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Abstract

Granaticin is a structurally unigue member of the benzoisochromane quinone (BIQ) family of
antibiotics. The molecule and its derivative exhibit a sugar moiety fusted to the naphthazarin
core, only exhibited by one other natural compound, byGdgB/cosidt bond and an aldol

like bond. The mechanism of enzymatic attachment of this substituent is currently unknown.

This project aimed to devise a novel and elegant synthesis towards the granaticin aglycone an
other benzoisochromane quinone natural compowittisthe long term aim of discerning the

mechanism of glycosylation.

This thesis shows a novel route for the synthesis of highly substituted isochromane and
isochromane quinone compounds towards the eventual synthesis of the desired natural

molecules.
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Abbreviations

(DHQD),-PHAL i (dihydroquinidine)-phalizine
Ac1 acetate

AD i asymmetric dihydroxylation

AIBN i azobisisobutyinitrile

Ar 1 aromatic

BAIB 1 bisacetoxyiodobenzene

BINAP 1 binaphthalene

BIQ 1 benzoisochromanequinone

Bni benzyl

Bz benzoyl

C1 Celsius

Calc.i calculated

CAN i ceric ammonium nitrate (ceridfnammonium nitrate)
1CBzi carboxybenzyl

cmi centimeters

CoAT coenzyme A

Conc.i concentrated

CSA1 camphor sulfonic acid

di doublet

dbai dibenxylideneacetone

DBU T 1,8diazabicyclounded@-ene
DCCi N,Nadihcyclohexylcarbodiamide
DDQ1 2,3-dichloro-5,6-dicyanoquinone

DIBAL i diissobutylaluminium



DIPEAT diisopropylethylamine

DMAP i N,N-dimethylpyridine

DMF 1 dimethylformamide

DMSO1 dimethylsulfoxide

dppfi 1 , -Risidiphenylphosphino)ferrocene

ESIT electron spray ionisation

Eti ethyl

gi gram

HMBC i heteronuclear multiple bond correlation
HRMS1 high resolution mass spectrometry

hrs.i hours

HSQCT heteronuclear singular quantum correlation
imid. i imidazole

Ipc i isopinocamphyl

'Pri isopropyl

IRT infra red

LCMST liquid chromatography mass spectrometry
LDA 71 lithium diisopropylamine

LRMST low resolution mass spectrometry

mi meta

M T molar

m 71 multiplet

m.p.T melting point

MALDI 1 matrix assisted laser desorption/ionisation

MCPBAT metahloroperbenzoic acid



Me i methyl

mgi miligram

mins.i minutes

mL T mililitre

mmolT milimole

MOM 1 methoxymethylene

MsT1 mesyl

Mz megahertz

NBSi1 N-bromosuccinamide

"Bui normal butyl

NMO i N-methylmorpholine oxide
NMR i nuclear magnetic resonance
NOET nuclear Overhauser effect
NOSY'T nuclear Overhauser effect spectroscopy
"Pri normal propyl

o1 ortho

pi para

PCCi piridiniumchlorochromate
PGT protecting group

Phi phenyl

pini pinicol

Pivi pivaloyl

PMA'T phosphomolybdic acid
PMB1 paramethoxybenzyl

PPMi parts per million



pPTSAT paratoluene sulfonic acid

Py.i pyridine

g1 quartet

R rectus

r.t.T room temperature

Si singlet

ST sinister

*Bui secondary butyl

ti triplet

TBAB i tetranN-butylammonium bromide
TBAF T tetrabutylammonium fluoride
TBDPSI tertiarybutyldiphenyilsilyl

TBST tertiarybutyldimethylsilyl (TBDMS)
'‘Bui tertiary butyl

TEMPOIT 2,2,6,6tetramethylpipridirl-yl oxide
TEST triethylsilyl

Tf 1 trifluorosulfony

TFA'T trifluoroacetic acid

TFAA'T trifluoroacetic anhydride

THF T tetrahydrofuran

TLC i thin layer chromatography
TMEDA T tetramethylethylenediamine
TMST trimethylsilyl

TMTU 1 tetramethylthiourea

UV i ultra violate



1. Introduction
1.1 Natural Products

The term natural product is used to describe a chemical compound produced by living
organisms. Natural products are classified depending on whether their biological activity is
intended to affect the organism that produced the compoupdmary metabolits; or an
extraneous organisrm secondary metabolites. Secondary metabolites are a main focus of
many biological and chemical sciences due to their use as therapeutic agents. Natural produc
and natural product derived molecules account for almd&gt &l therapeutic agents (1981

- 2002) particularly as antibiotic (#8 and anticancer (86) agents™?

Natural productsind their synthesis form a major part of modern organic chemistry. Since the
first total synthesis of urea in 1828 by Wokfetotal syithesis has evolved into a complex and
exact science which now employs a vast array of techniques and methodologies as varied ¢
the molecules they are uséa construct. Over the past 18@ars organic chemistry has
witnessed many landmark syntheses ghhy complex natural products suchsis/chninel

(R. B. Woodward, 1954f! prostaglandin2 (G. Stork, 19768 erythronolide B3 (E. J.

Corey, 1978)%® hirsutine 4 (D. P. Curran, 1986¥' c al i ¢ h € & . €.i Nicolamu,
1992)"® and taxol6 (K. C. Nicolaou, 1994} as well as many more. With the increasing
occurrence of antibiotic resistant strains of bacteria, natural prothtedssynthesis is an
important discipline in organic chemistry aadnecessity for thenedicinal andbiological

sciences.



Figure 1.

2.1 Benzoisochromane quinones

Benzoisochromane quinone (BIQ) compounds, also referred to as pyranonaphthoquinones, al
a common class of bioactive molecule usually isolated fronstheptomycegenus but have

been isolated from a wide variety of other bacteria. BIQ compounds usually exhibit one of
three skeletal forms. A pyranonaphthd O-dione system is present in all three and frequently

c 0 nt alactoneaing@S, 4R)-8 and (3R, 45)-8 preent at C3, C4vhich always exhibit a

cis fused ring systenor as a dihydro analogue exhibiting a carboxylic acid cBahthe C3
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Figure 2: Skeletal structures of common BIQ compounds and ring numbering

These BIQ natural products are biosynthesised by a type Il polyketide synthase. This is ar
iterative process involving multiple ace@bA and malonyCoA units to form a long chain
polyketone. This then undergoes a series of eliminations to aromatizentip®und and form

the naphtbquinoneback boné** *2



Many BIQ molecules contain a 5t8droxylated naphthoquinone component, commonly
referred to as naphthazad®. This, in most cases, exhibits tautomeHém? (scheme 1) but

is commonly drawn witlthe quinone ring on the right.

H

0)4 O O OH
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Scheme 1: Tautomerism of naphthazarin.

The simplest known benzoisochromane quinone is pychorLibiwhich exhibits cytotoxic
activity against KB cancer cell§ Isolated in 1987% from Psycotria rubra this compound
simply contains a hydroxyl group at the C3 position giving the molecule a hemiacetal motif.
Another simple example of this class of molecule is eleuth&2iricis) and isoeleutherin
(trans) which were isolated in 1953 and 1951 respectively fromEleutherine bulbosa

Both of thesecompounds exhibitactivity againstPycococcus aureusnd Streptococcus
haemolyticus!” *¥ Another hemiacetal containing BIQ antibiotic is the highly oxygenated
compound fusarubin. Unlike most BIQ natural compounds the more favored tautomer of this
molecule exhibits the quinone ring of the naphthazarin core to the left of the molecule. This is
due to electronic effects of thenfethoxy substituent. Like other hemiacetal containing BIQ

molecules, tautomerism occurs between the closed hydroxpyran ring and opened[%]omers.

OMe O OMe O
(I8 98¢
OH
o (0]
1 12
Figure 3.

A class of BIQ antibiotic containing this naphthazarin motif are the martini@ns4 isolated
from Fusarium martiiin 1963'%. These again exhibit a C6 methoxy group but contain a

dioxobicyclic ring system present at C1 and C3 of the pyran ring.
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Figure 4.

Many pyranonaphthoquinone natural compounds contain only one hydroxyl group on the
naphthoqguinone ring system. This is normally present at the C9 position as is the case with th
antibiotic kalafunginl5. This tetacyclic molecule was first isolated in 1968 by Beregy

al’®® and exhibits activity against a wide variety of bacteria, fungi, protozoa and yeast

pathogen&” Like many compounds of this nature it hasisrelationship between the lactone

ring presat at C3/C4 and the C1 methyl substituent which is the more thermodynamically

stable diastereoisomer as it redupssudal,3-diaxial interactions.

OH O
o 6{
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Figure 5.

A series of natural compounds similar to kalafungin are the nanaomy&2@isolated from
Streptomyces rod&>? Five analogues have been isolated of this class all exhibiSngRL

(4R) stereochemistry. Nanaomycin¥ and C17 do not contain the lactering observed in
kalafungin but a free carboxylic acid chain (A, RCO,H) and primary amide chain (®; =
CONHy). Nanaomycin B18 also lacks the presence of a lactone ring but differs as it has a
hydroxylated quinone ring wit the tertiary alcohol group present at the ring junction.
Nanaomycin E20 also contains a free carboxylic acid chain but, like some other BIQ natural
molecules, has an epoxidised quinone ring. All the nanaomycins show broad spectrum
antibiotic activity against gram positive bacter®@ The frenolicins21, 22 isolated from
Streptomyces fradi&&3? also exhibit similar structural analogues. These molecules contain
the same R, 3S (4S) stereogenicity as kalafungin but differ by the presence of a-@bpyl

substituent as opposed to a methyl group.



16 R = CO,H 18
17 R = CONH,

Figure 6: Nanaomycins-&.

OH O "Pr OH O

"Pr
09,
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Figure 7. Frenolicin and deoxyfrenolicin.

A unique group of benzoisochromane quinone compounds are the griggjgdssolated in
1976 from Streptomyces griseug.hese molecules contain a ddibxaspiro[5,5]undecane

around the C1 position. The griseusins have only mild activity against graitivgpos
bacterigd® %

Figure 8: The grisusins.

Other than the granaticirg4-37, there are few carbohydrate derived BIQ natural products.
Medermycin25, isolated in 1976 fronStreptomyces tanashiefid contains a tertiary amino
pyran ringattachedat the C7 position to the juglone core of the moleaidea glycosidic

bond. This antibiotic exhibits strong activity against gram positive bacteria and leu&&mia.



Figure 9: Merdermycin.

Several dimeric angseuddimeric benzoisochromane quinones have also been reported. The
actinorhodins are one class of such dimers isolated f&treptomyces coelicoloand
Streptomyces lividen$hese highly coloured pigments are connected at the C7 position of the
naphthazarin core. There are six individual actinorhodin analogues ho@@verthe most

common+3¢!

26 OH O

Figure 1Q -actinorhodin.

One class of strugrally simplistic dimers are the cardinalid$-29. Originally isolated from
the toadstoolDermocybe cardinalisthese compounds show potent inhibition of leukemia
cells. Only cardinalin 29is a true dimer exhibitingS. 3S methyl substituents, a C6 methoxy
group and C8 hydroxyl moiety. Cardinalin2¥ contains hydrogenated quinone rings and a
single reduced C5 carbonyl whereas cardinali@82contains only a single hydrogenated
quinone group. The cardinalins do not exhibiation around the centre of the molecule and

are only isolated as tiRenantiomef”

Figure 11: Cardinalin 1 27, 228 and 329.

10



Another G symmetric group of BIQ dimers are the crisamici@se of the more recently
isolated benzoisochromane quinone compourd@8q™® these natural compounds exhibit
strong activity against melanoma cells and herpes singbtggwith excellent activity against

gram positive bacterid? Crisamicin A30 contains a pyranolactorécyclic ring systemwith

a methyl substituent present at the C1 position in the more thermodynamically f&ramed
configurati on Jactdnd This@ygaa rnnd is fusedto & juglene moiety which,
unusually, has hydroxyl group preserst the C6 position unlike most BIQ compounds where
the hydroxyl group is normally present at the C9 position the compound is dimerised by a
carboncarbon bond at the C8 position similar to many BIQ dimers.

Figure 12:Crisamicin A.

More unusual dimer like benzoisochromane quinones have also been isolated such as the re
pigment phenocyclinon8l, isolated fromStreptomyces coelicolavhich has yet tchaveits
absolute stereochemistry determif&the rhododactynaphir2 and xanthodactynaphirgs

isolated from the aphiBactynotusjacaé™

O OH
(S
HO
0" o
* OH OH
HO '
LIS

OH O *

Figure 13 Pseudodneric BIQs phenocyclinongl, rhododactynaphin82 and
xanthodactynaphin33.
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2.1 Granaticin

Granaticinis a structurally unique member of the benzoisochromane quinone family of
antibiotics as it has a fused-dglucose derived sugar moiety attached at the C7 and C8
positions of the naphthazarin core. This sugar molecule is atta@ad>C glycosidic bond
and aldol like bond. Granaticin exists as four analogues. Granat@and dihydrogranaticin
A 36 contain a 2,alideoxyglucose substituent whereas grana®&mand dihydrogranaticin B

36 exhibit an L.rhodinose molecule attached by@sglycosidic bond to the dideoxyglucose.

OH OH O - OH OH O -
"4 OR 0
o COH
OH ©
34A-R=H 36A-R=H

WOH WOH
358-R}(j,( 37B—R=/Ej,,
o~ o~
Figure 14: The granaticins and dihydrogranaticins.

This unusual fused suganotif has only ever been observed in one other natural compound.

The quinone containing polyketide sarubicidiB(Figure 15).

OH O

w29 _NH,
o)
CONH,

O
4

Figure 15: Sarubicin A

The enzymatic mechanism of glycosylation has yet to be elucidated bussuised that the
gene clustegral4is responsibl&3 Two possible routes have been proposed by Ichirbse
al.*¥ (Scheme 2).

12
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Scheme&: Proposed enzymatic glycosylation routes.

The granaticins were first isolated in 1957 fr@treptomyces olivacetfé; *¥ but has since
been isolated from many othersuch as Streptomyces Iitmogen%‘@, Streptomyces
thermoviolaceu$” and Streptomyces violaceorubé? Granaticin has been shavio exhibit
strong activity against gram positive bacteria with a minimal inhibitory concentration of 0.25
to 1.75 1g/100mL It has also been shown to have activity against lymphocytic leukemia and

cytotoxicity against KB cancer celf§
3. Total synthesis of benzoisochromane quinones
3.1 The first total synthesis of+)-granaticin

The first total synthesis of racemic granaticin A was completed in D8venty two steps
with an overall yield of 2%y Yoshii et al!* The group originally attempted to synthesise
the BIQ target staing from a naphthalene derivativieowever, the group could not install the
final oxygen to generate the tetra oxygenated naphthazarin core fmadhetages of the

synthesid®”

13



OMe OMe

OMe OMe
—_— —_— —_—
Br Br O Br Br
HO HO
O OMe o OMe HOY OMe HO™ OMe

42 (£)-43 (+)-44 (£)-45

\ iv)
o) OMe o) OMe Br OMe OMe

vii) vi) V)
- - - . - .
o 3 Br ho' N\ Br HOL Br HQ! Br

A/ OMe HO  OMe Hov . OMe Hov . OMe

()-49 (2)-48 ()-47 ()-46

Scheme3: i) Methoxyvinyllithium, THF,T 60 °C then HCI, MeOH (9%). ii) NaBH,;, 'PrOH
r.t. (100%). iii) Ac,0, py., r.t. then SOG| py, r.t. then KOH, MeOH, r.t. (6%). iv) MesN(O),
0sQ, ‘BUOH, H0, 60 °C (656). v) AIBN, NBS, CC}, 40 °C. vi) AgCIQ, THF, r.t. (656 2
steps). vii) 2methoxypropene, CSA, THF, r.t. (%4).

The modified synthesigscheme 3)began with addition of the unsaturated organolithium
reagent methoxyvinyllithium to kene containing bicyclic starting materi®, synthesized in
seven steps from Ldimethoxybenzene. Treatment of this methyl enol ether mathanolic
hydrochloric acid cleaved the methyl protecting substituent to give ké&tp3 in good yield
(90%). Reduction of this compound with sodium Wdoydride in isopropanol gave the dida

9:1 mixture of diastereocisomedd (+)-44 with the major compound as the desired isomer
Treatment with acetic anhydride aglatedthe secondary hydroxyl groumnly allowing for
thionyl chloride inducedb-eliminaton of the tertiary hydroxylsubstituent Potassium
hydroxide was then used to remove the degpaotecting substituent in 8byield over the
three transformations. Dihydroxylation of the unsaturated position with osmium tetraoxide,
using triethylamineN-oxide asa reoxidant, produced a 25diastereomerignixture oftriol
(£)-46 in modest (6@0) yield and recrystalisation allowed access torttagor pure epimer.
AIBN induced radical bromination at th®enzyl position provided the cyclisation precursor
andtreatment with silver perchlorate gave the oxabicyclic ring system of the sugditisrit

in excellent yield (6% over two steps). The two remaining hydroxyl groups were then

protected as thdimethykcetal using 2nethoxypropenéo give ()-49.

14



HO  OMe OMe
rac-55 a-d

A/é OMe OH O
()53

Schemet: i) "BuLi, THF, 1100 °C then CICONE}1 70 °C (70%). ii) 'BuLi, DMF, THF,175
°C (968%). iii) TMSCN, KCN, 18crown6, CHCI, r.t. then AcOH, r.t. then -2
methoxypropene, CSA, THF, r.t. (84). iv) LICH,SO,Me, 56, THF, 'BUOH,T 78 °C (8®4). V)
Me,SOy, KoCOs, Me,CO, 56 °C (7%0). vi) LiAIH,4 EtO, 115 °C thenpTSA, MeCN, 0 °C
then DBU, PhMa 10 °C (@ = 1S 3532%) (b = 1R, 3526%) (c/d = 1S 3R/1R, 3R 8%).

The synthesis continued (scheme 4) witktatlation of thearomatic (x)-49 ring with n-
butyllithium at low temperature and quenching wifN-diethylcarbamoyl chloride provided
the tertiary amidé+)-50in goad yield (7®0) and a second lithiation followed by formylation
with DMF of the remaining aromatic carbayave cyclisation precursdg)-51 in almost
quantative yield (9%). Addition of potassium @pide to the aldehyde carbonyl in the
presence of trimethylsilyl cyanide and-é¢&wn6 gavefive membered lactong@)-52 but also
resulted in deprotection of theetal requiring reprotection with-rdethoxypropene in 84

over the two steps.

56

Figure 16 Michael acceptob6.

Deprotonating with LICHSO,Me followed by the addition of Michael accept resulted in
annulation to the tetra oxygenated naphthaléne56 via the mechanism skho below

(schemed) in excellent yield (8%).

15



o Y
%/o OMe OH O

(£)-53

Schemé: Mechanism for the generation of the tetraoxygenated core of granaticin.

The generated free hydroxyl groups were then methylated with dimethyl sulfate. The carbonyl
was then reduced with lithium aluminium hydride and exposurpT®A deprotected the
acet al and t ert i ar-unsatbrated yactonés)r54 DRU irglicadoxag U
Michael addition to the lactone gave the pyran ring as all four diastereoisaness ad

with the desired enantiomer§13R) isolated in26%.

o} o)
O OMe OMe O O OHO O
R i) - iv) R
—_—
Oy Oy
HO™ HO™
HO  OMe OMe HO OH O
(£)-55 (2)-34

Schemeb: i) 2-methoxypropene, CSA, THF, r.t. (9@). i) CAN, MeCN 35 °C. iii) AlICl3,
SMe,, CH,Cly, r.t. iv) 1% HCI, HO, r.t. (826 over three steps).

Reaction with 2methoxypropene reprotected the sugar diol groups as the acetal and ceric
ammonium nitrate oxidation gave a 1:1 regiomeric mixture of the naphthaquinone core.
Demethylation with aluminium trichlorideand dimethylsulide accessed the deprotected
naphthazarincentre of the moleculeA final HCI depotection of the acetal yielddd)-

granaticinA (z)-34in 82% overfour steps.

16



3.2The first enantioselective total synthesis dft)-granaticin

The same group then reported a stereocontrolled synthegiaratticin A in 1988” using the

same key steps but using an enantiopure dihydropyranone as a Michael acceptor.

o o
AcO NN Z Q//<
N ) CO,Me i COzMe iii) R iv) ““CONMe
Ao HO MsO L5 o

(#)-61 (#)-62 (+)-63 (+)-64 (+)-65

Schemd: i) CH,C(OMe)OTBS, BEELO, PhMe,i 78 °C then 1% KOH, MeOH, r.t. (64).
ii) MsCI, EtsN, CHCl,, 0 °C (8%). iii) SiOs, (100%). iv) MeAINMe,, CHCl,, 0 °C then
PCC, NaOAc, ChCl,, 710 °C (82%6).

The group started from diacetoxydihydropyrét)-61, exposing it to boron triflouride
eliminaiedan acetoxy group and formgranoxonium intermediatef (+)-61. Ketene methy-
butyldimethylsilyl acetal was then used a nucleophilén the presence of boron trifluoride
etherate complex for addition onto the oxonium generating a 3:2 mixture of separable
diastereoisomer®f (+)-62. The free hydroxyl group was themesylated with MeS£CZI
resulting in lactonisation of the methyl ester and elimination of the mesyl group upon
chromatographyenerating(x)-64. Ring opening of this lactone to generate the amide with
dimethylaluminiumdimethylamide followed by pyridiniurohlorochromate oxidation gave
access to the pyranone Michael acce|i#)65 in a total of 486 yield over three step#\

modified phthalide was synthesised in seven steps in a similar fashi@)-69 in 32 %

overall yield
OMe O OMe O OMe O  OMe
Br B CONEt,
‘O i), ii) i), iv) v), vi), vii) o
L OMe HO' 3 5 ome &\ 5 OMe CN
N HO  OMe ﬂ’ ﬂ’
(2)-66 (£)-67 (+)-68 (£)-69

Schemes: i) OsQ;, MesN(O), 'BuOH, HO, r.t. ii) NBS, AIBN, CC}, 40 °C then AgCIQ
THF, r.t. iii) 2zmethoxypropane, CSA, THF, r.t. iBuLi, THF, 1100 °C then ENCOCI,T 78
°C-r.t. v)'BuLi, 1 78 °C, DMF, 0 °C, vi) MgSiCN, 18crown-6-KCN complex,CH,Cl,, 0 °C
then AcOH, r.t. vii)2-methoxypropane, CSA, THF, r.t.

17



With the modifiedcyanghthalide in hand the group could coufit®-69 with Michael
acceptoi(z)-65.

o)

O OoMe o OMe OMe O O OHO O
i) .«CONMe, _ii)-v) S
o OO Iy
\ HO™ :
6 OMe CN A/o OMe OMe HO OH O
(£)-69 (+)-70 (+)-34

Schemé: i) LiCH,Ms, (+)-65, ‘BuOH, THF,1 78 °C. ii)Me;SQy, K,COs, MeCO, 57 °C (5%
over 2 steps). iii) BBusBH, TMSCI, THF,T 78 °C (58%). iv) 2-methoxypropene, CSA, THF,
r.t. v) CAN, MeCN then AIG, SMe,, CH,Cl, r.t (626 over 2 steps).

(¥)-65 then underwent a benzanulation reaction with the phth&ii#é9 in 50% yield. The
generated naphthalene hydroxyl groups were anethylated withdimethyl sulfate Pyran
carbonyl(x)-70 was then reduced stereoselectivly gdithiumtri-s-butylborohydride and the
addition of trimethylsilyl chlorideresulted inlactonisation in moderate yield (56%])his
transformationhowever resulted in the deprotection of the dihydroxyl substituent of the fused
sugar system requiring reprotection withm2thoxypropene. Similarly to the previous
synthesis, CAN oxidation of he central naphthalene system gave ti&O-
dimethylnaphthazarin core of the BIQ and treatment with aluminiuhltride and
dimethylsulfateresulted in deprotection of the remaining methyl groups along with the acetal

to give(x)-granaticin A(zx)-34.

3.3 Towards the total synthesis oft)-sarubicin A

The methodology used to synthesise the glycosylated half of granaticin A was based on
previous publication by Sammelheek al®? reporting the total synthesis ¢f)-sarubicin A
(x)-41 (scheme 10). Starting from 1,4imethoxybenzene the bicyclic ketor® was

synthesized in Z& over seven steps.
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TBSO  OMe TMSO, CNOMe Thmso SHO OMe

O OMe M O OMe
. " TBSO TBSO. X . TBSO,
i) ‘O iii) iii) iv), v)
_— _— _— _—
Br Br Br Br Br
OMe OMe OMe OMe OMe
42 7 72

*)-73 \ (%)-74

vi)

o 0O (')OH QMe O OMe HO_Me,,
OH OH HO,
m( x), Xi), xii) «K:(;\fo OMe ix) vii), viii) HO,
HO' ° " 16 Med HN\/Q/ HO™ Br Br
HO (0] NH, St HO OMe OMe
()-77 (%)-76 ()-48 (%)-75

SchemelO: i) LDA, TBSCI, THF, r.t. ii)y mCPBA, CHCI,, 0 °C (526 over 2 steps). iii) 18
crown6, KCN(cat.), PhMe,1 30 °C then TMSCN, r.t. (10%, 86:14 dr). iv) DIBALH,
NH4CI/H,SOy, PhMe, r.t. v) AcOH, HCI, kD, THF, 65 °C (8% over 2 steps). vi)
TiMe(OiPr)g, THF, r.t. (80%). vii) cyclohexene oxide, AIBN, Br NBS, CC}, 10 °C. viii)
AQCIQO,, THF, 0 °C (5306 over 2 steps). ixiPd(PPR).Cl,, 2,4dimethoxybenzylamine, Cg),
90 °C (724). x) (imid.RCO, K,CO5, EtOAC, 120 °C. xi) CAN, HO, MeCN, r.t. xii) NaOH,
H.,O, dioxane, r.t. (5%).

After generating the silyl enol ethé&d with LDA and TBDMSCI the unsaturated bond was
oxidized withmCP B A t o gsilyoxgketdndi72in aJmodest 5% yield over the two
steps. Addition of trimethylsilyl cyanide to the ketone in the presence of catalytioMs+-6
and potassium cyanide giving ®6conversion tathe desired diastereomef (x)-73 which
was separated by chromatography. This cyano comp@t)rat3 was then hydrolysed to the
carboxylic acidunder acidic conditionswhich also cleaed the silyl proteting group and
then reduceth situto the aldehydét)-74. Organometallic methyl addition onto aldehyet®
74 occurred using methyltitaniumtriisopropoxide gave the desired diastereoigd)¥#s in
80% vield. Similarly to the total synthesis ¢f)-granaticin A by Yoshif® * the oxobtyclic
system was formed by AIBN induced radical bromination abtdrezylicposition followed by
silver perchlorate induced ether formation which occurred ¥ %i&ld over two stepso give
(¥)-48. A palladium catylised carbonylatiomeaction was thenenployed using 2,4
dimethoxybenzylamine, as ammonia was not succedsfuistall the amide moiety and give
(x)-76. This allowed for concomitantoxidative removal of the 2;dimethoxybenzyl

substituentand caversion to quione (+)-77 with ceric ammonium nitrateThe group,
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however, did not report the terminal step for the installation of the remaining amine to give

sarubicin A41in 13 steps.
3.4 Synthesis of kalafunginvia tandem Michael-Diekmann approach

In 2007 Christopher Donnegnthesized (+kalafunginl5 using a tandem Micha&iekmann
approach as the key stgf).

NH, i) ii)) Br

Br
HOzC)\/ oM Hozc)\/CO2H HO\/KAOH

(S)-78 (S)-79 (S)-80
iii)
o MeO,C—
/ﬁj oTES v) o2 \—OH iv) o )OTBS
| N >,
MeO ) \—OTBS
(R)-83 ()82 (S)-81

Schemell: i) KBr, NaNO,, H,SO,, H,0O, 0 °C (920). ii) BHs THF, THF,130 °C (9P6). iii)
TBSCI, imid., CHCI,, r.t. (98%). iv) methyl propiolateBuLi, BFsEt,0, THF,T1 78 °C (72%).
v) MeONa, MeOH, r.t. (8%).

The synthesisnvolved generating epoxid®1 from enantiopurg(S)-aspartic acid78°* by
treating it with sodium nitrite to generate the diazonium salt under acidic conditions resulting
i n f or ma t-lactome. Pothssidumhbeomifle was then used to open the lactone, retaining
the stereochemistry at the C2 position in high yield. This then reduced with borane and
treatment with sodium hydride aridBDMSCI yielded the desired epoxidgl in 85% total

yield. Lewis acid induced ring opening with methyl propiolate asdmltyllithium gave the
corresponding secondary alcol®l Sodium methoxle was then used for conjugate addition
onto the alkyne then as a base to induce intramolecular lactonisatiaimg 83 in good
overall yield (62%)
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OMe OH O OMe OH -

O OMe
/ﬁjo oTBS @f%""e S N oms —o - OH
MeO ) ) )
83 84 85 86 \
i)

OH O OH O - OH O = OMe O
LI, =20 (Y3 = L3 3 L3, S
., -——— -—— -~
°© 0 Y o} o} o}
89 88

(+)-15 87

Scheméd2: i) LDA, THF, 160 °C (526). i) MeMgBr, THF then TFA, EfSiH, CHCl,, 178

°C then HCI, THF, r.t. (6% over 2 steps). iii) NBS, DMF, r.t. then CAN,8, MeCN, r.t.

