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LITERATURE REVIEW

“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more and fear less.”
- Marie Curie



CHAPTER 1

INTRODUCTION

1.1 Importance of Flavonoids

It has long been known that the vivid colours of fruit and flowers is attributed to the presence
flavonoids, however, in recent years it became clear that these polyphenolic compounds have a more
vital role to play in plant physiology.' Since flavonoid structures/classes differ in oxygenation pattern
and saturation, (cf. section 2.2) over 9000 different compounds of this family have been isolated to
date.”” Although these compounds are abundant in almost all natural and dietary material, it is the
promising properties towards mankind’s wellbeing exhibited by flavonoids that has led to the
tremendous interest into these compounds. In recent years scientists have turned to various flavonoids

to explain some of the health benefits associated with diets rich in fruit, vegetables and red wine.*®

Since flavonoids exhibit a remarkable number of pharmacological properties (cf. section 2.4) that
include antioxidant,” anti-inflammatory®® and antimicrobial activities,*'" a great deal of work has

been done on the medicinal and therapeutic application of these compounds for the prevention and/or

12 14,15

11 . . 1 .
treatment of cancer,'"'? neurodegenerative,”® cardiovascular,” diabetes, as well as other age

T 14
related’ and chronic diseases.”

1.2 Aim of Research Project

Although flavonoids have been established as physiologically important compounds, studies on the
biological activities and applications of these analogues are largely restricted to compounds that are
obtainable from natural sources in sufficient quantities to allow for testing and administering to
patients. As a consequence, progress in this field of study (in vitro and in vivo) is hampered by the
difficulties and inaccessibility to ward pure flavonoid units in sufficient quantities and
enantiomerically pure form at a reasonable cost.'® To alleviate these restrictions, the synthesis of
enantiomerically pure flavonoid monomers with all naturally occurring substitution patterns has
become a top-class subject for academic research. Many of the existing methodologies towards the
stereoselective synthesis of these compounds are, however, expensive, tedious and require the
utilization of stoichiometric quantities of often poisonous reagents (cf. chapter 3),* so the development
of novel catalytic methods towards the synthesis of flavonoids that are not readily available is highly

sought-after.



In order to address these issues and possibly open a single route to the synthesis of many monomeric
flavonoid classes (2-4) as well as related oligomers (5; Scheme 1.1), it was decided to investigate the
possibility of utilizing flavan-3,4-diols (1) in this regard. Since chalcones (8) are already established
as the key starting material in the synthesis of many flavonoids and are readily available through aldol
condensation of the appropriately substituted acetophenones (6) and aldehydes (7), this substrate was
selected as central reactant to be transformed into the target flavan-3,4-diols (Scheme 1.2).
Furthermore, the novel methodology must comprise of as few process steps as possible and be
amendable to allow for the synthesis of enantiomerically pure monomers by the simple addition of a

relatively cheap reagent or preferably readily available chiral catalyst.
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Scheme 1.2: Envisaged synthesis of flavan-3,4-diols as precursors to other flavonoids.
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CHAPTER 2

THE FLAVONOIDS

2.1 Introduction

Plant and fungus secondary metabolites include a prominent class of polyphenolic derivatives, namely

121t has been

flavonoids, this term found its origin from the Latin word “flavus” meaning yellow.
estimated that more than 9000 compounds, with a basic flavonoid structure, had been isolated to date
from natural resources, while several others have been synthesised.>® In recent years it has been
realised that these ubiquitous compounds are not only responsible for the attractive colours of fruits
and flowers, but have a major ecological function as well. They play a

crucial part in the protection of plants against insect attacks, microbial
1-4

infection, oxidative stress and growth regulation. For example, some
plants synthesise flavonoids [e.g. kaempferol (10)] to act as a sunscreen (10) Raempferol

when exposed to harmful UV-B radiation.' The “French paradox”, a term coined by French
epidemiologists in the 1980’s, first led to the increased study of the nutritional and therapeutic values
of flavonoids. This ensued after population studies indicated that a Mediterranean diet (overgenerous
intake of dietary sources high in flavonoids) and the consumption of red wine can be inversely
correlated to mortality from cardiovascular diseases in certain countries.>® Thus it was found that
flavonoids not only are beneficial for plant health, but their cumulative beneficial properties (cf.
section 2.4) for human consumption make them one of the most studied classes of bioactive

compounds found in food.*®

2.2 Structure Variation

2.2.1 Monomeric Flavonoids

Most flavonoids comprise of a fifteen-carbon skeleton, with the three-carbon bridge, which can either

178 The so-called minor

be acyclic of heterocyclic, flanked by two aromatic rings (Ce-Cs-Cs).
flavonoids (Figure 2.1) chalcones (11), retro-chalcones (12) and dihydrochalcones (13), are acyclic in
nature and, apart from aromatic oxygenation pattern, may also show differences in the oxygenation of

either the a- or p-position (14-16).’



O

(11) (12) 13)

2'-Hydroxychalcone 2'-Hydroxy-retro-chalcone 2'-Hydroxydihydrochalcone
O L) 4
X
O O o OH

(14) 15) (16)

a-Hydroxychalcone a-Hydroxydihydrochalcone  B-Hydroxydihydrochalcone

Figure 2.1: Basic structures of acyclic flavonoids.

While it is generally accepted that chalcones are the biomimetic precursors to cyclic flavonoids,”®
chalcones can either form a five or six membered heterocyclic ring leading to benzofuran derivatives,
like aurone (17) and auronol (18) or benzopyran derivatives (Figure 2.2). The benzopyran derivatives
may be subdivided according to the position of the phenyl substituent (B-ring) where a B-ring in the
2-position would lead to a flavonoid skeleton (19) and 3- and 4-substituted derivatives to

isoflavonoids (20) and neoflavonoids (21), respectively.”®

(&) (J

(0]
(17) Aurones (18) Auronols O
O.
° ®

I C

DOk D
3

4

(19) Flavonoid (20) Isoflavonoid (21) Neoflavonoid

Figure 2.2: Basic skeleton of heterocyclic flavonoid classes.

In turn, each of the three classes of flavonoids can be divided into sub-classes based on the degree of
unsaturation and oxygenation present in the heterocyclic C-ring. The sub-classes of flavonoids are
depicted in Figure 2.3, where the C-ring can either be completely saturated (flavan, 19) or unsaturated
between C-2 and C-3 (flav-2-ene, 22) or C-3 and C-4 (flav-3-ene, 23). Further oxidation of flavenes
produces intensely coloured anthocyanidins (24) with a flavylium cation framework.”® Similarly, the
saturated C-ring can also contain hydroxy substituents at C-3 (flavan-3-ol, 25), or C-4 (flavan-4-ol,
26) or both of these carbons (flavan-3,4-diol, 27). Combining the varying degrees of oxygenation and
oxidation of the C-ring leads to compounds such as flavanones (28), that contains a carbonyl group at
C-4 and dihydroflavonols (29), having an additional 3-hydroxy function. The presence of a double
bond between C-2 and C-3 of flavanones generates flavone compounds (30) and flavonols (31), if a

hydroxy group is also present at the unsaturated 3-carbon.”®



Poalive aaivo sl vons

(19) Flavan (22) Flav-2-ene (23) Flav-3-ene (24) Anthocyanidin

(25) Flavan-3-ol (26) Flavan-4-ol (27) Flavan-3,4-diol

l 0] O l O O !
OH
O (¢}

(28) Flavanone/Dihydroflavone (29) Dihydroflavonol (30) Flavone (31) Flavonol

Figure 2.3: Sub-classes of flavonoids.

The degree of oxygenation of the A- and B-rings of flavonoids is also important as compounds with
unsubstituted aromatic rings do not usually occur in nature.”® Generally, either one, two or three
oxygen substituents are present on either or both of the A- and/or B-rings where the arrangement of

the di- or trihydroxy units determine the classification of the moiety (Figure 2.4, 32-35).2

OH HO OH
HO OH OH
\©/ @ Ho\©/OH
OH
OH

(32) Resorcinol (33) Catechol (34) Pyrogallol (35) Phloroglucinol

Figure 2.4: Hydroxylation patterns of naturally occurring compounds.

The phloroglucinol substitution pattern (35) is generally found on the A-ring with the other ring
containing either a catechol substitution pattern (e.g. quercetin, 36), a p-oxygenated substituent
[e.g. kaempferol (10) or apigenin (37)], or even a pyrogallol substitution pattern (e.g. myricetin, 38).
The remaining substitution patterns, i.e. resorcinol (32), catechol (33) and pyrogallol (35), can be
present on either or both of the aromatic rings with fisetin® (39) and melanoxetin'® (40) being
examples of compounds with a resorcinol or pyrogallol A-ring, respectively. Additional oxygenation
on the A- (i.e. C-6 and C-8) and B-rings (i.e. C-2' and C-6") are also found, but are restricted to certain
plant families (e.g. 41 or 42).%'* Alkylation, O- or C, is another common feature of many flavonoids
(Figure 2.5), with one or more methyl groups being attached to the oxygen functions of several
compounds [e.g. O-methylated derivatives of apigenin (37) and fisetin (39)]. Alkylation, however, is
not limited to methyl groups and may vary from higher carbon number alkyl groups (e.g. prenyl, 43)
to sugar moieties and even more complex ring systems attached to the phenolic moiety (e.g. p-dioxane

system, 44).% Anthocyanidins are usually isolated as glycosides form, which is termed anthocyanins.



Examples of O-glycosides are naringin (45) and neohesperidin (46), which are known to give

grapefruit and other citrus fruit their typical bitter taste,

commonly found in Cannabis species.™

12714 while vitexin (47), a C-glycoside, is

OH O
(10) R12=H, R3 = OH (Kaempferol)
(36) R!3= OH, R%= H (Quercetin)
37) Ri;i = H (Apigenin)
(38) R"*° = OH (Myricetin)

(39) R*60.79:12= j, R3810.I1 = OH (Fisetin)
(40) R&-7-9:12 = 4 R458.10.11 = OH (Melanoxetin)
(41) R®=H, R7= OH, R*®10-12 = OMe (Gardenin A)
(42) RS"”:H, R4'7’9’”‘12:OM6 o
H

| HO OCH, o
g X oo
HO o HO o
o 0" "CH,OH
OH
OH

OH O @3) OH O (44)

OH O OH OH O
(45) Naringin (46) Neohesperidin

Figure 2.5: Naturally occurring flavonoid compounds.

(47) Vitexin

Depending on the oxidation state of the heterocyclic ring, flavonoid molecules may contain
stereogenic centres at C-2, C-3 & C-4 and may the absolute configuration be included into the trivial
name of the compound.® Catechin (48), for example, represents a compound with 2,3-trans-relative
configuration and (2R,3S)-absolute configuration (Figure 2.6). The 2,3-cis-diastereocisomer (49) of
catechin has the prefix ‘epi’- added to the name, while the less common enantiomers of these

> 816

compounds, (50) and (51), are designated by the prefix ‘ent’-.

OH OH
HO O \\\\@
OH \Q/\j OH

"/OH

OH
(49) Epicatechin (2R,3R)

OH
HO o ‘
O OH
OH

OH
(50) Catechin or Ent-catechin (25,3R) (51) Epicatechin or Ent-epicatechin (2S,35)

Figure 2.6: Differentiation between stereoisomers of catechin.



2.2.2 Oligomeric Flavonoids

Oligomeric flavonoids are compounds consisting of two or more flavanyl units linked by C-C or C-O
bonds. Bi- and tri-flavonoids consist of two and three monomeric units, respectively, and are
products of oxidative coupling between basic flavanyl units possessing a carbonyl group at C-4
(Figure 2.7).%'" Since the isolation of the first biflavonoid, ginkgetin (52), from Ginko biloba L. in
1929, the number of isolated biflavonoids has increased tremendously as these compounds are widely

distributed in nature.® The configurational and conformational possibilities are endless with the most

commonly observed types being flavone—flavone (53-55), flavone—flavonol, and flavanone—flavone
18,19

analogues.

OH O Ginkgetin (52) R = OMe (54) Hinokiflavone OH O (55) Lanaroflavone
Amentoflavone (53) R = OH

Figure 2.7: Examples of structure variations in biflavonoids.

Oligomeric proanthocyanidins, also called condensed tannins, represent the second subdivision of
oligomeric flavonoids and was coined due to the fact that treatment of these polymers with a strong
acid would generate anthocyanidins by cleavage of a C-C bond.®*” Thus, in contrast to biflavonoids,
proanthocyanidins are generated through C-C and/or C-O couplings from the heterocyclic C-ring
usually at C-4 of an electrophilic flavanyl unit [generated from flavan-4-ols (26) or flavan-3,4-diols
(27)] to the A-ring (i.e. C-8 of C-6) of a nucleophilic analogue [e.g. flavan-3-ol (25)].2*" Depending
on the position and type of bond(s), proanthocyanidins can be differentiated as A-(56) or B-type (57)
compounds or both (58) (Figure 2.8).
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Figure 2.8: Examples of the structural variation in proanthocyanidins.

The B-type oligomers are the simpler of the two classes and have a single bond from C-4 of the
‘upper’ unit to either C-8 (the so-called 4— 8 compounds) or C-6 (the so-called 4 — 6 compounds) of
the ‘lower’ or propagating flavanyl unit (57). The A-type compounds (56) display an additional
unusual ether linkage between C-2 of the ‘-upper’ unit and an A-ring hydroxy substituent of the
‘lower’ unit. Each of these types can also include more than two basic units forming up to hexamers
or larger.® Some oligomeric proanthocyanidin trimers or higher oligomers may contain only (4 — 8)
bonds, the linear compounds (59), while other analogues may display a mixture of (4 — 8) and
(4 — 6) linkages, the branched isomers (60).*?* Like monomeric flavonoids and bioflavonoids the
hydroxylation patterns of the A-, B- and C-rings of proanthocyanidins may vary considerably, so
these condensed tannins are further classified in terms of the monomeric unit’s hydroxylation pattern
as listed in Table 2.1.2%%" In order to also include the absolute configuration at the point of binding
(C-4) between the different monomeric units in the name and since the R and S descriptors may lead
to ambiguities (the substitution pattern of the aromatic rings may determine the priorities of the
groups attached to the stereogenic centre) with the orientation of the 4-substituent, a system analogous
to that used in carbohydrate chemistry was invoked to indicate the o or (B orientation of the 4-aryl
substituent, for example, compound (57) will be named catechin-(40—6)-catechin and (59)

epicatechin-(4B—38)-epicatechin-(4B—8)-epicatechin.'®!"*"?



Table 2.1: Trivial names and hydroxylation pattern of (2R,3S) monomeric units and the

proanthocyanidin classes.'®%

8

7 O 2\\\\\\
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6 3R
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6y4'

4

Class Monomeric Unit Hydroxylation Patterns No.
Flavan-3-ols (R = OH)
Proguibourtindin Guibourtinidol 4'7 61
Profisetinidin Fisetinidol 347 62
Prorobinetinidin Robinetinidol 3.4'5'7 63
Proteracacidin Oritin 4'7,8 64
Promelacacidin Prosopin 3478 65
Propelargonidin Afzelechin 4'5,7 66
Procyanidin Catechin 3'.4'5,7 48
Prodelphinidin Gallocatechin 3'4'5'5,7 67
Flavans (R = H)
Proapigeninidin Apigeniflavan 4'57 68
Proluteolinidin Luteoliflavan 3'.4'5,7 69
Protricetinidin Tricetiflavan 3'4'5'5,7 70

2.3 Sources of Flavonoids

2.3.1 Dietary Sources

As both monomeric and oligomeric flavonoids make up a large part of plant secondary metabolites

and are present in virtually all plant material, especially the photosynthesising plant cells, those

4,23

compounds make up an integral part of human and animal diets. Flavonoids are generally

responsible for taste and colour in food products like red wine, coffee, fruit and spices.*®

Consequently, their widespread distribution and cumulative benefits when consumed make them one

4,6,23

of the most studied bioactive compound classes found in dietary sources (Table 2.2). Natural

dietary sources contain complex mixtures of polyphenols, while the concentration and classes of

flavonoids are influenced by genetic (e.g. species) and environmental factors (e.g. light, ripeness).”%

Commercially available dietary sources may contain flavonoids if the product contains any natural

flavours or colourings or is made from plant material, depending on the method of preparation.?**

10



Table 2.2: Dietary sources of different flavonoids.

