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Abstract

Abstract

A number of oxygenated heterocycles have been ibescin nature as having a myriad of
biological activities. Owing to these biologicaltigities and their complex structure, these
compounds are of interest to us and the preparatfoselected oxygenated heterocycles is
described in this thesis. Three main sections ftms thesis, with each representing a class of

oxygenated heterocycle.

The first part of the thesis deals with pyranonbpftiinone analogues where a model study was
performed to construct the skeleton of the isoclamen kalafungin. The synthesis of
isochromane 6,9-dimethoxy-&5%,%-tetrahydro-#-furo[3,2clisochromen-2-one was
successfully achieved from commercially availahle@hydroxybenzoic acid in an overall yield
of 9.5%. The key steps employed in the synthesith@fisochromane were a cross metathesis
reaction between (2-allyl-3,6-dimethoxyphenyl)metblaand ethyl acrylate to afford thep-
unsaturated ester E)-ethyl-4-(2-(hydroxymethyl)-3,6-dimethoxyphenylYs2renoate which,
after several synthetic steps, was converted to iHeehromane via a radical induced
lactonization using a hypervalent iodine reagertte TSuccess of this route led us to the
preparation of iscochromanead 5R, 9bR)-6,9-dimethoxy-5-methyl-385,%-tetrahydro-H-
furo[3,2clisochromen-2-one. Our initial aim was to enzymelticresolve intermediate racemic
alcohol 1-(2-allyl-3,6-dimethoxyphenyl)ethanol, hewer, the use o€andida antarcticdipase

B (CALB) to facilitate the kinetic resolution wastas successful as we hoped. Therefore, using
racemic alcohol 1-(2-allyl-3,6-dimethoxyphenyl)atbd and the key reaction conditions
developed in the model study of 6,9-dimethoxya®h3Ib-tetrahydro-H-furo[3,2-c]isochromen-
2-one, we successfully prepared isochromaa®&,(8R, 9R)-6,9-dimethoxy-5-methyl-385,%-
tetrahydro-B-furo[3,2clisochromen-2-one in an overall yield of 0.4%, &llbecemically.



Abstract

The second part of this thesis involved the usaitobalkanes as precursors to spiroketals. In this
section, we managed to successfully elucidate #sehanism of a novel Nef reaction previously
described in our laboratories using three diffearistrates. The key steps involved during the
elucidation of the mechanism were a Henry condemsaeaction and a key modified Nef

reaction. The preparation of the spiroketal skeletbthe griseusins was also attempted.

The last part of this PhD thesis focused on theé&tion of angucycline analogues, specifically
analogues related to the landomycins. We have ssfidyy managed to prepare landomycin
analogues tetraphene-7,12-dione, 3-methoxytetraphig?-dione and 3,8-dimethoxytetraphene-
7,12-dione. A Suzuki reaction followed by a Witteaction, isomerisation and final ring closing
metathesis allowed for the smooth preparation es¢hanalogues. The preparation of related

analogues bearing seven-membered rings has alsoa bebieved and is described.
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Chapter 1: Pyranonaphthoquinones — An Introduction

Chapter 1: Pyranonaphthoquinones - An Introduction

1.1. Biological importance of pyranonaphthoquinones

A large number of isochromane containing compouexlist in nature. The main class of
isochromanes relating to this thesis are the pyraplthoquinones, which have been isolated
from various strains of bacteria and fungi. Theibatucture of these compoundadure 1.1)

is the naphtho[2,8}pyran-5,10-dione ring system shown in structuurdnother feature found in
some members of this class of compounds ig#laetone ring as shown in structewhich is
fused to the pyran moiety. Some members possembaxylic acid side chain at G8"?

0 0 0
Cr oy Qe Qrxes
OH
o) O O o)
1 2 o 3

Figure 1.1

These compounds are of interest as they exhibiida wariety of pharmacological properties.
Derivatives of such compounds are also found tabéxplant-growth and herbicidal activities,
while others have been found in fragrances, elgxglide 4, shown inFigure 1.23 As a result,
there is a growing interest in developing improvertthods for the synthesis of these
isochromane containing compounds. It is for thasom that scientific research directed towards

the synthesis of compounds of this class is nepgssa
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Figure 1.2

1.2. Naturally occurring pyran fused quinones

The literature contains many examples of naturallgurring quinones isolated from various
fungal and bacterial strains. These can be classifito three types of pyranonaphthoquinones,
namely monomeric, dimeric and carbohydrate deripgdgnonaphthoquinones. Each of these

classes of quinones will be briefly discussed mfthilowing sections.

1.2.1. Monomeric pyranonaphthoquinones

1.2.1.1. Simple andFusarium based quinones

One of the simplest compounds which contains tiphth@pyrandione system is psychoruldin,
(Figure 1.3, which was isolated fronfPsychotria rubra This compound bears a hydroxyl
substituent at the C3 position of the pyran ringkimg it a hemiacetal. It has been found to
exhibit significant cytotoxicity against KB canceells’ Anhydrofusarubin6, shown in
Figure 1.3 has recently been isolated from the sea-fan-deérfungusFusarium sppand is of
interest due to its excellent biological activity.has been shown to exhibit better cytotoxicity
against both oral and breast cancer cell lines thancurrent drugs of choice: ellipticine and
doxorubicin respectively.As will be discussed later, this quinone has begrhesised in our

laboratorie$.
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O O OH
QI Y (2
OH MeO &
o O OH
5 6
Figure 1.3
1.2.1.2. Monomeric pyranonaphthoquinones

An example of a monomeric pyran fused quinone ysahone,7 shown inFigure 1.4, which
was isolated from cultures dhysanophora penicilloide§ hysanone has been shown to exhibit
potent activity against HRV 3C-protease, which fuanan rhinovirus (HRV) from the family of
picornaviruses which are responsible for human adise such as hepatitis A and polio.
Thysanone is therefore one of the lead compountiseigevelopment of a cure for the common
cold®’ Another type of monomeric quinone containing aapyring is 5-hydroxy-6-methoxy-
lapachome8, which has been isolated from the stem barelioa quadivalvis This compound
has been found to exhibit cytotoxic activity agaitne lung carcinoma cell line, NC1H282n
important monomeric quinone which contains an &oithtl y-lactone ring fused to the basic
naphtho[2,3¢]pyran-5,10-dione ring system that is importantthis thesis is kalafungin
(Figure 1.4)! This antifungal pigment was isolated frdtreptomyces tanashiensis well as

Nocardia dassonvillie

Figure 1.4
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Kalafungin, 9 (Figure 1.4), has been found to be inhibitoig vitro against a variety of
pathogenic fungi, protozoa, yeasts as well as grasitive bacteria. Recent studies have shown
that kalafungin displays inhibitory activity again$178Y mouse leukemic celis vitro. ® The
stereochemistry present in kalafungin has also miaden attractive substrate to pursue

synthetically.
1.2.2. Dimeric pyranonaphthoquinones

Research conducted at the University of the Witvgadéexd on dimeric quinones includes the
synthesis of pyranonaphthoquinone-type pigmentswknas the cardinalins. This group of
compounds is the first class of pyranonaphthoquesao be discovered in higher order fungi.
Cardinalins 1 to 6 have been isolated from the M@aland toadstodDermocybe cardinalis
which is known to produce distinctive purple andrge fruit bodies. All six cardinalins display
good anticancer activities. Studies conducted et thiversity of the Witwatersrand focused on
the synthesis of cardinalin 30, a dimer of ventiloquinone 111 (Figure 1.5, which has been
isolated fromVentolago goughiiThis study used a bidirectional synthetic apphaacassemble

cardinalin 3,10.°

Figure 1.5
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Other research which has occurred in the Wits Eoes includes the synthesis of chiral
isochromanquinones using Corey-Bakshi-Shibata teshe® In addition, the synthesis of
isochroman-4-ols and isochroman-3-ols has beemgacghed in our laboratories using the key
steps of an oxidative mercury-mediated ring closuré ozonolysis reaction respectivélyThe
synthesis of the oxygen analogue of the michellesjyinwhich has been isolated for
Ancistrocladus korupensibas also been accomplished in the Wits laboratorieterest in

michellamines has risen as a result of their regoanti-HIV activity.™
1.2.3. Carbohydrate derived pyranonaphthoquinones

Medermycin, 12 (Figure 1.6 is a compound that has been isolated fr8tneptomyces
tanashiensisas a monohydrochloride salt. It was found to hawémilar structure to kalafungin
due to the fused lactone ring. This compound iswkmdo exhibit biological activity against
gram-positive bacteria. It has also shown toxieigainst cell lines of K562 human myeloid
leukemia as well as P-388 murine leukeftiiaA related quinone named after the red garnet-like
crystals isolated fronStreptomyces olivaceugranaticin A,13, has been shown to exhibit
antibiotic activity against gram-positive bacteiiahas also been shown to possess antitumour
activity against lymphatic leukemia in mice, as v being cytotoxic against KB cells which

are cells associated with mouth epidermal carcinoma

NMe: - HCl

HOUH OH O Me \/
W “y (@)

Me© O /

Figure 1.6
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1.2.4. Other interesting isochromane compounds

The isolation of an isochromane fungal metaboptseudodeflectitusiri4 (Figure 1.7), from a
culture broth ofAspergillus pseudodeflecthsis been reported. This compound was identified as
an isochromane derivative using spectrometric amgsipochemical techniques. Ogawt al.
reported that one enantiomer of these compoundseshan inhibitory effect on the cell growth
of the NUGC-3 human stomach cancer cell line. Simikesults were observed for the HelLa

human cervix cancer line and the HL-60 human perglblood cancer liné?

Figure 1.7

The synthesis of BCH-20515, an interesting isochromane containing compougdMang et
al., and its subsequent biological screening showatlBKH-2051 is a very potent analogue of
anthracycline compound$.Furthermore, it has been shown to exhibit evetebeitivity than
adriamycinl6, shown inFigure 1.8 which stabilises the topoisomerase-DNA cleavagaptex

which leads to DNA damage.

Figure 1.8
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1.3. Proposed mechanisms of biological activity of pyramnaphthoquinone antibiotics

In Section 1.2 we highlighted a few examples of the different ssks of the
pyranonaphthoquinones and briefly discussed thiedimal activities of the classes mentioned.
In this section we will outline the proposed medbars of action of these quinones. The
pyranonapthoquinone antibiotics have been postlitatact as bioreductive alkylating agents by
Moore and coworkerS. Compounds which are considered to be bioreductikgating agents
become potent alkylating agents after they undemgoeductionin vivo. These types of
compounds have also been shown to possess a high & antineoplastic activity’
Furthermore, there have been various studies coedlwehich have described topoisomerase |l
inhibition by pyranonaphthoquinones, thus revealiveyv possibilities in the design of anti-

cancer drugs®?’
1.3.1. Simple quinone methides

A generalised model for their activity is showrSoheme 1.1The first step in this process is the
in vivo bioreduction of quinoné, resulting in the formation of hydroquinoBe Cleavage of a
benzylic substituent frorB results in the formation of a quinone meth@eStructureC now
has the potential to act as an alkylating agentydacting with a nucleophile in a Michael
addition step. An example is the formation of aatext adduct with DNA, which will lead to
cell death. In particular, the nucleophile is expdcto be the nitrogenous base of a DNA

molecule, in a cancer cell.
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Scheme 1.1

The ability of these quinones to act as bioredectiikylating agents has been demonstrated by
Lin et al who synthesised benzoquinone derivatives with ondwo side chains. These
derivatives form highly reactive Michael acceptas shown inScheme 1.2% Lin and co-
workers performed a reduction on 2,3-dimethyl-5&gdretoxymethyl)-1,4-benzoquinorig, to
afford hydroquinonel8. This hydroquinone then decomposed to form theane methidel9
which acts as the alkylating ageScheme 1.2%° Quinone methidd9 was reacted with aniline

and morpholine to demostrate its potential to ate/biological materialg vivo.*®
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Scheme 1.2

A known example of a bioreductive alkylating agsntitomycin C,20, which has been isolated
from strains ofStreptomycespecies. Mitomycin C is an antineoplastic antibiaind has been
used to inhibit the synthesis of nucleic acids,hsas DNA and RNA. It is believed that
mitomycin C performs its function by joining togeththe two polynucleotide strands of DNA,
forming a covalent cross-link. This cross-link rksun the interference of DNA functions and
ultimately the inhibition of DNA synthesfS.It is believed that the function of the drug asise
from the enzymatic reduction of mitomycin20, as shown irScheme 1.3followed by the loss
of methanol and subsequent aziridine ring openifyding intermediate21. Displacement of
the carbamate group Ri allows for the attack of intermedia2@ by nucleophilic sites on DNA

resulting in the formation of the cross-linked Dg¢foduct23.2°
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1.3.2. Inhibition of the DNA topoisomerase Il enzyme

The topoisomerase enzyme Il (Topoll) has becomesirable target for potential anti-cancer
drugs due to its important catalytic function. TkRiszyme has various functions which can be
simplified to the maintenance of the topologicahtst of DNA during processes such as
replication, transcription and recombinatfdrf> The function of the topoisomerase enzyme can
be interrupted in two ways. These include the Btabion of the covalent intermediate of the
enzyme with DNA by compounds known as topoisomelageisons, or by compounds, known
as catalytic inhibitors, which target any step f tcatalytic cyclé® Topoisomerase Il was
identified as a possible target for anticancer drsigch as doxorubici@4, and mitoxantrone5,
which are potent Topoll poisonsigure 1.9).*° The quinone moiety is known to possess anti-
proliferative activity against a wide range of angens and cancer cells. It has also been stated
that the quinone moieties combine features of paissind catalytic inhibitors which allow them
to possess enhanced activity. Eleuthe2®), isolated from the bulb dEleutherine Americana

has been shown to exhibit catalytic inhibition @pbll.!’

10
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Figure 1.9

The biological activities discussed in the previossctions have therefore made the
pyranonaphthoquinones synthetically attractive coummgls. This has led to numerous synthetic
strategies being developed towards the assemilyese compounds. A few selected synthetic
strategies will be discussed in the sections tiéiw. However, before we discuss the synthetic
literature, it is important to highlight how the n=truction of the isochromane core is
accomplished through biosynthesis.

1.4. Biosynthesis of pyranonaphthoquinone antibiotics

It has been proposed that the biosynthesis of py@phthoquinone antibiotics involves a
polyketide synthase (PKS) pathway. A comprehensapert into the biosynthesis of polyketide
metabolites has been published by O’'Hagan whergkptitles have been shown to originate
from various sources, ranging from mammals to bictand fung?* Actinomycetes, in
particular have been shown to produce polyketiddschv are important antibiotics or
chemotherapeutic agents, as compared to the palgketriginating from other bacteria, fungi
and higher plants which have been shown to acbxss, flavours and pigment3.The same
biosynthetic mechanism is followed regardless & ttastness of the polyketide structural
classes, in which single, simple carboxylic acibunits are used. An oligoketide intermediate
results in the formation of six-membered rings,rabteristic of pyranonaphthoquinones, due to

several intramolecular Aldol or Dieckmann cyclisatreactions?

11
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This biosynthetic process is exemplified by thespidhesis of actinorhodi@7, as shown in
Scheme 1.4The monomeric unit of actinorhodi®?, can essentially be derived from a reaction
of an acetylCoA unit and seven malonylCoA unitafford linear polyketid@8. A regiospecific
intramolecular Aldol condensation of C7 with C12u#ks in the formation of intermedia2®. A
second condensation reaction between C5 and Cl4resillt in the formation oBB0. The
condensation reactions involved during the biosysith of actinorhodin are controlled by an

aldolase enzyme, and gene clusters allow for theecobond formation to occar.

acetyj_'CoA actl J/\/‘V/u\/\u:‘/LV\/W\/ actll] /@\//H\f/"\/
— >
7 x malonyl-CoA COH HO COH
O O o

OH O
actlV, VA, VB
actVII (@) actVl
X _CO,H ,//CO2
OH OH
30
Scheme 1.4
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1.5. Synthetic strategies for the assembly of Isochromas

There are a number of synthetic strategies whiele bh@en employed to access the isochromane
core. The following sections will highlight onlyfew selected routes with some emphasis placed

on the research conducted in our laboratories inepast few years.

1.5.1. Diels-Alder cycloadditions

One of the most common strategies for pyranonapjoinone preparation employs Diels-Alder
methodology. An example is the total synthesis lofsanone7 in which a Diels-Alder
cycloaddition was used as the key stdmhe synthesis commenced with the brominatiorSpf (
mellein 31 followed by O-methylation to yield the methyl eth82. The lactone ring was then
reduced to the benzopyran rirg@, followed by oxidation to theS-pyranobenzoquinona4,
which was the dienophile component for the Dieldekl cycloadditon step. A Diels-Alder
reaction betweeng-pyranobenzoquinond4 and diene35 afforded pyranonaphthoquinoi3é

which underwent a final stereospecific hydroxylatto afford thysanoné (Scheme 1.k

OMe O Me
Br

OTMS
~ ~OMe OH O

TMSO/é\ 35 O‘ i), (i)
HO

(vii)
O 36

Scheme 1.3Reagents and condition§) NBS, DMF, RT, dark, 16 h, 91%; (ii) M8O,, K.COs, acetone,
A, 1 h, 98%; (iii) DIBAL-H, toluene, -70°C; (iv) NaB, THF, 30°C, 1 h 90% over 2 steps; (V)
(PhCHSe), NaBH,, DMF, A, 1 h, 86%; (vi) CAN, MeCN-5D, RT, 30 min, 82%, (vii) dien&5,
toluene A, 3 h, 73%; (viii) B, CCL, hv, 30 min; (ix) THF-HO, RT, 1 h, 85% over 2 steps

13
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The synthesis of frenolicin B7, has been achieved by Kraus and co-workers, @lisg Diels-
Alder methodology as a key st&pThe synthesis commenced with the synthesis ohalc8

via an enantioselective reduction of ket@® The dianion formed through metalation of alcohol
38, was reacted with acrole#O to afford 41 as a mixture of diastereomers in a 1:1.5 ratio.
Lactone42 was then formed by a palladium catalysed carbdioylaand cyclisation of diof1,
followed by oxidation to the corresponding quinet8 Reaction o#43 with diene44 to furnish
the Diels-Alder adduct followed by treatment witbn@s reagent afforded frenolicin BY
(Scheme 1.B

Scheme 1.Reagents and conditionf) THF, —25°C, (+)-IpeBCI, 100%; (ii) EtO, BU'Li, 0°C to RT,
then —78°C,36, 44%; (iii) Pd(OAc), CO (g), THF, 65%; (iv) AgO, THF, 6N HNORT, 95%; (v)
CHJCl,, — 78°C; (vi) MeCO, Jones reagent 0°C, 81% over 2 steps.

14
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1.5.2. Phthalide annulation strategy

The use of the phthalide annulation to access pyr@phthoquinones was first described by
Kraus and Sugimoto and has subsequently been usedhe preparation of many
pyranonaphthoquinonésin the total synthesis of (-)-hongcorib described by Baker and co-
workers?® a phthalide annulation reaction between methoxanophthalidet6 and heterocyclic
compound47 furnished hongconid5, as shown ifscheme 1.7The synthesis commenced with
the Lewis acid-catalysed C-1 alkylation of glyd&lfollowed by the formation of enor. The
reaction between enodd phthalide46 resulted in the formation of hongcorib.

46 9
OMe OH
@ |) C (||) (iii) OMe CN OO 0
AcO" “CHj . Hs (lv) /"’/
OAC OAC OH 45

Scheme 1.7Reagents and conditiongi) AICls, TiCls, 85%; (ii) NH, MeOH; (iii) pyridinium
dichromate, AgO, 60% over 2 steps; (iv) THF, —78°C, LiCl (cat:$5%.

In the preparation of pentalongh®, De Kimpeet al. employed a phthalide annulation reaction
between cyanophthalidg80 and the heterocyclic compourtid.{Claessens, 2006 #230} This
annulation reaction resulted in the formation ohangconin analogu&é2. Protection of the
hydroquinone followed by reduction of the ketontafed alcohob3. Oxidation of alcohob3

to quinoneb4 and subsequent dehydration gave pentalof@ischeme 1.8

15



Chapter 1: Pyranonaphthoquinones — An Introduction

0 O OH O
(i) (i), (iii)
Clp - O 2 O o
50 CN 51 OH 52
OMe OH O OH
“é - *é - @Q:@
OMe 53

Scheme 1.8Reagents and condition§) Bu'Li, Bu'OH, LiCl, THF, —78°C to RT, 88%; (ii) ¥CO,
Me,SQ,, acetone), 50%; (ii) NaBH,, MeOH-CHCI,, RT, 52%; (iv) CAN, CHCN-H,O, 0°C then RT,
95%; (v)p-TsOH, benzene&\, 37%.

1.5.3. Reductive mercury(ll) acetate-mediated cyclisations

In our laboratories, de Koning and co-workers halkiewn that the oxidative ring closure of
benzylic alcohob5 with mercury(ll) acetate, followed by two functalngroup interconversions
affords thecis-isochromanob6 (Scheme 1.9 Their synthesis involved the treatment of benzyl
alcohol 55 with mercury(ll) acetate followed by exposure taygen, and then sodium
borohydride, to yield a 1:1 mixture of thas:trans alcohols57. These alcohols were then
oxidised to the ketong8 using PCC followed by a reduction using lithiumaralnium hydride to
afford exclusively theis-isochroman-4-056 as a mixture of enantiomers. The only requirement

for the oxidative ring closure was the presenca whyl grouportho to the benzyl alcohot?

OMe OMe OMe OMe
oH (i), (i) 0 (iii) o (iv) 0
%

OMe 55 OMe OH 57 OMe O 58 OMe OH &g

Scheme 1.Reagents and condition§) Hg(OAc),, THF, 15 min; (ii) NABH,, DMF, O,, 86%; (iii) PCC,
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1.5.4. Ring-closing metathesis (RCM)

Another strategy used to prepare pyranonaphthogasds ring-closing metathesis, which has
been demonstrated by de Kimpe and co-workers inata synthesis of pentalong#® and its

precursor psychorubi *°

o 0
Y s
= OH
o o
49 5

Figure 1.10

In their synthesis, compouri® was subjected to based-induced isomerisationeodlilgl group.

The intermediate was then treated with vinyl aeetat the presence of chloro(1,5-
cyclooctadiene)iridium(l) to affordE-vinyl ether 60. Ring-closing metathesis was then
accomplished upon treatment @&-vinyl ether 60 with Grubbs’ first-generation catalyst
furnishing cyclic ethe6l, which was converted to hemiace& when subjected to reflux in
agueous acetonitrile in the presence of tosic aeslchorubin5 was then formed by the
oxidative demethylation @2 using ceric ammonium nitrate, followed by heatwith tosic acid

in benzene to furnish pentalongifl (Scheme 1.1p
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Scheme 1.10Reagents and condition§i) BU'OK, THF, RT, 3 h, 95%; (ii) vinyl acetate, BEO;,
[IrCl(cod)],, 100°C, 12 h, 96%; (iii) Grubbs’ | catalyst, PhMR&T, 12 h, then 100°C, 12 h, 86%:; (j»)
TsOH, MeCN-HO, 100°C, 3 h, 75%; (v) CAN, MeCN-B, RT, 30 min, 91%; (vip-TsOH, benzene,
80°C, 20 min, 72%.

1.6. Project objectives

Over the past few years, research conducted idaboratories has focused on the synthesis of
pyranonaphthoquinones. To date, we have managsactessfully prepare ventiloquinonelL
(Figure 1.11) which is the monomer of cardinalin1®.®*! The bidirectional racemic synthesis of
cardinalin 310 has also been achieved in our laboratories. Mecently, the synthesis of
dehydroherbarir63 and anhydrofusarubif has also been achieved, using Wacker oxidation
methodology as the key stéfhis section of the PhD thesis will describe tpgraach to be
used in this work leading to the synthesis of uehromane core of the pyranonaphthoquinones
containing ay-fused lactone ring as found in frenolicind and medermycii2, as shown in
Figure 1.12
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OMe O OH
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Figure 1.11

Figure 1.12

As has been demonstrated by de Koning and Pelgnd shown inScheme 1.11 2,5-
dihydroxybenzoic aci®é4 has been converted into the aromatic alc@IWe envisaged that
this alcohol65 could be converted into the Michael accef@@®wutilising cross metathesis as the
key step. Subsequent Michael addition would thesulten the formation of the 3 substituted
isochromané&?.
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Scheme 1.11

Once the methodology for construction of the C3ssitiied pyran ring is in place, we will then
turn our focus to the formation of 1,3-disubstituggyran rings. We envisaged that we could
access this substitution pattern using a Grigneagtion on the oxidised aldehyde formed from
65 which would yield the secondary alcol#@8. A cross metathesis reaction would then furnish
the 1,3-disubstituted pyran ring;69 which subsequent to an intramolecular oxa-Michael
addition would affordt70 (Scheme 1.1p

~o ~o ~o ~o
OH - OH OH O (0] (0]
- — —
X X N O/\ )ko/\
~ 65 o< +68 ~ +69 ~ 70
Scheme 1.12

Once the pyran ring has been constructed, we witi bur efforts to the preparation of the
lactone ring shown iBcheme 1.13which would provide us with the desired tricyctigstem.
This would initially be conducted on the model sys67 lacking the C1 methyl substituent. The
ester chain positioned at C3 would be used to oactsthe lactone ring. To achieve this, e§ér
could be hydrolysed to the carboxylic aditi The acid71 would then pave the way, using a
radical mediated lactone formation discusse&éation 2.4.1to give the desired tricyclic ring

system72, as found in various pyranonaphthoquinone napnaducts.
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Scheme 1.13

We would like to prepare the 1,3-disubstitued pgreaphthoquinone core stereoselectively, as
this would more closely resemble the core foundnatural products like kalafungi®
(Figure 1.13. An ever increasingly popular route is the usesmfymatic kinetic resolution or
dynamic kinetic resolution, which we hope will affoa single enriched enantiomer of an
advanced precursor, as will be discussed below fubich we hoped to prepare the desired 1,3-
disubstituted isochromane cof8.

Figure 1.13

Hence, in practice we envisage that if our raceb@nzylic alcohol 8 could be selectively
acetylated to afford 24, we would be able to separate the enantiomersgusiizymatic
resolution, as shown iBcheme 1.14This would provide us with an enantiomericallyiehed

benzylic alcohol which we could employ in the coastion of the 1,3-disubstituted pyran ring.
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Scheme 1.14

Thus, the central theme of this part of the projecthe preparation of the isochromane core

found in a number of natural products. We aim tbiece this by using cross metathesis

methodology to provide us with the C3 substitutgdap. A novel radical type transformation

will be then employed to furnish the desired trigycsochromane core. Finally, we will attempt

the resolution of racemic alcoht$8, providing us with an enriched alcohol from whigh can

construct the isochromane core.
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Chapter 2:  Approaches toward the isochromane core

2.1. Introduction

Kalafungin9 (Figure 2.1) was initially isolated fronBtreptomyces tanashiensis 1968.% Its
interesting biological activity as well as its stechemical features, has made it the subject of a
number of total syntheses. The key steps, somehafvwere outlined in the previous chapter,
include asymmetric dihydroxylation, Oxa-Pictet-Sglen cyclization and acid mediated
isomerisationg? tandem Michael-Dieckmann approacfiesind approaches using Diels-Alder

reactions>®

The results discussed in this section of the Plasishwill focus on our attempts to construct the
isochromane core, starting with a model study twstoict they-lactone isochromane nucledg,
shown inFigure 2.1 The success of the model study will allow usxpasnd the methodology to
the preparation of 1,3-disubstituted isochromamreg, 75, however, lacking the naphthalene

nucleus which occurs in natural products like kahafn9.

Figure 2.1

In her PhD thesis, a fellow student, Pelly desdriber approach to the construction of the pyran
ring systems? Related work has been published by Hume and caewsrklescribing the
construction of pyranonaphthoquinones using crossiiesis as one of their key stépblsing
methodology developed at the University of the Vdievsrand, we will firstly prepare
isochroman&’2 (discussed irsection 2.2 and 2.% which will serve as the model study. We will
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then conduct the racemic/diastereomeric synthdsrd gdiscussed irSection 2.5. Finally our
attempts to synthesis@5 enantioselectively will be discussed. Our reswitd therefore
contribute to the research on the constructiorhisf tricyclic quinone scaffold of isochromanes.

Improvements to existing methodology will also bghiighted.

2.2. Preparation of ((2-allyl-3,6-dimethosybenzyl)oxy)ert-butyl)dimethylsilane 79

OH O OH O OH O
OH (i) o i o i
— — i/
76 N 77
on 8 O OH

Scheme 2.1Reagents and condition§) K,COs, allyl bromide, acetoney, 18 h, 82%; (ii) 170°C, 18 h,
78%; (iii) K,COs, dimethylsulfate, acetond, 18 h, 95%; (iv) LiAlH, THF, 40°C, 2 h, 77%; (v) NaH,
TBDMSCI, THF, RT, 18 h, 90%.

The preparation of [(2-allyl-3,6-dimethoxybenzylydftert-butyl)dimethylsilane 79 was
achieved starting from the commercially availab|B-&hydroxbenzoic acid®4 over 5 steps
using methods previously developed in our laborasorThe synthesis commenced with the
selective diallylation of both the carboxylic ac&hd the 5-OH positions d4 to give the
diallylated product6 in an 82% yield. The dilute reaction conditionsl drydrogen bonding of
the 2-OH to the carbonyl group of the benzoic amdured selectivity. This was confirmed by
the presence of a broad single6at0.36 in the'H NMR spectrum, which is characteristic of a
hydrogen bonded phenol. Thermal Claisen rearrangerok the diallylated compound6
afforded the desired produt? in 78% vyield. ThéH NMR spectrum confirmed that the product

was obtained owing to the simplification of the raatdic region, which shows two doublets at
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6 6.99 ppm an@ 6.81 ppm withortho coupling contants of 8.9 Hz each. The hydroquintne
was then methylated using dimethyl sulfate in thesence of potassium carbonate to afford the
product78 as an oil in 95% vyield. This proved to be an inaayield, (95% vs 82%) compared
to that obtained by Pelfff. The most distinctive features of th& NMR spectrum are the
presence of two upfield signals &tb6.38 ppm and 56.26 ppm which are due to the newly
introduced methoxy substituents. Reduction of es8awas achieved using lithium aluminium
hydride to afford the primary alcoh6bin 77% yield. The absence of a signal abd&0 ppm

in the ®°C NMR spectrum confirmed the loss of the carbormgiug which was present in the
starting material. Primary alcoh6b was then protected usitgrt-butyldimethyl silyl chloride,

in the presence of sodium hydride. The prodiZtvas obtained in 90% vyield. Spectroscopic
data compared well with that of Pelly with the dtimg andt-butyl groups of the silyl protecting
group appearing as signalssa.93 ppm and@ 0.10 ppm respectively in tHel NMR spectrum.

With both our free alcohd5 and silicon-protected alcoh@P in hand, we could turn our focus
towards the cross metathesis reaction which wolilchately provide us with a C3 carboxylic

acid substituted isochromane.

2.3.  Background and mechanism of the olefin metathesieaction

In the early 1950's, Karl Ziegler first noted theértain heterogeneous catalysts not only
promoted the polymerization of olefins under mitehditions but that they also facilitated the
cleavage and formation of double bonds. This isgaly referred to as alkene metathé8ishe
term metathesis is derived from the Greek wardsa meaning change anithesis meaning

position and therefore it is the exchange of pairtsvo substances as showrnSoheme 2.2

25



Chapter 2: Approaches toward the isochromane core
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Scheme 2.2

First generation heterogeneous metathesis catalysts unattractive to synthetic chemists due
to their limited scope in advanced organic synthe3ihis was mainly due to their poor

compatibility, especially with polar functional gnes, even though they exhibited high activity.
This then importantly led to the development ofoset and third generation homogeneous
catalysts that were considered to perform betterenmportantly, with higher tolerance towards
functional groups. These catalysts also showednareased thermal stability and were more
stable to air and moisturéThe two most popular and versatile homogeneotaysss (shown

in Figure 2.2) are the tungsten or molybdenum cataly$l, developed by Schrock and co-

workers and the ruthenium carbeB# developed by Grubbs and co-workers.
PCy3

FsC P(
F3CA( I Cl,.

Ph R
O |\‘/|:N CI'$U:\
0 PCy; R
F,C R
F,C

M= Mo, W R= Ph, CH=CPH,, etc
80 81

Figure 2.2

The generally accepted mechanism, also known a€liaeivin mechanism, consists of formal
[2+2] cycloadditions involving alkenes and metarbemes. The catalytic cycle shown in
Scheme 2.3shows the metal carbene acting as a catalystnidtal alkylidene82 reacts with
one olefin of the dien®3 forming the metallocyclobutane intermedi@é Cleavage of this
intermediate results in the loss of ethylé@feand the formation of a new metal alkylideB@

This newly formed metal alkylidene reacts intrancalarly with the second olefin to form a
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metallocyclobutane intermedia&/. This undergoes a second [2+2] cycloreversion igddy
alkene88 while the metal carbene catalyst reenters thdytataycle. These developments led
to Grubbs, Schrock and Chauvin being awarded theeNarize for chemistry in 2005.

>/ M]= CHz\&

QM]

%Q )

85

Scheme 2.3

All the individual steps of the catalytic cycle areversible and therefore results in an
equilibrium mixture of olefins. It is therefore ressary to shift this equilibrium forward. In the
ring closing metathesis catalytic scheme shown @pihe process is both entropically driven, as
the process cleaves one substrate molecule into pgwaducts liberating ethen85, and

equilibrium driven since the ethene liberated iktile and therefore leaves the cytle.

The metathesis of interest to us is cross metattessive hope to use this reaction to introduce
the C3 substituent to the pyran ring system. Thalytec mechanism for the cross-metathesis of
two alkenes is shown i®cheme 2.4and is similar to the Chauvin mechanism shown in
Scheme 2.3The catalytic cycle commences with a [2+2] cydifion reaction between alkene
89 and metal carben@0 forming the metallacyclobutane intermedi@te This is followed by
cleavage to afford a new metal alkylide9and the newly formed alkene prod@& The new

metal alkyliden®2 then reenters the catalytic cycle to react withtlaer alkene.
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Scheme 2.3

2.4. Preparation of isochromane 72

>0 >0  OTBDMS
OTBDMS )
X NN N
O 79 O. 94

Scheme 2.Reagents and conditiong) Ethyl acrylate, Grubbs Il catalyst, tolue®8°C, 18 h, 78%.

~O0 OTBDMS With the protected alken# in hand, we were now in a position to
build the pyran ring of compound2 We anticipated that cross

7
o8 metathesis of alken&d with ethyl acrylate would afford est@#4 as

a result of one alkene being electron rich anddther electron
poor as this favours cross-metathesis. Indeedwhis found to be the case, with the desired
product77 isolated in a yield of 78% in the presence of ®ribl (Scheme 2.5 The formation
of thetrans product was evident by NMR analysis showing a doublet of tripletss#.68 ppm
assigned as $with a coupling constant of 15.6 Hz to a signabat.13 ppm due to H The
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presence of a quartet&#.15 ppm and a triplet &t1.26 ppm in théH NMR spectrum owing to
the ethyl group and a signal &t166.9 ppm due to the carbonyl carbon further cordd the

formation of the desired product.

>0 >0

OH OH O

A AN
O._ 65 O 66

Scheme 2.6Reagents and condition§) Ethyl acrylate, Grubbs Il catalyst, GEl,, 40°C, 4 h, 86%.

We also attempted cross metathesis on the fregylemicohol 65, even though we suspected
that the free alcohol may interfere with the cagtisyactivity. To this end, in the presence of
Grubbs second generation catalyst, the free alcaimol ethyl acrylate were dissolved in
dichloromethane and refluxed for 4 hours. Much uo @elight, then,f-unsaturated est&6 was
obtained as a clear oil in 86% yieldoheme 2.5 The use of dichloromethane instead of toluene
as solvent allowed for a cleaner reaction and fiorter reaction times than that of the silylated
alcohol 79. This allowed us to avoid both the protection degrotection steps thus shortening
the synthesis. In the analysis of th& NMR spectrum we found a quartet and triple a.14
andd 1.26 ppm due to the newly added ester functiomalg The**C NMR spectrum showed
the presence of a carbonyl groupdt71.2 ppm and a strong absorption at 1712" evas noted

in the IR spectrum due to the carbonyl group, frrtbonfirming that the reaction had been

successful.

Having successfully formed both metathesis prod84tand66, we attempted the internal oxa-
Michael addition ring closure to form the pyran ginEster 94 was deprotected using
tetrabutylammonium fluoride, which in turn led teetformation of the pyran ring systesii in
88% vyield with the ester substituent present on@Beposition of the isochromane nucleus.
Alternatively, stirring este66 in the presence of sodium hydride afforded theesagran ring
system67in 86% yield Scheme 2.Y.
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SO OTBDMS
o) <N

rac-67

Scheme 2.Reagents and condition§) TBAF, AcOH, THF, 0°C-RT, 18 h, 88%; (i) NaHHF, RT,
30 min, 86%.

Analysis of the'H NMR spectrum of estéd7 showed a clear absence of tHrutyl and dimethyl
groups of the silyl protecting group of the stagtimaterial which were present &t0.90 and

5 0.07 ppm respectively. The C1 position of the pyriag contained hydrogens that were now
non-equivalent and gave rise to signal$ & 91 andd 4.62 ppm as compared to the starting
materials which showed equivalent hydrogens atbéezylic position producing a singlet at
5 4.74 and 4.66 ppm for94 and 66 respectively. The alkene protons in the startiregemals
observed as signals &b6.68 and 5.63 ppm were also noticeably absent which furginevided
evidence for the formation of the pyran ring. leingly, the downfield region of tHel NMR
spectrum was only occupied by twotho coupled aromatic protons. Lastly the most notable
feature in thé>C NMR spectrum was the clear absence of the sigmaisously associated with

the alkene carbons &{70.7 and 41.1 ppm.

With the pyran ring in place, we could now focustha formation of the-lactone ring. This
would give us the tricyclic product we required.drder to achieve this we envisaged that the
ester group 067 needed to be converted into the free carboxylid ecafford 71, followed by
the formation of the lactone ring. Pyran ediérwas therefore subjected to a KOH-methanol
saponification which afforded the desired acid picid?l as a white powder in 95% yield, as

shown inScheme 2.¢°
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0™ OH
rac-67 O rac-71

Scheme 2.Reagents and condition§) KOH, MeOH, RT, 3 h, 88%.

Interpretation of théH NMR spectrum unequivocally confirmed the preseaté¢he product
through the appearance of a broad singlét®t.00 ppm, which is characteristic of a carboxylic
acid. The quartet and triplet a8 4.19 ando 1.28 ppm observed in ethyl 2-(5,8-
dimethoxyisochroman-3-yl)aceta& were also noticeably absent. Similarly, a broadtsh at

3015 cm’ in the IR spectrum further attested to the fororatf the carboxylic aci@.

2.4.1. Lactone formation using hypervalent iodine reagents

Having formed acid’1, the final step remaining in the synthesis of madel compound was
formation of the lactone ring of2. Kita and coworkers recently reported on methogiplto
achieve lactone ring closure from similar precussar our substrate. In their study they
developed a method using hypervalent iodine(llgents with potassium bromide to form aryl
lactones from carboxylic and benzoic acids. Inipaldr, they were able to prepare a range of
lactones usingp-anisiodine diacetate. The proposed reaction mesmans shown in
Scheme 2.9 Initially, selective benzylic hydrogen abstraatioccurs due to action of the
iodine(lll) oxidants with KBr. The resulting benaylradical 95 then paves the way for the

successive oxidative lactone formation step.
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Arl(OAc), .
CO,
KBr Ph Y,
(carbonyloxy radical)
KOAc
(l)Ac
H con Br ArH(OAG) o
o — 2 COH | ————»
Ph™ 17, - HBr [ Ph 0, - Ar
-HOAc Ph

(benzyl radical)
95

Scheme 2.9Possible reaction mechanism for the formatioracfdnes from carboxylic acids

Using the reaction conditions proposed by Kita aadvorkers, we attempted the novel lactone
forming reaction from our substrate, adifl To this end, potassium bromide gménisiodine
diacetate were added to the a¢iddissolved in dry dichloromethane and the reacsiimed at
room temperature. Disappointingly, TLC analysistloé reaction was inconclusive and only
showed that starting material was being consuméld,ne new product of different:Risible by
UV. We then turned to TLC stains in an attemptisualize the forming lactone. After testing a
range of TLC stains, ceric ammonium sulfate prowebe the best stain to visualize the forming
lactone. Purification of the reaction mixture prdwguite difficult and a low yield of 29% of the
desired lactone was obtained. We suspect that #reréwo possible reasons for this outcome.
The first reason is that the reaction is low yietdand possible side products may be forming
under the radical reaction conditions, such as ghssible formation of the carbonyloxy

radical 96, mentioned by Kita, shown fcheme 2.10

Scheme 2.10
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However, TLC analysis did not show the formatioranf/ other products and no other products
were isolated by column chromatography. The sedeadon may be due to the fact that the
lactone could not be visualized readily by TLC.halugh this result was disappointing, we were

pleased that we had synthesised lacitalbeit in a low yield.

Scheme 2.1Reagents and condition§) p-Anisiodine diacetate, KBr, Ci€l,, RT, 18 h, 29%.

The most notable feature of thie NMR spectrum of lacton@2 was the absence of the OH
signal previously observed at11.00 ppm. Simplification of the upfield region ®2.50-3.00
ppm was also observed, with the protons in thetjposi to the carbonyl giving rise to a doublet
ato 2.71 ppm and a doublet of doublet$&.91 ppm. H was now observed slightly downfield
as a doublet at 5.33 ppm indicating that these protons were nowendeshielded owing to the
adjacent oxygen atom. The signab&.71 ppm only showed geminal couplingl@t5 Hz, while
the signal ab 2.91 showedJ coupling to the proton at the C3 position of U&in addition to
the geminal coupling of 17.5 Hz. TH& NMR spectrum also clearly showed the downfield
shifting of the carbon at C4 frot28.15 tod 71.84 ppm which indicates that this carbon is now
bonded to a more electronegative atom. The specpisdata compares well with literatdfe,
however, the melting point obtained (173-175°C) Wwagher than the literature value of 162—
165°C.

Having had success with the preparatio?®fwe decided to continue with our synthesis of the
C1 methyl containing analogu&b. Using the methodology developed for both the pyaad
lactone ring closures, we envisaged that we coelgirowith racemic alcohat68 (Scheme

2.12. The racemic synthesis @5 will be discussed in the next section.
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Scheme 2.12Proposed retrosynthesis of isochroma@he

2.5. Preparation of isochromane 75

In order to prepare racemic secondary alcat&8, we would begin the synthesis using our
previously prepared alcoh6b. This would then be oxidised to aldehy@leé We would then use
a Grignard reaction to introduce the methyl grotgCa, thus preparing the desired racemic

alcohol 68, shown inScheme 2.13

~o0 ~o 0 o
OH H OH
— —
A N X
+
o 65 o_ 97 O 68

Scheme 2.13Proposed synthesis of racemic alcot@b.