(82% over 2 steps). iv) AIG| CH.CI,, r.t. (926). v) Phl(OAc}, TEMPO, CHCI,, r.t. then
NaClO,, NaHPOs, '‘BuOH, HO, r.t. (8®6 over 2 steps). vi) § MeOH, py., 60 °C then
BF;Et,O, EgSiH, CHClI,, T 45 °C (696 over 2 steps). vii) k50O, PhH (80%).

Methyl-(2-methoxy6-methyl)benzoateB4, in the presence of LDA resulted in a Michael
additiononto 83, by deprotonation of the methyl group, followed bedkmann condensation

and aromatization to generate the naphthalene back®%ne modest yield (5%). This
lactone was then treated with methyl magnesium bromide to install the C1 methyl substituent
and deoxygeneation with triethylsilane and TFA produceddigsired pyran rin§6. Only the
opposite enantiomer of kalafungin was generated as hydride delivery occurs from the opposit
side to the substituent present at C3 due to steric hindrance. Subjecting this molecule t
hydrochloric acid 2M resulted in silgleprotection. The quinone cooé 87 was installed by
aromatic bromination using NBS followed by ceric ammonium nitrate oxidation in high
overall yield. The aromatic hydroxyl group was then deprotected using aluminium trichloride
to give88followed by dable oxidation of the primary alcohol with Phi(OA¢hena Pinnick
oxidatio®® with NaCIQ, to give the free carboxylic aci89. Exposure to pyridine and
atmospheric oxygen resulted in a mixture of the desired lactonised molbowever,
addition of methanol to Chlso occurredto give an unsymmetrical acetalFortuitously
treament with triethyl silane and boron trifluoride etherate complgave only desired
compound 89 as a single enantiomeEpimerisation (+kalafungin occurred whenhé
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compound was exposed to concentrated sulfuric acid yieldingkalajungin (+)-15 in

eighteen steps (22overall yield).

3.5 Synthesis of thé+)-o-actinorhodin monomer via ceric ammonium nitrate induced

oxidative rearrangement

In 1997 Margret Brimbl&® synthesised thé+)-o-actinorhodin monomer utilizing three key
steps. A benzyne cycloaddition with furamfthoxyfuran, a Fries rearrangent®hiand a

ceric ammonium nitrate induced oxidative rearrangement to form the pyran ring.

OMe OMe OH OMe OAc OMe OH O OMe O (o]
— 0 — O — O —
—_— —_— —_— _—
Br
OMe OMe R OMe R OMe R OMe O
90 91 92 93 94
R =H or OMe
\ ’
OH O OH O : OH O ; OH OMe OH O
O‘ o viii) O‘ ~o vii) O‘ (0] vi) OO H
- - . - !
., _COM ., _COM - \< S
(o] OMe O
OH © OH © OH © 5 ° 5 o

(£)-98 (¥)-97 (£)-96 (£)-95

Schemdad: i) NaNH,, THF, 50 °C then conc. HCIl, MeOH78 °C (786 over 2 stepsk = H.
ii) EtsN, Ac,0, DMAP, CHCIy, r.t. (726 R = H). iii) BF3ELO, EtO, r.t. (70 R = H). iv)
CAN, H;O, MeCN, r.t. (406 R = H). v) 2-(trimethylsiyl oxy)furan, MeCN, HO, 0 °C (66%0).
vi) CAN, H,O, MeCN, r.t. (750). vii) TFA, EtSiH, CHCI,, r.t. then CHN, (68%). viii)
BBrs, CH,Cl,, 7 78 °C (82%0).

Treatment of dbromeo2,5dimethoxybenzen®0 with sodium amide and furan followed by
reflux in the presence of concentrated hydrochloric acid gavhydioxy5,8
dimethoxynaphthalen®1 (R = H) in good vyield (760) following previously desched
methodology®” Using 2methoxyfuran as the dieneshydroxy-4,5,8trimethoxynaphthalene

91 (R = OMe)could be generated but only in poor yield. Subjecting either of these compounds
to triethylamine and acetic anhydride with catalytic DMAP converted the free naphthol group
to the corresponding acetéfl@ Expcasure to boron trifluoride etherate complex resulted in a

Fries rearrangemént to install the acetate group at the C2 positieneratind®3. CAN was
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then used to form th®,0-dimethylnaphthazarin cor@4 on either molecule in low yield.
Reaction of this naphthoquinone witk(teimethylsiloxy)furanvia conjugate addition at C5 of

the furan to C3 of the quame followed by Michael addition of the C4 oxygen onto the newly

f or meuwhsatlratéd lactone gatlee desired cyclisation precurs@)-95in a modest 6%

yield. Oxidative rearrangement using CAN provided tie fused pyranolactonét)-96 in

75%. This was then treated with triethylsilane in the presence of TFA to reduce the hemiacetal
to the desired yran ring(x)-97. The group discovered that increasing the reaction time and
the addition of diazomethane would also generate the free carboxylic acid chain giving the C1
epi mer of tahtieorhpdin anbnemet. Eadtuitausly, exposure of this compound to
boron tribromide not only cleaved th®-methyl protecting substituents but resulted in
epimerization at the C1 position to generate the degifeo-actinorhodin monomet)-98in

a total ofnine steps (4% overall yield).This strategy was also used for the synthesis of the
lactone containing actinorhodin monomer by using only two equivalents of CAN and limiting

reaction time in step vi) preventing lactone opening.

3.6 Synthesis oft)-deoxyfrenolicin via D6tz benzannulation

o) ~~_OH OMe OH O
OMe OMe Cr(CO)s OMe 07 OMe O @
Br i) C(); ii) @ACF(COR § iii) O‘ "pr iv) OO Pr
&
NMe,
N o & OH N\
o
99 100 OH (#)-101 (#)-102 103
X
v)
(¥)-108
OH O "Pr OH O "pr OMe O  "Pr OMe OH OH
viii) vii) vi) OO "Pr
< Vi Vi L
.., COsH .., _CO;Me CO,Me
o o o} OH
(#)-107 (£)-106 rac-105 (¥)-104

Schemd4: i) "BuLi, Cr(CO), EtO, T 78 °C then MgNBr, H,O, r.t. i) AcCl, 120 °C, CHCI,
then(zx)-108 CH,CI,, r.t. (886 over 2 steps). iii) DDQ, E©, MeCN, 35 °C (5%). iv) H,SOy,
MeOH, r.t (984). v) NaBH,, THF, r.t. then DDQ, MeOH, 0 °C. vi) Pd@WeCN),, CuC},
MeOH, CO, r.t. (796 over 2 steps). vii) BBt CH.Cl,, 1 78 °C (84%). viii) KOH, MeOH, r.t.
(97%).
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Anothercommonmethod for the synthesis of benzoisochromane quinones is utilizing a D6tz
benzanulatiofi®*® as a key step. In 1982 Sammelhetlal®® reported the total synthesis of
(x)-deoxyfrenolicin(+)-107 using this approactStarting from 2bromomethoxybenzes 99

the group synthesized the necessary chromium carbene complex by metallating- with
butyllithium, quenching with chromium hexacarbonyl and isolatii@0 as the
tetramethylammoniursalt This hydroxide group was then acetalated with acetal chloride and
displaced with Znon5-yl-4-yloxy)ethanol (+)-108 to give the cyclisation precurs®O0 in
excellent yield (880 over two steps). Heating this carbene complex resulted in formation of
the trioxygenated naphthalene backbone followed by exposure to DDQ tve
naphthoquinong#)-102 in modest yield. Treatment of this compound with sulfuric acid
resuted in removal of the -Bydroxyethylenegroup, oxidizing the secadary alcohol to the
correspondig ketone(+)-103 and reducing the quinone ring to thmara hydroxylated
aromatic analogue in almost quantitative yield@5Sodium borohydride was then used to
reform the secondary alcohol followed by a second DDQ oxidation to yield the central
quinone ring. Palladium catalysed alkoxycarbonylation, in methamoler an atmosphere of
carbon monoxide produced the pyran ring and gave the carboxylic acidatdi®5as a 3:1
mixture of transcis diastereoisomers in excellent overall yield ¥84 Cleavage of theéO-
methyl substituent fortuitously resulted in epimation of the C3 position to give only the
more thermodynamically stabteansisomer(x)-106in 84% yield. The final stp was then to
saponify the mdityl ester using potassium hydroxide which occurred in almost quantative

yield (97%) to give(x)-deoxyfrenolicin (£)-107in 24% total yield over eight steps.
3.7 Biomimetic approaches to benzoisochromane quinone synthesis

Another interesting approach to BIQ synthesis is to a biomimetic synthesis of the
hydroxylated naphthalene corga double Claisen condensation with a gluterate ester
derivative such as diethyB-hydroxygluterate followed by base induced aromatization. One
example of such a biomimetic approach was used by Harakin 1977 to synthesisét)-
eleutherin(z)-114 but has since been used for the synthesis of several BIQ compounds and

naphthalene based moleculf&s.
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Cl QH OH O OH O OH OH
ii) i)
T = LU " 0y ™ s
CO,Et =

(¥)-108 109 110 1M1
iv)

OH O OMe O OMe OH
% “d
(0]

(#)-114 rac-113 rac-112

Scheme 3: i) LDA, 2,4-diketopentane, THH,78 °C (24%). ii) TFA, EtOH, r.t. iii) Pd/C, H,
EtOH, r.t. iv) CHNy, EtO, r.t. v) (KSQ),NO, HO, r.t. vi) HPO..

In this synthesis by Harrist al, LDA was employed to generate the dianion of p&a
dione, which was used in excess, followed by the addition of di8tpytrolidinylgluterate
(x)-108to affect dual Claisen condensation and genaadtexaone intermediate. Increasing
the temperature from78 °C toi 35 °C, still under basic conditions, resulted in the formation
of the highly substituted dihydroxynaphthalene derivati(®)-109 in 24% vyield.
Trifluoroacetic acid was then used to induce ring closure and elimination to give
isochromanong+)-110 followed by palladium catylised hydrogenation to give the racemic
naphthopyran core of the moleculell. Methylation of the C9 hydroxyl group with
diazomethanegave rac-112 f ol | owe d by oxidation wiC h F
methoxyjuglone ring systerft)-113. Exposure to phosphoric acid epimerized the C1 carbon
to generate the more staltiansisomer giving (+)eleutherin(x)-114. Since thissynthesis in
the late 700s the bi omiedf8using3hyamxyguerate oind & a s
calcium acetateto induce aromatization proding the naphthalene backbone of many

molecules in much higher yie[da 5 0 %)
3.8 Synthesis of( i-fienolicin B viaregioselective DielsAlder cycloaddition

A common method for the synthesis of BIQ targets is by a late stage regioselective Diels
Alder cycloaddition. This methodology was pioneered by Kretual*¥ for the synthesis of
elutherin14in 1981 and used again in several synthesis particularly by Kraus in 1993 for the
first total synthesis of frenolicin BY The group employed an alkoxycarbonylation similarly

to the method of Sammelheek all®? in 198 as a key step to form the pyrani ng - a n d
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lactone ring and used their previously devised $fdtler reaction/Jones oxidatit§fl to

install the juglone like core of the molecule.

OMe "Pr

OMe O OMe OH OMe OH :

npr i) npr ii) npr i) %
—_— —_— —_—
N OMe O
OMe OMe OMe OH ERAN
115 116 17 118
iv)
OH O "Pr T™MSO O  "Pr 6 IPr
O‘ T vi ? v) 7
o O o © o O
22 © 120 © 119 ©

Scheme @& i) (+)-Ipc:BCl, CHCl,, r.t. (1006, 93% e€. ii) "BulLi, acrolein, THF,1 78 °C
(56%, 8%% €. iii) Pd(OAc), CO, THF, r.t. (6%). iv) HNOs;, AgO, r.t. (9%0) v) 1-
trimethylsiloxy-1,3-butadiene, CkCl,, 178 °C. vi) Jones reagent, MO, r.t. (826 over 2
steps).

Starting from 1,4dimethoxybenzen@-butyl ketone 115 the synthesis involved an
asymmetric Brown reducti® using (+}Ipc,BCl followed giving 934 of the (R) enantiomer

of 116 (determined by analysis of the Mosher estgr)rtho lithiation and quenching with
acrolein to give a mixture of diolsf 117 in high enantiomeric excess @9 (S) but only in

56% total yield due tanetaandpara metallation compounds. Altering the solventtsys to a

1:10 ether:pentane improved the yield but lowered the enantiomeric selectivity of the reaction.
Palladiun catalysed carbonylationf ahis diol, under an atmosphere of carbon monoxide,
afforded the formation of both pyran and lactone ring systel8sn modest yield (6%). A
seldom used Rapoport oxidatith with silver oxide and nitric acidthen gave the
cycloaddition precursot19 in excellent yield (9%). DielsAlder reaction with isiloxy-1,3
butadiene at low temperature folled/ by immediate exposure b20to Jones reagent yielded

the target compoun( )-24 with excellent conversion from trguinone (8%) observing the
presence of only one regioisomer. The rationale for this observed selectivity is the presence o
the lactone ring. When the silyl containing diene overlaps with the quinone substituent the

trimethylsilyl group forces the loweminone carbonyl group towards the towards the lactone
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oxygen thus making this the disfavored orientation. Therefore, reaction occurs preferentially

with the silyl enol ether positioned at the top of the moledtilgufe17).

TMSO O =

Figure 17: Diene overlap withl19
3.9 Synthesis of(+)-crisamicin via regioselective DielsAlder cycloaddition

Zhen Yanget al.in 2008also used a Dieldlder cycloaddition followed by Jones oxidation
for the synthesis of the dimeric benzoisochromane quifBrerisamicin A%l (¥)-30. Again,

a palladium atalysed carbonalytive lactoaitson was usedimilarly to that reported by Krau

et al’® thenthe group wanted to employ a hoooupling step to generate the dimer which,

to the best of this auth@ knowledge, was the first example of dimerisation at the C8 position.

OMe OMe OMe OMe
i) ii) X0 iii)
. - - o)
CO,H CONMe, CONMe,
OMe OMe OMe OMe ©
121 122 123 (#)-124
iv)
OMe = OMe OH OMe
vi) v)
- - - o)
OMe O S
© 5 OMe OH OMe OH
(£)-129 (£)-128 (£)-127 (£)-126 125

Schemél7: i) SOCh, 75 °C then ENH, CH,Cl,, r.t. (93%). i) ‘BuLi, TMEDA, DMF, THF,
178 °C (920). iii) MeMgCl, THF r.t. thenpTSA, PhMe, r.t. (8%). iv) LiAIH 4, THF, O °C
then TEMPO, BAIB, CHCIy, r.t. (7%6). v) vinylmagnesium chloride, THF, 40 °C @9. vi)
Pd(OAc), TMTU, CO, CuC}, propylene oxide, NiDAc, THF,  °C (88x0). vii) CAN, H,0,
MeCN, v10 °C (8%0). viii) 1,1-dimethy}3-silyoxy-1,3-butadiene then Jones reagent 0@,
r.t. (85%%).
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The group began the synthesis from-@methoxybenzoic acid2l1 converting it to the
corresponding diethyl amid&22 with thionyl chloride and diethylamine. This allowed for
directed ortho lithiation using t-butyllithium in the presence of TMEDA and subsequent
formylation with dimethylformenide in excellent yield (8% over two steps}o give 123.
Addition of methyl magasium chloride to the generated aldehfakwed bypTSA induced
cyclisation gavethe five membered lacton@)-124 in good vyield (896 over two steps).
Reduction with lithium aluminium hydride resulted in the ring opened diol and exposure to
TEMPO in thepresence of BIARPhI(OAc)) reformed the ring as the hemiacetabin high

yield. Diastereoselective ring opening with vinyl magnesium chloride gedertue
alkoxycarbonylation precurs@t)-126in a modest 5% yield. Installing the pyran and lactone
rings proved to be a challenge with various additives screened to optimize the reaction. The
group eventually discovered that the use of a TMTU ligand, addition of cbppéride

along with ammonium acetate anpylene oxide gave the desired carbonylation compound
(¥)-127 in 88% yield. This isochromane compound was then subjected to standard ceric
ammonium nitrate oxidation conditions to yield the corresponding quit®R&27 (89%).
Diels-Alder cycloaddition wiih the diene ((4,4dimethoxybutal,3-dien2-
yl)oxy)trimethylsilanegave a 20:1 regioisomeric mixture with the desired compbeit the

major isomer. This is attributed to hydrogen bonding between the lower quinone carbonyl, the
lactone oxygen and methyl proton of the diene favoring this orientation for the pericyclic
reaction as opposed to previously observed results were the orientation of the diene favors th
more sterically hindered substituents at the top of the isochromane qffihdheosue to
JonesdO reagent then pr @»i28dre8ds vield with anrarosatieni C |

hydroxyl group as a functional handle to achieve homocoupling.
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OMe
HO I TfO. i O) : ‘LA? o 3
. " Tf 2 B -
%» % OO - R
OMeO O S OMeO O 5 Me . & Meo. b
% %

OMe
(£)-128 (£)-129 (£)-130

iii
"BuN N"Bu

(#)-30 (£)-133

Schemel8: i) Tf,O, DMAP, py., r.t. (780). ii) Na,S;04, BwNBr, THF, HO, r.t. then
MOMCI, DMAP, DIPEA, CHClIy, r.t. iiiy PdChk(dppf), (Bpin}, dioxane, 85 °C (M over 2
steps). iv) Catalysi26, Ag,COs;, DMSO, HO (8®%). v) TMSBr, CHCI,, 1 78 °C then SiQ
(93%). vi) BCl3, CH,Cl,, 178 °C (924).

Triflation of the hydroxyl group of (x)-128 using trifluoromethanesulfonic anhydridgie the
presence of catalytic DMAP and pyridigave the Suzuki coupling precurged)-129 in good

yield, however several protection steps were required to achieve this transformation. The
addition of sodium sulfate and tetrabutylammonium bromedizicedhe central quinone ring

to the correspondg dihydroxybenzene substituenwhich was then mwtected with
methoxymethylenechloride to give (£)-130 using Hunigs base and catalytic DMAP. The
aromatic triflate group was then converted to the boronic pinacol ester usingdpgp€} and
homocoupling was achieved using palladium comg@4in the presence of silver carbonate

in excellent yield (8%). Treatment with rimethylsilyl bromide under basic conditions
allowed for cleavage of the MOM substituents followed by silica gel chromatography induced
oxidation to produce the quinone centfecompound(z)-133. Then treatment with boron
trichloride gave crisamicin A*)-30in a total of 106 yield over twenty steps.
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3.10Synthesis towards the granaticin aglycongia Sharpless asymmetric

dihydroxylation and benzyne cycloaddition

In 2012 and 2013 Ulrich Koeett al!”® " published two articles towards the total synthesis of
granaticin A with the long term aim of usingbanzyne cycloadditioto fuse thetwo sections

of the natural compound together forming teatral aromaticing.

OMe
OMe

OMe OMe OMe
i) i) i) iv) OH
o) CO,Me '
Z N N = 2
OMe
134

OMe OH OMe OAc OMe
(+)-135 (+)-136 (E)-137

H OH H
HO,C ~ -

viii) vii)
HO,C

140 139

127

Schemél9: i) vinylmagnesium bromide, THR,60 °C (9%%). ii) Ac20, py., 0 °C (980). iii)
Pdy(dba), CO, PPRDIPEA, NaBr, MeOH, 50 °C (9%). AD-mix-U, N &, HIESINH,,
'‘BUOH, HO, 0 °C (8%6). v) MeCH(OMe), BR:Et,O TFA, 80 °C (426, 14:1dr). vi) CAN,
MeCN, 120 °C (5%%0). vii) Pd/C, H, EtOAc, 20 °C (9%). viii) O3, CH.Cl,, DMF, 1110 °C
(42%).

The synthesisof the protected aglycoH8 began with the addition of vinyl magnesium
bromide to 2,&dimethoxybenzaldehyd&34 to give unsaturated alcoh@t)-135 in almost
guantative yield. The secondary hydroxyl group was then acetylated with acetic anhydride in
the presence of pyridine in 99yield forming (x)-136 A palladium catalysed carbonylation
reaction using Pgd(dba}, triphenylphosphine, Hinigs base amsddium bromide as a
met hanolic solution under an atumatargddestee o
(E)-137 in high yield. This compound was not purified due to its high instability towards
chromatography. $fipless asymmetric oxidati6h ™ with AD-mi x U gave(dR he
59)-hydroxylactonel33 in excellent yield (8%) and enantiomeric excess (@b The group
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then attempted aoxaPictetSpengler cyclisation in ethereal solvent using bdrdtuoride

albeit in high yield (8%0). The group eventually devised a method to achieve this
transformation producing an enantioenriched mixture of diastereaisame 14:1transcis

ratio. This reaction involved the addition of the lacld8 to an 80 °C TFA solution of
BF;Et,O and 1,idimethoxyethane followed by quenching with base at 0 °C after 60 seconds
to yield 424 of the diastereomeric mixturef 127. This isochromand 27 was then treated

with cerium?’ ammonium nitrate to remove the phendlienethyl substituents, generating the
corresponding quinonk28

H :
0,C o

HO,C

Scheme20: i) TFAA, CHCl;, 20 °C. ii) Li(O'Bu)sAlH, THF, 0 °C (426 over 2 steps). iii)
DIBAL-H, CHCI,, 178 °C. iv) HCI, HO, 0 °C. v) BREt,O, MeOH, 40 °C (5% over 3
steps). vi) ibromo2,5dimethoxybenzene, LDA, THF 78 °C (100%). vii) BF3EGO,,
MeOH, 65 °C then k80O, Me,CO, 57 °C. viii) Jones reagent, M&O, 20 T (268% over two
steps).

The group then investigated a series of Didlder reactions based on the method of Kf&us
to form the naphthoquinone back bone of granats&ginhowever, only elimination reactions
were observed to give the naphthoquinone substituent with no incorporation of oxygen at
either the C6 or C8 possition. The group then revised the synthesis to include a benzyne
cycloaddition. The quinon&28was theneduced to th@aradiol using a palladium catalysed
hydrogenation in 5% over two steps. Ozonol ysunsaturateld t h
dicarboxylic pyrar39 in high yield (826). The diacid140 (scheme 18yvas then converted to
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the anhydridel4l1 using TFAA in excellent yield (9%). Nucleophilic addition to the
anhydride withortho lithiated 1,4dimethoxybenzene gave the desired compound as a mixture
of regioisomers and generation of the methyl ester with Mel in the presence of cesium
carbonate cmurred in modest yield (80). However, formation of the quinone ring by
aromatic substitution could not be achieved. The group then attempted AAd@Eigeaction

using tacetoxyl,3-butadiene but only observed a HAoydroxylated naphthoquinone as a
resut of elimination of the acetoxy group. Finally, the group converted the pyranoanhydride to
a furan derivativel44 in an attempt to generate the granaticin aglycoi@ea benzyne
cycloaddition. Using lithium tri-butoxyaluminium hydride the anhydride wesduced to a
regiomeric mixture of unsaturated lactorig®, 143 DIBAL-H r educt i dactonesf b
gave the ring opened product. Exposure to aqueous hydrochloric acid followed by reaction
with a methanolic solution of boron trifluoride etherate compleonly generated the furan
diene but protected the pyran lactone as an unsymmetrical acetalequivalents of this
dienel44 were then subjected to a benzyne cycloaddition withdirdethoxybenzyne to give

the desired adduct in almost quantative yi&gposure of this compound to 8,0 gavea
mixture ofring openedegioisomersvhich were then oxidized in very low yield @) under

Jones conditions to give th@,0-methyl granaticin aglycon&46 in a total of 1.66 over 17

linear steps. To date the group has not succeeded in performing a regioselective benzyn

cycloaddition on fused sugar aromatic bromide.
3.11Synthesis of kalafungin and nanaomycivia Sharpless asymmetric dihydroxylation

A similar methodologyo Koertet al. was used by Rodney Fernandes and Reinhard Brickner
for the synthesis of both kalafungld and nanaomyci® 19in 2008, Again, employing a
Sharpless asymmetric dihydroxylati6n™ t o  f o r 4actonehring of both natural
compounds and aoxaPictetSpengler cyclisation to give the pyran ring as the key steps of
the synthesisising either ABmix-U o r-mix2bDThe synthesis of kalafungitb is shown in
schemes 19 and 20he main difference in the synthetic strategy was to begin with a

naphthalene derivative.
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OAc O OMe OMe OMe OMe

OMe OMe OAc
149 (%)-150

\ vi)

OMe OMe OMe OMe OMe OMe

o viii) OH v||)
. -~
- : _~__CO,Me

OMe ()\\< OMe O OMe

157a,b O 156a, b o (E)-155

Schemel: i) Ac,0, EgN, DMAP, CHCI,, r.t. (8®%0). ii) NBS, AcOH, HO, 55 °C (9%0). iii)
NaxS,04, TBAB, THF, KO, r.t. then KOH/.t. then MeSQy, r.t. (80%). iv) "BulLi, acrolein,
THF, 185 °C (7®%). v) Ac,O, EtN, DMAP, CHCI,, r.t. (8%%). vi) Pd(dbayCHCIs, PPh,
NBr, EtNPr,, CO, MeOH, 50 °C (8%). vii) (DHQD),-PHAL, KsFe(CN}, K,COs, NaHCQ,
MeSONH,, K;0s(OH)s, '‘BuOH, HO, 0 °C then r.t. (8%). vii) BFsEtO, MeCH(OMe),
Et,O, THF, r.t. (920)

Compound148 was synthesised from commercially available-difsydroxynaphthalené&47

by bis acetylating with acetic anhydride and achievingrasitu bromination/oxidation using
N-bromosuccinamide in acetic acid to gi@eacetate protected-lromojuglone. In turn this

was reduced and methylated to give the trimethoxynaphthalene deril4@ivieithiation with
n-butylithium, trapping with acrolinand converting the secondary alcohiol an acetoxy
leaving group(+)-150with acetic anhydride gave the Tsuji carbonylation precyispa55in

38 over five steps. The carbonyl ation -gen.
usaturated esters in @3 combined yield which were subjected to Sharpless asymmetric
dihydroxylation conditions using Aimix-U t owar ds the t ot alb6asynt
A4S S5R)orAD-mix-b t owar ds t he t ot al56bg4 bR (IB®oand8200 f 1

respectively).
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OMe OMe = OMeO = OH O OH O
‘ — ‘ I ‘ - ‘y
OMe 6\< o) 6{ o) 6{ c

(6] o
o o o o
157a, b 158a, b rac-159a, b 15,19

Scheme 2 i) CAN, MeCN, HO, r.t. (8®%0). ii) BBr3, CH.Cl,, 150 °C (82%6). iii) conc.
H,SOy, r.t. (87R4).

OxaPictetSpengler cyclisationf 156a/156bwith boron trifluoride etherate complex and-1,1
dimethoxyethane followed by ceric ammonium nitrate oxidation and boron tribromide
deprotection gave eithdb% (72:28 mixture of diastereoisomers at the C1 positior)5&b

(67:33 mixture of diastereoisomers at the C1 position). Enantiopurity couldrichezh by
exposure to concentrated sulfuric acid followed by recrystalisation to give the pure desired
diastereoisomer. Thus the total synthesiskalfafungin 15 and nanaomycinl9 had been

achieved in eleven steps in%®verall yield for both natural conopinds.
3.12Synthesis of demethoxycardinalinvia oxa-Pictet-Spengler cyclisation

In 2010 Rodney Fernandesal. reported the total synthesis of the dimeric benzoisochromane
quinone demethoxycardinalifl using three key steps. Bischer chromium cagme synthesis,
Dotz benzanulatidf! and oxaPictetSpengler. Similarly to many synthetic strategies of
dimeric BIQ moleculd” ™ two simultaneous reactions are performed building the molecule

from the centre outwards.

o} i), ii) OTBS OTBS iv) QTBS/
)K/COZEt — /:\/COZEt ¢> /:\/CHO - = M
160 161 162 163
Scheme23:i ) Baker 6s yeast ,%) dd WE-{REC(OWBINAPY(ut .  (

Cl3)], MeOH, H, 50 °C (1006). i) TBSCI, imid. CHCly, r.t. (98%). iii) DIBAL -H, CH,Cl,,
778 °C (9P6). iv) CBr,, PPh, CH:,Cl,, 0 °C ther!BuLi, THF, T 78 °C (8®4).

The group began with the synthesis of the benzanulation alkyene starting from ethyl
acetoacetate and performing an asymmetric redudtothe § enantiomereither using
Baker d©9%yoe laystNowri hydrogenation(100%)!"® 8% pProtection of this hyduayl

with TBDMSCI gavel61in 98% yield.This wasfollowed by reduction of the ethyl ester to
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aldehyde162 with DIBAL-H which occurred in excellent yield97%) Treatment of this
aldehyde carbon tetrabromide and triphenyl phosphine followed by the addition of
butyllithium to affect a Coreffuchsreactioi®” gave the desired alkyri63in 80% over two

steps.
OH
OMe OMe OMe
. Br D (OC)5Cr —— o oTBS oTBS
OMe OMe OMe OMe OMe
164 165 oTBS

/_\/ 166 OH

163

i)

Scheme4: i) "Buli, Et,0, 178 °C then Cr(CQ) 0 °C then MgOBF,;, CH,Cly, r.t. (58%). ii)
152 THF, 45 °C (6%0). iii) NaH, Mel, THF, 80 °C (880). iv) TBAF, THF, r.t. (936). V)
MeCH(OMe), HCl), EtO, r.t. (534).

