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ABSTRACT

The research presented in this study demonstiag¢esritical role that organic synthesis plays
in natural product chemistry. The biological adindemonstrated by 2-methyl-6-(3-methyl-2-
butenyl)benzo-1,4-quinone prompted an investigatidn the synthesis of this compound.
This natural product showed significant activity asgt Staphylococcus epidermidis
Therefore the aim of this study was to synthesiseethyl-6-(3-methyl-2-butenyl)benzo-1,4-

quinone and structural analogues.

The regioselective synthetic route formulated foe synthesis oR-methyl-6-(3-methyl-2-
butenyl)benzo-1,4-quinone involved five steps. &ifint strategies towards the synthesis of
this compound were investigated. The regioseledhadkylation step was proving to be the
most challenging. The synthetic strategies invastd included carbon alkylation of a
phenoxide, directed-metallation, metal-halogen exchange and coppeM@ijgnard-type

metal halogen exchange.

Problems were encountered with regioselectivity nwbarbon alkylation of a phenoxide was
employed for theo-prenylation ofo-cresol. TheC-prenylated isomer was formed along with
the O-prenylated isomer. When the reaction temperata® lawered, the yield of the desired
C-prenylated isomer improved, whereas the yiel©girenylated isomer declined. Although
the reaction was performed under different cond#jothe formation of th&®-prenylated

isomer could not be prevented.

Therefore, another synthetic strategy was considdree directed-metallation reaction was
subsequently employed because of the associateabedrtivity. Unfortunately the desired
product was not obtained when this method was eyegloThe reaction was attempted using

different conditions, but the product could notisvaated.

Since the directed-metallation protocol did not yield the desiredules another method was
considered. Therefore, a metal-halogen exchangeioeavas employed. The metal-halogen

exchange transformation was preceded by the pramparaf the o-brominated precursor.



Regioselectivity-related problems were initiallycenntered during the synthesis of the
brominated precursor. The-brominated isomer was formed in a 1:1 ratio witte p-
brominated isomer. Further investigation led toyatisetic protocol that afforded the desired
o-brominated isomer in a better yield. The metabgah exchange transformation was

subsequently attempted, but the product was olataman unsatisfactory yield.

Therefore, another method was employed in an eftodchieve regioselective-alkylation
with a better yield. Copper(ll) Grignard-type metalogen exchange was successfully
employed to achieve regioselecti@ealkylation in good yield. The subsequent step s
deprotection, although problems were encounteteglas eventually achieved. The final step
was the oxidation to obtain the desired compounudgkhyl-6-(3-methyl-2-butenyl)benzo-1,4-
quinone. The same procedure was successfully apiplithe synthesis of structural analogues
2-isopentyl-6-methylbenzo-1,4-quinone, 2-(3,7-dimyttcta-2,6-dienyl)-6-methyl-1,4-
benzoquinone and 2-(3,7-dimethyl-octyl)-6-methy-benzoquinone.
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CHAPTER ONE

CHAPTER ONE

General Introduction to Natural Product Chemistry

1.1 Natural Product Chemistry in Drug Discovery

Natural product chemistry has played, and continteegplay, a major role in drug
discovery. Drug discovery is a complex, interdiSogry pursuit of chemistry,
pharmacology, and clinical science, which has hstehumankind greatly over the last
centuryr Chemists and biologists have attempted to expl&nmystery of why so many
compounds in nature have biological effects on msrend other species. The generally
accepted explanation is based on the long-term voh#on within biological
communities; interacting organisms that evolvedclose proximity to one another
developed compounds that could influence biologizakesses of neighbouring spedes.
The secondary metabolites of diverse living orgasifave potent biological activities and
have afforded lead compounds in drug discoverythier treatment of cancer, microbial
infections, inflammation, and hypercholesteremiad atissue rejection in organ
transplantationThey have also provided several useful tools tarphaologists and cell

biologists®

Drugs of natural origin have been classified agioal natural products, products derived
semisynthetically from natural products or synthgiroducts based on natural product
models? Although secondary metabolites are not producedlbgrganisms, the diversity
of nature has translated into a wide variety ofdgaal active compounds. The origins of
these invaluable compounds are mainly plants, reaimvertebrates and microbes.
Significant strides have been made since the isolapf the first commercial drug

(morphine) and the use of microbial products asiaoeel (penicillin).

Natural products and medicine have been closeketinthrough the use of traditional
medicines and natural poisché\pproximately 60% of the world’s population largely
relies on plants for medicatidnin developing countries such as South Africa, {glare

still the most widely used and accessible sourgaiafary medicine.
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Clinical, pharmacological and chemical studiesraflitional medicine derived from plants
lead to the discovery of early medicinal compousdsh as aspirinl(1), digitoxin (1.2),

morphine {.3), quinine (.4), and pilocarpine 1.5).! Drug discovery was subsequently
revolutionised by the commercialisation of synthgtenicillin, which was serendipitously
discovered by Fleming in 1928 when he realized th&tingus of aenicillium family

produced a substance with great antimicrobial agti¥lorey and Chain followed up on
Fleming’s findings and their studies resulted ia Huccessful application of penicillin to

humans-®

H

OH

The library of drugs derived from natural produlcés increased immensely from the first
medicinal compounds. The pharmaceutical industry enefited greatly from natural
products. Natural products are well representedthe top 35 worldwide selling
prescription drug$.Proudfoot also reported that 8 out of 20 of thelsmolecule drugs
launched in year 2000 were derived from naturaddpets or hormoneS. A study by
Newman, Cragg, and Snader analyzing the numberatfral products derived drugs
present in the total drug launches from 1981 td22@€monstrated that natural products are
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a significant source of new dru§jghey also concluded that natural products wereemor

prevalent in the anticancer and antihypertensieeagpeutic areas®

Cancer is the leading cause of human death afteliovascular diseas&sCurrently a
substantial number of anticancer agents used #nerenatural or derived from natural
products’ The natural product-derived drugs paclitaxel (Tpxd.6) and vinblastine
(Velban) (L.7) are two of the leading drugs in cancer treatmBatlitaxel was originally
isolated from the bark afaxus brevifoligyew tree), while vinblastine from the periwinkle
plant of MadagascarC@atharanthus rose)§ Curcumin (.8) is another natural product
drug involved in chemoprevention, a promising ariwer approach. Extracted from the
rhizome of Curcuma longal, it causes suppression, retardation and inversib

carcinogenesi¥’

Although natural products are an unparalleled sowfcdrugs, the advent of alternative,
promising drug discovery methods has placed greasspre on natural product drug
discovery programmes. In the last 10-15 years niterest in natural products by major
pharmaceutical companies has diminished in favournew technologies such as
combinatorial chemistry and rational drug desigately the interest in drug discovery
from natural products has been greatly resuscitayetihe failure of these technologies in
delivering the promised number, novel and cheaperg dcandidates. The recent

developments have also demonstrated that combimamgyal products with some of the
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new technologies furnishes a powerful tool for ddigscovery. Therefore, modern natural
products chemistry has re-emerged as a promisipglisu of adequately sophisticated
lead structures for drug discoverd:*? Since only a small portion of the world’s
biodiversity has been tested for biological acfivit can be assumed that natural products

will continue to provide novel leads for new thezapic agenté.3

1.2 Role of Total Synthesis in Natural Product Cheistry

Total synthesis has played a pivotal role in natpraduct chemistry. Natural products
have furnished simple and complex molecules withlogical activity, while total

synthesis has been employed in the preparatiohesietmedicinally important molecules.
A clearly defined synthetic strategy for making atgular natural product means that
there is an everlasting source of that compoundn evhen the original natural source is
extinct. The symbiosis between total synthesis aadural product chemistry has
contributed greatly in the evolution and advancem@ntotal synthesis. Novel natural

products have coincided with the discovery of ngntisetic methods?

Total synthesis has not only been used to congeperted natural products, but has also
been used to develop new compounds with biologictVity. It has played a critical role
in the synthesis of structural derivatives of bgtally active compounds, thus furnishing
compounds with possible higher or lower biologieativity. Some of the synthesised
derivatives have afforded synergistic effects whdministered with the original natural
product. For example, the total synthesis of quniin4) hasbeen subsequently followed
by the synthesis of various derivatives, includicigoroquine {.9), quinidine (.10)
pamaquine X.11) and sontoquinel(12) They all possess antimalarial activity like the
parent compound, quinind.@). The combination of quininel(4) and pamaquinel(11)
rendered a powerful therapeutic tool. Quinided) on its own right affects the malaria
parasite at the stage of its life cycle when itaipits the bloodstream, whereas pamaquine
(1.11) affects the parasite in the liver. The combinagdfectively clears an infection from
both the liver and the blodd.
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1.3 Aim of the Study

The only South AfricarGunneraspecies iSsGunnera perpensé., known asuGobhoin
isiZulu and river pumpkin in EnglishGunnera perpensdas been utilised by South
African people in the treatment of menstrual pgsoriasis and female infertility. The

leaves have been used as a dressing for wddnds.

The aims of the study:
» The synthesis of 2-methyl-6-(3-methyl-2-butenyl)be+i,4-quinone isolated from
leaves and stem @unnera perpensa

» The synthesis of structural derivatives.

In the next chapter we will present a literatureie® on some the biological important
naturally occurring 1,4-benzoquinones. We will aleatline some of the synthetic

strategies which are normally employed during g§rahesis of these natural products.
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CHAPTER TWO

Biologically Active Quinones and Synthesis of Natally Occurring 1,4-

Benzoquinones

2.1 Biologically Active Naturally Occurring Quinones

In this chapter we will discuss the importance atunally occurring 1,4-benzoquinones. It
will be illustrated by looking at the role they plan metabolic processes and their
therapeutic value. The other objective is to hyiefiscuss the general synthesis of these
compounds. There will also be a discussion on sofrthe most widely used synthetic

strategies.

Naturally occurring quinones are widespread in matlihey represent an important class
of biological molecules possessing wide-rangingpprties, and participate in various
bioenergetic processes as important transport s&inones are the largest group of
natural pigments, but they play a relatively smalé in natural colouring and their major
contribution is in biological redox procesg&sTheir importance and usefulness is not only
limited to metabolic processes, but they also e a clinically valuable entity for
therapeutic agents with various applicatidns. They are widely used as anticancer,

antimicrobial, antitumour and antimalarial drugsaael as fungicides.

Ubiquinones (Coenzymes Q2.0) are an example of quinongdaying a critical role in
biological redox processes. Ubiquinones are sitbat@inly in the mitochondria where
they play a pivotal role in electron transport lie respiratory chain. Ubiquinones (CoQn)
have different side chain lengths indicated by nibenbern after the name, which can
range from 2 and 10 isoprene units. In a biologiedbx system, they can exist as either
benzoquinones 2(1) (ubiquinones, CoQn) omp-hydroquinones 4.2) (ubiquinonols,
CoQnhH) (Scheme 2.15° The structurally similar pastoquinones are alseolved in
electron transport. Plastoquinone23], which is found in the chloroplast of green ps&nt
functions in the electron transport pathways in tphgnthesig® The involvement of
quinones in biological processes is not only limhite electron transfer, but they are also

involved in oxidative phosphorylation.
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Scheme 2.1Redox equilibrium of ubiquinones.
2.2 Quinones with Anticancer Activity

Quinones have demonstrated cytotoxic effects agaamgus cancer cell lines. As a result,
many quinone compounds have been screened fouraotir activity. The cytotoxic effect
of quinones is predominantly due to their inhibitiof DNA topoisomerase-f. In
chemotherapy, the most significant property of ques is their ability to undergo redox

cycling to produce reactive oxygen species whichaatail tumour cells.

Naturally occurring quinones are present in manygdr such as the anthracyclines
daunorubicin2.4) and doxorubicir{2.5 and mitomycin 2.6), which are used clinically in
solid cancer therapiés Although these quinones are structurally compéasen relatively
simple benzoquinones exhibit significant biologiaativity; primin .7), for example, has
demonstrated significant antitumor activify. Doxorubicin 2.4) is the most widely used
anthracycline anticancer antibiotic. It was firgolated in 1967 from the fungus
Streptomyces peucetjus is active against several types of lymphoneakbemia, breast,

ovary, bladder, stomach and thyroid gland canter.
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MeO

2.6 2.7

Mitomycin (2.6) is another naturally occurring quinone that heaseived considerable
attention because of its chemotherapeutic valus.ift the class of anticancer compounds
that are termed archetypal bioreductive drugs. &laegicancer compounds are inactive on
their own, but upon metabolic reduction are tramefid into cytotoxic species (Scheme
2.2)1° Mitomycin is an alkylating agent, after metabolieduction it forms crosslinks
between DNA strands, thereby blocking DNA synth&$ighe contribution made by
guinones in cancer treatment encourages furthdy stnd exploration of quinones in order

to discover novel anticancer drugs.

metabolic reduction ‘HZN

HsC

Scheme 2.2Metabolic reduction of mitomycin.
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2.3 Quinones with Antimicrobial Activity

There is a great demand for new antimicrobial agevith the ability to cure frequently
occurring bacterial illnesses. Bacterial resistatmesome of the antibiotics currently
available, is another more prevalent reason fors#@ch of novel antimicrobial ageﬁ‘f.s.
The challenge became more apparent when it wasowdised that, shortly after
introduction of the various classes of antibiotimsw pathogenic strains emerged that were
no longer susceptible to the antibiotiésTherefore, a concerted effort has been made to
discover new antimicrobial agents to combat baaltegsistance. Quinones are amongst
the large array of compounds that have been studiettier to discover new antimicrobial
agents. 2,6-Dimethoxy-1,4-benzoquinoBes}, 3,5-dimethoxy-2-phenyl-1,4-benzoquinone
(2.9 and 3,5-dimethoxy-2-(4-formylphenyl)-1,4-benzatpne Q.10 are some of the

structurally simple quinones that have demonstratetiicrobial activity**

o] o) o)
H3CO OCH;  HsCO ‘ OCHj3 H3CO l OCHjy
! T e

CHO

2.8 2.9 2.10

2.4 Naturally Occurring Prenylated Benzoquinones

Natural occurring quinones, especially prenylatedZzmquinones, play a critical role in
several metabolic processes and possess signifialogical activities. The ubiquinones
(2.1) are a primary example of prenylated benzoquinonil tiological importance.
Besides their role in metabolic processes, its nalsef biological activity includes
termiticidal activity againstCoptotermes formosands Prenylated benzoquinones are
ubiquitous in nature, where they possess wide-ranigiological activities. Verapliquinone
A and B ¢€is or transisomer)(2.11), atrovirinone 2.12) and 2-(3-methylbut-2-enyl)-5-(2-
methylbut-3-en-2-yl)-1,4-benzoquinone2.13 are some of the naturally occurring

bioactive prenylated benzoquinort&s?
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o o]
MeO % /\)\ MeO =
O O A
© Meo)‘t©\o
2.11 HO OH

antimicrobial and antitumor 2.12

antimicrobial and antitumor

o]

2.13
antiflammatory

2.5 Synthesis of Naturally Occurring Alkyl-1,4-benpquinones

Naturally occurring 1,4-benzoquinones have recesmtsiderable attention from synthetic
chemists. The synthesis of these natural produatsbieen stimulated by the associated
biological activity. Several synthetic approaches/éh been formulated to permit the
synthesis of these bioactive natural products. Sthectural diversity within this class of
compounds has facilitated constant improvementdavelopment of new synthetic routes.
Because of the diverse structure, there is no germmthetic route towards natural

occurring 1,4-benzoquinoné$®

The reported naturally occurring 1,4-benzoquinoree® predominantly alkyl-1,4-
benzoquinones. Therefore, several synthetic rabashave been formulated are based on
the requirements of simple alkyl-1,4-benzoquinoesnin .7) is the most studied alkyl-
1,4-benzoquinone, this can be attributed to itsolgical properties. Consequently, several
synthetic routes have been developed based oryiileesis of priminZ.7). The general
synthesis of primin4.7) normally involves two critical steps. Thé-alkylation of the
phenol2.14 and the oxidation of the alkylated phefol5to the product, primin7)*°
(Scheme 2.3).

