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ABSTRACT

I-ewis acid mediated cyclisations of the ortho allyl substituted homochiral

hydroxyanthraquinone acetals (37), (38), (43), and (44), prepared via optimised reductive

Claisen rciurangements have been invcstigated. The mono and dichloro tetracyclic species

Ql-74), (76), Q7), (83), (84), (87-90) and novel dioxepins (97), (98), (101)' (102) have

been synthesised and their stereochemistries assigned using NMR techniques.

Mechanisms have been proposed for the formation of most of the products. An Sp2-like

process in which the dioxolane ring strucnre is maintained in an ion pair intermediate is

favoured when tin(IV) or titanium(IV) chloride are used at lower temperatures C78"C).

Such a path explains the good C7 stereoselectivity in the gcneration of the

anthracyclinones. Thereafter the direction of chloride addition is governed by the

orientation of this ion pair which provides the chloride to C-9 on the A-ring. An

alternative path predominates when boron trifluoride etheratc is used and at higher

temperatures. This probably involves a free oxocarbenium ion which explains the poor C7

stereoselectivity, since either face of the oxocarbenium ion is equally accessible to thc

incoming nucleophilic olefin. An adjaccnt methoxy group on the anthraquinone ring

lowers the stereoselectivity at both CY and C9. This effect is explained by invoking

bidentate coordination of either tin(IV) or titanium(IV) chloride to the quinone carbonyl,

the methoxy oxygen and the acetal. The rcsulunt steric interactions raise the energy of the

favoured transition state and thus the acetal reacts via a different conformation, or the

SNl-like path may be favoured, both of which afford a lowcr stereoselectivity. When

titanium(tV) chloride is used with the isobutylene substituted methoxy anthraquinonyl

acetal (37) areversal in C? stereoselectivity is found which has been explained as due to a

favouring of reaction in which the other acetal oxygen has become complexed. With these

substrates trimethylsilyl triflate does not induce the desircd acetaValkene cyclisation,

rather the isobutylene substituted acetals (37) and (38) grving the dinrethyl furans (68) and

(69), while the vinyl chlorides (43) and (44) were largely unrcactive.
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Preliminary studies on modifications aimed at introducing oxygen bearing functionality

at C9 in the mono and dichloro tetracyclic species have been caricd out.

The potential of the acetal from condensation of the conduritol dimethyl ether (140)

and the aldehydc (35) in syntheses of novel anthracyclines bearing a 7-cyclitol substituent

has been studied. The cyclohcxenyl acetals (143), (153), (154), and (157) have bcen

prepared but their reactions with a variety of l-cwis acids grve the appropriatc

napthacenediones (67), (91), (133), and (155) as the only tetracyclic products isolated- It is

proposed that coordination of the o-nrethoxy groups to the Lewis acid diverts thc rcaction

paths.

A onc-pot reductive Claisen/Ene reaction of the aldehyde (35) has been optimised as a

method for preparing the tetracyclic anthracyclinone (163). Further rnodifications of this

tetracycle have been investigated.

Preliminary studies of a route aimed at utilising a Dieckmann condensation to furnish

anthracyclinone prccursors were side-tracked when rather than the desired furans an

iodoetherification rcaction gave a series of novel iodomethylfurans and

furanocyclopropanes.

The use of palladium(Il) bisacetonitrile to simultaneously cleave the allyl ether and

conjugate the C-allyl double bond of (33) to afford (217) has been investigated.



1) Daunorubicin

CHAPTER ONE

ANTHRACYCLINONES - BACKGROI.JND AND HISTORY

1. General Introduction

This investigation aimed to lay the foundation for efficient and selective syntheses of

molecules in the anthracycline series which are not available from natural sources.

Figure I

ocHs

Anthracyclinones and the glycosidic anthracyclines are coloured pigments produccd by

various species of streptomyces soil bacteria.l'2'3 Although their antibiotic properties were

observed soon after their discovery, they were found to be too toxic to be clinically useful

for the treatrnent of infectious diseases. However, in the late 1960s daunorubicin (l) was

developed by Arcamone and his group at Farmitalia and Maral at Rhone-Poulenc,4 as a

OHIJOHO
Aclacinomycin A 

--f "4
ffi,"
IF

I

o
Id

{

(2)

'oHo
I

-'To'7n*
I NH2

HO



4

(3) X=OCH: Y=OH

(4) X=OH Y=H

successful anti-leukemic agent. Consequently, over the past twenty years considerable

effort has been directed into intensive research on the isolation, stnrctural elucidation,

pharmacology, biochemical mode of action and the synthesis of anthracycline-based

drugs, which are today amongst those most often used in antitumour chemotherapy.

A large number of anthracyclines have been produced synthetically, or isolated from

nanral sources, and stnrcturally characterised, both at academic research centres and

chemical companies.2'3 They differ in both the nature and stereochemistry of the

substiruents about the A-ring, in the number of sugars (up to eight), attached both at C-7,

C-9 and occasionally to ring D; and in the substitution pattern about the anthraquinone

nucleus. However, a common element to all anthracyclines is the linearly condensed

tetracyclic ring system, numbered as shown (see Figure 1 for some common examples).

Although daunorubicin (1), aclacinomycin A (2), adriamycin (3) and carminomycin (4)

(Figure 2) ue all currently produced by aerobic fermentation, their high cost, which limits

availability, coupled with the promise of better chemotherapeutic behaviour shown by a

number of related compounds which are unavailable from natural sources, has made the

total synthesis of these compounds and their analogues an attractive goal.

Figure 2
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2. Mode of Action

The mode of action of these drugs, which is an area of active research, must be

considered when planning a synthesis, as it has been found that subtle changes to a

structure and substituents can result in far-reaching effects on a compound's physiological

behaviour.S Several groups have shown that certain anthracyclines (daunorubicin (1) and

carminomycin (4)) have the ability to intercalate cellular D.N.A., whereupon they act to



stabilise the helical structure and thus prevent replication.6-8 It has also been found that

some membranes interact strongly with drugs of this sort resulting in the alteration of such

properties as fluidity, ion ransport and glycoprotein synthesis.T'9 The in vivo and in vitro

redox chemistry of anthracyclinones has also bcen extensivcly studied with respect to the

relationship between structure and its involvement in cell damage. The nvo rnost favoured

suggestions for the mode of action of redox mediated cytoxicity of anthracyclines involve

the fomration of reactive oxygen species which then attack cellular D.N.A. (Figure 3a), or

the formation of a reactive quinone methide which binds to and damages biological

molecules9-ll (Figure 3b).