Attention was then focused on the Fischer eagbsynthseis taking the diaryl dibromidd64

and metallating witHBuLi followed by the addition of chromium hexacarbonyl andsitu
protection of the generated hydroxyl group with trimethyloxonium tetrafluoroborate. After
optimising the reaction times of athree additions and solvent systems the reaction gave a
modest 5% yield of the dimer. Dotz benzanulatich gave the desired substitut¢d, S 5
naphthalene dimet66 with two equivalents of the previously syntteesi alkyne in modest

yield (63%) followed by protection of the newly formed hydroxyl group with methyl iodide
generatig 167. Silyl cleavage occurred in almost quantative yield to give the cyclisation
precursorl68. The group then discovered that the use of a Lewis acid and the dimethyl acetal
of acetaldehyde the oxRictetSpengler reaction only yielded thess thermodynamically
stablecis.cis adduct orcis:trans adduct. Using a protic acid (HCI gas) in aprotic solvent gave
the desiredcis.cis stereochemistryf 169 (55%) at the C1/Cl1l06 posit
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attributes to the formation of tHe-oxocarbenium with protic acid and predominantly e

oxocarbenium compound with a Lewis acid.

Schemes: i) CAN, MeCN, HO, r.t. (744), i) AICl3, CH,Cly, 0 °C (726).

A ceric ammonium nitrate oxidation installed the quingimg to give 170 and a simple
aluminium trichloride deprotection of the two remaining methyl groups gave

demethoxycardinalid71in a total of 1% over six steps.
3.13Synthesis of(+)-deoxyfrenolicin via oxa-Pictet-Spenglercyclisation

Another synthetic strategy that utilized @xe-PictetSpengler was that devised by Xtial#?
in 1999 for the total synthesis @f)-deoxyfrenolicin96. However, their strategyvolved a
DDQ induced GC coupling of then-propyl C1 substituent to generate only the desirads

isomer using allyltriphenyltin.

OMe OMe OMe OMe OMe OMe X
OO OH OBn i) OO O OBn ii) OO O OBn
—_— _— )
OMe

OMe OMe

(#)-172 (£)-173 (#)-174
iii)

OH O npr OH O pr OMe OMe "Pr
CO 2= T =22 CLOLS
- -

., COH ., _COzMe A
o o OMe
(*)-107 (£)-106 (¥)-175

Scheme6: i) CH,(OMe),, BRELO, EO, r.t. (8%4). ii) PeSNCHCHCH,, DDQ, CHCI,,
r.t. (94%). iii) Pd/C, H, EtOH, r.t. (7%4). iv) Cr(O), AcOH, M&eCO, HO0, r.t. then MeOH,
HoSOy, 1.t. (436 over 2 steps). v) BBy CHCI,, 178 °C (8346). vi) KOH, MeOH, r.t. (9%0).
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Again, a Dotz benzanulati6fl gave the desired substituted naphthalitiewed by a series

of protecting group transformations produced th&PictetSpengler precursoft)-172 in

good overall yield. Starting from allyl alcohthlis, precursor was generated in%8¥ield over

8 steps.Cyclisationof (+)-172 with dimethoxymethane in the presence of boron trifluoride
etherate complex gave the pyran ring unsubstituted at the C1 pdsjtnn3. The addition of

DDQ and allyltriphenyltin installed the allyl substituent in excellent yield%p4only
observing thdrans diastereoisomeft)-174. This is attributed to the bulky stannane reagent
preventing the formation of the more sterically hindered and less thermodynamically favored
cis isomer. Concomitant hydrogenation of the allyl group to given th@ropyl chain and
cleavage of the benzyl protecting moie#xposing the primary hydroxyl group give (x)-

176, occurred in good yield (®%). This was followed bghromium” oxide global oxidation

to give the free carboxylic acid and quinine ring. Esterification using methanol under acidic
conditions provided the methyl est@)-106in 47 over two steps. The remaining methyl
ether was then deprotected with boron tribromatel saponification of the ester with
potassium hydroxide yielded deoxyfrenolidi)-107 in 826 over two steps with an overall

yield of ®b6 over fifteen steps.
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4. Aims

The long term aim of this project is the elucidation of the enzymatic mechanism of
glycosylation of the granaticin aglycone, the role goé14 in this glycosylation and the
potential of the enzyme to glycosylate unnatural substrates.

The primary aim off thigesearch is to devise a novel, elegent and divergent synthesis of the
dihydrogranaticin aglycone and analoguef the aglycone As there have been many

previously reported total syntheses of benzoisochcromane quinone antibiotics we have place
an importage on step economy, attempting to avoid multiple protection/deprotection steps

and oxidations.

We also wish to apply the devised methodology towards the total synthesis of other
benzoisochromane quinone antibiotics such as eleuth&dimanaomycin AL6, frenolicin 22

and kalafungiri5.
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5. Results and discussion

5.1 Previous research

Previous work conducted within this laboraffty attempted to synthesise the desired

naphthamidel80 from 1,4,5,8tetrametehoxynaphthalents9. This was achieved by-
methylation of commercially available ¢gbhydroxynaphthalend47 to give 177 and para
dibrominationto generatel78. This allowed forcopper mediated coupling with sodium
methoxide generating the tetra oxygenated precutrg®rin modest yieldaccording ¢ the

method of Teradat al’®¥

OMe OMe

?‘ ?‘ ##

OMe OMe
179

Scheme 2 i) Mel, K,COs, Me;CO, 56 °C 99%). ii) Bra, CCL, 70 °C 64%). iii) MeONa,
Cul, DMF, MeOH, 70 °Q49%).

It was, however, observed that this species underwent rapid oxidation
dimethoxynaphthazarinl68 when exposed to Lewis acids preventing FriegQilfts

substitutioff with isopropylisocyanate.

OMe OMe OMe O

—
OMe OMe OMe O
179 181

Scheme8: Oxidation of179to O,0dimethoxynaphthazaribd1.

H
Br OMe Br OMe O OMe OMe O O

; OMe
OMe B OMe Br OMe
e B OMe

178 182 177 183 184

Scheme @ i) AICl3, 'PrNCO, CHCl,, 0 °C(182= 0%, 183 = 1.3%,184 = 54%)
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Attempts at FriedeCrafts aromatic substitutions on the dibromodimethoxy species (scheme
29), to allow forlater oxidation, resulted in complete degradation of the naphthalene starting
material178. Regressing back through the synthetic methodology, Friédsdts substitution

was next attempted on i¢hmethoxynaphthaleng77 (scheme 28yhich yielded 1.36 of the
desiredortho substituted naphthamidi83 and 5P6 of the para substituted regioisomei84.

This can be attributed to the crassnjugation of the cationic intermediate. Reaction with
isopropylisocyanate was then examined as a method to perform nucleophilic substitution by
ortho lithiation of 1,5dimethoxynaphthalen&77. However, deuterium quenching studies
showed only low levelsf lithiation even with multiple equivalents &ulLi.

4.1 Synthetic protocol 1

OH OMOM OMOM OMOM,, OTBDPS
147 185 186 187 |
Viv)
v
Br OH OH OH O
OO O OH vi) OO O OH v) OO O OTBDPS
- -
OH Br OH OH
190, 189 188
ivii)
¥
OH OH OH O OH O OH o)
,,,,, viii)
CO,H COZH
OH OH OH o OH o OH O
19 38

Schemes0: i) MOM-CI, NaH (99%) i) 'PrNCO,'BuLi, TMEDA (78%)iii) ‘BuLi, TMEDA,
184 iv) CSA. v) MelLi, TFA, EtSiH. vi) Br,. vii) MeONa, Cul, then BBs. viii) CAN. ix)
NaClO,. X) H,SQy.

Methoxymethylene was selected for protection of the hydroxyl groups in order trtaad
lithiation and allow for concomitant cleavage in the desired acid mediated cyclisation later in
the synthesis. The datment of compound 185 with '‘BuLi and quenching with

isopropylisocyante would hopefully lead to the desired naphthai8@ldt was predicted that
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further treatment of this species wiBuLi (2 eq.) would result in lithiation at the C3 position,

as opposed to the C6 position, as the deprotonated amide would be a sirtrgdirector

than the C5 MOM substituenQuenchingthis intermediatewith (S)-t-butyl-(2-(oxiran-2-
yl)ethoxy)diphenisilane (5)-197 would give the cyclisation precursoi87. Utilising
previously described methodoldgy®¥ the lactone could then be converted into the methyl
substituted tetrahydropyra®88 by treatment with methyllithium followed by TFA and
triethylsilylanewhich has been shown to give the less stable, undesigediastereocisomer
189. This is most likely due to hydride delivery to the generated oxonium intermediate
occurring from the least hindered side with regards to the subst{faeat C3 (Schem@&0).
However, this has not yet been mechanistically proven.

Et3Si
® R 3 \H R
OH Jj
()%2: H H —— X H H
Me / N —
Lo H / <o( b
®
H\
SiEt,

Schem&1: Suspectedydride delivery to generated oxonium species of tetrahydropyranone.

Oxidationof 189to the tetra oxygenateslibstituentould then be achieved by brominatimn

give 190 following an established methodoldty® and substitutiorvia copper mediated
coupling with sodium methoxiff& . Treatment with boron tribromide would then generate
the desiredetrahydroxynaphthalene moiet91, and ceric ammonium nitrate oxidation would
give the naphthazarin cqné oxidation was not spontaneous as had been previously observed
with simpler systems. Finally, oxidation of the primary alcot@® with NaClQ, to form the
carboxylic acid would give the C1 epimer of the dihydrogranaticin agecmd acid
mediated inversiognwhich hasprecedencén previous synthesf§' *3 of similar BIQs would

yield the desired molecul@8. This synthetic route was devised due its divergent potential.
The addition of different epoxides in the third step would allow access to varying chain
lengths and functionality from the C3 carbon and, depending on stereogenicity of the epoxide
allow for generation of all four diastereoisomerélso, the adition of alternative
Grignard/organolithium reagents would allow for the synthesis of other BIQ analegeleas

frenolicin 22.
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The silyl protected epoxid&97 could be synthesized in three stepsiigee enantiomer or in
racemic form using literature meth&ds® from (R), (9 or (+)-aspartic acigscheme 3p

CO,H i) CO,H ii) HO. iii) o
HO,C — ~ HO,C - OH .
s /\FE \/I\ L orBDPS

NH,
(£)-194 (¥)-195 (¢)-196 ()-197
Scheme & i) H,SOy, KBr, NaNQ.. ii) BH3 THF (71% over 2 stepsii) NaH, then TBDPSCI
(619%).

Epoxide 197 was, however, synthesized as a racenibteatment of(x)-asapartic acid with
sodium nitrite and sulfuric acid resatiin the formation of the diazonium salt at C2 followed

by intramolecular nucleophilic substitution of the carboxylic acid to formbthectone. A
second substitution then occurs at the C2 position from the bromide salt, allowing for retention
of stereochemistryBorane reduction gavdiol (£)-196 in good yield (78 over 2 steps).
Finally, treatment with excess sodium hydride resulted in intramolecular epoxide formation
which was followed byin situ silyl protection to provideepoxide (+)-197 in modest yield
(60%). 'H/C NMR concurred with literature spectra throughstep8®>? showing distinct
signals for the alkyl chain at 1.79 (2 H), 2.50 (1 H), 2.78 (1 H), 3.10 (1 H) and 3.89 (2 H)
along with the TBDPS moiety at 1.09 (9'Bu), 7.45 (6 H, Ar) and 7.70 (4 H, Ar).

Protection of both hydroxyl groups of i¢ihydroxynaphthalen® yield 185 was achieved in
quantitative yield using a large excess of sodium hydride followed by the slow addition of
methoxymethylene chloride as a 2.1 M solution in toluene with no need for further
purification after extraction. Btinctive MOM peaks at 3.54 (6 H) and 5.39 (4 H) ppm in the
'H NMR spectrum confirmed the presence of thesg &l CH groups respectively for the

bis protected compound82. Treatment ofnaphthalenederivative 185 with TMEDA and

'‘BuLi atT 30 °C followedby the dropwise addition of isopropylisocya ati 55 °C gave the
desired naphthamid&86 in modest yield (6%). Three equivalents of TMEDA an@uLi

were needed to affect complete lithiation due to aggregation of the organolithium base with
the MOM substituents. This, however, resulted in the remaliBimg reacting with thehighly
elcetrophilicisocyanate to generalisopropylpivalamide, thefere, an excess of isoayate

was also used. The naphthamit®6 was observed byH NMR spectroscopghowing the

expectedPr peaks at 1.29 (6H, d) and 4.30 (1H, m) ppm along with the presence of a third
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guaternary aromatic carbaand carbonyl signals ab3.4and 165.4 ppm respectiveiy the

3¢ NMR spectrum Attempted ring opening of commercially available racemic propylene
oxide usingBuLi and TMDEA resulted in degradation of the starting naphthamide. Primarily,
the loss of a MOM group was observed in tHeNMR spectra. This was confirmed as the C1
MOM by HMBC and HSQC'H NMR. Deuterium quenching experiments () using
multiple equivdents of base showed no incorporation of deuterium but also exhibited the loss
of a MOM substituent indicating that the deprotonation of the secondary amide may be
hindering aromatic lithiation. In an attempt to circumvent this issueNiNedimethylamide
analogue 194 was synthesized following the same procedure and quenching with
dimethylcarbamoylchloride.

MOMO O

OMOM
194

Figure 18: N,N-dimethyt1,5-bismethoxymethyleneafmnaphthamide

Although the reaction occurred in poor yield, the expected product was verified by the
presence of two methyl signals observed in 1HeNMR spectrum at 2.89 and 3.14 ppm,
indicative of the desired amid@rtho lithiation with two equivalents ofBulLi followed by
addition of O showed not only observed the loss of the C1 MOM group but showed a 2:1
incorporation of deuterium at C6 and C3 respectively (fi@@e

OH O OH O

DO NGOG
D D
OMOM OMOM
195 196

Figure 19: Deuterium quenched compounds of lithialédl

In order to improve lithiation at the C3 position, -nfethoxymethyleneoxp-
methoxynaphthalene wagnthessed (scheme33) as it was hoped that tieeN-dimethylamide
would be a strongeartho director tharan OMe group
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OH OMOM OMOM

GO =G0 —~ G0

OH OMe
147 197 198

Schem@3: i) NaH, MOM-CI, DMF (99%) i) NaH, Mel, THF (99%).

Treatment of dihydroxynaphthaletd7 with 1 equivalent of NaH followed by 1 equivalent of
MOM-CI (2.1 M in PhMe) generated tingonoprotected naphthaleri®7in poor yield 09%)

due to partial formation of thieis protected compound. The molecule was confirmed through
'H NMR integrations of the methyl (3.48m, 3H) and methylene (5.38 ppm, 2H) protons
with the indicative 1,Hlisubstituted naphthalene 1H protor@:-Methyl protection with
sodium hydride and methyl iodide occurred in quantitative yeelgive 198 showing a distinct

3H singlet at 4.01 ppm in addition to previously observed signals for theubstituted
naphthalene. However, treatment of this compound with équivalents ofBuLi/TMEDA
followed by deuterium quenching §D0) showed little incorporation of deuterium.

4.3 Synthetic Protocol1.1

OMOM MOMO MOMO MOMO O
© © ©/‘K i) @iﬁ @UTBDPS
4> 4> -------------------- -
R Ry
2
OMOM OMOM Momae OTEDPS MOMO
205 :
201 R, = Pr, Ry = H 203 R, =Pr,Ry=H ‘

o 202 R;,R, = Me 204 R;,R, = Me 'v)
UOTMS 5
v

Diene 208

OH O B OH O OH
0 _\(l!l)_!)g) _______ vii) (@] OH ‘_”y_i)_____ (@] OH
COZH

OH O OH

TMSO

37 207 206

Scheme & i) NaH, MOM-CI (92%) ii) 'BuLi, CIC(O)NMe, or 'PrNCO (L89 = 71%,190 =
84%)iii) '‘BuLi, 184 iv) pTSA. v) E&SiH, MeLi, TFA. vi) CAN. vii) 199, EtN. viii) NaClO..
iX) H,SOn.
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The key step of ousecondsynthetic strategy was a Diefdder cycloaddition(scheme 3,
step vii) followed byin situ basemediatedrearomatisation, using furan derivati2®8 The

reaction was envisioned mamistically as shown in scher8® andscheme36.

TMSO OH
TMSO TMSO\' O)
\
S ¢ —Gp)
TMSO TMSO TMSO/A O

O

TMSO OH

iy

TMSO

Schema5: Mechanistic rationale for Diel&\lder cycloaddition and base induced

aromatization with dien208

TMSO\ o) TMSO O TMSO O

G —— G ——
H [

TMSO O TMSO )o OH O

Schem&6: Second mechanistic rationale fordls-Alder cycloaddition and basinduced

aromatization with dien208

It was also envisaged that in this synthetic route, global deprotection could be achieved during
step v) through the addition of excess TFA to improve the step economy of the strategy.
Therefore, although deuterium quenching studies showedGiraethyl protection of the
aromatic hydroxyls allowed for efficient lithiation with botfiBuLi and 'Buli,
methoxymethyleneoxy protection was chossnan acid labile protecting fucnctionalifyhis
protocol also maintained the divergent steps of epoxideimgamd Grignard addition giving

the potential for additional analogues of the aglycone to be synthesised. In addition, alternative
dienes, such as(irimethylsiloxy)}1,3-butadiene, could be employed for the Dialder step

to synthesise BIQs such amreomycin D 19, dihydrdrenolicin and dihydrdkalafungin

utilising previous methodolog$>
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Protection of 1,4lihydroquinone occurred iaxcellentyield (99%) using an excess of NaH

and freshly synthesiseMOM-CI (2.1M in PhMe) Compound200was characterized by the
distinct methylene and methyl peaks observed intthBIMR spectrumat 3.42 and 5.07 ppm
respectively. Deuteration studies again showed that three equivalents of Rithieor ‘BulLi

were required to achieve complete lithiatiomherefore, the synthesis of thél-
isopropylbenzamide201 required the addition of three equivalents of the corresponding
isocyanate, generating two equivalentdNasopropylpivalamide oN-isopropykn-butylamide

as side products. Tha-butylisomer, however, could not be removed silica gel
chromatographydue to the two compounds similar retention faa6r0.2 (EtOAc/hexanes
1:4). 'H NMR spectroscopy showed distinct isopropyl peaks at 1.28 (6H, d) and 4.21 (1H, m)
ppm. Lithiation with four equivalentsBulLi followed by DO quenching resulted in 80
incorporation of deuterium at the C3 position. The need for the excess basagavas
attributed to aggregation with the MOM substituents and deprotonation of the secondary
amide. Nucleophilic epoxide opening of both propylene oxide and silyl protected efi@Xjde
however, did not occur anith the case of epoxid&97 resulted in total degdation of the
epoxide. Boron trifluoride etherate was themmployedin an attempt to inease the
electrophilicity ofepoxide197. Complete degredation was observed with both substrates. The
N,N-dimethyl analogu€02was al® synthesized in good yield (89 from the corresponding
carbomyl chloride using the same methodology deviBethzamide202 was confirmed by
signals in the’H NMR and **C NMR spectra at 1.21 (6H, s, methyl) ppm and 170.84
(carbonyl) ppm. Attempts at nucleophilic ring openingaipylene oxide again resulted in no
reactionindicating that the generated organolithium was too sterically hindered to react with

an epoxide
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4.4 Synthetic protocol 2

Me e OMe OMe
i) OH ii) o] iii) OH O s iv) OH
—_— —_— | ===------- L | T [ e - =
A COLH
N o
OMe OMe OMe OMe 5 \\\\/ OMe
n
209 210 211 213 214 |
Y]
o g v
M OH O - o - OMe -
N < < <
LP 0 i) 0 V) 0
Bn" CO,H CO,H CO,H
218 OH O o] OMe
38 216 215

Scheme37: i) "BuLi, ethylene oxide(54%) ii) SOsPy. EtN(Pr), DMSO (98%)iii) TiCl ,,
EtN(Pr), 218, NMO. iv) KOH. v) BEEL,O, MeCH(OMe). vi) CAN. vii) Diene199, EtN.

The next synthetic strateggcheme 37enmployed two key steps: an Evans altfof” like
addition to 2(2,5dimethoxyphenyl)acetaldehyd2l1l and oxaPictetSpengler reaction to
form the tetrahydropyran ring. Although this route limited the potential number of analogues
that could be generated with regards to thabstituents at theC3 position, many
acetals/aldehydes could be employed fordkaPictetSpenglercyclisationallowing access

to various analogues and BIQ natural products.

Lithiation of 1,4dimethoxybenzen®09 with "BuLi followed by addition ofethylene oxide
(liquid cooled tot 20 °C) resulted in formation of primary alcofdl0 in modest yield (5%).
This wassuggestedy an LRMS ion signal aM+H]* 182.02 *H NMR shoved a distinct
geminal triplet at 2H 2.81 ppm observedailong with two distinct 3H OMe signals 3t69
and 3.72 ppmOxidation of this compound could not be achieved under Swern conditions
therefore a modified Parikboering was employed. Addition of sulfur trioxide pyridine
complex in one portion resulted in formation of(Zl5-dimethoxyphenyh2-ethyl sulfate
which wassuggestedy LRMS showing an ion signal at [VJ61.20 However, addition over
30 minutes as a solution in DMSO, gayantitative conversion @adehyde211 with no need
for purification. Compoun®11 was characterised by NMR which showed an indicative
aldehydetriplet at 9.9®pm, benzylic 2H doublet at 3.64 ppm aexpectedOMe signals at
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3.79 and 3.80 ppniThe resulting aldehyde, however, proved to be highly air and moisture
sensitive and would readily degrade/polymerigoon storage, therefore, all aldol reactions
were erformed immediately after synthesis2if1 This instability is believed to be a result of

a series of aldol reactions/aromatic substitutions and eliminations between two molecules o

the aldehyde. Onexample of this has been previously repofszheme 36§

OMe OMe OMe

O OMe O OMe O (OH OMe
- -
5 I v, LI v, LI
© © HO o

OMe H OMe OMe
223 222 221

Scheme8: Possible side reactions of aldehyzig2

Three Evans like auxiliaries wesgnthesized (scheme 37 and scheme 38)

S O S
HN Ny — A N J<O
Bn' Bn'
224 218

Scheme9: i) "BulLi, (Ac),0 (99%).

The first was synthesized from commercially available oxazolidinth@4y slow addition

of "BuLi followed by slow addition of freshly distilled acetic anhydride to give auxil2i§

in quantitative yield. The acetalation product was observedHbj{MR which showed a

di stinct U met hyl sailoiggnwahl twodllH do@bleiBo8 doyblptsnat 2.80H ,
and 3.32 ppm and a 1H multiplet at 4.69 ppm corresponding to the thiooxaaoédiing
protons,in accordance with the literature speé??hA carbonyl carbon was also observed in

the®*C NMR spectrum at71.08ppm indicating thaN-acetylation had occurred.
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Ph L L
NH, NH, NH, W F>hPh

225 226 227 228 229

0
o s
)YcozH i) )\‘/COZMe'HCI i) e i) A v) /[LN/(

iv)

o 0o
HN/'QO v) /JLN/QD
\\ " \\‘_\\éph
Ph \\\ Ph

230 231

Schemet0: i) MeOH, SOC} (98%) i) PhMgBr (44%) i) EtsN, CS (86%) iv) CO(CCh),,
KOH (65%)v) "BuLli, (Ac),0 (229 = 61% 231 = 98%.

Oxazolidinthione229 and oxazolidinon231 were synthesised in four steps from enantiopure
valine 225. The methyl ester hydrochloride sa6 was generated by treatment with thionyl
chloride in methanol followed by concentration and washing with diethyl ether to give the
desired compound in almost quantitative yield with no further need for purificAHONMR

was consistent with existing litature spectr&® °¥ The addition of this salt as a solid to an
excess of freshly synthesised phenyl magnesium bromide gaaphgnylvalinol 227 in

low yield (44%) which was confirmed by 81 NMR signal between 7.18.42 ppm (10H, m)

'Pr 3Hdoublets at 9 and 0.81 ppralong with anLRMS ionsignalatnvz [M + H]": 238.13.

The observed spectraewe consistent with previously reported literatlife. % % 4s
isopropyt(3,3-diphenyl}thio-oxo-oxazolidin3-yl)-ethanone 228 was then generated by
treatment of the valinol precursor with triethylamine followed by the slow addition of carbon
disulfide. Chromatography of thesudting mixture gaveoxazolidinthione228 in good yield

(85%) as a yellow solid**C NMR displayed alistinct thiocarbonyl signadt 187.9and LRMS
observed an ion dM + H]*: 298.07 *H NMR was alsaconsistent with literature precedents
showing isopropyl signals at 0.70 ppm (3H, d), 0.90 (3H, d) and 1.90 (1H, m) along with the
thiooxazolidinone ring pton at 4.48 ppm (1H, dj¥ N-aceylation of this compound with
acetic anhydride and sodium hydride gamely modest conversiorto 229 after flash
chromatography. This is attributed to stelmiadrance of the sodium salt intermediat&€his
compound was charact er inzety sighay observes ofid NMRs e n ¢
spectrum at 2.69 ppralong with a**C NMR signal at 171.05 ppm indicative of a carbonyl
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carbon andconsistent with literature speci?é’ﬂ. Initial attempts to synthesis@S-isopropyt
(3,3-diphenylyoxazolidin3-yl)-ethanone231 using diethyl carbonate or ethyl chloroformate

in the presence of excess b@saH or EtN) resulted in minimal conversion £30. However,
treatment withtriphosgene and potassium hydroxide followed by recrystalisatrom
cyclohexane gave thexazolidinone230in a reasonable yield (66. This product displayed a
broad NH singlet at 5.72 ppm o NMR, a *C NMR signal at 196.8pm of the
oxazolidinone cebonyl and a LRMS ion afM + H]™: 282.07 consistent with literature
values®™ N-Acetylation with acetic anhydride and sodium hydride again occurred in modest
yield, however, the use GBuULi as a base gave almost quantitative conversion to the desired
auxiliary after recrystalisatioto 231 This auxiliary showedH NMR signalf or t he U
groupat 2.36 ppma**C NMR carbonyl signal at 153.24 ppand a LRMS ion afM + H]*:
282.07 consistent with previoysleported literature spectrd

Evans aldol reactions with both oxazolidinethion248 and 229 were performed under
literature conditiont&” using titanium tetrachloride as a Lewis acid, Hiinigs baseNemethyl
morpholine oxide. Addition of Lewis acid to a solution of the auxiliandichloromethane
resulted in a distinct bronze mixture, consistent with literature observations, indicating enol
formation. However, slow addition to the aldehyde resulted in a highly complex mixture of
inseparable compoundsbserved in théH NMR spectrunof the crude mixture and by TLC.

No starting aldehyde was presémthis mixture The reaction was performed using alternate
amine bases such as TMED#At gave similar resultsTest aldol reactions using simpler
aldehydes indicated that complexation o# #romatic aldehyde with the Lewis acid may be
generating dimerisation/polymerization compounds, a conclusion was confirmed by exposing
the aldehyde to TiGlat1 78 °C, therefore, the asymmetric aldol reaction was next attempted
using a weaker Lewis acichd oxazolidinone231. Following literature proceduré® di-n-
butylboryltriflate was useds the Lewis acid but again caused total degradation of the starting
aldehyde and no conversion to the desired aldol product, thus the synthetic strategy was agai

revised.
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4.5 Synthetic protocol 3

OMe

OMe OMe OMe
i) ii) iii) OH
v _mw .r .
_0 = CO,Me
OMe O
OMe OMe OMe %
209 134 (E)-137 1138
1 iv)
v
OH O - OMe
~o vi), vii) 0 v) 0
__________ UL S
CO,H
(o] o OMe O
OH O o o
38 140 139

Scheme41: i) "BuLi, DMF (84%) ii) 233 'BuOK, (MeO}SO, (37%) iii) AD -mix-U,
MeSONH,. iv) MeCH(OMe), BFsEL0. v) CAN. vi) 208, E&N. vii) Pd/C, H.

The third strategy that was devised, again employed a-Bidér cycloadditon andbxa
PictetSpengler but involved Sharpless asymmetric dihydroxylatiht o f o-mydnoxy b
o-lactone ringl38. This would allow access to granaticin aglycone and hydrogenation of this
ring in the final step would give the desired dihydrogranaticin agly88né was envisioned
thatt h e -ubsaturaded ester precursk87 could be easily accessed by formylation of-1,4
dimethoxybenzene anih situ Wittig/esterification wih 3-triphenyl phosphonium bromide
propanoic acid17. 2,5dimethoxybenzaldehyd&27 was synthesised in modest yigb0%),

via lithiation of 1,4-dimethoxybenzen200and quenching with DMF. The product concurred
with literature spectra showing a distinct aldehyHeNMR singlet signal at 10.4gpm The

3C NMR spectra also showed ardicative carbonyl signal at 189.6pm. This was further
confirmed by LRMS showing an ion at [M + H]67.14.

. oBr
CO,H i)
Br/\/ 2l — Ph;g/\/COZH
232 233

Schemd2: i) PPh (99%).

