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Abstract

This thesis describes synthetic work directed towards the synthesis of the dimeric
pyranonaphthoquinone antibiotic crisamicin A 1.46 and its regioisomer 2.77. The
synthetic strategy adopted is based on a double furofuran annulation/oxidative
rearrangement strategy that has been successfully used by this research group to prepare

a related dimeric pyranonaphthoquinone based on the actinorhodin skeleton. The
retrosynthesis that was adopted (see Scheme |.47, page 59) required the initial
preparation of a key bis-naphthoquinone 1.267 which in turn is available from bis-
naphthalene 1.268 that bears acetyl groups at C-7 and C-7,.

Initial work concentrated on the construction of the biaryl linkage of bis-7-
acetylnaphthalene 1.268 using a palladium(0)-mediated Suzuki-Miyaura homocoupling
of the key triflate 1.269 (prepared in l0 steps from vanillin L.271) using
bis(pinacolato)diboron 1.179. This coupling method successfully afforded binaphthyls
2.8b and 2.8d which were subjected to attempts to effect either double bromination,
double acetylation or double Fries rearrangement to a more functionalised biaryl
system. Disappointingly, none of these methods allowed introduction of the key acetyl
group at C-7 and C-7' onro the initial biaryls 2.8b and 2.gd.

Attention then turned to the synthesis of the bis-7-acetylnaphthalene 1,268 that was
required for the ensuing furofuran annulation reaction starting from triflate 2.7 that
already contained an acetyl group at C-7, then effecting formation of the key biaryl
Iinkage. Attempts to prepare 7-acetyltrifl ate 2.7 via either Fries rearrangement of
acetates 2.33a or 2.9a, or via bromination of acetate 2.33a, naphthol 2,56 or benzyl
ether 2.6 were unsuccessful.

An alternative approach for the preparation of 7-acetyltriflate 2.7 involved the
preparation of Z-acetylcarbamate 2.74 from carbamate 2.64 via a directed ortho-
metalation, followed by reaction of the derived ortho-lithrated species with N-methoxy-
N-methylacetamide 2.71. However, this strategy resulted only in low yields of the
desired 2-acetylcarbamate 2.74, although initial model work did provide methodology
for the successful conversion of carbamate 2.68 to 2-acetyl-l-naphthol 2.73.

The synthetic target of this thesis shifted to the regioisomer of crisamicin A 2.77 when
attempts to introduce an acetyl group atC-7 of triflate 2.9 failed. However formation of
the 6-acetyltriflate 2.8fb was successful from triflate 29b. A subsequent one-pot in situ
Suzuki-Miyaura homocoupling of triflate 2.81b with boron ate 2.89 furnished dimer
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2.76b. Oxidation of dimer 2.76b to bis-naphthoquinone 2.80 was then accomplished
using silver(Il) oxide and 6 M nitric acid.

With the key bis-6-acetylnaphthoquinone 2.80 in hand, an efficient double furofuran
annulation reaction was carried out using 2-trimethylsilyloxyfuran 1.88 affording the
desired bis-furonaphthofuran adduct 2.79 as an inseparable l:l mixture of diastereomers

2.79a and 2.19b. However, initial experiments to effect the double oxidative
rearrangement of bis-furonaphthofuran adducts 2.79 using either silver(Il) oxide and 6
M nitric acid or with ceric ammonium nitrate in aqueous acetonitrile to the bis-
furonaphthopyran 2.7 8 w ere unsuccessful.

Attention then turned to the preparation of bis-furonaphthopyran 2.78 from the 6-
acetyltriflate 2.81b via initial oxidation of triflate 2.81b to naphthoquinone 3.3 followed
by furofuran annulation and then oxidative rearrangement. Attempts to effect the key
Suzuki-Miyaura homocoupling of furonaphthofuran 3.2 to bis-furonaphthofuran 2.79,
or of furonaphthopyran 3.1 to bis-furonaphthopyran 2.78, using catalyst PdCl2(dppf)
and ligand dppf were unsuccessful.

The work achieved herein constitutes the synthesis of an advanced intermediate for the
synthesis of the crisamicin analogue 2.79. The final synthesis of the regioisomer of
crisamicin A 2.77 can be completed by preparing bis-furonaphthopyran bis-lactol2.78
using more powerful palladiurn(O) catalysts and ligands for the Suzuki-Miyaura
homocoupling of the monomeric t'uronaphthopyran 3.1. Subsequent reduction af 2.78
using triethylsilane and trit'luoroacetic acid will then afford the bis-cyclic ether 3.15,
which can undergo deprotection of the methyl ether and epimerisation at C-5 upon
treatment with excess boron tribromide to finally furnish the regioisomer of crisamicin
42.77.

An investigation into the double oxidative rearangement of bis-furonaphthofuran 2.79
to the bis-lactol 2.78 could also be carried out by the use of several alternative oxidising
agents, such as phenyliodine(Itr) bis(trifluoroacetate) (PIFA), phenyliodine(Ill)
diacetate (PIDA), polymer-supported (diacetoxyiodo)benzene (PSDIB), Fremy's salt,
iron trichloride or CrO..
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1.1 The pyranonaphthoquinone antibiotics

The pyranonaphthoquinone antibiotics (or isochromanquinone antibiotics) are an

important class of naphthoquinones, of which there are approximately 350 in Naturel
that have been isolated from various strains of bacteria and fungi of mainly microbial
origin. The quinone subunit is widely distributed in a range of biologically active natural
products and the naphthoquinones are the largest subgroup of naturally occurring
quinones. The basic strucfural element of pyranonaphthoquinone antibiotics is the
naphtho[2,3-c]pyran-5,10-dione ring system l.l (Figure l.l). Some members of the
family contain an additional y-lactone ring fused to the dihydropyran moiety 1.2, or a

carboxylic acid side-chain 1.3 resulting from opening of the y-ractone.

Figure l.l The basic ring system presenr in pyranonaphthoquinone antibiotics

This family of antibiotics exhibits a range of interesting biological properties, including
activity against Gram-positive bacteria, pathogonic fungi and yeasts, as well as antiviral
activity (vide infrct). In addition, many of these antibiotics show cytotoxicity towards
cancer cells as reported by Lin et al.z who found that simple quinones such as 1.4

displayed significant antineoplastic activity. It was proposed that reduction of the
quinone to a hydroquinone followed by elimination of a suitably positioned leaving
group X gave a quinone methide 1.5 (Scheme l.l) that is susceptible to nucleophilic
attack by biological targets such as DNA and proteins. The prior reductive activation of
the quinone suggests that therapeutic action could be selectively directed against solid
tumours which existed within a hypoxic environment.

1.3l.l
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1.1 The pyranonaphthoquinone antibiotics

The pyranonaphthoquinone antibiotics (or isochromanquinone antibiotics) are an

important class of naphthoquinones, of which there are approximately 350 in Naturel
that have been isolated from various strains of bacteria and fungi of mainly microbial
origin. The quinone subunit is widely distributed in a range of biologically active natural
products and the naphthoquinones are the largest subgroup of naturally occurring
quinones. The basic structural element of pyranonaphthoquinone antibiotics is the

naphtho[2,3-c]pyran-5,10-dione ring system l.l (Figure l.l). some members of the
family contain an additional y-lactone ring fused to the dihydropyran moiety 1.2, or a
carboxylic acid side-chain 1.3 resulting from opening of the y-lactone.

Figure l.l The basic ring system present in pyranonaphthoquinone antibiotics

This family of antibiotics exhibits a range of interesting biological properties, including
activity against Gram-positive bacteria, pathogenic fungi and yeasts, as well as antiviral
activity (vide infra). In addition, many of these antibiotics show cytotoxicity towards
cancer cells as reported by Lin et al.2 who found that simple quinones such as 1.4
displayed significant antineoplastic activity. It was proposed that reduction of rhe
quinone to a hydroquinone followed by elimination of a suitably positioned leaving
group X gave a quinone methide 1.5 (Scheme 1.1) that is susceptible to nucleophilic
attack by biological targets such as DNA and proteins. The prior reductive activation of
the quinone suggests that therapeutic action could be selectively directed against solid
tumours which existed within a hypoxic environment.

1.1
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Following on from this postulation, pyranonaphthoquinone antibiotics have also been
proposed by Moore et al.3'a to act as alkylating agents upon activation by bioreduction.
Using nanaomycin D 1.6 as an example, in vivo reduction generates the hydroquinone
1.7, which undergoes ring opening of the y-lactone initiated by the free hydroxyl group

on the naphthalene ring. A subsequent similar ring opening of the pyran ring then

affords the &is-quinone methide 1.9, which is susceptible to dialkylation by suitable
nucleophiles (Scheme 1.2). In the event that the attacking nucleophile were a
nitrogenous base of a nucleic acid molecule, it is possible that these antibiotics may also
bind to DNA.

Scheme 1.2 Proposed bioreductive allcylation of nanaomycin D



1.1.1 Monomeric pyranonaphthoquinones

(i) Lacking a flactone ring (or a carbaxylic acid side-chain)

Pyranonaphthoquinones that lack the y-lactone ring are typically isolated from plant or
fungal sources and some are aphid pigments. Some examples of these compounds are

shown in Figure 1.2.

eleutherin 1.11

f'usarubin 1.12

marticin 1.13

Figure 1.2 Monomeric pyranonaphthoquinones without a ylactone moiety

Psychorubin 1.L0, the simplest example of a compound containing a naphthopyrandione
ring system was isolated5 from Psychotria rubra and exhibits significant cytotoxicity
against KB turnour cells. Eleutherin 1.11, was isolated6 with its C-3 epimer
isoeleutherin, from the rhizomes of Eleutherine bulbosa (Iradaceae) and Eleutherin
americana.T'8'9

Fusarubin 1.12 and marticin 1.13 have been isolated from Fusarium.t0'l I'12 Extraction of
the bark of various Ventilago species has provided a range of ventiloquinones13 such as

ventiloquinone E 1.14. Thysanone l.l5 which was isolatedra from Thysanophora
penicilloides exhibits activity against the human rhinovirus 3C-protease enzyme, and is

thus a potential chemotherapeutic agent for the common cold. A recent synthesis of
racemic deoxy analogues of thysanone 1.15 was achieved by Brimble et al.ts

psychorubin 1.10

thysanone 1.15

ventiloquinone E 1.14



(ii) With a flactone moiety (or a carborylic acid side-chain)

Pyranonaphthoquinones that are fused to a y-lactone ring or contain a carboxylic acid
side-chain have mainly been isolated from bacteria in particular of the genus

Streptomyces (Figure 1.3). An example of one such compound is the antifungal pigment
kalafungin 1.16 which was isolatedl6 from Streptomyces tanashiensis and was shown to
be active in vitro against a variety of pathogenic fungi, yeasts, protozoa, Gram-positive
and Gram-negative bacteria.l? It was also found to be cytotoxic to mouse leukaemia

cells,ls to inhibit platelet aggregationle and to be an anthelmintic agent.2O

Dihydrokalafungin 1.17 was initially obtained after genetic manipularion of wild type
strains which produced tetrahydrokalafungin 1.1821 but was subsequently found to occur
naturally in Nocardia species.z2 Dihydrokalafungin 1.17 exhibits activity against Gram-
positive bacteria, dermaphytes and fungi.

dihydrokalafungin 1.17 : R=CH3 tetrahydrokalafungin 1.18
deoxyfrenolicin I.24 : R=n-Pr

nanaomycin B 1.20 nanaomycin C l.2l

Figure 1.3 The kalafungins, nanaomycins andJienolicins

The nanaomycins A 1.19,20'23.24 B 1.20,2s.26 CL2l,27 D L62s.26,28,2e and El.223o were
isolated by Omura et al. from ,srreptomyces rosa and have an important role as

antimycoplasma agents.

kalafungin 1.16 : R=CHg
frenolicin B 1.25 : R=n-Pr

l0a

nanaomycin A 1.19

nanaomycin D 1.6 frenolicin 1.23



6

The frenolicins were isolated from variots Streptomyces species and are structurally
similar to kalafungin 1.16 but possess a propyl instead of a methyl group at C-1.
Frenolicin 1.23 which bears the novel l,4-naphthoquinone epoxide strueture was

isolated3r from Streptomyces fradiae and exhibited weak antibacterial activity.32
However, on hydrogenation and reoxidation, frenolicin 1.23 is converted to
deoxyfrenolicin 1,24,32J3 which was also isolated3a with frenolicin B 1.25 from
Streptomyces roseofulvus. Deoxyfrenolicin 1.24 and frenolicin B 1.25 showed

significant activity against mycoplasmas and fungi, with frenolicin B I.25 also

exhibiting anticoccidial activity in poultry and swine.3'5

The arizonins 1.26-1.31 were isolated36''37 from the fermentation broth of Actinoplanes
arizonaensls and contain a 7,8-dioxygenated substitution pattern on the aromatic ring
(Figure 1.4).

H3

arizonin Al l.26: R1=CHs, R2=H

arizonin Bl 1.27: Rl=H, R2=CHg

arizonin Cl 1.28: R1=R2=CHg

Figure 1.4 The arizonins

1.1.2 Dimeric pyranonaphthoquinones

arizonin A2l.2g: R1=CH3, R2=R3=H

arizonin 82 1.30 : R1=H, R2=CHg, R3=H

arizonin C3 1,31 ; pI=p2=p3=g6a

(i) I^acking a Trlactone ring (or a carboxylic acid side-chain)

The first examples of dimeric pyranonaphthoquinones discovered in higher order fungi
are the cardinalins. They represent a new series of dimeric quinones that were isolated3s

from the ethanol extract of the New 7-ealand toadstool Dermocybe cardinalis.
Cardinalin 3 1.32, a symmetrical dimer was shown to contain the bls-naphthoquinone
skeleton whilst, cardinalin 4 1.33 and its C-4a' epimer, cardinalin 5 1.34 contain a

naphthazarin ring linked via abenzofuranoid bridge to a tetrahydropyranyl ring (Figure
1.5). This ring is suggested to play an important role in the cardinalins 4 1.33 and 5 1.34
exhibiting in vivo cytotoxic activity against P-388 murine leukaemia.3s Cardinalin 6
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1.35 contains a naphthazarin moiety linked via a benzofuranoid bridge to
naphthoquinone unit.

cardinalin 4 1.33: a-H
cardinalin 5 1.34: p-H

Figure 1.5 The cardinalins

Other dimeric pyranonaphthoquinones which lack the 1-lactone ring include
ventiloquinone 1..36 whieh was isolated3e from Ventilago gaughii, protoaphin-fb 1.g7,
protoaphin-sl 1.38 and deoxyprotoaphin 139,40'4r which are all aphid pigments (Figure
1.6).

cardinalin 3 1.32

cardinalin 6 1.35



protoaphin-/b 1.37: R1=OH, R2=H

protoaphin-s/ 1.3E : R1=H, Rz=OH

deoxyprotoaphin 1.39: R1=H, B2=H

(Glc = glucosyl)

Figure 1.6 Ventiloquinone and protoaphins

(ii) With a flactone rnoiety (or a carborylic acid side-chain)

The dimeric red pigment actinorhodin 1.40 was isolateda2'a3 from the mycelia of the

actinomycetes species Streptomyces coelicolor and displayed litmus-type properties,

bright blue in alkali and red in acid. The structure of actinorhodin 1.40 is dimeric at the
C8-C8' Iinkage (Figure 1.7). Initially, it was suggested by comparison of the UV
spectrum and chemical modification43'44'4s that actinorhodin 1.40 existed in its
tautomeric form (similar to binaphthazarin 1.41),45'46'47'48 with the pyran ring fused to
the quinol ring.

actinorhodin 1.40 binaphthazarin 1.41

Figure 1.7 Actinorhodin and binaphthazarin
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Other congeners of actinorhodin 1.40 were also isolatedae from Streptornyces coelicolor
including the bis-lactone y-actinorhodin 1.42 (Figure 1.8), all of which contain the
oxygen atom in the position ortho to the linkage site.

Figure 1.8 yactinorhodin

The naphthocyclinones cr,- 1,43, P- 1.44 and y- 1.45 (Figure 1.9), are a complex series of
unsymmetrical dimers which were isolatedso from cultures of Streptomyces arenae.The
two different halves of the molecule are connected by two carbon-carbon bonds

resulting in a bicyclo[3.2.1]octadienone system. a-Naphthocyclinone 1.43, void of a
pyranonaphthoquinone ring was found to be inactive and displayed no biological
activity whilst p-naphthocyclinone 1,44 and y-naphthocyclinone 1.45 were found to
inh ibit activity against Gram-positi ve bacteria.s l

p-naphthocyclinone 1.44

Figure L.9 The naphthocyclinones

a-naphthocyclinone 1.43
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The crisamicins, A 1.46 and C 1.47 (Figure 1.10) were isolateds2 from an antibiotic
complex produced by the microorganism Mieromonospora purpureochrornogenes

subsp. halotolerans and like actinorhodin 1.40, they are dimeric isochromanquinones

that form a biaryl linkage at C8-C8'. However, they differ from the other
pyranonaphthoquinones in that they only contain one hydroxyl group at C-10.
Crisamicin A 1.46, like actinorhodin 1.40, displays litmus-like properties, purple in
alkaline and yellow in acid52, and exhibits antibacterial properties against Gram-positive
bacteria only. In addition, crisamicin A 1.46 was found to possess antitumour, antiviral
and immunomodulatory propertiess3 as evidenced by in vitro activity against 816
murine melanoma cells, herpes simplex virus and vesicular stomatitis virus.sa

crisamicin A 1.46

OH

9-hydroxycrisamicin A 1.48

Figure l.l0 The crisamicins
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Crisamicin C !.47s5, an epoxide derivative of crisamicin A 1.46 was shown to be more
potent than 1.46 but shared the same spectrum of antimicrobial activity.s6 More
recently, Yeo et al. isolatedsT a new cytotoxic isochromanquinone antibiotic, g-

hydroxycrisamicin A 1.48 from a soil microorganism Micromonospora sp. (54246)
which exhibited weak activity against Gram-positive ard some activity against Gram-
negative bacteria, as well as inhibiting growth of tumour cell lines.

Due to the unique dimeric structure and proposed bioreductive alkylating properties of
the crisamicins, the work reported in this thesis focuses on the challenging synthesis of
these compounds which have not succumbed to total synthesis to date.

1.1.3 Carbohydrate containing pyranonaphthoquinones

The griseusins A 1.49 and B 1.50 were isolatedss from Steptomyces griseus and both
possess the unique 1,7-dioxaspiro[5.5]undecane ring system but differ from each other
slightly in that griseusin A 1.49 has a y-lactone ring whilst griseusin B 1.50 has a

carboxylic acid side-chain (Figure l.ll). The griseusins exhibited moderate activityss
against Gram-positive bacteria in vitro.

Figure l.ll The griseusins

Medermycin 1.51 was isolatedse as a monohydrochloride salt from Streprcmyces
tanashiensrs and was found to have a sirnilar structure to kalafungin 1.16 with an

additional amino sugar moiety at C-8 (Figure L l2). Medermycin 1.51 displays excellent
activity against Gram-positive organisms, Ehrlich carcinoma in mice, antibiotic cell
lines of L5l78Y lymphoblastoma and neoplastic cells in vitro.60 In addition, it is highly
cytotoxic against cell lines of K-562 human myeloid leukaemia, P-388 murine
leukaemia and inhibits platelet aggregation.2O Lactoquinomycin B L.52 is an epoxide
derivati ve of medermycin.6 I

griseusin A 1.49 griseusin B 1.50
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Figure t.l2 Medermycin and its epoxide derivative lactoquinomycin B

Novel hybrid antibiotics, mederrhodins A 1.53 and B 1.s462'63 @igure l.l3)
produced via molecular cloning of a Streptomyces species.

Figure l.l3 The mederrhodins

1.2 Synthetic approaches to pyranonaphthoquinones

1.2.1 Introductory remarks

A recent review by Brimbl e et al.6a reported the main synthetic approaches to the
pyranonaphthoquinone antibiotics. Crisamicin A 1.46, the main synthetic target in this
thesis contains both a pyranonaphthoquinone moiety and a biaryl linkage, thus the

syntheses of pyranonaphthoquinones and biaryls will be discussed individually.

medermycin 1.51 (also known as lactoquinornycin)

mederhodin A f .53

mederrhodin B 154
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Figure l.l4 The structural inter-relationship between the katafungins and nanaomycins

Essentially any synthetic pathway to the pyranonaphthoquinone antibiotics requires
construction of the pyran and y-lactone rings. This introduction will initially discuss
previous syntheses of kalafungin 1.16, the pyranonaphthoquinone moiety of the more
complex dimer crisamicin A 1.46. As mentioned earlier, kalafungin 1.16 is the
enantiomer of nanaomycin D 1.6, the oxidised product of nanaomycin A 1.19, which in
turn is the enantiomer of dihydrokalafungin 1.17. On oxidation of 1.17, kalafirngin 1.16
is obtained. A mechanism for this proposed oxidative cyclisation is shown in Scheme

1.3.

dihydrokalafungin 1.17 kalafungin 1.16

nanaomycin A 1.19 nanaomycin D 1.6
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dihydrokalafungin 1.17

tautomerisation

-+

tolts

Scheme 1.3 The oxidative cyclisation mechanism

It comprises initial formation of a quinone methide intermediate 1.55, then
intramolecular conjugate addition of the carboxylic acid to give quinol lactone 1.56
which then readily oxidises to quinone 1.16. Due to the structural inter-relationship
between the four compounds 1.16, 1.17, 1.19 and 1.6, any racemic synthesis of
nanaomycin A 1.19 and its enantiomer dihydrokalafungin 1.17 establishes a racemic
synthesis of kalafungin 1.16.

1.2.2 Acid-catalysed electrophilic cy clisation

The first synthesis of racemic kalafungin 1.16 as well as nanaomycins A 1.19 and D 1.6
was reported in 1978 by Li and Ellison (Scheme 1.4).u5 The key step involved the
reduction of key quinone intermediate 1.57 using zinc powder and hydrochloric acid,
and the resulting hydroquinone 1.58 was treated with acetaldehyde in rhe presence of
acid to give as-dihydropyran 1.59. Oxidation of 1.59 and O-demethylation of quinone
1.60 gave demethylated quinone 1.61. This was followed by epimerisation at C-l with
concentrated sulfuric acid, furnishing a 2: I mixture of trans and cls isomers, from which
the trans isomer 1.62 was separated by fractional recrystallisation. Hydrolysis of the
ethyl ester gave racemic nanaomycin A (1)-1.19 which underwent subsequent aerial
oxidation in methanol to afford racemic kalafungin (d-1.16.

kalafungin 1
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Reagents and conditio,ns: (i) zn,HCl, THF, l0 min. (ii) cHrcHo, Hcl,60 "c,4 h (iii) Ag2o,
Etno, 5 min. (iv) Alclr, cH2cl?, I h (v) conc. H2soa, 30 min. (vi) conc. HCl, g h (vii) MeoH,
air.

Scheme 1.4 Racemic synthesis of kalafungin by Li and Ellison65

Yoshii et a1.66 and Camer on et a1.67 used the same acid-catalysed methodology of Li and

Ellison65 to synthesise racemic nanaomycin A (!-1.19.

Liebeskind and South6s developed a synthesis of the dihydropyran moiety
nanaomycin A CD-1.19 (Scheme 1.5) by condensation of hydroquinone 1.63 with
aldehyde then loss of water to give ortho-quinone methide 1.64.

ln

an
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scheme 1.5 Mechanismfor dihydropyran ring by Liebeskind and southds

1.2.3 Cyclisation involving intramolecular addition of a secondary alcohol to an
alkene

Semmelhack et al.6e'70 devised a different approach for the synthesis of racemic
nanaomycin A ft)-1.19 in which formation of the dihydropyran ring was effected by
intramolecular addition of an alcohol to a double bond (Scheme 1.6).

Reagents and conditions: (i) Pdclz(MecN)2, CuClz, Co, MeoH, zs "c (ii) Alclj, CH2C|2, 0 oC

(iii) conc. HzSO+ (iv) KOH, ErOH.

Scheme t.6 I nt r amo I e c ul ar p all adi unt - me di at e d alko xy c a rb o ny lat io n

This strategy involved cyclisation of 1.69 by palladium(Il)-mediated
alkoxycarbonylation affording the dihydropyran 1.70 as a mixture of cls and trans
isomers. The synthesis of racemic nanaomycin A (!-1.19 was completed by o-
demethylation of the methyl ether, equilibration to the trans isomer in concentrated

sulfuric acid and finally, alkaline hydrolysis of the methyl ester.

t.69 e)-r.u



t7

A different route to nanaomycin A (+)-1.19 was established by Yoshii et al.1t using
naphthyl alcohol 1.71 which upon cleavage of the olefinic bond with osmium tetroxide
gave lactol 1.72 as a mixture of diastereomers (Scheme 1.7). The resultant lactol!.72
was treated with a Wittig-Horner reagent to give the cls and trans naphthopyrans 1.73

which were separated by chromatography. The /rans isomerl.T4 was then oxidised by
ceric ammonium nitrate followed by demethylation of the methyl ether with aluminium
trichloride and acidic hydrolysis of the methyl ester to afford racemic nanaomycin A
(+)-1.19.

Reagents and conditians: (i) oso+, NaIo4 (ii) (Meo)uP(o)CH2cO2Me, NaH (iii) CAN (iv)
AICL (v) conc. HCl.

Scheme 1.7 Synthesis of nanaomycin A by Yoshii et al.7l

lJno et a1.72'73 reacted silylated butenoate 1.75 with quinone 1.76 in a Michael-type
addition in the presence of a Lewis acid catalyst (Scheme 1.8). The nucleophilic attack
is promoted by the C-2 acetyl group of I.76 which activates C-3, thus introducing an

allyl moiety at C-3. The addition was followed by protection of the resultant hydroxyl to
avoid intramolecular cyclisation onto the conjugated side chain, affording naphthol

1.77. Reductive cyclisation using sodium borohydride and oxidative demethylation gave

dihydropyran 1.78 as a l:l ratio mixture of cis and trans isomers. Finally using the same
conditions as those used by Sernmelhack et al.6e'70 (Scheme 1.6), racemic nanaomycin A
(i)-1.19 was obtained.

iii*

1.72 1.73

1.74 G)-1.1e
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i,ii_+

OY"o2cH3
1.75 Si(CH3)2Ph

iii-+

v. vl, vil

->

Reagents and conditions: (i) sncla, cHzct2, -78 "c (ii; tBuMersicl, imidazole, DMF (iii)
NaBFIa, MeoH (iv) CAN, MecN (v) Alclr, cHzclz, 0"c (vi) conc. H2soa (vii) KoH, EtoH.

Scheme 1.8 Addition of an allylsilane to an activated l,4-naphthoquinone by {Ino et
a|.12'73

1.2.4 Michael addition of butenolide anion equivalents to a 2-acetyl-1,4-
naphthoquinone 1.82

(i) Use of 2+ert-butoxyfuran

A synthesis of kalafungin (O-f.16 was reported by Kraus et al.la in which rerr-
butoxyfuran 1.80 was used as the butenolide anion equivalent to assemble the
furonaphthopyran skeleton (Scheme 1.9), Adduct 1.81, afforded by Michael addition of
1.80 to 2-acetyl-1,4-naphthoquinone 1.82 then underwent methylation in situ to yield
furan intermediate 1.83. Hydride reduction to the alcohol 1.84, followed by a

deprotection-cyclisation sequence gave the cyclised product 1.86 as a mixture of C-l
epimers. Oxidation using silver(Il) oxide and nitric acid gave solely the trans isomer of
quinone 1.87 and o-demethylation afforded racemic kalafungin (+)-1.16.

1.79 1.78 l:l mixrure

G)-1.le
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l"

Reagents and conditions: (i) PtMe" 25 "c, 24 h (ii) Kzcor, Mezsor fiii) LjAIII4, -10 oc

(iv) CF:COetrI, CHzCIz (v) diazableyclononane (vi) AgO, [INO3 fuii) BCls" CJLzC;lz, -78 qc.

Scheme 1.9 Synthesis of racemic lcalafungin (t)-1.I6 by Kraw et dlla

(ii) Use of Z-trimethy,Itilyloxyfwran 1.88

Brinrble et al.ls usod 2-trimethylsilyloxyfuran 1.8E as the butenolide anion equivalent in
their synthesis of sev'eral pyranonaphthoquinone andbiotics, including racemic
kalafungin (Cl-1.16?5, adzonin cl LJN6,deoxyfrenolicnt.NT, griseurin A 1.49r'q7e"s0

and an analogue of yactinorhodin 1.4281'82 6s"heme l.l0).
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fto,,,*

9A" gSileuUe2

.Q>osiMeg

arizonin Cl 1.28

deoxytienolicin 1.24

Scheme L.lO Michael addition using 2-trimethylsilyloxyfuran l.BB
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For example, in the synrhesis of kalafungin (O-1.167s (scheme l.l l), z-
trimethylsilyloxyfuran 1.88 adds to the activated quinone 1.82 via intermediate

butenolide 1.90 (Scheme Ll2) to afford the furonaphthofuran adduct ($-1.91. Adduct

G)-f,91 then underwent oxidative rearrangement using ceric ammonium nitrate or
silver(Il) oxide-nitric acid to afford furonaphthopyran (d-1.92 via the cyclisation of
quinone intermediate (!-1.93. The resulting lactol (+)-1.92 then underwent reduction
with triethylsilane in the presence of trifluoroacetic acid to give racemic (D-epi-9-O-
methylkalafungin 1.94. Axial delivery of hydride under these conditions gave only the

crs product t.94. Finally, O-demethylation and epimerisation at C-5 with boron
tribromide gave racemic kalafungin (+)-1.16.

Reagents and conditio,rzs: (i) cHrcN, RT, then MeoH (ii) cAN (2 equiv.), cHjcN, H2o, RT or
Ago, HNoj (iii) ErjsiH, cF3co2H, -78'c->RT (iv) BBrr (excess), cH2cl2, -7g "c->RT.

scheme l.!l synthesis oJ'racemic kalaJ'ungfu (t)-1.r6 by Brimble et al.1s

Thus, the synthetic approach towards pyranonaphthoquinone antibiotics by Brimble er

al.1s is based on the furofuran annulation of a naphthoquinone using Z-
trimethylsilyloxyfuran 1.88 fonning a furonaphthofuran adduct followed by oxidative
rearrangement to a furonaphthopyran. Two mechanistic pathways have been
proposedTs'83'84 for the initial furofuran annulation step. The first proposed mechanism
involves the initial 1,4-conjugate or Michael addition of 2-trimethylsilyloxyfuran 1.88 to
the activated quinone 1.82 (Scheme Ll2). Tautomerism of the Michael adduct 1.89

lv
<+
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toaffords enol 1.90 which then undergoes ring closure via a second Michael addition
the incumbent butenolide to give the furonaphthofuran adduct (il-1.9l.

Scheme l.l2 Michael addition mechanism

The second proposed mechanism involves a Diels-Alder pathway (Scheme l.l3). The
diene 1.88 undergoes a [4+2] cycloaddition with naphthoquinone 1.82 affording adduct
1.95.

<-+

'l[*",*,""

I'
rfo..)

-+

Scheme l.l3 Diels-Alder mechanism
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Fragmentation of the C4a-C5 carbon-carbon bond gives intennediate 1.96 which upon
enolisation and subsequent cyclisation gives the furonaphthofuran ring system, in the
same way as the first Michael addition pathway mechanism (scheme l.rz).

This mechanism is supported by Farina et a|ss'86'87 who reported the fragmentation and

rearrangement of the Diels-Alder adducts of activated quinones under acidic conditions.
In their case, activated quinone L.97 underwent a Diels-Alder reaction with
cyclopentadiene 1.98 to give adduct 1.99 (Scheme 1.14). Adduct 1.99 then underwent

fragmentation of the C4-C3 carbon-carbon bond to afford the resonance stabilised
intermediate 1.100 which then underwent cyclisation.

1.98

#

<-

Scheme l.l4 Diels-Alderfragmentation pathway reported by Farina et a1.8s,86'87
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1.3 Recent Enantioselective Syntheses of Pyranonaphthoquinones

1.3.1 Synthesis of (1R,3s)-thysanone 1.15

The total synthesis of thysanone 1.15 was first reported by Gill and Donner starting
from (S)-propylene oxide (Scheme l.l5).88 This synthesis established the absolute

stereochemistry of the natural product as ( I S,3R).

1.109

Reagents and conditions: (i) NBS (2 equiv.), DMF, RT, dark, 16 h,9rvo (ii) Me2soa, Kzcor,
acetone, reflux, t h,98vo (iii) DIBAL-H, toluene, -70 'c (iv) NaBFIa, TFA, THF, 30 "c. I h,

9ovo over two steps (v) (PhcHzSe)2, NaBHa, DMF, reflux, I h,86vo (vi) cAN, CHrcN, H2o,
RT,0.5 h,82vo (vii) 1.108, toluene, reflux, 3h,73vo (viii) Br2(r equiv.), cCla, hu,0.5 h (ix)
TFIF, H2O, RT, I h, 85Vo over two steps.

Scheme l.l5 Synthesis of ( I R,3S)-thysanone by Gitt and Donnerss

(,9)-Mellein L.102 available frorn (J)-propylene oxidese was initially brominated with N-
bromosuccinimide to give dibromophenol 1.103 that was then methylated using
dimethyl sulfate. The resulting benzoisocoumarin f.104 was subsequently reduced to a
lactol and thence to benzopyran 1.105. Upon treatment with benzylselenide anion,

r.102

( | R,3.S)-(-)-thysanone 1.15

I

-si-

butadiene 1.108
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bromophenol 1.106 was afforded which was then oxidised using ceric ammonium
nitrate to give enantiopure bromopyranobenzoquinone 1.107. Quinone 1.107 then

underwent Diels-Alder cycloaddition with l-methoxy-1,3-bis(trimethylsilyloxy)- 1,3-

butadiene 1.108 to yield naphthoquinone 1.109 that was converted to (1R,3^g)-thysanone

1.15 via benzylic bromination followed by rreatment with aqueous THF.

In a recent paper by Brimble and Elliott, the synthesis of racemic deoxy analogues of
thysanone 1.15 was achieved (Scheme l.l6).ls Racemic (+)-7,9-dideoxythysanone

1.110 was synthesised from allylbrornonaphthalene 1.111 by initial epoxidation with
dimethyldioxirane to give epoxide (+)-1.112 which then underwenr reductive ring
opening with LiAlHa at 0 "C to give alcohol (J-1.113. Alcohol G)-f.113 was rhen

converted into racemic 7,9-dideoxythysanone (0-1.110 via brominelithium exchange
of 1.113 with butyllithium followed by the addition of DMF and finally oxidarive
demethylation with ceric ammonium nitrate.

Reagents and conditions: (i) dimethyldioxirane, acetone, 74Vo (ii) LiAlru, EtzO,0"C,8lZo (iii)
BuLi, THF, -78"C, l0 min, DMF, 3 h,lZVo (iv) lOVo CAN, CHTCN, 0 "C, 6lZo.

Scheme l.16 Synthesis oJ'racemic 7,9-dideorythysanone by Brimble and Elliottts

In order to prepare 7,9-dideoxythysanone 1.110 enantioselectively, a synthesis of
alcohol (+)-(S)- 1.113 or (-)-(R)- 1.113 was required which in turn would afford (+)-
( lR,3s)-7,9-dideoxythysanone 1.110 or (-)-( ls,3R)-dideoxythysanone 1.110
respectively (Schemes 1.17 and l.l8). Both alcohols (+)-(,y)- l.ll3 and (-)-(R)- 1.113
were therefore synthesised from the salne starting material, namely
allylbromonaphthalene 1.11.1, in four and two steps, respectively.

G)-r.112 ocH3 (c)-1.r13

ocH3 (+)-1.114 (D-1.r10
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For the synthesis of alcohol (+)-(S)- 1.113 (Scheme l.l7), the key step involved the
asymmetric dihydroxylation of alkene 1.111 to give diol (+)-(R)- 1.115 which in turn
was converted into (+)-epoxide l.l1'2 in two steps. Conversion of (+)-epoxide 1.112 to
alcohol (+)-(S)- 1.113 then proceeded using LiAIru. Execution of the remaining rwo
steps analogous to that used in the synthesis of dideoxythysanone then afforded (+)-
( I R,3,9)-dideoxythysanone 1. I I 0 in 3 5 Vo en antiomeric excess.

Il.ll1->

\"

{-
H3

(+)-( lR,3E-r.110

Reagents and conditions: (i) AD-mix-B, 'BuoH, H2o, 0 "c, 14 days, 80, 35vo ee (ii) p-
toluenesulfonyl chloride, pyridine, cH2cl2, 0 "c, I20 h, 63, 35vo ee (iii) NaH, THF, RT, 24 h,

9l,35vo ee (iv) LiAlru, Et2o, 0 "c, 81, 35vo ee (v) BuLi, TI{F, -78 "c, l0 min, DMF, 3 h (vi)
l07o CAN, CHTCN, 0 "C, 59Vo over two sreps, 357o ee.

Scheme l.l7 Synthe s is of ( + )-( I R, 3 S ) -dideoxythys anonet s

Alcohol (-)-(R)- 1.113 (Scheme Ll8) was prepared by Wacker oxidation of alkene
1.111 to afford ketone l.ll7 which underwent asymmetric reduction by in situ
generation of a chiral oxazaborolidine from triisopropyl borare, (.s)-(-)-2,2-

diphenylhydroxymethylpyrrolidine and borane-dimethyl sulfide complex. (-)-(lS,3R)-
dideoxythysanone 1.1f0 was then prepared in two steps and in72Vo ee from alcohol (-)-
(R)- f.l13 analogous to that described above for the synthesis of (+)-(lR,3S)- 1.L10.

(+)-(R)-1.11s (+)-(R)-r.r16

(+)-(s)-1.113 (+)-(RFr.r12
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i1.111+

Reagents and conditions: (i) cucl, Pdcl2, DMF, H2o, RT, oz, 24 h, 0 "c, 74Eo (ii) B(o'pr)., (,t)-

(-)-2,2-diphenylhydroxymethylpyrrolidine, THF, RT, l6 h then BHI-DMS, l,ll7, cH2cl2, 0 "c,
120 h, 78,72Vo ee (iii) BuLi, THF, -78 "C, l0 min, DMF, 3 h, 59, 72Vo ee (v) l\Vo CAN,
CHTCN, 0 "C, 61, 72Vo ee.

Scheme l.l8 Synthesis of (-)-( I S,3R)-dideorythysanonets

1.3.2 Synthesis of aphid insect pigment derivatives quinones A 1.118 and A' 1.119

Giles er a/.eo recently reported the asymmetric diastereoselective syntheses of the aphid
insect pigment derivatives quinones A 1.118 and A' 1.119 which are d.erived from
reduction of the bean and willow aphid pigments protoaphin-fb and protoaphin-s/,

respectively.er lscheme L l 9).

The key step in Giles' strategy involved the titanium tetralsopropoxide-induced

intramolecular cyclisation of phenol 1.120 to give the common precursor benzopyran

l.l2l. The synthesis of quinone A' 1.119 diverged from benzopyran l.lll by
methylation of 1.121 to afford methyl ether 1.122 which upon treatment with
phosphorus pentachloride followed by silver nitrate gave alcohol 1.123 with reversed

stereochemistry at C-4. The aphid pigment derivatives 1.118 and l.1-l9 were
individually prepared by subsequent debenzylation of l.l2l and 1.123 ro phenols 1.124
and 1.125 respectively, followed by oxidation and Diels-Alder cycloaddition with l-
methoxy-1,3-bis(trimethylsilytoxy)-1,3-butadiene 1.108 (see scheme l.l5).

(-)-(n)-r.u3

(+)-( lS,3R)-1.114 (-)-(1S,3R)-r.110
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{"rv

{r.quinone A 1.118

Reagents and conditions: For quinone A 1.118: (i) Ti(OiPr)+, toluene, ultrasonic irradiation,

69vo (ii) PdL/C, H2, MeoH, CHzClz Gii) l}vo CAN, CH1CN,0"C, 4l%o over two steps (iv) 1.108,

toluene, reflux: For quinone A' 1.119: (v) Me2Soa, K2CO3, acetone, reflux (vi) pCl5 then

AgNO3, aq. cHrcN, 87To over two steps (vii) Pd/c, Hz, MeoH, cH2cl2 (viii) l0zo cAN,
CH,rCN, O"C,sOEo overtwo steps (ix) 1..108, toluene, reflux.

Scheme l.l9 Syntheses of quinones A and A' by Giles et al.eo

L.t20 r.l2l

Lta
1""

fr'
I viii

Y

quinone A' 1.119
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1.3.3 Synthesis of analogues of griseusin A 1.49

The synthesis of analogues of griseusin A 1,49 was reported by Brimble et al.ez via the

key hydroxyalkylation of naphthol 1.128 with aldehydel.l'2g (Scheme l.2l). Aldehyde
1.129 was synthesised from (R)-phenylalaninol 1.130e3 which was converted into
benzyloxyoxazolidinone 1.131 in two steps (Scheme 1.20). Oxazolidinone 1,L31 then

underwent an anti selective aldol condensation with aldehyde 1.132 (from (R)-(-)-3-

hydroxybutyrate)e2 to give aldol adduct 1.133. Removal of the chiral auxiliary followed
by oxidation furnished aldehyde 1.129.

llrl
oAruA -i!t-/ J,"

1.137"'2Bn

QSirBuMe2

cHs

o OSitBuMeoil?
HAr cH.

1.r32

Reagents and conditions: (i) (Eto)zco, K2cor, 135 'c, 80zo (ii) "BuLi, THF, -78 "c; 2 h; then

BnocH2cocl, 84?o (iii) sn(orO2, cH2cl2, Et.,N, -78 oc; rhen r.r3z, TMEDA, 60vo (iv)
Et.lsicl, imidazole, DMF, 84vo (v) LiBH4, THF,0 "c,BTvo (vi) TpAp, NMo, cHzclz,g}vo.

Scheme L.20 Synthesis of aldehyde 1.129

The hydroxyalkylation of naphthol 1.128 with aldehyde 1.129 proceeded using the

Lewis acid TiClr(Oier; affording benzylic alcohol 1,134 which was converted inro
acetate 1.135 in two steps (Scheme l.2l). In turn, 1.135 underwent oxidative
demethylation to the unstable naphthoquinone 1.136 which upon immediate addition of
2-trimethylsilyloxyfuran 1.E8 gave a l: I mixture of t'uronaphthofurans l,l37alb.
Subsequent oxidative rearrangement of furonaphthofurans l.I37alb followed by
spirocyclisation of the resultant lactols 1.138a or 1.138b afforded a 3.2:l mixture of
spiroketals 1.139a and 1.139b with epimerisation being observed at c-3'.
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1.128 ocH3

n r.88
\o^osrM".
*

vi---+

l.lsYa O J.Z:

Reagents and conditions: (i) TiClr(Oipr), CH

1.139a

zclz,0 "C, 9 min, 44Vo (i1) MnO2, CHzClz, 62Vo (iii)
Ac2O, CH2CIz, EtlN, 4170 (iv) CAN, CHTCN, HzO; then 2-trimethylsilyloxyfuran l.8g,42vo (v)

CAN, CH.rCN, HzO; then SVoHF,48Vo (vi) CSA, CH2C!2,reflux,52Vo.

Scheme l.2l Synthesis of analogues of griseusin A by Brimble et al.ez
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1.4 Formation of biaryls

The biaryl pyranonaphthoquinone antibiotic crisamicin A1.46 is the synthetic target in
this thesis, hence discussion of synthetic methods available to construct the biaryl
linkage is essential. The following sections therefore provide an overview of previous

work on the synthesis of biaryls. The methods for effecting construction of a biaryl
linkage include the use of: vinylogous Michael reaction, Stille coupling, phenolic
oxidative coupling, Ullmann coupling, nucleophilic aromatic substitution (Meyer

coupling), Pinhey arylation and Suzuki coupling. All of these key reactions provide
methods to prepare both symmetrical and unsymmetrical biaryls. Lemaire et aI. recently
reviewed the aryl-aryl bond formation using all types of methodology.no

1.4.1 Synthesis of symmetrical biaryls

(i) Oxidative coupling

Laatsch utilised the phenolic oxidative coupling of naphthol intermediates to prepare

symmetrical juglone-type dimers.es Mamegakinone 1.140 was synthesised by oxidation
of naphthol 1.141 using silver(I) oxide to afford dimeric naphthol 1,142 (Scheme l.2Z).
Naphthol 1.142 then underwent further oxidation to give the extended o-
naphthoquinone 1.143. Dimer naphthoquinone 1.140 was then afforded upon treatment
with nitric acid and deprotection of the two methyl ethers.

Reagents and conditions; (i) AgrO, EtN, CHCI3, RT (ii) a: HNOr,2 min, b: AlClr.

Scheme 1.22 Synthesis of mamegakinone by Laatsches
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A more recent example of biomimetic oxidative coupling was achieved by Bringmann
et al.e6 in the first total synthesis of a dirneric carbazolequinone, bismurrayaquinone A
1.144 (Scheme 1.23). This dimeric pharmacologically active carbazolequinoneeT'e8'ee

was first isolated by Furukaw a et aL"'0 from Murraya koenigii.

Bisquinone 1.L44 is the oxidation product obtained by treatment of bisphenol 1.145 with
pyridinium chlorochromate (PCC;.r0r The key step for the prepararion of bisquinone

1.144 is therefore the synthesis of bisphenol 1.1.45, an analogue of dimeric
murrayafoline A 1.146. The required bisphenol 1.145 was prepared by oxidative
dimerisation of monomeric carbazole 1.147 using di-tert-butyl peroxide (DTBP)I02

Carbazole 1.147 in turn was synthesised from aniline L.148. 
r02

r-s.%*r,
1.148

Reagents and conditio,ns: (i) di-terr-butylperoxide (DTBP), chlorobenzene,22h,slVa (ii) PCC,

CH?Clz, 0.5 mtn,73Va.

