m, 2 H, ArH), 7.87-7.90 (m, 4 H, ArH); *C NMR (100 MHz,

CDCls): & 35.3, 58.8, 126.7, 128.6, 128.9, 129.0, 133.6, 136.0, 139.0,
195.5; IR: 3062, 2917, 1694, 1665, 1333, 1271, 1233, 1199, 754, 692 cm™; HRMS (APCI) m/z
caled for CpoH1g0, (M+H)™ 315.1380, found 315.1377.

2-Butyl-1,3-diphenylpropane-1,3-dione (3b)

O O Colourless solid, M.P.: 60-61 °C: (1.02 g, 81%). *H NMR (400 MHz,

CDCls): 6 0.89 (t, J = 7.2 Hz, 3 H, -CHy), 1.34-1.42 (m, 4 H, -CH,-),

O O 2.08-2.15 (m, 2 H, -CH,-), 5.19 (t, J = 6.8 Hz, 1 H, -CH-), 7.43-7.47

(m, 4 H, ArH), 7.54-7.59 (m, 4 H. ArH), 7.95-7.98 (m, 2 H. ArH); *C

NMR (100 MHz, CDCly): & 14.0, 22.9, 29.4, 30.7, 57.4, 128.7, 129.0, 133.6, 136.3, 196.4; IR:

2957, 2872, 1692, 1667, 1282, 1232, 1200, 1000, 758, 692 cm™; HRMS (APCI) m/z calcd for
C1oH2002 (M+H)" 281.1542, found 281.1551.

2-(4-Methoxybenzyl)-1,3-diphenylpropane-1,3-dione (3c)

O O Colourless solid, M.P.: 96-98 °C: (1.01 g, 77%). *H NMR (400 MHz,
CDCls): 6 3.39 (d, J = 6.8 Hz, 2 H, -CH5-), 3.74 (s, 3 H, -OCHj3), 5.49

O O (t, J=6.8Hz, 1 H, -CH-), 6.77 (d, J = 8.8 Hz, 2 H, ArH), 7.17 (d, J =
O 8.8 Hz, 2 H, ArH), 7.38-7.43 (m, 4 H. ArH), 7.53 (t, J=7.2 Hz, 2 H.
MeO ArH), 7.88-7.90 (m, 4 H, ArH); 3C NMR (100 MHz, CDCls): & 34.6,

55.4, 595, 114.2, 128.8, 129.0, 130.2, 131.3, 133.7, 136.2, 158.5, 195.7; IR: 2957, 2929, 1692,
1647, 1247, 1177, 1029, 741, 691 cm™; HRMS (APCI) m/z calcd for CpsHoNaOs (M+Na)*
requires 367.1310, found 367.1313; Anal calcd for Cy3H2003: C, 80.21; H, 5.85. Found: C,
80.30; H, 5.79.
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2-(4-Chlorobenzyl)-1,3-diphenylpropane-1,3-dione (3d)

O O Colourless solid, M.P.:104-106 °C: (1.08 g, 70%). ‘H NMR (400
MHz, CDCls): 6 3.40 (d, J = 6.8 Hz, 2 H, -CHy-), 5.49 (t, J = 6.8 Hz, 1

O O H, -CH-), 7.12-7.21 (m, 4 H, ArH), 7.38-7.42 (m, 4 H, ArH), 7.51-7.55
O (m, 2 H. ArH), 7.87-7.90 (m, 4 H. ArH); *C NMR (100 MHz,
Cl CDCly): & 34.7, 59.0, 128.7, 128.9, 129.1, 130.6, 132.6, 133.8, 136.1,

137.7, 195.4; IR: 2924, 1672, 1263, 761, 682 cm™; HRMS (APCI) m/z calcd for C,,Hy17ClO,
(M+H)" requires 349.0995, found 349.0498; Anal calcd for C,,H;7ClO,: C, 75.75; H, 4.91.
Found: C, 75.86; H, 4.83.

2-Benzyl-1,3-diphenylpropane-1,3-diol (+)-4aa

OH OH White solid, M. P.:129-131 °C; (125 mg, 86%); 'H NMR (400 MHz,
CDCl3): § 2.20-2.25 (m, 1 H, -OH), 2.59 (dd, J = 14.4 and 4.8 Hz, 1 H,
-CHy-), 2.93 (dd, J = 14.0 and 10.4 Hz, 1 H, -CHy-), 3.19 (d, J = 4.8
Hz, 1 H, -OH), 3.37 (s, 1 H, -OH), 4.81-4.84 (m, 1 H, -CH-), 4.99 (brs,
1 H, -CH-); 7.08 (d, J = 7.6 Hz, 1 H, ArH), 7.15-7.19 (m, 1 H, ArH),
7.21-7.27 (m, 7 H, ArH), 7.28-7.38 (m, 6 H, ArH); **C NMR (100 MHz, CDCls): & 30.2, 53.6,
72.6, 74.0, 125.6, 125.7, 126.0, 127.0, 127.2, 128.2, 128.4, 128.5, 129.2, 140.8, 142.7, 143.7; IR:
3257, 3030, 2896, 1603, 1452, 1343, 1056, 1042, 755, 700 cm™; HRMS (APCI) m/z calcd for
CaoH20, (M+H)" 319.1698, found 319.1692; [a]o®> +76 (C 0.2, CH.CL,).

