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Abstract

The application of organocatalytic Asymmetric Epoxidation
Mohammed I. Alahmdi

In the field of researcbf target natural produaynthesiscatalytic asymmetric synthesis has
become a vital tool to obtain enantiomeriggbure compoung and is often useéh the
synthesis of natural products as a key S$tBpr example, the asymmetric dihydroxylation
was used in synthesis of gibberellic acid By E. J. Corey, who was awarded the Nobel
Prize for his developmesiin the theory and methodology of organic synthésis.

This thesis is based on an ongoing aesk in the area of catalytic asymmetric synthesis that
has beercarriedout in our group. Since 2005, metede catalytic asymmetric epoxidation
using iminium salts such a@shas been successfully employed to access chiral chromenes
within the Page grouplminium-catalysed asymmetric epoxidation methodology has been
applied to the synthesis of levcromakalihtranskhellactoneandlomatin? which arebased

on a chromengype structure. In ik thesis, we offea detailed discussion on the influence of
iminium salts on flas8-ene derivatives and their stability under oxidative conditions. We
were also able to successfully apply our methodology towards the enantioselective total
synthesis of S,4R-trans 3,4-dihydroxy-3,4-dihydromollugin 2. The keyepoxidation step
proceeded in 70% ee and high yield, using chiral iminium salt catalystnder aqueous
conditions. The acigatalysed epoxide ringpening of epoxidel affordedtransdiol 3 in

high yield.
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1.0 Introduction

1.1 Metabolism

Metabolism may be defined as the set of chemical reactions that occur in living organisms to
enable all organisms tiive, grow andreproducé by transforming and interconnecting a vast
number of organic compoundsVietabolism involves two processes: the process of building up
protoplasm is called anabolism; for example, proteins are generated from amino acids: whilst
breaking it down is called catabolism; for instance carbohydrates are broken down into sugar
units> Furthermore, plant physiologists separate metabolism into two categories: primary
metabolism and secondary metaboliSrll organisms possess similar metabolic pathways by
which they synthesize and utilise certain essential chemical spsvieshydratg amino acids,

and polymers derived from them (e.g. lipids)d proteins).' This is known as primary
metabolism, and is essential for their survival and growth. In contrast to the compounds that are
formed in primary metabolic pathwaysrimary metabolis),other organic compounds are not
directly involved in the commonplace growth or development of organisms, which are precisely
distributed in nature. Additionally they are produced by other metabolic pathways for different
purposes than primary physigiod functions;these are known as secondary metabolites, and
the pathways for their synthesis and utilization constitute secondary metabtliany. of these
secondary metabolites found in plants, animals and roiganisms possess pharmacological
properties! Today many of these secondary metabolites are used to treat mild and serious
human afflictions. Aspirin and menthol are two commonlyeasand widely recognised natural

product drugs.



1.2 Some Natural ProductProperties

Since the beginning of mankind, the use of natural compoundsoméisued togrow with

the development of chemical methods. Conventional extraction methodsvef tind plant
essential oils, such as maceration, have been used to isolate compounds whose taste, colour
and odour could fulfil various purposes. Healing creams and liquids were derived from plant
extracts to prevent and cure diseases, and even reducenpall ancient cultures. For
instance,Xylocarpus granatunkKoenig (Meliaceae) used to be a wielown medicine in

Southeast Asia for the treatment of diaerh, cholera, and fever.

The name of the natural product is usually associated with the qoigim; for example,
muscarine is derived froAmania muscaridfly agaric). It can also be defined through the
physiological action, as the natural product emetine causes vomiting (emetic). Although some
aromatic compounds are very closely related in seofrstructure, they can be very different

in term of properties, such as taste, odour and colour. For example, strawberries and
pineapples possess large amounts of furaneol, in contrast with cloudberries and canned

mangoes, where a closely related strreeta found Figure 1). 2

HO @) MeO O
T i
o (0}
Furaneol Methoxyfuraneol
strawberries, pineapples cloudberries and canned mangoes
Figure 1

Also, the structurasimilarity of compounds issued from onions and their different properties
is another illustration: the strong lachrymatory compound issued from enzyme activity, and

the aroma compounds of fresh and boiled oni6iguge 2).2

S) S.
_\:S—O e ﬁ/\/ /\/S\S/\/
®
0]
lachrymatory fresh onions boiled onion
Figure 2



1.3 Chirality

JeanBaptiste Biot conducted the first study of some natural isolates in polarized light in
1815. However, it was not until 1874 that Jacobus van't Hoff first suggested that tetrahedral
carbon atoms carrying four different substituecasild explain the phenomenon of optical
isomers.Chirality is a property of molecules which do not possess any element of symmetry,
are nonsuperimposable on their mirror images and possess a different spatial arrangement
with the same constitution. Molead that are mirror images of each other are termed
enantiomers and have identical physical propefgeg. m.p., NMR spectra and molecular
weight, etc.), although each enantiomer rotates the plane of plane polarized light in opposite
direction. For exampl, lemons and oranges share the same limonene enanRpnvlich

gives a characteristic citrus flavour and odour. Te@mpoundgelated to limoneneR- and

S-carvone smellof spearmint and caraway, respectivétig(re 3).23

R-limonene R-carvone S-carvone
spearmint caraway

Figure 3. The two enantiomers of carvone and limonene.

As a synthetic chemist, the production of natural products, their derivatives and analogues by
synthetic methods in an attempt to secure them in an enantiopure fawnitaselement. The

most striking example is the drug {thalidomide, which was prescribed to pregnant women

for morning sickness during the late 1950s. A dramatic increase of miscarriages and birth
defectsin mothers who were taking (sthalidomide ocarred. It was later proven that while
(R)-thalidomidel helped relieve morning sickness and was-taxic, (S)-thalidomide2 was

potently teratogenic and caused severe birth deféiggare 4).?
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2 1
(S)-Thalidomide (R)-Thalidomide

Figure 4: The twoenantiomers of thalidomide

Therefore, as it becomes essential to obtain products in an enantiopure manner, the
development of enantioselective techniques and methodologies to preferentially form a single

enantiomer (or an enantioenriched mixture) arectad)

1.4 Asymmetric synthesis

Asymmetric synthesis is definesa chemical reaction which triggers chiral centres in the
product in unequal amounts and thus delivers one aétimersin excess over the other as a
result of the influence of a chiral feature present instistratereagentand/or catalyst
Asymmetric synthesis can also be accomplished using the following methods: chiral

auxiliaries, synthesis using compounds from the chiral pool and asymmetricisatalys


http://en.wikipedia.org/wiki/Substrate_(chemistry)
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1.4.1 Chiral auxiliaries

A chiral auxiliary is an enantiomerically pure compound that binds to a prochiral starting
material’ Therefore, one single enantiomer is formed to influence the stereochemical
outcome of a reaction creating ooe more extra stereogenic centres, whie@ substrate

undergoes a diastereoselective reaction. An illustration of the chiral auxiliary process is

provided inScheme 1*

o O

. N A0

\)J\ HN™ ~O Couple together jN\)
Cl }—J N

_\ /\
4
3 Chiral auxiliary single enantiomer
Diastereoselective reaction LDA, PhCH,Br
o 0}

3 (i\\o Hydrolysi E
OH ydrolysis N N

Ph
SN Ph

product Chiral auxiliary Major diastereoisomer (99%) Minor diastereoisomer (1%)

5 6

Scheme 1Use of a chiral auxiliary to control the stereochemistry of

Single enantiomed, formed by the coupling reaction of a chiral auxiliary &ndeacts with
benzyl bromide in presence of LDA, creating two possible diastereoisomeric prédards
6. Diastereoisomer5 is then subjected to a hydrolysis reaction which cleaves the

enantiomericallyenrichedproduct? from the chiral auxiliary’



1.4.2 Chiral pool synthesis

The chiral pool synthesis is the most facile approach for asymmetric synthesis. The simplicity
of the chiral pool synthesis relies on cheap, and enantiomerically pure starting materials, such
ascarbohydratesind amino acid3.They are incorporated in aa®tion without asymmetric
induction to meet the chiral requirements of the target molecule. An obvious example of
chiral pool synthesis is the preparation of artificial sweetener aspatianie economical
synthetic route to manufacture aspartame is tgfirahe condensation reaction &-aspartic

acid8 and ©)-phenylalanine methyl estér(Scheme 22

O
CO,MeO CO,Me )K/\
Ph HO - CO,H
\/'\N)J\:/\COZH — Ph\)\NH : 2
H 2 NH
2
NH,

9 8

10 (S)-phenylalanine, methyl ester (S)-aspartic acid

Scheme 2 Synthesis of aspartame

1.4.3 Asymmetric catalysis

Asymmetric catalysis involves the generation of nasymmetriccentres from prochiral
centres in one simple transformation with the help of a chiral catalyst. The most widely used
prochiral starting materials are alkenes and carbonyl gconfaining substrates. One of the
simplest and most effective asymime transformations of a prochiral olefin into a chiral
product is the epoxidation reaction. Asymmetric epoxidation of olefins is the most direct and
effective approach to synthesizing enargioiched epoxides, and many research efforts have
been devotetb the development of efficient catalysts for this process, such as the Sharpless

epoxidatiorf*

10



1.5 Epoxides

An epoxide,also knownas oxirane, consists @f threemembered cycle which contains an
oxygen atom and two carbon atogfégure 5).° It is an unstable cyclic ethdvecause ofhe

high ring strain coming from the 60° angle between the bonds in thentien@dered ring.

0

R1\\\ ’ ‘ ity R4

Ry Rs

Figure 5. The epoxide.

Due to the strain present in the epoxide ring anddthehargecausedon the two carbon
atoms by the electronegative oxygen atogpoxides react a®lectrophiles; one of the
electrophilic carbonattached to the oxygeran beeasily targeted with variousucleophiles

to relieve thesubstantial ring strainThis reactivity allows various chemical transformations
of an epoxide intonany 1,2difunctionalizedproducts such akl and12. An example of how
either carbon can be targeted by acid or base catalysis is outlined I8dbame 3and

Scheme 4.°

\ H\@
0" ) HO  Rs
/ \ / \ 4
=2, =2, M= Ry
H] YR, — HI/\R, — HI 2\
R, Rs Ral R3 R, Nu
N@
u 11

Scheme 3Acid-catalysed ring opening of an epoxide: the nucleophile attacks the most

substituted carbon in the epoxide

0 -
TR © H
AR Rys, O R, 2/OH
Ry - 2] S AT
Ry Rs3 Nu™ \'m Ry Nu \R Ry
NG Rs °
12

Scheme 4Basecatalysed ring opening of an epoxide: the nucleogtibecks the least

substituted carbon in the epoxide.
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Indeed, a stereospecific rimgpening reaction in the presence of an acid is a constructive
feature of the epoxide moiety and can be used to form complex natural products. For
exampl e, P a esis ofsethardng/cin smade tekcellent use of an epoxide ring
opening/nucleophilic attack cascade strategy to efficiently construct the polycyclic ether
skeletonl3 (Scheme 5.°

13

Scheme5Pat ersonés synthesis of ethero

1.6 Epoxides in natural products

To gain a comprehensive picture of the importance of asymmetric epoxidation techniques, we
should demonstrate the effect of biological responses from two enantiomers. For instance,
(+)-disparlure 14 or (+)-(7R,89-cis-7,8-epoxy2-methyloctadecane is used as the active
compound to lure the male gipsy mollymantria dispar(L) into traps and, thus, reduce the
growth and copulation of these destructive insects. Similarity, the male tussock moth, Orgyia
(walker) responds to the Z®Z,11S12S9-11,12epoxyhenicos®,9-diene transisomer

(posticlure15), produced from the wingss femalg(Figure 6).%"

NN - H Wﬁ/
\ %, /\/\/\/\
H o 0

15 14

posticlure (+)-disparlure

Figure 6: Natural products containing an epoxide functional groupdi{sparlurel4, and
posticlurel5

12



1.7 Epoxidation techniques

1.7.1Prilezhaev Epoxidation

Peroxycarboxylic acid46 were recognized as epoxidizing agents of isolated cachdyon
double bond by Prilezhaev in 198®eroxycarboxylic acid&6 readily epoxidize alkenesa
transition statel7 of the mechanism involving a nucleolt attack on the peroxyacid
oxygenoxygen b o n d -dlefinic tddulsle bond §cheme 9.° Recently, Houkreported
theoretical work in support af spiro transition stat8.The reaction is stereospecific; tBe

or Z- geometry of the alkene is retained in the epoxide prdduct.

R
Ao = =4 SNV -
. o. _H
R0 . X XL
R2 R4 R»] SN\ R3 R2 R4 R OH
16
R, Ry
17
Scheme 6Use of peroxycarboxylicacid6i n Pri |l ezhaevds epoxi dat

In their study, Henbe¥t and Sharple$d have shown that there is synhydroxy
stereodirecting effect in the example of allylic alcohotganing the epoxidation will take
place preferentially on the face of the alkemearing the hydroxyl grouypbecause of
hydrogen bonding with one of the oxygen of the peroxydeiglfe 7)

Figure 7: the peroxyacid directe to more hindered face of alkene
Mulzer's total syntheses of epothilones B is an example of the directing effect of the hydroxy

group in the epoxidation df8. The Prilezhaeveaction was utilized to afford tlsynepoxide
of the less hindered alkengdheme 7.

13



18 Epothilones B

Reagents and conditiong&) mCPBA (1.5 equiv.), CHG| i 18 °C, 5h, 81%.
Scheme 7Use ofthePrilezhaeweaction insyntheses of epothilones B

1.72 SharplessAsymmetric Epoxidation

Sharpless and Katsukivented a method to transform primary allylic alcohols into optically
active epoxides in greater than 90% &&he Sharpless asymmetric epoxidation has been one
of the most important discoveries the last 30 years in asymmetgatalysis The2001
Nobel Prizewasawardedo Professor Sharpledsr a valuable contribution to chemistry and
more particularly, asymmetricatalysis®*’ The key part of the procedure is the formation of
an enantiomerically pure chiral complex, such 15 utilizing a hydroperoxide (usuallt
BuOOH) as the oxidizing agens;12 mol% of an enantiomerically pure dialkyl ester of
tartaric aadl (usually either diethyl tartrate) and titanium isopropoxide. When one of the
isopropoxide groups is replaced with the allylic alcohol substrate, asymmatsaation is
achieved. The most important aspect of sigstem is the capability for theroduction of
either enantiomer of the desired epeatgohol by employing either enantiomer of the
commercially available tartrate ester, which establishes the direction efpdxelationin the

reaction 6cheme 32

14
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D-(-)-diethyl tartrate (unnatural) "O"

2
— (0}
R OH
B COLEt ] R
EtO,C o> enantiopure
(CHg)3 OOH, iPro )\ Rs epoxide alcohol
(>1 equivalent) iPro,, \ 9., / |
= "'Ti‘\ "Tinn\lOR R
Ti(O-iPr), oINPT
(5-10 mol %) o\/O
activated molecular sieves EO <0 Bu
t
CH,Cl,, low temperature CO,Et Ry R,
SR 0
Ry OH
L-(+)-diethy! tartrate (natural) "O" 19 R

enantiopure
epoxide alcohol

Schene 8 Steeochemical outcome of the Sharpless epoxidation

The mechanism of the Sharpless asymmetric epoxidation is shown below. The initial

exchange of tetraisopropoxide ligands with the optically active diethyl tartrate results in the

formation of the dineric complex20.** ® The nucleophilic substitution of the hydroperoxide
on the metal centre allows the formation2df* Coordination of the allylic alcohol to the

metal then occurs, forming intermedi&2 and delivery of the oxygen atom using dative

1315,1
catalyst follows Scheme §, 131218
CO,Et
! Etoz)C\OiPr EtO,C oo OG5
_ PO / _ € op o0 )\ Rs
Pro.,, \ ", 1 0 a 'Pro )\ b iPro I 0, / |
Tia T Pro,, | O 0., 17, L
aneadh — L — Ti TiORy™ "Ry
O, / O'Pr / i< /T| ---- (0] O/ \O//
/Z o) o’ IS0 c! N X 46—0
=0 CO,Et N 4
EtO CO,Et = By g0’ © \op ;U
EtO CO,Et 2
20 21 22

Reagents and condition&) ‘BOOH, (b) allylic alcohol
Scheme9 Sharplessds epoxidation of

The success in obtaining high enantioselectivities (88was utilized to prepare chroman
2-ylmethanol25, which is a key i nt etocopaalol (¥itamain BE).n
Sharpless asymmetric epoxidation of allylic alcol&8, using the natural 4(+)-diethyl

tartrate, gave the enantiopure epoxidén 85% yield Scheme 1p*°

15
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OMOM OMOM
HO

(o) “y /OH

OMe OMe

23 24 25
Reagents and condition@) 'BOOH, Ti(OPH),, L-(+)-diethyl tartrate, CbCl,, i 24 °C, 20h, 85%.
Scheme 10The Sharpless epoxidation as a key step in total synthesis of chPeyhan

methanol25

1.7.3JacobsenKatsuki Epoxidation

Jacobsen reported manganseaten complex cataly&7 to be the most efficient catalyst for

the enantioselective epoxidation of unfunctionalized olefins among over fifty ligand
modifications?® Katsuki independentlyreported catalys28, with a similar skeleton t@7
(Figure 8).2" In general,suchMn(lll) -based catalysts consist of a tetradentate djend
complex. Unlike the Sharpless epoxidation, the Jacelkst¢suki epoxidation does not
require the substrate to ba allylic alcohallt is a transition metahediated epoxidatiomnd

a host 6 oxidizing agents have been used (e.g. iodosylbenzene, sodium hypochlorite,
OxonekE, hydr og e@PBA éor theoxiddtien ofathre changanese (11l) metal

centre into manganese (\fj; % 24 2> 28

27 28

Figure8:Jacols en6s and Kat suki 0s27a@d28 espactivelz at al y st

16



The main difference lies in the substrate geometry: the Jacobsen epoxidation delivered the
best results wheB-alkenes were used as substrates; while the Katsuki epoxidation pefforme
effectively whenE-alkenes were used as substrafédBoth can be used at very low catalyst

loadings; it is common for 1 mol% loadings to be used,emsih the isolated epoxides can

be above 99%’ The ractions are not stereospeciffgwever The active catalyst is a
Mn(V)-oxo species, formed by the oxidation of the Mn{flen complex, and is the most

likely responsible intermediate for the oxygen transfer to the diefilowever, the
mechanisms described by Jacobsen and Katsuki to explaientdmgioselectivity in the
epoxidation process differ.-od@cappeaédshsuggqg:

oxygen, whereas Kat-sunki abBigue8cfyésted a 6sid

'top-on'
'side-on' approach

approach

Figure 9: The twosuggested approaches from Katsuki and Jacobsen

The mechanism has not been completely understood, and there are the three major
mechanistic explanations for how the reaction proce€d&hefirst pathwayl is a concerted
reaction, much like th@rilezha® epoxidation, where there is nebond rotation around

the intermediate specied:?° Thus the reaction is stereospecific. The second pathivay

also stereospecifi® However in contrast to the first pathway, the reaction procetais
metallaoxetane specie€0, which then collapses to give the epoxide with the same
stereochemistry as the substrafe® The third pathwayll is a radical pathway, where the
mechanism suggests that ttrans-epoxide can be formed by a single electron transfer

mechanism, due to-C bond rotation around the intermediate spe@eséme 1) 232728-29
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collapse
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R1 N W R2 O '\I/I n
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Cis stereospecific
trans

Non-stereospecific

Scheme 11Summary of proposed pathways of Katsuki and Jacobsen epoxidations

The importance of forming a chiral epoxide as the key step for the synthesis of
pharmaceutical drugsan be illustratedda s hi mot o used Jacobsenoés
epoxide32, a key intermediaten his synthesis of the dihydroquinoline core abr8ycin Dy

33, in 87% vyield and 91%e(Scheme 12°

O
o O
N N o) N O
MeO | X a MeO N MeO | N
_— T | — _
=

MeO MeO HO

31 32 33

Reagents and condition&) 4phenylpyridineN-oxide (50 mol%), NaOCI (aq.), GBI,, Jacobsen's Catalyst (5
mol%), r.t, 2.5h, 43%, 91% ee, 87%.

Scheme 12 Ha s h symtesisobire dihydroquinoline core of Siomyciublising the
JacobseiiKatsuki epoxidation
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1.8 Organocatalysts

In contrast to metatbased epoxidation catalysts, organocatalysts are purely organic
molecules, consisting of carbon, hydrogen, nmggsulfur and phosphorus, and no transition
metals are needed for the reaction to proéédthe major advantages of organocatalysts lie

in that they are inexpensive, readily available, not contaminated byspaetdlusually non

toxic. As long as 90 years ago, an asymmetric organocatalytic reaction was reported by Fiske
and Bredig. Their study discussed the addition of HCN to benzalde&3¥/datalysed by
quinine35, forming optically active cyanohydri86in up to10%ee(Scheme 13

HOi N
MeO

A/

NC OH
35

Y

HCN +

36
34

10 % ee

Scheme 13The formation of optically active cyanohydriB6 from the first asymmetric

organocatalytic reaction
In 1960,Pracejusattempted to improve quinine as a catalyst. Pracejus reported the@se of

acetytquinine 37 with 1 mol% loading and 1.1 equivalents of methanothim addition to a
keteneint o | u e Ik T, totaffoid38in 93 % vyield and 74%e(Scheme 1%4*
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OQm N

MeO. N

—
N 0]

37
a |

Y

34 38
Reagents and condition@) Methanol (1.1 equiv.), Toluenigll1l °C, 92%.
Scheme 14The formation of optically activ@8 by Pracejus, usin@-acetyl quinine

In the early 1970s and 1980s, Hajos and Paradbngside Wiechert, Sauer and Eder
independently reported the use of chiral amines to catalyse enantioselective réa&tons.
example, the asymmetric intramolecular aldol reaction of tri@evas catalysed by -L

proline40, leading to the formation dhe unsaturated WielanMiescherKetone41. **

Y

1) O

39 41

Reagents and condition&) 40 (3-47 mol%), CHCN, 80 °C ,R.T. 83%,7-93%ee
Scheme 15Formation of the Wielan#liescher ketone using-proline

1.9 Non-Metal CatalysedEpoxidations

Today, organocatalysisising suchreagentsas chiral dioxiranes, oxaziridines, amines and
oxaziridiniums, forms a major part of the asymmetric epoxidation techniques available to

modern synthetic chemists.
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1.9.1Julia-Colonna epoxidation

Organocatalytic epoxidations of chalcone using fclglanine43 with H,O, as the oxidizing

agent were first reported by Julid in 1980Poly-amino acidcatalysed epoxidation of
chalcone42 was achieved to afford4 in heterogeneous triphasic conditions with excellent
enantiomeric excesseSaheme 15 *° The major advantage of using a triphasic system is the
insolubility of poly-L-alanine in an aqueous solution of sodium hydroxide, allowing simple
separation and thereuse of the catalyst® However, continuous recycling of catalyst leads

to reduced enantioselectivities, due to catalyst degradation under basic conditions. It has been
explained that the chain length required for high enantioselectivity should tconsis

minimum of 10 to 30 aminacid residued®

0
o N \/lLH OH

0]
O
43

¢

42

Reagents and conditiong&) H,O./NaOH, Toluene or CKLl,, r.t., 85%, 93%e
Scheme 16Epoxidation of chalcone by Julid using palyalanine.

The capability of thdriphasic system is limited, due to the reaction time required for the
epoxidation of chalcone to occur (up to 24 h). Roberts used a biphasic reaction system to
limit the reaction time to 30 minutes for chalcoReThis was achieved by replacing the
oxidant H,O, with ureahydrogen peroxide, and the base with QBi$ both of them are

soluble in organic solvents. Pelyleucine was used as the catal§5t.

1.9.2Phase Transfer Catalysis

Phase transfer catalysis (PTC) is an important conceptanocatalytic reactions, where the
catalyst acts as a phase transfer agent, allowing substances which are located in
immiscible phaséo pass into an organic phaseor example, alkylation of the acetal starting

material45 occurred using sodium hydroxide as the base in a water/dichloromethane biphasic
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systen®> Although sodium hydroxide is not soluble in dichloromethane, the tetraalkyl
ammonium salt was employed to transfer the hydroxyl anion from the aqueous layer into the

organic layer by forming BIN"HO', which is soluble in dichloromethaf®cheme 1Y

/
OH o/\/\

o__ O
o_ O

45 46

Reagents and conditiong) BuN* HSQ,, NaOH, HO, CH,Cl,, 84%.
Scheme 17Example of pase transfer catalysis

1.9.3Chiral Dioxiranes as catalysts for asymmetric epoxidation.

Dioxiranes47 arethreemembered ring systems that havearbon and two oxygen atoms.
Dioxiranes can be generated from ketones readtirgitu with Oxoné", and are powerful
and unstablexidants®

O

)l\ + KHSOs — o

HO_ _00SO0;

<

. (}f +  KHSO,

47

Figure 10: Generation of dioxiranes from ketones using OX8ne

In 1984, the first example of asymmetric epoxidation using chiral ketone catalysts was
reported by CurciRigure 1) Cur ci 6 s iinmdlvedireadily available ketorel8

and 49 with 1-methyl1-cyclohexene as the substrate in a biphasic mixture of watkr a
dichloromethane buffered to pH8, with BuNHSO, as a PTC. Drawbacks from the use of
ketones48 and 49 included poor epoxide ees (up to 12%), high catalyst loadings and poor
reactivity>®*°Curci also investigated electrafeficient ketone§0and51, and foundhese to

be more reactive, but only moderate improvement in enantioselectivity were obseved (1

20%ee Figure 11).383°
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48 49 50 51

Figure 11 The chiral ketone catalysts developed by Curci between 1984 and 1995

Il n 1996, Yang was the first to develop an e
research.She introduced a new biphasic solvent system: acetonitrdeer, utilizing C2

symmetric binaphthalenalerived ketone53. Catalyst 53 was capable of enantiomeric
excesses of up to78o at a loading of only 10 nfid which was a huge improvement on

Cur ci 6 satalyststbchene 13%

O
SeL»
>
0]
T3
53

52 54

Reagents and condition&) 53 (10 mol %), Oxon&” (5 equiv.), NaHC®@(15.5 equiv.), MeCN/KD, 0 C,
80%, 87%¢ee

Scheme 18Dioxiranemediated epoxidation protocol, using §ymmetric binaphthalene

derived catalyst

To further improve the reactivity of the,&ymmetric binaphthalengerived catalyst,

structural modifications were necessary. Baseway analysis, Yang suspected that the H

3and H3 6 at oms, w hoi thee ichira diexirame Imoistye behave as if the steric
sensors in the oxygen transfer proc&sBy increasing the size of the grapt t he 3 and
positions, Yang believed the selectivity of the process could be further improved.

Consequently, highamantioselectivities weliadeedobserved Table 1).4%4?
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Table 1: Effect of the size of the steric sensor on the isolagsd transstilbene oxide

X

e}

()i,
-
0]
9@y
O

X ee

H 44%
Cl 76%
Br 75%
32%
Me 56%
CH,OCH3 66%
SiMe; 44%
/j 71%
o
0 X Y g e fposiaonsotanthe at t |

wi t h

t(eigurBong' s

the epoxidation ofransstilbene with 1 equivalent of the catalygh. Adam also reported
ar

Song“® published chiral ketoneS5, and56,
carbonyl group. However, these catalysts were neekxtive the ee did not exceed 53% for
si mi |l

chiral ketoness7, and58. They were able to afforded s

12).44
wL 5
(UL, (o J 3 o RV
Dmo S L T e N
O 0 o) “0 RS ""/’<O
)VO Ph” Ph

56 57

Figure 12 Catalysts developed by Song and Adam

[

58

55
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1.9.3.1 Shi's fructosederived ketone catalysts

In 1996, Shi reported the synthesis and use-fifubtosederived ketoné1 for asymmetric
epoxidation. Ketoneés1 can be prepared from-fuctose59 in two steps $cheme 19%°
Since then, this catalyst has been regardedres of the most powerful and versatile
organocatalytic asymmetric epoxidation catay3the key tosuccess of the catalyst lies in
the close proximity of the ketone and the stereogeardres significantly increasing the
stereoinductioff’

59 60 61

Reagents and condition&@) acetone, HCI® 0 °C, 53%. (b) PCC, CCl,, rt, 93%.
Scheme 19Sy nt h e s i sfruatobedeBved kétene D

Ketone61 displayed high enantioselectivities ftihre asymmetric epoxidation of a range of
unfunctionalized,trans and trisubstituted olefins. For exampleansstilbene oxide was
obtained in 85% vyield and 98%e (Table 2). Low ees werehowever,obtained forcis-
disubstituted and terminal alkeri¥s.