Scheme 1.23 Synthesis ofbismurrayaquinone A by Bringmann et al.e6

Bringmann et al.t03 also achieved the total synthesis of mastigophorenes A l.l4g and B
1.150 via biomimetic oxidative coupling of (-)-herbertenediol 1.151 (Scheme 1.24). The
mastigophorenes were isolated from the liverwort Mastigophora diclados and exhibit
neurotrophic activities.lon As shown in Scheme l.24,l.litwas initially protected as a

more robust methyl ether which upon treatment with di-tert-butyl peroxide yielded the

dimer 1.152 as a racemate. Dimer 1.152 then underwent O-demethylation using boron
tribromide to give the desired dimers A 1.149 and B 1.150 as a 40:60 mixrure of
atropisomers. The atropisomers were separated by preparative TLC to afford
mastigophorenes A L.149 and B 1.150.

1.145 R = H
1.146 R - CHs
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I-+

1.15f (R = H, Herbertenediol)-l
(R =CHd +l

n, ln

-+-4
mastigophorene A 1.149

1.149:1.150 = 40:60

mastigophorene B 1.150

Reagents and conditions: (i) di+en-butyl peroxide (DTBP) (R = Me) (ii) BBr: (iii) separate

isomer, 287o overall yield.

Scheme 1.24 Oxidat iv e c o up lin I af at ro p o - dias t e re orne r ic mas ti g op ho r ene s

Michellamines A 1.153 and C 1.154 were also prepared by Bringmann et c/.r03'r05 via a

one-step oxidative dimerisation of korupensamines A 1.155 and B 1,1.56, respectively

(Scheme 1.25). Michellamines A 1.153 and C 1.154 exhibit anticytopathic activity

against HIV-I and Hry-2.r06
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Korupensamine A 1.155

Michellamine A 1.153

Korupensamine B 1.156

Michellamine C 1.154 J, ir.

Reagents and conditions: (i) Pb(oAc)+ or PhI(cF3co2)2, BF?.oEt2, DCM, 0"c,g9vo or gzvo.

Scheme l.2S Syntheses of michellamine A andmichellamine C
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Unnatural symmetrical dimers of the naphthylisoquinoline alkaloids, jozimines C 1.157

and D 1.158 were prepared by Bringmann et aLt0s't07'108 prompted by their anti-HrV and

anti-malarial activity, and their structural similarity with the michellamines (Schemes

1.26 and 1.27).

Dioncophylline C 1.159

Ag2O, rhe\
H2,Pdlc,66Vo

./| As"ot ii. riioH. r'
iii. MeOH, HCI
27Va overall

Jozimine C 1.157

Scheme 1.26 Synthesis of unnatwral dimer jozimine c from dioncophylline C

Jozimines C 1.157 and D 1.158 are the dimers afforded by phenolic oxidarive coupling
of dioncophylline C 1.159 and B 1.160, respectively.

1.159a 1.159b
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DoncophyllineB 1.160

Pb(OAc)a, I ,r,un tU"OrV CUrCIr,
BF3.EIzO 

{ 
cotunn Frltration, Sl%

Scheme t.27 Synthesis of wnatural dimer jazilnine D frotn dioncoplrylline B

( ii ) Ullrnann e o'up ling

A regiospecific total synthesis of a symrnetrical biaryl, ft)$iphyscion 1.161 was
executed by Hauser and Gauuanl'@ via Ullmann eoupling of the protecrcd iodoresorcinol
7J62 to form the aryJ.irryl bond (Sche'rme l.2S). The reqtrisite iodoresorcinol 1.162 was
prepared frorr ethyl-2,4-dihydroxy-6-rnethyl-benzoate 1.163 in two steps,
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ff"*"ffi*"
1.162

X=SPh
X=$Q2p6+J vrl

tiii, lx

-+l>

Reagents and canditians: (i) (cflrohsoe, Kscor, cszclz, 9g% (ii) Ms" cH2ch (iii)
(cHro)asoa, K2co3, acetone, 63?o ouer two steps (iv) cu-bronr"e,z.lu?Jo"c,|zEa (v) LDA,
(PhS)?, 18"e,5574 (vi) CF;COzH, H2O, heat, 100% (vii) mCPBA, KzeOr, ClIzCla 1007o (vrii)

LiCt'Bu then 5-methylcyclohex-2-onone (ix) AgoCOr, Et:N CIIzClr 367o over two stepr (x)
M;gI2.F,t2A,70%-

Scheme l-,8 Synthesis of (!)-biphyscionby Haaser and Gauuant@

'*

1.165
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Despite the possible steric hindrance by the two ortho substituents,ll0'lll'll2 coupling of
iodoresorcinol 1.162 using copper bronze at relatively high temperatures, gave biaryl
1.164 in good yield. Biaryl 1.164 then underwent a series of reactions, to generate

bianthraquinone 1.167 which then finally underwent regiospecific demethylation with
MgI2 to give (+)-biphyscion 1.161. The mastigophorenes A 1.149 and B 1,150,r13 and

(+)-isokotanin A 1.L68rlo'll5 were also synthesised using an Ullmann coupling to form
the biaryl linkage.

(iii) Coupling via 'lactone methodology'

The symmetrical dimer, (+)-isokotanin A 1.168, an insect antifeedant bicoumarin
isolated from an Aspergillus moldl16 was prepared by Bringmann et al.tts.tlT using so-

called 'lactone methodology'. This synthetic method allows diastereoselective synthesis

of biaryls and involves the formation of an artificial lactone bridge that contains axial
chirality. Ring cleavage of the lactone then proceeds, affording atropo-enantioselective

products.

In this example the key step involved ring closure of hydroxy acid 1.169 to give a

seven-membered lactone 1.170 which was then converted into the natural product, (+)-
isokotanin A 1.168 in nine steps (Scheme 1.29).rr-s

(+)-Isokotanin 1.168 was also prepared via a six-membered lactone-bridged biaryl t.172
from orcinol 1.173 (Scheme 1.29a).In this example the key step involved palladium(0)
mediated formation of a six-membered lactone-bridged biaryl 1.172 from bromide
1.174. Lactone I.172 was then cleaved to afford (-)-4,4'-bisorcinol l.l71 using chiral
non-racemic (R)-oxazaborolidine-borane 1,L76 or the chiral non-racemic potassium salt

of (+)-menthol (Scheme 1.29a).rr8 Biaryl 1.175 was then converted to the natural
product, (+)-isokotanin 1.168. I I7
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6 steps
=*

H3CO co2H

(+)-isokotanin A 1.168

Reagents and conditions: (i) DCC, DMAP,CH2C!2,727o.

Scheme t.29 Synthesis of (+)-isokotanin via 'lactone methodology'

--;

cHg

orcinol 1.173

ii, iii, iv, v HO'

lll-,.)-isokotanin 
A 1'168

t.176
(R)-oxazaborolidine

-+

(-)-4,4'-bisorcinol 1.175

Reagents and conditions: (i) Pd(oAc)2, PPhr, NaoAc, DMA (ii) 1.176, BH3, TTIF, 0 oc, I h or
potassium salt of (+)-menthol, THF, -70 "c, 74vo (lii) LiAlH4, 897o (iv\ a: c2ClaBr2, pphr; b:

LiAII{4, 85Vo (v) BB4, 947o.

Scheme 1.29a Alternative route to (+)-isokotanin via a six-membered lactone
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Other symmetrical dimers that have been prepared using this 'lactone methodology'
include the mastigophorenesrr3 and bismurrayaquinone AlJ*4rte .

(iv) Suzuki coupling

Suzuki or Suzuki-Miyaura coupling was first reported by Suzuki and co-workersl20 as

an efficient method to construct C-C bonds via palladium(0) catalysed coupling of an

aryl halide with a boronic acid. These coupling reactions have been extensively
explored using a variety of organoboron derivatives coupled with various organic
electrophiles. New improved catalysts, bases and solvent systems have been introduced
rendering this reaction suitable for the synthesis of many elaborate natural

products. I 2 | 't22't23

Generally, aryl halides such as aryl bromides and iodides are used in the Suzuki
reaction, whilst aryl chlorides are usually less active in the reaction unless used in
combination with electron-deficient groups. Electrophilic aryl triflates can also be

used.l22'124 The coupling of an organoborane with an organic electrophile requires

addition of a negatively charged base such as sodium or potassium carbonate, phosphate

or hydroxide in the presence of a palladium catalyst.r22 The low nucleophilicity of the

organic substituent on the boron atom retards the transmetalation reaction (Figure Ll5)
of the organopalladium(tl) halide or triflate with the boron compound. Addition of the
negatively charged base results in quaternisation of the boron atom thereby enhancing
the nucleophilicity of its ligands.r2s

Use of palladium(0) catalysts is essential for assisting the coupling reaction. A wide
range of palladium catalysts is readily available such as Pd(PPh3)a, PdClz(PPhr)2,

Pd(OAc)z and PdClz(dppf) just to name a few.'tu''t7 More recently, some new palladium
catalysts have been utilised by Fu et al.t28 and nickel catalysts have also been used for
Suzuki couplings. l2e'l 30'l 3 I' 132

The catalytic cycle for the coupling reaction involves an oxidative addition,
transmetalation, reductive elimination sequence (Figure l.l5). Oxidative addition of the
halide or triflate to a palladium(0) complex furnishes a stable trans-o-palladium(tr)
complex Cl which has been characterised by isolation and spectroscopic analysis.l-33

Less is understood about the transmetalation step which appears to be highly dependent

on the nature of the organometallic reagent and reaction conditions used. Isomerisation
of the trans isomer C2 to cis isomer C3 followed by reductive elimination affords the
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thus continuing the catalyticcoupled product and regenerates the palladium(0) catalyst,

cvcle.

PdL4

Pd

IL

C3 Ar-Pd(ll)-L
R'

I
I
\

cisltrans \
Isomerism \ L\- Ar-Pd(l)-R'

L

C2

Figure 1.15 A general catalytic cycle Jbr coupling

This coupling reaction has proven to be very versatile due to the ready availability of
reagents and the mild reaction conditions used. It is also advantageous due to its ability
to be unaffected by the presence of water, toleration of an extensive range of functional
groups and its relatively good regio- and stereo- selectivity. In addition, the inorganic
by-product from the reaction is non-toxic and easily removed.

Using a Suzuki-Miyaura coupling, Brimble et al.8t'82 achieved the first synthesis of a
dimeric pyranonaphthoquinone, an actinorhodin analogue 1.177 (Scheme 1.30). The key
step of the reaction is the in situ coupling of pinacolboronate 1.178 with
bromonaphthalene l.L78a in the presence of the Miyaura reagent bis(pinacolato)diboron
Ll79t34 and PdClz(dpp0,'tt affording biaryl 1.180. Bromonaphthalene 1.178a was

prepared in nine steps from 1,5-dihydroxynaphthalene 1.181.|'u Subs"quent oxidative
demethylation and double annulation of biaryl 1.180 with 2+rimethylsilyloxufuran 1.8E

gave a l:1 inseparable mixture of adducts L.183a and 1.183b after purification on silica
gel. Upon treatment with ceric ammonium nitrate, furonaphthofurans 1.183a and 1.183b

underwent a double oxidative rearrangement to afford an inseparable mixture of
hemiacetals 1.184a and 1.184b. Hydrogenolysis of 1.184a and 1.184b afforded a l:1
mixture of the actinorhodin analogue 1.177.

-..J;T.),---
Eriminarion 

(
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t.r79

Reagents and conditians: (i) PdCl2(dppf), CsF (4 equiv.), bis(pinacolato)diboron 1.179 (4

equiv.), THF, reflux,25 h,53To (ii) Ago (16 equiv.), HNO3, dioxane, Kl,72vo (iii) a:2-
trimethylsilyloxyfuran 1.88, cHlcN, 0 oc, I h; b: silica gel, EtoAc-hexane (2:l), 5lvo (iv)
CAN (4 equiv,), CH:CN, H2O, 0 "C, 0.25 h, 55Vo (v) l\Vo pd/C, H2, EtOAc, 2 h, rhen excess

CHzNz, Et2O,78Vo.

Scheme 1.30 Synthesis of an actinorhodin analogue by Brimble et a1.8t.82

1.1.78a

+ isomer 1.183b

+ isomer
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The first synthesis of the antimalarial compound diospyrin 1.185137 was achieved by
Yoshida and Morir3s using Suzuki coupling (Scheme l.3l). Palladium(0) catalysed

union of bromide 1.186 with boronic acid 1.187 afforded biaryl 1.188. Subsequenr

oxidative demethylation using ceric ammonium nitrate followed by deprotection of the

methyl ethers afforded diospyrin 1.185.

Reagents and conditions: (i) Pd(PPhr)+, aq. Na2Co3, EtoH, toluene, reflux, s3Eo (ii) cAN,
cHrcN, HzO (iii) Alclr, cH'zclz,gTvo.

Scheme l.3l Synthesis of diospyrin by Yoshirla and Morit3s

The michellamines were also synthesised by Hoye et al.t3e'r40 and Bringm ann et al.t4r
using a Suzuki coupling.

\
1.rE71.186
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1.4.2 Synthesis of unsymmetrical biaryls

(i) Oxidative coupling

Jozimine B 1.189 is the unsymmetrical dimer of the naturally occuring
naphthylisoquinoline ancistrocladine 1.190. Jozimine B 1.189 belongs ro the same

group of unnatural dimers synthesised from natural dimeric naphthylisoquinolines via

oxidative coupling such as jozimines C 1.157 and D 1.L58. Bringmann et al.to3 prepared

the unsymmetrical dimer 1.189 by dimerisation of ancistrocladine 1.190 using Pb(OAc)a
(Scheme 1.32).

9CHg 9CHs

Pb(OAc)+_-+
BFr.Er2O

53o/o

jozimine B 1.189

Scheme I.32 Oxidative coupling of ancistrocladine to the dimer jozimine B by

Bringmann et al.to3

The first total synthesis of the unsymmetrical, N,C-bonded heterobiaryl biscarbazole,
murrastifoline F 1.191 was prepared by Bringmann et al.ta2 using a non-phenolic
oxidative coupling (Scheme 1.33). Alkaloid 1.191 was derived from the roor extracr of
Murraya koenigii.tw The precursor mumayafoline A l.lg2 was prepared from indole-3-
carbaldehyde 1.193 in seven steps.'*t Upon treatment with Pb(OAc)q,1.192 was then

successfully converted to the unsymmetrical murrastifoline F 1.lgl.

ancistrocladine 1.190
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o
\rLt-'-.1t- ,t \\

\\l)-\./
N
H

indole-3-carbaldehyde

7 steps
+
--+

1.193

i
--+

Reagents arul conditions: (i) Pb(OAc)a, BF-r.EtzO, CHTCN, RT, 3.5 h,6OVo.

Scheme 1.33 Synthesis of murrastiJbline F by Bringmann et al.ta3'ta3

( ii) Coupling via' lactone methodolo gy'

Using the same 'lactone methodology' described earlier (page 38), Bringmann et aI.tM
reported the first atropo-enantioselective total synthesis of an axially chiral
phenylanthraquinone natural producr, (+)-knipholone 1.194 (Scheme 1.34). (+)-
Knipholone L,194 is an unsymrnetrical dimer that is thought to have evolved from an

enzymatic biaryl coupling and not by the conventional coupling of the conesponding
monomers. (+)-Knipholone L.194 was isolated by Dagne and Steglichras from several

African plant species (Bulbine, Bulbinella and Kniphofia).

The key step to prepare lactone bridged biaryl 1.195 relied on the formation of ester

1.196 from anthraquinone carboxylic acid 1,197 and 3,s-dimethoxyphenol 1,198.

Intramolecular palladium catalysed by Pd(OAc)z formation of biaryl 1.195 then

proceeded uneventfully. The unstable configuration of 1.195 allowed ready cleavage
using (.9)-oxazaborolidine-borane 1.199 to give 1.200. Biaryl 1.200 was then converted
into the natural product, (+)-knipholone 1.194.

mumayatbline 41.192

murastifoline F 1.191
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1.201 t.197

lv, v, vt, vil,vul

-

(S)-oxazaborolidine

(+)-knipholone 1.194

Reagents and conditions: (i) 3,S-dimethoxyphenol 1.198, DcC, DMAP, CH2CI2/DMF, 0 "C to

RT, I h, 9oro (1i) Pd(oAc)2, PPhr, NaoPiv, DMA, 130'c, 4.5 h,68vo (iii) 1.199, BHr, TI{F, 0
oc, t h, 8lvo,96vo ee (iv) (cBrcl2)2, polymer-bound PPhr, cH2cl2, RT, l0 min (v) pd/c, H2,

MeoH, 48vo over two sreps (vi) Ticla, CHzclz, -20'C->RT,2h,B9vo (vii) Aczo, Ticl+, -20 "c
to RT, I h, 82To (viii) AlBt, chlorobenzene, 80 "C, Z h, 4l%o.

Scheme 1.34 Synthesis of (+)-lcnipholone by Bringmann et al.tu
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This methodology was also used by Bringmann et al.ta6 for the first atropo-divergent

total synthesis of the antimalarial korupensamines A 1.L55 and B 1.156 (Scheme 1.35).

The key step involves the formation of ester 1.204 which undergoes intramolecular
biaryl coupling to the lactone-bridged biaryl 1.205.

t.2tJ6
I_+

cHs

*-rn

1.207

,r
\

Reagents and conditions: (i) NEh, 74Zo (ii)

1.176, BHr; b: 1.199, BHc.

1.205

7 steps
€

7 steps

-+

r.zvy oH eH. l.l5s

Pd(OAc)2, P(o-tolyl)r, NaOAc, DMA, 74Vo (iii) a:

IJ
| \-..- s "
t_.,/ =rPh

I\ r'r
ct

- / r.199
I r3v

(SFoxazsborolidine

oiPr

1.2051.204

n

Scheme I.35 Synthesis oJ'korupensarnines A and B
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In this case, lactone 1.205 was afforded from ester L.204 using the "Herrmann-Beller

catalyst",r47 a binary palladium complex prepared from Pd(oAc)z and tris(o-
tolyl)phosphine. Subsequent cleavage of lactone 1.205 using either (R)-oxazaborolidine

1.176 or (,S)-oxazaborolidine 1.199 gave biaryl atropisomers 1.208 and 1,.209,

respectively (Scheme 1.35). Biaryls 1.208 and 1.209 were then converted to the

respective naturalproducts korupensamines B 1.156 and A 1.155.

Further examples of unsymmetrical biaryl containing natural products synthesised using

this 'lactone methodology' include ancistrocladisine 1.210t48 (Figure L l6) and (+)-

dioncophylline C 1.159. r07

ancistrocladisine 1.210

Figure l.16 Anc i s t r o c ladi s ine

(iii) Meyer coupling

Racemic ancistrocladisine l.zlDt4e and (+)-dioncophylline C 1.159150 have been

prepared independently by Sargent and Rizzacasa using Meyer's biaryl coupling
methodology. The key step in both syntheses involves activation of an ortho-methoxy
substituent by oxazolines 1.21.1 (Scheme 1.36) and 1.212 (Scheme 1.37). This activation
promotes nucleophilic aromatic substitution by aryl Grignard reagents 1,.213 and 1.214
to yield biaryls 1.215 and 1.216, Biaryl 1.215 was then elaborated to the natural product

l.2l0, whilst the conversion of biaryl 1.216 to natural product 1.159 was not carried out.

However this conversion could be perfbrmed by using the above procedures used in the
synthesis of ancistrocladisine L.zlO.



Reagents and, co.nditions: (i) Mg, I.2[3, TIIF, reflux,&LVa.

Seheme 136,Syrrfterds of mcistracladisine

aneisrocladisine 1.210

Reag ents and, canditiewz

$cheme 1.37 S.lnthesis

(i) Nlg, TIF, reflux,T'AVa,

of ( + )-dtoncophylline C

(+)"tlionoophylline C 1.159
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(iv) Vinylogous Michael reaction

Christoffers and Mannlsl reported the use of an

Michael reaction of a cycloalkenone bearing an

derivatives (Scheme 1.38).

iron(Itr) catalyst to effect a vinylogous

activating group 
^t 

C-2 with quinone

il lri +O
a)^cHs-- cH. I r'30

\.,/ 
tautomerisation\z FeCl3.6H2O

1.2r9

annulation<-

Scheme 1.38 Synthesis of an unsynxmetrical biaryl naphthoquinone by Christoffers and
Manntsl

In the presence of a catalytic amount of iron trichloride, 2-acetylcyclohex-2-enone

1.218, a vinylogous Michael donor, tautomerises to form dienol species 1.219 which
then reacts with 1,4-naphthoquinone 1.220 in a homo-Michael addition (Scheme 1.38).

The resulting cross-coupled product 1.221undergoes tautomerisation to hydroquinone
1.222 that subsequently undergoes annulation via an oxa Michael addition to give
dihydrofuran L.223.

(v) Pinhey arylation

In the first total synthesis of an unsymmetrical naphthylisoquinoline alkaloid, (-)-
ancistrocladidine 1.224, Morris and Bungard utilised a Pinhey-Bartonl-52 ortho-arylation
to form the key biaryl bond (scheme 1.39).rs3 The unique 7,3'-linked C)-
ancistrocladidine 1.224 was isolated frorn Ancistrocladaceae and offers a potential
treatment for malaria and dysentery.l-t4

Biaryl bond formation was achieved via Pinhey-Barton ortho-arylation of naphthol

1.225 with aryllead triacetate 1.226 affording biaryl 1.227. Requisite 1.226 was

l[ 
,uu,or"riru,ion
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prepared from iodide !.228.ts5 Biaryl 1.227 was then converted into the natural product,

(-)-ancistrocladidine 1.224 and its atrcpisomer 1.229 (l:l ratio) in ten steps. (-)-

Ancistrocladidine 1.224 was then separated from its atropisomer 1,229 by
recrystal lisation from tol uene/petroleum ether.

rost%/

Reagents and condirions: (i) 'BuLi, Bursncl, THF, -95 "c->RT, g|vo (ii) pb(oAc)a, cat.

Hg(oAc)2, cHzclz, RT, 24 h, 93o/o (iit) 1.225, pyridine, cHzclz, 24 h, RT (iv) 3vo v/v aq.

H2SOa, THF, I h, RT, 677o over two steps.

Scheme 1.39 Synthesis of (-)-ancistrocladidine by Morris and Bungardts3

(vi) Stille coupling

The unsymmetrical quinonoid antibiotics WS-5995 A 1.230 and C !.231, isolatedts6

from Streptomyces auranticolor, were successfully prepared by Echavarren et al.rs7 via
palladium(0)- and copper(I)-catalysed Stille coupling of a 2-bromonaphthoquinone

1.232 with an arylstannaneL.233 (Scheme 1.40).

The key step involved coupling of Z-bromo-juglone 1.232 with arylstannane 1.233 in
the presence of Pd(O) and Cu(I) to afford coupled product 1.234 and by-product 1.235

(-)-ancistrocladidine 1.224
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(9: I ratio). Both 1.234 and 1.235 were then converted into the natural product WS-5995
C 1.23L and thence to WS-5995 A 1.230 in a further two steps.rss

H3CO

(H3C)3Sn

ii
--->_*

cHs

iii, iv€-+

ws-599s c 1.231 ws-5995 A 1230

Reagents and conditions: (i) Pd(PPhr)+, CuBr, dioxane, reflux, 3 h, 1,234: 82Vo; 1.235: ca. Svo

(ii) a: r-BuooH, benzyltrimethylammonium hydroxide, THF, RT; I h b: HClo+, HO, dioxane,

reflux, t h,98vo (iiD (cF1co)2o, THF, RT, 12 h (iv) MeoH, 30 min, quantitative yield over

two steps.

Scheme 1.40 Synthesis of antibiotics wS-5995 A and C by Echavarren et al.t57

Echavarren et al.tse also achieved an improved synthesis of phenanthroviridone 1.236160

(Scheme l.4l) using a Stille coupling. The key step involved the coupling of
bromoquinone 1.237 with stannane 1.238 to afford coupled product 1.239. The natural
product t.236 was then furnished in two steps from 1.239.

r.232
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n, ut

-++
-+

Reagents and conditionr': (i) Pd(PPhr)c, CuI, T[IF, 70 "C, 12 h,85?o (ii) a: N&Cl. NaOAc,

EtoH, 80 oc, 12 h; b: aq. HCl, dioxane, RT, 3 h, 67vo (iii) LiI, 2,6-lutidine, 140 "c,6h,63To.

Scheme l.4l Synthesis of phenanthroviridone by Echavarren et al.r'e

The synthesis of 2,3-bisnaphthopyranyl quinones related to the anti-Hfv agentr6l

conocurvone l.?40 (Figure | .17) was also attempted by Stagliano and Malinakova using

a Stille coupling as the key step.162

1.237

Figure l.l7 Conocurvone
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However, there is a slight variation in the use of this methodology in that the precursor

1.24I involved in the key coupling step is a quinone with two activation sites (ie. 1,4-

dipoles) that can act as doubly activated quinone equivalents in coupling reactions
(Scheme 1.42).

1.246

Reagents and. conditions: (i) Pd(PPhr)+, cul, DMF, RT, 48 h,4ovo (ii) Tf2o, i-pr2EtN, DMAp,
CH2CI2,0 "C->RT, 53% (iii) 1.245, Pd(PPhr)q, LiCl, dioxane,60"C,E6Vo.

Scheme 1.42 Synthesis of 2,3-bisnaphthopyranyl quinone related to conocurvone 7.240

t.?41
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One site consists of a hypervalent iodine and the other, a triflate (in masked form) 1.241.
Once the biaryl naphthopyranyl hydroxyquinone l.Uz had formed from the coupling of
naphthopyran stannane 1.243 to the carbon bearing the hypervalent iodine in l.?Al, the
phenol was then converted to a triflate in readiness for effecting a second Stille
coupling. Stannane 1.245 was therefore coupled with the triflate 1.244, formed from
l.?42, to afford 2,3-bisnaphthopyranyl quinone 1.246.

Dioncophylline B 1.160 has also been synthesised by Bringmann et a/.163 using a Stille
coupling.

( v ii ) Anioni c hy droxy q uinone s ub s t it ut i on

Whilst investigating an alternative synthetic method to prepare conocurvone L.?AL,

Stagliano et al.toa achieved a new synthesis of trimeric quinones via anionic
hydroquinone coupling. This new method was used for the preparation of the trimeric
quinone framework of conocurvone 1.240 via two coupling steps (Scheme L43).

t.247

Trimeric quinone framework of 1.240

Reagents and conditions: (i) 1.248, cs2co3, cHrcN, RT, 7 days, 93vo (ii) (cHr)roBF+, CH2cl2,

'PrrEtN, Kl,82Vo (iii) 1.251, CHjCN, l8-crown-6, 65"C,49Vo.

scheme r.43 synthesis of the trimeric quinone framework of conocurvone
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The first coupling was between commercially available 2,3-dichloronaphthoquinone

l.U7 and lawsone 1.248 in the presence of caesium carbonate and acetonitrile,

affording biaryl 1.249. Subsequent methylation and a second coupling step between

1.250 and substituted hydroxyquinone anion 1.251furnished the unsymmetrical trimeric
quinone of 1.240.

(viii) Suzuki coupling

As mentioned earlier in the discussion of the syntheses of symmetrical biaryls, Suzuki

coupling or Suzuki-Miyaura coupling involves the use of a palladium or nickel catalyst

to promote coupling of organoborane reagents with organohalides or organotriflates.

Such a reaction was employed by Uemura et alt6s in the stereoselective synthesis of (-)-

steganone 1.252 (Scheme 1.44). In this synthesis, a planar chiral arene chromium
complex containing bromide coupling partner 1.253 was reacted with ortho-substituted

aryfboronic acid 1.254 to afford the biaryl 1.255. Further elaboration of the axially
chiral biaryl 1.255 then gave (-)-steganonel.252.

-+
->
->

Reagents and conditions: (i) Pd(PPh.r)+, aq. Na2CO1, MeOH, reflux, I h,67Vo.

Scheme 1.44 Syntheis of(-)-steganone by Uemura et alt6s

1.253
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In another stercoselective synthesis involving coupling of planar chiral arene chromium

complex 1,256 and arylboronic acid 1.257, Uemura et al.t66 utilised Suzuki-coupling to

prepare unsymmetrical o,O'-dimethylkorupensamine A 1.258 (Scheme 1.45). The

resulting biaryl 1.259 was afforded as a single atropisomer that was then converted in

eleven steps to the desired O,O'-dimethyl derivative of natural product korupensamine A
1.155.

i
-€

I I steps

--+_+

Q O'-dimethylkorupensamine A 1.258

Reagents and conditions: (i) Pd(PPhr)+, aq. Na2COr, MeOH, reflux, 30 rrun,90Vo.

Scheme 1.45 Synthesis af O,O'-dimethylkorupensamine A by (Jemura et al.t6

Using this methodology Hoye and Mi have successfully prepared the unsymmerrical

biaryls ancistrobrevine B '1,.260 and korupensamine C 1.261via coupling of arylboronic
acid 1.262 with aryliodides 1.263 and 1,264, respectively (scheme r.46).t67 This key
biaryl coupling step gave the natural products 1.260 and 1.261 as a mixture of
atropisomers which were then deprotected and separated by HPLC to afford pure 1.260

andl.26l.

HgC

r.2571.256
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+ atropisomer

+ atroprsomer

Reagents and conditions: (i) 1.262, Pd(PPhr)+, sat. NaHCOl, toluene, 7l-76%o (ii) Pd/C, H2,

MeOH, CH2CI2, l00Vo.

Scheme t.46 Syntheses oJ'ancistrobrevine B and korupensamine C by Hoye and. Mit67

1.5 Synthetic Aims of Present Work

Whilst efficient syntheses of several monomeric pyranonaphthoquinones have been

achieved, only one total synthesis of a complex dimeric pyranonaphthoquinone has

recently been reported by this research group (see pages 41, 42).8r'82 The work described

herein focuses on the synthesis of the dimeric antiviral pyranonaphthoquinone,

crisamicin A 1.46.

It was envisaged that previous methodology employed by Brimble and co-workers for
the synthesis of monomeric and dimeric pyranonaphthoquinone antibiotics such as

kalafungin 1.16 and the actinorhodin analogue 1.177 respectively, could be applied to

the synthesis of the dimer crisamicin A 1.46. The intended synthesis relies heavily on

the successful construction of the naphthol2,3-clpyran-5,10-dione ring system L.1 (see

ancistrobrevineB 1.260

korupensamine C 1.261
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Figure l.l), which contains a y-lactone ring fused to a dihydropyran moiety and the

efficient construction of the biaryl linkage.

The strategy proposed for the synthesis of crisamicin A 1.46 is outlined in retrosynthetic

terms in Scheme 1.47 and features the double oxidative rearrangement of furo[2,3-
Dlnaphtho[2,]-dffuran 1.265 to furo[3,2-b]naphtho[2,3-flpyran 1.266 as a key step. In
turn, the bis-naphthofuran 1.265 could arise from double furofuran annulation of bis-
naphthoquinone 1.267 with 2-trimethylsilyloxyfuran 1.88. Bis-naphthoquinone 1.267 is

available from bis-naphthalene 1.268 via direct palladium(0) mediated Suzuki-Miyaura

homocoupling of triflate L.269 with bis(pinacolato)diboron 1.179. Triflate 1.269 can be

prepared from the previously reported benzyl ether 1..270 which is readily prepared from
vanillin 1.271as described by Giles et al.t68

t.269

wlrere p = Ac, ipr, SilBuMe2, CH3

Scheme 1.47 Retrosynthetic pathwayfor crisamicin A 1.46

6TfO

Ln0
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The initial synthetic objective ls therefore focused on the synthesis of the,triflate 1.2.69.

neguired for forunation of the symmeuical biaryl. This s'ynthetic work is desedbd in
ciapter two in which the suocessful fqqnation of the key biaryl L26,8 via Suzuki-

Ivfiyaura hornoqoupling of triflate 1,169 is pt'lps6n6d. Sygthet e atrrpoaohes to crisamicin

A L46 and analoguos theraof using the key dsrrble fursfuran annulation of a b-is-

naphthoqrtinone strc.h as l.?;ffl followed by double oNidative rearrangenrent of the

re-sniltaut bis'furo-naphthofuisn 1.965, are then described ln chapter three.
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Chapter Two

Preparation of the Biaryl Skeleto

of

Crisamicin A
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2.l lntroduction

In this chapter, the construction of the bis-naphthalene core of crisamicin A 1.46 is
discussed. The key step in the synthesis utilises a Suzuki-Miyaura coupling of an in situ
generated arylboronate with an electrophilic aryl triflate.

Although there is much more precedence in the literature for the use of aryl halides

rather than aryl triflates for Suzuki coupling, it was of note that recent work by Miyaura
et alt6e demonstrated the use of bis(pinacolato)diboron l.l7g and PdClz(dppf)/KOAc as

a method to prepare arylboronate 2.1 from aryl triflate 2.2 that then proceeded to form
unsymmetrical biaryl 2.4 upon addition of a stronger base, K3PO4 and triflate 2.3

(Scheme 2.1).

HsCO

1.179

oo\r-l
d\

''J

Reagents and conditions: (i) PdClr(dppf), dppf, KOAc, dioxane, 80 'C,
PdClr(dppf), K3POa, dioxane, 80 "C, 24h,Yl%o.

Scheme 2.L Preparation of biaryl2.4 via method by Miyaura et al.t6e

15 h, 75Vo (ii) 2.3,

crisamicin A1.46
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The advantage of using triflates is that they are easily accessible from phenols,rT0

thereby rendering aryl triflates attractive electrophiles for Suzuki coupling reactions.

Our initial work concentrated on the use of an aryl triflate to effect formation of the key

biaryl linkage in crisamicin A 1.46. Based on the adopted retrosynthesis, for crisamicin

A 1.46 (see Scheme 1.47, page 59), it was critical to access triflate 1.269 in preparation

for effecting a Suzuki-Miyaura coupling to construct the key biaryl linkage (Scheme

2.2\.

(i) Protection
(ii) Debenzylation
(iii) Triflation

where P = Ac,iPr, SirBuMe2, CHg

Scheme 2.2 Proposed preparation of triflate 1.269

It was considered that the key triflate 1.269 could be prepared from naphthol2.6 which
had been prepared by Giles et al.t68 from commercially available vanillin Lnl
(Scheme 2.3).

7 Steps

-.*

L.270

I.269

vanillin 1.271

Scheme 2.3 Preparation of naphthol 2.6 by Giles et al.t68
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With naphthol 2.6 in hand, the challenge was then to devise a method to prepare an

appropriate triflate for the homocoupling step. An important consideration was the

choice of protecting group for the hydroxyl group at C-Xf (Scheme 2.4) thatwould be

compatible with the conditions required for effecting the Suzuki-Miyaura coupling. It
was also necessary to establish whether it is preferable to form biaryl 1,268 from
naphthyl triflate 1.269 that lacks an acetyl group atC-2 or C-7r (Scheme 2.4) or from
naphthyl triflate 2.7 that contains an acetyl group at C-7 (Scheme 2.5). In the first
method, once the biaryl linkage is formed from triflatel.269, the acetyl groups atC-7
and C-7' could then be introduced by several possible methods, one of which involves a

double Fries rearrangement of bis-acetate 2.8a. Other methods to introduce the acetyl

group will be discussed later in this chapter.

(i) Suzuki-Miyaura homocoupli
(ii) Deprotection of P
(i! il 499jylgji9r_,_ _. . - _ _ _ - - >-

2.9aP = Ac (X = l)
z.gbP =iPr (x = 8)

2.9cP = SitBuMez G
2.9dP - CHs (X = 8)

(iv) Double Fries
Rearrangment...-.-.>

Scheme 2.4 Possible route to biaryl 1.268 via triflate 1.269

]'Numbering of the monomers depends on the protecting group priority at position-X.
The position of the oxygen-substituent at X can be I or 8, and the position ortho to this

will thereforcbe2 or 7, accordingly.

1.269

=g)
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2.7 r-t

2.7aP =H
2.7b P - CHs

2.7cP =iPr

Scheme 2.5 Possible roate to biaryl1.268 via triflate 2.7

2.2 Proposed retrosynthesis for aryl triflates 1.269 and2.7

A retrosynthesis for aryl triflates 1.269 and 2.7 from vanillin 1.271 was adopted

(Scheme 2.6). Triflate 2.7 could be derived from either direct Friedel-Crafts acetylation

of triflate 1.269 or via Fries rearrangement of triflate 1.269 bearing an acetate as the

protecting group at C-1. Triflate 1.269 in turn is available via triflation of naphthol 2.5

which is prepared by debenzylation of benzyl ether 1.270. Naphthol 2.6 is the main
precursor to triflate 1.269 and several protecting groups can be used to protect the

hydroxyl group at C-l such as an acetate group, an isopropyl group, a tert-
butyldimethylsilyl group or a methoxy group. Naphthol 2.6 itself is obtained from
vanillin 1..271in seven steps using the synthesis reported by Giles et al.t68
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l.?,,69: R = H
2.9aP = Ac (X = l)
z.gbP=iPr(x=8)
2.9cP = SirBuMez (X

2.9dP-CHs(X=8)

1I

-8)

2.7aP =H
2.7b P -CHs
2.7cP =iPr

Scheme 2.6 Retrosynthesis of triJlates 1.269 and 2.7

2.3 Formation and homocoupling studies using model naphthyl triflates 2.10 and
2.11

2.3.1 Preparation of l-naphthyl triflate 2.10 and 2-naphthyl triflate 2.11

In preparation for the key Suzuki-Miyaura homocoupling of triflate 1.269 (or a

protected derivative thereof), it was initially decided to carry out model studies using l-
naphthol 2.12 and 2-naphthol 2.13 (Scherne2.7).

The method used for the preparation of triflates 2.10 and 2.11 was adapted from that

reported by Hirota et aI.I7t in which trifluoromethanesulfonic anhydride was used in the

presence of dry triethylamine and dry dichloromethane at -20 'C affording triflates 2.10

and2.llin94Vo andgTVo yield respecrively (Scheme 2.7).

The individual naphthyl triflates 2,10 and 2.ll were then available for the

homocoupling step to give the corresponding binaphthyls 2.14 and2.l5.

Lno

vanillin 1.271
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I+

oTf

Ir^rArll r l+\r'v
2.10

2.tr

Reagents and conditions: (i) Tf2O, dry EtrN, dry DCM, -20"C,2h;2.10:'94Vo and2.ll:97Vo.

Scheme 2.7 Model studies: preparation of and homocoupling of naphthyt triflates 2.10

and 2.11

2.3.2Preparation of binaphthyls 2.14 and 2.15 using Pd(II) and zinc powder

In our initial model studies for the conversion of triflates 2.10 and 2.ll to binaphthyls

2.14 and 2.15, it was decided to use Jutand and Mosleh'sl7z method which made use of a
direct reduction of aryl triflates by zinc metal in the presence of a catalytic quantity of
palladium (Scheme 2.8). This method was initially chosen due to the low cost of the

reagents involved.

2ArOTf +Zn +Ar-Ar +Zn(OTf)2

Reagents and conditions: (i) Pd(OAc)2, (1)-l,l'-BINAP, dry DMF, 120"C.

Scheme 2.8 Biarylformation by Jutand ancl Moslehtlz

Zinc powder was used as the electron source and the catalyst was Pd(OAc)2 complexed

to the bidentate ligand, (+)-l,l'-BINAP. It was necessary to activate the zinc powder by

treating it with acetic acid for one hour. The suggested catalytic cycle of the biaryl
formation proceeds by the palladium(0) complex 2,16 activating the C-O bond of the

aryl triflate to afford an arylpalladium(Il) complex 2.17 which in tum is activated by

electron transfer, giving an arylpalladium(I) complex 2.18. The palladium(I) complex

2.12

2.14
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2.18 then undergoes a second oxidative addition with the aryl triflate to subsequently

yield the homocoupling dimer (Figure 2.1).

Pd(OAc)zG-L)

orf
Im

2.LO

ArPd(tr)oAc(L-L) 2.L7

+le
-OAc-

Ar2Pd(Itr)oAc(L-L) p{r[r-tl Z.tt,

| +2e
Y -OAc-

,y'orolrr-r-lon; torr
+ te / Yrro-II

Pd(I)oAc(LL)

TfO- tuOTf + OA,c-

Figure 2.1 Catalytic cycle

Treabnent of triflates 2.10 and 2.11 with zinc powder and palladium acetate (catalytic

quantities) in DMF at 120 oC for 2.5 h and 1.5 h, afforded l,l'-binaphthyl 2.14 and,2,2'-

binaphthyl 2.15 in 88Vo and 67Vo yield respecrively (Seheme 2.9).

I---->

2.14

Reagents and conditions: (i) Zn, Pd(OAc)2, GL)-l,lLBINAP,
88Vo;2.L5: 1.5h,67Vo.

Scheme 2.9 Preparation oJ binaphthyls 2,14 and2.I5

2.tl

dry DMF, l2O "C:2.14:2.5 h,



69

2.3.3 Preparation of binaphthyls 2.14 and 2.15 using Suzuki-Miyaura coupling

Having successfully used zinc powder and Pd(OAc)z to prepaxe biaryls from these

model triflates, we next compared this method to the use of a Suzuki-Miyaura

homocoupling of aryl triflates. This method was elegantly demonstrated by Murata et

al.t73 using pinacolborane 2.lg (Scheme 2.10) and by Miyaura et al.t6e using

bis(pinacolato)diboron I.179 (Scheme 2.1 l) as the respective boronating agents. These

reagents were therefore investigated for boronation of the model triflates 2.10 and2.ll.

Arorf + ,-{"ftot
2.t9

oo\r-rl
d\o

1.179

ot 
- nr-{

\
2.20

Reagents and conditio,ns: (i) PdCl2(dppf;, EtrN, dioxane, 80 "C,2 h.

Scheme 2.lA Preparation of arylboronates by Murata et alt73

\-AroTf + 
|v

ll+ Ot-Ot
AroTf

2.?.0

Reagents and conditions: (i) PdCl2(dppf), dppf, KOAc, dioxane, 80 "C (ii) PdClddppf), KrPO+,

dioxane, 80 "C.

Scheme 2.lI Preparation of biaryls by Miyaura et al.I6e

Since the position of the biaryl linkage in our synthetic target 1.46 is the same as that in
2,2'-binaphthyl 2.15, we decided to only focus on biaryl formation of 2-naphthyl triflate
2.11 using a Suzuki-Miyaura homocoupling. A boronating agent is initially required to

give the necessary arylboronate from the aryl triflate. One such boronating agent is

pinacolborane2.1rg, used by Murata et al.t73 to afford the pinacolboronate 2.20.

In order to check the validity of this method for boronate formation on an established

substrate 4-iodotoluene 2.21was treated with pinacolborane (1.0 M in TFIF) 2.19 in the

presence of PdCl2(dppf) and EtrN in dry dioxane affording the corresponding
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pinacolboronate 2.22 (80Vo), dimer 2.23 (5Vo) and some unreacted pinacolborane 2.19

(Scheme 2.12\.

cHs --+

Reagents and conditions: (i) 2.19, Pdclddppf), dry Et3N, dry dioxane, 80 oC.

Schemc 2.12 Preparation of pinacolboronate 2.22 and dirner 2.23 using the method of
Murata et al.t73

From the results above (Table 2.1), it was established that by doubling the amount of
pinacolborane 2.19 used, the yield of the desired pinacolboronate 2.22 for
homocoupling in the next step increased from 60 to 807o. The reaction also went to
completion twice as fast affording a minimal quantity of the dimer 2.23. lt was then

desired to couple pinacolboronxe 2.22 with one molecule of 2.21to cleanly form dimer

2.23.

Having successfully prepared a pinacolboronate in high yield from 4-iodotoluene 2.21,
we next applied this method to 2-naphthyl triflate 2.11. In this case, an analogous

reaction afforded the desired pinacolborane 2.24 and by-product, naphthalene 2.25 in

varying yields depending on the mol equivalents of pinacolborane 2.19 (1.0 M in THF
or 97Vo pure pinacolborane) used, the reaction temperature and the solvent employed

(Scheme 2.13). The best yield of 2.24 (with minimal formation of by-product 2.25) was

achieved by the use of 3.0 mol equivalents of 2.19 (1.0 M in THF) in dry 1,2-

dichloroethane at I l0 "C (entry 4 in Table 2.2).This result is also comparable with entry

I (Table 2.3), where 97Vo pure pinacolborane 2.19 was used rather than a 1.0 M solution

in TIIF.

2.21

2.23

Table 2.1. Reaction of 2.2lwith}.l9
2.19 (l M in TIIF)
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/'\/'\/orrllll*\v\2
i--+

\o

2.ll 2.19

2.25

Reagents and conditio,ns: (i) PdCl2(dppf), dry EtrN, dry solvent.

a) Using pinacolborane 2.19 as a 1.0 M in THF solution

Table 2.2. Reaction of 2.11 with 2.19

b) Using 977o pure pinacolborane2.l9

Table 2.3. Reaction of 2.ll with2.l9
Entry 2.19

(equi

v.)

EtrN
(equiv.)

Temp.

('c)
Solvent

Used

Rxn

time
(hour)

2.U
(%o

yield)

2.25

(Vo

yield)

) 3.0 6.0 ll0 DCE r.5 20 38

Scheme 2.I3 Preparation of pinacotboronate 2.24 using the method of Murata et al.t73

At 80 "C, the reaction of 2-naphthyl triflate 2.11 with 1.0 M pinacolborane was sluggish,

affording naphthalene 2.25 in much higher yield than the desired pinacolboronate 2.7A.

fH-B

Entry 2.19

(equiv.)