11
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OH OH 0
HCO HCO HCO
—_— —_—
o)
2.14 2.15 2.7

Scheme 2.30utline of the general synthetic route towards prim

Besides, primin 4.7), there are several simple alkyl-1,4-benzoquinoties have been
synthesised. Variable synthetic strategies have leeaployed in the synthesis of these
natural products. Th&-alkylation, specificallyortho-alkylation, of the corresponding
phenol has proven to be a challenging task. Comrsety there has been a concerted effort
to improve conventional methods and also discoweple and more efficient methods.
Directed ortho-metallation (M), Claisen rearrangement and metal-halogen ex@hang

reactions are some of the synthetic strategieshéhad received considerable attention.
2.5.1 Directedortho-Metallation (D oM)

Directed ortho-metallation (M) is one of the strategies employed in the regos
preparation of substituted aromatic compounds. Db reaction involves deprotonation
by a strong base at th@tho position of an aromatic compound containing a deec
metallation group (DMG)4.16). Alkyllithium reagents are normally used as tlasd to

furnish an ortho-lithiated product Z.17) which subsequently reacts with electrophilic
reagents to yield a 1,2-disubstituted prod@ct® (Scheme 2.432*

DMG DMG DMG
O —— O
2.16 2.17 2.18
Scheme 2.40rtho-alkylation using simple BM reaction.
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Although DoM has been successfully employed in the synthdsiatoirally occurring 1,4-
benzoquinones, it has also demonstrated signifiliaitations® The success of adW
reaction largely depends on the aromatic compobaske and DMG used. Limitations have
been experienced during deprotonation of aromatiopounds with two or more oxygen
substituents, due to proton transfer from trého groups (DMG) such as —OBn or -
OMOM that quenches the aryl anion. Although acetald carbamate can be employed as
DMGs to avoid this complication, they also haveirtiogvn limitations. The carbamate has
the ability to migrate to thertho lithiated aryl carbon atom at temperatures gretten 60

°C, generating the corresponding salicylicanfite.

The strong alkyllithium bases that are preferredDoM reactions, are also not without
limitations. They form aggregates of defined stuues in organic solvents. They normally
form hexamers in hydrocarbon solvents and tetramedsdimers in Lewis basic solvents.
The formation of the alkyllithium aggregates sigrahtly decreases the basicity. This
limitation has been addressed by the use of bitetigands, such as TMEDA. It breaks
down the aggregates, producing monomers and dimmersolution and consequently
increasing basicit§? This promotes formation of the lithiated specieich have also
demonstrated poor reactivity, to achieve coupllmgythave been activated by formation of
cuprate intermediates (Scheme Z%Although the DM reaction encompasses numerous
limitations, it is still one of the preferred stgies in the preparation of alkyl-1,4-

benzoquinones.

OCHj, OCHj, Br/\)\ OCHj,
_ sBuli -BulLi Li Cul 5 mol % Z
B —————
TTHR O THF, -70 °C
OCHj, OCHj, OCHj,

Scheme 2.5DoM reaction activated by cuprate formation.
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2.5.2 Claisen Rearrangement

The Claisen rearrangement was first reported almasintury ago, by Ludwig Claiséh.
Since its discovery it has been regarded as a lusefiuin synthetic organic chemistry. It
was the first sigmatropic rearrangement to be dis@. It occurs when an aryl allyl ether
(2.19 is heated without solvent and artho-allyl phenol .20 results (Scheme 2.6J.

Over the years, it has been translated into aspeaisable tool for synthetic chemists.

H+
ojm o(H OH
@) [3,3] = proton transfer ©/\/
ionic
2.19 2.20

Scheme 2.6Mechanism of a [3,3] sigmatropic rearrangement.

The usefulness of this reaction has prompted suotistalevelopment and improvement of
the constituting parameters. Through technology #i#iciency of the Claisen
rearrangement has been greatly improved by micrewaadiation. The long reaction
times associated with conventional Claisen reasarent conditions are significantly
reduced under microwave conditiofisThe transformation of the Claisen rearrangement
from a simple thermal process into a microwavesasdi reaction has enhanced its
application. Consequently, microwave-assisted atiemg&laisen rearrangement has
emerged as a key step in the synthesis of variatigally occurring 1,4-benzoquinones. It
has demonstrated simplicity and versatility durihg synthesis of these natural products.
The versatility of microwave-assisted aromatic €dai rearrangement has been confirmed
by its successful combination with the Mitsunobacten in a one-pot operation. The
Mitsunobu reaction is one of the methods that anpleyed in the synthesis of aryl allyl
ethers 2.21), which are precursors for the Claisen rearrange¢ni@cheme 2.7). The
Mitsunobu reaction-Claisen rearrangement protoesl lecome a preferred strategy in the
synthesis of naturally occurring 1,4-benzoquinonéswas successfully employed by
McErlean and Moody in the synthesis of two natyraticurring alkyl-1,4-benzoquinones,
raponone 1.22 and N-(3-carboxylpropyl)-5-amino-2-hydroxy-3-tridecyl4t,
benzoquinone23.%°
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Rl R3 B Rl 7 Rl
= 2 \ 2
H Ho)\z) O)\ER iR
H3CO R H4CO \ H3CO R3
PhsP, DIAD R
toluene, 300 W
220 °C, 30 min i
2.21
RLR =H
R® =CHg

Scheme 2.7Synthesis obrtho-alkylated phenyls using the Mitsunobu reaction-

Claisen rearrangement protocol.

0 0 CO,H
HO HO J)
OH H
(@] (@]
C1oHo21 C1oH21
2.22 2.23

2.5.3 Metal-Halogen Exchange (MHE)

The reaction of organometallic compounds with orgdmalides is an extensively studied
reaction in organic chemistry. Metal-halogen exgfgareactions can be employed during
the synthesis ofrtho-alkylated aromatic species. It has received camalule attention in
the synthesis of alkyl-1,4-benzoquinones, becauseprbvides high control of
regioselectivity. The first step in the metal-hadngexchange reaction is normally the
ortho-halogenation, followed by protection with a copesding protecting group. The
next step is the displacement of the halogen withgpropriate metal. The organometallic
species is subsequently reacted with an electmphihe resulting compound is then
deprotected to afford amrtho-alkylated phenol (Scheme 2.8). The efficiency and

effectiveness of this reaction mostly depends o hllogen species employed. For
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example, iodobenzene derivatives are preferred high chemoselectivity and mild

S21,30-32
OH OH =
X X
—_— —_—

RLi

condition

OH P oP
E E gt Li
D E—— -—

Scheme 2.8Synthesis obrtho-alkylated phenol using a metal-halogen exchange

reaction.

In this chapter the importance of natural occurribgl-benzoquinones has been
demonstrated by the role they play in chemotherépyas also affirmed the critical and
challenging role that organic synthesis plays iture product chemistry. The synthesis of
alkyl-1,4-benzoquinones was also introduced, withriaf discussion on the challenging

ortho-alkylation process.

Therefore, some of the most employed synthetidegii@s in the manifestation of this
process were outlined. The subsequent chaptedisdlss the synthesis of 5-(3-methyl-2-
butenyl)-2-methylbenzo-1,4-quinon.24 and associated structural derivativag5 -
2.28 The discussion will be based on the synthet@tetflies and various techniques that

were employed during the synthesis of these comgimun
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2.24

2.27

2.25
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CHAPTER THREE

Synthesis of a Naturally Occurring 1,4-Benzoquinonand Structural

Analogues

3.1 Synthetic Approach

This chapter will discuss the synthesis of 2-me6B-methyl-2-butenyl)benzo-1,4-
quinone R.24 and its structural analogue®.25-2.28  2-Methyl-6-(3-methyl-2-
butenyl)benzo-1,4-quinone2.@4 is a 1,4-benzoquinone derivative isolated frone th
dichloromethane extract of the leaves and ste@wfnera perpensdt showed significant
activity againstStaphylococcus epidermidisS. epidermidisare gram-positive pathogenic
bacteria that occur in microscopic clusters resemglgrapes and are common in medical
device-associated infectioh$.

o o O

= = =
O] o O
2.24 2.25 2.26

2.27

As highlighted in Chapter 1Section 1.3, the aim of this study was the synthesi2-
methyl-6-(3-methyl-2-butenyl)benzo-1,4-quinori2@) and its structural analogu@s25-
2.28 The antimicrobial activity o2.24 prompted us to synthesise this compound and the
related analogues. Furthermore, the developmerteisfatile and flexible routes towards
prenylated quinones is a matter of interest fottsstic chemists, due to the role they play

in biological processes and their pharmacologicapertiess® The objective was to
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prepare2.24 and a number of derivatives to investigate therdmution made by different
substituents on the biological activity of the caapds. Consequently, analogues with
extended side chains and saturated side chainssyetieesised in order to investigate the
effect of the side chain on the associated biokdgactivity. A retrosynthesis analysis of
2.24suggested th&.24might be obtained from a prenylated phenol demativhich can

be prepared from-cresol 8.1) (Scheme 3.1).

o OH OH
= =
 — —
(0]
2.24 3.2 3.1

Scheme 3.1Retrosynthetic analysis of parent compo@rzi

The proposed analogu@s25-2.28are structurally similar to the parent compouhga
Therefore, it was envisaged that the synthetidesgsaemployed in the synthesis P4
could also be employed in the preparation of ana#eg.25-2.28 It was critical to develop
a reliable synthetic approach characterised by istamey, wide applicability and mild

conditions. The first synthetic approactt@4involved carbon alkylation of a phenoxide.
3.2 Carbon Alkylation of a Phenoxide

A retrosynthetic analysis suggested that carborylatikn of a phenoxide could be
employed in the synthesis of 2-methyl-6-(3-methydt2enyl)benzo-1,4-quinone.Q4).
The first step in the preparation of the par224 wasortho-prenylation ofo-cresol 8.1),
forming the ortho-prenylated phenol3(2). This step can be achieved through carbon
alkylation of a phenoxide. Phenoxide carbon-alkglathas been widely employed in the
preparation obrtho-prenylated phenofsThe synthesis 8.2 using carbon alkylation of a
phenoxide has been reported by Yametdal The results obtained by Yamaelaal. were

motivating since the desired compouh@was obtained in 76% viefdf
However, it has also been reported tbaho-prenylation by carbon alkylation of the
phenoxide is associated with low yieRi§he low yields have been attributed to the

occurrence of side reactions. The competing reastiare normally para-carbon
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prenylation,bis-prenylation and oxygen-prenylation. This is beeati®e phenoxide ion is
capable of coupling at the oxygen or at tintho andpara-positions on the ring (Scheme
3.2). Therefore, blocking of thpara-position is one of the methods that have been

implemented to circumvent the formation of sidedorets (Scheme 3.3)*

(o} 0 o) 0
Scheme 3.2Resonance forms, showing the possible couplingipasi

Br

Na, ether, reflux
OMe 85% OMe

Scheme 3.3ortho-Prenylation of a phenol with a blockedra-position.

In this investigation, the first proposed synthetjgproach ta3.2 did not include the
blocking of thepara-position, since a good yield was reported by Yaanetdal without
blocking thepara-position/®? The first step in the proposed synthetic routeaiis2.24
was thusC-alkylation using the Yamadat al’® protocol. The second step was the

oxidation of theortho-prenylated phenol using (KSPPNO (Fremy’s salt) (Scheme 3.4).

OH A)\ OH Q
—
B N N (KSO3),NO
> —_—
Na, ether
3.1

O
3.2 2.24

Scheme 3.4Proposed synthesis 8f24 after Yamadat al”®
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Therefore, metallic sodiurwas added slowly to a solution of diethyl ether anctesol
(3.1). The resulting mixture was stirred for 1 h, thheryl bromide was added slowly and
the mixture was subsequently refluxed for 10 h. maducts were isolated and identified
as3.2 (39%) and3.3 (36%). The'H NMR assignments faB.2 correlated well with those
reported by Yamadat al.” The'H NMR spectrum (Fig. 3.1) d.2 was characterised by
the broad singlet of a phenolic protandy 5.11; the presence of the phenolic proton was
also confirmed by a broad IR absorption band a#4356". The observed signals in the
aromatic region of théH NMR spectrum of3.2 also confirmedortho-prenylation; the
expected two doublet signals of H-3 and H-5 wergeolked abty 6.97 @, J= 7.4 Hz) and

oy 6.93 @, J= 7.2 Hz), and a triplet for H-4 was observed,a6.74 ¢, J= 7.4 Hz). On the
other hand, th®©-prenylated produc8.3 was indicated by the absence of a signal due to
the phenolic proton in théH NMR spectrum (Fig. 3.2). The downfield shift diet
methylene protons 2H-1' was also diagnosti©Ogbrenylation. Due to oxygen-associated
deshielding, the signal was observed;a#.51 in3.3,whereas ir8.2it was observed &,

3.33. Thebis-prenylated 8.4) andpara-prenylated 3.5) products were not observed.

3.2 3.3 3.4 35

Although the desire®.2 was obtained, we were not satisfied with the aased yields.
The reaction was repeated several times in antéfaeproduced the results obtained by
Yamadaet al” The highest yields that were obtained under toeselitions were 40% for
the desired produ@.2 along with the side produ&3at 32%. Consequently, we decided
to explore other reaction conditions. Kornblugh al. reported that solvation plays a
significant role in the carbon alkylation of pheiteions'*** According to Kornbluret

al., the solvent used can be the deciding factor on lven€-alkylation orO-alkylation is
observed?®** Therefore, the solvent was changed; THF was usstédd of diethyl ether.
Unfortunately, theD-alkylated side producd.3 was obtained as the major product, there

was only a trace of the desired proddi&
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Figure 3.1 'H NMR spectrum (CDG| 400 MHz) of3.2

i

T T T T
7.1 7.0 6.9 ppmr

T T T T T T
5.4 5.2 50 4.8 4.6 ppm
T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm

Figure 3.2:*H NMR spectrum (CDG| 400 MHz) of3.3
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Since better results were obtained when using ylietther, it was decided to retain this
solvent and manipulate other reaction conditiortse €ffect of heat was investigated by
lowering the temperature. Therefore, the reactias repeated with the initial temperature
at 0°C. The temperature was subsequently allowed totois®@om temperature and the
reaction was stirred overnight. When the reacti@s \@nalysed, the desired prod8@

was obtained as the major product (Scheme 3.5).