Figure 3b
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Studies with C1-oxygenated anthracyclines demonstrate effectively the link between

stnrcture and physiology, where the use of the {r--oxo derivatives as antitumour agents has

been precluded by cumulative dose-related cardiotoxic effects.l2 It has been found that

many of the f-deoxy analogues are both less toxic and more potent antirumour agents than

their parent compounds.l3 Related to this, it has been shown that a phenolic group is

important in the D.N.A. intercalation process, as well as effecting thc redox behaviour of

the chromophore. Thus the ability to selectively modify the substitution panem and nature

of substituents about the anthracyclinone nucleus gives rise to the possibility of viable

routes to new and more effective antitumour agents.

3. A-Ring Synthesis

During syntheses of anthracyclinones, stereochemical problems concerning the

development of up to four chiral centres in the hydroaromatic A-ring need to be solved.

Our approach has been to annulate a pre-existing anthraquinone nucleus to givc the

desired tetracyclic skeleton. This, and other work, has resulted in four general

approaches 14' I 5 ;ot effectin g anthracycli none syntheses.

- Diels-Alder reaction

- Reductive alkylation

- Conjugate addition

- Reductive Claisen rearangement.

An oxidised anthraquinone can act as the dienophile with an appropriately substituted

diene in a Diels-Alder reaction (Scheme l). This approach is complicated by the

possibility of addition to the internal or external double bonds.ls

Scheme I
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R = H, OCH3 R' = OAc, Cl



The desired latter mode has been found to predominate with 2-acetoxybutadiene or

chloroprene. Alternatively, the internal double bond may be protected by epoxidation as

exemplified by the work of Stoodley and co-workerslT (Scheme 2).

Scheme 2
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The Marshalk reactionl8 allows reductive alkylation of amino- or

hydroxyanthraquinones which are resistant to conventional Friedel-Craft rcactions

(Scheme 3). The highly electron deficient anthraquinone is reduced to a comparatively

electron rich, highly nucleophilic hydroxy anthracene (5) which reacts with an aldehyde to

give the ortlu adduct (6). Isomerisation to the hydroxyalkylated anthraquinone anion,

Aco I
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Scheme 3
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followed by elimination then afforrds the alkylated anthraquinone, by a process which is

believed to involve the quinone methide (7).

Scheme 4

OH

w
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Two common undesirable side reactions are illustrated in Scheme 4. Thus, either the

coupling of one molecule of (8) with one of the leuco form (9) affords the dimer (10), or

alrernatively reaction of (8) with a molecule of the starting anthraquinone can give (11).

Intramolecular alkylations have also been successfully developed for constnrction of an

A-rint.te'zo

Nucleophilic additions to anthraquinones which can be regarded as Michael additions

have also been achieved. Thus the formation of (13) by reaction of (l2a) with base may be

considered as involving the equilibrium represented by (12a) and (12b) (Scheme 5), with

the reaction proceeding via the latter (12b), which although not constituting a large

proportion of the available material nevertheless allows the cyclisation.

-oHo

(e)

(1 1)
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Scheme 5
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The founh method involves elaboration of side chains introduced into an

hydroxyanthraquinone nucleus via thermal or reductive Claisen rearrangements. The lauer

process involves in situ reduction of the quinone carbonyls to give the semiquinone

dianion or radical anion, which greatly facilitates a [3,3]-sigmaropic rearrangement by

increasing the relative electron richness of the anthraquinone nucleus.2l Studies on aspects

of this process are reported in Chapter One of this thesis.

The work detailed in the fust chapter of the present investigation aimed to optimise

syntheses of both the methoxy acetals (37) and (a3) and the demethoxy acetals (38) and

(44) from quinizarin (14) via reductive Claisen rearrangements. Investigation of the Lewis

acid mediated cyclisation reactions of these compounds with a view to the synthesis of

novel anthracyclines would then also give insights into the mechanisms of such

cyclisations, in particular when using anthraquinone derived subsrates.
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CHAPTER TWO

Ft NCTTONALTSATTON OF THE ANTHRAQLm{ONE NUCLEUS VIA

REDUCTIVE CLAISEN REARRANGEMENTS

Previous work in this depanmen&ts has included studies directed towards the

synthesis of anthracyclinones via elaboration of an existing anthraquinone nucleus. Early

work on allylnapthyl ethers indicated that it was possible to functionalise the C2 positions

via a thermal Claisen reiurangement (Scheme 6). This subsequently led to the

development of the reductive Claisen rearrangement as an effective method for such

functionalisation.z

Scheme 6

Et3N, reflux

9l Vo

This early work culminated in a synthesis of 4-demethoxydaunomycinone (23) in29 Vo

overall yield from quinizarin (14) via a sequence based on stepwise reductive Claisen

rearran gements (Schem e 7 ).25,26

Conrolled reductive Claisen rearrangement of the bis-chlorallyl ether gave the

mono-rearranged compound (15) in 96 Vo yield. Protection of the thus exposed phenol was

achieved by treatment with ethanolic potassium hydroxide to fomr a furan. A second

Claisen reiurangement, phenol methylation, ozonolysis with reductive work-up, treatnrent

with boron trifluoride etherate in dichloromethane and then uimethyl orthofonnate in

methanol afforded the 2,3difunctionalised anthraquinone (16) in 68 7o yield from

quinizarin. A Mukaiyama crossed aldol condensation of the acetal moiety with

2-rimethylsiloxybut-1-ene-3-one with tin(IV) chloride as catalyst in acetonitrile at -23oC

gave the c-diketone (17) in 70 Vo yield. Ring closure was achieved by brief reatment of



Scheme 7 tl
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I : 4-demethoxydaunomycinoneOH OH

1. CHr=g1Cl)CH2Cl, K2CO3, acetone 2. Na2S2O4, dmfAI2O, reflux 3. KOH, EIOH 4.

Na2S2O4, dmfAI2O, 80oC 5. (CH3O)2SO2, K2CO3, acetone 6. 03, CI{zCl2, -78"C 7.

dms 8. BF3.OEt2,Ctl2Cl2 9. CH(OCFI3b, CH3OH,pTsOH 10. SnCla, CH3CN, -23oC,

(CHJ3SiOC(=CHdCOCFIs 11. 1,5-Diazabicyclo[4.3.0.]non-5-ene/thf 12.aq. KOH,

thf 13. dmf 14. AlCl3, CH2CI2 15. CF3CO2H 16. H2O 17. BBr3, C[I2CI2, -78oC.
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(24a)

cl

(24b)

the diketone with 1,5-diazabicyclo[4.3.0]non-5-ene in tetrahydrofuran, which afforded a

mixture of the three tetracycles (18), (19) and (20). The relative stereochemistry of each

compound was assigned by comparison of lH NMR data with that of the aklavinone

analogues preparcd by Kishi.27 Demethoxycarbonylation of (18) by hydrolysis with

aqueous potassium hydroxide and then heating in dmf gave (21) in 70 Vo yreld, while

similar treatment of (19) and (20) afforded a single tetracycle (22). Demethylations and

epimerisations completed the synthesis of 4-demethoxydaunomycinone (23).