3-Triphenylphosphonium bromide propanoic a2&Bwas synthesizef(scheme 42as a white

solid from the corresponding alkyl bromi@82 and triphenylphosphina quantitative yield
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by treatment with triphenylphosphier#! NMR spectroscopy of the Wittig salt showed two
distinct multiplets at 3.11 and 3.77 ppm. The complex splittingerved was expected due to

t he nucl ear spin of t he pmsatggied eestaldr mass u b
synthesised in only a poor yie(37%) despite attempts at optimisation. A solutiorfBiOK

in THF was added dropwise over a one hour period to a mixture of the phosphonium salt anc
the aromatic aldehydelwo equivalentsof Wittig salt 233 and four equivalentsof base
(‘BUOK) were used to increaghe yield to 37%after chromatographyAfter stirring for 30
minutesat 0 °C and 2 durs at r.t. three equivalents of dimethyl sulfates added tgive the
esterified productl37. Analysis of the'H NMR of the crude material showed significant
conversion to the desired unsaturated esi&7, however, silica géhlumina gel
chromatography | ed t o p a-unsatueted conspoumeatongsniht i
several degradation products. Therefore, essentially pure ester could only be isolated in lov
yield. This degredation was also obsedvby Koertet all’? Analysis of‘H NMR spectra
showed a doublet of triplets at 6.29 ppin £ 16.0, 7.2 Hz) indicative ofH)-alkenes along

with a third methyl singlet at 3.72 ppm corresponding to the newly installed methyl ester. The
same experimenwas also performed without the addition of the methylating agent to give the
b ,-umsaturated acid however this could not be isol@gdlecarboxylation readily occurs
during silica/alumina gel chromatograpagd would subsequently show no conversion under

Sharpless B conditionswhen used as a crude mixture

With access to the Sharpless asymmetric dihydroxylation precdi3bmow achieved,
investigations into the DeHalder cycloaddition reaction using 2(&imethylsiloxy)furan

were performed.

fe) I) TMSO 0
\]\;>:O - UOTMS

234 208

Schemel3: Synthesis of 2;f&rimethylsiloxy)furan 99,
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Silylating agent Base Lewis Acid

TMSCI EtN -
TMSCI EtN ZnC}
TMSOTf EtN -

Tablel: Conditions for i)

Attempts to generate the desired diene under three separate conditions resulted in mixtures
products. Thebis-silylenolether199 rapidly decomposed upon exposure to the atmosphere,
which has previously been reporté€@d® Therefore, test reactions to react the diene with 1,4
naphthoquinone were performed situ with diene formation. These attempts at cyclisations
using all three conditiongielded only oxidized naphthoquinone (dhydroxynaphthalene);

therefore, a newtsategy was devised for use with the desateshel199,
4.5.1Benzyne cycloadditions

Recent literatuté? was published forming 1;duiones fused to aromatic ringi a benzyne

cycloaddition followed by Phl(OT#)induced oxidation.

OMe OMe OMe O
— "1
Br
OMe OMe OMe O
920 235 181

Scheme4 i) LDA, 2-(trimethylsiloxy)furan(99%)ii) [O]

To a solution of freshly prepared LDA was added excess furan in one portion followed by the
slow addition of Zbromaol,4-dimethoxybenzene90 over a 1 lbur period followed by
additional stirring for 1 our to give the desired cycloaddition add@85in quantitative yield.

'H NMR spectrum observed two triplets of equalalue at 5.92 and 7.06 ppamd a LCMS

ion signal at [M + H] 205.06consistent with Iiteraturepx:.lctra[.loq It was discovered that, due

to its high reactivity, generation of the benzyne intermediate could not occur prior to the
i ntroduction of furan as d.itetmenethosyh t-dipghemyl)p r o

were rapidly generated. Addition of triflic acid to a solution of diacetoxyiodobenzene in DCM
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formed a dark solution consistent with literature observafiShsHowever, addition of the
cycloaddition adduc235followed by stirring at 0 °C fob minutesbefore quenching showed

total degradation of the starting material. The oxidation was performed again under the same
conditions using less reactive diffoacetoxyiodobenzene but showed similar results. In an
attempt to reduce the acidity of theaction medium a further experiment was carried out
using only diacetoxyiodobenzene, under the same conditions, which caused quantitative
conversion into the acid mediated ring opened produetliinéthoxy8-hydroxynaphthalene,
distinguished on th&H NMR spectrum by the distindt 4,8 substitutechaphthalene signals at
6.91, 7.27 and 7.62 ppm.

OMe OMe OR OMe OH
=0 ——C1) |— O
o —
Br
OMe OMe OR OMe OH
90 234 - - 236
Schemdb.

In an attempt to circumvent this proble®5-(trimethylsiloxy)furan218 was again chosen as
the dieng(scheme 4) for a benzyne cycloadditiorFreshly sublimed succinic anhydride was
treated with three equivalents of freshly prepared LDA in order to generate the dienolate
followed by the slow addition of aromatic bromi@é. However, only dimerised compound
was observeih the'H NMR spectrum of the crude material. In an attempt to synthesise the
disilylenolether, the anhydride/as treated again with three equivalents of LDA but in the
presence of two equivalents of TMSOTT followed by the slow addition of aromatic bromide to
allow for in situ cycloaddition. This resulted in no reaction but showed significant conversion
of the stating aromatic compoun€0 into 1,4dimethoxybenzen09. This indicated that the
generated benzyne intermediate had reacted with the silylating agent andéthm@ had
been cleaved upon work up. A further experiment was conducted to generate thbydiene
literature meart® using trimethysilyl chloride, triethylamine and Zngffollowed by the
addition of LDA and 2oroma1,4-dimethoxybenzen80 respectively. No sign of conversion

into the benzyne, however was observed inthd&IMR spectrum of therude material.
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OMe OMe OTMS OMe OH OMe O

e e

OMe OMe OMe OH OMe O

Schemdé6: i) LDA, 2-(trimethylsiloxy)furan(77%)ii) CAN or SiO, (99%).

A more stable diene was then selected for the cycloaddi@ommercially available 2
(trimethylsiloxy)furan which was envisaged tmdergo acid mediated ring opening to-1,4
dimethoxy5,8-dihydroxynaphthalene upon work up (scherbg 4

OMe OTMS OMe OTMS OMe OTMS
T —— 0P ——(
\
~__ A
OMe OMe H OMe OH
237 238 239 240

Schemél7: Predicted mechanism for the cycloaddition between generated benzyne and 2

(trimethylsiloxy)furan.

LDA was prepared from freshly distilled DIPA followed by the addition of the substituted
furan diene in one portion af/8 °C. The aromatic bromide0 was then added over Dbir.

After quenching with 1M HCI, extraction and chromatography, the desired tetra oxygenated
naphthalene236 was isolated in modest vyield @&J,*°Y characterized by, 1H NMR
spectroscopy, exhibiting a 2H singlet at 9.08 ppm distinctive to the phenolicddid gs well

as two 2H aromatic singletst 6.61 and 6.82 ppnalong with a small quantity oD,O-
dimethoxynaphthazari@81 which oxidized during chromatography. Complete oxidation was
observed upon overnight exposure to air or prolonged absorption ca Jikeatment with
cerium" ammonium nitrate resulted in quantitative conversion into the naphthoquliéne
within 5 mirutes. 'H NMR showed three signals at 3.96 ppm (6H, s), 6.78 ppm (2&hd)

7.33 ppm (2H, s)™C NMR spectraas consistent with previously reported restfits'> 13
showing a signal for the quone carbonyl carbons at 184pm. Utilising two equivalents of
diene increased the yield to %7 Following this success the synthetic route was revised to

include amaromatic bromide to allow for the benzyne cycloaddition as a final key step.

55



4.6 Synthetic protocol 3.1

OMe OMe
i) Br.
—_—
Br
OMe OMe
208 241

|HD Im
OMe OMe
iv) Br.
_0O _0

OMe OMe
134 242

Schemd8: i) Br, (47%)ii) "BuLi, DMF (90%)iii) "BuLi, DMF (84%)iv) Br,, AcOH (53%)

The desired bromo2,5dimethoxybenzaldehyd@42 was synthesizediia two separate
methods(scheme 8). Treatment of a solution of dimethoxybenze&®8 in chloroform with
bromine gave thepara dibrominated species241 in modest yield (4%) after
recrystalisatiot’® *H NMR showed a 6H methyl singlet at 3.85 ppm and aromatic 2H singlet
at 7.11 ppmand the**C NMR observed three aromatic signals at £1017.1 and 150.5 ppm
along with a OMe signal at 57.0 ppneonsistent with literature spectra, however, the
compoundcould nd be ionized using ESLithiation followed by addition of DMF and brief
reflux in diethyl ether gave benzaldehy@4l in high yield (896). '"H NMR showed two
distinct aromatic singletat 7.19 and 7.27 ppreind two methoxy signakst 8.83 and 3.84 ppm
along with the characteristic aldehyde peak at 10.33 pphe *C NMR also showed a
characteristic carbonyl peak at 188.79 ppmorder to improve the yield and avoid reflux
conditions with n-butyllithium, a second method was devised to synthesise the Wittig
precursor involving the previously reported fomylation of-dighethoxybenzen208 to give
127(84%)followed by bromination in acetic acid over 24 httowing alternate access 242.
Bromination occurred in similar yield to thgara dibromination (5%) resulting in similar
overall yields. Therefore, the first method was preferred due to time economy.
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OMe

OMe OMe
Br.
Br . Br . OH
i) ii) E
_0 = CO,Me
OMe O
OMe OMe
242

(E)-243 244

i)

Scheme49: i) 233 'BuOK, (MeO)»SO, (51%) ii) AD-mix-U, MBS G90%) iii)
MeCH(OMe), BRELO. iv) 2-(trimethylsiloxyfuran), LDA. v) BBg. vi) Pd/C, H.

The Wittig adduct(E)-243 was synthesisednd used crude as decomposition to a complex
mixture of compounds occurred during silica gel/alumina gel chromatogrégan the'H

NMR spectrum of the crudenaterial showed significant conversion into tHe)-(b - o
unsaturated ester, however. The product showed characteessalkene peaks biH NMR
spectroscopy at 6.30 ppm (1H, dt= 16.0, 7.1 Hz) and 6.74 ppm (1H, dt= 16.0, 1.5 Hz).

The carboxylke acid analogue was also synthesized showing didtianes alkene peaks in the

'H NMR spectrum of the crude material but could not be purified due to its high paladty
degredation compounds T Hhyroxylactone244 was then synthesised in excellemnglg
(90%) after chromatography under standard Sharpless asymmadthgdroxylation
condition$’? using g/mmol of ADmix-U and 1 equi val ent HNMR met
spectrum observed the loss of the methyl ester singlet and distinetgomi val ent U
2.70 ppm (1H, dJ = 17.7 Hz) and 2.87 ppm (1H, ddl,= 5.3 Hz) along with &enzylic1H
doublet at 5.68 pprand GHOH multiplet at 4.80 ppmThis compound was also confirmed by
HRMS showing indicative bromine containing ion signat [M + H] 317.0024 and
319.0032.In order to ascertain enantiomeric excess a diastereoisomer was synthesizec
(schemeb).
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247 248
Schemé0: i) DMAP, Py., (AckO (99%)ii) DMAP, DCC, lactone248>10%)

O-Acetylmandelic acid248 was synthesized fronthe enantiopure starting materi@47.
Treatment of mandelic ac#47 with catalytic DMAP and freshly distilled acetic anhydride in

a solution of diethyl ether and pyridine yielded the des@eacetylated248 compound in
quantitative yield’® [ ggonfirmed no loss of chiralitg+149.2°¢c = 1.00g/100mLMeOH)

as the result concurred with previously published results. The presence of a methyl singlet a
2.13 ppm along withbenzylic proton singlet at 5.86 ppralso correlated with literature
spectrd® This pure compound was then treated with catalytic DMAP and DCC in a solution
of toluene f ol | owe dhydooyyladtohe244 cgrapwise tag aosolutianfin t h
dichloromethane Esterification of this compound occurred in very low yield preventing
isolation of 249, therefore theee could not be ascertainedNo further purification was

performed.

With the Sharpless asymmetric dihydroxylation add@4gtin hand, the next key stepas an
oxaPictetSpengler reaction to form the tetrahydropyran ring. Previously reported literature
and preliminary test reactions showed that boron trifluoride etherate complex gave the highes
conversion. However, using a twofold excess of the dimetwstiah of acetaldehyde with this
Lewis acid gave no reaction at 0 °@© r.t. Increasing the temperature to reflux in
dichloromethane caused decomposition of the hydroxylactone ring. The addition BEBGF

to a mixture of acetaldehyde and lactone atisdo gave zero conversion. When the addition
order was reversed a deep red solution formed upon addition of the Lewis acid to the acets
indicating formation of the oxonium ioof the acetalhowever, slow addition of a solution of
lactone in dichloromethrge gave again no conversion. Using a 4:1 mixture gD HHF (used

due to the Sharpless add@ét4 insolubility in diethyl ether) also resulted in no reaction under
these conditions. A final attempt at cyclisation was performed using ten equivalent$ of bot
acetal and Lewis acid which resulted in partial degradation after 24 hrs. Several possible

explanations were postulated for this lack of reactivity. The electron withdrawing capacity of
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the lactone ring was deactivating the hydroxyl group, reducing ulckeaphilicity and thus
preventing reaction with the oxonium intermediate. Coordination of the lactone carbonyl to
the boron trifluoride was resulting in enolisation or the combmethdeactivating properties

of both the bromine and methoxy substituemse preventing aromatic substitution.

During this period, a publication by Koeet all”™ showed that theoxaPictetSpengler

reaction could be achieved under harsh conditions on thénoomnated lactone.

OMe

OH i)

OMe O

138

Schemél Ul r i ¢ h K-Pigtat3péngler cordition§ BFEL,O, TFA, MeCH(OMe),

80 °C, 60 sec. (41%)

The group achieved a 14:1 diastereomeric ratiasfs:cisisomersof 138 by the addition of

t h enydfioxylactonel39to a solution of MeCH(OMeg)(10 equivalentsand boron trifluoride
diethyl etherate complex (10 equivalents) in trifluoroacetic acid at 80 °C. The reaction time
was kept under 60 seconds before quenching at 0 °C to reduce compound degradation givin
the formed pyran ring in 44 yield. It was clear fronthe publicationthat theoxaPictet
Spengler cyclisation on the desired brominated species would be extremely difficult to achieve
due to theaddedmeta deactivating capability of the brominén additional complication
observed by thg r oup was t he s amensaturated estbriconfirmiryg owr f

result of degradation during silica gel chromatography.

In an effort to circumvent this issue, the synthesis was revised to open the lactone ring anc

attempt aroxaPictetSpengler e a ¢ t i o-hydroxgcarbokybc a&i®51

OMe

Br OMe OMe -
OoH i) Br oH i) Br ~o
---------- > = B e
“__CO,H COH
OMe O
Y OMe OMe
244 250 251

Schemé&2:1) Pd/C H, ii) MeCH(OMe),, BRsEL,0.
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Solvent
EtOAC
EtOAC
MeOH
MeOH

EtOAc pTSA (cat.)

Table2: i) Hydrogenation conditionfor 244.

Temperature

r.t.

40 °C

r.t.

r.t.

r.t.

Time

17 hrs.

30 mins.

17 hrs.

2 hrs.

2 hrs.

T h e-hydroxylactone244 was subjected to several hydrogenation conditions (table 2).

Overnight reaction using ethyl acetate as the solvent and catalytic palladium on carbon

resulted in no reaction. Increasing the temperature gave total degradation of the lactone rin

within 30 mins Using methanol as the solvent resulted in complete isomerisation at the
geminal position after 17 durs with no opening of the lactone ring. Reducing the reaction
time and monitoring the reaction By NMR showed that partial isomerisation after duts

and again no lactone hydrogenation. A final attempt to resolve this problem was to perform
the reaction in the presence of catalytiESA. By monitoring by'H NMR spectroscopy,
degradation products were observed within 2 Tire benzylic stereoscrambling attributed

to the high electron density of the aromatic ring resulting in opening of the lactone ring

Figure 20: Possible Pd induced ring opening 244,

OMe

Br.
OH

OMe O
244 O

OMe

OMe

CO,Me

OMe OH

Schemé&3: i) AmberlysE , MeCH(OMe), MeOH (33%)ii) BF3Et,O
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The second attempt to overcome the lack of reactivity towad®ictetSpengler cyclisation
was to perform the react i onrhydroxylaatoaed?dihtetheu | ar
c or r es p eethd acata mdihyl st@28and then subjecting the compound to;BEO

to form the tetrahydropyran ring. Stirring a methanolic solution of lactone with a large excess
of ,1:di met hoxyethane in the presence @28inamb e
33.3n yield after three days as a rire of acetal diastereocisomei$is was characterised by

'H NMR spectroscopy showing two acetal methyl doublets at 1.41 and 1.45)ppthQ Hz)

along with two acetal CH quartets at 5.27 and 5.34 ppm€, 9Hz). However, exposure to
boron trifluoride resulted in the rapid and complete degradation of &28ab a mixture of
deoxygenated compounds

OMe

Br.
OH

OMe O

244
Schemé4: i) LDA, 2-(trimethylsiloxy)furan. ii) MeCH(OMe), BREt,0.

Thest rategy was then rearranged thydropylaatoheo r m
244 using an excess of base to deprotonate the hydroxyl group and form the benzyne
intermediate. Howeverrgatment of lacton244 with LDA, however, did not lead to benzyne
formation. This is attributed to the formation of the hydroxyl enolate dianion preventing a

third deprotonation.

OMe O OMe
Br i)
---------- E
0 _0O
OMe OMe
242 256

Schemé5: i) LDA, 2-(trimethylsiloxy)furan

The cycloadditorc oul d not b e-ussdaturatedhestds)-a43as it walk engisaged
that benzynecycloadditions could occur with thensaturatedond. Therefore, the reaah
was attempted with -Bbromo2 5-dimethoxybenzaldehyd@42. This resulted ina complex

mixture of inseperable compounds.
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Schemé&6: i) "BuLi, DMF.

Ortho-lithiation of O,0-dimethoxynaphthazaria81 at178 °C did not occur butesulted in
degredation ofl81 producingan inseperable mixturef compoundsThis seemed likely to
contain addition products of the organolithium either byjegate addition or direct addition

to the quinone carbonyls.
4.7 Synthetic protocol 4

A newdivergent strategy was devised to allow for varying chain lengt)sa(FC3 by pening

a variety of epoxidesThis would allow for the synthesis of analogues of BIQ natural
compounds such as eleutheri®5 by opealing propylene oxide as well longer, more
functionalised carbon chains such as that present in the granaticin by opening epoxides such :
the previously synthesised TBDPS protected epoxyalct®iolVariation atC1 (R;) could be
achievedby utilizing a ramge of acetals or aldehydes in araPictetSpengler cyclisation.

This would allowfor analogues of BIQ molecules suchdeoxyfrenolicin 107 containing an

"Pr chain to be generatefiwo alternate starting materials were considered for this synthesis

to either incorporate a Dielalder reaction or a benzyne cycloaddition
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S S & - O O,

90 257 258 259 260

Schemé&?7: i) "BuLi, BFsEL,O, epoxide. ii))R,CH(OMe), BRELO. iii) CAN. iv) 199, EtN

then Jones reagent.

The first cyclisation considered wasDéels-Alder (scheme 3B). Starting from2-bromo-1,4-
dimethoxybenzen&9 and including a ceric ammonium nitrate oxidation as the third step
would allow for a range of oxidized naphthoquinones to be prod(mgteme 58)It is
believed that the 5;8ihydroxynaphthoquinone core is essential for the attachment of the

sugar moiety, thus, this methodology would confirm this hypothesis.
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Scheme & Potential DielsAlder adducts.

Using previously reported methodolodf,a DielsAlder reaction with dtrimethylsiloxy-1,3-
butadiene followed by Jones oxidation would allow for the generation of BIQ molecules such
as kalafungirl5 and nanaomycii6. Using the methodology reported Ky et al. in the total
synthesis otrisamicin!*? Diels-Alder reaction with 1,4imethoxy1,3-butadiene followed by
Jones oxidation could generate unusual BIQ molecules featuring the hydroxyl group at the 6
position. However, the main focus was to synthesise the naphthazarin core bpl@eels

cycloaddition with 2(trimethylsiloxy)furan or 2,5trimethylsiloxy)furan207.
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Schemes9: i) "Buli, BF3E,O, propylene oxide. ii) MeCH(OMg) BREt,O, (75% over 2
steps). iii) CAN, (99%) iv) 207, EN, then Jones reagent.

The first epoxide selected was commercially available propylene oxide which can be bought
enantiopure, or the racemic compound can be resaolized Jacobsen kinetic resolutidtf®

19 However, for the purposes of devising the methodology, the epoxide wasasisad
racenate Treatment of romol,4-dimethoxybenzened0 with "BuLi followed by the
addition of neat propylene oxide yielded only starting material. However, the slow addition of
boron trifluoride diethyletherate complex before quenching with the epoxide gave the desired
secondary alcohol in good yield. However, siligel chromatography resulted in a complex

mixture of compounds which is presumed to be a result of elimination and polymerization.

Sep19-2013-Oli
Research Group GRS
0IM346crude ~

—287
—2.87
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3.08 3.04 3.00 2.96 2.92 2.88 2.84 2.80 2.76 2.72 2.68 2.64 2.60 2.56
f1 (ppm)

Figure 21: Geminal protons 08-(2,5-dimethoxyphenyl)isopropanaB9.
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Therefore, the compound was identified By NMR spectroscopy of the crude material
showing two distinct doublets of doublets at 2.72 and 2.85 ppm (fidhrarn2l by HRMIM

+ H]": 197.1172!% and used as a crude mixture for the next Stée. impureoil was then
dissolved in dichloromethane with two equivalents of the dimethyl acetal of acetaldehyde and
slowly treated with BEELO giving quantitative conversion to the desired isochromé&te

NMR NOESY experiments determined the reaction to yild.7:1 mixture of transcis
diastereoisomersf 267. The'H NMR spectrumshows four distinct methyl doublets at 1.25
and 1.43 ppmtfans) and 1.28 and 1.47 pprgi$) corresponding to the methyl groups at C1
and C3. Two distinct tertiary proton signalsrresponding to the proton at C1 were also
observed as a quartet of triplets at 4.90 pgis) and a quartet at 5.01 pptnans).*®
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Figure 2: C1 tertiary protons of 1 8limethy}5,8-dimethoxyisochroman2s?.

This mixture of diastereocisomers was then treated with ceric ammonium nitrate to give the
corresponding isochromane quinone in quantitative ya¢ld68 again as a 2.1 mixture of
diastereoisomerdranscis. The desiredtrans isomer was easily isolated by silica gel
chromatography. This compound was characterised'HbyNMR showing loss of both
methoxy groups, two methyl doublets at 1.31 and 1.45 ppmbpemaylic proton signals at
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2.12 ppm (ddd) and 2.52 ppm (ddd), a C3 pratauitiplet at 3.94 ppm and a doublet of
quartes at 4.83 ppm corresponding to the tertiary proton at C1. MOEMR confirmed the
stereogenic configuration by the absence of correlation between the C1 and C3 tertiary proton
or methyl proton§®

With the simple (x}1,3-dimethyisochromanequinone 268 in hand attempts were made to

replicate the synthesis using a more complex epoxide.

OMe OMe OMe -
i ii -
b o ). o
Br CO,Bn CO,Bn
OMe OMe Me
90 270 27
o,
[~_COBn i)
273 M
OH O o
o v 0
CO,H COH
OH O o
38 272

Schemd0: i) "BuLi, 273 ii) MeCH(OMe), BREt0. iii) CAN. iv) Et;N, dienel199.

In order to improve step economy, an ester epofizwas chosen rather than a protected
primary alcohol to avoid oxidation steps later in the synthesis. Also by using a benzyl
protected ester, concomitant ester cleavage and oxidation to the quinonéeadtieved
allowing for a more elegant synthesis.

i -
ANCO0H ——— A _COBn — — [>~_-COBn ~=77mmmmo- = [’~_COBn

274 275 276 273
Schemél. i) CBzCl, Py, (98%).ii)) mCPBA, NaHCQ, (36%). iii) Co(Salen).

The racemic epoxide was synthesised according to literature pro¢¥dtite starting from
vinyl acetic acid246. Treatment of this compound with pyridine and benzyl chloroformate,
via the decarboxylative mechanistescribed'scheme62), produced vigorous gas evolution
upon cloroformate addition, and gave the desired benzyl 247an high yield (98%). After
chromatography, the compound was confirmed by comparist BMR data with literature

spectra showing two distinct signals at 3.16 ppm (2HJ) dt,7.2, 1.4 Hz) and 5.95 ppm (1H,
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dt, J = 17.4, 9.9 Hz) along with an indice#i benzyl 2H singlet at 5.15 pprAn indicative
carbonyl ester signal was observed in f@ NMR at 170.6and HRMS ion at [M + H]
193.0857, again concurrent with literature spécfta*? also confirmed this compound.
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Schem&2: Mechanism for the synthesis of {3ié€nebenzoate.

T h e -ubsaturated ester was then jgabed to four equivalents ohCPBA and stirred for
24hrs. Although conversion was not complete, increasing reaction time resulted in degradatior
of the epoxide yielding the desired compound iIf83Compound275was characterized by

'H NMR showing the loss of both vinyl protons and three multiplets at 2.56 ppm (1H), 2.61
ppm (2H) and 2.80 ppm (1H) along with the expected benzyl signdd20 ppm (2H) and

735 ppm (5H) HRMS also confirmed this compound with an ifM + H]": 193.0857
signal™* 2 This compound could then undergdacobsetkinetic resolutioft’® to give the
enantiopure epoxide, following literature precedent, however attempts to optimize the
methodology of reacting the epoxyester with the aromatic nucleophile were performed on the

racemic series before using expensive catalysts.

Severalnucleophiles were used in the attempt to ring open the epioxitle racemic series by

metallating tbromo-2,5-dimethoxybenzene

©\ ©\/’vcozsn
OMe

Schem&3: Opened este?76.

67



Metallating agent Eg. of Temperature of  Lewis acid Addition order

nucleophile  addition (°C)

"BuLi 1 178 - Epox. to Nucleophile
"BuLi 3 178 - Epox. to Nucleophile
"BulLi 3 178 - Nucleophile to epox.
"BuLi 1 178 BRELO Epox. to Nucleophile
"BuLi 3 178 BRELO Epox. to Nucleophile
Mg 3 178 - Epox. toNucleophile

"BuLi/Cul 3/1.5 178 - Epox. to Nucleophile
"BuLi/CuCN 3/1.5 178 - Epox. to Nucleophile
"BuLi/Cul 3/3 178 - Epox. to Nucleophile

Table 3: Epoxyestez76addition conditions.

Generating the aromatic lithium nucleophile wiBuLi and reacting a solution of electrophile

to this resulted in only degradation of the epoxide giving a highly complex mixture of
compounds. This occurred regardless of the addition order and number of equivalents o
nucleophile used. When boron trifluate etherate complex was used, again with
stoichiometric or excess nucleophile, complete degradation was also observed. One compoun
that could be observed By NMR spectroscopy, but not isolated, was the opened epuiide

U proton abstssunedtd lmerhighly habile to theé sorance structures of the

anionic intermediate&cheme 8).

foN g

N 9 s~ 9
\H OMOBn W\OBn
276 282 283

Schemeé4: degredation oR76.
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Therefore, a less basic organometallic reagent was required. Using the Grignard reagent of th
bromoaromatic also resulted in total degradation of the epoxy2sfeso several attempts
were made to generate the organocuprate. Following literature prec#uistarting aromatic

was lithiated and added to a solution of copjetide or coppércyanide and allowed to stir at

140 °C overnight giving a distinct green/yellow coloured solution. A solution of epoxide was
then added to this at78 °C and monitored byH NMR. In all cases degradation of the

epoxyesteto the unsaturated estgr6occurred rapidly

The synthesis was then revised to use a protected primary alcohol and include the oxidation c
this substituent to the required carblixycid at the end of the synthesis. It was hoped that a
protecting group could be used to still include concomitant cleavage in order to maintain some
step economyTMS protection was selected due to its high lability in the presence of acid and
was hopd that this could be cleaved upon quench of the epoxide opening reaction with two

molar hydrochloric acid.

OH O -
OH OH —StePs ,
COLH
Ome OH O OH O

Scheme &: i) "BuLi, BF3Et,O, epoxide, then 2M HCI. ii) NaCkO

Br i) o}
HO\)\/\OH T l>\/\OTMS

196 286

Scheme6: i) NaH, TMSCI.

Attempts were made to synthesise the trimethylsilyl analogdé of the previously
synthesised epoxide using the same methodbfbggcheme 3). However, thefinal step of

the synthesis (scheme &)l not achieve the incorporation of the silyl protecting group due to
its instability towards aqueous extractiaBDPS®¥ was then reselected as the protecting
moiety with the intention of a deprotection at step five. The possibility to again cleave the
oxygen silicon bond upon quenching, but with a stronger acid, was still plausible, however, it
was presumed that elimination of the newly formed hydroxyl group could occur. Therefore,
for the purposes of developing this reaction procedure, this acidiclgueas not conducted.
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Scheme B i) "BuLi, 197, BREt0. i) MeCH(OMe), BRELO. iii) CAN. iv) Et3N, 2-
(trimethylsiloxy)furan. v) TBAF. vi) NaOGl

Metallating Eq. LA
agent

"BuLi 1 -

"BuLi 1 BRELO
"BuLi 1 BRELO
"BuLi 1 -

"BuLi 1 BRELO
"BuLi 1 -

Mg 1 -

Mg 1 -

Mg 1 -

"BuLi /Cul 05 -

"BuLi /ZnGl 1 -

Addition Temperature (°C)

178

178

0 (inverse addition)
0 (inverse addition)

0

178

1 78 (inverse addition)

178

178

Result

No reaction

No reaction

Epoxide degradation
Epoxide degradation
Epoxide degradation
Epoxide degradation
Epoxidedegredation
Epoxide degradation
Epoxide degradation
No reaction

Epoxide degradation

Table 4: TBDPS protected epoxiti@7 opening conditions.
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The dropwise addition of the epoxide to a solution of the organolithiuni&€fC resulted in

no reaction with and without the presence of boron trifluoride, therefore, the temperature was
increased. In both casedhis led to total degradation of the epiex even when the addition
order was reversed to add a solution of the nuclophile to the protected epoxide. These
reactions gave acomplex andnseparable mixture of compounds. These observations can be
attributed, in part, to abstraction of the three namsdic protons on the epoxide by the highly

electron rich aromatic lithium reagescheme 8).

o
X-"0TBDPS

291
H

(0) (0]
—_—

H

292
197 \\\\\\\\
HO
" 0TBDPS

293
Scheme & -elbminationof epoxidel84,

In the first two cases (coloured green and red) a proton is abstracted to ganenatéate
which, upon, quenching results in the aldehyde or ketone respectively. In the third case
(col our e-diminatiom ecrurs flo give the unsaturated alcohol. Another possible
explanation for the high number of side compounds is cyclisatiorr lweges acid conditions.