Table2S hi 6 s e p drans dnd trisulostituted dlefins with chiral keto6&

Substrate Yield (%) ee (%)
ph X Ph 85 98 R.R
ph/\/ 94 96 (R,R

phJ\vPh 89 96 R,R
’ 94 98 R,R
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However, a problem identified by Shi was the requirement for kedtrie be usedn high
catalyst loadings for the complete conversion of alkene to the corresponding epoxide to
occur. Shi studiedthe relationship between the effect of pH on the epoxidateaction and

the high catalyst loadings. The result of that study showed that the reaction run & pH 7
favours intermediate62, which is prone to a Baey&filliger oxidation, affording
corresponding lactone85 & 66. If the pH is increased to around 10, intermedg@es

favoured and dioxiran&4 is generated3cheme 2*8

o Ym0 o I 5077780, »L 5
v,,, (0)

(0] )v 62 >‘\\\\\\

64 © 66 (0] (0]
0§ ~OH K_/g o
o >< ~ 0 I § &
) W /O B (0] (0] (0]
: X
Og o i Q
g
63

Scheme20Shi 6s catal ytic cMiigdr@ecomposition patgway he Bae

Shi also reported the usé hydrogen peroxide as the oxidant. This system requires the use of
acetonitrile as peroxyimidic acid7 is believed to be the active oxidant for generating the
dioxirane Scheme 2)]. High yields and enantioselectivities for a number of olefins were

obtained?®
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0-Q N - H/O\OJ\ — (ﬁN \Q

T
A\

Scheme 21Formation of the peroxyimidic aci&l’

The asymmetric synthesis of {(Heronapyrrole C was accomplished by Ding and co
workers: the alkene substra@8 wa s exposed t o Shi 6s ket one

intermediate 69 in 82% vyield. Ringopening of the epoxide usingn intramolecular

nucleophile and deprotection of tiNBoz group led to the formation of the target molecule
(Scheme 22°°

(+)-Heronapyrrole C
Reagents and condition@) Shi catalyst, Oxone,,K0s;, MeCN/DME/buffer (1:2:2), OC, 83%. (b) TBAF,

THF, 0°Cto rt, 1h, then 50C, 0.5 h, 80%.
Scheme 22Asymmetric synthesis of (#)jleronapyrrole Cusin§hi 6 s cat al yst
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1.100xaziridinium salts as catalysts for asymmetric epoxidation

Oxaziridiniumsspeciesare threemembered rings, analogous to oxaziridines, which contain
one oxygen, one carbon and one quaternized nitrogen°aftweir reactivity is due to the
presence of the quaternized nitrogen atanich increases their efficiency as oxygen transfer
reageng to nucleophilic substrated.he first report of the existence of an oxaziridinium
species was r eporpie 19768 Yhe preparationcohdn eaziridimumu
species was the result of a peroxyacid oxidation of the steroidal pyrrolinic iminium salt
705122 Lusinchi demonstrated the capability of the oxaziridinium species for transferring
oxygen to other nucleoghi substrates such as amines, sulfides, imines and alkeigesg

13).>

S
FSO; ®

70

Figure 13 The first iminium salt
In an effort to develop a catalytic version of the reaction, Lusinchi arvdockers chosé\-

methy}3,4-dihydroisoquinolinium tetrafluoroborafel> and Oxon&" as the oxidant for the
epoxidation reaction of a range of unfunctionalized oleffigure 14).>°

7

Figure 14: Model iminium salt

This work led to the inmium salt being used in catalytic amounts, generating the

oxaziridinium byin-situ oxidation, avoiding extra synthetic stepsgure 15).
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Figure 15: Catalytic cycle of the iminium/oxaziridinium salt with OxdHe

An initial investigation ofenantiomerically pure iminium salts for their potential as catalysts
was conductedb y Lusinchi 6s>® gusiupchiindos 19%%30.up has
dihydroisoquinolinederived oxaziridiniumsalt 77 as an oxygen transfer agehat exhibits
respectable enéinselectivities in the epoxidation of olefins>® Salt 77 is derived from
(1S2R)-(+)-norephedrinég’2 and is prepared in a fiveep sequence. Importantly, they were

also able to determine the structure of the oxaziridinium salt usiray Xrystallography
(Scheme 23 8

Ph En Ph
: HO :
: a b c
Ph — — —
NH,
72 73 74 75

Ph
: Ph Sgr,
e
NC.? - @®
6"/ /N\

77 76

Reagents and condition&) Benzaldehyde, NaBHEtOH (b) CRCO,H, H,SO,. (¢) NaOCI, NaOMe d)
Me;OBF,, MeOH. €) mCPBA, CH,Cl, NaHCQ:.

Scheme 23Chiral oxaziridinium salt isolated by Lusinchi
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An initial reaction with 5 mol% of76 and Oxon&”" as the oxidant exhibited low

enantioselectivities (35%8 for the epoxidation ofrans-stilbene®

The catalytic oxaziridiniunmediated epoxidation is a highly efficient method. However, the

issue of competing irreversible basatalysed isomerization was addressed byéBSiBome

common side reactions were sgloved in iminium salinediated epoxidation. They are
identified as deleterious factors for the iminium salt catalytic process by reducing the
catalytic efficiency of the epoxidation process: the loss of active oxygen from the
intermediate oxaziridinium ggies78 derived from the parent iminium catalysts can occur

when the dihydroisoquinoliniurii8 contains protonsn the carbotd t o t h & Thei t r oge
corresponding isoquinolinium saf9 can be formed by dehydration. This is an duade

pathway Scheme24). >°

H O :BH
e H,O

A - (| Y o N+

- N- =N~
< pLpB B =
o} b BF4 BF,

BF, %’HLB
78 79

Scheme 24Acid-base pathway

Bohé has aimed to improve the efficiency of the catalytic activity by removing the possibility
of isomerization by dehydratioff. A gradual increase in catalyst efficiency is reported when
3,3disubstituted dihydroisoquinolium iminium sal80 is utilized instead of the
corresponding unsubstituted dihydroisoquinolinium catalyst, thus eliminating the base
catalysed isomerizatiorS¢hene 25.°° We have however never observed such processes in

our iminium salt catalysts.

Reagents and condition&) catalysB80 (10 mol%),7h, 100%.
Scheme 25 Bo h ®06 s idisupstitoteddhgdro®qqunolinium catalys80
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Aggarwal reported the synthesis and the use of a binaphtHadsed catalys31, which has

an achiral methyl group as the nitrogen substituent, to acHeiveenantioselectivities
(Figure 16).%° 1-Phenylcyclohexene arttans-stilbene epoxidation reactions were carried out
with 5 mol% of catalyst, Oxon¥, and NaHC@in a mixture of acetotile/water at room

temperature, affording-phenylcyclohexene oxide andhnsstilbene oxide irv1% and 31%

LS
BF,
@

Yy

81

ee, respectivelff

Figure 16

110 1 Armstrongdés Exocyclic I minium Sal

Armstrong was the first to explore a rangesgbcyclic iminium triflate salts and use them as
epoxidation catalyst¥:®? Thesesalts were prepared by intermolecular condensatioN-of
trimethylsilyl pyrrolidine with various substituted aromatic aldehydes in the presence of

trimethylsilyl triflate in anhydrous diethyl etheB¢heme 25%*

o X =H 82
@ OTF X = p-OMe 83
O ArCHO N X = p-Cl 84
N TMSOTf N X = 0-Cl 85
éiMes Et,0 | /—x X = 0-CF;86

X = 2,6-dichloro 87

Scheme26:For mati on of Armstrongo6s82&xocyclic i

Armstrong found that catalys6, bearing anortho-trifluoromethyl group, catalysed the
epoxidation of vari ous ol efins wit hinhoO mo | @
mixture of acetoitrile and water for 4 h at room temperature, affording the corresponding
epoxides in 83% yield3cheme 2y
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Reagents and condition&@) catalysB86 (10 mol%), Oxon&" ( 2 equiv.), NaHC®@(4 equiv.),
MeCN/H,O (99.6:0.4), rt, 4h, 83%.

Scheme 27

Likewise, in 2000, Komatsu studied ketiminium salts, derived from pyrrolidine and
cyclohexanone in the presence of HB&nder DearStark conditions, and attempted
asymmetric epoxidation of a range of oleffAdhe chiral ketiminium saB8was synthesised
from L-prolinol, which afforded the epoxide of cinnamyl alcol®d in 39% ee (Scheme

28).%3

o
BF,

®

H H N|

OH

b a @

88

89 90 8

Reagents and condition&@) catalysB8 (10 mol%), Oxon&" (1 equiv.), NaHC@(4 equiv.),
MeCN/HO (98.7:1.3), 25C, 16h, 79%.

Scheme 28

1.102Yangb6s chiral i minium salts

A direct methodor the in-situ generation of chiral iminium salts involved the condensation
of a secondary amine with either an aldehyde or a ké&fofiis method allowed the
screening of various iminium salts, under mild acidic conditions, without the need for

purification. For example, amir@&l and aldehyd®2 (20 mol% loading for bot®1 and 92)
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afforded good conversions using OxBheand NaHCQ in a mixture of acetonitrile and

water and gavérans-stilbene oxide ir65%ee(Scheme 29%

H
O H o
91 92

HA
HO3S. @K@ Ph\&\
bo) ;\ r\?}”’z A@ Ph
A
Iminium salts
Ph

KHSO,

f{"?\}\ O \:\Ph
o s

Oxaziridinium salts

Scheme29Yangbés asymmet trangstikepeo xi dati on of

1.103Pageds i minium salts

Page and cavorkershavepursued a study based on cyclic chiral iminium salts containing the
asymmetric centre in an exocyclic substituent on the iminium nitr6g@his was expected

to improve the potential enantioselectivity by bringing the enantiocontrolling asymmetric
centes closer to the site of thexygen transfereaction. Thereby, Page has adopted a
cognitive approach to design a class of chiral iminium salts bearing an exocyclic substituent
at the nitrogen for the organocatalytic asymmetric epoxidation of of&fins1998, Page
revealed a synthetic route to facilitate the creation of a library of iminium salts, based on the
reaction of primary amines with bromoaldehy#kto furnish dihydroisoquinolinium sal&s
(Scheme 3p°°
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65% 30 - 65%
93 94 95
NH,
= ph HaN
- ©/\NH2 HN& E/ﬁ\
HO™ NH;
96 97 98 99

Reagents and condition&) i) Br,, CCl, reflux, 1h; b) HBr (conc.), reflux, 10 min, 65%; c) R*NHNaBPHh,
EtOH, MeCN, 2h, 0°C to RT, 365 %

Scheme 30Synthesis oflihydroisoquinolinium salt85

Dihydroisoquinolinium salt catalyst86-99 were screened using model substrajghényl
cyclohexene to gain insight into their reactivity and enantioselectivity. Tae
isopinocampheyl-derived catalys99 performed best and achievee of up to 73%Table
3).65

Table 3
Ph Ph
Sg>
Catalyst
Catalyst Loading/ Yield/ (%) ee/ (%)
(mol %)
96 0.5 47 15
97 5 54 0
98 1 45 32
99 5 68 73

Reagents and condition&) Iminium Salt, Oxone (2 equiv.), B20; (4 equiv.), MeCN/HO, 0°C

The process employed in the synthesis ofdatlyst gained various advantages from the
nature of the catalyst produc®dlt involves simple synthetic steps, does not require
chromatography and is easily scaled up (70 g). The bromideo$@tsare formed as gyl

products which are difficult to pifly by conventional methods. This problem was solved by
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anion exchange using the appropriate inorganic salts. Temg{borate was used as counter

ion to obtain pure crystalline iminium saffs.

1.103.1Mechanistic analysis

The catalytic asymmetriepoxidation of a simple alkene is thought to proceed through the
proposed mechanism depicted beloSctfeme 31°° Reversible nucleophilic attack of
persulfate oxidant at tree or re face of the imirum specie400leads to the formation of two
diastereoiemeric specied01 or 102 Irreversible ring closure with concomitant expulsion

of a sulfate anion delivers oxaziridinium speci#83 and 104, which is believed to be the
ratedetermining step under the reaction condtirSachdiastereoisomer mighhen deliver

the oxygen atom to either of the prochiral faces of the alkene substrate with a different degree

of enantiocontrof®

Fast Fast R

S

2

© _8042@ —SO4
'Rl\ R* N‘R* " N‘R* ':IC‘-BR*
0 p, J e

103 0 o .0 104
e038_0‘) 101 03SQ/ 102

Scheme 31

Unfortunately, it is impossible to isolate the active oxaziridinium intermediate(s) due to
its/their high reactivity and instability. Therefore, it is not fully understood whether one or
both of the two oxaziridinium diastereoisomé@3 and 104 are invohed in the proces§®

An early NMR study, however, showed the presence of ordyli@stereoisomer.
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1.103.2 Catalytic oxidation conditions

1.103.2 .1Effect of the solvent

Various solvents were tested by Page: dichloromethane gave the Ieaestity, due
perhapsto low solubility of Oxon&" in the organic phase. The best results were obtained
when a biphasic acetonitrile/water system was used. It was reported that even at low catalyst
loading (0.5 mol%) a significanhcreaseof the rate ofreaction was observed for a 1:1
mixture of acetonitrile and water without affecting epoxide°8¢=r examplethis solvent

system was used in the asymmetric epoxidation ephdnylcyclohexene with
tetraphenylborate iminium sa®9, yielding 1-phenylcycbhexene oxide in 30%e after 1

hour. However,at a higher catalyst loading (5 mol%), the use of any water/acetonitrile
solvent system, using ratios from 1:9 to 9:1, led to full conversion in less than 20 rfifnutes.
Thereby, this solvent system was foundoethe best solvent system used, in terms of both

enantioselectivity and reactivifif’

1.103.2 .2Effect of Temperature

Page and cavorkers attempted to carry out reactions belo?dCQ but were limited by the
freezing point of water and by exterihe solvent mixture. When employing an
acetonitrile/water solvent system (1:1)i&0 °C, the biphasic mixture froze and the reaction
rate decreaseld.For example ati 10 °C with catalys®9 andan acetonitrile/water mixture
(3:1), :phenylcyclohexene ode was obtained in 35% ,eghile at 0 °C, phenylcyclohexene
oxide was obtained in 40% .aedore importantly, this made little difference to the ee of the
isolated epoxide. Negligible conversion to the epoxide was observed at betw&2n°€7

due to rapid dcomposition of Oxone above room temperafiire.

1.103.2 .3Effect of Catalyst Loading

No epoxide was detected when the epoxidation reaction-pfehylcyclohexene in the
absence of an iminium salt catalyst in an acetonitrile/water solvent systemat(Q0:2f, with

Oxonéd™ and sodium carbonat& However, increasing catalyst loading from 0.1 to 6 mol%
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was successful in improving the enantioselectivity of the epoxidation reaction; above 6 mol%
only negligible improvement was observ&d.

35
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Catalyst Loading (mol %)

Figure 17: Effect of catalyst loading on the enantioselectivity of the asymmetric epoxidation

of 1-phenylcyclohexene utiting iminium salt99

Since 1998, Page has made significant contributions towards designing iminisinssejta
range of chiral amines in an atipt to potentially increase enantioselectivity. Page has
introduced the dioxareontaining chiral aminel05 which was proven to give better
catalysts than amin®9. Therefore, nowadays, aming05 and derivatives are used
exclusivel y i nandPsacgesduscataystsidgsighmere k8)n°t

HZN.§Z><

Ph
105

Figure 18 The dioxanecontaining chiral amin&05

Dihydroisoquinolinium saltl06 was used in the epoxidation of a range of simple alkenes,
showing higher enantioselectivities, when compared to catf@st For example,
epoxidation of triphenylethylene was carried out using catdl@ét(5 mol%) employing
Oxoné" and sodium carbonatin an acetonitrile/water solvent system (1:1) at@
affording triphenylethylene oxide in 90% yield and 58%(compared with 100% yield and
5% ee when cataly$9 was used under the same conditioffs).
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106

Figure 19

Further work was focused on the development of more selective catalysts, based on the
replacement of the dihydroisoquinolinium moiety with a biphenyl structure, featuring a
seveamembered ring systeffi. After screening various simple alkenes for asymmetric
epoxidation, azepinium salt07 was found to be more reactive in the epoxidation reaction
than the sixmembered ring dihydroisoquinolinium catalysts and demonstrated good

enantiocontrol in the epoxidation proce$alfle 4).°®

Table 4 BiphenylazepiniumcatalystlO7 prepared by Page and-emrkers
)
O BPh,
o)
®
/ >§: ><
0

T w

107
) ) conv/
Catalyst Time/min ee/ (%)
(%)
Me
10 100 24

Ph
PR 3 90 59

Qph 31 100 60
3 41 41

Reagents and conditioifa) 107 (5 mol%), Oxone (2 equiv.), N@Os; (4 equiv.), MeCN/HO (1:1), 0 °C.
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Pagedbs group synt he slo8wihda binaphthalene backisoaelqure c at al
20).%° The binaphthalenrazepinium saltL08 showed excellent enantioselectivities in the
asymmetric epoxidation of -fphenylcyclohexene (91% ee) and-pHenyll,2-
dihydronaphthalene (95% ee), while exhibiting poor enantioselectivities -fisreyl2-

propene (42%e) and triphenylethylene (12% &8).

©
o0
o
O]
{3k

O
Ph

108

Figure 20. Binaphthaleneazepinium catalyst prepared by Page and/odkers

Regarding the low solubility of Oxoi n many organic solvents, f
an investigation on the use of many stoichiometric oxidants undeagqueous conditions.
Tetraphenylphosphonium monoperaxyfate (TPPP) turned out to possess a superior
reactivity without any backgroungexidation observe® This positive finding was applied

to develop a nomqueous epoxidation system mediated by iminium salt catdfysisnce,

performing the epoxidation reaction under the-agneous conditions at lower temperatures

led to excellent eantioselectiviies for the epoxidation of cyclicis-disubstituted alkenés.

For example, &yance2,2-dimethylchromene oxidel1l0 was formed in a highly

enantioselective fashion (97% ee) using iminium salt cata/s(Scheme 32"

NC AN a NC
—_—
@)

109 110

Q %
"""O

Reagents and conditioifg) CatalystLl07 (5 mol%), TPPP (2 equiv.), 20 h,°C, 90%, 97%ee
Scheme 32Asymmetric epoxidation ai09under noraqueous conditions

Subsequently, Page was able to use chiral iminiumwadtsrnon-aqueous conditions for the
formation ofepoxides in high enantioselectivity as the key step in the synthesis of natural
products’?> For example, in 2005, the total synthesis of -Agpertensive agent
levcromakaliml14was achieved using an asymmc epoxidation reaction mediated by1
(Scheme 33"
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©BPh,

o'
@’\C*
MeO,S
111

NC w9
|OGIE S GG
O o
109 110 112

Reagents and conditiorfa) Catalystt11(10 mol%), TPPP (2 equiviHCl;, 2 4 h °C, 85%,0B87% ed))
Pyrrolidin-2-one. NaH, DMSO, RT, 52%.

Scheme 33Synthesis of levcromakalihl2

Epoxide intermediaté10was subjected to a ringpening reaction usingyprolidin-2-one to
give levcromakalinf? Natural productsranskhellactonel14 and lomatin115 were also

preparedising an asymmetric epoxidation as the key €sepeme 3317

X
0_0O a
—
=
113

115

Reagents and condition@) CatalystL11(10 mol%), TPPP (2 equiv.EHCI;, 24 h,1 30°C, 65%, 97% ee;
d) 1M H,SQ, (aq.), acetone, RT, 95%) NaBH:;CN (1 equiv.), BR-OEt, THF, 0°C, 92%.
Scheme 34Total syntheses dfans-khellactonel14and lomatinll5
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1.11 Kinetic resolution

In all living cells and organisms, complex processes naturally occur to synthesize chiral
compounds that exist in @anantiomerically pure form, for instance, carbohydrates, proteins,
and DNA in contrast with chemical reactions which usually produce racemic miktties.
racemic mixtures can then be separated into the two enantiomeric*fdiimesprocess of
separating aacemic mixture into its enantiomers is known as resoldtiGme way of
achieving separatiors using a kinetic resolutiorKinetic resolution is a term defined as
transformation of one of enantiomer faster than the other into the product in high
enantianeric purity, mediated by a chiral catalyst. The process depends on each enantiomer

in the racemic mixture reacting at a different ragé Ks (Figure 20).>™

KR
SR Pr
K
Ss = === => Ps
Figure 20

The selectivity factor (k ) is calculated by the equation reported by Kagan, which is related

to the rate constant of the reaction of the R and S enantiomers, proceeding to a signal product.
74

S = Krel = Krasf Ksiows €€= €nantiomeric excess= conversion
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1.11.1 The use of kinetic resolution in catalytic asymmetric epoxidation

The major advantages of a kinetic resolution process using asymmetric epoxidation lie in the
following: racemic starting materglare cheap and readily available; a catalytic kinetic
resolution can proceed at low loading; the catalyst is inexpensive and can be reuslee; and

unreacted substrate and product can be obtainedendtilent enantioselectiiéts "

1. 11. 2 S imeticrpsbldiens 6 k

An early report of a successful kinetic resolution using asymmetric epoxidation was
published by Sharpless in 1981The asymmetric epoxidation reaction conditions previously
reported were applied to a racemic allylic alcchalthough both enantiomers of the allylic
alcohol can be epoxidized from the same face, the stereochemical outcome of the epoxidation
of chiral allylic alcohols is settled by different rates of reaction for each enantiéimer.
instance, racemic secondary allylic@hols116that have one chiral centre at C1 (attached to

the OH group) were tested under Sharpless epoxidation. One enantiomer is consequently
expected to react faster than the other, if the rates of epoxidation of two enantiomers are
fundamentally different. Shapless was able to obtain epoxiti&7 and allylic alcohols in

high enantioselectivity. Sharpless determined that the rate of epoxidati®ldf6(is 700

times higher thanR)-116 (Scheme 35*

Me3Si Me;Si
’ a \\Wl\\—_—
_—
OH N o
CsHi1 CsHy4 CsHyq
(+)-DIPT "O" ee > 95% ee > 95%
(R)-116

116 117
Reagents and condition&) (+}-DIPT, Ti(OP#), TBHP.
Scheme 35Stereochemical outcome of the epoxidation of secondary allylic alcohols

42



1.11.3 Pageds kinetic resolution

In 2013, Page first reported the kinetic resolution of racemic chromenes using an iminium
saltmediatedepoxidation reactiof’ The first example explored by Pagecyiano2-methyt
chromene substrafiel 8 was based on aslibstituted benzopyran with the chicaitreat the

C2 position. Chromené&18 was initially subjected to iminium satttalysed epoxidatn,
allowing a perceptive insight into the outcome of the kinetic resolution methodd|aine
reaction was carried out with iminium salt1 under noraqueous conditions, affording the
major epoxide diastereocisom&t9, where the epoxide moiety tsans with regard to the
methyl group at the C2 position, in 86% ee, the minor epoxide diastereoi$@ier 97%

ee, and the unreacted starting mater2dlin 37% ee $cheme 35 *’

o) N

NC NC N
m \Ej\/j Ncm
o LA,
Ncm ; . ’ Il
120
o 119

37% ee

(0]
o~ (0]
86% ee 97% ee

Reagents and condition&) iminium saltL11 (10 mol%), TPPP (4 equiv.),

CHCI;, 730 °C, 24 h (The upper structures of each pair are the major isomers in each case).
Scheme 36

Page was able to confirm the configuration of the major epoxide product by: 1) based on
previous outcomes observed withtime group for the epoxidation of prochiral olefins with
catalystl1l, thes face of the substrate appeared to be favouretheuneacted starting
materials were recovered anantioenriched mixtures and their optical rotations were
matched by analogy with chiral chromenes of known absolute configuration and optical
rotation whichhad beenpreviously synthesized or isolated as singi@antiomers Kigure

21).""
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Approach disfavored by Catalyst Approach disfavored by Catalyst

Skl oy
O O /,"/1

Approach Favored by Catalyst Approach Favored by Catalyst

Faster reacting alkene enantiomer Slower reacting alkene enantiomer

Figure 21

Increasing the size of the substituent at the C2 position, from methyl to phenyl, particularly
favoured the formation of the major epoxide, where the epoxide moiggnswith regards

to the phenyl group without any observation of treeamalogu€.” Importantly, the absolute
configuration of the major epoxide enantiomer was confirmedsibgle crystalX-ray

analysis ofa sample of compourtt25 (Scheme 3Y. 7’

(#)-122

Reagents and condition@) CatalystL11(10 mol %), TPPP, CHg|IT 30 °C, 24 h, 74 % ee; (b) Pd/C; &
atm.), MeOH, RT, 20 min, quantitative; (c) @&(+)-camphorsulfonyl chloride (1 equiv.), 48t (2 equiv.),
toluene,RT, 24 h, 43%.

Scheme 37
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1.12 Flavonoids

Phenolic compounds form one of the main classes of secondary metabolites and occur in a
vast range of plantd:”°They possess a large number of structures with extreme diversity, for
instance, benzoquinones ramones, stilbenes, and flavonoifsPhenolic compounds play a
significant role in the organoleptic and nutritional qualities of fruit and veget&bléms,

certain colour and taste properties have been attributed to phenolic compounds in a number of
plants and derivatives such bsrries teg beer grapes olive oil, cocoaand coffee’®"8°
Among these compounds are flavonoids, which are generally termed to indicate a wide range
of compounds and constitute one of the major classes of all plant secondary metabolites.
Flavonoids are categasd by subclasses, which arise from a change in oxidation state,
skeletal modification and oligomer formatiétf® They have the basic skeleton of -1,3
diphenyl propane (£Cs-Cg), depending on the position of the linkage of the aromatic ring
(ring C) to tke benzopyran. Therefore flavonoids may be divided into three categories:
flavonoids (2phenylbenzopyrans)126, isoflavonoids (3phenylbenzopyrans)l27, and

neoflavonoids 128 (Figure 22). These categories also possess similar biological

81,82,83
7
;
8
8 1 O 7 ONg 6
Y 4
C ;
6 3 5 4
5 4

126 127 128

activity.

Figure 22 Structures of flavonoid$26, isoflavonoidsl27, and the neoflavonoids28

1.12.1 2Phenylbenzopyrans (G-Cs-Cg backbone)

The degree of oxidation and saturation present in the heterocydilcgGnd a basic
chemical structure (Cs-Cs backbone) are fundamental factors in the-division of 2

phenylbenzopyrans into the following grou@sgure 23): %

45


http://en.wikipedia.org/wiki/Berries
http://en.wikipedia.org/wiki/Tea
http://en.wikipedia.org/wiki/Beer
http://en.wikipedia.org/wiki/Grapes
http://en.wikipedia.org/wiki/Olive_oil
http://en.wikipedia.org/wiki/Cocoa_solids
http://en.wikipedia.org/wiki/Coffee

o
OH OH OH

Flavan Flavan-4-ol Flavan-3,4-diol Flavan-3-ol
X X CC X
OH OH
o o (0] (0]
Flavanone Flavone Flavonol dihydroflavonol
Figure 23

1.12.2 flavan3-ol

Repeated condensation of flavawl results in the formatiorof a polymeric proantho
cyanidin, which may be defined as natural condensed taHHfiit exists as a mixture
consisting of several-Bavan-3-ols with different numbers of phenolic hydroxytoups on

the C ring®°® Many flavan3-ols have been identified and characterized according to the
degree of hydroxylation of ring;Ghey are thought thaveone (afzlechin/epiafzlechin), two
(catechin/epicatechin), and three (gallocatechin/epigaéoban) hydroxyl groups as well as
different stereochemistryat the asymmetric carbomtoms in the heterocyclic ring C
examples include (+)-a f z | e c kepiafzlechin( (Hc at ec h¥#epj c a(tie)e hi n,
gal | oc at e-epiydllatateehindEGC)F{gure 24). /98084
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(-)-Gallocatechin (-)-Epigallocatechin (EGC)

Figure 24: subclasses of flavasrol

Although the majority of flavai3-ols possess powerful antioxidant properties, many also
have other biological activities attributed to théhThey show anticancer, antimutagenic,

and immunomodulatory activities, promote cardiac recovery afteraméy and inhibit
bacterial adhesioto the urinary tract>®
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1.12.3 Synthesis of-{-Gallocatechin

The enanti osel e-galdcateehins34was reperted by Kroh#H.Redudtion
of ketonel29 followed by dehydration using ethyl chloroformate and sodium borohydride
led to the olefin130 in 57% vyield, followed by protection of hydroxyl group usitegt-
butyldimethylsilyl chloridé®” A Sharpless asymmetric dihydroxylation of the double bond
provided the key intermediafi82in high enantiomeric purity (93.6% ee). Treatment of the
TBS-ether 132 with tetrabutylammonium fluoride (TBAF) afforded the trib83 in 92%
yield. Cyclisation oft h e triol t ook pl ace under- Mit st
GallocatechirL34in 71% vyield and 97.7% e&?’

OBn OBn o8

OBn OBn n

BnO O on—i ‘ ogn 2P BnO O oH| O oBn ¢ BnO O oTBS O OB

OBn O OBn

130 131
129

OBn
OBn
BnO oTBS O BnO
d O on  ©OBn p OH f
- i OH

OH
OBn OBn

OBn
132 133 134
Reagents and conditiong) CICOOEt, EfN, THF.; b) NaBH, H,Oi EtOH, Q' 5 °C ,57%; c) TBSCI, DMF,
imidazole, 93%; d) ABmi x t-BUQHI H,O (1:1), 82%, 93.6%e h) TBAF, THF, r.t., 1.5h, 92%) DEAD,
PhP, THF, r.t., 3h,71%, 97.7%e
Scheme 38Syntheses of 1-Qallocatechirl34
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2.0 Results and discussion

2.1 Project Structural Analysis

Chromenes are heterocyclotompounds and are potential targets for laboratory synthesis.
They exhibit a broad range of pharmacological profiles, including-cxindiant, anti
inflammatory, anticancer, and antilV activity.® Preparation of racemic chromenes has
been widely reportedalthough the number of examples of enantioselective synthesis of
chromenes appears limitéd.The asymmetric epoxidation reaction is a recently developed
approach that can offer synthesis of optically active tetrahydropyrans in a highly
enantioselectivdashion? Indeed, since 2005, metiibe catalytic asymmetric epoxidation
using iminium salts such a@shas been successfully employed to access chiral chromenes
within the Page group. The iminiunatalysed asymmetric epoxidation methodology has
been appkd to the synthesis of levcromakaliyi trans-khellactone3, and lomatird,* which

arebased on a chromeitgpe structureKigure 1).

X X
0 o~ o o} o~ o
+.OH
- OH -
OH OH

1 levcromakalim 2 trans-khellactone 3 lomatin 4

Figure 1. Chiral chromenes obtained using iminium salt catalysed epoxidation

Wehave also used Pagebs organocatalytic asynm
kinetic resolution of racemic chromene substrates. A successful protocol of kinetic resolution
was developed by Pageds group anndthe axigaotl v e d t
TPPP (Tetraphenylphosphonium monoperoxysulfate), soluble in organic solVemésaim

of this study was to oxidize racemic alkenes, based on a chreypmnstructure such &sto

afford epoxides in a diastereoselective and enantiosaddetshion. The less reactive alkene

enantiomer was also recovered in a low enantiomeric excess (18¢heshe 1°
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Reagents and conditiong@) Catalyst (10 mol %), TPPP, CHGI30 °C, 24 h, 74 % ee; (b) Pd/C; H atm.),
MeOH, RT, 20 min, quantitative; (c) (83(+)-camphorsulfonyl chloride (1 equiv.), 48 (2 equiv.), toluene,
RT, 24 h, 43%.

Scheme 10Oxidation of racemic chromere

Our group has a continuing interest in the application of the kinetic riesotatthe flavar3-

ol family, with stereogenic centres at C2 and C3, which could be accessed through the
selective oxidation of a racemic alkene using chiral iminium salts. This is due to the
stereochemical outcome provided in the reaction described #B8okeme 1), which would

allow us to access our tardef-epigallocatechin (EGQ from racemic alkene (+)0.%"2

OR

] OR
OR

OR
— RO (@)
OR
=
OR
(-)-Epigallocatechin (EGC) 9 Expected major stereoisomer *»)-10

Figure 2. Retrosynthesis of epigallocatechin.