U

OH /\)\ "

Na, ether, 0 °C
31 3.2 3.3

57% 17%

Scheme 3.5ortho-Prenylation following the Yamadst al. protocol a0 °C.”®

Since these results were consistent and reprodyditduggested thatrtho-prenylation of
ortho-cresol is favoured by lower temperatures. The ltesabtained indicated that
performing the reaction under these conditions tes) the formation of thertho-
carbanion3.7, while suppressing the emergence of the phenokde3.6 and para-
carbanion3.8 (Scheme 3.6). We then decided to explore tempestbelow 0°C,

unfortunately there was no significant change aields.
(o} 0 0
\© B S \© ) B S \@
3.6 3.7 38

Scheme 3.6Intermediatearbanions that could be formed frarecresol @.1).

Since the formation of th®-alkylated product3.3 could not be prevented, alternative

methods were considered. Our decision was vinetichy the results reported by Shubina

L, which came to our attention while still we werveéstigating the Yamada

|.15

et a
protocol. Shubinaet al™> performed C-alkylation of 3.9 with geranyl bromide using
Yamada’set al’ protocol; the desired produgtl0was obtained in low yields. When the

reaction conditions were changed, the yield ofgheduct did not increase. Insteadl1
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and 3.12 emerged as products (Scheme $°7Jherefore, it was suspected that similar
challenges would be encountered during the syrghes$i analogues. Consequently,

alternative synthetic strategies were considered.

SN

(@]
MeO
MeO
OMe
3.11
o /\)\/\)\ §
MeO Br / MeO = =
Na, ether, 0°C
MeO ’\ MeO L
OMe €
3.9 3.10
Y
M
(@]
MeO = =
MeO
OMe
\ 3.12

Scheme 3.7Attemptedsynthesis of compourgl10by Shubinaet al using the Yamada

protocol.

3.3 Directedortho-Metallation (D oM)

During the search for a new synthetic strategy,tavgeted a synthetic approach that is
characterised by regioselectivity and wide applocat Subsequently, a directexttho-
metallation (®M) reaction was considered because of the assdci@gioselectivity.
Although the @M transformation provided regiospecificity, it alswreased the number
of step involved in the proposed synthetic sequéBchieme 3.8). The first step was the
introduction of the directed metallation group (DM@®&Ve decided to employ a methoxy (-

OCH;) group as the DMG since it has been widely useBaM reactions. Amongst all
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substrates available for investigation under th@MDprotocol, anisole has been the
preferred candidaté:?* Therefore, the first step was the methylation-ofesol 8.1) and
this transformation was first attempted with Nakdl &hel. The producB.13was identified
by the presence of the OGHignal atdy 3.81 (3H, s) in thé¢H NMR spectrum. The
presence of the OGvas also supported by the signaba3.9 (OCH) in the*C NMR
spectrum. The produBtl3was unfortunately obtained in an unsatisfactorydyos 48%.
Therefore, an alternative method was considered veeddecided to employ dimethyl
sulfate (MeSQy) as the methylating electrophile and ,N®; as the base to form the
relevant phenoxide ioff. The product was successfully obtained in a yi¢l@68%.

H Me Me
NaH X Li
n-BuLi
> _—
Mel
3.1 3.13 3.14

48%

/\)\
Br

W \é/\/k OMe
(KSO3),NO Z CeHyyl \@/\)\
ool -
(6]
3.2 3.15

2.24
Scheme 3.8Proposed synthetic sequence2dt4based on the @ protocol.

The successful synthesis &fl3was subsequently followed by the attempted synshefsi
3.15 Although the transformation fro.13to 3.15 was going to be achieved through a
single reaction, it was envisaged to be a three-gimcess. The first step is the
coordination ofh-butyllithium dimer to the electron-rich aniso& 13, followed by metal-
proton exchange to giv&14by a simple DM reaction. The last step is the coupling of the
prenyl bromidé’*3#?The reaction was performed under anhydrous camditin a N
atmosphere, since the presence of water would ptretlee formation of the aryl
organolithium producB.14 The first step was the deprotonation of compo8ri® using

the strong base-BuLi (1 eq) to form3.14 This reaction was performed in dry diethyl
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ether at -78°C, it was subsequently followed by tive situ ortho-prenylation using the

electrophilic prenyl bromide. Unfortunately, thesgded product was not obtained.

The reaction was repeated several times, but ptdla® was not obtained. Different
amounts oh-BuLi were employed, but to no avail. Since theaswncertainty on whether
it was the deprotonation step or the coupling dtest was not working, limitations
associated with the @1 reaction were considered. Some of the limitatiomsre
highlighted in the previous Chapter. One of thebppms that could prevent the formation
of compound3.14is the ability of organolithium reagents to formgaggates in organic
solvents. As mentioned in Chapter Two, alkyllithiusagents have a tendency to form
electron-deficient tetrameric aggregat®s () in Lewis base solvents such as diethyl ether.
The formation of these aggregatésl1{y) greatly decreases the basicity of alkyllithium
species thus suppressing the metal-proton exchproyess. In addition, a study of the
structure of 2-lithioanisole indicated that the gibke internal coordination between the
lithium and the oxygen from the methoxy group hyghéduces the nucleophilicity of
anisole 8.16), thus making it almost unreactive to electropfifeSince a methoxy group
was employed as a DMG, it was suspected that liimits relating to aggregate formation

could be preventing the formation of the prodidts

The formation of aggregates can be prevented byusgeof bidentate ligands, such as
TMEDA. It breaks down the aggregates, producing onoers and dimers in solution and
consequently increasing basicity (Scheme 3.9). Shissequently increases the rate and
the extent of metallatioff:*>**Therefore, we decided to repeat the reactiondrptiesence

of TMEDA (1 eq). Unfortunately, the use of TMEDA did not yielétter results, as the
coupled product was still not observed. Differemoants of TMEDA were employed, but
the results were still the same, no product. Bsedhe nature of the resulting aggregates
is determined by the solvent employed, we decidedhange the solvent from diethyl

ether to THF. This strategy also did not yield desired results.

28



CHAPTER THREE

T N _/_< >I

O\ ,,’
Me ‘Li—,,' o L </

\/\éﬁ b AT Tvepa i
Y- _TMEDA >I
o i;&\ Me . I<Li

317 @OME OMe

—_—

3.16

pr’
L
Me~n’

/\/\Li Ph

3.16
— ‘Y4
N / N\ /N\
/N\ N 7L
e >
+ i,

- MeO Li <« MeQ H

O O

Scheme 3.9Dissociation of the tetrameric organolithium witMEDA.

aggregation

Since the employed strategies did not yield pasitigsults, alternative methods were
considered. As it was mentioned in the previousp@ra sometimes, in order to attain
coupling, the lithiated species need be activeedhsequently, a method by Bouzbouz and
Kirschleger was adopted, where they activated ithealed species by the formation of a
cuprate intermediate®® The reaction was repeated using similar conditiomsthose
reported by Bouzbouz and Kirschleger, but instdaskeBulLi, n-BuLi was used (Scheme

2.5)? Unfortunately, despite several attempts, pro@utbwas not obtained.

Although positive results were not obtained witk oM protocol, a different DMG was
considered, since some of the complications thaevemcountered could be associated
with the use of methoxy as DMG. Guided by the tssidported by Brondamit al, THP
was employed as the DM& These authors employed @ protocol to obtair8.19from
3.18in a yield of 70% (Scheme 3.10§"2®
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OH @ OTHP THP
MeO o MeO n-BuLi MeO
p-TsOH Br "
OH 85% OTHP 70% OTHP
3.18 3.19

Scheme 3.10Brondani’s synthesis & 19from 3.18using the DM strategy?’

The first step was the protection of the phenojidrbxy group using dihydropyran in the
presence of a catalytic amount of anhydrpe®luenesulfonic acidptTsOH) (Scheme
3.11). The producB.20 was successfully obtained in a yield of 72%. The NMR
spectroscopic analysis confirmed the formatioB.@Dby the absence of the broad singlet
due to the phenolic proton. The expected downfig¢idtriplet signal due to the anomeric
proton (H-1") was also observed&t5.45 (t,J = 3.1 Hz,), it integrated for one proton. The
signals due to the THP carbon atoms were also wésén the"*C NMR atdc 96.1 (C-17),
62.0 (C-5"), 30.6 (C-2'), 25.3 (C-4"), 19.0 (C-3The HRMS (ESI) analysis confirmed
the molecular formulaf 3.20([M+Na]" obsd. 215.1048, calc. for$1¢0.Na 215.1047).
The subsequent step was theMD protocol, wheren-BuLi was employed as the base.
Unfortunately, despite several attempts, the déspeduct could not be isolated. The
reaction conditions were subsequently manipulatgd ablding TMEDA and Cul,

unfortunately no product was observed.

OH @ O OTHP
Me0\© o Meo\© n-Buli Me0\©/ Li
p-TsOH 3 5
31 3.20

Scheme 3.11The proposedynthetic strategy t8.212
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Due to the discouraging results that were recondigd all attempted coupling using the
DoM protocol, the use of this protocol was suspenddterefore, a different synthetic
route towards 2-methyl-6-(3-methyl-2-butenyl)berizd-quinone 2.24) was formulated.

3.4 Metal-Halogen Exchange (MHE) Mediated Transformation.

Guided by the requirement for a synthetic apprdbahpermittedC-alkylation without the
formation of regioisomers, metal-halogen exchargmame a plausible option. In a MHE-
mediatedC-alkylation, the issue of regiocontrol is reassijrie the preparation of the
ortho-halogenated speciés. Terashimaet al. successfully employed MHE mediated
transformation to achieve regioselecti@ealkylation? The reported successful synthesis
of prenylated aromatic compounds by Odejinmi andceMér further confirmed MHE-
mediated transformation as a pragmatic optforiTherefore, a synthetic route based on
MHE was formulated for the synthesis f24(Scheme 3.12).

OH OH
Br OMe
NBS Na,CO3 Br
—_— _—
Me2804

3.22

3.1 3.23
n-BuLi/ Cul

Br/\)\

o)
_ OH OMe
Z =
(KSO3),NO CgHal
- -
DMF
o)

2.24 3.2 3.15
Scheme 3.12Proposed MHE-based synthesi2d24

The first step was the synthesis of thibrominated3.22 There are a variety of methods
that have been employed to achieve brominationhefhpls®*® The most prominent one
has been the treatment with bromine in differehtesds, but the formation of a mixture of

regioisomers sometimes emerge; thus decreasingyite of the desired produtt.
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Therefore, this method could not be employed insyr@hesis 08.22 since regioselective
o-bromination was the target. Carre@bal reported that regioselectivebromination of
ocresol B.1) can be achieved withN-bromosuccinimide (NBS) in Cigl,*
Consequently, this synthetic sequence was emplioyeek synthesis d3.22 unfortunately
the results obtained did not correspond with thelte reported by Carrefiet al®* The
desired product3.22 was obtained in an unsatisfactory yield along wiitle para-
brominated regioisome3.24in almost the same amount (Scheme 3.13). The tadupts
were identified and differentiated b{4 NMR analysis. As expected, th#d NMR
spectrum of3.22was characterised by the presence of the tripl&t &t69 (1H, tJ = 7.7
Hz) and two doublets at 7.27 (1H,Jd5 7.9 Hz) and 7.04 (1H, d,= 7.5 Hz).

S = % 8

3.24
47% 42%

Scheme 3.13Bromination ofo-cresol 8.1) using NBS in CHCl,, after Carrefi@t al>?

Since the formation of theararegioisomer3.24 could not be prevented with this
approach, a different synthetic route was consaieseibsequently, a method reported by
Fugisakiet al. came to our attentiot:*® A phenol was treated with NBS in the presence of
a secondary aminei-PrNH) at room temperature in GBI, and afforded theo-
brominated regioisomer as a major product. Tgerabrominated regioisomer and
polybrominated species were recorded in very losldg. There are also earlier reports on
the application of amines durirgbromination, but the method by Fugisaki al was
preferred since it uses mild conditions. Therefooghromination of o-cresol was
performed using these conditions and the des¥r@@ was obtained as a major product
with a yield of 64%. Theara-brominated regioisome3.24 was isolated in a yield of 23%
(Scheme 3.14). When the temperature was decreasetCt the desired produt22was
obtained in a better yield of 73%.
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OH
NBS/|Pr2NH Br
CHZCIZ
3.22
3.24
64% 23%

Scheme 3.14Bromination ofo-cresol 8.1) using NBS in the presenceiePr,NH.

It was also interesting to note that the presememdissolved NBS in the reaction mixture
promoted the formation of theara-regioisomer, even in the presencei-®fNH. This
indicated that the reaction between solid NBS esmlesol superseded the reaction that
should first take place betwee#r,NH and NBS. In order to promotebromination, the
N-bromoamine i€PLNBr) should be generated, which first forms a ggrbgdrogen bond
with o-cresol B8.1) to afford bromination at thertho-position. Therefore, in order to
promote the formation the PLNBr, NBS should be completely dissolved in £H
before mixing it witho-cresol 8.1) andi-Pr,.NH.

The successful preparation of 2-bromo-6-methylph€éB@2 was subsequently followed
by the synthesis of 2-bromo-6-methylaniso®2@. The method that was used to
synthesise 2-methylanisol8.{3 was also employed in the synthesis 223* The
product3.23 was obtained in a good yield of 95%. The presegicae signal aby 3.85
(3H, s) andsc 60.1 in the'H and**C NMR spectra confirmed the presence of the methoxy
group. The HRMS (ES) analysis also confirmed the molecular formul& @3 (obsd.m/z
200.9841, calc. for §84100”'Br m/z200.9842).

The successful synthesis of the two precur8a22 and3.23 created the platform for the
exploration of the MHE-facilitated transformatioithe reaction was first attempted
without the addition of Cul, but TMEDA was addedpt@vent the formation of aggregates
(Scheme 3.9). The reaction was performed at varteagperatures, while the solvent,
diethyl ether, and n-BuLi were fixed. When the teat was performed at temperatures
between -20°C and -78°C, there was no product observed, even when Culasddsd™®
The producB.15was only observed at temperatures betwe8d and -10°C, but in low
yields. A disappointing yield of 12% was recordedtlae highest yield obtained when the

33



CHAPTER THREE

reaction was performed at°C (Scheme 3.15). The addition of Cul unfortunatity not
improve the yield. The structure 8f15 was elucidated using NMR spectroscopy. The
presence of a signal &t 3.35 (2H, d,J = 7.2 Hz) in the'H NMR spectrum indicated
successful coupling (Fig. 3.3). The methylene pist(2H-1") signal which was recorded
at oy 3.35 had the expected upfield shift frég4.02 that was observed for the starting
material, prenyl bromide. The molecular formula3of5was also confirmed by HRMS
(ESI") analysis (obsdn/z191.1432, calc. for GH190 m/z191.1433).

OMe
Br .
n-BuLi, TMEDA _
= >
1 3
3.23 B~ 7 3.15

Scheme 3.15Synthesis 0B8.15using the MHE protocol at @

L

T T T T
3.7 3.6 3.5 3.4 ppm

7.3 7.2 7.1 7.0 ppm

5.4 5.3 52 ppm

A o L

I I I I I I I I I I I
7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 ppm

Figure 3.3 *H NMR spectrum (CDG| 400 MHz) 0f3.15
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Although MHE-mediated transformation delivered ttwerect regioselectivity, the yield
obtained was very discouraging. While attemptingefmeat the reaction using a benzylated
precursor as reported by Odejinmi and Wiemer, #seilts recorded by Scheepetsal
were discouraging’° Scheeperst al reported that the attempted MHE reaction using a
benzylated precursor was unsuccessful. Although e§umtrs et al subsequently
synthesise®.26 from a methylated precursd.RH, the reported yield was low (Scheme
3.16)° Therefore, it became apparent that a differentthgftit sequence had to be

followed in order to obtain better yields.