Next attention was turned to altemative snategies in which the A-ring would be

elaborated by an inramolecular kwis acid induced reaction of an allyl moiety with an

acetal derived from a homochiral diol. It was envisaged that the nature of the diol would

induce asymmetry into the incipient A-ring. Such strategies required the development of

these functions in the 2,3 positions of quinizarin. An obvious methd for the innoduction

of the allyl moiety is formation of an ether at one of the phenolic positions and a reductive

Claisen rearrangement to move the group onto the aromatic ring. As noted previously, this

methd of functionalising anthraquinones has been a focus of interest within this

department, and as such a considerable body of experience exists concerning the practical

aspects of such reactions.

Scheme 8

The choice of the allyl group to be attached to the phenol and then migrated onto the

ring to provide functionality at the C3 position is important, since after cyclisation this

moiety will provide three sp3 carbons to the A-ring. Hence, any functionality desired at

positions 8, 9, or l0 can be accommodated by the choice of an appropriate allyl unit. For

example, the use of 2-chloromethylbut-1-ene (24a) would lead to an ethyl moiety at C9, a

^(

x (26)
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substituent of naturally occurring anthracyclinones such as citronomycinone (25) (Scheme

8), while the aklavinone (26) could be prepared from the 3-methyl homologue (24b)of

such an alkene.

M.Johnson,z who started this programme elected to investigate the synthcsis and

cyclisation of the isobutylene substituted acetal (37). He prepared the phenolic acetal (31)

by the route outlined in Scheme 9, whereby the anthrafuran (27) (prepared as in Scheme 7)

was deallylated with boron uibromide and protected as the benzyl ether (28). Ozonolysis

of the furan ring with reductive work-up afforded the acetoxyaldehydc (29) which was

hydrolysed directly to the phenolic aldehyde (30). Condensation with (2R,3R)-butanediol

introduced the homochiral relay. O-methylation and unmasking of the benzyl ether by

hydrogenolysis then gave the acetal (31).

Scheme 9
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l. CICH2C(Cl1=g11r, K2CO3, KI, acetone 2. Na2S2O4, dmf/tl2O, reflux 3. KOH, Et()H

4. BBr3,CH2CI2 5. PhCH2Br, K2CO3, KI, acetone 6- 03, CH2C12 7' dms 8'

NatICO3, H2O, thf 9. (2R,3R)-butan-2,3-diol,pTsOH, Benzene 10. (CH3O)zSOz'

K2CO3, acetone tl-HzlPdlBtOAc.

(31) irX*
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Holroyd developed an alternative route to the homochiral acetal (31) from quinizarin

(14) via the bis-atlyl ether in 69 Vo overall yield (Scheme 10).22 Monorearrangement (84

Vo), methylation and heating the methyl ether (33) in refluxing methanolic sodium

hydroxide gave a quantitative yield of the conjugated alkene, which was then deallylated

to give the phenol (3a) by reaction with a mixture of acetic acid, water and sulfuric acid

under reflux. Oxidation of this with osmium tcnoxide and immediatc in siru cleavagc of

the resultant diol with periodic acid afforded the aldehyde (35) which was converted into

the homochiral dioxolane (3t) by stining with (2R,3R)-butane-2,3-diol with

p-toluenesulfonic acid in dichloromethane at room temperanre. This sequence has the

twin advantages of avoiding the protectiory'deprotection steps of Scheme 9 and using a

more convenient oxidation step for the generation of the C2 aldehyde, and consequently a

higher overall yield of (31) was obtained.

Scheme 10
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I
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l. CHr=g11CFI2Br, K2CO3, dmf 2. Na2S2Oa, dmf {2O, reflux 3. (CHO3)2SO2, K2CO3,

acetone 4. KOH, CH3OH 5. CH3CO2H[{2SO4/H2O 6. OsOa/HIOa

7. (2R,3R)-butane-2,3diol, pTsOH, CH2CI2.

hi\ (3s11ff*
ocHs
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M.Johnson then prepared the methallyl ether (32) (98 7o) by heating the acetal (31) in

refluxing acetone with methallyl chloride for 48h and investigated its behaviour under

reductive Claisen conditions (Scheme 1l). When 1 mole equivalent of sodium dithionite

was used, the te6asubstituted anthraquinone (37) formed readily (95 Vo), while with less

than I equivalent of the reductant reaction remained incomplete. With 1.5 cquivalents of

dithionite the rearranged but demethoxylated product (38) was produced (43 %) along

with (37) (48 Vo).

Scheme 1l

",/\(

K2CO3, KI
acetone, A

(32)

I t.t
i
HO

"
Na2S2Oa

1.0 Na2S2Oa

+ (37)

48 Vo

(38)

In subsequent work Brown28 showed that this reductive demethoxylation occurred after

the sigmatropic rearrangement and only in the absence of air. A mechanistic rationale for

this reaction is outlined in Scheme 12. The reductive Claisen realrangement of the

anthraquinonyl allyl ether is considered to involve the formation of an anthraquinone

radical anion or dianion,u a 13,3'l-sigmaropic reiumngement to give the allyl ketone, a

fl,3]-protouopic shift to oxygen and finally oxidation to regenerate the anthraquinone

nucleus. If a different prototropic shift occurs to allow the intermediate (39) to form a

pathway whereby methanol is eliminated becomes available.
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As mentioned earlier, the ability to modify the oxygen substitution pattern about the

anthraquinone nucleus of thc anthracycline drugs has assumed great importance with the

realisation that a wide range of oxygenation patterns on the chromophore are compatible

with biological activity,S and that some of the deoxygenated analogues are more effective

and less toxic than their parent compoun6r.29.30 It is generally difficult to selectively

modify the oxygenation pattern during an anthracyclinone synthesis, so a route whereby

concomitant deoxygenation and functionalisation occurs is panicularly desirable. Hauser

and co-workers3l developed such a strategy for their regio- and stereospecific synthesis of

4,6dideoxyadriamycinone, with the key step being demethoxylation of (a0) during a

reductive Claisen rearrangement (Scheme 13). Hauser found that the use of aqueous dmf

afforded solely the demethoxylated product (41), while with aqueous dmso as the solvent

the methoxy group was retained in the product of rearrangement.