A concise enantioselectigynthesis of chiral natural produ&and its analogues was devised
through a number of steps, including an asymmetric epoxidation reaction of a chtgpeene
structure as the key selective step. The absolute configurationsiétkegenic carbon atoms
C-2 and G3 from epigallocatechin and analogwel be accessed as shown bel&@elieme
2) using chiral iminium salts as catalyst to transfer oxygen to the elewtforacemic alkene
10, where one enantiomer reacts faster ttenather, resulting in the favoured formation of

the chiral epoxidd1with the desired configuration atZand G3.
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Chiral Catalyst

R? = Protecting Group

R'=H, Me, Ph 11

Scheme 2Kinetic resolution of racemic alkerd®

The preferential formation of one epoxide enantiorhgrwould be followed by a two
reaction sequence to form epigallocatecldoheme 3. The first step would be the reductive

ring opening (Step 1) of the epoxide moiety followed by the removal of thechngtgroups
(Step 2).

R? = Protecting Group R? = Protecting Group (-)-Epigallocatechin
R'=H, Me, Ph R'=H, Me, Ph

Scheme 3Synthesis of epigallocatechin and analogues
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2.2 Synthesis of flav3-ene A

OR
OR
e
SO
B
=
OR 12

Figure 3: Targeted flav3-enes.

Our concise approach for tegnthesis of chromeni is based on an intramolecular Claisen
rearrangement of propargylic eth#8. During this process,aryl ethers are heated under
reflux with a high boiling point solvent, such as ethylene glycol. The structure of the
chromene is builby the linking of two ring fragments, namely A and B. Propargylic etBer
can be potentially accessed through ¢bedensation reaction of a phenol and a propargyl
alcohol® A synthetic route through which to form the aryl ethers can be achieved by
nucleophilic attack of phendl4 onto propargylic alcohdl5 in order to displace the alcohol

moiety in the presence of acifigheme 4. 1* !

OR
OR

OR OR HO
OR OR
g oo I s
OR —— @ OR —
' f RO oH
OR s

OR
14

OR

RO o
DE

=

OR 45

Scheme 4 Retrosynthetic approach towartia

2.2.1.1 Synthesis of 3;8ibenzyloxyphenol

Our initial target was3,5-bis(benzyloxy}phenol (Compound4 where R=Bn). Attempt$o
obtain the desired bigrotected phenol from 1,3}i%enzenetrioll6 failed, with statistical
mixtures obtained.Several studies have revealed tt&5-dibenzyloxyphenolcould be

obtained through monprotected 1,3 benzenetrioll7. **** The protected compound was
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obtained using benzoyl chloride and pyridine in anhydrous tetrahwran under reflux

giving benzoatd 7 in 48% vield after three dayS¢heme 5. 4

O
OH Ph)ko
a
—_—
HO OH HO OH
16 17

Reagents and condition&) BzCl, pyridine, THF, reflux, 3 d, 48%.
Scheme 5Mono-protection of 1,3,%enzenetrioll6.

The remaining hydroxyl groups were protected with benzyl groups. Comgdduntierwent

the protection reaction using benzyl bromide and potassium carbonate in anhydrous
tetrahydrofuran, affordind8 in 66% vyield. When 1&rown6 was also used, the reaction
yield increased to 79%;

O O
Ph)J\O Ph)ko
aorb
—_—
HO OH BnO OBn
17 18

Reagents and condition&) BnBr, K,COs;, THF, reflux, 24h, 66%; (b) BnBr, 0s, 18-crown6, THF, reflux,
24h, 79%.

Scheme 6

Saponification of the benzoyl group using potassium hydroxide in methanol failed to yield
19, with only starting material8 recovered* LiAlH , was then used to reduce the ester
leading tol9in 68% yield

Ph)J\ OH

@]
(@]
a
—_—
BnO OBn BnO OBn
18

19

Reagents andonditions:(a) LiAIH4, THF, overnight, 68%.
Scheme 7Removal of the benzoyl protecting group
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2.2.1.2 Synthesis of propargyl alcohol 24

During the next stage towards the synthesis of epigallocatechin, we attempted to prepare
theC-ring fragmentBenzyl groups were chosen to mask the three nucleophilic and acidic
hydroxyl groups of methyl 3,4,8ihydroxybenzoate20 to prevent any side retaan. This

was achieved using a general method for the benzylation of phenols, involving a nucleophilic
substitution reaction on benzyl bromide in the presenceGf and dimethylformamide to
produce21 in 89% yield.® Conversion of the ester to thermsponding alcohol was
completed overnight, using LIAIHIn anhydrous tetrahydrofuran to give the desired
compound22 in 90% vyield. Finally, the alcohol moiety was then ozétl to form the
benzaldehyd@3 using PCC in 81% yield’

O (0] O
H a B b B c B
(@] O/ nO O/ nO OH nO H
HO BnO BnO BnO
OH OBn OBn OBn

20 21 22 23
Reagents and condition&) BnBr (4.5 equiv.), KCO; (3.3 equiv.), DMF, RT, overnight, 89%; (b) LiAlH
(1.55 equiv.), THF, OC to RT, overnight, 90%; (c) PCC (1.5 equiv.), £, RT, overnight, 81%.
Scheme 8

Benzaldehyde23 was subjected to the addition of a suitable organometallic reagent to
synthesise racemic alcoh@l. Propargylic alcohoR4 would play a significant rolas a
building block between ring C and rings A and B using a condensation reaction, and
establishing the crucial-O bond. The formation of secondary alcoBdlcontaining a new
carboncarbon bond was achieved successfully using a Grignard reaction througjovthe
addition of ethynyl magnesium bromide to 3;#jS-benzyloxybenzaldehyde23 under
anhydrous conditiomat T 78 Aw, yielding 66% of the des

(Scheme 9. 1819

Q OH
BnO H BnO <
a A
BnO —  BnO ;
OBn OBn

23 24

Reagents and condition&) Ethynymagnesium bromide (5 equivNH,Cl, THF, - 78 C, 2h, 66%.
Scheme 9
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2.2.1.3 Synthesis of propargyl ether 25

A considerable amount of literature has been published in relatidghetesynthesis of
chromenes?® For example, a simple andtraightforward approach is the cyclo
condensation reaction of a phenol and a propargyl alcohol, which are easily accessible
starting material$® The proposed mechanism of the condensation reaction may be described
as a sequence: firstly, 3tbs(benzyloy)phenol 19 would be condensed witlpropargylic
alcohol 24 to give propargyl ethe25 in the presence of an acid. During the second step, a
Claisen rearrangement of propargyl etB&8would occurto give allene26. Rearrangement of

the allene moietyvould give conjugated keton@7, and finally 3-flav-3-ene 28 would be

obtained through cydation of27.%

OBn
OH L OBn BnO 0

OH BnO BnO. o) _ OBn

N OBn C

Ny — ) — i
BnO Yl OBn OBn
OBn OBn OBn OBn
24 25 26

19

BnO

OBn

OBn OBn
BnO. (@] OBn BnO. o) O
— — O OBn
NN OBn -
OBn OBn

27 28

Scheme 10Proposed mechanism for the formation of alke®e

According to the literatur€?*** the synthesis of flas3-enescanbe achieved easily under
acidic conditions $cheme 10. The propargylic alcohd4 was treated with phendR in the
presence of camphorsulfonic acid (0.05 equiv.amhydrousdichloromethane for 48 ht a

room temperaturdJnfortunately, no significant change in the reaction mixture was observed
using '"H NMR spectroscopicanalysis, and only the starting materials were recovered.
Increasing the amount of camphorsulfonic acid (0.1 equiv.) led to the formation of propargyl
ether 25 in a moderate yield (28%gther thanflav-3-ene 28 (chart 1); and further yield

increases were also observed as the amount of camphorsulfonic acid was increased.
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Chart 1: Optimisation of the synthesis pfopargyl ethef5

Relatively fewmethods have been described for thearation of 2Hchromenes by ongtep
condensation of a phenol and a propargyl alcohol using a Lewis acid as the .cafalyse
condensation reaction of-riaphthol and a diaryl propargyl alcohol under acidic ahami
catalysis to obtain diarydaphthopyrans in 32% vyield has been repafidd.our handsthe
condensation reaction occurred as a result of the treatment of the propargylic 24oeftbl
the phenoll9in the presence of acidic alumina in toluene undéux overnight, leading to
propargyl etheR5in 21% vyield.

OBn
OB
OH :
OH BnO BnO o
: NN a : OBn
AN
H —_—
/@ BnO I
BnO OBn OBn OBn
19 24 25

Reagents and condition&@) Al,Os, toluene, reflux, overnight, 21%.

Scheme 11
A Claisen rearrangement of the propargyl ettfemto the corresponding chrome8 was

then attempted™ First, a high boiling point solventy,N-dimethylaniline, was used in order

to promote a thermal Claisen rearrangeméable 1).
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Table 1 Thermal Claisen rearrangement attempts.

OBn OBn
OBn OBn
aorb BnO e} O
Bno © oBn  ———= O OBn
I ~
OBn

OBn
25 28
Conditions | Temp Solvent Time Yield
a Reflux | N,N-dimethylaniline 24 h decomposition
b 150 | N,N-dimethylaniline 4 h decomposition

Reagents and condition&) thermal reaction (b) microwaveassisted synthesis

Unfortunately, the thermal rearrangement was unsuccessful and led to the decomposition of
our starting material. A microwasassisted synthesis was then attempted at a lower reaction

temperature; only decomposition products were observed.

Another possiblemethodology involves the use of copper(l) chloride in the presence of

copper as a catalyst to activate the alkyne moieaple 2). **

Table 2
OBn OBn

Uve
BnO o} oBn - . n O OBn
I ~

OBn OBn
25 28
Entry Temp. Solvent Catalysts Time Yield
1 Reflux Toluene Cu/CuCl 24 hours | decomposition
2 Reflux Toluene Cu/CuCl 24 hours | decomposition

Alkyne 25 was dissolved in toluene in presence of copper chloride and copperanet#he
reaction mixture was heated under reflux; as observed above, only decomposition products
were observed under these reaction conditions. The instability of th&-8#ag precursor

under thermal conditions influenced the outcome of the Claiserang@ment, regardless of

61



whether or not a Lewis acid was used. As reported in the literature, a possible degradation

pathway involves the highly reactive orthoquinone metl@dewnhich is inresonancewith

the corresponding allylic caticd?9 (Scheme 1p %42

OBn OBn
OBn
BnO. o ‘ ~ | BnO o)
" OBn " >
= \(

OBn OBn

..... > decomposition

28 27 29

Scheme 12Possible degradation pathway

As the orthoquinone methid@7 is also a possible intermediate during the Claisen
rearrangement of propargyl eth2b (Scheme 1) a change of strategy was needed to

improve he stability of the desired produtt?

From a synthetic point of view, we believe the presence of highly elegttorgroups such

as the benzyloxy groups on alkyd®may bedestabilzing the flavene moiety. Replacing the
benzylxy with acetoxy groups would bring a reducaldctron densityntothec onj ugat ed
systemto stabilze theflav-3-ene30 or the corresponding orthoquinone methide intermediate.
The synthesis would follow the same route as above, where a Claisen rearrangement of
alkyne 31 would afford the desired flaven80 (Scheme 1R Propargyl etheBl1 can be
prepared from the coupling of alky@d and phenoB2.

OBn
OBn

OBn OBn HO
OBn OBn OBn
g oo I 2
OBh — C oBh —
‘ ‘ AcO OH
OAC 4

OAc
32

AcO (0]
D€
=
OAc 30

Scheme 13
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3,5-Diacetoxyphenol32 was prepared by treatment of phloroglucintd with acetic
anhydride in pyridine under reflux for 15h. The desired diacetoxypound32 was obtained
in 58% yield, alongside the corresponding triacetoxy derivaia 26% yield ?’

OH OH OAc
/@\ a /@\ ' /@\
HO OH AcO OAc AcO OAc

16 32 34
Reagents and condition@) Ac,O, pyridine, reflux, 15h, B2, 58%); B4, 26%)].
Scheme 14

Phloroglucinol triacetate84 can be converted to the desired diaceeusing a simple
saponification reaction. Indeed, compowBwas dissolved in dimethylformamide followed

by the addition of sodium hydride (CeBjuiv) at 60 C to afford phenoB2in 53% vyield.?®
OAc OH

/@\ a /@\
e
AcO OAc AcO OAc

34 32

Reagents and condition@) NaH, DMF, 60 C, 4h, 53%.
Scheme 15

The acidcatalysed condeation of a phenol and propargyl alcohol was then attempted to
prepare the propargyl eth&d (Scheme 1% 3,5-Diacetoxypheno32 and alkyne24 were
dissolved in anhydrous dichloromethane in the presence of camphorsulfonic acid for 18h to

synthesise the propargy! ett8&in 16% yield**%

OBn

B
OH OBn

OH BnO AcO o B
% aorborc OBn

H —_—
BnO | ‘
AcO OAc OBn OAc
32

24 31

Reagents and condition&) camphorsulfonic acid, RCH,Cl,,18h, 16%; (bDIAD, PPHh, toluene, 0C to
RT, 18h, 43%; (cPIAD, PPh, THF, 0 C to RT, 18h, 65%.
Scheme 16
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As the yield obtained using the aadtalysed methods were disappointing, another strategy
was dewvied. Acommon way to form ethers involves the Mitsunobu reactiofihe phenol

32, the propargyl alcohd4 and triphenylphosphine were dissolved in anhydrous toluene at O
Au, foll owed Hisopropyl azodacartmbxylat¢DIAD). Ta. € analysis showed

that the propargyl ethé1 was gradually formed over 16 hours, and the desired product was
obtained in 43% vyield. When tetrahydrofuran was used in place of toluene, the yield was

increased to 65%.

The final drive towards the target molecule was attemasedescribed above. The treatment
of propargyl ethei31 with a high boiling solvent, such a$,N-dimethylaniline would be
expected to afford the intermediaB® through a Claisen rearraggent. Once formed,
orthoquinone methid85 would undergo a [3,3}igmatropic rearrangement, to giWlav-3-
ene30(Schemel?). **

OBn OBn
OBn [3,3] sigmatropic OBn
rearrangment O
AcO (0] ogn ——— | A0 A0 N opn | - - AcO (0} 0Bn
Il E 7
OAc OAc
31 35 30

Scheme 17

When propargyl ethe31 was dissolved iiN,N-dimethylaniline and the reaction mixture was
heated at 180 Awu 30washnet oasadiurwe derecpleasedrtoeobserve

that no decomposition of the starting material had occurred. The reaction was also attempted
using microwaveassisted synthesis for 6 h without any improvemeéikewise, in the
presence of catalytic amowsnof copper and copper chloride in toluene heated under reflux,
propargyl etheB1 was the only compound detected using TLC #AdNMR spectoscopy

When compound31l was submitted to microwave irradiation for 18 h, complete

decomposition of the starting teaial was observed.
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Table 3

OBn
OBn
Aco\©/o ogn ——
OAc | ‘ OAc
31 30
Entry | Catalyst Solvent Temperature | Time | Conversion

1 - N,N-dimethylaniline 180 A 24h SM

2 - N,N-dimethylaniline| Microwave 6h SM
(180

3 - N,N-dimethylaniline| Microwave 18h | decomposition
(220A &)

4 Cu/CuCl Toluene Reflux 24h SM

Pd(OAc) Toluene Reflux 24h 10% 36)

A palladiumcatalysed cyclization was also attempt@the alkyne31 and palladium acetate

were dissolved in toluene and the mixture was heated under reflux. No starting material was

detected after 24h. However, purification only yielded alké®&é 10% yield, presumably

obtained through a palladiunatalysed rearrangemtgischeme 18

OBn OBn OBn

OBn OBn OBn

AcO (@) .
OBn 3 OBn OBn
\' | P AcO o)
36

OAc
OAc 37

Scheme 18the formation o036

To the best of our knowledge, we do not have a rational explanation metttenism of the

reaction. However, is thought that the rearrangement occurs through complexation of allene

37, with palladium. Oxidation of P@j to Pd(l) may occur with coordination of Pd(0) with

the allene generating a tetracoordinated Pd(0) complex containing both single carbon bonds

bonded to the palladium centreSubsequentlythe alkene36 was obtainedin 10% vyield
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Evidence for the formation of compour8b includes the presence of a terminal alkene
moiety using'H, **C NMR and mass spectra analysis. Firstly, in'th&MR spectrum, three
sets of signals corresponding to protons dncspbons appeared as doublet doublet with
differentJ values (17.5, 18, 0.7) in 3 regions, confirming the presence of a terminal alkene.
Using**C NMR spectoscopy the sp carbon atoms corresponding to the alkene moiety were
observed at 189 and 12.1 ppm. Finally, a molecular ion at/z422.51 g/mol was observed

using mas spectimetry, which matches the molecular weight of compo86d
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2.3 Synthesis of flav3-eneB

2.3.1 Retrosynthetic analysis

Another potential route towards the synthesisflay-3-ene derivatives is outlined in the
retrosynthetic approach belo8c¢heme 19 Flaw-3-enescan be obtained through cyadtion

of the ¢ or ruessatypated Ketomeg or thaléodds One of the most convenient
methods described is laasemediated cygkation carried out in alcohol under reflux. The
chalconewould beformed as a result of an intermolecular aldol condensation followed by
dehydration. The aldol reactionisateat ep process: first, -format
carbon of the corresponding hydroxyacetophenones under basic conditions; then, afidition

the enolate ion onto the electrophilic benzaldehyde to form the new esaldmon bond.

Dehydration follows to generate the @srrp o n d i-unsgturated ketone, such4is” *2

RO

OR OR RO

g g o
RO o} RO OH
O OR ————— O | OR —« 40

OH O
3-flav-3-ene 4 /@\)\
RO OR

39

Scheme 1Retrosynthetic analysis offav-3-ene

Benzylation using benzyl bromide (2 equiv.) was carried out as a preliminary experiment to
protect }(2,4,6trihydroxyphenyl) ethanoné2 using different bases in polar aprotic solvents
(Table 4).33343%3¢The kdone group was thought to sterically hinder one or both of the
hydroxyl groups in the ortho position of compou#?] hence preventing the reactionth

benzyl bromide.
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Table 4. Synthesis of ketoré3.

OH O OH O OBn O
o — 00 oo
HO OH BnO OBn BnO OBn
42 43 44
BnBr Base Solvent| Time T ( Ay conversion
2 equiv. | K,CO;(2 equiv.) | DMF 1.5h 70 43 (46%) /44 (10%)
2.1 equiv. | K,COs3(2 equiv.) | DMF | overnight 70 43 (40%) /44 (30%)
2.5 equiv. | K,CO;s(3 equiv.) | HMPA | overnight 90 43 (26%) /44 (60%)
2.15 equiv.| n-BuLi (2 equiv.) | THF 48 h 176t00 43 (56%)

However, when potassium carbonate was used as the base, significant amounts of the
tribenzylated compound4 were obtained alongside the desired ketdBelncreasing the
reaction time also led to increased yieldgléht the expense of the desired compound. When
n-butyllithium was used at low temperature, the desired ket8meas obtained in 56% yield
without the undesired sigeroduct44.

One way to increase the efficiency of the reaction would be to recycle comgduat

convert it to the desired ketod. The use of titanium tetrachloride has been reported to
selectively remove one of the benzyl protecting groups in compéantSeletive mono
deprotection of one of the benzyl groupstdfwas conducted in anhydrous dichloromethane

using TiCkat O Aw for 1 hour, #®Jnr5hhyielh Schédme2ddesi r ed

OBn O OH O OH O
—_— >
BnO OBn BnO OBn BnO OBn
44 43 45

Reagents and condition&) TiCl, (0.7 equiv), CH,Cl,, 1h, 0 °C, [43, 51%); @5, 8%)].
Scheme 20
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However titanium tetrachloride may have activated the benzyl group towards intermolecular
electrophilic aromatic substitutiorS¢heme 2), giving compound45 in 8% vyield. The

outcomeof the reaction was comparable to the result of a reaction reported in the litéPature.

Cl/C| O 0Bn

Cl..
Cl
clI” ;0 OBn
[
Bn_ ..
o 0 (OH 0
o
BnO OBn

BnO OBn
Scheme 21

In order to optinge the synthesis o043 and to simplify purification, optimisation of the
synthesis o#14 was attempted. The amounts of base and benzyl bromide were increased and

ketone44 was obtained in up to 90% yiel@igble 5). %

Table 5. Synthesis of ketoné2.

OH O OBn O
HO OH BnO OBn
42 44
BnBr K,COs; | Solvent| Time | T ( Al Yield
a 4.5 equiv. | 4.5equiv.| DMF 24h 100 66%
6 equiv. 6 equiv. DMF 24h 100 90%

The chalcone46 was syntheged using an aldol condensation following a literature
procedure. The treatment of acetophendB@nd benzaldehyd23 with sodium hydride in
dimethylformamide gives the corresponding chalcéé@ 55% yield. Sodium borohydride

was then added to a dilute solution of the chalcone in a mixture of tetrahydrofuran and
methanol (1:1) at room temperature resulting in the gsag@ance of the yellow colour. The
reaction was then heated at 68 °C overnight afforfling3-ene28in 14% yield.*
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OBn OBn
" OH O OBn OBn

ok, oo o L e o )

B H B
+ /CELK ___ o BnO O| OBn ——* nO (0] OBn
BnO BnO OBn =
OBn
OBn

OBn O

23 43 46 28

Reagents and condition&@) NaH (1.5 equiv.), DMF, R.T., 6h, 55 %; (b) NaB# equiv.), THF/MeOHR.T.
to reflux, overnight, 14%.

Scheme 22

Racemic flav3-enes can also be prepared through direct zgtalin of the corresponding
chalcone using reducing agsribllowed by the addition of Lewis acd® In an effort to
improve the reaction yield, a stepwise process, where reduction of the ketone occurs followed
by a Lewis aciecatalysed cychation, was attempteds¢heme B). Ketone46 was reduced

using sodium borohydride in a mixture of tetrahydrofueemd methanol. Removal of the
solvents followed by an extraction yielded the alcokibkhlongside some starting material.
Literature precedents indicated that such a compound was prone to decomposition. Hence,
the unpurified alcoho#t7 was immediately redsolved in anhydrous dichloromethane and a
catalytic amount of boron trifluoride etherate was added. Comp@8mes obtained in 21%

yield.

OBn OBn OBn
OBn OBn OBn
BnO OH O 2, OH O _ P, 8o o) O
O | OBn OBn OBn
=
OBn O OBn OH OBn
46 47 28

Reagents and condition&) NaBH, (1 equiv.), THF/MeOH, R.T., 2h; (b) BFOEt (10mol%), CHCI,, R.T.,
3h, 21%.

Scheme 23

The epoxidation oflav-3-ene28 was then attempted usimgetachloroperoxybenzoic acid
with 4 equivalents of sodium hydrogen carbonate at 0 S€h€éme 2% Unfortunately,
neither the epoxide48, nor the starting material were observed using thin layer
chromatography andH NMR spectoscopy of the unpurified reaction mixture. The
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instability of flav-3-ene 28 could explain the decomposition of the starting material under

such condition€*?®

OBn

OBn a
g %
OBn N

BnO (@]
I
OBn

28 48

Reagents and condition@) m-CPBA (2 equiv.), NaHC@(4 equiv.), CHCI,, 0°C, 10 min
Scheme 24

In an attempt to utile milder reaction conditions, the oxitig agent was replaced by a
tandem iminium salt/Oxone®. Thohiral biphenyl iminium salb2 was synthssed following
athreest ep pr ocedur ebipsehyimethanotaySclieme 2R The Arét step
was an acietatalysed displacement of the two hydroxyl groupd6iising HBr (48% aq.) to
give dibromocompounds0in 90% yield. Formation of the azepibé was readily achieved
using a 1:1 mixture 0b0 and isopropylamine in acetonitrile under reflux overnight in the
presence of BCO;. The formation of the tetraphenylborate biphenyl iminium Salivas

effected by exposure to NBS and subsequent anion exchange in 80% yield.

(J (J (J SN

OH a Br b c.d ®
—_— —_— N~< —_— /N4<

S e g JJ

49 50 51

52
Reagents and condition&) HBr (48% in HO), 100 °C, 1 h, 90 %; (b) Isopropylamine (1 equiv)CR; (3

equiv.), MeCN, reflux, overnight, 84%; (B)}bromosuccinimide (1.2 equiv.H,Cly, reflux, 3 h (d) NaBPh,
EtOH/MeCN, 5 min, 80% for the two steps

Scheme 25

With the catalyst in hand, the epoxidation reaction was then attemptsule( 6).
Unfortunately, the use of iminiunaki-catalysed epoxidation also led to the decomposition of
the starting materie28 and no epoxide was detected usspgctroscopic analysiIhe low
stability of flav-3-ene 28, which might well lead to the reactive orthonone which is in
equilibrium with the corresponding allylic cation, during the reactmyld increag the
decomposition rate of the starting matepal

71



Table 6. Epoxidation using iminium salt catalys2.

OBn

OBn
o
OBn

Reaction conditions Conversion
a | 52(10 mol%), TPPP (2 equiv.), CHEH 20 °C, 24h. | Decomposition

b | 52(10 mol%), Oxone® (2equiv.), NaHG®4 equiv.),| Decomposition
MeCN/HO (10:1), 0 °C, 1h.

As mentioned above, fla8-ene28 is unstable under epoxidaticonditions. Therefore, we
must first find alternative protecting groups to increase the stability of the flavenes under

oxidative conditions.

Selection of the most suitable protecting group for each hydroxyl moiessential, since it

may hold the key to a successful oxidation of the flavene. TihetBoxyethoxymethyl ether
protecting group was introduced for their stability under mild conditfriEeatment of 1
(2,4,6trihydroxyphenyl) ethanond2 with 2-methoxy¢hoxymethyl chloride (2.4 equiv.) in

the presence of diisopropylamine (3 equiv.) in dichloromethane led to prb8uct43%
yield.*® Using N,N-diisopropylethylamine under identical conditions led to increased
solubility of reaction intermediates in dichloromethane, as exhibited by a quick change of
reaction mixture colour from yellow into white over 25 min of stirring at room temperature,

yielding 90% of compound3.
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OH O OH O

@Ek o ﬁj(k
HO OH MEMO OMEM

42 53

Reagents and condition&) 2-Methoxyethoxymethyl chloride (2,4 equiv.);RirLNEt (3 equiv.), CHCI,, R.T.,
overnight, 90 %.
Scheme 26

As describedabove, the aldol condensation is our preferred route towards the chalcone
derivatives. Keton&3 was dissolved in a solution of potassium hydroxide in ethanol. This
was followed by the dropwise addition of benzaldeh8eThe aldol adduct underweim-
studehydr at i on-unsatueated dhalcgrettn 85%ield Scheme 2Y.

@] OH O
OH O
OO T LT
R
BnO MEMO OMEM OBn
MEM MEM
© © OBn OBn
53 23 54

Reagents and condition&@) KOH, EtOH, 35%.
Scheme27

Slow addition of NaH to a solution of acetophené8an DMF followed by addition of the
aldehyde23 resulted in the formation of the chalcobé in 70% yield. The reason for the
improved yield was that the use of a stronger base increased the formation of the enolate
derived from acetophenorig3. As an inital attempt, the reduction of chalcobd using
NaBH, was carried out in a mixture of tetrahydrofuran and ethanol under reflux to reduce the
carbonyl group at the-Bosition. TLC visualiation revealed that full conversion of the
starting material had occurred. However, the desired prdgtuetas not observed; similar
results were obtained using NaBkh a mixture of methanol and dichloromethane under
reflux, with the starting material fiyl converted after two hours. As mentioned in the
literature review, the alcohol intermediate has the tendency tazeyohsitu to form the
corresponding3-flav-3-ene without the need for a catalyst. In an attempt to catalyse the
cyclization, a few drops of boron trifluoride diethyl etherate were added to the reaction
mixture; unfortunatelyflav-3-ene55 was not isolated andnly degradation products were
observed $cheme 28§.

73



MEMO
MEMO O

= OBn a O o
—_— X
O O MEMO 0 ©8n
MEMO OH OBn

OBn OBn
OBn

54 55

Reagents and condition&) NaBH,, MeOH, CHCI, (1:10).
Scheme 28

Due to our repeated failed attempts to preparean alternative shorter synthetic routes®

was proposed3jcheme 2%

MEMO

MEMO O
O N ) MEMO O
= OBn
OBn O 3
MEMO o O —— MEMO 0 OBn  — O O
MEMO OH OBn
OBn
OBn OBn
OBn
OBn
55 56 54
P
/' MEMO  OH MEMO O
MEMO O O X O
’-\ —_—
OB OB -— oB
O j " MEMO o O n MEMO o) O n
MEMO OH OBn OBn 0Bn
OBn OBn OBn
Scheme 29

The fundamental features of chalcd¥include an alkene moiety with an adjacent carbonyl
group and a phenolic hydroxyl group. This could allow an -aaitdlyed intramolecular
cyclization to occur giving keton®&6. Following the reduction dhe carbonyl group, which
should lead to an alcohai-situ, an elimination reaction could affoiflav-3-ene55.** The
reaction was attempted in a solution of sodium acetate in ethanol under reflux for 2 days; the
only product observed was the starting matefdl A cyclization reaction was also
performed under the same condison the presence of water (a few dsppo improve the
solubility of sodium acetate, but no improvement was observed. We believe the problem with
this approach was the lack of carbonyl group activation. Ancatialysed reaction was then
attempted:chalcone54 was dissolved in a mixture otrenol and HCI (0.®) and heated

under reflux overnight. Only starting material was recovered.
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We next turnedour attention to another potential protecting group: the methoxy gre(@p. 1
Hydroxy-4,6-dimethoxyphenyl)ethanor’ was synthsised according tditerature methods.
The general method for methylation of 2:4ri@ydroxyacetophenoné2 involves treatment
with dimethyl sulfate in acetone under reflux. The desired product is easily pumfieidg
ketone57in 90% yield *?

OH O OH O
/©fj\ : /(iﬁk
B
HO OH MeO OMe
42 57

Reagents and condition@) dimethylsulfate (1.2 equiv.), KCO; (3 equiv.), acetone, reflux, overnight, 90%.
Scheme 30

An aldol reaction using ketort and aldehyd&8 was then carried out to prepare the desired
chalconeb9. Acetophenoné7 and 3,4,5trimethoxybenzaldehyd&8 were dissolved in a
solution of potassium hydroxide in ethanol (1.0 g in 10 mL). The chak®mas formed in

93% yield as a yellow solid and did not require further purificaffon.