OMe OMe
Br . = = =
n-BuLi, TMEDA
farnesyl bromide, 0 °C
OMe OMe
3.25 3.26

27%

Scheme 3.16Synthesis 08.26using a MHE-mediated transformation as reported by

Scheeperst al**

Unfortunately, when our MHE reaction was performi€bin et al had not yet published
their work on factors influencing prenylation of anomatic organolithium compound.
Klein et al established that the formation of aggregatesigieesen in the presence of
TMEDA. They also discovered that alteration of #egjuence in which the reactants are
added significantly improves the yield. Althougle tleaction was performed under strictly
anhydrous conditions, they decided that to testdlesthat is played by traces of water that
could be present. Therefore, the sequence of addamants was reversed; exced3uLi
and TMEDA were initially combined with diethyl ethén order to quench traces of water
and to prevent protonation of the organolithiuneintediate that forms through metal-
halogen exchange. Consequently, the yields of ¢aetion improved from a variable 5-
40% to a consistent 65%8.
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3.5 Copper (II)-Mediated Regioselective Alkylation

Although theo-alkylation step was proving to be challenging, werk by Burnset al. was
very encouragingd® These authors achievea-alkylation of anisole with 1,3-
dibromopropane in 70-80% vyieldo-Bromoanisole 3.27) was first reacted with
magnesium to form a Grignard reagent, (2-methoxyphaagnesium bromide3(28),
which was subsequently reacted with 1,3-dibromogmnepin the presence of catalytic
amounts of LiCuCl, to obtain 2-(3-bromopropyl)anisoB29 (Scheme 3.17%:

OMe OMe OMe
(" ] (P e (7
J LizCUC|4
3.27 3.28

3.29

Scheme 3.17Burnset al. regioselective-alkylation**

It was also interesting to note that &t al successfully employed the Burns copper-
mediated transformation in order to synthed<29in a yield of 719%*** These results
demonstrated a significant improvement when contpari¢h the results by Scheepers
al. performing the same transformation using a litioalogen exchange reaction
(Scheme 3.153)9.’ Consequently, a synthetic route towaBd$5 was formulated based on

Burns’ copper-mediated transformation. (Scheme 3.18).
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OH OH OMe
\© iPro,NH, NBS Br Na,COs Br
— —_ " »
Acetone Me,SO,
3.1 3.22 3.23
LizCUC|4

Mg, THF Br/\)\

o (@]
H OMe
(KSO3)2NO = CGHlll =
- -
DMF
(e
2.24 3.2 3.15

Scheme 3.18Proposed synthetic route towai€4based on Burnet al. protocol?*

A model reaction was formulated in order to vetifyie prenyl bromide coupling using
Burns’s protocol (Scheme 3.1%):-Bromoanisole 3.27) was reacted with magnesium in
order to form a Grignard-type reager®.28 (Scheme 3.16). The resulting Grignard
reagent .28 was cannulated into a solution oL, CuCl, and prenyl bromide in order to
achieve transmetallation. Subsequent coupling tedlde produc8.30which was obtained
in a yield of 81% (Scheme 3.18)*

OMe OMe
©/Br Mg ©/MgBr Li>,CuCly
> — >
| b

3.27 328 3.30

Scheme 3.19Synthesis of model produdt30

Successful coupling was first indicated by a sigrtél; 3.34 (2H, dJ = 7.7 Hz) due to the
methylene protons (2H-1) observed in thé NMR spectrum 0f3.3Q The downfield
aromatic region integrated for four protons. Thelenolar formula 0of3.30 was also
confirmed by HRMS (ES) analysis ([M+H] obsd. m/z 177.1276, calc. for GH170
177.1275). The successful synthesi8 @0 was subsequently followed by the synthesis of
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3.15 The synthesised 2-bromo-6-methylanis@de&8 was reacted with Mg to forré.31
and was subsequently coupled with prenyl bromide producB.15was obtained with a
reproducible yield of 71% (Scheme 3.20), which wash better than the 12% yield that

was obtained by the lithium MHE-mediated transfdiora

OMe OMe OMe _,
B ) 1 1 3
r Mg MgBr LioCuCly =
J /\/\\ 3 5
Br

>

3.23 3.31 3.15
71%

Scheme 3.20Synthesis oB.15using Burnsprotocol®*

The subsequent step was the deprotection of therathyl etherl3.15 Aryl methyl ethers
can tolerate a variety of reagents and experimeruatitions, but their high stability
creates a problem when removing the protectingmftbtiarsh conditions such as strong
acids or bases, alkali metals, or oxidising reagemd reducing reagents are generally
employed in the cleavage of methyl eth#¥. These conditions often result in undesirable
products and low reaction yields. Therefore, thhes been a great desire amongst
chemists for the development of a synthetic prdtobaracterised by chemoselectivity and
regioselectivity. The use of Lewis acids such &rsBis a demethylation reagent has been
prevalent because of the associated relatively ouladitions, but this method has been

characterised by long reaction tinfés.

Consequently Zoet al developed a demethylation protocol charactersertlative mild
reaction conditions and shorter reaction tiffeZou et al employed iodocyclohexane in
DMF under reflux to achieve the demethylation o7-8imethoxy-4-methylphthalide
(3.32 over 14 h in 91% vyield®® The results obtained by these authors demonstrated
significant improvement when compared with the Itssabtained by Canonicet al while

performing the same transformation using diffemithetic protocols (Scheme 3.21¥2
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(0] OMe 0 OH

0] 0]
OMe OH

3.32
Method A: BBg, rt, 8 d, 70% yield.
Method B: 57% HI, anhyd P, AO, reflux, 12 h, 49% vyield.

Scheme 3.21Canonicaet al approach to the demethylation382°2

Therefore, Zou’s approach was adopted for the deytegton of 3.15 In order to probe
this protocol, a model reaction was performed. Demetloyleof 2-bromo-6-methylanisole
(3.23 was undertaken as the model reaction using thie @mditions* The demethylated
product 3.22 was successfully obtained in a yield of 86% (Sobhe®22). Successful
demethylation was confirmed by the presence obadsinglet aéy 5.54 which coincided
with the disappearence of the signal due to @@Hthe 'H NMR spectrum 0f3.22
Therefore, the same procedure was employed in ¢heethylation of3.15 The desired
product was not obtained, although the reaction ipsated several times. The product
was also not obtained even when the reaction wdsrpeed using different equivalents of

iodocyclohexane.

OMe iodocyclohexane OH

Br (5.0 equiv) \©/Br
DMF

3.23 3.22

|

86%
Scheme 3.22Demethylation of 2-bromo-6-methylaniso&Z3).

Since the desired produBt2 was not obtained, alternative methods were coreide
order to achieve the cleavage of the aryl methyer 8.15 A synthetic approach by Fang
et al. was considered. The cleavage of the aryl mettindrevas performed by Farag al
using LiCl in DMF under microwave irradiatidR. Using microwave irradiation

significantly improved the reaction efficiency. Kg® approach was subsequently
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employed in an attempt to demethyl&té5. Unfortunately producB8.2 was not formed.
Prolonging the reaction time and also changing mhierowave parameters such as
temperature did not yield the required results.

1% These authors

The search for a demethylation procedure led aspaper by Shindet a
reported successful demethylation of aryl methlgee, using lithium and ethylenediamine
in THF under mild condition¥>* Although there is no generally accepted mecharism

this reaction, the yields obtained were very enagimg>® As a result Shindo’s method
was the subsequent synthetic strategy that wasogewblin order to obtain demethylation

of 3.15(Scheme 3.23).

OMe OH
= Li —
NH
HoN™ > 2
3.15 THF 3.2

84%

Scheme 3.23Demethylation oB.15using Shindet al approach?

A solution of lithium (5 eq) and ethylenediamineg) in THF under Nat 0°C was added
3.15(1 eq). The addition of the reagents was precegedelgassing in order to remove
traces of oxygen, since oxygen was reported togmteformation of the desired proddét.
This has also been regarded as an indication lieatlemethylation occurs by an electron
transfer reaction mechanism. The reaction mixtuas allowed to stir at 8C for 2 h to
give a deep blue reaction mixture. The reactiordpets were purified by silica column
chromatography to give 2-methyl-6-(3-methyl-2-byigohenol @.2) in 84% vyield. The
product3.2 was confirmed by the presence of a broad singlehé'H NMR spectrum
(Fig. 3.1) atdy 5.11 due to the phenolic proton. The observed Isbidtion band at 3564
cmi’ also indicated the presence of OH functionalifjhe molecular formula 08.2 was
also confirmed by HRMS (ESlanalysis([M-H] obsd.m/z175.1118, calc. for H;s0
175.1123).
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The successful synthesis2P was subsequently followed by oxidation to afford target
compound2.24(Scheme 3.16). Fremy’s salt (K§ENO was used as the oxidant to obtain
the product in a yield of 499:> The moderate yield obtained prompted a search for
another method that would afford better yields. Tobalt-Schiff base complex, [bis-
(salicylidene)ethylenediamine]cobalt (salcomin&)34), prevailed as the oxidant that
would probably give better yield§®* Therefore salcomine [(salen)CoB.84 was
synthesised using a two-step synthetic protocdi€Bre 3.24).

OH O

_ /M
N N=
H NH MeOH
FOHNT TR OH HO

3.33
82%

Co (OAc), - 4H,0

N N=
N
Jd o
3.34

62%
Scheme 3.24Synthesis of salcomin8&.G34).

The first step was the synthesis of the Schiff bdigmnd, N,N’-ethylene-bis-
salicylidenimine 8.33). The producB.33was obtained in a yield of 82%. The Schiff base
ligand3.33was subsequently reacted with Co(OAH),0 to form salcomine3(34).>’ The
successfully prepared salcomine was subsequerdly tassynthesis@.24. The reaction
was performed in C¥CN while exposed to atmospheric oxygen. The ugeuoé oxygen
did not institute a significant change on the yietheme 3.25 shows a proposed

mechanism for the oxidation 8f2 using salcomine in the presence of’®

41



CHAPTER THREE

/ \ H
— P— /O .
;CO/\ O, /O =
o 0 (salen)Co +

-(salen)CoO,H

& (salen)CoO, = Pz
- -

CQCoLn H

+ (salen)CoOH

Scheme 3.25Mechanism for the oxidation &2 to afford the 1,4-benzoquino2e24

The target compoung.24was obtained in a yield of 65%. THd NMR spectrum oR.24
was characterised by the presence of two downsiglglets aby 6.50 and 6.42 due to H-3
and H-5 (Fig. 3.4). The presence of a signal dueddd C-4 abc 188.0 in the”*C NMR
spectrum confirmed the presence of the benzoquinmiety (Fig. 3.5). This was further
confirmed by the IR absorption band at 1615'cithe *H and**C NMR data for synthetic
2.24 are identical with those reported for the natysedduct isolated fromGunnera

perpensd.
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Figure 3.4:*H NMR spectrum (CDG| 400 MHz) 0f2.24
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Figure 3.5:C NMR spectrum (CDG) 100 MHz) of2.24
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3.6 Synthesis of 2-isopentyl-6-methylbenzo-1,4-quine (2.25)

The synthesis of 2-isopentyl-6-methylbenzo-1,4-qoa Q.25 was achieved in a two-step
process (Scheme 3.23) . The first was the Pd/Qysathhydrogenation &.2 to obtain 2-
isopentyl-6-methylphenoB(35). The producB.35was obtained in a quantitative yieftt
NMR was used to confirm successful reduction, dieltpshift of signals due to H-1" and
H-2' was observed with the expected splitting patt@he signals for H-1' and H-2" were
observed aby 2.61 (2H, br tJ = 8.0 Hz) and 1.52 (2H, m) in tHél NMR spectrum of
3.35 confirming successful reduction of the double bohide molecular formula 03.35
was confirmed by HRMS (ESI([M-H] obsd.m/z177.1275, calc. for GH1;0 177.1279).
The final product was synthesised by oxidisB@5 with salcomine to obtain a 1,4-
benzoquinone2.25 in a yield of 79% The 'H NMR spectrum (Fig. 3.6) of 2.25 was
characterised by the presence of two downfieldlsia@téy 6.56 (1H, s) and 6.51 (1H, s)
due to H-3 and H-5. The IR absorption band at 1648 confirms the presence of the
benzoquinone moiety. This was further confirmedh®y presence of the signal due to C-1
and C-4 ab¢ 188.1 in thé*C NMR spectrum (Fig. 3.7).

OH OH 4' o i 4
= H, \(5/1\)\{ Salcomine, O, ' 5
—_— 5 —
10% Pd/C 5 3 CH3CN 5 3
0
3.2 3.35 2.25
99% 79%

Scheme 3.26Synthesis of 2-isopentyl-6-methylbenzo-1,4-quin@h25).
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Figure 3.6:'H NMR spectrum (CDG| 400 MHz) 0f2.25
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Figure 3.7:*C NMR spectrum (CDG| 100 MHz) 0f2.25

45



CHAPTER THREE

3.7 Synthesis of 2-(3,7-dimethylocta-2,6-dienyl)-#®ethyl-1,4-benzoquinone
(2.26).

The synthetic route towards the synthesis of 2-@&Tethyl-octa-2,6-dienyl)-6-methyl-
1,4-benzoquinone2(26), was similar to the one followed during the sw#ils of 2-methyl-
6-(3-methyl-2-butenyl)benzo-1,4-quinone. The oniffedence was the use of geranyl
bromide instead of prenyl bromide for the regiosle o-alkylation step. Therefore, the
previously synthesised.23 was reacted with Mg to form a Grignard type reage81
The Grignard reagent was subsequently transmetdliaith LL,CuCL and finally coupled
with geranyl bromide to give.36in 65% yield (Scheme 3.27:*

10'
OMe OMe OMe 9'
Br Mg MgBr LiCuCly 1A _
—_— 3 g
o
J W 5 3
3.23 3.31 Br 3.36
65%
Li
NH
H2N/\/ 2
THF
i 9
OH 10
) 1 r 7
salcomine, O, /3. = o
3.37

7%

Scheme 3.27Synthesis of 2-(3,7-dimethylocta-2,6-dienyl)-6-mgth,4-
benzoquinon2Z%6).

'H NMR analysis confirmed successful coupling by finesence of the signal & 3.39
(2H, d,J = 7.1 Hz), due to the methylene protons (2H-1heTignal demonstrated the
expected upfield shift since the signal was obskraesy 4.00 in the starting material

(geranyl bromideYH NMR spectrum. The successful synthesi8@6was subsequently
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followed by demethylation using Shindet al’s approachi® The product3.37 was
obtained in a yield of 77%. Thi#d NMR spectrum 0f3.37 demonstrated the expected
absence of signal due to the OMe group and theepcesof a broad singlet &; 5.18 due
to the phenolic proton (Fig. 3.8). The presencthefphenolic moiety was also confirmed
by the IR absorption band observed at 3536.2.cfine molecular formula 03.37 was
confirmed by HRMS (ES) ([M+Na]® obsd. m/z 267.1726, calc. for GH,,ONa
267.1725).

o e

7.4 3.4 ppr

Jw e ) L

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0  ppm

Figure 3.8:'H NMR (CDCk, 400 MHz) spectrum c3.37.