4,17,23-30

Class

Flavonoid

Dietary Sources

Minor flavonoids

Flavonol

Flavone

Flavanone

Flavan-3-ol

Anthocyanidin

Oligomeric flavonoids

chalconaringenin (71),
phloretin (72)

kaempferol (10), quercetin

(36), myricetin (38), rutin (73)

luteolin (74), apigenin (37),
chrysin (75)

naringenin (76), hesperidin
(77), naringin (45),
neohesperidin (46)

catechins (48), epicatechins

(49), gallocatechin (78),
epigallocatechin (79)

cyanidin (80), delphinidin
(81), peonidin (82)

theaflavin (83), 56, 58

tomatoes, pears, strawberries, bearberries, wheat
products, turmeric, ginger

apples, peaches, hops-based products, onion, red
wine, olive oil, berries, grapefruit, fruit juices,
spices, green tea, grapes, tomatoes, potatoes,
broccoli, squash, cucumbers, lettuce, berries, nuts,
persimmons, chilli, rocket, watercress

fruit skins, red wine, red & green pepper, tomato
skins, cocoa-based products, celery, broccoli,
parsley, thyme, dandelion, chamomile tea, carrots,
olive oil, peppermint, rosemary, thyme, oregano,
cereals, chilli, honey

citrus fruits, grapefruits, lemons, oranges, lime,
lemon juice, mint

cocoa-based products, tea leaves, oolong tea, black
tea, green tea, apricots, cherries, apples, bananas

cherries, berries, strawberry, cranberries, plums,
sweet potatoes, red grapes, red wine, tea, radishes,
black current

black tea, cranberries, peanut skins, red wine, cocoa-
based products, apples, pecan nuts, peaches,
cinnamon, berries, apple ciders

While minor flavonoids, e.g. phloretin® (71) and chalconaringenin® (72) are usually found in food as

different glycosides, flavonols, e.g. kaempferol (10), quercetin (36) and myricetin (38), are the most

abundant naturally occurring flavonoid subgroup and are present in concentrations of up to 6.5 g/L in

the skins of fruit.**** Even in commercial products like red wine and tea these compounds can be

present in concentrations of 30 to 45 mg/L.* Natural flavone glycosides, like luteolin (74), apigenin

(37) & chrysin (75), usually contain a 5-hydroxy group together with hydroxylation at C-7 and/or C-3'

and/or C-4', and are predominantly found in leaves, flowers and fruit of plants and was also isolated

from several vegetables species.

24,29

11



R
HO. OH OH HO. OH OH HO o O ,
R
N O |
R3

OH O OH O

OH O
(72) Phloretin (73) Chalconenaringenin (73) RI=R%2= OH, R3= O-Rut (Rutinose)*
(74)R!=R?= OH R’ = H (Luteolin)
CH3 (75) R'=R? = R? = H (Chrysin)
OH HO, OCH3
HO o\\\ \\\\
G Ho\“ "'OH
OH O
(76) Naringenin (77) Hesperidin

Figure 2.9: Examples of naturally occurring minor and heterocyclic flavonoids.
*Rutinose = a-L-rhamnopyranosyl-(1—6)-p-D-glucopyranose

Flavanones, present in citrus are responsible for the bitter taste of the fruit and fruit products.”**

Orange juice, for example, can contain 470-761 mg/L of hesperidin (77), whereas, in the whole fruit it
can be up to five times that of a single glass of juice, with the solid parts of the fruit having the highest
flavanone concentration.”® Water-soluble anthocyanidins are best known as plant pigments of red,
blue and purple in the flowers and fruit of the plants. The colour of these compounds in the plant
parts depends on the pH in the environment of the compound, the hydroxylation pattern of the

particular analogue and the level of alkylation (e.g. methylation).*?*%

Occurring primarily as
glycosides, anthocyanins are also widely distributed in natural dietary sources and may therefore
make up an integral part of the human diet.”* Cyanidin (80), delphinidin (81) and peonidin (82) are
some of the anthocyanidins widely present in fruit skins, vegetables and red wine.?*?® Fifteen
different anthocyanins, for example, have been isolated from French wines, which can contain up to
350 mg of anthocyanin analogues per litre, while blackcurrant or black berries can contain 2-4 g/kg

(fresh weight) of these compounds.?#

OH

; OH
OH OH R
OH OH HO 0 ‘\\\\\ OH
O \QJ"WOH 0

\\\ \\\\ HO.
= OH I
m % \/ 10K E OH PN\ 0H

yy

(78) Gallocatechin (79) Epigallocatechin (80) R! = H, R? = OH (Cyanidin) HO
(81) R',R? = OH (Delphinidin) OH
(82) R! = H, R? = OCHj (Peonidin) (83) Theaflavin

Figure 2.10: Flavonoid compounds found in tea, wine and other commercial products.

Flavan-3-ols like catechin and epicatechin (48 & 49) are present in fruit like apricots and cherries,
whereas, gallocatechin (78), epigallocatechin (79) and their gallate derivatives are mainly found in tea
(catechin concentration in green tea can be up to 800 mg/L).* Oligomeric flavonoids, e.g. 56 and 58,

occur naturally in cranberries and peanut skins, while almond skins may contain polymers of

12



procyanidin, propelargonidin and prodelphinidin classes (Table 2.1), while these compounds are also

16,17,25

responsible for the bitter taste of cocoa-products. Proanthocyanidins consisting of 4 to 11

monomeric units are also found in commercial products like apple ciders, wine, beer and tea.”

Owing to varying degrees of polymerization of monomeric flavan-3-ol units (e.g. catechin) during the
fermentation of tea leaves, green, oolong or black tea can be produced.®* The tea originating from the
least fermented leaves, i.e. green tea, contains the highest concentration of monomeric flavan-3-ols,
while black tea being the most fermented, has a lower concentration of flavan-3-ol monomers and
high amounts of dimers like theaflavin (83) and other tannins which are formed during the
fermentation process.””** A similar process occurs during the aging of wine, where anthocyanidins,
flavanols and other flavonoid monomers form various complex structures resulting in distinctive

tastes and smells of the different wine brands.?2%32

2.3.2 Medicinal Plants

Plants have been used for treatment of various afflictions by indigenous populations (e.g. Africa,
China and India) since the dawn of civilization.?** The improvement of analytical methods and the
ever rising number of studies on medicinal plants in recent years have shown that the complexity and
variety of compounds (e.g. flavonoids) isolated from medicinal plants are contributing factors to their
potential therapeutic and physiological properties.***** Some plants containing flavonoids and their

medicinal applications are listed in Table 2.3.%*

Table 2.3: Medicinal plants containing flavonoids.*3>*!

Plant Family Flavonoid Structure Treatment
Burns, cuts, insect
Aloe vera Asphodelaceae Luteolin (74) bites, skin
irritation,
Epilepsy,
Canqabls Compositae Quercetin (36) migraine, asthm_a,
sativa fatigue, insomnia,
rheumatism
Diarrhoea,
P5|q|um Myrtaceae Quercetin (36) diabetes, fever,
guajava cough, ulcers,
malaria
Adansonia Malvaceae Quercetin Fever:ictiljr;hoea,
digitata glucoside (84) Ps,

haemoptysis

13



Mentha
longifolia

Oroxylum
indicum

Saussurea
involucrata

Passiflora
incarnate

Aspalathus
linearis

Elaeodendron
transvaalense

Rhoicissus
tridentata

Xerophyta
retinervis

Lamiaceae

Bignoniaceaea

Asteraceae

Passifloraceae

Fabaceae

Celastraceae

Vitaceae

Velloziaceae

Hesperidin (77)

Chrysin (75)

Hispidulin (85)

Vitexin (47)

Aspalathin (86),
Nothofagin (87)
& Rutin (73)

Ouratea
proanthocyanidin
A (88)

Cyanidin (80) &
Delphinidin (81)

Amentoflavone
(53)

X . OCHj3
Il?utmosnde

HO OH OH
Glu:,:n/\/‘:cg

OH

RS
O (86) R’ = OH (Aspalathin)
(87) R® = H (Nothofagin)

(80) R' = H (Cyanidin)
(81) R! = OH (Delphinidin)

Coughs, asthma,
colds, headache,
indigestion,
urinary tract
infections

Gastric ulcers,
tumors, diabetes,
respiratory
diseases

Swelling, acne,
arthritis, bronchitis

Insomnia, anxiety,
sedation

Colic, dermatitis,
indigestive
problems

Fever, stomach
ache/cramps,
diarrhoea

Stomach ailments,
infertility

Asthma, nose
bleeds, pain

14



2.4 Biological Activity

Many flavonoids may act as antimicrobial or feeding repellents as flavonoids are often produced as a

result of pathogenic attacks, while other activities such as antioxidant, photoreceptor, visual attractors,

growth regulatory and light screening activities have also been ascribed to these compounds.®*?%%

Many flavonoid classes (including oligomeric proanthocyanidins and biflavonoids) have been

determined to be biologically active in humans and animals, exhibiting in vitro pharmacological

25,26 26,42 4344

anticancer,
2,4,23-25,48-50

properties which include cardioprotective,? neuroprotective,?® anti-inflammatory,

% ,% antiviral,*® anti-allergic*’ and antioxidant activities.

antibacterial,™ antifunga

2.4.1 Antioxidant Activity

Recent studies have indicated that many chronic diseases are related to oxidative stress, induced by

4,24,25

free radicals; thus the antioxidant ability of flavonoids have received wide attention when

compared to the other biological activities of these compounds.*?*%

The antioxidant activity of
flavonoids can be divided into different modes of action, i.e. the suppression of radical formation by
either inhibiting key enzymes involved in radical generation (e.g. lipid peroxidase), or by the

2,4,23,25

chelation to metals (e.g. Fe, Cu). Alternatively flavonoids can also scavenge free radicals

directly which increases the response and protection of natural antioxidant defences and, in this way,

protecting against chronic diseases.***

The configuration, substitution and total number of hydroxy groups of a polyphenol influence the
efficacy of its antioxidant properties. In this regard, it has been determined that a catechol B-ring
leads to the most effective antioxidants.******* This has been ascribed to the capability of the B-ring
to stabilise radicals (e.g. hydroxy, peroxy and peroxynitrite) via donating a proton and electron to the
oxygen radical, resulting in the formation of the relatively less reactive flavonoid radical.*#**** This
hypothesis was supported by the observed decrease in radical scavenging capacity upon alkylation
(e.g. methylation or glycosylation) of the free hydroxy groups.*?**! Studies with superoxide anions
and peroxynitrite radicals also indicated proanthocyanidin oligomers to be more effective than

monomeric flavonoids in antioxidant potency.**

Quercetin (36), for example, is a potent antioxidant known for its iron-chelating properties and
displays the ability to inhibit enzymes, e.g. xanthine oxidase.***?® Eriodictyol (89), found in thyme
and lemons, inhibits superoxide anion production and lipid peroxidation and therefore protects red

blood cells against oxidative haemolysis.*

15



OH O
(36) Quercetin (89) Eriodictyol

Figure 2.11: Flavonoids exhibiting antioxidant activity.

2.4.2 Anticarcinogenic Activity

Since many fruit and vegetables are rich in flavonoids and may help in preventing the onset of cancer,
the chemopreventative properties of these foods have been ascribed to the flavonoid contents.?*%4
The anti-mutagenic and anticancer properties of flavonoids seem to stem from their ability to
efficiently inhibit oxidative damage to cells,? so it is not surprising that quercetin (36), well known
for its antioxidant abilities, is inversely associated with the incidence of prostate, lung, stomach and
breast cancer.**® A study by Srivastava et al.® found that quercetin (36) and some biflavonoids
induce apoptosis in breast and leukemic cancer cells and that flavonoids like fisetin (39) and
kaempferol (10) not only induce apoptosis in cancer cells, but also enhance the effects of anti-tumor

agents like cisplatin.*#3#+%°

(10) Kaempferol (39) Fisetin

Figure 2.12: Anti-carcinogenic flavonoid compounds.

2.4.3 Anti-Inflammatory Activity

Flavonoids with a C-2 double bond may also impact on the immune system to reduce inflammatory
responses by affecting key enzymes giving rise to these analgesic and anti-inflammatory effects.**
Kang et al.** found the flavonoids, naringin (45) and hesperidin (77) isolated from bitter oranges, to
block the signalling pathways (i.e. mitogen-activated protein kinase and nuclear factor-kappa B)
associated with inflammatory responses and thus supresses the production of the key enzymes
(e.g. cyclo-oxygenase, lipoxygenase) responsible for the formation of pro-inflammatory agents.*?*%4
Biflavonoids, in particular, have exhibited great analgesic activity, which may lead to the
development of superior anti-inflammatory agents.® As a result, flavonoids can be used to treat
diseases known to induce inflammatory responses, for example, gout, leukemia, sepsis, asthma,

33495054 with flavonoids such as amentoflavone

24,51,55

arthritis, sclerosis and systemic lupus erythematosus,

(53), for example, being effective in the treatment of psoriasis.
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Figure 2.13: Flavonoids exhibiting anti-inflammatory activity.

2.4.4 Antiviral, Antibacterial & Antimicrobial Activity

As flavonoids are plant secondary metabolites usually produced in response to stress (e.g. oxidative,
microbial attack), compounds like flavones, flavonol glycosides, flavanones and chalcones show
antiviral and antibacterial activity towards a wide range of micoorganisms.** Although most
polyphenols display some antibacterial properties, biflavonoids, e.g. amentoflavone (53) and
derivatives isolated form Garcinia livingstonei, are particularly potent against Escherichia coli (E.
coli) and other bacteria.>®® The proanthocyanidin 58, commonly found in cranberry juice, is effective

7

in the prevention of urinary tract infections,’” while other proanthocyanidins are used to treat

infections such as pancreatitis, reduce pain severity, and vomiting.** Condensed tannins, e.g. ouratea
proanthocyanidin A (88), are also effective in the treatment of diarrhoea and as an antiseptic and

detoxifying agent.*

HO
HO

OH
(58) A-& B-type (88) Ouratea Proanthocyanidin A

Figure 2.14: Oligomeric flavonoids showing antibacterial activity.

In addition to antibacterial activity, the catechins in green tea have also been proven to inhibit the
replication of the influenza virus,>* while compounds such as quercetin (36), robustaflavone (90),
rutin (73), apigenin (37) and naringin (45) have shown in vitro activity against hepatitis B, rabies,
herpes, HIV and polio viruses.>***“**° More in vivo studies are, however, required to fully assess the

potential of flavonoids as antiviral drugs.?*°
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(73) Rutin (37) Apigenin

Figure 2.15: Flavonoids exhibiting antiviral activity.

2.4.5 Cardioprotective Activities

Epidemiological studies, where in it was found that elevated red wine consumption reduces the
incidence of coronary heart disease, provided support for the so-called “French Paradox”,*® while it
was also established that the consumption of tea may lower the risk of atherosclerosis, coronary heart
disease and also protect against strokes.?® The ability of flavonoids to prevent cardiovascular diseases
may be associated with the radical scavenging properties of these compounds, which prevent
oxidation of low density lipoproteins (LDL) and also by inhibiting the growth of atherogenic

23,26,49

plaque. Since flavonoids inhibit the cyclo-oxygenase and lipoxygenase pathways, these
compounds are also powerful antithrombotic agents (in vitro and in vivo).?® It has been found that a
daily intake of 30 mg of flavonoids, e.g. naringenin (76) and apigenin (37), decreases the risk of
myocardial infarction by 50% compared to a lower intake of 20 mg, indicating that the consumption

of flavonoids was cardioprotective.