EtgN

(equiv.)

Temp.

("c)
Solvent

Used

Rxn

time

(h)

2.24

(7o yield)

2.25

(7o yield)

I 1.5 3.0 80 Dioxane t7 <5 80

2 3.0 6.0 110 Dioxane 6 3t t2
3 1.5 3.0 110 DCE 2 29 35

5 4.5 9.0 |l0 DCE 2 54 20

6 3.0 6.0 il0 CHICN 2 l5 >50
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Hence, it was concluded that use of a higher reaction temperature, (ll0 oC) was

necessary to assist in the formation of pinacolboronate 2.?A. Nso. the reaction was

improved by increasing the mol equivalents of 2.19 from 1.5 to 3.0 and by using dry
1,2-dichloroethane as the solvent (entry 4 inTable2.2).

When 97Vo pure pinacolborane was used, the optimum mol equivalents used was found

to be 1.5 with further equivalents leading to formation of substantial quantities of by-

product 2.25. This observation may be attributed to the pinacolboronate acting as a
hydride source and effecting cross-coupling with the pinacolboronate 2.24.173'17+

We next focused on the method reported by Miyaura et al.r6e involving the use of
bis(pinacolato)diboron I.179 as the boronating agent using 2-naphthyl triflate 2.11 (see

Scheme 2.ll). When using bis(pinacolato)diboron 1,179, two options were available.

One can either form the arylboronate and then effect homocoupling to the biaryl 2.15

without isolation of the arylboronate intermediate or employ a one-pot in situ coupling

of the boronate 2.24 and triflate 2.1.1 (Scheme 2.14). It should be noted that a change

from the weak base KOAc to the stronger base KrPO4 wos essential to effect formation

of the biaryl from the boronate intermediate 2,24.
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Method 1. Stepwise coupling /
o1 .

T-rffiJ-")<
\z\,/

2.ll 2.24 (55Vo)

Method 2. One-pot in sd/u coupling

ffit "J+
2.tl 2.24

Reagents and conditions: (i) 1.179 (l.l equiv.), PdClz(dpp0, dppf, KOAc, dry dioxane, I l0 "C
(ii) 2.11, PdCl2(dppf), K:PO+, dry dioxane, ll0 "C (iii) 1.179 (l.l equiv.), PdCl2(dppf), dppf,

KOAc, dry dioxane, I l0 "C then (iv) 2.11, Pdcl2(dppf), K3PO4, I l0 "C.

Scheme 2.14 Preparation of 2,2'-binaphthyl 2.15 using the method of Miyaura et alr6e

Comparison of the use of these two procedures described by Miyaura et al.t6e using 2-

naphthyl triflate 2.11 (Table 2.4),led to the conclusion rhat the best yielding method

was the one-pot in situ coupling of boronate 2.24 with triflate 2.11. For the cross-

coupling reaction of 1.179 with 2.11, it was essential to use a very weak base like KOAc
initially to achieve high yields and high selectivity in the formation of the

pinacolboronate 2.24. Further reaction of 2.24 with triflate 2.11 was then promoted

using the stronger base KrPOa, affording dimer 2.15.16e

Table 2.4. Reaction of 2.11 with L.179

i) 2.5 then (ii) 3.5
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2.4 Preparation of naphthol 2.6 - a precursor to triflates 1,269 and2,7

Having established a suitable method to effect dimerisation of 2-naphthyl triflate 2.L1, it
was then decided to synthesise the key triflate t.269 that is required for construction of
the key biaryl skeleton of crisamicin A 1.46 following the retrosynthesis outlined in

Scheme 1.47 (Scheme 2.15).

2.7a? = Ac

z.7bP --iPr
2.7cP = SifBuMez

2.7dP = CHs

2.9aP = Ac (X = l)
z.gbp=ipr(x=g)
2.9cp = SitBuMe2 (X = g)

2.9dP-CHs(X=8)

Scheme 2.15 Retrosynthetic route of key biaryl skeleton 1.268

Triflate 1.269 is an important intermediate in this synthesis in that it is both a precursor

to biaryl 2.8a and to triflate 2.7, depending on which pathway was found to be more

effective for the construction of biaryl 1.26E (Scheme 2.15). Both options required the

1.269
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initial synthesis of several triflates 2.9a-d with various protecting groups at C-X, in
order to determine which pathway offers the best method to effect the synthesis of the

key biaryl skeleton of crisamicin A 1.46 (Figure 2.2).

Figure 2.2 Triflate 1.269 with different protecting groups

The protected triflates 2.9a-d were available from naphthol 2.6 that in turn could be

prepared from vanillin 1.27L, using the method described by Giles et al.t68 (Scheme

2.16).

Following the method described by Dorn et al.,t15 ortho-bromination of vanillin Lnl
using bromine (l.l equiv.) in glacial acetic acid gave S-bromovanillin 2.26 in 74Vo

yield. Bromonaphthol2.26 was then protected using ferf-butyldimethylsilyl chloride in
either dry ru,ly-aimethylformamide or dichloromethane to afford silyl ether 2,27 in 88Vo

yield in both cases.

Baeyer-Villiger oxidation of 2,27 using meta-chloroperoxybenzoic acid in

dichloromethane then furnished formate 2.28 in 65To yield after flash column

chtomatography. Hydrolysis of formate 2.28 using potassium carbonate in methanol

followed by the addition of benzyl bromide gave benzyl ether 2.29 in 757o yield.
Standard desilylation using tetra-n-butylammonium fluoride trihydrate in dry THF,
followed by tosylation gave bromotosylate 2.30 in excellent yields. The overall yield of
bromotosylate 2.30 obtained from commercially available vanillin L27l was26Vo.

z.9b

OAc

2.9a 2.9d2.9c
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1.271 OCH3 2.26 ocHs

vi+

Reagents and conditions: (i) Br2, glacial acetic acid, 3 h,74Vo (ii) TBSCI, imidazole, dry DMF,

l8 h, 884/o or TBSCI, imidazole, DMAP, dry DCM, l8 h, 887o (iii) meta-chloroperoxybenzoic

acid, DCM, reflux, 2 h, then RT, l8 h, 657o (iv) K2COr, MeOH, 20 min, then BnBr, LB h,757o

(v) TBAF, dry THF, 1.5 h,84Vo (vi) NaH, dry THF, I h, then TsCl, 18 h,97Vo (vii) a: n-Buli,
dry THF, -100"C, 13 min; b:2-methoxyfuran 2.32,c. HCl, RT, 2h,60Vo.

Scheme 2.16 Preparation of naphthol2.6 using the method of Giles et al,t68

The conversion of 2.30 into naphthol 2.6 via generation of benzyne 2,30a in the

presence of 2-methoxyfuran 2.32 was then investigated. This conversion proved

difficult, in that the yield of 2.6 obtained was dependent on the mol equivalents of BuLi
used. The procedure involved treatment of a solution of bromotosylate 2.30 Md 2-

methoxyfuran 2.32 in dry THF at low temperature with butyllithium in hexane. It was

found that the time elapsed between the addition of 2-methoxyfuran 2.32 to the benzyne

2.30a generated when BuLi was added to bromotosylate 2.30 was crucial, as was the

temperature of the reaction. The results for nine variants of the reaction conditions used

are summarised (Scheme 2.17). It was concluded that the use of 1.9 mole equivalent of
BuLi at -100 "C, with 13 min of time lapsed between addition of 2,32 to 2.30a after

BuLi (entry 8, Table 2.5 in Scheme 2.17) gave the best yield (60Vo) of 2.6 and a 34Va

yield of the debrominated starting material 2.30b.
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In the presence of BuLi, 2.30 forms benzyne 2.30a containing a 3-methoxy group which

then undergoes a highly regioselective cycloaddition with 2-methoxyfuran 2.32

(Scheme 2.18). The 3-methoxy group induces polarisation in benzyne 2.30a which is
reinforced by the electron-donating properties of the Z-methoxy group in 2.32.176 Thus

addition of 2,30a to 2.32 proceeds in a regioselective manner forming the desired

regioisomer 2.6 aftet acidic workup of the reaction.

'H] €
lt \\\o/--ocHs

2.32
2.6

2.30b

Table 2.5. Reaction of 2.30 and 2.32inBul,i
Entry BuLi

(equiv.)

Solvent Reaction time

(min)

Bath temp.

('c)
2.6

(7o yield)

I 1.2 THF t20 -78 22

2 t.z TI{F 45 -78 35

3 t.2 THF 45 -100 40

4 1.2 THF 13 -100 54

5 t.2 THF:Ether (9:l) t3 -r00 45

6 1.2 TTIF 5 -100 50

7 t.7 THF l3 -100 56

9 2.O THF l3 -100 48

Scheme 2.!7 Preparation of naphthot 2.6 adaptedfrom Giles et aLt68't76
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;:S;ffi,,

Scheme 2.18 Mech;anism of benzyne addition

2.5 Formation of biaryl 1,268

Having prepared naphthol 2.6 it then remained to convert it to a triflate 1.269 in
preparation for the homocoupling step en route to the desired acetyl substituted biaryl

L.268. There iue two strategies for the preparation of acetyl substituted biaryl 1.268

Method A. Formation of biaryl linkage before introduction of acetyl groups at C-7 and

C-7'onto biaryl (Scheme 2.19).

+
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2.33a P = Ac

2.33b P =iPr

2.5a P = Ac

2.5b P =iPr
2.5c P = SitBuMez

2.5d P = CHs

2.33c P = SirBuMez

2.33d P = CHs

iv 7'-*

2.9aP = Ac (X = l)
z.gbP =iPr (x = 8)

2.9c P = SirBuMee (X = 8) 2.9d

P=CHg(X=8)

2.8b P =rPr
2.8c P = SifBuMez

2.8d P - CHs

(i) Protection
(ii) Debenzylation
(iii) Triflation
(iv) Homocoupling
(v) Acetylation at C-7 andC-7'

Scheme 2.19 Synthetic strategyfor method A

OR

Method B. Introduction of acetyl group into monomeric naphthalene precursors before

formation of biaryllinkage (Scheme 2.20).
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2iv-*

(i) Acetylation
(ii) Debenzylation
(iii) Triflation
(iv) Fries rearrangement
(v) Homocoupling

Scheme 2.20 Synthetic strategyfor method B

2'5.1 Method A: formation of biaryl linkage before introduction of acetyl groups at
C-7 and C-7' onto biarvl

(I) Attempted homocoupling of triflate 2.9a bearing an acetate groap at C-l

(a) Preparation of triflate 2.9a

Triflate 2.9a was prepared in three steps, beginning with standard acetylationlT6 of 2.6 to

give acetate 2.33a in 73Vo yield, followed by debenzylation by hydrogenation over
palladium on charcoal, and finally triflation of naphtholZ.Sa to afford triflate 2.9a (66Vo

yield over two steps) using trifluoromethanesulfonic anhydride in dry triethylamine and

dichloromethane at -20'C (Scheme 2.21).

OAc

2.33a 2Sa

2.9a 2.7a
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Reagents and conditions: (i) Ac2O, dry pyridine, l8 h, 73Vo (ii) Pd/C, H2, EtOAc,5 h, 8l7o (iii)

Tf2O, dry EtrN, dry DCM, -20"C,18.5h,82Vo.

Scheme 2.21 Preparation of triflate 2.9a

The high resolution mass spectrum of triflate 2.9a exhibited a molecular ion at m/z

394.0331 establishing the molecular formula CrsHrrFiOrS. Examination of the lH NMR
spectrum of 2.9a revealed a three-proton singlet at 6 2.42 confirming the presence of the

CH3 group of the acetate group, while H-8 and H-6 shifted downfield resonating as

doublets at 6 7 .25 and 6 6.69 each with a coupling constant, J 2.2H2 respectively.

(b) Anempted homocoupling oJ'triflate 2,9a

It was next envisaged to apply the use of zinc and palladium(tr) acetate as successfully

used to prepare binaphthyls 2.1.4 and 2.L5, to convert triflate 2.9a to binaphthyl 2.8a

(Scheme 2.22). However the reaction gave a mixture which after flash column

chromatography gave two fractions. The major fraction was an inseparable mixture of
unreacted starting material 2.9a, reduced product 2.34 and several unidentified

compounds. High resolution mass spectrometry confirmed the presence of the reduced

product 2,34 by the observation of a molecular ion at rn/z 246. The minor fraction was

also an inseparable mixture of unidentified compounds, with some mass spectral

evidence for the presence of the desired dimer 2.8a at nr/z 490. Due to the obvious poor

yield and small sample (<2 mg) of the dimer 2,8a, this method was abandoned.

OAc
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i--X--

Reagents and conditions: (i) Zn, Pd(OAc)2, Lt)-l,l'-BINAP, dry DMF, 12O"C,22h.

Scheme 2.22 Anempted preparation of d.imer 2.8a using activated zinc powdertTz

A second method was attempted to preprre dimer 2.8a from triflate 2.9a using the

Suzuki-Miyaura cross-coupling of triflate 2.9a with pinacolborane 2.19 (Scheme2.23).

Reagents and conditions: (i) 2.19, Pdclz(dppfl, dry Et3N, dry DCE, 110 "C, 22 h.

Scheme 2.23 Anempted preparation of boronate 2.35 using the metlnd of Murata et al.t73

OAc



83

It was reasoned that upon obtaining the corresponding boronate 2,35, homocoupling

would then Iead to dimer 2.8a which would then lead to dimer 1.268. Disappointingly,

treatment of triflate 2.9a with pinacolborane 2.19 for 22 h afforded mainly recovered

starting material, a small quantity of boronate 2.35 and several other unidentified

products.

(II) Use of triflate 2.9b bearing an isopropyl group at C-8

(a) Preparation of triflate 2.9b

Since triflate 2.9a was clearly not suitable for biaryl formation, it was next proposed to

investigate the viability of using triflate 2.9b in which the naphthol at C-8 is protected as

an isopropyl ether.

Triflate 2.9b, which bears an isopropoxy group at C-8, was prepared in three steps.

Direct isopropylation of naphthol 2.6 using sodium hydride in dry N,N-

dimethylformamide followed by addition of 2-bromopropane gave isopropyl ether 2.33b

in 89Vo yield. Debenzylation by hydrogenation over palladium on charcoal then

triflation of the resultant naphthol 2.5b using either N-

phenyltrifluoromethanesulfonimide or trifluoromethanesulfonic anhydride afforded

triflate 2.9b in 64-7lVo yield over two steps depending on the reagent used (Scheme

2.24).

Reagents and conditions: (i) NaH, dry DMF, I h then 2-bromopropane, RT, 3.5 h, 89Vo (ii)
Pd/C, H2, ethyl acetate, 1.5 h,78o/o (iir) PhNTf2, dry EtrN, dry DCM, -25"C, 15h,9l%o or

Tf2O, dry EtiN, dry DCM, DMAP, -20 "C, 18.5 h,82Vo.

Scheme 2.24 Preparation of triflate 2.9b

oiPr

oiPr
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The high resolution mass spectrum of 2.9b exhibited a molecular ion at m/z 394.0696

establishing the molecular formula C16H17F3O6S. The infrared spectrum showed an

absence of an O-H stretch, whilst the asymmetric and symmetric stretches of the

sulfonyl group in the triflate were observed at l42l and 1265 cm-l respectively. The lH

NMR spectrum of 2.9b featured a six-proton doublet at 6 1.40, confirming the presence

of the two CHr groups in the isopropyl group, while H-l and H-3 shifted significantly

downfield both resonating as doublets with coupling constant, J 2.4H2, at67.74 and

6 6.70 respectively.

(b) Homocoupling of triflate 2.9b

Initial work on the homocoupling of triflate 2,9b focused on the use of zinc powdert72 as

described for the successful conversion of 2-naphthyl triflate 2.ll to binaphthyl 2.15

(Scheme 2.25).

:
I--X--

Reagents and conditio,ns: (i) Zn, Pd(OAc)2, (l)-l,l'-BINAP, dry DMF, l2O"C,7 h.

Scheme 2,25 Attempted preparation ofdimer 2,8b using zinc powdert1z

Unfortunately, this procedure mainly resulted in recovery of starting material 2.9b

together with the reduced product 2.36 as an inseparable mixture. A small quantity of
the desired product 2.8b was isolated albeit as an inseparable mixture with

diphenylphosphine by-product. Attempts to remove this by-product by flash

chromatography were unsuccessful.

oiPr

o'Pr
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We next turned to the use of a Suzuki-Miyaura homocoupling of triflate 2.9b using

either method I (stepwise method) or 2 (one-pot in situ method) as described in Scheme

2.14 for the preparation of 2,2'-binaphthyl 2.15 from 2-naphthyl triflate 2.11.

The first method focused on initial formation of boronate 2.37 using pinacolborane 2.19

then subsequent formation of dimer 2.8b (Scheme 2.26). After addition of
pinacolborane 2.19 to triflate 2.9b, TLC analysis revealed that the starting material 2.9b

had been totally consumed after 1.5 h. The crude reaction mixture was subjected to

standard aqueous workup then purified by flash column chromatography on florisil
using gradient elution. This provided reduced product 2.36 and the desired boronate

2.37 in l5%o and50%o yield respectively. In another experiment, a longer reaction time

gave more of the reduced product 2.36 than boronate 2.37.The formation of 2.36 is the

result of pinacolborane 2.L9 behaving as a hydride source thus effecting cross-coupling

with the boronate 237.t71't74 A distinctive doublet of doublets in the rH NMR specrrum

of reduced product 2.36 at 6 7.37 was assigned to the proton attached to the new

unsubstituted carbon at C-7 .

Reagents and conditions: (i) 2.l9,Pdclz(dpp0, dry Et.rN, dry DCE, ll0 oC, 1.5 h,2.37:50Vo,

2.36: lSVo (ii) 2.9b, PdCl2(dppf), K3POa, dry dioxane, ll0"C,59Vo.

Scheme 2.26 Stepwise preparation of dimer 2.8b via boronate 2.37

\>ai
, \o-t

-*

H3

l"
Y

o'Pr oiPr

o'Pr

5
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Spectroscopic analysis confirmed the structure of boronate 2.37. The high resolution

mass spectrum of 2.37 obtained under electron impact exhibited a molecular ion at m/z

372.2107 establishing the molecular formula CzrHzsBOs. The infrared spectrum

revealed the presence of B-O and B-C bond stretches at 1343 and 1265 cm-t

respectively. In the 'H NMR spectrum, two broad singlets, significantly shifted

downfield at 6 8.37 and 6 7.23 were assigned to H-l and H-3 respectively. This

downfield shift is due to the presence of an electropositive boron atom in boronate 2.37,

thus causing a deshielding effect on the neighbouringortho protons, H-l and H-3. A
twelve-proton singlet at 6 L38 was characteristic of the four methyl groups of the

pinacolboronate 2.37. Likewise, the l3C NMR specturm confirmed the proposed

structure, in that two new signals at 6 249 and 6 83.8 were consistent with the

successful introduction of the boronate.

With arylboronate 2.37 in hand, attention turned to the preparation of binaphthyl 2.8b.

In dry dioxane, triflate 2,9b, Pdclz(dppfl and a strong base, K3PO4 woro added to

arylboronate2.3T and the mixture was stirred and heated under reflux at I l0'C for 21.5

h (Scheme 2.26). After this time, the reaction mixture was worked up and purified by

flash chromatography. Two fractions were afforded from this procedure. The first
fraction was identified as an inseparable l:l mixture of starting material 2.9b and

reduced product 2.36. The second fraction was confirmed as the desired binaphthyl 2.8b

obtained in 59Vo yield.

Accurate mass determination established the molecular formula CroH:aOo for binaphthyl

2.8b. The infrared spectrum showed the absence of both a B-O and a B-C stretch as

observed in the infrared spectrum of arylboronate 2.37. The tH NMR spectrum

exhibited a downfield doublet at 6 8.25, assigned to H-1, with a coupling constant of .Il.r

| .4 Hz. H-3 also resonated as a doublet at 6 7 ,29, with "I13 | .4 Hz.

The initial yield of binaphthyl 2.8b was improved from 59Vo (from triflate 2.9b) to 77Vo

by using the one-potin situ method devised by Miyauraet al.t@ In this procedure, the

first step involves preparation of boronate 2.37 in dry dioxane using

bis(pinacolato)diboron 1,179 in the presence of PdClz(dppf), dppf ligand and the weak

base KOAc. The resulting boronate 2.37 was then directly coupled with another

molecule of triflate 2.9b in sirrz with a second addition of the palladium catalyst and a

stronger base, K3POa, driving the homocoupling reaction to completion furnishing

binaphthyl 2.8b (Scheme 2.27).
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2.gb-\D-

Reagents and conditians (i) 1.179, PdCl2(dppf), dppf, KOAc, dry dioxane, ll0 "C, 1.5 h (ii)

2.9b, Pdclz(dppfl, KrPOq, I l0'C, 18h,77Vo.

Scheme 2.27 One-pot in situ preparation of binaphthyl 2.8b adapted from Miyaura et

al.t6e

In an attempt to optimise this reaction, it was decided to use Pdz(dbah instead of
PdCl2(dppf) as the catalyst in the homocoupling reaction of triflate 2.9b using similar

reaction conditions in Scheme 2.27 (Scheme 2.27a). [n this case, two different

phosphine ligands were used in two separate reactions: o-

(dicyclohexylphosphino)biphenyl Ll and 2-(dimethylamino)-2'-(dicyclohexyl-

phosphino)biphenyl L2. lt was hoped that by using these ligands in the presence of
Pdz(dbah, the yield of binaphthyl 2.8b from the homocoupling of triflate 2.9b might be

improved compared to that obtained using PdClz(dppfl with dppf as the ligand. The use

of ligands Ll and L2 is further described in chapter three.

From the results summarised in Table 2.6, it was concluded that the use of Pdz(dbah

and ligands Ll or L2 in the homocoupling of triflate 2.9b, gave poorer yields of the

desired binaphthyl 2.8b than that obtained using PdClz(dppfl and dppf (77Vo). With
figand L1., a mere 48Vo yield of binaphthyl 2.8b was obtained together with a l:1.7
mixture of reduced product 2.36 and boronate 2.37, whilst when L2 was used, <57o

yield of binaphthyl 2.8b was afTorded together with a l:7 mixture of reduced product

2.36 and, boronate 2.37. In both reactions, a large amount of dibenzylideneacetone by-

product was obtained, as observed in the 'H NMR spectrum of the crude reaction

mixtures.

However it should be noted that the step involving boronation was shortened to 40-55

min from 1.5 h when using ligands L1 or L2. The homocoupling step using ligand Ll
proceeded in a shofter time ( I h) than when using the ligand dppf ( l8 h).

o'Pr
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2.eb+

Reagents and conditions Using Ll: (i) 1.L79, Pdz(dba)q, Ll, KOAc, dry dioxane, I l0 oC, 40 min

(ii) 2.9b, Pdz(dba)r, K3POa, I l0 "C, I h, 2.8b: 48Vo;UsingL?: (i) 1.179, Pdz(dba)r, L2, KOAc,

dry dioxane, I l0 "C, 55 min (ii) 2.9b, Pd2(dba)j, K3PO4, I l0 "C, 2Oh,2.Eb: <57o.

Table 2.6 Comparison of yields using PdCl2(dppf) vs. Pd2(dba)r in the presence of
different

Catalyst (3 mol Vo) Lisand 2.8b (Vo Yield)

PdClz(dpp0 dppf (3 mol Vo) 77

Pdz(dbah o-(dicyclohexylphosphino)biphenyl

Ll (7.2moI%o)

48

Pdz(dba)r 2-(dimethyl arni no)-2'-

(dicyclohexylphosphino)biphenyl

L2 02mol%o\

<5

L1

Scheme 2,27a One-pot

ligands Ll andL2
in situ preparation of binaphthyl 2.8b using Pdz(dba)r and

(c) Auempted acetylation of dhner 2.8b

With binaphthyl 2.8b in hand, attention next turned to an attempt to prepare binaphthyl

1.268. This required establishing a method to introduce an acetyl group at C-7 and at C-

7' onto binaphthyl 2.8b. It was initially envisaged that removal of the isopropyl ethers at

C-8 and C-8' of binaphthyl 2.8b would give bis-naphthol 2.38 which would then

undergo double acetylation to bis-acetate 2.8a. Subsequent double Fries rearrangement

of this bis-acetate 2.8a would afford bis-acetylnaphthalene I.268, the direct precursor to
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the key bis-2-acotyl-1,{-naphthoqiuinone intermediatE l.W ($eheme 2J8) raquired to

Ilrepafe orisalriioin A|'46 arccording ts the retrosynthesis outlined in Srcherne 1.4t. With
these ideas in min4,sev.eral seJ$ of ao.nd-itions we,re trled to effeet tho deisoprop-ylation

of 2.8b to 2S8 but none was sucsessful CIable 2.4.

Treaffitent witfr aluminium aichloride adopti,ng the.method used by Banwell e, dl.t7n"t18

resulted in extensive deprotection of both the isopropyl and the methyl groups of 2.Eb

aff-ording a co.mplex mixture of prodrrcts establishing the lael<. of selec.tivity of thio

re,ageflt. Similbr disappoinfing results wdre also obtaine.d using sthe,r methods based,on

literature precedent for removal of isopropyl groups. These methods included the use of
boron triehlotido"tab trifluoroacetic acidlru borol trifluotide diethyl etherate,lE0 iron

trichlorider8r and ruthenium(IlD ehloride hydrale.le
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Table2.7-x>

Table 2.7. Reaction with Lewis acids

Conditions Vo Yield
AlCl3*, dry DCM, l8 'C Complex mixture

BCl3, dry DCM, 0 "C Complex mixture

CFTCOzH, dry DCM, RT Complex mixture

BFr.Et2O, dry DCM,0'C Recovered starting material

FeClr, dry DCM, RT Complex mixture

AcOH, RuCl:(HzO)n, AgSbF6, dry

DCM,40 "C

Recovered starting material

xVarious sets of conditions were used:- (i) varying mol equivalents and (ii) reaction

time

Scheme 2.28 Anempted preparation of bis-naphthol2.38



9l

In view of the inability to effect conversion of isopropyl ether 2.8b to naphthol 2.38, we

next focused on preparing bis-naphthoquinone 2.39. It was envisaged that bis-

naphthoquinone 2.39 would undergo reductive acetylation to bis-acetate 2.40 that would

allow access to the desired bis-7-acetylnaphthalene 1.268.

Binaphthyl 2.8b underwent oxidation using two portions of silver(Il) oxide and 6 M
nitric acid in dioxane, affording bis-quinone 2.39 in lOIVo yield (Scheme 2.29). High
resolution mass spectrometry established the molecular formula C22H1aO6 for bis-

quinone 2.39. The infrared spectrum featured a strong absorption at 1656 cm-|, assigned

to the C=O bond of the quinone. As expected, the 'H NMR spectrum showed the

presence of only one methoxy group at 6 4.12 as a three-proton singlet. H-l and H-3

were resonating as doublets 
^t 

6 7.99 and 6 7.53 respectively with coupling constant, J

l.4Hz, whilst H-6 and H-7 resonated as a two-proton singlet at 6 6.93.

The next step required effecting a double reductive acetylation of bis-quinone 2.39 upon

reacting with acetic anhydride and zinc in dry pyridine and dry chloroform (Scheme

2.29). This method was adapted from that reported by Giles et al.t83 for a similar

compound. In this case, the reaction afforded bis-acetylated binaphthyl 2.40 in 7lclo

yield.

Binaphthyl 2.40 then underwent double methylation upon heating under reflux with

dimethyl sulfate and potassium carbonate in dry acetone furnishing binaphthyl 2.8a in

67Vo yield (Scheme 2.29). The high resolution mass spectrum of 2.8a contained a

molecular ion at rn/z 490.16284, establishing the molecular formula C2sH26Os. A strong

absorption at 1760 cm-l in the infrared spectrum was characteristic of a carbonyl stretch

of an ester. In the 'H NMR spectrum, three three-proton singlets at62.44,64.00 and

6 4.06 were assigned to the CHr group of the acetate, 5-OCH3 and 4-OCHr groups. H-6

and H-7 resonated as doublets at 6 6.84 and 67.20 respectively, with a large ortho

coupling constant, J 8.4H2, whilst H-l and H-3 resonated as doublets at 67.59 and

6 7.1 5 respectively, with a small meta coupling constan t, J 1.3 Hz.
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Reagents and conditions (i) AgO (16 equiv.), 6 M HNOI, dioxane, l0 min, then repeated with

one more portion of AgO (16 equiv.), 6 M HNOr, l0 min, 1007o (ii) Ac2o, dry pyridine, zinc,

dry chloroform, gently heat, 15 min, 7l%o (fuL) dimethyt sulfate, KzCOi, dry acetone, reflux, 7 h"

67Vo.

Scheme 2.29 Preparation oJ dimer 2.8a

It was next attempted to convert dimer 2.8a to bis-7-acetylnaphthalene 1.268 using

standard Fries reamangement conditionsls3'le lsch"me 2.30). Despite trying various sets

of conditions to effect a double Fries rearrangement of dimer 2.8a, the desired

rearranged product 1.268 was not obtained. In all attempts investigated only a complex

mixture of products was obtained.
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Table 2.8. Reaction with Lewis acids

Conditions 7o Yield
BFr.Et2O, 60 "C

COMPLEX MD(TURES

BFj.Et2O, 80 "C

BFr.Et2O, 160'C

BF3.EI2O, 220"C

AICIrx, dry CH1NO2, -10 "C

*Various sets of conditions were used:- (i) varying mol equivalents and (ii) reaction

time

Scheme 2,30 Auempted preparation of dimer 1.268

It was also envisaged that bis-napthoquinone 2.39 could undergo a double reductive

methylation (in two steps) to dimer 2.8d via bis-hydroquinone 2.41 upon treatment with
sodium dithionite in water, followed by dimethyl sulfate and potassium carbonate in

acetone (Scheme 2.31). It was proposed that dimer 2.8d could be then converted to

bromide 2.42 which after Stille coupling with (a-ethoxyvinyl)tributylstannane followed

by hydrolysis afford the desired bis-acetyl dimer 2.43 (Scheme 2.31).

Treatment of bis-naphthoquinone 2,39 with sodium dithionite in dichloromethane-

diethyl ether for l0 min resulted in formation of a single product as observed by TLC.

Aqueous workup afforded the crude bis-hydroquinone 2.41 that was then treated with

dimethyl sulfate and potassium carbonate in dry acetone, followed by further heating

under reflux for two days. After workup and purification by flash chromatography,

dimers 2.44 and 2.45 (Figure2.3) were afforded albeit in87o and3Vo yield respectively.
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9cHg
I ,r='A'u.

Pd(O) then H+
7

6

3

Reagents and conditions (i) DCM-EI2O ( l:3), Na2S2O4 (20 equiv.), H2O, l0 min, 1007o (ii)

acetone, K2COr, dimethyl sulfate, 60 "C, 2 days, 2,44:\Vo,2.45:3Vo.

*several steps via deprotection at C-8

Scheme 2.31Attempted preparation of dimer L268

e

7

tl

8

3'

2'

Figure 2.3 Dimers 2.44 and 2.45
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High resolution mass spectrometry established the molecular formulae C2,a,H22O6 and

Cz:Hz+Oo for dimers 2.44 and 2,45 by the observation of molecular ions at ndz 406.1412

and 42O.1572 respectively. The IH NMR spectrum was consistent with the proposed

structure, in that two singlets were observed for symmetrical dimer 2,M, at 6 3.89 and

84.18 assigned to the 8-OCHr and 4-OCH? groups respectively. In the case of the

unsymmetrical dimer 2.45, three additional singlets were observed giving a total of five

singlets at 6 3.40, 63.92,63.98, 64.09 and 64.18 assigned to the five individual

methoxy groups. Likewise, the r3C NMR spectrum for dimer 2,44 was consistent with

the proposed structure, showing two methoxy carbons at I56.0 and 6 56.4. A l3C NMR

spectrum for dimer 2.45 was unable to be obtained due to the small quantity of material

(<0.5 mg) obtained.

Given the disappointing attempts to prepare dimer 2.8d as a precursor to the desired bis-

acetylnaphthalene 2.43, our attention next focused on the Friedel-Crafts acetylation of
dimer 2.8b as a potential route to bis-7-acetylnaphthalene 1.268 from dimer 2.46

(Scheme 2.32). Treatment of 2.8b with trifluoroacetic anhydride in glacial acetic acid

folf owing a method reported by Giles et al.,t83 gave acomplex mixture of products. Use

of acetic anhydride and ruthenium(Ill) chloride hydrate as described by Furstn er et al.t82

also afforded a cornplex mixture resulting in the abandonment of this synthetic strategy.

Table 2.9. Reaction of 2.8ba with acet

Conditions Vo Yield

TFAA, AcOH, RT Complex mixture

AczO, RuCh(HzO)n, AgSbF6, dry DCM,40 oC Complex mixture

Scheme 2.32 Proposed methodology Jbr preparation of dimer L268 from dimcr 2.8b
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Given the many attempts to prepare the key bis-7-acetylnaphthalene 1.268 from dimer

2.8b, it was decided to adopt an altemative strategy wherein the isopropyl ether was

replaced with a different protecting group. It was postulated that the isopropyl groups

were unable to be deprotected under mild conditions, thus impeded further progress. It
was decided that a tert-butyldimethylsilyloxy group would be a more suitable protecting

group in that it is easily cleaved by fluoride ion.

(III) Homocoupling of triflate 2.9c bearing a terhbutyldimethylsilylether at C-8

(a) Preparation of triflate 2.9c

Triflate 2.9c was prepared in three steps by standard tert-butyldimethylsilyl protection

of naphthol 2.6 affording 2.9c in 51Vo yield overall. Debenzylation of silyl ether 2.33c

by hydrogenation over palladium on charcoal and triflation of the resultant naphthol

2.5c using trifluoromethanesulfonic anhydride in dry triethylamine in dichloromethane

at. -2O 
oC, afforded triflate 2.9c in 85Vo yield over two steps (Scheme 2.33).

Reagents and conditions; (i) TBSCI, imidazole, DMAP, dry DCM, RT, 20 h,67Vo (ii) Pd/C, H2,

ethyl acetate, I h, 89Vo (lii) Tf2O, dry EtrN, dry DCM, -20 oC, 23.5 h,960/o.

Scheme 2.33 Preparation of triflate 2.9c

Triflate 2.9c analysed correctly for CleH25FrOoSSi with a molecular ion observed at m/z

466.1599 in the high resolution mass spectrum. Examination of the tH NMR spectrum

of 2.9c revealed a six-proton singlet at 6 0.24 due to the two methyl groups of the tert-

OSi'BuMe2
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butyldimethylsilyl group whilst a nine-proton singlet at 6 1.07 was assigned to the three

methyl groups of the f-Bu group. H- I and H-3 both resonated as doublets with coupling

constant, J 2.4 Hz, at 6 7 .67 and 6 6.70 respectively. A large ortho coupling constant, ,I

8.5 Hz, was observed for H-6 and H-7 which both resonated as doublets at 6 6.78 and

E 6.86 respectively.

(b) Homocoupling of triflate 2.9c

Suzuki-Miyaura homocoupling of triflate 2.9c was now the focus of the synthesis. This

step was carried out using both method I (stepwise method) and 2 (one-pot in situ

method) as described in Scheme2.l4 for the preparation of 2,2'-binaphthyl 2.15 from 2-

naphthyl triflate 2.11.

The first method involved the initial preparation of boronate 2.47 using

bis(pinacolato)diboron 1.179 then subsequent formation of dimer 2.8c (Scheme 2.34).

QSi'BuMe2
1

6

2.49

Reagents and conditions: (i) 1.179, PdCl2(dppt), dppl KOAc, dry dioxane, 120 "C, 1.5 h, SOVo

(ii)2.9c, PdCle(dppf), KrPOo, dry dioxane, I10"C, 1.5 h,2.8c: 22Vo,2.49:47o,2.48: l6vo.

Scheme 2.34 Stepwise preparation of dimer 2.8c via boronate 2.47

2

3

3'

2',
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Treatment of 2.9c with 1.179 in dry dioxane led to the complete consumption of triflate

2.9c after 1.5 h. The crude mixture was subjected to standard workup and flash column

chromatography providing the desired boronate 2,47 in 807o yield.

The high resolution mass spectrum of 2.47 exhibited a molecular ion at rn/z 444.2501

establishing the molecular formula CzaHrrBOsSi. Similar to boronate 2.37, two broad

singlets were observed in the lH NMR spectrum, at 6 8.38 and 6 7.20 thatwere assigned

to H-l and H-3 respectively. The '3C NMR spectrum was also consistent with the

proposed structure, in that two new peaks at 6 25.9 and 6 83.7 established the successful

introduction of the boronate group.

With arylboronate 2.47 in hand, attention next turned to the preparation of dimer 2,8c.

In dry dioxane, triflate 2.9c, PdClz(dppfl and a strong base, K3POa were added to

arylboronate 2.47 and the mixture was stirred and heated under reflux at I l0 "C for l5 h
(Scheme 2.34). After this time, standzud workup and purification by flash

chromatography using gradient elution gave three fractions. The first fraction contained

the reduced product 2.49 in 4Vo yield, whilst the second fraction afforded the desired

dimer 2.8c albeit in 22Vo yield. The final fraction contained the mono-desilylated

analogue 2.48 of the desired dimer 2.8c.

Accurate mass determination established the molecular formula Cg6HsoOoSi2 for
binaphthyl 2.8c. The infrared spectrum showed the absence of both a B-O and a B-C

bond stretch. ThelH NMR spectrum exhibited two singlets at 6 8.18 and 67.33,
assigned to H-l and H-3 respectively. Both H-6 and H-7 were observed as doublets

resonating at 6 6.75 and 6 6.82 respectively (J 8.2H2).

There was only a marginal improvement in the yield of 2.8c obtained by using the one-

pot in sirrz method described by Miyaura et al.t6e (Scheme 2.35).In this case, a mixture

of compounds was obtained including dimer 2.8c in 22Vo yield. Other products obtained

included starting material 2.9c, boronate2.47, silyl ether 2.48 and reduced product 2.49.



99

itBuMe2 g

oSirBuMe2

+ recovered 2.9c + 2.47

Reagents and conditions (i) 1.179, PdClfldppf), dppf, KOAc, dry dioxane, I l0 "C, I h (ii) 2.9c,

PdCl2(dppf), KrPOa, I I 0 "C, 20.5 h, 2.8c: 22Vo, 2.48: 24Vo, 2.49 : 24Vo.

Scheme 2.35 One-pot in situ prepuration oJ dimer 2.8c using method of Miyaura et

aI.t6e

In summary, method A involving the fbrmation of the biaryl linkage followed by

introduction of acetyl groups at C-7 and C-7' onto the biaryl, was not considered a

viable method for the preparation of biaryl 1.268 due to difficulties encountered in

either effecting a double Fries rearrangement of bis-acetate 2.8a, acetylation of 2.8b or

bromination of 2.8d. The work undertaken, however, did establish that triflate 2.9b

bearing an isopropyl group at C-8 was the best precursor for effecting a Suzuki-Miyaura

homocoupling to afford biaryl 2.8b as a key intermediate.

2.5.2 Method B: introduction of an acetyl group onto monomeric naphthalene
precursors before formation of biaryl linkage

(I) Attempted preparation of triflate 2.7a - introductory remarks

Given that the desired biaryl 1.268 required for further elaboration to crisamicin A 1.46

contains an essential acetyl group at C-7 (see Scheme 2.4), it was envisaged that an

alternative pathway would focus on initial introduction of the acetyl group in a

monomeric naphthalene precursor before effecting construction of the biaryl linkage. ln
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this approach, triflate 2.7a was a key intermediate that could be formed from

2.33a in several ways as demonstrated retrosynthetically below (Scheme 2.36).

Br

__
orlho-

Bromination

Scheme 2.36 Retrosynthetic analysis for triflate 2.7a

Triflate 2.7a derived from naphthalene 2.33a could be prepared by three different

methods. The first two methods involve the formation of benzyl ether 2.50 by

acetylation of naphthol2.51(itself formed by Fries rearrangement of acetate 2.33a) or

by Stille coupling of bromide 2.52 (formed by ortho-bromination of acetate 2.33a) with

a-(ethoxyvinyl)tributylstannane followed by hydrolysis. The third method relies on

Fries rearrangement of acetate 2.9a to provide triflate 2.7a. All three approaches require

initial synthesis of acetate 2.33a which has been synthesised earlier (see Scheme 2.21 on

page 8l).

(II) Adopting route I: attempted, preparation of benzyl ether 2.50 via acetylation

With acetate 2.33a already in hand, it was initially anticipated that introduction of an

acetyl group atC-2 could be readily achieved using aFries reanangementls3 to afford

t stens I
OAc
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naphthol 2.51 (Schene 2.37). Several conditions were investigated to effect such a

rearrangement but disappointingly, none of the desired Fries rearrangement product 2.51

was observed in the reaction mixture (Scheme 2.37).ln all cases, a complex mixture of
products was obtained that comprised of recovered starting material 2.33a together with

deacetylated and debenzylated material.

The observed deacetylation and debenzylation was ascribed to the possible chelating

effect of the Lewis acids on the acetoxy and benzyloxy groups, thus facilitating the loss

of these groups.

Table 2.10"->

Table 2.L0. Promoter used fr Fria or .t'rres rear

Conditions Result

AlCle, CHrNOz, -10'C Complex mixture > 3 products

AlCl3, CHrNOz,0'C Complex mixture > 3 products

BFc.EtzO, 170 "C Complex mixture > 3 products

Scheme 2.37 Attempted Fries rearrangement on 2.33a

(III) Adopting route II: attempted preparation of benzyl ether 2.50 via Stille coupling

Alternatively, 2-acetylnaphthalene 2,50 could be prepared from acetate 2.33a via
selective bromination at C-2 followed by Stille coupling of bromide 2.52 with a-
(ethoxyvinyl)tributylstannane. However, this approach failed because the initial
bromination step was unsuccessful. Introduction of a bromine substituent at C-2 of
2.33a was attempted using one mole equivalent of N-bromosuccinimide in dry DMF at

room temperature (Scheme 2.38). Unfortunately this procedure afforded only the

undesired bromide 2.53 in 75Vo yield. (For bromination of naphthol2.6, an immediate

precursor to acetate 2.33a, see Scheme 2.44, page 108).

OAc
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r02

2.33a ocH3 ocH3

Reagents and conditions (i) NBS (l equiv.), dry DMF, RT, 1.5 h,2.53:7SVo.

Scheme 2,38 Anempted preparation of bromide 2.52

Bromination occured at C-8 in naphthalene 2.33a due to the significant electron-

donating effect of the methoxy groups at both C-4 and C-5 resulting in increased

electron density at C-8 compared to C-2. This effect was also reinforced by the ortho-

directing effect of the neighbouring benzyloxy group ntC-7.

High resolution mass spectrometry established the molecular formula CzrHrgBrOs for

2.53, with molecular ions of equal intensity being observed at mlz 430.0413 and

432.0387. This is consistent with the introduction of one bromine atom onto the

naphthalene ring. A one-proton singlet resonating at 6 6.65 in the lH NMR spectrum

was assigned to H-6, whilst a pair of doublets resonating at 6 6.74 and 6 7.08 with

coupling constant, J 8.5 Hz, were assigned to H-3 and H-2 respectively.

In conclusion, the attempted synthesis of the key triflate 2.7a following the

retrosynthetic analyses depicted by route I and route II in Scheme 2.36 were not viable

due to the inability to effect Fries rearrangement of acetate 2.33a to benzyl ether 2.51 or

selective bromination of acetate 2.33a to bromide 2.52. Route III was next attempted,

which focused on the Fries rearrangement of triflate 2.9a to the desired tnflate 2.7a

bearing an acetyl group at C-7 .

OAc
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QV) Adopting route III: via Fries rearrangement of triflate 2.9a

(i) Fries rearrangement oJ'triflate 2.9a

The successful conversion of benzyl ether 2.33a to triflate 2.9a has already been

described in Scheme 2.21 (see page 8l). Hence it is only necessary to concentrate on the

conversion of triflate 2.9a to Fries rearrangement product 2.7a. Several reagents were

investigated to effect this step (Scherne 2.39). The reagents that were previously

investigated for the attempted preparation of bis-acetylnaphthalene 1.268 from bis-

acetate 2.8a (see Scheme 2.30), namely, boron trifluoride diethyl etheratel80'183 and

aluminium trichloridel7T't78't84 were used in the present case in this conversion.

Unfortunately, these conditions proved ineffective for the conversion of acetate 2.9a to

7-acetylnaphthalene 2.7a and in most cases, the only product formed was naphthol2.56

resulting from loss of the acetyl group at C- l.

Table 2.1 l

OAc

Table 2.11. Lewis acids used for Fries rearranqement of acetate 2.9a

Conditions Result

BFr.Etzo, 160 "C Mixture of 2.9a,2.54,2.7a and 2.55

AlCl3, CHrNOz, -10'C Recovered 2.9a and 2.56 (67Vo)

Sc(OTOr, toluene, 100 "C Recovered 2.9a and2.56 (52Vo)

ZrCla, dry DCM, 20 "C Recovered 2.9a

Scheme 2.39 Attempted preparation oJ'trijlate 2.7a
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The use of boron trifluoride diethyl etherate at 160 oC resulted in extensive

decomposition. When the crude product mixture was subjected to flash chromatography,

the first fraction afforded an inseparable mixture of starting material 2.9a along with

demethylated material2.54. A small quantity (<ZVo by 'H NMR) of the desired product

2.7a was obtained as an inseparable mixture with the C-5 demethylated Fries

rearrangement product 2.55.