2-Benzyl-1,3-diphenylpropane-1,3-diol, (-)-4ap

OH OH White solid, M. P.:129-131 °C; (129 mg, 89%); ‘H NMR (400 MHz,
: CDCl3): §2.20-2.25 (m, 1 H, -OH), 2.59 (dd, J = 14.4 and 4.8 Hz, 1 H,
-CHy-), 2.93 (dd, J = 14.0 and 10.4 Hz, 1 H, -CH,-), 3.19 (d, J = 4.8
Hz, 1 H, -OH), 3.37 (s, 1 H, -OH), 4.81-4.84 (m, 1 H, -CH-), 4.99 (brs,
1 H, -CH-); 7.08 (d, J = 7.6 Hz, 1 H, ArH), 7.15-7.19 (m, 1 H, ArH),
7.21-7.27 (m, 7 H, ArH), 7.28-7.38 (m, 6 H, ArH); **C NMR (100 MHz, CDCls): & 30.2, 53.6,
72.6,74.0, 125.6, 125.7, 126.0, 127.0, 127.2, 128.2, 128.4, 128.5, 129.2, 140.8, 142.7, 143.7; IR:
3257, 3030, 2896, 1603, 1452, 1343, 1056, 1042, 755, 700 cm™; HRMS (APCI) m/z calcd for
CaoH2,0, (M+H)" 319.1698, found 319.1692; [a]p®> -74 (C 0.2, CH,Cly).
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2-Butyl-1,3-diphenylpropane-1,3-diol, (+)-4ba

White solid, M. P.: 110-112 °C; (120 mg, 88%); 'H NMR (400 MHz,
CDCls): & 0.76 (t, J = 7.2 Hz, 3 H, -CH3), 1.04-1.36 (m, 5 H, -CHy-),
1.46-1.56 ( 1 H, -CHy-), 1.91-1.97 (m, 1 H, -CH-), 3.30 (brs, 2 H, 2x-
OH), 4.94-4.97 (m, 2 H, 2x-CH-), 7.08 (d, J = 7.6 Hz, 1 H, ArH), 7.16-
7.23 (m, 3 H, ArH), 7.25-7.32 (m, 3 H, ArH), 7.37-7.43 (m, 4 H, ArH); *C NMR (100 MHz,
CDCls): 814.1,22.7, 23.8,29.9, 50.9, 73.3, 75.4, 125.9, 126.0, 126.9, 127.3, 128.1, 128.5, 142.8,
144.0; IR: 3337, 2928, 1621, 1451, 1024, 700 cm™; HRMS (APCI) m/z calcd for CyH20,
(M+H)" 319.1698, found 319.1692. Anal calcd for CigH240,: C, 80.24; H, 8.51. Found: C,
80.32; H, 8.39; [a]p® +25 (C 0.2, CHyCly) .

2-Butyl-1,3-diphenylpropane-1,3-diol, (-)-4bp

White solid, M. P.: 110-112 °C; (122 mg, 89%); *H NMR (400 MHz,
CDCls): 6 0.76 (t, J = 7.2 Hz, 3 H, -CH3), 1.04-1.36 (m, 5 H, -CH,-),
1.46-1.56 ( 1 H, -CHy-), 1.91-1.97 (m, 1 H, -CH-), 3.30 (brs, 2 H, 2x-
OH), 4.94-4.97 (m, 2 H, 2x-CH-), 7.08 (d, J = 7.6 Hz, 1 H, ArH), 7.16-
7.23 (m, 3 H, ArH), 7.25-7.32 (m, 3 H, ArH), 7.37-7.43 (m, 4 H, ArH); *C NMR (100 MHz,
CDCls): 814.1, 22.7, 23.8,29.9, 50.9, 73.3, 75.4, 125.9, 126.0, 126.9, 127.3, 128.1, 128.5, 142.8,
144.0; IR: 3337, 2928, 1621, 1451, 1024, 700 cm™; HRMS (APCI) m/z calcd for CgH2:0;
(M+H)" 319.1698, found 319.1692. Anal calcd for Ci9H240,: C, 80.24; H, 8.51. Found: C,
80.32; H, 8.39; [a]o” -26 (C 0.2, CH,Cl,).

2-(4-Methoxybenzyl)-1,3-diphenylpropane-1,3-diol, (+)-4ca

OH OH White solid, M. P.: 139-141 °C; (118mg, 77%). *H NMR (400 MHz,
CDCls): 6 2.12-2.17 (m, 1 H, -CH-), 2.51 (dd, J = 14.0 and 4.4 Hz, 1
H, -CH,-), 2.85 (dd, J = 14.0 and 10.8 Hz, 1 H, -CH,-), 3.41 (d, J =
5.2 Hz, 1 H, -OH), 3.51 (d, J = 2.4 Hz, 1 H, -OH), 3.76 (s, 3 H, -
MeO OCHj), 4.78-4.80 (m, 1 H, -CH-), 4.94 (brs, 1 H, -CH-), 6.77 (d, J =
8.8 Hz, 2 H, ArH), 6.97 (d, J = 8.8 Hz, 2 H, ArH), 7.18-7.36 (m, 10 H, ArH); *C NMR (100
MHz, CDCls): § 29.3, 29.9, 53.9, 55.3, 72.6, 74.1, 114.0, 125.6, 125.7, 127.0, 127.2, 128.2,
128.5, 130.1, 132.7, 142.9, 143.9, 157.9; IR: 3243, 2999, 2928, 1609, 1510, 1451, 1245, 1058,
1044, 757, 704 cm™*; HRMS (APCI) m/z calcd for Cy3HxNaOz (M+Na)™ 371.1623, found
371.1630; [0]p> +49 (C 0.2, CH,Cl,).
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2-(4-Methoxybenzyl)-1,3-diphenylpropane-1,3-diol, (-)-4¢p