Scheme 13
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X= OCH:orH

XXC

l. K2CO3, CICH2C(=CH)EI, dmf 2. C}lr=Q, Na2S2O4, NaOH, CI{3OH
3. (CH3)2SO4, K2CO3, acetone 4. Na2S2Oa, dmfAIzO, 100'
5. Na2S2Oa, dmsoAI2O, 100'

1. Preparation and Reductive Claisen Rearrangements of (32)

It was realised that further investigation of reductive Claisen rearrangement of the

p-methoxy-allyloxyanthraquinones was waranted in order to establish optimal conditions

for the preparation of either the methoxy or demethoxylated C-allyl hydroxy

anthraquinones.

Thus attention was turned to optimisation of preparation of the methallyl ether (32).

The use of dmf rather than acetone as a solvent in monoallylations has been shown to

enhance the reaction rate.8 Presumably the greater solubility of the phenolic species in

the solvent and the effectiveness of dmf as a solvent for SN2 processes both contribute to

the rate enhancement. In the present case, when alkylation of the acetal (31) with

methallyl chloride was performed using dmf as solvent, the reaction proceeded smoothly
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and rapidly at 80oC to give a9l Vo yield of the desired methallyloxy product (Scheme 14).

Modifying the tempcratures either up or down gave lower yields, and the prcsence of an

inert atrnosphere had no obvious effect. However, effrcient stirring of the mixture was

found to be critical if the reaction was to proceed at all. tg NMR confirmed the stnrcture

by comparison with M.Johnson's spectra.

Scheme 14

K2CO3, KI, dmf
(321 9l Vo

)-" ocH3 oo

(31)

ocH3

During investigation of the reductive Claisen rearrangement of (32), Brown,Z8 while

attempting to protect the acetal functionality, found that the addition of a small amount of

saturated aqueous sodium hydrogen carbonate as a buffer significantly enhanced the rate

of the reaction. Also, although he was able to reliably control the product ratios by varying

the dithionite to substrate ratio, large excesses of the reducing agent led to only modest

yields (Table 1).

In the current investigation, it was found that a slight increase in the reaction time

resulted in formation of the demethoxy product (38), but a small amount of the

tetrasubstituted anthraquinone (37) was also formed (entry 6). Up to eight minor products

were also detected by chromatography in addition to the two principal ones, obviously

accounting for the poor mass recovery of (37) and (38). However by using 1.5 equivalents

of the reducing agent this was largely avoided, and an optimised yield (55 Vo) of the

demethoxylated compound (38) was obuined after a reaction time of 4h (entry 7). The use

of a lower temperature increased the recovery, giving equal arrpunts (37 Vo) of the two

rearranged products (37) and (38) after 4h, or soley (37) from a shorter reaction (entries 8

and 9). When dmso was substituted for dmf in the reaction, the mass recovery fell
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Table I Reductive Claisen Rearrangements of (32)

ocH3
(37)

NazSeO+ TemP. ("C) Time 7o Products
(37) (38)

Ref.

Entry

1

2

3

4

5

6

7

I

9

10

11

1.0a

1.5a

1.0b

0.94

3.0b

1.0b

1.5b

1.5b

1.0b

2.0b,c

3.0b,c

th

3h

20 min

1.25h

3h

4h

4h

4h

2.5h

4h

4h

105

10s

105

105

105

105

105

80

80

80

80

95

48

95

87

7

5

37

65

60

59

49

46

55

37

1

1

2

2

2

3

3

3

3

3

3

2

4

All reactions performed under a nitrogen atmosphere.

a - No base (NaHCOg) added.
b - Base added.
c - dmso (rather than dmf) used as solvent (1 :1 ratio with HzO).

1 - M.Johnson, MSc Thesis, 1997, University of Auckland.
2 - E.G.Brown, unpublished data.
3 - The current study.
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dramatically, but the product distribution was biased heavily in favour of the methoxylated

compound (37) (entries l0 and 1l). Only slight increases in the proportion of the

demethoxylated product resulted with increased amounts of reductant, and in all cases it

was necessary to use careful chromatography in order to separate out and obtain the two

major products (37) and (38). Thus viable routes to both the methoxylated and

demethoxylated rearranged compounds have been developed, although the availability of

the demethoxy compound (38) is more restricted.

2. Preparation and Reductive Claisen Rearrangements of (42)

Concurrent with this work, the behaviour of the chlorallyl analogue (42) was also

investigated. The preparation of the chlorallyl ether (42) proceeded smoothly in dmf at

80oC, a reaction time of 18h rcsulting in a 92 Vo yteld (Scheme 15).

This compound displayed the signals in the tH MvIR spectnrm at 4.77,5.56 and 6.00

ppm expected for the new chlorallyloxy group, and gave mass spectral data consistent

with the inclusion of a chlorallyl moiety. Again, it was found that the use of an inert

(nitrogen) atmosphere did not affect the reaction outcome. Temperatures ranging ftom

70-100"C could be tolerated without discernible change in yield, and efficient stirring of

the reaction mixture was essential for successful reaction.

Scheme 15

K2CO3, KI, dmf

/)v/cl
(31)

Previous work by Larsen26 had shown that gentle headng of a variety of

chloraltyloxyanthraquinones with sodium dithionite in aqueous dmf resulted in rapid and
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controlled reductive Claisen rearrangements leading to excellent yields of the

corresponding C-chlorallylhydroxyanthraquinones (see Scheme 17, p 25). However when

the chlorallyloxy acetal (42) was subjected to similar conditions only 7 Vo of the C-allyl

compound (a3) and 28 Vo of its demethoxylated derivative (44) were isolated (Table 2,

entry l).