The rH NMR spectrum for Z.Tafeatured an acetyl group significantly shifted downfield

from 6 2.42 in starting material 2.9a to 6 2.70 in 2,7a. A one-proton singlet at 6 7.04

was assigned to H-6, whilst a singlet at 6 13.4 was assigned to the hydroxyl proton. H-l
and H-3 resonated as doublets each with a coupling constant, J 2.4 Hz, at 6 7.69 and 6

6.72 respectively.

Due to the low yields obtained using boron trifluoride diethyl etherate, aluminium

trichloride was tried next. In this case, hydrolysis of the acetate group of 2.9a occurred,

affording naphthol 2.56 in 67Vo yield, along with a small quantity of recovered starting

material 2.9a. High resolution mass spectrometry confirmed the molecular formula

CrrHrrFrO6S for 2.56 by the observation of a molecular ion at rn/z 352.O229. The

infrared spectrum featured a broad O-H absorption at 3408 cm-l whilst the lH and l3C

NMR were consistent with the proposed structure.

Naphthol 2.56 was also obtained in 52Vo yield adopting the method described by

Kobayashi et al.t8s using scandium(Ill) triflate to effect the Fries rearrangement. When

the method reported by Harrowven and Daintyl86 using zirconium tetrachloride was

attempted on 2.9a, neither naphthol 2.56 nor Fries rearrangement product 2.7a were

observed. Only starting material 2.9a was recovered in this case.

(ii) Approach to triflate 2.7a via orrho-bromination of naphthol2.56

Although the attempted Fries rearrangement of 2.9a to 2.7a was disappointing, it was

next proposed to utilise the naphthol 2.56 that was obtained as an undesired by-product

in these reactions to undergo ortho-selective bromination to bromide 2.57 that could

then be converted to 7-acetylnaphthalene 2.7a using a Stille coupling (Scheme 2.40).
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Br ,|t rro
Eto"snBu.'--'-> -

Pd(O) then H+

Scheme 2.40 Proposed route to triflate 2.7a Jiom naphthol 2.56

Larger quantities of naphthol 2.56 were also more readily prepared in 9lVo yield by

hydrolysis of acetate 2.9a using potassium carbonate in methanol-THF for l5 min at

room temperature (Scheme 2.41).

i*

2.9a ocHs ocH3

Reagents and conditions (i) K2CO1, methanol-THF (9.5:0.5), RT, 15 min,9l%o.

Scheme 2.41 Preparation of naphthol2.56

Subsequently, it was hoped that naphth ol 2.56 could be converted into bromide 2.57 via

selective ortho-bromination using several brominating agents (Scheme 2.42).

Unfortunately, none of these methods gave the desired bromide 2.57.

Initial studies on the ortho-bromination of naphthol 2.56 with Br2lCCh,l87

BrzlCCla/CHCl3, or N-bromosuccinimide (NBS)/toluenet*t gave mixtures of
polybrominated compounds, oxidised material and products arising from phenolic

coupling. Polyalkoxynaphthalenes such as 2.56 are highly electron rich and are very

susceptible to oxidative demethylation to quinonoid products formed upon oxidation by

molecular bromine. This was evidenced by the tentative formation of dibromoquinone

2.58 when molecular bromine was used as the brominating agent in CCI+. When using

N-bromosuccinimide, an oxidation product namely quinone 2.59 was afforded together

with dimer 2.60 which presumably formed by initial mono-bromination followed by

phenolic oxidative coupling. Phenolic oxidative coupling is reported to be promoted by

OAc
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methoxythe presence of
groups.tt t'tt'

OH

Table 2.L2. Reaction with bromine sources

Conditions Vo Yield
Br2, CCl4,0 oC Tentative 2.58 and polybromination

Br2, CCI4-CHCh (45: l), 0'C Mixture of products

NBS, toluene, -78"C to RT 2.59 (l4%o) and 2.60 (22Vo)

l-BuNHz, Br2, toluene then 2.56, DCM,

-30 "C to -78 "C to RT

2.59 ( OVo)

Scheme 2.42 Attempted preparation of bromide 2.57

The high resolution mass spectrum of quinone 2.59 exhibited a molecular ion at m/z

335.9910 establishing the molecular formula CrzHzFcOoS, whilst the infrared spectrum

featured a C=O bond stretch at 1658 cm-r, characteristic of a quinone. The rH NMR
spectrum featured a three-proton singlet arising from the single remaining methoxy

group at 6 4.03.
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On the other hand, the phenolic coupling product 2.60 was identified by the presence of

molecular ions of equal intensity in the high resolution electron impact mass spectrum at

nt/2779.9399 and 181.9393 establishing the molecular formula C26HleBrFoOrzSz. Four

distinctive three-proton singlets were observed in the lH NMR spectrum at 6 3.79,

6 3.86, 6 3.93 and 6 3.95 that were assigned to the methoxy groups of the dimer 2.60 at

positions 5', 4',5 and 4 respectively. The ttc NMR was also consistent with the

proposed strucnlre.

Quinone 2.59 was also obtained from the reaction using Br2lr-BuNHr,tno in 40Vo yield.

(V) Attempted preparation of triflate 2.7 via halogenation of benzyl ether 2.6

Due to the unfortunate outcome from the attempts to prepare triflate 2.7a from acetate

2.9a (see Scheme 2.36), an alternative retrosynthetic analysis was proposed. In this case,

it was decided to use naphthol 2.6, prepared as described earlier (Scheme 2.17 on page

77), as a suitable precursor to trif'late 2.7 with several protecting groups at C-8. It was

deemed worthwhile to consider the selective bromination of benzyl ether 2.6 as a

possible entry to 2-acetylnaphthalene 2.51 which could then afford triflate 2.7, as

protected derivatives 2.7b and 2.7c, upon conversion of the benzyl ether at C-7 to a

triflate (Scheme 2.43).

2.7aP =H
2.7bP = OCH3

2.7cP = OiPr

Scheme 2.43 Alternative retrosynthesis Jbr triflate 2.7 via halogenation of benzyl ether

2.6

OP
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Several methods were attempted to introduce either a bromine or an iodine atom at C-2

in benzyl ether 2.6, however disappointingly, halide 2.61 was not obtained (Scheme

2.44). Complex mixtures were obtained using several halogenating agents. lnterestingly,

when N-bromosuccinimide in dichloromethane in the presence of a catalytic amount of
diisopropylamine was used, dimer 2.62, a product of phenolic coupling was afforded in

79Vo yield. Mass spectrometry analysis confirmed the molecular formula CrrH:aOs for

dimer 2.62 by the observation of a molecular ion at m/z 618.2258. The tH NMR

spectrum featured a singlet at 6 7.51, which was assigned to H-3, whilst H-6 and H-8

resonated as singlets at 6 7.48 and 6 7.53.

Table 2.l3.-{'>

2.61a X = Br
2.61b X = |

s 2.62

Table 2.13. Attempted ortho-bromination and iodination of nanhthol 2.6

Conditions Result

NBS, MN-dirsopropylamine, DCM, RT 2.62 (79Vo) and recovered 2.6

NBS, DMF, RT 2.63 (37vo)

Br2, CCl4, 0 "C Complex mixture

Br2, CHCh, 0 "C Complex mixture

Br2, CHCh, RT Complex mixture

12, TIOAc, AcOH, RT Complex mixture

Scheme 2.44 Attempted halogenation oJ'benzyl ether 2.6

The method in which didsopropylamine was used, was base on that reported by Fujisaki

et al.,te} wherein it was established that in the presence of an amine, bromination occurs

3'

2'
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selectively ortho to an hydroxyl group. The amine is believed to first react with N-

bromosuccinimide to generate an N-bromoamine (Figure 2.4), which then forms a

strong hydrogen bond with the hydroxyl at C- I in naphthol 2.6, thereby promoting

selective ortho-btomination. However, due to the presence of the many activating

electron donating groups on naphthol 2.6, phenolic oxidative coupling was observed

instead.lse

lrP4rNBr

1ie4rruH

Figure 2.4 Generation oJ'an N-bromoamine

Yet in another experiment using N-bromosuccinimide in dimethylformamide as solvent,

quinone 2.63 was afforded in 37Vo yield. This was also attributed to the presence of
several electron donating groups on the aromatic ring of 2.6, thus promoting oxidation

rather than bromination. Spectroscopic data were in agreement with the structure of
quinone 2.63 with the mass spectrum exhibiting a molecular ion at rn/z 294.O890

consistent with molecular formula ClsHyaOt, aild the infrared spectrum featuring a

strong absorption at 1654 cm-r due to the carbonyl groups of quinone 2.63. The lH

NMR spectrum displayed a three-proton singlet at 6 3.94 assigned to the remaining

methoxy group at C-5. A two-proton singlet at 6 6.81 was assigned to H-2 and H-3,

whilst a seven-proton multiplet at 6 1.32-'7.45 was assigned to H-6, H-8 and the

aromatic protons of the benzyl ether.

Several conditions using molecular bromine were used in an attempt to effect

bromination at C-2 of naphthol 2.6 but none were successful (Table 2.13 in Scheme

2.44). All reagents tried resulted in a complex mixture of unidentified compounds.

Similar disappointing results werc also obtained when iodinationlel was attempted.
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In summary, it was concluded that introduction of an acetyl group onto C-2 of naphthol

2.6 via ortho-bromination followed by a Stille coupling with ct-

(ethoxyvinyl)tributylstannane was not viable due to the initial inability to successfully

brominate naphthol 2.6 atC-2-

(VI) Atternptedformation of triflate 2.7 from carbamate 2.64 via ortho-metalation

In general terms a directed ortho-metalation group (DMG) 2.65 can be used to effect a

subsequent directed ortho-metalation reaction using a strong base, usually an

alkyllithium reagent, to afford an ortho-lithiated species 2.66 which is then converted to

a 1,2-disubstituted compound 2.67 when reacted with an electrophile (Scheme 2.45).tez

,A.'DMG RLi [.,+<tto] E+ Aa'DMGil l -lll l l*ll l\2 l%,, | \z\=
2.6s L2.66 ) 2.67

where DMG = Directed Metalation Group, E = Electrophile

Scheme 2.45 The directed ortho-metalation reaction

Bearing in mind naphthol 2.6 as a key intermediate to triflate 2,7, it was proposed that

naphthol 2.6 could be convefted to a directed ortho-metalation group that could then be

used to introduce an acetyl group at C-2 via directed ortho-metalation (Scheme 2.46).

where P = H, CH3, OrPr

BnO

ocHs2.6 OCH3

Scheme 2.46 Alternative retrosynthesis Jbr triflate 2.7 via ortho-metalation of 2.64
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(i) Model work using carbamate 2.68

Initial model studies were carried out for this reaction using a sterically hindered

carbamate 2.68 (from 2.69) as the directed ortho-metalation group (DMG). Treatment of
naphthol 2.69 with sodium hydride in dry dimethylformamide, followed by addition of
N,N-diethylcarbamoyl chloride resulted in the formation of carbamate 2.68 in 82Vo

yield. le3 Carbamate 2.68 was chosen because it served as a good coordinating site for

either tert- or sec-butyllithiumrea whilst also being a poor electrophilic site for attack by

these strong bases. Treatment of carbamate 2.68 with these bases would lead to the

ortho-lithiated species 2.70 which upon treatment with the electrophile N-methoxy-N-

methylacetamide 2.71-tes would furnish the 1,2-disubstituted product 2.72 containing a

key acetyl group 
^tC-2 

(Scheme 2.47).

I

-*

o
tl

A*.,ocH3
2.n I

Reagents and conditions (i) NaH, dry DMF, RT, I h then N,N-diethylcarbamoyl chloride, RT, I

h,82Vo (ii) t-Bul-i or s-Buli, dry THF, -78 "C, 40 min., then2.7l, -78 "C, I h then RT, I h.

Table

OH

I.A.,4.(A,l
2.69 2.68

2.14. Keaction of carbamate 2.6E with alkvtlithiums and 2.

Entry Alkyllithium m.e.

used

Time before

quenching (min)
Result

I l-BuLi l.l 5 2.7 3 (27 Vo); 2.68 (23vo)

2 r-BuLi l.l 20 2.7 3 (30vo) ; 2.68 (22Vo)

3 t-BuLi l.l 40 2.7 3 (3 | To't; 2.68 (28Vo)

4 s-BuLi/TMEDA t.2 40 2.73 (20Vo) ; 2.68 (39Vo)

5 s-BuLi/TMEDA 2.4 40 2.7 3 (r 4vo); 2.68 (52vo)

Scheme 2.47 Auempted p re p aration oJ' 2 - ac e Dtlcarbamate 2.7 2
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Several sets of conditions were attempted to effect this reaction, but none afforded the

acetylcarbamate2.T2 (Table 2.14).Initially, tert-butyllithium in dry tetrahydrofuran was

used to effect the formation of the ortho-lithiated species 2.70 using different times

before quenching the organolithium species with N-methoxy-N-methylacetamide 2.71.

In all cases 2-acetyl-l-naphthol 2.73 resulted along with recovered starting material

2.68. Although the optimum yield obtained was low (3lVo),the formation of 2.73 was

pleasing as introduction of the key acetyl group at C-2 had been effected. The formation

of 2.72 and/or 2.73 was not improved when a l:l ratio of sec-butyllithium:TMEDA was

used for the ortho-metalation step. This combination was thought to be an excellent

metalating agent in which the TMEDA effectively breaks down any alkyllithium

aggregates present thereby increasing its basicity, thus promoting effective

deprotonation of the ortho-proton in carbamate 2.68.te2

(ii) Using carbamate 2.64

With the results and knowledge of how this ortho-metalation reaction proceeded in the

above model studies using 2.69, we next focused on the preparation of the desired

naphthol 2.51 from carbamate 2.64 (Scheme 2.48).

Initially conversion of naphthol2.6 to its coresponding carbamate 2.64 was carried out

using sodium hydride in dry dimethylformamide, followed by addition of N,N-

diethylcarbamoyl chloride. This reaction furnished 2.64 in Tl%o yield. The molecular

formula Cz+HzzNOs was established for carbamate 2.64 by high resolution mass

spectrometry by the presence of a molecular ion at m/z 409. 1891. The infrared spectrum

featured a strong absorption at l7l5 cm-r assigned to the C=O bond stretch of the

carbamate. Two sets of multiplets at 6 1.22-L38 and 6 3.40-3.60 in the'H NMR
spectrum were assigned to the newly formed ethyl groups of the carbamate group.
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Table 2.15

2.64 ocH3 ocHs

o
ll

zA..*--ocH3
2.7r I

Reagents and conditions (i) NaH, dry DMF, RT. I h then N,N-diethylcarbamoyl chloride, RT, I

h,7l%o (ii) r-Buli or s-Buli, dry THF, -78 "C, 40 min., then 2.71, -78 'C, I h then RT, I h.

Scheme 2.48 Anempted preparation of 2-acetylcarbamate 2.74 or 2.51

With 2.64 in hand, preparation of 2-acetylcarbamate 2.74 was tried using various sets of
conditions (Table 2.15). Unfortunately, the use of terr-butyllithium with time taken

before quenching (with N-methoxy-N-methylacetamide 2.71) of either 5 minutes or 40

minutes gave only recovercd starting material 2.64 and, none of the desired 2-

acetylcarbamate 2,74. The use of l:l sec-butyllithium:TMEDA (1.2-2.4 mol

equivalents) afforded mainly the starting material 2.64. ln one case, (entry 3, Table

2.15) a lTVo yield of the desired 2-acetylcarbamate 2.74 was obtained using 1.2 mol

Table 2.15. Reaction of carbamate 2.64 with alkyllithiums and 2.71

Entry Alkyllithium m.e.

used

Time before

quenching

(min)

Result

I r-Bul-i l.l ) Recovered 2.64

2 t-BuLi l.l 40 Recovered 2.64

3 s-BuLi/TMEDA t.2 40 2.64 (29 Vo) ; 2.7 4 (17 Vo)

4 s-BuLi/TMEDA 1.5 40 2.5L (8Vo);2.64(30Vo)

) s-BuLi/TMEDA 1.8 40 2.51, (3Vo); 2.64 (ZOVo) ; 2.7 5 (22Vo)

6 s-BuLi/TMEDA 2.4 40 2.75 (22To)
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equivalents of sec-butyllithium-TMEDA. Spectroscopic data were in agreement with the

structure proposed for 2.74 with the mass spectrum exhibiting a molecular ion at m/z

451.1997 consistent with the molecular formula CzoHzgNOo whilst the infrared spectrum

displayed an absorbance at 1600 on-r due to the carbonyl group of the newly introduced

acetyl group at C-2. A singlet at 6 7.03 in the 'H NMR spectrum was assigned to H-3

and a three-proton singlet at 6 2.61 was characteristic of the methyl group of the newly

introduced acetyl group.

In another experiment using 1.5 rnol equivalents of sec-butyllithium-TMEDA, none of
the desired 2.74 was obtained. Instead, deprotected material 2.51 was afforded in 8Vo

yield together with recovered starting material 2.64. A small quantity of naphthol 2.51

(3Vo yield), recovered starting material 2.64 and debenzylated material2,75 (22Vo yield)

were obtained using 1.8 mol equivalents of sec-butyllithium-TMEDA. However, using

2.4 mol equivalents of sec-butyllithium-TMEDA afforded only debenzylated material

2.75 in227o yield.

The molecular formulae CzrHzoOs and CrzHzrNOs were established for compounds 2.51

and 2.75 by the presence of molecular ions at m/z 352.1310 and 319.1417 respectively,

in the mass spectra. The infrared spectra of 2.51. and 2.75 featured absorbances at 3350

and 3310 cm-l respectively, which were assigned to the hydroxyl groups. For 2.51., the

absence of a carbamate carbonyl was consistent with the lack of a carbamate. The lH

NMR spectrum of 2.51featured a three-proton singlet at 6 2.68 assigned to the CHI of
the acetyl group and two doublets at 6 6.79 and 6 '7.52 were assigned to H-6 and H-8

respectively. A singlet at 6 6.84 was assigned to H-3.

Due to the very low yield of 2-acetylcarbamate 2.74 and 2-acetylnaphthol 2.51 obtained

from this reaction, the attempted preparation of triflate 2.7 using this strategy was

abandoned and our attention turned to the synthesis of a regioisomer 2.76 of bis-7-

acetylnaphthalene 1.268 (see Scheme 2.50, page I l6).

2.6 Preparation of regioisomer of bis-7-acetylnaphthalene 2.7 6

2.6.1 Introductory remarks

Due to the difficulty of preparing the bis-7-acetylnaphthalene 1.268 precursor to

crisamicin A L.46 (Scheme 2.49) which contains acetyl groups at C-7 and C-7', it was

decided to investigate the possibility of preparing the regioisomer bis-6-

acetylnaphthalene 2.76 instead.
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crisamicin A 1.46 1.266 + isomer

1.265+ isomer

Scheme 2.49 Retosyfihetic pathwayfar crisamicin A 1.46 via 1.268

A synthesis of bis-6-acetylnaphthalene 2.76 was envisaged to afford a regioisomer of
crisamicin A 2.71 which would provide a useful compound for comparison of its
biological activity with the narural product 1.46 (Scheme 2.50).
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regioisomer of crisamicin A2,77 2.78+ isomer

S*f,",
2J9 + isomer

Scheme 2.50 Retrosynthesis for regioisomer of crisamicin A 2.77 stafiing from bis-6-

ac etylnaphthalene 2.7 6

It was envisaged that the bis-6-acetylnaphthalene regioisomer 2.76 could be prepared

from triflate 2.9d or 2.9b. Either selective brornination of 2.9d at C-6 followed by

acetylation, or direct acetylation of 2.9b or 2,9d would afford the required triflate 2.t1
(Scheme 2.51).
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2.8laP = OCHg

2.81b P = OiPr

S cheme 2.51 Retro synthe s i s fo r r e g i o i s ome r bi s - 2 - ac e ty Inaphthalene 2.7 6

2.6.2Preparation of triflate 2.9d

With the serendipitous formation of quinone 2.59 from attempted bromination of
naphthol 2.56 (see Scheme 2.42,page 106), it was proposed to reductive methylate (in

two steps) this quinone 2.59 to furnish triflate 29d via hydroquinone 2.82 (Scheme

2.s2\.

Reagents and conditions (i) DCM-diethyl ether (l:3), Na2S2Oc, HzO,20 min, 1007o (ii) dry

acetone, &COr, dimethyl sulfate, 60 "C, 23 h,2.9d: &7q2.E3:3To.

Scheme 2.52 Preparation af triflate 2.9d

2.76aP = OCHg

2.76b P = OiPr
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Treatment of quinone 2.59 with sodium dithionite for 20 min then dimethyl sulfate and

potassium sulfate in dry acetone, resulted in complete consumption of hydroquinone

2,82 after 23 hours, forming two products 2.9d and 2.83. Purification of the crude

product mixture by flash column chromatography afforded a less polar product,

dimethoxytriflate 2.83 in 3To yield together with trimethoxytriflate 2.9d in 64Vo yield.

Mass spectrometry supported a molecular formula CrrHrrFrO6S for triflate 2.83 by the

observation of a molecular ion at m/z 352.0224 whilst, a molecular ion at rn/z 366.O377

supported the molecular formula of Cr+HlrFrOoS for triflate 2.9d. Trimethoxytriflate

2.9d exhibited three three-proton singlets at 6 3.91,63.95 and 6 3.99 in therH NMR
spectrum whereas, only two methoxy groups at 6 3.94 and 5 4.10 were observed for
dimethoxytrifl ate 2.83.

2.6.3 Attempted preparation of bromotriflate 2.84 and 6-acetyltriflate 2.81a

With triflate 2.9d in hand, three approaches to bis-6-acetylnaphthalene 2.76 were

attempted. The first of these involved bromination of triflate 2.9d using N-

bromosuccinimide in dry dichloromethane to obtain bromide 2.84 (Scheme 2.53).

tl,' tL

.,: Eto'-snBu3
Pd(O) then H+

Reagents and conditions (i) NBS, dry DCM, L5 h (ii) Ac2O, RuCl.(HzO)o, AgSbF5,, dry DCM,

40 "C, l8 h or dry DMA, dry DCE, POCl.r, reflux, l8 h (iii) Suzuki-Miyaura homocoupling.

Scheme 2,53 Anempted preparation oJ'bis-6-acetylnaphthalene 2.76a from triflate 2.9d
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Bromide 2.84 would then be converted to 6-acetylnaphthalene 2.81a by Stille coupling

with (a-ethoxyvinyl)tributylstannane followed by hydrolysis and then to bis-6-

acetylnaphthalene 2.76a by Suzuki-Miyaura homocoupling. Unfortunately, due to the

electron rich nature of triflate 2.9d, bromination with N-bromosuccinimide only

afforded products resulting from polybromination and oxidation.

The second attempt to form bis-6-acetylnaphthalene2.T6a involved direct acetylation of
triflate 2.9d to 6-acetylnaphthalene 2.81a using either ruthenium(IlD chloride trihydrate

in acetic anhydride and dichloromethanels2 or by a Vilsmeier-Haack reaction using dry

MN-dimethylacetamide and phosphoryl chloride in dry 1,2-dichloroethane.re6

Unfortunately, both methods gave disappointing results, in that only recovered starting

material 2.9d was afforded in both cases.

2.6.4Preparation of dimer 2.8d

Given that triflate 2.9d was in hand at this point, we then reverted to our initial strategy

(see method A, Scheme 2.4, page 64) and investigated the possibility of forming biaryl

2.16a via homocoupling of 2.9d followed by introduction of the required acetyl groups

at C-6 and C-6'onto the biaryl 2.8d (Scheme2.54).

(i) Homocoupling
(ii) Acetylation

9cHs

2.76a

Scheme 2.54 Strategy involving Jbrmation ofbiaryl 2.8d before introduction of acetyl

groups
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This is possible when in the presence of an electrophile such as an acylium ion or

bromine, positions C-6 and C-6' will be activated and thus, susceptible to electrophilic

attack to give the desired bis-6-acetylnaphthalene 2.76a.

Hence, the final approach involved the conversion of the available triflate 2.9d to the

corresponding homocoupled product, biaryl 2.8d. This method involved a one-pot irt

sita Suzuki-Miyaura homocoupling of triflate 2.9d with boronate 2.85 (Scheme 2.55).

+ recovered 2.9d
and 2.85

Reagents and conditions: (i) 1,179, PdCl2(dppQ, dppf,KOAc, dry dioxane, 110"C,0.5 h (ii)

2.9d, Pdclz(dppfl, KrPO+, 110 oC, 2h,2.8d:84Vo.

Scheme 2.55 Preparation of biaryl 2,8d

Treatment of triflate 2.9d in dry dioxane with bis(pinacolato)diboron L.179 in the

presence of PdClz(dppfl, dppf ligand and the weak base KOAc at I l0 "C for 0.5 h, gave

boronate 2.85 which was directly coupled with another molecule of triflate 2.9d in situ.

This step was assisted with a second addition of the palladium catalyst and a stronger

base, KrPO+ to drive the homocoupling reaction to completion furnishing dimer 2.8d

(Scheme 2.55). The crude mixture was purified by flash chromatography affording one

fraction that comprised of a l:4:l mixture of unreacted starting material 2.9d, boronate

2.85 and the reduced product 2.86. A second fraction thankfully contained the desired

biaryl 2.8d in 84Vo yield.

The mass spectrum of 2.8d confirmed molecular formula CzaHzoOo by the observation

of a molecular ion at m/z 434.1730. The rH NMR spectrum exhibited two downfield
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doublets, each with a coupling constant, J 1.6 Hz, at 6 7 -31 and 6 8.22, assigned to H-3

and H-l respectively. On the other hand, H-6 and H-7 shifted upfield resonating as

doublets, each with a large ortho coupling constant, J 8.5 Hz, at 6 6.78 and 66.81

respectively.

2.6.5 Attempted preparation of bromide 2.87 and bis-6-acetylnaphthalene 2.76a

from biaryl2.8d

( i) Anempted b romination oJ' biaryl 2.8d

The reason for preparing biaryl 2.8d was to prepare bis-6-acetylnaphthalene 2.76a

required for the synthesis of a regioisomer of crisamicin A 2.77 (see Scheme 2.50 and

2.51). The introduction of two acetyl groups at C-6 and C-6' of biaryl 2.8d was therefore

initially required before oxidation to the bis-naphthoquinone 2.80 (Scheme 2.56).

(i) Introduction of acetyl groups at C-6 and C-6'
(ii) Oxidation

Scheme 2.56 Proposed scheme for the preparation of 2.80 via 2,8d

It was proposed that either introduction of a bromine group or an acetyl group at C-6

and C-6' would eventually allow the formation of bis-naphthoquinone 2.80 (Scheme

2.57 and 2.58). Despite trying several sets of reactions to effect the introduction of
acetyl groups at C-6 and C-6', the desired biaryls 2.87 or 2.76a were not obtained.
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Ytoot" r.to'i ecHs ecHslr"l

Stille I

coupling t

Table 2.16. Bromination of biarvl 2.8d
Conditions Result

NBS, DCM, RT, 2.5 h 2.87 (l3Vo) and2,88 (3Vo);low
recoverv

NBS, DMF, RT, I h Comnlex mixture
PHP, HzO, AcOH, ether ( l:4:5), l5 min Complex m xture

PHP, THF, 15 min Complex m xture
PHP, DCM, l0 min Complex m xture

PHP, CHClr, reflux, I h Comnlex m xture
LiBr, CAN, CHTCN, RT, 1.5 h Complex mixture

Scheme 2.57 Anempted preparcttion of bis-quinone 2.80 via bromination of biaryl2.8d

Initially, the standard bromination procedure using N-bromosuccinimide in dry

dichloromethane was employed in an attempt to convert biaryl 2.8d to bromide 2.87

(Scheme 2.57). After chromatography on alumina, low recovery of the desired

dibrominated biaryl 2.87 was obtained in l3vo yield together with monobrominated
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biaryl 2.88 in 3Vo yield. The high resolution mass spectrum for 2.87 feafixed molecular

ions with intensities of l:2:1 at m/z 589.9933, 591.9924 and 593.9881 consistent with

the molecular formula CzaHz+BrzO6, whilst molecular ions of equal intensities at m/z

512.0840 and 5 14.0823 supported the molecular formula CzeHzsBrOo for 2.88. In the rH

NMR spectrum of 2.87, there were only three distinct aromatic protons at 6 6.99, 67.29

and 6 8.12. On the other hand, seven distinct aromatic protons were observed for 2.88 at

6 6.80, 6 6.81, 6 6.99, 6 7.14, 6 7.33, 6 8. 14 and 6 8.18 consistent with the

unsymmetrical biaryl structure.

In another experiment, pyridinium hydrobromide perbromideleT (PHP) was used as the

source of bromine because it is used in solid form and it is therefore easier to weigh

small quantities of the brominating agent. Also, its mild reactivity makes it ideal for
selective mono-bromination. Several sets of conditions reported in the literatureleT were

attempted, but unfortunately only a complex mixture resulted in all cases (entries 3,4,5
and 6, Table 2.16).

In one last attempt to brominate 2.8d, a mild, highly chemo- and regioselective method

for bromination of electron rich aromatic molecules was usedles wherein electrophilic

Br* was generated in situ from lithium bromide in acetonitrile using ceric ammonium

nitrate as an oxidant. Disappointly only a mixture of products was obtained in this case.

(ii) Attempted acetylation of biaryl2.8d

An alternative method for introduction of an acetyl group directly onto C-6 and C-6' of
biaryl 2.8d (Scheme 2.58) involved use of the Vilsmeier-Haack reaction. This reaction

had been used previously for the attempted acetylation of triflate 2.9d (see Scheme

2.53).In the present case, it was envisaged that treatment of biaryl 2.8d under similar

conditions would afford the desired acetylated biaryl 2.76a.

In two of the three attempts, N,N-dimethylacetamide and phosphoryl chloride were used

as the acetylating agent.le6 One attempt was carried out using N,N-dimethylacetamide in

1,2-dichloroethane at room temperature and a second attempt was carried out using a

neat solution of N,N-dimethylacetamide at 100 oC. However, both reactions afforded

only a low recovery of starting material 2.8d. This result was also observed when N,N-

dimethylformamidelee was used as the formylating reagent.
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I'able 2.17. Attempted Vilsmeier-Haack reaction of biaryl Z.Ed

Conditions Result
N,N-Dimethylacetamide, DCE, POClr, RT,68 h Recovered startins materi al
N,N-Dimethylacetamide, POCI:, 100 "C, 88.5 h Recovered startin e material

DMF, POCh, CHCI3, reflux,96 h Recovered startins material

Scheme 2.58 Attempted preparation of bis-quinone 2.80 via acetylation of biaryl2.8d

2.6.6 Preparation of triflate 2.81b

Due to the above disappointing results to prepare bis-quinone 2.80 from biaryl 2.8d, we

now focused our attention on the introduction of the acetyl group at C-6 on triflate 2.9b

to form triflate 2.81b which would then undergo homocoupling to biaryl 2.76b

providing bis-naphthoquinone 2.80 upon oxidative dealkylation (Scheme 2.59\.
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(i) Acetylation at C-6
(ii) Homcoupling
(iii) Oxidation

Scheme 2.59 Proposed scheme Jbr the preparation of bis-naphthoquinone 2.80 via

triflate 2.9b

Several sets of conditions were used to effect the acetylation of 2.9b to 2.E1b (Table

2.18 in Scheme 2.60). Initially, acetylation using trifluoroacetic anhydride in glacial

acetic acid at room temperature as used by Giles et al.t83 was explored (Scheme2.60).

In this case the desired triflate 2.81b was furnished in 32Vo yield after two purifications

by flash chromatography together with acetate 2.9a (l4%o yield) and recovered starting

material 2.9b (32Vo yield). Given the high yield of recovered starting material 2.9b, it
was hoped that by increasing the reaction temperature to 60 "C, the reaction and the

yield of 2.81b will be improved. Use of an increase in temperature resulted in more of
triflate 2.9b being consumed in the reaction, however more of the undesired acetate 2.9a

was formed and the vield of 2.E1b was still onlv 32V0.

Accurate mass determination established the molecular formula CrsHlgFrOzS for triflate

2.81b by the presence of a molecular ion aL m/z 436.0806. The infrared spectrum

showed a strong absorption at 167l cm-r, which was assigned to C=O bond stretch of
the newly introduced acetyl group. The rH NMR spectrum featured a three-proton

1..
I rl

V
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singlet 
^t 

E2.76 characteristic of a methyl ketone, a singlet at 6 7.12 was assigned to H-

7, whilst H- I and H-3 resonated as doublets with coupling constants, J 2.4 Hz, at 6 6.80

and 6 7.78 respectively. The l3C NMR spectrum also confirmed the presence of the

newly introduced acetyl group with a carbonyl carbon resonating at 6 200.8.

Table 2.18*

Table 2.L8. Reaction with acetylating reagents

Conditions Vo Yield
TFAA, AcOH, RT, 5 h 2.81b (32%o),2.9b (50Vo) and 2,9a (l4%o)

TFAA, AcOH, 60 "C, 5 h 2.81b (32Vo),2.9b (33Vo) and2.9a (26%o)

Ac2O, RuClr(H2O)n, AgSbF6, dry

DCM, 40 "C, 20 h

2.9a (lo07o'l

Scheme 2.60 Preparation oJ'triflate 2.8Lb

An alternative acetylation procedure'*t was tried using acetic anhydride, catalysed by a

combination of rutheniurn(Ill) chloride trihydrate and silver hexafluoroantimonate in

dry dichloromethane at 40 "C (Scheme 2.60). In this case, acetate 2.9a was the only
product and none of the desired triflate 2.81b was afforded.

This latter observation suggested that the combination of the transition metals used were

efficiently acting as a Lewis acid to facilitate deisopropylation of 2,9b, subsequently

leading to acetate 2.9ain the presence of acetic anhydride.

2.6.7 Preparation of bis-naphthoquinone 2,80

With triflate 2.81b in hand (albeit prepared in low yield from triflate 2.9b), our focus

next turned to the construction of biaryl 2.76b, a critical step required for the formation

of bis-naphthoquinone 2.80 (see Scherne 2.59). Bis-naphthoquinone 2.80 is a key

intermediate for the preparation of a regioisomer of crisamicin A 2.77, using a double

furofuran annulation/double oxidative rearrangement strategy (Scheme 2.61).

oiPr
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A I.8E\9 osiM".
+ ----'>

S*J",
2.79 + isomer

Scheme 2.61 Double furofuran annulation/double oxidative rearrangement strategy of
2.80 towards 2.77

From previous coupling reactions, it was found that the best method to effect the

formation of biaryls involved the use of a one-pot in situ Suzuki-Miyaura

homocoupling. Thus, triflate 2,81b was reacted with bislpinacolato)diboron 1.179 in the

presence of PdClz(dppf), dppf ligand and a weak base, KOAc in dry dioxane. The

boronate 2.89 thus prepared was then coupled with another molecule of triflate 2.81b in

sl/z upon addition of more palladium catalyst and the stronger base, K3POa which is
required to drive the homocoupling reaction to completion, furnishing dimer 2.16b in
58Vo yield (Scheme 2.62).

regioisorner of crisamicin A 2.77
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oiPr
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2.90

+ recovered 2.81b (2:l)

Reagents andconditions (i) 1.179, PdClddppfl, dppf, KOAc, dry dioxane, l10oC, 1.75 h (ii)

2.81b, PdClr(dppf), K.PO4, ll0 oC, 2.5 h, 2.76b: 58Vo (iii) AeO (16 equiv.), 6 M HNOr,

dioxane, l0 min, then repeated with one more portion of AgO (16 equiv.), 6 M HNOI, l0 min,

9lVo.

Scheme 2.62 Preparation oJ bis-6-acetylnaphthalene 2.76b and bis-naphthoquinone

2.80

The reaction also afforded an inseparable 2:l mixture of reduced product 2.90 and

starting material 2.81b. The mass spectrum of 2.90 supported the molecular formula

CnHzoOd, and a one-proton triplet at 67.47 (J,,,thn8.2Hz) in the lH NMR spectrum was

assigned to H-6.

High resolution mass spectrometry established the molecular formula C:atllaOe for
dimer 2.76b by the observation of a molecular ion at m/z 574.256L The rH NMR
spectrum featured two mutually coupled downfield doublets at 6 7.31 and 6 8.26 (J^"tu

1.4 Hz) that were assigned to H-3 and H-1 respectively.
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With biaryl 2.76b in hand, it next remained to effect the conversion of 2.76b to bis-

naphthoquinone 2.80 which is a key precursor for the synthesis of a regioisomer of
crisarnicin A 2.77. A solution of 2,16b in dioxane was treated with two portions of
freshly prepared silver(Il) oxide and 6 M nitric acid with stirring for l0 min before the

subsequent addition (Scheme 2.62).

The procedure afforded bis-naphthoquinone 2.80 in 9l7o crude yield and the material

obtained was not purified further due to its apparent instability. The infrared spectrum of
2.80 displayed strong absorptions at 1715 and 1665 cm-l that were assigned to the acetyl

and quinone C=O bond stretches respectively. The lH NMR spectrum featured a single

methoxy group at 6 4.13 and a methyl group at 6 2.64 was assigned to the acetyl group.

A singlet at 5 7.08 was assigned to H-7, whilst H-3 and H-l resonated as doublets at 6

7.51 and 67.97 with a small meta coupling constant, J l.6Hz.
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2,7 Summary and conclusions

The work discussed in this chapter has demonstrated that the best approach for the

synthesis of bis-7-acetylnaphthalene 1.268 is to firstly prepare triflate 2.7 with an acetyl

group directly introduced at C-7 and then to proceed with effecting formation of the

biaryl linkage. It was established that trying to effect either double bromination, double

acetylation or double Fries rearrangement of a previously formed biaryl was not a viable

method for introduction of the acetyl group onto a preformed biaryl.

Attempted Fries rearrangement and bromination to the desired bis-7-acetylnaphthalene

1.268 of acetate 2.33a, triflate 2.9a, triflate 2.56 and benzyl ether 2.6 were unsuccessful,

due to the electron rich aromatic rings in these monomeric precursors. In particular,

attempted brominations of triflate 2.56 and benzyl ether 2.6 gave polybromination

products, quinones and products resulting from phenolic coupling.

An alternative method to prepare 2-acetylcarbamate 2.74 from carbamate 2.64 involved

use of a directed ortho-metalation reaction of carbamate 2.64 involving electrophilic

substitution of the derived ortho-lithiated species with N-methoxy-N-methylacetamide

2.71. However, this strategy resulted only in low yields of the desired 2-acetylcarbamate

2.74.

The unexpected formation of 6-acetyltriflate 2.81b from triflate 2.9b using

trifluoroacetic anhydride in acetic acid prompted choice of an alternative synthetic

target. Bis-naphthoquinone 2.80 was prepared which is a direct precursor to a

regioisomer 2.77 of the natural product, crisamicin A 1.46. Bis-naphthoquinone 2.80

was prepared from biaryl 2.76b which in turn was available from a one-pot in situ

Suzuki-Miyaura homocoupling of triflate 2.81b in 58Vo yield. Biaryl 2.76b was then

converted to bis-naphthoquinone 2.80 using freshly prepared silver(tr) oxide and 6 M
nitric acid in an excellent yield af 9la/o.

In summary, this chapter has concluded with the successful synthesis of bis-

naphthoquinone 2.80, a precursor to a regioisomer of crisamicin A 2.77, from vanillin

1.271 in thirteen steps (Scheme 2.63). Further work towards the synthesis of this

regioisomer of crisamicin A 2.77 will be discussed in chapter three.
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Br BnO
vi*

oSitBuMe2 'oH OTs

2.6 OCH3 OCH3
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Reagents and conditions: (i) B12, glacial acetic acid, 3 h,74Vo (ii) TBSCI, imidazole, dry DMF,

l8 h, 887o or TBSCI, imidazole, DMAP, dry DCM, l8 h, 887o (iri) meta-chloroperoxybenzoic

acid, DCM, reflux,2 h, then RT, l8 h,65Va (iv) K2COr, MeOH,20 min, then BnBr, l8h,75Vo

(v) TBAF, dry THF, 1.5h,84o/o (vi) NaH, dry THF, I h, then TsCl, 18 h,97Vo (vii) a: n-Buli,
dry THF, -100"C, l3 min; b: 2-methoxyfuran 2.32, c. HCl, RT, 2h,607o (viii) NaH, dry DMF,

I h then 2-bromopropane, RT, 3.5 h,897o (ix) Pd/C, H2, ethyl acetate, 1.5 h,78Vo (x) PhNTfz,

dry Et3N, dry DCM, -25 "C, l-5 h. 9l Vo or Tf2O, dry EtrN, dry DCM, DMAP, -20 "C, 18.5 h,

82Vo (xi) TFAA, AcOH, RT,5 h,32Vo (xii) a: 1.179, Pdcl2(dppf),dppf, KOAc, dry dioxane,

1 l0 "C, 1.75 h; b: 2.81b, PdCl2(dppf), KrPO.r, I l0 'C, 2.5 h, 2.76b: 587o (xiii) AgO ( l6 equiv.),

6 M HNO1, dioxane, l0 min, then repeated with one more portion of AgO (16 equiv.), 6 M
HNO.r, l0 min,9l7o.

Scheme 2.63 Total synthe.sis of bis-naphthoquinone 2.80

1.27t ocH3

o'Pr oiPr
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Chapter Three

Preparation of the

Pyranonaphthoquinone Skeleton

of the

Regioisomer of Crisamicin A



3.L Introduction

Our synthetic approach towards crisamicin A 1.46 is

annulation and an oxidative rearrangement strategy

demonstrated by Brimble et a1.82 for the construction

(Scheme 3.1).

133

based on a double furofuran

which has previously been

of the related actinorhodins

crisamicin 1^1.46 1.266 + isomer

Scheme 3.1 Retrosynthetic pathway oJ' crisamicin A 1.46 from bis-naphthoquinone

1.267

Given the difficulties described in the previous chapter in obtaining bis-naphthoquinone

1.267, it was decided to pursue the synthesis of a regioisomer of crisamicin A 2.77 wing
the bis-naphthoquinone 2.80 that was successfully prepared as summarised in Scheme

2.62 (see page 128). Having plepared bis-naphthoquinone 2.80 from triflate 2.81b, it
now remains to convert it to a bis-furonaphthopyran 2.78 using a double furofuran

annulation, thence to effect a double oxidative rearrangement of the resultant bis-

furonaphthofuran 2.79 to bis-lactol 2.78 (see method A Scheme 3.2).
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Scheme 3.2 Method A: retrosynthetic analysis for the preparation of a regioisomer of
crisatnicin A 2.77 from bis-naphthoquinone 2.80

In an alternative approach, bis-furonaphthopyran 2.78 can also be prepared via initial
furofuran annulation and oxidative rearrangement of triflate 2.81b to give monomeric

pyranonaphthoquinone 3.1. Homocoupling of this pyranonaphthoquinone could then be

used to convert the monomeric triflate 3.1 to binaphthyl 2.7E which upon further

functional group manipulation would provide the regioisomer of crisamicin A2.77 (see

method B Scheme 3.3).

regioisomer of crisamicin A2.77

S***
2.79 + isomer
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qx.',i".

Scheme 3.3 Method B: retrosynthetic analysis Jbr the preparation of a regioisomer of
crisamicin A 2.77 from triflate 2.8Lb

These two strategies both require the preparation of bis-furonaphthopyran 2.78 which is

subsequently converted to regioisomer of crisamicin A 2.77, and differ from each other

in the timing of the formation of the binaphthyl bond.

3.2 Attempted preparation of bis-furonaphthopyran2.TS from bis-naphthoquinone

2.80 (method A)

With bis-naphthoquinone 2.80 in hand, our attention turned to the preparation of bis-

ftrronaphthofuran adducts 2.79 which can then be subjected to double oxidative

rearrangement to construct the pyranonaphthoquinone skeleton present in the

regioisomer of crisamicin A 2.77 (Scheme 3.4).

regioisomer of crisamicin y'^2,77
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Scheme 3.4 Attempted synthesis oJ'bis-furonaphthopyran 2.78 from bis-naphthoquinone

2.80 (method A)

3.2. 1 Preparation of furonaphthofuran adducts 2.7 9 a and 2.7 9b

Treatment of bis-naphthoquinone 2.80 in dry acetonitrile at 0 "C with 2-

trimethylsilyoxyfuran 1.88 for I h afforded a mixture of bis-furonaphthofurans 2.79a

and 2.79b in 4l%o yield after purification by flash chromatography (Scheme 3.5).

Adducts 2.79a and 2.79b were not separable by flash chromatography. The ratio of
diastereomers 2.79a and 2.79b was determined as l: I by analytical HPLC, [Crs 3p 33 x

Y

regioisomer of crisamicin A 2.77
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7 mm; I min water (O.05Vo trifluoroacetic acid) flush followed by a 9 min steady

gradient to acetonitrile; 2 mUminl which showed the presence of two major

components at retention times 8.6 and 9.1 min with equal peak area thereby indicating a

l: I mixture of the two diastereomers 2,19a and2.79b.

9cHs

*C\or,"".
1.88 +

+

S*J".
1.88

Reagents and conditions: a: f.88 (3 equiv.), CH-.CN, 0 "C, I h; b: silica gel, EtOAc-hexane

(2:I),41Vo.

Scheme 3.5 Preparation oJ'bis-furonaphthoJurans 2.79a and 2.79b via double furofuran
annulation of b i s -na p ht ho quinone 2. I 0

Adducts 2,79a and 2,79b were identified by the presence of a molecular ion in the high

resolution FAB mass spectrum 
^t 

m/z 627.1495 (M + H) establishing the molecular

formula Cy,HztOn. The infrared spectrum featured a broad band at 3332 cm-t, which

was assigned to the hydroxyl group and a strong band at 1778 cm-l was assigned to the

newly introduced y-lactone carbonyl group. The lH NMR spectrum only showed one set

of resonances for the individual protons of both diastereomerc 2.79a and 2.79b.