OH OH White solid, M. P.: 139-141 °C; (0.59 g, 84%); 'H NMR (400 MHz,
CDCls): 6 2.12-2.17 (m, 1 H, -CH-), 2.51 (dd, J = 14.0 and 4.4 Hz, 1
H, -CH,-), 2.85 (dd, J = 14.0 and 10.8 Hz, 1 H, -CH,-), 3.41 (d, J =
5.2 Hz, 1 H, -OH), 3.51 (d, J = 2.4 Hz, 1 H, -OH), 3.76 (s, 3 H, -
MeQ OCHj), 4.78-4.80 (m, 1 H, -CH-), 4.94 (brs, 1 H, -CH-), 6.77 (d, J =
8.8 Hz, 2 H, ArH), 6.97 (d, J = 8.8 Hz, 2 H, ArH), 7.18-7.36 (m, 10 H, ArH); *C NMR (100
MHz, CDCls): § 29.3, 29.9, 53.9, 55.3, 72.6, 74.1, 114.0, 125.6, 125.7, 127.0, 127.2, 128.2,
128.5, 130.1, 132.7, 142.9, 143.9, 157.9; IR: 3243, 2999, 2928, 1609, 1510, 1451, 1245, 1058,
1044, 757, 704 cm™; HRMS (APCI) m/z calcd for CasH4NaO; (M+Na)* 371.1623, found
371.1630; [o]p® -46 (C 0.4, CH,Cl).

2-(4-Chlorobenzyl)-1,3-diphenylpropane-1,3-diol, (+)-4da

OH oH | Whitesolid, M. P.: 119-121 °C; (126 mg, 84%); ‘H NMR (400 MHz,
? CDCl3):  2.06-2.14 (m, 1 H, -CH-), 2.51 (dd, J = 14.4 and 4.4 Hz, 1 H,
-CHy-), 2.86 (dd, J = 14.4 and 10.8 Hz, 1 H, -CHy-), 3.67 (brs, 1 H, -
OH), 3.73 (brs, 1 H, -OH), 4.68-4.71 (m, 1 H, -CH-), 4.91 (brs, 1 H, -
cl CH-), 6.93 (d, J = 8.0 Hz, 2 H, ArH), 7.15 (t, J = 8.0 Hz, 4 H, ArH),
7.21-7.35 (m, 8 H, ArH); *C NMR (100 MHz, CDCls): § 29.7, 53.8, 72.6, 74.2, 125.6, 125.7,
127.2,127.5, 128.4, 128.7 (2C), 130.6, 131.8, 139.3, 142.7, 143.6; IR: 3233, 2907, 2873, 1602,
1491, 1449, 1234, 1064, 1045, 726, 701 cm™; HRMS (APCI) m/z calcd for CaH2,ClO, (M+H)*
353.1308, found 353.2003; Anal calcd for C,,H,;:ClO,: C, 74.89; H, 6.00. Found: C, 74.83; H,
6.12; [o]p? +45 (C 0.25, CH,CLy).

2-(4-Chlorobenzyl)-1,3-diphenylpropane-1,3-diol, (-)-4dp

OH OH White solid, M. P.: 119-121 °C; (130 mg, 87%); *H NMR (400 MHz,
CDCls): §2.06-2.14 (m, 1 H, -CH-), 2.51 (dd, J = 14.4 and 4.4 Hz, 1 H,
-CH,-), 2.86 (dd, J = 14.4 and 10.8 Hz, 1 H, -CH,-), 3.67 (brs, 1 H, -
OH), 3.73 (brs, 1 H, -OH), 4.68-4.71 (m, 1 H, -CH-), 4.91 (brs, 1 H, -
cl CH-), 6.93 (d, J = 8.0 Hz, 2 H, ArH), 7.15 (t, J = 8.0 Hz, 4 H, ArH),
7.21-7.35 (m, 8 H, ArH); *C NMR (100 MHz, CDCls): & 29.7, 53.8, 72.6, 74.2, 125.6, 125.7,
127.2,127.5, 128.4, 128.7 (2C), 130.6, 131.8, 139.3, 142.7, 143.6; IR: 3233, 2907, 2873, 1602,
1491, 1449, 1234, 1064, 1045, 726, 701 cm™; HRMS (APCI) m/z calcd for CxH»CIO, (M+H)*
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353.1308, found 353.2003; Anal calcd for C»H,1ClO,: C, 74.89; H, 6.00. Found: C, 74.83; H,
6.12. [a]p>® -42 (C 0.3, CH,Cl,).

(R)-1-(Methylsulfinyl)benzene (8a):

.\s’o Colourless oil; (45 mg, 59%); *H NMR (400 MHz, CDCls): § 2.73 (s, 3 H, -CHs),
@ | 7.52-7.54 (m, 3 H. ArH), 7.64-7.67 (m, 2 H, ArH): *C NMR (100 MHz, CDCl3):
0 43.9,123.4, 129.4, 131.1, 145.6; IR: 2920, 2851, 1639, 1443, 1089, 1036, 757,

749 cm’; HRMS (APCI) m/z caled for C;HgOS (M+H)* 141.0374, found 141.03609.

Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD-H (250 x 10 mm)

column eluting with a hexane:isopropanol (9:1) mixture (0.5 ml /min, A = 254 nm). [a]p> +80
(C 0.2, CH,Cl,).

(R)-1-(Ethylsulfinyl)benzene (8b):

.'\S'O Colourless oil; (54 mg, 65%); *H NMR (400 MHz, CDCls): § 1.20 (t, J = 7.2

| Hz, 3 H, -CHs), 2.77 (dg, J = 13.2 and 7.2 Hz, 1 H, -SOCH,-), 2.91 (dg, J =

13.2 and 7.2 Hz, 1 H, -SOCH,-), 7.49-7.55 (m, 3 H, ArH), 7.59-7.63 (m, 2 H,

ArH); ¥C NMR (100 MHz, CDCls): & 6.1, 50.4, 124.3, 129.3, 131.1, 143.4; IR: 2924, 2851,

1640, 1444, 1374, 1078, 1042, 1020, 747, 691 cm™; HRMS (APCI) m/z calcd for CgH100S

(M+H)" 155.0531, found 155.0535. Enantiomeric excess was determined by chiral HPLC on a

Chiralcel OD-H (250 x 4.6 mm) column eluting with a hexane:isopropanol (9:1) mixture (0.5ml
/min, A = 252 nm); [a]p®® +262 (C 0.2, CH,Cl).

(R)-1-(Butylsulfinyl)benzene (8c):

..\s’o Colourless oil; (59 mg, 60%); *H NMR (400 MHz, CDCls): § 0.92 (d, J =
©/ "1 7.6Hz, 3H, -CHs), 1.36-1. 52 (m, 2 H, -CH,-), 1.54-1.64 (m, 1 H, -CH,-),
1.67-1.77 (m, 1 H, -CH,-), 2.80 (dd, J = 6.8 and 2.0 Hz, 1 H, -SOCH,-),
2.81 (dd, J = 6.8 and 2.0 Hz, 1 H, -SOCH,-), 7.49-7.55 (m, 3 H, ArH), 7.61-7.64 (m, 2 H, ArH);
3¢ NMR (100 MHz, CDCl3): 6 13.8, 22.0, 24.3, 57.1, 124.2, 129.3, 131.1, 144.0; IR: 2959,
2931, 1637, 1443, 1088, 1037, 750, 692 cm™; HRMS (APCI) m/z calcd for CioH14NaOS
(M+Na)" 205.0663, found 205.0665. Enantiomeric excess was determined by chiral HPLC on a
Chiralcel OD-H (250 x 4.6 mm) column eluting with a hexane:isopropanol (9:1) mixture (0.8ml
/min, A =254 nm). [a]p™ +150 (C 0.1, CH,CL,).
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(R)-1-(Isopropylsulfinyl)benzene (8d):

.-\Si))\ Colourless oil; (59 mg, 61%); *H NMR (400 MHz, CDCls): & 1.14 (d, J = 6.8
©/ Hz, 3 H, -CHs), 1.23 (d, J = 7.2 Hz, 3 H, -CH3), 2.84 (septet, J = 6.8 Hz, 1 H,
-CH-), 7.48-7.54 (m, 3 H, ArH), 7.58-7.61 (m, 2 H, ArH); *C NMR (100

MHz, CDCls): 6 14.1, 16.0, 54.7, 125.2, 129.0, 131.1, 141.9; IR: 2926, 2855, 1643, 1459, 1444,
1087, 1023, 751, 693 cm™; HRMS (APCI) m/z calcd for CgH1,0S (M+H)" 169.0687, found
169.0680. Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD (250 x 10

mm) column eluting with a hexane:isopropanol (9:1) mixture (1ml /min, A = 254 nm). [a]p®

+139 (C 0.3, CH,Cly), lit.? [a]p®® +145 (C 1, CHCI3) for 83% ee (R).

(R)-1-(Allylsulfinyl)benzene (8e):

..\S’O Colourless oil; (53 mg, 59%); *H NMR (400 MHz, CDCls): & 3.48-3.61 (m, 2
©/ | H, -CH,-), 5.20 (dd, J = 16.8 and 1.2 Hz, 1 H, -CH-), 5.33 (d, J = 10.4 Hz, 1
H, -CH-), 5.59-5.70 (m, 1 H, -CH-), 7.50-7.53 (m, 3 H, ArH), 7.57-7.62 (m, 2
H, ArH); ¥C NMR (100 MHz, CDCl3): & 60.9, 123.9, 124.3, 124.4, 129.0, 129.1, 131.2; IR:
2923, 2853, 1636, 1443, 1088, 1041, 930, 750 cm™. HRMS (APCI) m/z calcd for CgH100S
(M+H)" 167.0531, found 167.0535. Enantiomeric excess was determined by chiral HPLC on a
Chiralcel OD-H (250 x 4.6 mm) column eluting with a hexane:isopropanol (9:1) mixture (Iml
/min, A =254 nm). [a]o> +76 (C 0.4, CH,CL,).