OMe
OMe
oH o (I) MeO OH O
a |
MeO OMe MeO
OMe

OMe O

57 58 59

Reagents and condition&) KOH, ethanol, R.T., overnight, 93%.
Scheme 31

The cyclization o f ,b-unsaturated ketone was achievading NaBH in propan2-ol
overnight, giving the desirethv-3-ene60in 20% yield Gcheme 32
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Reagents and condition&) NaBH, (3 equiv.), 2propanol, R.T., overnight, 20%.
Scheme 32

Epoxidation reactions weréhen carried out on flag-ene 60. Both sets of conditions
described aboveT@ble 6) were used and the results were identical: only decomposition of
the starting material was observed. Strongly eleetimmating groups, such as methoxy and
benzyloxy, on aromatic ring A increased the instabilityfla¥-3-ene 60 under oxidative
conditions even when a mild iminium samediated epoxidation was used. In an effort to
stabilize theflav-3-eneunder epoxidation conditions, the cleavage ofnie¢hoxy groups
using boron tribromide was carried out to replace them by moderately activating guoeips,
as sulfonate and acetate groups. Compdifheas dissolved in anhydrous dichloromethane
ati778 °C and boron tribromide was added, the reaction mixture was then allowed to reach
room temperature overnighf. Unfortunately, the deprotection failed asthrting material
was decompose@cheme 3R

OMe OH

OMe OH
g a g
MeO 0 N
© OMe - © OH
=
OMe

60 61

Reagents and condition@) BBr; (7 equiv.),CH,Cl,, i 78 'C to R.T., overnight.
Scheme 33

Because the cleavage of the methoxy groups did not occur and com@bumas not
isolated, alternative methods were attempted to install the desired groups on ring A of the
flav-3-ene Two possible routes were planned towards chal&dnéhe first one involved an

aldol condensation between benzaldehy@and acetophenor?; the second route targeted
silyl-protected chalcon@3, prepared by aldol condensation of benzaldel®d&i@nd phenone

62. Removal of the silyl protecting groups should afford chald&@herhen the key step in
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the synthesis, the ring closing of the flaveoa,ld be attempted, followed by protection of

the remaining hydroxyl groups. The protection could also be attempted before the ring

closing stegdScheme 34

OMe
OMe
RO o O
OMe
=
OR

65 64

HO OH
42 58

Scheme 34

——  tBuMe,SiO l

t-BuMe,SiO

OH

t-BuMe,SiO
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(e}

OSiMe,t-Bu

OMe
OMe
OH O
‘ OMe

(o]
63

The synthesis of chalcor® commenced with an aldol reaction between phentthand
3,4,5trimethoxybenzaldehydB8. However, using either KOH or Ba(OHas the base, no
product was observed and the starting material was recofEabte 7).*° In the presence of

hydroxyl groups ind42, the formation of the enolate was probably disfavoured. néid

turned our attention to the second possible route involving the use of silyl protecting groups.

Table 7
OMe
(0] OMe
P MeO I HO OH O
ab OMe
HO OH MeO ]
OMe
OH O
42 58 64
Entry Base Solvent Temperature Time Conversion
a KOH Ethanol 80 Awl 24h SM
b Ba(OH), Ethanol R.T. 24 h SM
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The t-Butyldimethylsilyl moiety is a popular protecting group and widely used among

organic chemists. This is due to the fact that protecting group istable in the presence of
basic reagents ant easily cleaved. Silyprotected acetophenor® was prepared by

treatment of 2,4@8rihydroxyacetophenoné2 with t-butylchlorodimethylsilane and pyridine
with a catalytic amount of -dimethylaminopyridine indichloromethane in90% yield

(Scheme 35 “°47

OH O OH ©

L RN P
/©\)J\ Si. /ﬁ:ﬁ;i
HO OH o o7

42 62

Reagents and condition&) t-Butylchlorodimethylsilane (2.5 equiv.), pyridine (3 equiv.), DMAP (0.1 equiv.),
CH,CI,, overnight, 90 %.

Scheme 35

After protection of two free phenolic hydroxyl groups, the reaction6®fwith 3,4,5
trimethoxybenzaldehyd&8 proceeded with the addition of NaH at room temperature,
affording chalcon®&3in 21% yield(Scheme 3§ *°

\'/ OMe
. OMe
SUNPUS BE SN
€ (@] OH
a OMe
\/ g e . |
>( I\O O/|I MeO |
OMe 0O O
Si\

62 58 63

Reagents and condition@) NaH (0.8 equiv.), THF, R.T., 50 min, 21%.
Scheme 36

The desired key intermedia®®3 having been obtainedye turned our attention tds
cyclization. Reduction of compoun@3 took place smoothly in a mixture of EtOH/
tetrahydrofuran (1:3) to givilav-3-ene66in a poor yield (10%). It should be noted that some
decomposition oflav-3-ene66 was observedby 1 hour after purification through column
chromatograph§® The epoxidation reactisrwere attemptedisingstandard conditiongyut
perhapsdue to the observed instability of the alked@& only decomposition of the starting
material was observd®&cheme 3Y.
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Reagents and condition@) NaBH,, EtOH/THF (1:2), 10 %; (bin-CPBA (2 equiv.), NaHC®(4 equiv.),
CH,Cl,, 0 °C, 10 min; (c) Iminium sali2, Oxone, MeCN/HO (1:0.1), 0 °C, 5 min.

Scheme 37

Due to the instability of compoun€@6, we decided to interchange the protecting groups

before the cyclization. We attempted to remove the silyl protecting growisusing HBr in

methanol under reflux. The reaction unexpectedly gave pro@8ictrather than64, in

excellent yield (97%) restihg from intramolecular cyctation in the presence ttfie strong

acid (Scheme 38 *’

64 63

OMe
OMe
. g
(0]
OMe

68

Reagents and condition&@) MeOH/HBr( 48 %), reflux, 97%, overnight.

Scheme 38

The formation of compoun@B provided us withanalternative pathway to the desired fHav

ene. As mentioned above, a reduction followed byinasitu dehydration (or a stepwise

process) should afford the fl&8rene69 from flavanone68. Indeed, exposure of comyad

68 to NaBH, in methanol under refluxufnishedcompound69, which then undevent

dehydration tdlav-3-ene65 in the presence afamphosulfonic acid in toluene under reflux

for 1 hour(Scheme 39 **
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OMe OMe OMe
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H H H
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OH O OH OH OH

68 69 65

Reagents and condition&@) NaBH, (3 equiv.), MeOH, reflux, 1h; (bESA (3 equiv.), toluene, reflux, 1h.
Scheme 39

The stagevas therset to attempt to minimize the destabilization of the unpurified al&éne
or the corresponding epoxide by installing moderately electomating group on ring A. We
first turned our attention to the use of a sulfonate ester protectingsgfbug treatment of
compounde5 with K,CO; and 4toluenesulfonyl chloride in acetone wrdeflux furnished
flav-3-ene70in 65% yield(Scheme 4§ *"®

OMe
OMe
HO 0 O a
OMe >
=

OH

65

Reagents and condition&) K,COs (4 equiv.), 4toluenesulfonyl chloride (4 equiv.), acetone, reflux, overnight,
65%.

Scheme 40
Alternatively, flavene70 could also be synthesized througlsmallernumber of steps. 2,4,6

trinydroxyacetophenond2 was protected using KOz and 4toluenesulfonyl chloride in

acetone under reflux, giving the tosylated compotuh 95% yield(Scheme 4}
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42 !
Reagents and conditiong&) K,CO; (4 equiv.), 4toluenesulfonyl chloride (4 equiv.), acetone, reflux, overnight,
95%.
Scheme 41

A successful attempt was made to synthesize the compt@@ddium hydride wasitilized

in anhydrous tetrahydrofuran: first, the aldol reaction occurred with concomitant- mono
deprotection of a sulfonate ester to yield chalc@®e™ Furthermore, the toluenesulfonate
esters played a significant role in the stability of flavé@ainder the reaction conditions as
compound70 was obtained in high yield (98%), whét2 was treated with NaBHin a

mixture of ethanol and tetrahydrofuré®cheme 4} 324°
0] OMe
O OR
MeO I, ro OH OMe
N
MeO OMe
RO OR
OMe OR O
71 58 72
OMe
OMe /@/
b - .
sl
OMe 0,

s RO @)
I
OR
70

Reagents and condition@) NaH (2.1 equiv.) THF, overnight, 22%; (b) NagHEtOH: THF (1:1), 50C,
overnight, 98%.

Scheme 42
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2 4 Catalyst synthesis

The amine used for the synthesis of catal&is (9-( -2laminc3-phenytl-propanediol

73, which is commercially available. The procedure reported by Thomas was employed to
offer protection of the amine groups as the formyl group was required prior to the acetonide
protection ofthe diol moiety with acetone and 2-@imethoxypropan&® Sodium nethoxide

and methyl formate were added to amii8 to achieve formylation, affording the
intermediater4 in quantitative yield. The acetonide generation was carried out immediately
on compoundr4 with 2,2-dimethoxypropane and camphorsulfonic acid in aeetiangive
acetal75in 77% vyield. A solution of agueous hydrazine monohydrate (80%) was used to
remove the formyl protecting group by heating at reflux for 2 h to furnéim 89% yield
(Scheme 43

i X
NH,
% | T T @i :
OH OH
OH OH o.__0O
.3 74 AN
75
_—
OXO
76

Reagents and conditis (a) NaOMe (0.Zquiv), MeOCHO (1.5 equiv.), MeOH, rt., 24h; (b) DMP (10 equiv.),
CSA (0.15 equiv.), acetone, R.T., 4 h, 77% ; (c) Hydrazine monohydrate (98%), reflux, 2 h, 89%.

Scheme 43

Cyclocondensation of aminéé wi t h -bibro@dmethyl)biphenyb0 proceeded under
basic conditions in acetonitrile under reflux for 24 h to form the amifieThe resulting
amine was converted to the corresponding iminium bromide by additionN-of
bromosuccinimide followed by countefion exchangeusing sodium tetraphenylborate.
Catalyst78 was isolated and purified through recrystallization from hot ethanol in 78% yield
(Scheme 44 3°
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Reagents and condition&) 76 (1 equiv.),50 (1 equiv.), CgCO; (2 equiv.), CHCN, reflux, 24 h (b)7 (1
equiv.), NBS (1.1 equiv.), Ci&l,, R.T., 6 h; (c) NaBP{{1.1 equiv.) in minimum CECN, EtOH, R.T., 10 min,
78%.

Scheme 44

Alkene 70 was subjected toa standard racemic epoxidation protocol, usingmeta
chloroperoxybenzoic acid and NaHE@ anhydrous dichloromethane at 0 °C for 24 h. The
same reaction was also attempted in the absence of base. Unfortunately, no conversion to the

epoxide produc?9, and only starting materialvas observed by TLC anitH NMR spectal

analysis.
OMe

OMe a,b

RO o O A
OMe

= /@/

OR R= ¥s

70 Oz

Reagents and conditiong&) m-CPBA (1 equiv.), NaHC@(2 equiv.), CHCI,, 0°C, 24 min;(b) m-CPBA (2
equiv.), CHCI,, 0°C, 24 min
Scheme 45

Epoxidation of alken&0 also failed under the standard raqueous conditions with catalyst
78at0 and for24DhousGable 5. The low reactivity observed towardatalyst78

and oxidant could be due to the presence of the sulfonyl protecting groups, which could
deactivae the alkene moietypwards the oxidant

Table 5

Reaction conditions Conversion
a | 78(10 mol%), TPPP (2 equiv.),CHCI 1 20 A SM

b 78 (10 mol%), TPPP (2 equiv.), NaHGQ! equiv.), SM
MeCN 0 °C, 24h.
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2.5 Synthesis of flav3-ene analogues.

The major objective of our research is to synthesize epigallocatechin and its analbgses.

we turned our attention towards methyl growgbsitution at the € positions. The
underlying synthetic strategy is illustrated 8cheme 46 inspired by miticomponent
reactionswhich are defined as ofot convergent reactions in which three or more starting
materials react to form a product which contains portions of all the components after a
cascade of elementary reacti6hssu has recognized the potel for a onepot, two step
transformation to deliver chromar&l, which is a key target towards the formation of

chromenes0.>?

OR
RO o —— RO /@\
() > ©
= OR RO OR
OR
Chromene (+)- 80 Chromane 81 82 83

Scheme 46Retrosynthesis of chromene (&9

Under acidic conditions, formaldehydsecomesan excellentelectrophilic acceptor for
aromatic electrophilic substitution. Condensation of protonated formaldehyde with the phenol
83 affordsthe formation of a new € bond, followed by dehydration to yield methylene
intermediated4 (Scheme 4Y. >

® _H
S|
®
H H OH OH O
O H \JC H®
P — —
H™ "H
RO OR RO OR
Formaldehyde 83
o _ _
OH, O O
C
HO®
—_— —_—
H>0 H ij\
RO OR RO OR

84

Scheme 47Proposed mechanism for the formation of methylene intermeflate
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The hetereDielssrAl der reaction is the cyclocondensat

electron system, creating new carkmarbon and carboroxygen bonds tdform a six
membered ring in one efficient step. The scope and the utility of this intermolecular [4+2]
hetero cycloaddition process in the literature for the formation ofmsmbered ring
chromanes is limited. Gu reported thatstituted5,6-benzochromanes could be formed by
the trapping of methylene intermediates, suct84swith a suitable alkene under thermal

conditions. Therefore, methylene intermedi@decould undergdietercDielsi Alder reaction

(HDA) with dienophile82 for the facile construction of chromahéScheme 48)*%°3
i
o | RO O o) oR
OR OR
84 82 OR Chromane 81

Scheme 48HeteroDielsi Alder reaction of intermediate &84ith dienophile82

Thereactionof Grignardreagents with esters is an important method to act&ssry
alcohols, which are then frequently converted to the corresponding alkene in the presence of
a baseor an acid Thus, large excesses of methylmagnesium bromide (3.0M in diethyl ether)
were added to a solution of methyl 34rs(benzyloxy)benzoat6 ati 78 °C to give tertiary
alcohol86in 97% vyield>* The treatment of a solution of 3,4yfs(benzyloxy)phenyl)propan

2-ol 86 in anhydrous toluene with camphorsulfonic acid induced dehydration providing the

desired compound7in 71% yield Scheme 49 *°

O
OH
BnO ~  a BnO b BnO

O —_— —_—
BnO BnO BnO
OBn OBn OBn

85 86 87

Reagents and condition@) MeMgBr (3 equiv.), THF 78 °C to R.T., 17h, 97%,; (b) camphorsulfonic acid (3

equiv.), toluene, reflux, 24h, 71%.

Scheme 49
In the key step towards the synthesis of chromaneshi§Benzyloxy)phenoll9 and
formaldehyde were dissolved in acetic acid in an attempt to give a8@ufcilowed by the
addition of dienophileB7.°2 The reaction mixture was then heated under refarxthree

hours.Unfortunately, the reaction failed to give chrom&@dScheme 50
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89

Reagents and conditions:a) Ac OH, 3h, refl ux, 120
Scheme 50HetereDielsi Alder reactionusingformaldehyde

The cause of theeaction failure was napecified. However, th&ilure might bedue to a
faster side reaction occurring between formaldehyde and eleatioalkene87, rather than
phenol19. Dienophile87 possesses significant nucleophiiotential enhancely the thee
activating benzyl groups. Furthermore, the intermediate carboc@tioan bestabilzed by
the presence of two alkgroupsand a phenyl group. Deprotonation of carboca$ibaffords
alkene92 (Scheme 51§°

® N OH OH
2
Py
H ~H OBn . |HCH oBn| OBn
OBn OBn OBn
OBn L OBn ] OBn
87 91 92

Schemes1: The formation oflcohol92

Another possibility for the synthesis of chromenes (or-8aanes), such &3, is through the

rearrangement of suitable propargyl ethers, sucB4ashis pathway would also allow for

many different substitution patteraad groups. A particularly interesting factor would be the

potential for diverse groups to be inserted using different propargyl atc@®olThe

rearrangement of propargylic eteéearing electromwithdrawing groups into chromesibas

86
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already been repmd®’ The desired propargyl ether coplih principle, be prepared by
condensation of phen&bB and propargyl alcohd@5 (Scheme 52)

OBn
OH
OBn OBn BnO OH
R
BnO o X
OB = OBn = :(;AR\\ /©\
n BnO
BnO OB
l OBn n n
OBn

94 95 19

OBn

Scheme 52Retrosynthesis of chromenes-{)

Initially, we decided to focus on thmethyl series (such &9) to develop our methodology.

The synthesis of propargylic alcor@® commenced with the addition of a Grignard reagent,
methylmagnesium bromide (3.0M in diethyl ether),ateolution of 3,4,8ris-(benzyloxy}
benzaldehyd@3 at 0°C in anhydrous diethylether for 4¥.The crude alcohol was purified

by recrystallization using hexane at low temperature for 2 days, giving secondary ai¢ohol

in 87% vyield as a colourless solid. The alcohol moiety was then oxidized to the corresponding
ketone 98 using PCC in 91% vyiel? The ketone was treated with ethynyl magnesium
bromide (3.5 equiv.) in anhydrous tetrahydrofuran to afford propargyl al@shol 55%

yield. Increasing the amount of ethynyl magnesium bromide (5 equiv.) caused a decrease in
the yield 0f99 (down to 25%), and a complex mixture of unidentified prosluets observed
(Scheme 53°°

O OH o)
a—> e
BnO BnO BnO
OBn OBn OBn
23 97 98
Q HO
BnO BnO
NV
+ BrMg— c . N
BnO BnO
OBn OBn
99

Reagents andonditions:(a) MeMgBr (3 equiv.), ED, 0 °C, 7h, 87%; (b) PCC (1.5 equiv.), &, 7h, R.T.,
90%: (c) THF, NHCI (aq.), 0 °GR.T., 2h, 55%.
Scheme 53Synthesis of propargyl alcoh®9
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With a methyl and ethyne group bearing cer tertiary alcohol99, the formation of the
corresponding carbocatianight be expected to favour a reaction with a phergidroxyl
group from phenol9. Exposure of a mixture of the propargyl alcoBéland the phenal9

in dichloromethane at 25 °C to a catalytic amoointamphorsulfoniacid for one hour did
not result in the formation gbropargyl etherl00 (Scheme 534 The propargyl alcoho®9
might, in principle,be converted into tertiary carbocatiorwhich isa common intermediate
to both theE; elimination and the & reaction.The tertiary carbocation intermediate is
sterically hinderedwhich might prevent the 1 reaction from proceeéthg. Thus the
carbocation intermediatés probably more prone to anlEreaction rather than the
corresponding gl reaction.Indeed,the EL reaction is favoured leading to the alkel(®L
The H NMR spectrum of the crude reaction mixture was compared with the
'H NMR spectrunof the propargyl alcohd9: disappearance of both OH and methyl signals
and appearance of alkene signals at 5.62 ppm and 5.75 ppm were olSiged4).

OBn
OBn
OH HO
BnO a BnO O
5! m % oo
BnO OBn BnO | ‘
OBn OBn
19 99 I 100

OBn

BnO

4

BnO

101
Reagents and conditiong@) Camphorsulfonic acid (10 mol.), GEl,, 1h.
Scheme 54synthesis of propargyl eth200
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Figure 4: * H NMR spectraof the propargyl alcohd@9 and the crude reaction mixture
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In an effort to avoid acidatalysed dehydration of propargyl alcora®, the conversion of the
alcohol moiety into a good leaving group may speed up/Jar&action with phenoll9.
However, all attempts to convert the propargyl alcohol into the corresponding chloride or
bromide were unsuessful, using hydrochloric acid, hydrobromic acid or thionyl
chloride®*®? Furthernore, the treatment of propargglcohol 99 with methanesulfonyl
chloride and triethylamine in dichloromethane in an attempt to form the methanesulfonyl

esterl02also failel (Scheme 55and the starting material decompa$éd

O\
OH o
o -
BnO S a BnO @]
n
AN 3¢ . %
BnO
OBn BnO
OBn
99 102

Reagents and condition&) Methanesulfonyl chloride (1 equiv.), NEL.1 equiv.), CHCI,, 0 °C, 0.45h.
Scheme 55Attemps to form propargyl methanesulfonyl esié?

A literature search showed that the procedures reported by Cf3mibieCamp¥ would be
suitable to access the targeted chr aomenes.
unsaturated carbonyl compounds in pyridine with phenols led to the fomudtsubstituted
benzopyrans in moderate to good yields. For example, cyclizatmnredwhen phenoll03

was treated with an excess of dimethyl ac&€din pyridine, giving 2Hbenzopyrarl05in

63% yield Gcheme 5%

OH ~
o MeO 0
\O F a
| — N,
MeO OMe
OMe
103 104 105

Reagents and condition&) pyridine, 140 °C, 2.5h, 63%.
Scheme 56

In 1995, North developed an excellent method for the synthesissobsituted chromene
structures: condensation of a phenol, suchQfs with 3-methyl2-butenal diethyl acetdl07
in the presence of an acid catalyst, such as fumaric aguxytene at 120 °C, results in the

formation of 2substituted chromenes, suchl@8(Scheme 5Y.°°
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Reagents and condition@) Fumaric acid (0.13 equivp;xylene, 120 °C, 6h, 79%.
Scheme 57The conditions reported by North

The targetchromene could hen principle, obtainedrom acetall09 and the corresponding
phenol. As neither the desired ace®9 nor the corresponding aldehydElO0 was
commercially available, two strategies to acc&49® were devised Scheme 58 One
potential route involves a Heck coupling between iodobent&fhand crotonaldehyde. The
other potential route would allow us to use propargyl alcohols, suth?aa MeyerSchuster

rearrangement would lead to aldehyd®)

OR OE
6Et OH
RO o) OR RO X H
® —
=
RO
OR
OR RO OR
80 83

:(H;)\/?L

_ Meyer—Schuster

Heck Reaction \ rearrangement
RO RO

X

RO 111 RO 112 R=Bn

OR OR

Scheme 58Retrosynthesis of acetad

The MeyefrSchuster rearramgient involves a formal 1,3 shift of the hydroxyl moiety of the
alkynol such as99 followed by an internal redetype process involving simultaneous

oxidation of the resulting al co®fbRecenly d
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transition metamediated Meye6Ec hust er rearrangements,bhave

unsaturatea@ldehydes. Indium (lll) chloride and iron (lll) chloride have showed a remarkable
regioselectivity towards the Mey&chuster product in high yields. The strength of this later
approach is a short reaction time and catalytic amounts of the -coagratible and
inexpensive Lewis acidasedunder microwave irradiation and thermal activafid®f. The
proposed mechanism for the MeiySchuster rearrangement is depicte&ameme 59

H CI
Ho -~ oo
G O-In—ClI

@
BnO -H,0 BnO BnO
2 NN
% A @
BnO BnO BnO
OBn OBn

OBn
99 Propargyl Cation Allenyl Cation
Co.
cl H H o
o
BnO O-In—Cl BnO o
® BnO 0, O ——
BnO I
: e BnO CI'> BnO
OBn S OBn
~~H
Allenolate H

113

Scheme 59TheMeyeili Schuster rearrangement

Therefore, a reported procedure was followed: propargyl alc@h@l equiv.) was exposed

to a catalytic amount of Ing€l(1 mol%) in water under microwave irradiation at 160 °C.
Despite increased amounts of catalyst and temperature, the desired compsundtwa
detected. Iron (Ill) chloride (1.1 equiv.) was also utilized as the Lewis acid in tetrahydrofuran
under reflux for 10 hours. No conversion of alco®@lwas observed. Possible side reactions,
such as the Rupe rearrangement or an elimination reaotight occur due to the presence
ofaQH b ond -pogiiontwhheresyiect to the alcohol gro{§cheme 60 °®®'The Rupe

rearrangement coulde promotd under he Meyef Schuster rearrangement conditipasd

is another possible fate of the propargyl caffdbmhe Rupe rearrangement

elimination of the propargyl catiprand thereforeesultsin the formation ofan enyne

intermediat®’ Subsequent protonation of t boreatdofC t r i

the vinyl cationfollowed by tautomemation to afford144.°6°’
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- @o—lql—m
BnO .

o_. Cl
@ ~, 7/
In BnO O
~ - kel
BnO BnO
O-
@ H H
H

BnO
OBn
OBn OBn

vinyl cation 114

Scheme 60Possible side reactions

At this point, we deci ded ,btupsatdrabet bldehydElt3h e ot h
The Heckreaction is a powerful tool for the preparation of disubstituted olefins from
monosubstituted ones, discovered by T. Mizoroki and R.F. Heck independently in the late
1960s’° The regioselectivity observed when electdeficient crotonaldehyde is used in a

Heck coupling is particularly weBuited to our synthesis; under steric control, the addition

occurs almost exclusively on canatom C3Figure 5)."*

99 %
N o
MH
\
1%

trans-Crotonaldehyde

Figure 5. Regioselectivity of migratory insertion in the Hembupling.

The Heck reaction proceeded by treatment-@fd®-1,2,3trimethoxybenzen&15 (1 equiv.)
and crotonaldehyde (1.2 equiv.) with palladium acetate (5 mol%) and silver acetate (2 equiv.)
in acetonitrile under reflux for 19 hours giving aldehyd@&in 44% yield Gcheme 6172
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AgOAc AgHOAc OMe

N o
H-Pd Pd(0) | OMe
Reductive elimination
115
(0]
\ OMe

MeO A an
|__de0|\/|9 Oxidative addition
MeO
B-H elimination

OMe OMe

/ halide abstraction
- Agl

insertion

Scheme 61Cationic mechanism of Heck reaction

The Heck reactiorfollows a threestep mechanisntirstly, oxidative additionoccurs as the
palladium inserts in the carbeodine bond to forranI-Pd(ll)i Ph complex, followed by loss
of the iodide using silver acetatgecondlyafter complexation of the alkene to the palladium
centre, insertion of the palladiucomplex in the alkene bond occurs to form the new carbon
carbon bond F i nlaydritdeyeliminétionresultsin the formation otthe productl13 and

reductive eliminatiomegenerates the palladium(0) centre

It is interesting to note the change in thacten yield when the Heck coupling proceeds
through a neutral pathway. In the absencsilotr acetate, the iodide remains attached to the
metal centreusing caesium carbonate (lefjuiv.) as the base under the same condifibns.
Indeed, a large increase in the yield was observed, and aldéh$deas obtained in 73%
yield. The regiochemistry of theeutral pathways governed by steric control, which affords

the desired compour{@cheme 622
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Reductive elimination

- Csl + CsHCO;3 \ 33

(n
|—Pd OMe Oxidative addition

0
|
/\)
I—Pd—H
insertion

o T =0

I =0
MeO X —
Pd—I

H—Pd—I

MeO MeO
MeO
OMe MeO OMe MeO OMe

B-H elimination

Scheme 62 Neutral pathway for Heck reaction

Ub-Unsaturated aldehydkl3was submitted to acetalisation reaction conditibhdlor t h 6 s
methodology has beenutilised to synthesize various acetals within the group. The
acetalzation reaction was attemptesgith ammonium nitrate and triethylorthoformate in

et hanol unt il f ,brunsaturated raidehydd 1i3 ogeneratlyf overtight.
Unfortunately, the acetdl16 was found to be unstable and underwent rapid decomposition,
even when stored at 0 °C for shperiods of timgScheme 63 ®*

(l) o)

MeO

MeO XN a N 0~

MeO MeO
OMe OMe

113 116

Reagents and condition@) (EtO}CH (1.1 equiv.), NENO; (0.25 equiv.), ethanol (4 mL), R.T., overnight.
Scheme 63
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An examination of the literatuf® provided a relatively sipie example to follow to
synthegse the targeted chromenes without the requirement for an acetal group:
cyclocondesa t i on ¢ofunsatarated @ldehydd17 and S5hydroxycoumarin into
chromenel18wasthe key step for an elegant synthesis of pyranocoumarin derivatives which

possess antiproliferative activity against breast cancer cell Butghe 6% °

HO N ]
| —
| 0" o

5-Hydroxycoumarin 117 118

Reagents and condition&) 117 (1.5 equiv.), PhB(OH)(1 equiv.), propionic acid (3 ml), toluene, 140 °C,
83%.

Scheme 64

Thus,we attemptedhe procedure above for the formation of the desired chromene. Initially,
the Lewis acid activation dhe carbonyl group in compountil3c auses t he -f or mat
alkoxy-carbocatiorl19due to the use of phenylboronic ac&kheme 65)

HO. __Ph
B B .
H
/OH ®@(é)|j3h @E/Ph
(|) lo/ “OH 0" "OH
MeO X MeO N MeO @
MeO MeO MeO
OMe OMe OMe _
113 119

Scheme 65T h e f o r malkoxy-oarbocatibri18

We believe the mechanism of the reaction should follow this pathway: carbothfioeacts
with phenol103 affording intermediatd20. Rearomatization 0120 with loss ofa proton
then leads to compountR2 Elimination of trihydroxy(phenyl)borate affords intermediate
123and chromené&?24is obtained by [3,3¢lectrocyclic rearrangement 823 (Scheme 6§
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OH e o H(_OH 2 (0] OH
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19 MeO MeO OMe MeO MeO OMe
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H
OMe HQ OH
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e ® M ® | — " Sh ‘O
Z MeO MeO OMe MeO MeO OMe
OMe OMe OMe
Chromene ()-124 (- 123 _ (- 122

Scheme 66Proposed mechanism for synthesis of chromené&Z#)

Wh e n b-unsaturated aldehydel 3was submittedo the cyclization reaction with phenol

103in presence of acetic acid and phenylboronic acid in toluene under reflux overnight, the
ester compound25was obtained in 90% vyield.