However, analytical HPLC clearly indicated that a l:1 mixture of the two diastereomers

was present. In the 'H NMR spectrum, a doublet resonating at 6 6.65 with coupling

constant / 6.0 Hz was assigned to the bridgehead proton H-6b, whilst the other

bridgehead proton H-9a was observed as an unresolved multiplet at 6 5.42-5.55.

Another unresolved multiplet at 6 3.10-3.12 was assigned to H-9 and H-9'. A singlet at 6

2.80 was assigned to the protons of the methyl ketone, whilst H-3 and H-l were

observed as doublets at 6 7.19 and 7.82 respectively, both with coupling constant, J 1.4

Hz. A singlet at 6 IL8 was assigned to the hydroxyl group. Ther3C NMR spectrum was
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also consistent with the proposed structure and exhibited one set of signals for the

individual carbons of the two diastereomers 2.79a and2.79b. The r3C NMR spectrum

exhibited a methylene carbon at 6 35.7 assigned to C-9, whilst two methine carbons at 6

81.3 and 6 85.3 were assigned to the bridgehead carbons C-9a and C-6b respectively.

The two carbonyl carbons at 6 174.4 and 6 200.3 were assigned to the lactone and

ketone respectively.

3.2.2 Attempted preparation of furonaphthopyran s 2.7 8

With the furonaphthofuran adducts 2.79a and 2.79b in hand as a 1:l mixture of
diastereomers, attention next turned to the oxidative rearrangement step (Scheme 3.6).

This step can be carried out using either silver(Il) oxide in 6 M nitric acid or ceric

ammonium nitrate in aqueous acetonitrile at 0'C. These reagents were successfully used

by this research group for the synthesis of the actinorhodin analogue detailed earlier in
Scheme 1.30 (see page 42).

Disappointingly, treatment of bis-furonaphthofurans 2.79a and 2.79b with either two

portions of silver(tr) oxide and 6 M nitric acid (10 min for each portion) or with ceric

ammonium nitrate in aqueous acetonitrile (10 min) was unsuccessful in that only a

complex mixture of products was afforded in both cases. The crude tH NMR spectra for
both reactions did not feature resonances for the characteristic bridgehead protons H-3a

and H-llb of the desired bis-lactols 2.78a and 2.78b at about 6 4.90-5.00 and 6 5.40

respectively.
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Reagents and conditions: a) AgO (16 equiv.),6 M HNOr, dioxane, l0 min, then repeated with

one more portion of AgO (16 equiv.), 6 M HNOr, l0 min OR b) CAN (4 equiv.), CHTCN, HzO,0

"C, l0 min.

Scheme 3.6 Attempted oxidative rearrangement of adducts 2.79

Given that this strategy to prepare the regioisomer of crisamicin A 2.77 using a double

furofuran annulation-oxidative rcarrangement starting from bis-naphthoquinone 2.80

had proved disappointing, our attention next turned to the alternative strategy outlined in

Scheme 3.3 (method B).

3.3 Attempted preparation of bis-furonaphthopyran 2.78 from triflate 2.81b

(method B)

As an afternative strategy to prepare regioisomer of crisamicin A 2.77 from triflate

2.81b, it was proposed that triflate 2.81b would undergo oxidation to naphthoquinone

3.3 which would undergo addition with 2-trimethylsilyoxyfuran 1.88 to afford

furonaphthofuran 3.2. Subsequent oxidative rearrangement of this adduct 3.2 then

affords furonaphthopyran 3.1 which could then be subjected to a one-pot in situ Suzuki-

Miyaura homocoupling to furnish the desired bis-furonaphthopyran 2.78 (Scheme 3.7).
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q"l?ff

3.3

regioisomer of crisamicin A2.77

Scheme 3.7 Attempted synthesis of bis-furonaphthopyran 2.78 from triflate 2.81b
(method B)

3.3.1 Preparation of naphthoquinone 3.3

Treatment of naphthol 2.81b with silver(Il) oxide and 6 M nitric acid in dioxane for 10

min, followed by standard workup afforded naphthoquinone 3.3 in 96Vo yield (Scheme

3.8). Due to its apparent instability, naphthoquinone 3.3 was used in the next step

w ithout further purifi cation.
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Reagents and conditions: AgO ( l6 equiv.),

Scheme 3.8 Preparation of naphthoquinone 3.3

High resolution mass spoctrometry established the molecular formula CteHgFrOzS for

quinone 3.3 by the presence of a molecular ion at ndz378.0Ol4. The infrared spectrum

featured a strong absorption at 1655 c,n-I, assigned to the C=O group of the

naphthoquinone. As expected, the lH NMR spectrum showed the presence of only one

methoxy group at 6 4.04 that resonated as a three-proton singlet. H-7 was observed as a

singlet at E 7.07 whilst H-l and H-3 resonated as doublets, each with coupling constant

J 2.4 Hz, at 6 7 .97 and 7. I 9 respectively.

3.3.2 Preparation of furonaphthofuran 3.2

With naphthoquinone 3.3 in hand, it was then required to convert 3.3 to

furonaphthofuran 3.2. Treatrnent of naphthoquinone 3.3 with 2-trimethylsilyloxyfuran

1.88 (1.5 equiv.) in acetonitrile at 0 "C for I h (Scheme 3.9) afforded acrudeproduct
which was found to contain a mixture of butenolides 3.4 and 3.5 (Figure 3.1) in addition

to the desired adduct 3.2. The 'H NMR spectrum of this crude mixture exhibited

characteristic signals of butenolidesTs at 6 5.51 (multiplet), 6 6.17 (multiplet) and 6 6.80

(doublet of doublets) which were assigned to protons H-5, H-3 and H-4 respectively.

Doubling of most signals indicated the presence of the two tautomers. Subsequent

purification on flash silica (two passes) then afforded the desired triflate 3.2 in 74Vo

vield.
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1\ r.8s rfo\ofosirta"3 +>

ocH3 o
3.3

Reagents and conditions: a: f.88 (1.5 equiv.), CH.rCN, 0"C,

(2.5 :7 .5 then 4:6\, 7 47o.

S cheme 3.9 P r e p ar at i on oJ' J ur onap ht hoJ ur an 3. 2

Figure 3.1Butenolide products 3.4 ancl3.5

Spectroscopic analysis confirmed the structure of furonaphthofuran 3.2. The high

resolution mass spectrum of 3.2 exhibited a rnolecular ion at m/z 462.0231establishing

the molecular formula C1gH13F3OeS. The infrared spectrum featured a broad band at

3359 cm-l assigned to the hydroxyl group, whilst a strong band at 1784 cm-l was

assigned to the newly introduced carbonyl group of the y-lactone. The lH NMR
spectrum featured a doublet resonating at 6 6.55 with coupling constant, ,/ 6.0 Hz, that

was assigned to the bridgehead proton H-6b, whilst the other bridgehead proton, H-9a,

was observed as an unresolved multiplet at 6 5.48-5.52. The bridgehead coupling

constant, "/qo,ao 6.0 Hz, was consistent with the pre.sence of a cls-fused 2l{-furo[3,2-

Dlnaphtho[2,3-cflpyran ring system.Ts'77 Another unresolved multiplet at 6 3.12-3.13 was

assigned to H-9 and H-9'. A three proton singlet at 6 2.78 was assigned to the methyl

protons of the acetyl group, whilst H-3 and H-l were both observed as doublets at 6

6.83 and 67 .44, with coupling constant , J 2.4 Hz. A singlet 
^t 

6 I2.2 was assigned to the

hydroxyl group.

ocH3oH o



t43

3.3.3 Attempted preparation of bis-fu ronaphthofu r an 2.7 9

It was next envisaged that Suzuki-Miyaura homocouplingl6e of triflate 3.2 would afford

bis-furonaphthofuran 2.79 which could then be converted to the desired bis-

furonaphthopyran 2.78 using a double oxidative reanangement with either silver(If)

oxide in 6 M nitric acid or ceric ammonium nitrate in an aqueous solution of acetonitrile

at 0 "C (Scheme 3.10).

{^>(i
'o-"

Reagents and conditions (i) L.179, PdCl2(dppf), dppf, KOAc, dry dioxane, I l0 oC, I h (ii) 3.2,

PdCl2(dppf), K:PO+, ll0 oC,2 h (iii) a: AgO (16 equiv.),6 M HNOr, dioxane, l0 min, then

repeated with one more portion of AgO (16 equiv.), 6 M HNOr, l0 min OR b: CAN, CH1CN,

H2O,0 "C, l0 min.

Scheme 3.10 Attempted one-pot in situ preparation of dimer 2.79 from
furonaphthofuran 3.2 using the method ofMiyaura et al.t6e

It was therefore next attempted to prepare bis-furonaphthofuran 2.79 from triflate 3.2

using a one-pot in situ Suzuki-Miyaura homocoupling to initially prepare boronate 3.6

in dry dioxane using bis(pinacolato)diboron 1.179 in the presence of PdClz(dppfl, dppf
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ligand and the weak base KOAc. The resulting boronate 3.6 was then directly coupled

with another molecule of triflate 3.2 in sira with a second quantity of the palladium

catalyst and a stronger base, KrPOa being added in order to drive the homocoupling

reaction to completion (Scheme 3.10). Unfortunately, using these conditions which had

been successfully used to convert triflate 2.9b to binaphthyl 2.8b (see Scheme 2.27 on

page 87), none of the desired bis-furonaphthofuran 2.79 was afforded.

3.3.4 Preparation of furonaphthopyran 3.1

Given that the homocoupling of triflate 3.2 was unsuccessful, it was next decided to

prepare triflate 3.L via oxidative rearangement of adduct 3.2 using ceric ammonium

nitrate in an aqueous solution of acetonitrile at 0 "C (Scheme 3.ll). It was then

envisaged that the homocoupling of triflate 3.1 would afford the desired binaphthyl

2.78.

I Suzuki-Miyaura
homocoupling

3.1

Reagents and conditions: (i) CAN (2 equiv.), CHTCN, HzO, 0 "C, 15 min,62Vo.

Scheme 3,ll Oxidative rearrangement ofJuronaphthofuran 3.2 using certc ammonium

nitrate

With this idea in mind, furonaphthofuran 3.2 was treated with ceric ammonium nitrate

(2 equiv.) in an aqueous solution of acetonitrile for l5 min to afford furonaphthopyran

3.1 in 62Vo yield after workup and purification by chromatography on florisil.

The structure of furonaphthopyran 3.1 was confirmed by the presence of a molecular ion

in the high resolution DEI mass spectrum at ndz 478.0159 establishing the molecular

6a

ocH3 o



t45

formula CraHrrFcOroS. The infiared spectrum exhibited a broad band at 3392 cm't,

which was assigned to the hydroxyl group and strong bands at 1788 and 1673 cm-l due

to the y-lactone and quinone carbonyl groups respectively. The lH NMR spectrum

featured a doublet of doublets at 5 4.90 with coupling constants, "/ 4.8 and 2.9 Hz that

was assigned to the bridgehead proton H-3a, whilst the other bridgehead proton H-1lb
was observed as a doublet at 6 5.25 with the bridgehead coupling constant, ,/ru,l ru 2.9 Hz

being consistent with the presence of a cis-fused 2ll-furo[3,2-b]naphthol2,3-d)pyran

ring system.Ts'77'2o0 The geminal H-3 protons, H-3 and H-3' gave rise to a doublet of
doublets and a doublet respectively. H-3 resonated at 6 2S4 as a doublet of doublets

with coupling constants, .,13,31 4.8 and Js.,r., l7 .6 Hz, whilst H-3' resonated as a doublet at

62.75 with,Ig.,n 17.6Hz. H-8 and H-10 both rcsonated as doublets at 6 7.20 and 57.64

with coupling constant, J 2.2 Hz, whilst singlets at 6 1.79 and 9.28 were assigned to the

methyl and hydroxy groups respectively.

3.3.5 Attempted preparation of bis-t'uronaphthopy ran 2.78

With triflate 3.L in hand, it was next decided to attempt the Suzuki-Miyaura

homocoupling of triflate 3.1 to prepare bis-furonaphthopyran 2,78, a critical step

required for the subsequent formation of the regioisomer of crisamicin A 2.77 (Scheme

3.r2).
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Reagents and conditions: (i) a: 1.179, PdCl2(dppf), dppf, KOAc, dry dioxane, I l0 "C; b: 3.1,

Pdcl2(dppf), KrPO+, I l0'C (ii) Et.SiH, TFA (iii) BBrr.

Scheme 3.L2 Strategy route towards regioisomer of crisamicin A 2.77 via bis-Iactol

2.78

In a one-pot in sita homocoupling reaction, triflate 3.1 was reacted with

bis(pinacolato)diboron 1,179 in the presence of PdCl2(dppf), dppf ligand and a weak

base, KOAc in dry dioxane. Following the reaction by TLC showed complete

consumption of starting material 3.1 and a new spot, which fluoresced under UV light
consistent with the presence of a boronate. Thus the resulting boronate 3.7 was then

coupled in situ with another molecule of triflate 3.1 upon addition of more palladium

catalyst and a stronger base, K3POa in the hope of driving the homocoupling reaction to

completion to give the desired bis-lactol 2.78 (Scheme 3.13). Unfortunately, this

procedure afforded a complex mixture of products and the lH NMR spectrum of the

crude product mixture did not exhibit characteristic resonances for the desired bis-

furonaphthopyran 2.78.

H

regioisomer of crisamicin A2.77
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Reagents and conditions (i) 1.179, PdCl2(dppf), dppf, KOAc, dry dioxane, I l0 "C, 35 min (ii)

3.1, Pdcl2(dppo, KrPO+, I l0 "C,4 h.

Scheme 3.13 Anempted one-pot in situ preparation of dimer 2.78 from
furonaphthopyran 3.1 using the ntethod ofMiyaura et al.t6e

3.4 Summary and conclusions

Double furofuran annulation of bis-naphthoquinone 2.80 using 3 mol equivalents of 2-

trimethylsilyloxyfuran 1.88 was successful in furnishing bis-furonaphthofuran 2.79 as a

I:l mixture of diastereomers 2.79a and 2.79b in 4l%o yield. However, attempted

oxidative rearangement of bis-furonaphthofuran adducts 2.79 did not provide the

desired bis-furonaphthopyran 2.78.

Oxidation of triflate 2.81b gave an excellent yield of the corresponding naphthoquinone

3.3 which then underwent f'urofuran annulation using 1.5 mol equivalents of 2-

trimethylsilyloxyfuran 1.88 to give adduc t 3.2 in 7 4Vo yield.
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Oxidative rearrangement of furonaphthofur,an 3.2 using ceric ammonium nitrate wru

successfulin affording furonaphthop'yTan 3.1 in 62itr0 yiekd.

Disappointingly" aftempts to effect the Suzuki-Milraura homocoupling of
furonaphthsfuran 3,2 or furonaphthopyrarr 3,1 to binaphthyls 2J9 or 2.78 respwtively,

as r.equired for the subsequent preparation of the dcsited regioisorner of crisamicin A
2.7 7 w ere unsuccessftrl.

The syntheses of bis-furonaphthofuren adducts 2.79 and furonaphthopyran 5-1from his-

naphthoquinone 2"80 and triflate 2,81b respeetivetry, has been adrieved (Sohome 3.14

aud 3.15). However. it remains to effect successful corrvorsion of eaah of these key

intermediates to the desired regioisomet of crisamicn A2.77.
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*S*"".

;

i i iii' iu
Y'oH'

Reagents and canditions: (l) a: I.88 (3 equiv.), CHICN, 0 "C, I h; b: silica gel, EtOAc-hexane

(2:l),417o (ii) a: AgO (16 equiv.), 6 M HNO3, dioxane, l0 min, then repeated with one more

portion of AgO (16 equiv.), 6 M HNOr, l0 min OR b: CAN, CHTCN, HzO, 0 "C, l0 min (iii)

Et.1SiH, TFA, CH2CI2 (iv) excess BBrr.

Scheme 3.14 Synthe s is oJ' b is -furonap hthoJuran adducts 2.7 9 a and 2.7 9b

regioisomer of crisamicin A2:77
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qi,a.d

3.32.81b

regioisomer of crisamicin A2.77

Reagents and conditio,ns: (i) AgO (16 equiv.), 6 M HNOr, dioxane, l0 min, 967o (ii) a: 1.88 (1.5

equiv.), CHrCN,0 "C, I h; b: silica gel, EtOAc-hexane (2.5:7.5 then 4:6),74Vo. (ii|) CAN,

CH.rCN,HzO,0'C, 15 min,62Vo (iv)a: l.lT9,Pdcatalyst,ligand,KOAc,drydioxane, ll0"C;
b: 3.1, Pd catalyst, K.PO+, I l0'C (v) EtlSiH, TFA, CH2CI2 (vi) excess BBr1.

Scheme 3.15 Synthesis offuronaphthopyran 3.1



l5l

3.5 Future work

With bis-furonaphthofuran 2.79 and furonaphthopyran 3.1 in hand, it now remains to

effect a double oxidative rearrangement of 2.79 using other oxidising agents or a

Suzuki-Miyaura homocoupling of 3.1 using more powerful palladium(O) catalysts and

ligands to effect the formation of the desired bis-furonaphthopyran 2.78.

Double oxidative rearrangement of bis-furonaphthofuran 2,79 to the bis-lactol 2.78

could be attempted by the use of several alternative oxidising agents, such as

phenyliodine(III) bis(trifluoroacetate) (PIFA),20r phenyliodine(Itr) diacetate (PIDA),2ot

polymer-supported (diacetoxyiodo)benzene (PSDIB),202 Fremy's salt,203 iron

trichloride2@ or CrO.,2Os lscheme 3.l6),

Scheme 3.16 Proposed oxidative rearrangpment of adducts 2.79

Furonaphthopyran 3.1 can be used to investigate further attempts to effect a Suzuki-

Miyaura homocoupling catalysed by more highly active palladium(O) catalysts in the

presence of a suitable ligand to provide the desired bis-furonaphthopyran 2.78. For

example, Pd(dba)z and tricyclohexylphosphine L3 readily generate a palladium(0)-

tricyclohexylphosphine complex in situ which catalysed the cross-coupling reaction of
bis(pinacolato)diboron 1.179 with 4-chlorobenzaldehyde 3.8 to afford pinacolboronate

3.9 (Scheme3.l7).206



f\z-cr ---> oHca J-\<

P(FBu)3 L8

Reagents and conditio,ns: (i) 1.179 (l.l equiv.), Pd(dba)z (3 molvo), PCyr L3 (7.2 mol%o), KOAc

(1.5 equiv.), dry dioxane, 80 oC, 2 h,94o/o; L4 (3.3 mol%o): 78Vo; LS (7.2 mol%o): 687o;L6 (3.3

mol%o): l0%o; L7 (3.3 mol7o): 7l%o; L8 (7 .2 mol7o): 58To (ii) 3.8, Pd(dba)2 (3 molVo), K'POr
(1.5 equiv.), 80 "C.

Scheme 3.L7 Cross-coupling oJ'4-chlorobenzaldehyde 3.9 by Ishiyama et aI.2M

Five other phosphine ligands L4, L5, L6, L7 and L8 were also used to compare the

yields of pinacolboronate 3.9. Among the six phosphine ligands used, the less bulky

phosphine, PCyr L3, was found to give the best conversion to pinacolboronate 3.9. This

is because L3 is able to provide a more stable complex at high temperature.2oT Ishiyama

et a1.26 also demonstrated the use of Pd(dba)2 and L3 to catalyse the cross-coupling

reaction of bis(pinacolato)diboron 1.179 with highly electron rich aryl triflate 3.LL

affording pinacolboronate 3.12 in 83Vo yield (Scheme 3.18).

1s2

oHc

ii+ oHc

3.9

,10,
PCye L3

L5

L6 L7

3.10
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Possible further couplings of pinacolboronates 3.9 and 3.12 with the corresponding

electrophiles 3.8 and 3.11 could then be prompted by the addition of strong base, KrPO+

to give biaryls 3.10 and 3.13.

,:\ "-(/:\. /v'Hsco{ ,[or + H3coa J>-\+
3.U 3.12

ii_>

1.t79

Reagents and corditions: (i) f .179 ( l. I equiv.), Pd(dba): (3 mol%o), PCy3 L3 (7 .2 mol%), KOAc

( I .5 equiv.), dry dioxane, 80 oC, 2 h, 83Vo (ii) 3.11, Pd(dba)z (3 mol%o), K:POr ( 1.5 equiv.), 80

"c.

Scheme 3.18 Cross -coupling oJ'trijlate 3.Il by Ishiyama et al.zM

It is envisaged that Pd(dba)z and PCyr L3 could be used to effect the Suzuki-Miyaura

homocoupling of our electron rich system, furonaphthopyran 3.1, to furnish the desired

bis-furonaphthopyran 2.78 (Scheme 3. I 9).
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,10,

Reagenrs and conditions: (i) a,: 1.179 ( | .l equiv.), Pd(dba)z (3 rnolTo), PCyr L3 (7.2 mol%o),

KOAc (1.5 equiv.), dry dioxane, 80oC; b:3.1, Pd(dba)z (3 mol%o), KrPOq(1.5 equiv.),80'C.

Scheme 3.19 Proposed homocoupling of furonaphthopyran 3.1 wing Pd(dba)z and PCyr

B

The activity of o-(di-rerr-butylphosphino)biphenyl ligand L5 was also demonstrated by

Buchwald et a1.208 with the catalyst Pd(OAc)z in the Suzuki coupling reaction of aryl

halides. Studies revealed that a mixture of ligand L5 with the catalyst Pd(OAc)z (0.5-1.0

molVo) was able to catalyse the coupling reaction of arylboronic acids and aryl halides

using KF or CsF2Oe as the base in dry THF at room temperature. Other examples

included mixtures of Pd(OAc)z or Pd:(dba)r in the presence of ligands o-

(dicyclohexylphosphino)biphenyl Ll, 2-(dimethylamino)-2'-dicyclohexylphosphino-

biphenyl L2 or o-(di-tert-butylphosphino)biphenyl ligand LS 2r0 (Figure 3.2). Ligand Ll
also demonstrated successful Suzuki couplings of hindered substrates and provided

efficient reactions using very low catalyst loadings.2ll

Ll

Figure 3.2 Ligands LI,

NMe2

L2 and L5 usetl by Buchwalcl et al.ao$ for coupling reactions
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The use of catalysts Pd(OAc)2 or Pd2(dbah with the ligands Ll or L5 for the Suzuki-

Miyaura homocoupling of furonaphthopyran 3.1 (Scheme 3.20) is highly recommended

because these highly electron rich ligands are able to improve the rate of the oxidative

addition step, thus keeping the palladium(0) in solution. The steric bulk of the ligands

also improves the rate of reductive elimination and maximises the quantity of
palladium(0)-ligand complexes, thus increasing the rate of transmetalation.

1.179

Reagents and conditions: (i) a: 1.179 ( l.l equiv.), Pd(OAc)z OR Pd2(dba).r (l molTo), Ll OR L5

(2.O mol%o} KOAc (2.0 equiv.), dry THF; b: 3.1, Pd(OAc)z OR Pdz(dba)r (l molTo), KF (3.0

equiv.) OR K3PO4(2.0 equiv.).

Scheme 3.20 Proposed homocoupling of furonaphthopyran 3.1 using Pd(OAc)z OR

Pdz(dba)tand, LI OR Ls

Another possible method for the homocoupling of furonaphthopyran 3.1 is to use a
palladium-imidazolium salt system, as such a catalytic system is formed in situ from
Pd(OAc)z and imidazolium chloride 3.14 (Scheme 3.21).2r2 The reaction time can also

be shortened by carrying out the reaction with microwave heating.

t+

L5
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The use of N,N'-disubstituted irnidazolium salt 3.14 is favourable for the coupling step

because when it is deprotonated, an excellent ligand L9 (a N-heterocyclic carbene)

(Scheme 3.2L)7t3 is afforded which then generates an electron rich palladium(0)-ligand

complex with Pd(OAc)2 that then facilitates the oxidative insertion process.

Reagents and conditions: (i) a:1.179 (1.16 equiv.), Pd(OAc)z (3 molTo),3.14 (6 mol%o), KOAc

(2.5 equiv.), dry THF, reflux OR microwave heating; b: 3.1, Pd(OAc)z (3 mol%o), K1PO4 (2.5

equiv.), reflux OR microwave heating.

Scheme 3.21 Proposed homocoupling oJ' Juronaphthopyran 3.1

Iigand L9 under reflux OR microwave heating

Pd(OAc)z and

With bis-furonaphthopyran 2.78 in hand, ionic reduction using triethylsilane and

trifluoroacetic acid in dichloromethaneTs would then effect the formation of the bis-

cyclic ether 3.15 (Scheme 3.22).

i

-t>

using

".. P
B_Bd\
1.t79
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{r

Reagents and conditions: (i) EtrSiH, TFA, DCM.

Scheme 3.22 Proposed ionic reduction of bis-furonaphthopyran2,TS

The ionic reduction step of bis-lactol 2.78 could also be carried out by using

triethylsilane and boron trifluoride diethyl etherate in a solution of acetonitrile-

dichloromethane2la or acetonitrile2r5 at -40 "C or in a solution of acetonitrile at 0 "C.216

Subsequent treatment with excess boron tribromide will then effect deprotection of tho

methyl ether and epimerisation at C-5 to complete the synthesis of the regioisomer of
crisamicin A2.77 (Scheme 3.2T.



Reqgemts tlrd eonditlonst (i) excess BB4.

Scheme 3'J3 Proporcd. fmal srcp rowurds regiaisorner af ertsauaieln

ephnerisatlan af 3"15

158

A ?,77 ,W

regioieomer of erisamibin A 2.n
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Chapter Four

Experimental
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4.1 General experimental methods

Low resolution mass spectra were rccorded on a VG-7OSE mass spectrometer at a

nominal accelerating voltage of 70eV. High resolution mass spectra were recorded at a

nominal resolution of 5000 or 10000 as appropriate. All spectra were obtained by either

DEI or FAB ionisation techniques using perfluorokerosene as the internal standard.

Melting points were recorded on a Reichart-Kofler block and are uncorrected.

Infrared spectra were obtained using a Perkin Elmer spectrum 1000 Fourier Transform

Infrared spectrometer as a thin film between sodium chloride plates. Analytical thin

layer chromatography was performed using 0.2 mm plates of KieselgelFZl4 (Merck) or

0.2 mm plates of aluminium oxide N (Macherey-Nagel) as indicated. Flash

chromatography was carried out on Kieselgel s 0.063-0.1 mm (Riedel-de-Hahn) silica

gel or 30-60 mesh (Sigma) florisil as indicated.

NMR spectra were recorded as indicated on either a Bruker AC200 spectrophotometer

operating at 200 MHz for rH nuclei and 50 MHz for l3C nuclei or on a Bruker DRX300

spectrophotometer operating at 300 MHz for rH nuclei and 75 MHz for r3C nuclei or on

a Bruker DRX400 spectrophotometer operating at 400 MHz for rH nuclei and 100 MHz

for r3C nuclei. Chemical shifts are reported in parts per million (ppm) relative to the

tetramethylsilane peak recordecl as ppm in CDCIi/SiMe4 solvent. The l3C values were

referenced to the residual chloroform peak at 6 77.0 ppm. t3C values are reported as

chemical shift, multiplicity and assignment. The lH values were referenced to the

residual chloroform peak at 6 7 .26 ppm. 'H NMR shift values are reported as chemical

shift, relative integral, rnultiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,

multiplet; dd, doublet of doublets), coupling constant (J,Hz) and assignment.

Analytical reverse phase HPLC was run on a Waters 600 HPLC photodiode anay

system using a Cl8 column (Alltech 3 micron econosphere 33 x 7 mm) and eluting

with aqueous TFA (O.O5Vo) through to acetonitrile. Aqueous TFA (0.05Vo) has a pH of

-2.5.

AII solvents used were purified according to standard procedures where necessary.

Chemical reagents used were either purchased from standard chemical supplies and

used as purchased or purified by standard techniques.
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4.2 Synthesis of naphthol 2.6

3-Bromo-4-hydroxy-5-methoxybenzaldehy de 2.26

This preparation is adapted from the method of Dorn, Warren, and Bullock.lTs

---------->

A solution of bromine (2.5 mL,0.049 mol) in glacial acetic acid (10 mL) was added to a

cooled sofution of vanillin 1,271 (6.84 g, 0.045 mol) in glacial acetic acid (20 mL) and

the resultant mixture left to stir for 3 h. Water ( 100 mL) was then added and the reaction

mixture filtered to afford a light orange/beige solid which was recrystallised from

ethanol to yield the title compound 2.26 (7.67 g,74Vo) as pale beige prisms, m.p. 162-

163 "C, 1lit.,r?s m.p. I63-164 uC (ethanol)l; 6H (200 MHz, CDCI3) 3.gg (3 H, s, OCH3),

6.51 (1 H, s, OH), 7.36 (l H, d, Jo.z 1.7 Hz, H-6), 7.64 (l H, d, Jz.o 1.7 Hz,H-2),9.79 (1

H, s, CHO); 6c (100 MHz, CDCIr) 56.6 (CHr, OCHI), 108.0 (CH, C-6), 108.2 (quat., C-

3), 130.0 (quat., C-l), 130.1 (CH, C-2), 147.7 (quat., C-5), 148.9 (quat., C-4), 189.6

(CH, C=O).

3-Bromo-4 - (t e rt -batyldimethylsilyloxy) -S-methoxybenzaldehyd e 2.27

a) Use of N,N-dimethylfurmamide as solvent

This preparation is adapted frorn the method of Corey and Venkateswarlu.2lT

#

CHs
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To a stined solution of 3-bromo-4-hydroxy-5-methoxybenzaldehyde 2.26 (1.01 g, 4.38

mmol) and imidazole (0.75 g, 0.01I mol) in dry N,N-dimethylformamide (35 mL) was

added r-butylchlorodimethylsilane (0.996 9,6.61 mmol) and the mixture was left to stir

overnight at room temperature under a nitrogen atmosphere. The reaction mixture was

poured into water (50 mL) and extracted with diethyl ether (3 x 50 mL). The combined

organic extracts were washed with water (100 mL) and brine (100 mL) then dried over

magnesium sulfate and concentrated to a yellow-green oil (1.73 g) which solidified on

standing. The solid was dissolved in ethyl acetate-hexane (2:8) (50 mL) and filtrated

through a pad of silica gel with ethyl acetate-hexane (2:8) as eluent, giving a yellow oil

(1,34 g,88Vo). The crude product was purified by flash column chromatography using

l:9 ethyl acetate-hexane as eluent then recrystallised from methanol giving the title

compound 2.27 (0.80 g, 53Vo) as colourless plates, m.p. 58-60 oC, 
1lit.,r68 m.p. 58-59.5

'C); 6n (200 MHz, CDCIr) 0.25 (6 H, s, SiCHr), L04 (9 H, s, f-Bu), 3.87 (3 H, s,

OCHr), 7.32 (l H, d, "/6.2 1.8 Hz, H-6), 7.63 (l H, d, Jz.o 1.8 Hz, H-2), 9.79 (l H, s,

CHO); 6c (50 MHz, CDCh) -3.7 (CHr, SiCHr), 18.3 (quat., r-Bu), 25.8 (CHr, r-Bu),

55.3 (CH3, OCHr), 108.7 (CH, C-6), 115.8 (quat., C-3), 129.8 (CH, C-2), 130.5 (quat.,

C-l), 148.0 (quat., C-4), 151.5 (quat., C-5), 189.8 (CH, C=O).

(b) Use of dichloromethane as solvent

This preparation is adapted from the method of Giles et al.t68

Solid rerr-butylchlorodimethylsilane (0.265 g, 1.76 mmol) was added to a stirred

solution of 3-bromo-4-hydroxy-5-rnethoxybenzaldehyde 2.26 (0.226 g, 0.978 mmol),

imidazole (0.167 g,2.45 mmol) and 4-(dimethylamino)pyridine (5.98 mg, 0.049 mmol)

in dry dichloromethane (10 rnl-) at room temperature under a nitrogen atmosphere for

l8 h. The reaction mixture was diluted with more dichloromethane (10 mL), washed

with brine (10 mL), then dried over magnesium sulfate and concentrated at reduced

pressure to give a yellow-green oil. Further purification by flash column

chromatography using l:9 ethyl acetate-hexane as eluent gave the title compound 2.27

(0.297 g,88Vo) as a colourless solid, m.p. 58-60 "C. The 'H nmr data were in agreement

with those reported above.
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3-B romo-4 -(tert-butyldimethylsilyloxy) -S-methoxyphenyl forma te 2.28

This preparation is adapted from the method of Giles et al.t68

A mixture of 3-bromo-4-(tert-butyldimethylsilyloxy)-5-methoxybenzaldehyde 2.n
(0.55 g, 1.59 mmol) and m-chloroperoxybenzoic acid (70Vo) (0.596 g,2.42 mmol) in

dichloromethane (50 mL) was heated under reflux for 2 h then left overnight at room

temperature, The reaction mixture was concentrated at reduced pressure and the residue

redissolved in ethyl acetate (30 mL). The organic solution was washed with saturated

sodium bicarbonate solution (5 x 30 mL) and brine (30 mL) then dried over magnesium

sulfate and concentrated at reduced pressure to afford an orange solid. This solid was

purified by flash column chromatography using 2:8 ethyl acetate-hexane as eluent to

give the title compound 2.28 (0.37 g, 65Vo) as a pale yellow oil for which the nmr data

were in agreement with that reported in the literature.r6s 6" 1200 MHz, CDCI3) 0.19 (6

H, s, SiCHr), l.0l (9 H, s, r-Bu), 3.74 (3 H, s, OCHI), 6.59 (1 H, d, Jo.z23 Hz, H-6),

6.91 (l H, d, J2,6 ZJl Hz,H-2),8.22 (l H, s, OCHO); 6c (50 MHz, CDCI3) -3.7 (CHr,

SiCHr), 18.6 (quat., r-Bu), 25.9 (CHr, r-Bu),55.4 (CHr, OCH3), 104.6 (CH, C-6), 114.8

(quat., C-3), I l7.l (CH, C-2), 143.2 (quat., C-l), 147.2 (quat., C-4), l5l.l (quat., C-5),

159.1 (CH, OCHO). Further fractions (0.108 g and 80 mg) were identified as mixtures

of the title compound 2.28 and unreacted rt-chloroperoxybenzoic acid.
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(4-B enzyloxy-2-bromo-6-methoxyphenoxy) -t ert -butyldimethylsilan e 2.29

This preparation is adapted from the method of Giles et al.t68

A solution of 3-bromo-4-(tert-butyldimethylsilyloxy)-5-methoxyphenyl formate 2.28

(0.37 g, 1.03 mmol) in methanol (30 mL) was treated with anhydrous potassium

carbonate (0. l5 g, I . 10 mmol) followed after 20 min by benzyl bromide (0.20 mL, 1.68

mmol). After stirring the resultant mixture overnight at room temperature under a

nitrogen atmosphere, the solvent was reduced in volume under reduced pressure, then

water (30 mL) was added followed by I M HCI solution (10 mL). The mixture was then

extracted with diethyl ether (3 x 50 mL), washed with water (50 mL) and brine (30 mL)

then dried over magnesium sulfate and concentrated to yield a light orange oil. Flash

column chromatography using 5:95 ethyl acetate-hexane as eluent gave the title

compound 2.29 (0.33 E, 75Vo) as a colourless oil for which the nmr data were in

agreement with those reporred in rhe lirerarure.r6s 6" (ZOO MHz, CDCII) 0.18 (6 H, s,

SiCHr), 1.02 (9 H, s, r-Bu) , 3.73 (3 H, s, OCHI), 4.95 (2 H, s, OCH), 6.46 (1 H, d, J5.3

2.9 Hz, H-5), 6.71 (l H, d,,/:l,s 2.9 Hz,H-3),7.35-7.42 (5 H, h, PhH); 6c (50 MHz,

CDCI3) -3.9 (CHr, SiCHr), 18.6 (quat., t-Bu), 26.0 (CHl, r-Bu),55.2 (CH3, OCH:), 70.7

(CHz, OCHz), 100.3 (CH, C-5), 109.1 (CH, C-3), 114.9 (quat.,C-2), 127.7 (CH,C-2'

and C-6'), 128.1 (CH, C-4), 128.6 (CH, C-3' and C-5'), 136.7 (quat., C-l'), 137.4 (quat.,

C-l), 151.5 (quat., C-6), 153.2 (quat., C-4).

ocH3
2.28
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4-Benzyloxy-2-bromo'6-methoxyphenol 2.31

a) Use of solid tetrabutylammonium fluoride trihydrate

This preparation is adapted from the method of Giles et al.t68

+
tBuMe2

ocH3 ocH3
2.29 2.31

Solid tetrabutylammonium fluoride trihydrate (0.30 g, 0.951 mmol) was added to a

stirred solution of (4-benzyloxy-2-bromo-6-methoxyphenoxy)+ert-butyldimethylsilane

2.29 (0.193 g, 0.456 mmol) in dry tetrahydrofuran (5 mL) under a nitrogen atmosphere.

After 1.5 h, excess solvent was rernoved under reduced pressure then water (30 mL)

added and the mixture extracted with diethyl ether (2 x 60 mL). The combined organic

extracts were washed with water (30 rnl-) and brine (30 mL) then dried over magnesium

sulfate. The solvent was rcmoved under reduced pressure to give a dark orange oil

which was purified by flash column chromatography using 2:8 ethyl acetate-hexane as

eluent to afford the title compound 2.31 (0.12 g,84%io) as a pale yellow oil for which the

nmr data were in agreement with those reported in the literature.l6t 6r (ZOO MHz,

CDCI3) 3.83 (3 H, s, OCH},4.96 (2 H, s, OCHz), 5.50 (l H, s, OH), 6.51 (1 H, d, uI5.3

21 Hz, H-5),6.69 (l H, d, Jt.s2.l Hz, H-3), 7.33-7.40 (5 H, m, ArH);6c (50 MHz,

CDCI3) 56.2 (CHr, OCH:),70.8 (CH2, OCHz), 100.0 (CH, C-5), 107.6 (CH, C-3), 108.9

(quat.,C-2), 127.6 (CH,C-2'andC-6'), 128.1 (CH,C-4'), 128.6(CH,C-3'andC-5'),

136.6 (quat., C-l'), 137.7 (quat., C-l), 147.6 (quat., C-6), 152.5 (quat.,C-4).

b) Use of 1.0 M solution tetrabutylammoniumfluoride trihydrate in tetrahydrofuran

To a stirred solution of (4-benzyloxy-2-bromo-6-methoxyphenoxy)-tert-

butyldimethylsilane 2.29 (0.20 g,0.479 mmol) in dry tetrahydrofuran (5 mL) was added

tetrabutylammonium fluoride trihydrate (0.96 mL of a 1.0 M solution in

tetrahydrofuran, 0.96 mmol). After stirring at room temperature under a nitrogen

atmosphere for 1.5 h, excess solvent was rernoved from the reaction mixture under

reduced pressure then water (30 rnl-) was added and the mixture extracted with diethyl

ether (2 x 60 mL). The combined organic extracts were washed with water (30 mL) and

ocH3
2.29
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brine (30 mL) then dried over magnesium sulfate. The solvent was removed under

reduced pressure to give a dark orange oil which was purified by flash column

chromatography using 2:8 ethyl acetate-hexane as eluent to give the title compound 2.31

(0.11 g, 74 Vo) as a pale yellow oil. The'H nmr data were in agreement with those

reported above.

4-Benzyloxy-2-bromo-6-methoxyphenyl toluene-p-sulfonate 2.30

This preparation is adapted frorn the method of Giles et al.t68

-----+

To a stirred solution of 4-benzyloxy-2-bromo-6-methoxyphenol 2.31 (1.56 g, 5.05

mmol) in dry tetrahydrofuran (80 mL) was added solid sodium hydride (95Vo) (0.50 g,

20.8 mmol) at room temperature over I h. Toluene-p-sulfonyl chloride (1.73 g,9.08

mmol) was then added and the reaction mixture left to stir overnight under an

atmosphere of nitrogen. The reaction mixture was then poured into water (50 mL) and

extracted with diethyl ether (2 x 100 mL). The combined organic extracts were washed

with water (2 x 100 mL) and brine (100 mL) then dried over magnesium sulfate and

concentrated under reduced pressure to afford a beige solid. The solid was then purified

by flash column chromatography using 2:8 ethyl acetate-hexane as eluent to give the

title compound 2.30 (2.27 g, 97Vo) as a colourless solid, m.p. 142-1 43 oC, (lit.,l68 m.p.

140.5-143 oC); 5H (200 MHz, CDCh) 2.46 (3 H, s, CHr), 3.57 (s, 3 H, OCH:),4.99 (2

H, s, OCHz),6.48 (l H, d, Js:2.7 Hz, H-5), 6.'74 (l H, d, Jr2.7 Hz, H-3), 7.34 (2H, d,

J 7.3 Hz, ArH), 7.36-7.40 (5H. m, PhH), 7.87 (2H, d, J 7.3 Hz, ArH); 6c (SO MHz,

CDCI3) 21.7 (Cfu),55.9 (CHr, OCH.r), 70.7 (CHz, OCHz), 100.4 (CH, C-5), 109.5 (CH,

C-3), I 18.4 (quat., C-2), 127.6 (CH, C-2" and C-6"), 128.3 (CH, C-4"), 128.5 (CH, C-2'

andC-6'), 128.7 (CH, C-3" and C-5"), 129.3 (CH, C-3'and C-5'), 131.9 (quat., C-l),

134.9 (quat., C-4'), 135.9 (quat.. C-1"), 144.8 (quat., C-l'), 154.0 (quat., C-4), 157.8

(quat., C-6).
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7-Benzyloxy-4,5-dimethoxynaphthalen-1 - ol 2.6

a) Use of n-butyllithium

This preparation is adapted from the method of Giles, Hughes and Sargent.lT6

--------->

A solution of n-butyllithiurn (0.54 mL of a 1.6 M solution in hexane, 0.857 mmol) was

added to a stirred solution of 4-benzyloxy-2-bromo-6-methoxyphenyl toluene-p-

sulfonate 2.30 (0.209 g,0.451 mmol) and 2-methoxyfuran 2.32 (0.084 mL,0.90 mmol)

in dry tetrahydrofuran (10 mL), under an atmosphere of nitrogen at -100 "C. The

solution was stirred at-100 oC for 13 min then allowed to warm to room temperature

for 2 h. The mixture was acidified by the addition of conc. HCI (-6 drops), stirred at

room temperature for 15 min. then poured into water (2 mL), extracted with ethyl

acetate (2 x 50 mL), washed with water (20 mL) and brine (20 mL) then dried over

magnesium sulfate. Concentration urnder reduced pressure afforded a red-orange oil

which was purified by flash column chromatography using 2:8 ethyl acetate-hexane as

eluent to yield:

,:;"
(i) 4-Benzylory-2-methoxyphenyl toluene-p-sulfonate 2.30b (0.058 g,34Vo) as a dark

orange oil. u,nu* (neat) 2340 (O-CH3), 1380 (SO2-O) cm-t; 6u (200 MHz, CDCI3) 2.M (3

H, s, CHr),3.49 (3 H, s, OCHr),5.01 (2 H, s, OCHz), 6.42-6.48 (2 H, m, H-5 and H-6),

7.03-7.08 (l H, s, H-3), 7.3l-7.42 (7 H, m, ArH and PhH), 7.74 (2 H, d, J 8.3 Hz, AX).

(ii) 7-Benzyloxy-4,5-dimethoxynaphthalen-l-ol2.6 (84 mg,60Vo) as a dark green solid,

m.p. 155.2-156.8 oC. The 'H nmr data were in agreement with those reported in the

ocH3
2.30
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literature.16* 6" (zoo MHz, cDClr) 3.90 (3 H, s,4-ocH3),3.95 (3 H, s,5-ocH3), 5.lB

(2 H, s, OCHz), 6.57 (l H, d, J3.2 8.3 Hz, H-3), 6.63 (1 H, d, Je.s2.4 Hz, H-6), 6.73 (l H,

d,Jz.t 8.3 Hz, H-2),7.18 (l H, d, Js.o 2.3Hz,H-8),7.34-7.52(5 H,ffi, PhH);6c (50

MHz, CDCI3) 56.2 (CHr, OCHr),57.3 (CH:, OCHr), 69.7 (CHz, OCHz),94.0 (CH, C-

6), 99.8 (CH, C-8), 104.9 (CH, C-3), 109.5 (CH, C-2), I14.3 (quat., C-4a), 127.8 (CH,

C-2'and C-6'), 128.0 (CH, C-4'), 128.3 (quat., C-8a), 128.5 (CH, C-3'and C-5'), 136.8

(quat., C-l'), 144.7 (quat., C-l), 151.3 (quat., C-4), 157.1 (quat., C-7), 158.1 (quat., C-

s).

b) Use of t-butyllithium

A solution of t-butyllithium (0.694 mL of a 1.62 M solution in hexane, l.l2 mmol) was

added to a stirred solution of 4-benzyloxy-2-bromo-6-methoxyphenyl toluene-p-

sulfonate 2.30 (0.217 g, O.468 rnmol) and 2-methoxyfuran 2.32 (0.086 mL, 0.94 mmol)

in dry tetrahydrofuran (10 mL), under an atmosphere of nitrogen at -100 "C. The

solution was stirred at -100 
oC for 13 min then allowed to warm to room temperature

for 2 h. The mixture was acidified by the addition of conc. HCI (-6 drops), stirred at

room temperature for 15 min, then poured into water (2 mL) and extracted with ethyl

acetate (2 x 5O mL). The organic extracts were washed with water (20 mL) and brine

(20 mL) then dried over magnesium sulfate and concentrated at reduced pressure

affording a red-orange oil which was purified by flash column chromatography using

2:8 ethyl acetate-hexane as eluent to yield 7-benzyloxy-4,5-dimethoxynaphthalen-l-ol

2.6 (80 mg,57Vo) as a dark green solid. The rH nmr data were in agreement with those

reported above.
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4.3 Synthesis of triflate 2.9a

7-Benzyloxy-4n5-dimethoxynaphthalen-1-yl acetate 2.33a

This preparation is adapted from the method of Giles et al.t68

_*

To a stirred solution of 7-benzyloxy-4,5-dimethoxynaphthalen-l-ol 2,6 (78 mg, 0.251

mmol) in dry pyridine ( 1.5 mL) under a nitrogen atmosphere was added acetic

anhydride (0.036 mL, O.377 rnmol) and the mixture left to stir overnight at room

temperature. Diethyl ether (60 mL) and water (15 mL) were then added. The aqueous

layer was removed and the organic layer was washed with I M HCI (30 mL), water (30

mL), sat. sodium bicarbonate (30 mL), water (30 rnl-), brine (30 mL) then dried over

magnesium sulfate and concentrated at reduced pressure to yield a yellow-brown solid.