To achieve this, alcohd@5 was oxidised using pyridinium chlorochromate abdedronto neutral
alumina in dry dichloromethane to afford the ald##§7 as a clear yellow oil in 90% yield. The
downfield singlet at5 10.57 ppm in theH NMR spectrum, which is characteristic of an
aldehyde, proved unequivocally that the product Fadhed. Additional evidence was the
presence of a carbonyl signaléat92.5 ppm in thé’C NMR spectrum. With the aldehy®& in
hand, we turned to the preparation of our Grignagagent. This was achieved by stirring
magnesium turnings with methyl iodide in dry didtlegher. Once the Grignard reagent had
formed, the aldehyde was dissolved in dry THF added dropwise to the newly formed

Grignard reagent. After work-up and purificatione tracemic alcohol was isolated as a clear oil
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in 84% vyield. The IR spectrum showed a broad girett 3549 cm due to an OH group
suggesting the formation of the racemic alcohgs.#n the*C NMR spectrum, the loss of the
aldehyde peak previously observed d@92.5 ppm further confirmed that the Grignard tieac
was successful. Finally, a signal integrating foreé protons aé 1.53 ppm confirmed the
addition of the methyl substituent.

With the racemic alcohol in hand, we could now cwre our synthesis of isochromang, the
retrosynthesis of which is outlined 8theme 2.12In order to achieve this, we subjected alcohol
+68to a cross metathesis reaction with ethyl acrytagy dichloromethane while stirring under
reflux. After 18 hours, the crude material was fiedi to yield thea,f-unsaturated est&9 as a
brown oil in an excellent yield of 949%¢heme 2.13 This reaction proved even better yielding

than the previous model study.

\O \O
OH OH O
—
X A O/\
O, 168 O._ %69

Scheme 2.1&Reagents and condition@) ethyl acrylate, Grubbs Il catalyst, GEl,, 40°C, 4 h, 94%.

The presence of additional signals due to the edhgjlate moiety
in the '"H NMR spectrum was an immediate indication of the

success of the reaction. Interestingly, a doulfl¢tiglets due to the

S alkene proton K was significantly deshielded and was found
slightly downfield of the aromatic protons &t7.05 ppm. This signal showed coupling to the
benzylic CH, Hs and then-alkene proton, Hfound ats 3.60 and 5.66 ppm respectively. The
coupling constant between tlreand alkene protons ol = 15.6 Hz clearly indicates that the
trans product was obtained. The two upfield signalspabdet atd 1.51 and a triplet ai 1.24
ppm could easily be assigned asatd H respectively based on their multiplicity. Analysi
the **C NMR and IR spectra showed a downfield signab a@66.66 ppm and a stretch at

1712 cm® respectively which are clear indications of a oagh group. High resolution mass
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spectroscopic analysis of this compound was in gagceement with the expected value
(303.1198 amu, the calculated value f@gH;Os is 303.1211 amu).

Once again we were ready to attempt the formatfothe pyran ring. To effect this, theg-
unsaturated alkenes® in THF was treated with sodium hydride as showBdheme 2.15The
reaction proceeded smoothly with a colour changmflight brown to clear indicating that the
Michael addition pyran ring closure was occurriige produc70 was isolated after purification

by column chromatography in 85% yield as a clelr oi

\O \O
C1
OH O ; O O
cs)]\
A N N
@) <2 (0]
0] 0]

~ 69 ~ rac-70

Scheme 2.1RReagents and condition§) NaH, THF, RT, 16 h, 85%.

Subsequent analysis of thid NMR spectrum of the product showed the preserice §0:50
mixture of diastereomers, owing to the additiona&itmyl group at the C1 position of the pyran
ring. The most apparent feature of the spectrum twasdoubling up of signals, in particular
those associated with the two stereogenic cenfres.was evident for the quartetsdéab.08 and

5 4.99 ppm which each integrate for one proton amddaie to the benzylic proton at the C1
position of each diastereomer. Similarly, the nmidtis ats 4.44—4.34 and 4.00-3.88 ppm were
each due to the proton at the second stereogemieca the C3 position. Although complex, the
multiplet até 2.90-2.31 ppm was characteristic of the benzylit; @ C4 as well as the GH
alphato the carbonyl group. The presence of this migitiponfirms that the Michael addition
reaction was successful as it was not observedhenstartinge,f-unsaturated ester, but was
previously observed for the ring closed prod6@ The additional signals in th€C NMR
spectrum also confirmed that diastereomers wergepteThis was evident by the two carbonyl
signals ab 171.27 and 171.23 ppm. Noticeably, we no longer observedagdue to alkene
carbons, with signals only visible in the aliphatitd aromatic regions of the spectrum.
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As before, with the pyran ring in place we moved attention to the formation of the lactone
ring. Therefore, using the saponification condifiased in the model system we stirred the ester
70 in a KOH—methanol mixture for 2 hours. After thise, the product was extracted from the

acidified aqueous phase to afford carboxylic &8das a mixture of diastereomers in 73% vyield

(Scheme 2.1p
~o >0
(0] (0] > (0] (0]
)ko/\ )J\OH
O\ O\

rac-70 rac-98

Scheme 2.1&Reagents and condition§) KOH, MeOH, rt, 2 h, 73%.

~o 6 An analysis of théH NMR spectrum showed that the 50:50 mixture of
1 o o diastereomers was still evident. The most distecfieature in theH
3 )I\OH NMR and IR spectra respectively, was the broadlsireg s 10.42 ppm
O 40 and the broad stretch at 2974 ¢rdue to the OH group. Théd NMR
spectrum also showed the absence of the quartdtipled até 4.25 and 1.29 ppm which were
due to the Chland CH groups of the ethyl group. Accordingly, the carlsignals associated
with these two groups were also not present in‘iBeNMR spectrum. Mass determination of
m/z 267.1279 amu by high resolution mass spectrometg in good agreement with the

expected valuan/z267.1223 amu. We can therefore confidently sayttiteadesired carboxylic

acid was formed.

All that remained now was to induce lactone formatio furnish the tricyclic systei#b. To this
end, we dissolved the acBB in dry dichloromethane. Potassium bromide a@nanisiodine
diacetate were then added and the reaction waseléo stir for 18 hours. Having determined
the optimal conditions to visualize the lactone,amee again used CAS as the TLC stain. After
work up and purification, we obtained the lactoseaawhite solid in 26% vyield. As before, the

yield was disappointingly low and numerous attemgitsoptimizing this were unsuccessful.
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However, we now appeared to have only formed aleimtiastereomer, presumably the

thermodynamidrans product, shown ischeme 2.17
~N \O

0O O
Ao

6]
O rac-98 ONG b{ 75
o

Scheme 2.1'Reagents and condition§) p-Anisiodine diacetate, KBr, Ci€l,, RT, 18 h, 26%.

In the'H NMR spectrum, the most distinctive change was there was no
longer doubling up of the signals, as depictedrincsure98, in thes 2.50-3.00
ppm region, where previously we observed the nmettidue to the benzylic
CH, and the CH alpha to the carbonyl. The benzylic proton at C4 shifted

downfield due to bonding to the more electronegatixygen atom, and was
observed as a doublet&b.34 ppm with a coupling constant of 2.8 Hz sh@ngoupling to the
proton at C3. The non-equivalent g&lphato the carbonyl occurs as a doublet and a dooblet
doublets ab 2.65 and 2.92 ppm respectively, where the latter shows lbogpf 5.2 Hz to the
proton at C3. The COSY spectrum unambiguously cowdil the assignment ofs;Has the
doublet of doublets ai 4.69 ppm with coupling constants of 4.9 and 2.9 Fze °C NMR
spectrum clearly showed the downfield shifting fedé tarbon at C4 from two signalséa29.10
andé 28.19 ppm to a single peak &f71.52 ppm, indicating that the lactone had forrasca
single diastereomer. HPLC analysis/éffurther proved the formation of one diastereomath
the presence of a single peak at a retention tim8.60 min as shown i§igure 2.3 The
spectroscopic data compared well with literaturd aanfirmed that we had isolated ttrans

product as depicted in structufg.
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Total: 836.443 472.596 100.00 0.000

Figure 2.3: HPLC chromatogram of lactor®
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2.6. Enantiomeric discrimination

The next section will focus on our attempts to pregsochromang5 enantioselectively. There
are various ways in which to introduce chiralityoirmolecules, including chiral reduction of
ketones, the use of chromium complexes to seldgtimake one enantiomer and more recently,
enzymatic routes for the preparation of chiral muoles. During the synthesis 85, a racemate
of compound &8 was obtained which led to the formation of diasbeners along the synthetic
route we successfully followed. We were therefonéerested in producing the individual
enantiomers 068 which would then potentially allow for the enasttective synthesis of the

desired isochromanéb.

2.6.1. Background

In recent years, we have investigated the use ofrees to kinetically resolve racemic mixtures
of alcohols. This was first attempted in our latores by Govender in her MSc reseafth,
where she attempted to kinetically resolve a ramfgsecondary alcohols including 92 and
+100, and found that the most suitable enzyme for tiiaissformation was Novozyme 525 (also
known as CALB). The two transformations that Gowanduccessfully accomplished are
highlighted in Scheme 2.1%, which gave rise to both the enantiomerically pester and
alcohol through kinetic resolution.

0" OAc O OAc O OH
_» +
99
e /O
~ O/
(0] (0]
— +
_O  OAc _O OH
*100

Scheme 2.1&eagents and conditionoluene, buffer sol (pH 7.5), lipase enzyme, R,
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In our studies we aim to build on this foundatiard adevelop this synthetic tool within our
research group. In the section below, we will lyi@fitroduce the family of lipase enzymes as

well as outline the mechanism by which these enzyoperate.

2.6.2. Introduction to Biocatalysis

In recent years, biocatalysis has become a valuableused by organic chemists, especially in
homochiral molecule production. This is becauseymres are remarkable catalysts that display
high chemo-, regio- and enantio-selectivity, bu¢ also capable of accepting a wide range of
substrates. The availability and price of most s#asof enzymes have significantly decreased

and thus enzymes have become economically atteaasicatalysts in recent yeats.

Enzymes are macromolecules which belong to theeprdiiochemical family. Their unique
three-dimensional structure arises from the foldioig a linear polypeptide chain. This
polypeptide chain in turn consists of a linear sspe ofa—amino acids joined by amide bonds.
Enzymes possess catalytic activity, where a pathaif tertiary structure is responsible for this
catalytic activity. This is called the active siéthe enzyme and is where enzyme chemistry
occurs. The active site is a cavity in which tharaenacid side chains are responsible for binding
the substrate. Due to the chiral nature of thevacsite, it is often able to naturally bind one
enantiomer of the substrate over the other. Tigh Bubstrate selectivity is one of the hallmarks
of enzyme catalysis. Our aim was to employ a lipaseyme to kinetically resolve a racemic
mixture of alcohols in order to isolate the indivéd optically active enantiomef$.

2.6.3. Transesterification reactions using lipase enzymes

Hydrolysis reactions remain vital to cellular meikém. Lipase enzymes are known to
hydrolyse the ester functional groups of fatsdi§pand oils, which is an important aspect of food
digestion. Not only is the lipase enzyme able tdrblyse ester groups, but it can also facilitate
the reverse acylation reaction when employed with@/l donor and an alcohol acceptor. This is
possible due to the formation of a covalent acytyeme intermediate. In synthetic organic

chemistry, the use of vinyl acetate as a solvenadglation reactions has resulted in these
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reactions being high-yieldirf. As mentioned earlier, the chiral nature of thevacsite will
allow one enantiomer of a stereogenic alcohol tadetylated while the other remains unreacted
resulting in regio- and more importantly, enanfedficity. This ultimately allows for the

separation of the enantiomers using standard cliogregphic methods.
2.6.4. Lipase reaction mechanism

The CALB lipase enzyme belongs to ths-hydrolase-fold superfamily, an esterase class of
hydrolase$? The reaction mechanism by which CALB operatesebeibed to be that of the
serine hydrolases. The active site contains a\tataliad consisting of serine, histidine and
glutamate or aspartate, often referred to as Setl€#4-Aspl187, common to all serine
hydrolases. The amino acid serib@l, shown inFigure 2.4, contains a hydroxyl side chain

which assists with hydrogen bonding during the sabs and enzyme interactiéh.

H ,—OH

o
HsN" >CO,
101

Figure 2.4

There have been numerous molecular modelling suediich have been performed to
rationalize and predict the enantioselectivity &L® towards different substraté§The active
site of CALB contains an oxyanion hole which isietd to stabilize the transition state as well
as the oxyanion reaction intermediate. Also presgthitin the active site is a small cavity called
the stereospecificity pocket. This pocket is the Bi which secondary alcohols orient one of the
substituent during catalysis. The steric requiremef this pocket is what gives CALB its
enantioselectivity towards secondary alcohols. &scan see ilscheme 2.19the serine amino
acid forms a tetrahedral intermediate with the sabs Transesterification follows by the
formation of a covalent bond with the substratdaion a covalent acyl enzyme and with the
release of the secondary alcohol. In the preseheater as the solvent the alcohol will not be

re-acetylated and the reaction will not be rever3ée acylated enzyme then forms a tetrahedral
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intermediate with water bound in the active sitebstquent release of the acid results in

regeneration of the active site and the enzymeady to undergo another catalytic cytie.

1 R2
o Ser— \—y O Ser—\ 1@
> 0] ‘y/\
/ <@ HoAL -H / <@ CHo A H- (ou
Asp O LN’ L /
= R
His His
Free enzyme Tetrahedral intermediate with alcohol
)i ¥
|
R'” “OH 1O
Ser R
O N\
. 0o-ro Ser—\
Vam CINTIPN &A% /—<@ oy
Asp O "Ng'N-H----O \n/
Hi )=/ H H20 )\/ K/'H /’ )
is
Tetrahedral intermediate with water Acyl enzyme H
Scheme 2.19

In this project, we aimed to employ the natural loygbkis reaction in an attempt to resolve a
racemic mixture of benzylic secondary alcoholswHs therefore necessary to prepare the

acetylated alcohat102 which we could subject to the lipase enzyme hiydie reaction.
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2.6.5. Preparation of 1-(2-allyl-3,6-dimethoxyphenyl)ethylacetate 102

SO OH >0 OAc
—
X A
O 68 o #102

Scheme 2.2®Reagents and condition&cetic anhydride, DMAP, TEA, THF, RT, 18 h, 75%.

Racemic benzylic alcoha68 was converted into the racemic acetal®2in a yield of 75%.
This transformation was achieved by dissolvingrdeemic alcohot68 in dry THF and reacting

it with acetic anhydride and triethylamine in theegence of a catalytic amount of 4-
dimethylaminopyridine. The success of the reactvas evident due to the large change in the R
value of the product as compared to the staringeri@ht The'H NMR spectrum showed the
clear absence of the doubletsa#.07 ppm previously due to the secondary hydroxglp. An
additional upfield singlet integrating for threeofons was observed &t2.02 ppm which is due
to the methyl of the newly introduced acetate grolipe clear downfield shift of Hfrom &
5.12-4.88 td 6.39 ppm shows that this proton is experiencindjtemhal deshielding due to the
acetate group attached. THE NMR spectrum further confirmed the formation bé tproduct

by the downfield signal &t 170.57 ppm due to the carbonyl group of the ndadyed ester

As mentioned before, in her screening process, @Bmredetermined that CALB lipase was
suitable for the transformations shownSoheme2.18° With our racemic acetat€102 in hand

we were now in a position to attempt the kinetisotation of racemic acetatel02 Before we
could commence with our enzyme-catalysed reacti@nneeded to determine the enantiomeric
ratio of our racemate which should be 1:1. We tktite separation of the two enantiomers using
two chiral high pressure liquid chromatography ahaolumns, namely the Chiralcel OJ and the
Chiralcel OD columns, and found that the lattervgdd better separation with a mixture of
hexane and isopropyl alcohol as the mobile phake. Separation of the enantiomers of the
substratet102 and hydrolysis produci68 proved quite difficult and we decided that a 72559

isopropyl alcohol to hexane mixture was the bestite as the mobile phase, as this again
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provided us with the best separation. The HPLC latograms fot68 and+102, in Figure 2.5
andFigure 2.6 respectively show that we have a 1:1 racemic mexti the two enantiomers of

each compound, although for compoithe HPLC chromatogram was not ideal.

1 800-MJ-28 #129 MJ-Rac-alcohol UVvV_VIS_1
“ Imau WVL:291 nm
| 2-13.610
1,600 M
1 -13.382
1,400
1,200
1,000
800
600
400-]
2001
o N e _Lﬁg\A
'200-""l""I""I""I""I""I'"'I""I""I"'n'“n
0.0 25 5.0 75 10.0 125 15.0 175 20.0 225 25.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min %
1 13.38 n.a. 1509.335 318.158 46.94 n.a. BM
2 13.61 n.a. 1680.530 359.602  53.06 n.a. MB
Total: 3189.865 677.760 100.00 0.000

Figure 2.5:HPLC chromatogram of the hydrolysis prodtt68.

45



Chapter 2: Approaches toward the isochromane core

MJ-28 #214 MJ-66.1 UV_VIS_1
1200 1mau WVL291 nm
1 1-5.777
1,000
1 2-7.110
800
600+ \A
400+
200+
1 SBJ L B2
0 I IS
A0 s ey R B L B A FL L S ) B R '|"|"|"r'nin
0.0 20 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min %
1 5.78 n.a. 1018.805 514.622 4940 n.a. BM
2 711 n.a. 913.741  527.182 _ 50.60 n.a. MB
Total: 1932.546 1041.804 100.00 0.000

Figure 2.6: HPLC chromatogram of the acetylated prodtitD2
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2.6.6. Resolution of +102 and +68

Having determined the optimal conditions for thpasation of our enantiomers in the racemic
mixture, we were in a position to attempt our enagmkinetic resolution of aceta®2 We
decided initially to use CALB as the enzyme cadafissit previously showed promising results
in our laboratories in a similar transformation. thts point, we decided to test the enzymatic
hydrolysis reaction on a simple substrate to dateewhether the enzyme we were using was in
fact active. To this end, we subjected the tesstsate benzyl acetate to our enzyme mediated
reaction and, as expected, we observed the formafithe hydrolysed product. This was clearly

shown by the change in Ralue by TLC, therefore confirming that the enzywees active.

We subjected our racemic acetat®02 to an enzymatic hydrolysis reaction in the hope of
yielding a single enriched enantiomer of the cqroesling alcohol. The hydrolysis reaction is
regarded as the simpler reaction as no acyl dsoequired and more importantly, the ester
hydrolysis is the natural reaction of the CALB kgaThe reaction conditions required a buffered
reaction mixture for the optimal functioning of thenzyme. We therefore employed a
tris(hydroxymethyl)amino methane (Tris HCI) buffeet to pH 7.5, which maintained our
reaction suspension at pH 7.5. The racemic aceift2was dissolved in a minimum of organic
solvent, toluene, and added to the buffer solutiime reaction was vigorously stirred while
being maintained at 30°C. Aliquots were taken &rirals and analysed by TLC and HPLC to
determine reaction progress. To our disappointnedtey several days of stirring, the reaction
was not successful as no hydrolysis was observexlthéh injected the recovered material on
the HPLC Chiralcel OD column which showed our unted starting racemic acetai#02 was
untouched in a 1:1 mixture of enantiomers.

We suspected that the steric crowding around tloenmna stereocentre of our molecule,
especially thertho methoxy and allyl groups, could be hindering threetic resolution. We then
decided to isomerise the terminal alkene in theehmipchanging the sterics around the racemic
stereocentre. To achieve this we subjected racammhol +68 to an isomerization reaction
using potassiunt-butoxide in dry THF at room temperature followeyl dcetylation to yield

racemic acetat#103 as shown irscheme 2.21
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>0  OH >0  OH S0 OAc
— —
N _ _
+68 +104 +103

Scheme 2.2Reagents and condition§) KO'Bu, THF, RT, 2 h, 75%; (ii) acetic anhydride, pynie,
RT, 18 h, 68%.

N0 OH The isomerized alken#104 was isolated in 75% yield as a clear oil after
purifying the crude material using flash silica gelumn chromatography. The

A 3 presence of an additional upfield signal integtifor three protons at
O 1 §1.91 ppm in the'H NMR spectrum, indicates that the isomerizations wa

successful. This doublet of doublet4dt.91 ppm due to l showed coupling to Hand H with
coupling constants of 6.5 and 1.7 Hz. Tie NMR spectrum also showed the change in the
nature of the benzylic protons which were previgustbserved as a multiplet 8t3.46 ppm
integrating for two protons. The benzylic proton, How integrated for only one proton and was
found downfield at 6.35 ppm and showetians coupling to H with a coupling constant of
16.1 Hz. This therefore confirmed the exclusivenfation of only thetrans alkene,£104.
Finally, a doublet of quartets was observed at74 ppm and was due t@.H his alkene proton
showedtrans coupling to H with a coupling constant of 16.0 Hz and coupliogH; with a
coupling constant of 6.5 Hz. We could thereforefictamtly confirm that the isomerized racemic
alcohol+104 had formed.

With the isomerized alcohol successfully prepasddihat remained was to acetylat&04 to
form the racemic acetatel03 which we planned to resolve using our enzymatidralysis
reaction. To achieve this, we reacted racemic alcahO4 with acetic anhydride in pyridine.
The reaction was stirred overnight and after stahdeork up and purification the racemic
acetater104 was afforded in a 68% yield. In tH&C NMR spectrum, a downfield signal &t
170.40 ppm, due to the newly introduced carbonguigrwas observed. The carbonyl group was
also evident in the IR spectrum which showed a paak727 crit. The'H NMR spectrum
further confirmed that the acetate had formed du¢he absence of the alcohol which was
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previously observed as a double6&.96 ppm. Before we could attempt our enzyme utisol

reaction, we subjected103 to HPLC chromatography. The results, shownFigure 2.7,

indicated a 1:1 racemic mixture of enantiomersd3,

1 600-MJ-28 #139 MJ-144 UV_VIS 1
d :mAU 5_4308 WVL:360 nm|
1 ,400—_ 3-4.760
1,200—-
1,000—-
800-
600-
400
] 1 :
200 t
1 I\IO\.685 )
O—: SB1 o \k_.\ I§Bz
—200_ T : | : ' min|
0.00 1.00 2.00 3.00 4.00 5.00 5.76
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 0.69 n.a. 94.801 49920 13.37 n.a. BMB
2 4.40 n.a. 1524.636 164.981 4418 n.a. BM
3 4.76 n.a. 1412.389  158.498 4245 n.a. MB
Total: 3031.827 373.399 100.00 0.000

Figure 2.7: HPLC chromatogram of the acetylated prodtitD3.
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With the isomerized racemic acetat®03 in hand, we again attempted our enzymatic kinetic
resolution reaction. Employing the same reactiondd®mns as that for the resolution £102

we dissolved acetatel 03in a minimum of solvent. The dissolved acetate thas added to the
buffer solution and the reaction stirred at 30°CCTanalysis of the reaction did not show any
apparent evidence that the product had formed. ilesless we continued with HPLC analysis
of the reaction mixture. This, however, proved tiha unreacted racemic acetafi®3 was still

present and thus that the desired hydrolysis i@agtas not taking place.

Unfortunately, our suspicions regarding the stemowding of our substrate appeared to be
confirmed. This result clearly proves that the CAliBase is not as versatile as previously
thought and that our compounds which contain ayl glloup ortho to the benzylic alcohol,

cannot be hydrolysed using CALB lipase. To tes theory, we aimed to try the hydrolysis of a

similar substrate without the allyl grooptho to the benzylic stereogenic centre.

2.6.7. Preparation of 1-(2,5-dimethoxyphenyl)ethyl acetate

We decided to test the Kkinetic resolution using ienpker adduct, namely 1—(2,5-

dimethoxyphenyl)ethyl aceta#®9, shown inScheme 2.22

105 106 199

Scheme 2.2Reagents and condition) LiAIH 4, THF, RT, 18 h, 99%; (ii) acetic anhydride, pyri€j
RT, 2 h, 98%.

Therefore, commercially available 2,5-dimethoxyapéenone 105 was reduced to the
secondary alcohat106 using lithium aluminium hydride in dry THF and thesction stirred for
2 hours at 40°C. Upon completion of the reactiomasitored by TLC, the mixture was cooled

to 0°C and quenched with water. Purification of thede material furnished the racemic alcohol
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in quantitative yield. ThéH NMR spectrum unequivocally proved that we hadrfed the
racemic alcohok106 with the presence of a broad single®&®.01 ppm due to the hydroxyl
group. The IR spectrum also confirmed the presefdbe hydroxyl group with a broad peak
visible at 3410 cit. The racemic alcohat106 was readily acetylated by reacting it with acetic
anhydride and triethylamine in the presence of &@lgtic amount of DMAP affording the
racemic acetat#99 in 98% yield. The'H NMR spectrum attested to the success of theioeact
showing an additional upfield signal@p.09 ppm integrating for three protons due tontieghyl

of the acetate group. TH&C NMR spectrum also clearly showed a downfield aligris 170.07

ppm due to the carbonyl group which further conéichthe successful acetylation of our alcohol.

All that remained was to determine whether the maceacetate could be selectively hydrolysed
enzymatically. We once again dissolved racemicaae&99 in a minimum of solvent and added
this to the prepared buffer. The reaction wasestiat 30°C with vigorous stirring. After stirring
for 18 hours, completion of the reaction was deteech by HPLC analysis of an aliquot of the
reaction mixture. We were pleased to see that psated, we had a 50% conversion of the
starting acetate to what we hoped was a singletienaer of the corresponding alcohol. This can
be seen irFigure 2.8 where the ratio of peaks are equal, but withift shretention time of one
of the peaks to 6.07 min, while the acetate stgrmaterial had a retention time of 9.65 min.
Pleased with this result, we then extracted theamogmaterial into EtOAc, and separated the
products using column chromatography to yield thgeeted alcohot106in 43% yield and the
acetater99 in 56% yield.
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, MJ-28 #209 test 2 UV_VIS_1
18007 A0 WVL291 nm
1‘600_: 2-6.068
1,400 3-9.647
1,200
1‘000—:
800+
600—:
00-
200—:
0_‘ 7 | —
] S 580
] ! | [ ;
'200"‘I'"I"'I'"I"'l"'I"'I"‘I"'I"r:mn
0.0 20 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 3.58 n.a. 20.248 2.747 0.27 n.a. BMB
2 6.07 n.a. 1720493 513690 51.36 n.a. BMB
3 9.65 n.a. 1498.840 483.805  48.37 n.a. BMB
Total: 3239.581 1000.242 100.00 0.000

Figure 2.8:HPLC chromatogram confirming an equal ratio of gle¢éd product99 and hydrolysis
product+106.

Satisfied with this result we could confidently gagt the allyl or styrene substituent in racemic

acetatet102 was hindering the enantioselective hydrolysishefacetate group afl02
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2.7. Concluding remarks pertaining to the synthesis ofsochromane

In this section of the PhD thesis we aimed to dgveh feasible method to access the
isochromane core of the pyranonaphthoquinones amd particular, 1,3-disubstituted
isochromanes containg a fusethctone ring. Our keys steps in this study weeeuke of cross
metathesis as well as a novel radical lactone saiitin reaction to afford both 1,3-disubstituted
isochromanes and the tricyclic isochromanes whiclie aprevalent in many
pyranonaphthoquinone compounds. We also hopedetdCAd B lipase to kinetically resolve a
racemic mixture of the isochromane precursors, &t @ a stereoselective approach to the

isochromanes.

Our initial synthetic scheme successfully resulted¢he formation of isochromané2 in an
overall yield of 9.5% over 8 steps. As mentiondw first of our two key steps was a cross
metathesis reaction. Our initial strategy was totgut alcohol65 thus forming the silylated
product79. This was thought to be crucial as the Grubbdysitaould be incompatible with the
free alcohol. However, we attempted our metathesastion on the free alcoh6b and were
pleasantly surprised to find that the metathesistren worked better than on the silylated alkene

79, thereby, shortening our synthetic rousetjeme 2.28

~o >0 OTBDMS
OTBDMS o)
A N7
L o 94
>0 ~o
OH OH O
X NN
O 65 O._ 66

Scheme 2.23
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We were then able to construct the required pyiramreadily by using an oxa-Michael addition
reaction. All that then remained was the formatbrour y-fused lactone ring to furnisf2. The
formation of the lactone ring was more challengiman originally thought and we encountered a
few problems with this step, including with visuaiion of the lactone produ¢® by TLC. We
eventually managed to isolate our lactat®e shown inScheme 2.24albeit in a disappointing
yield.

Scheme 2.24

Employing the same reaction methodology used fersynthesis of isochroma@@ we formed
the pyran ring’0in 2.3% over 8 steps, as highlightedScheme 2.25

\O \O
OH O 3 O O
AN O/\ )J\O/\
O %69 o]

~ rac-70
Scheme 2.25

With the pyran ring constructed, we moved on taniog our lactone ring containing compound
75 (Scheme 2.26 Once again, we obtained a poor yield for outdae ring closure using the
hypervalent iodine reagents. Upon closer inspeatierwere pleased to determine that we had
formed only one diastereomer of the expected la&ct@n This was corroborated with literature
spectroscopic data, and by HPLC analysis of oudycd
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O O
D G
OH
O\ rac-98

Scheme 2.26

We then turned our focus to the enantioselectiwpgmation of isochromangs. We initially
envisaged that we could kinetically resolve ouremic alcohol using CALB lipase.
Unfortunately, we were unable to resolve racemetate 402 with this enzyme3%cheme 2.2y

A major factor in the enzymatic hydrolysis reactisnthe ability of the substrate to enter the
active site and undergo hydrolysis. This was cjeavident as we suspected that the secondary
alcohol of our substrate was too sterically crowdegimple omission of the allyl group was all
that was needed to effect kinetic resolution. Theawe been numerous research articles
regarding kinetic resolutioff;*° and it is reported that CALA allows substratestanning larger
groups attached to the stereogenic centre to beti¢atly resolved. In recent months, the
knowledge base regarding enzyme reactions hasfisatly increased and various enzymes,

CALA among others, are being tested to resolvemacacetate 02

Scheme 2.27
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Although our enzymatic hydrolysis didn’t give usetikdesired outcome, the results obtained
during this study bodes well for future researcboking into the future, CALA lipase enzyme
could be assessed in the kinetic resolution ofredca68. If this transformation is successful, a
single enantiomer of alcoh6B could be used in the enantioselective synthesisazhromane
75, first by forming a single diastereomer of pyramgr70 and finally the lactone ring of the
desired product5, as shown ifscheme 2.28

~o >0
OH O
NN O/\
(ONQ O 70
Scheme 2.28

This completes our section on pyranonaphthoquinombs work reported here serves as a
foundation for the development of a stereoselective to isochromanes.
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Chapter 3: Spiroketals - An Introduction

3.1. Introduction

The spiroketal functionality is prevalent in a nwenbf naturally occurring substances that have
been isolated from various sources such as insectstobes, plants, fungi and marine
organisms. These sources have been reviewed ifitéhature and can be divided into two
categories, namely the Pre-1970 metabolites andPdise& 1970 metabolites. Compounds which
contain the spiroketal functionality have been shdw possess a range of biological activities

and as such have attracted synthetic attertion.
3.1.1. Pre-1970 metabolites

The first spiroketal containing structures obseniadnature were the saponins and the
sapogenind? These metabolites were isolated from plant souacesare generally named after

their natural sources. They were found to possessraidal nucleus which contains a spiroketal
assembly. There is very little variation in thausture of these spiroketal-containing compounds,
with only a few variants knowrkigure 3.1 shows two of the most common spiroketals of this
class107 and 108 where the difference between them occurs at C@matidine109 is an

interesting structural variant that is an aza ayagoof107.>3

108 H 400

107

Figure 3.1
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Examples of other spiroketals found in nature & gpiroketal enol ethers that have been
isolated from theAsteraceaeplant family. These types of spiroketals contaime cr more
characteristic acetylene units in the side chaheyTare also found as either theor E-isomer
of the enol ether alkene. Variation of the sideirchaas been shown with the presence of the
common enediyne type&l0 and 111 or the thioetherll2 or thiophenell3 containing

derivatives Figure 3.2.>*

o
o
I

o

110 111 112

Figure 3.2

Spiroketal containing compounds range from the ksip such as oxeton&l4, shown in
Figure 3.3 and its derivativell5, isolated from Japanese hop Bilto the more complex
spiroketal oligomycin 116 which has been demonstrated to act as a poterdatoe
phosphorylation inhibitot® The identity of spiroketatl16 has been determined by X-ray
crystallography’

115

Figure 3.3

58



Chapter 3: Spiroketals — An introduction

3.1.2. Post-1970 metabolites

3.1.2.1. Polyether ionophores

Another class of these naturally occurring spiraleehave been derived from polyketides and as
such have been named polyketide-derived polyeth&biatics. These antibiotics have been
isolated from filamentous branching bacteda&tinomycetesand characterisation of these
metabolites has shown that the spiroketal functipnéorms only a very small part of more
elaborate structures. Examples of some of thesekgpal ring systemg,17 and118 are shown

in Figure 3.4where the 1,6—dioxaspiro[4.5]decanes predomitiate.

OCHs

//’:

OCH;  OCH;

Figure 3.4
Also members of this class are the trioxadispirakebntaining compounds. These metabolites

contain two spiroketal substructures, as showreftofiemycinl119® and dianemycirl20 in
Figure 3.5
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OCHs

Figure 3.5

3.1.2.2. Spiroketals from insect pheromones

Simple spiroketals have been isolated from mangispef flying insects. These species include
bees, wasps, beetles and flies, and have been fiourdthibit pheromonal activit}:®? The
majority of spiroketal compounds isolated contain anbranched carbon skeleton and
functionalisation does not readily occur. Spiroketd21 and 122, (Figure 3.6) have been
identified as odours of wasps dParavespula vulgarisand possess an unbranched
dihydroxynonanone skelet8RA second example of this class is the major sexgone of the
olive fly, Dacus oleag which has been identified as 1,7-dioxaspiro[mfecanel23° The
olive fly is generally found throughout the Meditatean basin as well as parts of North Africa.
It is one of the major pests of olives, hence @&ma. Compound23 was the first spiroketal to

be identified as a sex pheromone.
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() ) o
121 122 123
Figure 3.6

3.1.2.3. Milbemycin and avermeticin antibiotics

This class of antibiotics has generated the mosrast in spiroketal synthesis due to the
medicinal properties which they exhibit. These prtips include insecticidal and acaricidal
activity, however, the fact that they possess laanmmalian toxicity has piqued interest in them
as potential treatments for parasitic infectionse@articular spiroketal, ivermectit?4, has
been shown to inhibit the transmission@fichocerca volvulusnicrofilariae by the black fly
Simulium yahenséFigure 3.7).°® The transmission oOnchocerca volvulusnicrofilariae is
responsible for the parasitic disease onchocescigdso known as river blindness) which
sometimes results in permanent blindness. The mugeurse of treatment for this disease
involves the use of ivermectin and has been gesgralonated by Merck & Co for the control

of this diseasé&’

OCH;
HO,,
OCHs

Figure 3.7
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3.1.2.4. Spiroketals of marine origin

Most spiroketals from the marine environment exh#gmme form of toxicity and the first
spiroketals of this class to be described wereptigether carboxylic acids, acanthafolidins’
and okadaic acid26, shown inFigure 3.8°° These compounds were initially isolated from
sponges, however, these compounds are believed podaluced by symbiotic microorganisms
and cause diarrhetic shellfish poisoning. Otheictoretabolites such a7 from blue-green
algae have shown carcinogenic activity while otimambers of this class are responsible for

contact dermatitis affecting swimmers of the Padsglands.

125

Figure 3.8
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3.1.3. Aromatic spiroketals of interest

Spiroketal containing compounds more closely relétethe compounds of interest to us are the

aromatic spiroketals. These spiroketals includegtigeusins and the rubromycitis.

The griseusins, specifically griseusinl8and B129, shown inFigure 3.9, are members of the
class of pyranonaphthoquinones discussed in Chapt@riseusin A and B have been isolated
from a soil sample inoculated witreptomyces griseusisThey are synthetically attractive as
they contain a 1,7-dioxaspiro[5.5]Jundecane ringfu a juglone moiety. In addition, the same
y-lactone ring found in kalafungif is evident. As discussed earlier, these compoaatisas
bioreductive alkylating agents, and are active regjagram positive bacteria, pathogenic fungi

and yeasts, thus making them attractive synthatgets.

OH O

WOAc
O

. OH
o

Figure 3.9

Other compounds of interest to us are the rubromsyéiThe rubromycins are typified by an
aliphatic 5,6-spiroketal corg30fused to an aromatic naphthoquinone and isoconnmaoieties

as for130 These compounds were initially isolated by Broakm and co-workers as a red-
coloured dye produced b$treptomyces collinl€’° The rubromycins are considered potent
antimicrobial agents and more importantly, as am@er agents they suppress telomerase

enzyme activity leading to cell dedth.
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Figure 3.10

3.2. Selected synthetic strategies to spiroketals

A number of synthetic strategies have been devdldjpe the preparation of spiroketal-
containing compounds. A few selected strategiesbeildiscussed below, with the emphasis on
the preparation of the griseusin skeleton.

3.2.1. Acid catalysed approaches

The most widely used method for spiroketal formatie the acid-catalysed dehydration of
dihydroxy ketones, shown in gene@theme 3.1 This method results in the formation of the
lowest energy spiroketal stereoisomers. This metlduighly effective for the preparation of
anomeric spiroketals and therefore appropriate rfarst natural products possessing this
structural feature. This method is not without @esi drawbacks, including the intolerance of
acid-labile  functional groups. Furthermore, the thggis of nonanomeric or

contrathermodynamic spiroketals using this methogipis more challenging.

Scheme 3.1
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The past 30 years has seen the development ofitivansmetal-catalysed methods as an
alternative to the acidic conditions used previpudlhe use of these types of methods has
allowed for different strategies to be employedahheénable different modes of reactivity. These
methods have also provided new classes of compowhid$ can serve as spiroketal synthons
which have allowed for new advanced strategiestadopted. A few selected strategies of this
approach will be highlighted. For a more comprehensiew, review articles by Perron and
Palmes should be consultgd?

3.2.2. Hetero-Diels-Alder reaction methodology

The use of the hetero-Diels-Alder (HDA) reactiontinoglology has proven to be an efficient
strategy for accessing the spiroketal functionalitye HDA method is versatile as it allows for
the modification of the prepared spiroketal systégeneral outline is shown iBcheme 3.2
where the [4+2] cycloaddition reaction between eenall31 anda-methylenefurari32 or a-
pyran133will result in the construction of [6,5] and [6;8piroketalsl34 and135 respectively.
The only challenge that this method presents isgbmerisation of the exo-vinyl eth&B2 to
the thermodynamically more stable endo-vinyl ettf&$ which readily occurs under mild acidic
conditions 6cheme 3.3"

[ <

o 132 0
- o |
o
A 134
Z
131 o

[iij§§133 135
0

Scheme 3.2The Hetreo-Diels-Alder (HDA) reaction for the syesiis of spiroketals.
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o) H* o)
=0 —
132 136

Scheme 3.3Undesired isomerisation of the methylene protons

The preparation of optically active spiro-carbolatds was achieved by Jorgensen and co-
workers using an enantioselective HDA approa8théme 3.4 In their approachp,y-
unstaturated:i-ketone estefl37 was reacted witlu-methylenefuraril32 in the presence of the
transition metal catalysi38 This transition-metal mediated approach afforded endo
spiroketal 139 as the major diastereomer in 748@ The carbohydrate derivativié40 was
obtained by functionalisation of the alkene. Thealhoxyl group was introduced in amti-
Markovnikov sensé’

0
0 L o§D
EtOJ\? \w\\oy (i) Eto)}\(‘jw, Et :
. VA | R
X
137 g 132 Ogt 139 141

OEt
63%, 74% ee 21%, 84% ee

SN

u "~
t-Bu TfO' OTf t-Bu
138

Scheme 3.4Reagents and condition§) 20 mol%138 THF, —78°C, 63% (fol.39 74% ee), 21% (for
141, 84% ee); (ii) a. LiAIH, b. BH;-SMe,, c. NaOH, HO,, 40%, 100% de.
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3.2.3. Oxycarbonylation of dienones

The use of alkenes in spiroketal formation mbond activation has been extensively employed.
During their construction of bifunctional spirokkstaYadav and co-workers utilised a transition
metal palladium-catalysed double cyclisation ofndiges’® Dienone 142 was converted to
spiroketal143 with the concomitant introduction of two side s This was achieved using
catalytic palladium(ll) chloride in the presence adpper(ll) chloride, carbon monoxide and
trimethylorthoformate. The reaction is presumed pmceed through a dimethyl ketal
intermediate which was formed situ To substantiate this claim, a control experimeas
conducted where ketall44 was treated with the same reaction conditions umigh
spiroketall45(Scheme 3.k

\/\)?\/\/\ (I) MeOZC/\EO)(j\/ (1)
\ —_—
~ o CO,Me

142 143
MeO,C CO,Me
MeO_ OMe i O O
/\/\)W U > M “
144 145

Scheme 3.5:Reagents and conditiongi) cat. PdC}, CuCh, CO, MeOH, trimethylorthoformate,
50% (for143), 85% (forl45).

3.2.4. Monoacetylated ketodiol cyclisation

The diastereoselective construction of tetrahyrapgrfrom allylic acetates was reported by
Cossy and co-workers, shownScheme 3.6This type of cyclisation reaction was facilitateyl
an iron(lll) catalyst which was used to cyclise foyyd/ ketonel46 to afford spiroketall47

where a carbocation intermediate was proposed ghradnich the cyclisation had occurréd.
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OH

ZNe) Y .

AcO™ 'Ph 146 147

Scheme 3.6Reagents and conditiong) 5 mol % Fed.6H,O, CHCl,, RT, 85 min, 76%.

3.2.5. Synthesis of aromatic spiroketals: griseusin A ané&

Of direct interest to this section of the PhD tkeaie the griseusin spiroketals that display
interesting biological activity. Only one total slesis of the griseusins has been reported. This
synthesis by Yoshii and co-workers constructedsthieoketal ring system using the traditional
intramolecular cyclisation reaction of &J'-dihydroxyketone. However, a number of other
approaches to the core spiroketal system of treeiggins have been reported. In this section we

will briefly look at a synthesis pertaining to tbenstruction of the griseusin spiroketal core.

In their study, Naysmith and Brimble reported tlyatkesis of the framework of griseusin from
advanced precursors using a one-pot reacttamh€me 3.Y. The synthesis employed a Hauser-
Kraus annulation (discussed $®ction 1.5.2. between phthalidé0 and enond 48to afford the
hydroquinone dimethyl ethet49 The crude material was then subjected to a reduct

methylation reaction to afford the spiroket&i0as the sole produél.
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O OBn OMe OMe O OTBS
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0
50 TBSO 148
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Scheme 3.7Reagents and conditionBU'OK, NaOH, MeSQ,, 49%.
3.2.6. The nitroalkane approach to spiroketals

The use of nitroalkanes as carbanionic precursass become a widely used route for the
preparation of spiroketals via the assembly of diibyy ketone frameworks. These nitroalkanes
are usually accessed through Henry condensatiaitroaldol reactions and Michael additions.
The Nef reaction then facilitates the conversionthef nitro group to a carbonyl group, thus
introducing the keto functionality. The followingaions will highlight the use of the Henry

condensation reaction and Nef reaction to assethblspiroketal framework’

3.2.6.1. Henry condensation reactions

The introduction of a nitro group is quite a chafjsng obstacle to overcome. An easily
recognizable manner in which to introduce the nigroup is using a Henry or nitroaldol
reaction. This reaction is essentially a couplifgaocarbonyl compound with an alkylnitro
compound. This reaction process results in the dion of a new carbon-carbon bond and the

concomitant introduction of a new functional gronpmely theg-nitroalcohol®°
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The nitroaldol reaction is often promoted by the wé$ protic or aprotic solvents, quaternary
ammonium salts and organic bases. The reactionitocmml are usually determined by other

functional conditions present within the substratesvell as the solubility of the substrafes.