2.4.6 Hepatoprotective and Gastrointestinal Activities

Hepatoprotective activity * (ability to prevent damage to the liver) has been attributed to a number of
flavonoids, e.g. rutin (73), catechin (48), apigenin (37), quercetin (36), so these compounds can be
used to treat hepatobiliary dysfunction and as a choleretic drug [metochalcone (91)].%?**"*® Other
clinical investigations indicated that flavonoids can be used as potent remedies for gastrointestinal
problems such as loss of appetite, nausea, abdominal pain, stomach and intestine discomfort, as a

result of improving conditions of the digestive tract tissue after the intake of these polyphenols.*?*%

OH
@ HsCO OCH,
HO. O W\
W OH
OH OCH50
H

(48) Catechin (2R,3S) (91) Metochalcone

Figure 2.16: Flavonoids used to treat hepatobiliary dysfunction.
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2.4.7 Flavonoids and Diseases

While malaria is one of the most common diseases in subtropical and tropical countries with parasite
strains which have become increasingly resistant towards multiple drugs ,e.g. Plasmodium falciparum
(P. falciparum), a natural source to combat this disease would make an important contribution

%8 In an in vitro study, Lim et al.®* found

towards the health of communities in these areas.
6-methylflavanone (92) and 4'-methoxydihydrochalcone (93) to show a 100% growth inhibition of the
P. falciparum parasite. Other studies identified biflavonoids, like lanaroflavone (55), to possess high

antimalarial activities.>*®

OCHj
o
OCH, H5CO OH OCH;
HO
HsC OCHg3
o)

92) 93) OH O

(55) Lanaroflavone

Figure 2.17: Bioflavonoids exhibiting anti-malaria activity.

Since diabetes mellitus represents one of the most prevalent diseases in the world, many flavonoids

have been evaluated for antidiabetic properties and an inverse relationship between free hydroxy

d 19,51

groups present in the molecule and its activity have been foun Oligomeric flavonoids, like

amentoflavone (53), showed potential in the treatment of insulin resistant (type 2) diabetes.'**
Monomeric flavonoids found in green tea, i.e. epicatechin (49), may also act as active insulin

receptors to reduce the harmful effects of diabetes.®

OH
HO. 0} \\\\\@ O\ ‘
OH O ®
“IOH Z

OH
(49) Epicatechin (2R,3R) (24) Anthocyandin OH O
(53) Amentoflavone

Figure 2.18: Flavonoids beneficial for the prevention of diabetes.

Since oxidative stress plays a key role in the risk of dementia and flavonoids are known to cross the

blood-brain barrier,?>?

polyphenols in apple juice and red wine were reported as having the potential
to limit the progress of Alzheimer’s and Parkinson’s diseases, as well as, improve memory and reduce

the risk of dementia.”>?® Quercetin (36) and rutin (73), for example, act as neuroprotective agents to
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relieve the symptoms of mild Alzheimer’s disease by inhibiting key enzymes in the central nervous
system.?* Other flavonoids, e.g. anthocyanin (24), naringenin (76) and hesperidin (77), display
anticholinesterase activity which also assists in the treatment of Alzheimer’s disease.”****® The
consumption of tea showed antiosteoporotic effects, so women who consumed tea measured higher
bone density when compared to women who did not drink tea.” Oligomeric proanthocyanidins like
those extracted from grape seeds or pine trees (i.e. Pycnogenol®) have also been correlated to the
improvement of wound healing® and asthma symptoms,” as well as aiding in the treatment of

migraine and attention deficit/hyperactive disorder (ADHD).***

2.6 Conclusion

Owing to the seemingly unlimited structural diversity of flavonoids, these compounds play a very
important role not only in the physiology of plants, but also in their defence mechanisms. The
medicinal potential of these compounds became more evident in recent years as frequent application
in traditional remedies was described. As a result, these natural compounds are indispensable
components of nutraceutical, pharmaceutical, medicinal, and cosmetic applications and important
sources for the discovery and development of novel drugs to aid the prevention and treatment of

chronic diseases.
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CHAPTER 3

STEREOSELECTIVE SYNTHESIS OF
MONOMERIC FLAVONOIDS

3.1 Introduction

A considerable number of innovative drug discoveries and modern medications find their origin in
natural products, which can be ascribed to the plant-based foundation of traditional medicine and
therapies." The realisation that naturally occurring secondary metabolites, e.g. flavonoids, have major
health-promoting properties and physiological activities (cf. section 2.4), has brought on an immense
expansion in natural product chemistry.™* The focal point of natural product chemistry has, however,
shifted even further in recent years towards the synthesis of enantiomerically pure compounds. It
took over a century, since its discovery in 1848 by Louis Pasteur,** to recognize the crucial role of
chirality not only in the animal and plant kingdoms, but in the agricultural, chemical and
pharmaceutical industries as well.®> The realisation that chirality is an integral part of life has come at
a great expense as, for years, some drugs, such as beta blockers for cardiovascular disease,® were
administered as racemic mixtures. Physiological interaction of enantiomers can vary considerably as
the body contains a copious amount of homochiral compounds (e.g. enzymes, proteins) that
selectively interact with a specific enantiomer, resulting in a different response and effect for each

stereoisomer.®

The enantioselective synthesis of flavonoids, e.g. the introduction of stereogenicity into prochiral
precursors such as chalcones, has received limited attention from the chemistry community, while the
studies of oligoflavonoids, as well as the in vitro and in vivo studies of the properties of flavonoids,
are hampered by the inaccessibility of enantiomerically pure monomeric flavonoids.® A number of
flavonoids (viz. a- and B-hydroxydihydrochalcones, dihydroflavonols, flavan-3-ols, flavan-3,4-diols,
isoflavans and pterocarpans) and their intermediates (e.g. chalcone epoxides) have, however, been

synthesised successfully in reasonable yields and enantiomeric purity during the last quarter-century.’

3.2 Enantioselective Epoxidation of Chalcones

While chalcone derivatives are freely accessible through the aldol condensation reactions and

although the condensation can be performed under acidic conditions, the base-catalysed Claisen-
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Schmidt adaptation represent the standard method for the synthesis of these compounds as the acidic
pathway often leads to racemic flavanones as secondary products.” As key intermediates in the
synthesis of many flavonoids, the stereoselective epoxidation of chalcones plays a crucial role in the
introduction of chirality to other acyclic and heterocyclic flavonoids and has thus received

considerable attention in recent years.

3.2.1 Quaternary Ammonium Salts as Phase Transfer Catalysts (PTC)

Wynberg and co-workers®® were the first to report the preparation of optically active trans-chalcone
epoxides under Weitz-Scheffer epoxidation conditions (30% ag. NaOH/H,O,/toluene) in the presence
of a chiral quinidine or quinine derived quaternary ammonium salt as PTC. The stereoselective
epoxidation of unsubstituted (94) and 2'-methoxychalcone (95) utilizing quinine benzyl chloride
(BQC, 98) and quinidine benzyl chloride (BQdC, 99) as chiral catalysts gave high yields (ca. 92 -
99%), but low optical purities for both substrates (ee; ca. 21-48%; Table 3.1, entry 1-5). The
enantiomer obtained from the BQC reactions revealed a (-)-rotation whereas the BQdC derived
product gave the (+)-enantiomer.® Absolute configurations were later established by Wynberg and
Marsman'® to be oR,pS and aS,BR for the (-)- and (+)-enantiomers, respectively. By employing
N-[(4-substituted)benzyl]cinchoninium bromides as PTC (dibutyl ether, LiOH and H,0,), Arai and
co-workers™ were able to show that an electron-withdrawing substituent on the 4-position of the
N-benzyl unit improves the efficacy of the system to 84% ee and 97% vyield for the unsubstituted
chalcone (94) with N-(4-iodobenzyl)cinchoninium (100), (Table 3.1, entry 6).

Table 3.1: Stereoselective synthesis of chalcone epoxide with H,O, as oxidant and various PTC’s.

R R
X . 2
Oxidant &
O Base a: (aR,BS)- isomer
(94), (95) (96), (97) b: (aS,BR)-isomer (not indicated)

BQC (98) BQdC (99)
Entry PTC Chalcone R Epoxide Yield (%) ee (%)
21810 BQC(98) 94 H 96a 99 24°
a 810 BQdC(99) 94 H 96b - 23°
agsto BQdC(99) 95 OMe 97b f 21¢
24810 BQC(98) 95 OMe 97a ! 25
bg? BQC(98) 95 OMe 97a 92 48
gt 100 94 H 96b 97 84

Reagents and conditions: dpTC (1 mol%), toluene, NaOH, 30% H,0,, RT, 24 h. b PTC (1 mol%), toluene, NaOH, 30% H,0,, 21 ° C, 18 h.
‘pTC (5 mol%), dibutyl ether, LiOH, 4 °C, 36-37 h. 9 ee values calculated from the reported optical rotation. © Yield only given as high.
ineId not reported.
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Concurrently, Lygo and Wainwright*? evaluated N-anthracenyl derivatives, e.g. 115, as PTC during

the oxygenation of o,p-unsaturated ketones with ag. NaOCI and found that unsubstituted (94),

4-methoxy- (101), 4'-nitro- (105) and 4'-bromochalcones (107) gave good yields and moderate ee’s

(Table 3.2, entries 1, 6, 11 & 15). They also ascertained that the enantioselectivity of the reaction is

not only altered by derivatization of the PTC, but also by altering the O-substituents of the catalyst.

By reducing the catalyst loading from 10 to 1 mol% and increasing the NaOCI stoichiometry (from 11

to 15%) Lygo and To™ were able to improve the yield for unsubstituted chalcone (94) to 98% when

reactions were performed in toluene as solvent (entry 2). These reaction conditions, however, had no

effect on the ee (entries 2, 12 & 16) for all substrates.

Table 3.2: Stereoselective epoxidation of trans-chalcones with hypochlorite and altered PTC’s.

R! R2
o]

PTC

13,14

(94), (101) - (107)

Hypochlorite
Toluene

O

(96), (108) - (114) b: (a.S,BR)-isomer (not indicated)

O

"

a: (aR,BS)-isomer

e x_mr
Entry PTC Chalcone R R’ Epoxide  Yield (%) ee (%)
agt 115 94 H H 96b 90 86
bpl3 115 94 H H 96b 98 86
3t 117 94 H H 96a 95 80
dy1 117 94 H H 96a 82 91
egle 116 94 H H 96b 96 93
a2 115 101 H OMe 108b 87 82
a7 117 102 OMe H 109a 920 91
egle 116 101 H OMe 108b 70 95
dgts 117 103 Me H 110a 71 92
€10% 116 104 H Me 111b 70 94
4112 115 105 NO, H 112b 85 83
b2 115 105 NO, H 112b 85 86
913" 117 106 H NO, 113a 95 92
€141 116 106 H NO, 113b 90 94
a15% 115 107 Br H 114b 99 88
v16% 115 107 Br H 114b 93 88
e17e 116 107 Br H 114b 92 93

Reagents and conditions: 4pTC (10 mol%), 11% ag. NaOCI (2 eq), 25 °C, 48 h. prC (1 mol%), 15% aq. NaOCI (2 eq), 25 °C, 12-24h.
°pTC (5 mol%), 11% ag. NaOCI (10 eq), RT, 48 h. d PTC (5 mol%), 11% aqg. NaOCI (10 eq), 0 °C, 24-48 h. *PTC (10 mol%),

KOCI (8 M), -40 °C, 12 h.
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Yoo et al.”® evaluated the N-(2,3,4-trifluorobenzyl)hydrocinchonine-derived (117) as PTC in the
epoxidation process and found it to be effective in the preparation of (aR,BS)-epoxyketones in high
optical purities. The transformation of unsubstituted chalcone (94) as well as 4'-methoxy (102),
4'-methyl (103) and 4-nitro (106) substituted chalcones were also effective and produced the epoxides
in high ee’s and good yields when performed at 0 °C compared to ambient reaction temperatures
(Table 3.2, entries 3 vs. 4 and 7, 9 & 13). Corey and Zhang'® substituted the NaOCI for its potassium
equivalent (KOCI) in combination with bromide PTC (116), which allowed for the transformation to
be performed at -40 °C. The cryogenic temperature further improved the ee’s for the unsubstituted
(94), 4'-bromo- (107), 4-methyl- (104), 4-methoxy- (101), 4-nitrochalcone (106) to ca. 94% (entries 5,
8,10, 14 & 17). Ye and co-workers*"*® generated KOCI in situ, by reacting trichloroisocyanuric acid
(TCCA) with KOH, and preformed the epoxidation reactions in the presence
N-anthracenylmethylcinchonidine bromide catalysts (116). Although results were similar for the
unsubstituted chalcone (94; Table 3.2, entry 1 vs. Table 3.3, entry 1) when compared with those
reported by Lygo and Wainwright'? (vide supra), it was established that the reaction was also possible
under solid-liquid biphasic conditions with 4'-methoxy- (102) and 4-chlorochalcone (118) displaying
superior results (Table 3.3, entries 2 & 5). For 4-methoxychalcone (101) under liquid-liquid
conditions, however, monochlorinated products were observed along with unreacted starting material
(entry 3).

Table 3.3: Stereoselective epoxidation of trans-chalcone derivatives under liquid-liquid and solid-liquid
biphasic conditions.**

R? R2 N R? R2
0o l¢)

Toluene
(94), (101), (102), (106), (118) (96), (108), (109), (114), (119)

a: (aR,BS)-isomer (not indicated)
b: (aS,BR)-isomer

a L ) . Method A ° Method B °
Entry Chalcone R R Epoxide Yield (%) ee (%) Yield (%) ee (%)
1 94 H H 96b 90 89 90 87
2 102 OMe H 109b 82 90 86 91
3 101 H OMe 108b 0 - 80 91
4 106 H NO, 113b 83 96 76 93
5 118 H Cl 119b 97 84 94 89

Reagents and conditions: ® PTC (10 mol%), TCCA (1 eq), 0 °C, 7 - 24 h. P 500 aq. KOH (6 eq). ° Solid KOH (6 eq).

Alternative oxidant precursors which were evaluated by Lygo et al.'* were sodium
dichloroisocyanurate (NaDCCA), 1,3-dichloro-5,5-dimethylhydantoin (NDDH) and
N-chlorosuccinimide (NCS). Although high ee’s (88-90%) and conversions (80-95%) were
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achievable for unsubstituted chalcone (94; Table 3.4, entries 1-3) in the presence of all the

aforementioned oxidants, only 20% conversion was obtained in the presence of NCS (entry 4).

Table 3.4: Oxidant survey for stereoselective epoxidation of trans-chalcone.™

AL

Q0

Oxidant

O Toluen: 96) O
Sad e a: (aR,BS)-isomer (not indicated)
b: (a.S,BR)-isomer
Entry ?® Oxidant Time (h) Epoxide Conversion (%) ee (%)

1 TCCA 15 96b 95 89
2 NaDCCA 24 96b 95 88
3 NDDH 24 96b 80 86
4 NCS 48 96b 20 90

Reagents and conditions: dpTC (1 mol%), 50 % ag. KOH, 0 °C.

As is evident from the above discussion, it appears that hypochlorite is the superior oxidant for
stereoselective epoxidation of 94 when compared to H,O, (Table 3.1) especially for the cryogenic
KOCI system (Table 3.2). Apart from the hypochlorite and H,O, system, other oxidants have also
been explored in combination with PTC’s. Adam et al.”® returned to peroxides as oxidant and
evaluated (1-phenyl)ethyl hydroperoxide (120), as a racemic mixture, in combination with KOH in
the presence of the non-alkylated cinchonidine-derived PTC (121) in toluene, but no real

improvement in ee values were reported (Scheme 3.1).