(R)-1-((Phenylsulfinyl)methyl)benzene (8f):

< 5 White solid, M.P. 120-121 °C; (80 mg, 70%); *H NMR (400 MHz, CDCls)
K

Sv© £ 84.00 (d, J = 12.8 Hz, 1 H, -SOCH,-), 4.11 (d, J = 12.8 Hz, 1 H, -

@ SOCH,-), 6.98 (d, J = 7.6 Hz, 2 H. ArH), 7.23-7.30 (m, 3 H. ArH), 7.36-

7.47 (m, 5 H, ArH); °C NMR (100 MHz, CDCls): § 63.8, 124.6, 128.4, 128.6, 129.1, 129.3,
130.6, 131.4, 142.9; IR: 2920, 2852, 1442, 1084, 1035, 745, 694 cm™; HRMS (APCI) m/z calcd
for C13H12,0S (M+H)" 217.0687, found 217.0687. Enantiomeric excess was determined by chiral
HPLC on a Chiralcel OD-H (250 x 4.6 mm) column eluting with a hexane:isopropanol (9:1)
mixture (1ml /min, A = 254 nm). [o]p® +98 (C 0.3, CH,Cl,).

(R)-1-Methyl-4-(methylsulfinyl)benzene (8g):

2.71 (s, 3 H, -SOCHs), 7.34 (d, J = 7.6 Hz, 2 H, ArH), 7.54 (d, J = 8.0 Hz, 2 H,
ArH): C NMR (100 MHz, CDCly): & 21.4, 44.0, 123.6, 130.1, 141.6, 142.4;
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IR: 2922, 2862, 1644, 1410, 1083, 1041, 954, 811 cm™; HRMS (APCI) m/z calcd for CgH140S
(M+H)" 155.0531, found 155.0528. Enantiomeric excess was determined by chiral HPLC on a
Chiralcel OD-H (250 x 4.6 mm) column eluting with a hexane:isopropanol (9:1) mixture (1ml
/min, A =250 nm). [a]p® +127 (C 0.2, CH,Cl), lit.* [a]o®® +132 (C 2, CHCI3) for 91% ee (R).

(R)-1-(Ethylsulfinyl)-4-methylbenzene (8h):

-.\S’O Colourless oil; (59 mg, 65%); *H NMR (400 MHz, CDCl3): § 1.19 (t, J = 7.2
/©/ | Hz, 3 H, -CHy), 2.42 (s, 3 H, -CH3), 2.76 (dg, J = 13.2 and 7.2 Hz, 1 H, -
SOCHy-), 2.86 (dg, J = 13.2 and 7.2 Hz, 1 H, -SOCH-), 7.33 (d, J = 8.0 Hz,
2 H, ArH), 7.50 (d, J = 8.0 Hz, 2 H, ArH); **C NMR (100 MHz, CDCl5): § 5.9, 21.3, 50.1, 124.1,
129.7, 139.8, 141.3; IR: 2932, 2868, 1651, 1453, 1087, 1044, 1014, 813 cm™; HRMS (APCI)
m/z calcd for CoH;,NaOS (M+Na)® 191.0507, found 191.0501. Enantiomeric excess was
determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm) column eluting with a
hexane:isopropanol (9:1) mixture (0.5ml /min, A = 254 nm). [a]p?> +145 (C 0.32, CH,Cl,).

(R)-1-(Butylsulfinyl)-4-methylbenzene (8i):

.-\S’o Gum; (72 mg, 69%); *H NMR (400 MHz, CDCls): § 0.92 (t, J = 7.2 Hz,
/© ~""| 3H,-CHs), 1.35-1.51 (m, 2 H, -CHy-), 1.53-1.63 (M, 1 H, -CH,-), 1.64-
1.76 (m, 1 H, -CH,-), 2.42 (s, 3 H, -CHg), 2.72-2.84 (m, 2 H, -SOCH,-),

7.32 (d, J = 8.0 Hz, 2 H, ArH), 7.51 (d, J = 8.0 Hz, 2 H, ArH); *C NMR (100 MHz, CDCl5): &
13.6, 21.3, 21.8, 24.1, 57.0, 124.0, 129.8, 140.6, 141.2; IR: 2958, 2872, 1634, 1456, 1087, 1038,
913, 812 cm™; HRMS (APCI) m/z calcd for Ci1Hyc0S (M+H)* 197.1000, found 197.0092.
Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm)

column eluting with a hexane:isopropanol (9:1) mixture (1ml /min, A = 254 nm). [a]po”™ +94 (C

0.2, CH,Cly), lit. [a]p? +72 (C 1, acetone) for 34.2% ee (R).

(R)-1-Bromo-4-(ethylsulfinyl)benzene (8j):

..\s"o Colourless solid, M.P. 52-54 °C; (78 mg, 64%); ‘H NMR (400 MHz,
Q | CDCl3): §1.20 (t, J=7.2 Hz, 3H, -CHs), 2.76 (dg, J = 13.2 and 7.2 Hz, 1
Br H, -SOCH,-), 2.91 (dg, J = 13.2 and 7.2 Hz, 1 H, -SOCH>-), 7.48 (d, J =
8.4 Hz, 2 H, ArH), 7.66 (d, J = 8.4 Hz 2 H, ArH); *C NMR (100 MHz, CDCls): 5.9, 50.3,
125.5, 125.9, 132.5, 142.5; IR: 3071, 2912, 1634, 1572, 1471, 1387, 1152, 1083, 1045, 818, 724
cm™®; HRMS (APCI) m/z caled for CgHoBrOS (M+H)" 232.9636, found 232.9640 ("°Br).
Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm)
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column eluting with a hexane:isopropanol (95:5) mixture (0.5ml /min, A = 252 nm). [a]o® +69

(C 0.2, CH,CL,), lit. [a]p® +162 (C 1, CHCI5) for >98% ee (R).