Further purification by flash column chromatography using 3:7 ethyl acetate-hexane as

eluent gave the title compound 2.33a (65 mg,737o) as a yellow solid, m.p. 108-109 "C,

1lit.,r68 m.p. 109-109.5 "C); 6H (200 MHz, CDCI3) 2.38 (3 H, s, COCH1i:,,3.94 (6 H, s, 2

x OCHr), 5.15 (2 H, s, OCH), 6.61 ( I H, d, Jos 2.3 Hz, H-6), 6.66 (l H, d, ulr.z 8.5 Hz,

H-3),6.13 (l H, d, le.o2.3 Hz, H-8), 7.09 (l H, d, ,Iz.-r 8.5 Hz, H-2),7.34-7.51 (5 H, ffi,

PhH);6c (50 MLlz, CDCI3) 21.0 (CHr, COCHr),56.4 (CHr,OCHI),56.6 (CHr,OCHI),

70.1 (CH2, OCHz), 93.5 (CH, C-6), 99.6 (CH, C-8), 103.3 (CH, C-3), I14.3 (quat., C-

4a),Il9.l (CH, C-2), 127.6 (CH, C-2'and C-6'), 128.1 (CH, C-4'), 128.6 (CH, C-3'and

C-5'), 130.7 (quat., C-8a), 136.6 (quat., C-l'), 139.2 (quat., C-1), 155.3 (quat., C-4),

15:7.9 (quat., C-7), 158.8 (quat., C-5), 169j (qaat., C=O). The nmr data were in

agreement with those reported in the literature.l68
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7-Hydroxy-4,5-dimethoxynaphthalen-1-yl acetate 2.5a

-+

A solution of 7-benzyloxy-4,5-dimethoxynaphthalen-l-yl acetate 2.33a (63 mg, O.I79

mmol) in ethyl acetate (8 mL) was stirred under an atmosphere of hydrogen over

palladium on charcoal (10Vo,80 rng, 0.75 mmol). After 5 h, the mixture was filtered

through celite and the solvent was removed in vacuo to give a green-white solid. The

solid was purified by flash column chromatography using gradient elution (from 3:7 to

6:4to 8:2 ethyl acetate-hexane) to afford the title compound 2.5a (38 mg,8l7o) as an

off-white solid, m.p. 178-180 oC; 
[Found (EI): M*, 262.0840; C1aH1aO5 requires ly',

262.08411; u,no* (CH2CI2 solution) 3200 (OH) , 1765 (C=O) cm-r; 6H (200 MHz, CDCIg)

2.35 (3 H, s, COCHr),3.88 (3 H, s,4-OCHr),3.93 (3 H, s,5-OCHI),5.71 (l H, s, OH),

6.47 (l H, d, ,16,6 2.3 Hz, H-6), 6.62 ( I H, d, h.z 8.5 Hz, H-3), 6.64 (l H, d, ,/s.o 2.3 Hz,

H-8), 7.06 (l H, d, Jz,t 8.5 Hz, H-2);6c (50 MHz, CDCI3) 2O.9 (CH3, COCH3), 56.3

(CHr, OCHr), 56.5 (CHr, OCHr), 95.9 (CH, C-8), 98.9 (CH, C-6), 102.9 (CH, C-3),

113.6 (quat., C-4a), 119.2 (CH, C-2), 130.9 (quat., C-8a), 139.0 (quat., C-l), 155.0

(quat., C-4), 155.4 (quat., C-7), 159.1 (quat., C-5), 170.2 (quat., C=O); m/2262 (M",

28Vo),22O (M-CzHzO, 100), 205 (7), 117 (ll), 147 (7).

4,5-Dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-1-yl acetate2.ga

OAc

OAc OAc

____t>
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Trifluoromethanesulfonic anhydride (0.007 rnl-. 0.04 mmol) was added to a mixture of

7-hydroxy-4,5-dimethoxynaphthalen-l-yl acetate 2.5a (8.6 mg, 0.033 mmol) and dry

triethylamine (0.006 mL, 0.04 mmol) in dry dichloromethane (0.8 mL). The mixture

was stirred at 10 oC for 18.5 h, then the solvent was removedunderreducedpressure

and chloroform (50 mL) added. The organic layer was washed with water (25 mL) and

separated. The aqueous layer was extracted with chloroform (50 mL). The combined

organic layers were dried over magnesium sulfate and concentrated at reduced pressure

to give a dark brown-orange oil which was purified by flash column chromatography

using 3:7 ethyl acetate-hexane as eluent to give the title compound 2.9a (1O.6 mg,82Vo)

as an off-white solid, m.p. 132-134'C; (Found: C,45.9: H, 3.6. C15H13F3O7S requires

C, 45.7: H, 3.3); [Found (EI): M", 394.0331; CrtHrrFrOTS requires ltf ,394.0334]; u*o*

(CHzClz solution) 1763 (C=O), 1422 (SOz-O)" l2l5 (C-F), 1040 (C-O) cm-r; 6s (200

MHz, CDCI3) 2.42 (3 H, s, COCHi,3.94 (3 H, s, 4-OCHr), 3.97 (3 H, s, 5-OCH3), 6.69

( I H, d, Jo.a 2.2 Hz, H-6), 6.85 ( I H, d, 
"/-r,z 8.3 Hz, H-3), 7 .24 (l H, d, JzJ 8.3 Hz, H-2),

7.25 (l H, d, Js,o 2.2H2, H-8); 6c (50 MHz, CDCI3) 20.9 (CH3, COCHg), 56.7 (CHr, 2 x

OCHr), 100.2 (CH, C-8), 104.9 (CH, C-6), 106.4 (CH, C-3), 117.3 (quat., C-4a), 120.5

(CH, C-2), 129.7 (quat, C-8a), 139.7 (quat., C-l), 148.1 (quat.,C-4), 155.4 (quat.,C-7),

159.7 (quat., C-5), 169.5 (quat., C=O); m/2.394 (M+, AEo),352 (M-CsFIr, 100), l9l
(67).

4.4 Attempted Fries rearrangements on triflate 2.9a

7-Acetyl-8-hydroxy-4n5-dimethoxy-naphthalen-2-yl trifluoromethanesulfonate2.Ta

a) Use of boron tffiuoride diethyl etherate

OAc
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4,5-Dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-l-yl acetate 2.9a (13 ffig,

0.033 mmol) was heated in a sand bath (160 "C) until all of the solid melted. The liquid

was stirred and boron trifluoride diethyl etherate (0.005 mL, 0.04 mmol) was added

rapidly. The reaction mixture was left to stir vigorously until it solidified. After 2 min,

the reaction mixture was left to cool for 3 min.. Then, dichloromethane (2 mL) and

water (l mL) were added and stirred for another I0 min. The reaction mixture was then

poured into l:2 dichloromethane/water (27 mL). The aqueous layer was separated and

extracted with dichloromethane (2 x 30 mL). The combined organic extracts were

washed with water (2 x 15 mL), dried over magnesium sulfate and concentrated in

vacuo to a dark brown oil. Further purification by flash column chromatography using

2:8 ethyl acetate-hexane as eluent yielded:

(i) A l:4 mixture of 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-l-yl

acetate 2.9a (the tH nm. data were in agreement with those reported above) and 5,8-

dihydrory-4-methoxynaphthalen-2-yl trifluoromethanesulfunate 2.54 (2 mg) as a pale

green oil. [Found (EI): M+,338.0068; Cs2HeFrO6S requires lr'f,338.0072];6n (300

MHz, CDCI3) 4.09 (3 H, s, OCHr),5.31 (l H, s, 8-OH),6.68 (l H, d, Jr,r 2.3H2, H-3),

6.77 (l H, d, uir6,7 8.3 Hz, H-6), 6,83 ( I H, d, h.o 8.3 Hz, H-7),7.70 (l H, d, ,I1.3 2.3 Hz,

H-l), 8.66 (l H, s, 5-OH); mk 338 (M", 42Eo), 205 (M-CF3SO2, l0), 162 (M-

CrHrFgOqS,29).
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(ii) A l:2.5 mixture of the 7-acetyl-8-hydrory-4,5-dimethory-naphthalen-2-yl

trifluoromethanesulfonate 2.7a and 7-acetyl-5,8-dihydroxy-4-methory-naphthalen-2-yl

trifluoromethanesulfonate 2.55 (2 mg) as a yellow oil. 7-Acetyl-8-hydroxy-4,5-

dimethoxynaphthalen-Z-yl trifluoromethanesulfonate 2.7a: [Found (EI): M*,

394.0340; CrsHrrFrOTS requires M- " 394.03341; u,n", (CHzClz solution) 3325 (OH),

1763 (C=O), 1425 (SOz-O), l2l5 (C-F), 1043 (C-O) cm-r; 6H (300 MHz, CDCI3) 2.70

(3 H, s, COCHI), 3.90 (3 H, s, S-OCHr), 3.99 (3 H, s, 4-OCHr), 6.72 (l H, d, ft.12.4H2,

H-3),7.04(l H,s,H-6),7.69 (lH,d, Jt.t2.4Hz,H-l),13.4(1 H,s, OH);rn/2394(M+,

36Vo), 352 (M-C2H2O, 100), 219 (M-CrHzFrOrS, 2l): 7-acetyl-5,8-dihydroxy-4-

methoxynaphthalen-2-yl trifluoromethanesulfonate 2.55: fFound (EI): M*,

380.0174; Cr+HrrFrOzS requires M+, 380.01781; u,,,* (CHzClz solution) 3320 (OH),

1762 (C=O), 1422 (SO2-O), l2l3 (C-F), 1045 (C-O) cm-r; 6H (300 MHz, CDCh) 2.66

(3 H, s, COCHr), 4.06 (3 H, s, OCHr), 6.78 ( 1 H, d, Jtt 2.3 Hz, H-3), 7 .13 (l H, s, H-6),

7.66 (l H, d,,/1,3 2.3Hz,H-l),9.72 (l H, s, 8-OH), 13.4 (l H, s,5-OH); m/2380 (M*,

ll%o), 338 (M-C2H2O, l4), l9l (M-C4HaFrOrS, 95).

b) Use of AlCh in nitromethane at -10 t

To a solution of 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-l-yl acetate

2.9a (13 mg, 0.033 mmol) in dry nitromethane (0.l2 mL) was added dropwise a mixture

of aluminium chloride (35 rng, 0.264 mrnol) in dry nitromethane (0. | 6 mL) over 4 min

at -10 oC under an atmosphere of nitrogen. The reaction mixture was left to warm to

room temperature with stirring over 4 h. The mixture was quenched with ice-cold 5 M

HCI (5 mL), extracted with ethyl acetate (15 mL), washed with saturated sodium

bicarbonate (2 x l0 mL), brine (3 x l0 mL), dried over magnesium sulfate and

concentrated to give a dark brown oil. Further purification by flash column

chromatography using 2:8 ethyl acetate-hexane as eluent yielded:

(i) 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalene-l-yl acetate 2.9a (2 mg)

as an off-white solid, m.p. 132-134 "C.TherH nmrdatawere in agreement with those

reported above.
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(ii) 8-hydroxy-4,5-dimethoD,naphthalen-2-yl tifluoromethanesulfunate 2.56 (8 mg) as a

pale yellow solid, m.p. 66-68 "C; [Found (EI): M*, 352.0229; CrrHr IF3O6S requires M*,

352.O228); u,oo,r (CHzCl2 solution) 3408 (free OH), 1422 (SOz-O), l2l4 (C-R, l04l (C-

O) crn-r; 6H (400 MHz, CDCI3) 3.90 (3 H, s, 5-OCHr), 3.98 (3 H, s,4-OCH:), 5.41 (l H,

s, OH), 6.72 (l H, d, Jr,r 2.2Hz,H-3),6.76 (l H, d, Jo.t 8.4 Hz, H-6), 6.81 (l H, d, ./z.o

8.4Hz,H-7),7.70 (l H, d, Jr.t2.2 Hz. H-l); 6c (100 MHz, CDCI3) 56.6 (CHr, OCHr),

57.5 (CHr, OCHr), 100.5 (CH, C-l), 106.2 (CH, C-3), 108.4 (CH, C-6), 110.6 (CH, C-

7), 117.6 (quat., C-4a), 127.1 (quat., C-8a), 145.4 (quat., C-8), 147.2(quat, C-5), 151.3

(quat., C-4), 158.9 (quar., C-2); m/z 352 (M*, 58Vo),191 (100).

c) Use of scandium trifluoromethanesulfonate in toluene at 100 T

To scandium trifluoromethanesulfonate (10 mg, 0.002 mmol) and 4,5-dimethoxy-7-

trifluoromethanesulfonyloxynaphthalen-l-yl acetate 2.9a (16 mg, 0.041 mmol) was

added dry toluene (0.09 mL) at room temperature. The mixture was stirred for 36 h at

100 "C then cooled to room ternperature. Water (10 mL) was added to quench the

reaction and dichloromethane (20 rnl-) was added. After separation of the organic layer,

the aqueous layer was extracted with dichloromethane (2 x 20 mL) and the combined

organic extracts were dried over mflgnesium sulfate and the solvent removed under

reduced pressure to give a purple oil. Further purification by flash column

chromatography using 2:8 ethyl acetate-hexane as eluent yielded:

(i) 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-l-yl acetate 2.9a (7.5 mg)

as an off-white solid, m.p. 132-134 oC. The 'H nmr data were in agreement with those

reported above.
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(ii) 8-hydroxy-4,5-dimethoxynaphthalen-2-yl trifluoromethanesulfonate 2.56 (8 mg) as

a pale yellow solid, m.p. 66-68 'C. The 'H n*r data were in agreement with those

reported above.

d) Use of zirconium tetrachloride in dichloromethane at room temperature

To a solution of zirconium tetrachloride (31 mg, 0.132 mmol) in dry dichloromethane

(0.18 mL) was added dropwise 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaph-

thalen-l-yl acetate 2.9a (13 mg,0.033 mmol) dissolved in dry dichloromethane (0.3

mL). The mixture was left to stir at 20 oC under an atmosphere of nitrogen for 24 h, then

heated gently for 12 h. Water (10 mL) was added to quench the reaction and

dichloromethane (20 mL) added. After separation of the organic layer, the aqueous layer

was extracted with dichloromethane (2 x 20 mL) and the combined organic extracts

were dried over magnesium sulfate and the solvent removed under reduced pressure to

give a dark purple oil. Further purification by flash column chromatography using 2:8

ethyl acetate-hexane as eluent yielded 4,5-dimethoxy-7-

trifluoromethanesulfonyloxynaphthalen-l-yl acetate 2.9a (9 mg) as an off-white solid,

m.p. 132-134 "C. The lH nmr data were in agreement with those reported above.

4.5 Synthesis of triflate 2.9b

3-Benzyloxy-5-isopropoxy-1,8-dimethoxynaphthalene 2.33b

--+

r3
2.6

A mixture of 7-benzyloxy-4,5-dirnethoxynaphthalen-l-o12.6 (l l0 mg, 0.354 mmol) and

sodium hydride (25.4 mg, L06 mmol) in dry N,N-dimethylformamide (12 mL) was

2.33b
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stirred at room temperature under a nitrogen atmosphere for I h. 2-Bromopropane (0.17

mL, 1.77 mmol) was then added and the reaction mixture left to stir at room temperature

for 4.5 h. The reaction mixture was poured into water (3 mL) and extracted with ethyl

acetate (4 x 30 mL). The combined organic extracts were washed with water (50 mL)

and brine (50 mL) then dried over magnesium sulfate and evaporated to dryness to give

a brownish-yellow oil, which was purified by flash column chromatography using 2:8

ethyl acetate-hexane as eluent to give the title compound 2.33b (0.1 I g, 89Vo) as a light

yellow solid, m.p. 79.5-81.5 'C; fFound (EI): M', 352.1672; CzzHzqO+ requires M',

352.16751; umax (CHzCt2 solution) 1620 (C=C), 1382 [C(CH3)2], 1059 (C-O) cm-'; 6H

(200 MHz, CDCIr) 1.38 (6 H, d, J 6.5 Hz, CHr of isopropyl), 3.91 (3 H, s, 8-OCH3),

3.94 (3 H, s, I-OCH3), 4.53 (l H, septet, J 6.5 Hz, CH of isopropyl), 5.19 (2 H, s,

OCHz), 6.62 (L H, d, Jt.s 8.5 Hz, H-7),6.63 (l H, d, Jz,+2.4H2,H-2),6.78 (l H, d, Jo,z

8.5 Hz, H-6),7.27 (l H, d, J,+.2 2.4 Hz, H-4),7.36-7.53 (5 H, m, PhH); 6c (50 MHz,

CDCIi) 22.3 (CHt,2 x CHr of isopropyl), 56.3 (CHr, OCHr), 57.2 (CHr, OCHr), 70.0

(CHz, OCHz), 71.5 (CH, CH of isopropyl), 94.8 (CH, C-2),99.6 (CH, C-4), 104.6 (CH,

C-7),109.4 (CH, C-6), I 14.8 (quat., C-8a), 127.8 (CH, C-2'and C-6'), 128.0 (CH, C-4'),

128.6 (CH, C-3'and C-5'), 130.8 (quat., C-4a), 137.0 (CH, C-l'), 146.9 (quat., C-5),

15 I .3 (quat., C-8), I 57.0 (quat., C-3), I 58.2 (quat., C- I ); m/z 352 (lvf , 42Vo), 309 [M-

cH(cH3)2,371,281 (M-C3H7CO, l), 2t9 (t3), lgl (tg), t4g (5), 9l (100).

8-Isopropoxy-4,5-dimethoxynaphthalen-2-ol 2.5b

-+

A solution of 3-benzyloxy-5-isopropoxy-1,8-dirnethoxynaphthalene 2.33b (88.3 mg,

0.251 mmol) in ethyl acetate (8 rnl-) was stirred under an atmosphere of hydrogen over

l0Vopalladium on charcoal (112 rng, 1.05 mmol). After 1.5 h, the mixture was filtered
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through celite and the solvent removed in vacuo to give a green-white solid. The solid

was purified by flash column chromatography using gradient elution (from 3:7 to 6:4 to

8:2 ethyl acetate-hexane) to afford the title compound 2.5b (50 mg,787o) as a pale green

solid, m.p. l6l-163 "C; [Found (EI): M*, 262.12052; C15HlsOa requires I,f ,

262.120511, l)rnax (CHzClz solution) 3370 (OH), 1384 [C(CHr)z], 1051 (C-O) cm-r; 6n

(200 MHz, CDCI:) 1.36 (6 H, d, -/ 6.1 Hz, CHr of isopropyl), 3.86 (3 H, s, 5-OCH3),

3.89 (3 H, s, 4-OCHI), 4.54 (1 H, septet, J 6.1 Hz, CH of isopropyl), 5.66 (1 H, s, OH),

6.49(1H,d,Jr,r 2.3Hz,H-3),6.59(1 H,d, Jo.t8.5 Hz,H-6),634(l H,d, Jt,o8.5Hz,

H-7),7.18 (l H, d, Jr,r 2.3H4 H-l); 6c (50 MHz, CDCI3) 22.2 (CHz,2 x CHr of

isopropyl), 56.2 (CH3, OCHr), 57.1 (CHr, OCHr), 71.2 (CH, CH of isopropyl), 97.4

(CH, C-3), 98.7 (CH, C-l), 104.3 (CH, C-6), 109.0 (CH, C-7), I13.9 (quat., C-4a),

131.0 (quat., C-8a), 146.5 (quat., C-8), 151.2 (quat., C-5), 154.0 (quat., C-2), 158.5

(quar., c-4); n/2262 (M+,59Vo),219 [M-CH(CH3)2. 100], 205 (12), l9l (M-C3HzCO,

8), t77 (25), t47 (8),45 (9).

8-Isopropoxy-4,5-dimethoxynaphthalen-2-yl trifluoromethanesulfonate 2.9b

a) U sing N-phe nyltrifluoromethane s ulfo nimide

"-J-.- "r---
-+

H3

2.5b

To a solution of 8-isopropoxy-4,5-dimethoxynaphthalen-2-ol 2.5b (10.4 mg, 0.040

mmol) in dry dichloromethane (l mL) was added dry triethylamine (0.011 mL,0.079

mmol), N-phenyltrifluoromethanesulfbnimide (17 ffig, 0.048 mmol) and 4-

(dimethylamino)pyridine (2 mg) and the mixture stirred at -25 
oC under an atmosphere

of nitrogen for 15 h. The mixture was poured into water (2 mL), and extracted with

chloroform (25 mL). The organic extract was washed with dilute HCI (10 mL) and

water (10 mL) then dried over nagnesium sulfate and concentrated in vacuo to give a
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green solid. This solid was pr-rrified by flash column chromatography using 2:8 ethyl

acetate-hexane as eluent to give the title com.pound 2.9b (14 mg, 9l Vo) as a pale yellow

solid, m.p. 58-60 oC; (Found: C, 48.6; H, 4.2. C16H17FrO6S requires C, 48.7; H, 4.3);

[Found (EI): M*, 394.0696: C;6H17FjO6S requires L4*, 394.0698]; Dma:r (CHzClz

solution) 1421 (so2-o), 1383 [c(cHr)zJ, 1265 (So2-o), 1216 (C-F), 1050 (C-o) 
"*-';

6H (200 MHz, CDCI3) 1.40 (6 H, d, -/ 6.1Hz, CHr of isopropyl), 3.91 (3 H, s,S-OCH:),

3.98 (3 H, s, 4-OCHr), 4.60 ( I H, septet, J 6.1 Hz, CH of isopropyl), 6.70 (l H, d, ./3,1

2.4H2, H-3), 6.82 (l H, d, Jo.u 8.3 Hz,H-6),6.87 (l H, d, Jz,o 8.3 Hz, H-7),7.74 (l H, d,

Jr.s 2.4 Hz, H-l); 6c (50 MHz, CDCh) 22.1 (CHt, 2 x CHt of isopropyl), 56.6 (CHr,

OCHr), 57 .4 (CHt, OCHr), 71.8 (CH, CH of isopropyl), 100.3 (CH, C-6), 106.5 (CH, C-

7), 108.3 (CH, C-3), 109.8 (CH, C-l), 117.7 (quat.,C-4a), 129.4(quat., C-8a), 147.3

(quat., C-2), 147.6 (quat., C-8), 151.0 (quat., C-5), 158.9 (quat.,C-4):rn/2394 (M*,

29Vo),352 (M-C3Ho. 65), 219 (7). l9l (100), 175 (10), 147 (8), I l9 (5), 9l(7).

b) U sing trifluoromethane s ulfu nic anhydride

Trifluoromethanesulfonic anhydride (0.007 mL, 0.04 mmol) was added to a mixture of

of 8-isopropoxy-4,5-dimethoxynaphthalen-2-ol 2.5b (8.6 mg, 0.033 mmol) and dry

triethylamine (0.006 mL, 0.04 mmol) in dry dichloromethane (0.8 mL). The mixture

was stirred at -20 
oC for 18.5 h, concentrated in vacuo and chloroform (50 mL) added.

The organic layer was washed with water (25 mL) and separated. The aqueous layer

was extracted with chlorofonn (50 rnl-). The combined organic extracts were dried over

magnesium sultate and concentrated at reduced pressure to give a dark brown-orange oil

which was purified by flash column chromatography using 3:7 ethyl acetate-hexane as

eluent to give the title compouncl2.9b (10.6 rng, 82Vo), as a pale yellow solid, m.p. 58-

60 oC. The rH nmr data were in agrcement with those reported above.

4.6 Formation and homocoupling studies using model naphthyl triflates 2.10 and

2.tl

Naphthalen-l-yl trifl uoromethanesu lfonate 2.L0

This preparation is adapted frorn the method of Hirota, Isobe, and Maki.rTl
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Trifluoromethanesulfonic anhydride (0.21 mL, 1.25 mmol) was added to a mixture of 1-

naphthol 2.12 (0.150 g, I .04 mmol) and dry triethylamine (0. 174 mL, 1.25 mmol) in dry

dichloromethane (5 mL). The mixture was stirred at -20 
oC for 2 h, poured into water

(10 mL) then extracted with chlorofbrm (2 x 2O mL). The combined organic extracts

were washed with dilute HCI (10 mL) and water (10 mL) then dried over magnesium

sulfate, and evaporated to dryness to give a brown oil. Further purification by flash

column chromatography r"rsing l:9 ethyl acetate-hexane as eluent afforded the title

compound 2.L0 (0.269 g, 94Vo) as a colourless oil for which the rH nmr data was in

agreement with those reported in the literature.lt' 6" (200 MHz, CDCI3) 7.47-7.5O (2H,

m, ArH),7.60-7.70 (2 H, m, ArH), 1.86-7.95 (2 H, m, ArH), 8.07-8.12 (l H, m, ArH).

Naphthalen-2-yl trifl uoromethanesulfonate 2.1 I
This preparation is adapted flom the method of Hirota, Isobe, and Maki.rTl

Trifluoromethanesulfonic anhydride (0.35 mL, 2.50 mmol) was added to a mixture of 2-

naphthol 2.13 (0.300 g, 2.08 mrnol) and dry triethylamine (0.35 mL, 2.50 mmol) in dry

dichloromethane (10 mL). The mixture was stirred at -20 
oC for 2 h, poured into water

(20 mL) then extracted with chlorotbrm (2 x 40 mL). The combined organic extracts

were washed with dilute HCI (20 rnl-) and water (20 mL) then dried over magnesium

sulfate, and evaporated to dryness to give a brown oil which was purified by flash

column chromatography using l:9 ethyl acetate-hexane as eluent to give the title

compound 2.1f (0.556 g, 97 %o) as a colourless solid, m.p. 32-33 "C, 1lit.,2l8 m.p. 3 I -32

-------> 7

54
2.102.r2
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"Cl; 6u (200 MHz, CDCI3) 1 .39 (l H, dd, J 2.5,9.0 Hz, H-3), 7.53-7.63 (2 H, ffi, ArH),

7.76 (I H d, "/ 2.4H2, H-1), 7.86-7.95 (3H, m, ArH).

4,4,5,5-Tetramethyl-2-naphthalen-2.y1-1,3,2-dioxabor olane 2.24

a) Using pinacolborane 2.19 (1.0 M solution in tetrahydrofuran)

This preparation is adapted from the rnethod of Murata et ul.t73

"L7
iltl
\/\/ 6

To a stirred solution of PdClz(dppf) ( l4 mg, 0.017 mmol) in dry 1,2-dichloroethane ( 1.2

mL) was added naphthalen-2-yl trifluoromethanesulfonate 2.lI (76 m9,0.275 mmol),

dry triethylamine (0.23 mL, 1.65 mrnol) and pinacolborane 2.19 (0.83 mL of a 1.0 M

solution in tetrahydrofuran, 0.83 rnmol) undel an atmosphere of argon and the mixture

stirred at I l0 "C for 2 h. The reaction mixture was extracted with ethyl acetate (2 x 20

mL). The combined organic extracts were washed with water (10 mL), dried over

magnesium sulfate, and concentrated in vacuo to give a dark brown oil which was

purified by flash column chromatography on florisil using gradient elution (from hexane

to 5:95 ethyl acetate-hexane) to yield:

(i) naphthalene2.25 (6.5 mg) as a colourless solid, m.p. 8l-82 oC,1lit.,2le m.p. 80.1 "C).

(ii) 4,4,5,5-tetramethyl-2-naphthalen-2-yl-1,3,2-dioxaborolane 2,24 (37 mg, 53Vo) w

colourless needles, m.p. 44-46 oC. 
6r-r (200 MHz, CDCIr) l.4l (12 H, s, 4 x CHr), 7.50

(2H, m, ArH),7.85 (4 H, m, ArH),8.40 (l H, s, H-l). The lH nmt data were in

agreement with those reported in the literature.lT3

54
2.242.tl
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b) Using 97Vo pure pinacolborane 2.19

To a stirred solution of PdClz(dppf) (18 mg, 0.022 mmol) in dry dichloroethane (1.4
mL) was added naphthalen-2-yl trifluoromerhanesulfonate Z.ll (g4mg,0.34 mmol), dry
triethylamine (0.142 mL, 1.02 mmol) and pinacolborane z.lg (0.076 mL, 0.51 mmol)
under an atmosphere of argon and the mixture stirred at I l0 "c for 3 h. The reaction
mixture was extracted with ethyl acetate (2x 20 mL). The combined organic extracts
were washed with water (10 mL), dried over magnesium sulfate, and concentrated in
vacuo to give a dark brown oil which was purified by flash column chromatography on
florisil using gradient elution (fiorn hexane to 5:95 ethyl acetate-hexane) to yield:

(i) naphthalene 2-25 (7.3 rng) as a colourless solid, m.p. g I-g2 "c,(lit.,zre m.p. g0.l .c).

(ii) 4'4,5,5tetramethyr-2-naphrhalen-2-yl-[r,3,2]-dioxaborolane 2.24 (43.zmg, 50zo) as
colourless needles- The lH ntnr data were in agreement with those reported above.

c) using 4,4,5,5'tetramethyl-1,3,2-dioxaborolan-2-yh4,,4,,s,,s,-tetramethyl-1,13,12,-

dio x ab oro lan e I b is (p i nac o tato ) dtb o r o n ] I . I Z g

A mixture of potassium acetare (16 rng,0.163 mmol), dry dioxane (0.33 mL),
Pdcl2(dppf) (1.3 mg, 0.00t6 rnmol), dppf (0.9 mg, 0.0016 mmol), 4,4,5,5_tetramerhyl_
1,3,2-dioxaborolan-2-yl-4' ,4' ,5' ,5'-tetr.arnethyl- I ',3',2'-dioxaborolane [bis(pinacolato)_
diboronl l'179 (15 mg,0.06 mmol) and naphthalen-2-yl trifluoromethanesulfon ateZ.ll
(15 mg,0'054 mmol) was heated and stirred under argon, at l l0 oC for 2 h. The reaction
mixture was diluted with ethyl acetate (10 mL), washed with water (5 mL), dried over
magnesium sulfate and concentrated in vacuo to a dark brown oil which was purified by
flash column chromatography on flolisil using gradient elution (from hexane to 5:95
ethyl acetate-hexane) to yield:

(i) naphthalene2.2S (1.4 mg) as a colourress solid, m.p. gl-g2 oc, (lit.,2re m.p. g0.l .c).

(ii) 4,4,5,5-tetramethyl-2-naphthalen-2-yl-[1,3,2]-dioxaborolane 2.24 (7.s mg, 54vo) as
colourless needles. The lH nmr clata were in agreement with those reported above.
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2,2' -Binaphthalenyl 2. I 5

a) stepwise homocoupring of triflate 2.II and boronate 2.24
This preparation is adapted fr.om Miyaura et al.tbe

To a solution of 4,4,5,5-tetramethyr-2-naphthalen-z-yl-I,3,2-dioxaborolane 2.u (44.1
m9,0.174 mmol) in dry dioxane (0.g6 mL) was added potassium phosphate (Ill mg,
0.523 mmol), Pdcl2(dppf) (4.3 ffig, 0.005 mmol) and naphtharen-2-yl
trifluoromethanesulfonate 2.ll (48 mg, 0.174 mmol). The mixture was stined and
heated under reflux under an atniosphere of argon for 5 h. The reaction mixture was
concentrated in vacuo then diluted with ethyl acetate (50 mL), washed with water (30
mL), brine (30 mL), dried over matgnesium sulfate and concentrated in vacuoto give a
dark brown oil. Further purrification by flash column chromatography using hexane as

eluent yielded the titre compound 2.rs (26 tng,Sgvo) as a white sorid, m.p. lg6-rgg oc,

1lit.,22o m.p. I 85- I 87 .C).

b) Generation of boronate 2.24 foilowed by in situ coupring with triflate 2.rI
This preparation is adapted from Miyaura et cil.t1e

"zn.z1-'ortll ll+

A mixture of potassium acetare (37 rng, 0.3g mmol), dry dioxane (0.g mL), pdcl2(dppf)
(3.1 mg, 0.0038 mmol), dppf (2.r mg, 0.003g mmol), 4,4,5,5-tetramerhyr-[l ,3,2f-
dioxaborol an-Z-yl-4',4',5"5'-tetramethyl- I',3',2'-dioxaborolane [bis(pinacolato)diboron]
l'179 (35 mg, 0. 138 mmol) and naphthalen-2-yl trifluoromethanesulfon ate Z.ll (35 mg,
0'127 mmol) under argon was stirred at ll0 oC for 2.5 h. potassium phosphate (gl mg,

2.tl
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0'382 mmol), PdCl2(dppf) (3.1 ffig, 0.0038 mmol) and naphthalen-2-yl
trifluoromethanesulfonate 2.ll (35 mg, 0.127 mmol) were added and the reaction
mixture left to stir at ll0'c for l8 h. The rcacrion mixture was diluted with ethyl
acetate (12 mL), washed with water (6 mL), dried over magnesium sulfate then
concentrated in vacuo to a dark brown oil. Further purification by flash column
chromatography using hexane as eluent yielded the title compound 2.15 (27 mg, g4vo)

as a white solid, m.p. 186-188 oC, (1it.,220 rn.p. lg5_lgT .C).

4.7 Synthesis of biaryl 2.8b

2-(8'Isopropoxy-4,5-dimethoxy'aphthale n-2-yl)-4,4,5,5-tetramethyl-1,3,2-di-
oxaborolane2.3T

o
I

.B

_____>

To a stirred solurion of pdclz(dppO (43 mg, 0.0053 mmor) in dry r,2-dichloroethane
(0.52 mL), was added 8-isopropoxy-4,S-dimethoxynaphthalen_2_yl

trifluoromerhanesulfonate 2.9b (35 mg, 0.0g9 mmor), dry triethylamine (0.074 mL,
0'533 mmol) and pinacolborane 2.1g (0.040 mL,0.266 mmol) under an atmosphere of
argon and the mixture stirred at I l0 oC for 1.5 h. The reaction mixture was extracted
with ethyl acetate (2 x 20 mL). The combined organic extracts were washed with water
(10 mL), dried over magnesiunr sulfate then concentrated in vacuoto give a dark brown
oil' Further purification by flash column chromatography on florisil using gradient
elution (from hexane to 5:95 ethyl acetate_hexane) yielded:

2.9b
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(i) l-isopropory-4,5-dimethoxwruphthalene 2.36 (3 mg) as a light yellow oil. [Found
(EI): M*, 246.1258; C15H1sOi requires I,f ,246.12561;6H (400 MHz, CDCI3) l.4l (6H,
d, J 6.1 Hz, CHa of isopropyr),3.g2 (3 H, s, 4-ocHr), 3.g7 (3H,s, S-ocHr), 4.61 (l H,
septet, J 6.1 Hz, CH of isopropyl), 6J9 (?. H, m, H_2,H_3),6.90 (l H, d, J6.77.6H2,H_
6),7.37 (lH,dd,h.oandJz,s8.lHz,H-7),7.gg(lH,d,/s.zg.lHz,H_g);6c(tOOMHz,

cDCl3) 22.2 (cH3,2 x cHr of isopropyr), 56.5 (cHr, ocH3), 52.5 (cH?, ocHt),lt.z
(cH' cH of isopropyl), r07.0 (cH, c-3), 107. r (cH, c-6), r0g.2 (cH, c-2), r l5.l (cH,
c-8), I18.7 (quat., c-4a), r25.7 (cH, c-7), r30.1 (quat., c-ga), r47.7 (quat.,c-4),150.9
(quat., c-l), 156.g (quat., c-5): n/2246 (M*,63vo),204 (M-qH6, 100), lgg (16), r6r
(17), t3l (13), I l5 (10).

(ii) 2-(8-isopropoxy-4,s-dinrcthoxynaphthalen-2-yl)-4,4,5,5-tetramethyl-1,3,2_dioxa_

borolane 2.37 (43 mg,So%io) as a corourress oil. [Found (EI): M+, 372.2107;c21H2eBo5
requires lr'f ,372-21081; u,nu* (near) r59g (c=c), 1379 [c(cH3)2], 1343 (B-o), I265 (B-
c) cm'r; 6H (400 MHz, cDCh) l.3g (12 H, s, 4 x cHr), 1.43 (6H, d, ,/ 6.1 Hz,cH3 of
isopropyl),3.90 (3 H, s,S-OCHI),4.01 (3 H, s,4_OCH:), 4.63 (l H, seprer, J 6.1 Hz,
CH of isopropyl), 6.76 (l H, d, ,/6,7 g.5 Hz, H_6), 6.g2 (l H, d, h.og.S Hz, H_7),7.23 (l
H, br s, H-3), 8.37 (l H, br s, H- I ); 6s 1100 MHz, CDCh) ZZ.l (CH3,CHr of isopropyl),
24'9 (cHt, cHr of boronate), 56.5 (cHr, ocHj), 57.6 (cH3, ocHr), 70.g (cH, CH of
isopropyl),83.8 (quat., boronare), r07.4 (cH, c-6), r0g.7 (cH, c-3), lll.0(cH, c-7),
123'2 (cH, c-l), t27 '6 (c-4a), 128.1 (quat ., c-2),129.3 (quat., C-8a), 148.3 (quar., c-
5), 150.5 (quar., c_g), 155.9 (quar., C_4); m/2262 (Mt,5gvo),21g [M_cH(cH3)2, 100],
205 (t2),191 (M-C3H7CO, 8), t77 (25), 147 (8),45 (g).

H3
2.36
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8'8'-Diisopropoxy-4r5,4',5'-tetramethoxy-2,2' -binaphthalenyr 2.gb
a) stepwise homocoupring of triflate 2.9b and boronate 2.37

___t>

To a solution of 2-(8-isopropoxy-4,5-dimethoxynaphthale n-2-yl)-4,4.5,5-tetramethyl-

il,3'21-dioxaborolane 2.37 (40 mg,0.r07 mmor) in dry dioxane (0.7 mL) was added
potassium phosphate (68 mg, 0.32 mmol), pdct2(dppf) (2.6 mg, 0.003 mmor) and g_

isopropoxy-4,5-dirnethoxynaphthalen-Z-yl trifluoromethanesulfonate Z.gb (40 Dg,
0' l0l mmol)' The mixture was heated uncler reflux under argon for 215 h. The reaction
mixture was concentratecl in vucuo, diluted with ethyl acetate (50 mL), washed with
water (30 mL) and brine (30 rnL) then dried over magnesium sulfate and concentrated rn
vacuo to give a dark brown oil. Further purification by flash column chromatography
using 2:8 ethyl acetate-hexzlne as eluent yielded:

(i) A l:l mixrure of g-isopropory-4,5-dimethoxynaphtharen-2-yr

trifluoromethanesulfonate 2.9b and, I-isopropoxy-4,5-dimethorynaphthalene 2.36 as a
green oil (13 mg) which was idenrified by ,H nmr spectroscopy.

(ii) 8,8'-diisopropoxy-4,5,4',5'-tetrcmtethoxy-2,2,-binctphthalenyl z.sb (zg mg, 59vo) as a
yellow solid, m.p. 133.5-135 .C; (Found: C,73.2:H,6.9. C:oHr+Oo requires C,73.5;H,
7.0); [Found (EI): M+, 490.2364; CroHjaO6 reQuires M*, 490.23551; u66,, (CH2CI2

solution) 1596 (c=c),l3gz [c(cHr)z], 1059 (c-o) cm-r; 6H (400 MHz, cDCr3) r.4s (6
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H, d, ,f 6.0 Hz, CHc of isopropyl), 3.96 (3 H, s, S_OCH:), 4.09 (3 H, s, 4_OCH3), 4.63 (l
H, septet, J 6.0 Hz, CH of isopropyl), 6.g0 (l H, d, J6,7 g.4 Hz,H_6), 6.g6 (l H, d, ,17,6

8.4Hz,H-7),7.29 (l H, d, h.t t.4 Hz, H-3), g.25 (l H, d, Js,3 l.4Hz,H_t); Sc (100
MHz, cDCl3) 22.3 (cHz, cH.r of isopropyr), 56.g (cHr, ocHr), 57.5 (cH3, ocHt),7r.7
(cH, cH of isopropyl), 106.8 (cH, c-6), w.2 (cH, c-7), r0g.z (cH, c-3), l13.7 (cH,
c-l), 117'9 (quat., c-4a), r30.4 (quat., c-ga), r3g.6 (quat., c-z),l4g.r (quat., c-g),
| 51.0 (quar., c-5), r57.2 (quar., C-4); ntk490 (M+, r00vo), M7 tM-cH(cH:)2. 701, 405
(66), 390 (45),203 (30), I 99 (7), t2g (8),69 (22).

b) Generation of boronate 2.J7 Jbllowed by in situ coapling with triflate 2.9b

____>

-+

A mixture of potassium acetare (g6 mg, 0.gg mmor), dry dioxane (2 mL), pdcrz(dppf)
(7.1 ilg, 0.0088 mmor), dppf (4.9 ffig, 0.00gs mmor), 4,4,5,5-tetramethyr-1,3,2-
dioxaborol an-2-yl-4"4',5',5'-tetrarnethyl- I',3',2'-dioxaborolane [bis(pinacolato)-diboron]
1.179 (81.5 ffig, 0.32r rnmol) and g-isopropoxy-4,5-dimethoxynaphthalen_2_yl

trifluoromethanesurfonate 2.9b (il5 mg, 0.292 mmor) was heated under argon, with
stirring at ll0 oC for L5 h. potassium phosphate (lg6 mg,0.g75 mmol), pdclz(dpp0
(7.1 

'9, 0.009 mmol) and g-isopropoxy-4,5-dimethoxynaphtharen-2_yl

trifluoromethanesulfon ate 2.9b ( I I 5 mg, 0.2g2 mmol) were then added and the resultanr

"J-tt
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mixture heated with stirring at ll0 oC for l8 h. The reaction mixture was diluted with
ethyl acetate (30 mL), washed with water (10 rnl-), dried over magnesium sulfate and
concentrated in vacuo to afford a dark brown oil. Further purification by flash column
chromatography using 2:8 ethyr acetate-rrexane as eruent yierded:

(i) A l:l:4 mixture of g-isopropory_4,5-dim,ethorynaphthalen_2_yl

trifluoromethanesulJbnate z.gb, 2-(g-isopropoxy-4,5-d,imethorynaphthalen_2_yl)_

4,4,5,5-tetramethyl-1,3,2-rJioxabrtrolctne 2.37 and I -isopropory-4,5-
dimethorynaphthalene 2.36 as a tight yellow oit (13 mg) which was identified bv rH
nmr spectroscopy.

(ii) 8,8'-diisopropoxlt-4,5,4',5'-tetrtunethoxy-2,2,-binaphthalenyl2.gb (l l0 mg, 77Vo) as

a yellow solid, m.p. 133.5-135 "C. TherH nmr data were in agreement with those
reported above.

4.8 Synthesis of biaryl 2.8a

4,4'-Dimethoxy -2,2, -binaphthalenyl-5,g,5',g' _tetraon e 2.39

+

8,8'-Diisopropoxy-4,5,4',5'-tetramethoxy-2,2'-binaphthalenyl 2.gb (26 mg,0.053 mmor)
and freshly prepared Agott' (105 mg, 0.g4g mmol) were mixed in dioxane (4 mL). To
this was added HNOr (0.074 mL of a 6 M solution) and the reaction mixture stirred for
l0 min, after which rime further Ago (105 mg, 0.g4g mmol) and HNo3 e.074ml of a
6 M solution) were added. Afier .stirring an additional l0 min the reaction mixture was
quenched with water (8 mL) and extracted into dichloromethane (4 x 15 mL). The
organic layer was washed with water (30 mL), dried over magnesium sulfate and the
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solvent removed under reduced pressure to yield the title compound 2.3g (Zl mg) as an
orange oil which was not purified furrher. [Found (EI): M+, 374.07g4; c22H1ao6
requires kr,374.07901; o,,,n* (near) 1656 (C=o, quinone), I594 (c=c) and l0l7 (c_o)
cm-r; 6H (200 MHz, cDCh) 4.lz (3 H, s, ocHr),6.93 (2 H, s, H-6 and H-7),7.53 (l H,
d, J:.r l.4Hz,H-3),7.99 (l H, d, Jr.r 1.4 Hz, H_ l); m/2374 (M+,4l7o),357 (4).