(@]
(@]
| OH o)
MeO N a
_ =
MeO
OMe MeO OMe MeO OMe

113 103

125
Reagents and condition&) 113 (1.5 equiv.), PhB(OH)(1 equiv.), acetic acid (1 mL), toluene, reflux, 90%

Scheme 67
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In order to avoid the esterification of the phenol, acetic acid was replaced\mtikrlyst,

which is astrongly acidic cation exchange resin. However, cyclization did not acwler

these conditionéScheme 68

OMe
OMe
aorb O
/@\ j@*ﬂ ——K—= MeO OMe
CL
OMe
103 113 Chromene (+)-124

Reagents and condition@) 113 (1.5 equiv.), amberlyst, PhB(OH1 equiv.),p-xylene, #0 °C, overnight; (b)
113(3 equiv.) amberlyst, PhB(OHJ2 equiv.), toluene, reflux, overnight.
Scheme 68

In a further attempt to synthesize fl@vene 80 with a methyl analogue, we followed a
promising route towards the synthesis fiv-3-ene derivatives as outlined in the
retrosynthetic approach belo8c¢heme 6% Chalcones, such 426, would be prepared from
ketones, such a$25, through analdol reaction with acetophenoi®®. Cyclisation of the
cor r es p ounshturated kdibnes or chalcod@$é should lead to the formation @&v-

3-enes, such #0.
(@]

RO
RO

OR
OR
OR OR O
O _ OR 125
RO 0
® o = XL, =
RO OH OR
P
OR OH O
OR
80 126 RO oR

39

Scheme 69Retrosynthesis of racemic chrome3e
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Lithium diisopropylamide was used to generate the enolate of ké®tweattack compound

98in an attempt to formralconel27. The dalconeis a suitable precursor for the chromene

80 and could be submittedo a cyclization reaction to afford chromeB86 (Scheme 7
Unfortunately, due to the low quantity of base present, only starting material was observed
due to a faster deprotonationtbé phenolic hydroxyl rather than the desired formation of the
enolate’® The reaction was also attemptesing alargerquantity of bas€3 equiv) , giving

only starting material.

o)
OH O OH
BnO Q OB
@Ek oo
— % =
BnO OBn BnO BnO OBn OBn
OBn
OBn
43 98 127

Reagents and condition&) 43 (1 equiv.),98 (1 equiv.),LDA (2 equiv.), THF, 0 °C, overnight; (3 (1
equiv.),98 (1 equiv.),LDA (2 equiv.), THF} 20 °C, overnight; (c#3 (1 equiv.),98 (1 equiv.),LDA
(3 equiv.), THF; 78 °C, overnight.
Scheme 70
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2.6 Application of the Page asymmetric goxidation in the synthesis of
trans-3,4-dihydroxy -3,4-dihydromollugin .

The root of the African medicinal plant® e nt as | (Rubigceap}d and Rubia
cordifolia,”’ is the source of a benzochromene antibiotic: it contains molli@@and its
analoguedrans-3,4-dihydroxy-3,4-dihydromollugin 129 and epoxymolluginl30."®” These
plants appear to possess antitum@ntimutagenic, anteukaemia, antinflammatory, ati-
colon cancer and antiallergic activiti€€° They are used to treat skin diseases such as
pityriasis versicolor, itchy rasheandmalaria (mixed with milk), tapeworm, gonorrhea, and
areused as a purgative in Kenya and Rwaflda.

OH O

128 129 130

Figures 6:Mollugin and analogues

A reliable method forthe synthesis of molluginl28 was reported by Wang et %l.An
intermolecular cyclization reaction was the key step in the formation of mollugietyt
3-butenal and 1;4ihydroxy-2-naphthoic acid were heated under reflux in the presence of
benzene boronic acid and acetic acid in tolugneng 128in 91% yiet. The synthesis of
racemic trans-3,4-dihydroxy-3,4-dihydromollugin 129 was achieved in 31% vyield by
oxidation of mollugin using Oxone in a mixture of acetone/water in a 1:2 ratio for 12 h
(Scheme 717

128 129

Reagent and conditiong) Oxone (2quiv) , acetone/ water (1:2), 80 eC

Scheme 71The formation of racemitans-3,4-dihydroxy-3,4-di-hydromollugin129
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O-Methoxymethy(3S,4$-cis-3,4-dihydroxy-3,4-dihydromollugin132 was prepared using a
Sharpless asymmetric dihydroxylation of mollugin methoxymethyl ether in 30% vyield and
86% ee Bcheme 7p%

MOMO O
o
a
|
0
131 132

Reagent and conditiong) AD-Mi x ,8Qs;, Ki(CN)s, K,OsG(OH),, (DHQD),-PHAL, t-BUOH:H,O:THF
( 8: 8: 1}t 240, 329 86thee.
Scheme 72The formation ofO-methoxymethy(3S,4$-cis-3,4-dihydroxy-3,4-
dihydromollugin132

Removal of the MOM group gaveis-diol 132 and trans-diol 129 in 60 and 20% vyield,
respectivelylndeed, when the deprotection of the MQ@¥bup was attempted using a large
excess of hydrochloric acid, inversion of the configuration at the C4 position led to the
formation of 8S,4B-trans-3,4-dihydroxy-3,4-dihydromollugin 1292 The aithor reasoned

that a free hydroxyl group at position 4 wa®tonated and the resulting oxonium ion was
displaced by an electron push mechanism starting from the lone pair of the fyrggeh.
Thereby,trans-diol 129 was formed by nucleophilic attack on the reactivého-quinone
methide intermediat&35 (Schenme73. Moreover, thexxommented thdtthe lower yields and

side products are the drawbacks of this prot§todnd "routes were paved with

difficulties".®?

132 133 134 135 129
Reagent and conditionsst) 6N HCI / THF (20%1), 0 eC to rt,

Scheme 73The formation of 3S,4R-trans-3,4-dihydroxy-3,4-dihydromollugin129

We have recently reported the highly enantioselective epoxidation of xantHaétin 99%

ee as the key step towards the total synthesis edquteflorin A139, usingchiral iminium
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salt catalyst75 under noraqueous conditions. The aaidtalysed epoxide ringppening of
epoxidel36 affordedtrans-diol 138in high yield. Thus, we envisaged that the synthesis of
(3S,4RB-trans-3,4-dihydroxy-3,4-dihydromollugin 129 could be effected by a similar
epoxidation of mollugiri28to install the stereocentres and functionality requffed.

0] (0] (@) (0] (0] O b (e} (e} O
_a . — -
S = ? R P HO‘\\ =
(e}
136 137 OH
138
Xanthyletin t L

©
O BPh,
o /O
N

0 0__0
< 0y
o )\/U\,\\ =
O PH 0
o)

75
139
(+)-Scuteflorin
Reagent and condition§a) Catalys?5, TPPP,CHG, 130 AC, 30 h, 97%,.S®9 % ee;

(2:1), rt, 10 min, 60%.
Scheme74Total synthesis of (+$cuteflorin A using iminiurrcatalysed asymmetric
epoxidation.

In our retrosynthetic analysirans-diol 129 could bederivedin a straightforward manner
from ring-opening of chiral epoxid@30. Asymmetric epoxidation of cyclicis-disubstituted
mollugin 128 could secure the formation of enantioenriched epoxide intermedi8tes

Mollugin 128couldbeac cessed wusi ng Vsahemed)s met hodol ogy

OH O
OH O

~ ~

R O O . o
OH

129 \ 130 128 \ 141

Asymmetric Epoxidation Para-
directing

Acid catalysed Epoxide opening

cyclizati
onona
phenol

Scheme75: Retrosynthetic analysis 08%,4R-trans-3,4-dihydroxy-3,4-dihydromollugin
129
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2.6.1Synthesis of mollugin

The first objectivewas the synthesis of 1,dihydroxynaphthalen@-carboxylic esterl4l
Commercially available 1;dihydroxynaphthalen&-carboylic acid 142 was treated with
sulfuric acid in methanol. Unfortunately, the desired prodddtwasobtained in a very low
yield (3%), alongside a major undesired proddé formed in 90% vyield®> However,
compoundl43 can be converted to the desired-didydroxynaphthalen@-carboxylic ester
141 by demethylation of the methoxy group. Indeed, the treatment of a solutibf3arh

anhydrous dichloromethane with alumim chloride at 0 °C produced the compoud#dd in

91%yield (Scheme78.
OH O OH © OH O
OH a o o~
o
OH O O
142
141 143

! b |
Reagent and conditiong) CHOH, H,SQ,, 8 h, 0 °CGreflux, [1415%; 14390%]; (b) AlCk (2 equiv.), 0 °C, 2

h, 91%.
Scheme 76The synthesis di41

Another esterification method applied to -Hdhydroxynaphthalen@-carboxylic acid
resulted in the formation of the compoubdl in high yield: methyl iodide was used with
anhydrous sodium hydrogen carbonate in dimethylformamide overnight at room temgerat
giving 141in 96% yield Gcheme 7Y.

OH O OH O
DO Cco
B ———

OH OH
142 141

Reagent and conditionga) Mel (1.5 equiv.), NaHCgX1.2 equiv.), 0 °@t, overnight, 96%.
Scheme 77The formation ofLl41in a high yield
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It is then possible to achieve the synthesis of mollugirofblyo-directed cyclisation on a
phenol with an enal species. Thus, the intermolecular phenylboroniemadicted

cyclization of 3methyl2-butenal with141was achieved in 53% yiel&¢heme 78%°

OH O OH O
DO o™
OH o |
141 129

Reagent and condition§a) 3Methyl-2-butenal (2.0 equiv.), PhB(OKj1.0 equiv.), toluene/AcOH, reflux, 17
h, 53%.
Scheme 78Synthesis of mollugin

In order to improve the yield, we believed that the reaction dmellcarried out using North's
procedurd’wher e a phenol  bumsammtedacetmlemter Wasic dondidioms. U
Il n order t ob-uasathratesl acetahtvinaa initjally rmed by reacting aldehyde

144 and diethyl orthoformate in the n@sence of a catalytic amount of ammonium nitrate in
anhydrous ethanol under nitrogen in 48% yield. The acetal was directly used after work up,

due to its instability. $cheme 7%

)\)‘.i i
a
AN H _— )\/ko/\
144 145

Reagent and condition§&) 3Methyl-2-butenal (1 equiv.), NENO; (0.25 equiv.) triethylorthoformate (1.2
equiv.)0 °Grt, 24 h, 48%.
Scheme 79F or mat i o-munsaturatedtaeetaid

The cycl i sat i onb-unsataratdd acetadswas camied out aselesdait by
North. Treatment ofi41 with 3-picoline as the base ip-xylene resulted in the attack of
oxocarbenium ionl46 to form dienonel4?. Elimination of ethanol led t@rtho-quinone

methidel49. Finally, electrocyclic ring closure provided molludig8in 64% vyield.
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| X 146
=
J 128
OH O OH O
T e
~x X
(o.{o oY .
"
147 148 149

Reagents and condition@) 141 (1 equiv.), acetal45(1 equiv.), 3picoline (0.25 equiv.)p-xylene, reflux, 24
h, 64%.
Scheme 80Synthesis of mollugii29u si ng Nort hés procedur

In an effort to incrase the yield of mollugiri28 alternative syntheses were sought. A
promising study by Smitbkt al involves the derivatation of methyl 4hydroxybenzoaté51
with 3-chloro-3-methyt1-butyne 150, forming propargyl ethet52 which was then cyclised
at high temperature iN,N-diethylaniline(Scheme 8%

o o o o]
+ —2 - /©/ - =
I MeOOC ll MeOOC

COOMe

151 150 152 153

Reagents and condition&@) 151 (1 equiv.), 3chloro-3-methyt1-butynel50(3 equiv.), KCOs (1 equiv.), KI (1
equiv.), acetone, 493 °C, 48 h, 79 %,; (W),N-diethylaniline, 210 °C, 97%.
Scheme 81Synthesis of @&arbomethoxychromerib3

Hence, the synthesis of mollugkt28 commenced with the chlorination of commercially

available 2methyl3-butyn-2-ol 154 using cold concentrated hydrochloric acid, formirk
in 56%(Scheme 8%
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HO\‘/ Cl\t/
a
e
I f
154 150

Reagents and condition&) Methyt3-butyn-2-ol 154 (3 equiv.), CaGl(1 equiv.), CuCl (1 equiv.), Cu (3
mol%), HCI, 0 °C, 1 h, 56 %.
Scheme 82Chlorination of methyB3-butyn-2-ol 154

When starting materials50 and141, a catalytic amount of copper powder, cuprous chloride
and potassium carbonate were stirred at 53 #Zétone for 24h, mollugib28was produced

in 19% yield(Scheme 83%* Interestingly, only product28was isolated alongside recovered
starting materiall41 (79% recovery)Since154 was found to be thermally unstable and to
rearrange intd.28 the reaction conditions were modified by replacing acetone with toluene
and increasing the temperature from 53 °C to reflux. Thereby, the desired pta8weas
obtained in 81% vyield.

OH O OH O OH O
Riccagalcendiogive o
OH O% @)

150 141 — 154 - 128

Reagents and condition&) 3Chloro-3-methyt1-butyne150(3.1 equiv.), CuCl (1 equiv.), Cu (5 mol%),
K,COs (2 equiv.), KI (2 equiv.), acetone, 53 °C, 24 h, 19 %.
Scheme 83Alternative route used for the synthesid 28

106



2.6.2Synthesis of(3S,4R-trans-3,4-dihydroxy -3,4-dihydromollugin 129

2.6.2.1Synthesis of racemic mollugin oxide 130

The synthesis of racemic mollugin oxi@i80 was first attempted using standard epoxidation
conditions. Unfortunatelyy-CPBA oxidation of mollugirl28in anhydrous dideromethane
was unsuccessful and decomposition of the starting material was observedhifdbn
iminium salt52 was also used to attempt thpoxidation ofmollugin 128 in both aqueous

and noraqueous conditionand only starting material was obser&able 7).

Table 7: Standard epoxidation conditions

O ©BPh,
%
N
/
O OH O

OH O 52 P
oo - OO
—
| N
@)
128 130
Conditions | Temp Solvent Time Yield
a 0 A] CHCl, 20 min | decomposition
b 0 A{ MeCN/HO (10:1) 24 h SM

Reagents and condition&) m-CPBA (1 equiv.), NaHC®(2 equiv.); (b)52 (10 mol%), NaHCQ (4 equiv.),
Oxoné™ (2 equiv.)

As the free phenolic hydroxyl was believed to interfere with our oxidation or destabilize the
epoxide moiety, protection using a benzyl group was targeted. Benzyl bromide, malhajin,
potassium carbonate wengxed in dimethylformamide at 70 °C to give benzylated product
155in 86% yield. Attempts to oxidisE55usingm-CPBA and sodium hydrogen carbonate in

anhydrous dichloromethane led to decomposit®chéme 84
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128 155 156

Reagents and condition&) BnBr (1.5 equiv.), KCO; (1.5 equiv.), DMF, 70 °C, 4h, 86%; (b)-CPBA (1
equiv.),NaHCQ( 2 equiv.), O Ad, 50 min.
Scheme 84Synthesis 0fl56

It is possible, givertheseresults that strongly electrodonating groups can destabilize the
epoxide moiety under standard epoxidation conditions. We then turned our attention towards
milder electrordonating groups: acetylation &8 was achieved using acetic anhydride and
pyridine in ahydrous dichloromethane to give acetd in 95% vyield®” The formation of
racemic epoxide 58 was successful utilizingrCPBA and iminium salb2 under aqueous
conditions, affording epoxidel58 in 47% and 31% yield, respectivelyTable 8).
Unfortunately, we were unable to resolve the peaks corresponding to each enantiomer using
chiral HPLC.

Table 8: Synthesis of racemic epoxid&8.

0 0

)J\O O )J\O O

COCT = O™ == O

0] | (@] l (@] ©
128 157 158
Conditions | Temp Solvent Time Yield
b 0o A CH.Cl; 20 min 47%

C 0 A{| MeCN/HO (10:1) 24 h 31%

Reagents and conditiong&) Pyridine (19 equiv.), A© (19 equiv.), CHCI,, rt, overnight, 95%; (bin-CPBA (1
equiv.), NaHCQ (2 equiv.); (c)52 (10 mol%), NaHC@4 equiv.), Oxon&” (2 equiv.).

To overcome the poor separatioh enantiomers of the racemic epoxide using HPt@,
installation of more polar protecting groups on the free phenolic hydroxyl of comfd@énd

was targetedWe first turned our attention towards the trifluoromethanesulfonate (or triflate)
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group: treatmeinof mollugin 128 with triethylamine and trifluoromethanesulfonic anhydride
in anhydrous dichloromethane afforded the desired prddiin 98% yield® The racemic
epoxidel60was prepared in 81% yield usingCPBA (Scheme 82 Crucially, separation of
the enantiomers the racemic prodi60 was observedand the chromatogram exhibited two

peaks ohotequal areas at 23 and 33 minutes with an acceptable resokitiong(8).

0 ?
/S\
OH O F3C/(|85\O 'e) F3C (')' (@) (@)
L Cror e . O
b
a
| | o
o) o) O
129 159 160

Reagents andonditions (a) TEA (2 equiv.), (CESG,)O (3 equiv.), DCM, 0 °€RT, 24h, 91 %; (bin-CPBA (1
equiv.),NaCO;( 2 equiv.), O Aw, 2 h, 81 %.
Scheme 82Synthesis 0fL60

2000% Retention Time H ;2000
| - |
|| o
| ¢ g || f
SIS S N »
o 2 % w0 ‘;%sé““ e w w e 10
UV Results
Retention Time Area Area % Height Height %
23.020 536527579 46.02 7973912 55.25
33.303 629307034 53.98 6458123 44.75
Totals
1165834613 100.00| 14432035 100.00

Figure 8: Chromatogram of racemi60
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2.6.2.2Asymmetric epoxidation of 159

The synthesis of key neracemic intermediatd60 was expected toequire the use dahe
biphenytazepinium catalys74 prepared by our group. We screened catalksbtunder

agueous conditions and nagueous conditions for asymmetric epoxidation 1A,

Somewhat surprisingly, epoxidation 859 under noraqueous conditions was unsuccessful

at

130,

10

and

0 AC

and

t he

start.i

ng

mat er

agueous conditions, the reactivity of biphenyl catal{ss excellentand the desired epoxide

was obtainedh very high yieldgTable 9).

Table 9: Synthesis of chiral epoxidEs0

Q

_S.
F,C 1 0
¥ 0

(0]

S
F,C 1l
0

0O O

O
159 160
Conditions | Temp Solvent Time Yield
a 130 CHCl, 24 h SM
b 110 CHCls 24 h SM
C 0 A CHClg 24 h SM
d 0 A| MeCN/HO (10:1) 15 min 91%

Reagents and condition&), (b), (c) catalys?5 (10 mol%), TPPP (2 equiv.); (d) cataly®d (10 mol%),
Na,CO(5 equiv.), OxonB” (2 equiv.).

Ful

I c 0 n v €S9S=eporidel6@was opgeryed after 15 min, and the product was
isolated in 91% yieléind 70.5% eeHigure 9). The absolute configuration tite C3andC4
positionwasestablished as beir{§), (S) for major enantiomet60based orthe epoxidation

of number of cyclicis- chromene structurasideraqueous conditionsy our groupwhich

their absolute configurationgeredetermined byomparison of optical rotation with values

reported in the literaturé
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| Retention Time |
1000 1

22.227

500 +

1000

N S
UV Results
Retention Time Area  Area % Height Height %
22.227 74846313 14.75 1316297 21.90
32.600 432671896 85.25 4692895 78.10
Totals
507518209 100.00 6009192 100.00

Figures 9: Chromatogram of neracemicl160

The next step towards the synthesis38,8R-trans-3,4-dihydroxy-3,4-dihydromollugin

129was the acietatalysed ringppening of the epoxide moiety to form the corresponding

trans-diol asdescribedabove for the synthesis of ¢stuteflorin A ortranskhellactone

1173*°° The nonracemic epoxidel60 was treated with a mixture of acetone and 1M
H,SO, to yield (+)(3S,4R-trans-diol 163in 74%yield (Scheme 8% Characteristic diol
signals were observed usilgd NMR spectra analysis: the protons at the C3 position
(3.59 ppmJ=7.3 Hz), and C4 position (4.80 pptx7.3 Hz).'°F NMR data analysis also
supported the presence of the trifluoromethanesulfonatepgtdigh resolution mass

spectrometrysuggested that a molecular ion at m/z 468.092 g/mol was detected

corresponding to enolecular ion matchind63 Unfortunately, we were unable to obtain

crystals suitable for Xay analysis.
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160 161 162

163

Reagents and condition&) acetone/1M k80O, (2:1), RT, 1 h, 74%.
Scheme 85Acid-catalysed ringppening of theepoxide

The final stage is the removal of the trifluoromethanesulfonate group. Using potassium
hydroxide in a mixture of water and ethanol (1:1), the reaction was heated under reflux for 30
min until complete disappearance ®63 was observed using TLC? Unfortunately,
compoundl29 was not observed and hydrolysis of the methyl ester led to the formation of
carboxylic acidl64. The signal corresponding to the methyl ester group was absent when the
'H NMR spectra of the crude reaction mixture was analysed the presence of the

trifluoromethanesulfonate group was confirmed usigNMR spectroscopyScheme8s

164 163 129

Reagents and condition@) KOH (1equiv), H,O/EtOH (1:1), reflux, 30 min.
Scheme 86Attempt to removehetrifluoromethanesulfonate group
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The cleavage reaction of the trifluoromethanesulfonate group wasaiésoptedusing 2
equivalents of tetraethylammonium hydroxide in dioxane. Thus, dikappearance of
trifluoromethanesulfonate group was eventually observed d$h§iMR spectroscopy, but
the two signals corresponding the diol moiety were not observedusing 'H NMR
spectroscopyScheme 872° We alsoattempted to remove the triflateagip usingcaesium
carbaate (3 equiv.) according to lerature procedur€® but no reaction was seen under

these conidions after ®h, and163was recovead.

163 129

Reagents and condition&) E4NOH (2 equiv.), dioxane, RT, 20 mifh)) CsCO;( 3 equi v . ) , PhMe, O
Scheme 87further &emps to removethetrifluoromethanesulfonate group
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2.7 Conclusions

There is no doubt that the scope of academic and industrial organic synthesis has been deeply
extended by developments in the field of asymmetric catalysis. At the beginning of this work,
we challenged ourselves to develop a wide variety of reaction gexc#sat could be used to
synthesizdlav-3-enederivatives, and particularly the effect of a variety of protecting groups

in stabilizingflav-3-ene derivativedn all cases, | found thdlav-3-enecontaining protecting
groupssuch as benzyloxy groups the aromaticrings were unstable to theepoxidation

reaction conditionsHowever, the toluenesulfonate moiety played a significant role in the
stability of flav-3-eneunder oxidative conditions he findings of this study have important

implications for he asymmetric epoxidation on fk@vene substrates

R? = Protecting Group

R' = H, Me, Ph

We have also used three straightforward approaches to synthesize mtii8diime journey
to synthesizdrans-3,4-dihydroxy-3,4-dihydro-mollugin 129 in an enantioselective manner
began with the employment of cataly& to install an epoxide moiety. An aettalysed
ring-opening of the epoxide was also successful and3$y¥R-trans-diol 163was obtained
in 74% vyield.

128 129 75
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2.8 Future Work

We will undert&e an extensive investigation thfe effect of a variety gfrotectinggroupson

the stability of 3-flav-3-enes andtheir reactivity towardaminium saltcatalysedepoxidation

within our group.In addition we will seeknovel methods to synthesiz8-flav-3-ene
analoguesThis should allow us touseiminium sals to achieveenantioselective kinetic
resolution as indicated at the beginning of this chapter. Moreover, it should permit us to gain
access to polypenol natural products, for example, the -maincer agent( 1-)

epigallocatechin.

R'=H, Me, Ph

(-)-Epigallocatechin

Despite our inability to observe any conversion to the dediaus 3,4-dihydroxy-3,4-
dihydro-mollugin 129 from diol 163 we will continueto seek to achieve the deprotection of

the trifluoromethanesulfonate growgthin our group
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3.0 Experimental

3.1 General Experimental

3.1.1 Physical Characterisation and Spectroscopic Techniques

Infrared spectra were acquired using a Perkin Elmer System 200R §{ectrophotometer.

Solid samples were run as nujol mulls or as thin films of their solution in dichloromethane on
sodium chloride plates. Liquid samples were run n#atand *C NMR spetra were
measured respectively at 400.13 and 100.62 MHz using Varian Unity Plus (400 MHz)
spectrometers, at 300.05 and 75.45 MHz using a Varian Gemini 200 (300 MHz) instrument,
at 400.13 and 100.03 MHz using a 400 MHz Bruker Avance lll 2 channel nandd&y N
spectrometer, or at 500.21 and 125.05 MHz using a Bruker Avance Il 500 MHz NMR
spectrometer. The solvent used for NMR spectroscopy was deuteriated chloroform unless
stated otherwise, using tetramethylsilane as the internal reference. Chemical shiftear

in parts per million (ppm) and J values are given in Hertz (Hz). High resolution mass spectra
were obtained from the EPSRC Mass Spectrometry Service at the University of Swansea.
Melting points were recorded using a BuchbB5 melting point instnment and are reported
uncorrected. Optical rotation values were measured with a Bellingham and Stanle44BDP

instrument, operating at=589 nm, corresponding to the sodium D line at the temperatures

indicated. The solvents used for these measurements were of spectrophotometric grade. The

solutions for these measurements were prepared in volumetric flasks for maximum accuracy
of the volumeof solvent used. Enantiomeric excesses were determined by Chiral High
Performance Liquid Chromatography, (Chiral HPLC). HPLC samples were prdpesiida

based chromatography. Data was recorded using Hitachi Elite LaChrom software fitted with
a L2400 W/ detector (256 nm unless stated otherwise),2300 column ovena L2200
autosamplera L2130 pump,anda Knaver Eurocel 01 5um particle size column. All HPLC
samples were run undbexane isopropanol conditions.

Reactions requiring anhydrous conditiomere carried out using glassware dried overnight at
150 Aw, unl ess otherwise stated. Reaction
dichloromethane, which was distilled from calcium hydride; tetrahydrofuran (THF) and
diethyl ether (E1O), which were distilled under a nitrogen atmosphere from the

sodium/benzophenorketyl radical.
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3.2 Experimental Procedures Related to the Synthesis of fl88+ene:

3.2.1 3,5dihydroxyphenyl benzoate (17}

Pyridine (1.26 mL, 15.7 mmol, 2 equiv.) was added to a solution of anhydrous phloroglucinol
(2.0 g, 7.92 mmol) in anhydroustrahydrofuran(50 mL). Benzoylchloride (1.26 mL, 7.92
mL) in anhydroudetrahydrofuran20 mL) was added dropwise to the solutidhe cloudy
mixture was heated under reflux under nitrogen for 3 days. A solution,8Cwas poured

into the cooled mixture. The resaly mixture was extracted witathyl acetatg2x10 mL).

The organic phase was washed with dilldgdeous HC{1M, 2x5mL), water (10mL), and

brine (5mL). The organic layer was dried over Mg&S&hd the solvents were removed under
reduced pressure. The crude mixture was purified using silica gel column chromatography
(1:3.5ethyl acetate petroleum ether) to afford comyiad 17 (0.88 g, 49%).

mp 7578 A b jmax (Beat)/cnit 3297, 3088, 3068, 1610, 114418; (400 MHz; d6-acetone)

6.26 (d, 2 H,J= 2.1 Hz, AH-2,6), 630 (t, 1 H,J =2.1 Hz, ArH-4), 7.657.70 (m, 2 H, AH-
10,12), 7.67 (t, 1 HJ = 3.0 Hz, AH-11), 8.12 (m, H, ArH-9,13), 8.59 (s, 2 H, B); Uc

(100 MHz; d6-acetone) 10@. (CH-4), 1009 (CH,-2,6), 128.9 CH»-10,12), 130.0 CH,-

9,13, 133.8 (C-8) 153.0 CH-11), 159.2 C-1), 162.0(C»-3,5), 164.5 CO-7).

3.2.2 3,5bis(Benzyloxy)phenyl benzoate (18)

o)
o 9

8
o 10 0
11 13 1
12 2 6
3 5
HO OH © % 0
©)15 14©

2-(3,5-Dihydroxyphenyly1-phenylethanonel7 (0.55 g, 2.4 mmip was dissolved in
anhydroudetrahydrofurar{100 mL). Potasam carbonate (0.99 g, 7.0 mmaind 18crown
6 (0.12 g, 0.2 equiy were added to the solution arlde mixture was stirred at room
temperatee for 15 min.followed by the addition of eyl bromide (0.65 mL, 5.5 mmpl

The reaction was heated under reflux for three days under a nitrogen atmosphere. Water (5
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mL) and diluted HCIIM, 5 mL) were added tdée reaction mixture. The aqueous layer was
extracted with ethyl acetate (3x20 mL) and the organic layer was washed with brine (5 mL),
and dilutedaqueousHCI (1M, 5 mL). The organic layer was dried ovanhydrousMigSO,

and the solvents were removed undsguced pressure. The crude mixture was purified by
column chromatography on silica gellfyl acetate petroleum ether, 1:2). The produd@
was obtained as a yellow solid (0.86 g, 79%).

mp 97-1 0 0 Audneat)ent 2866, 1698, 1247, 7124 (400 MHz; CDCls) 4.96 (s, 4 H,
C,H4-14,15), 610(d, 2 H,J = 2.1 Hz, AH-2,6), 6.22 (t1 H,J = 2.1 Hz, AH-4), 7.287.62

(m, 10 H,Ph,CH40y), 7.47 (t, 2 HJ = 7.8 Hz, PH-10,12), 7.61 (t1H, J= 7.4 Hz, PH-

11), 8.16 n, 2 H, PiH-9,13); Uc (100 MHz; CDC}) 70.1 C;Hs-14,15), 95.0 CH-4), 95.5
(CH2-2,6), 127.8 CH,-10,12), 128.2, 128.7, 128.829.4 (Ph,C,H40,), 130.4 CH»-9,13),
134.1 €-8), 136.9 CH-11), 157.7 C-1), 160.9 C-3,5), 172.4CO-7).