Ph

OOH

Racemic
(120) _
A KOH, Toluene 0
¢ 0-20 °C O
(94) (121) 10 mol% (96) (Yield not given; 62% ee)

a: (aR,BS)-isomer (not indicated)
b: (o.S,BR)-isomer

Scheme 3.1: Stereoselective epoxidation of unsubstituted chalcone with a novel hydroperoxide.™

Some non-cinchonidine based ammonium salts have also been reported for the epoxidation of
chalcones. For example, the N-spiroammonium PTC (124), containing a diarylmethanol moiety,
exhibited excellent enantioselectivity (up to 96%) during the epoxidation of unsubstituted (94),
4-chloro (118) and 4'-chlorochalcone (122) (Table 3.5, entries 1-3).* Lattanzi®*® and Zhao et al.?®

utilized amino alcohols (e.g. L-or p-proline) as a bifunctional catalyst during the epoxidation of a,[3-
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enones. Employing a more sterically encumbered catalysts (126 vs. 125) not only increased the chiral
induction (entry 4 vs. 5), but also reduced the catalyst loading from 30 to 20 mol%.2** Furthermore,
Zhao et al.”® illustrated that the C-2 and C-4 configurations of these catalysts have a profound
influence on the enantioselectivity of the reaction and showed that a cis-benzyloxy moiety at C-4
(127) improved both enantioselectivity and reactivity (entry 6). Chalcones with either electron-
donating or electron-withdrawing substituents were converted with both 126 and 127 PTC into
epoxides in high ee’s (entries 7-12). However, 127 seemed to induce a higher degree of
enantioselectivity compared to 126, but in a lower overall chemical yield (entries 5, 7, 9, 11 vs 6, 8,
10, 12).

Table 3.5: Stereoselective epoxidation of trans-chalcones with non-cinchonidine based ammonium salts.?®
24

R? R? R! R2
oo gl 2
~ Oxidant 0

O Solvent 4 o}
(94), (104), (106), R3 R3 o R® w (96), (111), (113),
(118), (122) Br N R* (119), (123)

H OH 4 - indi
OH (125) R — Ph ;l’ Eﬁ?’g%:igﬁ: (not indicated)
(126) R* = 3,5-MePh ’
®N Bno,,,
D o
R3 R3S R3 ” $<HR5
(124) R? = 3,5-Ph,-C¢H,4 (127) R’ = 3,5-MePh

Entry PTC Chalcone R! R? Epoxide  Yield (%) ee (%)
a2 124 94 H H 96b 99 96
a0 124 118 H Cl 119b 99 96
a3 124 122 cl H 123b 99 93
by2t 125 94 H H 96a 72 75
¢ 522 126 94 H H 96a 90 91
bg2s 127 94 H H 96b 75 94
¢ 722 126 104 H Me 111a 75 90
bg2s 127 104 H Me 111b 72 94
¢ g% 126 118 H Cl 119a 81 92
b10% 127 118 H Cl 119b 76 96
€112 126 106 H NO, 113a 90 82
b10% 127 106 H NO, 113b 90 94

Reagents and conditions: 2 PTC (3 mol%), 13% aq. NaOClI, toluene, 0 °C, 24-48 h. ®prC (30 mol%), TBHP (1.2 eq), hexane, RT,
94-190 h. © PTC (20 mol%), TBHP (1.2 eq), hexane, 4 °C, 112-178 h.

Jew et al.® combined dimeric ammonium salts, e.g. 128, with surfactants (e.g. Triton X-100, span® 20
and Tergitol NP 9) and were able to improve selectivity and reduce reaction times without the need
for sub-zero temperatures. PTC 128 in the presence of span® 20 (sorbitan monolaurate) was identified
as the most promising system for unsubstituted (94), 4'-methoxy- (102) and 4'-methylchalcone (103),

which were all converted into their respective epoxides in high yield (ca. 95-96%) and ee (ca. 97-
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99%) (Table 3.6, entries 1, 5 & 6). Wang et al.?® investigated soluble dimeric cinchonidine and
quinine PTC’s anchored to diacetamido-PEGyg chloride (129), but could not obtain ee’s higher than
86% (entry 2), while Ashokkumar et al.?” found dimeric PTC’s 130 and 131 to yield similar reactivity
and selectivity for all the 4-methoxy (101), 4-methyl (104), 4-chloro (118) and 4-nitro (106)
substituted chalcones (entries 3, 4, 7-12).

Table 3.6: Stereoselective epoxidation of trans-chalcones with dimeric ammonium salts.

1

R1 R? R R2
. A A, Q)
N Oxidant o) (96), (108)-(111),

O (94), (101)-(104), o) (113), (119)

(106), (118) a: (aR,BS)-isomer (not indicated)
b: (a.S,BR)-isomer
=z X

OMe /73 E(\ o OMe Z X

Car (2] £ \On ] e S 2] o o\ c®

O

Ny "0H HO A \_/< >_/
| K©) | | Y "OH HN—PEGyo—NH HO | N
N~ =N N~ _N

(129)
(128) H
2

(130)R2=H Br
(131) R? = CH,CHCH,

Entry PTC Chalcone R! R? Epoxide Yield (%) ee (%)
1% 128 94 H H 96b 95 99
b p26 129 94 H H 96a 90 86
¢ 3% 130 101 H OMe 108a 95 97
¢ 4?7 131 101 H OMe 108a 95 98
a5% 128 102 OMe H 109b 95 99
462 128 103 Me H 110b 9 97
74 130 104 H Me 111a 94 92
c g 131 104 H Me 111a 94 94
¢ 9% 130 118 H Cl 119a 98 98

©10% 131 118 H Cl 119a 98 99

€117 130 106 H NO, 113a 92 95

©12% 131 106 H NO, 113a 92 9

Reagents and conditions: ®PTC (1 mol%), Span® 20 (1 mol%), 30% H,0, (10 eq), 50% ag. KOH (1 eq), diisopropyl ether (iPr,0), RT,
15-4h. °pTC (50 mol%), 70% t-BuOOH, KOH (1 M), DCM, 0 °C, 48 h. °pTC (3 mol%), H,0,, 10% ag. Cs,COs, toluene, RT, 4.5 h.

Upon comparing these dimeric PTC’s it would appear that dimeric catalysts can reduce the reaction
time drastically (from 7 - 48 h to just 1.5 - 4.5 h) compared to any of the aforementioned monomeric
PTC or non-cinchonidine based ammonium salts. Although promising yields and ee’s were obtained
with quaternary ammonium catalysts in the epoxidation of o,B-unsaturated ketones, like chalcones,
none of the substrates used in these studies were compounds with naturally occurring substitution

patterns.
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3.2.2 Poly(amino Acid) Catalysed Epoxidation Systems

Julia and co-workers®® utilized poly(amino acids) (PAA), such as poly-L-alanine (132, PLA), as
stereoselective catalysts in stereoselective epoxidation of chalcones. Utilizing these insoluble amino
acid catalysts in a triphasic system, with ag. NaOH, H,O, and an organic solvent (toluene) containing
the substrate, provided a promising yield (ca. 85%) and ee (ca. 93%) for unsubstituted chalcone (94)
(Table 3.7, entry 1). Subsequently, Colonna et al.?® found a linear relationship between the degree of
stereoselective induction and the chain length of the poly(amino acid) with the optimal length being
between 10 and 30 amino acid residues. Although it was found that these gel-like catalysts may be
recycled after separation from the reaction mixture by filtration, the recycled catalyst showed a severe
loss of stereoselectivity due to catalyst degradation under the prevailing alkaline conditions.” ltsuno

et al.®

addressed this limitation by utilizing a polymer-supported poly(amino acid), e.g. poly(styrene-
co-divinylbenzene)-supported poly-L-leucine (133, i-PLL), as chiral catalyst and was able to improve
both the yield and ee for the unsubstituted (94) (Table 3.7, entry 2). Not only could the i-PLL catalyst
be recycled multiple times without significant activity loss, but with a lower degree of polimerization

(less than 10 amino acid residues) favourable ee’s (ca. 80-88%) could still be achieved.

Table 3.7: Stereoselective epoxidation with poly(amino acid) catalysts.

o H (132) R = CH;; X = OH or NH, (i-alanine) [\ C H
(133) R = CH,CH(CHy;),; X = OH or NH, (L-leucine) N N N
NYh (134 R = CHCH(CH.): X = [3-apmim][CI]-NH AINIINNATY
n = number of residues X

X
R n
‘ ‘ Polyamino Cat ‘
N -

R

Oxidant & Base (@)

a: (aR,BS)-isomer

O (94 O (96) b: (aS,BR)-isomer (not indicated)

Entry Epoxide Yield (%) ee (%)
a1 96a 85 93

b 530 96a 94 97
c3¥ 96a 100 >95
4 4% 96a >99' 96
e532 96a 92 89

f 532 96a 87 94
973 96a 96 95

h g3 96a 99 95

g% 96a >99 ! 94
110% 96a 100" >93
kqq36 96a 91 95

Reagents and conditions: dpPLA (10 mol%), aq.NaOH (4 eq), 30% H,O, (30 eq), toluene, RT, 48 h. PipLL (1 meq), see note a. ¢i-PLL
(10 mol%), DBU (1.2 eq), UHP (1.2.eq), dry THF, 30 min. dipLL (10 mol%), NaPc (1.5 eq), H,O-DME, RT, 20 min. ®i-PLL (2 mol%),
see note c. fi-pLL (2 mol%), see note d. g [3-apmim]CI-PLL (20 mol%), NaPc (1.5 eq), H,O-DME, RT, 2 h. h Recycled catalyst (7" time),
15 min, see note i. "PLL (11 mol%), TBAB (11 mol%), ag. NaOH (5M, 4.2 eq), 30% H,0, (28.5 eq), toluene, RT, 1.5 h. PpLLsiCat
(2.5 mol%, one eq based on one amino acid chain), 50 min, see note c. k AP-PLL-silica gel (10 mol%), NaPc (1.6 eq), DME-H,0, RT, 4 h.
: Italicised values refer to conversion.
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By utilizing a non-agueous system {polymer-supported poly-L-leucine (i-PLL), urea-hydrogen
peroxide (UHP), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in dry THF} Roberts and co-
workers® improved the Juli4-Colonna conditions and were able to obtain the epoxide 96a in
guantitative yield and high ee (ca. 95%) within 30 minutes (Table 3.7, entry 3). Nevertheless, the
utilization of DBU and UHP led to a more expensive system, thus Roberts et al.* reverted to sodium
percarbonate (NaPc) as both base and oxidant in a water/1,2-dimethoxyethane (DME) solvent
mixture. These conditions offered excellent enantioselectivities (96%, entry 4) and a lower catalyst
loading (10 vs. 2 mol%, based on a single amino acid as catalytic unit) without any decrease in
enantioselectivity (entry 5 vs 6).* By utilizing an imidazolium-modified PLL catalyst [134,
(3-apmim)CI-PLL], Tang et al.*®* could eliminate any preactivation required by the Roberts’ NaPc
system and obtained ee’s of (95%) for the chalcone epoxide 96a even after seven cycles (entry 7 & 8).
Although the Roberts system improved and simplified catalyst recycling, the Julid-Colonna triphasic
system was still preferred for large-scale industrial work. Owing to this Geller et al.** made
significant reactivity improvements by introducing a PTC (e.g. tetra-n-butylammonium bromide,
TBAB) to the catalyst system and were able to epoxidize 94 in 99% conversion with 94% ee in only
1.5h (entry 9).

Finally, Roberts and co-workers® introduced silica-supported poly-L-leucine (PLLSiCat) catalysts,
which simplified the separation process of the catalyst from the product mixture and were able to
obtain complete conversion and high ee (93%) for unsubstituted chalcone (94; Table 3.7, entry 10).
By first polymerizing the amino acid and then grafting it onto (3-aminopropyl)triethoxysilane
(APTESi) activated silica gel, Tang and co-workers® were able to form a stable AP-PLL-silica gel
catalyst, which could be recycled up to six times without any noticeable decrease in ee (entry 11).
Through the addition of a nucleophilic solvent-soluble polymer (diamino-PEG) as initiator during
catalyst polymerization process, Roberts et al.*’
THF-soluble PAA catalyst {e.g. H-[(L-Leu),NH-PEG,-NH(L-Leu)],} which resulted in high ee’s

(ca. 95-98%) for 96a.%" >

were able to generate the first Julia-Colonna type

Julia et al.®

postulated that an a-helical structure of poly(amino acids) is necessary for efficient
catalytic activity and that the terminus of the catalyst had some effect on the selectivity of the
reaction. FT-IR and molecular modelling studies showed that catalysts with four or more residual
amino acid units adopted an a-helical structure and thus indicated that the N-terminus plays a pivotal
role in the selectivity of the reaction for both solid-phase bound and ‘free’ PLL catalysts.*’ * By
altering the peptide of the N-terminus form L- to p-Leu [e.g. H-(L-Leu)»R to H-(p-Leu)s(L-Leu)ssR],

Roberts and co-workers*®*

were able to provide further support for the fact that the N-terminus
directs and determines the stereochemical outcome of the reaction, since the preferred product was

changed from the (2R,3S) to the (2S,3R)-enantiomer.
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Since it was found that an a-helical structure of the poly(amino acid) is an important factor during the
chiral induction process Ohkata et al.* incorporated a helix-inducer [a-aminobutyric acid (135; Aib)]
during the preparation of their catalyst and reported oligo-L-leucine (e.g. Boc-L-Leus-Aib-L-Leus-
OBzI) prepared in this way to give 96a in an excellent ee of 94% (Table 3.8, entry 1). Tanaka et al.*
found that a cyclic a,a-disubstituted amino acid (dAA) catalyst {e.g. R-[L-Leu-L-Leu-(1S,3S)-
Acsc(136)]:-OMe} gave better enantioselectivity when the N-terminus was unprotected [i.e R = H
vs. BOC, entry 2 vs. 3], while they were also able to reduce the catalyst loading from 25 to 5 mol%.
Demizu et al.** developed a stapled helical L-Leu-based catalyst that contains four Aib residues,
promoting the helical structure with a cross-linked subunit ensuring a right-handed (P) helix.
Tethering the L-Leu rich peptides to L-homoserine (L-Hse) resulting in catalyst 137, they were able to
obtain 96a in quantitative yield and almost complete enantiomeric purity (entry 4).

Table 3.8: Enantioselective epoxidation of chalcone with modern PAA catalysts.

‘ ‘ Poly-L-amino acid ‘ ‘
X R

Oxidant & Base oV )
(o] (94) o) (96) a: (aR,pS)-isomer o
b: (aS,BR)-isomer (not indicated)

OM (137) QJ Lo

e
H N><CO H ? Q no 9
2 2
» N
(135) Aib o CoH HoN \_)]\ %H \-)I\H CO,Me

(136) (15,38)-AcsciOM (o] ¢
Entry Chalcone Epoxide Yield (%) ee (%)
a4 94 96a 73 94
b3 94 96a 98 82
3% 94 96a 99 98
dg 94 96a 99 >99

Reagents and condition: # Boc-L-Leus-Aib-L-Leus-OBzI (4 mol%), DBU (6 eq), UHP (1.3 eq), THF, RT, 24 h. b Boc-[L-Leu-L-Leu-
(15,35)-Acsc®®“];-OMe (25 mol%), DBU (5.6 eq), UHP (1.1 eq), THF, 0 °C —RT, 24 h. © H-[L-Leu-L-Leu-(1S,3S)-Acsc®]:-OMe
(5 mol%), see note b. d137 (10 mol%), see note b.