The synthesis 08.37was subsequently followed by an oxidation reactidth salcomine
in the presence of oxygen. The prod2@6was obtained in a yield @&3%.The'H NMR
spectrum oR.26 was characterised by the two downfield singlet$,a6.56 and 6.48 due
to H-3 and H-5 (Fig. 3.9). The acquiréiC NMR spectrum of2.26 demonstrated two
signals atoc 188.0 and 187.9 due to C-4 and C-1, which confiriied presence of the
benzoquinone moiety. The observed IR absorptiomi$an 1651, 1614 cmalso confirm

the presence of a benzoquinone moiety. THeand **C NMR data for syntheti®.26

47



CHAPTER THREE

correlated with those reported for the natural pobdisolated from brown alga,

Cystophora harveyt®

N/ ' | il

I I I I I I I I I I I
6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 20  ppm

Figure 3.9:'H NMR (CDCk, 400 MHz) spectrum .26
3.8 Synthesis of 2-(3,7-dimethyloctyl)-6-methyl-1;4enzoquinone (2.27).

The successful synthesis 226 provided the relevant foundation for the synthes$i2.27.
Like the synthesis a2.25,the synthesis 02.27involved two steps. The first step was the
reductive hydrogenation, while the second stepthva®xidation using salcomine (Scheme
3.28). The synthesise®.37 was reduced using ;Hn the presence of 10% Pd/C. The
product was obtained in a quantitative yield. Thracdure of2.27 was confirmed using
NMR. The characteristic triplet signals&t5.34 (H-2") and 5.09 (H-6") in th&#H NMR
spectrum 083.37 haddisappeared which was an indication that the dobbiels had been
reduced (Fig. 3.10). THEC NMR spectrum oB.38demonstrated an upfield shift of C-2’
and C-6', the signals were observedatl20.3 and 123.8 respectively (Fig. 3.11). The
molecular formula oB.38 was confirmed byHRMS (ESI") ([M-H] obsd.m/z247.2217,
calc. for G/H,;O 247.2215). The synthesis 8f38 was subsequently followed by an
oxidation step. The produ2t27was obtained in a yield of 75%. The structur@ @7 was
confirmed using NMR spectroscopy. The resonanc&s 7.9 and 187.8 in tHéC NMR
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spectrum were diagnostic of a benzoquinone moiefye IR spectrum oR.27 showed
absorption band 4651 cni that also confirmed the presence of a benzoquinosiety.
The molecular formula oR.27 was confirmed by HRMS (ESI ((M+H]" obsd. m/z
263.2012, calc. for GH,70, 263.2013).

OH
= = H2

\J

10% Pd/C
3.37

CH3CN | Salcomine, O,

2.27
75%

Scheme 3.28Synthetic route towards 2-(3,7-dimethyloctyl)-6thmg-1,4-
benzoquinon2%7).

3.9 Approaches Towards the Synthesis of Analogue23.

Since the synthesis .28 also involved regioselective alkyl coupling, dehtion,
regioselective bromination and methylation and ati@h, the formulated synthetic
strategy was based on the synthetic strategieswbet used in the synthesis Bf24-
2.277%374153n addition the synthesis .28 was also used as a yardstick to test the

flexibility of the developed synthetic approachiime 3.29).
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Figure 3.10:'H NMR spectrum (CDG| 400 MHz) of2.27.
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Figure 3.11:**C NMR spectrum (CDGJ 100 MHz) 0f2.27.
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OMe ‘
Br Mg, THF
Li2C|4CU oH
3.27 Br/\“/\’Br 3.39 THE 3.40

-300c

e Br .
oI
----e- OH

Scheme 3.29Proposed synthetic route towa2i8.

The synthesis d?.28started with the synthesis 8f39from 1.4-dibromobutane (@q) and
o-bromoanisole (2 eq§3.27) using Burns’sapproach’ Unfortunately the product was
obtained along with side produc®s41 and3.42 consequently a low yield of 43% was
obtained. The upfield shift of H-1' in théd NMR spectrum was the first indication of
successful coupling. The successful coupling walkcated by the presence of a triplet
resonance abc 2.65 due to H-1', which integrated for four pragom the'H NMR
spectrum 0f3.39 The presence of only two resonance8ca2.65 (4H, tJ = 7.5 Hz) and
1.64 (4H, qt) confirmed the successful synthesihefsymmetri@.39

OMer OMe
S Br d
7
5 3 5 3 OMe

3.41 3.42
19% 9%

Since an unsatisfactory yield was obtained in ghelesis 0f3.39 another synthetic route

was formulated. Instead of reactiogpromoanisole (2 eqB(27) and 1,4-dibromobutane (1

eq), equimolar amounts were used in order to 84 as the major product. The product
3.41was obtained in a yield of 69%. It was subsequemghcted with3.28to obtain3.39
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with an improved yield of 68%. Therefore, the suhsnt step was the demethylation of

3.39 employing the approach described by Shineto al®®

The product3.40 was
successfully obtained in a yield of 65%. The abseevfcthe characteristic resonanceat
3.83 (6H, s) due to OGHn the™H NMR spectrunwas the first indication of successful
demethylation. The IR absorption band at 3487 confirms the presence of the phenolic

moiety.

The synthesis 02.28 could not be completed. Progress in this syntheass retarded by
the challenges that were experience during thenated bromination 08.40 Therefore,

due to time constraints the synthesi @8 could be completed.

OMe
MgBr
OMe OMe
1 1' 1
@Br Mg, THF (B 32 O
B —
Li,ClyCu 5 3 Li,Cl,Cu 5
3.27 Br~Br 3.41 3.39
69% 68%
/\/NHZ
Li HoN

THF

S
T
- OH

3 298 3.40
65%

Scheme 3.30Approaches towards the total synthesi2.@8

In conclusion, the naturally occurring, 2-methy{&methyl-2-butenyl)-benzo-1,4-quinone
(2.24 was synthesised in five steps. The syntheticopatemployed in the synthesis of 2-
methyl-6-(3-methyl-2-butenyl)-benzo-1,4-quinon2 24 was subsequently employed in
the synthesis of the analogu2®5-2.27 The three analogues were distinguishable from
2.24only by the nature of the side chain. The anal@®y(@,7-dimethylocta-2,6-dienyl)-6-
methyl-1,4-benzoquinong2.26) with a longer sidewas synthesised with the same
synthetic strategy. The applicability of the folated synthetic strategy in the synthesis of
2.26-26.8 suggest that a reliable synthetic approach chemsed by consistency, wide

applicability and mild conditions has been devetbpéhe results obtained also signify that
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copper-mediated transformation is a potent syrchstiategy for regioselectivertho-

prenylation of a phenol.

The synthesis of 2-methyl-6-(3-methyl-2-butenyl)yibe-1,4-quinone 2.24) has been
reported by other groups. Khanna and Singh prepghedompound by direct prenylation
of 2-methyl-1,4-benzoquinorfé. However this method leads to the formation of 1:1
mixtures of the 2-methyl-5-(3-methyl-2-butenyl)-lzenl,4-quinone and 2-methyl-6-(3-
methyl-2-butenyl)-benzo-1,4-quinon@.24) isomer and is not suitable for large scale
preparation or the synthesis of analogues.

During the cause of our investigation, we also bexaware of a paper by Shaoffin.

However this paper was not accessible to us andlieact did not give a clear indication

of their synthetic methods.
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CHAPTER FOUR

Conclusion

4.1 Conclusion and Future Work

The research presented in this dissertation demadedtthe pivotal role that organic synthesis
plays in natural product chemistry. The naturaltgwring biologically active, 2-methyl-6-(3-
methyl-2-butenyl)-benzo-1,4-quinon2.24) was synthesised in five steps. The synthesis of
2.24 has been reported previously by Shaojun and ajsKMhmnna and Singh® They
employed different strategies and both of thesehoust are different to the method we
employed. This further demonstrates that thereoigeneral route towards the synthesis of
naturally occurring benzoquinones. Our synthetitealso represents the first regioselective
synthesis oR.24 Therefore, the synthetic strategy we have deeelap a significant addition

to the arsenal of simple, versatile and regioseieatoutes towards benzoquinones, which

have been dominated by synthetic strategies baséueaClaisen rearrangemétit.

Versatility was demonstrated by our synthetic apphoduring the synthesis of analogues
2.25-2.28 The criticalo-prenylation step was achieved in reproducible ggelils. Therefore,
the same transformation can be employed in thehegid of bioactive prenylated aromatic
compounds. Prenylated aromatic natural producte ba&en reported to exhibit antimicrobial
and antifungal properti€s. Consequently, chemists have demonstrated an sat@rethe

synthesis of prenylated aromatic compounds.
Although the synthesis of analogu25-2.27was successfully achieved, the synthesis of
analogue2.28was not completed. Therefore future work would ude the completion of the

synthesis 0£.28

One of our aims was to test the compounds for actoial and anticancer activity. This was
to be done in collaboration with biologists fromo#imer Department. However, due to time
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constraints, the results of the assays could natddeded in this dissertation. Future work will
include evaluating of the activity of synthesisednpounds in order to ascertain the structure-
activity relationship of the various groups presentcompounds?.24-2.28 and hence to

determine whether further investigation is necgssar
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CHAPTER FIVE

Methods and Materials

5.1 Experimental

The NMR spectra were obtained in deuterated sadvesing a Bruker Avance 400 MHz
spectrometer'H spectra were obtained at 400 MHz and referengadhst the residual
CHCI; singlet at 7.24 ppn°C spectra were obtained at 100 MHz and were refecen
against the central line of the CR@fiplet at 77.0 ppm. Abbreviation used: s - sihgie-
doublet, t - triplet, q - quartet, m - multiplet.ags spectra were obtained on a Waters-LCT
Premier mass spectrometer. Infrared spectra weeeneld as thin films (neat) / thin films
(chloroform) or as nujol mixes using a Perkin-ElnSgectrum One Spectrometer with a
scan window of 4000 - 400 émThe spectrum resolution was 1.0 tmnd the average

from 3 scans was taken.

Column chromatography was performed using Mercdkasigel 60 Pks4 and thin-layer
chromatography (TLC) was performed using Merckcailgel 60 Pk, supported on
aluminum backing. Visualisation of compounds on TW@s achieved under UV light
(254/365 nm) and/or by exposure to iodine vapourstaining with an anisaldehyde
staining solution. All moisture and air-sensitiveactions were performed under dry

conditions under nitrogen pressure.
All microwave reactions were conducted on a CEMusSed MicrowaveTM Synthesis

system which uses an infrared sensor located bdewnicrowave cavity floor to measure

temperature.
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5.2 Phenoxide Carbon Alkylation

5.2.1 Preparation of 2-methyl-6-(3-methyl-2-butenyphenol (3.2)

OH

3.1 3.2 3.3

Method A

To a solution of dry diethyl ether (50 ml) awecresol 8.1) (0.279 g, 2.58 mmol) was
slowly added small pieces of metallic sodium (0.237.0.3 mmol). The mixture was
stirred for 2 h. Allylic bromide (0.384 g, 2.58 mihwas added dropwise, after which the
mixture was refluxed for 10 h. The unreacted metabdium metal was quenched using
methanol. The reaction mixture was acidified witd WM agq HCI. The residue was
extracted with diethyl ether (3 x 50 ml). The condd extracts were dried with anhydrous
MgSQ,, filtered and concentrateith vacuo The reaction products were purified using
silica column chromatography (9:1 hexane-ethyl &egtto yield compound.2 (0.182 g,
1.03 mmol, 40%) as a yellowish oil and compo®8(0.146 g, 0.825 mmol, 32%) as a

colourless oil.

Method B

Procedure A was repeated with all the parametegsstime except temperature and
reaction time. The diethyl ether amdcresol solution was prepared and kept &iCQ
subsequently allylic bromide was added slowly & temperature. The temperature of the
resulting mixture was allowed to rise to room terapgre. The reaction mixture was
stirred overnight. The reaction yielded compouhd (0.259 g, 1.47 mmol, 57%) as a

yellowish oil and compound.3(0.077 g, 0.439 mmol, 17%) as a colourless oil.
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Compound 3.2

'H NMR (400 MHz, CDC}) 64 6.97 (1H, dJ = 7.4 Hz, H-3), 6.93 (1H, dl = 7.2 Hz, H-
5), 6.74 (1H, tJ = 7.4 Hz, H-4), 5.30 (1H, t] = 7.2 Hz, H-2"), 5.11 (1H, br s, OH), 3.33
(2H, d,J= 7.0 Hz, H-1’), 2.21 (3H, s, G{}{ 1.78 (3H, s, H-4"), 1.76 (3H, s, H-5").

%C NMR (100 MHz, CDGJ) 8¢ 152.9 (C-1), 135.0 (C-3'), 129.0 (C-5), 127.6 (5-R26.1
(C-6), 124.2 (C-2), 122.0 (C-4), 120.2 (C-2)), 3¢@35’), 25.7 (C-1'), 17.9 (C-4"), 15.8
(6-CH).

HRMS (ESI’) [M-H] "obsd.m/z175.1118 (calc. for $GH150 175.1123).

IR Vmax 3564, 2919, 1594, 1467, 1377, 1257, 1190, 765.cm

Compound 3.3

'H NMR (400 MHz, CDCJ) 84 7.12 (2H, m, H-3, 5), 6.83 (2H, m, H-4, 6), 5.481(1,J =
6.52 Hz, H-2), 4.51 (2H, d] = 6.5 Hz, H-1"), 2.22 (3H, s, H-7), 1.78 (3H, s, H;41.72
(3H, s, H-5").

3C NMR (100 MHz, CDGJ) 8¢ 157.1 (C-1), 137.1 (C-3'). 130.6 (C-3), 127.1 (5-526.6
(C-2), 120.4 (C-2"), 120.2 (C-4), 111.5 (C-6), 6%01-1"), 25.8 (C-5), 18.2 (C-4"), 16.3
(2-CHp).

HRMS (ESI") [M+H] "obsd.m/z177.1283 (calc. for GH;7;0 177.1284).

IR Vmax 2917, 1603, 1493, 1237, 1119, 1006, 746, 713.cm
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5.3 Directedortho-Metalation
5.3.1 Preparation of 2-methylanisole (3.13)

Me

3.13

A solution of NaCGQ; (0.624 g, 5.89 mmol) anatcresol 8.1) (1.00 g, 5.43 mmol) in dry
acetone (20 ml) was refluxed under nitrogen for Tdithe mixture MgS0O, (0.685 g, 5.43
mmol) was added and the mixture was refluxed fiurthner 3 h. The reaction mixture was
guenched in water and extracted with ether (3 D0 The combined extracts were dried
over anhydrous MgSQ filtered and concentrateid vacua The reaction products were
purified using silica column chromatography (heXateeyield compound.13 (0.636 g,

5.12 mmol, 96%) as a colourless olil.

'H NMR (400 MHz, CDCJ) &y 7.12 (2H, m, H-3,5), 6.82 (2H, m, H-4,6), 3.81 (3,
OCHg), 2.20 (3H, s, Ch),

13C NMR (100 MHz, CDG) 8¢ 157.3 (C-1), 130.6 (C-3), 128.1 (C-5), 120.3 (C2)9.3
(C-4), 110.7 (C-6), 63.9 (OGH{ 14.1 (CH).