The use of alumina to facilitate the nitroaldol attan has been reported by Rosini and co-
workers® During their study, they described a simple ariitieht method for the preparation of
nitroalcohols using alumina as a catalyst in theeabe of solvent. Using these conditions, the
nitroalkanel51 and aldehydé&52 afforded nitroalkanol53in an excellent yield§cheme 3.1

NN 0 N2
NO + —
2 HJ]\

151 152 153 OH

Scheme 3.10Reagents and condition§) Alumina, 0°C-RT, 80%.

Microwave assisted nitroaldol reactions have béwnva to afford high yields of the nitroalkene
compounds without the isolation of the intermediaiteoalcohol. This procedure circumvents
the dehydration of the nitroalcohol to the nitraalk. Varma and co-workers demonstrated the
use of this method in the synthesis of nitroalkenssown in Scheme 3.1f? where
benzaldehydd54 was reacted with nitromethane in the presencaitaflydic ammonium acetate

to furnish nitroalkend55in a yield of 80%.

0
[:::I/M\H (i) [:::T/*>>/N02
154 155

Scheme 3.11Reagents and condition§) CHsNO,, NH,OAC, uv, 80%.
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One of the early key reactions used in the synshafsmorphine alkaloidd(l)-thebainone A was
a nitroaldol reaction. Tius and Kerr showed therfation of nitroalkenel56 from the acid-
catalysed condensation @fvanillin 157 with nitromethane as shown 8theme 3.13° The use
of aromatic aldehydes allows for the formationha# hitroalkene directly as this affords a stable,

conjugated alkene.

OH O OH
H,CO b @ HeCO ~_NO,
(i)
157 156

Scheme 3.12Reagents and condition§) CHsNO,, NH,OAc, HOAc, 93%.

3.2.6.2. The Nef reaction

As outlined inSection 3.2.6 nitroalkanes have proven an efficient route toeas the spiroketal
skeleton. The nitro group has often been used asarnt undergo a Nef reaction to the
corresponding carbonyl group which undergoes niptlgic addition with alcohols resulting in
the spiroketal core. The nitro group is a very &gl functional group as it can undergo further
nucleophilic addition or it can be transformed iotber useful functional groupScheme 3.13
outlines some of the different functional groupsfrmations that the nitro group can undergo.
Of interest to us, is the conversion of the nitroup into a carbonyl groumstep D.2* This

transformation is known as a Nef reaction.
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Scheme 3.13

The Nef reaction was originally described as angjracidic hydrolysis of a nitronate sa%8
which is produced from nitroalkan59. The general mechanism is shownSoheme 3.14
where nitronic acidl58 is protonated resulting ia60. Hydrolysis occurs orl60 producing

intermediatel 61 which undergoes a dehydration and loss of hypaumstracid to afford carbonyl

compoundl62
R1 +,O H* R'] +,O H* R'l +,OH HQO R1 +/OH
_N\_ _N\ ):N\ R2 N\H
R, O R, OH R, OH OH OH
159 158 160 161
R4
— =0 + H0 + H" + HNO
R2
162
Scheme 3.14
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3.2.6.3. Nitroalkanes as precursors to spiroketals

The preparation of chalcogrd63 the main component of the aggregation pheromdrtaeo
bark beetle was achieved using a double Michaeltiaddof nitromethane to different,-
unsaturated carbonyl derivatives. As outlinedScheme 3.8 nitromethane was added to 1-
penten-3-ond 64 to afford the corresponding 4-nitro keto@b. This newly formed keton&65
undergoes a 1,4-addition to acroldi®6 resulting in nitro diketoné67a The carbonyl groups
were reduced using sodium borohydride furnishingl db67h With the diol in place, a Nef
reaction was conducted using titanium trichlorideich facilitated the conversion of the nitro
group to the carbonyl group followed by the spoatars spiroketalisation to afford chalcogran
16385,86

o 166 NO,
() X
NO; e YT e YN, — |
0164 O 465 O 167a o
O o O o
167b
(E)-163  39/61 (2)-163

Scheme 3.8Reagents and condition§) Al,Os, 62%; (ii) acrolein, AlOs, 53%; (iii) NaBH, EtOH, 85%;
(iv) TiCls, H,O, 65%.

Spiroketal E)-7-methyl-1,6-dioxaspiro[4.5]decanE68 a component of odours of the wasp
Paravespula vulgariswas efficiently prepared using nitroalkanes asroigtal precursors.
Starting from 1-bromo-5-hexent69, Rosinidy and co-workers prepared ketdri® using a
Wacker-type oxidation with benzoquinon&71 (Scheme 3.B A functional group
interconversion by nucleophilic displacement of bhemine with sodium nitrite resulted in nitro
ketonel72 A Michael addition oft72 with acrylaldehydd 66 then afforded nitro diketont73

In order to form the spiroketal skeleton, nitro etinel173 was reduced to the nitro di&li74
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using sodium borohydride. The synthesislé68 was completed with the Nef reaction of nitro

diol 174, which exclusively resulted in the formation oé fa stereoisome?’

171
Br o:@:o 0 Br 0 NO,
169 ® 170 172
0 NO, OH NO, o—
(i) )k/\)\/\ (iv) /K/\)\/\ (v), (vi) @Q
Ox 173 o) 174 OH
166 (E)- 168

Scheme 3.9Reagents and conditiongi) PdCh, CuCh, DMF, 87%; (i) NaNQ, DMF, 75%; (iii)
acrylaldehyde, amberlyst A21, 78%; (iv) NaBH/1eOH, 85%, (v) NaOH, EtOH; (vi) $$0,, n-GH»,
74%.

3.3. Proposed project aims

Synthesis of The spiroketal functionality presebtgh an interesting and challenging task to
perform, and as such, one of the themes in ourdéiny has been the synthesis and assembly of
benzannelated spiroketals such as compdlifisl a precursor of-rubromycin 130 (Figure
3.11). Spiroketal175 was successfully prepared in our laboratories lapp@chi, using the
nitroalkane approach.

Figure 3.11
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In her PhD studies, Cappechi reported the use aflfRan’s catalyst in the presence of a
catalytic amount of concentrated hydrochloric a@dd cyclohexene to facilitate the
spiroketalisatiof® The synthesis commenced with the preparationdstsidel176 followed by

a Henry condensation reaction @76 with nitromethane to afford nitroalken&77 and
subsequent reduction of the alkene to give nitera#d 78 A second Henry condensationlof8
with aldehydel79 afforded nitroalkend.80 which was subjected to a modified Nef reaction to

furnish spiroketall 75, shown inScheme 3.10Ketonel81was also isolated from the reaction.

Yo " o
o 0] o (ii) © (i)
x_NO,
177
( Ph \O rPh
@@
—
O 179

Scheme 3.10Reagents and conditiongi) (a) OG;, —40°C, (b) Zn, AcOH, 84%; (ii) (a) MeNp
cetyltrimethylammonium bromide (CTABr), 0.025 M NEO100%; (b) MsCl, PsNEt, CH.Cl,, 96%;
(i) NaBH4, MeOH-THF, 70%; (iv) NHOAc, AcOH, 57%; (v) cat. Pd(OHYL, EtOH, conc. HCI,
cyclohexene, Kg) (1atm), RT, 64% (fot75 and 18% (forl81).
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Our central aim for this PhD thesis stems fromilwek earlier conducted by Capecchi as the
mechanism of this modified Nef reaction is not kmowldentification of the reaction
intermediates of this Nef reaction may allow foe #lucidation of the mechanism of this novel
reaction. In order to conduct this investigation evisaged that we required substrates which
lacked a phenol that could be liberated under ¢aetron conditions as this would be required to
facilitate the spiroketalisation reaction. A moretalled reasoning for the omission of the free
phenols will be discussed 8ection 4.1

We also plan to synthesise the spiroketal framewbdgriseusin A. We envisaged that we could
achieve this by using methodology developed some tago at Wits University, i.e., the
nitroalkane approach.

A proposed synthetic route is outlinedSoheme 3.1Wwhich shows the formation of nitroalkane
precursorl82 from readily prepared starting materials. This idoallow the formation of
nitroalkenel83from the reaction 0o£82 and aldehydé&84. The synthesis of the aromatic core of
griseusin A would then be accomplished through & Mdaction of nitroalkenel83 to give
spiroketal185
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Scheme 3.11
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Chapter 4. Mechanistic studies of the Nef reaction

4.1. |Introduction

4.1.1. Background to project

As discussed in the previous chapter, Capecchinglirer PhD studies observed what appeared

to be a novel Nef-type reaction during the prepamabf the bisbenzannelated spiroketal core
188,89

175 of they-rubromycins130, shown inFigure 4.

Figure 4.1

In particular, Capecchi found that when nitroalker® was exposed to Pearlman’s catalyst
[PA(OHY/C] in ethanol with a catalytic amount of hydroairoacid and cyclohexene under an
atmosphere of hydrogen, spiroketdls and the “open” keton&81 were formed and isolated in
yields of 64% and 18%, respectivefoheme 4.1

Scheme 4.Reagents and conditiong) cat. Pd(OHYC, EtOH, conc. HCI, cyclohexene,(d) (1atm), rt,
64% (for175 and 18% (forl81).
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Two possible mechanisms for this transformationehasen proposed and are show®amneme
4.2. The first mechanism involves initial reductiontbé& nitro groudl80 to the hydroxylamine
186 followed by conversion to the enamid87 which would hydrolyse to the carbon¥81
under aqueous acidic conditions. This would themeptne way for the cyclisation to the
spiroketal producl75 An alternative mechanism involves the reductibthe nitro groupl80

to the hydroxylaminel86 which would then tautomerise to the oxirb@3 and this would be
followed by hydrolysis to the carbonyl81 and once again as before converted to the
spiroketall75 Related literature precedence for the latter raeidm identified oximes as
intermediates and they were indeed produced wheo gioups were reduced using palladium
on carbor??
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/
~o O
e
O 175

Scheme 4.2Proposed mechanism of the Nef reaction
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Our research will therefore build on this as we éntp confidently elucidate the mechanism of
this modified Nef reaction. Our main aim for thisonk is to try and identify stable and
characterisable intermediates, if any, that arelired in our Nef reaction and thereby elucidate
the mechanism of the reaction. As showisahneme 4.2the formation of the carbonyl group of
181 as well as the removal of the benzyl protectingugs is required for the formation of the
spiroketall75 In order to determine the intermediates involirethis transformation, we chose
substrates that may afford stable, isolable inteiates that could not be converted further to the
spiroketal functional group. We therefore decidedsde three substrates lacking substituents that
would furnisho-phenols, namely piperonal, anisaldehyde and wan#éind convert them into
aromatic conjugated nitro systems of the generatttre shown irFigure 4.3 Compounds of
this general structure, when subjected to Pearlsnaatalyst would then not be able to form

spiroketals.
“OBn Bno
NO, NO,
>~ >

Figure 4.2

R1 NO, O R4-Ry=-OCH,0-

R J R1= OCH3 R2=H

2 R4= O'Pr R,=OCH;
0]
~

Figure 4.3
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4.2. Preparation of nitroalkenes

The following section describes the preparation oofr initial nitroalkenes by a Henry
condensation reaction. Methodology described byckimt and Mountwala was employed to

successfully prepare the desired nitroalket®% 190and191 **

R1 R1
— ..
R H R N0,

2

189: R, =R,=-OCH,0O-
190: R =OMeR,=H
191: R, =OPrR,=0OMe

Scheme 4.3General reaction scheme for the formation of alkenes.

Commercially available aldehydes piperotP, anisaldehydd 93 andO-isopropyl protected
vanillin, (4-isopropoxy-3-methoxybenzaldehyde)94, were added to freshly distilled
nitromethane in the presence of ammonium acetajaal acetic acid. The reactions were then
stirred under reflux for 6 hours resulting in deegd solutions. The reactions were cooled and
after workup and purification by recrystallisatibom a diethyl ether and hexane mixture, the
corresponding nitroalkene produd89, 190and191 were furnished as yellow solids. The yields
obtained for these reactions were determined a#erystallisation. The general reaction is
shown inScheme 4.3
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Table 4.1 shown below shows a summary of each itheatkenes prepared and their isolated

yields after recrystallization.

Table 4.1: Synthetic yields for the nitroalkenes pepared

Substrate Product Yield (%)
4 SO
O 0 “>No, 43
192 O 189
% NO, 51
193 O 190
I \O(
T2 “
~o0 ~o0 V4 NO,
194 O 191
It was evident from théH NMR spectrum of189 that the aldehyde
o 3 5 proton was absent. Also noted on the spectrum weoedownfield
6<O /5 o doublets ab 7.92 and 7.47 ppm due to Hand H, respectively. Each
2
T4 of these doublets showed coupling of 13.6 Hz conifig the formation

of the trans isomer of the conjugated alked®9 The aromatic region shows three distinct
signals indicating three different environmentsd@ublet a 7.00 ppm due to Hwhich shows
metacoupling to the multiplet found &t7.08 ppm due to Hwith a coupling constant of 1.5 Hz,
and doublet ad 6.87 ppm due to Hshowingortho coupling of 8.0 Hz to K The only remaining
signal até 6.06 ppm, observed as a singlet integrating far pwotons was therefore due t@.H
The **C NMR spectrum further attested to the successhefreaction as no signal above
8 160 ppm characteristic of a carbonyl group waseolexl. Instead, two new signals were
present ab 139.1 andd 135.4 ppm due to the newly introduced alkene aasbG4 and C5

respectively. The presence of the newly introdugetlo group was confirmed by IR
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spectroscopy which showed absorption bands at 46601368 cit which are characteristic of
the nitro functional group. Thigans geometry of the alkene was also confirmed by tlesgnce
of a CHeakene Stretch at 965 cm in the IR spectrum. The experimental melting poirts
determined to be 161-162°C and correlated well il expected melting point of 164—
165°C*

(E)-1-Methoxy-4-(2-nitrovinyl)benzen&90 was prepared using-anisaldehyde as our starting
material. Thepara substitution pattern observed on the aromatic riegults in a simplified
NMR spectrum compared to the previously examineoalkenel89%

o X The most distinctive feature of tH&C NMR spectrum ofL90 is the
- 2
5 /4 absence of a downfield signal abavd60 ppm indicating that we no
! 2 3 NO- longer had our aldehyde functional group. Insteeel,again observed

signals in the alkene region &t139.03 ands 135.07 ppm which are due to C3 and C4
respectively. In the'H NMR spectrum, the presence of the alkene wasircoed by the
observation of a doublet & 7.97 ppm due to ¥ showingtrans coupling of 13.6 Hz to the
multiplet ats 7.51 ppm due to overlapping of the signals from) H4 and H-.

(E)-1-1sopropoxy-2-methoxy-4-(2-nitrovinyl)benzeri®1 was prepared from 4-isopropoxy-3-
methoxybenzaldehyd&.This substrate was prepared by reacting vanilisalved in DMF with
isopropyl bromide in the presence of sodium hydriflee most notable difference between
nitroalkenesl89 and191 was the presence of this isopropyloxy group aemes in theéH and
13C NMR spectra.

8, 8 The'H NMR spectrum was characterized by the presenem aipfield
\o/ 3 ) doublet atd 1.41 ppm integrating for six protons. This signas due
6 /5 to Hg and showed coupling of 6.1 Hz tg.H he remaining differences

o 4 NOz  petween nitroalkena89 and 191 were the presence of a singlet at

8 3.90 ppm integrating for three protons and a $egité 4.65 ppm integrating for one proton

corresponding to KHand H respectively. These features were also observeade®C NMR
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spectrum with three upfield signals&?1.45,6 56.12 and 21.93 ppm due to C7, C6 and C8
respectively.

4.3. Synthesis of nitroalkanes

The reduction of the conjugated double bond preseetich of the nitroalkenes was the next
step in our synthesis. This was accomplished bystbw addition of sodium borohydride to a
stirred slurry of the chosen nitroalkene and sigiedin a mixture of isopropanol and chloroform.
The mixture of protic and aprotic solvents in tliegence of an insoluble protic phase is believed
to prevent the formation of dimeric products. Theskl experimental conditions provide for a
rapid reaction and more importantly, afford puredurcts in near quantitative yieldBA visual
indication that the reaction was progressing was dhange in colour from bright yellow to
colourless. Once completed, as indicated by TLQyaisa the reactions were filtered through
celite and purified by column chromatography tddjitne nitroalkane compound®5, 196 and

197 as pale yellow oils.

o 3 ) 5-(2-Nitroethyl)benzaf][1,3]dioxole 195 was isolated in 71% yield and
6< m characterised by NMR spectroscopy. TReNMR spectrum confirmed

© 1 4 NO the successful reduction of the double bond obalkenel89, with the
loss of signals previously associated with the radkprotons and the presence of two new triplets
atd 4.55 and 3.21 ppm for | and H, respectively. Thé’C NMR spectrum further attested to
this with the upfield shift of the carbons assaamibwvith C4 and C5 fror 139.08 and 135.44
to 6 33.20 and 101.15 ppm respectively. A singlet integrating fwo protons due to Hwas
observed aB 5.92 ppm in theH NMR spectrum. The remaining signals were dueh t
aromatic protons and were observed &.74 ppm due to ¥l and até 6.68—-6.62 ppm due to

overlapping of the signals from protong &hd H.

o X Analysis of the'H NMR spectrum ofl96 once again provided us with
~ 2'
S 4 evidence that the reduction of the double bonditnbalkenel190 was
! 2 3 NO. successful. We were pleased to observe the disapmeaof signals

arising from the alkene protons and the concomitpyearance of the expected triplets as
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observed for nitroalkan295. These triplets each integrated for two protond were found at
8 4.55 ands 3.24 ppm for H and H respectively. All other spectroscopic data, inatgd-C
NMR and IR spectroscopic data, confirmed the foromabf 196.

8_, 8 The last reduction we attempted was performed droalkenel191
j)/ 3 ) which resulted in the formation of nitroalkat®7. Pleasingly, when
6\omNo we examined the®C NMR spectrum of197, we noticed the
1 4 2 unmistakable upfield shift of the carbon signalsviwusly found at
6 139.41 and124.45 ppm due to the alkene protonsy 838.18 andd 76.53 ppm, respectively.
This therefore confirmed the change in the nattirtese carbons from being?spybridised to

now being sphybridised.

4.4. Synthesis of nitroalkenes 199, 200 and 201 using iig condensation reactions

Rs o< Ry NO, Ol 199 R;-Ry=-OCH,0-
HON > N 200 R;= OCHj; R,=H
Ry NO, Ry Dethal
198 201 R;= O'Pr R,=OCH,

O O

Scheme 4.4General scheme for the preparation of nitroalkenes

Having successfully prepared our nitroalkah8§ 196 and197, all that remained was to couple
each of these nitroalkanes with a suitably sulistitu aldehyde. We chose 2,4-
dimethoxybenzaldehydEd8 as this would afford substrates that mimic thecpirgor180 which
contained twartho-O-benzyl substituents as closely as possible. T©d¢hd, we attempted the
Henry condensation reactions using the same metlgo@émployed inSection 4.2 However,
following several attempts using TLC analysis tded®ine the progress of the reactions, we
suspected that our product and starting nitroalkeatesimilar Rvalues. This was confirmed by
NMR spectroscopy. We therefore decided to adapt method to drive the reactions to

completion. The formation of nitroalkenes and ndtoalcohols as observed in some cases
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indicates that spontaneous dehydration occurs fayittie nitroalkene. We therefore employed a
Dean-Stark set up for our subsequent Henry contlensaeactions in order to facilitate
dehydration of the intermediate nitroalcohol. Thogroalkanel95 196 or 197 was stirred in
toluene under reflux with 2,4-dimethoxybenzaldeh¥€@8in the presence of ammonium acetate.
After six hours, the reactions were cooled andfimation by recrystallization from a diethyl
ether and hexane mixture afforded the desired gagal nitroalkene compound89 200 and
201 as bright yellow solidsScheme 4.4

Nitroalkanel95was used as the precursor in the formatiorZpb¢(3-(2,4-dimethoxyphenyl)-2-
nitroallyl)benzofl][1,3]dioxole 199 TLC analysis of the reaction showed a bright oxelispot
appearing which was visible to the naked eye anslavaromising sign that we were forming a
nitroalkene. The product was isolated and puribgdilica gel column chromatography to yield
what we expected to be our nitroalket®9. However, theH NMR spectrum showed that our
product was contaminated with the starting aldehfRizrystallization to remove the unreacted
and unwanted starting material afforded pureZ)-5-(3-(2,4-dimethoxyphenyl)-2-
nitroallyl)benzofi][1,3]dioxole 199in a good yield of 71%.

o 5 3 oL 8 o Interpretation of theH NMR spectrum confirmed that the
6<O desired nitroalkenel99 had indeed formed. This was
4 2 1 o indicated by the presence of two singletsoéaB.52 and
6 4.14 ppm corresponding to ;Hand H respectively.
Interestingly, the alkene proton;Hvas significantly deshielded giving rise to a sigmt
5 8.52 ppm, owing to the alkene being conjugatdabth the nitro group and an aromatic ring. A
singlet integrating for two protons was observed &.14 ppm, due to benzylic protons,H
slightly downfield compared to that of the startiniroalkane195 The **C NMR spectrum
showed the presence of an alkene carbon, C3,181.38 ppm and a CH correlation spectrum
was used to unambiguously assign the remainingooarbf nitroalkend 99 The results of the

mass spectral analysis afforded an accurate m&#af129 which was in good agreement with
the expected mass of 344.1129 for a compound dbtineula GgH17/NOs.
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Table 4.2shows a comparison of NMR spectroscopic datatobalkene product200 and201,

and the recently discussed nitroalké®® (shown inFigure 4.3). It is evident from the table that
the benzylic alkene proton occurs at a similar doehshift and is significantly deshielded in
each product. The benzylic methylene protons atsmmat similar chemical shifts across all
three products. The same trend is observed focdah®ons associated with these protons as well
as for the carbons attached to the nitro group. Vieds obtained from these Henry
condensation reactions were also considerably hitife those obtained for the nitroalkenes
prepared inSection 4.2 The removal of water by use of a Dean-stark taglearly an
advantage. All spectroscopic data including IR spscopy and mass spectrometry confirmed

the identity of these aromatic nitroalkenes.

b

ST Ol el
o) NN N \O N
2 1 O\ 2 1 O\ 2 1

o)
199 200 201 ~

Figure 4.3

Table 4.2: Trends in the’H and **C NMR spectroscopic data of the nitroalkene product prepared
and data comparison

Signal 199(ppm) 200(ppm) 201(ppm)
"H NMR spectrum
Hi 8.52 (s) 8.52 (s) 8.53 (s)
H, 4.14 (s) 4.16 (s) 4.17 (s)
3C NMR spectrum
Ci 131.38 131.11 131.27
C2 32.98 32.43 32.82
C-NO, 146.44 147.75 147.66
Yield (%) 71 87 72
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4.5. Application of our Novel Nef reaction conditions

With nitroalkenesl 99 200 and201in hand, we turned our attention to the deternonaof the
intermediates involved during what we consideredéoa novel Nef reaction. To achieve this,
we would subject each of our nitroalkenE89—-201to Pearlman’s catalyst in ethanol in the
presence of catalytic concentrated hydrochloricl &rd cyclohexene under an atmosphere of
hydrogen®

We first attempted these reaction conditions oroaikenel99, as shown irscheme 4.4Upon
completion of the reaction as monitored by TLC, té&ction mixture was filtered to remove the
Pearlman’s catalyst. The resulting filtrate, asstirtee contain our reaction intermediates, was
subjected to an aqueous work-up, and the cruddiosaamixture was purified by column
chromatography. This process yielded three prodastyellow oils. Review and analysis of
these three isolated products showed the formatianreduced nitroalkan202, an oxime203

and finally a carbonyl containing compou2@4 (Scheme 4.1

<
o)
204
O\
o —— oo™
o} X o}

199 ¢

N O\

EENN O VOR
(@)

O\ 202

Scheme 4.4Reagents and conditionsat. Pd(OHYC, EtOH, conc. HCI, cyclohexene, Ktlatm), RT,
29% (for204), 37% (for203) and 5% (for202).
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o 5 5 , 8 o Compound204 was isolated as a yellow oil in 29% yield with
6 <o an R of 0.39 in a 30% ethyl acetate: hexane mixturealysis
4 2 1 o of the'H NMR spectrum showed the loss of the alkene proton
previously observed a 8.52 ppm, and the appearance of a
singlet atd 3.61 ppm. The only downfield signals we observedendue to the aromatic protons.
The most downfield signal, observed as a doublet 698 ppm showedrtho coupling of
8.7 Hz and was assigned ag &$ confirmed by NOE experiments. This showed doggb H,
which was found within overlapping signals &6.44 ppm. The doublet &t 6.74 ppm was
assigned as Has it only showedrtho coupling of 7.9 Hz. A slight upfield shift of pat H,
was observed from 4.14 tod 3.59 ppm, which is an indication that this proismow less
deshielded. The most notable feature in’fi&eNMR spectrum was the presence of a downfield
signal até 206.71 ppm, which unequivocally confirmed the pree of a carbonyl group. This
result was corroborated by the IR spectrum whiobma&u a stretch at 1715 chdue to the

carbonyl group. Furthermore, the signals associat#d the alkene carbons &t146.44 and

131.38 ppm were no longer present.

o 5 5 N,OH 8 o The most polar product isolated, with apndR0.25 in a 30%
6 < ethyl acetate: hexane mixture and in 37% vyield, was

° 4 2 1 0\9 determined to be an oxime containing compound. ysislof

both the'H and*C NMR spectra showed the doubling of

signals and therefore led us to believe that agpasable mixture of both tieandZ-isomers of
oxime 203 were formed from nitroalken®99. The*C NMR spectrum showed the presence of
signals ab 158.42 and 158.31 ppm which were assigned to BaeandZ-isomers of the carbon
of the oxime functionality. A defining aspect ofettH NMR spectrum was the presence of a
broad singlet ab 9.47 ppm which is due to the hydroxyl group of theme. This was also

observed when analyzing the IR spectrum which sdoaebroad stretch at 3220 €m

characteristic of a hydroxyl group.
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leedven
° 4 2 10 T 0 °
~N
features were the loss of the alkene proton insthging material found & 8.52 ppm, and the
appearance of a multiplet integrating for one pnados 5.03—4.87 ppm. We therefore assigned
this signal to Hh. Using a COSY NMR spectrum, we confirmed that gignal coupled to the

most upfield signal found aé 3.24-2.86 ppm which integrated for four protonsl amas
therefore due to protons;lnd H. Under the reaction conditions used, it could kgeeted that

The final product isolated from the reaction mietun 5%
yield was nitroalkan202 which was the least polar and was
found at an Rof 0.61 in a 30% ethyl acetate: hexane mixture.

In the analysis of théH NMR spectrum, the most evident

the nitro group would also be reduced to the antinejever, no evidence of this was found. The
'H NMR spectrum did not show the presence of a bmiaglet integrating for two protons as
would be expected. Furthermore, the IR spectrurwstiestretches at 1591 and 1288 twhich

are characteristic of a nitro group.

We then performed the reaction on nitroalkeP@3and201, and observed similar intermediates
being formed to those isolated in our initial réactwith nitroalkenel99. Nitroalkene200
afforded carbony205 oxime206 and nitroalkan07 when subjected to the novel Nef reaction.
A similar trend was observed for the Nef reactiémitroalkene201 where we again isolated
carbonyl208 oxime209 and nitroalkan210. As shown inTable 4.3 the chemical shifts in the
NMR spectra observed f@02 203 and204 were similar to those ¢&f07 and210, 206 and209,
and205and208 (Figure 4.5).

R
e
Ry
O\
202: R;-R,=-OCH,0-

207: R1= OCH3 R2=H
210: Ry= O'Pr R,=OCH,

Figure 4.5

Ry ! o ! N Ry O NI,OH! O
Ro Ro
O\

204: R4-R,=-OCH,0-
205: R,= OCH; R,=H
208: R,= O'Pr R,=OCHj,

203: R4-R,=-OCH,0-
206: R,= OCH, R,=H
209: R;= O'Pr R,=OCHj3
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Table 4.3: A summary of the NMR spectroscopic dataf products of our novel Nef reaction

Compound "H NMR shift (ppm) 3C NMR shift (ppm) Vield (%)
H, H. Cc=0 C=N C-NO;

204 3.61 3.59 206.71 — — 29
203 3.60/3.55 | 3.41/3.32 — 158.42/15831 - 37
202 3.24-2.86 — — 89.73 5
205 3.62 3.60 206.97 — — 24
206 3.73/3.59 | 3.40/3.55 — 158.30/158[12 - 25
207 3.26-2.95 — — 89.90 47
208 3.62 3.61 206.97 — — 30
209 3.62/3.59 | 3.43/3.35 — 158.43/158]35 - 17
210 3.11 2.99 — - 89.64 7.4

Having successfully isolated what we assumed tdhieeintermediates involved in the Nef

reaction, we were in a position to propose a mdshaty which this particular Nef reaction

operates. Based on the intermediates isolated remope that nitroalkent80is reduced to the

hydroxylaminel86 and at the same time removal of the benzyl gragusirs Scheme 4.5

This hydroxylamine186 tautomerises to the more stable oxirh88 which in turn gets

hydrolysed to the carbon$B1 This carbonyll81is attacked by the free phenols which result in

the formation of the spiroketal75 This mechanism corroborates the earlier propdbsal

Capecch

P8,89

92



Chapter 4: Mechanistic studies of the Nef rection

Scheme 4.5Mechanism of the Nef reaction
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4.6. Attempts towards the spiroketal core

Having elucidated the mechanism of the novel Nattien, we could now turn our focus to the
preparation of the spiroketa85 (Scheme 4.5

0 o ~0
Br Br Br
g — oo — o —
X X ~0
O 21 0 212 _O 213
\O \O
Br Br
99 e
—_— —_—
OH OBn
O 214 e 215 _0O 182
BnO “g/v %
184
Scheme 4.6

The next section of this chapter of the PhD theslistherefore focus on our attempts towards
the assembly of the spiroketh85 We aimed to use the methodology developed dusing
mechanistic studies where our key steps were ayHanrdensation and our novel Nef reaction
(Scheme 4.B
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We envisaged that spiroketdl85 could be prepared over several steps starting from
commercially available 2-bromonaphthoquinone. Tih& &Etep in the synthesis would employ a
Hunsdiecker reaction to introduce the allyl groofiofved by protection of the quinone as the
aromatic ethe212 The alkene could then be oxidised to the aldeligti@ved by reduction and
subsequent protection of the alcohol as the beethdr215 Nitroalkanel82 could then be
prepared using a palladium mediated cross coupéagtion with nitromethane which could be
subjected to a Henry condensation reaction Wadto afford nitroalkend 83 If successful, the
more complex aromatic conjugated nitro containingipound could then be subjected to our
novel Nef reaction conditions to give the desirpulaketal185 as shown irscheme 4.6

0] 0]
Br Br
L) — 0]
X
(o) 211

Scheme 4. Reagents and condition¥inyl acetic acid, AQN@ ammonium persulfate, MeCN, 60—
70°C, 24 h, 79%.

To this end, a modified Hunsdiecker reaction wapleyed where ammonium persulphate in
water was added to a solution of vinyl acetic asitier nitrate and 2-bromonaphthoquinone in
acetonitrile. The reaction was heated to 60—70%C2#b hours before purification by column
chromatography yielded 2-allyl-3-bromonaphthalepedione 211 as a yellow solid in 79%
yield (Scheme 4.y?° This product proved unstable and decomposed omlisg even at low
temperatures (—20°C). A211 is a known product, we decided to only obtairtHa NMR
spectrum to confirm the identity of the productdadn use the material in the subsequent step
immediately to avoid decomposition.
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0 In the analysis of thtH NMR spectrum oR11 the presence of signals in

B . . .
O‘ r2 the mid-region of the spectrum was a positive slgat the product had
A

3 indeed been formed. The most upfield signa at64 ppm integrating for

© two protons was observed as a doublet of tripbatd, was assigned to the

methylene protons at:H This signal showed coupling to three other sign#l coupling of
6.6 Hz to the protons & 5.87 ppm which we assigned tg,Hnd coupling of 1.4 Hz to the
signals at 5.27 andd 5.22-5.10 ppm which were due to alkene protogsadd Hy,. H, also
showed bothrans andcis coupling to H, and H, of 16.6 and 10.0 Hz respectively. The only
remaining signals were due to our aromatic protors were found as multiplets &8.21-8.11

ands 7.82—-7.72 ppm each integrating for two protons.

The next step was to protect our unstable quirRirieas an aromatic ether. This was achieved
by initially stirring quinone211 with phase transfer catalyst tetrabutylammoniumiide in
tetrahydrofuran with sodium dithionite in waterfezilitate the reduction of the quinone to the
hydroquinone. An aqueous solution of potassium dwide was then added to deprotonate the
intermediate hydroquinone followed by the additardimethyl sulfate to furnish the dimethyl
aromatic ether211l Column chromatography vyielded the product, 2kdWpromo-1,4-

dimethoxynaphthalene as a yellow solid in 75% yisldr the two steps’

~0 Evidence that the reaction was successful wasnauatdy examination of
Br both the’H and**C NMR spectra. The most distinctive feature in tHe
OO 2\ NMR spectrum was the presence of two signas &B2 and 3.98 ppm
0 3 each integrating for three protons. This confirntedt we had in fact
introduced aromatic methoxy groups. This was vadideby the’>C NMR spectrum with the
presence of downfield signals&i50.17 and 150.95 ppm due to the two quaternary aromatic
carbons attached to the methoxy groups. SimilaHg, methoxy group carbons were found
upfield in the expected region &t61.36 and5 62.69 ppm. When thtH NMR spectrum was
examined we noticed a shifting of the methylendgqrpH, from 6 3.64 tod 3.79 ppm indicating
that these protons are more deshielded. A simibgexvation was made for the alkene protons
where H was previously found & 5.87 ppm and was now observed d.07 ppm while H,

and H, were now observed as one multiplet signal at12—4.98 ppm. The IR spectrum agreed
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with this finding as no carbonyl stretches of thengne were observed. We could therefore

confidently say that we had forméd2

Keeping our focus on the preparation of nitroalkd®e, as shown inScheme 4.6 we now
turned our attention to the conversion of the adlybstituent o212 into the 2-carbon chain
alcohol protected with a benzyl protecting groupotder to do this, bromoalke242 was first
oxidised to aldehyd213 using ozone as shown$sheme 4.8This was achieved by stirriri 2

in dicholoromethane in the presence of Sudan llb@sindicator. The reaction was cooled to
—78°C and ozone gas was passed through the reacixture. Upon completion of the reaction,
as noted by the colour change from pink to col@s;lelimethyl sulfide was added to quench the
reaction and purification after work-up affordedettyde213in 63% yield as a pink solid.

~o ~o
Br Br
.. — O
X e
o\ 212 o\ 213
Scheme 4.8(i) Sudan lll, Q, dimethyl sulfide, CHCl,, 63%.

~o The’H NMR spectrum confirmed the formation of aldehyd& with the
Br presence of a downfield signal&®©.86 ppm which is characteristic of an

OO Xy aldehyde functional group. Also noted was a dovdfishift in the

O methylene proton signals froi 3.79 tos 4.13 ppm indicative of these
protons being more deshielded due to the newlpdhited aldehyde. These observations were
verified by the"*C NMR spectrum, with the presence of a signal 598.54 ppm indicating that
the carbon of the aldehyde was present. Once agf@ndownfield shift observed for the
methylene protons in théd NMR spectrum was supported by tH€ NMR spectroscopic data
with the shift fromé 34.36 tos 45.20 ppm. The IR spectrum further attested tdfdhmation of
the aldehyde showing a stretch at 1717*aioe to the carbonyl functional group.
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Reduction of aldehyde213 was accomplished using sodium borohydride in nmetha
(Scheme 4.9 A change in the Rralue from 0.33 to 0.23 in a 20% ethyl acetateaahe mixture
suggested that the reduction of the aldehyde tgtheary alcohol214 had taken place. The

product214was isolated as a white solid in 73% vyield.

~o ~o
904 COC
~0 OH
o 213 o 214
Scheme 4.9NaBH,;, MeOH, RT, 73%.
~o Examination of the IR spectrum d14 provided the first piece of

Br evidence of the success of the reaction, showingraad stretch at
OO S oH 3364 cm® due to the hydroxyl group. We also noticed thes lo$ the
O carbonyl stretch which was previously found at 12&v". The'H NMR
spectrum confirmed this as the only downfield signae now observed were due to the
aromatic protons. We observed a tripleb dt91 ppm which showed coupling of 5.5 Hz ta H
H, was observed &t 3.92 ppm as a doublet of doublets with couplind®56 and 6.7 Hz to the
protons at H, found as a signal at3.31 ppm due to it being deshielded by the hydrgxgup.
H, coupled to the equivalent protons a3 &hd was therefore observed as a triplet with a
coupling constant 6.8 Hz. Formation of the alcotals further confirmed by th&C NMR
spectrum. The most explicit indication was the lofghe carbonyl signal at 198.54 ppm.
Instead, we now witnessed the presence of a sagadl1.36 ppm which was assigned as C2, as
this was characteristic of a carbon attached t@amen atom. All other carbon signals were

assigned using a CH correlation spectrum.

All that remained to do before we attempted thenfiiion of nitroalkand.82 was the protection
of alcohol 214 We chose a benzyl protecting group as we knew tthia would easily be
removed if we subjected it to the Nef reaction ¢bons to form our desired spiroketaB5,

shown inScheme 4.6 Therefore, alcohoR14 was dissolved in dimethyl formamide. Sodium
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hydride followed by benzyl bromide were added dmalreaction mixture was stirred overnight.

Column chromatography afforded our protected alt@aé as a white solid in 61% vyield.

~o As expected, we no longer observed the tripleé dt91 ppm

Br previously seen for the alcohol. A clear singletoa4.58 ppm

OO 2 o 2 integrating for two protons had appeared which weeeted to be
O 1 @ due to the methylene protonss, léf the newly introduced benzyl

group. Additional signals were also observed ferdhomatic protons of the benzyl group in the
regioné 8.11-7.21 ppm. These protons overlapped with tlidshe naphthalene moiety and
thus were not individually assigned. THE NMR spectrum also showed the appearance of
more carbon signals, the most important being te¢hyhene carbon of the benzyl group, C3
which we observed & 72.90 ppm. The other signals which had appearee Yoeind in the
aromatic region as expected. Mass determinatioHBMS of the produc®15 showed the

relevant increase in mass compared to the precigor

With 215 in hand we could move our efforts toward the faioraof the aromatic nitroalkane
182, realizing that this would be the most challengstep in our synthesis. However, a number
of studies, in particular by Kozlowski, have beenducted describing the Pd-catalyzed coupling
of aryl halides with nitromethane to furnish arytaimethanes®® In these studies, bromoaryl
substrates were converted to the correspondingniaopihethanes using nitromethane, an
appropriate base and ligand as well as a palladatayst. A range of arylnitromethanes were
prepared using these methods where the most amimase was determined to be caesium
carbonate, the ligand chosen was XPhos, while #iegum catalyst used was J#ba. We
therefore decided to test the reaction on simpdenbbenzene as was conducted in the reference

98,99

articles Scheme 4.11)°""” and were pleased to observe the consumption oftading material

to afford the expected arylnitrometha2ibs as confirmed by NMR spectroscopic analysis.
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Scheme 4.11

Therefore, using this methodology we dissolved moaphthalen@15in nitromethane under an
atmosphere of argon. 4A Molecular sieves were addednsure that the reaction was kept
moisture free. Xphos ligand, caesium carbonateRohdba were then added and the reaction
mixture stirred at 50°€° The reaction progress was monitored by TLC aner atirring for 24
hours no consumption of the starting aromatic le2itb was observed. Work-up of the reaction
resulted in the recovery of starting materi@tlijeme 4.1 At this stage, we proposed that a
likely reason that the reaction may not be progngssould be owing to steric hindrance or the
electron rich nature of the substrate not allowtimg oxidative addition of the palladium(0) to

take place on the aromatic bromide.

We then decided that the reaction would be attethpiea substrate which lacked the alkyl side
chain. To this end, we subjected 2-bromo-1,4-dimethaphthalene217 to the reaction
conditions described above to determine whethersttie chain was influencing the reaction

(Scheme 4.1p To our disappointment we once again isolated starting material.
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Scheme 4.12

We could therefore assume that our starting argtime 215 was overly electron rich due to the
electron donating methoxy substituents and it va&s électronic effect that was preventing our
palladium-coupling reaction from proceeding. Revieythe literature, we found another article
by Kozlowski where she described a similar coupliegction in which nitroacetates were used
instead of nitromethan@® The ethyl-2-nitroacetate was assumed to work raffeetively due to
the higher acidity (pKa 5.8) as compared to nitaaés (pKa 10). We therefore attempted the
coupling reaction between our arylhalid&5 and ethyl-2-nitroacetate instead of nitromethane
while keeping the palladium source and base theasenthat of our earlier experimenge¢tion
4.6). However, once again TLC analysis of the reactroxture showed no consumption of our
starting material and crude NMR spectroscopic amlghowed the presence of our starting
arylhalide215

4.7. Concluding remarks pertaining to Chapter 4.

The central theme in this chapter was the elu@dawtf the intermediates, and thus the
mechanism, of our novel Nef reaction. The key lieastinvolved in the preparation of these
intermediates were a Henry condensation reactiomelks as a modified Nef reaction. Our
second aim was to develop methodology toward thepgration of the spiroketal core of
Griseusin.
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With respect to the elucidation of the mechanisnowf modified Nef reaction, we envisaged
that we would need to begin this investigation vatibstrates which did not contain amyho-
phenolic groups (described fBection 4.). To this end we used three different substrates,
namely piperanal, anisaldehyde and vanillin in eynthesis of nitroalkene precursors. A Henry
condensation reaction was performed on each ofnttial substrates to yield nitroalkené89,
190and191, as shown irFigure 4.5

. TT. RO
o > No, Z> N0, o 2> N0,
189 190 191

Figure 4.5

In order to obtain théis-aromatic system, we envisaged that a second Hewmmgensation
would be necessary. This was achieved by the rextucf the double bond in nitroalken£89,
190 and 191 followed by a second Henry reaction with 2,4-dinobetybenzaldehyde to form
nitroalkenesl99 200and201, shown inFigure 4.6.

e} NS NS \O NS
199 0L 200 O 201 0L

Figure 4.6

Having successfully prepared the nitroalkenes tilied in Figure 4.6, we performed our
modified novel Nef reaction to determine which mtediates were involved. Isolation of the
products from each reaction confirmed the presesfcéhree different intermediates. These

intermediates were classed as nitroalkanes, caHgonyaining compounds and oximes.
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Figure 4.7 shows these intermediates using the nitroalké®€@s200 and 201 as substrates in

the Nef reaction.