Although several authors reported various alterations and improvements to the poly(amino acid)
epoxidation catalyst system (vide supra), all of these investigations were limited by the fact that only
unsubstituted, mono- or disubstituted chalcones were subjected to the epoxidation reaction. Both
triphasic and biphasic systems were therefore successfully extended to 2' protected chalcones (138 -
142) displaying naturally occurring oxygenation patterns by Ferreira and co-workers.”** Although
the triphasic system (NaOH, H,0,, CCl,) with poly-L-alanine catalyst afforded the (aR,BS)-chalcone
epoxides (143 - 147) in moderate to good yields (ca. 79-99%) and ee’s (ca. 49-86%) (Table 3.9,
entries 1-5), the utilization of the adapted biphasic system (i-PLL, DBU, UHP, THF) resulted in
higher ee values (ca. 53-95%) for almost all substrates (entries 6-10). Epoxidation reactions with the

poly-p-amino acid catalyst were also successful in yielding the opposite (aS,pR)-enantiomer of the
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chalcone epoxides, albeit with somewhat inferior yield and ee’s when compared to the L-amino acid
catalyst (ee values between 49-74% for the Julia procedure and 50-90% for the biphasic procedure).
Expanding the substrate scope highlighted the effect of the substitution pattern of the chalcone on the
enantioselectivity and yield of the reaction, since substrates (141 and 142) containing a phloroglucinol
B-ring gave low ee’s (ca. 53-70%) and yields (ca. 21-97%) (entries 4, 5, 9 & 10).4"484°

Table 3.9: Stereoselective epoxidation of chalcones exhibiting oxygenation patterns of naturally occurring
flavonoids with poly(L-amino acid).

R! OMOM OMe R OMOM OMe
‘ ‘ Poly-L-amino acid ‘ O
3 N 3
) ~ R Oxidant & Base ow R
R

© wm-ae RO Gay-aan g eRESone et
Entry Chalcone R! R? R® Epoxide  Yield (%) ee (%)
ag 138 H H H 143a 99 84
Svall 139 OMe H H 144a 98 86
ag¥ 140 OMe H OMe 145a 99 67
agqh 141 OMe OMe H 146a 97 70
agh 142 OMe OMe OMe 147a 79 49
b G849 138 H H H 143a 71 85
b 748:49 139 OMe H H 144a 80 95
b g4849 140 OMe H OMe 145a 64 88
b g4 141 OMe OMe H 146a 36 60
v10% 142 OMe OMe OMe 147a 21 53

Reagents and condition: 4 PLA: chalcone (2:1; m/m), NaOH (6 M), 30% H,0,, CCl4, 36-96 h. P i-PLL: chalcone (2:1; m/m), DBU (1.4 eq),
UHP (1.2 eq), dry THF, 48-96 h.

3.2.3 Chiral Crown Ethers as PTC

The exploration of sugar-based crown ether catalysts (153) on the Michael addition and Darzens
condensation reactions (Scheme 3.2) resulted in the enantioselective epoxidation of trans-chalcones
(94, 108, 113 and 119).° After testing a series of lariat ether catalysts (N-substituents containing

electron-donating  heteroatom)****

containing various monosaccharide units (e.g. a-D-
galactopyranoside-, o- and B-p-glucopyranoside-based), it was established that the enantioselectivity
was significantly affected by not only the sugar moiety, but also by the N-substituents. It was
furthermore shown that the o-p-glucopyranoside-based catalyst with acetal (CH-Ph) protected
hydroxy groups and a hydroxypropyl N-substituent, i.e. 153, resulted in optimum chiral induction

(78% yield and 73% ee) for unsubstituted chalcone (94) (Table 3.10, entry 1),
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;e//\o"'}_

o) s ‘\\\O
(CH,)30H
-0 ‘)
R H R
0 © L )
CH.CI + H H (94) R = H (74% yield; 62% ece)
Cad Bh 5 mol% (153) I (113) R = NO, (63% yield; 61% ee)
o (119) R = CI (54% yield; 59% ee)
O O 30% aq. NaOH o (108) R = OMe (31% yield; 12% ee)
(148) (149R=H (I5HR=CI Toluene, 22 °C, 1 h a: (aR,BS)-isomer o
(150) R = NO, (152) R = OMe b: (a.S,BR)-isomer (not indicated)

Scheme 3.2: Synthesis of a,p-epoxyketones through Darzens condensation.

Over the years Baké and co-workers® *® found that lowering the reaction temperature from RT to
2 °C affected the ee positively (Table 3.10, entries 1-3) and were able to obtain the epoxides of
chalcones containing chloro, methoxy, methyl and nitro substituents (entries 6-13) during their
investigations. Molecular modelling studies indicated that the nucleophilic addition of the peroxy
anion to the p-carbon of the chalcone to be the configuration determining step of the reactions. By

varying the substituent position Baké and co-workers,?*

were able to show that superior ee’s could
be obtained for the para-substituted (122) compounds compared to the ortho-(154) and meta-(155)
substituted analogues (entries 4-6),% with the lowest ee values for those with ortho-substituents.
Electron-donating groups gave better yields but not better ee’s compared to the electron-withdrawing
analogues (entry 6 vs. 8), while moving the substituents from the B to the A-ring also resulted in

lower ee’s (entries 7-13).%°

Table 3.10: Stereoselective epoxidation of trans-chalcone with a-D-glucopyranoside-based PTC.

OMe
. = ‘\\\O//\ 9]
N—(CH,);0H
[ 5 o
R | g IR \;; (153) i | ~ —R? .
X SN - X NN a: (aR,pS)-isomer
& (94), (101)-(106), (118), TB%I;’ug;OH ) O% (96). (108) - (113), P (¢S:BR)-isomer (not indicated)
(122), (154), (155) (119), (123), (156), (157)

Entry*® Chalcone R* R? Epoxide Time (h)  Yield (%) ee (%)

bq%2 94 H H 96a 1 78 73
¢ 5354 94 H H 96a 1 50 92

d3% 94 H H 96a 1 82 94

d 456 154 o-Cl H 156a 3 65 69

4 5% 155 m-Cl H 157a 2 68 79

4% 122 p-Cl H 123a 2 71 97

d 7% 118 H p-Cl 119a 2 78 83

dgse 103 p-Me H 110a 2 81 92

9% 104 H p-Me 111a 2 88 86
410% 102 p-OMe H 109a 3 58 95
911% 101 H p-OMe 108a 2 79 85
d12% 105 p- NO, H 112a 2 63 96
913% 106 H p-NO, 113a 1 52 63

Reagents and conditions: dpTC (7 mol%), TBHP (2 eq), 20% aqg. NaOH (3.5 eq), toluene. b Temp: RT. cTemp: 4°c. 1 Temp: 2 °C.
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Additionally, Bako et al.”” investigated the catalytic effect of a-(158a — 160a) and B-alkyloxy (158b —

160b) (methoxy, ethoxy and i-propoxy) substituents on C-1 of the sugar moiety and found that a size

increase of the C-1 substituent led to a decrease in ee (Table 3.11, entries 4-6). Furthermore,

a-anomers were found to generate higher stereoselective induction compared to the B-anomers

(entries 1-3 vs 4-6).

Table 3.11: Stereoselective epoxidation of trans-chalcone with C-1 substituted crown ethers.*

R N

\\O

N—(CH,);0H
o)
06 O vew O O
‘ N ‘ Z, (158)-(160) = Ap=B®) =
TBHP, NaOH g (@] 6\\\\\ R,BS
04 Tol;lene (96) laJ Eis gR% izgerrll: (not indicated)

Entry Catalyst R Yield (%) ee (%)
1 158a 0-OMe 82 94
2 159a o-OEt 96 94
3 160a a-OiPr 93 93
4 158b B-OMe 87 84
5 159b B-OEt 93 78
6 160b B-OiPr 86 73

Reagents and conditions: dpTC (7 mol%), TBHP (2 eq), 20% ag. NaOH (3.5 eq), toluene, RT, 1 h.

As crown ether catalysts gave a few promising yields and ee’s compared to quaternary ammonium

salts, Hori et al.*® investigated a novel azacrown ether-type chiral quaternary ammonium salt (161),

which would function as a surfactant and as chiral recognition molecule. The ee’s obtained, however,

were disappointing and did not improve on results obtained from the existing quaternary ammonium

or crown ether PTC’s for 4-chloro- (118) and 4'-chlorochalcones (122) (Scheme 3.3).

CsH17\ /C8H17

R2 O R2
‘ ‘ 10 mol% (16D
KOH (2M), 30% H,0,, a: (aR,BS)-isomer

Toluene b: (a.S,BR)-isomer (not indicated)
(118) R: H, R2Z Cl (119)R‘ H, R% = C1 (70% yield; 41% ee)
(122)R'=CI,R?=H (123) R' = CI, R = H (72% yield; 32% ee)

Scheme 3.3: Stereoselective epoxidation of trans-chalcone with a novel PTC.*®

Bérubé and Voyer®® prepared and tested a cyclic dipeptide based supramolecular chiral catalyst (cis-

162) on various para-substituted chalcones (Scheme 3.4). Although, L-DOPA-derived crown ethers

were combined with the L-leucine derived catalyst in an attempt to enhance enantioselectivity the ee’s
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obtained were low compared to the aforementioned studies. Even though the use of crown ether
PTC’s resulted in promising yields, only a few examples of moderate to good ee’s were obtained.
Furthermore, epoxidation of substrates resembling naturally occurring chalcones, e.g. 4-
methoxychalcone (101), gave low to moderate yields and only one promising ee of ca. 95% (Table
3.10, entry 10).

xrco )
R )\IH o o) o] R
O O S mot% (162) L_o._J O O
X > :

LiOH (8%), 30% H202 oY a: (aR,BS)-isomer
(0] Hexanes, 0 °C, 72 h (0] b: (a.S,BR)-isomer (not indicated)
94 R=H (96) R = H (93% yield; 34% ee)
(118) R =Cl (119) R = C1 (32% yield; 27% ee)
(106) R = NO, (113) R =NO, (81% yield; 21% ee)
(101) R = OMe (108) R = OMe (10% yield; 13% ee)

Scheme 3.4: Stereoselective epoxidation with crown-ether-modified cyclic dipeptide PTC.>®

3.2.4 Chiral Peroxides and Dioxiranes

Optically active peroxides, e.g. S-(-)-(1-phenyl)ethyl hydroperoxide (163), have been evaluated for
the stereoselective epoxidation of o,B-unsaturated ketones by Adam et al.”
high (ca. 96-99%), the ee’s obtained were moderate to low (ca. 42-61 %) for the 4-nitro (106),
4-methoxy (101), 4'-methoxy (102) and unsubstituted chalcone (94) (Scheme 3.5). The study,

however, established that the metal ion of the inorganic base plays a pivotal role in the chiral

Although the yields were

induction process through a template effect between the substrate and the hydroperoxide. Zilbeyaz et
al.®* developed and tested a series of p-substituted phenylethyl hydroperoxides as enantioselective
oxidants in the stereoselective Wietz-Scheffer epoxidation of 94. Although these hydroperoxides led

to quantitative conversion they did, however, not improve the enantioselectivity with ee’s below 44%.

OOH
R! R? R2
O O 1 eq (163) O O
X

KOH (2-3 eq), a: (aR,BS)-isomer (not indicated)
CH;CN, -40 °C b: (a.S,BR)-isomer

(94) R‘ R?2=H (96) R' =R? =H (99% yield; 51% ee)

(106) R! = H R?=NO, (113)R! = H R2 NO, (98% yield; 42% ee)

(101) R! = H: R? = OMe (108) R! = H: R? = OMe (96% yield; 61% ee)

(102) R! =OMe; R?=H (109) R! =OMe; R? = H (97% yleld 53% ee)

Scheme 3.5: Chiral epoxidation with optically active peroxide.®

Replacing one OH group on TADDOL with an OOH group, Seebach and Aoki®® were able to prepare
a stable crystalline hydroperoxy alcohol viz. TADOOH (164), which when reacted with sub-
stoichiometric amounts of n-butyllithium (BuL.i) at low temperatures (e.g. -78 °C) led to a 98% ee and
80% vyield of the unsubstituted chalcone epoxide (96b) with a dominant (2S,3R)-epoxide

configuration (Table 3.12, entry 1). The development of a tertiary hydroperoxide derived from
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(+)-norcamphor (165) by Lattanzi et al.®® in recent years led to no significant improvement in the
enantioselectivity of the products during the stereoselective epoxidation of chalcones with low ee
values (ca. 42-45%) obtained for a series of substituted E-chalcones (entries 2-4). Diketopiperazine-
derived hydroperoxide (166)% also yielded a low ee (ca. 37%) for unsubstituted chalcone (94; entry 5)
and although glycosyl hydroperoxide (167)* gave higher ee (ca. 95%) for the same substrate (entry 6)
both chiral hydroperoxides (CHP), 166 and 167, required extended the reaction times when compared

to the (+)-norcamphor (165) system.**®

Table 3.12: E-chalcone epoxidation by employment of novel hydroperoxides.ﬁz’63

1 R?
R CHP
Base
X

U 4. aon, (106) 96). (108), (113) & O p LRI somer (ot indicated)
H (0] OBn
OOH C’HJ\N BnO,, o
e N\y(é:> fé\
TADOOH (164) =/ (165) 0 OOH(166) oo (1?7())H
Entry*® Chalcone R! Epoxide Yield (%) ee (%)

21% 94 H 96b 80 98
b 2% 94 H 96a 66 43
b 3% 106 p-NO, 113a 98 45
b 4% 101 p-OMe 108a 30 42
¢ 5 94 H 96a 84 37
d 65 94 H 96b - 95

Reagents and conditions: ® TADOOH (164) (1.5 eq), n-BuLi (1.1 eq), THF, -78 °C, 120 h. ° 165 (1.1 eq), n-BuLi (1.2 eq), THF, -20 °C,
1-3h. € 166 (1.1eq), DBU (1.2 eq), THF, 0 °C, 6 d. d 167 (1.5 eq), NaOH (1.5 eq), dry toluene, RT, 3-6 d. ® Yields not reported.

As dioxiranes are powerful and versatile oxygen transfer agents, epoxidations mediated by these
compounds may be stereoselective if chiral ketones are used for the preparation of the oxidant.

%% \ere able to utilize the in situ generated dioxiranes derived from

Recently, Shi and co-workers
(-)-quinic acid (168 and 169), in the epoxidation of the unsubstituted chalcone (94) and were able to
obtain the products in good ee (ca. 90-96%) and yield (ca. 91-95%) (Scheme 3.6). Although
stereoselective epoxidation with dioxiranes gave good results, the formation of the dioxiranes are
complicated by the competing Baeyer-Villiger oxidation, so many ketones are unreactive in this
regard. Furthermore, while novel efficient chiral dioxiranes have been reported for the stereoselective
epoxidation of electron-deficient olefins, hardly any have been employed for the epoxidation of

chalcone substrates.®® "
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A

AcO 0 HO
(168)
NN o o"

o i 3 o
B B
‘ ‘ 10 mol% O O
o~ Oxone (1.4 eq), o a: (aR,BS)-isomer
o % K,CO5 (5.8 ¢q), -10 °C, 6h O (96) b: (aS,BR)-isomer (not indicated)

Cat 1(168), (91% yield; 96% ee)
Cat 2(169), (95% yield; 90% ee)

Scheme 3.6: Epoxidation of unsubstituted chalcone with chiral dioxiranes.®®’

3.2.5 Metal Complex Based Epoxidation Catalysts

Several methods for the stereoselective epoxidation of electron-deficient alkenes utilizing chiral
ligand-metal peroxide systems have been reported with a number of metals [e.g. Zn, Li, Mg and
various lanthanides] and ligands [e.g. binaphthyl (BINOL), diethyl tartrate and prolinols]. Jackson et
al.” established that di-tert-butyl peroxide, generated in situ from tert-butyl hydroperoxide (TBHP)
and n-BuLi, gave an acceptable ee (ca. 62%) in the presence of lithium butoxide and (+)-diethyl
tartrate (DET) for unsubstituted chalcone (94, Scheme 3.7, Reaction A). Exchanging BuLi for the
more commercially available dibutylmagnesium (Bu,Mg) provided a more enantioselective system in
which the number of equivalents of the reagent could be significantly decreased (ee of ca. 94%;
Reaction B).