8'-Acetoxy'Sn5"dihydroxy-4,4'-dimethoxy-2,2'-binaphtharenyr-g.yr 
acetate 2.40

OH o

"A8

7

6Y"
o

crude 4,4'-dimethoxy-2,2'-binaphthalenyl-5,g,5,,g'-tetraone z.3g (22 mg, 0.059 mmol)
in dry chloroform (z mL) was trcared with acetic anhydride (0.03 mL, 0.317 mmol), dry
pyridine (0.03 mL, 03,64 mmor) and zinc powder (0.09 g, r.30 mmol). The mixture was
gently heated under nitrogen with vigorous stirring tbr l5 min. The mixture was cooled
and filtered. The filtrate was poured into warer (Z mL) and stirred for l0 min. The
organic phase was briefly shaken with warer (10 mL) containing concentrated
hydrochloric acid (0.33 mL), tbilowed by water (2 x l0 mL). After drying over
magnesium sulfate and concentration in vacuo, the residue obtained was purified by
flash chromatography using 6:4 ethyl acerate-hexane as eluent to yield the title
compound2-40 (21 mg,7lvo) as a pale yellow solid, m.p.256.5-25g oc; 

[Found (FAB):
\vf,462.1308; CzoH22Os reQuires Mn,462.t3l5l; u,* (CH2CI2 solution) 3400 (OH),
1760 (C=O), 1633 (C=C) ancJ 1047 (C-O) cm-r; 6H (200 MHz, CDCI3) 2.43 (3 H, s,
COCH3), 4. l5 (3 H, s, OCHr), 6.88 ( I H, d, Je.t g.4 Hz, H_6), 7.OZ (l H, d, /r,r |.3 Hz,
H-l),7.18 (l H, d, h'8.4Hz,H-j),7.53 (l H, d,,/:,r 1.3 Hz, H_3), g.Z4 (l H, s, OH);
6c (50 MHz, cDClr) 20.9 (cHr, cocHr), 56.4 (cHr, ocH3), 104.5 (cH, c-6), 109.9
(cH,c-7), ll3'7(cH,c-r), Ir4.6(quat., C-4a), r20.g(cH, c-3),rzg.z(quat.,c-ga),

9cHs
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138.9 (quat., c-2), r39.4 (quar., c-g), 152.5 (quat., c-5), r56.g (quat., c-4), 169.g
(quar., c=o); rn/z 462 (M*,36s/o),420 (24),37g (31), 33g (64).

S"Acetoxy'415,4',5'-tetramethoxy-2,2'-binaphthalenyl-g-yr acetate 2.ga

A mixture of 8'-acetoxy-5,5'-tlih ydroxy-4,4'-dimethoxy -2,2'-binaphthalenyl-g-yl acetate
2.40 (79 mg, 0.17t mmol), porassium carbonate (0.397 g, z.g7 mmol) and dimethyl
sulfate (0'35 mL, 3.67 rnmol) in dry acetone (8 rnl-) was heated under reflux with
vigorous stirring fot 7 h. The mixture was cooled and filtered. The filtrate was
concentrated under reduced pressure and the resultant residue was dissolved in ethyl
acetate (15 mL) and washed with concentrated ammonia (5 mL) and water (5 mL). The
organic layer was dried over magne.sium sulfate and concentrated. The residue was
purified by flash chromatography using 6:4 ethyl acetate-hexane as eluent to yield the
title compound2.Sa (55 mg, 67vo) as a yellow solid, m.p.23l-233 oc; 

[Found (Ef): M+,
49O.16284i CzsH2oOs requires M+, 4g0.162771: un,* (CHzCl2 solution) 1760 (C=O),
1598 (c=c), l07l (c-o) crn-r; 66 (400 MHz, cDCh) 2.44 (3 H, s, cocHr),4.00 (3 H,
s, OCH3), 4.06 (3 H, s, OCH:),6.84 (l H, d, Jo.t g.4Hz,H_6),7.15 (l H, d,,/3.1 l.3Hz,
H-3), 7.20 (l H, d, h.e 8.4 Hz, H-7),7.5g (l H, d, ./r.r t.3 Hz, H_l); 0c (100 MHz,
cDCl3) 2l'0 (cHr, cocH3), s6.76 (cHr, ocH3), 56.82(cHi, ocHr), 105.5 (cH, c-6),
107.0 (CH, C-7), 112.5 (CH, C-l), il7.6 (quat., C_4a),ll9.l (CH, C_3), 130.2 (quat.,
c-8a), 140.18 (quat., c-z), 140.20 (quat., c-g), 155.2 (quat., c-5), r57.g (quar., c4),
I69.8 (quat., C=O); m/24g0 (M*,27Vo1,44g (M_czHzo,43),406 (M_C4HtOz,l00),3g0
(M-C4II4O:, l6), 203 (12).
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4.9 Synthesis of triflate 2.9c

(7'Benzyloxy-4,5'dimethoxynaphthalen-1-yloxy)-tert-butyldimethylsilane 
2.33c

__+

tertButylchlorodimethylsilane (61.2 mg,0.406 mmol) was added to a solution of 7-
benzyloxy-4,5-dimethoxynaphtharen-l-or 2.6 (70 mg, 0.226 mmol), imidazore (3g.4
mg, 0.564 mmol) and 4-(dirnerhylamino)pyridine (5vo) (L3g mg, 0.01l3 mmol) in dry
dichloromethane (4.5 mL)' Tlie mixture was stirred at room temperature under nitrogen
for 20 h. The reaction mixture was diluted with dichloromethane (10 mL), washed with
brine (10 mL) then dried over magnesium sulfate and concentrated in vacuo to give a
yellow-green oil. Further purification by flash column chromatography using l:9 ethyl
acetate-hexane as eluent gave the title compounrt 2.33c (64 mg, 67Vo) as a pale yellow
solid, m.p. 93-94 'c; [Found (Er): M*, 424.2072; czsHrzoasi requires ltf ,424.2w0]:
u'"* (cH2CIz solution) 1620 (c=c) 1252 (SiMe), l06t (si-o), g3g (siMe2) cm-r; Es
(2ooMHz, cDCh) o.zs (6 H, s, sicH3). r.l0 (9 H, s, r-Bu), 3.gz (3 H, s, 4-ocHr), 3.96
(3 H, s, S-ocHr), 5.18 (2 H, s, ocHz), 6.61 ( I H, d, Jt.z g.4 Hz,H-3), 6.66 (l H, d, ,/6,5

2.4 Hz, H-6), 6.79 ( I H, d, Jzs 8.4 Hz, H-Z),7 .ZZ (l H, d, Ja.e 2.4 Hz, H_g), 7 .34_7 .54 (s
H, ', PhH); 6c (50 MHz, CDCI3) -4.3 (CHr, SiCHr), lg.3 (quat., r_Bu), 25.9 (CH3, r-
Bu), 56.3 (CHr, OCH3), 57.0 (CHr, OCHr), 69.g (CH2, OCH2),94.g (CH, C_6), 99.5
(cH, c-g), 104.6 (cH, C-3), I r3.4 (CH, C-2), 114.2 (quat., C-4a), r27.6 (CH,c-2, and
c-6'), 128.0 (cH, c-4'), lzg.6 (cH, c-3' and c-5'), 131.6 (quat., c-ga), 136.g (quat., c-
l'), 144'4 (quat', c-l ), r5 r.6 (quat., c-4), r57.0 (quat. , c-l'),15g.3 (quat., c-5); m/z 424
(M", l\jVo), 409 (M-CHr, 2), 305 (84). 9l (39), 73 (26).
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8-(ferl-Butyldimethylsilytoxy) -4,5-dimethoxynaphthal en-2-ol 2.s c

Mez

€

A solution of (7 -benzyloxy-4,5-dimethoxynaphthalen- I - yloxy)lert-butyldimethylsilane
2'33c (l'36 g, 3.21 mmol) in ethyl acetate (80 mL) was stirred over palladium on
charcoal (lovo, 1.43 g, 13.5 rnmol) under an atmosphere of hydrogen. After l h, the
mixture was filtered through celite and the solvent removed in vacuo to give a pale
green solid' The solid was purified by flash column chromatography using gradient
elution (from 2'5:7 .5 to 3:7 ethyl acetate-hexane) to afford the title compound 2.Sc (o.96
go 89vo) as an off-white solid, m.p. 222.2-zz4 "C; [Found (Er): M*, 334.1599;
crsH2oo+Si requires M+,334.16001; uro^ (cH2cl2 solution) 3370 (o-H), 1635 (c=c),
1275 (siMe), 1054 (sio),842 (siMer) cm-'; 6H (400 MHz, cDCl3) 0.244 (6 H, s,

SiCH3), 1.07 (9 H, s, /-Bu), 3.89 (3 H, s, S_OCHr), 3.g4 (3 H, s, 4_OCHr), 5.10 (l H, s,
OH), 6.5 I ( I H, d, Jt.t 2.4 Hz, H-3), 6.55 ( I H, d, Je.t g.4 Hz, H_6), 6.73 (l H, d, J7.6 g.4

Hz'H-7),7 '06 (l H, d, Jr.z2.4 Hz, H-r); 6s 1100 MHz, cDCr3) 4.2 (CH3,sicH3), lg.4
(quat., r-Bu), 26'0 (cHr, r-B'), 56.4 (cH3, ocHr), 57.0 (CHi, OCHr), 97.6 (CH, C-l),
98'5 (cH, c-3), 104.3 (cH, c-6), il3.2 (cH, c-7), r r4.r (quar., c-4a), 131.8 (quat., c-
8a)' 144.2 (quat., c-8), r51.6 (quat., c-5), r53.7 (quat., c-4), r5g.g (quat., c-2):ril2334
(M',IOOVo),319 (M-CHr, IO),277 (60),246 (ZZ),73 (37).

)Hg

2.33c



8- (te rt -Butyldimethylsilyroxy) -4,5-dimethoxynaphthalen-2-yl

sulfonate 2.9c

Mee

-+
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trifluoromethane-

QSirBuMe2
8

7

6

Trifluoromethanesulfonic anhydride (0.45 mL,2.69 mmol) was added to a mixture of of
8-(tert-butyldimethylsilyloxy)-4,5-dirnerhoxynaphthalen-2-ol Z.sc (0.5 g, 1.49 mmol)
and dry triethylamine (0.38 mL, 2.69 mmol) in dry dichloromethane (g0 mL). The
mixture was stirred at-20 oC for 23.5 h, concentrated in vacuo and chloroform (100
mL) added' The organic layer was washed with water (80 mL) and separated. The
aqueous layer was extracted with chloroform (100 mL). The combined organic extracts
were dried over magnesium sulfate and concentrated at reduced pressure to give a dark
pink oil which was purified by flash column chromatography using 2:8 ethyl acetate-
hexane as eluent to give the title contpound 2.9c (0.67 g,96vo), as a pale yellow solid,
m.p.64-66 oC; (Found: C,4g.g; H, 5.5. CrsHzsF.O6SSi requires C,4g.9; H, 5.4); [Found
(EI): M"' 466.1599; crgHz.sFro6SSi require s M*, a66.r6001; u,n* (cHzcl2 solution)
1422(so2-o), 1383 [c(cHjh], t266 (so2-o), r2l5 (c-F), l05l (c-o) cm-,; sH (400
MHz, cDCl3) 0-24 (6 H, s, siCHr), r.07 (9 H, s, r-Bu), 3.90 (3 H, s, 5-ocHr), 3.99 (3
H, s,4-OCH3), 6.70 (l H, d, h.t 2.4 Hz, H-3), 6.7g (l H, d, J6.7 g.5 Hz,H_6), 6.g6 (l H,
d,Jt,o 8.5Hz,H-7),7.67 (l H,cl. Jt.zZ.4Hz,H-l); 66 1100MHz,CDCI3) _4.4(CHt,
SiCH:), I8.3 (quat., r-Bu), 25.g (CHr, r_Bu), 56.7 (CHr, OCH.), 57.3 (CH3, OCH3),
100'3 (cH, c-l), I06.5 (cH, c-3), r08.2 (cH, c-6), r r4.4 (cH, c-7),fi 7.7 (quat., c-
4a), 120.4 (quar', c-8a), I30.4 (qr-rar., c-g), r45.3 (quar,, c-5), r47.3 (quat.,c-4),151.5
(quat" c-F), l5g.l (quat., C-2); ndz.466 (M+, r00vo),31g (M, r0),277 (60),246 (22),
73 (37).



193

4.10 Synthesis of biaryl 2.8c

2'18'(tert-Butyldimethylsitytoxy)-4,5-dimethoxynaphthalen-2-yll-4,4,5,5-tetra-

methyl- 1 r3,2-dioxabo r olane 2.47

OSitBuMe,

*
-__-+

A mixture of porassium acetate (63.1 mg,0.643 mmol), dry dioxane (l.g mL),
PdCl2(dppf) (5'3 mg, 0.0064 mmol), clppf (3.6 mg, 0.0064 mmol), 4,4,5,5-retramethyl-
1,3,2-dioxaborolan-2-yr-4',4',5',5'-tetramethyl- 

r ',3',2'-dioxaborolane [bis(pinacolato)-
diboronl 1.179 (0.0599 ng, 0.236 mmol) and g-(tert-butyldimethytsilyloxy)_4,5_

dimethoxynaphthalen-2-yl trifluoromethanesulfonate 2.9c (100 mg, O.Zl4 mmol) was
heated under argon, with stirring at l20"Cfor I.5 h. The reaction mixture was diluted
with ethyl acetate (30 mL), wa.shed with water (10 mL), dried over magnesium sulfate
and concentrated in vrtcuo to a yellow-brown oil. Further purification by flash column
chromatography using gradient elution (from l:9 to 1.5:8.5 ethyl acetate-hexane) as

eluent to give the tirle cotnpound 2.47 (76 mg,80vo) as a light green oil. [Found (EI):
M+, 444.2501; cz+HrzBo-ssi requires M*, 444.25031; u,no* (near) 1595 (c=c), l3g0
lc(cHr)rl' 1339 (B-o), tz64 (B-C and SiMe), r052 (sio),839 (siMez) cm-r; 6H (400
MHz, cDCl3) 0.23 (6 H, s, sicHr), r.12 (9 H, s, r-Bu), r.37 (r2H, s, 4 x cH3), 3.gr (3
H, s, 5-OCHil, 4.02 (3 H, s, 4-OCHr), 6]g (2 H, s, H_6 a'd H_7), 7.20 (l H, s, H_3),
8.38 (l H, s, H-l); Ds 1100 MHz, CDCh) _4.4 (CHz, SiCHr), lg.4 (quat. , t_Bu),24.9
(cHr, r-Bu), 25.9 (cHr, cHr of boronare), 56.5 (cHr, ocHr), 57.4 (cH3,ocHr), g3.7

(quat.,boronate), 108.5(CH,C-6), 110.4(CH,C_3), 113.0(CH, C_7), liJ},l (quat.,C_
4a), 124.4 (cH, c-l), 126.0 (c1uar.. c-ga), r30.5 (quat.,c-z),146.0 (quat., c-5), rsr.z
(quat., C-8), 156.1 (quat. , C-4): m/2. 444 (M+, l00zo), 42g IM_(CH3). 5.J, 372 (tl), Zg7
(43),73 (27).
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8'8'-Bis-(ferf-butyldimethytsilyloxy)-4,5,4',5'-tetramethoxy-2r2'-binaphthalenyl 
2.gc

a) stepwise homocoupring of trifrate 2.9c and boronate 2.47

OSitBuMe2

-+

To a solution of 2-18-(tert-dirnethylbutylsilyloxy)-4,5-dimethoxynaphthalen-2-yll-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2.47 (g3.5 mg, 0.210 mmol) in dry dioxane (3
mL) was added potassium phosphate (0.134 g,0.63r mmor), pdcr2(dppf) (5.2 mg,
0'0063 mmol) and 8-(tert-butyldimethylsilyloxy)-4,5-dimethoxynaphthalen-2-yl

trifluoromethanesulfonate 2.9c (98.1 mg, 0.210 mmol). The mixture was heated under
reflux under argon for l5 h. The rcaction mixture was concentrated in vacuo,diluted
with ethyl acetate (100 mL), washed with warter (50 mL) and brine (50 mL) then dried
over magnesium sulfate and concentrated in vacuo to give a dark green oil. Further
purification by flash column chromatography using gradient elution (from l:9 to 1.5:g.5
to 5:5 ethyl acetate-hexane) yielded:

SitBuMe2
1

z



(i) t e rt - b uty ldim e t hy I s i ly I o x.v - 4, 5 - cl im e t ho x yn a p ht ha I e n e 2.49

brown oil. [Found (EI): M*, 31g.1652; C1sH26O3Si requires

1M*,l00vo),26t [M-(C4He), 64],246 (t0), 203 (7),73(50).
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(3 mg, 4Vo) as a light

Itf ,3lg.l65ll; m/z 3lg

(ii) 8,8'-bis-(tert-butyldimetht,lsilyloxv)-4,s,4,,5,-tetramethory-2,2,_binaphthalenyl 
z.gc

(29 mg, 22vo) as an off-white solid, m.p. 205-207 "c; [Found (Er): M+, 634.3144;
CroH-soOeSiz requires M*, 634.31461; u,no* (CH2C|2 solution) LSIZ (C=C), l3gl
lC(CHr):], 1264 (SiMe), 1046 (SiO), 839 (SiMer) cm-,; 6H (400 MHz,CDCI3) O.2g (6
H, s, SiCHr), l.12 (9 H, s, r-Bu),3.96 (3 H, s,4_OCHr),4.0g (3 H, s,5_OCH3), 6.75 (l
H, d, J6.7 8.2H2, H-6), 6.82 (l H, d, Jt.e g.2Hz,H-7),7.33 (l H, s, H_3), g.lg (l H, s,

H-1); 6c (100 MHz, CDCIr) -4.3 (cHr, siCHr), r8.4 (quat., r-Bu), 26.0 (cH3, r-Bu),
56'3 (CH3, ocHr), 57.3 (CHr, oCHr), 105.8 (cH, c-3), 107.1 (cH, c-6), l r3.l (cH, c-
7)'113.6 (cH,c-l), 117.8(quat.,C-4a), I3r.2(quat,,c-ga), r3g.r (quat.,c-z),r4s.7
(quar., c-5), r5r.3 (quat., c-g), r57.4 (quat., C-4); n/2634 (M+, r00vo),577 [M_(c4He).
81,497 (9),440 (l l),371 (8),73 (31).

ocHs

(iri) 8'-(tert-butyldhnethyrsilvton)-4,5,4',5'-tetramethoxy-2,2,-binaphthalenyt-g-or 
2.4g

(18 mg, 16%o) as a light yellow oit. [Found (EI): M+, 520.22g4;C:oHroOoSi requires M*,
520.22811; o,no* (CH2CI2 solurion) 34t2 (O-H), 1594 (C=C), l3g2 IC(CH)3!, 1270
(siMe), 1058 (sio), 838 (siMe2) cm-r; 5H (400 MHz, cDcl.i) 0.2g (6 H, s, SicH t), t.lZ
(9 H, s, r-Bu), 3'94 (3H' s, 5-ocH.r), 3.95 (3 H, .s, 5'-ocHr), 4.076 (3 H, s,4locHr),
4.084 (3 H, s, 4-OCH3), 5.25 ( I H, br s, OH), 6.72 (l H, d, J6,7 g.g Hz, H_6),6.74 (l H,
d, Je,.t,8.8 Hz, H-6'), 6.80 ( I H, cl, -[,6 8.8 Hz, H-7), 6.g2 ( I H, d, ,/2,.0, g.g Hz,H_7,),7 .32
(l H, d, .,Il,r 1.5 Hz, H-3), 7.33 (I H, d,./3,,1, l.5Hz,H_3,), g.l6 (l H, d,,/1,3 1.5 Hz, H_l),
8.19 (l H, d, ,/1''3, 1.5 Hz, H_ l'); 6c ( 100 MHz, CDCIr) _4,3 (CHs, SiCHr), 1g.4 (quat., r_

Bu), 26.0 (CHr, r-Bu), 56.4 (CH3, OCHr), 56.g (CH:, OCHr), 57.4 (CH3,OCH:), 57.5

3

z
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(cHs, ocHr), I06.3 (cH, c-3'), t06.4 (cH, c-3), 107.3 (cH, c-6'), 107.4(cH, c-6),
109.4 (CH, C-7'), 112.7 (CH, C-7), r3.2 (CH, C-l'), r r4.0 (cH, c-1), r 17.7 (quar., c_
4a'), 118.0 (quat.' C-4a), r2g.0 (quar., C-ga), 13r.2 (quar., c-ga,), l3g.l (quat., c-2,),
138'5 (quat., c-2), 145.7 (quar., c-5'), r45.9 (quat., c-5), 151.0 (quat., c-g), rsr.z
(quar., C-8'), 157.3 (quat., C_4), 157.4 (quar., C_4,); m/z 520 (M+,g6qo), 505 [M_(CH').
61, 463 [M-(C+nq), t5],371 ( t2), 330 (20), 127 (34),99 (31), 59 (73), 57 ( 100).

b) Generation of boronate 2.47 followed by in. situ coupling with triflate 2.9c

----------->

______>

A mixture of potassium acerare (63.1 mg,0.643 mmol), dry dioxane (l.g mL),
PdCl2(dppf) (5.3 mg, 0.0064 mmol), dppf (3.5 mg, 0.0064 mmol), 4,4,5,5-tetramethyl-
1,3,Z-dioxaborolan-2-yr-4',4',5'.5'-tetrarnethyr- 

r ',3',2'-dioxabororane Ibis(pinacorato)_
diboronl 1.179 (59.9 ffig, 0.236 rnmor) and g-(tert-butyrdimethyrsilyloxy)_4,5_

dimethoxynaphthalen-2-yl trifluoromethanesulfonate 2.gc (100 mg,0.214 mmol) was
heated under argon, with stirring at 120.c for I h. potassium phosphate (137 mg,
0'8643 mmol), PdCl2(dppf) (5.3 mg, 0.0064 mmol) and 8-(tert-butyldimethylsilyloxy)-
4,5-dimethoxynaphthalen-2-yl trif-lnoromethane-sulfonare 2.9c (100 mg, 0.214 mmol)
were then added and the resultant mixture heated with stirrin g at lZ0 "C for 20.5 h. The
reaction mixture was diluted with ethyl acetate (30 rnl), washed with water (10 mL),
dried over magnesium sulfate arnd concentrated in vacuo to a dark brown oil. Further



rn
ptrificatiron by flash colur,hn chrornatogrqphy using gradient elufion (from l:9 to 2:g to
3:7 to 5:5 ethyl aeetate-hexane) y,ielded:

(i) A I:5 mixrure of 2-[8-(tert-d,imethylbutylsilytoxy).4,sdimetharynaphtha,l,en-z-yl]-

4,4,5,5-tetr'atnetltyl-1,3,2-elioxuborolane 2.47 and, ten-baty6imethytsltyloxy.4,s-
dlmctharyn:apktkalene 2.49 as a white solid (19.7 mg) whietr was identified br rH nmr
spec,trosgotrly.

(ii) 2-[8-(tert-dimethlilbutylsilylaxy)4,s-dimetlwrynaphthalen-z-yu4,4,s,s-tetra.

mcthyl'1,,3,2-dioxubotolnne L47 (17 rng) as a eolourless oil- The tH nmr data were in
agt@ment with those reported above,

Giil a 1;7 rnixture of 2-f8-(tert-d.imethytbutytsiltrtlory)-4,5-dimahoxymphttutren-Z-ylJ-

4,4,5;5+etramctl,tyl-1,,3,2'dioxabo'ralone 2,47 and 8,8'.bts-(tert-batyld.inakytrsitrylaxy,)-

4,5,4',5'-tetramctkoxy-2,2'-binaphthatenyt 2.gc [34 mg, zzvo (based on dimer)] 4s a
brown sulid, m.p- 205-207 6c. The rH nmr data were in agreomcnt with those rcponed
ahove.

(v) 8'ltert-batytrtlimethyhffioxy)4,5,,4n,5,_tetramethoxJ,_2,2,-binaphthalcnyl_g-at 
ZAg

(Tl tng, 249b\ as a dark yellow oil. The lH ;nmr data were in agreeiqrent with those
reported above.
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4.11Attempted brominations on 2.33a, 2.56 and2.6

7-Benzyloxy-2-bromo-4,5-dimethoxynaphthalen-1-yl acetate Z.sZ

o

"A
___l-

A solution of N-bromosuccinimide (46 mg, 0.258 mmol) in dry N,tr/-dimethylformamide
(1'8 mL) was added to a solution of 7-benzyloxy-4,5-dimethoxynaphthalen-l-yl acetate
2'33a (91 mg, 0-258 mmol) in dry {,//-dimethylformamide (1.8 mL) and stirred at room
temperature under a nitrogen atmosphere tbr 1.5 h. The mixture was poured into water
(20 mL) and extracted with dichlorornethane (2 x 20 mL). The combined organic
extracts were washed with water (20 rnl-) then dried over magnesium sulfate and
concentrated' in vacuo to give a yellow-brown solid. Further purification by flash
column chromatography using 3:7 ethyl acetate/hexane as eluent afforded:

(i) 7-benzylory-4,5-dtmethorynaphthalen-!-yl acetate 2.33a (10 mg) as a yellow oil.
The nmr data were in agreement with those reported in the literature.l6s

(ii) 7-benzylory-8-bromo-4,5-dimethoxynaphthalen-l -yl acetate Z.S3 (34 mg,75vo) as a
light yellow solid, m.p. 96-9g oc. fFound (EI): M*, 430.0413 and 432.03g7:
c21H1e7eBros and czrHrssrBros require ttf ,430.0416 and 432.03951; o,n* (cHzclz
solution) 1654 (C=O), 1594 (C=C), 1026 (C-O) cm-r; 6n (400 MHz, CDCI3) 2.42 (3 H,

H3

2.53

2.33a
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s, COCH3), 3.86 (3 H, s,4-OCHr), 3.91 (3 H, s, 5-OCH3),5.25 (2 H, s, OCHz),6.65 (l
H, s, H-6), 6.74 (l H, d, ,/3,2 8.5 Hz, H-3), 7.0S ( I H, d, 

"Iz,r 
g.5 Hz,H_Z),7.30_7.52 (S H,

m, PhH);6c (100 MHz, CDCI3) 22.0 (CHz, COCHr),56.7 (CH3, OCH3),57.g (CH3,

OCH3),71.8 (CH2, OCH2),95.1 (quat., C-g),9g.0 (CH, C_6), 104.6 (CH, C_3), l16.l
(quat., c-4a), 122.s (cH, c-z), rzr.2 (cH, c-2'and c-6'), I2s.0 (cH, c-4,), rzg.2
(quat., C-8a), 128-6 (cH, c-3'and c-5'), r36.5 (quat., c-l), l3g.g (quar., c-1,), 154.5
(quat., c-4), 155'8 (quar., c-5), 159.5 (quar., c-7), r70.r (quat., C=o); ndz 432/43o
(M", 9Vo), 390/388 (M-C2H2O, I B), g I ( I 00).

8'Hydroxy-4,5-dimethoxynaphthalen-2-yl trifl uoromethanesulfonate 2.56

€

To a solution of 4,5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-l-yl acetate
2.9a (64 mg,0.162 mmor) in methanor-THF (r0 mL,9.5:0.5) was added potassium
carbonate (25 mg, 0'179 mmol) and the mixture stirred for l5 min under an atmosphere
of nitrogen at room temperature. Tlre reaction mixture was concentrated in vacuo, and
water (5 mL) added and the solution acidified with I M hydrochloric acid solution (3
mL)' The mixture was extracted with ethyl acetate (2 x z0 mL) and the combined
organic extracts washed with water (r0 mL), brine (r0 mL), dried over magnesium
sulfate and concentrated to give a dark brown oil. purification by flash column
chromatography using etlryl acetate-hexane (3:7) as eluent afforded the title compound
2'56 (52 mg, glvo) as a pale yellow solid, m.p. 66-68 oC. The'H nmr data were in
agreement with those reported previously.
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7- b romo-8 -hydroxy-4,5-dimethoxynaphthalen_2-yl

__+

To a suspension of y'/-bromosuccinimid e (23.9 mg, 0.134 mmol) in dry toluene (0.5 mL)
cooled to -78 "C under an atmosphere of nitrogen, was added a solution of g-hydroxy-

4,5-dimethoxynaphthalen-2-yl trifluoromethanesulfon ate 2.56 (53 mg, 0.134 mmol) in
dry dichloromethane (0.5 mL) clropwise over l0 min. with stirring. After stirring at-7g
"C for I h, the yellow slurry was allowed to warm to room temperature and stirred for
17 h' The reaction mixture was poured into warer (10 mL) and extracted with diethyl
ether (4 x 20 mL). The combined organic extracts were washed with water (2 x 40 mL),
dried over magnesium sulfate and the solvent removed under reduced pressure to give a
brown oil' Purification by f'lash colurnn chromatography using ethyl acetate/hexane
(2:8) as eluent afforded:

(i) 3-bromo-l,l'-dihydroxv-4,5,4',5,-tetramethoxy_7,_trifluoromethanesulfonylory_2,2,_

binaphthalenyl-7-vl trifluorontethanesulJbnate 2.60 (25 mg) as a brown oil. [Found (EI):
M*, 779.9399 and 78r.9393: C26HleTeBrFr,orzsz and c26H1e8rBrF6o12s 2 require M+,
779'9406 and 781.93851; v,n,,* (cH2ct2 solution) 34r5 (oH), r424(so2-o), r2l3 (c-D,
1046 (C-Br), 1028 (C-O) cm-r; 66 (400 MHz, CDCh) 3.7g (3 H, s, 5,_OCH3), 3.86 (3 H,
s, 4'-OCHi, 3.93 (3 H, s, 5-OCHr), 3.95 (3 H, s, 4_OCHr), 6.57 (l H, s, H_3,), 6.69 (l
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II, d, "Ib.a 2"4112,, [I.6), 7.02 (l H, d, 16"s,2,4 Hz, H_6'), 7,45 (l H, d, ,/8,.0 2.49lz,t1_g),
7.M (l H, d- J35' 2,4H2, tr-g'); fu (l00lvrHz, cDcld 56.7,56.9, 51.r,57.z(clri,4 x
OCIIil" 99.3 (quat, C-3), 10t.2 (CH, C_g), 105.2 (Cf,t" C_E,), IAS.4 (CXI, C,6), l l0.z
(CH, C-o, I I1.3 (quat., C=4a), I lZ0 (CJI, C-3), I l2.T (quat.,, C4a), 113.0 (q.rd., G
2\, 11i.5 (quat' c-2), Iza.T (quat., c-ga'), rz4,E (wat, c-ga), 127.7 (quat., c-r,),
132.4 (quat., c-l), r4z,r (quar, c-4'), 142,3 (quat., c4), r4g.0 (quat,, c-s), lsz.6
(qu*, e-5)' 159,4 (quat., c-7.'), 150.9 (quar., c-7-);; tr/z rgafi,g2 (ffi., rgvo),flCIlnag
(IvI-Br, 100).

(ii) 4-methaxy:5'8-diaxo-5,8-dikydro-naphthaten-2$ tiftwro.neth,anesutfonate Z,Sg (7
mg \47ois as a yenow solid, m.p, rts-il7 ti [Found (ED, [d $5.9910; crzHzFroes
reqnires nf 3ss.ggl5l; vn* (cHactz solu ion) 165g (c=o, quinone) 1423 (soro),
f208 (C-D, 1038 (C-O) crn'r; 6s(3@ MHz, CDCb) z+.03 (3 II, e, Ocfii),6.90 (l H, d"
/z,e 10.3 rr'., H-7),6,95 (l H,, d,, i15.7 l0.3 trzi H-6),7.16 (l I,I, 4 ft,1 2.4lrt, H-3), 7.60
(1 H,4 Jr;2"4I-,I2., H-l);6cf75 MHz, CDC13) 5Z.l (CH3, OCH;), ll0.? (CH, C-O,
I I1.4 (CH, C-7) 116.5 ,(quat., C-4a), 136.0 (quat., C_ga), 136.1 (CH, C_3), 141.0 (CJI,
c-l),- 153;.2 (quat., c-z), 161.5 (quat.,,c4),lg2-6,1g3.1 (guat., c-5 and c-g} ndz3i6
(lu{+; eAm1, 203 (}4-C&SO2, 5), ;l BB (43), l?5 ( t00).
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Attempted preparation of 7-benzyloxy-2-bromo-4,5-dimethoxynaphthalen-l-ol

2.61a

a) Use of N-bromosaccinimide in dichloromethane

--+

To a solution of 7-benzyloxy-4,5-dirnethoxynaphthalen- l-ol2.6 (g5 mg, O.Z74mmol) in
dichloromethane (1.5 mL) was added a solution of N,1/-ditropropylamine (0.0042 mL,
0'030 mmol) in dichloromethtrne (0.15 mL). To this mixrure was added a solution of N-
bromosuccinimide (49 mg,0.274 mmol) in dichloromethane (1.5 mL) dropwise with
stirring over 20 min. After stiring for a further 2 h at room temperature, dilute sulfuric
acid(2 M solution) was aclcled until the solution became acidic. The organic layer was
washed with water (2 x 1.5 rnL) then dried over magnesium sulfate and concentrated iz
vacuo to give a dirty green solid. Further purification by flash column chromatography
using gradient elution (from 3:7 to 5:5 ethyl acetate/hexane) yielded:

(i) 7-benayloxy-4,5-dimethtmnaphtharen- | -or 2.6 (r3 mg) as a green sorid, m.p. 155.2-

156'8 'C. The nmr data were in agreement with those reported in the literature.lT6

(ii) 7,7'-bis-(benzyloxy)-4,5,4',5,-tetamethoxy_2,2'_binaphthalenyl-1,1,-diol 2.62 as a

dark green solid (67 mg,79Vo), m.p. 164.4_166.0 oC; 
[Found (ED: M*, 61g.225g;

c36H3ao3 requires M*,61g.2254h 6H (400 MHz, CDCh) 3.gg (6H, s,2 x ocH3), 5.21

2.61a
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(2 H, s, OCHz),7.31-7.43 (5 H, m, phH), 7.4g (l H, s, H_6),7.51 (l H, s, H_3), 7.53 (l
H, s, H-8); rt/z 6lg (M*, 26To),505 tM_(czHo), 31, 4g7 (7),460 (4),3g1 (4),120 (13),
9l (41).

b) Use of N-bromosuccinfunide in N,N-d.imethylfurmamide

A solution of N-brornosuccinimide (49.9 frg, 0.274 mmol) in dry N,N_
dimethylformamide (1.5 rnl-) was added to a solution of 7-benzylox y_4,s_

dimethoxynaphthalen-l-ol 2.6 (85 mg, 0.274 mmol) in dry N,N-dimethylformamide (1.5
mL) and stiffed at room temperature under a nitrogen atmosphere for ZZh. The mixture
was poured into water (15 mL) and extraded with dichloromethane (2 x 15 mL). The
combined organic extracts werc washed with water (15 mL) then dried over magnesium
sulfate and concentrated in vacuo to give a yellow oil. Further purification by flash
column chromatography using gradient elution (from l:9 to 2.5:7.5 to 4:6 ethyl
acetate/hexane) afforded 7-beryyloxy_5-methoxy_1,4_naphthoquinone Z.6j (30 ftg,
37vo) as an orange-yellow oil. [Found (EI): M+, 294.0g90; creHr+oa requires M+,
294.08921; D** (cH2cl2 solution) 1654 (c=o, quinone), 1594 (c=c), 1057 (c-o) cm-r;
6H (200 MHz, CDCh) 3.94 (3 H, s, OCHi,5.Z4 (2 H, s, OCH2),6.g1 (2 H, s, H_2 and
H-3),7.32-7.45 (7 H, ffi, H-6, H-g and ArH); nt/2294 (M*, l5Eo),91(100).

:13

2.63
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1'Acetoxy-7r7'-bis-(benzyloxy)-405,4'15'-tetramethoxy-2,2,-binaphthalenyl-l-yl

acetate 2.62a

To a stirred solution of 7,7'-bis-(benzyloxy)-4,5,4,,5,-tetramethoxy-2,2'-binaphthalenyl-

l,l'-diol 2.62 (67 mg,0.172 mmol) in dry pyridine (0.60 mL) under a nitrogen
atmosphere was added acetic anhydride (0.024 mL, 0.258 mmol) and the mixture left to
stir overnight at room temperature. Diethyl ether (30 mL) and water (10 mL) were then
added' The aqueous layer was removed and the organic layer was washed with I M
hydrochloric acid (15 mL), water (15 rnl), sat. sodium bicarbonate (15 mL), water (15
mL), brine (15 mL) then dried over rnagnesium sulfate and concentrated at reduced
pressure to yield a dark yellow oil. Further purification by flash column chromatography
using l:l ethyl acetate-hexane as eluent gave the title compound 2.62a(62.1 mg, g2Vo)

as a light yellow solid, m,p. 2g0-2g2 "c; [Found (FAB): M*,702.2457; ca2H3sorc
requires tr'f ,702.24651; 5r"r (200 MHz, cDClr) 2.05 (6 H, s,2 x COCH3),3.g3 (3 H, s,

4-OCH3),3.97 (3 H, s,5-OCHr),5.16 (ZH,s, OCH2),6.66 (l H, s, H-6),6.67 (l H, s,

H-8),6.68 (l H' s' H-3), 7.36-7.49 (5 H, m, phH); 6c (50 MHz, cDCrq) 21.0 (cH3,
cocHc), 56'4 (cHr, ocHr), 56.6 (cH:, ocHr), 70. r (cH2, ocHz), 93.5 (cH, c-8), 99.6
(CH, C-6), 103.3 (CH, C-3), 114.3 (quar., C_4a), It9.l (quat., C_Z), 127.6 (CH,2 x
ArH), 128'l (quat., ArH), r28.6 (cH,2 x ArH), 130.7 (quat., c-ga), 136.6 (quat.,c-l),
139'2 (quat., ArH), r55.3 (q'at-, c-4), r57.9 (quar., c-5), l5g.g (quat., c-7), 169.7
(quat., C=O); m/z7O3l(M + H)*, g%1, 660 (g).

--------->
'OBn

3
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4.12 Formation and ortho-metaration using model carbamate 2.6g

Naphthalen-l -yl N,N-diethylcarbamate 2.6g

T________l>

6

2.68

Solid sodium hydride (60Vo irt mineral oil) (68.2 mg, l.7l mmol) was added to a round-
bottomed flask and washed with dry tetrahydrofuran (2 x 3 mL) and cooled to 0 "C. l-
Naphthol 2.69 (82 mg, 0.57 rnmol) in dly MN-dimethylformamide (z.z mL) was rhen
added dropwise. The mixture was stirred at room temperature under an argon
atmosphere for I h. rhen MN-diethylcarbamoyl chloride (0.144 mL,l.14 mmol) was
slowly added dropwise to the mixture and lefi to stir at room temperature for I h. After
addition of a few drops of methanol, the reaction mixture was diluted with
dichloromethane (20 mL). The organic exrract was washed with water (4 x l0 mL),
dried over magnesium sulfate and concentrated in vacuo to give an orange-brown oil.
Further purification by fla.sh column chromatography using 2:8 ethyl acetateftrexane as

eluent afforded the title compound 2.68 (0.113 g, 82Vo) as a yelow oil for which the
nmr data were in agreement with those reported in the literature.lT2 JFound (EI): Itzl+,

243.1257; C15H17NO2 rcquires I,f ,243.125g1:6H (200 MHz, CDCI3) I.2g (3 H. t, r 6.9
Hz, CH3), 1.40 (3 H, t,,/ 6.9 Hz,CHr), 3.4g (Z H, q,J 6.9Hz,NCHz), 3.63 (2H, q, J 6.9
Hz, NCH2),7.35 (l H, dd, Ju7.5 Hz, J2.a l.l Hz,H-Z),7.4g (l H, d,,/s.o g.l Hz, H_5),
7'51-7'59 (2 H, m, H-3 and H-4),7.74 (r H, d, /u.z g.r Hz, H-g),7.g2-g.0r (2 H, m, H-6
and H-7); 6c (SO MHz, CDCh) 13.3 (CHr, CHr of carbamate),14.3 (CHr, CH: of
carbamate), 41.9 (CHz, NCH2), 4?.2 (CHz, NCHz), I lg.0 (CH, C_Z), l2l.Z (CH, C_4),
125'l (cH, c-8), 125.4 (cH, c-3), r26.r (cH, C-6 and c-7), r27.4(quat., c-ga), rz7.g
(cH, c-5), 134.5 (quat., c-4a), 147.3 (quar., c-r), 154.1 (quar., c=o); rn/2243 (M+,
l\Vo),144 (4),127 (3),100 (t 00),72 (52).
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2-Acetylnaphthalen-l -yl N,N-diethylcarbam ate 2.7 Z

a) Use of t-butyllithium

2.72

To a solution of naphthalen- I -yl N,lf-aiethylcarba mate 2.68 (25 mg,g. 103 mmol) in dry
tetrahydrofuran (0.23 mL), was added r-butytlithium (0.087 mL of a 1.3 M solution in
hexane,0.ll3 mmol) dropwise under an atmosphere of argon at -7g "C. The mixture
was stirred for 40 min., then r/-methoxy-N-methylacetamide z.7l (o.ol4 mL, 0.136
mmol) was added dropwise ancl left to stir tbr I h at -'78 

oC. The mixture was allowed to
warm to room temperature and stirred fbr I h. Ethyl acetate (10 mL) was added and the
solution was washed with saturated ammonium chloride (5 mL) and water (2 x 20 mL)
then dried over magnesium .sulfate and evaporated to dryness to give a yellow-green oil,
which was purified by flash colurnn cliromatography using gradient elution (from
1.5:8.5 to 3:7 ethyl acetate-hexane) to yield:

7

2.73

(i) 2-acetylnaphthalen-l-or2.73 (6 mg, 3rro) as a yelrow solid, m.p.9g-99 oc, (lit.,r8s

m.p.98-100 "C); [Found (EI): M*, 186.06g2; C12H16O2 requires trf ,lg6.06gl];6H (400

MHz, CDCIc) 2.71 (3 H, s, COCHi,T.Zg (l H, d, J,r,r g.5 Hz,H_4),7.51_7.55 (l H, m,
H-6)' 7'61-7-65 (l H, m, H-7),7.66 (r H, cr, Js,o g.g Hz, H-5), 7.76 (r H, d, J3,a,g.5 Hz,
H-3), 8-46 (l H, d' Js.z 8.5 Hz, H-8), r4.0 (r H, s, oH); 6c (50 MHz,cDCr3) 26.g (cHr,
cocH-i), 113'2 (quat., c-2), r tg.3 (cH, c-4), 124.4 (cH, c-g), lz4.g (cH, c-3), rzs.2
(quat., c-8a), 125.9 (cH, c-1), r27.3 (cH, c-5), r30.0 (cH, c-6), r37.i (quat., c-4a),
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162.4 (quat., c-l),204.2 (quat., c=o); m/2.1g6 gvl*,6gvo1,l7l (M-cH3, 100), l6g (l l),
143 (16), I 15 (3 l).

(ii) naphthalen-l-ylN,N-diethylcarbamate 2.68 (7 mg) as a yellow oil for which the nmr
data were in agreement with that reported above.

b) Use of s-butyllithium

A solution of naphthalen- I-yl N,/f-diethylcarbamate 2.68 (0. ll4 g, 0.469 mmol) in dry
tetrahydrofuran (0' l2 mL), was added dropwise to a stirred solution of a l: I mixture of
s-butyllithium (0.76 mL of a0J4 M solution in hexane, 0.562 mmol)-TMEDA (0.0g5
mL, 0'562 mmol) in dry tetrahydrofu ran (4.7 mL) under an atmosphere of argon at ig
"c. After 40 min., N-methoxy-N-methyracetamide z.7r (0.065 mL, 0.609 mmol) was

added slowly and the reaction mixture warmed to room temperature overnight. Ethyl
acetate (30 mL) was added and the solution was washed with saturated ammonium
chloride (10 mL) and brine (15 mL) then clried over magnesium sulfate and evaporated
to dryness to give a bright yellow oil. Further purification by flash column
chromatography using gradient elution (from 1.5:8.5 to 3:7 acetate-hexane) to afforded:

(i) 2-acetylnaphthalen-l-ol 2.73 (17.6 mg,207o) as a yellow solid. The rH nmr dara
were in agreement with those reported above.