(R)-1-Bromo-4-(butylsulfinyl)benzene (8k):

..\s’o Colourless oil; (82 mg, 60%); *H NMR (400 MHz, CDCls): & 0.90 (t,
J©/ 1 3=7.2Hz, 3H, -CHa), 1.34-1.50 (M, 2 H, -CH,-), 1.52-1.64 (m, 1 H, -
Br CHy-), 1.68-1.79 (m, 1 H, -CH>-), 2.78 (t, J = 7.2 Hz, 2 H, -SOCH,-),
7.50 (d, J = 8.8 Hz, 2 H, ArH), 7.67 (d, J = 8.8 Hz 2 H, ArH); *C NMR (100 MHz, CDCls): §
13.6, 21.8, 23.9, 56.9, 125.2, 125.6, 132.3, 143.1; IR: 2956, 2927, 1637, 1572, 1470, 1385, 1064,
1040, 820, 724 cm™; HRMS (APCI) m/z calcd for C1oH13BrNaOS (M+Na)* 282.9768, found
282.9765 ("°Br). Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD-H (250

x 4.6 mm) column eluting with a hexane:isopropanol (9:1) mixture (0.8ml /min, A = 254 nm).

[o]p?® +68 (C 0.2, CH,Cl,).

(R)-1-Methoxy-4-(methylsulfinyl)benzene (8l):

.'\s’o Colourless solid, M.P. 52-54 °C; (50 mg, 55%); ‘H NMR (400 MHz,

Q | CDCly): §2.72 (s, 3 H, -SOCHs), 3.86 (s, 3 H, -OCH3), 7.03 (d, J = 8.4 Hz,

MeO 2 H, ArH), 7.61 (d, J = 8.4 Hz 2 H, ArH); *C NMR (100 MHz, CDCls): &

43.9, 55.5, 114.8, 125.4, 136.5, 161.9; IR: 2945, 1595, 1497, 1256, 1090, 1026, 831, 687 cm™;

HRMS (APCI) m/z calcd for CgH100,S (M+H)" 171.0480, found 171.0484. Enantiomeric excess

was determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm) column eluting with a
hexane:isopropanol (9:1) mixture (1 ml /min, A =252 nm). [o]p® +66 (C 0.52, CH,Cl,).

(R)-2-(Ethylsulfinyl)naphthalene (8m):

O Gum; (56 mg, 52%); *H NMR (400 MHz, CDClg): § 1.15 (t, J =7.2 Hz, 3

| H,-CHs), 2.80 (dg, J = 15.2 and 7.6 Hz, 1 H, -SOCH,-), 2.95 (dg, J = 15.2
and 7.6 Hz, 1 H, -SOCH,-), 7.49-7.55 (m, 3 H, ArH), 7.82-7.92 (m, 3 H,

ArH), 8.12 (s, 1 H, ArH); *C NMR (100 MHz, CDCl3): § 6.0, 49.9, 120.0, 125.1, 127.4, 127.8,
128.1, 128.5, 129.5, 132.8, 134.5, 140.0; IR: 2931, 2868, 1640, 1454, 1268, 1069, 1042, 1020,

818, 748 cm™; HRMS (APCI) m/z caled for CioH1,0S (M+H)" 205.0687, found 205.0676.

Enantiomeric excess was determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm)

column eluting with a hexane:isopropanol (9:1) mixture (Iml /min, A = 254 nm). [o]p® +138
(C 0.2, CH,CL).
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(R)-2-(Butylsulfinyl)naphthalene (8n):

--\S’o White solid, M.P. 66-67 °C; (64 mg, 52%); ‘H NMR (400 MHz,

1 CDCly): 5 0.92 (t, J=7.2 Hz, 3 H, -CH3), 1.37-1.53 (m, 2 H, -CH,-),
1.54-1.65 (m, 1 H, -CH,-), 1.71-1.83 (m, 1 H, -CH,-), 2.85-2.90 (m, 2

H, -SOCH,-), 7.57-7.61 (m, 3 H, ArH), 7.90-7.99 (m, 3 H, ArH), 8.19 (s, 1 H, ArH); *C NMR
(100 MHz, CDCly): 813.8, 22.0, 24.2, 56.8, 120.0, 124.8, 127.4, 127.8, 128.2, 128.6, 129.5,
133.0, 134.5, 141.2; IR: 2953, 2870, 1586, 1465, 1344, 1060, 1033, 820, 741 cm™; HRMS
(APCI) m/z calcd for Ci4HisNaOS (M+Na)" 255.0820, found 255.0816. Enantiomeric excess

was determined by chiral HPLC on a Chiralcel OD-H (250 x 4.6 mm) column eluting with a
hexane:isopropanol (9:1) mixture (0.8ml /min, A = 254 nm). [o]p> +188 (C 0.12, CH,CL,).
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2.6. Selected Spectra
'H and *C NMR spectra of 2-benzyl-1,3-diphenylpropane-1,3-dione, 3a