3.2.3 3,5bis(Benzyloxy)phenol (19

o8, —
5 OTC

3,5-bis(Benzyloxy)phenol (4.00 g, 9.75 mmol) was dissolved in anhydtetahydrofuran

(15 mL) and LiAlH,; (1.85 g, 48.76 mmol) was cautiously added to the stirring solution under
a nitrogen at mos p hleerreactiantwasOeft dvernightiamddollowedtby ) . T
TLC (ethyl acetate/petroleum ether 1:4). The reaction was quenched by additiateqfLO

mL) and washed usingqueousHCI (2M, 10 mL). The solution was washed usiettyl

acetate the organic layer was septed and the aqueous layer was extracted wifittyl
acetatg3x30 mL). The combined organic layer was washed with brine, driechotgdrous

MgSQ,. The solvents were removed under reduced pressure. The crude mixture was purified

by column chromatograplon silica gel éthyl acetate petroleum ether, 1:5). The produ&

was obtained as a colourless solid (2.01 g, 68%).

mpB-95 Asmmeatyc'3292, 2863, 1148 ,d6acdone)5.02H (400
H, CH4-7,8), 6.17 (d, 2 HJ) = 2.0 Hz, PH-2,6), 720 (t, H,J = 2.1 Hz, PH-4), 7.187.49

(m, 10 H,Ph,C4H40Ph), 8.41 (s, 1 H, B); Uc (100 MHz;d6-acetong 73.2 C,H4-7,8), 95.0

(CH-4), 96.6 CH,-2,6) 127.8, 128.2, 128.8,36.9 (Ph,C,H,OPh), 157.6 €-1), 160.9 C-

3,5).
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3.2.4 methyl 3,4,8ris(Benzyloxy)benzoate (213

o
HO
O/
HO
OH

Benzyl bromide (10.32 mL, 90 mmol) was added to a mixture containing methyt 3,4,5
tris(benzyloxy)benzoate (5.00 g, 27 mmol) andCKs (16.90 g, 122 mmol, in anhydrous
dimethylformamide (60 mL). The reaction was stirred uradeitrogen atmosphemernight

at room temperature. After removing the organic solvent under reduced presglweeys
HCI (2M, 30 mL) was added to acidify the mtimn mixture. The reaction was extracted with
ethyl acetat€3x80 mL). The combined organic phases were dried ambydrousMgSQO,,

and concentrated under reduced pressure. The regakurified by flash chromatography
on silica gel éthyl acetate petroleum ether5:1) to afford the desired compound as a
colourless solid (10.94 g, 89%).

mp 1601 6 3 Amneaen 2948, 2897, 1715, 1427, 1331,

CDCly) 3.88 (s, 3 H, €3-8), 5.11 (s, 2 H, Gi-11),5.12(s, 4 H, GH4-9,10),7.187.51 (m,
17 H, Ar-H); Uc (100 MHz; CDC}) 52.5 CHgz-8), 71.4 C,H4-9.10), 75.3 CH,-11), 109.2
(CH-2,6) 125.4, 127.8, 128.1628.24,128.3, 128.4, 128.8, 136.@hsCeHcOsPh), 137.7C-
1), 142.5 C-4), 152.8 C-3,5), 166.9 COH-7).

3.2.5[3,4,5Tris(Benzyloxy)phenyllmethanol (22}
©\/ i
o O/
¢}
o (jA
Methyl 3,4,5tris(benzyloxy)benzoatel0 (5.00 g, 11.4 mmol) ester was dissolved in
anhydroudetrahydrofuran(40 mL) in an overdried 250 mL roundottomed flask. LiAIH

(0. 65 g, 17.1 mmol) was periodically added
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reaction was left to stir overnight. It was monitored by TLC with ethyl acetate and petroleum
ether (R = 0.39). The reaction was quenched by the cautious addifi water (20 mL)
followed by diluteaqueoudHCl (1M, 20 mL). The reaction was stirred for a further 30 min.
The mixture was extracted with diethyl ether (4x30 mL). The combined organic layers were
washed with a saturated solution of NaHC@O0 mL) brine (100 mL) and dried over
anhydrousMgSO,. The solvents were removed under reduced pressure to give the desired
compound as eolourless solid (4.18 g, 90%).

mp 163165 C ; max§neat)/cm 3263, 2935, 1229, 1121, 734; (400 MHz; CDC}) 1.75 (s,

1 H, ™H), 4.55 (s, 2 H, €,-7),5.02 (s, 2 H, €,-9), 5.08 (s, 4 H, €H,4), 6.65 (s, 2 H, AH-

2,6), 7.247.49 (m, 15 H, P{C,HO); Uc (100 MHz; CDC}) 65.5 CH»-7), 71.3 C.H4-8,10),

75.5 CH>9), 106.4 CH.-2,6), 127.6, 128.0, 128.1, 128.4, 128.7, 128.8, 137.0, 137.3
(PhsCgHsOsPh), 137.7 C-4), 138.0 C-1), 153.1 C»-3,5).

3.2.6 3,4,5ris(Benzyloxy)benzaldehyde (23)

3,4,5tris(Benzyloxy)benzaldehyde (1.51 g, 3.54 mmol) was dissolved in dichloromethane.
Pyridinium chlorochromate (2.27 g, 5.25 mmol) was added in one portion to the mixture. The
reaction was stirred undex nitrogen atmospherat a room temperature overnight and
foll owed by TLC (et hyl acetate/ petrol eum et h
added to precipitate out the chromium salts. The resulting suspension was filtered through a
pad of celite, silica gel and santhe solvents were removed under reduced pressure to give
the desired aldehydz8 as a colourless solid (1.22 g, 81%).

mp 1561 5 8 /AMnea)gm’2 933, 1692, 1591, 1436, 1385,
(400 MHz; CDC}) 5.16 (s, 4 H, @H4-8,9), 5.19 ¢, 2 H, G1,-10), 7.20 (s, 2 H, Ai-2,6),
7.247.51 (m, 15 H), 9.80 (s, 1 H, @07); Uc (100 MHz; CDC}) 72.7 C,H4-8,9), 76.4 CHo-

10), 112.2 (CH»-2,6) 127.4, 128.4, 128.6128.8Q 128.83, 129.0, 133.8, 137.1,
(Ph3CeHsOsPh), 138.8C-1), 144.6 (C-4), 156.2(C,-3,5), 196.0 COH-7).

124



3.2.7 (3,4,5Tris-benzyloxy-phenyl)-prop-2-yn-1-ol (24)

H 003 AU

IS
9

— H
©AO 0 HOHE
O

12

3,4,5tris-Benzyloxybenzaldehyd®3 (0.25 g, 0.56 mmol) was dissolved in anhydrous
tetrahydrofurarand the solution was cooleditty 8 Ay . Ethynyl magnesi um
THF, 6.00 mL) was cautiously added to the solution. The reaction was allowed to warm to
room temperature, and left to stir for 2 hours. The reaction was quenched using a solution of
NH4Cl (5 mL). The excess THF was removed under reduced pressure. The residue was
extracted withethyl acetatg3x10 mL), washed withlilute aqueous HCI (1M, 5 mland

dried overanhydrousNaSQ,. The solvents were removed under reduced pressure and the
residue was purified using column chromatography on silica gelethih acetatepetroleum

ether (1:2) to give compouri# as a yellow solid (241 mg, 91%).

mp 1781 8 0 Awm(neat)en 3303, D19, 2867, 2140, 1331, 1124, 729; (400 MHz;

CDCl3) 2.19 (d, 1 HJ=6.2 Hz, ®{), 2.63 (d, 1 HJ = 2.2 Hz, G4-9), 5.02 (s, 2 H, B>-11),

5.11 (s, 2 H, GH4-10,12), 5.33 (dd, 1 HI = 6.2, 2.2 Hz, €-7), 6.85 (s, 2 H, Atl-2,6), 7.17

7.32 (m, 15 H,PhsCsHeO); Uc (100 MHz; CDCh) 64.3 CH-7), 71.2 C,Hs-10-12), 74.9
(CH,-11), 75.2 C-9), 83.2 (-8), 106.2 CH,-2,6), 127.5, 127.8128.2,128.5, 128.6128.7,

128.8, 135.6,(PhsCsHgOsPh), 137.0 (C-1) 137.8 (C-4), 153.0 (C,-3,5); m/z found for

[M+NH 4]": 468.2163; [GoH2604+NH,] " requires 468.2169.

125



3.2.8 (((5(1-(3,5-bis(Benzyloxy)phenoxy)prop2-yn-1-yl)benzenel, 2,3
triyhtris(oxy))tris(methylene))tribenzene (25)

o O

Method A

The propargyl alcohdt4 (0.77 mmol, 350 mg) was dissolved in anhydrous dichloromethane
and the resulting solution was added slowly into a dilute solution of camphorsulfonic acid
(2.62 ¢,10.5 equiv.) in anhydrous dichloromethane. The mixture changed to a light green
colour. After 10 min, alcohol compouri® (330 mg, 1.14 mmol) was added dropwise, and
the reaction mixture turned into an apple red colour. The reaction was stirred for 48 hour
The solvent was evaporated under reduced pressure. The organic residue was dissolved in
ethyl acetate (20 mL) and the organic layer was then washed with a solution of BlakrtCO
brine (5 mL), dried usin@nhydrousMgSQ, and the solvent was removed undeduced
pressure. The crude product was recrystallised using toluene and the mother liquor was
purified using flash chromatography on silica gel with toluetig/l acetate asluent(35/1).

The produc5was obtained as a colourless powder (0.46 g, 58%).

m.p.2002 0 2 3dMneat)/cnt 2983, 2934, 2120, 1265, 738; (400 MHz, CDC},): 2.56

(d, 1 H,J = 2.7 Hz, G4-15), 4.935.06 (m, 10 H, €H1,-16,17,18,19,20), 5.68 (d, 1 B 2.7

Hz, CH-7), 6.24 (t, 1 H) = 2.4 Hz, G1-2), 6.29 (d, 2 HJ) = 2.4 Hz, G1,-6,4), 6.76 (s, 2 H,
CH>-13,9), 7.087.69 (m, 25 HBNnsOs-16,17,18,19,20)ic (100MHz; CDC}), 70.3 CH-7),

70.8 CH»-18), 71.2 C,H4-16,17), 73.7 C.H4-19,20), 75.5C-15), 83.9 CH-14), 94.0 C,H,-

4,6), 96.4 CH-2), 107.0 C,H,-13,9), 127.7, 127.9, 1281, 128.43, 128.7, 128.0, 128.5,
128.8, 128.9, 135.3, 136.9, 137.5Ph{CsH100sPhy) 137.52, C-8)138.1 (C-11), 152.9 C»-
10,12), 156.4@,-1,3), 156.9 CH-5); m/zfound for [M+NH,]*: 756.3320 [GoH420s+NH,]"*
requires: 756.3320.
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Method B

A suspension of the propargyl alcodd (90 mg, 0.19 mmol), alcohol compouBd122 mg,
0.40 mmol) and acidi&l,O3 (1g) in anhydrous toluene (20 mL per gawfidic ALOs) was
heated under reflux for 24h. The apple red solution was allowed to cooletradsfo a
separating funnel and extracted witithloromethang€2 x 40 mL). The organic layers were
combined and washed with a NaHECSblution (40 mL, saturated aqueous) and then dried
over anhydrousgMgSQO,. The solvents were removed under reduced pressurehe residue
was purified by flash chromatography on silica gel with toluethg! acetate asluent(35/1)

to furnish the title compound as a colourless powder (61 mg, 21%).

3.2.95-Hydroxy-1,3phenylene diacetate (32) and benzefle3,5triyl triacetate (34)°
Method A:

12
411
0" >0

OH OH
6 6
10 1 5 9 10 1 5 9
0oL — Ol Joe L
HO OH 070" N o7 o 070" ™ o070
32 34

A solution of phloroglucinol (400 mg, 3.1 mmol) was dissolved in a mixture of pyridine and
dichloromethane (2:1) and was stirred for 15 min uraemitrogen atmosphereicetic
anhydride (0.6 mL, 6.3 mmol) was then added into the solution. The white solution turned
yellow as the reaction was heated under reflux for 22h. After cooling, the solvent was
removedin vacuoandwater (16 mL) was added to the resulting residliee aqueous phase
was extracted witkethyl acetat€3x20 mL). The organic layer was washed with an aqueous
solution of coppesulfate, brine and dried ovéMgSO,. The solvents were removed under
reduced pressure and the residue was purified by silica gel flash chromatograplethugding
acetatéelight petroleum (1:2.5) to yiel@3 as acolourless solid (380 mg, 58%) afd as a
colourless solid (135 mg, 27%)

5-Hydroxy-1,3-phenylene diacetate32:

mp 5052 A & imax (Beat)/cn 3288, 2967, 1608, 96&H (500 MHz, CDCY): 2.12 (s, 6 H,
C,HsC0-9,10), 6.26 (d, 2 H) = 2.0Hz, GH,-1,5), 6.28 (t, 1 H) = 2.0Hz, CH-3), 6.69 (s, 1

H, COH-6); Uc (125 MHz, CDC}): 21.1 C,HsCO-9,10), 107.0 C,H»-1,5), 112.8 CH-3)

151.1 €,0--2,4), 157.5C-6), 169.7 C,0,-7,8).
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Benzenel,3,5triyl triacetate 34:

mp 3537 A & max (Beat)/cmt 2879, 1690, 1601, 832H (500 MHz, CDCY): 2.22 (s, 9 H,
C3HoCO-9,10,12), 6.26 (s, 3 H,483-1,3,5);Uc (125 MHz, CDC}): 20.9 C3H,C0-9,10,12),
112.8 CsH3-1,3,5), 151.1C:05-2,4,6), 168.5C;05-7,8,11).

Method B:
)

A o
1O — L

Benzenel,3,5triyl triacetate34 (100 mg, 0.39 mmol) was dissolved in dimethylformamide
under a nitrogen atmosphereSodium hydride (6.6 mg, 0.27 mmol) was added into the
solution, and the reaction mixture stirred for 1h followed by heating for 6h &€ .68fter
cooling, HO (4 mL) was added and the mixture heated under reflux for 30 mirre$hking
solution was extracted with £ (3x 20 mL), the organic layers were combined, washed with
brine, dried oveMgSOsand the solvents were removed under reduced pressure. The residue
was purified by silica gel flash chromatography usatigyl acetat /Light petroleum (1:4) to

yield 32 as acolourless solid (44 mg, 53%).

3.2.10 ((%(3,4,5tris(Benzyloxy)phenyl)prop-2-yn-1-yl)oxy)-1,3-phenylene diacetate (31)

OH
J‘\/@\/g © 016 ©
—_—
o~ o o Yo ﬁ“/G °
18 23 4
o)

19

Method A:

A solution of the propargyl alcoh@4 (200 mg, 0.44 mmol) and of pherié2 (100 mg, 0.48
mmol) in anhydrous dichloromethane (6 mL) was added slowly into a solution of
camphorsulfonic acid (0.44 g, 2 equiv.) in anhydrous dichloromethane andérogen
atmosphereAfter 5 min, the reaction tned purple. The reaction was left to stir until it was
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determined to have gone to completion by TLC. The reaction mixture was quenched by
addition of water and transferred into a separating funnel containing saturated aqueous
NaHCG; (6 mL). The mixture wa extracted with dichloromethane (2x10 mL). The combined
organic layers were washed with a NaHG0OIlution, brine (5 mL) and dried using s,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
column chromatographon silica gel éthyl acetate: toluenel:15) to give the title compound
18as a brown oil (97 mg, 16%)

Method B:

The propargyl alcoho?4 (174 mg, 0.39 mmol), triphenylphosphine (101 mg, 0.39 mmol,)
and the phenoB2 (89 mg, 0.42 mmol) were dissolved in anhydreetsahydrofurarunder

argon atmospherat 0 °C. Diethyl azodicarboxylate (0.060 mL, 67 mg, 0.386 mmol) was
then added dropwise. The reaction was stirred overnight at 0 °C. After evaporation of the
solvent, tke residue was dissolved in diethyl ether. The organic layer was washed with water
(8 mL), brine (10 mL), dried oveanhydrousMgSO, and the solvents evaporated under
reduced pressure. Flash column chromatography on silicaetpll @cetat@oluene, 1:15)

gave the desired compd as a brown oil (174 mg, 65%)

3max (Neat)/cn 2929, 2379, 2114, 1714, 1262, 8&H (500 MHz, CDC},): 2.25 (s, 6 H,
C.,He-17,18), 2.66 (d, 1 H) = 2.1 Hz, CH-15), 4.96 (s, 2 H, B»-22), 5.00 (s, 4 H, G2s-
20,21), 5.56 (d, 1 H] = 2.1Hz, CH-19), 6.64(,1H, J= 20 Hz, GH»-6,4), 6.51¢,2H, J =

2.0Hz, CH-2), 6.81 (s, 2 H, €H4-14,10), 7.217.34 (m,15 H)lc (125 MHz, CDC}): 21.0
(CoH6-18,19), 70.5 (CH-6), 7.3 (CH»-22), /.3 (C:Hy4), 779 (CH-6), 802 (C-7), 107.2
(CoH4-14,10, 107.4 CoHs-6,4), 109.2 CH-2), 127.6, 127.9, ®1, 128.3, 128,4128.6,

132.2, 1370 (PhsC3HeOsPh), 137.9 (C-9), 139.1 C-12) 151.1 C»-13,11), 153.0 C»-1,3),

159.0 C-5), 168.9 C,0,-19,18).
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3.2.11(((5-vinylbenzenel,2,3triyl)tris(oxy))tris(methylene))tribenzene (36)

! OQ ©\§o AL 8
OYO\?OT@U — R
oy é

Ether 31 (200 mg, 0.311 mmol) was dissolved in freshly distilled toluene (20 mL) under
argon atmosphereat room temperature and palladium diacetate (15 mg, 0.05 mmol) was
added. The reaction was heated under reflux overnight. The progress of the reaction was
monitored by TLC. The palladium diacetate was filtered off on a pad of silica/celite, the
solvents vere removed under reduced pressure and the residue was purified by column
chromatography on silica gel (light petrolewatherethyl acetatel2:1), to furnish36 as a
colourless powder (174 mg, 10%).

mp111-1 13 Axneat)en 3068, 2990, 1272, 755H (500 MHz; CDC}) 4.99 (s, 2 H,
CH»-10), 5.05 (s, 4 H, €14-9,10), 5.11 (dd, 1 H} = 10.8, 0.7 Hz, €,-8), 5.52 (dd, 1 HJ) =

17.5, 0.7 Hz, €,-8), 6.50 (dd, 1 H) = 17.5, 10.8 Hz, H,-7), 6.53 (s, 2 H, Ad-2,6), 7.50

(m, 15 H, BiH-9,10,11);Uc (125 MHz, CDCl;) 714 (C,H4-10,12), B.3 (CH»-11), 106.0
(CH2-2,6), 121 (CH»-8), 127.4, 27.8, 128.2, 1285, 128.6, 128.8, 13.0,
1372(Ph3CsHgOsPh), 1379 (C-7), 1382 (C-4), 142.5 (C-1), 152.5 (C,-3,5); m/zfound for
[M+NH4]": 440.2216; [GoH4206+NH,]* requires: 440.2216.
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3.2.12 1(2,4-bis(Benzyloxy)6-hydroxyphenyl)ethanone(43)*

o © OH 9
HO OH ©/9\O4320/10\©

Method A

2,4,6 Trihydroxyacetophenoné? (1.00 g, 5.96 mmglwas dissolved in dimethylformamide

and anhydrous ¥CO; (1.64 g, 11.86 mmol) was added. The mixture was stirred for 10
minutes and benzyl bromide (1.41 mL, 11.86 mmol) was then added slowly. The reaction
was heated for 1 hour at-8% °C. It was allowed to reach room temperature and t#&K

was filtered. Thesolvent was removed under reduced pressure and the residue was dissolved
in dichloromethane (20 mL). The organic layer was washed witer (20 mL), diluted
agueous HCI(1M, 10 mL), brine (5 mL) and dried ovemhydrousMgSQy. The solvents

were removed under reduced pressure and the residue was purified by silica gel flash
chromatography (ethyl acetate/light petroleum eih@yto afford the desired produdB as a

yellow solid (0.91 g, 46%).

Rf= 0.25; mp198200 A C :max (Reat)/cni 3450, 2836, 1731, 1246, 848H (400 MHz,
CDCl3): 2.55 (s, 3 H, €G15C0O-8), 5.01 (s, 2 H, 8,-9), 5.03 (s, 2 H, €,-10), 6.09 (d, 1 H,

J= 2.3 Hz, AfH-3), 6.16 (d, 1 HJ = 2.3 Hz, AH-5), 7.347.41 (m, 10 HPh,CH,0,-2,4); lic

(100 MHz, CDC}): 33.6 CHs-8), 70.4 CH,0-9), 71.3 CH,0-10), 92.7 CH-3), 94.9 CH-

5), 106.5 C-1), 127.9, 128.2, 128.6, 128.7, 128.98, 129.05, 135.8, 138iC{HsO.Ph),

162.2 C-4), 165.3 C-2), 167.8 COH-6), 203.4 C-7); m/z found for [M+H]": 349.1435;
[C22H2006+ H]': requires 349.1434

Method B

2,4,6 Trihydroxyacetophenone (300 mg, 1.78 mmol) was dissolved in tetrahydrofuran in an
ovendried roundb ot t omed fl ask wunder argon. The solu
ice/acetone batm-Butyllithium (2.5 M, 1.5 mL, 3.5 mmol,) was added dropwise over 10

min directly into the solution. The reacti o
bromide (0.42 mL, 0.61 g, 3.5mmol) was slowly added. The reaction mixture was then

allowed to reach to room temperature and was stirred overnight under argon. The reaction

mi xture was then cool agdeousamnionud chlofide sotutifin a s at
mL) was added dropwise wgj a syringe. The solvents were removed under reduced

pressure. The residue was dissolved in dichloromethane (3x10 mL), washed with dilute
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aqueous HCI (1M, ml), and dried oveanhydrousMgSQ,. The resulting compound was
purified using flash column chronmagraphy orsilica-gel (ethyl acetatelight petroleum ether

1:3) to give the compountB as a colourless solid (347 mg, 46%)

3.2.131-(2,4,6tris(Benzyloxy)phenyl)ethanone (44)

11
OH O 6 O

- 5 6
HO OH ©/9\O *S 0/10\©
2,4,6 Trihydroxyacetophenone42 (0.50 g, 2.97 mmol) was dissolved in anhydrous
dimethylformamide (17 mL)Anhydrous KCOs; (1.84 g, 17. 8 mmol) and benzyl bromide
(2.11 mL, 17.8 mmol) were added to the mixture. The reaction was heated at 100 °C for 18h,
and then allowed to cool to rooramperature. The dimethylformamide was removed under
reduced pressure and the oily residue was extracted using ethyl acetate (2x20 mL), the
organic layers were combined, washed wiillnte aqueous HQ[2M, 5 mL), brine and dried
over anhydrousgMgSQO,. The sdvents were removed under reduced pressure and the residue
was purified by column chromatography on silica gyl acetate petroleum ether, 1:6) to
afford the desired compound as a yellow liquid (1.17 g, 90%).
mp 207-209°C ; max§neat)/cnt 2853, 172, 1248, 740{iH (400 MHz; CDC}) 2.40 (s, 3 H,
CH3-8), 4.96 (s, 2 H, 8,-9), 5.01 (s, 4 H, €H,-10,11), 6.20 (s, 2 H, At-3,5), 6.65 (m, 15
H, Ph3CsHgO); Uc (100 MHz; CDC}) 32.8 CH3-8), 70.5 CH»-9), 70.8 C,H4-11,10), 93.6
(CH,-3,5), 115.2 ¢C-1), 127.3, 127.7, 128.2, 128.4, 128.8, 128.9, 136.6, 136.7,
(Ph3C3HgOsPh)157.4 C»-2,6), 161.3C-4), 201.8 CO-7).
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3.2.141-(3-benzyt4,6-bis(Benzyloxy)-2-hydroxyphenyl)ethanone (45)

OH O
10 g OH O
@ |
° % Cr o0
—_—
@) O

ey o o U

45 43
2,4,6tris(Benzyloxy)phenyl)ethanon#4 (500 mg, 1.14 mmol) was treated with titaniiliv)
chloride (0.087 ml, 151 mg i n freshly distilled dichlorom

stirring, the mixture was slowly poured into a separating funnel containing aqueous saturated
NaHCG;. The organic layer was separated and washed with water and bringgrdn@tous
Mg,SO, and concentrated under reduced pressure. The residue was crystallized from ether,
and the mother liquor was purified by column chromatography on silica gel, etbiylg
acetate/light petroleum (1:4) providid@ (202 mg, 51%), and bgroduct45 (39 mg, 8%)
Compound 45

mp214216°C ; max§neat)/cni 3454, 2953, 1738, 1248, 81 (400 MHz, CDCY): 247 (s,

3 H, H3CO-9), 3.98 (s, 2 H, B,-10), 5.03 (s, 2 H, B»-11), 5.07 (s, 2 H, B»-12), 6.05 (s,

1 H, (H,-3), 7.267.45 (m, 15 H).

3.2.15 RE)-1-[2,4-Bis(Benzyloxy)6-hydroxyphenyl]-3-[3,4,5tris(benzyloxy)phenyl]-2-
propen-1-one (46}

Compound43 (370 mg, 1.06 mmol) was dissolved dimethylformamide and NaH (38 mg,
1.6 mmol) was added. A solution of 34rs(benzyloxy)benzaldehyd82 (539 mg, 1.2

mmol) in dimethylformamide was then added dropwise over a 15 min period, and the
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reaction stirred for a further 6 h at room tempemtWater (5 mL) was then added to quench
any unreacted NaH, followed by removal of the solvents under reduced pressure. The
resulting residue was dissolved in 20 mL of dichloromethane and washed with water (10
mL), dilute aqueous HCI (1M, 5 mLgand brine The organic layer was dried owanhydrous
MgSO, and evaporated. The residue was crystallized from ether talgiae a ydow solid

(440 mg, 55%).

m.p. 2342 3 6 Axneat)/em' 3130, 1668, 1235, 1004, 937; (400 MHz, CE)CA.84 (s, 4

H, CH»-20,21), 5.12 (s, 2 H, I8,-18), 5.14 (s, 4 H, B»17,19), 6.18 (d, 1 H) = 2.4 Hz,
CH-2), 6.25 (d, 1 HJ = 2.4 Hz, G4-6), 6.60 (s, 2 H, B,-12,16), 7.267.46 (m, 25 H,
PhsCHs05-17,18,19,20,21), 7.66 (d, 1 Bl= 15.7 Hz, ®&1-9), 7.78 (d, 1 HJ) = 15.7Hz, CH-

10); Uc (100 MHz, CDC}): 71.0 CH,0-18), 71.3 C,H40-17,19), 75.2 C,H»-20,21), 93.0
(CH-2), 95.1 CH-6), 108.9 C;H»-12,16), 110.0 ¢-4), 125.3 CH-9), 127.1, 127.2, 127.3,
127.4, 128.1, 128.2, 128.28, 128.32, 128.4, 128.6, 128.88, 13BMCskl,00sPh), 131.8,
(C-11), 136.8 C-1), 137.3 C-3), 140.3 CH-10), 152.9(C-14), 153.3 C-13,15), 168.2
(COH-5), 191.0 C=0).

3.2.15 5,7Bis(Benzyloxy)2-[3,4,5tris(benzyloxy)phenyl]-2H-chromene (28

%

Q

ooy
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Chalcone46 (280 mg, 0.379 mmol) was dissolved in a mixturdedfahydrofuranmethanol
(2:1) at 0O eC and sodium borohydride (0.568
stirred over period of time (6 h) and theeated a¥ 0 e C a nitroger atmosphefer 20

h, monitored by TLC until complete conversion of the starting material was observed. The
solution was cooled and evaporated under reduced pressure. The residue was dissolved in
dichloromethane and washed with water and brine. The organic layer wasosieed
anhydrousNaSQ,, the solvents removed under pressure and the residue was purified by
silica gel flash column chromatography usetpyl acetaté petroleumether(1:9) giving the

desired compound as a colourless solid (38 mg, Rf 0.16, 14%).
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M.p. 195196 A g (nea)/cril 2972, 2876, 2043, 1964, 1138, 840, 664 (300 MHz,
CDCL): 5.00 (s, 2 H, €-19), 5.05 (s, 2 H, B,-20), 5.07 (s, 2 H, B,-21), 5.10 (s, 4 H,
C,H»-17,18), 5.55 (dd, 1 H] = 10.0, 3.0 Hz, €-9), 5.74 (dd, 1 HJ = 3.0, 2.0Hz, CH-8),
6.14 (d, 1 HJ = 2.0 Hz, G1-2), 6.24 (d, 1 HJ = 2.0 Hz, G4-6), 6.80 (s, 2 H, &H,-12,16),
6.90 (dd, 1 HJ = 10.0, 2.0Hz, CH-10), 7.267.46 (m, 25 H,PhsCHs0s); Uc (75 MHz,
CDCl): 70.1 (PICH,0-21), 70.2 (PIEH,0-20), 71.1 (PhC,H40-17,18, 75.2(PhCH,0-19),
77.3 CH-8), 93.9 CH-2), 95.0 CH-6), 104.9 C,H,-12,16), 107.0 C-4), 119.1 CH-10),
119.9 CH-9), 127.4, 127.6, 127.8, 127.9, 128.07, 128.14, 128.22, 128.23, 128.57, 130.5
136.7, 137.6, RhsCsH100sPh), 138.0, C-11), 138.6(C-5), 153.0 C-13,15), 155.0 C-14),
155.5 C-3), 160.5 C-1); m/zfound for [M+NH,]": 756.3319; [GoH40s+NH4]" requires:
756.3320.

3.2.16 1(2-hydroxy-4,6-bis((2-methoxyethoxy)methoxy)phenyl)ethanone (53)

OH O
OH O 2
° 17 8
15 14 6 11
- . /O\/\O/\O . 0/10\0/\/0\
HO OH 17 16 5 12 13
Method A:

2,4,6 Trihydroxyacetophenone monohydrate (600 mg, 3.5 mmol) was dissolved in anhydrous
dichloromethane (15 mL) undarnitrogen atmosphere The sol uti on was <coO
diisopropylamine (1 mL, 8.4 mmol) was addeeM@2thoxyethoxymethyl chloride (1.@L,

9.8 mmol) was added into t heCioitheindicated.timel he s C
(16 h),and then left to stir at room temperature overnigfater(10 mL) was then added and

the aqueous layer was extracted wdthyl acetate(3x20 mL) aml washed withdilute

agueous HCI (1M, 1mL)The combined organic layers were washed wistter (3x10 mL)

and brine (10 mL) and dried ovemhydrousMgSQ,. The solvent was removed under

reduced pressure and the residue was purified by column chromatogmaps$ilica gel

(petroleum ether / ethyl acetate, 2:1) to didas a colourless oily product (417 mg, 43%).

Method B:

2,4,6Trihydroxyaetophenone monohydrate (850 mg5.0 mmol) and N,N-
diisopropylethylamine (2.6 mL, 15 mmol) were dissolved in anhydrous dichloromethane (20

mL ) under an at mosphere of argon and the |

Methoxyethoxymethyl chloride (1.3 mL, 12 mmol) was then added dropwise. The yellow
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mixtur e was stirred at 0O eC over 60 min and
temperature. The solution was quenched with water (10 mL) and washedilutghaqueous

HCl (1M, 1mL). The aqueous layers were extracted with ethyl acetate (3x25 mL); the
combined organic extracts were dried over anhydroy$®g and evaporated under reduced
pressure. The residue was purified through column chromatography on silica gel (ether
petroleum / ethyl acetate, 2:1), to give the desired compourad cadourless 0i(1.56 g,

90%).