R R R
O 0L O

202: R4-R,=-OCH,0- 204: R;-R,=-OCH,0- 203: R;-R,=-OCH,0-

207: R1= OCH3 R2=H 205: R1= OCH3 R2=H 206: R1= OCH3 R2=H

210: R= O'Pr R,=OCH, 208: R;= O'Pr R,=OCH, 209: Ry= O'Pr R=OCHj
Figure 4.7

Literature precedent by Varma and co-worké€rgonfirms that oxime formation occurs from
unsaturated nitroalkenes, while Monti and coworKérsonfirmed the rapid hydrogenolytic—
hydrolytic conversion of oximes to carbonyl contagrcompounds. Based on these results, we
propose that the novel Nef reaction proceeds byémeral mechanism shown$theme 4.13
Nitroalkene218is reduced to the hydroxylamirZd9 This hydroxylamine tautomerises to the
more stable oxime&20 which eventually undergoes a hydrolysis reactiontite carbonyl
compound221 Our substrates lack thertho-phenolic groups and therefore cannot continue
toward the formation of the spiroketal functiongalitt was also pleasing that the intermediates
themselves could be converted to the carbonyl nmedrate which we postulate to be the

precursor to the spiroketal moiety.
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Scheme 4.13Elucidated reaction mechanism of our Nef reaction

Unfortunately, the preparation of the spiroketatecof griseusin proved less fruitful than the
mechanistic studies. Although this was the casehexe made some progress towards the
spiroketal core and we were able to propose syinthaites which may prove less challenging.
We initially envisaged that we could prepare thérofetal core using the methodology
developed in the mechanistic studies. We theredoreed to prepare aromatic hali@i82 from
commercially available 2-bromo-naphthoquinone. ™gs successfully achieved in four steps,

as shown irscheme 4.14

Review of the literature provided evidence that aeeld couple arylbromides with nitroalkyl
compounds using a palladium catalyst to providéngrgmethane compounds. However, when
we attempted this reaction on our substrate, wg igolated our starting bromid&l5 We then
tried the reaction on simpler systems such as bbemzene and 2-bromo-1,4-
dimethoxynaphthalen217 and found that the former reaction was successhile the latter
yielded only starting bromid217. As discussed earlier, the lack of success ofréastion may
be due to the electron donating effect of the methsubstituents inhibiting the oxidative
addition of palladium(0) to arylbromid@d5and217.
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Scheme 4.14

Even though our efforts to form the arylnitrometbsuid not meet with much success, there are
literature reports which provide alternative aventegepreparing these compounds. Looking into
the future, we could employ the strategy used hyrBelhack for the preparation 822'% In
their study they used chromium complexation to foaityl quinone type compounds. A
conjugate addition of nitromethane to compouwz8 was then performed followed by the
reduction of the quinone system and subsequenegiron to yield arylnitromethan222 as

shown inScheme 4.15
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Scheme 4.15
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Once the arylnitromethan222 is successfully formed, the alkene could be ordliso the
aldehyde224 followed by reduction to yield alcoh@R5 (Scheme 4.1% This alcohoR25 could
then be protected using benzyl bromide to affogdn#romethane226. If these transformations
were successful, a Henry condensation reaction dstwarylnitromethane226 and 4-
(benzyloxy)butanal 84 would provide us with nitroalken227 on which we could perform our
modified Nef reaction. This would hopefully resiritthe formation of our expected spiroketal
core228

>0 o >0 o >0 o
(I e (I e (1 e
222\ 224 o 225 o
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oL 226 84
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O O 228
Scheme 4.16
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Chapter5:  The angucycline antibiotics

5.1. Background and Introduction

A large number of secondary metabolites of microbiain, called the angucycline antibiotics,
exist in nature. This group of metabolites recdhl&ir name from their characteristic four-ring
frame (labelled A, B, C and D) of the aglycone mpmehere an angular assembly is observed
and is related to the aromatic tetracyclic bejajthracene systen229 shown in

Figure 5.1103:104

Figure 5.1

The angucycline antibiotics have been shown to gessa range of biological activities which
include antibacterial and antiviral activity andtastatic and enzyme inhibitory effects.
Tetrangomycin230 and tetranguloR31 were the first isolated members of the angucycline
antibiotics and to date more than one hundred mesmhave been describ&¥. The earliest
antibiotics were considered simple sugarless argdwegs, such as tetranguld®31 with
relatively low molecular weights of slightly morkain 300. However, recent examples of these
compounds have molecular weights in excess of 19@h as landomycin 232and urdamycin

233 owing to their attached carbohydrate moietiégyre 5.2).
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Figure 5.2

The anguclycline secondary metabolites have alhbselated from various soil samples or
shallow sea muf® In the classification of these compounds, it wasnfl that they all belong
exclusively to theActinomycetegroup where the majority of the organisms werasifeed by

various species @treptomycetel®
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5.2. Classification of angucyclines

The angucyclines are divided into two broad classésssical and non-classical aglycone
moieties Scheme 5.1 The classical angucyclines are subdivided ino types, while the non-
classical angucyclines are subdivided into fouresypThis classification is based on structural
features which arise from either the C-glycosylato the 12b-mono-oxygenase reactions which
are key biosynthetic reactions involved early ie Synthesis of these antibiott®.Each of

these classes and subclasses will briefly be disclim the next few sections.

With a Classical Aglycone Moiety
\/ \/
Without a C-Glycosidic Moiety With a C-Glycosidic Moiety
\/ V% \/ \%
With Without With Without
Angular Angular Angular Angular
Angucycline Oxygens Oxygens Oxygens Oxygens
group
antibiotics
With a Non-Classical Aglycone Moiety
\% V
Chromophore Enlarged Rearranged
\/ v
Ring-A Opened Ring-B Contracted
Scheme 5.1
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5.2.1. Classical angucyclines

5.2.1.1. Angucyclines without C-glycoside moiety

This type of angucycline system is most commonlynfband considered the simplest based on
the biosynthetic pathway. Most compounds of thiassl are angucyclinones, which are

compounds lacking a sugar functionality, with taedomycins family being the exception.

5.2.1.1.1. Metabolites with angular oxygen

Metabolites of this class contain angular oxygehictv originates from acetate (4a—0) and from
air (12b-0) early in their biosynthesis throughreduction by a mono-oxygenase. The antibiotic
SS-228Y234'%19 gand the sakyomicin famil235° typify this class of metabolitesigure
5.3). The initial proposal for the structure of SS-22834 was revised after biosynthetic studies
on the vineomycins. Other antibiotics which faltarthis class of metabolites are the sulfur-
containing antibiotics, an example of a sulfur-eamihg antibiotic is sakyomicin 236 which

contains a sulfide group believed to originate frmethionine'®?

Figure 5.3

Specifically related to this project are the langom antibiotics such a&32 This group of

compounds was discovered in 1990 and is considaeetest known family of the angucycline
antibiotics. The landomycins were isolated fr@tmeptomyces s@nd were found to comprise
tri-, penta or hexasaccharidal chains. Feeding experiments have siiwatrihe backbone of the

landomycins arise from acetate and malonate whegebtosynthesis involves a decaketide
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intermediate237 which undergoes cyclisation and aromatization itee dandomycin232 as
shown inScheme 5.2%

acetate
+ —_— 1

9 x malonate 20

O e =
7-07

OH

Scheme 5.2

5.2.1.1.2. Metabolites without angular oxygen

This subgroup of metabolites contains a varietgtnicturally related compounds that possess an
anthraquinone chromophore and vary with respecthéo number and positions of free or
methylated hydroxyl groups present such as in X814838 (Figure 5.4).'° A rarity of this
group is the presence Gkglycosidically bonded sugar moieties. The anguogces possess a
saturated angular ring and a keto-group at C1. &eduof this keto-group to the secondary
alcohol is observed in metabolites such as rubrgengy 239. Other structural features observed
in this class include the presence of the hydrgxgups in unusual positions, such as in X-14881

D 240which arise as a result of the oxygenase actofithe producing organisnis
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OH
240

Figure 5.4

5.2.1.2. Angucyclines with a C-glycosidic moiety

In this section, we will describe all angucyclingsich possess a C-glycosidic moiety. A large
number of angucycline antibiotics possess thisadtaristic and structural feature and therefore
constitute the largest group of C-glycosidic amtilss. The C-glycosidic containing

angucyclines can also be divided into two clasHssse containing metabolites with angular

oxygen and those without angular oxygen. Thesectagses will be discussed below.

5.2.1.1.1. Metabolites without angular oxygen

These metabolites are the least common of the gunbjes. The first examples of these
antibiotics include the benzanthrins241 and B242which exhibit a C-glycosidic moiety linked
to ring A as well as an O-glycosidically bondedbearydrate at C1Rigure 5.5).*23A unique

aspect of these carbohydrates is that they arecasnigars.
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(@]
241: R =
HO N(CHa),
(@]

Figure 5.5

5.2.1.1.2. Metabolites with angular oxygen

The earliest example of this class of metabolites \mquayamycir243*4*® A number of
structurally related angucyclines, such as urdanoye E244 and F245 are often called the
“aquayamycin-type” antibiotics and have also beerscdbed. Variation in this class of
antibiotics occurs in the form of deoxy sugar uaittsched to C3, C4’, C5’ and C12b, as shown

in Figure 5.61%

Figure 5.6
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5.2.2. Non-classical angucycline antibiotics

The class of non-classical angucycline antibioticaot as structurally diverse as the classical
angucyclines and the inclusion of these compousdasgucyclines is based on the chemical and
biosynthetic approaches. This class of compoundsulslivided into four categories two of

which will briefly be discussed.

Linearly annelated naphthacenequinone antibiotiea’zeh been described as containing
galtamycinone246 as their aglycone moietfigure 5.7).1*" It is thought that these compounds
are derived from classical angucyclines based em tixygen atom substitution pattern, as well
as the presence of the C-glycosidic moiety. Bothyeratic and non-enzymatic reactions are
thought to allow this conversion to take place.example of this class is galtamy@a6-81°

which possess a linear fused ring system.

O OH 0 OH
R/O Q HO 0
HO HO

OH O OH 246 OH O OH 247

Ry = HSC(H2C)4\/\/\HZ"-E
(0]

Figure 5.7

The chromophore enlarged angucycline antibiotiGaned due to their conspicuous darker
colour, were first found to occur within the urdasimyfamily. Studies on the biosynthesis of this
class of compounds showed that the urdamycins arwedl from the classical angucycline
urdamycin A248 and different amino acid§® In Figure 5.8 we can see that the tetracyclic

angular ring system is present in the chromophol&ged angucycline antibiotics.
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HO
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Figure 5.8

5.3. Biological activity of landomycin

The angucycline antibiotics, and in particular taedomycins, have been shown to possess a
diverse range of biological activities such as aatcer, antibacterial and enzyme inhibitory
activity. The biological activity of landomycin Aals been extensively explored and it has been
found to possess bioactivity against 60 cancerliogls, including potent activity against prostate
cancer cell line$? It has been shown to inhibit thymidine uptake inrime smooth muscl&?

and also inhibits cell cycle progression. Its uralsactivity is attributed to its long
oligosaccharide chain, as landomycins which posstgster oligosaccharide chains have
expressed weaker activitf? The angucycline antibiotic, landomycin 229 (Figure 5.9, has
exhibited anticancer activitin vitro andin vivo and has been suggested to act by inducing

apoptosis??
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Figure 5.9

5.4. Synthetic strategies towards the landomycin core

A number of synthetic strategies have been devdldpe the synthesis of the angucycline

antibiotics due to their diverse biological aciest as well as the attractive structural features
they possess. There are several reviews whichidedtre synthesis of these antibiotics where
most of the earlier reported syntheses utilisedlsotal reactions, such as the Diels-Alder reaction
or nucleophilic or electrophilic addition, as theykstep. In recent years, a number of additional
reactions were used as key reactions in the syistbéthe angucyclines such as transition metal
catalyzed cross coupling and intramolecular cytbrastrategies. We will briefly discuss these

classical and newer reaction methodologies fosymthesis of the landomycins.

5.4.1. Diels-Alder reactions

The tetracyclic core of the angucycline antibiotias been widely accessed via a Diels-Alder
reaction of a suitably substituted diene and di@éilepThis method allows for the formation of a

range of angucyclines due to the structural ditersfithe dienes and dienophiles.

The enantioselective synthesis of five closelyteglanatural products has recently been achieved
by Kaliappan and co-workers using this methodolagyshown irscheme 5.3%* A Diels-Alder
reaction between 1,3-dier®50 and 5-acetoxy-2-bromo-1,4-naphthoquindl in toluene at
80°C afforded an intermediate Diels-Alder addu¢te Tebromination of this adduct followed by
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aromatisation yielded tetracycl252 A photooxygenation reaction &52 afforded natural
product, (+)-ochromycinong253 A methylation reaction of (+)-ochromycino283 afforded a

second natural product, (+)-rubigino2&4.

(iii)

Scheme 5.Reagents and conditionf) Toluene, 80°C, 16 h; (ii) ¥COs;, MeOH, 45% over two steps;
(i) hv, O,, benzene, 20 h, 82%; (iv) AQ, Mel, CHCI,, RT, 5 h, 82%.

The aza anoalgues of the angucyclines have alsofrepared using a key Diels-Alder reaction.
Valderrama and co-workers illustrated this in theeparation of 5-aza-angucyclinone
analogues?® In their synthesis, 1,3-dier56 was subjected to a Diels-Alder reaction with a
substituted 7,10-phenanthrenedi@%, which furnished the nitrogen containing angucyatie
skeleton 258 Using a selective deprotection-oxidation techajganalogue258 could be
converted to either the corresponding 8-hydroxyuagglinone analogu60 or the 8-non-
hydroxy analogu@61 (Scheme 5.1
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Pg = SiMe3

Scheme 5.4Reagents and condition§) DCM, RT, 82%; (ii) HCI, THF-HO; (iii) PCC, 63%; (iv) HCI,
THF-H,0, 66%.

5.4.2. Nucleophilic addition strategies

Inter- and intra-molecular nucleophilic additioncligation reactions have been widely used
since the first synthesis of tetrangulB1l This reaction methodology has been used in the
regioselective assembly of the tetracyclic corarmjucycline antibiotics. The most widely used
version of this type of reaction is the anionic 24-€ycloaddition reaction. This is better known
as the Haus&%® or the phthalid¥’ annulation. The nucleophilic reaction can be dbsedras an
intermolecular Michael addition which is followedy la cyclisation reaction between-
unsturated carbonyls and an anion. This synthetateg)y, shown inScheme 5.5 has been
illustrated by Mal and Dey in the total synthesiB&-23254262'%° In their synthesis, lithium
tert-butoxide was used to generate an anior2@8 which was used in the key reaction with
guinone monoketal64. This reaction afforded the preliminary angucyedoackbone265.
Aromatization using DDQ, followed by demethylatiand subsequent ester hydrolysis furnished

the natural produ@62
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COzMe

NC MeO

2
O64

(iii), (iv)

Scheme 5.5Reagents and condition§) Bu‘OLi, THF, —60°C to RT, 71%; (ii) DDQ, 49%; (iii) Alls,
78%; (iv) aq. NaOH, 92%.

Another example in which a nucleophilic additiorciggation reaction is used as a key step is in
the total synthesis of landomy@66. As shown inrScheme 5.6Roush and Neitz constructed the
tetracyclic angucyclinone skeleta?67, using a base mediated intramolecular nucleophilic
addition cyclisation reaction 0268'*° The synthesis commenced with the construction of
naphthoquinon@68 using a Dotz benzannulation reaction between &IRA69 and chromium
carbene270. The key cyclization reaction @68 was initiated by sodium ethoxide followed by
the aerial oxidation of the unstable hydroquincegutting in the formation d267. Landomycin

266 was afforded after the removal of the protectiraugs.
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AcO
OPg OMe AcO OPg O O
Cr(CO)s (i), (ii) O‘ (i, (iv)
+ — _ S
X
OPg OPg O OTBS Pg=MOM
268

OPg O OTBS OH O OH
267 266

Scheme 5.6Reagents and condition§) heptane, 55°C; (ii) CAN, C¥N, 35-40%; (iii) NaOEt, EtOH,
0°C, 87%; (iv) NaOEt, EtOH, air, 55°C, 45%; (v) 5.0 HCI, MeOH, 0°C, 1.5 h; (vi) MgBr THF, 0°C,

65% over two steps.
5.4.3. Electrophilic addition strategies

The synthesis of the angucyclinone skeleton usiagtrephilic addition or Friedel-Crafts type
reactions has been widely reported. The first eoseliective total synthesis of kanamycir2 Tl
has been achieved by Lei and Porco using this stintmethodology, shown iScheme 5.7
The synthesis commenced with a Pd-catalysed $tillss coupling between vinyl bromi@&2
and stannan273to afford biaryl compoun@74. A diastereoselective reduction of the carbonyl
group of 274, using Super-hydride, followed by the ring openiofj the epoxide, acetyl
protection and TBS deprotection afforded alcabith The secondary alcoh@lr'5 was oxidised

to the carboxylic acid276 before being subjected to a Friedel-Crafts cytbsa with
trifluoroacetic anhydride to provide the tetracgctiore277. The synthesis was completed to

yield 271 after the oxidation of the hydroquinone and intrcitbn of the diazo functionality.
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(i), (iii)
(iv), (v)

(i), (x)
(xi), (xii)

OAc

Scheme 5.7Reagents and condition§) Pd,(dba), AsPH;, CuCl, DIEA, CHCN, 70°C, 4 h, 70%; (ii)
Super-Hydride, THF, —78°C, 1 h, 80% (dr> 10:1)) (ﬁi(OiPr)4, Bw"NOAc, CHCl,, RT, 10 h, 60%; (iv)
Ac,O, pryridine, RT, 2 h; (v) BN-3HF, CHCN, RT, 12 h, 67% over two steps; (vi) TPAP, NMO,
CH,Cl,, RT, 20 min; (vii) NaCIQ, NaH,PQ,, 2-methyl-2-butene, BOH-H,O, RT, 12 h, 88% over two
steps; (viii) TFAA, DCE, RT, 1 h, 90%; (ix) CRBrPfOH, 84°C, 1 h; (x) Pd/C, air, EtOAc, RT, 30 min,
70% over two steps; (xi) TBSNHNHTBS, Sc(OFfCH,CI, (xii) PhlF,, 2-chloropyridine, CHCl,, 35%

over two steps.

Another example in which a Friedel-Crafts cyclisatreaction was used as a key step was in the
synthesis of prekinamyci@78. In their synthesis, Kimura and co-workers perfedma Suzuki
cross coupling reaction between boronic &8 and bromide280 to furnish biaryl281%*! The
aldehyde was then oxidised to the carboxylic &#82 The conversion to the acid chloride
followed by the intramolecular Friedel-Crafts cgeliion reaction provided the tetracyclic
compound283 Deprotection with BBy followed by hydrazone formation and subsequent

oxidation afforded prekinamyci278 (Scheme 5.8
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—> —
OMe OMe ©
283

Scheme 5.8:Reagents and conditiong) Pd(PPR),, 2M NaCO;DME, 90°C, 48 h, 97%; (i) 15%
NaOH, 30% HO,, MeOH, 120°C, 1 h, 80%; (iii) (COGI)CH:CN, 80°C, 10 min; (iv) AlG, CH.Cl,,
RT, 2.5 h, 81% over two steps; (v) BBCH,Cl,, —40°C, 24 h; (vi) TSNHNE 1M HCI, EtOH, 90°C, 2 h;
(vii) Fetizon’s reagent, B, CH;CN, RT, 30 min, 47% over three steps.

5.4.4. Transition metal catalyzed strategies

Transition metal catalysed C-C bond formation styegs have become a useful tool for organic
chemists in recent years. A recent example invgharMichael addition, elimination and Heck
coupling was described by Herzon and co-workerthénsynthesis of kanamycinZ84'*? The
construction of kanamycin F284 commenced with a tris(diethylamino)sulfonium
trimethyldifluorosilicate [TASF(Et) | mediated Mielel addition reaction between quinc2@b
and hexenon@86 to afford intermediat@87. Intermediate287 was then subjected to a Heck
cross coupling reaction to afford benzofluore2@8 A diazo functionality was introduced
followed by oxidation to the quinone. Reductiontled carbonyl group followed by deprotection

yielded kanamycin B84 (Scheme 5.9
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Scheme 5.9:Reagents and conditiongi) TASF(Et), CHCI,, —78°C, 79%; (ii) Pd(OAg) polymer-
supported PRh Ag,CO;, toluene, 80°C, 66%; (iii) Tfi DIPEA, CHCN, 24°C, 99%; (iv) TIPSOTHf,
CH.CI,, 0°C, DMDO, CHCI,-CH;OH, —40°C, 76%; (v) BETHF, THF, —20°C, 58%; (vi) AcCl,
CH30H, —-12° to 0°C, 65%.

5.4.5. Intramolecular cyclisation reaction strategies

[4+2] Cycloaddition or [2+2+2] intramolecular remets have also been used for the one-step
synthesis of the angucylinone skeleton. Transit@tals like cobalt or gold have generally been
used to facilitate these reactions. The stereasetesynthesis of (-)-tetrangomyc#80, shown

in Scheme 5.10by Groth and co-workers involved a cobalt mediatgcloaddition as the key
step133

benzaldehyd@91 followed by a base mediated TMS removal and sub=®qglrBS protection of

Chiral triyne289 was prepared from the initial addition of lithidtectadiyne290 to

the newly formed secondary alcohol to afford intedmte289. Cyclisation of intermediat289
affforded intermediate292 which was oxidised followed by MOM deprotectiom turnish
angucyclinone compourZB3 A TBS deprotection and regioselective photooxatatompleted
the synthesis d230
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Scheme 5.10Reagents and condition§) K,COs;, MeOH, RT, 16h, 96%; (ii) TBSOTf, 2,6-lutidine,
CH.CI,, 0°C to RT, 12h, 91%; (iii) CpCogH.),, EtO, —60°C to 0°C, 4h, 93%; (iv) Ag(pInO,, SIiO;,
CH.CI,, RT, 8h, 48%; (v) AcCl, MeOH, RT, 2h, 96%; (vi).adF, CHCN, 50°C, 5h, 86%; (vii) air,\n
CHCI, RT, 48h, 60%.

5.5. Proposed Aims of the project

Due to the biological activities and diverse stmes of these landomycin antibiotics, our first
aim for this section of the PhD project was theealepment of novel synthetic methodology for
the preparation of this tetracyclic skeleton. Usegetrosynthetic approachSg¢heme 5.11
tetracyclic skeletor294 can be obtained from an intramolecular cross et reaction of
diene 295 We envisaged that dier295 could be prepared using a Suzuki cross coupling
reaction of an appropriately substituted boronic &96 and arylboromide212 This specific

brominated naphthalene precursor was availablereglibeen synthesised by uihapter 4.

Scheme 5.12
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The success of this initial synthetic route willoal us to build a mini-library of tetracyclic
compounds which resemble the landomycin antibiofite variation in these compounds can
arise from different substituents in either thel &mpmide or boronic acid. A general synthetic

route is shown irscheme 5.12

R
~ R ~ 2
(0] 2\\ (0] |
= _—
| P + (HO),B p— P
R] N CHO R;
O\ O\

Scheme 5.12

Our second aim would be to use this developed rdetbgy to prepare the natural product,
tetrangulol. We envisage that we would need togmean appropriate boronic adé7 as well
as the aryl bromid298 Once prepared, a Suzuki reaction betw2@nand298 would afford
our biaryl compound299 which would then undergo a Wittig reaction follady an
isomerisation reaction to afford a dieB@0 which we can subject to a cross metathesis reactio

to afford our tetracyclic tetrangulol analogd@l, as shown irscheme 5.13

Scheme 5.13
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Chapter 6: Synthetic strategies towards the angucycline antibtics

6.1. Introduction and background

In this section, we will discuss our research cateld towards developing a synthetic strategy to
access the angucycline antibiotics. This discussidhentail firstly, the development of the
synthetic methodology and secondly, our attempsymthesizing the natural product, terangulol

231 Finally, some suggestions for future work willléov.

This project builds on previous studies conductedur research group at Wits University.
The key steps in the previous study were a Suzudgsccoupling reaction followed by a ring
closure reaction using potassiutart-butoxide in DMF at 80°C, which ultimately yielded
analogues of the angucycline antibioti&heme 6.1shows this reaction sequence where a
Suzuki coupling between 2-bromobenzaldehyde ananioracid 302 afforded the biaryl
aromatic compoun803 This biaryl aromatic compour@D3 was subjected to the conditions of

our novel aromatic ring closing reaction to forre final tetracyclic compoun294.

Br |o ~0 %
@2 - > "o
B(OH),
O 302

Scheme 6.1Reagents and condition§) Pd(PPh)s, N&CO;, DME-EtOH, 100%, KOBY DMF, 80°C,
hv, 87%.
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We planned to synthesise the model bejarjthracene294 again by utilising the key Suzuki
coupling step already developed, but using ringiolp metathesis as the final step to construct
the last aromatic ring. Retrosynthetic analysi2®, shown inScheme 6.2led to the biaryl
precursor295 This biaryl precursa295 obtained via a Suzuki coupling reaction could loghier

disconnected to aromatic halid&2 and boronic aci@96

Scheme 6.2

If successful, this synthetic scheme could beagtiiin the preparation of the more substituted
natural product tetranguld®31, which can be disconnected to aromatic hakdd and the
naphthalene boronic aci@805 The proposed retrosynthesis of tetrang@8ll is shown in
Scheme 6.3

_0
B(OH),
+ Br
N CHO
OH O 231 305 304

Scheme 6.3
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6.2. A brief look at the key steps in our synthesis: Suki-Miyaura reaction and RCM

Since its publication in 1979, the Suzuki couplnegction has been used extensively as one of
the most important cross-coupling reactions in nigaynthesis, which resulted in Suzuki being
jointly awarded the 2010 Nobel Prize in Chemisirige key aspect of the Suzuki reaction is the
coupling of a boronic acid with an aromatic haloetriflate in the presence of a palladium
catalyst. The catalytic cycle is outlined$cheme 6.4The cycle commences with the oxidative
addition of PA306to the aryl halide807. This results in the formation of theans c-palladium
complex309 (Step A).** Complex309 undergoes reaction with a base producing interatedi
310 This is followed by transmetallation with the borate complexd11 (produced from the
corresponding boronic acid) resulting in interméslzl2 (Step B). The desired biaryl product

313 is obtained by reductive elimination of palladiuegenerating the palladium (0) catalyst

(StepC).
Arl-Ar2 Pd°L, Ar'-X
313 V 306 307
c A
L
312 Ar? Pd" X— Pd”Ar 309
B(OH)2 Y)2 NaY-base
Y- Pd“Ar1
Ar,B(OH), + Na¥Y —>  Ar,B(OH),Y NaX
311
Scheme 6.4

As mentioned above, the Suzuki coupling reactioa owerful tool for carbon-carbon bond
formation in organic synthesis. The inorganic bgearct which is formed is non-toxic and is
easily removed from the reaction mixture making fre@cess suitable for both research

laboratories and large scale industrial processes.
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The second key step involves the use of RCM tditaie the formation of the desired tetracyclic

compound. The catalytic cycle of RCM was earlieccdssed irsection 2.3and is briefly shown

in Scheme 6.5
JO! - O
H,C CH
2 }2/ [M]=CH
“20%“"” i
HoCy Q
CH,  H,d” M
Scheme 6.5

6.3. Synthesis of angucycline analogues 7,12-dimethoxiregpphene 294 and 3,7,12-
trimethoxytetraphene 314

Figure 6.1

The first step in the synthesis 804 and 314 (Figure 6.1) was to subject arylhalid212
prepared earlier in our attempted synthesi$8¥ to a Suzuki cross coupling reaction. Our first
attempt at the Suzuki reaction involved conventiomeating using an oil bath, palladium
catalyst, tetrakis(triphenylphosphine)palladium@ catalyst and aqueous sodium carbonate
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solution as base. However, under these reactioditbmms, only starting material was recovered.
By comparison, the use of microwave radiation pdoseccessful in facilitating our Suzuki cross

coupling reaction in the presence of cesium flumad base.

Thus, a microwave tube was charged with aromatidénd12, cesium fluoride, a commercially
available boronic acid and tetrakis(triphenylphosp)palladium(0). DME was then added to the
reaction vessel and the mixture was subjected ¢oowave irradiation (150W, 150°C, 20 min).
Purification of the crude reaction mixture yieldi@ biaryl compound815and316 as yellow
oils and in mediocre yields, as showrsisheme 6.6

~o
Br
— I —
X
/O 212

Scheme 6.6Reagents and condition®d(PPh)4, BA, CsF, 150W, 150°C, 20 min, 50% (f815 and
43% (for316).

A moderate yield of 50% was obtained 15 and attempts to improve
this yield were not successful. We suspect that dtegic interference
provided by the allyl chain contributes to this racate yield. However, we
were pleased by the appearance of a deshielde@tsatd 9.74 ppm in the

'H NMR spectrum corresponding to the aldehyde protdrich was the
initial indicator to the success of the couplingatgon. The protons corresponding to the allyl
chain all showed an upfield shift. Methylene pratd# were now observed &t3.39 ppm as a
doublet of triplets showing coupling to,nd H with coupling constants of 5.8 and 1.7 Hz,
respectively. We could therefore assign the sigh&l5.68 ppm to K, while the signals &t 4.56
ands 4.81 ppm were assigned ta.HDue to overlapping of the aromatic signals, tieigion of
the'H NMR spectrum was not unambiguously assigned. Mefess, the overall integration for

this region accounted for all the aromatic protdnghe**C NMR spectrum, the clear presence
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of the deshielded carbonyl carbon was observedl®2.20 ppm. The presence of the carbonyl
group was further confirmed by an absorption al&& " in the IR spectrum. Finally, the mass
determination by high resolution mass spectrometyelated well with the expected value
(Found M + H of 333.1496 amu, expected 333.1479).

Similarly, a low yield of 43% was obtained f846 In the analysis of
the™H NMR spectrum of this product, the deshielded lajde proton at
6 9.67 ppm was clearly present. This was corrobdrhyethe analysis of
the *C NMR spectrum which showed the deshielded carbcargdon at

6 192.08 ppm as well as by IR spectroscopy wheralasorption at
1688 cm* was observed. Once again, the results of the mpsstral analysis afforded an
accurate mass of 363.1588 amu, which was in goodeagent with the expected mass of
363.1579 amu for £H2,04.

Satisfied by the success of the Suzuki cross cogpkaction, we were now able to continue
with the preparation d@94. In order to form the last aromatic ring by ringsing metathesis, we
required two styrene moieties. To achieve this,eneisaged that we could perform a Wittig
reaction on our newly formed biaryl aldehyde camteg products315 and 316 which would
furnish the dialkene substrates on which we coeidgom an isomerization reaction followed a
ring closing metathesis (RCM) reactiddcheme 6.7llustrates the proposed route including the

Witting and RCM reactions.

(i) Wittig (i) RCM OO‘
_— —_—
SO  Me-PPhyBr
_O 328 _0 R = H, OMe
315: R=H 317: R=H
316: R = OMe 318: R = OMe

Scheme 6.7Reagents and conditions: (i) MTPPBr,"Biy THF, 0°C—RT; (ii) Grubbs II, toluend.
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To this end, conversion of both aldehydd$ and 316 to alkenes317 and318 was achieved
using traditional Wittig conditions. Methyltriphelmphosphonium bromid819 was added to dry
THF, followed by the dropwise addition afbutyllithium resulting in the dissolution 8f19and

the appearance of a yellow colour. After thirty otes, the reaction was cooled to 0°C before the
addition of our starting aldehyd&45 or 316, which were dissolved in dry THF. Purification of

the two crude reaction mixtures afforded alkeBEBand318in excellent yields of 88 and 84%,

respectively.

A positive sign that we had formed alkeB&7 was the loss of the
aldehyde proton previously observed .74 ppm and the concominant
appearance of new signals in the mid region of ' HheNMR spectrum.

The first of these new signals was observed asublebof doublets at

8 6.41 ppm integrating for one proton. This sigrtabwsedcis andtrans
coupling of 11.0 and 17.6 Hz respectively and wedfore assigned to,HUsing a COSY
spectrum we observed that Eoupled to two other signals, those being a meltipt 5.76—
5.59 ppm which integrated for two protons, and aldet of doublets integrating for one proton
at 8 5.07 ppm. The former multiplet contains two ovppimg signals where one proton
corresponds to & while the other proton corresponds ta Hhe signal for the remaining proton
corresponding to & was seen & 5.07 ppm. Thé*C NMR spectrum confirmed the presence of
our newly formed alkene with two signals observeddal35.12 andé 114.55 ppm,
corresponding to C4 and C5, respectively. The aaybcarbon was also noticeably absent. The
final piece of evidence was obtained from the IRcsum where we no longer observed an

absorption characteristic of a carbonyl group.

We observed similar changes in thé€and**C NMR spectra as well as
the IR spectrum 0818 In the'H NMR spectrum, the aldehyde proton
was unmistakably absent. We again noticed the agpea of a new
signal até 6.37 ppm corresponding tosHs well as signals at5.76—
5.61 ppm and 5.07 ppm due to & The **C NMR spectrum further
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confirmed this observation by the lack of a dowdfideshielded carbonyl carbon signal. A
molecular ion peak was observed at 361.1799 amd%)0dor 318 which correlated with the
expected mass of 361.1779 amu fesHz,0..

Having prepared our dien847and318 we could now turn our attention to the formatadrihe
final aromatic ring of the tetracyclic skeleton. émder to achieve this, we would need to
isomerise the allyl chain before attempting thegratosure to allow for the formation of an
aromatic six-membered ring. To this end, we subpgdur diene€17 and318 individually to
heating at 70°C in the presence of Grubb’s firstegation catalyst. This we hoped, would result
in the isomerisation of the allyl chain in each ndieas literature indicates that this was
possible**® TLC analysis in both cases showed the formatioa néw spot which we assumed
was our desired product containing an isomerisatbl@obond. After stirring for 2 hours, we
added Grubbs second generation catalyst and tokeeaach reaction mixture, to facilitate the
ring closing metathesis reaction. These reactiaxtures were then heated under reflux for 18
hours. Purification of the reaction mixtures affeddoale yellow solids, which we expected to be
our tetracyclic aromatic products.

However, during the analysis of the spectroscopi@ af the isolated products, we discovered
that we had formed a seven-membered ring instedldeafiesired six-membered ring system, as
shown inScheme 6.8 TLC analysis of the products showed no changhdb seen when TLC
analysis was conducted before the addition of G3ubbBNe therefore assumed that a tetracyclic
compound containing a seven-membered ring had toeered under the Grubbs | conditions.
When the reaction was repeated on di8hé using only Grubbs | as catalyst, once again the
undesired seven-membered ring containing comp8aadhad been formed.
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R
3 O
320: R=H
—_—
321: R=0OMe

Scheme 6.8Reagents and conditionsGrubbs |, Grubbs Il, toluene), 18h, 98% (for320 and
87% (for321).

~0 O The tetracyclic compound, 8,13-dimethoxy-bBenzo[3,4]cycloheptall,2-
blnaphthalene820 was isolated in 98% yield as a pale yellow sdiidthe
OOO 3 HNMR spectrum, we noticed the presence of upgjtals at 3.87 and
O 12 d 2.70 ppm each integrating for one proton. Usin@@SY spectrum, we
observed that these signals coupled to each otheswel as to two other protons. Owing to the
upfield position of these signals we assigned thedd where each of the protons at €buple
to H, and H. We could therefore assign the signals &.31 ands 6.61 ppm to Hand H
respectively. The only remaining non-aromatic signaere two singlets each integrating for
three protons at 3.26 and 3.97 ppm which corresponded to each of the metlgoayps. The
signals found in the aromatic region integratedeight protons as was expected. @ NMR
spectrum confirmed the presence of the methyleatops with a signal ai 25.52 ppm being
observed. The HRMS showed a molecular ion at 3&3.E8nu which was in good agreement

with the expected molecular formulag;8,50, (requires 303.1379 amu).

\  Similarly, 3,8,13-trimethoxy-A-benzo[3,4]cyclohepta[l,Bnaphthalene
~0 O 321was isolated as a pale yellow solid in a yiel®d@%. As observed in

the spectroscopic data f820, we observed two upfield signals integrating
OOO for one proton each and assigned these signalsetonethylene protons
Hi. This was corroborated by th#&€ NMR spectrum with the presence of

an upfield signal ai 25.57 ppm corresponding to C1.

134



Chapter 6: Synthetic strategies towards the angiigy@antibiotics

Our initial aim when attempting the ring closureswa obtain a six membered aromatic ring as
this would resemble the angucycline antibiotics endosely. In order to achieve this, we needed
to isomerise the allyl chains in dier3d7 and 318 before attempting the ring closure. We
subjected each of our dienes to potassient-butoxide in THF while stirring at ambient
temperature. Upon completion of the reaction, asitaed by TLC, purification of the crude

mixtures led to the isolation of the isomerisechd&822 and323 (Shown inScheme 6.9

322: R=H
323: R= OMe

Scheme 6.Reagents and conditionsOBU, THF, RT, 94% (fo822) and 84% (fo323).

The most distinctive feature in th#H NMR spectrum of E)-1,4-
dimethoxy-2-(prop-1-en-1-yl)-3-(2-vinylphenyl)naplatiene 322 was the

X5 presence of a downfield signal &tl.65 ppm which integrated for three

protons and corresponded tg. Hhis signal was observed as a doublet of

doublets and showed coupling of 6.2 Hz and 0.9 &z and H

respectively. We could therefore assign the mutigt 8 6.07-5.93 ppm and doublet at

0 6.13 ppm to K and H respectively. A C-H correlation spectrum was useéssign all the

remaining carbon signals.

O._ As observed foB22 in the analysis of thtH NMR spectrum of F)-

1,4-dimethoxy-2-(4-methoxy-2-vinylphenyl)-3-(propeh-1-yl)

naphthaleng23 we observed an upfield signal@&tl.69 ppm which

integrated for three protons and which we assigioetl;. We also
observed the presence of three singletséaB.47, 6 3.84 and
6 3.89 ppm each integrating for three protons, taede signals were assigned to the protons of

the methoxy groups. The remaining signals were dodownfield and corresponded to the
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aromatic and alkene protons. Mass determinatiohigly resolution mass spectrometry was in
good agreement with the expected value (361.1804 tonG4H»403).

Having successfully prepared our isomerised di&22sand323 we were now in a position to
perform the ring closing metathesis which we hopwedld result in the formation of our desired
six membered ring containing compound. To this ewd, dissolved diene822 and 323
seperately in toluene under an atmosphere of argonatalytic amount of Grubbs second
generation catalyst was added to each reactiontt@deaction mixtures were stirred under
reflux for 18 hours. Satisfyingly, our tetracycpecoducts294 and314 were obtained as yellow
solids in 85% and 43% yield respectively, as showbcheme 6.10

R
e
— OO e
314: R=0OMe

o)

-

Scheme 6.1®Reagents and conditionGrubbs Il, toluened, 18 h, 85% (fo294) and 43% (fo314).

The 'H NMR spectrum of 7,12-dimethoxytetraphe®@4 confirmed the formation of the last
aromatic six membered ring. In thid NMR spectrum, we observed two singlet$ &.97 and

0 4.12 ppm each integrating for three protons. Tisggeals were assigned to the methoxy group
protons. The only other signals present in the tspecwere found downfield in the aromatic
region. These signals integrated for ten proton&hvivas expected fo294 The *C NMR
spectrum further confirmed this as we no longereoked any downfield signals besides those
owing to the carbons of the methoxy groups whicheweund at 60.89 and 63.15 ppm. The

spectroscopic data obtained compared well withfthatd in the literaturé®*
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The formation of tetrapherg4was similarly confirmed by both tHel and**C NMR spectra as
we only observed signals in the aromatic regiombath spectra, apart from the three methoxy
groups. These were observed as signald at96,5 3.98 ands 4.11 ppm in the’H NMR
spectrum, and &t 55.38,5 60.72 and 63.18 ppm in the correspondifit NMR spectrum.

6.4. Attempted synthesis of tetrangulol 231

Figure 6.2

Having developed a feasible synthetic scheme thatwged to prepare tetraphef84 and314,
we could now turn our attention to the preparatibtetrangulo231 (Figure 6.2). We envisaged
that in order to utilize our developed methodologg, would require the aryl bromic®4. This
aryl halide could then be used in a Suzuki couplaagtion with an appropriate boronic a8iab
to afford our biaryl intermediaté25 which could be converted into tetrangukdl over several
steps Scheme 6.11shows the proposed retrosynthetic route resultinigvo moieties305 and
304, which would need to be synthesised. The firstymsor305 closely resemble®12 used in

our model study but contains an extra methoxy #wiesit on the naphthalene nucleus.

_0
B(OH),
+ Br
N CHO
OH O 231 305 304

Scheme 6.11
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6.4.1. Preparation of 3-allyl-2-bromo-1,4,5-trimethoxynaptthalene 333°’

OH OAc 0 0 0
. " Br . Br . Br
o 0 - YLy
327 OH 328 OAC 0 OH O 339 O O 326

Scheme 6.1Reagents and condition§) pyridine, AcO, RT, 18h, 81%; (ii) NBS, AcOH—®, 65°C,
45 min, 95%; (iii) 3 N HCI, EtOHA, 90 min, 69%; (iv) AgO, Mel, CKCl,, RT, 24 h, 43%.

Using methodology described by Jufig, the preparation of 2-bromo-5-methoxy-1,4-
naphthoquinone326 was achieved over five steps from commercially ilalde 1,5-
dimethoxynaphthalen827 (Scheme 6.1R The synthesis commenced with the acetylation of
1,5-dihydroxynaphthalene327 using pyridine and acetic anhydride to afford 1,5-
diacetoxynaphthalen828 in 81% yield, which was an improvement on the dieff 44%
reported in the literature. The identity 828 was confirmed by the presence of a downfield
signal ats 169.26 ppm in thé*C NMR spectrum which corresponds to the carbongthaa of

the acetate group. Treatment3#8 with N-bromosuccinimide in aqueous acetic acid furnished
2-bromojuglone acetat2s1in a 95% yield. The structure of the product wasfcmed by the
13C NMR spectrum which showed a signabat34.03 ppm owing to the carbon bonded to the
bromine. This newly formed 2-bromojuglone aceB& was subjected to an acidic hydrolysis
resulting in the formation of 2-bromojugloB829in a moderate yield of 69%. A downfield signal
at 5 11.81 ppm in théH NMR spectrum attested to the presence of a phepobton. The
unprotected 2-bromojuglor®29 was then protected using methyl iodide in dichhoethane in
the presence of silver oxide to afford the prod@dbromo-5-methoxy-1,4-naphthoquinod26,

as a yellow solid in 43% yield. In th#4 NMR spectrum we clearly observed a singlet at

6 4.02 ppm which unambiguously proved the formatbthe O-methylated product.