(j)>\/\ — 0%

OTBDPS

o’ z//L\//\OTBDPS
197 294

Schemé9: -elimination of epoxidé84.

The Uelimination product could also be attributed to the complex mixture observed,

generating the primary carbene of epoxi@d.

% OH OH OTBDPS
o - - TBDPS—@ © -2
OBF HO.
L~ otB0PS 3 N
197 296 297

Schemé&O: Lewis acid induced cyclisation of epoxitig4.
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The presence of boron trifluoride could induce the formation of a zwitterionic five membered
heterocyclic intermediat296 which is ring opened upon quenching witater to generate the
1,2diol 297. It was clear that a less basic nucleophile would be required therefore the
Grignard reagent was synthesised. At 0 °C, a black solution rapidly formed and complete
degradation of the starting material was observe+-b)lMR. At 1 78 °C degradation of the
epoxide was also observed. This was attributed to coordination of magnesium salts to the
epoxide resulting in similar by products. However, when the addition order was reversed the
same result was observed indicating thae taromatic organomagnesium was also
deprotonating the epoxide. The organocuprate was then syethdsisvever the dropwise
addition of the TBDPS protected epoxidd &B °C warming to O °C yielded no reaction. The
final organometallic reagent synthesisaded zint chloride to trans metallate with the
generated aromatic lithium speciast its use resulted in degradation of the starting epoxide.

Therefore, alternative epoxides were considered.

Para-methoxybenzyl was the next choice for protection asas Wwoped that it could be

removed with ceric ammonium nitrate during step tlifsebemerl).

OMe OMe OMe z
i) OH OPMB i) (0] OPMB
e R T i -
Br
OMe OMe OMe
90 298 299
)
]
OH O B OH O B o B
o V) O OH iv) O OH
- ----f----- - -----fo---
CO,H
OH O OH O O
38 285 300

Schemer1: i) "BuLi, BFsEtO, 301, (87%). ii) MeCH(OMe), BFzEt0. iii) CAN. iv) Et:N,
diene v) NaClQ.

The PMB protected epoxid®01 was generated in a similar fashidfl to the previously
reported TBDPS protected epoxilem (29-bromobutl,4-diol 196 (scheme 67)
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HO\/\_/\OH i) wOPMB
Br

(S)-196 301
Schemé&?2:i) NaH, PMBBY, (77%)

Treatment of Zromaol,4-butanediol (S)-196 with sodium hydride followed by the slow
addition of freshly synthesiseptmethoxybenzyl bromidgave the desired epoxidz0l in
77% yield. The compound was confirmed by comparison of théNMR with literaturé**?
spectra showing six distinct multiplets for the seven butyl protoris7&t 1.85, 2.52, 2.76,
3.06and3.59ppm(each2 H) along with the indicative PMB doublets&87ppm(2 H, d,J =
9.0Hz), 7.26 (2 H, dJ = 9.0 Hz). Optical rotation for the®) enantiome( [*]+10.5 was

consistent with literature valué¥!. A series of reactions were attempted to open the epoxide.

Metallating Lewis acid Solvent Temp. of Result

agent addition (°C)

"BuLi - THF 178°C No reaction

"BuLi BRELO THF 178°C Epoxide degradation
Mg - THF 178 °C Epoxide degradation
"BuLi/Cul - THF 178°C No reaction
"BuldZnBp, - THF 178 °C No reaction

"BuLi BRELO  THF (Diluted epoxide) 155°C 43%

"BuLi BRELO EtO (Diluted epoxide) 155°C 87%

Table 5: Epoxidepening conditions for PMB protected epoxide.

Addition of the neat epoxide dropwise to the lithiateddimethoxybenzene resulted only in

the recovery of the starting electrophile. Conducting the reaction in the presence of boron
trifluoride etherate comex observed degradation compounds after two houns78t °C.
Similarly generating the Grignard reagent of the aromatic bromide and adding the epoxide
showed decomposition. Transmetallating the lithium species with cappéte showed no
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reaction nor didransmetallation to generate the organozinc nucleophile. A breakthrough was
finally achieved by increasing the addition temperatur@ 36 °C and slowly adding the
epoxide as a dilute solution in THF over forty minutes and quenching the mixture with water
at 0 °C. This gave the desired ring opened adductcsaa oil in modest yield (48) after

rapid chromatography. Similarly to the propylene oxide analogue, the compound would
decompose if exposed to silica for a prolonged period of time. Many side oodgpaere
observed on TLC but in low quantity. This secondary alcohol was characterisetdNIVR
showing three 2H multiplets at 1.76 ppm (2) 2.77 ppm (4) and3&® ppm (1) and a 1H
multiplet at 4.04 ppm (3). Three methoxy peaks were also observetbaB37 and 3.79 ppm
corresponding to the aromatic OMe groups and the distinptiva substituted doublets at
6.78 and 7.23 ppm confirmed the presence of the PMB substituent. Due to the modest yield,
series of optimistation reactions were conductedwhich it was discovered that simply

changing the solvent to dietleyher doubled the yield to 8.

OMe

OH OPMB
é 1
4° 2

OMe
298

Figure 23: Proton labeling for (Sy-paramethoxybenzil-(2,5-dimethoxyphenyl)butag-ol.

These reaction conditions wetteen applied to the TBDPS protected analog@é however,

none of the desired opened epoxide was observed.

Treatment of adichloromethanesolution this compound with the dimethyl acetal of
acetaldehyde in the presence of boron trifluoride etherate eanddl not however give the
oxaPictetSpengler adduct. Performing this reaction with two equivalents of both the acetal
and the Lewis acid in a dichloromethane solution at 0 °C gave the desired isochromane as
complex mixture of productsn very low yied. After extensive chromatography this

compound was isolated (32 1 mg).
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Figure 24: 'H NMR of PMB protected isochromaR@9,

Only one diastereoisomer was observed'tdrNMR, however, due to the small quantity of
material no further 2D spectra could be obtained to discern the stereogenicity at C1. The
compound was charcterised By NMR showing C1 methyl doublet at 1.34 ppm and proton

at 4.67 ppm. The PMB substituent r@med intact showing indicative signals at 4.09 ppm
(2H, s). 6.80 ppm (2H, d) and 7.12 ppm (2H, d) along with three methoxy peaks at 3.70, 3.77
and 3.78 ppm. The twbenzylic protons were showed distinct signals at 2.73 and 2.89 ppm.

The main compound isaled from the reaction mixture was compoG0o&

Figure 5. Acetal isolated from ox&ictetSpengler
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Figure 26: 'H NMR of isolated acetal02

This compound was chanterised by'H NMR spectroscopySimilarly, the desired compound
observedlistinctivegeminalproton signals at 2.72 and 2.90 ppm. The acetal also gave signals,
similar to that observed at C1 of the desired compound at, 1.32 ppm (3H, d) and 4.68 ppm
(1H, qg). Labeled g@bhatic protons 1 and 3 were almost identical to those of the isochromane
observed at 1.67 and 4.69 ppm respectively, however, protons labeled 2 showed more we
defined splitting as a doublet of triplets and a doublet of quartets at 3.70 and 4.04 ppm
respectively. The aromatic protons integrated as three as a multiplet’@nidMR showed

only three quaternary aromatic signals indicating that this was the predicted acetal and not th

deprotected isochromane. Therefore, it was clear that another proteotipgwas required.
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Schemer7. i) "BuLi, BFsEt,0, 303 (88%). ii) MeCH(OMe), BREt,0, (99%) iii) CAN. iv)
EtN, dienev) Hp, Pd/C. vi) NaCIQ.

The next protecting substituent chosen Wwaszyl. This group wagreviously not used due to
foreseen complications with exposure to hydrogenation conditions as the carbon oxygen bonc
at Cl may also be <cleaved. However, due
towards the preceding reactions it was selectedeanédxt logical choice.

HO\/\:/\OH i) WOBn
Br

(5)-196 303

Schemé&?7:i) NaH, BnBr, (89%)

The benzyl protected epoxide was synthesised according to previously published I{t&fature
similarly to previous epoxides, from optically pure aspartic acid. firfa step involved the
slow addition of a solution of benzyl bromide in DMF to a THF solution -bfdno1,4-
butanediol(S)-196to achieve the desired epoxide in modest yi8@#4). The compound was
characterized byH NMR showing the indicative 5Henzyl multiplet and Chisinglet at 7.34
and 4.53 ppm respectively. The aliphatic chain was observed showing six multiplet signals at
1.81, 1.91, 2.51, 2.78, 3.G&hd 3.63 ppm (each 2H) similar to the previously synthesised
epoxides. Both*H and *C NMR carelated with literature speat™® as did the HRMS
spectrum showingn ion[M + H]": 179.1060.Comparison of the observed optical rotation
( [o8 E + 15.8) confirmed retention of stereochemistry368 Treatment ofl-bromo2,5
dimethoxybenzen80 with "BulLi followed by the slow addition of boron trifluoride then the

addition of a dilute solution of the benzyl protected epogi@@over forty minuteyielded the
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opened epoxide (88) 304. As with the PMB analogue, many side compounds were observed

on TLC but in small quantity. Also, exposure to silica gere than thirty minutesesulted in

decomposition of the compound.hi s can b e -elaninationi db the eydroxyt o

substituent to generate a conjugated styrene like analogue.

OMe

OH O0Bn
:'3 1
4° 2

OMe
304

Figure Z7: Proton assignments f@&04

The *H NMR spectrumshowedtwo aromatic multiplets at 6.76 ppm (3H), 7.30 ppm (5H)
corresponding to the dimethoxy aromatic and benzyl substituents, and a bepazyQt at

4.51 ppm. Three 2H multiplet signals were present at 1.78, 2.79 and 3.70 ppm for protons 1, :
and 4 and a 1H multiplet was observed at 4.11 ppnteidiary proton 3.An oxaPictet
Spengler cyclisation using two equivalents bfl-dimethoxyethae and BFEL,O in a

dichloromethane solutiogaveisochroman&05.

0JM115crude
0OJM115crude
STANDARD 1H OBSERVE O/

Y M
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.

Figure 28: Mixture oftrang(1.00)cis(0.37)isomers observed in the crutté NMR spectrum.
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Again 'H NMR NOE experiments showed a 2.7:1 mixturdérahs:cisisomersThe majorcis

isomer could be partially isolated by silica gel chromatography and showed 1H NMR signals
at 1.50 ppm (3H) and 4.91 ppm (1H) corresponding to the C1 methyl group and tertiary
proton. A 5H multiplet at 7.25 ppm and 2H sieight 4.50 ppm confirmed that the benzyl
protecting group was still presemtdicative geminal signals were observed at 2.34 and 2.72
ppm. The stereogenic assignment of this diastereoisomer was confirmed by NOESY (figure
29) experiments showingo correldaion between the tertiary protons at C1 (bgpm) and at

C3 (4.07 ppm)

v A

0JM468carbon
Research Group GRS
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n [} L 2
" L]
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L3
E
f1 (ppm)
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f2 (ppm)
Figure 29: *H NMR NOESY showinp correlation between C1 and C3 tertiary protons for

the cis diastereoisomerf 305

In an effort to isomeriséhe diastereoisomersiixture, the isochromanmixture was exposed
to H,SO, as a solution in benzene according to literature proceéﬁﬁlremwever, within two
minutes at 0 °C the solution had become black #hdNMR of the mixture after work up

showed no starting material remained. This was also reported by &toeft’ on similar
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compounds. Whilst the epimerization of BIQ molecules is well kneiarnthis method and

others’>*¥ simple isochromane quines are not stable towards these conditions.

With access to this isochromaB85and the previously synthesised -tiignethylisochromane
quinOne 268, attempts were made to perform the Diglder cycloaddition and base induced
aromatization. The dienselected for the reaction was the previously synthesised 2,5
(trimethylsiloxy)furan208 along with the dimethoxy and diacetoxy analogues generated by
literature procedures from succinic anhydride. Due to the sensitivity of this molecule,
generation of theiene and Diels\lder reactions were carried aatsitu.

234 307

Schemé&8: Dihydroxylated diene synthesis.

R Electrophile Base Lewis acid
T™MS TMSCI EtN -

T™MS TMSCI EtN ZnC}

Me Mel EtN -

Ac (Ac)O E&N -

Table6: Dieneformation conditions.

o : OH O
QﬁC‘L
—_—
o OH O
241 242

Scheme 7 Diels-Alder cycloaddition.

The diene was generated in an etherial solution at 0 °C then cooletBt&C before the
dropwise addition of the isochromane quinone as a solution in diethylether and the reactior
was monitored byH NMR. The methyl and acetate analogues showed no reaction with the
quinone butH NMR did not show the presence of any succamtydride indicating that the
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dienol had formed. The TMS analogues, both with and without the presence of a Lewis acid,
gave a highly complex mixture of inseparable compoumdsch exhibited a variety of
yellow, orange and red colours after attempted mlatography. Nocharacteristicsignals
above 12 ppm were seen in the NMR spectrum which would be indicative af
naphthazaririke core. However, analysisy MALDI -TOF showed one ion signal at 266.13

which is believed to be one of the isochroma(figsire ).

OH : TMSO
o o)
OTMS OH
307 308

Figure 3: Suspected isochromanes from Didlger reactions.

A mechanistic rationalisation for this observation is due the symmetrical nature of the diene
(scheme30).

TMS

TMSO o oto TMSO )
S o < 0o o
(0] r —_— —_— | O
— ’
= O
TMSO o) o} ) {5 OTMS 0
™S
208 268 309 310 311

Scheme0: Proposed rearomatisation mechanism.

After undergoing the initial Dielé\lder reaction the intermediate can undergo two
symmetrical pericyclic reactions to aromatize the dione and transfer the silyl protecting groups
to the now phenolic oxygens whilst forming maleic anhydride in the process. As the driving
force for this readbn will be the aromatization of the quinone, loss of the ring junction
protons to aromatize to give the less stable naphthazarin core is less likely. However, as ni

compound could be isolated pure and fully characterized, this cannot be certain.

As the ationale for this was due to the symmetry of the diene, the same reaction was
attempted with Ztrimethylsiloxy)furan which was expected to ocaua the mechanisnin
scheme3l.
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o
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Schemd1: Expected mechanism foycloaddition of Ztrimethylsiloxy)furan.

It was hoped that quenching the reaction with acid would result in ring opening of the Diels
Alder adduct followed by tautomerisation of the dione to give a tetra substituted naphthalene
along with removing the TR protecting group. Then, as previously observed, exposure to
oxygen or silica gel chromatography would result in the desired naphthazarin core. Quenchinc
the reaction with either water or aqueous s8H resulted in the isochromane, however,
guenching withAIM HCI or saturated NiCI gave a highly complex mixture of nésolable
compoundsA possible explanation of the observed mixture is through the rearomatisation of
the quinone ring shown in scher@& As presumed with 2;&rimethylsiloxy)furan312, after

the [4+2] cyclisation, aromatisation of the quinone ring is preferential to formation of the
naphthazarin bicyclic structure. However, is can be envisaged mechanistically that two
regioisomers aa be generated when the Didlfder is performed with 1;3

dimethylisochroman@67 (figure 31).

TMS
o OTMs ( |
—~ / OH2
) o —
0

316

Schem&1: Possible rearomatisation mechanism.
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Figure 32 Possible side products of the Digddder cycloaddition of isochromargb8and 2

(trimethylsiloxy)furan.

Therefore, focus was shifted to the benzgyeloadditionmethodology previously devised.
Starting from 1,4dibromo-2,5-dimethoxybenzene, the same methodology could be applied to
generate the benzyne cycloaddition precumsawo steps by litiation followed by the addition

of an epoxide then aoxaPictetSpengler reaction to produce the brominates isochromane. It
was envisaged that upon deprotection of the methoxy groups that oxidation to the

naphthazarin core of theglycone would be spontaneous as previously observed with similar

systems.
OMe OMe OMe -
B . B . B H
r i) r OH OPiv ii) r 0 OPiv
---------- > H B
Br
OMe OMe OMe
o,
241 g 224
U~ opiy 322 :
326 i)
Y
oH 9 OH O - O OMe -
0 <V O OH _ iv)v) 0  OPi
CO,H
OH O OH O O OMe
38 285 325

Scheme 82: i) "BuLi, 326, BRELO. ii) MeCH(OMe), BFsEt,0. ii)) LDA, 2-
(trimethylsiloxy)furan. iv) KOH H;O. v) BBrs. vi) NaClO..

It was envisaged that the synthesis of the granaticin aglycone could be realized in six steps
Three key steps to form the tricyclic core ending with the deprotection of both methoxy
groups using boron tribromide, cleavage of the pivaloyl group with potadsydroxide and
finally oxidation of the primargalcoholto give the carboxylic acid chaiRivaloyl was chosen

as the protecting group for this synthesis as it can be easily removed with sodium hydroxide
and does not require hydrogenation.
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Br

(S)-183 326
Scheme3: i) NaH, PivCl (83%)

The epoxide326 was synthesized enantiopure fro-aspartic acidl94, similarly to the
previous epoxides. Treatment ebfomao1,4-butanediol with sodium hydride followed by the
dropwise addition opivaloyl chloride @ve the desired compound in%3yield 326. The
compound was characterizégt *H NMR showing the large 9H tertiary butyl peak at 1.24
consistent with the pivaloyl group. Also observed was the butyl chain showing five expected
aliphatic sgnals at 1.86 ppm (2H, m), 2.55 ppm (1H, dd), 2.82 ppm (1H, m), 3.05 ppm (1H,
ddd), 4.25 ppm (2H, t}*C NMR also showed the pivaloyl carbonyl signal at 4f%m.The
optical s~ c=t+a4) of32éwag coribprable to the previously synthesized epoxides
indicating that stereochemistry was retain@ieviously devised methodology showed a
dramatic increased yield when the epoxide opening were conducted in diethylether, however
the dibrominated aromati241 was insoluble below 0 °C therefore THF was the chosen
solvent. Lithiating with"BuLi followed by the dropwise addition of a THF solution of the

pivaloyl protected epoxide did not however generate the desired secondary alcohol.

Figure 33: *H NMR of crudeopened pivaloyl epoxide.
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Analysis of the crudéH NMR spectrum (figure 3 showed five multiplets and two doublets

of doublets similar to what is expected from the ring opened compound. It is suspected that th
presence of boron trifluoride resulted in ring opening of the compound upon quenching the
reaction with water generated the-tljdl. However, this compound could not be isolated.

OMe OMe OMe -

B . B ) B :
r i) r OH OBn if) r O  OBn
---------- > H R e
Br
OMe OMe OMe
241 327 328
D)
v
OH O OH O = OMe -
o i) 0 OH _ v O  OBn
CO,H
OH © OH O O OMe
38 285 329

Scheme 84: i) "BuLi, 326, BRELO. ii) MeCH(OMe), BF;Et,0. ii)) LDA, 2-
(trimethylsiloxy)furan. iv) H, Pd/C. v) BBg. vi) NaClQO,.

The benzyl protected analogue was then reselected for study, as it had been previousl
successful for these reactions, with the ambition to remove the protéatiogonality by
hydrogenation as the penultimate step of the synthesis. Again THF was used as the solvent dt
to the insolubility of the dibromobenzene compo@4d. This resulted in the same complex

mixture of compounds showing the suspected diol amtia product.

OMe OMe OMe - OH OMe - OH O -
B B B ; ; ;
r DI OH iy o 0 i) OO o vi) O‘ 0
—_— —_— —_— —_—
Br
OMe OMe OMe OH OMe OH O
241 330 331 332 269

SchemeB4: i) "BuLi, BFsEtO, propylene oxide. ii) MeCH(OMg) BFsEt,0O. iii) LDA, 2-
(trimethylsiloxy)furan iv) BBrs.

The synthesis was then attempted with racemic propylene oxide. Again THF was the chosel
solvent. Lithiating with normal butyllithium followed by the dropwise addition of neat
propylene oxide gave the desired secondary alcohol in good vyield. This compasnd w
observed in the!H NMR spectrum of the crude materidig(re 34) showing the two
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distinctive benzylic protons at 3.29 and 3.43 ppm and a methyl doublet at 1.23 ppm. The
tertiary proton was also visible as an expected multiplet at 3.92 ppm along wit® e
singlets at 3.69 and 3.70 ppm. HRMS observed a igMat OH + H]": 259.0151'¢ This
compound was not stable towards silicaatumina gel chromatography therefore no further
purification or spectral analysis was conducted. The instability of the secondary alcohol is
attributed to elimination of the hydroxyl group to produce an unsaturated molecule with a

styrene motif which canhen polymerise due to the increasaldctrondensity within the

aromatic ring.
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Figure 34: "H NMR of crude330

The brominated secondary alcoh®BO was then treated with boron trifluoride etherate
complex and 1-timethoxyethane to affect tlexa-PictetSpengler cyclisation. However, no
reaction of the crude material was observedHhiNMR spectroscopy when attempted at 0 °C

or ambient temperature. Increasing the temperature to reflux resulted in decomposition giving
a highly complex mixture of compounds. This lack of reactivity is attributed to the presence of

the metabromine substitent preventing aromatic substitution. Attempts were then made to
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protect the secondary hydroxyl group and perform the benzyne cycloaddition before

deprotecting and forming the tetrahydropyran ring bpxaPictetSpengler reaction.

OMe OMe OH O _2
z z
OMe OMe OH O
330 333

Scheme B i) NaH, PGX. ii) LDA, diene.

Triethylsilyl was chosen as a protecting substituent as it was hoped that it could be cleavec
upon the addition of 2M hydrochloric acid during the quench of the benzyne cycloaddition.
However, treatment of the free hydroxyl group with sodium hydride fatblay the dropwise
addition of a THF solution of TESCI at78 °C which was then allowed to warm to 0 °C
before the addition of #D resulted in a highly complex mixture of compounds with no
incorporation of the silyl groupbserved in théH NMR spectrum This can be attributed to
elimination of the formed siloxy substituent to again generate a compound with a styrene
motif which can then undergo polymerization reactions. An attempD-toethylate the
hydroxyl group by treatment with sodium hydride followey the slow addition of methyl
iodide again resulted in a complex mixture of compounds.

OMe

OMe OMe OMOM OMe O - OH O

— (0 -8 QO - DT
Br
OMe OMe OMOM OMe OMOM OH O
79 334 335 285

SchemeB6: i) LDA, 2-(trimethylsiloxy)furan then"BuLi, MOMCI, (28% over 2 steps)i)
"BuLi, BF3Et,0, propylene oxide. iiiMeCH(OMe), BFsEt,0. iv) BBra.

The synthesis was then reorganised to begin with the benzyne cycloaddition and, as previou
studies hadllustrated 1,4,58etramethoxgaphthalenel79 to be unstable, protect the two
generated hydroxyl protons with methoxgtinylene substituentas compound334. This
naphthalene derivative could then be used to form the secondary alcohol, undexge an
PictetSpengler reaction and then it was hoped that exposure to boron tribromide would result

in global deprotection of alhydroxyl groups. Using the previously devised benzyne
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cycloaddition conditins 1,4dihydroxy-5,8-dimethoxyaphthalen€236 was synthesized. The
reaction was quenched, extracted and solvent removed before dissujvedin THF.
Treatment of the resultindiol with sodium hydride did not result in deprotonation of the
hydroxyl protons therefore a stronger base was required. This is likely due to hydrogen
bonding between the methoxy oxygens and the hydroxyl protons. TreatmeriBuiithand

the addition offreshly synthesized 2.1M MOMCI in toluene generated the desired compound
334in 28% yield over the two steps. This product was characterizé#itNMR showing five
distinct singlets at 3.53 ppm (6H, @H3.82 ppm (6H, Ck), 5.08 ppm (4H, Ch), 6.75 ppm

(2H, Ar), 6.97 ppm (2H, Ar). However, similarly to the tetramethoxy analogue, the product
underwent rapid oxidation 1©,0-dimethylnaphthazarita81therefore the subsequent reaction
was conducted immediately after isolation. The addition of this compouhdutyllithium

resulted in total degradation of the naphthalene derivative.

As the synthesis of 1;8ibromo2,5-dimethoxybenzene would prove to be a three step and
costly synthesis, the synthesis was again rearranged to incorporate the broefinEhlat
would allow for theoxaPictetSpengler cyclisation but increase the synthesis by one step.
Attempts were made to install the bromine substituent at either C6 or C7 (as this would not
affect the generation of the benzyne intermediate in the subdagaetion) by subjecting the
previously synthesised isochromane (as a mixture of diastereoisomer8ultd and

guenching the generated organolithium with-difomoethane.

OMe OMe
O) OH
=
_/‘
OMe H OMe
rac-267 336

"BuLi
Scheme B "BuLi induced ring opening.

Instead of deprotonatingrtho to either methoxy group, thigenzylic proton wasabgracted
resulting in ring opening of the pyran rigchane 87) This compound was characterised as a
mixture of diastereoisomers B NMR (figure 35) showing a distinctiveloublet of doublets

at 6.21ppm and by HRMS showing two ion signalsvat[M + H]": 222.1485 and [M OH]J":
205.1221.
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Figure 3: 'H NMR ofopened pyran ring36

OMe = OMe = OMe z
0 p B 0 0
—_—
Br
OMe OMe OMe

267 337 338
Scheme8: i) Br,, ACOH (75%).

The brominated compous®37 and338wassynthesized by an aromatic substitutioa the

dropwise addition of molecular bromine to a solution of the isochroréién acetic acid.
This produced 4:1 mixture of regioisomers
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Figure 36: 'H NMR of brominated isochromane regioisomers.

These compounds were characterised by HRMS which showed isotopic pagtfivh+ H] "
301.0434, 303.0305 and B NMR. Signals were observed for the major isomasstwo
quartets for the C1 quaternary protons at 4.95 and 5.01 ppm along with two sets of gemina
proton doublets of doublets at 2.16, 2.35, 2.62 and 2.80 ppm. These isomeric compounds wel
then subjected to benzyne cycloaddition conditions by the slowiadadf a solution of the
brominated material to freshly synthesised LDA an@riznethylsiloxy)furan. However, no
cycloaddition product was observed #y NMR spectrum. A complex mixture of compounds
was produced which can be attributed to deprotonaticmgeminalproton and ring opening

the pyran ring. The use of lithium hexamethyldisilamide also produced a complex mixture

indicating that the benzyne intermediate could not be generated for this substituent.
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5. Conclusions

In conclusion, we have deloped anovelsynthetic strategy for theysthesis of functioresed
isochromanes and isochromane quinones. This divergent strategy can be used to generate
range of compounds by altering the epoxide used in the first step and byarsimg acetals

for anoxaPictetSpengler cyclisation

Although the final DielsAlder step has yet to be realized, this strategy has the potential to

provide a quick and inexpensive route to a variety of benzoisochromane quinone compounds.

In addition, we havalso developed, to the best of thigthorsknowledge, a novel method for
the synthesis of naphthazarin analogues in a single step from inexpensive reagents
benzyne cycloaddition and acidic reaction quench.
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6. Future work

OMe OMe OMe - OMe
i) OH OBn ii) O OBn i) O OH
_— _— _—
Br
OM OMe OMe OMe
90 304 305 339
|iv)
OH O ; OEt O ; TMSOOEt O o H
Vi) V) (o]
CO,H CO,H CO,H CO,H
OH O OEt O TMSOOEt O o
340

Schemd9: i) "BuLi, BFsEt,0, 303 ii) MeCH(OMe),, BREt,0. iii) Pd/C, H. iv) Cr(O)s,
AcOH. v) Et;N, 353 vi) Jones reagentii) BBra.

Building on the previously described isochromasyathesis, it is hoped that tHeenzyl
protecting substituent can be cleaved by hydrogenation in the presence of catalytto Pd/C
generate primary hydroxyB839. Utilising methodology developed by Xet al,l’® global
oxidation to give the quinone ring and carboxylic a8 can be acieved using chromium
trioxide under acidic conditions. In order to avoid ring opening degredation side products
during the DielsAlder reaction with the previously used furan derivativé®8(and 2
(trimethylsiloxy)furan), an acyclic tetraoxygenated diemaay be required. 1,4
trimethylsiloxy-1,4-ethoxybutal,3-diene can be synthesized in a single ¢sepemed0) from
diethylsuccinaté'” % This intermediate350 can then be treated with Jones reagent
following similar literature methodoloy * to the synthesis of eleuther®7 and frenolicin
22 by Krauset al.to give the naphthazarin core. The remaining ethyl protecting substituents
can then be cleaved to give the aglyc8iie
OTMS
10,0~ COE! i) B0~ Ao

OTMS
352 353

Schem®0: i) TMSCI, EgN.