BuLi (3.3 eq)
) ~BuOOH (2.2 eq)
Reaction A n-BuOH (1.1 eq) (96) a: (aR,BS)-isomer
N (H)-DET (1.1 eq) & (75% Yield; 62% ee)
o Dry Toluene o}
Bu,Mg (0.1 eq) )
Reactoin B +-BuOOH (1.1 eq) (96) b: (a.S,BR)-isomer
> 0, 1 . 0,
X (+)-DET (0.11 eq) 3 (85% yield; 94% ee)
o Dry Toluene )

Scheme 3.7: Diethyl tartrate-metal peroxide system."

Zinc-mediated stereoselective epoxidations with diethylzinc (Et,Zn), O, and a chiral alcohol, reported
by Enders et al.,”* were only applied to unsubstituted chalcone (94) and gave the epoxide (96a) in
61% ee and 94% vyield. In an attempt to improve on the Enders system, Pu et al.” investigated a
chiral poly-BINOL zinc-mediated system and found that although the enantioselectivity of the
reaction increased (71% ee), the yields were much lower (ca. 41%). The change from O, to
stoichiometric amounts of TBHP improved the yield for the unsubstituted chalcone (94) and led to the
isolation of the epoxide (96a) in 74% ee and 95% vyield, while Dotz and Minatti”®’’ using a BINOL-
Et,Zn system with cumene hydroperoxide (CMHP) as oxidant were able to improve the yield to 99%
and 76% ee for the unsubstituted chalcone (94).
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Various groups have developed and tested novel non-heme or porphyrin inspired catalysts with an
array of metals (e.g. Mn, Yb, Co), Goa et al.” reported a porphyrin-based catalyst (168) {prepared
from Mn(OTf), and a tetradentate N4 ligand} and obtained the unsubstituted chalcone epoxide (96b)
in a 50% ee and 5% vyield (Table 3.13, entry 1). A novel chiral porphyrin Mn complex (169),
developed by Sakthipriya and Ananthi,” improved on Goa’s unsubstituted chalcone (94) results with

a 90% ee and yield being obtained when iodosylbenzene (PhlO) was utilized as oxidant (entry 2).

80-82 83-87

The groups of Sun and Bryliakov™ ' tested non-porphyrinic/heme Mn Based catalysts, (170) and
(171), prepared from Mn(OTf), and tetradentate N, ligands, which yielded the unsubstituted chalcone
epoxide (96a) in a 90% ee and 96% yield (entry 3) and 98% ee with a quantitative yield (entry 4),
respectively. Furthermore, Bryliakov and co-workers®® found that an improvement in the electron-
donating ability of the substituents of the ligand ultimately led to an increases in the enantioselectivity

of the reactions.

Table 3.13: Stereoselective epoxidation of chalcone with Mn-tetradentate N, catalysts.

Mn Source a: (aR,BS)-isomer (not indicated)
Ligand ‘ b: (a.S,BR)-isomer NH
X : > 2

Oxidant

9 (CH,Ph), © ° .
X
(CH,Ph), (P/:rj
lPr n={ s (PhH,C), 169 5 > Tn\OTf
Pr” N (170)
(PhH,C), \Lj
Entry Epoxide Yield (%)
a1 96b 5
b 96 90
3% 96a 96
¢ 4% 96a 100

Reagents and conditions: 2 Mn(OTf), (0.2 mol%), ligand (0.2 mol%) [catalyst (168)], 50% H,0, (1 eq), HOAc (5 eq), CHsCN, 0 °C, 1 h. b
MnCl,+4H,0 (10 mol%), ligand (10 mol%) [catalyst (169)], PhlO (1 eq), CHC,, RT, 2 h. © Configuration only given as S. 4170 (2 mol%),
CMHP (2 eq), 2-ethylhexanoic acid (5 eq), CHsCN, 0 °C, 2 h. ‘17 (0.2 mol%), 30% H,0, (1.3 eq), 2-ethylhexanoic acid:CH;CN (1:5
viv), -30 °C, 2 h.

Subsequent studies showed that a positively charged octahedral Co(lll) complex (172) could catalyse
the stereoselective epoxidation of an array of p-substituted trans-chalcones, e.g. 4-OMe (101),
4-Me(104), under phase transfer conditions with H,O, as oxidant, although ee’s were in the range of
44-55% and yields in the order of 85% (Scheme 3.8).® Yao, Zhao and co-workers®*® tested an in
situ generated heterobimetallic catalyst (173) {prepared from rare-earth metal amides,
e.g. [(MesSi),N]sYb(u-CI)Li(THF)3, in the presence of phenoxy-functionalized chiral prolinols} for

the enantioselective epoxidation of a,B-unsaturated ketones. After utilization of TBHP as oxidant,
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they were able to obtain the unsubstituted (96b), 4-methoxy (108b) and 4-methylchalcone (111b)
epoxides in high yields (97-99%) and ee’s (97-98%) (Scheme 3.9).

Wl’\l —H c

L Yo
\
o}
tBu
R tBu Bu tBu R
O O - (172) 10 mol% -
o~ 30% H,0, (5eq), o)
O (W49HR=H tBuOK (1 eq), o a: (aR,BS)-isomer (not indicated)
(101) R = OMe methyl fert-butyl ether, b: (aS,BR)-isomer
(104) R = Me Arg, RT, 4h (96)b R = H; (85% yield; 55% ec)

(108)b R = OMe; (62% yield; 48% ee)
(111)b R = Me; (78% yield; 47% ee)

Scheme 3.8: Metal catalysed epoxidation of p-substituted chalcones.

R [(Me;Si),NI;Yb(u-CDLi(THF); (4 mol%)

O O Ligand (6 mol%) O O R
N TBHP (1.2 ¢q),
4 0

RT 4 h (0]

(O R=H a: (aR,BS)-isomer (not indicated)

(101) R = OMe Bu Sl el g

(104) R = Me b: (aS,BR)-isomer
(96) R (99% yield; 98% ee)
(108) R = OMe (99% yield; 98% ee)
(111) R = Me (98% yield; 97% ee)

tBu
(173)
Ph Ph /

tBu
Scheme 3.9: Stereoselective chalcone epoxidation with novel Yb-prolinol catalysts.

BINOL and lanthanide alkoxide systems (Ln-BINOL) with alkyl hydroperoxides represent one of the
general methods for the catalytic stereoselective epoxidation of electron-deficient olefins.”* Shibasaki
et al.*” developed two types of catalyst systems with one based on a bimetallic LnM;[(R)-BINOL];
(Ln = lanthanide, M = Alkali metal) and the other one being alkali-metal-free. Utilizing LaNas[(R)-
BINOL]; catalyst (174) and tert-butyl hydroperoxide (TBHP) as oxidant they were able to obtain the
(2S,3R)-epoxychalcone (96b) in 92% yield and 83% ee (Table 3.14, entry 1), but this system was not
successfully extended to other (E)-enones, e.g. trans-1-phenyl-2-buten-1-one. The alkali-metal-free
catalysts, e.g. La(Oi-Pr)-BINOL (175), used in combination with CMHP as oxidant, on the other
hand, were successful in the epoxidation of a wide range of (E)-enones and yielded similar ee’s
(ca. 83%) for 96b (entry 2). During these investigations both ytterbium and lanthanum catalysts were

tested revealing that the optimum lanthanide was dependant on the nature of the enone with La and
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CMHP being the best combination for aryl ketones and Yb with TBHP being more effective for alkyl

ketones.*?

Table 3.14: Epoxidation of chalcones with metal-BINOL systems.

R? R*
an '\ q CM_ (OFFn OO
////

\\
SNy (175) M = La, n = 1, *(180) OH

L N (176) M = Yb, n = 3, *(180) OH
I ,U (177)M =La, n = 1, *(181)
Na (178) M = Yb, n = 3, *(182)
f RS

(179) M = Gb, n = 3, *(182)

Metal Cat. *(180) R; 3 H
Oxidant *(181) R’ = R* = CH,0H
AN *(182) R* =Ph, R*=H

O

S o S0 i o e
Entry Catalyst Epoxide Yield (%) ee (%)
& 92 LaNas[(R)-BINOL]; (174) 96b 92 83

b 992 La(Qi-Pr)-BINOL (175) 96b 93 83

¢ 3% Yb(Oi-Pr);-BINOL (176) 96b 99 81

d 494 La(Qi-Pr)-BINOL (175) 96b 99 96

e 5% La(Oi-Pr)-BINOL (175) 96b 99 96

f g9 La(Qi-Pr)-3-hydroxymethyl-BINOL (177) 96h 93 91

9 7% Yb(Oi-Pr)s-6,6'-diphenyl-BINOL (178) 96a 91 97

h go7 Gb(Oi-Pr);-6,6"-diphenyl-BINOL (179) 96a 95 95

Reagents and conditions: 8 LaNas[(R)-BINOL]; (174) (10 mol%), TBHP (2 eq), THF, RT, 10 h. b La(Oi-Pr)-BINOL (175) (5 mol%),
CMHP (L5 eq), MS 4A, THF, RT, 6 h. © Yb(Oi-Pr);-BINOL (176) (5 mol%), H,O (5 eq), TBHP (L5 eq), MS 4A, THF, RT, 1 h. ¢ La(Oi-
Pr)-BINOL (175) (5 mol%), PhsP=0 (15 mol%), TBHP (1.5 eq), MS 4A, THF, RT, 0.5 h. ° La(Oi-Pr)-BINOL (175) (5 mol%), PhsAs=0
(15 mol%), TBHP (1.2 eq), MS 4A, THF, RT, 0.25 h. f La(Oi-Pr)-3-hydroxymethyl-BINOL (177) (5 mol%), CMHP (2 eq), THF, RT, 7 h.
g Yb(Oi-Pr);-6,6'-diphenyl-BINOL (178) (5 mol%), CMHP (2 eqg), THF, 0 °C, 8 h. i Gb(0i-Pr);-(S)-6,6'-diphenyl-BINOL (179)
(5 mol%), CMHP (2 eq), THF, RT, 8 h.

The addition of stoichiometric quantities of water to the Yb-BINOL system greatly improved the
reaction and gave the unsubstituted chalcone epoxide (96b) in a quantitative yield and high ee (Table
3.14, entry 3).® Inanaga et al.” further extended the investigation into the effect of other additives on
the Shibasaki’s La-BINOL system and found that the addition of, for example Ph;P=0, not only
allowed for decreased reaction times, but also stabilised the chiral La-complex. The addition of
triphenylarsine oxide (PhzAs=0) also resulted in increased catalyst activity even with reduced catalyst
amounts and gave results comparable to the PhsP=0 system (entry 5).* Various substituents on the
BINOL ligand, e.g. 3-hydroxymethyl (181), 6,6'-diphenyl (182), have also been investigated and
provided better enantioselectivity than BINOL itself, with yields of 91-95% and ee’s of 91-97% being
obtained (entry 6-8).%%% Qian et al.***" extended the evaluation to other chalcone derivatives, e.g.
4-methoxy (101), and were able to obtain the epoxides in ca. 85-91% yield and ee’s up to 91% with
La and Gd based catalysts, while Kumaraswamy et al.”® tested a novel Ca-6,6-diphenyl-BINOL
catalyst on chalcone substrates (e.g. 94, 103, 104), but found disappointingly lower yields and ee’s
(60-82% and 22-80%, respectively).
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Polymeric heterogeneous BINOL catalysts formed from Ln-(Oi-Pr); (Lnh =Yb/La) were found to
promote unsubstituted chalcone (94) epoxidation in high yield (95%) but low ee (35%),” while Sasai
et al. were also able to improve the enantioselectivity of the reactions through usage of a polymer-
supported Ln-BINOL complex [98% ee obtained for (96b)].® Attempts towards the optimization of
the epoxidation reaction conditions for the La(Qi-Pr);: BINOL: PhsP=0 (in a 1:1:3 ratio) by Inanaga

and co-workers!0102

allowed for an efficient and practical method to obtain chalcone epoxides in high
optical purities with ee’s up to >99% and 99% yields for unsubstituted (94) and 4'-methoxychalcone

(102).

3.3 a- and B-Hydroxydihydrochalcones

During determination of the absolute configuration of chalcone epoxides, Marsman and Wynberg®
were the first to prepare the a-hydroxydihydrochalcone (183) stereoselectively through catalytic
hydrogenation (Pd/C) of (-)-(aR,BS)-(96a) (Scheme 3.10, Reaction A). They also performed the
reduction over zinc dust and were able to obtain the (+)-(BS)-B-hydroxydihydrochalcone (184) for the

first time (Reaction B).

L) s o o
N H, ~
&

(R BS)-96a O (183) (0] OH (184)
aR,BS)- 5 o NELCI a: (aR)-isomer z: (BR)-isomer (not indicated)
ethe:;i—IZO/AEtOH b: (a.S)-isomer (not indicated) (BS)-isomer

Scheme 3.10: Preparation of a- and |3—hydroxydihydrochalcone.10

Utilizing the versatile poly(amino acid) epoxidation methodology (cf. section 3.2.2), Ferreira and co-

45 extended the catalytic hydrogenation procedure to a series of novel chalcone epoxides,

workers
affording a-hydroxydihydrochalcones (185 - 189) in acceptable to good yields, with very little to no
observable drop (from the epoxide) in enantioselectivity. Treatment of (+)-(aS,BR)- and (-)-(aR,BS)-
chalcone epoxides (143 - 147) with either Pd/C or Pd/BaSQ, afforded the (-)-(aS)- and (+)-(aR)-a-
hydroxydihydrochalcones, respectively, in moderate ee’s (ca. 14-76%) and yields  (ca. 40-92%)

(Table 3.15).

#849 also extended the most general method for regioselective reductive ring

Ferreira and co-workers
opening of a,fB-epoxyketones to a series of chalcone epoxides with naturally occurring oxygenation
patterns to afford the corresponding B-hydroxydihydrochalcones through treatment of the epoxides
with tributyltin hydride (TBTH) and azobisisobutyronitrile (AIBN) and were able to obtain the
B-hydroxydihydrochalcones (190 - 194) in excellent yields (ca. 70-90%) and moderate to high ee’s

(ca. 47-91%) (Table 3.16).
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Table 3.15: Synthesis of a-hydroxydihydrochalcones through catalytic hydrogenation.*

OMOM OMe OMOM OMe
O ‘ Catalytic O OH ‘
Hydrogenation
O\\\ R3 ydrog R3

2
(143) (147) (185) (189)

be E‘é’é: E}% (not indicated) br Eﬁ’éﬁi&“&iﬁ (not indicated)

Entry Epoxide R! R’ R® Product Yield (%) ee (%)
a1 143a H H H 185a 51 61
a2 143b H H H 185b 72 48
a3 144a OMe H H 186a 88 76
24 144b OMe H H 186b 70 52
b5 145a OMe H OMe 187a 42 61
6 145b OMe H OMe 187b 40 16
€7 146a OMe OMe H 188a -0 24
°8 146b OMe OMe H 188b -¢ 19
b9 147a OMe OMe OMe 189a -0 14

®10 147b OMe OMe OMe 189b -¢ 16

Reagents and conditions: # Pd/BasO,, MeOH, RT, 3-5 h. ®10% Pd/C, EtOH, 20 min. © 5% Pd/C, EtOH, 20 min. 9 Not reported.