The next step in our synthesis involved the intaidun of the allyl chain to the quino326 To
achieve this, we again employed a modified Hunsaieceaction, by reactin826 with vinyl

acetic acid and ammonium persulfate in the presefclver nitrate in aqueous acetonitrile.
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This gave the allyl containing quinor829 as a yellow solid in a yield of 79% (shown in
Scheme 6.1p*®

0] 0]
Br Br
CO — U
X
o_ O 326 o_ O 329

Scheme 6.1Regeants and conditionginyl acetic acid, ammonium persulfate, Aghl®,O-MeCN,
60°C, 79%.

o~ 0o 4 Interpretation of théH NMR spectrum showed the unmistakable presence
~ 6 of new signals in the mid- and up-field regiondtw spectrum. The most
O‘ Brs upfield signal which integrated for two protons vadsserved as a doublet
o of triplets ato 3.60 ppm and was assigned tg Hsing a COSY spectrum

we noted that klcoupled to a signal integrating for one protor &86 ppm corresponding to
Hs. Hy was also seen to couple to signald &t27 and 5.13 ppm which were the protons due to
He. Each of these protons showed different coupliogstants to kland H. The **C NMR
spectrum further confirmed the presence of the aligin with three additional signals appearing
in the spectrum. The first of these signals wasifbaté 35.76 ppm corresponding to C4. The
two other additional signals were foundb&t18.8 and 134.94 ppm and corresponded to C6 and

C5 respectively. All the remaining spectroscopitadampared well with literaturé®

(0] (0]
Br Br
O — O
X X
o_© 329 O O 330

Scheme 6.14Reagents and conditionsodium dithionite, TBAI, ag. KOH, M&8Q,, THF, 18 h, RT,
75%.
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With naphthoquinon&29 in hand, all that remained was the protectionhef quinone moiety
329 using dimethyl sulfate to afford the aromatic etB®0. To this end, shown iBcheme 6.14
naphthoquinone&29 was dissolved in THF and was allowed to stir unaeratmosphere of
argon. Sodium dithionite antetra-butylammonium iodide in water were then added he t
reaction flask to reduce the quinone to the hydrampe. After one hour, agueous potassium
hydroxide solution was added to the reaction me&tto facilitate the deprotonation of the
hydroquinone. After the addition of dimethyl suéahe reaction mixture was allowed to stir at
room temperature for 18 hours. Purification of tnede reaction mixture afforded naphthalene
330in 75% vyield.

o~ o~ 4 The first indication of the success of the reactwas the loss of the
OO ~ 6 carbonyl carbon signals in tH&C NMR spectrum, and the concomitant
5
Br appearance of four new signals. These newly inttedu signals
O corresponded to the methoxy groups and appear@®286 and 61.08

ppm and two signals a 151.19 and 149.69 ppm were observed for the aromatic carbons
attached to the methoxy groups. The IR spectrunoborated this observation as no stretches

owing to the carbonyl groups of the quinone ofgteting material were present.

In our initial retrosynthesis we proposed that waild need to prepare naphthalene boronic acid
305 before we could perform the Suzuki coupling witle tappropriately substituted aromatic
bromide304, as shown irfcheme 6.15However, aromatic bromid&30 could also be used in a

Suzuki coupling reaction with boronic ad81to afford the desired biaryl compou885.
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(o]
oo
CHO
O O 3 304 |
~o
Br
SOURE""
O O 33 331
Scheme 6.15

6.4.2. Preparation of tetrangulol analogue 336.

With aromatic bromid@&30in hand, we decided to prepare an analogue @ingtiol to test the
methodology developed in the earlier sections o thapter on a more highly oxygenated
naphthalene precursor. To achieve this, we sulgjeat®matic bromide330 (preparation
discussed irBection 6.4.) to a Suzuki cross coupling reaction with commadhgiavailable 4-
methoxy-2-formylphenyl boronic aci832 using the conditions described $®ction 7.4.1 The
product, 2-(3-allyl-1,4,5-trimethoxynaphthalen-2-gtmethoxybenzaldehyd&33 was isolated
as a yellow solid in a moderate yield of 46%, aswshin Scheme 6.16However, we were
pleased that the reaction was successful as the electron-rich naphthalene precursor may

have hindered the oxidative addition step.

0]
Br
CC - v
X CHO
o._ O 330 332

Scheme 6.1&Reagents and conditionBd(PPh),, 150W, 150°C, 20 min, 46%.
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The *C NMR spectrum of the produ&33 unequivocally proved that
the desired coupling reaction had occurred dubdgtesence of both a
signal atd 192.11 ppm, which was characteristic of an aldethgarbon,

and signals from the methoxy groups and the aliglires of the starting

material. The presence of the carbonyl was furtieefirmed by theH
NMR spectrum which showed a deshielded singlét@&65 ppm corresponding to the aldehyde
proton. Finally, the IR spectrum showed a stretch686 cm’ owing to the carbonyl group. An
increase in the molecular mass was observed whass spectrometry afforded an accurate
mass of 393.1699 amu, which was in agreement \Witheikpected mass of 393.1679 amu for
C24H240s.

Pleased that our Suzuki coupling reaction had lseenessful, we continued with our synthesis.
We subjected aldehyd#83 to a Wittig reaction using TMPPBr amdBuLi which afforded the
diene334in a 69% yield as a yellow oi5¢heme 6.1).

Scheme 6.17Reagents and conditions: (i) MTPPBr,"Biy THF, 0°C-RT, 69%.

As before, in the analysis of th#d NMR spectrum of334 the
unmistakable loss of the aldehyde proton confirrtiexd success of the
Wittig reaction. In the'H NMR spectrum, we now observed newly

formed signals in the mid-region of the spectrunmtiplet integrating

for one proton was observed@d6.41-6.30 ppm which corresponded to
H4. This signal showed coupling to two other sigrialsnd até 5.66 ppm (which showetlans
coupling of 17.5 Hz to i andé 5.06 (which showedis coupling of 11.2 Hz to k. These
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signals were therefore assigned to Fhe'*C NMR spectrum confirmed the loss of the aldehyde

functional group with the loss of the signal pressty observed at 192.11 ppm.

As we wanted to form the six membered ring systanthe subsequent RCM reaction, we
subjected our dieng34to an isomerization reaction using potasstentbutoxide in THF. TLC
analysis of the reaction showed a downward shifbhé@R of the product indicating formation of
the isomerized dien&35. Purification of the reaction mixture afforded tisemerised dien835

as a yellow oil in an excellent yield of 73%.

Scheme 6.1&Reagents and conditionsOBU, THF, RT, 73%.

O._ The interpretation of tht#H NMR spectrum of the produ885 showed
the disappearance of the methylene protons prdyicsserved at
6 3.11 ppm in starting materidB4 and the concomitant appearance of

a multiplet ats 1.65-1.62 integrating for three protons. This ipidt

was found significantly upfield and can therefor® be due to the
methoxy group protons. We could therefore assige $ignal as B The mid-region of the
spectrum was characterised by a multipled &09-6.22 which was assigned te & well as
doublet of quartets (dg) which was founddéab.84 as was assigned te.Hhe latter signal
showed coupling of 15.9 Hz and 6.5 Hz tpahd H, respectively. In the aromatic region of the
spectrum, we observed five different signals whicliectively integrated for six protons as
expected. The remaining signals which integratedHcee protons each were founddad.02,
0 3.89,06 3.75 andd 3.42 ppm and corresponded to the methoxy grouppshd carbon signals

were assigned using a C-H correlation spectrum.
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With the isomerised dien@35in place, we could perform our ring closure ustaigibb’s Il as
catalyst. This catalyst was chosen owing to it aime known catalyst to facilitate RCM and
moreover, we anticipated that the reaction wouljuire harsher conditions as dieB85 was
now more electron rich due to the added methoxyman the naphthalene nucleus. To achieve
the ring closure, we stirred dier835 in the presence of Grubbs II catalyst, in toluefilee
reaction was heated under reflux for 18 hours. rAtités time the reaction was purified using
column chromatography to afford our tetraph&B86é as a yellow solid in an excellent yield of
84%.

336

Scheme 6.1%Reagents and conditionGrubbs Il, tolueneA, 18 h, 84%.

~o O._ The most distinctive aspect of tftd NMR spectrum was the presence
O of signals mainly in the aromatic region. In thé NMR spectrum,

OO‘ four singlets were observed &4.09,6 4.00,6 3.98 ands 3.91 ppm.

o_ O Each of these singlets integrated for three proémaswere assigned as

NN

the methoxy group protons. The aromatic region aiaetl seven signals which collectively
integrated for eight protons as was expected ferpttoduct336. In the analysis of both thed
NMR and**C NMR spectra of the product we noticed the losthefmethyl protons previously
observed ab 1.62—1.65 ppm. Also absent were the alkene prqtomgously found in the mid-
region of the'H NMR spectrum of the starting material. The resoftthe mass spectral analysis
gave an accurate mass fogsk,60, of 391.1426 amu, which was in good agreement wiéh

expected mass of 391.1479 amu..
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6.4.3. Attempted synthesis of 2-bromo-3-methoxy-5-methylbezaldehyde 304

Having completed the synthesis of the tetrangula@l@gue336, we continued with the synthesis
of tetrangulol itself. The required bromi@®4, was not commercially available and therefore
needed to be prepared. A study by Koyama has tescrihe preparation of the desired
bromide>® and we therefore adopted this methodology forftimation of bromide304 Our
synthesis commenced with the benzylic brominatio8,5-dimethyl anisol&37 using NBS and

a catalytic amount of benzoyl peroxide in refluximgrbon tetrachloride to furnish 3-
bromomethyl-5-methylanisol@38in 75% yield Gcheme 6.2

(0] (0]
—_—
Br
337 338

Scheme 6.2®Reagents and conditionstBS, benzoyl peroxide, C¢IA, 4 h, 75%.

~o The'H NMR spectrum confirmed that the reaction wasasss. ThéH NMR
;@i spectrum was characterized by six singlets indigathe loss of symmetry in
2 Br the molecule which was present in the starting rate837. The most

downfield signals ab 6.78,6 6.72 andd 6.64 ppm each integrated for one
proton and corresponded to the aromatic prototleoproduct. The singlet observed in the mid-
region of the spectrum found &t4.40 ppm integrating for two protons was assigasdhe
benzylic protons. The remaining signals each imtidgy for three protons were due to the
methoxy protons and the methyl protons and weradats 3.76 and 2.29 ppm respectively.
The IR spectrum confirmed the addition of the bmemwith the presence of an absorption at

644 cmi* which is characteristic of a C—Br stretch.
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Using the procedure developed by Koyama, 3-bromiyh&tmethylanisole338 was oxidised
to 3-methoxy-5-methylbenzaldehyde using 2-nitroprep and sodium ethoxide. The product

339 was furnished as a pale yellow oil, however always consistently low yield of 30%

(Scheme 6.2
>0 ~o
/©\/Br /@\?C
338 339

Scheme 6.2Reagents and conditiong:Nitropropane, NaOEt, EtOH, RT, 30%.

~o The *C NMR spectrum unequivocally proved the formatidnttee aldehyde
1 3 with the presence of a downfield signabat92.30 ppm indicating the presence
of a carbonyl group. The signal previously obseresdng to the benzylic
carbons was also noticeably absent, further atgpdtv the formation of the
aldehyde. Analysis of thtH NMR and IR spectra explicitly confirmed the forioa of the
aldehyde with the presence of a singlet &t92 ppm in théH NMR spectrum and an absorption
at 1697 crit in the IR spectrum.

We then attempted the bromination of 3-methoxy-3hylbenzaldehyde339 employing the
ortho-directed metallation methodolgy described by Cafithbut using a different source of
bromine. Unfortunately, treatment of the lithiwwmamino alkoxide, which was formed using
lithium N,N,N’-trimethylethylene diamine, with 1,1,2,2-tetrabraetiane did not result in the
formation of the expected bromide. The electroplslburce of bromine employed by Koyama
was 1,2-dibromotetrafluoroethane, which is not ilgaalailable commercially in South Africa.
Review of the literaturé®**!led us to believe that this bromination was indekdllenging as
the best yield obtained was 69% when 1,2-dibromaflabroethane was used as the
electrophilic source of bromine. We attempted t@action using various other sources of
bromine, including NBS, bromine as well as 1,2-diotetrachloroethane, but these too met

with disappointing results. At this stage, we dedido prepare the stanna®40 which would
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allow us to perform a Stille coupling reaction tocess the natural product tetrangdfdlTo
achieve this, we prepared the lithiuramino alkoxide as described earlier and reactedtit
tributyltin chloride. Unfortunately, purificationfahe reaction mixture again resulted in the
isolation of our starting aldehy@®39 (Scheme 6.2p

R
304: R=Br
/©vo K- /ﬁ:@o 340: R = SnBuj;

Scheme 6.22

Owing to time constraints, we were not able to prepthe required coupling partner for the

synthesis of tetrangulol. This is an area for farttlevelopment in our laboratories.

6.5. Oxidation of tetraphenes

With the tetraphene294, 314 and 336 in hand, we decided to oxidise the six memebered
compounds to the corresponding quinone systemhbigsriotif is commonly found in natural
products of this class. We also decided to oxidise of the seven-membered rings to test the
oxidation reaction on this class of compounds. Dx@lation reactions were achieved by
individually dissolving our ring closure products acetonitrile. Ceric ammonium nitrate in
water was then added to each reaction flask andethetion mixtures were allowed to stir at
room temperature for ten minutes. Work-up and mation of each reaction resulted in the
formation of the oxidised producd4l, 342 343and344in good overall yields§cheme 6.2B
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Scheme 6.2Reagents and condition€AN, CHCN-H,0O, RT, 76% (for341), 87% (for342), 84% (for
343, 70% (for344).

In the analysis of thtH NMR spectra 0B41, 342 and343 the loss of two signals corresponding
to methoxy groups was observed for each analogue™T NMR spectra further confirmed that
the oxidation was successful with the appearanaowinfield signals in the regioh 180-185
ppm which were characteristic of carbonyl carboRsrthermore, the IR spectra contained
stretches at 1728 and 1661¢m.734 and 1657 cthand 1654 and 1618 Chfor 341, 342 and
343 respectively, also indicating the presence of thebonyl groups. We were therefore

confident that our oxidation reactions were a sssce

When we analysed the product isolated from theatad reaction 0844,
the NMR spectroscopic data was not as clear as owdwhave expected.

In the analysis 0844, the’'H NMR spectrum clearly showed the loss of the

methoxy protecting groups as we no longer obsesuaglets ab 3.26 and

5 3.97 ppm. The spectrum also showed signals inatkene region which indicated that our
seven membered ring system was still intact, witthoablet showingcis coupling of 9.6 Hz
visible atd 6.74 ppm. This doublet was assigned asihtl coupled to Hwhich was observed as
a signal ab 6.18 ppm. Upon closer inspection of the spectrugnolvserved that Hcoupled to
another signal as it showed a second coupling aohstf 6.9 Hz. It can be assumed that this

coupling occurred with the methylene protons at However, we could not find any resolved
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signals which would account for our methylene pmstin the'H NMR spectrum. What we in
fact observed were two broad signals &.26-3.70 and 2.81-1.62 ppm each integrating for
one proton. We therefore assigned these two sigisalt$ as the methylene protons at Would

be non-equivalent in this system. In the analy$ishe °C NMR spectrum we observed two
clear signals ab 184.14 andd 183.51 ppm corresponding to the carbonyl carbdnsup
guinone. We also observed a signal 28.70 ppm which was assigned as C1 using a DEPT135
NMR spectrum. Finally the structure of quinoBé4 was unequivocally confirmed by X-ray
crystallographyFigure 6.3 clearly shows the presence of the quinone andedisas evidence

that the methylene protons are indeed present.
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Figure 6.3

6.6. Conclusions and future work pertaining to Chapter 6

Our main aim in this section of the PhD thesis Wesdevelopment of novel methodology for
the preparation of angucycline antibiotics andrtaeialogues. This synthetic route involved the
use of Suzuki cross coupling chemistry to affordaemmatic compound containing a biaryl axis
which allowed for a ring closure achieved usingattetsis. We also attempted the preparation of

a naturally occurring angucycline, tetrang@aiL
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Our synthesis commenced with the preparation olbsognide 212, which we subjected to
Suzuki reactions to afford aldehyd@%5 and316 shown inScheme 6.24The yields of these
reactions were mediocre which may have been asult i&f steric effects provided by the allyl
substituent.

316: R=H
316: R= OMe

Scheme 6.24

The formation of the biaryl aldehydes was followmyl a well-known Wittig reaction, which
provided us with diene817 and318 in excellent yields on which we could perform ourg
closing metathesis reactiolsgheme 6.2p

317:R=H
318: R= OMe

Scheme 6.25

Our final steps involved the use of ruthenium basatilysts to facilitate isomerization and
RCM. Grubb’s | catalyst was initially utilized taopefully accomplish the isomerisation of the
allyl double bond, and then Grubb’s catalyst Il weped would facilitate the ring closure.
However, isolation of our initial ring closure prods yielded compound820 and 321

containing seven membered ringscfieme 6.25 Not unexpectedly, Grubbs | facilitated the

RCM before isomerization of the allyl chain.
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320: R=H
321: R=OMe
-
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Scheme 6.26

In order to achieve the desired six membered romgaining compounds, we subjected dienes
317and318to an isomerisation reaction using potasstarttbutoxide in THF. This resulted in
the formation of diene822 and323which, when reacted with Grubbs I, formed ourigssix

membered ring compoun@94 and314 (Scheme 6.2\

318: R= OMe 314: R= OMe

Scheme 6.27

Confident that we had developed feasible methodoliog the preparation of analogues of
angucycline, we turned our attention to the prepamaof tetrangulol. We proposed that we
would require two moietie€05 and 304 which could be coupled together using a Suzuki
coupling reaction. Preparation of arylbromigi@0 progressed smoothly using the methodology
described by Jung and Sagcheme 6.28'%
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OAc
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0L O 324 O O 329 O O 1330
Scheme 6.28

To test the reaction methodology, the preparedergide330 was reacted with commercially
available 4-methoxy-2-formylphenyl boronic a@82 under Suzuki reaction conditions which
afforded biaryl aldehyd833 Subjecting aldehyd833 to a Wittig reaction yielded diern&34
which, after isomerisation with potassiuert-butoxide, afforded dieng35 Our final step was
the formation of the tetrapher@36 using Grubbs Il to facilitate the ring closureanyield of
84% Scheme 6.2

Scheme 6.29
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The preparation of bromoaldehy®®4 proved less successful. After numerous attempts at
synthesising this aldehyde we were convinced thaptroposed electrophilic source of bromine
used by Koyama was needed to facilitate the foonatf the desired bromoaldehy@®4
(Scheme 6.3D

~

o) o o
Br
339 304

338

Scheme 6.30

For completeness, we oxidised our prepared tetreggheising CAN to the corresponding
qguinones. Analysis of the isolated products yielgashones341, 342and343in excellent yields
of 76%, 87% and 84% respectiveBlidure 6. 4).

Figure 6.4

The seven membered ring systems were not as disleeusing NMR spectroscopy. Hence, we
obtained a crystal structure 8#4 which unambiguously confirmed the oxidation 320 to
quinone344.

Future work for the preparation of tetrangul@aBl would involve the preparation of
bromoaldehyde&04 which will provide us with the correct substitutipattern required for this

natural product A review of the literature showhdttwe require a specific electrophilic source
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of bromine, 1,2-dibromo-tetrafluroroethane, whiclil wieed to be sourced, to allow for the
preparation of bromoaldehy@®4. With bromoaldehyd&04in hand we could continue with the
synthesis o231 by preparing the boronic ac8D5 of aryloromide330. A Suzuki reaction of this
boronic acid305 and bromoaldehyd804 would provide us with biaryl aldehy®5 A Wittig
reaction followed by an isomerisation reaction wbifulrnish diene846. Ring closing metathesis
of diene346 would afford tetraphen&47. All that would remain would be the oxidation teet
guinone 348 followed by the final deprotection of the phenafjmups to afford the naturally
occurring tetrangula231(Scheme 6.3

Scheme 6.31
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Chapter 7: Experimental procedures

7.1. General Procedures

7.1.1. Purification of solvents and reagents

All solvents used for chromatographic purposes wdistilled prior to use by conventional
distillation procedure. Solvents used for reacponposes were dried over an appropriate drying
agent and then distilled under a nitrogen atmospheetrahydofuran and diethyl ether were
distilled from sodium wire using benzophenone as itidicator. Toluene was distilled from
sodium metal. Acetonitrile, dichloromethane, dinyfttrmamide, ethanol and methanol were
distilled from calcium hydride. Triethylamine wasstiled from and stored over potassium
hydroxide. Pyridine was distilled from potassiundtoxide. All reagents were obtained from
commercial sources and used without further pwaiiocy and when necessary purified by

standard methods as recommended by Armagegb'*?

7.1.2. Chromatography

Macherey-Nagel Kieselgel 60, Sigma-Aldrich or Fldiéca-gel (particle size 0.063-0.200 mm)
was used for standard column chromatography, vdiiilea gel (particle size 0.035-0.070 mm)
was used when performing flash column chromatograBfvalues quoted were obtained using
TLC on aluminium-backed Macherey-Nagel ALUGRAM ®&IUV,s, plates pre-coated with

0.25 mm silica gel 60. Compounds were detecteddwing the absorbed compounds under UV

light or by dipping or staining plates with variolkC staining solutions.
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7.1.3. Spectroscopic and physical data

'H NMR and®*C NMR spectra were recorded on a Bruker AVANCE 30300.132 MHz for
'H and 75.473 fof°C or on a Bruker AVANCE Il 500 at 500.13 MHz f&d and 125.75 for
13C. Spectra were recorded in deuterated chlorofartess otherwise stated. The chemical shift
values for all spectra obtained are reported itsgzer million and referenced against the internal
standard, TMS, which occurs at zero parts per anilfor 'H NMR and relative to the central
solvent signal taken a%77.00 for**C NMR spectra. Coupling constants quoted are ginen
Hertz.

Infra-red spectra were recorded using a Bruker dier2yY Fourier Transform spectrometer
equipped with a diamond ATR attachment. Measuresnergre made by loading the sample

directly onto the diamond cell. All signals areaeed on the wavenumber scakécri™).

High resolution mass spectra were recorded on a&eM/&ynapt G2. All data was quoted in
relative abundancen(/2.

Melting points of all solid compounds were obtainggsing a JM 626 meting-point apparatus

with a microscope and digital thermometer, andusieorrected.

For X-ray crystallography, intensity data were eoleéd on a Bruker Apex Il CCD area detector
diffractometer with graphite monochromated Ma Kadiation (50 kV, 30 mA) using the
APEX 2 data collection software. The collection huet involvedw-scans of width 0.5° and
512X512 bit data frames. Data reduction was carmdusing the prograrSAINT+ and face
indexed absorption corrections were made usingptbgramXPRER The crystal structure was
solved by direct methods usiHELXTL Non-hydrogen atoms were first refined isotrogical
followed by anisotropic refinement by full matrigdst-squares calculations based bmuging
SHELXTL Hydrogen atoms were first located in the diffeenmap then positioned
geometrically and allowed to ride on their respectparent atoms. Diagrams and publication
material were generated UsiS8fIELXTL PLATONandORTERS3.
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7.1.4. High pressure liquid chromatography

High pressure liquid chromatography (HPLC) was @enked on a Dionex HPLC at a flow rate
of 1.0 ml.min®. A C18 column Luna 5p 150 x 4.6 mm was used toitopmeactions using
mobile phases consisting of acetonitrile and wakeChiralcel OJ 10u 250 x 4.6 or Chiral
column Lux 5u Cellulose-1 250 x 4.6 mm was usedhtmitor reactions using mobile phases
consisting of isopropyl alcohol and hexane. Detectf the eluted analytes was achieved using

a TSP variable wavelength UV detector at 215 nMcAlculations were based on peak area.

7.1.5. Additional experimental procedures and techiniques

Unless otherwise stated, all reactions were cawigdunder an argon atmosphere. All reaction
vessels were either flame dried or dried in an oldinrowave reactions were performed using a
CEM Discovery microwave reactor (see relevant erpamntal sections). The ternin“vacud
refers to the removal of solvent by rotary evaporatfollowed by the removal of residual

solvent using a high vacuum pumpcat1 mm Hg..
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7.2. Experimental procedures pertaining to Chapter 2

7.2.1. Preparation of allyl 5-(allyloxy)-2-hydroxybenzoate76

In a 1000 cii(1 litre) RB flask equipped with a reflux condengestassium carbonate (11.95 g,
86.3 mmol, 2.2 equiv.) was added to a clear yeldmlution of 2,5 dihydroxybenzoic act#
(6.05 g, 39.25 mmol) in dry acetone (600%knThe resulting mixture was heated td@avhile
stirring under Ar(g). Allyl bromide (7.45 cin10.45 g, 86.36 mmol, 2.2 equiv.) was added to the
solution using a dropping funnel. The reaction mn&twas then heated at reflux overnight,
during which time it became a cream paste. Thetimawas then cooled, filtered through celite
and the acetone removemh vacuo The residue was purified by silica gel column
chromatography (10% EtOAc /Hexane) to yield thdlyleted product76 as white needle-like
crystals (7.52 g, 82%).

oH o ., . Ri= 0.61 (20% EtOAc /Hexanenp. 42—-45°C, (lit 43.5-44.5°¢% IR
3 0" (CHCh): vmadci™): 3567 (OH), 1672 (C=0), 1650 (C=C¥ NMR
4 6 (300 MHz, CDC}): 81 = 10.36 (1H, s, @), 7.36 (1H, dJ = 3.1 Hz, H),

0\1(2\3- 7.11 (1H, ddJ = 9.1, 3.1 Hz, &), 6.92 (1H, dJ = 9.1 Hz, H), 6.11—

5.97 (2H, m, H and H- overlapped), 5.48-5.24 (4H, mgtand H-
overlapped), 4.85 (1H, di,= 5.7, 1.3 Hz, k), 4.50 (2H, dt,) = 5.3, 1.4 Hz, K); *C NMR (75
MHz): 6c = 169.51 (C=0), 156.30 (C-2), 150.95 (C-5) , 183C-2"), 131.57 (C-2), 124.68 (C-
6), 118.51 (C-4), 117.81 (C-3"), 113.51 (C-3"), BPL(C-1), 69.66 (C-1"), 65.87 (C-1").

7.2.2. Preparation of allyl 2-allyl-3,6-dihydroxybenzoate77

In a 100 cml RB flask equipped with a reflux condenser, neatyl aB-(allyloxy)-2-
hydroxybenzoate76 (6.85 g, 19.4 mmol) was heated at A70for 18 h, under an argon
atmosphere. The white powder melted to first forgelow oil and then turned to a dark orange
liquid that became a black viscous oil. This wdevedd to cool before purifying by silica gel
column chromatography {5610% EtOAc /Hexane) to yield 2-allyl-3,6-dihydroxyimate77 as

a viscous orange oil (5.53 g, 78%).
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OH O » /3.. R; = 0.28 (20% EtOAc /Hexane)R (CHCL): vmad{cm™): 3412 (OH),
2. 1662 (C=0), 1611 and 1461 (C=CH NMR (300 MHz, CDCY): 3y =

. 10.40 (1H, s, 2-@), 6.99 (1H, dJ = 8.9 Hz, H), 6.81 (1H, dJ=8.9
OH Hz, H,), 6.09-5.93 (2H, m, Hland H- overlapped), 5.47-5.28 (2H, m,

Hs), 5.12-5.00 (2H, m, &), 4.86 (2H, dddJ = 9.0, 5.1, 1.3 Hz, B, 3.73 (2H, dtJ= 5.7, 1.6

Hz, H); ¥*C NMR (75 MHz): 6¢c = 170.57 (C=0), 156.21 (C-2), 147.33 (C-5), 136@R),

131.22 (C-2), 126.36 (C-6), 123.52 (C-4), 119.75 (C-3), 116(633), 115.61 (C-3), 112.96

(C-1), 66.54 (C-1, 32.47 (C-1).

o
>

7.2.3. Preparation of allyl 2-allyl-3,6-dimethoxybenzoater8

In a 250 cm RB flask equipped with a reflux condenser, potassicarbonate (6.97 g,
50.0 mmol, 2.5 equiv.)) was added to a clear yellealution of allyl 2-allyl-3,6-
dihydroxybenzoat&7 (4.67 g, 20.0 mmol) in acetone (100%}nThe solution was stirred at RT
until it turned brown. Dimethyl sulfate (5 én6.34 g, 52.6 mmol, 2.6 equiv.) was then added
and the resulting mixture was refluxed for 24 heTdrude reaction mixture which was light
brown in colour was filtered through celite and #udvent removedh vacuo Once the residue
was cooled, diethyl ether (65 &was added. The ether layer was washed with 109¢aars
ammonia solution (65 cthuntil frothing stopped. The aqueous layer wasdhghly extracted
with diethyl ether and dichloromethane. The orgaemtracts were combined and dried with
anhydrous MgS@before filtering through celite. The solvent waert removedn vacuo The
residue was purified by silica gel column chromaapyy (20% EtOAc /Hexane) to afford 2-
allyl-3,6-dimethoxybenzoaté8 as an orange oil (4.98 g, 95%).
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R = 0.50 (20% EtOAc /Hexane)R (CHCL): vimad{cm): 1728 (C=0),
1638 and 1481 (C=CjH NMR (300 MHz, CDC}): 6,4 = 6.84 (1H, d,
J=9.0 Hz, H), 6.75 (1H, dJ = 9.0 Hz, H), 6.12-5.74 (2H, m, Hand
H,» overlapped), 5.45-5.35 (2H, mgH 5.27-4.90 (2H, m, &), 4.81
(2H, dt, J= 5.8, 1.3 Hz, H), 3.78 (3H, s, OH3), 3.77 (3H, s, OB3), 3.35 (2H, dtJ = 6.3, 1.4
Hz, Hi); *3C NMR (75 MHz): 8¢ = 167.46 (C=0), 151.63 (C-2), 150.26 (C-5), 135012),

131.95 (C-2), 127.08 (C-6), 125.11 (C-4), 118.70 (C-3), 115(@53), 112.35 (C-3), 109.81
(C-1), 65.87 (C-1, 56.38 (OCH), 56.26 (OCH) 31.77 (C-1).

7.2.4. Preparation of (2-allyl-3,6-dimethoxyphenyl)methand 65

In a 500 criRB flask fitted with a reflux condenser, 2-allyb3dimethoxybenzoat@8 (5.23 g,
19.9 mmol) was dissolved in THF (250 YmThe solution was cooled t®® and lithium
aluminium hydride (1.51 g, 39.8 mmol, 2 equiv.) waaided slowly. The resulting suspension
was heated to 4Q and stirred for 2 h. The mixture was cooled € @gain before a 10%
aqueous hydrochloric acid solution (10%, 18cwas added slowly. THF was removiedvacuo
before the remaining aqueous layer was extracteti wiethyl ether (4 x 30 cfjp and
dichloromethane (3 x 30 cn The organic extracts were combined and drieth &ithydrous
MgSO, before filtering through celite. The solvent whert removedn vacuo The residue was
purified by silica gel column chromatography (20%0Ec /Hexane) to afford (2-allyl-3,6-
dimethoxyphenyl) methan@b as a light yellow oil (3.17 g, 77%).

>0 R = 0.21 (20% EtOAc /Hexane)R (CHCh): vma{cmi™): 3424 (OH), 1638
5 . on  and 1478 (C=C)H NMR (300 MHz, CDC}): 64 = 6.82 (1H, d,J = 8.9 Hz,
4 N, Hs), 6.77 (1H, dJ = 8.9 Hz, H), 6.04-6.91 (1H, ddt] = 17.0, 10.2, 5.8 Hz,

SN H2) , 5.00-4.88 (2H, m, ¥), 4.71 (2H, s, Ar-Bi,-O-), 3.85 (3H, s, 083),

3.78 (3H, s, O@3), 3.54 (2H, m, H}, 2.36 (1H, s, ®); **C NMR (75 MHz): 5c = 152.33 (C-
6), 151.79 (C-3), 137.41 (C)2 128.82 (C-1), 128.26 (C-2), 114.74 (§-310.66 (C-4), 108.78
(C-5), 57.45 (OCH), 56.27 (OCH), 55.81 (Ar-CH-O-), 29.91 (C-).
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7.2.5. Preparation of (2-allyl-3,6-dimethoxybenzyloxy)(ert-butyl)dimethylsilane 79

In a 250 cMRB flask fitted with a reflux condenser, (2-allyjéadimethoxyphenyl)methan6b
(2.97 g, 9.52 mmol) and TBDMSCI (1,7363 g, 11.52ahm.2 equiv.) were dissolved in THF
(100 cnf). Sodium hydride (60% in oil, 1.14 g, 28.5 mmai, 8.0 equiv.) was added and the
solution was refluxed for 24 h under an argon aphese, while stirring. The reaction was
worked up by adding distilled water (20 Yrand then extracting the material with ethyl ateta
(4 x 20 cm). The organic extracts were combined and driedh withydrous MgS©before
filtering through celite and the solvent removed/acuo The residue was purified by silica gel
column chromatography by using hexane as the ligtieent to remove the sodium hydride oil
from the column and then 20% EtOAc /Hexane to dfi@-allyl-3,6-dimethoxybenzyloxyiért-
butyl)dimethylsilaner9 as a light yellow oil (2.71 g, 90%).

~o . | J< R; = 0.72 (20% EtOAc /Hexane)R (CHCL): vma{cmi™): 1638 (C=C),
oSN 834 (Si-C); *H NMR (300 MHz, CDCY): 8y = 6.81 (1H, dJ = 8.9 Hz,
A Hs), 6.74 (1H, d,J = 8.9 Hz, H), 6.01 (1H, ddtJ = 16.6, 10.7, 6.0 Hz,
- ° H,), 4.99-4.97 (1H, m, ¥, 4.94 (1H, dg) = 8.9, 1.7 Hz, k), 4.77 (2H, s,
He), 3.80 (3H, s, OCH), 3.80 (3H, s, OCH), 3.59 (2H, dtJ = 5.9, 1.6 Hz, H), 0.93 (9H, s,
C(CHa)3), 0.10 (4H, s, Si(B3)2): °C NMR (75 MHz):8c = 152.0 (ArCO), 151.9 (ArCO), 137.3
(C-2) , 129.9 (ArC), 128.8 (ArC), 114.3 (C-3), 14Q(C-4), 109.4 (C-5), 56.2 (OGMH 56.1
(OCHa), 30.9 (C-1), 25.9 (GTH2)s), 18.5 C(CHa)a), -5.3 (SiCHs),): HRMS (ESI+): Found M
+ Na 345.1866, GH3003Si (M* + Na) requires 345.1864, m/z 345.1866 (MNa, 17%).
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7.2.6. Preparation of (E)-ethyl 4-(2-(gert-butyldimethylsilyloxy) methyl)-3,6-
dimethoxyphenyl)but-2-enoate 94

A 100cn? RB flask fitted with a reflux condenser was seteman argon atmosphere. Neat (2-
allyl-3,6-dimethoxybenzyloxyjért-butyl)dimethylsilane 79 (1.71 g, 5.32 mmol) and ethyl
acrylate (1.5 crh 1.38 g, 13.78 mmol, 2.6 equiv.) was dissolvediip toluene (50 cf) with
stirring. Second generation Grubbs catalyst (67g8 7r99 x 10 mol, 5 mol%) was then added
to the flask and the solution was heated 8C%nd left at this temperature for 18 h. The crude
product was dried onto silica while removing thévent in vacuo The material was purified by
silica gel column chromatography (10% EtOAc /Hexame afford €)-ethyl 4-(2-(tert-
butyldimethylsilyloxy)methyl)-3,6-dimethoxyphenyl)b2-enoate94 as a clear oil (1.63 g,
78%).

N0  OTBDMS R; = 0.31 (10% EtOAc /Hexane)R (CHCh): vmadcm™): 1716

(C=0), 1602 (C=C), 1243 (C-OJH NMR (300 MHz, CDC}): &y
0/7\8 = 7.13 (1H, dtJ = 15.6, 6.1 Hz, k), 6.80 (1H, d,J = 9.0 Hz, H),

6.75 (1H, d,J = 9.0 Hz, H), 5.68 (1H, dtJ = 15.6, 1.6 Hz, k),
4.74 (2H, s, ), 4.15 (2H, g) = 7.1 Hz, H), 3.79 (3H, s, OB3), 3.78 (3H, s, OH3), 3.71 (2H,
dd,J = 6.1, 1.7 Hz, &), 1.26 (3H, t,J = 7.1 Hz, H), 0.90 (9H, s, C(B3)3), 0.07 (6H, s,
Si(CH3)2) ; **C NMR (75MHz): 8¢ = 166.9(C=0), 151.9 (A&0), 151.7 (ACO), 148.0 (C-5),
133.6 (AC), 128.9 (AC), 121.1 (C-6), 110.5 (ABH), 109.9 (ACH), 61.3 (C-7), 56.2 (OCH),
56.1 (OCH), 55.9 (AICH,0Si), 29.0 (C-4), 26.0 (@Ha3)3), 18.4 C(CHa)s), 14.2 (C-8), -5.3
(Si(CH3)2); HRMS (ESI+): Found M — 'Bu 338.1490, ©H»0sSi (M* — 'Bu) requires
338.4744m/2338.1490 (M- "'Bu, 25%).
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7.2.7. Preparation of (E)-methyl 4-(2-(hydroxymethyl)-3,6-dimethoxyphenyl)t-2-enoate
66

In a 100cmRB flask fitted with a reflux condenser was seteman argon atmosphere. Neat (2-
allyl-3,6-dimethoxyphenyl)methanéb (1.03 g, 4.97 mmol) and ethyl acrylate (1.5C°cin34 g,
13.38 mmol, 2.7 equiv.) was dissolved in dryCH (30 cn?) with stirring. Second generation
Grubbs catalyst (211.1 mg, 2.49 x™nol, 5 mol%) was then added to the flask and the
solution was heated at reflux and left at this terajure for 4 h. The crude product was dried
onto silica while removing the solveimt vacuo The material was purified by silica gel column
chromatography (5% EtOAc /Hexane) to afford)-tnethyl 4-(2-(hydroxymethyl)-3,6-
dimethoxyphenyl)but-2-enoaé6 (1.19 g, 86%).

Ri = 0.52 (50% EtOAc /Hexane)R (CHCh): vma{cmi™): 3428

(OH), 1714 (C=0), 1599 and 1468 (C=CH NMR (300 MHz,
0/7\8 CDCl): 84 = 7.10 (1H, dtJ = 15.6, 5.9 Hz, ¥, 6.81 (1H, d,

J=9.0 Hz, H), 6.77 (1H, d,J) = 9.1 Hz, H), 5.63 (1H, dtJ = 15.6,
1.7 Hz, H), 4.66 (2H, s, K, 4.14 (2H, gJ = 7.1 Hz, H), 3.84 (3H, s, GHs), 3.78 (1H, s,
OCHs), 3.68 (2H, ddJ = 5.9, 1.8 Hz, &), 2.26 (1H, s, ®), 1.26 (3H, tJ = 7.1 Hz, H); *°C
NMR (75MHz) 8¢ = 171.2 (C=0), 152.2 (ArCO), 151.7 (ArCO), 147@5), 128.8 (ArC),
126.2 (ArC), 121.4 (C-6), 110.5 (ArCH), 109.3 (Arf;H61.3 (C-7), 57.4 (C-3), 56.1 (OGH
56.0 (OCH), 28.6 (C-4), 14.2 (C-8HRMS (ESI+): Found M + Na 303.1198, GH2¢0s (M* +
Na) requires 303.1211p/z303.1198 (M+ Na, 60%) 263.1279 (55).
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7.2.8. Preparation of ethyl 2-(5,8-dimethoxyisochroman-3-§acetate 67

S0 OTBDMS

(E)-ethyl  4-(2-(tert-butyldimethylsilyloxy)methyl)-3,6-dimethoxypheni)t-2-enoate 94
(1.17 g, 2.96 mmol) was dissolved in dry THF (1@ )ccontaining acetic acid (0.20 énB.49
mmol, 1.2 equiv.) in a dry two neck round bottorsK under argon. The reaction mixture was
cooled to 0°C and TBAF solution (0.5 M in THF, 3@ 15.0 mmol, 5 equiv.) was added to the
reaction mixture in one portion. The reaction migtuwvas allowed to warm up to room
temperature and was stirred for 18 hours undernargbe reaction mixture was then extracted
into EtOAC (4 x 50 cr). The organic layers were then combined, driedh withydrous MgS§)
filtered through celite and the solvent removedvacuo The crude material was purified by
flash silica gel column chromatography (10% EtOAexXHne) to yield the produé as a clear
oil (0.73 g, 88%).

In a 50 cm RB flask, the E)-methyl 4-(2-(hydroxymethyl)-3,6-dimethoxyphenyij2-enoate
66 (2.40 g, 8.56 mmol) was dissolved in dry THF (36’ The reaction mixture was cooled to
0°C and sodium hydride (60% in oil, 0.70 g, 17.5 ahn2.0 equiv.) was slowly added to the
reaction mixture. The reaction mixture was allovtedstir for 30 minutes at room temperature
under argon. The reaction mixture was then quenehitd H,O and diluted with EtOAc. The
organic material was then extracted into EtOAc (80xcni) before being washed with brine
(20 cn?). The organic extracts were combined, dried withyalrous MgS@ filtered through
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celite and the solvent removead vacuo The crude material was purified by flash silica g
column chromatography (10% EtOAc/Hexat®)yield the produc67 as a clear oil (2.06 mg,
86%).

R = 0.17 (10% EtOAc /Hexane)R (CHCh): vma{crm™?): 2940 (C-
H), 1734 (C=0), 1607 and 1435 (C=C), 1254 and 1(QD);
'H NMR (300 MHz, CDCJ): 8y = 6.65 (1H, dJ = 9.0 Hz, H),
6.61 (1H, dJ = 9.0 Hz, H), 4.91 (1H, dJ = 15.9 Hz, Hs), 4.62
(1H, d,J = 16.0 Hz, Hy), 4.19 (1H, dg)J = 7.1, 2.0 Hz, i), 4.11-3.99 (1H, m ¥, 3.77 (1H, s,
OCHs), 3.75 (1H, s, OCH), 2.83 (1H, ddJ = 16.9, 1.8 Hz,, k), 2.71 (1H, dd,) = 15.5, 7.8 Hz,
Hss), 2.60 (1H, ddJ = 15.5, 5.2 Hz, k), 2.44 (1H, ddJ = 16.9, 10.9 Hz, k), 1.28 (3H, t,
J=17.2 Hz, H); ®C NMR (75 MHz): 8¢ = 171.1 (C=0), 150.9 (ArCO), 149.4 (ArCO) , 124.4
(ArC), 123.1 (ArC), 107.5 (ArCH), 107.0 (ArCH), 70(C-8), 64.7 (C-3), 60.5 (C-6), 56.5
(OCHy), 55.4 (OCH), 41.1 (C-5), 28.2 (C-4), 14.2 (C-THRMS (ESI+): Found M + H
281.1381, GsH00s (M* + H) requires 281.13904, m/z 281.1381@VH, 100%) 279.1220 (25),
235.0958 (22).