3max (N€at)/c 3289, 2946, 1578, 1441,1167, 888t (500 MHz, CDC)): 2.55 (s, 3 H, E-

8), 3.29 (s, 3 H, €6-13), 3.31 (s, 3 H, B,-17), 3.47 (t, 2 H)=4.4 Hz, (H-12), 3.50 (t, 2 H,
J=4.2 Hz, H-16), 3.72 (t, 2 H) = 4.4 Hz, (H-11), 3.76 (t, 2 HJ = 4.2 Hz, (H-15), 5.18

(s, 2 H, H-10), 5.26 (s, 2 H, B-14), 6.18 (d, 2 HJ = 2.3 Hz, G4-5), 6.19 (d, 2 H) = 2.3

Hz, CH-3), 13.62 (s, 1 H, CB-2); Uc (125 MHz, CDC}): 32.4 CH3-8), 54.1 CH3-13), 58.0
(CHs-17), 66.5 CH,-15), 672 (CH,-11), 68.2 CH,-16), 68.6 CH,-12), 71.4 CH,-14), 71.7
(CH,-10), 95.2 CH-5), 96.7 CH-3), 106.6 C-1), 160.7 C-6), 163.7 C-4), 166.7 C-2),

203.3 CO-7).

3.2.17(E)-1-(2-hydroxy-4,6-bis((2-methoxyethoxy)methoxy)phenyh3-(3,4,5
tris(benzyloxy)phenyl)prop-2-en-1-one (54)

2 _Ph
GOH O s 2 f
L AN o
072 o #Y 07 "ph
P 0
(e} (0} _—
O 00 o o O o7 123g w25
9#8 13\14 Ph
Py &N

10 15

Compound53 (750 mg, 2.17 mmol) was dissolved in anhydrous dimethylformamide. NaH
(104 mg, 4.35 mmol) was then added. A solution of 3dsfhenzyloxy)benzaldehyd23

(1.1 g, 2.60 mmol) in dimethylformamide was then added dropwise. The reaction mixture
was then stred overnight at room temperature. Water (5 mL) was used to quench any
unreacted NaH, followed by the removal of the solvents under reduced pressure. The
resulting residue was dissolved in ether (20 mL) and washed with water (10diaik8,
aqueous HCI (W, 1mL), and brine. The organic layer was dried caeinydrousvigSQO, and

the solvents were removed under reduced pressure. The residue was purified by flash column
chromatography on silica geio{uene/ethyl acetate, 3:1) to gi88 (1.14 g, 70%) as a pale

yellow solid.
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m.p.1451 4 7 A (nea/cni 3626, 2851, 1992, 1713, 1026, 848t (500 MHz, CDCY):
3.20 (s, 3 H, €-15), 3.31 (s, 3 H, B-10), 3.41 (1, 2 H) = 4.2 Hz, (H-14), 3.50 (t, 2 HJ =
4.4 Hz, (H-9), 3.71(t, 2HJ=4.2 Hz, (H-13), 3.77 (t, 2 H) = 4.4 Hz, (H-8), 5.04 (s, 2 H,
CH-26), 5.07 (s, 4 H, B-22,25), 5.20 (s, 2 H,18-12), 5.22 (s, 2 H, B-7), 6.19 (d, 2 HJ =
2.3 Hz, Gd-1), 6.26 (d, 2 HJ = 2.3 Hz, G4-3), 6.83 (s, 2 H, 8-20,24), 7.31 (m, 15 H,
ArH), 7.56 (d, 1 HJ = 15.5 Hz, ®&i-17), 7.66 (d, 1 HJ = 15.4 Hz, Gi-18), 13.67 (s, 1 H,
COH-6); tic (125 MHz, CDC},): 59.0 CH3-15), 59.1 CHs-10), 68.3 CH,-14), 68.8 CH-9),
71.3 CH»-26), 71.5 CH,-22,25), 75.3 CH,-8) 77.0 CH»-13), 93.1 CH-12), 94.3 CH-7),
95.0 CH-3), 97.6 CH-1), 106.6 CH-20,24), 107.6CH-5), 126.70 CH-17), 126.75 C-19),
127.4, 127.97, 128.05, 128.2, 128.58, 128.61, 130.99, 13RHRCHsOs:Ph), 136.8 CH-
18), 142.3CH-22), 153.1 C-23,21), 159.8C-6), 163.5 C-4), 167.2 C-2), 192.7 C=0); m/z
found for [M+H]": 751.3110; [G4H46011+H]" requires: 751.3113.

3.2.18 1(2-Hydroxy -4,6-dimethoxyphenyl)ethanone (57

OH O OH O
6
—— s 17 s
4 2
HO OH <|3 9 <|3
10 9

2,4,6 Trihydroxyacetophenone (400 mg, 2.37 mmol) an@€®; (690 mg, 4.99 mmol) were
dissolved in acetone (12 ml). The mixture was heated under reflux for 1 hainiteogen
atmosphereThe reaction mixture was allowed to reach room temperature. Dirseifay

(0.33 mL, 448 mg, 3.55 mmol) was added and thetisolustirred undera nitrogen
atmosphereat 65 Aw overnight. The solvents were
residue was dissolved in dichloromethane and washed using a saturated solution o NaHCO
and brine. The organic layer was dried over antwsl MgSQ, filtered, and concentrated

under reduced pressure. The residue was subjected to column chromatography on silica gel
using petroleum ether /ethyl acetate (4:1) to affofdas a colourless solid (420 mg, 90%).
m.p.969 7 A% (neatdy/cni 3453, 2951, 1731,1246, 1105, 831 (500 MHz, CDC)):

2.61 (s, 3 H, E3-8), 3.82 (s, 3 H, H3-9), 3.85 (s, 3 H, 83-10), 5.93 (d, 1 HJ = 2.3 Hz,

ArH-3), 6.06 (d, 1 HJ = 2.3 Hz, AH-5), 14.06 (s, 1 H, 8-6); Uc (125 MHz, CDC}): 33.0

(CHs-8), 55.6 C,Hs-9,10), 90.5 CH-5), 93.5 CH-3), 105.9 C-1), 162.9 C-2), 166.0 C-4),

167.7 C-6), 203.1 CO-7).
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3.2.19 (2E)1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(3,4,5trimethoxyphenyl)-2-propen-1-
one (59)™°

Acetophenones?7 (720 mg, 3.68 mmol) and 3,4tBmethoxybenzaldehyde (930 mg, 4.78
mmol) were dissolved iethanoll 3 mL) . The solution was heat et
(1 g KOH/10 mL EtOH) was added slowly. The reaction turned into a clear red solution and
was left b stir at room temperature overnight. The mixture was acidified with concentrated
dilute aqueous HCI (1M, 7mlip an ice bath and the resulting precipitate filtered off, washed
with cold water and cold ethanol. The yellow solid was purified by recrystadiz with
ethanol to yield chalcone9 (1.27 g, 93%).

m.p. 202203A 4 iax (Beat)/cnitt 3350, 3053, 2836, 1733, 1247, 788t (500 MHz, CDC)):

3.88 (s, 3 H, E5-19), 3.95 (m, 12 H, ¢H;»16,17,1820), 6.00 (d, 1 H,J = 2.0 Hz, AH-6),

6.15 (d, 1 HJ = 2.0 Hz, AH-2), 6.88 (s, 2 H, A-11,15), 7.74 (d, 1 H] = 15.5 Hz, &1-8),

7.84 (d, 1 HJ = 15.5 Hz, ®1-9), 14.36 (s, 1 H, @-5); Uc (125 MHz, CDC}): 55.6 CHs-

19), 55.8 CHs-18), 56.2 C;He-16.17), 61.0 CH3-20), 91.5 CH-6), 93.9 CH-2), 105.6
(CoH»-11,15), 106.3 €-4), 126.9 CH-8), 131.2 C-10), 140.1 CH-9), 142.4 C-5), 154.4
(C»14,16), 162.4@¢-13), 166.3 C-3), 168.5 C-1), 192.4 CO-7).
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3.2.20 5,7dimethoxy-2-(3,4,5trimethoxyphenyl)-2H-chromene (60)"°

Chalconeb9 (160 mg, 0.42mmol) was dissolved in a mixture of anhydrous tetrahydrofuran
and ethanol (10 mL). Sodium borohydride (64 mg, 1.7 mmol) was added and the mixture was
then heated at 80 °C for 1 h. The reaction thas heated at 50 °C overnigbilute aqueous

HCI (2M, 30 mL) was added and the resulting solution was allowed to stir for 30 min. The
yellow mixture turned purple. The solvent was removed and the residue dissoktxylin
acetate(50 mL), the organic phase was washed with brine (30 mL), driedamlerdrous
NaSO, and evaporated under reduced pressure. The crude residue was then purified by
column chromatography on silica gel (petroleum e#thyl acetate 5:1) to furnisBO as a
colourless powder (30 mg, 20%)

m.p.1781 8 0  A{neat)ent 3054, 2987, 2126, 1265,7384 (500 MHz, CDC)): 3.77

(s, 3 H, H3-20), 3.95 (s, 3 H, B3-19), 3.87 (s, 3 H, B3-18), 3.88 (s, 6 H, $s16,17),

5.61 (dd, 1 H)=9.9, 3.2 Hz, €G-8), 5.78(dd, 1 H,J= 3.2, 2.0 Hz, €&-9), 6.07 (d, 1 H) =

2.3 Hz, AH-2), 6.10 (d, 1 HJ) = 2.3 Hz, AH-6), 6.73 (s, 2 H, Ad-11,15), 6.84 (dd, 1 H]

= 9.9, 2.0 Hz, ©-7), Uc (125 MHz, CDC}): 55.4 CH3-20), 55.6 CH3-19), 56.1 C,He-

16.17), 60.8 CH3-18), 77.5(CH-9), 91.9 CH-2), 93.7 CH-6), 104.3 C,H,-11,15), 104.4C-

4), 119.2 CH-8), 119.7 CH-7), 136.6 C-10), 137.9 C-5), 153.4 C,-14,12), 154.9 C-13),

156.4 C-3), 161.3 C-1).
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3.2.21 1(2,4-Bis[dimethyl(2-methyl-2-propanyl)silylJoxy} -6-hydroxyphenyl)ethanone
(62) 11

OH O
6
5 17 s
OH O 4 2
g\c')/10 3 11\?/12
— > Si Si
13 14
HO OH e 16 18 19
17 20

2,4,6Trihydroxyacetophenone (300 mg, 1.78 mmol) was dissolved in anhydrous
dichloromethane under a nitrogen atmosphere at room temperature. Triethylamine (0.75 mL,
5.34 mmol) and 4limethylaminopyridine (20 mg, 0.17 mmol) were added slowly. The
mixture wa stirred for 20 min and turned into a clear yellow solutidart-
Butylchlorodimethylsilane (600 mg, 3.9 mmol) was added. The reaction was stirred for 18 h
at room temperature. The reaction was quenched with water (5 mL). The organic layer was
washed withwater (20 mL) and brine (5 mL), dried ovanhydrousMgSQO,. The solvents

were removed under reduced pressure and the residue was purified by silica gel flash
chromatography using ethyl acetate/toluene (1/10) to furnish the desired product as a
colourlessoil (636 mg, 90%).

mp.156 AsQneat)ent 3453, 2933, 1739, 1248, 1197, 98 (500 MHz, CDCY):

0.01 (s, 6 H, SigHE-11,12), 0.12 (s, 6 H, SiEl-9,10), 0.74 (s, 9 H, §£1,-18,19,20), 0.74 (s,

9 H, GHe-15,16,17), 2.40 (s, 3 H,H3-8), 5.62 (d, 1 HJ = 2.3 Hz, AH-3), 5.80 (d, 1 HJ =

2.3 Hz, AH-5), 13.31 (s, 1 H, 8-5) Uc (125 MHz, CDC}): -4.3 (SC,H6-11,12),-3.5
(SiC,H6-9,10), 18.3 C-14), 18.9 C-13), 25.5 (SC3H.-18,19,20), 26.1 (®lsHe-15,16,17),

32.9 CHs-8), 101.8 CH-5), 102.7 CH-3), 109.0 C-1), 159.5 C-2), 162.4 C-4), 166.4 C-

6), 203.4 CO-10).
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3.2.22 (E}1-(2,4-bis((tert-butyldimethylsilyl)oxy) -6-hydroxyphenyl)-3-(3,4,5
trimethoxyphenyl)prop -2-en-1-one (63)

1-(2,4-big((tert-Butyldimethylsilyl)oxy)-6-hydroxyphenyl)ethanoné2 250 mg ,0.63 mmol)

and 3,4,8rimethoxybenzaldehyde (185 mg, 0.94 mmol) were dissolved in anhydrous
tetrahydrofurammt 0 e C. NaH (12 mg, 0.50 mmol ) was t
stirred for 50minutes at room temperature. The mixture was diluted with water, and extracted
with dichloromethane (20 mL x3). The organic layer was successively washed with water
and brine, dried over anhydrousJS&y, and evaporated under reduced pressure. The residue
was purified by silica gel column chromatography (petroleum ether / ethyl acetate, 8:1) to
give yellow solid63 (76 mg, 21%.)

m.p. 113115 A & max (BeQAL)/CNT 3 2 9 8, 2957,1646, 1604, 1318,
MHz, CDCk): 0.01 (s,6H, SiCHs-21,22), 0.12 (s6H, SiCH-19,20), 0.7 (s, 9H, CsHe-
25,27,26), 0.8 (s, 9H, C3H¢-28,29,30), 3.8 (s, 6H, C;H6-16,17), 3.68 (s3H, CH3-18), 5.67

(d, 1H,J = 2.30 Hz, AH-6), 5.88 (d,1H, J = 2.30 Hz, AH-2), 6.61 (s2H, ArH-11,15), 7.41

(d, 1H,J = 15.60 Hz, €i-8), 7.51 (d,1H, J = 15.60 Hz, €1-9), 12.31 (s]1H, OH-5) Uc (125

MHz, CDCE): - 4.7 (SiC,He-22,21),- 3.7 (SCH619,20), 18.2 €-24), 186 (C-23), 25.5
(SiC3Hg-25,26,27), 23 (SiC3Hge-28,29,30), 56.1,He16.17), 6.00 (CH;3-18), 102.2 CH-

6), 104.1 CH-2), 105.8 C;H,-11,15), 110.5C-4), 126.5 CH-8), 1307 (C-10), 140.1 CH-

9), 142.7 C-13), 1533 (C,-14,16), 158.6¢-3), 162.4 C-1), 165.7 C-5), 1924 (CO-7); m/z

found for [M+H]": 575.280; [C3H460-Si>+H]" requires: 575.2855.
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3.2.23 ((2(3,4,5trimethoxyphenyl)-2H-chromene 5, 7-diyl)bis(oxy))bis(tert-
butyldimethylsilane) (66)

lo o
SiT

A suspension of chalcon®&3 (140 mg, 0.258 mmol) in a mixture of anhydrous
tetrahydrofuran and ethanol (2/1: 10 mL) wesited at 90C for 5 min. Sodium borohydride
(30 mg, 0.77 mmol) was added and the mixture was then heated°a fa® 10 min. a
reaction was quenched with 30 mL of water and left to stir for 10 minute. After dilution with
ethyl acetate(50 mL), the orgaiec phase was washed with brine (30 mL), dried over
anhydrous N&SO, and evaporated. The crude residue was then purified by column
chromatography, eluting with petroleum etldégrhloromethan€3:1), to furnish63 as a beige
powder (14 mg, 10%)

mp 98-101 A u ;max (Reat)/crit 2963, 2100, 1325, 1126, 1067, 1030, 8iid; (500 MHz,
CDCls): 0.01 (s,6H, SiC;He-21,22), 0.048 (s3H, CH3-20), 0.050 (s3H, CH3-19), 0.77 (s,

9H, C3Hg-25,27,26), 0.83 (9DH, C3He-28,29,30), 3.65 (s3H, CH3-18), 3.66 (s6H, CHe-
16,17), 5.41 (dd1H, J= 9.9, 3.2 Hz, @-8), 5.54 (m,1H, CH-9), 5.74 (d,1H, J = 2.2 Hz,
ArH-2), 5.85 (d,1H, J = 2.2 Hz, AH-6), 6.50 (s2H, ArH-11,15), 6.58 (dd1H, J=9.9, 16

Hz, CH-7), Uc (125 MHz, CDC)): - 4.3 (SC;Hs-22,21),- 4.26 (SCH3-20), - 4.23 (SCH3-

19), 18.2 C-24), 18.3 C-23), 25.6 (SC3Hy-25,26,27), 25.7 ($l3Hs-28,29,30), 56.0C,He-
16.17), 60.7 CH3-18), 77.3(CH-9), 101.9 CH-6), 104.2 CH-2), 104.6 C,H,-11,15), 10.94
(C-4), 119.7 CH-7), 120.3 CH-8), 136.6 C-10), 137.9 C-5), 152.2 (C,-14,16), 153.3C-

13), 154.8 C-3), 156.82 C-1).
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3.2.24 5,7dihydroxy-2-(3,4,5trimethoxyphenyl)chroman-4-one ()

§° ©
Chalcone63 (130 mg, 2.26 mmol) was dissolved in a mixture of methanol (6 mL) and
tetrahydrofuran (6 mL) at room temperature. Hydrogen bromi8éo(in HO, 3 mL) was
then added. The reaction was heated under reflux for 16 h. The organic solvents were
evaporated under reduced pressure. The aqueous mixture was extractethyliticetate
(2x60 mL). The organic layer was washed with water (2x10 mL), dmedt anhydrous
NaSO,, and concentrated under reduced pressure. The residue was flash chromatographed
over a silica gel column, witlkethyl acetatépetroleum ether (5:1) as eluent to affdhe
desired product (76 mg, 97%).
mp2632 6 5 Axneat)ent 3583, 3054, 1711, 915H (500 MHz, DMSQdg): 2.71 (dd,
1H,J=17.1, 29 Hz, €,-8), 3.03 (dd, 1 H) = 17.1, 13.1 Hz, 6,-8), 3.75 (s, 3 H, 8G3-
18), 3.83 (s, 6 H, §16-16,17), 5.29 (dd, 1 H] = 13.0, 29 Hz, CH-9), 5.28 (d, 1 HJ) = 2.7
Hz, CH-6), 5.30 (d, 1 HJ = 2.7 Hz,CH-2), 6.66 (s, 2 H, Ai-11,15), 10.30 (s, 1 H, I©-1),
11.99 (s, 1 H, @-3), Uc (125 MHz, DMSQdg): 43.4 CH,-8), 56.2 C,He-16.17), 60.6 CH3-
18),79.2 CH-9), 95.6 CH-6), 96.7 CH-2), 102.2 C-4), 103.5 C,H,-11,15, 134.4 C-10),
137.9 C-5), 153.4 C»-14,16),162.8 €-13), 164.1 C-3), 167.1 C-1) 195.3 CO-7); m/z
found for [M+H]": 347.1127; [GeH1g0; +H]" requires: 347.1125.
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3.2.25General procedure of demethylation for 5,7dimethoxy-2-(3,4,5
trimethoxyphenyl)-2H-chromene. (61)

~o OH

| (ONQ OH
0] O O AN o H O

(@) N © © OH
= | =
(ONQ OH

60 61

Compound60 (400 mg, 1.11 mmol) was dissolved in anhydrous dichloromethane (10 mL)
under argon. The solution was cooled to T°
dichloromethane, 0.6 mL, 3.34 mma)las added dropwise using a
reaction mixturavas al l owed to stir for 1h at 178 AC.
room temperature and left to stir overnight. Water (5 mL) was then added. The mixture was
extracted withethyl acetat€2x20 mL); the organic layers were combined and washed with

water (2x10 mL), driedover anhydrousNaSQ,, and then concentrated under reduced

pressure.
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3.2.26 2acetylbenzenel,3,5triyl tris(4 -methylbenzenesulfonate) (71)

o 1
_— 4 2

HO OH oso oso
16 12
19 15

2,4,6 Trihydroxyacetophenone (1.0 g, 5.94 mmol) angC&; (1.8 g, 13 mmol) were
suspended in acetone-Téluenesulfonyl chloride (3.4 g, 18 mmol) was then added to the
reaction mixture. The mixture was heated under reflux for 24h undérogen atmosphere

The reaction was allowed to reach room temperaancethe solvent was evaporated under
reduced pressure. Water was added and the resulting mixture was extracted with
dichloromethane. The organic layer was washed with water (100 mL), dried over anhydrous
MgSQ,, filtered, and concentrated under reduced qunes The residue was subjected to
column chromatography on silica gel using petroleum ether/ethyl acetate (2:1) to afford
compoundr1as a colourless solid (3.56 g, 95%).

m.p.2142 1 6 Mr:eat)/:crﬂl 2979, 1707, 1368, 1144, 911, 848} (500 MHz, CDQy):

2.23 (s, 3 H, €3-8), 2.41 (s, 9 H, 85-9,10,11), 6.85 (s, 2 H, A*-3,5), 7.30 (d, 4 H)=7.5

Hz, CH,-14,15,22,23), 7.35 (d, 2 B,= 7.0 Hz, G1,-18,19), 7.58 (d, 4 H) = 7.5 Hz, GH,-
12,13,20,21), 7.66 (d, 2 Hl = 7.0 Hz, ®t1,-17,16), Uc (125 MHz, CDCl3): 21.7 CsHe-
9,10,11), 31.5 §Hs-8), 116.1 C,H,-3,5), 1283 (CsH4-12,13,20,21), 129.0C6H,-16,17),
130.22 C4H414,15,22,28 13029 (C,H»-18,19, 131.1 C-28), 131.2 C»-27,29, 146.3 C»-

24,26, 146.6 C-25), 146.7 C,-2,6), 149.9C-4), 195.0 CO-7).
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3.2.27 (E)}5-hydroxy-4-(3-(3,4,5trimethoxyphenyl)acryloyl) -1,3-phenylene
bis(4-methylbenzenesulfonate) (72)

Compound71 (1.00 g, 1.58 mmol) and 3,4tEmethoxybenzaldehyde (0.62 g, 3.17 mmol)
were dissolved in anhydrous tetrahydrofussaer an sgonatmosphereNaH (0.08 mg, 3.16
mmol) was added in 2 times at room temperature. The reaction was stirred overnight at room
temperature. Water (5 mL) was added into the reaction. The residue was dissolved in
dichloromethane (3x20 mL). The combined organic layers were washed with brine (20 mL),
dried over anhydrous N8O, and evaporated under reduced pressure. The residue was
purified by silica gel column chromatography (petroleum ether/ethyl acetate, 1:1) t@2yjive

as a yellow oil (228 mg, 22%).

3max (Neat)/cm' 3293, 1607, 1471, 1276, 1140, 86® (500 MHz, CDC)): 3.39 (s, 3 H,
CH3-29), 3.45 (s, 3 H, B3-28), 3.91 (s, 6 H, B3-1517), 3.92 (s, 3 H, §1s16), 6.48 (d, 1

H,J= 2.4 Hz, AH-3), 6.51 (d, 1 H) = 2.4 Hz, AH-5), 6.89 (s, 2 H, Ad-11,12), 7.20 (d, 2

H, J = 8.4 Hz, (1,-22-23), 7.35 (d, 2 HJ) = 8.4 Hz, G1,-18-19), 7.57 (d, 2 HJ = 8.7 Hz,
CH»-24-25), 7.61 (s, 1 HCH-8), 7.70 (s, 1 H, €-9), 7.73 (d, 2 HJ = 8.7 Hz, G1,-20-21),

12.97 (s, 1 H, @-6), lic (125 MHz, CDC}): 21.71 CH3-28), 21.74 CH3-29), 56.2 C.He-

15,17), 61.0 CH3-16), 106.1 C,H»-11,12), 108.2¢H-5), 110.5 CH-3), 114.2 C-1), 124.4
(CH-8), 128.4(C,H2-24-25), 128.6 C,H»-22-23), 130.0 C,H,-20,21), 130.1 ¢,H,-18-19),

131.0 C-27), 131.8C-31), 140.0 C-26), 146.1 C-35), 146.2 C-4), 146.6 C-2), 149.9 CH-

9), 153.4 (,-13,14), 153.5 ¢-30), 164.5 C-6), 191.8 C-7); m/z found for [M+H]"
655.1299; [G:H3001:S,+H]" requires: 655.1302.
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3.2.28 2(3,4,5trimethoxyphenyl)-2H-chromene5, 7-diyl-bis(4-methylbenzenesulfonate)
(70)

Method A

Sodium borohydride powder (38 mg, 1.01 mmol) was added to a solu®@{bi2 mg, 0.33

mmol) in anhydrousViethanol The reaction was heated under reflux until full conversion
was observed by TLC analysis. The solvents were removed under reduced pressure.
Anhydrous toluene was added to the residue and the flask was fitted with éStadan
apparatus. The resulting sbbn was heated under reflux. Any MeOH remaining in the
mixture was collected in the attached D&dark apparatus. The mixture was allowed to cool

to a room temperature and camphorsulfonic acid (234 mg, 1.01 mmol) was added. The
reaction mixture was agatmeated to reflux and the water that evolved was collected in the
DeanStark apparatus as the reaction proceeded for 1 h. The reaction was allowed to reach
room temperature and the solvents removed under reduced pressure. The crude was re
dissolved inethyl acetateand washed with saturated aqueous Nakli@Dowed by brine.

The organic layer was dried ovanhydroudMgSQ,, filtered, and the solvents were removed
under reduced pressure. The resi@geand KCO; (182 mg, 1.23 mmol) were dissolved in
acetoned4-Toluenesulfonyl chloride (234 mg, 1.23 mmol) was then added. The mixture was
heated under reflux for 24h undemitrogen atmospherdhe reaction mixture was allowed

to reach room temperature. The solvent was evaporated under reduced pressure.ukhe resid
was dissolved in dichloromethane and washed with water (100 mL). The organic layer was
dried over anhydrous MgS(Xiltered, and concentrated under reduced pressure. The residue
was purified using column chromatography on silica gel using petroleumiethiyé acetate

(2:1) to afford the compoundd as a colourless solid (140 mg, 65%).
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Method B

S\b o)
21

24 30
Sodium borohydride powder (346 mg, 9.16 mmol) was suspended in anhydrous

tetrahydrofuran under argon at 0 °C. Compoid8d200 mg, 3.05 mmol) was dissolved in a
mixture of tetrahydrofuran/ethanol (2: 1) and the resulting solution was added to the sodium
borohydride suspension. The reaction mixture was heated to reflux for 18h. The reaction was
monitored by TLC until completh as observed. The solution was allowed to reach room
temperature and the solvents were evaporated under reduced pressure. The residue was
dissolved in diethyl ether and washed with water and brine. The organic layer wasveried
anhydrousNaSO, and tle residue was purified by silica gel flash chromatography using
ethyl acetaté petroleumether(1:5)to give the title compound as a colourless solid (189 mg,

Rf =0.22, 97%).

m.p.128130¢€ # jmax (reat)/cnt 2925, 1938, 1464, 1030, 903 (500 MHz,CDCl): 2.36

(s, 3 H, G3-30), 2.37 (s, 3 H, B3-29), 3.74 (s, 3 H, ¢He31) 3.77 (s, 6 H, E3-16,17),
5.71(d, 1 HJ=6.5 Hz, ¢4-9), 6.08 (dd, 1 H) = 15.7, 6.5 Hz, €-8), 6.17 (d, 1 HJ= 2.3

Hz, ArH-2), 6.35 (d, 1 HJ = 2.3 Hz, AH-6), 6.40 (dd, 1 H) = 15.7, 0.9 Hz, €-7), 6.44 (s,

2 H, ArH-11,15), 7.26 (m, 4 H, At-22,23,24,26), 7.64 (m, 4 H, AF18,19,20,21){i (125

MHz, CDCk): 21.2 CH3-30), 21.7 CH3-29), 56.2 C,He-16,17), 60.8 CH3-31), 77.5 CH-

9), 104.5 C,H»-11,15), 10% (CH-2), 109.7 CH-6), 115.4 C-4), 118.0 CH-8), 125.4 CH-

7), 128.4 C,H»-24-26), 129.4 C,H,-22-23), 130.1 C,H»-20,21), 131.9C,H»-18-19), 132.0
(C-28), 134.4 C-27), 145.2 C-25), 145.9 C-32), 146.1 C-5), 149.1 C-13),153.5 C»-

12,14), 154.2¢-3), 158.0 C-1).
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3.3 Experimental Procedures Related to the Synthesis of-flav-3-ene

methyl analogues

3.31 2-(3,4,5tris(Benzyloxy)phenyl)propan-2-ol (86)

Methyl 3,4,5tris-benzyloxybenzoate (1.00 g, 2.2 mmol) wdsssolved in anhydrous
tetrahydrofuran (20 mL) and cooled to 0 Awu
bromide (3.0M in diethyl ether, 2.4 mL) was slowly added to the solution. After stirring for
2h at room temperature, the reaction mixture was dweshwvith diluted aqueous HCI (1M,
1mL). The reaction mixture was extracted with diethyl ether (3x30 mL), and the combined
organic layers were washed with brine (10 mL), and dried over anhydra@&ONa\fter
evaporation of the solvent, the residue wasfjaariby column chromatography on silica gel
with ethyl acetatgetroleum ether (1:4) to give the desired compound as a colourless solid
(970 mg, 97% yield). mp731 7 7 AMneat)em3378, 2970, 1200, 731iH (500 MHz;
CDCl3) 1.38 (s, 6 H, @H¢-8,9),2.01(s, 1 H, CBI-7), 4.94 (s, 2 H, 6,-11), 4.98 (s, 4 H,
C,Hs-10,12), 6.69 (s, 2 H, At-2,6), 7.28 (m, 15 H, BA); lic (125MHz; CDC}) 31.8 CoHs-

8,9), 71.5 C,H4-10,12), 72.6 CH,-11), 75.4 C-7), 105.0 C,H»-2,6), 127.7,127.9,128.0,
128.3,128.6,128.7, 137.3, 137.8Ph3C3HgOsPh), 138.1 C-1), 145.2 C-4), 152.5 C,-3,5);
m/zfound for [M+H]": 455.2213; [GoH3004+H]" requires: 455.2217.
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3.32 (((5-(prop-1-en-2-yl)benzenel, 2, 3triyl)tris(oxy))tris(methylene))tribenzene (87)
OH

9
©/\o .