BJIS_2
expz  s2pul
SAMPLE SPECIAL
date Sep 23 2009 temp not used
solvent cbcl3 gain not used O O
file exp spin not used
ACQUISITION hst 0.008
W 6389.8 pwil 19.700
at 1.938 alfa 20.000
hp 25528 FLAGS
b hot used i1 n
5 4 in n
1 1.000 dp ¥
t 32 hs nn
ct 3z PROCESSING
TRANSHITTER 1b L1
tn HL fn 65536
sfrg 399.853 DISPLAY
tof 362.8 sp -268.1
tpwr 57 wp 4349.1
9.850 rf1 797.2
DECOUPLER rfp 0
Ci3 rp 145.1
dof 0 1p -85.8
ﬂll nnn PLOT
imm [ 250
dpwr 50 sc 0
dmf 15900 vs 107
th 20
nm cdc  ph
|
WU I8 N
———— — R e - e e e S
10 9 8 7 6 5 4 3 2 1 -0 ppm
v owww o
19.17 22.22 6.59
11.999.62 14.42
PG_diketone_L
expl szpul
SAMPLE SPECIAL
date Feb 10 2011 P not used
solvent cocl3  gain not used
file exp spin not used
ACQUISITION hst 0.008
sw 25125.6 pwil 18.600
at 1.199 alfa z0.000
np 60270 FLAGS
fb 13800 {1 n
bs 16 in n
d1 1.000 dp
nt 500 hs nn
ct 336 PROCESSING
TRANSMITTER 1b z.00
T ci3 fn 65536
sfrq 100.554 DISPLAY
tof 1536.3 sp -209.8
Tpwr | 20833.1
9.300 rfl 9295.1
DECOUPLER rfp 7764.9
HL rp -18.1
dof 0 Ip -341.6
dm Yy pPLOT
dmm W wC 250
dpwr 42 sc
dmf 8800 ws 51
th 0 =
nm no ph -
@9
b
©
g
3 |
"
Qe
58
an
"
- L
&
= <
-] s ..
s = . ~ s
29 = 5
8 28 a3 < @
3 3 Pz © B
- i -1 “
a o
N
I 1 L,LJ\J " )
200 180 160 140 120 100 80 60 40 20 ppm
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'H and *C NMR spectra of 2-benzyl-1,3-diphenylpropane-1,3-diol, 4aa.

expl  szpul
SAMPLE SPECIAL P N
date Dec 6 2011 temp not used
solvent coC13 gain not used OH OH
file exp spin not used
ACQUISITION hst 0.0
v §389.8 puso 130700
at 1.398 alfa 20.000
np 25528 FLAGS
o not used 1
bs . 4
d1 1.000
nt 32
ct
TRANSMITTER
n
sfrq 399.853
tof 362.8
tpwr
9.850
DECOUPLER
dn c13
dof 0
dm ann
dma <
dpwr 50
dmf 15900
/‘ ~‘, ]
- Rr e A\
- T —— . oen i
11 8 7 6 5 a
4.49 3.59 5.07 . 5.12
3.78 3.98 s5.19
PG_diol_2
expl  sZpu
SAMPLE SPECIAL
te Fenh 9 2011 temp not used
solvent cOc13 gain not used
. exp spin not used
ACQUISITION hst
v 25125.6  pwdn 18 600
at . alfa 20 000
np §0270 FLAGS
b 13800 11 n
bs 16 in n
d1 1000 dp v
nt hs
ct 256 PROCESSING
TRANSMITTER .
n n 65536
sfrq 100,551 DISPLAY
tof 1536.3 sp -357
tpur " 190833
v 9.300 rf1 392874
DECOUPLER rfp 776408
L orp -36.5
dof 0 1p -361.4
dn wyy pLOT
dnm v owe 250
dpwr 4z sc 11
dnf 2300 s 24
th L
ne no ph
" H
5 ]
pri-2-1
aen R
=RR ;o @
R o Exs 3
nds ¥ - ]
-1 T - o
| E
|
1l | | J
180 160 140 0 100 a0 a0 20 ppm
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'H and *C NMR spectra of (R)-1-(Isopropylsulfinyl)benzene, 8d

isopropyl-phenyl

expl s2pul o
SAMPLE \ O

SPECTAL S
date Dec 30 2010 temp not used
solvent coci3 gain not used
file exp spin not used

ACQUISITION hst 0.008
sw 6389.8 pwdD 19.700
at 1.998 alfa 20.000
np 25528 FLAGS
b not used 11
bs 4 in
dl 1.000 dp
nt 32 hs
ct 3z PROCESSING
TRANSMITTER b 0.10
tn HL fn 65536
sfrg 399.853 DISPLAY
tof 362.8 sp -88.7
tpwr 57 wp 4492.0
9.850 rfl 785.5
DECOUPLER rfp ]
c13 rp 114.3
dof o 1p -76.7
dm nnn pLOT
dmm € we 250
dpur 50 sc ]
dmf 15300 vs 73
th 20