7.2.9. Preparation of 2-(5,8-dimethoxyisochroman-3-yl)acét acid 71

In a 25 cm RB flask, the acetaté7 (1.03 g, 3.68 mmol) was dissolved in dry methgBotnt)

and to this was added potassium hydroxide (1.268 mmol, 7.2 equiv.). The reaction mixture
was stirred for 3 hours at room temperature undeargon atmosphere. Upon completion the
reaction mixture was quenched withhGH and diluted with EtOAc. The aqueous layer was
washed with EtOAc (2 x 20 chnto remove any unreacted starting material. Theeags phase
was acidified to pH 2 using 6N HCI which resultedai white precipitate. The organic material
was extracted into EtOAc (4 x 50 ®mand the organic extracts combined and dried with
anhydrous MgSQ) filtered through celite and the solvent remouegtacuoto afford the acid’1

as a white powder (0.88 mg, 95%).
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Ri = 0.46 (50% EtOAc /Hexane)np. 155-157°C;IR (CHC):

Vma{cMY): 3015 (OH), 1694 (C=0), 1488 (C=C), 1326 (C-&);NMR
oH (300 MHz, CDC}): 64 = 11.00 (1H, s, @), 6.67 (1H, d,J = 8.9 Hz,

H,), 6.63 (1H, d,J = 8.9 Hz, B), 4.96 (1H, d,J = 15.9 Hz, H),
4.65 (1H, d,J = 15.9 Hz, Hy), 4.05 (1H, ddtJ = 7.8, 5.1, 3.3 Hz, k), 3.78 (1H, s, OC}j,
3.76 (1H, s, OCh), 2.86 (1H, ddJ = 16.9, 1.9 Hz, i), 2.77 (2H, ddJ = 15.2, 7.0 Hz, K}),
2.70 (2H, ddJ = 15.2, 4.6 Hz, K, 2.48 (2H, ddJ = 16.9, 10.9, W); **C NMR (75 MHz):
dc = 176.2 (C=0), 150.9 (A0O), 149.4 (ACO) , 124.4 (AC), 122.8 (AC), 107.7 (ACH),
107.2 (ACH), 70.5 (C-6), 64.7 (C-3), 56.6 (OGKl 55.5 (OCH), 40.8 (C-5), 28.2 (C-4);
HRMS (ESI+): Found M + H 253.1087, @H1605 (M™ + H) requires 253.107Tn/z 253.1087
(M*+ H, 40%) 236.1021 (15).

7.2.10.Preparation of 6,9-dimethoxy-3,3a,5,9b-tetrahydro-Bi-furo[3,2c]isochromen-2-one
72

In a 50 cmM RB flask, the 2-(5,8-dimethoxyisochroman-3-yl)aceitid 71 (0.20 g, 0.80 mmol)
and KBr (0.11 g, 0.88 mmol, 1.1 equiv.) were susieehin dry CHCI, (8 cn?), to this was
added p-anisiodine diacetate (0.34 g, 0.96 mmaletuiv.) and the resulting reaction mixture
was allowed to stir at room temperature for 18 ko@at. ag. NaHC{(5 cnt) was then added
to the reaction mixture and stirred for an addiioB minutes. The organic layer was then
separated and washed sequentially with sat. aq.O@8H5 cn?) and dilute ag. sodium
thiosulfate (5 cr). The organic extracts were combined and drietl aithydrous MgSgbefore
being filtered through celite and the solvent reetbvn vacuo The crude material was purified
by flash silica gel column chromatography (10% EtD#exane) to yield the produ@R as a
white solid (58.5 mg, 29%).
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Rr = 0.31 (50% EtOAc /Hexane)np. 173-175°C (lit 162-165°¢j IR

(CHCL): vma(cm™): 1767 (C=0), 1605 and 1489 (C=C), 1326 (C-&;
NMR (300 MHz, CDC)): &y = 6.84 (1H, d,J = 8.9 Hz, H), 6.77 (1H, d,
J=9.0 Hz, H), 5.33 (1H, dJ = 2.4 Hz, H), 4.98 (1H, dJ = 16.1 Hz, H,),

4.47 (1H, dJ = 16.1 Hz, Hy), 4.34 (1H, ddJ = 4.7, 2.8 Hz, i), 3.84 (3H, s,
OCHs), 3.78 (3H, s, OCH), 2.91 (1H, ddJ = 17.5, 4.9 Hz, &), 2.71 (1H, dJ = 17.5 Hz, Hy);

13C NMR (75 MHz): 8¢ = 175.2 (C=0), 152.8 (ArCO), 148.9 (ArCO) , 12%&C), 117.7
(ArC), 111.2 (ArCH), 109.0 (ArCH), 72.7 (C-5), 71(€-4), 62.6 (C-3), 56.1 (OGJ 55.7
(OCHg), 37.6 (C-6).

7.2.11.Preparation of 2-allyl-3,6-dimethoxybenzaldehyde 97

PCC (4.57 g, 21.17 mmol, 2.1 equiv.) was dissoliedeCN (30 cn) and adsorbed onto
neutral AbOs; (50 g). This solid was then added to a solution tbé (2-allyl-3,6-
dimethoxyphenyl)methand5 (2.09 g, 10.08 mmol) in dry GBI, (150 cri). The reaction
mixture was allowed to stir at room temperature f8rhours under argon. Upon completion of
the reaction, the mixture was filtered throughteeind the solvent removeadvacuo The crude
material was purified by silica gel column chrongaphy (20-30% EtOAc/Hexane) to yield the
product97 as a clear yellow oil (1.86 g, 90%).

~o © R = 0.41 (250% EtOAc /HexandR (CHCh): vma(cniy): 2940 (C-H), 1680
1 4 (C=0):'H NMR (300 MHz, CDCY): &y = 10.57 (1H, s, 60), 7.06 (1H, d,
2 4\5 J=9.0 Hz, H), 6.83 (1H, dJ = 9.0 Hz, H), 5.97 (1H, ddtJ = 16.2, 10.1,

o_ ° 6.1 Hz, H), 4.96 (2H, ddg,) = 9.9, 6.3, 1.7 Hz, &, 3.85 (3H, s, OCH),

3.80 (3H, s, OCH), 3.78 (2H, dtJ = 6.1, 1.6 Hz, K); *3C NMR (75 MHz):8¢c = 192.5 (C=0),
156.9 (ArCO), 151.7 (ArCO), 136.7 (C-4), 131.5 (Ar@24.0 (ArC), 117.2 (ArCH), 114.8 (C-
5), 109.8 (ArCH), 56.6 (OCH), 56.1 (OCH), 29.4 (C-3);HRMS (ESI+): Found M + H
207.1026, @H140s (M* + H) requires 207.10220/2207.1026 (M + H, 100%) 191.1075 (15),
189.0923 (72).
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7.2.12 Preparation of rac-1-(2-allyly-3,6-dimethoxyphenyl)ethanol 68

Under an argon atmosphere, Mg metal (0.70g, 28.8®Im1.8 equiv.) was placed in an oven
dried 250 cril two-necked RB flask fitted with a condenser andpging funnel. Dry EO
(60 cn?) followed by Mel (3.42g, 1.5 ¢ 24.10 mmol, 1.5 equiv.) was added to the reaction
flask. The reaction mixture became cloudy with ragerature increase. Once all the Mg metal
was consumed, the dropping funnel was charged witBolution containing 2-allyl-3,6-
dimethoxybenzaldehyd@7 (3.31g, 16.05 mmol) in dry THF (65 &nThis solution was added
dropwise to the newly formed Grignard reagent. Bloéution was allowed to stir at room
temperature for 18 hours after which time it waacpt in an ice-bath and,® was added
dropwise to quench any excess Grignard reagentrddetion mixture was diluted with EtOAc
(2 x 100 crm) and the organic material was washed with brir® (dn7). The organic extracts
were combined, dried with anhydrous MgS@ltered through celite and the solvent removed
invacuo The crude material was purified by silica gel woh chromatography
(20% EtOAc/Hexane) to yield the produ@8 as a clear oil (2.83 g, 84%).

~o 3 Rr = 0.26 (20% EtOAc /Hexane)R (CHCL): vma{cm): 3549 (OH):'H
1 2on  NMR (300 MHz, CDCY): 84 = 6.79 (2H, ddJ = 9.0 Hz, H), 6.74 (2H, dd,
5 6\ , J=90Hz, H), 5.94 (1H, ddt) = 16.2, 10.2, 5.8 Hz, §i 5.12-4.88 (3H, m,

o_ ° H, and H overlapping), 4.07 (1H, d} = 11.2 Hz, ®i), 3.84 (3H, s, OCH),

3.76 (1H, s, OCH), 3.46 (2H, m, i), 1.53 (3H, dJ = 6.7 Hz, H); *C NMR (75 MHz): 5¢ =
152.0 (ArCO), 151.9 (ArCO), 136.6 (C-6), 132.7 (AyCl26.1 (ArC), 115.0 (C-7), 109.5
(ArCH), 109.4 (ArCH), 67.3 (C-4), 56.2 (OGH 55.6 (OCH), 29.8 (C-5), 23.7 (C-3).
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7.2.13.Preparation of (E)-methyl-4-(2-(1-hydroxyethyl)-3,6-dimethoxyphenylbut-2-enoate
+69

In a 50 cm RB flasked fitted with a condenser was added thena+68 (0.90 g, 4.268 mmol)
and ethyl acrylate (1.07 g, 1.2 §m.0.67 mmol, 2.5 equiv.) dissolved in dry &H, (20 cn).
Grubbs Il catalyst (0.18 g, 0.213 mmol, 5 mol%) wsen added to this solution and the mixture
was allowed to stir at 90°C for 18 h under an argwnosphere. After this time, the mixture was
cooled to room temperature and the solvent removedcuo The residue was purified by flash
silica column chromatography (10-20% EtOAc/ Hexanejield the product69 as a brown oil
(1.18 g, 94%).

~ 4 R; = 0.59 (50% EtOAc /Hexane)R (CHCh): vma{cm™): 3538
1 S0H O (OH), 1712 (C=0);'H NMR (300 MHz, CDC¥): & 7.05 (1H, dft,
2 S gL I= 156, 6.0 Hz, B, 6.77 (2H, 2 x dJ = 9.0 Hz, H and H

o ° ! ° overlapping signals), 5.66 (1H, dt= 15.6, 1.8 Hz, K, 4.95 (1H,

~

dg,J=11.1, 6.7 Hz, &), 4.13 (2H, qJ = 7.1 Hz, H), 3.97 (1H, d,J = 10.9 Hz, ®1), 3.85 (3H,
s, OCHy), 3.76 (3H, s, OCH), 3.60 (2H, ddd] = 7.7, 6.0, 1.8 Hz, ¥, 1.51 (3H, dJ = 6.7 Hz,
Hs), 1.24 (3H, tJ = 7.1 Hz, H); *C NMR (126 MHz, CDCY): c = 166.66 (C=0), 151.90
(ArCO), 151.76 (ArCO), 147.03 (C-6), 132.77 (ArC)24.08 (ArC), 121.62 (C-7), 110.09
(ArCH), 109.27 (ArCH), 67.26 (C-3), 60.15 (C-8),.6B (OCH), 55.65 (OCH), 28.50 (C-5),
23.75 (C-4), 14.24 (C-9HRMS (ESI+): Found M + Na 317.1360, GH»:0s (M* + Na)
requires 317.136T0/z317.1360 (M+ Na, 35%) 312.1810 (18), 277.1437 (100), 203.102).
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7.2.14.Preparation of cis and trans ethyl 2-(5,8-dimethoxy-1-methylisochroma-3-yl)aceie
rac-70

In a 50 cmiRB flask, the acetat#69 (6.04 g, 20.51 mmol) was dissolved in dry THF (15).
The reaction mixture was cooled to 0°C and sodiydrile (60% in oil, 1.66 g, 41.03 mmol,
2.0 equiv.) was slowly added to the reaction mixtdihe reaction mixture was allowed to warm
up to room temperature and was stirred for 16 howmder argon. The reaction mixture was
guenched with k0 and diluted with EtOAc. The organic material veasracted into EtOAc (4 x
50 cn?) before being washed with brine (20 niThe organic extracts were combined, dried
with anhydrous MgS®) filtered through celite and the solvent remowedsacuo The crude
material was purified by flash silica gel colummraiatography (10% EtOAc/Hexane) to yield
the productac-70 as a clear oil (5.13 g, 85%).

R = 0.76 (50% EtOAc /Hexane)R (CHCL): vma{cni): 2937 (C-
H), 1732 (C=0), 1603 and 1437 (C=C), 1254 and 1(Q4D);
'H NMR (300 MHz, CDC}): &y = 6.66 (4H, m, 2 x Ar@, H, and
H,), 5.08 (2H, 2 x gJ = 6.6 Hz, 2 x H), 4.99 (1H, dtJ = 6.3,
1.5 Hz, H), 4.44-4.34 (1H, m, §), 4.25-4.10 (4H, m, 2 x g}{ 4.00-3.88 (1H, m, §), 3.78—
3.76 (12H, m, 2 x (2 x OC#)), 2.90-2.31 (8H, m, 2 xdand 2 x H), 1.53 (3H, dJ = 1.3 Hz,
Ha), 1.50 (3H, dJ = 1.0 Hz, H), 1.28 (6H, dtJ = 7.1, 5.8 Hz, 2 x bJ; *C NMR (75 MHz):
8c = 171.27 (C=0), 171.23 (C=0), 150.86 (ArCO), 150(BrCO), 150.25 (ArCO), 149.44
(ArCO), 129.22 (ArC), 129.03 (ArC), 124.53 (ArC)2271 (ArC), 108.09 (ArCH), 107.73
(ArCH), 107.55 (ArCH), 107.40 (ArCH), 71.18 (C-89.78 (C-6), 68.50 (C-3), 63.42 (C-3),
60.52 (C-8), 60.42 (C-8), 55.69 (O@H55.58 (OCH), 55.43 (OCH), 55.40 (OCH), 41.44 (C-
7), 41.21 (C-7), 29.23 (C-5), 28.26 (C-5), 21.634)C19.23 (C-4), 14.24 (C-9HRMS (ESI+):
Found M + H 295.1545, GH»0s (M* + H) requires 295.150%0/2295.1545 (M + H, 100%)
293.1384 (40), 251.1282 (85), 205.0858 (25).
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7.2.15.Preparation of 2-(5,8-dimethoxyisochroman-3-yl)acét acid rac-98

In a 50cni RB flask, the esterac-70 (0.27 g, 0.91 mmol) was dissolved in dry THF (3*cm
Potassium hydroxide (0.39 g, 6.35 mmol, 7.0 equixa¥ slowly added to the reaction mixture.
The reaction mixture was allowed stir at room terapge for 2 hours under argon The agueous
phase was acidified to pH 2 using 6N HCI which lesband the organic material extracted into
EtOAc (4 x 50 cr). The organic extracts were combined and driedh w&ithydrous MgSg)
filtered through celite and the solvent removedvacuoto afford the acidac-98 as a light
brown oil (0.18 g, 73%).

~o L4 Rt = 0.64 (50% EtOAc /Hexane)R (CHCL): vma{cn): 2974 (OH),

0 1703 (C=0), 1603 and 1482 (C=C), 1339 (C-);NMR (300 MHz,
g )J\OH CDCl): 8y = 10.42 (2H, s, 6), 6.75-6.55 (4H, m, 2 x +and 2 x H),
~ ! 5.12 (1H, gJ = 6.5 Hz, H), 5.03 (1H, qJ = 6.2 Hz, H), 4.39 (1H, m,
He), 3.94 (1H, ddddj = 10.7, 7.5, 5.2, 2.1 Hz ¢} 3.81-3.72 (6H, m, OC#}i 2.93—2.34 (8H, m,
2 x Hy and 2 x H), 1.53 (6H, ddJ = 6.5, 1.3 Hz, 2 x kJ; *C NMR (75 MHz): 8¢ = 176.10
(C=0), 175.78 (C=0), 150.85 (ArCO), 150.63 (ArCD$0.19 (ArCO), 149.38 (ArCO), 128.73
(ArC), 128.65 (ArC), 124.00 (ArC), 122.25 (ArC), 8@6 (ArCH), 107.91 (ArCH), 107.69
(ArCH), 107.55 (ArCH), 71.36 (C-6), 69.53 (C-6),.B8 (C-3), 63.30 (C-3), 55.58 (OGH
55.44 (OCH), 41.02 (C-7), 40.78 (C-7), 29.10 (C-5), 28.195)C-21.69 (C-4), 19.24 (C-4);
HRMS (ESI+): Found M + H 267.1223, €H1¢0s (M* + H) requires 267.1279n/2267.1223
(M*+ H, 45%) 223.0967.1384 (50), 205.0862 (100), 19740(30).
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7.2.16.Preparation of (3aR, 5R, 9bR)-6,9-dimethoxy-5-methyl-3,3a,5,9b-tetrahydro-Bi-

furo[3,2-clisochromen-2-onerac-75

In a 50 cmi RB flask, p-anisiodine diacetate (0.80 g, 2.27 mmiac® equiv.) was added to a
stirred suspension of the acgw@c-98 (0.50g, 1.89 mmol) and KBr (0.23, 1.91 mmol, 1quie.)

in dry CHCl, (20 cnf). The reaction mixture was stirred at room tempeeafor 18 hours. After
this time, sat. ag. NaHG@10 cnf) was added and the reaction mixture stirred foadditional

5 minutes. The organic layer was separated andesdlastquentially with another portion of sat.
ag. NaHCQ (10 cnf) and dilute ag. sodium thiosulfate (10 %niThe organic extracts were
combined, dried with anhydrous Mg®COfiltered through celite and the solvent removed
invacuo The crude material was purified by flash silical gcolumn chromatography
(10% EtOAc/Hexane) to yield the produat-75 as a white solid (0.13 g, 26%).

R; = 0.49 (50% EtOAc /Hexanejnp. 131-133°C:IR (CHC): vmad{cm):
1768 (C=0), 1604 and 1487 (C=C), 1321 (C-&% NMR (300 MHz,
CDCl): 8y = 6.84 (1H, dJ = 8.9 Hz, H), 6.77 (1H, dJ = 8.9 Hz, H), 5.34
(1H, d,J = 2.8 Hz, H), 5.15 (1H, gJ = 6.7 Hz, H), 4.69 (1H, dd, = 4.9,
2.9 Hz, H), 3.84 (3H, s, OCh), 3.79 (3H, s, OCH), 2.92 (1H, dd) = 17.5,
5.0 Hz, H2), 2.65 (1H, dJ = 17.5 Hz, Hy), 1.47 (3H, dJ = 6.7 Hz, H); °C NMR (75 MHz):
8c = 175.48 (C=0), 152.64 (ArCO), 148.66 (ArCO), IR.(ArC), 116.98 (ArC), 111.51
(ArCH), 109.05 (ArCH), 71.52 (C-5), 67.36 (C-3),.89 (C-6), 56.12 (OC}k), 55.70 (OCH),
37.69 (C-7), 18.45 (C-4).
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7.2.17 Preparation of 1-(2-allyl-3,6-dimethoxyphenyl)ethylacetate +102

1-(2-allyl-3,6-dimethoxyphenyl)ethanal68 dissolved in dry THF (25 cfj was placed in a
50 cn? two necked RB flask fiited with a rubber septum. This was added 4-
dimethylaminopyridine (DMAP) (0.03 g, 0.24 mmol,n8ol%) followed by aectic anhydride
(1.95 g, 1.8 cr) 18.82 mmol, 4 equiv.) and triethylamine (4.836g7 cni, 47.05 mmol,
10 equiv.). The reaction mixture was stirred atrmotemperature for 18 hours. The reaction
mixture was then quenched with,® and the organic material extracted with EtOAcx(3
50 cn?). The organic extracts were combined, dried withyarous MgS@ filtered through
celite and the solvent removéa vacuo The residue was purified by flash silica gel oatu
chromatography (10% EtOAc/Hexane) to yield the podet102 as a clear oil (0.89 g, 75%).

~o 3 o Rr = 0.59 (50% EtOAc /Hexane)R (CHCh): vima{cn™): 2938 and 2836

1 4 OJ\B (C—H stretch), 1732 (C=0), 1597 and 1478 (C=C),91¢3-0);:'H NMR
5 A , (300 MHz, CDCJ): 3y = 6.81-6.71 (2H, m, Hand H overlapping), 6.39
o_ ° (1H, g,J = 6.8 Hz, H), 5.97 (1H, ddtJ = 17.1, 10.3, 5.6 Hz, &} 4.92 (2H,

ddg,J = 33.5, 17.2, 1.8 Hz, §1 3.81 (3H, s, OCH), 3.76 (3H, s, OCH), 3.65 (2H, ddd] = 7.5,
4.3,1.7 Hz, K, 2.02 (3H, s, i), 1.56 (3H, dJ = 6.8 Hz, H); *C NMR (75 MHz):5¢ = 170.57
(C=0), 152.28 (ArCO), 151.95 (ArCO), 137.41 (C-GR9.37, 128.21, 114.46 (C-7), 110.62
(ArCH), 110.33 (ArCH), 67.53 (C-3), 56.49, 30.98,34, 21.52 (C-3), 20.18.

7.2.18.Preparation of (E)-1-(3,6-dimethoxy-2-(prop-1-en-yl)phenyl)ethanol £04

A 50 cn? RB flask, potassium tert-butoxide (1.38 g, 12.0%ah 4 equiv.) was added to a clear
solution of 1-(2-allyl-3,6-dimethoxyphenyl)ethant8 (0.63 g, 3.012 mmnol) dry THF (20
cm’). The resulting reaction mixture was allowed ti at room temperature for 2 h, under
argon. The mixture was poured into sat. ag. amrmonihloride (20 crf) and the organic
material extracted into EtOAc (4 x 50 ®mThe organic extracts were combined, dried over
MgSO, and filtered through celite. The solvent was reettin vacuoand the residue purified by
flash silica gel column chromatography (10% EtOAeXHne) to yield the produetl04 as a
clear oil (0.89 g, 75%).
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Rf = 0.20 (20% EtOAc /Hexane)R (CHCh): vma(cmi): 3535 (OH), 2962
and 2836 (C-H), 1598 and 1447 and 927 (C=C), 1866); '"H NMR (300
MHz, CDCk): 64 = 6.73 (2H, gJ = 9.0 Hz, H and B overlapping), 6.35
(1H, dd,J = 16.1, 1.7 Hz, ¥), 5.74 (1H, dg,) = 16.0, 6.5 Hz, k), 5.16 (1H,
dg, J = 13.4, 6.7 Hz, b, 3.96 (1H, d,J = 11.6 Hz, ®i), 3.86 (3H, s, OCk), 3.76 (3H, s,
OCH), 1.91 (3H, ddJ = 6.5, 1.7 Hz, H), 1.55 (3H, d,J = 6.7 Hz, H); **C NMR (75 MHz): 8¢
= 151.91 (ArCO), 151.70 (ArCO), 131.97 (C-6), 127(ArC), 124.32 (C-5), 109.59 (ArCH),
109.10 (ArCH), 67.60 (C-4), 56.08 (OGH55.60 (OCH), 23.84 (C-3), 19.07 (C-7).

7.2.19.Preparation of (E)-1-(3,6-dimethoxy-2-(prop-1-en-yl)phenyl)ethyl acate +103

In a 25 cm RB flask was addedE}-1-(3,6-dimethoxy-2-(prop-1-en-yl)phenyl)ethans104
(0.35 g, 1.56 mmol) followed by pyridine (0.31 g3® cnt, 3.94 mmol, 2.5 equiv.) and acetic
anhydride ( 0.40 g, 0.37 &n3.94 mmol, 2.5 equiv.). the reaction was allowedtir at room
temperature for 18 h. After this time,® (50 cni) was added to quench the reaction and the
organic material extracted into EtOAc (3 x 50%gnThe organic extracts were combined and
washed with brine (50 cinbefore being dried over MgSOfiltered through celite and the
solvent removedn vacuo The resulting residue was purified by flash siligel column
chromatography (10% EtOAc/Hexane) to yield the popd103 as a clear oil (0.28 g, 68%).

Rf = 0.31 (20% EtOAc /Hexane)R (CHCL): vmadcm™): IR (CHC):
J\s Vma{cm): 2938 and 2837 (C-H stretch), 1727 (C=0), 1594 4478
(C=C), 1241 (C-O)'H NMR (300 MHz, CDCY): &y = 6.76 (2H, s, kland
H, overlapping), 6.53 (1H, dd, = 16.0, 1.7 Hz, k), 6.36 (1H, gJ = 6.8
Hz, Hy), 5.86 (2H, dgJ = 16.0, 6.5 Hz, B, , 3.86 (3H, s, OC}J, 3.76 (3H, s, OCEJ, 2.01 (3H,
s, Hy), 1.93 (3H, ddJ = 6.5, 1.7 Hz, H), 1.60 (3H, dJ = 6.8 Hz, H); **C NMR (75 MHz): 8¢ =
170.40 (C=0), 152.35 (ArCO), 151.63 (ArCO), 131@56), 128.45 (ArC), 128.37 (ArC),
124.64 (C-5), 110.90 (ArCH), 110.82 (ArCH), 68.454), 56.59 (OCHh), 56.15 (OCH), 21.33
(C-8), 19.66 (C-3), 19.27 (C-7).
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7.2.20.Preparation of 1-(2,5-dimethoxyphenyl)ethanol +106

In a 250 cm RB flask, 2,5-dimethoxyphenylacetophendi® (5.70 g 5.0 crfy 31.60 mmnol)
was dissolved in dry THF (100 &n The solution was cooled to 0°C and lithium alnioin
hydride (2.97 g, 78.20 mmol, 2.5 equiv.) was sloatided. The reaction mixture was stirred at
40°C for 2 h, under argon. After completion, thaateon was cooled to 0°C before the slow
addition of ag. NaOH solution (2M, 20 &nThe aqueous layer was extracted with diethytreth
(4 x 40cn) and dichloromethane (4 x 408mThe organic extracts were combined, dried over
MgSQO, and filtered through celite. The solvent was reettim vacuo The residue was purified
by silica gel column chromatography (10% EtOAc/HexXato yield the productl06 as an
orange oil (5.99 g, 99%).

~o 5 R; = 0.14 (20% EtOAc /HexandR (CHCl): vma{cni™): 3410 (OH), 2967 and
oM 2834 (C-H), 1592 and 1493 (C=C), 1242 (C-B):NMR (300 MHz, CDCY):
2 3 oy = 6.94 (1H, dJ = 2.8 Hz, H), 6.81-6.70 (2H, m, Hand H overlapping),
N 5.05 (1H, dJ = 6.5 Hz, H), 3.79 (3H, s, OCH}, 3.76 (3H, s, OCH}, 3.01 (1H,
s, OH), 1.46 (38H, d,J = 6.5 Hz, H); °C NMR (126 MHz): 8¢ = 153.81 (ArCO), 150.62
(ArCO), 134.84 (ArC), 112.43 (ArCH), 112.31 (ArCH)11.44 (ArCH), 67.28 (C-4), 65.99 (C-
6), 55.79 (OCH), 55.71 (OCH), 23.06 (C-5).
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7.2.21.Preparation of 1-(2,5-dimethoxyphenyl)ethyl acetate99

In a 25 cm RB flask, 1-(2,5-dimethoxyphenyl)ethanell06 (2.05 g, 11.23 mmol) was dissolved
in dry THF (100 cm). To this stirred solution was added a catalytimoant of 4-
dimethylaminopyridine (DMAP) (0.14 g, 1.12 mmol, d®lar %), followed by acetic anhydride
(4.58 g, 4.30 crh 44.97 mmol, 4 equiv.) and triethylamine (11.351,7 cnd, 112.25 mmol,
10 equiv.). The reaction mixture was allowed to atiroom temperature for 2 h, under argon.
The mixture was then quenched with distillesOH30 cni) and the organic material extracted
into EtOAc (4 x 50 crf). The organic extracts were combined and dried MgSQ, before
being filtered through celite. The solvent was reathin vacuoand the residue purified by flash
silica gel column chromatography (20% EtOAc/Hexatoeyield the product99 as a clear oil
(2.46 g, 98%).

~o 5 o R: = 0.40 (20% EtOAc /Hexane)R (CHCL): vma(cmi™): 2937 and 2836

] g 0)1\6 (C—H stretch), 1736 (C=0), 1592 and 1498 (C=C)41@3-0);'H NMR
5 3 (300 MHz, CDC}): 6y = 6.94 (1H, dJ = 2.7 Hz, H), 6.83-6.71 (2H, m,
O H, and H overlapping), 6.20 (1H, d, = 6.5 Hz, H), 3.79 (3H, s, OC}J,

3.77 (3H, s, OCh), 2.09 (3H, s, k), 1.46 (3H, dJ = 6.5 Hz, H); °C NMR (75 MHz): 5¢ =
170.07 (C=0), 153.72 (ArCO), 150.17 (ArCO), 131(AEC), 112.42 (ArCH), 112.36 (ArCH),
111.64 (ArCH) 67.14 (C-4), 56.03 (OGH55.67 (OCH), 21.30 (C-6), 21.25 (C-5).
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7.2.22.General procedure for the kinetic resolution of raemic alcohols using CALB

e

OAc 0" OAc 0

To a stirred solution of racemic alcohs®9 in toluene (5 crfi200 mg) was added a buffer
solution of tris(hydroxymethyl)amino methane (0.1 pH 7.5, 40 crff200 mg). to this reaction
mixture was added the lipase enzyme CALB (100 [©I/2®) and the reaction was allowed to
stir at 30°C. Completion of the reaction was deteesh by HPLC on a C18 column (70%
acetonitrile/water) which showed a 50% conversibithe racemic acetate to the alcohol. The
organic material was extracted into EtOAc (4 x B®)c The organic extracts were combined
and dried with anhydrous MgSO4, filtered throughteeand the solvent removea vacuo The
crude material was purified silica gel chromatograp10% EtOAc/Hexane) to give the
unreacted acetate (0.42 g, 56%) and enantiosedgctivydroylsed alcohol (0.26 g, 43%). The
enantiomeric excess for each product was determityetHPLC analysis on a Chiralcel OD
colum (200 x 46 mm) using 7.5% isopropyl alcoholhexane as the mobile phase. Both

products were analysed spectroscopically and cteaizaed as described above.
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7.3. Experimental procedures pertaining to Chapter 4

7.3.1. Preparation nitroalkene via a Henry reaction

Method A

In a 100cmiRB flask equipped with a reflux condenser, aldeh{@890 mmol) and ammonium
acetate (3 equiv.) was added to glacial acetic ¢&fdn?). Nitromethane (1.7 equiv.) was then
added to the reaction, and the reaction mixtureestiat reflux for 6 hours under argon during
which time it became a deep red solution. The i@aatas then cooled and diluted with EtOAc
before being transferred to a separating funnet. diiganic layer was then washed with water (3
x 100cni), dried over anhydrous MgSQfiltered through celite and the solvent remowed
vacua The resulting residue was the recrystallized figthyl ether-hexane to afford the nitro

compounds as bright yellow solids.

Method B

In a 100cm RB flask equipped with a dean stark trap and refaondenser, aldehyde
(39.28 mmol) and ammonium acetate (3 equiv.) wasle@dto dry toluene (65ch
Nitrocompound (1.7 equiv.) was then added to tlaetien, and the reaction mixture stirred at
reflux for 6 hours under argon during which timéé&came a deep red solution. The reaction
was then cooled and diluted with EtOAc before beiagsferred to a separating funnel. The
organic layer was then washed with water (3 x 1G)cdried over anhydrous MgSCfiltered
through celite and the solvent removiedvacuo The resulting residue was the recrystallized

from diethyl ether-hexane to afford the nitro compds as bright yellow solids.
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7.3.1.1. Preparation of (E)-5-(2-nitrovinyl)benzo[d][1,3]dioxole 189
o 3 Method A: Yellow solid (2.81g, 43%)R; = 0.45 (20% EtOAc
2
6¢ 5 /Hexane);mp. 161-162°C, (lit 164-165°3 IR (CHCL): vma{cni™):
O
1 4 NO2 3118 and 2919 (C-H), 1602, 1487 and 965 (C=C), 1&600 1368

(NO,), 1240 (C-0)H NMR (500 MHz, CDCY): 8y = 7.92 (1H, d,J = 13.6 Hz, H), 7.47 (1H,
d,J = 13.6 Hz, H), 7.08 (1H, dd,J = 8.0, 1.4 Hz, k), 7.00 (1H, d,J = 1.5 Hz, H), 6.87 (1H, d,
J=8.0 Hz, H), 6.06 (2H, s, k); °C NMR (126MHz) 8¢ = 151.40 (ACO), 148.80 (ACO),
139.08 (C-4) , 135.44 (C-5), 126.61 @r 124.23 (C-2), 109.09 (C-3), 107.03 (C-1), 10207
6).

7.3.1.2. Preparation of (E)-1-methoxy-4-(2-nitrovinyl)benzene 190
o X Method A:Yellow solid (3.77g, 51%)R: = 0.39 (20% EtOAc
- 2
5 A /Hexane):mp. 86—88°C, (lit 46-48°CY; IR (CHCL): vma{cm™): 3017
2 3 N9 (c_H), 1601 and 1493 (C=C), 1571 and 1324 {N@248 (C-O)*H

NMR (500 MHz, CDC}): 6y = 7.97 (1H, dJ = 13.6 Hz, H), 7.51 (3H, ddJ=11.1, 7.3 Hz, H
H, and H- overlapping), 6.95 (2H, dl = 8.8 Hz, Hand H:), 3.87 (3H, s, OH3); *C NMR
(126MH2z) 6¢c = 162.99 (ACO), 139.03 (C-3), 135.07 (C-4) , 131.18 (C-2 an@’;-122.58
(ArC), 114.96 (C-1 and C-1’), 55.54 (C-5).

7.3.1.3. Preparation of (E)-1-isopropoxy-2-methoxy-4-(2-nitrovinyl)benzene 19
8_, 8 Method A: Yellow solid (4.199, 44%)R: = 0.45 (20% EtOAc
E/ 3 /Hexane):mp. 84-86, (lit 82—83f* IR (CHCL): vmad{cm): 3120 and
2
5 P 2977 (C—H), 1624 and 1489 (C=C), 1596 and 1330,JNI®59 (C—-
N
N 4 "% )4 NMR (500 MHz, CDCY): 6, = 7.96 (1H, d,J = 13.5 Hz, H),

7.52 (1H, dJ = 13.5 Hz, H), 7.14 (1H, ddJ = 8.3, 1.9 Hz, k), 7.01 (1H, d, J = 1.8 Hz, B,
6.91 (1H, dJ = 8.4 Hz, 18), 4.65 (1H, sept) = 6.1 Hz, H), 3.90 (3H, s, O83), 1.41 (6H, d,J
= 6.1 Hz, H); *C NMR (126MHz)5¢ = 151.49 (ACO), 150.48 (ACO), 139.41 (C-4) , 135.05
(C-2), 124.45 (C-5), 122.56 (&), 111.12 (C-1), 71.45 (C-7), 56.12 (C-6), 21.938(C
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7.3.2. Preparation of nitroalkane compounds

In a 250cmRB flask, nitroalkene (14.55 mmol) was dissolvedliy chloroform (160 cri) and
dry isopropanol (30 cL To this solution was added silica gel (20 g)dnied by the addition of
sodium borohydride (2 equiv.). The reaction mixtwas then stirred for 2 hours under argon at
room temperature. Upon completion, as monitoredTb§, the reaction mixture was filtered
through celite aand washed with EtOAc (100%criThe organic phase was then washed with
water (2 x 100cr) followed by brine (100cf), dried over anhydrous MgSCfiltered through
celite and the solvent removedvacuo The resulting residue was the purified by flastumn

chromatography (10% EtOAc/Hexane) to afford the palllow nitroalkane compounds.

7.3.2.1. Preparation of 5-(2-nitroethyl)benzo[d][1,3]dioxole 195
o 3 Yellow soild (2.02 g, 71%)R; = 0.41 (20% EtOAc /Hexanemp. 55—
2
6( m 57, (lit 43.5-44.5%; IR (CHChk): vma(cnY): 2897 (C—H), 1609 and
o}
12 N9 1499 (C=C), 1543 and 1362 (ND1243 (C-O)*H NMR (500 MHz,

CDCl): 64 = 6.74 (1H, dJ = 7.9 Hz, H), 6.68-6.62 (2H, m, Hand H overlapping), 5.92 (2H,
s, Hy), 4.55 (2H, tJ = 7.3 Hz, H), 3.21 (2H, tJ = 7.3 Hz, H); *C NMR (126 MHz):5¢ 148.05

(ArCO), 146.93 (A€O), 129.29 (A€) , 121.73 (C-3), 108.91 (C-1), 108.62 (C-6), 161(C-5),

33.20 (C-4).

7.3.2.2. Preparation of 1-methoxy-4-(2-nitroethyl)benzene 1®

1" Yellow oil (2.96 g, 76%);Rs = 0.48 (20% EtOAc /Hexane)R
5/ \©iﬂ4 (CHCL): vma{cm™): 2937 and 2837 (C-H), 1612 and 1512 (C=C),
! 2 3 NO2 1546 and 1342 (N§), 1245 (C-O)H NMR (500 MHz, CDC}): 6 =

7.11 (2H, dJ = 8.6 Hz, Hand H), 6.85 (2H, d,J = 8.6 Hz, H and H'), 4.55 (2H, tJ=7.4
Hz, Hi), 3.78 (3H, s, O83), 3.24 (2H, tJ = 7.4 Hz, H); *C NMR (126 MHz)&c = 158.92
(ArCO), 129.63 (C-2 and C-2), 127.62 @), 114.36 (C-1 and C-1') , 76.59 (C-4), 55.26

(OCH3), 32.69 (C-3).
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7.3.2.3. Preparation of 1-isopropoxy-2-methoxy-4-(2-nitroetlyl)benzene 197
8, 8 Yellow oil (3.03g, 72%);R; = 0.35 (20% EtOAc /Hexane)lR
j)/ 3 (CHCL): vma(cmi™): 2976 and 2935 (C-H), 1588 and 1510 (C=C),
2
D\; 1548 and 1376 (N§), 1231 (C—-O)H NMR (500 MHz, CDC}): 6 =
®~o NO

1 4 2 6.85-6.82 (1H, m, kJ, 6.72-6.69 (2H, m, K H, overlapping), 4.58
(2H, t,J=7.4 Hz, H), 4.48 (1H, hept) = 6.1 Hz, H), 3.84 (3H, s, OCkJ, 3.25 (2H, tJ=7.4
Hz, Hy), 1.35 (6H, d,J = 6.1 Hz, H); *C NMR (126 MHz)5c = 150.67 (ACO), 146.69
(ArCO), 128.53 (A€), 120.66 (C-2), 116.22 (C-3) , 112.55 (C-1), 76(&35), 71.56 (C-7),
56.01 (OCH), 33.18 (C-4), 22.09 (C-8).

7.3.3. Preparation of (Z)-5-(3-(2,4-dimethoxyphenyl)-2-nitoallyl)benzo[d][1,3]dioxole 199

o 5 3 oL 8 o Method B: Yellow solid (2.02 g, 71%)R; = 0.25 (50%
6 <o CH,Cl, /Hexane);:mp. 80-82;IR (CHCL): vma{cmi): 2902
4 2 1 o and 2838 (C—H), 1601, 1490 and 696 (C=C), 1574 181¥
(NOy), 1258 (C-0)H NMR (500 MHz, CDC}): 8y = 8.52
(1H, s, H), 7.25 (2H, dJ = 7.8 Hz, AH), 6.78-6.59 (3H, m, Atl), 6.52-6.39 (2H, m, Af), 5.93
(2H, s, H), 4.14 (2H, s, k), 3.88 (3H, s, OCH), 3.83 (3H, s, OCH); °C NMR (126 MHz):5¢
163.36 (ArCO), 160.09 (ArCO), 148.10 (ArCO), 147 (#6CO), 146.44 (C-NG), 131.38 (C-1),
130.51 (ArCH), 130.47 (ArC), 120.42 (ArCH), 113.02C), 108.55 (ArCH), 108.25 (ArCH),
105.24 (ArCH), 101.04 (C-6), 98.50 (ArCH), 55.71085), 55.53 (OCH), 32.93 (C-2)HRMS

(ESI+): Found M + H 344.1129, GH1:NOg (M* + H) requires 344.1179, m/z 344.1129*(M
H, 35%), 297.1132 (85), 233.0061 (75), 206.047@)1091.5347 (95).
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7.3.4. Preparation of (Z)-2,4-dimethoxy-1-(3-(4-methoxypheyl)-2-nitroprop-1-en-1-
yl)benzene 200

4 6 Method B: Yellow solid (3.45 g, 87%lR; = 0.39 (30% EtOAc
/OO\ /Hexane):mp. 78-79:IR (CHC): vma(cmi™): 3020 and 2950
YN 7 (C=H), 1605 and 1499 (C=C), 1570 and 1297 {0247 (C—
O 0); *H NMR (500 MHz, CDCY): 84 = 8.52 (LH, s, ), 7.27-

7.23 (1H, m, H), 7.12 (2H, d,J = 8.3 Hz, H), 6.85 (2H, d,J = 8.5 Hz, H), 6.49 (1H, dJ = 2.2
Hz, Hy), 6.44 (1H, ddJ = 8.7, 2.2 Hz, i), 4.16 (2H, s, k), 3.87 (3H, s, OB3), 3.82 (2H, s,
OCH3), 3.78 (3H, s, O83); °C NMR (126 MHz)8c = 163.29 (A€0), 160.06 (AEO), 158.45
(ArCO), 147.75 (C-N@), 131.11 (C-1), 130.48 (C-5), 128.60 (A 128.60 (C-3), 114.29

(ArC), 114.02 (C-4), 105.20 (C-6), 98.47 (C-7), 55.00H3), 55.52 (THs), 55.28 (QTHy),

32.43 (C-2);HRMS (ESI+): Found M + H 330.1346, GH:1sNOs (M* + H) requires 330.1379,
m/z 330.1346 (N1+ H, 100%)

7.3.5. Preparation of (Z2)-2,4-dimethoxy-1-(3-(4-methoxypheyl)-2-nitroprop-1-en-1-
yl)benzene 201
7\6/ Method B: Yellow oil (4.24 g, 72%R: = 0.35 (CHCI,); IR
O\ NO, © 10 o (CHCE): Vma{CMY): 2974 (C-H), 1604, 1502 and 827 (C=C),
\O 1553 and 1294 (N§, 1232 (C-O):*H NMR (300 MHz,
3 2 1 o CDCl): 64 = 8.54 (1H, s, i), 7.27 (1H, dJ = 7.7 Hz, ArH),
6.87—6.64 (3H, m, ArH), 6.45 (2H, ddd= 8.0, 6.8, 2.5 Hz,
ArH), 4.54-4.40 (1H, m, §), 4.17 (2H, s, B, 3.87 (3H, s, OCh), 3.82 (3H, s, OCh), 3.81
(3H, s, OCH), 1.35 (6H, dJ = 6.1 Hz, H); **C NMR (75 MHz): 8¢ = 163.33 (ArCO), 160.05
(ArCO), 150.68 (ArCO), 147.62 (ArCO), 146.19 (C-pJ0131.26 (C-1), 130.53 (ArCH), 129.69

(ArC), 119.32 (ArCH), 116.20 (ArCH), 114.00 (ArC)11.81 (ArCH), 105.22 (ArCH), 98.45
(ArCH), 71.51 (C-6), 55.96 (OCH)| 55.69 (OCH), 55.52 (OCH), 32.81 (C-2), 22.13 (C-7).
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7.3.6. Novel Nef reaction experimental conditions

In a 100cmRB flask, nitroalkene (3.000 mmol) was dissolve®@¥ ethanol (65 ci To this
solution was added cyclohexene (1.2 equiv.). Pallachydroxide on carbon (10 mol %), and
one drop of conc. HCI. The reaction mixture wasomgal to a hydrogen atmosphere (1atm)
using a balloon. Upon completion, as monitored WC Tthe reaction mixture was filtered
through celite and washed with EtOAc (100%crThe organic phase was dried over anhydrous
MgSQ,, filtered through celite. The solvent was removied vacuo and flash column
chromatography with a 10% EtOAc/Hexane solutiomraféd three products, oximes, carbonyl

compounds and the reduced nitroalkane compounds.