IR Vmax 2920, 2851, 1459 1375, 906 ¢m
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5.3.2 Attempted synthesis of 2-methyl-6-(3-methyl-Butenyl)anisole (3.15)

To a solution 2-methylanisol&..3 (0.500 g, 4.09 mmol) in dry THR-BuLi (6.5 ml,
4.09 mmol) was added at -78. The resulting solution was stirred for 1.5 reaftvhich
prenyl bromide (0.609 g, 4.09 mmol) was added. 3dlation was allowed to warm to
room temperature. The reaction was quenched witlhratad aqueuous NBI, dried with
anhydrous MgS@ filtered and concentrated vacuo The material obtained subjected to
silica column chromatography (1:4, diethyl ethexdree). Unfortunately the produdtl5

was not obtained.

The same procedure was repeated several times uating the different variables. This
included changing the solvent from diethyl ethell i, addition of TMEDA and Cul and
varying of the temperature. Each experiment wasatgul several times but there was no
product obtained.

5.3.3 Preparation of tetrahydropyran ether (3.20)

To a solution of o-cresoB(1) (2.50 g, 23.1 mmol) in 20 mL THF, 3,4-dihydrétdyran
(4.86 g, 57.8 mmol) and anhydrgopsoluenesulfonic acid was addedddiC. The resulting
mixture was stirred for 12 h at®. The reaction was quenched by basifying with 10%
NaOH. The residue was extracted with dichloromethé® x 50 ml). The combined

extracts were dried with anhydrous MgS@iltered and concentrateth vacuo The
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reaction product was purified using silica colummamatography (1:4, diethyl ether-

hexane) to yield compourgi20(3.20 g, 16.6 mmol, 72%) as a colourless oil.

'H NMR (400 MHz, CDCJ) 8,1 7.16 (2H, t,J = 6.5 Hz, H-3,5), 7.09 (1H, d,= 7.71 Hz,
H-6), 6.91 (1H, tJ = 7.7 Hz, H-4), 5.45 (1H, ] = 3.1 Hz, H-1), 3.93 (1H, td] = 10.1,
2.8 Hz, Hyc5") 3.63 (1H, m, H5), 2.30 (3H, s, Ch), 1.71-2.06 (6H, m, H-2,3",4")

3 NMR (100 MHz, CDGJ) 8¢ 155.1 (C-1), 130.6 (C-3), 127.3 (C-5), 126.7 (CID1.2
(C-4), 114.2 (C-6), 96.1 (C-1'), 62.0 (C-5"), 3q(B-2'), 25.3 (C-4"), 19.0 (C-3"), 16.2 (2-
CHs).

HRMS (ESI*) [M+Na]* obsd.m/z215.1048 (calc. for GH10,Na 215.1047).
IR Vinax 2940, 1492, 1235, 1035, 966, 746tm

5.3.4 Attempted synthesis of compound 3.21

S

O

3.21

To a solution of compound.20 0.500 g, 2.60 mmol) in dry THF-BuLi (4.16 ml, 2.60
mmol) was added at -10€C. The resulting solution was stirred for 1.5 hemyl bromide
(0.387 g, 2.60 mmol) was added. The solution widmwad to warm up to room
temperature. The reaction was quenched by the iadddaf water and the products
extracted with diethyl ether (3 x 20 ml). The conmdd extracts were washed with 10%
NaOH, water, dried with anhydrous Mggdiltered and concentrateth vacuo The
reaction product was subjected to silica columnoctatography (1:4, diethyl ether-
hexane). Unfortunately the prodi&21was not obtained.

The same procedure was repeated several times whgting the different variables. This
included changing the solvent from diethyl ethell i, addition of TMEDA and Cul and
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varying of the temperature. Each experiment wasatgul several times but there was no

product obtained.

5.4 Metal-Halogen Exchange

5.4.1 Preparation of 2-bromo-6—methylpheno(3.22

w@ W@f
3.24

47% 42%
Method A

To a solution ofo-cresol 8.1) (1.00 g, 9.26 mmol) in C¥l, (30 ml), was added NBS
(1.61 g, 9.26 mmol) in C¥€Cl; (30 ml). The mixture was stirred at room tempeafor 2

h. The reaction mixture was acidified with HCI ate® aqueous solution was extracted
with CH,Cl, (3 x 20 ml). The combined extracts were dried ocarhydrous MgSQ
filtered and concentrated vacua The reaction products were purified using sitodumn
chromatography (1:9; diethyl ether: hexane) todymmpound.22 (0.811 g, 4.33 mmol,
47%) and compoung.24(0.724 g, 3.88 mmol, 42%) as colourless oils.

Method B

A solution of diisopropylamine (0.0919 g, 0.926 mjria CH,CI, (2 ml) was added to a
solution of o-cresol (1.00 g, 9.26 mmol) in GAl, (10 ml) at 0°C. To the resulting
mixture, a solution of NBS (1.61 g, 9.26 mmol) iR£Ll, (30 ml) was added over 1 h. The
mixture was stirred for 2 h at €. The reaction mixture was acidified with HCI aine
agueous solution was extracted withCH (3 x 20 ml). The combined extracts were dried
over anhydrous MgSQ filtered and concentrateid vacua The reaction products were
purified using silica column chromatography (1:9ietkdyl ether-hexane) to yield

compound3.21(1.26 g, 6.74 mmol, 73%) as a colourless oil.
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Compound 3.22

'H NMR (400 MHz, CDC}) 8, 7.27 (1H, dJ = 7.9 Hz, H-3), 7.04 (1H, d] = 7.5 Hz, H-
5), 6.69 (1H, tJ = 7.7 Hz, H-4), 5.54 (1H, br s, OH), 2.28 (3H, s, 4LH

3 NMR (100 MHz, CDGJ) 8¢ 150.4 (C-1), 130.4 (C-3), 129.4 (C-5), 125.9 (CH)1.2
(C-4), 110.2 (C-2), 16.6 (C}

HRMS (ESI") [M-H] obsd.m/z184.9602 (calc. for #1s0’'Br 184.9602).
IR Vnax 3512, 1459, 1433, 1217, 1119, 1075, 758 cm
Compound 3.24

'H NMR (400 MHz, CDCY) &y 7.25 (1H, m, H-3), 7.18 (1H, dd,= 8.5, 2.5 Hz, H-5),
6.66 (1H, d,J = 8.5 Hz, H-6), 4.82 (1H, br s, OH), 2.24 (3H, ${&

¥C NMR (100 MHz, CDGJ) 8¢ 152.9 (C-1), 133.5 (C-3), 129.7 (C-5), 126.2 (C206.5
(C-4), 112.5 (C-6), 15.6 (C

5.4.2 Preparation of 2-bromo-6-methylanisole (3.23)

OMe

1Br

5 3
3.23

A solution of NaCOs (0.678 g, 6.40 mmol) and compouB@2(1.00 g, 5.35 mmol) in dry
acetone (20 ml) was refluxed under nitrogen for Tdithe mixture MgsO, (0.743g, 5.89
mmol) was added and the mixture was refluxed fiurtner 3 h. The reaction mixture was
guenched with water and extracted with ether (dx1). The combined extracts were
dried over anhydrous MgSQfiltered and concentrated vacua The reaction products
were purified using silica column chromatographgx@ne) to yield compoungi23(1.02

g, 5.08 mmol, 95%) as a yellowish oil.
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'H NMR (400 MHz, CDCY) 8y 7.35 (1H, dJ = 7.9 Hz, H-3), 7.09 (1H, d} = 7.6 Hz, H-
5), 6.86 (1H, tJ = 7.8 Hz, H-4), 3.85 (3H, s, OGH 2.35 (3H, s, Ch).

13C NMR (100 MHz, CDG) 8¢ 155.4 (C-1), 131.0 (C-3), 130.3 (C-5), 128.0 (CH)5.1
(C-4),117.3 (C-2), 60.1 (OGH 16.5 (CH).

HRMS (ESI*) [M+H] " obsd.m/z200.9841 (calc. for §1100"'Br 200.9842).
IR Vinax 2930, 1467, 1415, 1228, 1004, 1083, 843, 769.cm

5.4.3 Preparation of 2-methyl-6-(3-methyl-2-butenybnisole (3.15)

OMe 4
1 1 3
\@/\)\ 5
3 5

3.15

2-Bromo-6-methylanisol8.23(0.500 g, 2.49 mmol) was dissolved in dry diethylese (10
ml), under nitrogen. The resulting solution was ledoto 0°C before adding TMEDA
(0.53 ml, 3.55 mmol) subsequently followed by thadidon of n-BuLi (2.1 ml, 3.55
mmol). The mixture was allowed to stir for 20 mieftwre adding prenyl bromide. The
reaction was allowed to stir overnight and subsetiyguenched using saturated aqueous
NH4CI (10 ml) and extracted with diethyl ether (3 x ml). The combined extracts were
dried with anhydrous MgSQfiltered and concentrated vacua The reaction products
were purified using silica column chromatography4(tliethyl ether-hexane) to vyield

compound3.15(0.057 g, 0.299 mmol, 12%) as a yellowish olil,

'H NMR (400 MHz, CDC}) &, 7.00 (2H, d,J = 7.4 Hz, H-3,5), 6.93 (1H, dd,= 7.5, 6.4
Hz, H-4), 5.27 (1H, tJ = 7.2 Hz, H-2"), 3.72 (3H, s, OG} 3.35 (2H, dJ = 7.2 Hz, H-
1), 2.28 (3H, s, Ch), 1.72 (6H, s, H-4', 5).

13C NMR (100 MHz, CDGJ) 8¢ 156.6 (C-1), 134.6 (C-3"), 132.2 (C-3), 130.9 (559.0

(C-6), 127.7 (C-2), 124.0 (C-4), 123.3 (C-2’), 6QQCH;), 29.7 (C-1'), 25.7 (C-5), 17.8
(C-4'), 16.1 (CH).
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HRMS (ESI*) [M+H] * obsd.m/z191.1432 (calc. for GH1s0 191.1433).

IR Vmax 2926, 1713, 1511, 1467, 1377, 1254, 1015, 768.cm

5.5 Copper (ll)-Mediated Regioselective Alkylation

5.5.1Preparation of 2-(3-methylbut-2-enyl)anisole (3.30)

Compound3.27(1.50 g, 8.02 mmol) was added slowly to a mixturéig (0.220 g, 9.05
mmol) turnings and 20 ml of dry THF under nitrog@&he resulting mixture was allowed
to reflux for 3 h. The mixture was cannulated iat@olution of prenyl bromide (1.19 g,
8.02 mmol) and 1.5 ml of 0.1 M 4CuCl/THF solution, stirring at 6C under nitrogen.
The reaction mixture was allowed to warm to roompgerature and after 3 h another 1.5
ml of 0.1 M LpCuClL/THF was added. After 6 h, the last portion of imbof 0.1 M
Li,CuCl/THF was added. After 24 h the reaction was queahaehi¢h distilled water (20
ml) and extracted with ethyl acetate (3 x 20 nilhe organic layer was washed with dilute
HCI, water and brine, dried over anhydrous MgSfitered, and concentrateéd vacuo
The reaction products were purified using silicluoo chromatography (hexane) to yield

compound3.30(1.15 g, 6.50 mmol, 81%) as colourless oil.

'H NMR (400 MHz, CDCY) & 7.17 (2H, m, H-3,5), 6.90 (1H, d, = 7.4 Hz, H-4), 6.86
(1H, d,J = 8.1 Hz, H-3), 5.33 (1H, f] = 7.2 HzH-2'), 3.86 (3H, s, OCH), 3.34 (2H, d,J
= 7.7 Hz, H-1"), 1.76 (3H, s, H-4"), 1.73 (3H, s, )5

13C NMR (100 MHz, CDGJ) 8¢ 157.3 (C-1), 132.4 (C-3"), 130.1 (C-3), 129.3 (526.8

(C-2), 122.6 (C-4), 120.4 (C-2"), 110.2 (C-6), 553CHs), 28.4 (C-1), 25.8 (C-5), 17.7
(C-4).
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HRMS (ESI*) [M+H] * obsd.m/z177.1276 (calc. for GH1;0 177.1275).

IR Vmax 2968, 1599, 1462, 1240, 1028, 750.tm

5.5.2 Preparation of 2-methyl-6-(3-methyl-2-butenyhnisole (3.15)

OMe 4
3

1

2-Bromo-6-methylanisol&(23 (0.500 g, 2.49 mmol) was added slowly to a mixtafe
Mg turnings and 15 ml of dry THF under nitrogen eTiesulting mixture was allowed to
reflux for 5 h. The mixture was cannulated intam&ugon of allylic bromide (0.371 g, 2.49
mmol) and 1.5 ml of 0.1 M LCUCW/THF solution, stirring at 6C under nitrogen. The
reaction mixture was allowed to warm to room terapge and after 3 h another 1.5 ml of
0.1 M Li,CuCW/THF was added. After 6 h, the last portion of Irtb of 0.1 M
Li,CuCl/THF was added. After 24 h the reaction was queshehi¢h distilled water (20
ml) and extracted with ethyl acetate (3 x 20 nilhe organic layer was washed with dilute
HCI, water and brine, dried over anhydrous MgSfitered and concentrated vacuo
The reaction products was purified using silicauomh chromatography (1:4, diethyl ether-

hexane) to yield compourgi15(0.336 g, 1.77 mmol, 71%) as yellowish oil;

'H NMR (400 MHz, CDC}) 8 7.00 (2H, dJ = 7.4 Hz, H-3,5), 6.93 (1H, dd,= 7.5, 6.4

Hz, H-4), 5.27 (1H, t) = 7.2 Hz, H-2"), 3.72 (3H, s, OG} 3.35 (2H, dJ = 7.2 Hz, H-

1'), 2.28 (3H, s, Ch), 1.72 (6H, s, H-4', 5").

3C NMR (100 MHz, CDGJ) 8¢ 156.6 (C-1), 134.6 (C-3'), 132.2 (C-3), 130.9 (5529.0

(C-6), 127.7 (C-2), 124.0 (C-4), 123.3 (C-2"), 6QQCHy), 29.7 (C-1"), 25.7 (C-5'), 17.8
(C-4), 16.1 (CH).

HRMS (ESI") [M+H] * obsd.m/z191.1432 (calc. for GH190 191.1433).

IR Vmax 2926, 1713, 1511, 1467, 1377, 1254, 1015, 768.cm
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5.5.3 Demethylation of 2-bromo-6-methylanisole (33

2-Bromo-6-methylanisole3(23 (0.100 g, 0.500mmol) was dissolved in DMF (5 ntd),
the resulting solution iodocyclohexane (1.05 g,fat) was added. The reaction mixture
was subsequently refluxed for 8 h under nitrogeine Dbtained reaction mixture was
cooled and mixed with water (25 ml) and extractathwethyl acetate (3 x 20 ml). The
organic layer was washed with NaH$&hd brine, dried over anhydrous Mgs@ltered
and concentratedn vacua The reaction products were purified using silmaumn
chromatography (1:9, diethyl ether-hexane) to yietanpound3.22 (0.0804 g, 0.430

mmol, 86%) as a colourless oil.