Table 3.16: p-Hydroxydihydrochalcones by regioselective reductive ring opening of chalcone epoxides.***

1
R ] OMOM ] OMe TBTH/AIBN OMOM OMe
Cé)\\\“ R3 \,i”/\/‘i::Rs
o

RZ
(143)-(147) (190) (194)
b: E(;{;,’ Eg; (not indicated) br E‘f’;@fﬁ?ﬁlﬁi (not indicated)

Entry ® Epoxide R! R? R? Product Yield (%) ee (%)
1 143a H H H 190a 73 85
2 143b H H H 190b 70 80
3 144a OMe H H 191a 83 91
4 144b OMe H H 191b 90 88
5 145a OMe H OMe 192a 78 84
6 145b OMe H OMe 192b 81 85
7 146a OMe OMe H 193a 79 55
8 146b OMe OMe H 193b 76 61
9 147a OMe OMe OMe 194a 83 48

10 147b OMe OMe OMe 194b 78 47

Reagents and conditions: ® TBTH (3 eq), AIBN (1 eq), dry benzene, N, reflux, 1 h.

Sanchez-Gonzalez and Rosazza'® more recently reported the stereoselective preparation of only
(R)-a-hydroxydihydrochalcones (201a — 205a) through utilization of a mixed aromatic acyloin
condensation with recombinant benzaldehyde lyase (BAL) and were able to synthesise several B-ring

mono- and disubstituted (R)-a-hydroxydihydrochalcones in >99% ee but low yields (ca. 11-21%)
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(Scheme 3.11). The loss in yield could be ascribed to the formation of other ketone products and the
phenyacetaldehyde undergoing self-condensation (206) or a-hydroxydihydrochalcone isomer (207 -
210) being formed.

RZ
R2 1 R
) e
\ Hos ] rBAL R A . (206) (30% yield, 99% ee)
R DMSO,
! H 25C, 48'h 0 R* R2
4
(2 eq) (legy R (201)R? = R: =R* —]H R; OMe (16% yield; 99% ee) R! o
195)R2=R3>=H;R! =OM d-Hg (202) R? =R*=H; R! = R? = OMe (11% yield; 99% ee)
o koo RIS k- oMy 300} R4 e (203) R? = R* = H: R! = R? = OMe (17% yield: 99% ce)
(204) R! = R* = H; R? = R3 = OMe (33% yield: 99% ee) R

(197) R2 = H; R! = R} = OMe
(198) R! = H; RZ—R3 OMe

(205) R? =R? = H; R! = R* = OMe (30% yield; 99% ee) &H
(207) R§ =R3= 1H R; OMe (10% yield; 99% ee)
. : 208) R’ =H; R’ =R~ = OMe (13% yield; 99% ee)
a: (aR)-isomer ( 2 1_R3
. $ P (209) R“ =H; R] =R’ = OMe (3% yield; 99% ee)
b: (auS)-isomer (not indicated) (210)R' = H; R? = R? = OMe (21% yield: 99% ec)

Scheme 3.11: Stereoselective-enzyme catalysed synthesis of B-ring substituted (R)-o-
hydroxydihydrochalcones.

3.4 Dihydroflavonols

Since dihydroflavonols (29) may be viewed as potential electrophiles in the preparation of oligomeric
flavonoids, these compounds have received considerable attention from a synthetic point of view and
racemic mixtures of these analogues were prepared through application of Algar-Flynn-Oyamada and
Wheeler reactions.’®*% The acid catalysed cyclization of chalcone epoxides towards dihydroflavonol
stereoisomers (213 and 214) are complicated by acid catalysed aroyl migration resulting in the
formation of the competing isoflavone (212) as well as rapid C-3 epimerization of the less stable
(2S,3R)-2,3-cis-4', 7-dimethoxydihydroflavonol (213) under the acidic conditions (Scheme 3.12).'%

MeO. OMOM OMe
‘ H0" MeO OHO ove |  awy
s O
EN X Mlgratlon
o\“

(1443) (211)

a: Configuration shown
b: Enantiomer
OMe OMe

OMe

MeO
Epimerization
"y -
‘oH OH
o o)

(215) (213a) (214a)
Scheme 3.12: Limitations of acid catalysed cyclization towards dihydroflavonols.
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In order to eliminate isoflavone formation, Van Rensburg et al.* embarked on a strategy of
nucleophilic opening of the epoxide ring before deprotection of the 2'-OH group and cyclization in
order to obtain the target dihydroflavonol. Thus, treatment of the chalcone epoxide with a
phenylmethanethiol-tin(IV) chloride (BnSH/SnCl;) system in DCM gave the corresponding
a-hydroxy-B-benzylsulfanyldihydrochalcones (216 - 220) in diastereomeric mixtures with yields
ranging from 86 to 93% for an assortment of substituted chalcone epoxides. Subsequent removal of
the benzyl mercaptan entity with the thiophilic Lewis acid (L.A.), silver tetrafluoroborate (AgBF,), at
0 °C gave the 2,3-trans-dihydroflavonols (214, 221-224) in good overall yields (ca. 61-86%) and
reasonable ee’s (ca. 44-84%) (Table 3.17). The trans-dihydroflavonols were throughout accompanied
by small quantities of the rare cis-diastereomers (213, 225 -228).

Table 3.17: Dihydroflavonol synthesis through B-benzylsulfanyl-a-hydroxydihydrochalcones.

R! OMOM OMe o, OMe
O O BnSH/SnCl4 O O AgBF,
cé)\““ R3 DCM, -20 °C R3DCM, 0 °C W
RZ O

(143)-(147) (216)-(220) (214) (221) (224) (213) (225) (228)

a: Configuration as shown
b: Enantiomer (not indicated)

Entry 2 CEP R! R? R® DHC® DHF Yield (%) ee (%)° trans:cis
1 143a H H H 216  221a/225a 86 83 93:7
2 143b H H H 216 221b/225b 83 69 94:6
3 144a OMe H H 217 214a/213a 71 84 79:21
4 144b OMe H H 217 214b/213b 72 75 83:17
5 145a OMe H OMe 218  222a/226a 81 68 85:15
6 145b OMe H OMe 218  222b/226b 79 58 86:14
7 146a OMe  OMe H 219  223a/227a 65 69 78:22
8 146b OMe  OMe H 219  223b/227b 64 53 84:16
9 147a OMe OMe OMe 220  224a/228a 61 47 82:18
10 147b OMe OMe OMe 220  224b/228b 63 44 80:20

a b C

Reagents and conditions: AgBF, (5 eq), DCM, 0 °C, 12 h. CE = Chalcone Epoxide.
hydroxydihydrochalcones. d DHF = Dihydroflavonols. ® ee determined for trans-isomer.

DHC = B-benzylsulfanyl-a-

Jew et al.%’

reported a multistep method for the synthesis of (2R,3R)-dihydroflavonols that entailed
Sharpless stereoselective dihydroxylation of the methyl cinnamate derivatives (229 and 230) as key
chiral induction step (Scheme 3.13). The catalytic stereoselective dihydroxylation with AD-mix-a
gave highly optically pure (2R,3S)-diols, 231 and 232, in high yields (ca. 80-89%) and 99% ee.
Protection of the newly formed hydroxy function followed by diisobutylaluminium hydride (DIBAL-
H) reduction of the esters (233 and 234) to the corresponding aldehydes (235 and 236) and subsequent
alkylation with the aryllithium analogues (237 and 238), led to the 1,3-diarylpropantriol derivatives

(239 and 240), which could be oxidized in high yields (ca. 90-92%) to the dihydroxyketone analogues
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(241 and 242) by treatment with N-methylmorpholine (NMO) and tetrapropylammonium perruthenate
(TPAP). Finally, deprotection of the OH groups and intramolecular Mitsunobu reaction afforded the
(2R,3R)-2,3-trans-dihydroflavonols, 245a and 246a, in high optical purity (99% ee) and acceptable
yields (ca. 51-54%).

R2 R?
AD-mix-a,
R? -BuOH:H,0, R2 MOMCI, (i-Pr)zNEt
> OH OMOM
MeO McSO,NH,, 0°c ~ MeO OH DCM, RT OMOM
o] (o]
(229) R2 = (231) R2 =H (80%) (233)R2 H (95%)
(230) R?= OMe (232) R2= OMe (89%) (234) R2= OMe (92%)
R! OMOM DIBAL-H, Toluene,
=78 °C
Li R2
NMO, TPAP, R'(237)R! =
4 A mol sieve, (238)R! = OMOM R2
- - H OMOM
DCM, RT THF, -78 °C OMOM
le]
(241)R' =R% = H (92%) (239) R' =R*=H (50%) (235) R2 =H (69%)
(242)R!' = OMOM R2 = OMe (90%) (240)R! = OMOM R? = OMe (65%) (236) R?= OMe (83%)

2% HCI, MeOH, 40 °C
OH Ph;P, DEAD

OH
THF, RT

R" O
a: (2R,3R)-isomer
(243) R]l Hz(31% b: (28,38)-isomer (not indicated)
(244) R' = OH, R*= OMe (41%) (2452) R! = R? = H (54%)

(246a)R! = OH R%=OMe (51%)

Scheme 3.13: Multistep procedure for the enantioselective synthesis of dihydroflavonols.

The most recent attempt at the symmetric synthesis of dihydroflavonols was reported by

Bezuidenhoudt et al.'%

and was accomplished through stereoselective a-hydroxylation of flavanones
with N-sodiohexamethyldisilazane (NHMDS) and (+)-(8,8-dichlorocamphorylsulfonyl)oxaziridine
(249) in dry THF (Scheme 3.14). The hydroxylation of racemic flavanone mixtures (247 and 248)
gave ee’s up to 57-63%, but low yields (ca. 13-26%) with the 2,3-trans-(2R,3R) configuration being
dominant. Performing the same oxidation procedure on enantiopure flavanone (247) resulted in the
formation of only the trans-(2R,3R)-stereoisomer (245a) in a 56% yield and 100% diastereomeric

excess (de) with a 100% ee (Scheme 3.14).

46



HaC  CH,

Hy, Cl
cl (249)
(0]
N/
W

-

R O % R o
NHMDS (0.9 M), )
a: (25) o (+)-(249) (1.7 eq) a: (2R,3R)-isomer
b: (2R) (Not indicated) > OH  b: (25,35)-isomer (not indicated)

(2472 & b)R =H o Dry THF, o) (2452 & b) R=H (26% yield; 57% ee)
(248a &b) R = OMe -40 to-78 °C, ~1.5h (250a &b) R = OMe (13% yield; 63% ee)
(2472) R = H (2452) R = H (56% yield; 100% ee)

Scheme 3.14: Stereoselective a-hydroxylation of flavanones.'®

3.5 Flavan-3.4-diols

The obvious approach towards the synthesis of enantiomerically enriched flavan-3,4-diols (252/253)
would be through the reduction of dihydroflavonols (251). In this regard, either of the two C-4
epimers could be obtained in high de (ca. 100%) and moderate to low yields (ca. 46—77%) when
reduced with sodium borohydride (NaBH,) in either an aprotic (e.g. 1,4-dioxane) or protic
(e.g. MeOH) solvent (Scheme 3.15). This has remained the first option for the stereoselective

: 109,110
synthesis of these compounds.
OMe
OMe
MeO O OMe  (252a/b)
. " e a
OMe _ Dioxane \(Pig\ (46% yield; 100% ec)
OMe OH
MeO o \\\\@ NaBH, Me OH  ome
- OMe ———
OMe
OH MeO o
e N (253a/b)
OMe(zgl " —eon OMe (775 yield; 100% cc)
a
OH

H a: Configuration shown
OMe OH b: Enantiomer

Scheme 3.15: Reductive transformations of dihydroflavonols.™®

3.6 Flavan-3- and 4-ols

Flavan-3-ols are important as nucleophiles in oligomeric flavonoid preparations (cf. section 2.2.2) and
as such have received a good deal of attention from a synthetic point of view. While these
compounds are readily available in high yield (ca. 93%) via sodium cyanoborohydride (NaBH;CN)

reduction of flavan-3,4-diols,*

or dihydroflavonols through consecutive reduction with lithium
aluminium hydride (LiAIH,) and catalytic hydrogenation over Pd/C,” these approaches are still

dependent on the availability of the dihydroflavonols in high optical purity. Thus, Ferreira and co-

112,113 | 114

workers and Krohn et a addressed stereocontrol in the flavan-3-ol at C-2 and C-3 by
transforming a series of retro-chalcones (254 - 258) into 1,3-diarylpropenes (264 - 268), which were
subsequently subjected to stereoselective dihydroxylation through application of the Sharpless

stereoselective dihydroxylation methodology, with either AD-mix-a or -B, which afforded the
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corresponding propan-1,2-diol enantiomers (269a/b - 273a/b) in acceptable yields and high ee’s.
Acid catalysed cyclization of the aforementioned compounds (269 - 273) by Ferreira and co-
workers***' yielded a trans:cis (ca. 3:1) mixture of the flavan-3-ol derivatives (274 - 283) in 65-90%
yields and 99% ee (Scheme 3.16). Krohn et al.,"** on the other hand, effected the cyclization through
the application of Mitsunobu methodology and were able to obtain the 2,3-trans-flavan-3-ols (303 -
306) in high yields (ca. 71 — 82%) and acceptable ee’s (ca. 47 —98%) (Scheme 3.17).

R! OMOM R* OMOM OMOM
‘ ‘ Pt EOH O O 5 SOCL, DCM O O
Z R3 u) NaBH,, EtOH ® i) DBU, DCM, reflux
o)

(254) R1 RZ=R3=H,R*=0OMe (259) Rl RZ= R3 =H, R*=0OMe (264) R‘ R2=R3=H,R*=0OMe
(255)R! = R“ =OMe, R?2=R>=H (260) R' = R* = OMe, R? = R3 =H (265)R! = R4 —OMe, R2=R3=H
(256)R! =R?=R*=0OMe,R>=H (261)R' =R?*=R*=0Me,R>=H (266) R' =R = R*= OMe, R2= H
(257)R! = R2 =R?>=0OMe,R*=H (262) R' =R?=R?>=0Me,R*=H (267)R! = R2 =R?>=0Me,R*=H
(258) R' =R?=R3*=R*=0OMe (263) R' =R?=R3>=R*=OMe (268) R' =R?=R3*=R*=0OMe
AD-mix-a/f,
-BuOH:H,0,
a: Conﬁguration shown MeSO,NH,, 0 °C
b: Enantiomer R4 R4 (80-87% yield, 99% ee)
. ) R OMOM R
\\\\\ R 0. RS i) HCI (3 M), MeOH:H,0 OH
ii) Ac,0, Pyridine A 3
OAc . S R
R? (65-90% yield, 99% ee) R2 OH
(279a/b) R‘ R2=R3=H,R*=0Me (274a/b)R! =RZ=R3=H, R*=0Me (269a/b) R! =R2=R3=H, R*=OMe
(280a/b) R! = R* = OMe, R2 =R3=H (275a/b)R!= R“ —OMe, RZ=R3=H (270a/b) R! =R*=OMe, R?=R>*=H
(281a/b) R! =R?>=R*=0Me, R2=H (276a/b) R! =R>=R*=0Me, R2=H (271a/b) R! =R?>=R*=OMe, R>=H
(282a/b) R =R?=R?>=0Me,R’=H (277a/b)R! = R2 =R2=0Me, R*=H (272a/b) R! =R?=R?=0OMe, R* =H
(283a/b) R! =R?=R>=R*=OMe (278a/b) R!' =R2=R3=R*=0OMe (273a/b) R! =R?=R>=R*=OMe

Scheme 3.16: Ferreira’s methodology for the enantioselective synthesis of flavan-3-ols.