Next aqueous sodium hydrogen carbonate was included in the rcaction in the hope that

it would produce a similar rate enhancement to that found with the methallyloxy analogue,

while also preventing hydrolysis of the acetal function. With one mole equivalent of

sodium dithionite in a 1:1 aqueous dmf solution, refluxing for 90 min afforded a mediocre

yield of the desired rearranged acetal (43) (29 Vo),taces of the deallylated material (31) (2

7o) and starting material (5 Vo) (Iable 2, envy 2). The reaction mixture is known to

become increasingly acidic as redox progrcsses.3l Thus presumably the loss of the vinyl

chloride group is acid-mediated, as indicated in Scheme 16. Longer reaction times resulted

in increasing amounts of side-products, including the

Table 2 Reductive Claisen Rearrangements of (a2)

ocH3 o
(43)
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Table 2, continued from previous page

Entry
NazSzO+ Temp. Time % Products

(43) (44) (31) (45) (46) SM

1

2

3

4

7

8

I
10

11

12

13

14

15

16

1.0

1.0

1.5

2.O

2.0

3.0

1.0

1.5

1.5

1.5

105

105

105

105

105

105

75

80

90

100

13

22

1.oa'c 105

1.0c 1 05

1.0c 105

1.0c 105

1.5h

1.5h

2h

3h

1.sh

3h

7

29

17

7

36

5

28

22

18

2

2

11

5

6 6

3h

2h

3h

2h

4.5h

3h

4h

4n

16

12

6

15

23

10

16

20

19

11

16

10

15

AA

11,t

31

g1

52

13

30

19

1.0b 1 00

2.0b 100

21

29
4h

4h

a - No NaHCO3 added
b - dmso (rather than dmf) used as solvent (1:1 ratio with HzO)
c - Mixture not stirred
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anthrafuran (45) formed from (43) by an intramolecular cyclisation (Table 2, entries 3 and

4). This compound was easily characterised by its lH NMR and 13C spectra which

included singlets at2.63 ppm and 6.79 (lH), and 14.7 and 103.3 ppm (l3C) anributable to

the anthrafuran methyl and vinylic substituents respectively.u Further, the mass sPectrum

of (45) showed a strong molecular ion at rnlz 392 that was analysed correctly at high

resolution for a molecular formula of C2i1H26O6, and the infrared spectrum showed only a

non-hydrogen-bonded quinone carbonyl absorption.

Scheme 16

ct If

R = H or OCH3 R'= dimethyl dioxolane

Initially it was presumed that reflux was providing sufficient mixing for the reaction.

However it was soon found that vigorous stirring as well as refluxing altered thc ratio of

observed products significantly. After 90 min, work-up afforded a mixture of the

methoxylated (43) to demethoxylated (44) reananged products (3:1) in 49 Vo yield (entry

5). These two products were easily separated by chromatography, and each was

characterised by mass spectral and NMR methds. A molecular ion at rnlz 428 with the

base peak at 393 (loss of HCI) was observed for the methoxy acetal (43), while the

demethoxy compound (M) gave a much less abundant molecular ion at 398 with an

analogous base peak at 363. High resolution mass spectra substantiated the elemental

composition of each ion. The most obvious difference in the tH NMR spectra was the

presence of a singlet due to the Hl proton at 8.15 ppm in the demethoxy case. Thc absence

of the methoxy singlet was considerably more difficult to discern, as in the lH Mr4R

spectrum of (43) is signal was virtually coincident with the signal due to the Hl" protons
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of ttre C+hlorallyl group, but in the l3C NMR spectrum a CH signal at 117.1 ppm for (44)

contrasted with a quaternary carbon signal from C6 at 153.7 ppm for (43). Each spectrum

included a sharp hydrogen-bonded phenolic singlet at 13.57 (a3) and l3.W Ppm (44),

providing a useful probe for analyses of thc product mixturcs. The NMR daa also

supported the change to a C-chlorallyl substituent with the lH signals for Hl" and H3"

shifting from 4.8, 5.6, and 6.0 ppm in thc spectrum of (42) to 4.1, 4.7, and 5.2 pprn A

longer reaction time biased the product distribution in favour of the demethoxy product,

lending support to Brown's assertion that the methoxyl loss occurs after the

redrangement. However, mass recovery was lowered significantly, and not surprisingly,

some of the anthrafuran (45) was also formed (Table 2, entry 6).

The effect of using more sodium dithionite was investigated (entries 7-10). With 1.5

mole equivalents of the reductant after reflux in aqueous dmf for 3h, 16 Vo of the

methoxylated and 23 Vo of the demethoxylated products were isolated, while the use of

two equivalents led to (43) (6 Vo), (44) (16 Vo) and two products from which the chlorallyl

group had been lost, (31) (10 Vo) and (46) (17 Vo) (entry 9). The latter demethoxylated

compound, presumably arises by the operation of a path analogous to that outlincd

previously (Scheme 12) subsequent to the loss of the chlorallyl group. Similar rcactions

for 2h with 3 equivalents of dithionite gave (43) (15 Vo), (44) (20 Vo) and (31) (15 7o), with

the acetal (31) again being present, and with 2 equivalents (43) (12 Vo) and (44) (lO %)

(entries 8 and l0).

When the effect of using lower temperatures was investigated, it was found that longer

reaction times were required for complete reaction of the surting material (entries l1-14).

After 4.5h at 75oC, the major product was the methoxy-acetal (31) from which the

chlorallyl group had been lost. This suggests that this temperature was too low to induce a

reductive Claisen reiurangement so that the ether cleavage reaction was able to compete.

The use of 1.5 equivalents of sodium dithionite and temperatures of 80o or 90o gave (43)

and (zH) in ratios of 3:2 and 3:1 respectively. Reaction at 100oC afforded the most

efficient procedure for the prcparation of the methoxylated rearranged compound (43) (52

Vo) wirh the demethoxy product (44) (16 7o) also being formed. The keys to effecting the
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desired transformations with good reproducibility seem to be careful monitoring of the

reaction temperature throughout, lengthy deoxygenation of the solvents before reaction,

and scrupulous exclusion of oxygen. With such a protocol side-products are largely

absent, but conditions which gave either of (43) or (44) in high yields were not

established.

Scheme L7

o

78 7o

94 Vo

93 7o

---+

- Reactions performed in aqueous dmf at 105' with l-2 equivalents
of Na2S2Oa present.



26

Finally it was found that the use of dmso rather than dmf as the organic solvent had

little effect on the product ratios (Table 2, entries 15 and 16). Thus, although reasonable

yields of either of the desired rearranged products (43) or (44) were obtainable, the

extreme sensitivity of the reaction to variations in conditions, and the diffrculty in the

purification of the products makes it synthetically unsatisfactory.

The problems encountcred in this transformation are a consequencc of thc

juxtapositioning the ortln vinyl chloride and dioxolane moieties since Brown and

Johnson22'28 have efficiently rearranged the methallyl analogue (fable 1), while Larsen

was able to successfully rearrange a chlorallyl group in a number of substrates in good

yields (Scheme 17). More recently Higgs32 has successfully effected reductive Claisen

rearrirngements of the allyl analogues.