An alternative strategy is to protect the quinone ring as the tetramethyl diacetal (€heme

according to literature methdds' *?? by anodic methoxylation oflimethoxy isochromane
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267 usingPt or Ti plate electrodes. This would prevent rearomatisation during the subsequent

Diels-Alder cycloaddition with Ztrimethylsiloxy)furan allowing for generation of protected

aglycone357.
MeO. OMe OH OMe OH O
—_—
OMe MeO™ ome OH OMe OH O
267 356 357 269

Schem®1:i) MeOH, KOH, Pt orTi electrodeii) EtsN, 2-(trimethylsiloxy)furan. iii) BBEg.
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7. Experimental

Chemicals of reagent grade were used as purchased unless stated otWédraismentioned

as distilled, THF, EO were freshly distilled frm sodium benzophenone ketyl. &H,, and
acetonitrile werdlistilled from calcium hydrideToluenewasdistilled from sodiumAll non-
agueous reactions were carried out under oxygEn nitrogen or argon using flaraeied
glassware. Flash column chromatography was carried out using IRa8@&A 40-63 micron
silica (amorphous silicon dioxide). Thin layer chromatography was carried out using
commercially available Macheréyagel precoated TLGsheets (ALUGRAM SIL
G/UVsssilica plates)and visualised under UV or stained with PMA or KMpn®roton and
carbon NMR spectra were recorded oviaaian Gemini 300 Miz with a 5mm Inverse detect
broad band -gradient probe A Varian UNITYplus 400 MHz spectrometer with andm
Inverse detect broad bandgradient probeA Bruker Avance Il nanobay 40 MHz
spectrometer with a Bim broad band observe BBR® probe fitted with an actively shielded
z-gradient coil. ABruker Avance Il 500 MHz spectrometer with a 5mm broad band observe
BBFO""S smart prob&” fitted with an actively shielded-gradient cdi. NMR signals were
measured usinthe residual nowleuteriated NMR solvent signal ageference. & 'H NMR,
CHCl; at 7.27ppmMeOH at 3.31ppnH,0 at 4.7ppmand DMSO at 2.56pm ppm For **C

NMR, CDCl; at 77.0 ppmwas used.Infra-red spectra wereecorded on a PerkinElmer
Spectrum 100FIR spectrometer. The specific rotations were measured on aADP 440
polarimeter from Bellingham + Stanle@hemical ionisation and high resolution mass spectra

were measured at the EPSRC Mass Spectrometry Centeeldnithersity of Wales, Swansea.
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1,5-Bismethoxymethyleneoxynaphthalend 85

OH OMOM
NaH
(1) e
—_—
OH OMOM
147 185
Schem®2.

1,5-Dihydroxynaphthalen&47(5.00 g, 3Immol) was slowly added to a suspension afigm
hydride 95% (3.75 g, 158mol) in anhydrous DMF (1060L) under an atmosphere of argon
at 0°C, resulting in a dark purple slurrffOMCI (44 mL, 94 mmol, 2.1 M in toluene) was
introduced dropwiseesulting in the mixture gradually becomipgllow. The reactiomixture
was slowly allowed to rise to r.t. After stirring f8rhrs thereaction mixture was quenched
with H,O (150mL) and extracted into KD (5 x 50mL). The combined organic extracts were
washed with NaHCeX2 x 80mL) and dried usingigSOy. Evaporaion of solvent resulted in
a yellow solid of 1,5bismetloxymethyleneoxynaphthalent85 (99%, 1.41 g). R = 0.25
(EtOAc/hexanes, 1:9fH NMR (400 Mz CDChL): U ( p3p4n(p H, SOCHs), 5.39 (4 H, s
CHy), 7.11 (2 H, dJ=8.4, 4,8Ha), 7.38 (2 H, tJ =84, 3,7Ha;), 7.90 (2 H, dJ =84, 2,6
Har). °C NMR (100 Mz, CDCE): U ( p5p.1q P5.3, 109.1, 115.9, 125.9, 127.6, 153R
(ATR): g (cm™) 1389, 1418, 1594, 299BRMS calcd. for CysH1¢04 [M + H]": 249.1121
found:249.123. mp: 77-80 °C.
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N-isopropyl-1,5-bismethoxymethyleneoxynaphthamidel86

iPrNCO
) J*
T . H
OMOM OMOM
185 186
Schem®3.

TMEDA (1.8 mL, 121 mmol) was added under argoni&0 °C to a solution of.85(1.00 g,

4.03 mmol) in anhydrous THF (100L). '‘BuLi (7.11mL, 121 mmol, 1.7 M in pentane) was
slowly added resulting i dark redsolution consistentwith the presence adrtho-lithiated
aromatics. After stirring at55 °C for 20 mins, isopropylisocyanate (2 mL, 121 mmol) was
introduced dropwise causing the solution to return to a pale yellow colour. The reaction
mixture wasslowly brought to r.t. over 30 mins followed by addition ofQH(50 mL) and
extracton into ethyl acetate (3 x 58L). The combined organic fraons were washed with
NaHCQO; (50 mL) and the solution was drig@1gSQy) thenfiltered andconcentratedinder
reduced pressuréChromatography on alumin&tOAc/hexanes, 1:4producedN-isopropyt
1,5-bis(methoxymethyleneoxyd-naphthamidel86 as a yellowsolid (82%, 879 mg). R =

0.20 (EtOAc/hexanes, 1:AH NMR (400 Mz CDCkL): & ( pl@&n(6 H, d, J = 6,6CHs),

3.53 (3 H, sOCH), 3.60 (3 H, sOCH;), 4.30 (1H, m CH) 5.19 (2 H, sCH;), 5.38 (2 H, s
CH,), 7.17 (1L H, d, J = &, 8-Ha,), 7.44 (1 Ht, J = 84, 7-Hya), 7.55 (1 H, br d, J = 6,8\H),

7.78 (LH, d, J = &, 6Hya), 8.00 (1 H, d, J = 8,8-H,,), 8.10 (1 H, d, 8.83Ha). **C NMR

(100 Mz, CDCkL): i ( p2B.03) 42.08, 56.64, 58.89, 95.06, 101.78, 109.91, 116.53, 119.15,
124.46, 126.45127.08, 128.95, 129.65, 151.58, 153.39, 165IR1( A T R )(cm) §249,
1369, 1459, 1540, 1632 (C=0 stretc3®75(N-H stretch), 3330HRMS calcd.for C1gH24NOs

[M + H]": 334.1619 found 3341650 mp: 5456 °C.
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N-1sopropyl-1-hydroxy -5-methoxymethyleneoxy2-naphthamide 358

MOMO O J\ OH O
N TFA NJ\
H @— H

OMOM OMOM
186 358

Schem®A.
Under an atmosphere of nitrogen, TFA (0.088, 0.3 mmol) was added to an anhydrous
solution 0f186 (89 mg, 0.3 mmol) irCH,Cl, (20 mL) at 0°C and stirred for 3 hrs. 4@ (20
mL) was then added and mixtunas extracted intaCH,Cl, (2 x 20mL) which was washed
with NaHCG; (2 x 10mL). After drying (MgSQ) solvent was removed to giweisopropytl-
hydroxy-5-methoxymethyleneoxg-naphthamide358 as a yellowsolid. (99%, 86 mg).R; =
'H NMR (400 Mz CDCk): i ( pl@m™(B H, dJ= 6.5 CHs), 3.50 (3 H, sSOCH;), 4.30 (1
H, m, CH), 5.34 (2 H, sCH,), 6.16 (1H, br dJ = 7.3, NH),7.17 (1 H, dJ = 7.7, 6-Ha,), 7.26
(1H,d,J=9.0 4Ha), 7.38 (1 H,tJ=77, 7-Ha;), 7.61 (1 Hd, J= 9.0 4-Hx), 8.01 (1 H, d,
J = 9.0, 3Ha). *C NMR (100 Mz, CDCk): i  ( p2B8.81)¥42.056.3 95.5, 107.7, 111.3,
113.4, 117.5, 120.3, 126.1, 127.0, 128.9, 152.0, 162.9, IRD(0A T R Jcm™) 1245, 1371,
1444, 1540, 1630 (C=Gtretch) 3275 (O-H stetch), 3403 (NH stetch) HRMS calcd. for
C16H10NO4 [M + H]*: 290.187 found:290.1384. mp: 11:214°C.

97



N,N-dimethyl-1,5-bismethoxymethyleneoxy2-naphthamide 194

CICONMe,
C) ™Y
|
OMOM OMOM
185 194
Schem®5.

TMEDA (1.8 mL, 12.1 mmol) was added under nitrogen i&&5 °C to a solution of 1,6
bismethoxymethyleneoxynaphthalet85 (1.00 g, 4.0 mmol) in THF (100mL) followed by
dropwise addition ofBuLi (7.1 mL, 121 mmol, 1.7 M in pentanedesulting in a dark red
solution After sirring for 20 minsN,N-dimethylcarbamyl chloride (0.291L, 4.00 mmol) was
slowly added and reaction mixture stirred for Idsulting in a pale yellow solutiofReaction

was guenched using.8 (50mL), extracted into ethyl acetate (3 x All) and washeavith
NaHCQO; (2 x 40 mL). After drying (MgSQ), solvent was removed and purification by
alumina gel chromatograph¥etOAc/hexanes, 1:2yave desired naphthamid®4 as apink

solid (38%, 485 mg).R; = 0.20 (EtOAc/hexanes, 1:2H NMR (400 Mz CDCkL): iU ( p p m)
2.89 (3 H, sNCHg), 3.14 (3 H, sNCH), 3.51 (3 H, sOCH), 3.53 (3 H, sOCH;), 5.14 (2 H,

s, CH), 5.36 (2 H, sCH), 7.11 (1 H, dJ = 8.0, 8Ha), 7.31 (1L H, dJ = 8.6 4-Ha,), 7.41 (1
H,t,J=8.Q 7-Hp), 7.80 (1 H, dJ = 80, 3-Hp,), 8.05 (1 H, d,J = 8.6 6-Hy,). :*C NMR (400

Mz, CDCkL): U ( p3@.8n)38.5, 56.3, 57.7, 94.9, 100.5, 108.5, 116.0, 118.9, 124.2, 125.4,
126.7, 126.7, 129.5, 149.2, 153.0, 169F.( A T R Ycm™) 4260, 1371, 1545, 1574, 1665
(C=0 stretch)3133 HRMS calcd. forC;7H.:NOs [M + H]*: 320.1498 found320.1492. mp:
81-83 °C.
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1-M ethoxymethyleneoxy5-hydroxynaphthalene 197

OH MOMO
NaH
) (1)
—_— >
OH OH
147 197

Schem®6.
Under an atmosphere of nitrogen, sodium hydride 6086 (&g, 6.25 mmol) was added to a
solution of 1,5dihydroxynaphthalen&47(1.00 g, 6.25 mmol) in anhydrous DMBO(mL) at
r.t. resulting in a purple slurnAfter 15 mins MOMCI 8 mL, 6.25 mmoJ 2.1M in toluene)
was added and solution stirred for 17 Arke resulting yellowmixture wasquenched with
water and extracted into ethyl acetate (5 x0 and washedvith H,O (5 x 50mL). The
combined organic fractions were dried (Mg$diltered and solvent evaporatdd give the
monaosubstituted compound 97 as a light brown solid (95%, 350 mg). Ry = 0.43
(EtOAc/hexanes, 1:4fH NMR (400 Mz CDCkL): U ( p3pt8n(B H, SOCH;), 5.32 (2 H, s
CHy), 5.61 (1 H, br sOH), 6.76 (1 H, dJ=7.4 4-Ha;), 7.03 (1 H, dJ=7.4 8Ha), 7.23 (1
H,t,J=84, 3Ha), 7.30 (L H, t)J =84, 7-Ha,), 7.73 (1 H, dJ=8.4 6-Ha;), 7.76 (1 H, dJ =
8.4, 2-Ha). 1°C NMR (100 Mz, CDCk): U ( p5p.4n94.9108.7, 109.4, 114.7, 115.225.4,
125.5, 125.6, 127.9, 151.6, 1541R ( A T R Jcm™) k809, 300, 3617 (GH stretch) HRMS
calcd. forCioH1,03 [M + H]*: 205.0%9 found: 205.0860. mp101-104 °C.
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1-M ethoxymethyleneoxy5-methoxynaphthalene19g'%2

MOMO MOMO
NaH
CO)—=—
OH OMe
197 198
Schemé®7.

Under nitrogen, at r.t.,, NaH 60 (71 mg, 1.72 mmol) was slowly added to a solution -of 1
methoxymethyleneox$-hydroxynaphthalen&97 (350 mg, 1.72 mmol) in DMF (261L), at O
°C and stirred for 10 minproducing a red solutiorMethyl iodide (0.1ImL, 1.72 mmol) was
then added dropwise and mixture stirred for 3 k£ (30 mL) was added andhixture
extracted into ethyl acetate (2 x B1L). After washing with HO (3 x 30mL), NaHCQ (2 x
20 mL), drying (MgSQ) and filtrationsolvent was removed to give desired prodi@8as a
light brown solid(99% 371 mg).R; = 0.30 (EtOAc/hexanes, 1:8H NMR (400 Mz CDCh):
d ( p3mdotn(B H, sOCHg), 4.01 BH, s OCH;), 5.39 (2 H, sCH,), 6.81 (1 H,dJ=7.6 &
Har), 7.09 (1 H, dJ= 7.6 8-Ha), 7.34 (2 H, m3,7-Ha), 7.82 (1 H, d,J = 8.4 2-Hp,), 7.90 (1
H, d, J = 8.4 4-Hp). °C NMR (100 Mz, CDCL): i ( p58./ )56.4, 94.9104.5, 108.8,
114.3, 115.61254, 1255, 126.9, 127.1, 152.8, 155MR ( A T R Jcm™) 1234,1343,1539
310Q HRMS calcd. forC;3H1503 [M + H]™: 219.1016found:219.1016 mp: 7576 °C, lit. 75-
76 °C.
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1,4-M ethoxymethyleneoxybenzeng0d*??

OH OMOM
NaH
© MOMCI
OH OMOM
199

Schemé®8.
Sodium hydride (. g, 136 mmol, 60% in mineral oil) was added to a solution of
hydroquinonel99 (5.00 g, 45.5 mmol) in DMF (8fnL) at 0 °G resulting in a dark yellow
slurry. MOMCI (65 mL, 136 mmo] 2.1M in tolueng¢ was then added dropwise atitk
solutionwasstirred at 0°C for two hrs.The gray eaction mixture was quenched with water
(100 mL) and extracted int&etOAc (3 x 100ml). The combined organic fractions where
washedwith NaHCQ; (2 x 50 mL), dried (MgSQ), filtered and solvent removed under
reduced pressurdurification by silica gel chromatograpltOAc/hexanes, 1:99ave bis-
protected produc200as colourless oil @% 8.25 g)R; = 0.35 (EtOAc/hexanes, 1:81 NMR
(400 Mz CDChL): i ( p3ptn(6 H, s OCH), 5.07 (4 H, SCH,), 6.94 (4 H, sHa,). **C
NMR (100 Mz, CDCk): U ( p55.87)95.2, 117.5, 152.4R ( AT R Xcm™) $289, 1531
3200 HRMS calcd. for GoHgO4 [M + NH4]": 216.2130 found: 216.2131.
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N-isopropyl-1,4-bismethoxymethyleneoxy2-benzamide201

iPrNCO
OMOM BuLi MOMO O J\
TMEDA N
. H
OMOM OMOM
200 201
Schem®?9.

At 155°C and under an atmosphere of nitrogen, TMEDA (L5 10.1 mmol) was added to a
solution of 1,4dmethoxymethyleneoxybenzerz00 (1.00 g, 5.0 mmgl in THF (60 mL)
followed by slow addition ofBuLi (5.9 mL, 10.1mmol, 1.6 M in pentanejesulting in a
yellow solution Isopropylisocyanate (0.2&1L, 5.30 mmol) was then added to the yellow
solution dropwiseandthe mixture wastirred for 1 hr. The reactiomixture was quencheat

0 °C with H,O (50 mL) and extracted into EtOAc (2 x 4®L). The combined organic
fractions were then washed with NaCl (3Q) and NaHCQ@40 mL). After drying (MgSQ),
the solution wasiltered andconcentrated under reduced pressingification by alumina gel
chromatographyEtOAc/hexanes, 1:4Javebenzamide201 as agreenoil. (71%, 1.008 g) Ry

= 0.22 (EtOAc/hexanes, 1:4H NMR (400 Mz, CDCk): i ( plIn(p H, dJ= 7.2 CHy),
3.43 (3 H,s, OCH), 3.48 (3 H, sOCHg), 4.24 (1 H, mCH), 5.12 (2 H, sCH,), 5.21 (2 H, s
CH,), 7.02 (2 H, br sHa/), 7.64 (1 H, br sHa), 7.80 (1 H, sHa). *C NMR (100 Mz,
CDCl): 0 ( p2@.3yn5.4, 55.0, 55.8, 94.9, 86111.0, 115.4, 119.1, 121.7, 151.1, 153.7,
164.6 IR ( AT R Ycm™) 140, 1444, 1532, 1632(C=0 stretch) 2978, 3180 (N-H stretch),
3275 HRMS calcd. for GsH2:NOs [M + H] " : 284.1492 found 284.1491.
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N,N-dimethyl-1,4-methoxymethyleneoxy2-benzamide202

CICONMe,
BuLi
TMEDA N~

- |

OMOM MOMO O

OMOM OMOM
200 202
Schemd. 00,

At 155°C and under an atmosphere of nitrogen, TMEDA (L5 10.1 mmol) was added to a
solution of 1,4methoxymethyleneoxybenzerz00 (1.00 g, 5.0 mmgl in THF (60 mL)
followed by slow addition ofBuLi (5.9 mL, 10.1 mmal 1.6M in pentaneYesulting in a
yellow solution N,N-dimethylcarbamyl chloride (0.481L, 5.3 mmol) was then added to the
solution dropwise anthe reaction mixture wastirred for 3 hrs. The reaction mixture was
guenched with BD (50 mL) ard extracted into EtOAc (2 x 481L). The combined organic
fractions were then washed with NaCl (8QL) and NaHCQ (40 mL) followed by drying
(MgSQy), filtration and removal of solveninder reduced pressurBurification by alumina
gel chromatographfEtOAc/hexanes, 1:3ave desiretbtenamide202as a pale green oil. 48
%, 1.119). Ry = 0.25 (EtOAc/hexanes, 1:2JH NMR (400 Mz CDQj): 1.21 (6 H, br s
NCHs), 3.23 (3 H, sOCH), 3.41 (3 H, sOCH), 4.86 (2 H, sCH,), 5.07 (2 H, sCH), 7.01
(1 H, s Ha), 7.04 (1 H, dJ = 2.9 Hp), 7.14 (1 H, dJ = 2.9 Ha). **C NMR (100 Mz
CDCL): i ( p3p8n39.9, 517, 95.5 959, 112.2, 114.4119.7 123.3, 15.0, 152.8, 170.8
IR( AT R )cm™) 162, 1501, 155, 1700 (C=0) 3212 HRMS calcd. for GoH1oNOs [M +
H]":270.1336 found 170.1337.

103



(+)-2-Bromosuccinic acid195>*

NaNO,
KBr
COOH COOH
Hooc™ Yy 1250: _ Hooc ™y~
NH, Br
194 195
Schemd Ol

To a solution or{t)-aspartic acid 94 (2.5 g, 188 mmol) in HO/H,SO, (50 mL/6.65mL, 125
mmol) was added KBr (10 g58mmol)followed bythe dropwise addition dlaNO,(2.30 g,
34 mmol) in HO (4.5mL) at1 5 °C over 20 minsDuring the addition of NaN@a brown gas
was evolved.The yellow mixture was then stirred at T for 3 hrs. After extraction into
EtOAc (3 x 50mL) solventwas removedo produce a white solitb give 2bromosuccinic
acid 195in quantitaitive yield (3.70 g). & 0.5 (AcOH/EtOAc/hexanes, 1:20:20'H NMR
(400 Mz D,O): i ( p2@2(L H, ddJ = 6.2 CH,), 3.13 (1 H, ddJ = 8.7, CHy), 4.54 (1 H,
dd, J = 6.2 CH). °C NMR (100 Mz, D,O): U ( p4p.;|¥2.2, 1733, 1748 ( ATR) :
(cm™) 1404, 1700 (C=0 stretch), 1742 (C=0 stretch), 300H(8retch brymp: 163166 °C,
lit. 163-164 °C.

(S)-2-bromosuccinic acid(S)-195*

[ &°F:743.5° € 19/100mL, HO). lit.: T 42.7° € 1g/100mL, HO).
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()-2-Bromo-1,4-butandiol 196'%

COOH HO
Hooc Y ELLESEL N
Br

Br
195 196

Schemd 02
Under an atmosphere of nitrogeni & °C (ice/NaClwaterbath), BH (45.7 mL, 457 mmol,
1M THF complex) was added over a period of vt dropping funnelto a solution of(+)-
bromosuccinic acidl95 (3.0 g, 15.2 mmol) in THF (5@1L) andthe reaction mixture was
stirred for 1 hrat this temperature resulting in a cloudy suspensite cooling bath was
removed and stirring continued for 1.5 hrs at r4JOH3 mL) was added followed by O3
(5.5 g) and the mixture stirred at°@ for a further20 mins. After filtration, solvent was
removed and purification by silica gel chromatograffig OH/EtOAc, 1:50)gave the desired
diol 196 as a colourless 0i(88%, 2.26 g over 2 steps from aspartic acidy; = 0.45
(MeOH/EtOAc, 1:50)*H NMR (400 Mz CDChL): ti  ( p2@®a 2.10 (2 H, br mCH,), 2.42
(2 H, br s OH), 3.78 (4 H, mCHy), 4.23 (1 H, mCH). °C NMR (100 Mz, CDCkL):ti ( p p m)
37.6 55.0,60.0, 670. IR ( AT R Ycm™) 120, 2859, 2930, 3107 {B stretch), 3399 (H
stretch).
(S)-2-Bromo-1,4-butandiol (S)-196"2*
[ §%:723.0° (€ 1.059/100mL, CHG). lit.: 1 26.2° € 1.05g/100mL, CHG).
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(+)-'Butyl-(2-(oxiran-2-yl)ethoxy)diphenylsilane 197°

NaH
HO
NOH TBDPSCI ?}JOTBDPS
Br
196 197
Schemd 03

To a suspension of NaH &9(1.53g, 39.7 mmol) in THF G0 mL) was addedz)-2-bromo
1,4-butanediol 2.24 g, 13.2nmol) in THF (10mL) over 20 mins. at 16 °C and under an
atmosphere of nitrogen. TBDR3 (3.61mL, 13.92 mmol) in THF (1@nL) was then slowly
added af 10 °C andthe mixture wasstirred for 30 mins. after which stirring was continued
for 45 mins. At r.t. HO (20mL) and NHCI (20 mL) werethen added and mixture extracted
into ethyl acetate (3 x 5ML). The combined organic fractions were then dried (MgSO
filtered, solvent evaprated and compound was puwedi by silica gel chromatography
(EtOAc/hexanes, 1:2ap give the desired epoxid®7 as a colourless 0{61%, 2.76 g).R; =
0.40 (EtOAc/hexanes, 1:20H NMR (400 Mz CDCk): i ( pl@9n(® H, s'Bu), 1.79 (2 H,
m, CHy), 2.50 (1 H, m CH,), 2.78 (1 H, mCHy), 3.10 (1 H, mCH), 3.89 (2 H, mCH), 7.45

(6 H, m Hay), 7.70 (4 H, mHa,). *C NMR (100 Mz, CDCk): ti  ( p2p.mm27.0, 36.1, 47,4
506, 613, 128.8, 1310, 13.8, 133.9, 136.0, 136.TR ( AT R Ycm™): 197 1305, 1466,
1483, 3050.
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2-(2,5Dimethoxyphenyl)ethanol21¢'% 7

OMe OMe
"BuLi
(|3> OH
OMe OMe
209 359 210
Schemd 04

To a solution, cooled to 0 °C, of dimethoxybenz@08 (6.9 g, 50 mmol) in THF (10€nL)
was addedBuLi (20 mL, 50 mmol, 2.5 M in hexanegsulting in a pale yellow soluticand
thereactionmixture stirred at this temperature for 30 mins. Neat ethylene 3&@ecooled to
belowi 20 °C, was then added in one portion and mixture stirred at r.t. for 2 hrs. Reaction was
then quenched at 0 “@ith 50% saturated solution NW&I (50 mL) and extracted with EtOAc
(3 x 40 mL). The combined organic extracts were then dried (MygS@itered and
concentrated under reduced pressure Purification by silica gel chromagraphy
(EtOAc/hexanes, 1:5pgave pure alcohol210 as ayellow oil (54%, 4.8 9. Ry = 1.5
(EtOAc/hexanes, 1:4)H NMR (300 Mz CDChk): i ( p2Bin(2H, t,J = 6.4 CH,), 3.69
(3H, s OCH), 3.72 (3H, SOCHp), 3.76 (2H, mCHy), 6.646.74 (3H, m Ha,). *C NMR (100
Mz, CDCk): U ( p3d.29b5.7, 55.9, 62.9, 111.42, 111.72, 111.74, 128.3, 151.9, 1R3.6.
( AT R Jcm™) 1046, 1501, 1590, 1741, 2938, 3386HGtretchbr). LRMS CioH1405 [M +
H]*: 182.02 HRMS calcd. for GoH1403 [M + Na]™: 205.0835 found 205.0833.
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2-(2,5Dimethoxyphenyl)acetaldehyde2 111!

oM SO3Py. oM
© Pr,NEt ©
DMSO
_—
OH =0
OMe OMe
210 211
Schemd 05

To a solution othe alcohol210 (500 mg, 3.30 mmol) in Ci€l, (10 mL) and DMSO (5mL)

was addedPrLNEt (2.86mL, 16.20 mmol) at 0 °C antthe reaction mixture wastirredfor 20
mins. A solution of sulfur trioxide pyridine complex (2.5, 9.98 mmol) in DMSO (2nL)

was then slowly added, maintaining low temperature. Reaction was stirred at this temperature
for 30 mins andatr.t. for a further 30 mins before being dilutedwCH,Cl, (30 mL), washed
with CuSQ (2 x 30mL), NaHCQ (30 mL) and brine (30nL). The organic phase was then
dried (MgSQ), filtered and concentrated to give pure aldehydd as an orange oil @35,

574 mg. R = 0.33 (EtOAc/hexanes, 1:4H NMR (300 Mz CDCk): i ( p34n(RH, d,J =

2.1, CHy), 3.79 (3H, sOCH), 3.80 (3H, sOCHs), 6.746.85 (3H m, Har), 9.96 (1H, tJ =

2.1, CHO). ®C NMR (100 Mz):ti  ( p4p.5 5.8, 55.9, 111.4, 113.1, 117.4, 122.2, 151.9,
153.7, 200.0IR ( A T R Jcm) 23, 1588, 1720 (C=0 stretch) 751, 2835 (GH aldehyde
stretch),2948. HRMS calcd. for GoH1203 [M - H]*: 179.0703 found 179.0698.
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(4S-benzykthio-oxo-oxazolidin-3-yl)-ethanone218*°

s NBulLi 0) S
HN//< _ (A%RO /[LNJ<
O o}
Bn\‘\‘l\/ |\/
224 218
Schemel06.

To a solution, cooled tb78 °C, ofthe oxazolidinthione224 (200 mg, 1.04 mmol) in THF (10
mL) was addedbutyllithium (0.416mL, 1.04 mmol, 2.5 M in hexanes) dropwise and mixture
stirred at this temperature for 20 mins. Acetic anhydriderfd., 1.14 mm¢) was then slowly
added and the mixture was stirred for 30 mins. at r.t. % S@turated solution of NaHG@20
mL) was used to quench the reaction at 0 °C and the THF evaporated. The remaining
suspension was then extracted into,CH (2 x 20 mL), dried (MgSQ,) and concentrated
under reduced pressure to give acylated compoun@18 as a pure white solid (99, 231
mg). Rr = 0.50 (EtOAc/hexanes, 1:4H NMR (300 Mz CDCk): ti  ( p2Bén(LH, ddJ =
9.0,13.3 CH), 2.88 (3H, sCHg), 3.32 (1H, ddJJ =9.013.3 CH,), 4.34 (2H, m CH,), 4.96
(1H, m, CH), 7.237.39 (5H, m Ha). *C NMR (100 Mz, CDCkL): i  ( p2p.2n37.5, 5%,
703, 127.4, 129.4, 1352711, 185.8.IR ( AT R Ycm’) 1170, 1290, 1460 (C=S stretch),
1690 (C=0 stretch)mp: 163166 °C, lit. 163-164 °C [ §*f: +25.0° (c 0.40/100mL,CDCl).

lit.: +26.3 (c 0.40g/100mL,CDCly).
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L-Valine methyl ester hydrochloride 226°%

socl,
/H/COZH MeOH )\‘/COZMe'HCI
— >

NH, NH,
225 226
Schemd07.