(ii) naphthalen-l-yl N,N-diethylcarbamate 2.68 (45 mg) as a yellow oil for which the
nmr data were in agreement with that reported above.
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4.13 Formation and ortho-metalation using carbamate 2.64

7-Benzyloxy-4,5-dimethoxynaphthalen -l -yl /fiv-diethylcarbama te 2.64

________>

Solid sodium hydride (60q/ct it'r mineral oil) (51 mg, 1.27 mmol) was added to a round-
bottomed flask and washed with dry tetrahydrofuran (2 x 3 mL) and cooled to 0 oC. 7-
Benzyloxy-4,5-dimethoxynaphthalen-l-ol 2.6 (0.131 g, 0.422 mmol) in dry N,N_
dimethylformamide (1.6 mL) was then added dropwise. The mixture was stirred at room
temperature under an argon atmosphere fbr I h. l/,N-diethylcarbamoyl chloride (0.107
mL, 0'844 mmol) was slowly addecl dropwise and the resultant mixture left to stir at
room temperature for I h. After addition of a f'ew drops of methanol, the reaction
mixture was diluted with dichloromethane (15 rnl-). The organic extract was washed
with water (4 x l0 mL), dried over magnesium sulfate and concentrated in vacuoto give
an orange-brown oil' Further purification by flash column chromatography using 3:7
ethyl acetate/hexane as eluent afforded the title compouncl2.64 (0.122 g,7lVo)as a light
green solid, m.p. g2-94"C: [Found (EI): M+,40g.lggl; cz+HzzNos requires lld,
409'18891; un,o* (CHzCl2) 17l5 (C=O), lt54 (C-N-C), l04Z (C-O) cm-r;6n (400 MHz,
cDClr) 1.22-1.38 (6 H, ffi, 2 x cHr), 3.40-3.60 (4 H, m, 2 x NCHz) , 3.g4 (6 H, s, 2 x
OCH3), 5.14 (2 H, s, OCH),6.62 (l H, d, J6.s2.4 Hz, H_6),6.69 (l H, d,,I3,2 g.6 Hz, H_
3),6.84 (1 H, d, Js.(,2.4 Hz, H-8), 7.15 (l H, cl, Jz.tg.6Hz,H_2),7.34_7.49 (5 H, m,
ArH); 6c (100 MHz, cDCr.r) r3.4 (cHr, cHr of carbamate), r4.4 (cHr, cHr of
carbamate),41.9 (cHz, NCFIz), 42.3 (c%z, NCHz),56.3 (cH3, ocHr),56.6 (cH3,
ocH3), 69'8 (cH2. ocH2), 93.4 (cH, c-8), 99.4 (cH, c-6), r03.6 (cH, c-3), rr4.0
(quat., C-4a), I 19.2 (CH, C-Z), 127.6 (CH, C_2, and C_6,), 12g.0 (CH, C_4,),12g.6 (CH,
c-3'and c-5'), 131.4 (quat., c-ga), r36,6 (quat.,c-r'), r40.r (quat., c-4), r54.4(quat.,
c-l)' 154'8 (quat., c-5), 157.7 (quat., c-7), r5g.6 (quat., c=o); m/24o9 (M+,45vo),30g
(M-CsHroNO, 20), 100 ( 100), 9 | (48), 72 (46).
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2-Acetyl'7-benzyloxy-4,5-dimethoxy-naphthalen-l -yl N,N-diethyl carbam ate 2.7 4
a) Use of 1.2 mol equiv. of s-butyllithiu,m

------->

A solution of 7'benzyloxy-4,5-dimethoxynaphthalen-l-yl N/V-diethylcarbamate 2,64
(21 mg' 0.051 mmol) in dry tetrahydrofuran (0.013 mL) was added dropwise to a stirred
solution of a l:l mixture of s-butyllithium (0.083 rnl- of a0.74M solution in hexane,
0'062 mmol)-TMEDA (0.009 mL,0.062 mrnol) in clry tetrahydrofuran (0.51 mL) under
an atmosphere of argon at -78 oC. After 40 min, N-methoxy-N-methylacetamide 2.71
(0'007 mL' 0.067 mmol) was aclded slowly and the reaction mixture allowed to warm to
room temperature overnight. Ethyl acetate (10 rnl-) was added and the solution was
washed with saturated ammonium chloride (5 mL) ancl brine (10 mL) then dried over
magnesium sulfate and evaporated to dryness to give a green oil, which was purified by
flash column chromatography using gradient elution (from 3:7 to 5:5 to 10:0 ethvl
acetate-hexane) to yield:

(l) 7-benzyloxy-4,5-dimethoxynapthalen-l-yl ll,lf-aiethylcarbamate 2.64 (6 mg) as a
Iight green solid, m.p' 82-84 oc. The lH nmr data were in agreement with those reported
above.

(ii) 2-acetyl-7-benzyloxv-4,5-dimethoxynuplzthrtlen- I -yl N,N-diethylcarbamate 2.74 (4
il8, lTVo) as a green oil. [Found (EI): M*, 451.1997: C26H2eNO6 requires M*,
45 | . 19951; on,o* (cHzcl) l7z0 (c=o of carbamare), I 600 (c=o of acetyl), I 150 (c-N-
c) 1062 (c-o) cm-r;6n (400 MHz, cDCrr) r.z4 (3 H, t,,/ 7.0Hz,cH:), r.3g (3 H, r,,r
7.0H2, CHr),2.61 (3 H, s. COCHi,3.43 (ZH,q,J7.OHz,NCH2), 3.62(ZH,q,J7.O
Hz, NCH2),3.94 (3 H, s,5-OCHr), 3.98 (3 H, s,4-OCH'),5.13 (2H,s, OCH2), 6.69 (l

2.74
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H, d, 
"Io.e 

2.2 Hz, H-6), 6.88 ( | H, d, Js.o 2.2 Hz, H-g), LO3 (l H, s, H_3), 7 .31-7 .46 (S H,
m, ArH); 6c (100 MHz, CDCh) r3.5 (CHr, cHr of carbamate), r4.5 (cH:, cH: of
carbamate),29.7 (CHr, COCHr), 42.0 (CHz, NCH2), 42.5 (CH2, NCHz),56.5 (CH3,

ocH3)' 56.7 (cH3, ocHr),70.0 (cHz, ocHz), 94.8 (cH, c-g), r01.4 (cH, c-3), 102.5
(CH, C-6), ll6.l (quar., C-4a), 11262 (quat., C_Z), 127.7 (CH, C_2,and C_6,), l}g.2
(cH, c-4'),128.7 (cH, c-3'and c-5'); r32.3 (quar., c-ga), 136.4 (quat., c-1,), 139.6

(quat., c-4), 153.7 (quar., c- | ), r54.g (quar., c-5), r5g.4 (quat., c-7), r5g.6 (quar., c=o
of carbamate), 198.1 (quat., c=o of aceryl); nt/2.451 (M*, lgvo),409 (M-c2H:o,4).

b) Use of 1.5 mol equiv. of s-butyhithium

A solution of 7'benzyloxy-4,5-dimethoxynaphthalen-l-ylN,N-diethylcarbamate (70 mg,
0'l7l mmol) in dry tetrahyclrofuran (0.043 mL), was added dropwise to a stirred
solution of a l:l mixture of .r-butyllithium (0.197 mL of a 1.3 M solution in hexane,
0'256 mmol)-TMEDA (0.039 mL, 0.256 rnmol) in dry tetrahydrofuran (1.71 mL) under
an atmosphere of argon at -78 "C. After 40 min., 1/-methoxy-l/-methylac etamide 2.71
(0'030 mL, 0'279 mmol) was added slowly and the reaction mixture was allowed to
warrn to room temperatllre overnight. The resulting oil was purified by flash column
chromatography using 2.5:1.5 erhyl acetate-hexane to yield:

(l) 2-acetyl-7-benzyloxy-4,5-dinzethoxynaphthulen- l-ol 2.51 (s mg, Bvo) as a fluorescent
yellow solid, m.p. 156.5-159'c; [Found (EI): M+, 3sz.l3l0; czrHzoo5 requires ltf,
352.l3lll; u'no* (cH2cl2) 3350 (oH), t67r (c=o), t06l (c-o) cm-t;6H (200 MHz,
CDCI3) 2.68 (3 H, s, COCH.,),3.9Z (3 H, s, S-OCHr), 3.95 (3 H, s, 4_OCH3),5.20 (ZH,
s, OCH2), 6.79 (l H, d, Jr,,.s2.4 Hz, H-6),6.g4 (l H, s, H_3),7.35_7.50 (5 H, m, ArH),
7.52 (l H, d, "/r,o 2.4 Hz, H-g): nilz 352 (M+, l00To),310 (M_C2H2O, l), 26I (M_C7H7,

rt),233 (94).



2tl
(ii) 7-benzyloxy-4,5-dimerhoxynapthlen-r-yr N,N-diethylcarbamate 2.64 (21 mg) as a
Iight green solid, m'p. 82-84 oC. The 'H nmr data were in agreement with those reported
above.

c) Use of 1.8 mol equiv. of s-ltutyltithium

A solution of 7'benzyloxy-4,5-dimethoxynaphthalen-l-yl N,N-diethylcarbamate 2.64
(77 mg,0.188 mmol) dissolved in dry tetrahydrofuran (0.05 mL), was added dropwise
to a stirred solution of a l: I rnixture of s-butyllithium (0.26 mLof a 1,3 M solution in
hexane,0.338 mmol)-TMEDA (0.05r mL,0.33g mmol) in dry tetrahydrofuran (1.9 mL)
under an atmosphere of argon at -78 oC. After 40 min., N-methoxy-N-methylacetamide

2'71 (0'039 mL,0.367 mrnol) was added slowly and the reaction mixture allowed to
wann to room temperature overnight. The resr"rlting oil was purified by flash column
chromatography using gradient elution (fiom 2.5:7.5 to 5:5 ethyl acetate-hexane) to
yield:

(i) 2-acetyl-7-benzyloxy-4,s-cl.intetltoxvnaphtharene-r -ol z.sl (z

fluorescent yellow solid, rn.p. r56.5-159 "c. The rH nmr data were

those reported above.

Dg, 3Vo) as a

in agreement with

(ii) 7-benzyloxy-4,5-dimerhoxynapthalen-l-yl N,ru-aiethylcarbamate2.64(15 mg) as a
light green solid, m.p. 82-84 "C. The lH nmr data were in agreement with those reported
above.

rA-e

(iii) 7-hydroxy-4,5-dimetho4,napthalen-l-yl. N,N-diethylcarbamate Z.7S (13 mg,22Vo)
as a red-brown oil. [Found (EI): M+, 3lg.l4l7: C17H21NO5 requires M*,31g.1420]; Or",,

z

e
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(CH2Clt 3310 (OH),1716 (C=O), It55 (C-N-C), 1059 (C_O) cm-r;6n (200 MHz,
cDCh) l.l9-l-35 (6 H, m, cHi),3.38-3.59 (4 H, m,2 x NCHd,3.7i (3 H, s,4-ocHr),
3.90 (3 H, s,S-OCHil,6.24 (l H, d, Jr,.cZ.l Hz, H-6),6.59 (l H, d, Js.zg. Hz, H_3),
6.64 (l H, d, ./s.o 2.1 Hz, H-8), 7.05 (l H, d, Jzt g.4 Hz,H_Z); m/2319 (IvI*, 29Vo),219
(M-C-sHroNO, l6), 100 (100).

4.14 Synthesis of triflate 2.9d

4,Sn8'trimethoxynaphthalen -2-yl trifl uoromethanesulfonate 2.9d

Quinone 2.59 (94 mg, 0.280 mmol) was clissolved in dichloromethane-diethyl erher
(l:3) (7'5 mL) and shaken with a freshly prepared solurion of sodium dithionite (0.49 g,
2'80 mmol) in water (4.5 rnl-) for 20 tnin under an atmosphere of nitrogen. The organic
layer was separated, washed with brine (9 mL) and dried over magnesium sulfate. The
solvent was removed under reduced pressLrre to give the crude hydroquinone 2.g2 as a
pale brown solid. This solid was dissolved in dry acerone (5 mL) in a flat-bottomed
flask and added to a stirred suspension of finely ground potassium carbonate (o.So2 g,
3'63 mmol) in dry acetone (1.6 mL). Dimethyl sulfate (0.32 mL, 3.35 mmol) was added
and the solution stirred and heate<l under reflux for 24 h. The mixture was then cooled,
filtered through celite ancl the solvent removed under reduced pressure. The resultant
red-brown oil was redissolved in diethyl ether (6.5 mL) and stirred with triethylamine
(0.31 mL, 2.24 mmol). After 20 min, the solution was washed with HCI (l M, z x L0

mL), water (10 mL) an<J brine (10 rnl-). The organic extract was then dried over
magnesium sulfate and concentratecl in vacuo to give a dark brown oil which was
purified by flash column chromatography using ethyl acetate/hexane (1.5:8.5) as eluent
to afford:

ocHs
2.59 2.git
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(1) 5-hydroxy-4,8-dimethoxvnuphthalen-2-yl trifl.uoromethanesulfonate Z.g3 (3 mg,3Vo)

as a yellow solid, m.p. ll3-ll5 oc; 
[Found (EI): M+, 352.0224: c13H11F3o6S requires

tr'f ,352.02281; u'* (cHzCl: soh.rrion) 3444 (oH), l4z0 (so2-o), l2l5 (c-F), 1070 (c-
o) cm-r; 6H (300 MHz. cDcli) 3.g4 (3 H, s, 8-ocHi,4.r0 (3 H, s, 4-ocH3), 6.70 (l H,
d, Jrt 2.3 Hz, H-3), 6.86 (2 H, s, H-6 and H-7),7.76 (l H, d, Jrs 2.3 Hz, H-l), g.62 (l
H, s, oH); 6c (75 MHz, cDCh) 56.0 (cHr, ocHr), 56.7 (cHr, ocHr), 99.4 (cH, c-l),
107.8 (cH, c-3), 107.9 (cH, c-7), llr.0 (cH, c-6), il4.6 (quat., c-4a),126.g (quat.,

c-8a), 146.4 (quar., c-5), r47.8 (quat., c-g), r4g.2 (quar., c-4), rsZ.5 (quat., c-2): ndz
352 (M+, 5g%o),337 (M-CHr. 8), 2 lg (M_cF3soz, l9), l g l ( t 00).

(1i) 4,5,8-trimethttrynaphthalen-2-yl tifluoronrcthanesulJbnate 2.9d, (66 mg, 64Vo) as a
yellow solid, m.p. T9-82 "c; [Found (EI): M+, 366.0377; claH13Fro6s requires M*,
366.0385J; u,no* (CHzcl2 soh-rrion) 14l2 (so2-o). 1206 (c-F), 1072 (c-o)cm'r; 6H (300
MHz, cDCl3) 3.91 (3 H, s, 5-ocHr), 3.95 (3 H, s, g-ocHa), 3.gg (3H, s, 4-ocH3),6.73
(l H, d, ht2.5 Hz, H-3), 6.81 (l H, d, Jr,.t g.6 Hz, H-6),6.35 (l H,d,,fi'g.6llz,H_7),
7.75 (l H, d, "/1.3 2.5 Hz, H_l); 6c (75 MHz, CDCIr) 55.g (CH3, OCH3),56.7 (CHr,
ocHr), 57.4 (cH3, ocHr), 100.5 (cH, c-t), 106.0 (cH, c-3), 106.2 (cH, c-6), r0g.l
(cH, c-7), ll6-7 (quat., C-4a), r2g.l (quar., c-ga), r47.3 (quat, c-5), r4g.4(quar., c-
8), 151.0 (quat., C-4), 15g.9 (quat.,C-2); mk366 (M+,6280), 351 (M_CH3. l0),205
(r00).
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4.15 Synthesis of biaryl 2.8d

4 r5 r8 14' r5' r8' -Hexame thoxy -2,2, -b inap h thal eny | 2. g d

(a) Reduction of bis-naphthoquinone 2.39, then methylation

Brs-naphthoquinone 2.39 (16.8 mg, 0.045 rnmol) was dissolved in dichloromethane-
diethyl ether (l:3) (2'5 mL) and shaken with a freshly prepared solution of sodium
dithionite (0.156 g,0.898 rnrnol) in warer (0.74 rnl-) for l0 min under an atmosphere of
nitrogen' The organic layer was separated, washed with brine (1.5 mL) and dried over
magnesium sulfate. The solvent was removed under reduced pressure to give the crude
hydroquinone 2-41as a pale lrrown solid. This was dissolved in dry acetone (0.52 mL)
and added to a stirred suspension of potassinm carbonate (0.16 g, l.l7 mmol) in dry
acetone (1.48 mL). Dimerhyr sulfate (0.095 mL,0.g9g mmol) was added and the
solution stirred and heated under reflux for 48 h. The mixture was then cooled, filtered
through celite and the solvent removecl under reduced pressure. The resultant red-brown
oil was redissolved in diethyt ether (l mL) and stirred wirh triethylamine (0.1 mL,0.7lg
mmol). After 20 min, the sorution was washed with HCI (l M, 2 x I mL), water (l mL)
and brine (l rnl)' The organic extract was dried over magnesium sulfate and
concentrated in vacuo to give a brown oil. Further purification by flash column
chromatography using ethyl acetate/hexane (3:7) as eluent afforded:
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(i) 4,8,4',8'-tetramethory-2,2'-binaphthalenltl-5,5,-41o12.44 (1.5 mg, gVo) as an orange

solid, m.p. 221-223 "c: [Found (EI): M*, 406,1412; CztHzzor) requires trf , 4061416];

Dma:r (CHzClz solution) 3423 (OH). I075 (C-O) cm-r; 5u (300 MHz, CDCI3) 3.g9 (3 H, s,

8-ocHr),4.1s (3 H, s,4-ocHr),6.8r (2 H, s, H-7 and H-6), 7.rg (r H, d, Jr,r l.sHz,
H-3), 8'14 (1 H, d, "/r,r t.5 Hz, H-r), 8-93 (r H, s, oH); 6c (7sMrrz,cDcl3) 56.0 (cH3,
ocl{3)' 56'4 (cH3, ocHr), 104'9 (cH, c-3), 106.8 (cH, c-7), r0g.4 (cH, c-6), 114.3

(cH' c-l), I l4'7 (quat., C-4a), r27 .9 (quat, c-ga), r3g.2 (quat ., c-2),147.9 (quat., c-
5), 148.5 (quat., c-g), 156.5 (quat., c-4); ndz.406 (M*, lo}Eo),3g1 (M-cHr. 44),376
(M-CzHo, I 5), 36 I (M-C1H,1, 2B), 34G (M-C4Hr2. 4).

(ii) 4,8,4',5',8'-pentamethoxv-2,2'-binuphthalenvl-S-ol 2.4s (0.6 mg,3vo) as an orange

oil. [Found (EI): M", 420.t512: C25H2aO6 requires If , 4ZO.|573J; ur.,, (CH2CI2

solution) 3425 (OH),|OTS (C-O) cm-r;6H (300MH2, CDCI3) 3.40(3 H, s,5_OCH3),
3.92 (3 H, s, S'-OCHr), 3.98 (3 H, s, 4-OCH:), 4.0g (3 H, s, g_OCH3), 4.lg (3 H, s, 4,_

OCH3), 6.80 (2 H, s, H-7 ancl H-6), 7.ZZ (l H, d, -/3.1 1.6 Hz, H_3), g.17 (l H, d, Jn I.6
Hz, H-l),9.94 (l H, s, oH): nt/2.420 (M*. t00vo),405 (M_cHt,34),390 (M_c2He, 15),
375 (M-CIW,24).

OH
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(b) Homocoapling of 4,5,8'trimethoxynaphthalen-2-yl trifluoromethanesulfunate 2.9d
using bis Qtinacolato)dibo ro n I. I 7 g

-_+

A mixture of potassium acetate (20 mg, 0.205 mmol), dry dioxan e (2.5 mL),
Pdcl2(dppf) (1.7 mg, 0.002r mmor), dppi' ( r.2 ng,0.002r mmor), 4,4,5,5-tetramethyr-
1,3,2-dioxaborolan-2-yl-4',4'.5',5'-tetramethyl- I ',3',2'-dioxaborolane [bis(pinacorato)_
diboronl 1.179 (19 mg, 0.0751 mmol) and 4,5,g-trimethoxynaphthalen-2-yl

trifluoromethanesulfon ate 2.9d (25 mg, 0.0682 mmol) was heated under argon, with
stirring at 110 "c fbr 0.5 h. potassium phosphare (43 mg, 0.20s mmol), pdcl2(dppf) (1.7
mg' 0'0021 mmol) and 4.5,8-trimethoxynaphthalen-2-yl trifluoro-methanesulfonate 2.9d
(25 mg, 0.0682 mmol) were then added and the resulrant mixture heated with stirring at
I l0 "C for 2 h. The reaction mixture was diluted with ethyl acetate (10 mL), washed
with water (5 mL), dried over magnesium sulfate and concentrated in vacuo to a dirty
green solid' Further purification by flash column chromatography using gradient elution
(from 2.5:7.5 to 5:5 ethyl acetate-hexane to dichloromethane) to afford:
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(i) A l:l:4 mixture of 4,5,8-trtrnethoxynaphtlzulen-2-yt trifluromethanesulfanate 2.9d,,
1,4,5-trimethoxynaphthalene 2.g6 and 4,4,5,5-tetramethyl-2-(4,5,g_trimethory_

naphthalen-2-yl)-1,3,2-tlioutbrtrolane z.g5 (7 mg) as a yellow_green oil. 4rs,g-
trimethoxynaphthalen-2-yl trifluoromethanesulfonate2.gil: The lH nmr data were in
agreement with those reported above; 1,4,5-trimethoxynaphthalene 2.86: The lH nmr
data were in agreement with those reported in the riterature222;4r4rs,5-tetramethyr-2-
(4,5,8-trimethoxynaphthalen-2-yl)-1,3,2-dioxaborolane 2.gs: [Found (EI): M*,
344.1793; C1eH25BO5 requires Lrf ,344.1l-951: u,,,o* (CH2Clz solurion) l3zl4 (B_O) , 1265

(B-c), 1070 (c-o) cm-r; 6n 1300 MHz, cDCh) l.3g (12 H, s, 4 x cHr), 3.91 (3 H, s, 5_

ocHr), 3.95 (3H, s, 8-ocHT) .4.02 (3H, s. 4-ocHr), 6.13 (r H, d, J6,7g.5 Hz, H-6), 6.g4
(1 H, d, Jt.e 8.5 Hz, H-7).7.25 (l H, s, H-3), S.+O ( I H, s, H-l); 6c (75 MHz, CDCIq)
249 (cHs, cHq of boronare). 55.6 (cH;, oCHr), 56.5 (cH3, ocII3), 57.6 (cH:, ocHr),
83.9 (quat-, boronare) , r04.r (cH, c-6), r0g.5 (cH, c-3), I l 1.2 (cH, c-7), lzz.g (cH,
c-1), 127'4 (c-4a), 128.2 (q'ar., c-2), r2g.7 (quar., c-ga), r50.2 (quar., c-5), 150.7
(quat., c-8), 155.9 (quat.,C-4); nt/23441M*,gvo\,32g (M-cH3,6),24g (62),233 (100).

(ii) the title compourul2.8d (25 mg, 84vo) zrs a yellow solid, m.p. 1g6_lgg oc; 
[Found

(EI): M+, 434.1730; c26H26o6 requires M*, 434.17291; ur* (cHzclz solution) l5g4
(c=c), 1057 (c-o) cm-r: 6s (300 MHz. cDCrr) 3.96 (3 H, s,5-ocHr),4.00 (3 H, s, g-

OCHq), 4.O9 (3 H, s, 4-OCHr), 6.78 (l H, d, ,ro,u g.5 Hz. H-6), 6.gl (l H, d, ,Iz.o g.5 Hz,
H-7),7.31 (l H, d, J.r,r 1.6 Hz,H-3), B.ZZ (l H, cl, Jt,t l.6Hz, H_t); 6c (75 MHz,
cDCh) 55.8 (cHr, oCHr), 56-8 (CHr, ocHi), 57.5 (cHr, ocH:), 104.7 (cH, c-3),
107.1 (cH, c-6), 107.3 (cH. c-7), il3.2 (cH, c-r), r 17.7 (quat.,c-4a), 128.9 (quar.,

C-8a), 138.9 (quat., C-2), 149.9 (quat., C-5), 150.g (quat., C_g), 157.2(quat.,C_4);m/z
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434 (rvf , 10070),419 (M-CH 1,34),404 (M-C2H6. 30), 389 (M-CrHs,24),373 (2),35g
(3),34s (2).

4.16 Attempted bromination of biaryl 2.gd

616''Dibromo-4'5'8'4',5',8'-hexamethoxy-2,2'-binaphtharenyl 2.g7

_+

To a solution of dimer 2.8d ( I0 mg, 0.023 rnmol) in dry dichloromethane (1.5 mL) was
added N-bromosuccinimide (8.2 rng, 0.046 rnmol) in a single portion. The mixture was
stirred for 2.5 h, then quenched with sodium sulfite ( 1.0 mL) and stirred for an

additional 5 min. The phases were separated, and the aqueous phase was extracted with
dichloromethane (10 rnl-)- The combined organic phases were washed with water (10
mL), dried over magnesium sulfate and concentrated in vacuo to give a yellow oil.
Purification by flash column chromatography on alumina using ethyl acetate/hexane
(1:9) as eluent affordecl:

(i) the title compound z.B7 (r.75mg, l3vo) as a yellow oil. [Found (E!: trd, 5gg.g933,
591.9924 and 593.988 I ; c26H2a7eBr2o6, C26H2a1eBr8'Bro6 and CzarrzqsrBr2o6 require
W,589.9940,591.9919 and 593.98991; u',0* (CHzClz solurion) l5g0 (C=C), l0g0 (C_

o), 1046 (c-Br) cm-r; 6u (300 MHz, cDCtr) 3.89 (3 H, s, S-ocHs), 4.01 (3 H, s, g-

OCH3),4.1I (3 H, s,4-OCH.), 6.99 (l H, s, H-7),7.2g (l H, d, h.t l.6Hz,H_3),g.l2 (l
H, d, J1,3 r.6 Hz, H-r); m/2. 594/592/590 (M*, roTvo), 57gr577t575 (M-CH3, g),

5641562/560 (M-czHc, l3),549/547/545 (M-crHq, 5),4981496 (M-cH3Br , tt),483/481
(M-C2H6BI, 5), 4681466 (M-CrHeBr, 6).
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(ri) 6-bromo-4,5,8,4',5',8'-hexanzethon-2,2'-binaphthalenyt 2.gg (0.5 mg, 3zo). Bound
(EI): M+, 512.0840 and 5 14.08 23: czaHzs7"Bror, and czoHz+8tBro6 require I,f , 512.0g35

and 514.08141; u,nux (cHzclz soturion) 1584 (C=c), t07g (c-o), 1045 (c-Br) cm-r; 6n
(300 MHz, cDCl'r) 3.88 (3 H, s, 5-ocHr), 3.9g (3 H, s, 5LocH3), 3.ggg (3 H, s, g-

ocHr), 4.00 (3 H, s, 8'-ocHr), 4.09 (3 H, s, 4'-ocHr), 4.1 l (3 H, s, 4-ocH3), 6.g0 (l
H, d, J6'.7, 8.6 Hz, H-6'), 6.81 ( I H, d, Jt,,c,,8.6 Hz, H-,7'), 6.99 (l H, s, H_7),7 ,14 ( I H, s,

H-3'), 7.33 (l H, s, H-3), 8.14 (l H, s, H-l), g.lg (l H, s, H_1,); m/z 514/SlZ (M*,
l0OVo),499/497 (M-CHr, Z3),484/452 (M-CzHe , lg), 469/467 (M_CaHs, l3), 418 (M_
CH3Br, 8),403 (6), 388 (5).

4.17 Synthesis of bis-naphthoquinone 2.g0

6-Acetyl-8-isopropoxy-4,5-dimethoxynapthalen-2-yt

2.81b
trifl u oromethanesulfonate

ocH3 OCH3
2.9b

8-Isopropoxy-4,5-dimethoxynaphthalen-2-yl trifluoromethanesulfon ate 2.gb (9g mg,
0'249 mmol) was treated with a premixed solution of glacial acetic acid (0.0142 mL,
0'249 mL) and trifluoroacetic anhydride (0.14 rnl-, 0.994 mmol) and the mixture left to
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stir at room temperature for 5 h. The reaction mixture was diluted with dichloromethane
(5 mL) and concentrated at reduced pressure. The resultant residue was redissolved in
dichloromethane ( l0 mL), washed with brine (5 rll-), dried over magnesium sulfate then

concentrated in vacuo to afford a red-brown oil. Flash column chromatography using
gradient elution (from 3:'l to r0:0 dichlorornethane-hexane) yielded:

(i) 8-isopropoxy4,5-dimethoxynaphthalen-2-yl trifluoromethanesulfonate 2.9b ea mg)
as a pale yellow solid, rn.p. 58-60 oC. The 'H nm, data were in agreement with those

reported above.

(ii) A mixture of 6-acentl-Y-isopropoxlt-4,5-climethoxynapthalen-2-yl trifluoro-
methanesulfunate 2.81b and 4.5-dimethoxy-7-trifluoromethanesulfonyloxynaphthalen-

l-yl acetate 2,9a (48 mg) as a light brown solid which was further purified by flash
column chromatography using 3:T ethyl acetate-lrexane as eluent to give:

(a) 6-acetyl-8-isopropoxl,-4,5-clinzethoxyrutTtthalen-2-yl trifluoromethanesulfunate 2.glb
(34.3 mg, 32vo) as a light yelrow oir. [Found (EI): M*,436.0g06; crsHleF3oTs requires

M+,436-08041; u'o* (cHzclz) 167l (c=o). l06r (c-o) cm-r;6s (400 MHz, cDClq)
l'43 (6 H, d, "I 6.oHz, cHr of isopropyr), 2]6 (3 H, s, cocH3), 3.gr (3 H, s, S-ocHq),
4.06 (3 H, s, 4-ocHz), 4."10-4.78 ( r H, seprer, J 6.0 Hz, cH of isopropyr), 6.g0 (l H, d,

Jtt2.4 Hz, H-3),7.12 (l H, s, H-7), 735 (l H, d, J132.4 Hz, H_l);6c (100 MHz,
CDCI3) 21.9 (CHr,2 x CHr of isopropyl),31.3 (CHr, COCHg),56.2 (CH3,4_OCH:),
64.1 (CH3,5-OCHr), ll.3 (CH, OCH), 10t.2 (CH, C-l), 106.9 (CH, C_3), 107.3 (CH,
c-7), 119.9 (quat., c-6), r30.7 (q'at., c-4a), r3r.5 (quar., c-ga), 14g.4 (quar., c-5),
149.6 (quat., c-8), 151.0 (quat., c-4), r5g.g (quat.,c-2),200.g (quat., g=o); m/2436
(M-, 42Vo), 394 (M-CzHzO, 7 3), 37 g (l t), 233 ( I 00).

(b) 4'5-dimethoxy-7-trifluoromethanesultbnyloxynaphthalen-l-yl acetare Z.9a (t3.7 mg,
l4%o) as an off-white solid, m.p. 132-134 "C. The tH nmr data were in agreement with
those reported above.
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6,6''Diacetyl-8r8'-diisopropoxy -4,s14' ,s'-tetramethox y-2,2'-binaphthalenyl 2.76b

--+

A mixture of potassiurn acetate (34 mg, 0.344 mmol), dry dioxane (1.0 mL),
Pdcl2(dppf) (2.8 mg, 0.0034 rnmor), dppf ( r.9 nrg, 0.0034 mmol), 4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl-4',4'.5',5'-tetramethyl- I ',3',2'-dioxaborolane [bis(pinacolato)-
diboronl 1.179 (32 mg, 0.126 rnrnor) a'd 6-acetyr-g-isopropoxy-4,5-

dimethoxynapthalen-2-yl trifluoromethanesulfbnare Z.Blb (50 mg, 0.1l5 mmol) was

heated under argon, with stirring at Il0 oC for 1.75 h. Potassium phosphate (73 mg,
o3M mmol), PdCl2(dppf) (2.8 mg, 0.0034 mrnol) and 6-acetyl-g-isopropoxy-4,5-
dimethoxynapthalen-2-yl trifluoromethanesulfonerre 2.81b (50 mg, 0.1 15 mmol) were
then added and the resultant mixture heated with stirring at I l0 "C for 2.5 h. The
reaction mixture was diluted with ethyl acetate (30 rnl), washed with water (lo mL),
dried over magnesium sulfate and concentrated in vacuo to a brown oil. Further
purification by flash column chromatography u.sing 3:7 ethyl acetate-hexane as eluent
yielded:

(i) An inseparable l:2 mixtur-e ( l3 mg) of:

2.81b
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(a) recovered starting material 6-acetyl-8-isopropoxy-4,5-dimethoxynapthal en-Z-yl
trifluoromethanesulfonate 2.81b. The lH nnrr data was in agreement with those reported
above.

(b) reduced product 2-acen,l-4-isopropoxlt- I ,g-dinrcthoxltnaphthalene 2.90. [Found (EI):

M+, 288.0806; crzHzoo4 requires n4*, zag.oa04l; 6H (400 MHz, cDCl3) 1.43 (6H, d, J
6.o Hz, cl{r of isopropyl), z18 (3 H, s, CocHi), 3.g2 (3 H, s, r-ocH3), 4.04 (3H, s, g-

OCHs), 4.76 (l H, septer, J 6.0 Hz, CH of isopropyl), 6.96 (l H, d, fi.67.6 Hz, H_7),
7.08 (l H, s, H-3), 7,47 (l H, dd,./6.7 and Jo.ug.Z Hz, H-6), 7.gl (l H, d,,15.6 g.2Hz,H_

5); m/z 288 (M*, 96Vo),246 (M-CtH6, 100).

(ii) 6,6'-acetyl-\,|'-diisopropoxy-4,5,4,,5,-tetrcunethow_2,2,-binaphthalenyl 2.76b (3g

mg,58vo) as a bright yellow solid, m.p. 157-160 .C; 
lFound @I): M+, 574.2561;

CrqHrsOs requires M+,574.25671; unlo* (CH2CI2 solution) 1666 (C=O), l59l (C=C),

1373 [c(cH)2], 1067 (c-o) cm-r; 6H (400 MHz, cDCIr) t.47 (6H, d, uI 6.oHz,cHr of
isopropyl), 2.81 (3 H, s, COCH.), 3.8g (3 H, s, S-OCH:), 4.16 (i H, s, 4-OCH3), 4.g0 (l
H, septet, J 6-o Hz, cH of isopropyr), i .16 (r H, s, H-7),7.31 (l H, d, ,Ir,r 1.4 Hz, H-3),
8.26 (l H, d,,/r,: l.4Hz, H-l): 6c (100 MHz, CDCh) ZZ.t (CH3,CHr of isopropyl), 31.5
(cHr, cocHq),56.5 (cHj' 4-ocHr),63.9 (cHr,5-ocH3),7r.1 (cH, ocH), 106.6 (cH,
c-l)' 106.8 (cH, c-3), il4.0 (cH, c-7), H 9.8 (quar., c-6), lzg.4 (quat., c-4a), 132.4
(quat., C-8a), 140.4 (quat., C-Z),149.9 (quat., C-g), 151.7 (quar., C4), 157.4 (quat., C_

5)' 201.0 (quat., c=o); m/2.5r4 (M*, r 000/o),53 r IM-CH(CH:)2, 33f,490(68),474 (18).
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616'-Diacetyl-4'4'-dim ethoxy-2r2'-binaphtharenyr-5,g,5',g'-tetraone 2.g0

-____+

6,6'-Diacetyl-S,8'-diisopropoxy-4,5,4',5'-tetramethoxy-2,2'-binaphthalenyl 2.76b (7 mg,
o.ol22 mmol) and freshly prepared Ago"' (24.1 mg,0.195 mmol) were mixed in
dioxane (0.92 mL). To this was added HNor (0.017 mL of a 6 M solution) and rhe
reaction mixture stirred fbr l0 min, after which time further Ago (24.1 -g,0.195
mmol) and HNO: (0.017 rnl- of a 6 M solution) were added. After stining an additional
l0 min the reaction mixture was quenched with water (5 mL) and extracted into
dichloromethane (4 x l0 mL). The organic layer was washed with water (20 mL), dried
over magnesium sulfate and the solvent rcrnoved under reduced pressure to yield the
title compound 2.80 (5 mg, glvo) N an orange oil which was not purified further.

u.s(cH2cl2 solution) l7 t5 (c=o, aceryl) and 1665 (c=o, quinone) cm-r; 6s (200 MHz,
cDCh) 2.64 (3 H, s, cocHi,4.l3 (3 H, s, ocH.r), 7.0s (l H, s, H-7), 7.5r (l H, d, 

"/3.1
| .6 Hz, H-3),7 .97 ( I H, d, /r .r I .6 Hz, H- I ).
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4.18 Synthesis of bis-furonaphthofura n 2.79

(6bn*,9aR*,6b'l?*,9a'/?'r')-6-Acetyl-2-{6-acetyl.6b,8,9,9a-tetrahydro-5-hydroxy-4-

methoxy-8-oxofuro[2,3-D]naphtho[2,]-d]luran-2-yl]-6b,9a-dihydro-5-hydroxy-4-

methoxyfu rol2r3-blnaphtho[2,] -d]furan - g (9rl)-one 2.7 gaand (6bp *,9a.R*,6b's*,

nu'5'tc)-6-acetyl-2-{6-acetyl-6b,8,9,9a-tetrahydro-s-hydroxy-4-methoxy-g-oxo-

furo[2,3-D]naphtho[2,]-d]furan-2-yl]-6b,9a-dihydro-5-hydroxy-4-methoxy-

fur o[2,3 -b]naphth o [ 2, I -rl] fu ra n- 8 ( 9II) - o n e 2.7 gb

4

2.79a
+

4a

ocH3

To a solution of bis-naphthoquinone 2.80 (9 rng,0.0196 mmol) in dry acetonitrile (1.2

mL) cooled to 0 "C under an atntosphere ol'nitrogen was added dropwise, over a period
of 2 min a solution of 2-trimethylsilyloxyfuran 1.gg (0.01 mL, 0.059 mmol) in dry
acetonitrile (0.2 rnl-). After stirring for I h ar 0 .C the solvent was removed under
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reduced pressure to affbrd an orange oil, Purification by flash column chromatography

using ethyl acetate-hexane (2: t) as eluent afforded a I: I mixtu re of adducts 2.79a and.

2.79b (5 mg, 4lvo) as a yeilow sorid, nr.p. r2g-l3l "c; [Found (FAB): M + H,
627.1495; CuHztOn requires M + H, 627.15031; urnax (CHzCl2 solurion) 3332 (OH),

1778 (c=o, |-lactone) and 1632 (c=e. r.,-hydroxyaryl ketone) cm-r; 6H (300 MHz,
cDCl3) 2.80 (6 H, s, CocH.r), 3.10-3.1 2 (4 H. m, H-9 and H-9'), 4.23 (6 H, s, ocHa),
5.42-5.55 (2 H, m, H-9a), 6.65 (Z H, d,./.,1,..1u 6.0H2, H_6b), 7.lg (2H, d, J3,1 l.4Hz,H_
3),7'82 (2 H, d, Jr,z l'4 Hz, H-l), ll.8 (2 H. s. oH); oc (75 MHz, cDCr:) 32.2 (cH3,
cocHq),35'7 (cHz, c-9),56.9 (cHr, ocHr),8r.3 (cH, c-9a), g5.3 (cH, c-6b) r07.r
(cH' c-l), 114.3 (cH, c-3). r 16.0, r25.5, r28.8, r30.9 (quat. , c-4a, c-6, c-6a, c-l0b),
147-3, 150.4, 155.5, 158.8 (quar.., c-2, c-4, c-5, C-l0a), 174.4 (quat, c-g), 200.3

[quat', c=o (kerone)]; ndz627 (M +H, ro/a). Andytical HpLC [cre 3p 33 x7 mm; I
min water (0.05vo trifh"roroacetic acid) f'lush followed by a g min steady gradient to
acetonitrile;2 mUmin] showed two major conrponents at retention times g.6 and 9.1

min with equal peak area indicating a r : I mixture of diastereomers.

4.19 Synthesis of furonaphthopyran 3.1

6'Acetyl-4'methoxy-5,8-dioxo-5,8-dihydronaphthal en-Z-yl trifluoromethane-
sulfonate 3.3

----->

6-Acetyl-8-isopropoxy-4,5-clirnethoxynaphthalen-2-yl trifluoromethanesulfonate 2.g1b
(36 mg, 0.0825 mmol) and tieshry preparecl Agott, (g2 mg, 0.66 mmol) were mixed in
dioxane (6.0 mL). To this was added HNor (0.I 15 mL of a 6 M solution) and the
reaction mixture stirred tbr l0 min, after which time further Ago (24.1 mg,0.195

3 ocH3
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mmol) and HNOr (0.017 nll- of a 6 M solution) were added. After stining an additional
l0 min the reaction mixture was quenched with water (10 mL) and extracted into
dichloromethane (4 x 20 mL). The organic layel was washed with water (40 mL), dried
over magnesium sulfate artd the solvent removed under reduced pressure to yield the
title compound3-3 (30 mg, 96Vo) as a yellow solid which was not purified further, m.p.

I l8-120.5 oC; 
lFound (EI): M*, 37g.0014; Cr+HsFrOTS requires ,[y', 37g.0021J; uln*

(cHzclz solution) 1700 (c=o, aceryl) and 1655 (c=o, quinone) cm-r; 6H(200 MHz,
cDCIr) 2.58 (3 H' s, CoCHi,4.04 (3 H, s. ocH:), 7.07 (l H, s, H-7),7.r9 (l H, d,,/s.r
2.4 Hz, H-3), 7.97 (l H. cl. Jt.t Z.4 Hz, H-t), n/2.3g0 (M + Z, Zl%o),37g (M+, g3),363
(M-CHr, 25), 245 (M-CFISOz, 55).

6-Acetyl'6b,8,9,9a-tetrahydro-S-hydroxy-4-methoxy-g-oxofuro[2,3-b]naphtho[2rl-

dlfuran-2- yl-7 r10 trifl uoromethanesulfonate 3.2

To a solution of bis-naphthoquinone 3.3 (30 rn-q, 0.793 mmol) in dry acetonitrile (4.3

mL) cooled to 0 'C under an atmosphere ol'nitrogen was added dropwise, over a period
of 2 min a solution of 2-trirnethylsilyloxylirran 1.88 (0.119 mL, O.OZ mmol) in dry
acetonitrile (O.72 mL). After stirring fbr I h at 0 'C the solvent was removed under
reduced pressure to aftord an orange solid. Purification by flash column
chromatography using gradient elution (frorn 2.5:7.5 to 4:6 ethyl acetate-hexane) as

afforded the title contpound 3.Z (27 ng,74%,) as a bright yellow solid, m.p. 177_lg0 "C;

[Found (EI): M*, 462.0231: CrnHrrFrO.rS requires ltf , 462.0232]: v,nax (CH2CI2

solution) 3359 (oH) , l7B4 (C=o, y-lactone) and I 633 (C=o, o-hydroxyaryl ketone) on-r;

6H (400 MHz, cDClr) 2.78 (3 H, s, CocH i,3.12-3.13 (2 H, m, H-9 and H-9'), 4.13 (3
H, s, OCHI),5.48-5.52 (l H, m, H-9a),6.55 (l H, d,./ru,sa 6.0 Hz, H-6b),6.g3 (l H, d,

4a
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Jt.t2.4 Hz, H-3),7.44 (l H, d, Jt:2.4H2.H-l), lZ.Z (l H, s, OH);6c(100 MHz,
CDCI3) 31.8 (CHr, COCH3).35.4 (CH2, C-9), SZ.t (CHr, OCHr), g1.4 (CH, C_9a),g4.9
(CH, C-6b) 101.9 (CH, C-t). 107.0 (CH, C-3), |4.9, [6.5, 116.6, 125.1 (quat.,C_6a,
c-4a, c-6, c-l0b), 149.4. r49.8, 156.2, r60.3 (quat., c-5, c-10a, c4, c-z), 174.0

(quat., C-8), 200.8 [quat., C=O (ketone)l; n/2.462 (M*, l00zo),,147 (M_CHt, l5),329
(M-CF3SOz, 4), 301 (84).

3,3a,5,11b-Tetrahydro-5-hyclroxy-7-methoxl,-5-,n"rnyl-2H-furo[3,2-b]naphtho-

[2'3-d]pyran-9-yl-2,6,1 l -trione lo4 trifluoromethanesulfonate 3.1

A solution of ceric ammonium nitrate (33 nrg, 0.061 mmol) in water (l mL) was added
dropwise to a solurtion of 6-acetyl-6b,8,9,9a-tetrahydro-5-hydroxy-4-methoxy-g-

oxofuro[2,3-b]naphtho[2, ]-d]furan-Z-yl-7 ,10 tlifluoromethanesulfonate 3.2 (14 ffig,
0'030 mmol) in acetonitt'ile (2 mL) and stirred fbr l5 min. The mixture was then diluted
with dichloromethane (5 nrl.), washecl with water (2 x 3 mL), and dried over magnesium

sulfate. Evaporation under reducecl pressurc yieldecl an orange oil. purification by flash
column chromatography using 8:2 ethyl acetate-hexane as eluent gave the title
compound 3.1 (9 rng, 62o/c) as a yellow oil. [Found (DEI): M*, 47g.0159; crsHnFroros
requires M",478.01821; v,',r* (CHzCl2 soh.rtion) 3392 (OH), lTgg (C=O, 1_lactone) and

1673 (c=o' quinone) crn-r; 6H (400 MHz, CDCh) r.7g (3 H, s, cH3), z.1s (r H, d, u/g",

17 .6 Hz, H-3'), 2.94 (l H, ctd, /g*,,., 17.6 ancl _/.,.:" 4.g Hz,H-3), 4.06 (3 H, s, OCHr), 4.90
(l H, dd, ,/r,ro 4.8 Hz ancl ./r..r., 2.9, H-3a), 5.25 (l H, d, ,/rru,lo Z,9 Hz, H-l lb), 7.20 (l
H, d,,[s,1e 2.2 Hz,H-8), 7.64 (l H, d, Jw Z.2Hz, H-10), 9.2g (l H, s, OH); fo (100

MHz, CDCI3) 27.5 (CHr. CH:), 36.5 (CH2, C-3), 57.3 (CHr, OCHr), 67.1 (CH,C_3a),
68.5 (CH, C-l lb), 93.2 (quair., C-5), I I t.3 (CH, C-10), I I1.6 (CH, C-g), lZO.2 (quat.,
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C-6a), 137.0 (quat., C-t0a), t48.2 (quat., C-5a), t53.3 (quat., C_l la), I61.6 (quat., C_9),

161.8(quat.,c-7), 174.r(cFrat.,c-2), lgl.0(cFrar.,c-6), lgl.2(quar.,c-ll);m/247g
(M*,2Vo1,476 (M-zH, 3).463 (M_CHr, t7).
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