Camphorsulfonic acid (613 mg, 2.63 mmol) was added to a soluti& ¢f00 mg, 0.87
mmol) in anhydrous toluene. The reaction was heated under reflux and followed by TLC
until completion. The reaction was allowed to reach room temperature and the solvents were
removed under reduced pressure. The crude mixture wédiss@vel in diethyl ether and
washed with saturated aqueous NaOH followed by brine. The organic layer was dried over
anhydrousMgSQ,, filtered, and the solvents were removed under reduced pressure. The
residue was purified by column chromatography on silica gl @thyl acetatepetroleum

ether (1:8) to give the desired compound as a colourless solid (272 mg, 71% yield).

mp167-1 6 9 Axneat)ent 3020, 2980, 1673, 1280, 981K (500 MHz; CDC}) 2.0 (d,

3 H,J=0.6 Hz, Gi43-9), 4.95 (m, 1 H, €@-8), 4.98 (s2 H, CH,-12), 4.944.95 (m, 1H, E-

8", 5.05 (s, 4 H, ¢4,-10,11), 5.16 (m, 1 H, B-8), 6.69 (s, 2 H, Ai-2,6), 7.27 (m, 15 H,

BnH); tc (125MHz; CDC}) 21.9 CH3-9), 71.5 C,H4-10,11), 75.3 CH,-121), 106.0 CoHo-

2,6), 112.1 CH»-8), 127.5,127.8, 127.9128.2, 128.5128.6, 137.0137.2 Ph3C3HO3Ph),

137.9 CH-7), 139.4 C-1), 143.0 C-4), 152.5 C»-3,5); m/zfound for [M+H]": 437.2112;
[C30H260s+H]" requires: 437.2111.

3.3.13-(3,4,5tris(Benzyloxy)phenyl)ethanol (97)

Do S Do
T — If
< &

3,4,5Tris-benzyloxybenzaldehyde (1 g, 2.35 mmol) was dissolved in diethylether (30 mL)
and the solution was cooled to 0 Awu. Met hyl
mL, 3 equiv.) was cautiously added to the solution uadatrogen atmospher&he reaction

was allowed to reach room temperature, and left to stir for 3h. The reaction was quenched
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using a solution of NECI (10 mL). The excess of the solvent was removed under reduced
pressure. The residue was extracted with dichloromethane (3kROmashed with dilutd
aqueous HCI (1M, 1ml)and dried over MgO,. The resulting compound was triturated
with petroleum ether to allow precipitation of a colourless solid. Filtration followed by a light
petroleum wash and air drying gave compofiidsa cottony solid (0.9 g, 87%).

mp1681 7 0 Aneat)ent, 3367, 3930, 2856, 1105, 938, (400 MHz; CDC}) 1.41

(d, 3H,J=6.4 Hz, B5-8), 196 (s, 1 H, ®i-7), 4.75 (g, 1 HJ) = 6.4 Hz, G4-7), 5.03(s, 2 H,
CH2-11), 5.09 (s, 4 H, §44-9,10), 6.66 (s2 H, ArH-2,6), 7.38 (m, 15 H, Ad); Uc (100
MHz; CDClk) 25.4 CH3-8), 70.6 CH-7), 71.4 C,H4-9,10), 75.4 CH,-11), 105.2 C,H.-2,6),
127.6,127.9,128.1,128.3, 128.7128.8, 137.3137.8(Ph3C3HsOsPh), 138.0C-1), 141.8(C-

4), 153.0(C,-3,5); m/zfound for [M+NH,]": 458.2325; [GoH2s04+NH,] " requires: 458.2326.

3.34 1-(3,4,5tris(Benzyloxy)phenyl)ethanone (98¥
OH .9
] 9.03 L .
EE—— 11
0o o 10

< <

Pyridinium chlorochromate (3.0 g, 14 mmol) was dissolved in anhydrous dichloromethane at

0 Awu anitrabenratmospheré,4,5Tris(benzyloxy)benzaldehyde (3.0 g, 6.8 mmol) was

slowly addedas a solution in anhydrous dichloromethane, the reaction mixture turned from
orange to dark brown. The reaction mixture was allowed to reach room temperatui, stirre
for 7h, and followed by TLC (ethyl acetatel/
consumption of the starting material. Diethyl ether (30 mL) was added to precipitate out the
chromium salts and the sol ut i reactiowmbdgurelwasf t st |
filtered through a pad of silica gel (middle) and celite (top, bottom). The solvents were
removed under reduced pressure to give the desired compound as a colourless solid (2.7 g,
90%).

mp167-1 6 8 Axneat)en 2974, 17081129, 817, 750 Uy (400 MHz; CDC}) 2.34 (s,

3 H, (H3-8), 4.98 (s, 4 H, €H4-9,10), 5.00 (s, 2 H, B»-11, 2H), 7.167.29 (m, 17 H, AH);

Uc (100 MHz; CDC}) 26.7 CHa), 71.6 C:Hg-9,10), 75.4 CH»-11), 108.5 C,H»-2,6), 127.8,
128.30,128.36 ,128.5, 128.8, 128.9, 132.70, 136Fh;CsHsOsPh),137.6(C-1) 143.1(C-4),
152.9(C,-3,5), 197.1 CO-7).
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3.35 2-(3,4,5tris(Benzyloxy)phenyl)but 3-yn-2-ol (99)
o}
o) @\/ , My
1103 L S
(0] B 13 ~
o 12

s <

Compound 98 (580 mg, 1.3 mmol) was dissolved in a mixture ahhydrous
tetrahydrofuran/diethylether and the solutio
(3.0M in tetrahydrofuran, 18.75 mL, 10 equiv.) was cautiously added to the solution. The
reaction was allowed to reach room temperature, and left téosth. The reaction was
guenched using a solution of NEl (5 mL). The solvents were removed under reduced
pressure. Water was added and the mixture was extracted using dichloromethane (3x10 mL),
and the combined organic layers washed witbted aqueou$iCl (1M, 1mL), dried over
anhydrousMg,SO, and the solvents were removed under reduced pressure. The residue was
purified using silicagel column chromatography wittthyl acetatgetroleum ether (1:4) to

give 99 as a yellow oil (0.33 g, 55%)

3max (N€atjem* 3270, 2942, 2159, 1052, 986 (400 MHz; CDCh) 1.80 (s, 3 H, €5-10),

2.70 (s, 1 H, €-9). 2.87 (s, 1 HHO-7), 5.14 (s, 2 H, 8,-2), 5.17 (s, 4 H, §,-11,12),

7.07 (s, 2 H, AH-2,6), 7.267.52 (m, 15 H, A); tc (100 MHz; CDC}) 33.5 CH5-10),70.1

(C-7), 71.5 CoH4-11,12), 73.5 CH,-13), 75.5 C-9), 87.5 C-8), 105.2 C,H»-2,6), 127.9,
128.1,128.2,128.4, 128.5128.8,128.9, 137.4 (Ph3sC3HsO3Ph), 138.2 (C-1) 141.1 (C-4),
152.8(C,-3,5).

3.36 General procedure for chlorination or bromination
OH cl

BnO S BnO N
BnO BnO

OBn OBn
Hydrochloric acid (37% w/w, 1.1 equiv.), cuprous chloride (10 mol%), copper powder (10
mol%) were added to a 2L three neck flask at 0 °C; the reaction mixture was then purged
with argon for 10 minutes. A solution of proparg@2¥4 alcohol (1 equiv) in cold
dichloromethane was added and the reaction was left to stir for 1 hour & @. The
organic layer was separated, washed with cold water (3x30 mL), and a soluNai Gy

(20 mL) and dried on magnesiwsulfate.
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3.3.7 General procedure for the HetereDielsi Alder reaction
OBn

OH OBn
OBn O
BnO
n O OBn
BnO OBn OBn o
OBn
OBn

19 87 920

Phenol19 (1.3 equiv.) and formaldehyde (3 equiv.) were placed into an-dred flask,
equipped with a stirrer bar under argon in acetic acid (1 mL). A solution of substituted alkene
87 in aceticacid (1 mL) was added. The mixture was stirred for 3 h at’@0dhe reaction

mixture was dissolved in ethyl acetate (3 mL) and neutralized with an aqueous solution of
NaOH (2N). The upper organic phase was separated, and the bottom aqueous phase was
extracted twice with ethyl acetate (2 mL). All organic phases were then combined, dried over
anhydrous Ng50,, and concentrated under reduced pressure. The reaction mixture was then
filtered and concentrated under reduced pressure, the crude oil was puwyifiemluimn

chromatography on silica gel, eluting with petroleum ether and ethyl acetate.

3.3.8 General procedure for acetalisation

MeO MeO

MeO MeO
OMe OMe

42
The aldehydel13 (1 equiv.) was dissolved in anhydrous ethanol (4 mL). Solid ammonium
nitrate (0.25 equiv.) and triethylorthoformate (1.1 equiv.) were added directly to the solution.
The solution was allowed to stir under a nitrogen atmasgpaeroom temperature for 24 h.
The mixture was thequenched with saturated aqueous sodium hydrogdmonate (4 mL).
The acetal product was extracted three times using dichloromethane (10 mL), the combined
organic extracts were dried ovanhydrous MgSg) and the organic solvents removed under
reduced pressure. The reaction mixture was then filterddcancentrated under reduced
pressure, the crude was purified by column chromatography, eluting with petroleum ether and

ethyl acetate.
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3.3.9 E)-1,2,3trimethoxy -5-(penta-2,4-dien-2-yl)benzene (113)

MeO |
—_—
MeO

OMe

5-lodo-1,2,3trimethoxybenzene (120 mg, 0.4 mmol), AgOAc (136 mg, 0.81 mmol), and
Pd(OAc)» (5 mol%) were dissolved in anhydrous acetonitrile in an aread flask. The

mixture was then purged with nitrogen for 10 min. Crotonaldehyde (0.04 mL, 0.48 mmol)
was then added. The reaction temperature wa
mixture was allowed to reach room temperature and the solvents were removed under
reduced pressure. The residue was suspended in dichloromethane and the suspension was
then filtered through a short pad of celite followed by several rinses using dichloromethane.
The solution was then washed with water (3x10 mL), brine (10 mL), dried and the solvents
removed under reduced pressure. The residue was purified by flash colummatdgraphy

on silica gel (toluene/ethyl acetate, 3:1) to yield the desired compound as a pale yellow oil
(42 mg, 44%).

3max (N€at)/cm3034, 2943, 1730, 1665, 1213, 78t (400 MHz, CDC}): 2.49 (d, 3 HJ =

1.2 Hz, (Hs-8), 3.82 (s, 3 H, G3-12), 3.83(s, 6 H, GHe11-13), 6.30 (dg, 1 H)=7.9, 1.2

Hz, CH-9), 6.69 (s, 2 H, Ad-4-6), 10.10 (d, 1 HJ = 7.9 Hz, C®-10); Uc (100 MHz,

CDCl3): 16.5 CHs-8), 56.4 C,He-11,13), 60.8 CH3-12), 103.8 C,H»-4,6), 126.9 CH-5),

136.1 CH-9), 140.0 CH-7), 153.5 (C-2), 157.5 (C-1,3) 191.2 €O-10); m/z found for

[M+H]*: 237.1115; [GsH1604+H]" requires: 237.1121.

3,3.10-dimethoxypheny! acetate (125%

OH O

Compound113 (200 mg, 0.74 mmol) and 3dimethoxyphenol (25 mg, 0.62 mmol) were
dissolved in freshly distilled toluene in an owemed 50mL flask fitted with a Deaibtark

apparatus. Phenylboronic acid (75 mg, 0.62 mrantjglacial acetic acidl mL) were then
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addel. The reaction mixture was heated at ®80under a nitrogen atmosphere for 24 h.
After cooling, the reaction mixture was quenched by addition of a saturated solution of
NaHCG; (30 mL). The aqueous layers were extracted with ethyl acetate (3x10 mL) and the
combined organic layers were washed with saturated NaCl (10 mL), dried over anhydrous
MgSO, and the solvents were removed under reduced pressure. The residue was purified
through column chromatography on silica gel (ether petroleum/ethyl acetate, 7:1), to give 8
as a yell ow s opgindat)¢nt2843, mep7, 11910 626; 84k (400 MHz,
CDCl): 2.20 (s, 3 H, E3-8), 3.70 (s, 6 H, €6-12), 6.19 (d, 2 H,) = 2.2 Hz ArH-5,1),

6.27 (t, 1 HJ = 2.2 Hz, AH-3), Uc (100 MHz, CDC}): 20.1 CH3-8), 54.4 C,He-10,9), 97.2
(CH-3), 99.2 C,H2-5,1), 151.2C-6), 160.1 C-4,2), 168.3 CO-7).

3,3.11 General procedure for Aldol reaction

o)
OH O OH
BnO Q
@fk 70 -
—_—
BnO OBn BnO BnO OBn OBn
OBn
OBn
43 98

127
LDA (1.1 equiv.) was added to a solution5# (1.1 equiv.) in anhydrous tetrahydrofuran at

178 °C over 15 min. The mixture was stirred for 30 min. A solutio2®{1 equiv.) in
anhydrous tetrahydrofuran at T178A€resulsing adde
solution was stirred at 178 AC ,£l¢20ml).AFheand gLt
reaction mixture was extracted with diethyl ether (2 x 30 mL) and dried over anhydrous
MgSQ. After the solvent was evaporated under reduced pressuresttiee was purified by

column chromatography on silica gel (petroleum ether/ethyl acetate 4:1).
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3.4 Experimental procedures related to synthesis of iminiursalt catalyst

3.4.12,2"-bis(bromomethyl)-1,1-biphenyl (50)

2 , -Bighenyldimethanol9 (1 g, 4.67 mmol) was added dtuted HBr (48%, 25 mL) and

the mixture heated under reflux until complete consumption of the starting material was
observed by TLC. The reaction was allowed to ¢co@mbient temperature and diethyl ether
(50 mL) added. The organic layer was washed with saturated brine (3 x 30 mL), saturated
agueous NaHC&(3 x 30 mL), and water (3 x 30 mL), and dried og@hydrousMgSQ,.

The solvent was removed under reduced pirest afford the desired product as colourless
crystals (142 g, 90%).

mp 9193 A & max (Beat)/cn 2940, 1673, 1427, 1673, 821, 618:(500 MHz; CDC}) 4.20

(d, 2H,J = 10.1 Hz, G1HBr-13,14), 4.36 (d, 2HJ) = 10.1 Hz, CHHBr-13,14), 7.38 (dd, 2H,
J=7.5,55 Hz, AH-6,10), 7.447.52 (m, 4H, AH-2,5,8,11), 7.64 (dd, 2H,) = 7.5,5.5 Hz,
ArH-1,9). U (125 MHz; CDC}) 321 (C,H4-13,14), 128.4, 128.8, 130.2, 130.8rK-
1,2,6,5,8,9,10,11), 135.€4-3,7) 139.5C,-4,12).

3.4.26-Isopropyl-5H-dibenzo[c,e]azepinr6-ium tetraphenylborate (52)

6

i ] 1 5 ©
C C (Lo
Br 5 16

4 \D

[ . N4< _— 3 . N

12/ 14

e g Qo
L ] 9 1
51

10
50

2,2-bis-Bromomethylbiphenyb0 (1.25 g, 3.67 mmol) and KOs (1.52 g, 11 mmol) were
added to stirred solution of isopropylamine (0.215 g, 0.311 ml, 3.67 mmol) in anhydrous
acetonitrile (25 mLunder a nitrogen atmosphere at room temperaiure reaction mixture

was heated under reflux for 16 h. The solvent waoweh under reduced pressure and the
resulting residue dissolved in ethyl acetate (50 mL). The combined organic layers were
washed with water (3 x 30 mL), and saturated brine (3 x 30 mL), and driecmivgdrous
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MgSQOs. The solvents were removed under restlipressure to yield the azepine in good
purity as yellow foanbl. N-Bromosuccinimide (0.9 g, 5.056mmol) was added to a stirred
solution of azepin&1 (1 g, 4.213 mmol) in chloroform (10 mL) at ambient temperature. The
reaction was monitored by TLC and encomplete consumption of the azepine was
observed, typically 15nin, the solvent was removed under reduced pressure to yield the
iminium bromide salt intermediate. The salt was dissolved in ethanol (5 mL) and sodium
tetraphenylborate (1.44 g, 4.213 mme@s added in a minimal volume atetonitrile The
reaction was allowed to stir abom temperaturédor 20 min. The solvents were removed
under reduced pressure and dissolved in chloroform (25 mL). The combined organic layers
were washed with water (3 x 10 mL), and saturated brine (3 x 10 mL) and dried over
anhydrousMgSOy. The solvent was removed undexduced pressure and the resultant
residue was recrystallized from ethanol to yield iminium salt cat8Bsis a yellow powder
(1.42 g, 90%), md31-1 3 4 UA @00 MHz; DMSGDg) 1.41 (d, 6H,J=2.8 Hz, GHs-
15,16), 4.35 (s, 1H, IBH-12), 4.56 (sep, 2H] = 2.8 Hz, CH-14), 5.12 (s, CH-12),6.76

7.18 (m, 20H, AH),7.608.05 (m, 8H, AH-1,2,5,6,8,9,10,11), 9.35 (s, 1H, NHEL]); U

(100 MHz; DMSQODg) 23.1 C,He-15,16), 52.61 CH-14), 65.91 CH,-12), 10.1, 120.8,
122.1,124.5126.0, 128.9, 129.2, 129.8, 130.3, 130.7, 134.3, 134.8, 136.1,18. K 164.7
(ArH), 167.6 CH-13); m/z found for the iminium cation: 230.1430; {{:sN]" requires
230.1430.

3.4.3(5S,69-N-formyl -5-amino-6-phenyl-2,2-dimethyl-1,3-dioxane (75)"

H,N
2 OH

OH

Methyl formate (0.3 ml, 4.48 mmol) and sodium methoxide (0.016 ml, 0.30 mmol) were
added to a solution of §R29)i (+)i 2-aminc1-phenytl,3-propanediol (0.5 g, 2.99 mmol), in
anhydrousnethanol After 24h, the resultingolution was evaporated under reduced pressure

to afford the formylprotected amine7d) as a yellow oil. The oil was dissolved in acetone

and camphorsulfonic acid0.10 g, 0.45 mmol) and 2@methoxypropane (3.7 ml, 9.90
mmol) were added. The reactionxture was again heated to reflux overnight. The reaction

was allowed to reach room temperature and the solvents removed under reduced pressure to
yield 75 as a yellow oil (0.54 g, 77%)
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Gy (500 MHz; CDC}), 1.48 (s, 3H, €5-12,), 1.52 (s, 3H, Bs-11), 3. (dd, 1H,J = 10.5,
1.6 Hz, CHH-9) 4.17 (dd, 1H,) = 10.5, 1.6 Hz, CH-9), 4.21 (d, 1H,) = 1.6 Hz, Gi-10),
5.15 (s, 1H, €-7), 6.48 (s, 1H, N), 7.14 7.27 (m, 5H, AH), 7.89 (s, 1H, €-13). U (125
MHz, CDCk) 17.5 (s,CHs-12), 28.7 (sCHs-11), 44.4 (SCH-10), 63.6 (SCH-9), 70.6 (s,
CH-7), 98.9 C-8), 124.2,125.5,126.6, 137.0,ArH-1,2,3,4,5,6), 159.50=0-13).

3.4.4(5S,69-5-Amino-5-amino-6-phenyl-2,2-dimethyl-1,3-dioxane (76)*

Y

HN

H

The compound’5 (0.43 g, 1.827 mmol) was dissolved in aqueous hydrazine monohydrate
(85%, 7 mL) and the mixture heated under reflux for 2 h. The reaction mixture was extracted
with ethyl acetate (3x 10), and the combined organic layers were washed with water (2 x 20
mL) and dried oveanhydrousMgSOs. The solvents were removed under reduced pressure to
give the desired amin& as a yellow oil (0.33 g, 89%)

[a]?% +40.5 (c =2.33, CHCh) :max ®eat)/cm 3411, 2984, 1421, 1264, 89%; (500 MHz;

CDCl3) 1.35 (s, 3H, €3-12,), 1.38 (s, 3H, Bs-11), 2.53 (d, 1H,) = 1.3 Hz, G1-10), 3.69

(dd, 1H,J=11.6, 13 Hz, CHH-9), 4.06 (dd, 1HJ = 11.6, 1.3 Hz, &H-9), 4.89 (s, 1H, 8-

7), 6.92 7.43 (m, 5H, AH). . (125 MHz, CDC}) 18.5 CHs-12), 29.9 CHs-11), 49.4 CH-

10), 65.8(CH,-9), 73.5 CH-7), 98.8 C-8), 125.5126.2,127.1, 128.24rH-1,2,3,4,5,6).

3.4.5(-)-6-[(4S,53-2,2-dimethyl-4-phenyl-1,3-dioxan-5-yl)-5H-dibenzo[c,e]azepinium

tetraphenylborate®®

S —

2 , -BisiBromomethyl)biphenyb0 (0.32 g, 0.94 mmol) and58,6$5-Amino-5-aminc6-
phenyt2,2-dimethyt1,3-dioxane76 (0.19 g, 0.94 mmol) were dissolved in acetonitrile (21

mL). The mixture was stirred undarnitrogen atmospheand CsCO; (0.61 g, 1.88 mmol)
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was added at room tempenauThe reaction was submitted to reflux for 24 h, cooled, diluted
with dichloromethaa (30 mL), the resulting suspension was filtered into a separating funnel
to remove C£C0O;. The mixture was extracted with water (2x 50 mL), brine (2x 50 mL). The
organicphase was separated, dried over Mg&@d the solvents were then removed under
reduced pressure to givé/. Amine 77 (0.51 g, 1.32) was then dissolved in anhydrous
dichloromethane (10 mL), to whid+bromosuccinimide (0.25 g, 1.45 mmol) was added, and
left to stir for 6 h. the solvent was removed under reduced pressure, and the remaining solid
was redissolved in ethanol (5 mL). Sodium tetraphenylborate (0.5 g, 1.45 mmol) was
dissolved in a minimum aount of acetonitrile and added to the stirring solution at room
temperature. After 10 minutes, the reaction was stopped and excess organic solvents removed
under reduced pressure. The resulting foam was then recrystallizedtfranol The yellow

solid was filtered off and washed with cok&thanolfollowed by petroleum etheaffording 78

(0.33 g, 89%)

[a]?% -44.3(c =1.05, CHCN) ;max @eat)/cm 3411, 2984, 1421, 1264, 89%; (500 MHz;
AcetoneD®) 179 (s, 3H, GH5-12,), 1.83 (s, 3H, B3-11), 4.41 (d, 1HJ = 11.3 Hz, CHH-9),
4.734.70 (m, 1H, ®-10), 4.51 (d, 1H,) = 11.3Hz, CHH-9),) 4.704.73 (m, 1H, E-10),

4.80 (d, 1HJ = 12.1 Hz, CHH-25), 4.84 (d, 1HJ = 12.1Hz, CHH-25), 5.96 (d, 1HJ = 2.6

Hz, CH-7), 6.75 (t, 4HJ = 73 Hz, ArH), 6.90 (t, 8H,J = 7.3 Hz, ArH), 7.207.25 (m, 8H,
ArH), 7287.32(m, 8H, ArH), 742-753 (m, 4H, ArH-14,15,21,22 7.647.73 (m, 4H, AH-
16,17,23,24), 8.08.11(m, 5H, AH-1,2,3,4,6),9.09 (s, 1H, MI-26). U (125 MHz, CDC})

18.5 (CHs-12), 28.7 CHs-11), 56.9 CH.-25), 61.4 CH,-9), 67.4 CH-10), 71.8 CH-7),
100.3 C-8), 120.4, 124.1, 124.4, 124.5,612 126.4, 127.4, 127.9, 128.028.2128.4, 129.3,
129.4,129.6 132.6, 133.6, 135.0, 135.2, 142162.4(ArH), 170.98 CH-26).
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3.5 Experimental procedures related to synthesis of Synthesis 08%,4R-
trans-3,4-dihydroxy -3,4-dihydromollugin 129

3.5.1 Methyl 1-hydroxy-4-methoxy-2-naphthoate (143)"
OH O OH O

1,4-Dihydroxy-2-naphthoic acid (1.1 g, 5.38) was dissolvedriathanol(12 ml) in a flask
equipped with a stirring baanddilute aqueous 60O, (1M, S5mL)was then added slowly at O

°C. The resulting brown solution was heated under reflux for 2 h. Theareaes quenched

by the slow addition of water (6 ml). After removal of solvent, the mixture was dissolved in
ethyl acetat€20 ml) and transferred to a separating funnel and washed with brine (10 ml).
The organic layer was isolated and dried cwehnydros MgSQO,. The residue was purified
through column chromatography (petroleaether/ ethyl acetate, 5:1), to giviZd3as a white

solid (1.12 g, 90%) anti41as a yellow solid (58 mg, 5%)

Methyl 1-hydroxy-4-methoxy-2-naphthoate 143

mp 1301 3 2 AmMneat)ent 3384, 2924, 1713, 1461, 848 (500 MHz, CDC}): 4.01

(s, 3 H, Gi5-12), 4.04 (s, 3 H, B5-13), 7.14(s, 1 H, G4-1), 7.60 @dd, 1 H,J=8.2, 6.92.1
Hz, CH-6), 7.67 (idd, 1 H,J=8.2, 6.92.1Hz, CH-7), 8.23 (dd, 1 H) = 82, 2.1Hz, CH-8),
8.23 (dd, 1 HJ = 82, 2.1 Hz, CH-5), 11.65 (s, 1 H, B-1); Uc (125 MHz, CDC}): 52.3
(CHs-12), 55.7 CH3-13), 100.4 CH-3), 104.2 C-2) 121.9, 123.8, 125.5, 126.4, 129.0, 129.8
(ArH-5,6,7,8,9,10), 147.70¢1), 155.6 C-4), 171.3 CO-11).

Methyl 1,4-dihydroxy-2-naphthoate 141

mp151-1 53 Amneat)ent 3434, 2981, 1635, 1376, 9281 (500 MHz, AcetoneDg):
4.00 (s, 3 H, E5-12), 718(s, 1 H, Gi-1), 7.62 (t, 1 HJ = 7.6 Hz, G4-6), 7.67 (t, L HJ =
7.6 Hz, G4-7), 8.24 (d, 1 H) = 8.3 Hz, G4-5), 8.36 (d, 1 H,) = 8.3 Hz, G4-8), 8.70 (s, 1 H,
OH-4), 11.57 (s, 1 H, 8-1); Uc (125 MHz, Acetone B): 52.8 CHs-12), 105.0 CH-3),
105.6 C-2) 123.1, 124.3, 126.3, 127.1, 129.5, 13M8H-5,6,7,8,9,10), 145.80:4), 155.1
(C-1), 172.0 CO-11).
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3.52 Methyl 1,4-dihydroxy-2-naphthoate 141

Method A

Compoundl43(0.43 g, 1.85 mmol) was suspended in anhydrous dichloromethane in an oven
dried flask under a nitrogen atmosphere. Al0L49 g, 3.70 mmol) was then added at 0 °C
The mixture was stirred for 2h at 0 °C. The reaction was then quenched by slow addition of
water (2 ml), followed byilute aqueous HCI (1M, 1mL)The title compound was extracted
from the aqueous layer with dichloromethane (3x10 ml). The combined ofggeis were
washed with brine (2x10 ml) and dried owamhydrousNa,SO,. Solvents were removed
under reduced pressure to yield brown crude mixture. The mixture was purified through
column chromatography (petroleugther/ ethyl acetate, 3:1), to givi41 as a yellow solid

(0.36 g, 91%)

Method B

4-Dihydroxy-2-naphthoic acid (0.20 g, 0.9 mmol) and anhydroieHCG; (0.10 g, 1.1
mmol) were suspended in anhydralimethylformamideand the suspension was stirred for

30 minutes under a nitrogen atmosphere at room temperature. Methyl iodide (0.20 g, 0.09 ml,
1.4 mmol) was transferred using a syringe. The reaction was allowed to stir for 22 hours until
all the starting material was ceumed. The reaction was quenched with saturatiee (10

mL), dilute aqueous HCI (1M, 6mL)The reaction mixture was extracted with diethyl ether
(30 ml x 3) and the organic phases were dried over anhydrous M@8® the solvents
evaporated under reducedressure. The residue was purified using flash column
chromatography (petroleusther/ ethyl acetate, 4:1), to give41las a yellow solid (0.21 g,
96%).
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3.5.3Mollugin (128) 8

Method A

Phenylboronic acid (0.25g, 2.00 mmol) was added to a solution of methglhl/droxy-2-
naphthoate (0.45g, 2.00 mmol) in toluene. Glaeie¢tic acid(3 mL) was added to the
reaction mixture by syringe, and followed by a dropwise additiormagshyt2-butenal (0.30

ml, 3.00 mmol). The reaction was heated under reflux with a {Séank trap under a
nitrogen atmosphere for 18 h. After cooling, the reaction mixture was quenched by addition
of sodium bicarbonate (30 mL). The aqueous layers were extractedthyiracetate (30 ml

x 3) and washed witlbrine (10 mL); the combined extracts were dried over anhydrous
MgSO,. Evaporation of the solvent afforded a brown solid. The residue was purified through
column chromatography (petrolewsther/ ethyl acetate, 11)1to givel29as a yellow solid
(0.31 g,56%).

mpl761 7 8 AMneat)ent 3435, 2986, 2305, 1712, 1264, 896t (500 MHz, CDCY):

1.45 (s, 6 H, @Hs16,17), 3.91 (s, 3 H, I&5-12), 5.59 (dd, 1 HJ) = 10.0Hz, CH-15), 7.03

(dd, 1 H,J = 10.0Hz, CH-14), 7.417,45 (m, 1 H, ©&-6), 7.527,54 (m, 1 H, Ei-7), 8.09 (d,
1H,J=8.3 Hz, K-8), 8.29 (d, 1 HJ = 8.3 Hz, G4-5), 12.10 (s, 1 H, B-1); ic (125 MHz,
CDCl3): 26.87 (C3H6-16,17), 52.3 CH3-12), 74.5 C-13), 102.2 C-3), 112.5 C-2), 121.9
(CH-15),122.3,124.0, 125.0, 126.3, 128.8, 129Ar(-5,6,7,8,9,10), 129.30H-14), 141.5
(C-1), 156.5 C-5), 172.53 CO-11).

Method B

3-Methyl-2-butenal (1 ml, 10.3 mmol) was dissolved in anhydrous ethanol under an argon
atmosphere. Solid ammonium nitrate (0.2 g, 2.5 mmol) and triethylorthoformate (2 ml, 12.36
mmol) were added directly to the solution at 0 °C, which turned to a browuarcafter 3 h.

162




