It is possible that the proximity of the vinyl chloride group to the acetal destabilises the

transition state structure by electrostatic interactions between the chlorine and the acetal

oxygens - interference by steric interactions alone are thought to be unlikely due to the

ease with which the methallyl group has been shown to migrate. A possible solution to the

problem would be to carry out chlorallyloxy formation and reductive Claiscn

rearrangement star:ting from the aldehyde (35) effecting acetalisation subsequently.

Better connol of the reductive demethoxylation wurants further investigation. As the

process is envisaged to proceed via protonation at the oxygen, a different more bulky

substituent at Cl may prevent such a reaction. Alternatively the use of a moiety that would

furnish a poor leaving group upon protonation could also be effective. However, such a

group would have to be acid stable, easily added and removed later with selectivity, Acyl

esters, which are generally cleaved under basic conditions,33 may be a suitable altemative.

Although high yielding syntheses of the C-chlorallyl compounds (43) and (44) had not

been achieved, sufficient quantities of four different homochiral ortho allyl dioxolancs

suitable for a study of Irwis acid mediated cyclisation reactions were available.



CYCLISATIONS OF CHIRAL ACETALS

The asymmetric induction available from the Irwis acid induced intramolecular

reaction of homochiral acetals and alkenesS was first demonstrated by W.S. Johnson's

goup35 in their cationic biomimetic cyclisation of the homochiral acetal (47) (Scheme

l8).

Scheme 18

I

rtlr Y sncr+-

oXo- 
benzene'

\J @7)

li=

94:6

Of the four stereoisomers obtained in this tin(IV) chloride catalysed reaction, the two

major ones, B and C possess the same absolute configuration at what was the acetal

carbon, indicating a very high degree of diastereoselectivity in the reaction process (d.e.

86 Vo).

The observed asymmetric induction is a consequence of the Cz symmery of the

dioxolane ring resulting from the use of a diol which has C2 axial symmetry. The C2 of

the acetal is prochiral and during a reaction can present one of nvo diastereotopic faces to

a reactant. Thus, the rc and si faces of what was a carbonyl group are differentiated

stereochemically. However, the actual mechanism of the nucleophilic substitution at the

C2 acetal carbon is not clear, with recent papers arguing for both SNl36 and Sp237

mechanisms.

As implied previously, the introduction of chiraliry into the A-ring is a key step in

anthracycline syntheses. Kishi et aP8,3e have used a chiral acetal auxiliary in asymmctric

27

7:93

H

B
RO

p=v^
=H

C

RO
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\AA,lll
OHU

co2cH3

 
-t 

oH

i !l'7l
?02cH3

IYY #?-\/\)'lt
oH -o oH\J10 (53) 

l-Z
q++' I\,,,l

(54) o\-/o"

l2

Scheme 19

1,2
#

9O2CH3

co2cH3

(4e)

..tt\\\

OH

.u I
{

(s2)

'-i

I ,,0
r V cozcHg

s l\rA,/# { ll I

{A(\.'o.,ttttl 
,?J

1.0

OH

9, l0 |

I

(s7)

l. Benzene, reflux 2. (iPr)2EtN, air 3. 03, CH2CL2, -78oC 4. DMS

5. (2R,3R)-butane-2,3-diol,pTsOH, b€nzene 6. SnCla, CH3CN

7. CH3CH5(C=O)CH2Si(CH3)3 8. K2CO3, CH3OH 9. CF3CO2H 10. H2O.
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(62)

syntheses of both aklavinone and 1l-deoxydaunomycinone (Scheme 19).

The precursor anthrafuran (49) was synthcsised via a Diels-Alder cycloaddition to the

bromojugalone (48) with an appropriately substiruted diene followed by direct aerial

oxidation. Ozonolysis of the anthrafuran afforded the aldehyde (50), which was condensed

with the chiral diol to give the homochiral acetal (51), which was reacted with

l-trimethylsilyl-2-butanone in the presence of tin(Iv) chloride in acetonitrile to yield a

10:l mixture of the crossed aldol products (53) and (54). Kishi atuibuted this

diastereoselection to the ability of the intermediate chiral oxonium ion (52) to react from

either of nro diastereotopic faces and thus to produce unequal amounts of diastereomeric

products. Cyclisation of (53) under basic conditions gavc a 1.3:l ratio of the two

tetracycles (55) and (56). Separation, and successive tneasnent of (55) with trifluoroacetic

acid and water afforded the optically active aklavinone (57).

Scheme 20

H*
.........-.'- (60)

Hzo
(61)

?"".lffi'EX>lJ
6, (f\ oH

,r{

ls
t

. ?"'.

l-\z\,',IB
OHOOH

\-/

---."J

In preliminary work in this

homochiral acetal (59). This

department, I-arsen26 investigated the cyclisation of the

acetal was prepared as in Scheme 7, except that
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(2R,3R)-butane-2,3diol was used instead of rimethyl orthoformate with a view to

effecting the introduction of asymmetry into the A-ring. Larsen sought to form the ketone

(62) by an acid induced cyclisation of the chiral acetal, via the oxonium qpecies (60)

(Scheme 20), followed by intramolecular attack of the nucleophilic alkene and caprure of

the resulting carbocation on quenching with water. The methylpropoxy side chain

substituent at gl was envisaged as having the potential for modification to provide

functionality analogous to those of the clinically useful anthracyclines.

However, Larsen found that several protic and kwis acids gave only products of

aromatisation, (63), or halide incorporation, (64) and (65) (Table 3), which were presumed

to be formed via the carbocationic intermediate (61).

Table 3 Larsen's Cyclisations of the Acetal (59)

(64) X = Cl

(65) X=F

cl
o 9CHs

Lewis Acid Gonditions % Products
su (63) (64) (65)

HCI (sat.)

SnC|+.SH2O (1 eq)

SnOla (0.5 eq)

BFg.OEte (1 eq)

BFs,OEte (10 eq)

BFg.OEtz (10 eq)

RT, 36h

RT, 2Oh

RT, 1h

RT,1h

-78C, t h

-230C, t h

41

50

30

100

37

2057

66

q25

RT
Arl

= Room Temperature.
reactions in dichloromethane.
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Larsen suggested that the electron-withdrawing Cl substituent destabilised the

carbocationic species, incteasing its reactivity, so that the observed products formed

rapidly before the reaction was quenched.

To circumvent this apparent problem, M.Johnson4 investigated the Lewis acid

catalysed cyclisation of a comparable acetal with a methallyl rather than a chlorallyl

moiety. In order to prepare such a substrate, he developed a synthesis via the acetal (37)

(see Scheme 9, previous section). This gave the acetal in which the positions of the

methoxy and phenolic substitutients had been interchanged relative to (59). Although the

change to a methallyl substituent obviously precludes the direct formation of the ketone

sought by Larsen, it was envisaged that modifications of the functionality at C9 would

provide routes to a range of anthracyclinones with defined asymmetry at CY.