'H NMR (400 MHz, CDCY) 84 7.27 (1H, dJ = 7.9 Hz, H-3), 7.04 (1H, d] = 7.5 Hz, H-
5), 6.69 (1H, tJ = 7.7 Hz, H-4), 5.54 (1H, br s, OH), 2.28 (3H, s, &H

13C NMR (100 MHz, CDG) 8¢ 150.4 (C-1), 130.4 (C-3), 129.4 (C-5), 125.9 (CH)1.2
(C-4), 110.2 (C-2), 16.6 (Gt

HRMS (ESI’) [M-H] obsd.m/z184.9602 (calc. for #1s0’'Br 184.9602).
IR Vmax 3512, 1459, 1433, 1217, 1119, 1075, 758 cm
5.5.4 Attempted demethylation of 3.15 using Zuo’spproach

2-Methyl-6-(3-methyl-2-butenyl)anisole3.(l5 (0.190 g, 1.00 mmol) was dissolved in
DMF (5 ml), to the resulting solution iodocyclohewea(2.10 g, 10 mmol) was added. The
reaction mixture was subsequently refluxed for Zihter nitrogen. The obtained reaction
mixture was cooled and mixed with water (25 ml) axttacted with ethyl acetate (3 x 20
ml). The organic layer was washed with NaH&@d brine, dried over anhydrous MggsO
filtered and concentratedh vacuo The material obtained subjected to silica column
chromatography (1:4, diethyl ether-hexane). Unfoately the product3.2 was not

obtained.
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5.5.5 Attempted demethylation of 3.15 using Fangapproach

To a solution of 2-methyl-6-(3-methyl-2-butenyl)spie @.15 (0.100 g, 0.526 mmol) in
dry DMF (0.10 ml, 1.58 mmol), was added LiCl (0.066, 1.58 mmol). The mixture was
irradiated under microwave (300 W, 3080) for 5-30 min. The resulting mixture was
guenched with dilute HCI, and extracted with ethgétate (3 x 20 ml). The organic layer
was dried over anhydrous Mg&Ciiltered and concentrateosh vacua The material
obtained subjected to silica column chromatograpliy4, diethyl ether-hexane).

Unfortunately the produ@.2 was not obtained.

5.5.6 Preparation of 2-methyl-6-(3-methyl-2-butenyphenol (3.2)

To a mixture of 10 ml dry THF and metallic lithiuf@.039 g, 5.68 mmol), stirring at°C
under nitrogen, was added ethylenediamine (0.478% mmol). Compoun8.15(0.200

g, 1.05 mmol) was added artde solution was allowed to stir at°@ for 2 h. The
remaining lithium was separated from the resultiegp blue solution and quenched with
methanol. The pink reaction mixture was quencheth wiistilled water (10 ml) and
extracted with diethyl ether (3 x 20 ml). The ongalayer was washed with dilute HCI,
water and brine, dried over anhydrous MgSfiltered and concentrateid vacua The
reaction products were purified using silica coluonimomatography (1:4; diethyl ether-
hexane) to yield compourfi2(0.154 g, 0.874 mmol, 84%) as a yellowish oil.

'H NMR (400 MHz, CDCY) 8,4 6.97 (1H, dJ = 7.4 Hz, H-3), 6.93 (1H, d = 7.2 Hz, H-
5), 6.74 (1H, tJ = 7.4 Hz, H-4), 5.30 (1H, f] = 7.2 Hz, H-2’), 5.11 (1H, br s, OH) 3.33
(2H, d,J= 7.0 Hz, H-1"), 2.21 (3H, s, C§i 1.78 (3H, s, H-4’), 1.76 (3H, s, H-5).

13C NMR (100 MHz, CDG) 8¢, 152.9 (C-1), 135.0 (C-3'), 129.0 (C-5), 127.6 -
126.1 (C-6), 124.2 (C-2), 122.0 (C-2), 120.2 (C-8).3 (C-1), 25.7 (C-5), 17.9 (C-4),

15.8 (CH).
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HRMS (ESI") [M-H] obsd.m/z175.1118 (calc. for GHysO 175.1123).

IR Vmax 3564, 2919, 1594, 1467, 1377, 1257, 1190, 765.cm

5.5.7 Preparation of 2-methyl-6-(3-methyl-2-butenytbenzo-1,4-quinone (2.24)

Method A

To a purple solution of (KS§hLNO (0.060 g, 0.222 mmol) and kRO, 3H,O (0.080 g
0.420 mmol) in 10 ml water was added a solution DMmethyl-6-(3-methyl-2-
butenyl)phenol §.2) (0.020 g, 0.114 mmol) in 10 ml methanol. The sy mixture was
vigorously stirred overnight. The reaction mixtuvas extracted with Cil, (2 x 20 ml).
The combined extracts were dried with anhydrous ®lgSiltered and concentrateid
vacuo The reaction product was purified using silicduomn chromatography (1:4,
diethylether-hexane) to yield compou@d?4 as a yellowish 0il(0.021 g, 0.110 mmol,
49%) as yellowish oil.

Method B

2-Methyl-6-(methyl-2-butenyl)phenoBB(2) (0.100 g, 0.569 mmol) was dissolved in dry
CH3CN (20 ml) and salcomine (0.244 g, 0.750 mmol) wdded to the resulting solution
and the reaction mixture was allowed to stir fori2at room temperature. The resulting
solution was filtered, the solids were discardesgrghed with water and extracted with
diethyl ether (3 x 20 ml). The combined extractsrevdried with anhydrous MgSQ©
filtered and concentratedd vacuo The reaction product was purified using silicduom
chromatography (1:4, diethylether-hexane) to yiettmpound2.24 as a yellowish oll
(0.0704 g, 0.370 mmol, 65%).
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'H NMR (400 MHz, CDCJ) 54 6.50 (1H, s, H-3), 6.42 (1H, s, H-5), 5.01 (1H,bt 7.5
Hz, H-2"), 3.07 (2H, dJ = 7.6 Hz, H-1'), 2.07 (3H, s, GH, 1.71 (3H, s, H-4"), 1.59 (3H,
s, H-5Y).

¥C NMR (100 MHz, CDGCJ) 8¢ 188.0 (C-1, 4), 148.5 (C-6), 145.9 (C-2), 136.23};
132.3 (C-3, 5), 118.1 (C-27), 27.7 (C-1"), 25.7 4Q; 17.7 (C-5'), 16.0 (Ch).

HRMS (ESI") [M+Na+MeOH] obsd.m/z245.1153 (calc. for GH1g0sNa 245.1154).
IR Vinax 2919, 1651, 1613, 1437, 1291, 1172, 91T'cm
5.6 Synthesis of [bis-(salicylidene)ethylenediamitmlbalt (Salcomine) (3.34)
5.6.1 Preparation ofN,N’-ethylene-bis-salicylidenimine (3.33)
/N
=
Chrono )
3.33
To a solution of salicylaldehyde (4.00 g, 32.7 mmuwi boiling ethanol (150 ml),
athylenediamine (0.982g, 16.4 mmol) was added. firdure was allowed to stand;
within 2 min the formation of bright yellow cryssamaterial was observed. The mixture
was allowed to cool to temperature and subsequéhiésed. The crystalline material was
allowed to dry. The bright yellow crystals were mestallized from ethanol to yield
compound3.33(3.74g, 13.9 mmol, 82%), the melting point was ruead to be 119-121
°C (literature value 12%C)
'H NMR (400 MHz, CDCJ) & 8.37 (2H, s, H-1"), 7.31 (2H, di,= 8.8, 1.7 Hz, H-4), 7.24
(2H, dd,J = 8.5, 1.6 Hz, H-6), 6.96 (2H, d,= 8.29 Hz, H-3), 6.87 (2H, § = 7.45, H-5),

3.96 (1H, s, H-3),

13C NMR (100 MHz, CDGJ) 3¢ 166.5 (C-1"), 161.0 (C-2), 132.3 (C-4), 131.5 (C-5)8.8
(C-1), 118.7 (C-5), 116.7 (C-3), 59.9 (C-3).
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IR Vmax. 3545, 2967, 2853, 1548, 1653 tm

5.6.2 Preparation of Salcomine (34)

_N\Co/ -
/ N\
(@] @]

3.34

To a solution 0f3.33(3.5 g, 13.0 mmol) in 35 ml methanol at 4D under nitrogen was
added NaOH (%q) (to dissolved all the crystals). Co(OAdH,0 (3.24 g, 13.0 mmol)
dissolved in 5 ml distilled water was subsequerdjded dropwise. The complexs
immediately started to precipitate. The mixture Viasher stirred at 40C for 2 h. After
allowing the solution to cool down to room temparat the precipitate was filtered and
washed successively with water and absolute ethdin@ precipitate was dried to yield
cobalt complex3.34 (2.66g, 8.18 mmol, 62%) as a brownish sadH®RMS (ESI*) [M+H]*
obsd.m/z326.0478 (calc. for {gH150.N.Co 326.0476)

5.7 Synthesis of Analogue 2.25.

5.7.1 Preparation of 2-isopentyl-6-methylphenol (35)

2-Methyl-6-(3-methyl-2-butenyl)phenoB) (0.200 g, 1.13 mmol) was dissolved in dry
MeOH (15 ml) and to the resulting solution 10% P&€ a catalyst was added. The
reaction mixture was stirred for 1 h at room terapge under a hydrogen pressure. The

product, compoun8.35,was obtained (0.199 g, 1.12 mmol, 99%) as a yetlowil.
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'H NMR (400 MHz, CDCJ) 85 6.99 (2H, dJ = 7.2 Hz, H-3, 5), 6.79 (1H, §,= 7.3, H-4),
4.60 (1H, br s, OH), 2.61 (2H, brd= 8.0 Hz, H-1), 2.27 (3H, s, G 1.65 (1H, m, H-
3), 1.52 (2H, m, H-2") 0.97 (6H, d} = 6.5 Hz, H-4',5).

¥C NMR (100 MHz, CDGJ) 8¢ 151.9 (C-1), 128.4 (C-5), 128.1 (C-3), 127.6 (C12B.0
(C-6), 120.3 (C-4), 39.3 (C-2'), 28.0 (C-3'), 2©-1"), 22,5 (C-4', 5'), 15.8 (CH).

HRMS (ESI") [M-H] obsd.m/z177.1275 (calc. for GH1;0 177.1279)
IR Vinax. 3585, 2954, 1594, 1467, 1187, 827, 741*cm

5.7.2 Preparation of 2-isopentyl-6-methylbenzo-1,4uinone (2.25)

Compound3.35(0.100 g, 0.560 mmol) was dissolved in dry LN (20 ml) and to the
resulting solution salcomine (0.243 g, 0.747 mnveds added. The reaction mixture was
allowed to stir for 24 h at room temperature. Tésutting solution was filtered, the solids
were discarded, quenched with water and extraciéu adiethyl ether (3 x 20 ml). The
combined extracts were dried over anhydrous Mg$idered and concentrated vacuo
The reaction product was purified using silica cotuchromatography (1:4, ethyl acetate-
hexane) to yieldompound2.25(0.085 g, 0.442 mmol, 79%) as a yellowish oil.

'H NMR (400 MHz, CDC}) &, 6.56 (1H, s, H-3), 6.51 (1H, s, H-5), 2.43 (2H) & 7.8
Hz, H-1') 2.07 (3H, s, CHl), 1.63 (1H, m, H-3"), 1,39 (2H, §,= 6.8 Hz, H-2"), 0.95 (6H,

d,J=6.5Hz, H-4'5).

13C NMR (100 MHz, CDGJ) ¢ 188.1 (C-1, 4), 150.1 (C-2), 146.1 (C-6), 133.25)C
132.4 (C-3) 37.2 (C-2'), 28.0 (C-3'), 27.2 (C-122.5 (C-4', 5'), 16.2 (CHh).
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HRMS (ESI") [M+Na]* obsd.m/z215.1048 (calc. for GH160,Na 215.1047).

IR Vmax 2954, 1648, 1467, 1366, 1291, 1034, 1190, 916.cm

5.8 Preparation of Analogue 2.26

5.8.1 Preparation of 2-(3,7-dimethylocta-2,6-dieny6-methylanisole (3.36)

2-Bromo-6-methylanisole3(23 (0.800 g, 3.98 mmol) was added slowly to a mixtofe
Mg (0.109 g, 4.50 mmol) turnings and 20 ml of diyF under nitrogen. The resulting
mixture was allowed to reflux for 5 h. The mixtuneas cannulated into a solution of
geranyl bromide (0.864 g, 3.98 mmol) and 1.5 m0.4fM Li,CuCL/THF solution, stirring
at 0°C under nitrogen. The mixture was allowed to wapmdom temperature and after 3
h another 1.5 ml of 0.1 M kCuCl/THF was added. After 6 h, the last portion of mSof
0.1 M LiCuCl/THF was added. After 24 h the reaction was queshetith distilled water
(20 ml) and extracted with ethyl acetate (3 x 2. nThe organic layer was washed with
dilute HCI, water and brine, dried over anhydroug9®, filtered, and concentrated
vacua The reaction product was purified using silicduenn chromatography (1:4 diethyl

ether: hexane) to yield compouB®86(0.669 g, 2.59 mmol, 65%) as a colourless oil.

'H NMR (400 MHz, CDCJ) 81 *H NMR (400 MHz, CDC}) 8 7.05 (2H, dJ = 7.5 Hz, H-
3, 5), 6.99 (1H, tJ = 7.4 Hz, H-4), 5.28 (1H, ] = 7.0 Hz, H-2"), 5.08 (1H, ) = 6.8 Hz,
H-6%), 3.71 (3H, s, OCH), 3.36 (2H, d, 7.2 Hz, H-1') 2.27 (3H, s, ©H2.06 (2 x 2H, m,
H-4', 5, 1.74 (3H, s, H-10’), 1.69 (3H, s, H-8,61 (3H, s, H-9).

13C NMR (100 MHz, CDGJ) ¢ 156.7 (C-1), 135.9 (C-3), 131.3 (C-7’), 128.9 &-

128.2 (C-3), 127.6 (C-2), 124.3 (C-6), 123.9 (C-6p3.0 (C-2’), 120.3 (C-4), 61.1
(OCHy), 39.7 (C-4"), 30.6 (C-1'), 26.6 (C-5'), 25.6 (C}817.6 (C-9’), 16.2 (C-10), 16.0
(CHa).
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IR Vmax 2932, 1715, 1518, 1452, 1372, 1257, 1153, 913.cm

5.8.2 Preparation of 2-(3,7-dimethylocta-2,6-dienyd6-methylphenol (3.37)

To a mixture of 10 ml dry THF and metallic lithiuf®.0729 g, 10.5 mmol), stirring at’C
under nitrogen, was added ethylenediamine (0.883tg, mmol). Compoun8.36(0.500

g, 1.94 mmol) was added artde solution was allowed to stir at°C@ for 3 h. The
remaining lithium was separated from the resultliegp blue solution and quenched with
methanol. The pink reaction mixture was quencheth wlistilled water (10 ml) and
extracted with diethyl ether (3 x 20 ml). The ongalayer was washed with dilute HCI,
water and brine, dried over anhydrous MgSfitered and concentrated vacua The
reaction product was purified using silica colummramatography (1:4, diethyl ether-

hexane) to yield compourfi37(0.364 g, 1.49 mmol, 77%) as a yellowish oil.