L-valine 225 (5.00g, 42 mmol) as a suspension in MeOH i(®l0) wastreated with thionyl
chloride (9.23mL, 127 mmol) dropwise over 5 minutes at 0 °C and stirred at r.t. for 17 hrs.
The reaction mixture was then concentrated and washed witht&give methyl este226 as
a solid yellow hydrochloride salt (38 6.90 g). 'H NMR (300 Mz CDCk): i ( plpLéif6H,
d,J = 6.8 CHy), 2.47(1H, m, CH), 3.84(3H, s, CO,CH), 3.93(1H, d,J = 4.4, CH). **C NMR
(100 Mz, CDCkL): i ( plp.™ 8.3, 29.0, 38.9, 57.2, 170IR.( AT R Jcm™) 1235, 1766
(C=0 stretch) 2899, 3345N-H stretch) mp: 171-173°C, lit. 172173 °C [ W¥: +25.0° €
1.00/100mL, MeOH). lit.: +24.2%(1.00g/100mL, MeOH).
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(S)-1,1-Diphenylvalinol 227%% 93 34

Ph
CO,MeHCI ~ PhMgBr OH
- Ph

NH, NH,
226 227

Schemd. 08.
Bromobenzene (21.6L, 206 mmol) was addedropwise to a three necked round bottom
flask charged with Mg turnings (22@) and E2O (50mL) at a rate to maintain gentle reflux.
After addition was completihe dark brown coloured mixtureras dilutedmorewith Et,O (30
mL) and stirred for 30 mins. before the slow addition of methyl ester hydrochR2&{@&.7 g,
40 mmol)which also resulted in gentle reflux over 30 min. After stirring at r.t. for 17Ttmes.
yellow reactionmixture was poured onto 2 M NaOH (20@L), filtered through a pad of
Celite andthe aqueous phase was extracted into,Clk(4 x 40mL). The combined organic
fractions were then dried (MgSQ)) filtered and concentratedinder reduced pressure
Purification bysilica gelchromatographyEtOAc/hexanes, 4) gave pure compounzl7as a
pale yellow solid (4%, 4.5 g). R; = 0.15 (EtOAc/hexanes, 1:4H NMR (300 Mz CDCL): U
(ppm)0.69 (3H, dJ=69, CH), 0.81 (3H, dJ=6.9, CH), 1.91 (1H, mCH), 5.19 (1H, dJ
= 3.4 CH), 7.197.42 (10H, m Ha,). *C NMR (100 Mz, CDCkL): U ( p16.in23.0, 27.8
602, 79.7 1255, 125.9 1263, 1276, 128.0, 128.4, 144.9, 148/R ( AT R Ycm™) 1601,
3017, 3261 (NH stretch), 3607 (€M stretch).LRMS Ci7H2:NO [M + H]*: 238.13.mp: 99-
101 °C, lit. 9899 °C. [ @¥: 1124.0° (c 1.10/100mL, CHGJ). lit.: 1 130.2° ¢ 1.10g/100mL,
CHCI).
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(49)-isopropyl-(3,3-diphenyl)-thio-oxo-oxazolidinone22¢%
EtsN S
Ph 3
OH CS; v A
e e

NH, \\ Ph
Ph

227 228

Schemd. 09.
To a solution omino alcohoR27(1.00 g, 4.10 mmol) in THF (30L) wasadded EN (1.70
mL, 12.3 mmol) and GS0.74mL, 12.3 mmol) respectively before being refluxed for 14 hrs.
The reaction was then cooled to r.t., quenched with saturate@INBD mL) and extracted
into EtOAc (2 x 20mL). The combined organic fractions weethen dried (MgS¥), filtered
and concentratedinder reduced pressur@urification by silica gel chromatography (4:1
hexanes:EtOAc) gave the oxazolidithe228as a pale yellow solid (85, 1.05¢). R = 0.20
(EtOAchexanes, 14 'H NMR (300 Mz, CDCkL): i ( pOp7én(BH, d,J = 67, CHs), 0.90
(3H, d,J = 6.7, CHs), 1.90 (1H, m CH), 4.48 (H, d, J = 4.4 CH), 7.307.38 (8H, m Ha,),
7.50 (2H, m Ha,). *C NMR (100 Mz, CDCk): U ( p1p.8n20.9, 29.7, 69.6, 95,7.25.8,
126.6, 128.2, 128.7, 138.142.4, 187.9IR ( AT R Ycm™) 1L70, 1177, 1509 (C=S stretch),
2910 (NH stretch) LRMS CygH1oNOS[M + H]*: 298.07.mp: 220-223°C, lit. 223 °C[ G
1310.0° € 0.509/100mL, MeOH). lit.t 295.0° € 0.50g/100mL, MeOH).
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(49)-isopropyl-(3,3-diphenyl)-oxazolidinone 23G%% %%

o)
ph  KOH
OH (ccl,),co HN%
mo— LY
NH, \\V ngh

228 230

Schemd.10.
To a suspension dhe amino alcohol228(1.00 g, 4.10 mmol) in toluene (20L) and 106
agueous KOH (20nL) was added triphosgene (4.19 g, ldrhol) at r.t. and the slurry stirred
for 2 hrs. Thenewly formed white solid was then filtered, washed with toluene and cold water
before being recrystalised from cyclohexane to give desired howgmwme 230 as white
crystals (656, 760 mg. R; = 0.35 (EOAc/hexanes, 1:4}H NMR (300 Mz CDCk):ti  ( p p m)
0.66 (3H, dJ=6.6 CHs), 0.87 (3H, dJ =6.9 CH), 1.85 (1H, mCH), 4.33 (1H, dJ= 3.6
CH), 5.72 (1H, br sNH), 7.247.39 (8H, m Ha,), 7.52 (2H, m Ha,). **C NMR (100 Mz,
CDCl): i ( pl».5p0.8 295, 65.7, 89.3, 125.7, 126.3, 128.1, 128.8, 158.2, 19R.8
( AT R jem?) 1985, 1217, 1759 (C=O stretch),3079, 335 (N-H stretch)LRMS C;gH1oNO;
[M + H]*: 282.07.mp: 252-255°C, lit. 252253°C.[ W*¥: 1255.7 (c 0.509/100mLCDCl).
lit.: 1263.4 (c 0.50g/100mL, CDG).
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(4S-isopropyl-(3,3-diphenyl)-thio-oxo-oxazolidin-3-yl)-ethanone229%° °3
S 9 s
NaH
HN/[< (Ac),0 /ZLNJ<
Cp o 0
\\\“‘ Ph \\\\“\\éph

Ph Ph
228 229

Schemdll
To a solution othe oxazolidinthione228(1.00 g, 3.36 mmol) in THF, at 0 °C was added oil
free NaHand stirred for 20 mins. Atic anhydride (0.34nL, 3.69 mmol) was theadded
dropwise and reactiomixture wasstirred at r.t. for 17 hrs. N)&I (20 mL) was then added
and the mixture extracted into EtOAc (2 x @Q). The combined organic fractions wehen
washed with NaHC® (40 mL), dried (MgSQ), filtered and corentrated.Silica gel
chromatographyEtOAc/hexanes, 1:8Jave acylated compourz?9as a whitepowder(61%,
674 mg. R; = 0.45 (EtOAc/hexanes, 1:8) NMR (300 Mz CDCk): i ( pOy9n(BH, d.J =
6.0, CHg), 0.84 (3H, dJ = 6.0 CHg), 2.03 (1H, m CH), 2.69 (3H, sCHg), 5.59 (1H, dJ =
3.0, CH), 7.297.49 (10h, mHa,). *C NMR (100 Mz, CDCk): i ( plp.0n3l1.5, 25.7, 30.0,
68.0, 933, 125.4, 126.1, 128.4, 137.4, 141.6, 171.854. IR ( AT R Ycm'}) 220, 1334
(C=S stretch), 1374, 1703, 1756 (C=0 stretch), 3QRMS CyoH,:NO,S [M + H]™: 340.00.
mp: 9092 °C, lit. 8990 °C.[ W¥: 1201.1° € 0.50g/100mL, ©Cls). lit. 1192.0° €
0.50g/100mL, CDG).
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(4S-isopropyl-(3,3-diphenyl)-oxazolidin-3-yl)-ethanone231°¢

O NBuLi 9 o

HN//< (Ac),0 /ZLN/(
O P —— O
W\\k‘”‘ RN
Ph \\ Ph

230 231

Schemdl12.
At 178 °C,"BuLi (0.71 mL, 1.79 mmol, 2.5 M in hexanes) was added to a solution of
oxazolidinone230 (505 mg, 1.79nmol) in THF (20mL) and stirred at thisemperature for 20
mins. Freshly dbtilled acetic anhydride (0.18L, 2.00mmol) was then added and the reaction
mixture temperature warmed to 0 °C. After stirring for 2 hr€pZ@ueous NECI (20 mL)
was addedand the mixture wasxtracted into EtOAc (3 x 2énL). The combined organic
fractions were then washed with saturated NakI(3D mL). After drying (MgSQ), filtration
and concentrain under reduced pressure the acetylated oxazolidinone was recrystalised from
cyclohexaneo gve a white solidof 231 (98%, 576 mg. Ry = 0.40 (EtOAc/hexanes, 1:6H
NMR (300 Mz CDCk): i ( pOgon(BH, dJ = 6.8 CHg), 0.77 (3H, dJ = 6.0 CHy), 1.91
(1H, m, CH), 2.36 (3H, sCHs), 5.29 (1H, dJ = 3.4 CH), 7.147.31 (8H, m Ha,), 7.41(2H,
m, Har). °C NMR (100 Mz, CDCk): i ( plp.4nP1.7, 23.4, 29.9, 64.89.3, 125.6125.9
1284, 128.9, 132, 1423, 153.2, 170 IR ( AT R Jcm) 150, 1706 (C=0 stretch), 1787
(C=0 stretch), 2994.RMS CyoH2:NO3 [M + H]™: 324.07.mp: 121-123 °C, lit. 121-122 °C.
[ %:7261.5° €1.33g/100mL, CDG). lit. T 252.5° ¢ 1.33g/100mL, CDG).
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2,5-Dimethoxybenzaldehydel 34!

OMe "BuLi OMe
DMF
—_—
/O
OMe OMe
209 134
Schemdl13.

To a solution, cooled to 0 °C, of igdmethoxybenzen209 (4.00 g, 28.98 mmol) in THF (60
mL) was addedBuLi (15.0mL, 37.7mmol, 2.5 M in hexanes) dropwise aftié solutionwas
stirred for 20 mins. Freshly distiled DMF (2.96L, 37.7 mmol) was then added in one
portion and mixturevasstirred for 1 hr at 0 °C. 80 aqueous NECI (50mL) was then added
and mixture extracted into EtOAc (3 x 30L), washed with saturated NaH@@B0 mL)
before being dried (MgS{ After filtration, solvent was evaporateshder reduced pressure
and the crudenixturewas purified by silica gel chromatograp{stOAc/hexanes, 1)40 give
2,5-dimethoxybenzaldehydé34 as a yellow crystalline solid (8, 3.94 g). Rf = 0.30
(EtOAc/hexanes, 1:6)H NMR (300 Mz CDCkL): ti  ( p3Btn(B8H, s OCH), 3.89 (3H, s
OCH), 6.93 (1H, dJ = 9.1, Har), 7.14 (1H, ddJ = 9.1, Ha), 7.33 (1H, dJ = 3.3 Ha,), 10.44
(1H, s CHO). *C NMR (100 Mz, CDCk): ti  ( p5p5.8)56.1, 11@, 1134, 123.5, 124,
1536, 156.7, 189.6IR ( A T R jcm?) 1@24, 1300, 1592, 1599, 1710 (C=0 stret28p1 (G

H stretch aldehydeB076.LRMS CgH1¢O3 [M + H]*: 167.14.mp: 46-48°C, lit. 46-48 °C.
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(E)-M ethyl-4-(2,5-dimethoxyphenyl)but-3-enoate 137"%

OMe tBuOK OMe
SO,(OMe),
B ———
_0O OBr = CO,Me
@
OMe PhsP” > COH " Sme
134 233 137
Schemdl4.

To a stirredsolution of 3triphenylphosphonium bromide propanoic a@a3 (3.74 g, 9.0
mmol) in THF (40mL) at 0 °C was added 2dimethoxybenzaldehyd&34 (730 mg, 4.5
mmol) followed by the dropwise addition of a solution'BEIOK (2.Qy, 18.0mmol) in THF

(40 mL) over 1 hr This mixture was stirred for 30 mins at 0 °C and a further 2 hrs at r.t.
before the addition fodimethylsulfate (1.14ml, 12.6hmol). After stirring for 1 hr KO (40

mL) was added and the reaction mixture extracted into EtOAc (2 mL30 After washing

with saturated NaHC£(30 mL) and saturated NaCl (36L) the solution was dried (MgS})
filtered and solvent removed. Purification by silica gel chromatogrdpb@Ac:pentane, 1:5)

g a v e -undaturated ested37 as a colourless 0il(37%, 387 mmo). Rr = 0. 25
(EtOAc/hexanes, 1:6}H NMR (300 Mz CDCL): i ( p3@mP2H, dJ =6.1, Ch), 3.72

(3H, s OCH), 3.78 (3H, sOCH), 3.80 (3H, sCO,CHg), 6.29 (1H, dtJ = 7.2 16.0,CH),

6.78 (1H, ddJ) = 7.2 16.0, CHL 6.87-7.00 (3H, m, H,). **C NMR (100 Mz, CDCkL):ti ( p p m)
39.0,52.1,55.9,56.3, 119 112.0, 113.9, 122.7, 126 882, 150.7, 154.1, 172.R (ATR):

g (cm’) 1040, 1179, 1212, 1433, 1752=0 stretch) 2845(C-H stretch alkene)2995(C-H
stretch alkeng)3000.LRMS Cy3H1604 [M + H]*: 238.86.
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2,5-Dimethoxy-4-bromobenzaldehyde242%% ¥

OMe NByLi OMe
o pvF  Br
—_—
_0O
Br
OMe OMe
241 242

Schemd.1b.

To a stirred solution of 1;dibromo2,5-dimethoxybenzen@41 (2 g, 6.7 mmol) in THF (20
mL) at 0 °C under an atmosphere of argon was adtiegwise"BuLi (2.8 mL 7.1 mmol, 2.5
M in hexanes) anthe mixture wasstirred for 5 mins. DMF (0.6mL, 88 mmol) was then
added and mixture allowed to warmna over 10 mins and then refluxed for 10 minsOH
(20 mL) was then added and mixture extracted IBt®Ac (2 x 20mL). The combined
organic fractions were then washed with NaHQ®@O mL), dried (MgSQ), filtered and
concentrated under reduced pressure. Purification by flash chromatogeafifc/hexanes,
1:6) gave the desiredubstitutedoenzaldehyd®42 as a yellow solid90%, 1.46g). R; = 0.35
(EtOAc/hexanes, 1:6YH NMR (300 Mz CDCk): i ( p3B&(8H, sOCH;), 3.84 (3H, s
OCH,), 7.19 (1H, SHa), 7.27 (1H, sHa,), 10.33 (1H, sCHO). *C NMR (100 Mz, CDCk):
U ( p5p.4n56.7, 108, 1177, 120.3, 124.1, 150.4, 156.2, 188IR ( A T R Jcm™) 1B93,
1448, 1485, 1600, 1677 (C=0), 2890;KCstretch aldehyde), 3076p: 129130 °C, lit. 132
134 °C.
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5,8-Dimethoxy-1,4-dihydro-1,4-epoxynaphthalene235*"

OMe OMe
LDA
Furan O@
e e
Br
OMe OMe
20 235

Schemd16.

At 7120 °C under an atmosphere of argon was ad8ed.i (0.92 mL, 2.3 mmol, 2.5 M in
hexanes) to a stirred solution of diisopropylamine (082 2.3 mmol) in THF (10nL) and
briefly warmed tor.t. The resultingsolution of LDA was then cooled 78 °C and furan
slowly added over 30 minutes. A solution of -Bisnethoxybromobenzeng0 (0.34 mL, 2.3
mmol) in THF (10mL) was then added over 15 minutes and the reaatigture was stirred
for a further 30 minait1 78 °C. At this temperaturel,O (20mL) was added anthe solution
allowed to warm to r.t. before being extracted into EtOAc (3 m2Q Thecombined extracts
werethen washed with saturated NaHEG0 mL) and brine (30nL), dried (MgSQ), filtered
and conentratedunder reduced pressur8ilica gel chromatogrdyy (EtOAc/hexanes, 1:4)
gave cycloaddition addu@35(99%, 455 mg. R = 0.20 (EtOAc/hexanes, 1:6H NMR (300
Mz, CDCk): 4 ( p3pren(6H, s OCHs), 5.92 (2H, tJ = 1.0, CH), 6.54 (2H, sHa), 7.06
(2H, t,J = 1.0 CH). °C NMR (100 Mz, CDCkL): i  ( p56.4)804, 111.6, 137.4, 1310,
147.9.IR ( AT R Yem™) $177, 1254, 1495, 1614, 2835, 294RMS C;,H1,05 [M + H]™:
205.06.mp:85-87 °C, lit. 8687 °C.
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1,4-Dihydroxy -5,8»dimethoxynaphthlene23dlojl

OMe OH
OTMS
Me Me OH
90 312 236

Schemdl7.
To a solition of diisopropylamine (0.4&L, 3 mmol) in THF (3mL) was addedBulLi (1.2
mL, 3 mmol, 2.5 M in hexanes) dropwise at 0 °C #mal reaction mixture wastirred for 10
mins. TheresultingLDA solution was then cooled 1078 °C and Ziloxyfuran213(0.67mL,
4 mmol) was then added in one portion followed by the slow addition-lwbr2o1,4-
dimethoxybenzen®0 (3.02 mL, 2 mmol)in THF (10 mL) over 20 minutes. After addition
was complete the reaction mixture was stirred for 30 minatt€§8 °C and quenched with
water (10mL) at this temperature. The biphasic solution was allowed to warm to r.t. and 1 M
HCI (20 mL) was addegbroducinga yellow ®lution. The mixture was extracted into EtOAc
(4 x 10 mL), washed with NaHC® (20 mL), dried (MgSQ) and filtered before being
concentrated under reduced pressure. Silica gel chromatogfabsc/hexanes, 1:2gave
the aromatised adduct as an orange 286(77%, 333 mg. The compound readily oxidised
in air/silica gel to naphthoquinor81 R; = 040 (EtOAc/hexanes, 1:4YH NMR (300 Mz,
CDCl): 0 ( p3@(eH, s OCH), 6.61 (2H, sHa), 6.82 (2H, sHa), 9.08 (2H, sOH).
13C NMR (100 Mz, CDG) i ( p5p.4056.9, 112.6, 114.6, 146.9, 15HRMS calcd. for
C1oH1204[M + H]™: 221.0812 found 221.0810.

120



0,0-dimethoxynaphthazarin 181> 1%3

OMe OH OMe O

Schemd18.
Acetonitrile (4 mL) and HO (1 mL) wereadded to 1,4lihydroxy-5,8-dimethoxynaphthalene
236 (90 mg, 0.41 mmol) followed by the addition of ceric ammonium nitrate (914 mg, 1.66
mmol) at 0 °C and the reactionmixture wasstirred for 10 minutes. The solution was then
diluted with HO (10 mL), extracted into EtOAc (4 x BnL) and the combined organic
fractions washed with #0 (3 x 10mL). The bright orange solution was then dried (Mg5O
filtered and concentrated under reduced pressure to give naphthazarin anafigue
quanttative yield as red crystals (89 m@. = 0.22 (EtOAc/hexanes, 1:4H NMR (300 Mz,
CDCL): i ( p3@6n(RH, sOCH;), 6.78 (2H, SHa,), 7.33 (2H, sHa,). “*C NMR (100 Mz
CDChL): U ( p56.8)120.3, 138, 153.7, 184.9IR ( AT R)(cm™) §64 1652 (C=0
stretch) 2848, 2933HRMS calcd. forCigH1004 [M + Na]™: 219.0555found 219.3%53. mp:
157-160 °C, lit. 157159 °C.

121



2,5-Dibromo-1,4-dimethoxybenzene241%4 ¥

OMe B OMe
2
ACOH ©'
—_—
Br

OMe OMe
209 241

Schemd.19.
1,4-Dimethoxybenzen09 (5 g, 69 mmol) was dissolved in chlorofor{®0 mL) at 0 °Cand
bromine (8.9mL, 172.5 mmol)was slowly added to the solutiaver 1 hr. The reaction
mixture was stirred at this temperature for 3 hrs and quenched with saturagted,Nalution
(50 mL). After extraction with CHCl, (3 x 30 mL), drying (MgSQ), filtration and
concentrabn under reduced pressure the brominated comp@didvas recrystallised from
EtOH to give yellow plate§47%, 95 g). R = 0.45 (EtOAc/hexanes, 1:6H NMR (300 Mz,
CDClL): U ( p3B®(BH, sOCH;), 7.11 (2H, sHa). *C NMR (300 Mz CDCkL):ti  ( p p m)
57.0,110.4,117.1, 150k ( ATR Icm’l) P37 1599, 3047mp: 139141 °C, lit. 144145
°C.
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2,5-Dimethoxy-4-bromobenzaldehyde242%4 ¥

OMe B OMe
ra
ACOH °F
—_—
OMe OMe
134 242
Schemd20.

To a stirred solution of 2;8imethoxybenzaldehyd&34 (5 g, 30 mmol) in AcOH (5GmL)

was added bromine (418L, 90 mmol) dropwise attt and solution stirred for 48 hr3he
reaction mixture was then concentrated under reduced pressutteedndminated compound

242 was crystallised at20 °C form EtOAcas bright yellow plate§53%, 3.83 ¢. Rf = 0.35
(EtOAc/hexanes, 1:6YH NMR (300 Mz, CDCkL): i ( p3B&(BH, s OCH), 3.84 (3H, s
OCHs), 7.19 (1H, sHa), 7.27 (1H, sHa,), 10.33 (1H, sCHO). **C NMR (300 Mz CDCh):

U ( pSp.4n56.7, 109.6, 117.6, 120.3, 124.1, 140.4, 15M88.1 R ( ATR}) 1393 ( ¢
1448, 1485, 1600, 1677 (C=0), 2890,-KCstretch aldehyde)3076. HRMS calcd. for
CoHoOsBr [M + H]": 244.9808, 246.9787 found 244.9804, 246.978p: 129-130 °C, lit.
132134 °C.
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(4R,595)-5-(4-bromo-2,5-dimethoxyphenyl)-4-hydroxydihydrofuran -2(3H)-one 244

OMe 'BuOK
Br SO,(OMe),
B —
0 Opr
®
OMe Ph3p/\/COZH
242 233

Br.

OMe

OMe

=

243

COzMe

Schemd?21.

"] MeSO,NH,
(DHQ),PHAL

K,COj

_—

K3F9(CN)6
K20$O4.2H20

Br.

OMe
OH
OMe O
(@]
244

To a solution of 4bromo2,5-dimethoxybenzaldehyd@42 (612 mg, 2.50 mmol) and-3

triphenylphosphonium bromide propanoic a2&B (1.55 g, 3.75 mmol) in THF (26L) was
added a solution dBuOK (0.841 g, 7.49 mmol) in THF (28L) at 0 °C over a periodf 1 hr.

And the reaction mixture was thestirred at this temperature for an additional 2 hrs, 3@

(0.356mL, 3.75 mmol) was then added and reaction brought to r.t. After stirring for 2 hrs the
reaction was quenched with HCI (1 M, AfL) and extracted into Et& (3 x 20mL) before
being washed with NaHG30 mL). The solution was dried (MgS¥ filtered, concentrated

and243was used as a crude mixture 0.25 (EtOAc/hexanes, 1:6).

Methane sdbnamide (49 mg, 0.51 mmol) and Abix-U
(3 mL) and HO (3 mL) and cooled to 0 °CThe crude Wittig adduct243 (161 mg, 0.15
mmol) was then addeid solution'BuOH/H,O (2 mL/2 mL) and the reaction mixture stirred

(510

mg )

w&8BuaH di s

for 14 hours. The temperature was then increésed. and mixture stirred for an additional
10 hrs. A saturated solution of p&0O, (5 mL) was then added and the solution stirred for 1 hr

at ambient temperature before being extracted into EtOAc (6 ml)Q dried (MgSQ),

filtered and concentrated under reduced pressure. Flash chromatogeapif\c/hexane, 1:1

to 1:2)on silica gave the desired lactone prod244 asa yellow solid(90%, 140 mg) R =
0.25 (EtOAc/hexane, 1:13H NMR (300 Mz CDCL): Ui
2.87 (1H, ddJ = 5.3 17.5, CH), 3.83 (3H, sOCH), 3.88 (3H, sOCHg), 4.80 (1H, m CH),
5.68 (1H, d,J = 3.2 CH), 7.08 (1H, sHa,), 7.13 (1H, sHa,). *C NMR (100 Mz, CDCh): U
(ppm) 38.2, 56.2, 57.0, 68.7, 81.611.4, 111.7115.9, 121.6149.6, 1506, 1753. IR (ATR):
g (cm™) 1031, 1279, 1390, 1464, 1497, 1778 (C=0O stretch), 2940, 3454 $etch br).
HRMS calcd. for GoH130sBr [M + H]™: 317.0019, 318.999fbund 317.0024,319.0003 mp:

656 7

A 6% +49.09 § 1.00g/100mL, EICls).

( p2pron(LH, dJ = 175, CHy),
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M ethyl 2-((4R,5S)-5-(4-bromo-2,5-dimethoxyphenyl)-2-methyl-1,3-dioxolan-4-yl)acetate
252

OMe MeCH(OMe), OMe
Br oH MeOH Br CO,Me
B Amberlyst
— >
O
OMe O OMe O\é
@]
243 252
Schemd22.

To a solution of lacton243 (100 mg, 0.32 mmol) in MeOH (0.19L, 5.12 mmol) and 1;1
dimethoxyethane (0.3fL, 3.2 mmol)was added Amberlyst resin at r.t. The mixture was
stirred for 3 days. The Amberlyst resin was then filtered and all volatile materials evaporated
to give deired acetal methyl estdPurification by silica gel chromatograpfgtOAc/hexanes,
1:9) gave & inseperablamixture of isomer®f 252 at theacetalposition (33%, 40 mg)R; =

0.20 (EtOAc/hexanes, 1:6JH NMR (400 Mz, CDC}): U  ( piplth}3H, d,J = 3, CH
(minor)), 1.45 (3H, dJ = 3, CH; (major)), 2.632.69 (1H, m, CH), 2.81:2.85 (1H, m, CH),

3.62 (3H, s, OCBh), 3.70 (3H, s, OCH}, 3.80 (3H, s, CeMe (minor)), 3.81 (3H, s, CMe
(major)), 4.144.21 (1H, m, CH), 4.89 (1H, dl = 3, CH, (minor)), 4.94 (1H, d)J = 3, CH
(major)), 5.26 (1H, gJ = 3, 6, CH (major)), 5.33(1H, ¢,= 3, 6, CH (minor)), 6.98 (2H, m,
Ha)). *°C NMR (100 Mz, CDGJ)): i ( p20.thJmajor), 20.5 (minor), 37.8 (major), 37.9
(minor), 51.8, 56.0 (minor), 56.1 (major), 56.9 (major), 57.0 (minoBf)5, 79.5 (major), 80.3
(minor), 101.0 (major), 102.2 (minor},10.5, 110.6, 110.8, 115.8, 116.0, 127.4, 127.5, 150.4,
150.6, 158, 171.1 (major), 171.2 (minpiR ( A T R jcm?) 1¢11 (GO stretch), 1492, 1739
(C=0 stretch), 2999HRMS calcd. for GsH190Br [M + NH,]": 392.0703, 394.0683 found
392.0706, 394.0685np: 161-165 °C.
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3-triphenyl phosphonium bromide propanoic acid233

9
PPh Br
3 CO,H
B O ——— PhgP g 2
232 233
Schemd?23.

Under an atmosphere of argdanphenylphosphine (8 g, 30.5 mmailjas addedo a solution

of 3-bromopropanoic aci@32 (5.60 g, 36.6 mmol) in toluene (90L) andthe mixture was
refluxed for 24 hrs. The cloudy solution was then allowed to coolttaesulting in the
formation of a white solid. The toluene was removed under reduced pressure and the residu
was dissolvedn CH,CI, (50 mL) before being filtered. The filtrate was concentrated to give
phosphonium sa33in quatative yieldas a white soliq15.2 g) *H NMR (400 Mz, CDCL):

U ( p3plif2H, m CHy), 3.77 (2H, m CHy), 7.75 (15H m, Ha). *C NMR (100 Mz,
CDChL): i ( plB.tjd), 28.2, 117.1 (d), 130.6, 133.6, 135.4, 17IR2( AT R )(cm™) ¢
1212, 1455, 1765 (C=0 stretch), 3345 KOstretch). HRMS calcd. for GiH20O-BrP [M -

H]": 413.0312, 415.0291 fountl3.0310, 415.0289np: <300 °C.

126



benzyl but-3-enoate275"

CBzCl

_~_COH _~_-CO:Bn
274 275
Schemd24.
To a solution of vinyl acetic acid74 (500 mg, 5.81 mmol) in Ci€Il, (30 mL) was added
pyridine (0.934mL, 11.60 mmol) followed by a solution of benzyl chloroformate (0.8912
6.40 mmol)in CH,CI, (10 mL) and reaction mixture stirred at.ifor 17 hrs. Saturated NgI
(50 mL) was then added and organic phasesseparated. The solution was then washed with
CuSQ (2 x 40 mL), NaHCQ (2 x 40 mL), brine (2 x 40mL) before drying (MgSQ),
filtration and concentratn under reduced pressure. Silica gel chromatography
(EtOAc/hexanes, 1:9gave lenzyl ester275 as a clear oil (9%, 1.2 g). Rf = 0.4
(EtOAc/hexanes, 1:9YH NMR (300 Mz, CDCk): i ( p3plén(RH, dtJ = 1.4, 7.2, Ch),
5.15 (2H,s, PhCH), 5.20 (2H, m CH,), 5.95 (1H, dtJ =7.2,17.4,CH), 7.35 (5H, m Ha,).
3C NMR (100 Mz, CDCk): ti  ( p39.Mn)665, 118.7, 128.2, 128.3128.6, 13®, 135.9,
171.3IR( AT R jcm™) 14.60,1685 C=C stretch;730(C=0 stretch)3158.
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Benzyk(2-oxiran-2-yl)acetate276%

mCPBA
NaHCO3 0
_A~-C02Bn [>~_-CO,Bn
275 276
Schemd?25.