W.S.Johnson et afr have investigated the lrwis acid catalysed intermolecular

reactions of chiral acetals with various nucleophiles. The stereoselectivity of the coupling

process was found to depend on the structure of the nucleophile, the nature of the catalyst

and the reaction conditions. Titanium(IV) chloride was found to effectively catalyse

synthetic equivalents of crossed-aldol rcactions between acetals of the type (66) with

nucleophiles such as allyltrimethylsilane, while the diastereoselectivities were greatly

improved when the mixed catalyst 6 TiCl4.5 Ti(CFPr)4 was used42 (Scheme 2l).

Scheme 2l

R Br-..2\/
li,=

OAO ei/r:lr-\-\-6
| | + /,./si(cHJa _+\a" +

N'""t, \-o"
(66)

R = Ocryl

^-,2\/IIvo
I
I

\,-oH
i

88Ticl4

6TiCl4 . Stiloitr)o 96

L2
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As the acidity of such reagents increases with the inclusion of more electron

withdrawing ligands it is possible to have a range of acids with an increasing acidity otder,

e.g. TiCl(OiPr)3 < TiCl2(O'rPr)2 < TiCl3(OiPr) < TiCl4

With this in mind, M.Johnson attempted to limit production of the napthacenedionc

(67) by using the less acidic chlorotitaniumtrisisopropoxide as the catalyst.{ However,

this returned only the substrate (37). In contrast, the use of titanium(IV) chloride itself

induced reaction, but the major products were the dihydrofurans (68) (43 %) and (69) (36

7o) (Scheme22).

Scheme

Ticl4
c*tzctz
-?8"C t
_>[

{
@Hs

(68) 43Vo

The formation of the aldehyde (68) by acid cleavage of the acetal function reflects the

increased acidity of the reagent. The formation of the dihydrofurans was rationaliscd on

the basis of initial coordination of the Lewis acid to the phenolic group and then chelation

by the titanium to the alkene with subsequent furan formation (Scheme 23).

Scheme 23

Tict3

ocH3 ocHs

?n

ocH3 ocHs @Hs
-l
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o

(37)

When M.Johnson treated the methallyl acetal (37) with tin(IV) chloride at 0"C in

dichloromethane at -78o, he obtained a mixture of the arromatic product (67) (48 %) and an

anthracyctnone (35 Vo), to which he tentatively assigned the stnrcture (70) (Scheme 24).

Scheme 24

ocHs

(70)

The relatively high yield of the tetracyclic tertiary alcohol (70) was surprising as it was

apparently the product of nucleophilic capture of water, which could only have been

present in trace quantities. The addition of sodium acetate to the reaction in an attempt to

increase the ratio of C9 oxygenated species was unsuccessful. A sinrilar reaction at '23o

yielded only starting material. More recent work by Brown28 in this department (see later)

revealed that the compound (70) of Johnson was in fact a mixture of the four possible

diastereomeric chlorotetracycles (71), (72), (73), and (74) in which it is a chlorine rather

than a hydroxyl goup which has been captured by C9.

The profound difference in reactivity benreen the tin and titanium based reagents wils

thought to be due to the lack of vacant 3d orbitals in the former and its consequent

inability to accept r-electrons from C-C multiple bonds, a path which the titanium was

able to follow.

Brown continued this investigation of tin tetrachloride induced cyclisations of the

acetal (37) (Table 4). When solid tin tetrachloride in dichloromethane at room temPerature

was used, equal proportions of the aromatic tetracycle (67), the chlorides (7I-74) and the

exocyclic olefin (75) were formed. The latter presumably arises from acid induced

hydrolysis of the dioxolane and an Ene reaction. The chloroalcohols (71-74) were

proposed to result from the capture of a carbocationic species isomeric with (61), (Scheme

)o

-X(67)
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Table 4

OH

* iltl/\-z\-.v
I

ocHs

(67)

20), by chloride from the Irwis acid. When anhydrous tin tetrachloride was used, at roctm

temperature, with 4 equivalents of water added in an anempt to introduce oxygen at C9, a

similar product mixture was obtained. Using these conditions at OoC, the amount of

aromatised product (67) increased. In contrast, at -78oC with 10 equivalents of dmf, a

mixture of the four diastereomeric chloroanthracyclincs Qt), (72), (73), and (74) was

obtained in70 Vo yield. Attempts to introduce different functionality at C9 by inclusion of

phenylboric acid, tinflV) acetate or tin(IV) iodide were unsuccessful. In the former casc it

was hoped that such a species would compete effectivcly with the counter ion of the Lewis

acid as a nucleophile, but in the event the principal product isolated was that of an Ene

reaction. The tin acetate gave mainly the aromatised product, but in contrast the tin iodide

induced no reaction until tinfiV) chloride was added, with a ffi 7o yield of the

diastereomeric chlorotetracycles (7 | -7 4) then being isolated.

Brown's Cyclisations of the Acetal (37)

OH OH

ocH3 oH

Qs)

H3i

Lewis Acid Conditions % Products
(67) (71-7 4) (75) su

SnOla. 5He O

SnCla (anhyd.)

SnCl+ (anhyd.)

SnCl+ (anhyd.)

RT,

RT, HzO

OoC, H2O

-78oC, dmf

30 30 30

22 2528 Trace

60

10

30

All
RT

reactions in dichloromethane.
= Room Temperature.
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The Cument Investigation

This investigation aimed to continue the work of M.Iohnson and Brown.22It was hoped

ttrat the diastereoselectivity of such acetaValkene cyclisations could be enhanced and also

that the examination of the product ratios might give some insight into the mechanisms of

these reactions. In the first section of this chaprcr thc products obtained ftom reactions of

the four chiral acetals (37), (38), (43), and (44) with a range of l*wis acids are reported"

The second section contains rationalisations of thesc results and attsmpts to explain the

mechanism for the formation o{the observedproducts and their stercochemistry.

First the dmf mediated conditions developed by Brownz were used to effcct

cyclisation of the C-chlorallyl acetal (43). It was anticipated that this could afford nvo

dichlorotetracyclic diastereomers rather than the four in thc methallyl case, with the

geminal dichloride at C9 representing a maskedketone.
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1. Cyclisations of the Chlorallyl Acetal(43)

Accordingly, the acetal (43) was treated with tin terachloride/dmf (1:l) at -78oC in

dichloromethane for one hour. Work-up and careful chromatogfilphy of the reaction

mixture gave a number of products. Thc material with the highest Rf displayed a

molecular ion at rnlz 338, and a microanalysis indicated a molecular formula of

CleH'ClO4, Taken in conjunction with lH and l3C spectral data this compound was

assigned as the chloronapthacenedione (80) (Iable 5).