7.3.6.1. Preparation of 1-(benzo[d][1,3]dioxol-5-yl)-3-(2,4dimethoxyphenyl)propan-
2-one 204

o 5 5 , 8 o Yellow oil (0.27 g, 29%)R; = 0.39 (30% EtOAc /Hexane);

6<O IR (CHCk): vmad{cm™): 2901 (C-H), 1715 C=0), 1612 and
4 2 1 % 1488 (C=C), 1244 (C-OfH NMR (500 MHz, CDC}): 6 =
6.98 (1H, d,J = 8.7 Hz, H), 6.74 (1H, d, J = 7.9 Hz, 3}

6.64-6.56 (2H, m, kland H), 6.44 (2H, dd,) = 7.2, 1.7 Hz, Hand H), 5.93 (2H, s, k), 3.80
(3H, s, OQ®3), 3.76 (2H, s, 0O83), 3.61 (2H, s, H), 3.59 (2H, s, b); *C NMR (126MHz)8¢ =
206.71 (C=0), 160.30 (M0), 158.25 (A€O), 147.72 (A€O), 146.49 (A€O), 131.50 (C-7),
128.13 (AC), 122.61 (ACH), 115.76 (AC), 109.94 (ACH), 108.28 (C-5), 104.30 (AH),
100.95 (C-6), 98.65 (ArCH), 55.39 (OGH 55.32 (OCH), 48.33 (C-2), 43.30 (C-1HRMS

(ESI+): Found M + H 315.1232, gH1505 (M* + H) requires 315.1279, m/z 315.1232"(VH,
100%), 297.1136 (15).
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7.3.6.2. Preparation of 1-(benzo[d][1,3]dioxol-5-yl)-3-(2,4dimethoxyphenyl)propan-
2-one oxime 203

OH Yellow oil (0.36 g, 37%)R; = 0.25 (30% EtOAc /Hexane);

6< IR (CHCE): vima(cM): 3220 (OH), 2999 and 2934 (C—H),

1610 (C=N), 1587 and 1462 (C=C), 1244 (C-&8);NMR

(500 MHz, CDC}): 84 = 9.47 (2H, s, N-6), 7.02 (2H, d,) =
8.7 Hz, 2 x H), 6.65 (6H, m, 2 x (b Hyand H;)), 6.44-6.36 (4H, m, 2 x @and H)), 5.89
(4H, s, 2 x H), 3.76 (12H, m, 4 x OK3), 3.60 (2H, s, 2 x I, 3.55 (2H, s, 2 x I, 3.41 (2H, s,
2 x Hy), 3.32 (2H, s, 2 x bJ; °C NMR (126 MHz, CDC}): § = 159.93 and 159.72 (ArCO),
159.60 and 158.93 (ArCO), 158.42 and 158.31 (C4MY,.58 and 147.52 (ArCO), 146.17 and
145.97 (ArCO), 131.31 and 131.08 (C-7), 130.73 E8@49 (ArC), 122.22 and 122.18 (ArCH),
117.38 and 117.03 (ArC), 109.84 and 109.61 (ArCH)8.04 and 108.01 (ArCH), 104.28 and

104.20 (ArCH), 100.80 and 100.78 (C-6), 98.56 aBB& (ArCH), 55.35 and 55.34 (OGH
55.24 and 55.20 (OGH{ 39.36 and 33.00 (C-2), 32.52 and 26.50 (C-1).
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7.3.7. Preparation of 5-(3-(2,4-dimethoxyphenyl)2-nitropryl)benzo[d][1,3]dioxole 202

o 5 s o7 8 o Yellow solid (0.05 g, 5%)R: = 0.61 (30% EtOAc /Hexane);
6 <o mp. 59-61, (lit 43.5-44.5}tR (CHCL): vma{cm®): 2997 and
4 2 107 o 2929 (C-H), 1610 and 1503 (C=C), 1591 and 1288,JNO
1245 (C-0);*H NMR (300 MHz, CDC}): &y = 6.95 (1H, d,
J=8.2 Hz, H), 6.74-6.51 (3H, m, ArH), 6.45-6.29 (2H, m, Ar8)90 (2H, s, -OCkKD-), 5.03—
4.87 (1H, m, Ho), 3.78 (3H, s, OCH), 3.76 (3H, s, OC}hJ, 3.24-2.86 (4H, m, Hand H
overlapping).}*C NMR (75 MHz)5¢ = 160.51 (ArCO), 158.33 (ArCO), 147.85 (ArCO), 12%
(ArCO), 131.24 (ArCH), 129.49(ArC), 122.03 (ArCH)16.11(ArC), 109.13 (ArCH), 108.43
(ArCH), 104.03 (ArCH), 101.03 (C-6), 98.65 (ArCH39.73 (C-10), 55.33 (OCH 55.32
(OCHa), 39.47 (C-2)*, 34.67(C-1)*IRMS (ESI+): Found M + H 346.1296, ggH1gNOg (M™ +
H) requires 346.1279, m/z 346.1296"(MH, 100%), 299.1307 (15).

7.3.8. Preparation of 1-(2,4-dimethoxyphenyl)-3-(4-dimethgyphenyl)propan-2-one 205

o 4 s o 6 o Yellow oil (0.22 g, 24%)R; = 0.41 (30% EtOAc /HexanelR
(CHCl): vima{cm™): 2936 and 2836 (C-H), 1716 C=0), 1612

3 5 4 o and 1463 (C=C), 1246 (C-O¥ NMR (300 MHz, CDCY): 4
= 7.06 (2H, dJ = 8.7 Hz, H), 7.00-6.92 (1H, m, ArH), 6.83

(2H, d,J = 8.7 Hz, H), 6.47-6.39 (2H, m, ArH), 3.78 (3H, s, OgH3.77 (3H, s, OC}), 3.72
(3H, s, OCH), 3.62 (2H, s, ), 3.60 (2H, s, B); °C NMR (75 MHz): ¢ = 206.97 (C=0),
160.26 (ArCO), 158.53 (ArCO), 158.28 (ArCO), 131&23), 130.52 (ArCH), 126.59 (ArC),
115.87 (ArC), 113.96 (C-4), 104.28 (ArCH), 98.60CA), 55.39 (OCH), 55.27 (OCHj), 55.22

(OCHy), 47.92 (C-2), 43.27 (C-1IHRMS (ESI+): Found M + H 301.1443, GHOs (M* + H)
requires 301.1479, m/z 301.1443(MH, 100%).

185



Chapter 7: Experimental procedures

7.3.9. Preparation of 1-(2,4-dimethoxyphenyl)-3-(4-dimethayphenyl)propan-2-one oxime
206

0 4 5 Or 6 o Yellow oil (0.24 g, 25%)Rs = 0.28 (30% EtOAc /Hexane)R
(CHCL): vima(cmi): 3226 (OH), 2999 and 2934 (C-H), 1610
3 o 4 o (C=N), 1587 and 1462 (C=C), 1244 (C-OF NMR (300
MHz, CDCk): 8y = 9.17 (2H, s, N-@), 7.13 (2H, dJ = 8.7
Hz, ArH), 7.06-6.94 (4H, m, ArH), 6.86-6.71 (4H, #AxH), 6.42 (4H, ddJ = 4.1, 2.0 Hz,
ArH), 3.77 (18H, m, 6 x OR3), 3.73 (2H, s, 2 x IJ, 3.59 (2H, s, 2 x IJ, 3.40 (2H, s, 2 X }),
3.35 (2H, s, 2 x b); °C NMR (75 MHz) 5c = 159.90 and 159.81 (ArCO), 159.70 and 159.25
(ArCO), 158.46 and 158.35 (ArCO), 158.30 and 158@2N), 131.31 and 131.09 (ArCH),
130.27 and 130.16 (ArCH), 129.07 and 128.86 (A1)7.49 and 117.09 (ArC), 113.79 and
113.73 (ArCH), 104.21 and 104.15 (ArCH), 98.55 &8d33 (ArCH), 55.35, 55.28 and 55.24

(OCHs), 38.85 and 33.04 (C-2), 32.03 and 26.54 (GHBMS (ESI+): Found M + H 316.1555,
C18H21NO4 (M™ + H) requires 316.1579, m/z 316.1555#H, 100%).

7.3.10.Preparation of 2,4-dimethoxy-1-(3-(4-methoxyphenyiR-nitropropyl)benzene 207

0 4 3 N, 6 o Yellow solid (0.48 g, 47%)Rs = 0.50 (30% EtOAc /Hexane);
mp. 75-77, (lit 43.5-44.5)IR (CHCk): vma{cm): 2934 and

3 2 8 1 o 2836 (C-H), 1613 and 1505 (C=C), 1585 and 1284 ,JNO
1247 (C-0);H NMR (300 MHz, CDC}): &y 7.06 (2H, dJ =
8.6 Hz, H), 6.96 (1H, d,J = 8.2 Hz, H), 6.82 (2H, dJ = 8.6 Hz, H), 6.45-6.34 (2H, m, and
H; overlapping), 5.03-4.91 (1H, mgH 3.78 (3H, s, OCHJ, 3.77 (3H, s, OCHJ, 3.76 (3H, s,
OCH), 3.26-2.95 (4H, m, Hand H overlapping);**C NMR (75 MHz): §c = 160.49 (ArCO),

158.81 (ArCO), 158.36 (ArCO), 131.26 (ArC), 129.89-5), 127.87(C-3) , 116.25 (ArC),
114.13 (C-4), 104.15 (C-6), 98.65 (C-7), 89.80 (C4#5.33 (OCH), 55.26 (OCH), 55.21

(OCHs), 39.01 (C-1), 34.65 (C-1HRMS (ESI+): Found M + H 332.1506, GH»NOs (M* +
H) requires 332.1479, m/z 332.1506'(MH, 35%), 285.1495 (25), 151.0764 (100).
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7.3.11.Preparation of 1-(2,4-dimethoxyphenyl)-3-(4-isopropxy-3-methoxyphenyl)propan-
2-one 208

7 g Yellow solid (0.31 g, 30%)R; = 0.29 (30% EtOAc /Hexane);
\O( 5 4o O 10 o mp. 67—69, (lit 43.5-44.5){R (CHCk): vmax(cmi’): 2974 and
\O 2936 (C-H), 1714 (C=0), 1612 and 1464 (C=C), 1Z59Q);
32 1 b 'H NMR (500 MHz, CDCY): 64 = 6.96 (1H, dJ = 8.9 Hz,
ArH), 6.82 (1H, dJ = 8.9 Hz, AH), 6.68-6.64 (2H, m, §),

6.45-6.41 (2H, m, A), 4.48 (1H, hept) = 6.1Hz, H), 3.80 (3H, s, OB), 3.78 (2H, s,
OCHj3), 3.72 (3H, s, O83), 3.62 (4H, dJ = 1.8 Hz, Hand H), 1.35 (6H, dJ = 6.1 Hz, H);
13C NMR (126 MHz) 8¢ = 206.97 (C=0), 160.26 (ArCO), 158.29 (ArCO), BR(ArCO),

146.22 (ArCO), 131.54 (ArCH), 127.48 (ArC), 121.66CH), 116.05 (ArCH), 115.79 (ArC),
113.34 (ArCH), 104.27 (ArCH), 98.58 (ArCH), 71.58-6), 55.89 (OCH), 55.35 (OCHj),

55.29 (OCH), 47.43 (C-2), 43.26 (C-1), 22.12 (C-HRMS (ESI+): Found M + H 359.1860,
CaiH260s (M* + H) requires 359.1879, m/z 359.1860"@®VH, 100%), 317.1388 (25).

7.3.12.Preparation of 1-(2,4-dimethoxyphenyl)-3-(4-isopropxy-3-methoxyphenyl)propan-
2-one oxime 209

76 Yellow oil (0.19 g, 17%);R¢ = 0.20 (30% EtOAc /Hexane);
\O/ 5 . Ot 10 o IR (CHCh): vma{cm™): 3233 (OH), 2974 and 2935 (C-H),
\O 1611 (C=N), 1587 and 1463 (C=C), 1260 (C-8&J; NMR

3 9 o (500 MHz, CDC}): &y = 9.37 (2H, s, N-@), 7.00 (2H, dd,)

= 14.3, 8.6 Hz, ArH), 6.80-6.57 (6H, m, ArH), 6.¢tH, tt,J

= 8.3, 4.2 Hz, ArH), 4.50-4.40 (2H, m, 2 %)H3.78-3.71 (9H , m, 6 x OGH 3.62 (2H, s, 2 x
Hy), 3.59 (2H, s,2 x IJ, 3.43 (2H, s, 2 x }J, 3.35 (2H, s, 2 x b}, 1.34 (24H , tJ = 6.5 Hz, 2 x
H,); 1*C NMR (126 MHz)3¢ = 159.88 and 159.68, (ArCO), 159.12 (ArCO), 15848 158.35
(C=N), 150.31 and 150.28 (ArCO), 145.85 and 145ARC0), 131.33 and 131.02 (ArCH),
130.11 and 129.86 (ArC), 121.38 and 121.21 (ArCH){.48 and 117.06 (ArCH), 116.17 and

116.08 (ArC), 113.36 and 113.12 (ArCH), 104.20 404.09 (ArCH), 98.49 and 98.28 (ArCH),
71.61 and 71.56 (2 X C-6), 55.83, 55.80 and 55(2H}), 55.26 and 55.22 (OG} 33.01 and
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32.53 (C-7), 22.14 and 22.12 (C-7), 39.35 (C-2) 2871 (C-1).HRMS (ESI+): Found M + H
374.1978, GiH,NOs (M* + H) requires 374.1979, m/z 374.1978@VH, 100%).

7.3.13.Preparation of 4-(3-(2,4-dimethoxyphenyl)-2-nitropiopyl)-1-isopropoxy-2-
methoxybenzene 210

76 Yellow oil (0.08 g, 7.4%)R; = 0.46 (30% EtOAc /Hexane);
j)/ 5, 0, 9 10 o IR (CHCh) vma{(CMY): 2968 and 2904 (C-H), 1614 and 1508
\O (C=C), 1588 and 1286 (Nf) 1255 (C-0):*H NMR (500

3 My S MHz, CDCk): 84 = 6.96 (1H, d,J = 8.2 Hz, H), 6.80 (1H, d,

J=7.9 Hz, H), 6.68-6.64 (2H, m, Hand H), 6.44-6.36 (2H,

m, Hs and Ho), 4.99 (1H, dqgJ = 8.8, 7.0 Hz, i), 4.47 (1H, hept) = 6.1 Hz, H), 3.81 (3H, s,
OCHs), 3.77 (3H, s, O83), 3.76 (3H, s, O83), 3.21 (1H, ddJ = 14.4, 9.1 Hz, b), 3.11 (2H, d,
J=7.0 Hz, H), 2.99 (1H, dd,] = 14.4, 5.2 Hz, b), 1.33 (6H, dJ = 6.1 Hz, H), ; **C NMR
(126MHz) 8¢ = 160.48 (ACO), 158.34 (ACO), 150.45 (ACO), 146.53 (ACO), 131.23 (C-9),
128.80 (AC), 121.02 (ACH), 116.21 (AC), 116.03 (C-5), 112.82 (AH), 104.16 (ACH),
98.62 (AICH), 89.64 (C-11), 71.47 (C-6), 55.99 Q8l3), 55.31 (@H3), 55.29 (ECH3), 39.43
(C-2), 34.63 (C-1), 22.09 (C-7HRMS (ESI+): Found M + H 390.1911, GH»7NOg (M* + H)
requires 390.1879, m/z 390.1911*(MH, 100%), 348.1457 (20), 301.1439 (20).

7.3.14 Preparation of 2-allyl-3-bromonaphthalene-1,4-dion11

In a 1000 crRB flask, 2-bromo-naphthaquinone (1.03g, 4.35 mmail)yl acetic acid (0.61 g,
0.60 cni, 7.06 mmol, 1.6 equiv.) and silver nitrate (0.32d.9 mmol, 0.5 equiv.) was added to
dry MeCN (100 cry). The reaction mixture was heated to 65 °C and amium persulphate
(1.79 g, 15.42 mmol, 1.8 equiv.) in distilled wafB cn?) was added dropwise to the reaction
mixture. The reaction mixture was maintained at@%®Vith stirring for 16 hours under argon.
The reaction mixture was quenched withOH(100 cni) and extracted into EtOAc (4 x
100 cm). The combined organic phase was washed sequgmnidh NaHCQ; (2 x 100 cm)
followed by brine (100 cf). The organic extract was dried with MgSO4, fithrough celite
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and the solvent removeth vacuo The crude material was purified by flash silical g
chromatography (4% EtOAc/Hexane) to yield the poma@1l1as a yellow solid (0.95 g, 79%).

Rr = 0.50 (20% EtOAc /Hexanep. 78-80 (lit 79°C§* 'H NMR (300
Q o MHz, CDCk): 6 8.21 — 8.11 (2H, m, ArH), 7.82 — 7.72 (2H, m, ArHH)87
O‘ ,  (1H,ddtJ = 16.6, 10.0, 6.6 Hz, §} 5.27 (1H, ddd) = 17.1, 2.9, 1.4 Hz,
7 Y3 Ha), 5.22-5.10 (1H, m, &), 3.64 (2H, dtJ = 6.6, 1.4 Hz, k).

7.3.15.Preparation of 2-allyl-3-bromo-1,4-dimethoxynaphthdene 212

In a 500 cm RB flask, sodium dithionite (21.72 g, 71.85 mnfkquiv.) in HO (100 cn) and
TBAI (0.40 g, 1.08 mmol, 0.09 equiv.) were added doclear solution of 2-allyl-3-
bromonaphthalene-1,4-dio24 1 (3.13 g, 11.98 mmol) in dry THF (250 &mThe reaction was
stirred at room temperature under argon for 30 tesuPotassium hydroxide (26.16 g,
0.275 mol, 23 equiv.) in ¥ (100 cni) was added and the reaction was stirred for 1.hour
Finally, diemethyl sulfate (31.72 g, 24 &n®.252 mol, 21 equiv.) was added and the reaction
mixture was stirred for 18 hours. 25% ammonia (£6€) was added to the reaction and the
organic material was extracted into EtOAc (3 x t@f). The organic layer was consecutively
washed with distilled water (100 émn10% HCI (100 cr¥), brine (100 crf) and distilled water
(100 cnf) and was dried over MgS@nd filtered through celite. The solvent was reetbin
vacuo and the residue purified by silica gel chrtmgeaphy (5% EtOAc/Hexane) to afford the
product212as a yellow solid (1.2836g, 75%).
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~0 R; = 0.67 (50% EtOAc /Hexanejnp. 56-58 (lit 57°C)*:IR (CHCL):
OO Br vma{cm™): 3067 (C—H stretch), 1636 (C=C), 1258 (C-0O), 8@l 913
2
N (C—H bend)H NMR (300 MHz, CDC}): 6y = 8.13 — 8.02 (2H, m, Ad),
0 > 757-747 (2H, m, Arl), 6.07 (1H, ddt= 16.0, 10.2, 5.8 Hz, H2), 5.12 —

4.98 (2H, m, H3), 3.98 (3H, s, ®f), 3.92 (3H, s, OH3), 3.79 (2H, dtJ = 5.8, 1.7 Hz, H1);
3¢ NMR (75 MHz): 8¢ = 150.95 (ArCO), 150.17 (ArCO), 135.73 (C2), 138(&rC), 128.06
(ArC), 127.93 (ArC), 126.56 (ArCH), 126.50 (ArCH)22.65 (ArCH), 122.55 (ArCH), 116.66
(ArCBr), 115.88 (C3), 62.69 (OG)| 61.36 (OCH), 34.36 (C1).

7.3.16.Preparation of 2-(3-bromo-1,4-dimethoxynaphthalen-2yl)acetaldehyde 213

To a stirred solution of 2-allyl-3-bromo-1,4-dime#tynaphthalen®12 (2.86 g, 9.32 mmol) in
dry CHCl, (400 cni) under argon was added 0.1% solution of Suda(BIdrops) in CHCl,
and the reaction cooled to —78°C. Ozone gas wablédlinto the reaction until the colour
changed from pink to colourless. Argon gas was th&ssed into the reaction for 10 min and
dimethyl sulfide (8.86 g, 10.5 ¢n0.143, 13 equiv.) was added to the reaction 8G7The
reaction was then warmed to room temperature aneédtat room temperature for 1 h. The
reaction was then concentrated in vacuo and thduegurified by column chromatography
(15% EtOAc/Hexane) to afford the prod@dt3 as a pale pink solid (1.81g, 63%).

~o R = 0.33 (20% EtOAc /Hexanejnp. 68—70 (lit. 68—70Y; IR (CHCL):
Br VmaCNTY): 2942 and 2829 (C—H), 1717 (C=0), 1574 and 14927), 687
OO X (C-Br);*H NMR (500 MHz, CDCY): &y = 9.86 (1H, s, €0), 8.16-7.98
O (2H, m, ArH), 7.59-7.52 (2H, m, ArH), 4.13 (2H, 3= 1.3 Hz, CH), 3.97
(3H, s, OCH), 3.85 (3H, s, OCH; °C NMR (126 MHz)8c = 198.54 (C=0), 151.95 (ArCO),
150.44 (ArCO), 128.81 (ArC), 127.73 (ArC), 127.1&CH), 126.95 (ArCH), 122.98 (ArC),
122.65 (ArCH), 115.86 (ArCBr), 62.45 (OGH61.41 (OCHj), 45.20 (CH).

190



Chapter 7: Experimental procedures

7.3.17.Preparation of 2-(3-bromo-1,4-dimethoxynaphthalen-2/l)ethanol 214

In a 100 cm RB flask, 2-(3-bromo-1,4-dimethoxynaphthalen-2agBtaldehyde?13 (1.81 g,
5.85 mmol) was dissolved in dry methanol (60°cifihe reaction was cooled to 0°C and sodium
borohydride (0.45 g, 11.7 mmol, 2.2 equiv.) waseatgortion wise. The reaction was then
warmed to room temperature and stirres at this éeatpre for 30 min. The reaction was
quenched with kD (100 cri) and extracted into EtOAc (2 x 100 Ynand washed with D
(100 cnf) and brine (100 cf). The organic phase was dried over anhydrous Mg®@ filtered
through celite. The solvent was remowedacuoand flash column chromatography with a 10%
EtOAc/Hexane solution afforded the alcoRdK as a white solid (1.32g, 73%).

o Rt = 0.23 (20% EtOAc /Hexaneip. 107—109IR (CHCL): vma{cn™):

Br 3364 (OH), 2936 (C—H), 1572 and 1454 (C=C), 1356Q}; 559 (C-Br);
OO S o4 HNMR (500 MHz, CDCY): &y = 8.12-8.01 (2H, m, ArH), 7.58-7.48

O (2H, m, ArH), 3.97 (3H, s, OC#)l 3.95 (3H, s, OCEHJ, 3.92 (2H, dd) =

12.5, 6.7 Hz, k), 3.31 (2H, tJ = 6.8 Hz, H), 1.91 (1H, tJ = 5.5 Hz, ®); *C NMR (126
MHz) &c 151.35 (ArCO), 150.36 (ArCO), 128.27 (ArC), 127.(&rC), 127.39 (ArC), 126.75
(ArCH), 126.67 (ArCH), 122.63 (ArCH), 116.42 (ArOB62.37 (OCH), 62.25 (OCH), 61.36
(C-2), 33.80 (C-1)HRMS (ESI+): Found M + H 374.1978, GH»/NOs (M* + H) requires
374.4479, m/z 374.1978(M H, 100%).

7.3.18.Preparation of 2-(2-(benzyloxy)ethyl)-3-bromo-1,4-tnethoxynaphthalene 215

In a 100 cm RB flask, 2-(3-bromo-1,4-dimethoxynaphthalen-Ztfianol 214 (1.25 g, 4.01
mmol) was dissolved in dry N,N-dimethylformamide (@nt). The reaction was cooled to 0°C
and sodium hydride (60% in oil, 0.18 g, 4.41 mniol, equiv.) was slowly added followed by
benzyl bromide (0.76 g, 0.55 ém4.41 mmol, 1.1 equiv.). The reaction was warnedobm
temperature and stirred at this temperature fon.18he reaction was quenched withQH(100
cm®) and the organic material extracted into dietlilgee (2 x 100 cri). The organic extract was
washed with KO (100 cni) and brine (100 cf), dried over MgSQ filtered through celite and
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the solvent removeth vacuo Column chromatography with a 10% EtOAc/Hexaneutsah
afforded the produ@15as a white solid (0.98g, 61%).

~o Ri = 0.66 (20% EtOAc /Hexane)np. 63-65; IR (CHCL):
Br vma(CmiY): 2941, 2887 and 2864 (C—H), 1567 and 1496 (C=C),

OO 2 0 2 1355 (C-0), 689( C-Br) *H NMR (300 MHz, CDC}): &4 =

O 1 /\© 8.11-8.00 (2H, m, ArH), 7.57-7.44 (2H, m, ArH), 7-3.21 (5H,
m, ArH), 4.58 (2H, s, B), 3.95 (3H, s, OC}J, 3.91 (3H, s, OCH), 3.75 (2H, tJ = 7.6 Hz, H),
3.36 (2H, t,J = 7.7 Hz, H); *C NMR (75 MHz) 8¢ = 151.43 (ArCO), 150.09 (ArCO), 138.45
(ArC), 128.31 (ArC), 128.13 (ArCH), 127.82 (ArCH)27.64 (ArCH), 127.50 (ArCH), 127.41
(ArCH), 126.59 (ArC), 126.53 (ArC), 122.66 (ArCH)22.55 (ArCH), 116.59 (ArCBr), 72.90

(C-3), 69.11 (C-2), 62.62 (OGH 61.31 (OCH), 30.94 (C-1);HRMS (ESI+): Found M + H
374.1978, GH»NOs (M* + H) requires 374.4479, m/z 374.1978@H, 100%).
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7.4. Experimental prodecures pertaining to Chapter 6

7.4.1. Preparation of Suzuki products

To a sealed microwave vessel was added 2-allyl®brl,4-dimethoxynaphthalene
(1.0 equiv.), boronic acid (1.6 equiv.), cesium ofide (2 equiv.) and
tetrakis(triphenylphosphine)palladium(0) (10% mqli.) in dimethoxyethane (2 ¢fmmol of
bromo-compound). The reaction mixture was irralaat 150W at 150°C ofr 15 min by
microwave reactor. The reaction was allowed to cditlited with HO (20 cnf) and extracted
into EtOAc (2 x 40 crf). The organic layer was consecutively washed wlitilled water
(40 cni) and brine (40 cf) before being dried over MgS@nd filtered through celite. The
solvent was removed in vacuo and the residue pdrifiy flash silica gel chromatography (5%
EtOAc/Hexane) to afford the products as a yellompounds.

7.4.1.1. Preparation of 2-(3-allyl-1,4-dimethoxynaphthalen-2yl)benzaldehyde 315

Yellow oil (0.85 g, 50%)R; = 0.47 (20% EtOAc /Hexane)R (CHC):
Vmad{CmY): 3072, 2841 and 2747 (C-H stretch), 1664 (C=@Gp71and
1482 (C=C), 1222 (C-0), 1000 and 923 (C—H behd)NMR (300 MHz,
CDCl): 84 = 9.74 (1H, s, €0), 8.18-8.05 (3H, m, Af), 7.67 (1H, m,
ArH), 7.63-7.49 (3H, m, ArH), 7.38 (1H, dddi= 7.6, 1.3, 0.5 Hz, ArH),
5.68 (1H, ddtJ = 16.2, 10.1, 6.0 Hz, §{ 4.81 (1H, ddJ) = 10.1, 1.6 Hz, k), 4.56 (1H, dd,) =
17.1, 1.7 Hz, i), 3.97 (3H, s, OH3), 3.46 (3H, s, O83), 3.39 (2H, dtJ = 5.8, 1.7 Hz, K); °C
NMR (126 MHz):3c = 192.20 (C=0), 150.78 (ArCO), 150.11 (ArCO), Z0(ArC), 136.09
(C-2), 134.40 (ArC), 133.23 (ArCH), 131.72 (ArCH)28.92 (ArC), 128.15 (ArCH), 127.62
(ArC), 127.54 (ArC), 127.11 (ArCH), 126.77 (ArCH)26.28 (ArCH), 122.89 (ArCH), 122.57
(ArCH), 115.81 (C-3), 62.45 (OGJ 61.22 (OCHj), 31.84 (C-1)HRMS (ESI+): Found M +
H 333.1496, GH,00; (M* + H) requires 333.1479, m/z 333.1496"(MH, 100%), 301.1233
(35), 289.1239 (50).
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7.4.1.2. Preparation of 2-(3-allyl-1,4-dimethoxynaphthalen-2yl)-5-
methoxybenzaldehyde 316

(I) Yellow oil (0.95 g, 43%)R; = 0.67 (50% EtOAc /HexaneR (CHCL):
vmad{CmY): 3078, 2840 and 2765 (C-H stretch), 1688 (C=@G}1land
1498 (C=C), 1233 (C-0), 1000 and 923 (C-H bend)NMR (300
MHz, CDCk): 6y = 9.67 (1H, s, €0), 7.62—7.49 (3H, m, ArH), 7.33—
7.18 (2H, m, ArH), 5.69 (1H, ddg,= 16.1, 10.1, 6.0 Hz, Hi 4.83 (1H,
dd,,J =10.1, 1.5 Hz, k), 4.59 (1H, dd,J) = 17.1, 1.6 Hz, b, 3.97 (3H, s, 0O83), 3.93 (3H, s,
OCHS3), 3.46 (3H, s, O83), 3.40 (2H, dt, J = 5.9, 1.5 Hz, HIJC NMR (75 MHz):5c = 192.08
(C=0), 159.39 (ArCO), 150.74 (ArCO), 150.47 (ArCQ@p6.21 (C-2), 132.88 (ArCH), 128.86
(ArC), 127.98 (ArC), 127.82 (ArC), 127.62 (ArC), dZ1 (ArCH), 126.24 (ArCH), 122.90
(ArCH), 122.53 (ArCH), 120.96 (ArCH). 115.77 (C-3)09.60 (ArCH), 62.43 (OC}), 61.15
(OCHg), 55.55 (OCH), 31.86 (C-1)HRMS (ESI+): Found M + H 363.1588, gH,:04 (M™ +
H) requires 363.1579, m/z 363.1588'(MH, 100%), 319.1336 (30).
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7.4.1.3. Preparation of 2-(3-allyl-1,4,5-trimethoxynaphthalen-2-yl)-5-
methoxybenzaldehyde 333

| Yellow solid (0.68 g, 46%)R = 0.36 (20% EtOAc /Hexanejnp. 125—
127;IR (CHCh): vmad{cm™): 3094, 2931 and 2839 (C-H stretch), 1686
(C=0), 1602 and 1499 (C=C), 1265 (C-OH NMR (500 MHz,
CDCl): 8 = & 9.65 (1H, s, €0), 7.71 (1H, dJ) = 8.4 Hz, ArH), 7.56
(1H, dd,J = 10.0, 2.8 Hz, ArH), 7.43 (1H,d,= 8.1 Hz, ArH), 7.25 (2H,

ddd,J = 13.0, 12.5, 6.5 Hz, ArH), 6.94 (1H, 8= 7.7 Hz, ArH), 5.73 (1H, ddt] = 16.2, 10.2,

6.1 Hz, H), 4.81 (1H, ddJ = 10.1, 1.5 Hz, &), 4.57 (1H, ddJ = 17.1, 1.6 Hz, &), 4.04 (s, 3H,

s, OCHy), 3.93 (3H, s, OCHJ, 3.86 (3H, s, OCH), 3.42 (3H, s, OCH), 3.40-3.36 (2H, m, B;

13C NMR (126 MHz): 6c = 192.11 (C=0), 159.36 (ArCO), 156.05 (ArCO), HBD(ArCO),

150.03 (ArCO), 136.67 (C-2), 135.17 (ArC), 132.9%(), 132.80 (ArCH), 129.99 (ArC),

128.93 (ArC), 128.58 (ArCH), 126.41 (ArCH), 120.0%CH), 115.56 (C-3), 115.26 (ArCH),

109.49 (ArCH), 106.76 (ArCH), 62.68 (OGH 60.95 (OCH), 56.22 (OCH), 55.54 (OCH),

31.89 (C-1);HRMS (ESI+): Found M + H 393.1699, &H,40s (M* + H) requires 393.1679,

m/z 393.1679 (N1+ H, 100%).

7.4.2. Preparation of Wittig products

In a 50 cm two necked RB flask fitted with a rubber septurhutyllithium (1.5 M, 1.6 cm3,
2.37 mmol, 2.5 equiv.) was added dropwise at ro@mperature to a suspension of
methyltriphenylphosphonium bromide ( 0.85 g, 2.3meh 2.5 equiv.) in dry THF ( 10 cin
The resulting orange solution was stirred for aheir 30 minutes before being cooled to 0°C
using an ice-bath. Aldehyde (0.95 mmol) in dry T@Fcnt) was added dropwise at 0°C to the
resulting ylide. The reaction was then warmed tonmotemperature and stirred at this
temperature for 18 h. The reaction was diluted wi#thyl ether (50c) and washed with D
(50 cnf). The organic extract was dried over MgS@itered through celite and the solvent
removedin vacuo The resulting residue was purified by silica géiromatography (5%

EtOAc/Hexane) to afford the products as yellow.oils
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7.4.2.1. Preparation of 2-allyl-1,4-dimethoxy3-(2-vinylpheny)naphthalene 317

Yellow oil (0.28 g, 88%)R; = 0.72 (20% EtOAc /HexanelR (CHC):

vma{cm™): 3072 and 2930 (C-H stretch), 1588, 1483 and (C4€27
<5 (C-0), 1006 and 910 (C-H bend} NMR (300 MHz, CDCY): &y =
8.16-8.11 (2H, m, ArH), 7.72 (1H, dd,= 7.7, 1.2 Hz, ArH), 7.58-7.47
(2H , m, ArH), 7.35 (2H, dtd] = 20.7, 7.3, 1.2 Hz, ArH), 7.25-7.20 (1H,
m, ArH), 6.41 (1H, ddJ = 17.6, 11.0 Hz, kJ, 5.76 — 5.59 (2H, m, Hand H overlapping), 5.07
(1H, dd,J =11.0, 1.1 Hz, k), 4.80 (ddJ = 17.0, 3.4, 1.6 Hz, §), 4.67 (1H, dddJ = 10.1, 3.2,
1.5 Hz, H), 3.96 (3H, s, OCHJ, 3.55-3.44 (4H, m, OCHand H overlapping), 3.13 (1H, ddt, J
=14.9, 6.2, 1.5 Hz, B: *3C NMR (126 MHz):58¢ = 150.46 (ArCO), 149.79 (ArCO), 136.45 (C-
2), 136.36 (ArC), 135.62 (ArC), 135.12 (C-4), 18 .@ArCH), 131.17 (ArC), 128.57 (ArC),
128.39 (ArC), 127.95 (ArC), 127.79 (ArCH), 127.1&CH), 126.23 (ArCH), 125.82 (ArCH),
124.60 (ArCH), 122.90 (ArCH), 122.41 (ArCH), 115.20-3), 114.55 (C-5), 62.36 (OGH
61.30 (OCH), 31.94 (C-1);HRMS (ESI+): Found M + H 331.1698, H,,0, (M* + H)
requires 331.1679, m/z 331.1698"(MH, 95%), 289.1237 (50), 275.1073 (20).
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7.4.2.2. Preparation of 2-allyl-1,4-dimethoxy-3-(4-methoxy-2
vinylphenyl)naphthalene 318

(I) Yellow oil (0.23 g, 84%)R: = 0.57 (20% EtOAc /HexandR (CHCl):
vma(€mY): 2928 (C-H stretch), 1603 and 1490 (C=C), 12340, 999
and 913 (C-H bendfH NMR (300 MHz, CDCY): & = 8.12 (2H, ddJ

= 7.2, 2.4 Hz, ArH), 7.57-7.47 (2H, m, ArH), 7.2H, d,J = 3.4 Hz,
ArH), 7.14 (1H, dJ = 8.4 Hz, ArH), 6.90 (1H, ddl = 8.4, 2.6 Hz, ArH),
6.37 (1H, ddJ =17.5, 11.0 Hz, K}, 5.76-5.61 (2H, m, Hand H overlapping), 5.07 (1H, dd,
=11.0, 1.0 Hz, k), 4.81 (1H, ddJ = 10.1, 1.6 Hz, ), 4.69 (1H, ddJ =17.1, 1.7 Hz, b, 3.96
(3H, s, O®43), 3.90 (3H, s, OH3), 3.51 (3H, s, OH3), 3.49-3.44 (1H, m, {), 3.14 (1H, dd) =
14.9, 6.2, 1.6 Hz, B; C NMR (75 MHz): 8¢ = 159.18 (ArCO), 150.40 (ArCO), 150.20
(ArC0O), 137.48 (C-2), 136.57 (ArC), 135.19 (C-4B82129 (ArCH), 130.87 (ArCH), 128.86
(ArC), 128.53 (ArC), 128.26 (ArC), 127.95 (ArC), 420 (ArC), 125.79 (ArCH), 122.91,
(ArCH), 122.40 (ArCH), 115.19 (C-3), 114.70 (C-313.29 (ArCH), 109.48 (ArCH), 62.36
(OCHg), 61.25 (OCH), 55.28 (OCH), 31.96 (C-1);HRMS (ESI+): Found M + H 361.1799,
C24H2403 (M™ + H) requires 361.1779, m/z 361.1799"(VH, 100%), 279.0945 (75).
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7.4.2.3. Preparation of 3-allyl-1,4,5-trimethoxy-2-(4-methoy-2-
vinylphenyl)naphthalene 334

(I) Yellow oil (0.41 g, 69%)R: = 0.52 (20% EtOAc /HexandR (CHCl):
vmad{cm): 3078, 2932 and 2836 (C—H stretch), 1602 and Xa3X),
1266 (C—O) NMR (500 MHz, CDCY): &y = 7.74 (1H, dJ = 8.4 Hz,
ArH), 7.39 (1H, t,J = 8.1 Hz, ArH), 7.23 (1H, t) = 6.5 Hz, ArH), 7.14
(1H, d,J = 8.4 Hz, ArH), 6.90 (2H, d] = 6.8 Hz, ArH), 6.41-6.30 (1H,
m, Hy), 5.73 (1H, ddtJ = 16.5, 10.2, 6.2 Hz, H} 5.66 (dJ = 17.5 Hz, H), 5.06 (1H, dJ=11.2
Hz, Hs), 4.79 (1H, ddJ = 10.0, 1.3 Hz, B, 4.67 (1H, ddJ = 17.1, 1.5 Hz, b, 4.02 (3H, s,
OCHg), 3.88 (3H, s, OCH, 3.84 (3H, s, OC}}, 3.51 (1H, ddJ = 14.8, 6.1 Hz, k), 3.48 (3H, s,
OCHg), 3.11 (1H, ddJ = 14.7, 6.3 Hz, i); *C NMR (126 MHz):8c = 159.14 (ArCO), 156.01
(ArC0O), 150.60 (ArCO), 149.79 (ArCO), 137.35 (ArC)37.00 (C-2), 135.20 (C-4), 132.17
(ArCH), 131.62 (ArC), 130.31 (ArC), 129.84 (ArC)28.27 (ArC), 125.89 (ArCH), 120.59
(ArC), 115.33 (ArCH), 114.99 (C-3), 114.59 (C-5113122 (ArCH), 109.45 (ArCH), 106.29
(ArCH), 62.60 (OCH), 61.03 (OCH), 56.16 (OCH), 55.22 (OCH), 31.92 (C-1HRMS
(ESI+): Found M + H 391.1898, &H,604 (M* + H) requires 391.1879, m/z 391.1898" (VH,
100%).