10 3 8 7 6 5 a

PG-1P-PHENYL-C13

expl szpul
SAMPLE SPECIAL
date Dec 30 2010 temp not used
solvent cDc13 gain not used
T exp spin not used
ACQUISITION hst 0.008
sw 25125.6 pwio 18.600
at 1.199 alfa 20.000
np 50270 FLAGS
b 13800 11 n
bs 32 in n :
d1 1.000 dp y 3
nt 5000 N g
t 3904 PROCESSING ~
TRANSMITTER 1b .00 t o
n c13 1 536 |5
sfr 100,554 DISPLAY H
turq 1536.3 sp -550.2 | 4
tpwr 61 wp 186868 |
pw 9.300 rf1 9272.1
DECOUPLER rfp 7764.9 |
n HL rp -56.7 | |
dof o 1p -301.2 |
dn vy pLOT
dnm Wowe 250
dpwr 42 sc []
dmf 8300 vs si |
. .
nm no ph 2 | | g
= 5
- | e
b -1
| i
L | |
N =
| - =
| 2 = 2
w_e
| S8
ﬁ
= i
H
<
E
it |
|
|
' \
| |
|
| | ¥ |
| J : a et e " b
" ot e o wn L PwA™ Y S—— ‘
i - e T T
; S e T T o B e T . i . .
140 120 100 a0 60 a0 20 ppl
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'H and 3C NMR spectra of (R)-1-Methyl-4-(methylsulfinyl)benzene, 8g

PG-methyl- ptollyl

exp1l  szpul "
SAMPLE SPECIAL AN *O
date Dec 22 2010 temp not used
solvent c0C13 gain not used S
file exp spin not used N
ACQUISITION hst 0 8
sw 6389.8 pw30 197
at 1.998 ailfa 20.000
np 25528 FLAGS
fb %not used n
bs in n
d1 1.000 dp y
nt 32 nn
ct PROCESSING
TRANSMITTER .1
tn 65536
sfrg 399.853 DISPLAY
tof 362.8 sp -786.5
tpwr 57 wp 6389.8
pw 9.850 rfl 786.5
DECOUPLER rfp 0
n €13 rp 121.5
dof 1p -94.5
dm nnn PLOT
dnm c we 259
dpwr 50 sc 0
dnf 15900 vs 99
th 59
nm cdc ph
f i
I o
L@l JUL
[ r——r— Attt , ——r— T —r ot e —
13 12 11 10 9 8 7 6 4 2 1 -1 ppm
18.38 32.08
18.85 30.68
PG-p-tol-meth
expl  szpul
SAMPLE SPECIAL
date Dec 23 2010 te not used
solvent cDC13 gain not used
file exp
ACQUISITION
Sw 25125.6
at 1.189
np 60270 FLAGS
b 13800 n
bs 1 n
d1 1.000 v
nt 2000 an
ct 1008 PROCESSING
TRANSMITTER 1b z.00
n n 5536
sfrg 100.554 DISPLAY
tof 1536.3 sp -196.0
tpwr 61 wp 2136104
pw 9.300 rfl 9281.3
DECOUPLER rfp 77649
dn H1 rp -40.2
dof 0 1p -37001
dm vy pLOT
dmm w o we 250
dpwr 4z sc 0
dmf 8%00 wvs 54
th 2
o no ph
n @
202
= "
s R
3 =
|
|
| =
| 5
-
2
T
| ° = =
- 25 3
ge | o= :
ke E Raf A
: | b |
iI | A i
| ' | |
| i
|- L
S S S : | S
200 180 160 140 120 100 80 60 a0
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HPLC analysis of 1-(Isopropylsulfinyl)benzene, 8d

Peak Results
Name | RT Area Height | % Area
B8.442 | 33853286 | 1707992 | 49.89
9.609 [ 34007932 | 1593303 | 50.11

Peak Results
Name | RT Area Height | % Area
1 T.461 | 20944966 | 982841 | 89.84
2 8.708 | 2367864 [ 113806 | 10.16
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HPLC analysis of 1-Methyl-4-(methylsulfinyl)benzene, 8g

Peak Results
Name | RT Area Height | % Area
1 10.315 | 8706606 | 306592 | 49.08
2 11.251 | 9032992 | 288076 | 50.92

Peak Results
Name | RT Area Height | % Area
1 10.191 | 35587587 | 1048968 | 93.57
2 11.422 | 2447307 | 71253 6.43
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HPLC analysis of 1-Bromo-4-(butylsulfinyl)benzene, 8k

Peak Results
Name| RT Area Height | % Area
1 10.508 | 82207243 [ 3010542 | 49.21
2 11.508 | 84850944 | 2901171 50.79

Peak Results
Name | RT Area Height | % Area
1 10.411 | 6422811 [ 221585 7T0.64
2 11.652 | 2669119 | 88984 ( 29.36
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HPLC analysis of 2-(Ethylsulfinyl)naphthalene, 8m

Peak Results

Name

RT

Area

Height

% Area

15.296

28655044

871468

51.39

17.036

27144414

745097

48.61

Peak Results
Name | RT Area Height | % Area
1 15.650 | 55807639 | 1596096 | 85.71
2 17.522| 9307078 223430| 14.29
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2.7. Crystal Parameters

TH-1362_09612211

The crystal parameters of compound 4aa.

4ao - CCDC 816383

Formula
Formula weight
T/IK
Crystal system
Space group
alA
b/A
c/A

ol°

pI°
y°
VIA?
Z
Abs. Coeff./mm™
Abs. Correction
GOF on F?
Final R indices [l > 2o(I)]

R indices [all data]

C2 Hz O
318.40
296(2)

Monoclinic
P2(1)

12.5169 (7)

9.7928(5)

14.9192(8)
90.00

90.823 (4)
90.00

1828.54 (17)
4
0.073
None
0.916
R1=0.0672
wR2 = 0.1777
R1= 0.1157
wR2 = 0.1938
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