Benzyl este275(1.84 g, 10.4nmol) was dissolved in Ci€l, (100mL) and NaHCQ (3.51

g, 41.8mmol) added at 0 °C followed bynCPBA (6.54 g, 41.8 mmol) anthe reaction
mixture wasstirred atr.t. for 24 hrs. Organic phase was then washed wih 8 x 50mL),

dried (MgSQ) and filtered before being concentrated under reduced pressure. Silica gel
chromatographyEtOAc/hexanes, 1:3)ave epoxid@76as a colourless o{B5%, 725 mq. Ry

= 0.20 (EtOAc/hexanes, 1:6H NMR (300 Mz CDCk): U ( p2fB6én(LH, mCH), 2.61 (2H,

m, CHy), 2.80 @H, m, CH,), 5.20 (2H, sPhCH), 7.35 (5H, m Ha,). **C NMR (100 Mz
CDCl): Ui ( p3p.4n%71, 48.4, 67.7, 128.9, 128.1291, 136.1, 170.6IR ( AT R)cm™) g
1208, 1765(C=0 stretch) 3039. HRMS calcd. for Cy;H1,03 [M + H]™: 193.0859 found
193.0857.
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(9)-2-((2-pivaloyloxy)ethyl)oxirane 326

B NaH
r PivCl 0,
> ‘.
HO\/'\/\OH I/\/\OPiV
(S)-196 326
Scheme 26.

Under an atmosphere of argon, at@ was slowly added NaH (3.20g, 80 mmol,%60n
mineral oil) to a solution obromadiol (S)-196 (4.50g, 26.6 mmol) in THF (1061L). The
cloudy solution was then allowed to stir at this temperature fors. Pivaloyl chloride (4.9
mL, 40 mmol) was then addetfopwise over 15 mins maintaining°C. After stirring for a
further 5 hrs the reaction mixture was then quenched*@with H,O (50mL) and extracted
into EtOAc (2 x 50mL). The combined organic fractions were washed with saturated
NaHCQ; (2 x 30 mL), dried (MgSQ), filtered and evaporated to drynessder reduced
pressure Purification by silica gel chromatograph¥tOAc/hexanes, 1:10)gave desired
epoxide326 as a colourless oil (834, 3.811 g).R; = 0.28 (EtOAc/hexanes, 1:6¥H NMR
(500 Mz CDCk): . ( pl@R4#n(PH, sCHs), 1.86 (2H, m CH), 2.55 (1H, ddJ = 5.0, 2.7
CH,), 2.82 (1H, mCH), 3.05 (1H, dddJ = 11.4, 5.3, 3.7CH,), 4.25 (2H, tJ = 6.3 CHy). °C
NMR (500 Mz CDCk): U ( p27.tnB2.0, 38.7 469, 49.6 609, 66.9 68.9 1784. IR
( AT R jcm™) 1458, 1285, 1366, 1398, 1461, 1481, 1731 (C=0 stretch), PFNIS calcd.
for CoH1603 [M + H]*: 173.1168 found 73.1168[U }*°= + 4.4 (¢ 1.00g/100mLCHCL).
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(S)-2-((2-p-methoxybenzyloxy)ethyl)oxirane301*3

NaH
HO\/\/\OH PMBBr MOPMB
Br

(S)-196 301

Schemd?27.
To a suspension of NaH (&) 370 mg, & mmol) in THF (30mL) was added a solution of
diol (5)-196 (454 mg, 29 mmol)at 0 °C and stirred for 5 hrs at =methoxybenzyl bromide
(500 mg, 2.9mmol) in DMF (10mL) was then added at r.t. and the reaction stirred for a
further 3 hrs. The mixture was then quenched with saturatefLCIN\HO mL), extracted into
EtOAc (2 x 30mL) and washed with saturated NaHEO@ x 20mL). The solution was dried
(MgSQy), filtered amd concentrated under reduced pressure. Flash chromatography
(EtOAc/hexanes, B) gave desired epoxide as clear 801 (77%, 469 mg. R = 0.25
(EtOAc/hexanes, 4). 'H NMR (400 Mz CDCh): ti  ( plp7sn(L H, mCH,), 1.85 (1 H, m
CHyp), 2.52 (1 H, mCH), 2.76 (1 H, m CH,), 3.06 (1 H, mCH,), 3.59 (2 H, nCH,), 3.81 (3
H, s OCH), 4.45 (2 H, SArCH,), 6.87 (2 H, dJ = 9.0 Ha,), 7.26 (2 H, d,J = 9.0, Ha). 2°C
NMR (400 Mz. CDCE): 0 ( p3R.8a%7.0, 55.2, 66.7, 72.7, 113.8, 129.3, 130.4, 15R.3.
( AT R)(cm™) 4178 1201, 1366, 1308, 1454, 1467, 2999¢* = + 10.5. (c = 1.5
g/100mL, CHCIy) lit. +12.1°(c = 1.06 g/100mL, CHCly).

130



(S)-4-para-methoxybenzyt1-(2,5-dimethoxyphenyl)butan-2-ol 298

v =
O/ -
Br P OPMB
L>">opmB
OMe OMe
90 301 298
Schemd 28.

To asolution of 2bromo1,4-dimethoxybenzen®0 (473 mg, 2.18 mmol) in &ED (20 mL)
was addedBulLi (0.300mL, 2.40 mmol, 1.6 M in hexanes) dropwise ahd mixture was
stirred for 20 minutes at78 °C resulting in a pale yellow solution of thransmetallated
compound. Freshly distilled BEt,O (0.300mL, 240 mmol) was then added slowligMB
protected epoxyalcoh@01(500 mg, 2.40 mmol) was then added as a dilute solution,® Et
(10 mL) over 40 minutes at55 °C and reaction mixture stirret this temperature for 2 hrs.
Mixture was then quenched at 0 °C witt¥b@queous NECI (40 mL), extracted into EtOAc
(3 x 20mL) and the combined organic fractions were washed with NaHB®mL). After
drying (MgSQ), filtration and concentrating undeeduced pressur®urificationby silica gel
chromatographyEtOAc/hexanes, 1:4 to 1:2) give a clear oibf 298 (87%, 656 mg. Rs =
0.25 (EtOAc/hexanes, 1:2)'H NMR. (400 Mz CDCk): & ( plp7én{2H, m CHy), 2.77
(2H, m, CH,), 3.593.68 (2H, br mCH,), 3.75 (3H, sOCHs), 3.77 (3H, sOCH), 3.79 (3H,
s, OCHy), 4.04 (1H, m CH), 4.44 (2H, sArCH,), 6.73 (3H, m Ha,), 6.78 (2H, dJ = 9.0
Har), 7.23 (2H, dJ = 9.0 Ha,). C NMR (400 Mz CDCkL): i ( p3p.0n 885, 552, 55.5,
55.8, 68.570.8,72.8, 1114, 111.7, 113.81176, 1283, 1294, 130.3, 151.9, 153.5, 159IR

( AT Rjcm™) 1919, 12011457,3117 3609 (OH stretch) HRMS calcd. forCagH»60s [M +
H]*: 347.1850found347.1851[ W ¥ + 39.7°(c 1.00 g/100mL, CHG).
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(S)-2-((2-benzyloxy)ethyl)oxirane 30314 124

NaH
HO\/\:/\OH BnBr MOBn
Br
(S)-196 303
Schemd29.

Oil free NaH B8.929, 98 mmol) was added slowly to a solution of d{&)-196 (5.529, 32.7
mmol) in THF @0 mL) and stirred for 2 hrs at 0 °C. BnBt1(.8 mL, 98 mmol) in THF (10
mL) was then added at this temperature and reaction warmed to r.t. After stirring for 5 hrs,
saturated NECI (100mL) was added antihe reaction mixture was extracted into EtOALX
40 mL). The combined organic fractions were washed with Naf{GOmL), dried (MgSQ),
filtered and concentratednder reduced pressui@ilica gelchromatographyEtOAc/hexanes,
1:19) gave pure epoxidB803as ayellow oil (73%, 4.249). R = 0.30 (EtOAc/hexanes, 1:19).
'H NMR (400 Mz CDCk): ti  ( p1p8in{l H, m CHy), 1.91 (1 H, m CH,), 2.51 (1 H,
mCHy), 2.78 (1 H, n©H,), 3.08 (1 H, mCH), 3.63 (2 H, mCH,), 4.53 (2 H, sPhCH), 7.34
(5 H, m Ha). *C NMR (400 Mz CDCk): U ( p3@.9n%7.0, 50.1, 6@, 76.7, 127.6, 128.4,
138.2 IR ( AT R )Ycm™) 229, 1470, 1607, 2984, 304#HRMS calcd. forCiHiz0; [M +
NH,]*: 226.1438 found 226.143p Y} = +15.8 (c = 1.06 g/100mL, CHCly), lit. +14.6° (c =
1.06 g/100mL, CHCIy).
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(9)-4-benzyloxy-1-(2,5-dimethoxyphenyl)butan-2-ol 304

OMe nBuLi OMe
BF3Et,0 OH
—> ?
O,
Br [~~~ OBn
OMe OBn  HMe
90 303 304
Schemd30.

To a solution of 2roma1,4-dimethoxybenzen80 (546 mg, 2.55 mmol), at78 °C in EtO
(30 mL) was addedBuLi (1.75mL, 2.81 mmol, 1.6 M in hexanes) and stirred for 20 mins.
BF;ELO (0.34mL, 2.81 mmol) was then added and a solution of epd@dn ELO (5mL)
was added dropwise over 20 minutes. Mixture was then stirre&mtC for 2 hrs before
quenching with a 3% aqueous solution of Nj&I (50 mL) at O °C, extracting into ED (2 x
20 mL) and washing the combined organic fractions with NagIC8D mL). After drying
(MgSQy), filtration and concentrating under redugaessure, theompound was purified by
silica gel chromatographfetOAc/hexanes, 1:4 to 1:2) to giessentially puralcohol304 as
a pale yellow oil (886, 705 mg. R; = 0.30 (EtOAc/hexanes, 1:2H NMR (400 Mz, CDCh):

a ( plprén(2H, m CHy), 2.79 (2H, m CH), 3.70 (2H, br mCH,), 3.75 (3H, sOCH),
3.77 (3H, sOCH), 4.11 (1H, m CH), 4.51 (2H, sPhCH), 6.76(3H, m Ha), 7.30 (5H, m
Har). °C NMR (100 Mz, CDCk): i ( p2@5n35.1, 31.7, 38, 37.3, 55.5, 56, 602, 714,
101.8, 104, 111.5, 127, 1285, 138.0.IR ( AT R Ycm™) $116, 14992899, 3077, 3643
(O-H stretch) HRMS calcd. for GeH2404 [M + H]*: 317.1747 found 317.1749] W4 =
+455° (c = 1.00 g/200mL, CHCly).
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(1S,3R)-3-(2-(benzyloxy)ethyl}5,8-dimethoxy-1-methylisochromane 305

. MeCH(OMe), Me =
OH BF5Et,0
< —_—
OBn OBn
OMe OMe
304 305
Schemd3l.

BF;Et,O (0.14mL, 1.12 mmol)was addedteD °C, to a solution of alcoh@04 (306 mg, 1.12
mmol) in CHCI, (10 mL) followed by dimethyl acetaldehyde (@.InL, 1.12 mmol) and
stirred at r.t. for 17 hrs. The reaction was then quenched with saturated N&0GL) and
extracted into CBCl, (2 x 20mL) before being dried (MgSQ filtered and concentrated
under reduced pressure to give isochron@®feas a mixture of diastereoisomers ¥88333
mg, 1:2.7 cisitrans). Purification by silica gel chromatograplitOAc/hexanes, 1:9avethe
desiredtrans isomer as a yellow solid (61%, 205 & = 0.60 (EtOAc/hexanes, 1:4)H
NMR (400 Mz CDChL): ti  ( plpt@n3H, dJ =3, CHy), 1.84 (2H, m, Ch), 2.62 (1H, dd,)
=3, 6, CH), 2.67 (1H, ddJ = 3, 6, CH), 3.61 (2H, m, Ch), 3.69 (H, s, OCh), 3.70(3H, s,
OCH), 4.66 (2H, s, ArCH), 5.00 (1H, qd,J = 6, 4, CH), 654 (2H, m, Ha), 7.25 (5H, m
Har). *C NMR (100 Mz, CDGJ)): i ( plp.Bp 8.9, 36.4, 55.5, 55.6, 63.3, 66.9, 68.3, 73.1,
107.2, 107.5, 123.5, 127.5, 127.7, 128.4, 129.4, 138.6, 149.5, IB1.0A T R jcm™) 175,
1094, 1256, 1437, 1453, 1482, 29B8HRMS calcd. for GiH2c04 [M + H]*: 343.1904found
343.1904mp: 145147 °C.[ WF=+77.7 (c = 1.00 g/100mL, CHCL).
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(+)-(1S, 3R)-5,8-dimethoxy-1,3-dimethylchroman 26 7% 1®!

OMe "BuLi OMe MeCH(OMe)2 OMe E
BF3ELO OH BF3ELO
e BFsELO
Br ?}\
OMe OMe OMe
90 360 266 267

Schemd32.
2-bromo1,4-dimethoxybenzen®80 (500 mg, 2.30 mmoljvas added to a flame dried round
bottom flaskfollowed by THF(20 mL). "BuLi (1.51mL, 2.42 mmol, 1.6 M in hexanesgjas
then addechat1 78 °C and warmed t0o40 °C before the addition of propylene oxide (0.169
mL, 2.42 mmol) and BFfELO (0.299mL, 2.42mmol). Mixture was then stirred for 3 hrs. The
reaction was quenched at 0 °C witlPd@queous NECI, (30 mL) extracted into EtOAc (2 x
20 mL) and washed with NaHG{2 x 30ml). Solution was dried (MgSQPand concentrated
under reduced pressuréompound (3266 was taken forward without further purification.
Under an atmosphere of argon, at 0 °C, was added MeCHEQ®IEL mL, 18.41 mmol)
followed by BRE$LO (2.27mL, 18.41 mmol) to a solution of alcoh@b6 (1.777 g, 9.21
mmol) in CHCI, (50 mL). Themixture was then warmed to r.t. and stirred for 4 hrs. Saturated
NaHCQ; (40 mL) was then added and the mixture was extracted intsgCGH2 x 40 mL),
dried (MgSQ) and concentratednder reduced pressuiegive isochroman267as a mixture
of diastereoismers (98 %, 2.00 g, 2.7tlans:cisdetermined byH NMR NOESY). Silica gel
chromatography(EtOAc/hexanes, 1:19afforded thetrans isochromane as a yellow solid
(65% over 2 steps, 26 g). R; = 0.25 (EtOAc/hexanes, 1:9%H NMR (400 Mz CDCH): U
(ppm)1.66 (3H, dJ=6.0 CHs), 1.50 (3H, dJ = 6.0 CHs), 2.30 (1H, ddJ) = 15.0, 9.0CH,),
2.76 (1H, ddJ = 15.0, 3.0CH,), 3.77 (3H, sOCHg), 3.78 (3H, sOCHg), 4.05 (1H, m CH),
5.09 (1H, m CH), 6.67 @H, m, Ha,). **C NMR (100 Mz, CDCkL): i ( p1f.4n 1.9, 30.2,
55.3, 622, 68.2, 107.2, 108, 1147, 1235, 1292, 149.5, 150.9IR ( AT R )cm™) 4060,
1127, 1456, 1481 1459 2965. HRMS calcd. for CisH1g03 [M + H]™: 222.1328 found
222.1328 mp: 65 66 °C.[ Y¥F = +40.8(c = 1.00 g/100mL, CHCl) lit. +32.8 (c = 1.00
g/100mL, CHCI).
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(1S, 3R)-5,8-dimethoxy-1,3-dimethylchroman quinone 268"

268

Schemd33.
To a solution of isochroman268 (752 mg, 3.39 mmol) in MeCN#® (20 mL:5 mL) was
added ceric ammonium nitrate (5.57 g, 10.1 mmol) in one portion and solution stirted at
for 17 hrs. Reaction mixture was then extracted into EtOAc (5 mRPand the combined
organic fractions were washed with NaH{@ x 20mL). Solution wastien dried (MgS@Q),
filtered and concentrated under reduced pressure tothe/guinine 268 as a bright yellow
solid (9%6, 647 mg. R; = 0.45 (EtOAc/hexanes, 1:9%H NMR (400 Mz CDCk): i ( p p m)
1.31 (3H,dJ=6.2 CHy), 1.45 (3H, dJ =6.8 CHg), 2.12 (1H, dddJ = 19.2, 10.1, 2.2CH,),
2.52 (1H, dddJ = 19.2, 3.4, 0.8CH,), 3.94 (1H, mCH), 4.83 (1H, mCH), 6.71 (2H, dqg, =
10.1, Ha,). *C NMR (100 Mz, CDCkL): U ( p19.M)21.6, 29.4, 62.6, 67.0, 136.2, 136.7,
139.5, 144.3, 185.9, 186.IR ( A T R Ycm™) $130, 1303, 13321490, 1667 (C=0 stretch),
1689, (C=0 stretch)}HRMS calcd. forCi3H:,03 [M + H]*: 193.0857 foundl93.0859.mp:
122-123 °C.lit. 122-123.[ @¥ = +177.0 (c = 1.00 g/100mL, CHCL), lit. +178.7 (c = 1.00
9/100mL, CHCly).
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(x)-1,3-Dimethyl-5,8-dimethoxy-6-bromoisochromane337/(z)-1,3-dimethyl-5,8

dimethoxy-6-bromoisochromane338

OMe ; Br2 OMe ;
AcOH
_— >
OMe OMe
267 337

Scheme 18
(x)-isochroman&67 (444 mg, 2.0 mmol) was dissolved in AcOH (i) at 0°C. Bromine
(0.11 mL, 2.2 mmol) was then slowly added and the reaction mixture stirred at this
temperature for 5 hrs. The mixture was then diluted wig® KB0 mL) and extracted into
EtOAc (4 x 10mL). The combined organic fractions were then sequentially washed with
NaHCQG; (2 x 10 mL), N&S;05; (2 x 10 mL) and brine (2 x 10mL) before being dried
(MgSQy), filtered and evaporated to drynessler reduced pressuturification by silica gel
chromatography(EtOAc/hexanes, 1:19)gave brominated isochromane337/338 as an
approximate I mixture of inseperable regioisomers (7, 457 mg). Ry = 035
(EtOAc/hexanes, 1:9fH NMR (500 Mz, CDCJ): i ( pl@24n(BH, dJ =5, CH;), 1.27 (3H,
d,J=5, CH), 1.39 (3H, dJ =5, CH,), 1.46 (3H, dJ =5, CH), 2.12 (1H, ddJ = 15, 20,
CH,), 2.35, (1H, ddJ = 15, 20, CH), 2.75, (1H, dJ = 15, CH), 2.79 (1H, dJ = 15, CH),
3.68 (3H, s, OCHh), 3.69 (3H, s, OCHJ, 3.70 (3H, s, OCH), 3.72 (3H, s, OC}J, 3.94 (1H, m,
CH), 4.91 (1H, gJ = 5, 15, CH), 4.99 (1H, q] = 5, 15,CH), 6.746.79 (2H, m, ). °C
NMR (100 Mz, CDC}): i ( plp.3n20.4, 21.9, 22.0, 30.0, 31.0, 55.6, 55.7, 62.0, 62.3, 68.1,
68.7, 112.4, 112.9, 113.5, 113.6, 119.4, 121.9, 128.5, 129.4, 146.7, 148.2, 152.0|RL53.5.
( AT R)cm™) 1230, 1361, 1459, 1471, 1485, 1578, 288IMS calcd. for GsH,703Br [M
+ H]": 301.0434, 303.0413 four8D1.0434, 303413
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1,4-M ethoxymethyleneoxy5,8 methoxynaphthalene334

LDA

0
OMe MOTMS OMe OMOM
_—

OO
n .
Br then "BulLi

OMe MOMCI OMe OMOM

90 334

Scheme 35.
To a flame dried round bottoftask, under an atmosphere of argon, was added bigfo
dimethoxybenzen®0 (0.22 mL, 1.5 mmol) and this was then dissolved in freshly distilled
THF (4 mL). The solution was then cooledit@8 °C and 2trimethylsioxyfuran312 (0.5 mL,
3 mmol) was slowlyadded. A solution of freshly prepared LDA (3 mmol) in THR{(B) was
then added dropwise over 1 hr. and the mixture stirred at this temperature for a further 1 hr
The reaction was allowed to warm then quenched & With H,O (5 mL) before being
rapidly extracted into EtOAc (1fL), dried (MgSQ), filtered and evaporated to dryness. This
crude mixture was then placed under an atmosphere of argon, coolé8l°6 and dissolved
in freshly distilled THF (10mL). "BuLi (1.2 mL, 3 mmol, 2.5 M in hexane) waken added
dropwise over 5 mins. and mixture stirred for 15 mins. A solution of MCINB.14mL, 6.6
mmol, 2.1 M in toluene) was then added dropwise over 5 mins and the reaction mixture was
stirred for 2 hrs. at 0C. H,O (10mL) was then added and the cgan mixture was extracted
with EtOAc (3 x 10mL) before being washed with NaHGQ® x 10mL) and brine (10GmL).
The combined organic fractions were then dried (MgSfitered and evaporated to dryness
under reduced pressurBurification by alumina gethromatography{EtOAc/hexanes, 1:6)
gave naphthalene compoud®4 as a red powder6{% over 2 steps305 mg). R = 0.45
(EtOAc/hexanes, 1:6YH NMR (500 Mz, CDCkL): i ( p3pB&(BH, s OCH;), 3.82 (6H, s
OCHs), 5.08 (4H, SCH,), 6.75 (2H, SHa,), 6.97 (2H, sHa,). *C NMR (100 Mz, CDC)): U
(ppm) 56.4, 57.4, 98.0, 108.0, 116.3, 122.0, 149.3, 13RY A T R )cm™) $152, 1265,
1371, 1456, 1595, 297BIRMS calcd for GeH200s [M + Na]*: 331.1155 found 331.1155. mp:
59-61.
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6. Appendix
6.1 Synthesised protecting reagents and reagents to ascertain optical purity

Methoxymethylenechloride 361

AcCl
Zn(OAc),
/O\/O\ e VCI
362 361
Schemd.36.

A 250 mL three neck round bottom flask flushed with argon was charged with
dimethoxymethan862(17.6 mL, 200 mmol) in anhydrous toluene (53 mL). Zn(QA4)mg,

0.002 mmol, 0.01 mol%) was then added followed by dropwise addition of acetyl chloride
over 5 mins. The exothermic reaction resulted in the reaction mixture to rise°@. 20ter
stirring for 3 hrs the solution was cooled to r.t. and analysisSHhyNMR showed 99%
conversion to methoxymethylene chlori@@12.1M in toluene'H NMR (400 Mz, CDCJ) : i
(ppm) 5.43 (2 H, s, CH, 3.49 (3 H, s, OCH. °C NMR (100 Mz, CDG)) : ppin) 51.1,

59.1.

139



4-Methoxybenzyl bromide 3633

/@/\OH PBrs /@/\Br
—_— >
MeO MeO

364 363

Scheme 37.
To a solution ofp-methoxybenzyl alcohd64 (0.498 mL, 4.00 mmol) in Cl, (20 mL) at
r.t. was added PBr(0.494 mL, 5.20 mmol) under inert atmosphere. The mixture was then
stirred for 3 hrs before being cooled t6@ and quenched with @ (20 mL). Extraction into
CH.CI, (2 x 20 mL), drying (MgS@), filtration and concentrating gave pure PMEHi3as a
yellow oil (99%, 0.80 g)'H NMR (400 Mz, CDC}): 3.81 (3 H, s, OCH, 451 (2 H, s,
ArCH,), 6.85 (2 H, dJ =9.0, Hy), 7.34 (2 H, dJ = 9.0, H).

140



O-Acetylmandelic acid248'%

(Ac),0
DMAP
HO,C.__Ph Py. HO,C.__Ph
H — H
OH OAc
247 248
Scheme 38.

To a solution of mandelic ac#7(1.52 g, 10 mmol) in EO (30 mL) and pyridine (4.02 mL,

50 mmol) was added acetic anhydride (1.04 mL, 11 mmol) followed by a catalytic amount of
DMAP at 0 °C under an atmosphere of argon. The mixture was then allowed to warm to r.t.
and stirred for &irs. HO (20 mL) was then added and the mixture extracted with EtOAc (2 x
20 mL). The organic phase was then washed with saturated,GRSQ0 mL) then NaHC®

(2 x 20 mL) before being dried (Mg filtered and evaporated to dryness to give pure
acylmartelic acid248 in quantative yield as a yellow solid (1.860 gji NMR (500 Mz,
CDCly): 2.13 (3H, s, Ch), 5.86 (1H, s, CH), 7.33.48 (5H, m, H,). **C NMR (500 Mz,
CDCl) : 20.8, 74.2, 126.0, 127.0, 12992710 129
1701, 16881741 3 0 3?8=+ 14912]¢ = 1.00, MeOH), lit. +152.0c(= 1.00, MeOH).
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6.2 Nontisolable compounds

(E)-methyl-4-(4-bromo-2,5-dimethoxyphenyl)but-3-enoic acid365

OMe OMe
Br {BUOK Br.
P ——
.0  Opr = CO,H
®
OMe php 0 Oue
242 233 (E)-365
Scheme 39.

To a solution of dromo2,5dimethoxybenzaldehyd@42 (612 mg, 2.50 mmol) and-3
triphenylphosphonium bromide propanoic ag@B (1.55 g, 3.75 mmol) in THF (20 mL) was
added a solution dBuOK (0.841 g, 7.49 mmol) in THF (20 mL) at 0 °C over a period of 1 hr.
And the reactin mixture was then stirred at this temperature for an additional 3 hrs. The
reaction was then quenched with saturated@H30 mL) extracted into EtOAc (4 x 40 mL)

and the combined organic layers were washed with 1 M HCI (30 mL) and saturated NaHCO
(30 mL) solutions consecutively. After drying (Mg%Q filtration through a pad of silica
eluting with EtOAc, the eluent was concentrated under reduced pressyf)-&wbwas used

without further purification.

May07-2013
0jm274CRUDE2

1L | T

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 37 *H NMR of crude365
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1-Bromo-(2's,3's}2-(2",5"dimethoxyphenyl) -5'-oxotetrahydrofuran-3'-yl-(2s)-2-

(acetyl)phenylacetate249
OMe
Br DCC
OH DMAP
¢ .
HO,C.__Ph
OMe O (-)Ac
@)
252 248
Scheme 40.

To a solution of acylmandelic aci&#8(136 mg, 0.70 mmol) in toluene (10 mL) was added a
catalytic amount of DMAP and DCC (156 mg
hydroxylactone252 (150 mg, 0.46 mmol) in C¥l, (2 mL) was then added dropwise to the
suspension at 0 °C and the reaction tame was stirred for 2 hrs at this temperature. The
mixture was then diluted with GBI, (10 mL), washed with D (10 mL) and the organic
phase was dried (MgSPand filtered before being concentrated under reduced pressure.
Analysis by'H NMR of the crudemixture showedlittle of ester249 which could not be

isolated.

Mar05-2014-Oli
Research Group GRS
0JM400crude

JAJ J_LJ (I N

T T T T T T T T
76 74 72 7.0 6.6 6.2 5.8 5.4 5.0 4.6

L e R e e e A S s o e L
4.2 38 34 3.0 26 22 18 1.4 1.0
f1 (ppm)

Figure 38 *H NMR of crude249
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3-(4-bromo-2,5-dimethoxyphenyl)isopropanol 33¢*°

OMe "BuLi OMe
Br BFyELO O OH
S,
Br ?}\
OMe OMe
241 360 330
Scheme 4l

To a solution of 2,8libromao1,4-dimethoxybenzen241 (1 g, 3.16 mmol) in THF (30 mL) at
178 °C under an atmosphere of argon was added drop®isa (1.33 mL, 3.32 mmol, 2.5

M in hexane) and the reaction mixture was then stirred for 30 mins. Aethigerature was
added BE.Et,O (0.4 mL, 3.32 mmol) dropwise followed by the slow addition of a solution of
propylene oxide360 (183 mg, 3.16 mmol) in THF (10 mL) over 30 minutes. The reaction
mixture was then allowed to slowly warm to O °C and then stifoed further 3 hrs. The
mixture was then quenched at 0 °C witfCH30 mL) and extracted with EtOAc (2 x 30 mL).
The combined organic fractions were then washed with brine (2 x 30 mL), dried ¢MgSO
filtered and evaporated to dryness to give crude apepexide330. The crude material was
used without further purificatiordRMS [M T OH + HJ": 259.0151. calc. fo;1H1503Br:
274.02

Oct22-2013-0li
Research Group GRS

0IM359crude

Figure39: 'H NMR of crude330.
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