7.4.3. Preparation of Isomerisation products

A 50 cn? RB flask, alkene (0.760 mmol) was dissolved in @HF (10 cnf). Potassiuniert-
butoxide (4 equiv.) in dry THF (10 cinwas slowly added and the resulting reaction rmétu
was stirred at room temperature for 4 h, under rargde mixture was poured into sat. ag.
ammonium chloride (20 cfhand the organic material extracted into EtOAc (80 cni). The
organic extract was washed in succession with L0O cni) and brine (100 ch), dried over
MgSO, and filtered through celite. The solvent was reettin vacuoand the residue purified by

flash silica gel column chromatography (10% EtOAexXEine) to yield the products as clear oils
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7.4.3.1. Preparation of (E)-1,4-dimethoxy-2-(prop-1-en-1yl)-3-
(2vinylphenyl)naphthalene 322

Yellow oil (0.38 g, 94%)R; = 0.72 (20% EtOAc /HexanelR (CHC):
vma{cmiY): 3066 (C—H stretch), 1626 and 1480 (C=C), 1269Q; 967
and 910 (C—H bend)H NMR (300 MHz, CDCJ): &4 = 8.13 (2H, m,
ArH), 7.71-7.64 (1H, m, ArH), 7.55-7.41 (2H, m, ArH)38-7.26 (2H,
m, ArH), 7.21 (1H, ddJ = 7.3, 1.7 Hz, ArH), 6.46 (1H, dd,= 17.5, 11.0
Hz, Hy), 6.13 (1H, dJ = 17.1 Hz, H), 6.07-5.93 (1H, m, }), 5.64 (1H, ddJ = 17.5, 0.9 Hz,
Hs), 5.03 (1H, ddJ = 11.0, 0.9 Hz, k), 3.83 (3H, s, OC}J, 3.45 (3H, s, OC}}, 1.65 (3H, dd)

= 6.2, 0.9 Hz, H); °C NMR (75 MHz): §c = 149.96 (ArCO), 149.60 (ArCO), 136.54 (ArC),
136.23 (ArC), 135.30 (C-4), 131.82 (C-2), 131.23QH), 130.11 (ArC), 128.92 (ArC), 127.76
(ArC), 127.56 (ArCH), 127.33 (ArCH), 126.79 (ArC)26.32 (ArCH), 125.97 (ArCH), 124.77
(C-1), 124.61 (ArCH), 122.67 (ArCH), 122.58 (ArCH)14.28 (C-5), 61.01 (OGH 60.59
(OCHg), 19.67 (C-3);HRMS (ESI+): Found M + H 331.1693, &H20, (M* + H) requires
331.1679, m/z 331.1679 (M H, 45%), 317.1543 (85), 315.1390 (80), 289.1Z%0).(
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7.4.3.2. Preparation of (E)-1,4-dimethoxy-2-(4-methoxy-2vinylphenyl)-3-(prop-en-
lyl)naphthalene 323

O Yellow oil (0.23 g, 84%);R; = 0.63 (20% EtOAc /Hexane)R
(CHCL): vmadcm™): 2931 and 2837 (C—H stretch), 1602 and 1492
(C=C), 1228 (C-0), 967 and 908 (C—H bent};NMR (300 MHz,
CDCly): 8y = 8.19-8.06 (2H, m, ArH), 7.55-7.45 (2H, m, ArH)25-
7.21 (1H, m, ArH), 7.13 (1H, dd,= 8.4, 2.9 Hz, ArH), 6.92 (1H, dd,
=8.4, 2.4 Hz, ArH), 6.46—6.37 (1H, m4K6.12 (1H, dd,) = 15.9, 1.9 Hz, b), 6.08-5.98 (1H,
m, H), 5.65 (1H, dd,J = 17.5, 2.4 Hz, k), 5.06 (1H, dd,] = 11.0, 1.0 Hz, ), 3.89 (3H, s,
OCHs), 3.84 (3H, s, O65), 3.47 (3H, s, OH3), 1.69 (3H, ddJ = 4.8, 2.6 Hz, B); *C NMR
(126 MHz):5c = 159.02(ArCO), 149.95 (ArCO), 149.87 (ArCO), 167 .(ArC), 135.39 (C-4),
132.26 (ArC), 131.77 (C-1), 129.82 (ArC), 128.86@A 128.80 (ArC), 127.72 (ArC), 127.18
(ArC), 126.26 (ArCH), 125.91 (ArCH), 124.86 (C-2)22.67 (ArCH), 122.56 (ArCH), 114.37
(C-5), 113.42 (ArCH), 109.54 (ArCH), 61.02 (OgH60.63 (OCH), 55.24 (OCH), 19.76 (C-
3); HRMS (ESI+): Found M + H 361.1804, &H»,0; (M* + H) requires 361.1779, m/z
361.1804 (M + H, 100%), 345.1495 (50), 319.1352 (35), 305.1(158.
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7.4.3.3. Preparation of (E)-1,4-dimethoxy-2-(4-methoxy-2vinylphenyl)-3-(prop-en-
lyl)naphthalene 335

O Yellow oil (86.3 mg, 73%);Rs = 0.34 (20% EtOAc /Hexane)R
(CHCL): vma{cmi™®): 2993, 2934and 2837 (C—H stretch), 1605 and
1495 (C=C), 1244 (C-O)H NMR (500 MHz, CDC}): oy = 7.71
(1H, d,J = 8.4 Hz, ArH), 7.42-7.32 (1H, m, ArH), 7.21 (1#4,J = 2.6
Hz, ArH), 7.12 (1H, tJ = 6.6 Hz, ArH), 6.93-6.84 (2H, m, ArH), 6.40
(1H, dd,J = 17.5, 11.0 Hz, k), 6.22-6.09 (1H, m, B, 5.84 (1H, dgdJ = 15.9, 6.5, 1.0 Hz, }),
5.63 (1H, dJ = 17.5 Hz, H), 5.05 (1H, dJ = 11.2 Hz, H), 4.02 (3H, s, OCHJ, 3.89 (3H, s,
OCHa), 3.75 (3H, s, OCH), 3.42 (3H, s, OCH), 1.65-1.62 (3H, m, H3YC NMR (126 MHz):
dc = 158.93 (ArCO), 156.50 (ArCO), 150.32 (ArCO), 14® (ArCO), 137.49 (ArC), 135.41 (C-
4), 132.22 (ArCH), 131.64 (C-2), 130.48 (ArC), 1BO.(ArC), 128.87 (ArC), 128.77 (ArC),
126.02 (ArCH), 124.70 (C-1), 120.76 (ArC), 115.2&¢H), 114.31 (C-5), 113.35 (ArCH),
109.48 (ArCH), 106.51 (ArCH), 61.18 (OGH 60.82 (OCH), 56.26 (OCH), 55.23 (OCH),
19.70 (C-3); JHRMS (ESI+): Found M + H 391.1896, gH2c04 (M™ + H) requires 391.1879,
m/z 391.1896 (M+ H, 100%), 376.1648 (20), 375.1589 (35), 3.49.133p
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7.4.4. General Method for RCM ring closure

In a 50 cmi RB flasked fitted with a condenser was added ikalketne (0.83 mmol) in dry
CH,Cl, (10 cni/ mmol of dialkene). To this was added Grubbs talet (15% mol equiv.) and
the reaction was heated under relux for 18 h uadeargon atmosphere. The reaction was cooled
to room temperature and the solvent remawedacuo The residue was purified by flash silica
column chromatography (5% EtOAc/ Hexane) to yiélel products as off white solids.

2.240.4.1. Preparation of 8,13-dimethoxy-H-benzo[3,4]cyclohepta[l,b]naphthalene
~0 O Pale yellow solid (0.23 g, 98%R: = 0.67 (20% EtOAc /Hexanejmp.
121-123tR (CHCL): vma{cm™): 3019, 2994 (C—H aromatic stretch), 2928
OOO 3 and 2837 (CHi stretch), 1588 and 1496 (C=C), 1225 (C-0), 965 @2
O 1 2 (C-H bend);*H NMR (300 MHz, CDC}): 84 = 8.23-8.17 (1H, m, ArH),
8.11 (1H, ddJ = 7.2, 1.9 Hz, ArH), 7.97 (1H, d, = 8.0 Hz, ArH), 7.56-7.45 (2H, m, ArH),
7.43-7.29 (3H, m, ArH), 6.61 (1H, dd~= 9.9, 1.5 Hz, B), 6.31 (1H, dddJ = 9.9, 8.2, 5.8 Hz,
Hy), 3.97 (3H, s, O83), 3.87 (1H, ddd) = 12.9, 8.2, 0.7 Hz, }), 3.26 (3H, s, OHj3), 2.70 (1H,
ddd,J = 12.9, 5.7, 2.1, JJ; *C NMR (75 MHz): 8¢ = 150.73 (ArCO), 146.40 (ArCO), 136.78
(ArC), 135.42 (ArC), 135.20 (ArC), 132.36 (ArCH)A.38 (C-2), 129.88 (C-3), 128.46 (ArCH),
128.35 (ArC), 127.94 (ArC), 127.83 (ArC), 127.08r(A), 126.37 (ArCH), 125.57 (ArCH),
125.46 (ArCH), 122.91 (ArCH), 121.94 (ArCH), 62.%6CHs), 60.50 (OCH), 25.52 (C-1);
HRMS (ESI+): Found M + H 303.1387, gH1s0, (M* + H) requires 303.1379, m/z 303.1387
(M*+ H, 100%), 288.1122 (75), 247.1677 (50), 229.1G%).
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2.24.4.2. Preparation of 3,8,13-trimethoxy-7H-benzo[3,4]cyclbepta[l,2b]naphthalene
1
\  Pale yellow solid (0.12 g, 87%Rs = 0.59 (20% EtOAc /Hexaneinp.
~o 6 O , 138-140;IR (CHCL): vma{cm™): 3073, 3024 (C—H aromatic stretch),
2929 and 2835 (CHstretch), 1632 (C=C, conjugated), 1602 and 1494

OOO (C=C), 1237 (C-0), 966 and 919 (C-H bent}; NMR (300 MHz,
CDCly): 8y = 8.22-8.07 (2H, m, ArH), 7.91 (1H, d~ 8.7 Hz, H), 7.55—
7.43 (2H, m, ArH), 6.91 (1H, dd,= 8.7, 2.8 Hz, k), 6.85 (1H, dJ = 2.7 Hz, H), 6.57 (1H, dd,
J=9.7,1.4 Hz, B, 6.30 (1H, dddJ = 9.9, 8.2, 5.8 Hz, }J, 3.96 (3H, s, OC}J, 3.94-3.81 (4H,
m, H, and OCH), 3.28 (3H, s, OCH), 2.70 (1H, ddd) = 12.9, 5.7, 2.1 Hz, B, *C NMR (75
MHz): 8¢ = 158.37 (ArCO), 150.44 (ArCO), 146.45 (ArCO), 138 134.71 (C-6), 133.69
(ArC), 132.23 (C-2), 129.85 (C-3), 128.20 (ArC),81@8 (ArC), 127.81 (ArC), 127.66 (ArH),
126.11 (ArCH), 125.48 (ArCH), 122.78 (ArCH), 121.00CH), 112.28 (ArCH), 62.50 (OC#j

60.33 (OCH), 55.24 (OCH), 25.57 (C-1)HRMS (ESI+): Found M + H 333.1485, GH»O3
(M™ + H) requires 333.1479, m/z 333.1485 (VH, 100%), 332.1442 (50).

7.4.4.3. Preparation of 7,12-dimethoxytetraphene 294

~o O Yellow solid (0.13 g, 85%)R; = 0.61 (20% EtOAc /Hexanemp. 125-127
(lit 136-1371** IR (CHCk): vmad{cm™): 2931and 2837 (C—H aromatic
OO‘ stretch), 1593, 1495 and 1448 (C=C), 1252 (C2@)NMR (500 MHz,
O CDCl): 84 = 9.67 (1H, dJ) = 8.4 Hz, ArH), 8.50-8.41 (1H, m, ArH), 8.37—
8.31 (1H, m, ArH), 8.14 (1H, di = 9.2 Hz, ArH), 7.84 (1H, d] = 7.3 Hz, ArH), 7.71-7.65 (1H,
m, ArH), 7.65-7.59 (4H, m, ArH), 4.12 (3H, s, O§H3.97 (3H, s, OCH;**C NMR (125
MHz): 8¢ = 151.14 (ArCO), 148.64 (ArCO), 132.67 (ArC), 13D.(ArC), 128.42 (ArCH),
128.22 (ArCH), 127.62 (ArCH), 127.37 (ArC), 127.2&CH), 127.02 (ArCH), 126.51 (ArC),
126.04 (ArCH), 125.93 (ArCH), 124.26 (ArC), 123.(8CH), 122.29 (ArCH), 121.05 (ArCH),
120.76 (ArC), 63.15 (OC¥), 60.89 (OCH); HRMS (ESI+): Found M + H 289.1010, gH160>
(M* + H) requires 289.1279, m/z 289.1010"@VH, 100%), 273.0919 (90).
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7.4.4.4. Preparation of 3,7,12-trimethoxytetraphene 314

~0 O Yellow solid (0.030 g, 43%)R: = 0.63 (20% EtOAc /Hexanejnp.
‘ 157-159 (lit164—165)* IR (CHCL): vmay(cn™): 2933 (C—H aromatic
OO‘ stretch), 1606 and 1494 (C=C), 1267 (C—-&J; NMR (500 MHz,
O CDCl): 8y = 9.58 (1H, dJ = 9.2 Hz, ArH), 8.43 (1H, dd] = 7.4, 1.8
Hz, ArH), 8.32 (1H, ddJ = 7.3, 1.8 Hz, ArH), 8.13 (1H, d,= 9.3 Hz, ArH), 7.64—7.53 (3H, m,
ArH), 7.31-7.23 (2H, m, ArH), 4.11 (3H, s, ®%), 3.98 (3H, s, OB3), 3.96 (3H, s, 083); *°C
NMR (126 MHz):8¢c = 158.32 (ArCO), 150.08 (ArCO), 148.76 (ArCO), 138 (ArC), 129.86
(ArCH), 127.41 (ArC), 127.37 (ArCH), 125.91 (ArCH)25.61 (ArCH), 125.44 (ArC), 123.74
(ArC), 123.72 (ArC), 122.98 (ArCH), 122.31 (ArCH)21.72 (ArCH), 120.88 (ArC). 115.95
(ArCH), 110.03 (ArCH), 63.18 (OC#), 60.72 (OCH), 55.38 (OCH); HRMS (ESI+): Found

M* + H 319.1259, GH:1405 (M") requires 319.1379, m/z 319.1259°(M)0%), 318.1262 (100),
303.1032 (25).

7.4.4.5. Preparation of 3,7,8,12-tetramethoxytetraphene 336

~0 O Yellow solid (53 mg, 84%)R: = 0.41 (20% EtOAc /Hexanejnp.
O 176-178:IR (CHCL): vmay(cnT?): 3005, 2934 and 2834 (C-H), 1608
OO‘ and 1499 (C=C), 1253 (C-0} NMR (500 MHz, CDCY): 5, = 9.56
O O (1H, d,J = 9.1 Hz, ArH), 8.23 (1H, d] = 9.3 Hz, ArH), 8.04 (1H, dJ
= 8.6 Hz, ArH), 7.55 (1H, dJ = 9.3 Hz, ArH), 7.51-7.43 (1H, m, ArH), 7.28 (284, J = 9.2,
2.8 Hz, ArH), 6.90 (1H, d] = 7.5 Hz, ArH), 4.09 (3H, s, OGH 4.00 (3H, s, OCH), 3.98 (3H,
s, OCH), 3.91 (3H, s, OCH; °C NMR (126 MHz): 8¢ = 158.41 (ArCO), 156.35 (ArCO),
149.60 (ArCO), 149.14 (ArCO), 134.68 (ArC), 129.@6CH), 129.65 (ArC), 127.09 (ArCH),
125.79 (ArCH), 124.78 (ArC), 123.38 (ArC), 122.24rCH), 121.41 (ArC), 118.25 (ArC),
115.88 (ArCH), 115.34 (ArCH), 109.71 (ArCH), 104.68rCH), 63.39 (OCH), 60.45 (OCH),
56.21 (OCH), 55.37 (OCH); HRMS (ESI+): Found M + H 349.1426, gH»004 (M*) requires
349.1479, m/z 349.1479 (M 100%), 334.1201 (30).
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7.4.5. General Method for oxidation of naphthalenes

In a 50 cm RB flasked arene (0.83 mmol) was dissolved inagtle (10 cni/ mmol of arene).
CAN (2.5 equiv.) was added and the reaction wasedtifor 5 min. Sodium bicarbonate was
added and the organic material extracted in EtC8\& (10 cmi). The organic layer was then
dried over anhydrous MgSCbefore being purified by silica column chromatqdra (10%
EtOAc/ Hexane) to yield the products as yellowdsli

Yellow solid (19.1 mg, 76%)R: = 0.61 (20% EtOAc /Hexanenp.
166-169 (1it168—1693** IR (CHCL): vmai{cm™): 2918 and 2850 (C-H),
1728 and 1661 (C=0), 1587 and 1507 (C=C), 1277 JCH#ONMR (500
MHz, CDCk): 8y = 9.72 (1H, dJ = 8.8 Hz, ArH), 8.39 (1H, d] = 8.5 Hz,
ArH), 8.29 (2H, dd,J = 24.2, 7.3 Hz, ArH), 8.21 (1H, d,= 8.5 Hz, ArH), 7.92 (1H, d] = 8.1
Hz, ArH), 7.78 (3H, tdd,) = 9.4, 5.4, 4.3 Hz, ArH), 7.67 (1H,3,= 7.3 Hz, ArH);13C NMR
(126 MHz): 6c = 186.21 (C=0), 184.00 (C=0), 136.71 (ArC), 135(B3CH), 135.09 (ArC),
134.22 (ArCH), 134.06 (ArC), 133.50 (ArCH), 132.2&rC), 130.55 (ArC), 129.95 (ArCH),
129.39 (ArC), 128.78 (ArCH), 128.73 (ArCH), 127.@%CH), 126.49 (ArCH), 122.53 (ArCH);
HRMS (ESI+): Found M + H 259.0747, @H1002 (M™ + H) requires 259.0779, m/z 259.0747
(M*+ H, 100%), 234.2048 (25), 224.1323 (10).
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7.45.2. Preparation of 3-methoxytetraphene-7,12-dione 342

cl) Yellow solid (0.023 g, 87%)R: = 0.61 (20% EtOAc /Hexane)np.
158-160 (lit162—-163)*% IR (CHCL): vmad{cm™): 3010, 2917 and 2849
(C-H), 1734 and 1657 (C=0), 1610 and 1503 (C=C§41€-0);'H
NMR (500 MHz, CDC}): 8y = 9.61 (1H, d,) = 9.6 Hz, ArH), 8.34 (1H,
d, J = 8.6 Hz, ArH), 8.30-8.21 (2H, m, ArH), 8.06 (1#,J = 8.6 Hz,
ArH), 7.82-7.71 (2H, m, ArH), 7.38 (1H, dd,= 9.6, 2.8 Hz, ArH), 7.18 (1H, t] = 5.0 Hz,
ArH), 3.97 (3H, s, OCH; *C NMR (126 MHz): 5c = 186.38 (C=0), 183.81 (C=0), 159.60
(ArCO), 138.88 (ArC), 135.04 (ArC), 134.01 (ArCH)33.77 (ArCH), 133.46 (ArCH), 132.38
(ArC), 132.09 (ArC), 130.40 (ArCH), 129.45 (ArC)21.17 (ArCH), 126.41 (ArCH), 125.69
(ArC), 123.35 (ArCH), 122.39 (ArCH), 106.74 (ArCHJ5.39 (OCH); HRMS (ESI+): Found
M* + H 289.0805, GH1,03 (M* + H) requires 289.0879, m/z 289.0805"(VH, 100%).

7.45.3. Preparation of 3,8-dimethoxytetraphene-7,12-dione43

Cl) Yellow solid (53 mg, 84%)R; = 0.61 (20% EtOAc /Hexanenp. 202—
204 (1it206-2073"" IR (CHCL): vma(cni™): 3089, 2925 and 2849 (C—
H), 1654 and 1618 (C=0), 1587 and 1471 (C=C), 1#6%0);'H NMR
(500 MHz, CDC}): 84 = 9.52 (1H, dJ = 9.5 Hz, ArH), 8.32 (1H, d] =
8.6 Hz, ArH), 8.06 (1H, dJ = 8.6 Hz, ArH), 7.93 (1H, d) = 7.6 Hz,
ArH), 7.72 (1H, tJ = 8.1 Hz, ArH), 7.38 (1H, dd] = 9.5, 2.6 Hz, ArH), 7.31 (1H, d,= 8.4 Hz,
ArH), 7.19 (1H, dJ = 2.5 Hz, ArH), 4.06 (3H, s, OGH 3.97 (3H, s, OCH); °C NMR (126
MHz): 8c = 186.50 (C=0), 183.20 (C=0), 159.64 (ArCO), 129ArCO), 138.22 (ArC), 137.46
(ArC), 134.90 (ArCH), 133.80 (ArCH), 130.11 (ArCH)28.48 (ArC), 125.14 (ArC), 123.58
(ArCH), 122.21 (ArCH), 120.63 (ArC), 119.78 (ArCH)17.15 (ArCH), 111.52 (ArC), 106.73
(ArCH), 56.57 (OCH), 55.39 (OCH); HRMS (ESI+): Found M + H 319.0957, @H1404 (M*

+ H) requires 319.0979, m/z 319.0957"(MH, 100%).
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7.4.6. Preparation of 1,5-diacetoxynaphthalene 328

In a 250 cm RB flask was placed 1,5-dihydroxynaphthale327 (10.77 g, 67.24 mmol)
followed by pyridine (53.19 g, 55.0 ém0.672 mol, 10 equiv.) and acetic anhydride (61378
60.0 cni, 0.605 mol, 9.0 equiv.). The reaction was stiratdoom temperature for 18 h,®l
(100 cnf) was added to quench the reaction causing theuptdd precipitate. The precipitate
was filtered and washed with,8 (5 x 100 cr¥) to afford the producd28 as a brown-red solid
(12.18 g, 81%}*’

0 Rf = 0.20 (20% EtOAc /Hexane)d NMR (500 MHz, CDCY): & = 7.78 (2H,
)Lo d, J = 8.1 Hz, ArH),7.51 (2H, t) = 7. 6 Hz, ArH), 7.29 (2H, dJ = 7.1 Hz,
OO ArH), 2.47 (6H, s, 2 X Ch); *C NMR (126 MHz): ¢ = 169.26 (C=0),
146.76 (ArCO), 128.17 (ArC), 126.05 (ArCH), 119.3BrCH), 118.81
O (arcH), 21.02 (CH).
0]

7.4.7. Preparation of 5-acetoxy-2-bromo-1,4-naphthalenedite 251

In a 1000 cm RB flask fitted with a dropping funnel, N-bromosimamide (NBS) (14.64 g,
82.01 mmol) was dissolved in acetic acid (40G)cand HO (200 cni) and the reaction heated
to 65 °C. The dropping funnel was charged with dilfsrdroxynaphthalene828 (5.01 g,
20.50 mmol) in warm acetic acid (200 Ynand this solution was added dropwise to the NBS
solution. After complete addition, the reaction waaintained at 65 °C for a further 45 min. The
cooled reaction was then extracted with chlorofqgnx 100cri) and the organic extracts
combined. The organic phase was washed with i x 200cr) and brine (200cf) and dried
over MgSQ before being concentrated vacuo Recrystallization from ethanol afforded the

product251as yellow granules (5.75 g, 95%).
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R: = 0.07 (20% EtOAc /Hexane)d NMR (300 MHz, CDC}): &y = 8.09
5)1\0 5 (1H, dd,J = 7.6, 1.6 Hz, k), 7.96 (1H, s, k), 7.67 — 7.53 (2H, m, Hand
Hs overlapping), 2.52 (3H, s,s4 **C NMR (75 MHz):5c = 174.88 (C=0),
O‘ " 167.94 (C=0), 148.73 (ArCO), 134.03 (C-Br), 131@1), 129.96

a I B (ArCH), 126.75 (ArC), 124.88 (ArCH), 119.97 (ArCH1.64 (C-5).

7.4.8. Preparation of 2-bromo-5-hydroxy-1,4-naphthalenedioe 329

3 N HCI (60 cmi) was added to a suspension of 5-acetoxy-2-brodardphthalenedion251
(5.16 g, 17.48 mmol) in ethanol (200 YmThe suspension was heated gently under reflux fo
90mins. The reaction mixture was concentratedacuoand the resulting residue extracted with
chloroform (3 x 100cf). The organic extracts were combined and washel WO (4 x
200cn?) and brine (200 cf) before being dried over MgSJiltered and the solvent removéd
vacua Column chromatography (5% EtOAc/ Hexane) furniskiee product as a yellow solid
329(3.03 g, 69%}3"

OH O Rf = 0.47 (20% EtOAc /HexaneJH NMR (300 MHz, CDC}): &, = 11.81
O‘ 1 (1H,s, QH), 7.77-7.71 (1H, m, ArH), 7.65 (1H,d= 7.9 Hz, ArH), 7.50 (1H,
3 Br s, H), 7.32 (1H, dd, J = 8.4, 1.0 Hz, ArHJC NMR (75 MHz): 8¢ = 187.90
(C=0), 177.29 (C=0), 161.67 (C=0), 147.13 (ArCO3650 (C-1), 135.86
(ArCH), 131.12 (ArC), 125.30 (ArCH), 120.70 (ArCH)14.61 (ArC).

4
O

7.4.9. Preparation of 2-bromo-5-methoxy-1,4-naphthalenedioe 326

In a 100 cm RB flask, 2-bromo-5-hydroxy-1,4-naphthalenedi®2® (3.03 g, 11.98 mmol) was
dissolved in dry ChCl, (40 cn?) followed by addition of silver oxide (10.01 g,18. mol,

11 equiv.). To this suspension was added methyl®¢B8.74 g, 1.7 cfn26.35 mmol, 2.2 equiv.)
and the reaction mixture was stirred for 24 h uratgon at room temperature. The suspension

was filtered through celite and the solvent remowvedacuo The resulting residue was purified
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by column chromatography (20% EtOAc/ Hexane) toedite product as a yellow solgP6

(1.35 g, 43%Y>’

o~ o R; = 0.07 (20% EtOAc /Hexane)R (CHCh): vimad{cm %):3043 and 2921 (C—

2 1 H), 1674 and 1648 (C=0), 1342 (C-O), 666 (C-BH; NMR (500 MHz,

O‘ Br CDCl): 6y = 7.84 (1H, ddJ = 7.7, 1.0 Hz, ArH), 7.72-7.67 (1H, m, ArH),
O 7.35 (1H, dJ = 8.5 Hz, ArH), 4.02 (3H, s, OGH *C NMR (126 MHz):5¢

= 181.50 (C=0), 178.30 (C=0), 160.02 (ArCO), 142(851), 136.90 (ArC), 135.09 (C-3),

133.12 (ArC), 120.67 (C-4), 119.36 (C-2), 118.49GABr), 56.60 (OCH).

4

7.4.10.Preparation of 3-allyl-2-bromo-5-methoxy-1,4-naphtloquinone 329

To a mixture of 2-bromo-5-methoxy-1,4-naphthoque@26 (3.55g, 13.29 mmol) and silver
nitrate (1.16 g, 6.64 mmol, 0.5 equiv.) in dry Me20 cni) was added vinyl acetic acid (1.72
g, 2.0 cm, 19.93 mmol, 1.5 equiv.). The reaction mixture asted to 65 °C and ammonium
persulphate (6.04 g, 26.58 mmol, 2.0 equiv.) itiltés water (180 crf) was added dropwise to
the reaction mixture over 30 min. After stirring b6 hours at 65 °C under argon, the cooled
reaction mixture was extracted into EtOAc (4 x b0f) washed sequentially with NaHG(2

x 100 cmi) followed by brine (100 cf) and dried over MgSOA4. After filtering through icel
and the solvent was removed vacuq the crude product was purified by silica gel
chromatography (20-30% EtOAc/Hexane) to yield thedpct as a yellow soli@29 (0.95 g,
79%) 138

o~ o . Ri = 0.31 (30% EtOAc /Hexane)R (CHCh): vma{cmi®): 2928 and

1 ~ 6 2841 (C-H), 1604 and 1468 (Ar-C=C), 1255 (C-O), 7.Gthd 909
O‘ Br (Allyl-C=C); *H NMR (500 MHz, CDC}): &y = 7.82 (1H, dd,) = 7.7,

© 1.0 Hz, H), 7.67 (1H, ddJ = 10.2, 6.0 Hz, b, 7.32 (1H, dJ = 8.4, 0.6

Hz, Hs), 5.86 (1H, ddt) = 16.7, 10.0, 6.6 Hz, 4} 5.27 (1H, dgJ = 17.1, 1.5 Hz, §), 5.13 (1H,
ddd,J = 10.0, 2.6, 1.3 Hz, ), 4.02 (3H, s, OCH), 3.60 (2H, dtJ = 6.6, 1.4 Hz, b); 1°C NMR

(126 MHz):5¢ = 180.29 (C=0), 178.14 (C=0), 160.08 (ArCO), 150(&rC), 136.61 (ArCBr),

3
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134.94 (C-5), 133.34 (ArC), 131.74 (C-2), 120.313)C119.21 (ArC), 118.23 (C-1), 118.18 (C-
6), 56.56 (OCH), 35.76 (C-4).

7.4.11.Preparation of 3-allyl-2-bromo-1,4,5-trimethoxynaphhalene 330

To a clear solution of 3-allyl-2-bromo-5-methoxy+haphthoquinon829 (0.47 g, 1.53 mmol)
in dry THF (25 cm}) was added sodium dithionite (1.62 g, 9.19 m@@quiv.) in HO (10 cnd)
and TBAI (0.05 g, 0.14 mmol, 0.09 equiv.). The teactwas stirred at room temperature under
argon for 30 minutes following addition of potagaihydroxide (2.02 g, 35.23 mmol, 23 equiv.)
in H,O (100 cn) was added. The reaction was stirred for 1 hodr@imethyl sulfate (4.06 g,
3.1 cm3, 32.17 mmol, 21 equiv.) was added. Theigamixture was stirred for 18 hours before
being quenched with 25% ammonia (50°cemd the organic material extracted into EtOA (3
100 cnf). The organic layer was sequentially washed witilkd water (100 cri), 10% HCI
(100 cn?), brine (100 cr) and distilled water (100 cth The organic extract was dried over
MgSQ,, filtered through celite and concentratedvacuo The crude product was purified by
silica gel chromatography (5% EtOAc/Hexane) to @ffthe product as a yellow soli@830
(1.28369, 75%})

o~ o~ A Ri = 0.67 (50% EtOAc /Hexane)R (CHCh): vma{cmi®): 2930 and
1 # 6 2835 (C—H), 1611 and 1494 (C=C), 1243 (C-0), 602B(¢, 'H NMR
OO Brs (500 MHz, CDC}): 6y = 7.70 (1H, ddJ = 8.4, 0.6 Hz, H), 7.38 (1H,
~ dd,J=8.3, 7.9 Hz,, B, 6.87 (1H, ddJ = 7.7, 0.5 Hz, H), 6.06 (1H,
ddt,J = 16.2, 10.3, 5.9 Hz, )| 5.05 (1H, ddgy) = 17.0, 15.4, 1.7 Hz, §1 3.97 (3H, s, OCH),
3.92 (2H, dtJ = 6.6, 1.4 Hz, &), 3.80-3.78 (5H, m, OC+and H, overlapping);*C NMR (126
MHz): 6c = 156.05 (ArCO), 151.19 (ArCO), 149.69 (ArCO), 1B6 (C-5), 130.41 (ArC),
129.69 (ArC), 126.67 (ArCH), 120.02 (ArC), 117.46-Br), 115.69 (C-6), 114.98 (ArCH),
106.62 (ArCH), 62.86 (OC#), 61.08 (OCH), 56.16 (OCH), 34.36 (C-4).

3
@)
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7.4.12 Preparation of 1-(bromomethyl)-3-methoxy-5-methylb@zene 338

NBS (5.98 g, 33.59 mmol, 0.95 equiv.) was addea $olution of 3,5-dimethylanisoB87 (4.82

g, 5.0 cm, 35.36 mmol) and benzoyl peroxide (0.88 g, 3.54amrA.11 equiv.) in carbon
tetrachloride (350cf). The reaction was heated gently under reflux4ior The reaction was
then concentrateth vacuoand the resulting residue extracted into chlorof@8 x 100 crf),
washed with HO (100 cmi) and dried with MgS@ The organic phase was filtered and the
solvent removedh vacuoto afford a yellow oil (5.74g, 75%). The crude g¢wot 338 was used

without purification for the next stef!

~o R; = 0.46 (50% EtOAc /Hexane)R (CHCL): vma(cmi): 2914 and 2840 (C-H
;@i stretch), 1598 and 1455 (C=C), 1114 (C-0), 644 (-8Bl NMR (500 MHz,
Br CDCly): 8 = 6.78 (1H, s, H), 6.72 (1H, s, H), 6.64 (1H, 9, #40 (2H, s, —
CHx-), 3.76 (1H, s, OCH), 2.29 (3H, s, Ch); *C NMR (75MHz) ¢ = 159.76
(ArCO), 139.90 (ArC), 138.85 (ArC), 122.17 (ArCH)15.02 (ArCH), 111.46 (ArCH), 55.18
(OCHg), 33.66 (CH), 21.38 (CH).

7.4.13.Preparation of 3-methoxy-5-methylbenzaldehyde 339

1-(bromomethyl)-3-methoxy-5-methylbenze3@8 (5.74 g, 26.67 mmol) in ethanol (5 Ynand
2-nitropropane (3.92 g, 4.0ém44.0 mmol) were added to a solution of sodiumoxitte
[prepared from ethanol (50 &mnand sodium (1.12 g, 48.8 mmol)] and the reactitirture
heated at 90 °C for 4 h under argon during whictetit became a creamy paste. The solvent was
then removedn vacuo and the residue was extracted into chloroform (B0xcnf). The
combined extracts were combined and dried over MgSiered through celite and evaporated
under reduced pressure. The crude material wadigourby column chromatography (5%
EtOAc/Hexane) to yield the aldehy@889as a pale yellow oil (1.20 g, 30%}.

>0 Ri = 0.49 (20% EtOAc /Hexane)R (CHCL): vmad{cnY): 2484 (C—H), 1697

1 3 (C=0), 1594 and 1465 (C=C), 1149 (C—&); NMR (500 MHz, CDCY): &y =
@)
~
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9.92 (1H, s, €0), 7.26 (1H, s, b), 7.19 (1H, s, k), 6.98 (1H, s, k), 3.84 (3H, s, OCH), 2.39
(3H, s, CH); ®C NMR (126 MHz):5¢ = 192.30 (C=0), 160.18 (ArCO), 140.35 (ArC), 13.7
(ArC), 124.33 (ArH), 122.12 (ArH), 109.54 (ArH), B8 (OCH), 21.20 (CH).
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Appendix

X-ray chrystallography data for 7H-benzo[3,4]cyclohepta[l,b]naphthalene-8,13-dione
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Table A1l. Crystal data and structure refinement.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

MJ-535

C19 H12 02

272.29

173(2) K

0.71069 A

Monoclinic

P2(1)/n

a=7.5170(4) A a= 90°.
b = 8.0460(4) A b= 90.091(2)°.
c = 21.9940(10) A g = 90°.
1330.23(11) A
4

1.360 Mg#n

0.087 mmh
568

0.41 x 0.40 x 0.04 Bm

3.71 to 27.99°.

-9<=h<=9, -10<=k<=10, -28<=|<=26

18565

3207 [R(int) = 0.0290]

221



Appendix

Completeness to theta = 27.99°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

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

R indices (all data)

Largest diff. peak and hole

99.6 %
Semi-empirical from equivaten
0.9969 and 0.9653
Full-matrix least-squares 8n F
3207/0/190
1.050
R1 = 0.0408, wR2 41020
R1 =0.0522, wR2 = 0.1096
0.369 and -0.1612.A
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Table A2. .Atomic coordinates ( x 16) and equivalent isotropic displacement parameters(Azx

103). U(eq) is defined as one third of the trace of thorthogonalized Ui tensor.

C()
C(2)
C@)
C(4)
C(®)
C(6)
C()
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
O(1)
O(2)

X

5444(1)
6872(1)
6560(2)
7956(2)
7657(2)
5983(2)
4595(2)
4887(2)
3415(1)
3808(1)
2299(2)
1853(2)
2983(2)
4739(2)
5329(2)
6945(2)
8053(2)
7536(2)
5882(2)
8225(1)
1933(1)

y

3687(1)
2657(1)
2004(1)
1214(2)

517(2)

613(2)
1409(2)
2115(1)
2978(1)
3769(1)
4649(2)
3706(2)
3639(2)
4441(2)
5164(2)
5967(2)
6039(2)
5300(2)
4496(1)
2287(1)
3087(1)

z

5912(1)
5623(1)
4998(1)
4695(1)
4127(1)
3859(1)
4155(1)
4728(1)
5052(1)
5651(1)
5966(1)
6539(1)
7004(1)
7011(2)
7555(1)
7600(1)
7094(1)
6556(1)
6500(1)
5899(1)
4826(1)

U(eq)

19(1)
20(1)
21(1)
26(1)
32(1)
33(1)
28(1)
22(1)
22(1)
20(1)
25(1)
27(1)
28(1)
25(1)
34(1)
39(1)
33(1)
25(1)
20(1)
29(1)
34(1)
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Table A3. Bond lengths [A] and angles [°].

C(1)-C(10)
C(1)-C(19)
C()-C(2)
C(2)-0(1)
C(2)-C(3)
C(3)-C(8)
C(@3)-C4)
C(4)-C(5)
C(4)-H4)
C(5)-C(6)
C(®)-HEG)
C(6)-C(7)
C(6)-H(®)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(9)-0(2)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)

C(11)-H(11A)
C(11)-H(11B)

C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)

1.3582(15)
1.4833(15)
1.4984(15)
1.2205(13)
1.4892(15)
1.3933(15)
1.3969(16)
1.3873(17)
0.9500
1.391(2)
0.9500
1.3873(18)
0.9500
1.3996(16)
0.9500
1.4889(16)
1.2221(14)
1.4923(16)
1.5061(15)
1.5095(16)
0.9900
0.9900
1.3299(18)
0.9500
1.4691(17)
0.9500
1.4027(17)
1.4171(16)
1.379(2)
0.9500
1.392(2)
0.9500
1.3799(17)
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C(17)-H(17) 0.9500
C(18)-C(19) 1.4066(16)
C(18)-H(18) 0.9500
C(10)-C(1)-C(19) 123.14(10)
C(10)-C(1)-C(2) 119.76(10)
C(19)-C(1)-C(2) 117.00(9)
0(1)-C(2)-C(3) 120.19(10)
0(1)-C(2)-C(1) 121.38(10)
C(3)-C(2)-C(1) 118.34(10)
C(8)-C(3)-C(4) 120.24(10)
C(8)-C(3)-C(2) 120.80(10)
C(4)-C(3)-C(2) 118.91(10)
C(5)-C(4)-C(3) 119.52(11)
C(5)-C(4)-H(4) 120.2
C(3)-C(4)-H(4) 120.2
C(4)-C(5)-C(6) 120.34(12)
C(4)-C(5)-H(5) 119.8
C(6)-C(5)-H(5) 119.8
C(7)-C(6)-C(5) 120.45(11)
C(7)-C(6)-H(6) 119.8
C(5)-C(6)-H(6) 119.8
C(6)-C(7)-C(8) 119.55(12)
C(6)-C(7)-H(7) 120.2
C(8)-C(7)-H(7) 120.2
C(3)-C(8)-C(7) 119.89(11)
C(3)-C(8)-C(9) 119.78(10)
C(7)-C(8)-C(9) 120.33(11)
0(2)-C(9)-C(8) 121.07(11)
0(2)-C(9)-C(10) 120.52(10)
C(8)-C(9)-C(10) 118.36(10)
C(1)-C(10)-C(9) 122.05(10)
C(1)-C(10)-C(11) 120.70(10)
C(9)-C(10)-C(11) 117.24(9)
C(10)-C(11)-C(12) 108.42(9)
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C(10)-C(11)-H(11A)  110.0
C(12)-C(11)-H(11A)  110.0
C(10)-C(11)-H(11B)  110.0
C(12)-C(11)-H(11B)  110.0
H(11A)-C(11)-H(11B) 108.4

C(13)-C(12)-C(11) 121.32(11)
C(13)-C(12)-H(12) 119.3
C(11)-C(12)-H(12) 119.3
C(12)-C(13)-C(14) 124.29(11)
C(12)-C(13)-H(13) 117.9
C(14)-C(13)-H(13) 117.9
C(15)-C(14)-C(19) 118.23(11)
C(15)-C(14)-C(13) 118.32(11)
C(19)-C(14)-C(13) 123.44(10)
C(16)-C(15)-C(14) 122.16(12)
C(16)-C(15)-H(15) 118.9
C(14)-C(15)-H(15) 118.9
C(15)-C(16)-C(17) 119.38(12)
C(15)-C(16)-H(16) 120.3
C(17)-C(16)-H(16) 120.3
C(18)-C(17)-C(16) 119.98(12)
C(18)-C(17)-H(17) 120.0
C(16)-C(17)-H(17) 120.0
C(17)-C(18)-C(19) 121.40(11)
C(17)-C(18)-H(18) 119.3
C(19)-C(18)-H(18) 119.3
C(18)-C(19)-C(14) 118.81(10)
C(18)-C(19)-C(1) 118.24(10)
C(14)-C(19)-C(1) 122.91(10)

Symmetry transformations used to generate equivatems.
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Table A4. Anisotropic displacement parameters (,Rx 103). The anisotropic displacement factor
exponent takes the form: -28[ hZ2a*2Ull+ . + 2 h k a* b* UL2]

yll u22 u33 u23 ul3 ul2
CD) 21(1) 18(1) 18(1) 2(1) 2() 0(1)
C(2) 21(1) 19(1) 20(1) 2(1) 1(2) -1(1)
C@3) 26(1) 17(1) 19(1) 2(1) 2(2) -1(1)
C@4) 30(1) 22(1) 25(1) 1(2) 4(1) 2(2)
C(5) 44(1) 25(1) 26(1) -2(1) 9(1) 4(1)
C(6) 53(1) 25(1) 20(1) -4(1) 2(2) -2(1)
C() 38(1) 23(1) 22(1) 1(2) -4(1) -5(2)
C(8) 28(1) 18(1) 19(1) 2(1) 1(2) -3(2)
C(9) 23(2) 23(1) 21(1) 5(1) -1(2) -4(1)
C(10) 21(2) 18(1) 21(1) 3(1) 2(1) -1(2)
C(11y) 21(2) 27(1) 27(1) 1(2) 1(2) 5(1)
C(12) 22(2) 26(1) 32(1) 0(1) 7() 1(2)
C(13) 30(1) 28(1) 25(1) 1(2) 9(1) 2(1)
C(14) 29(2) 23(1) 23(1) -1(2) 2(1) 5(1)
C(15) 41(1) 38(1) 23(1) -7(2) 3(1) 7(1)
C(16) 45(1) 40(2) 31(1) -16(1) -8(1) 5(1)
C(17) 31(2) 30(1) 38(1) -10(2) -8(1) 0(1)
C(18) 25(2) 23(1) 27(1) -1(2) -2(1) 2(1)
C(19) 23(1) 18(1) 20(1) -1(2) -2(1) 4(1)
0(1) 23(1) 36(1) 27(1) -5(2) -4(1) 8(1)
0(2) 24(1) 49(1) 28(1) 1(2) -5(1) -2(1)
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Table A5. Hydrogen coordinates ( x 14) and isotropic displacement parameters (Kx 103).

H(4)
H(5)
H(6)
H(7)
H(11A)
H(11B)
H(12)
H(13)
H(15)
H(16)
H(17)
H(18)

9102
8600
5789
3455
1247
2652

742
2633
4592
7299
9165
8314

1155

129
1474
4694
5801
3149
3032
5098
6466
6596
5335

U(eq)

4877
3921
3470
3970
5695
6067
6568
7354
7905
7972
7119
6216

31
38
39
33
30
30
32
33
40
46
40
30
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Table A6. Torsion angles [°].

C(10)-C(1)-C(2)-0(1)
C(19)-C(1)-C(2)-0(1)
C(10)-C(1)-C(2)-C(3)
C(19)-C(1)-C(2)-C(3)
O(1)-C(2)-C(3)-C(8)
C(1)-C(2)-C(3)-C(8)
O(1)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(8)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C()
C(5)-C(6)-C(7)-C(8)
C(4)-C(3)-C(8)-C(7)
C(2)-C(3)-C(8)-C(7)
C(4)-C(3)-C(8)-C(9)
C(2)-C(3)-C(8)-C(9)
C(6)-C(7)-C(8)-C(3)
C(6)-C(7)-C(8)-C(9)
C(3)-C(8)-C(9)-0(2)
C(7)-C(8)-C(9)-0(2)
C(3)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)

C(19)-C(1)-C(10)-C(9)

C(2)-C(1)-C(10)-C(9)

C(19)-C(1)-C(10)-C(11)
C(2)-C(1)-C(10)-C(11)

0(2)-C(9)-C(10)-C(1)
C(8)-C(9)-C(10)-C(1)

0(2)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(1)-C(10)-C(11)-C(12)
C(9)-C(10)-C(11)-C(12)

-165.32(11)

11.17(16)
11.07(15)
-172.44(9)
166.27(11)
-10.16(15)
-11.14(16)
172.43(10)
-1.03(17)
176.40(11)
0.42(18)
0.18(19)
-0.18(19)
1.03(17)
-176.35(10)
-179.25(10)
3.37(16)
-0.43(17)
179.86(11)
-179.76(11)
-0.04(17)
2.66(16)
-177.63(10)
178.48(10)
-5.25(16)
-2.60(16)
173.67(10)
-179.27(11)
-1.68(16)
1.77(16)
179.37(10)
-65.64(14)
113.33(11)
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C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(19)
C(19)-C(14)-C(15)-C(16)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(14)
C(17)-C(18)-C(19)-C(1)
C(15)-C(14)-C(19)-C(18)
C(13)-C(14)-C(19)-C(18)
C(15)-C(14)-C(19)-C(1)
C(13)-C(14)-C(19)-C(1)
C(10)-C(1)-C(19)-C(18)
C(2)-C(1)-C(19)-C(18)
C(10)-C(1)-C(19)-C(14)
C(2)-C(1)-C(19)-C(14)

67.46(14)
-0.29(19)
142.06(13)
-39.21(18)
2.32(19)

-178.89(12)

-1.4(2)

-0.5(2)

1.4(2)
-0.44(17)

-178.17(11)

-1.36(17)
179.91(11)
176.26(11)

-2.47(18)

-138.88(11)

44.76(14)
43.49(16)

-132.87(11)

Symmetry transformations used to generate equivatems.
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