R5
R4
TBSCI, DMF,
R1 OH 1) THF, EtN, ClCOOEt R OH Imidazole, RT R OTBS -
11) NaBH4 H,0:EtOH, O |
RZ
(11)Rl R2—R3 R*=R’=H (287)R‘ R2=R3=R*=R°=H (291)R'=R?2=R3*=R*=R°=H
(284)R' =R*=0OMe, R?=R3=R’=H (288) R =R*=0OMe, R?=R3=R’=H (292) R!' =R*=0OMe, R?=R3=R’=H
(285)R! =R*=0Bn,R>=R*=R°=H (289)R' =R*=0Bn,R2=R}*=R°=H (293)R' =R*=0Bn,RZ=R}*=R°=H
(286)R' =R2=R*=R3=R’= OBn (290) R =R2=R*=R3=R>= OBn (294)R! =R2=R*=R3=R>= OBn
AD-mix-a.,
. -BuOH:H,0, 0 °C
b oo " (82-89% yield)
RS RS RS

R4 R* R*
TBAF, dry THF, RT
R oW o = Ph;P, DEAD, R OH O - ry R OTBS O o
dry THF, RT O OH O OH
OH OH

OH
R? R2 R?
(303a/b) R' =R2=R*=R*=R3=H (575% yield, 91% ee) (299a/b) R' =R?=R}*=R*=R°=H (295a/b) R' =R2=R3*=R*=R3=H
(304a/b) R' =R*=OMe, R?=R3 = H (82% yield, 76% ee) ~ (300a/b) R' =R*=0OMe, R?=R*=R’=H  (296a/b) R! =R*=0OMe, RZ=R}=R’>= H (94% ee)

(305a/b) R! =R*=0Bn, RZ=R3= R5 =H (77% yield, 98% ee)  (30la/b) R' =R*=0OBn,RZ=R*=R°=H  (297a/b) R! =R*=0Bn, R?=R3 =R’ =
(306a/b) R' =R2=R*= ‘R*=R3=0Bn (71% yield, 47% ee) (302a/b) R' =R? =R*=R?*=R’=0Bn (298a/b) R' =R2=R*= ‘R*=R3=0Bn

Scheme 3.17: Krohn’s methodology for the 1,3-diarylpropene based enantioselective preparation of
flavan-3-ols.
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Since flavan-4-ols (26) are not widely utilized in the synthesis of other flavonoids, the stereoselective
synthesis of these compounds has received little attention. However, Glorius et al.'*® reported the
enantioselective hydrogenation of flavones over a ruthenium N-heterocyclic carbene (NHC) (309)
system and were able to obtain the unsubstituted (310), 4'-methoxy- (311) and 3',4'-dimethoxyflavan-
4-ols (312) in diastereomeric mixtures dominated by the 1,4-cis-isomer and with high ee (ca. 96 -
98%) and quantitative yields (Scheme 3.18).

R’ O M\ O R’
X
¥ N o \
H BF, N R2
(309), KO/Bu,
[Ru(cod)(2-methylallyl),]

H,, Toluene, 5 to 25 °C, C=)H

30)R'=R?>=H 120-150 bar, 36 h a: Configuration Shown
(307) R! = OMe, R>=H b: Enantiomer (not indicated)

1 _p2_
(08)R"=R"=OMe *(310a) R! = R? = H (96% ce. 2:1 de)

(311a) R' = OMe, R2 = H (98% ee, 3:1 de)
(312a) R' = R? = OMe (98% ee, 3:1 de)
Scheme 3.18: Ru-catalysed hydrogenation of flavones.

* NOTE: Full conversion in all cases, with the major product being the cis-isomer.

3.7 Selective Formation of the C-2 Stereocenter: Enantioselective Formation of

Flavanones and Flavans

Although flavanones represent one of the most common naturally occurring flavonoid classes
(cf. section 2.3), only a few stereoselective methods for the preparation of enantio-enriched
flavanones have been developed.'® Most of the existing stereoselective methodologies include
intramolecular oxa-Michael addition reactions of 2'-hydroxychalcones. With the addition of a chiral
organocatalyst, Wang et al.'*’ developed a one-pot procedure for the synthesis of 6-fluoroflavanone
from the corresponding aldehyde and acetophenone catalysed by (S)-pyrrolidinyltetrazole, but were
only able to obtain a 51% ee and 22% yield. Recently, Hinterman and Dittmer**® reported a cinchona
alkaloid derived quaternary ammonium salt as catalyst for the enantioselective synthesis of flavan-4-

one (317), but could only obtain relatively low enantioselectivity (55%).

Through the introduction of an activating 2-alkoxycarbonyl group [e.g. tert-butyl ester (CO,t-Bu)] at

C-2 of the chalcone substrate, Scheidt et al.**®

were able to improve enantioselectivity of the
cyclization reaction when a chiral thiourea (316) was used as catalyst. Application of this
methodology towards the synthesis of the unsubstituted (317), 4'-methoxy- (318) and 7-
methoxyflavanone (319) led to these products being isolated in high yields (ca. 71-94%) and good to
excellent ee’s (ca. 89-94%) (Scheme 3.19). Awasthi et al.'*® showed that with a chiral (S)-triazine

based organocatalyst (324) and small alterations in the reaction conditions, the enantioselective
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outcome of the reaction could be improved to (ca. 72 — 95%) for B-ring ortho- and para-substituted
flavanones (318, 325 - 327) (Scheme 3.20).

CFy
N
® i
= N)I\N CF,4
H H
—  (316)
LN R
R
H
R! oH §Oat-Bu R? ) (316) 10mol%, R
‘ O -25 °C, toluene
X ii) pTSOH, 80 °C
O o) a: (2R)-isomer
b: (28)-isomer (not indicated)
(313)R!=R*>=H (317a) R' = R? = H (92% yield, 94% ee)
(314) R! = H, R? = OMe (3182) R! = H, R? = OMe (94% yield, 91% ee)
(315)R! = OMe, R?=H (319a) R' = OMe, R2 = H (71% yield, 89% ce)

Scheme 3.19: Stereoselective synthesis of flavanones from activated 2'-hydroxychalcones.

OH R? (324) 15 mol%,
O O Piperidine, KOH
N H,0, 2-10 min

O R’ 5 ® (2R)-isomer
b: (25)-isomer (not indicated)
(320)R! =H, R =Br (325a) R' = H, R? = Br (97% yield, 95% ee)
(321)R! =H, R?=OMe (318a) R = H, R? = OMe (95% yield, 83% ee)
(322) R?=H,R! =Br (326a) R =H, R = Br (85% yield, 84% ee)
(323) R?=H, R' =OMe (3272) R2=H, R' = OMe (90% yield, 72% ee)

Scheme 3.20: Stereoselective synthesis of flavanones catalysed by (S)-Triazine-based catalyst.

The cyclization of C-a ester activated 2'-hydroxychalcones in the presence of a chiral N,N'-dioxide
nickel(I1) complex with 333 as ligand, reported by Feng et al.,"® facilitated the cyclization of a wide
variety of chalcone analogues (313, 315, 328 - 332) in 90-99% vyield and up to 99% ee’s
(Scheme  3.21). Synthesising the chalcones from the corresponding tricarbonyl
(n°-arylbenzaldehyde)chromium(0) complexes (339) and o-hydroxyacetophenone (338), allowed for
the cyclization of sterically hindered chalcone derivatives (340), providing flavanones (342) in high
enantioselectivity (ca. 94-96% ee) and 60-65% yield (Scheme 3.22).'%
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Ph” H \ R2
CO,t-B Ph
RS oH §V2tBy R? i) [Ni(333)(Tfacac),] 2H,0 g3
O ‘ (5 mol%), 30 °C, toluene
X i) pTSOH, 80 °C
1 a: (2R)-isomer o
O R o) b: (25)-isomer (not indicated)

(313)R'=R2=R3*=H (317a) R! = RZ=R3 = H (99% yield, 98% ee)
(328)R' =CL,RZ=R>=H (334a) R' = CI, R? =R’ = H (90% yield, 93% ec)
(329)R!' =R3>=H,R?*=Br (325a) R' =R* = H, R? = Br (95% yield, 97% ee)
(330)R!' =R3=H,R?2=CN (335a) R! =R3=H, R? = CN (90% yield, 99% ee)
(331)R' =R3>=H,R?>=Me (336a) R! =R? = H, R? = Me (97% yield, 84% ce)
(332)R' =R?>=H,R>=Me (337a) R' =R? = H, R? = Me (90% yield, 95% ee)
(315)R! =R2=H, R3 = OMe (319a) R' =R? = H, R? = OMe (95% yield, 80% ee)

Scheme 3.21: Metal-catalysed stereoselective flavanone synthesis from activated 2'-hydroxychalcones.

OH ;%\ 20% NaOH,
=~ EtOH/THF,
CHy * (OC),Critme ALRT 7 7
OHC/\/ N, RT, 1h

O (338 (339)

a: (2R)-isomer (not indicated)

b: (28)-isomer NaOAc, EtOH,
R groups were not reported. RT, 5-6 h
(OC)3Cr
Z R2 E’-—i\i—Rz
O Wy \J hv, 2h NN \J
0 R’]
R1 B ]
(I”J (60-65% yield, 94-96% ce)
& (420) 5 G41a)

Scheme 3.22: Stereoselective flavanone synthesis with tricarbonyl (n°-arylbenzaldehyde)chromium(0).

Some groups also reported the use of rhodium catalysts to facilitate the stereoselective 1,4-addition of

1227124 |n this regard, Liao

tetraarylborate complexes and arylboronic acids to chromones (343 - 348).
et al.'®® were able to effect the addition of sodium tetraphenylborates (Ar,BNa) to 6-substituted
chromones (343 - 348) by utilizing an (R,R)-1,2-bis(tert-butylsulfinyl)benzene (349) based rhodium
catalyst and were able to prepare only the (R)-flavanones with 6-methyl- (350), 6-methoxy- (351),
6-halogen- (352 - 354), 3'-methyl- (355), 3'-chloro- (356) and 4'-methyl- (336) substituents in

moderate to good yields (ca. 58 — 75%) and 97 — 99% ee’s (Table 3.18).
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Table 3.18: Rh-catalysed stereoselective 1,4-addition of sodium tetraarylborates to chromones.*?

2

R® t-Bu
o ‘ §
/@‘J [Rh(C,H,),Cl],, o - ©:S§O
R + Ar,BNa > O
(349) e
o) R’ §7 (349
X t-Bu
(343 -348) a: (2R)-isomer
(317, 336, 350a - 356a) b: (25)-isomer (not indicated)

Entry? Chromone R! R? R® Flavanone Yield (%) ee (%)
1 343 H H H 317a 75 >99
2 344 Me H H 350a 62 99
3 345 OMe H H 351a 68 >99
4 346 Cl H H 352a 71 >99
5 347 F H H 353a 58 99
6 348 Br H H 354a 63 >99
7 343 H Me H 355a 64 98
8 343 H Cl H 356a 25 97
9 343 H H Me 336a 70 >99

Reagents and conditions: @ [Rh(C2H,).CI]/(R,R)-(349) (5 mol% Rh), Ar,BNa (4 eq), DCM/H,0 (15:1, v/v), 40 °C, 24 h.

By utilizing a rhodium catalyst bearing a (6,6'-dimethoxybiphenyl-2,2'-diyl)bis[bis-(3,4,5-trifluoro-
phenyl)phosphine] (MeO-F,-BIPHEP) (359) as chiral ligand and arylboronic acids [ArB(OH),] as

123

nucleophiles, the group of Korenaga and Sakai~ were able to prepare the (S)-6- (350) and -7-mono-
(363) and disubstituted flavanones (362) with meta- (353 and 360) and para-substituents (361 and
336) on the B-ring in 80 to 90% vyield and 99% ee (Table 3.19) and could also extend their

methodology to the preparation of the naturally occurring flavanones (R)-(363a) and (S)-
pinostrobin (363b) (entry 8).
Table 3.19: Korenaga and Sakai’s methodology towards the stereoselective synthesis of flavanones.'®
O
R! o) S » o @ MeO P(3,4,5-F5-Ph),
CcO W
R;@i’g + ArB(OH), 2 - R* MeO P(3,4,5-F5-Ph),
LT (5)-(359) R ()-(359)
R® O a: (2R)-isomer (not indicated)
(343, 344, 357, 358) (317b, 336b, 350b, 360b -363b)  b: (25)-isomer
Entry  Chromone  R? R? R® R* R® Flavanone’  Yield (%) (S/i )
18 343 H H H H H 317b 95 99
28 343 H H H OMe H 360b 90 >99
38 343 H H H F H 353b 80 >99
42 343 H H H H Me 336b 82 99
58 343 H H H H F 361b 80 >99
6% 344 H Me H H H 350b 87 >99
78 357 Me Cl H H H 362b 90 >99
8° 358 OMe H OH H H 363b 90 >99

Reagents and conditions:

a

[RhOH(cod)]./(S)-(359) (3 mol%

Rh), ArB(OH), (35-12 eq), DCM/H,0, 20-40 °C, 1-3 h.
b (1) [RhOH(cod)]./(S)-(359) (0.5 mol% Rh), PhB(OH); (8 eq), toluene/H;0, 60 °C, 1-3 h. (2) AICI;, CH:CN, reflux 3 h.

52



Wang et al.”** employed the commercially available chiral diene (R,R)-Ph-bod {(1R,4R)-2,5-
diphenylbicyclo[2.2.2]octa-2,5-diene} (365) as chiral inducing agent on the rhodium catalyst complex
and were able to synthesise a series of (R)-flavanones (317, 336, 350, 351, 366, 367) in 97 - 99% ee
and 66 — 94% vyield (Table 3.20). Although the catalyst systems differ in solvent, ligand, metal source
and temperature, all groups have reported ee’s up to 99% with excellent yields (ca. 70-90%) for a

broad range of substituted flavanones.

Table 3.20: Rh-catalysed stereoselective synthesis of flavanones from chromones.***

R! o
| [RhCI(C,Hy), ], R
R * ArB(OH), —————
Ph R

R3

0 /@/ b: %’31‘3323 (ot indicated)
(343 - 345, 364) (365) o
Ph (317a - 319a, 3362, 350a, 3512)
Entry?® Chromone R! R? R® Flavanone® Yield (%) ee (%)
1 343 H H H 317a 94 >99
2 345 H OMe H 351a 76 >99
3 364 OMe H H 319a 81 98
4 343 H H OMe 318a 86 99
5 344 H Me H 350a 81 99
6 343 H H Me 336a 90 >99

Reagents and conditions: @ [Rh(C2H,).Cl]. (10 mol% Rh), (R,R)-(365) (1.1 eq), ArB(OH); (3 eq), dioxane/H,O (9:1), KOH (1 eq), 90 °C,
22 h.

Since many flavonoid compounds can easily be transformed into other classes of flavonoids, the
enantio-enriched flavan-4-ols mentioned in section 3.6 may be used in the preparation of the
corresponding flavanones through selective oxidation of the C-4 secondary alcohol moiety without
compromising the integrity of the C-2 stereocenter.”® Applying pyridinium chlorochromate (PCC)
oxidation to 310 — 312, gave the corresponding (S)-flavanones (317, 318 and 366) in high yields (89-
95%) and excellent ee’s (78-91%) (Scheme 3.23, Reaction A). Finally, Awasthi et al."*® demonstrated
that through simple reductive transformation of the (S)-4'-bromoflavanone (325), the corresponding
flavan (367) could be obtained in a good yield (70%) without loss in enantiomeric excess (95%)
(Scheme 3.23, Reaction B).
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R? R
Reaction A @j R RT, 10 min
a: (2R)-isomer (not indicated)

(é) " o) b: (25)-isomer
(310a - 312a) (317b) R: =R*=H (89% yield, 78% ce)
(318b) R’ = OMe, R* =H (95% yield, 91% ce)
(366b) R! = R? = OMe (94%yield, 90% ee)

Br Br
(0] N
0} \\\\O/ ) “\\\@/