'H NMR (400 MHz, CDCY) 8y 7.02 (1H, dJ = 7.4 Hz, H-3), 6.97 (1H, dl = 7.4 Hz, H-
5), 6.78 (1H, tJ = 7.4 Hz, H-4), 5.34 (1H, 0 = 7.2 Hz, H-2’), 5.17 (1H, br s, OH), 5.09
(H, t,J = 7.6 Hz, H-6), 3.38 (2H, dJ = 7.4 Hz, H-1’), 2.25 (3H, s, G}l 2.12 (2 x 2H,
m, H-4’, 5%, 1.80 (3H, s, H-10), 1.71 (3H, s, H}81.62 (3H, s, H-9").

¥C NMR (100 MHz, CDG)) 6c 152.9 (C-1), 138.7 (C-3'), 132.0 (C-7"), 129.0 %-
127.5 (C-3), 126.1 (C-2), 124.4 (C-6), 123.8 (C-621.9 (C-2’), 120.3 (C-4), 39.7 (C-4),
30.3(C-1), 26.3 (C-57), 25.7 (C-8’), 17.7 (C-9326.1 (C-10), 15.8 (Ckj

HRMS (ESI") [M+Na]* obsd.m/z267.1726 (calc. for GH»4ONa 267.1725).

IR Vmax 3536, 2918, 1651, 1614, 1438, 1375, 1291, 912.cm
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5.8.3 Preparation of2-(3,7-dimethylocta-2,6-dienyl)-6-methyl-1,4-benzagnone
(2.26)

Compound 3.37 (0.150 g, 0.614 mmol) was dissolved in dry LN (20 ml) and
salcomine (0.262 g, 0.805 mmol) was added to tkeltieg solution and the reaction
mixture was allowed to stir for 24 h at room tengtere. The resulting solution was
filtered, the solids discarded, and the filtrataggheed with water and extracted with diethyl
ether (3 x 20 ml). The combined extracts were dwéti anhydrous MgS§) filtered and
concentratedin vacuo The reaction product was purified using silicaluom
chromatography (1:9, ethyl acetate-hexane) to yeeldpound2.26(0.100 g, 0.387 mmol,
63%)as a yellowish oil.

'H NMR (400 MHz, CDCJ) & 6.56 (1H, s, H-3), 6.48 (1H, s, H-5), 5.16 (1H, bt 7.5
Hz, H-2), 5.09 (1H, tJ = 6.9 Hz, H-6"), 3.14 (2H, d] = 7.6 Hz, H-1"), 2.10 (1H, m, H-4’,
5, 2.07 (3H, dJ = 1.72, CH), 1.70 (3H, s, H-10"), 1.63 (3H, s, H-8"), 1.6H_3s, H-9).
13C NMR (100 MHz, CDGJ) 8¢ 188.0 (C-4), 187.9 (C-1), 148.5 (C-2), 145.8 (C¥39.8
(C-3), 133.2 (C-5), 132.2 (C-3), 131.8 (C-7"), 193C-6), 118.0 (C-2'), 39.6 (C-4’), 27.5
(C-1)), 26.4 (C-5'), 25.6 (C-8'), 17.6 (C-9"), 16(C-10"), 15.9 (CH).

HRMS (ESI*) [M+H] " 0bsd.m/z259.1696 (calc. for GH»30, 259.1695).

IR Vmax 2918, 1651, 1614, 1438, 1375, 1291, 912'cm
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5.9 Syntheis of Analogue 2.27

5.9.1 Preparation of 2-(3,7-dimethyloctyl)-6-methydhenol (3.38)

3.38

Compound3.37 (0.200 g, 0.818 mmol was dissolved in dry MeOH (@B and to the
resulting solution 10% Pd/C as a catalyst was adtieel reaction mixture was stirred for 1
h at room temperature under a hydrogen atmospfére.product3.38 was obtained
(0.199 g, 0.801 mmol, 99%) as a yellowish olil.

'H NMR (400 MHz, CDC}) 846.99 (2H, dJ = 7.5 Hz, H-3, 5), 6.79 (1H, d,= 7.5 Hz, H-
4), 4.60 (1H, br s, OH), 2.61 (2H, m, H-1"), 2.BH( s, CH), 1.69-1.11 (10H, m, H-2', 3,
4,5,6,7),0.97 (3H, dJ = 6.4 Hz, H-10"), 0.89 (6H, dl = 6.6 Hz, H-8’, 9).

13C NMR (100 MHz, CDGJ) 8¢ 151.7 (C-1), 128.4 (C-3), 128.2 (C-5), 127.6 (C123.0
(C-6), 120.2 (C-4), 39.3 (C-6'), 37.1 (C-2’, 4)2B (C-3), 27.9 (C-7’), 27.6 (C-5), 24.6
(C-1), 22.6(C-8’, 9), 19.6 (C-10"), 15.8 (GH

HRMS (ESI’) [M-H] "obsd.m/z247.2217 (calc. for GH,7;0 247.2215).

IR Vmax. 3528.5, 2923,9 1466.6, 1190.5, 770.6, 746.6.cm
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5.9.2 Preparation of 2-(3,7-dimethyl-octyl)-6-methly1,4-benzoquinone (2.27)

Compound 3.38 (0.100 g, 0.402 mmol) was dissolved in dry LN (20 ml) and
salcomine (0.196 g, 0.604 mmol) was added to tlelting solution and the reaction
mixture was allowed to stir for 24 h at room tengtere. The resulting solution was
filtered, the solids were discarded, quenched wilker and extracted with diethyl ether (3
x 20 ml). The combined extracts were dried with yaltbhus MgSQ, filtered and
concentratedin vacuo The reaction product was purified using silicaluom
chromatography (1:4-diethylether: hexane) to yietmmpound?2.27 (0.0792 g, 0.301

mmol, 75%)as a yellowish oil.

'H NMR (400 MHz, CDC}) & 6.56 (1H, s, H-3), 6.51 (1H, s, H-5), 2.43 (2H, h]),
2.07 (3H, s, Ch), 1.56-1.12 (10H, m, H-2", 3", 4, 5", 6, 7°), 3 (3H, d, J= 6.5, H-10’),
0.88 (6H, d, 6.5 Hz, H-8', 9").

¥C NMR (100 MHz, CDGJ) 8 187.9 (C-4), 187.8 (C-1), 150.1 (C-2), 145.9 (CH)3.0
(C-5), 132.2 (C-3), 39.2 (C-6'), 36.9 (C-27), 35A-4'), 32.6 (C-3’), 27.9 (C-7’), 26.8 (C-
57, 24.6 (C-1"), 22.6 (C-8), 22.5 (C-9’), 19.4 {10’), 16.0 (CH).

HRMS (ESI") [M+H] " obsd.m/z263.2012 (calc. for GH»70, 263.2013).

IR Vmax. 2925.8, 1651.4, 1614.0, 1402.9, 1391.2, 119081.9, 912.4 cih
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5.10 Approach towards synthesis of bis-benzoquinor(@.28)

5.11.1 Synthesis of 3.39

OMe
Br Br
—_— 4
5 5 3 5 3 OMe
3.27

Compound3.27(1.50 g, 8.02 mmol) was added slowly to a mixtuiréig (0.220 g, 9.05
mmol) turnings and 20 ml of dry THF under nitrog@&he resulting mixture was allowed
to reflux for 3h. The mixture was cannulated inteadution of 1,4-dibromobutane (0.866
g, 4.01 mmol) and 1.5 ml of 0.1 MAGUCL/THF solution, stirring at C under nitrogen.
The reaction mixture was allowed to warm to roomgerature and after 3 h another 1.5
ml of 0.1 M LpCuClL/THF was added. After 6 h, the last portion of inbof 0.1 M
Li,CuClL/THF was added. After 24 h the reaction was queahaehi¢h distilled water (20
ml) and extracted with ethyl acetate (3 x 20 nilhe organic layer was washed with dilute
HCI, water and brine, dried over anhydrous MgSfitered and concentrated vacuo
The solid residure was purified using silica coluommomatography (hexane) to yield three

compounds.
Compound 3.39(0.466 g, 1.72 mmol, 43%) was isolated as colesrsmlid.

'H NMR (400 MHz, CDC) 84 7.15 (4H, m, H-3', 5), 6.86 (4H, m, H-4’, 6'), 33g6H, s,
OCHg), 2.65 (4H, tJ = 7.5 Hz, H-1), 1.64 (4H, gr, H-2)),

13C NMR (100 MHz, CDGJ) 8¢ 157.5 (C-1), 131.3 (C-3) 129.8 (C-5), 126.7 (C120.3
(C-4), 110.3 (C-6), 55.3 (OGH 30.0 (C-1'), 29.7 (C-2).

IR Vmax 2938, 2856, 1589, 1492, 1455, 1237, 1022, 735 c13".
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2-(4-bromo-butyl)anisole (3.41) (0.185 g, 0.762 mmol, 19%) was isolated as cbdssr
oil.

'H NMR (400 MHz, CDCY) 81 7.20 (1H, tJ = 7.5 Hz H-3), 7.14 (1H, dJ = 8.4 Hz, H-5),
6.89 (2H, m, H-4, 6), 3.84 (3H, s, OQH3.45 (2H, tJ = 7.1 Hz, H-4), 2.67 (2H, U} =
7.5 Hz, H-1'), 1.92 (2H, qr, H-3'), 1.76 (2H, qr-2i),

3 NMR (100 MHz, CDGJ) 8¢ 157.4 (C-1), 130.2 (C-3), 129.8 (C-5), 127.1 (C1D4.4
(C-4), 110.3 (C-6), 55.2 (OGH] 33.7 (C-3'), 32.5 (C-4'), 29.2 (C-2’), 28.3 (C}1

IR Vmax 2935, 1599, 1492, 1239, 1031, 750tm

2,2’-Dimethoxy-biphenyl (3.42)(0.077 g, 0.361 mmol, 9.0%) was isolated as ctédsar

crystals.

'H NMR (400 MHz, CDCY) 8y 7.31 (2H, td,) = 8.7, 1.8 Hz, H-5), 7.28 (2H, d=)7.2 Hz,
H-3), 6.98 (4H, m, H-4, 6), 3.75 (3H, s, OQH

13C NMR (100 MHz, CDGJ) 8¢ 157.1 (C-1), 131.4 (C-5), 128.5 (C-3), 127.9 (C120.3
(C-4), 111.2 (C-6), 55.7 (OG

5.10.2Preparation of 2-(4-bromo-butyl)anisole(3.41)

OMe "
S Br

3.41

o-Bromoanisolg3.27) (3.00 g, 16.0 mmol) was added slowly to a mixturé&lg (0.440 g,
18.1 mmol) turnings and 20 ml of dry THF under ogen. The resulting mixture was
allowed to reflux for 2 h. The mixture was cannethinto a solution of 1,4-dibromobutane
(3.45 g, 16.0 mmol) and 1.5 ml of 0.1 M,CuCL/THF solution, stirring at 6C under
nitrogen. The reaction mixture was allowed to waoroom temperature and after 3 h
another 1.5 ml of 0.1 M LCuCLlL/THF was added. After 6 h, the last portion of thbof
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0.1 M Li.CuClW/THF was added. After 24 h the reaction was quenetith distilled water
(20 ml) and extracted with ethyl acetate (3 x 20. nThe organic layer was washed with
dilute HCI, water and brine, dried over anhydroug3®, filtered and concentrateid
vacua The reaction products were purified using siktcdumn chromatography (hexane)

to yield compounc.41(2.68 g, 11.0 mmol, 69%) as a colourless oll,
'H NMR (400 MHz, CDC}) 81 7.20 (1H, tJ = 7.5 Hz H-3), 7.14 (1H, dJ = 8.4 Hz, H-5),
6.89 (2H, m, H-4, 6), 3.84 (3H, s, OGH3.45 (2H, tJ = 7.1 Hz, H-4"), 2.67 (2H, t) =

7.5 Hz, H-1"), 1.92 (2H, gr, H-3"), 1.76 (2H, qr-}),

13C NMR (100 MHz, CDG) 8¢ 157.4 (C-1), 130.2 (C-3), 129.8 (C-5), 127.1 (C1D4.4
(C-4), 110.3 (C-6), 55.2 (OGJ 33.7 (C-3), 32.5 (C-4"), 29.2 (C-2’), 28.3 (C)1

IR Vmax 2935, 1599, 1492, 1239, 1031, 750tm

5.10.3 Synthesis of Compound 3.39

o-Bromoanisole 3.27) (1.87 g, 10.0 mmol) was added slowly to a mixturéig (0.292 g,
12.0 mmol) turnings and 20 ml of dry THF under ogen. The resulting mixture was
allowed to reflux for 3h. The mixture was cannutatento a solution of 1-(4-
bromobutyl)anisole 3.41) (2.43 g, 10.0 mmol) and 1.2 ml of 0.1 M,CuCL/THF
solution, stirring at C under nitrogen. The reaction mixture was allow@dvarm to
room temperature and after 3 h another 1.2 ml DM Li,CuCL/THF was added. After 6
h, the last portion of 1.2 ml of 0.1 MAGuCL/THF was added. After 24 h the reaction was
guenched with distilled water (20 ml) and extractgth ethyl acetate (3 x 20 ml). The
organic layer was washed with dilute HCI, water ande, dried over anhydrous MgaO
fillered and concentrateth vacuo The reaction products were purified using silica

column chromatography (hexane) to yi8l89(1.83 g, 6.80 mmol, 68%) as a white solid.
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'H NMR (400 MHz, CDCJ) 84 7.15 (4H, m, H-3", 5'), 6.86 (4H, m, H-4’, 6'), 336H, s,
OCHs), 2.65 (4H, tJ = 7.5 Hz, H-1), 1.64 (4H, qr, H-2"),

13C NMR (100 MHz, CDGJ) 8¢ 157.5 (C-1), 131.3 (C-3) 129.8 (C-5), 126.7 (C120.3
(C-4), 110.3 (C-6), 55.3 (OGH 30.0 (C-1'), 29.7 (C-2).

IR Vimax. 2938, 2856, 1589, 1492, 1455, 1237, 1022, 735 c1i3".

5.10.4 Synthesis of Compound 3.40

4.40

To the mixture of 10 ml dry THF and metallic lithiw(0.277 g, 39.9 mmol), stirring at O
°C under nitrogen, was added ethylenediamine (3,.&8& mmol). Compound.39(2.00

g, 7.40 mmol) was added artde solution was allowed to stir at°C@ for 6 h. The
remaining lithium was separated from the resultliegp blue solution and quenched with
methanol. The pink reaction mixture was quencheth wlistilled water (15 ml) and
extracted with diethyl ether (3 x 20 ml). The ongalayer was washed with dilute HCI,
water and brine, dried over anhydrous MgSfitered and concentrated vacua The
reaction products were purified using silica coluoimomatography (1:4, diethyl ether-
hexane) to yield compouri40(1.17 g, 4.81 mmol, 65%) as a whitish solid.

'H NMR (400 MHz, CDCJ) &y 7.10 (4H, m, H-3, 5), 6.87 (2H, 1,= 7.6 Hz, H-4), 6.77
(2H, d,J = 7.9 Hz, H-6), 2.68 (4H, | = 7.1 Hz, H-1'), 1.71 (4H, qr, H-2)),

13C NMR (100 MHz, CDGJ) 8¢ 153.4 (C-1), 130.3 (C-3), 128.4 (C-5), 127.1(C120.8
(C-4), 115.3 (C-6), 29.5 (C-1', 2).

IR Vmax. 3487, 2938, 2856, 1587, 1500, 1448, 1168, 763 c13".
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