Table 5 Lewis Acid Induced Cyclisations of (43)

ocH. o oH-\ /
Q6) 

_*t-\
(77)

ioc\Js\

ocHs
(80)

iw: +i

ocH3
(7e)

Lewis Acid Temp.("C)
(76)

% Products
(77) (78) (80) (7e)

SnCla/dmf

SnCl+/dmf

SnCla

TMSOTf

TiC l+

TiC l+

-78

-23

-78

-78

-78

-23

27 49

26

33

46

10

14

11

11

14 14

17

23

54

11

All reactions for one hour in dichloromethane.

21
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Signals at7.73,8.33 and 8.53 ppm in the lH MvIR spectnrm were assigned to H8, H7

and HlO respectively, with H8 and HlO being meta-coapld (J 2.1 Hz). The

hydrogen-bonded Cll phenol gave a characteristic signal at 15.15 ppm. In the l3C NMR

spectrum, the C?-10 signals were assigned by comparison of their chemical shifts with

those of 2-chloronapthalene.43 The isolation of this tetracyclic material was encouraging

as it indicated that cyclisation was indeed occurring.

The next band recovered was largely starting material, with a small amount of the

aldehyde (79) being eluted coincidently. Further purification (by p.l.c.) allowed separation

of this product of acid hydrolysis of the acetal. The compound's structure was confirmed

by mass spectral and NMR data, the lH and l3C signals for the aldehyde function being at

10.58 and 192.3 ppm rcspectively.

The next compound eluted proved somewhat more difficult to characterise. Although it

gave a weak molecular ion at mlz 392, a satisfactory high resolution analysis could not be

obtained. The infrared spectrum showed the presence of both free and hydrogen-bonded

quinone carbonyl peaks, as well as a free hydroxyl stretch at 3445 cm-l. A DEPT

experiment revealed nxo carbon methylene signals at 44.1and 48.4 ppm, as well as thosc

of a methoxy group, a CH (65.9), and signals due to the anthraquinone carbons Cl-4 at

126.6, 127.4, 132.8, and 135.0 ppm. This evidence suggested that although the desired

hydroaromatic A-ring had formed, the methylpropoxy side-chain at gl had been replaced

by a hydroxyl group to give the anthracyclinone (78) (Scheme 25).

Scheme 25

OH

--> ,fm ocH3 oH
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The lH NMR spectrum supported this structure, with signals at2.63 and3.22 ppm due

to H8(a,x) and H8(eq) respectively displaying a geminal coupling of 14.0 Hz, with H8(eq)

further split by an axial-equatorial coupling of 6.5 Hz to H7 (5.35 ppm), and the HlO(ax)

and HlO(eq) signals (3.57,3.98) displaying a geminal coupling of 18.4 Hz. Although the

substitution of the methylpropoxy side-chain probably involves an SplcA or Sp2cA

mechanism, the alternative involving O-alkyl cleavage of the side-chain cannot be ruled

out from the evidence in hand. It is of interest to note that in Larsen's work with a similar

chlorallyl side-chain the non-aromatised tetracyclic products had all lost the side-chain.

However in his case the pro{imity of the Cll phenolic group almost certainly allows

chelation of the lrwis acid and thus facilitates the cleavage process.

Two further compounds isolated in a 1:2 ratio had very similar Rf values, and mass

spectral analysis indicated that they were isomeric. These were assigned the structures

(76) and (77) from examination of their l1yt3g spectra. In the lH spectrum of the minor

component (76), as well as the signals characteristic of H8 and H10, further doublets (J

6.1 Hz) at 1.22 and 1.36 ppm indicated that the methylpropoxy side-chain had remained

intact. 13C MvIR signals at 14.3 and 18.6 (CHl) and 71.3 and 78.2 ppm (CI{), ind

methylene (DEPT analysis) signals at M.0 and 46.0 (Cl0/8) also supported these features.

No molecular ion was observed in the mass spectrum, but a cluster of fragments indicative

of ions containing two chlorine atoms corresponding to the isotopomers anticipated from

the loss of methanol from the molecular ions werc. A similar fragmentation pathway was

also observed for the tetracyclic species (71-74) prepared by Brown. Such behaviour in the

mass spectrum is explained by the fragmentation suggested in Scheme 26, whereby

intramolecular cyclisation occurs to afford the protonated 1,4-dioxepin radical cation (81).

Scheme 26

OH

*"VL

cl --+ -cH3oH ,-*l
(81)
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Support for such a process comes from the observation that the analogous demethoxy

compounds exhibit molecular ions (albeit of low abundance), and no peak at mtz '32.

Further the dioxepin (82), analogous to (El), has been preparcd chemically (see later this

chapter) by neatment of the dichloride (76) with coppe(ID chloride/water in refluxing

nitrobenzene.

The major component (77) also gave l1yt3g spectra consistent with the proposed

structure, but satisfactory micnoanalysis and mass spectral data again could not tr
obtained. A bnoad singlet due to the 2lhydroxyl was present at 4.43 ppm in the lH NMR

spectrum, and H7, H8 and H10 gave coupling patterns similar to the previous examples.

The C7 stereochemistry for (76) and (77) was assigned by NOE differencc experiments

which are detailed in the last section of this chapter.

When the reaction was carried out at -23oC the product distribution altered

dramatically, with only the napthacenedione (80) being obtained. The yields isolated

compare most unfavourably with those obtained by Brown for the methallyl acetal (3?). A

reaction without the dmf as a moderator afforded a very low mass recovery, reinforcing

Brown's assertion that this co-reactant acts to reduce the strength of the Lewis acid. In this

case the two isomeric chlorotetracycles (76) and (77)were isolated n9 Vo yield in a l:2

ratio.

The use of a mildcr Lewis acid, trimethylsilyltriflate (TMSOTf), was next investigated.

TMSOTf is a widely used as a silylating reagent,44 and has also been used to catalyse

stereoselective aldol-type condensations of enol silyl ethen with acetalsas 1scheme27).

osi(cH3)3
I ocH"

m.cHso{A
\/

Scheme 27

TMSOTf

-+

-78" C

Howevsr, in the present investigation the reagent did not prove to be effective in

promoting cyclisation of the acetal (43). Rather, most of the substrate was r€covercd,
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together with the napthacenedione (80) and the acyclic aldehyde (79), the product of

acidic degradation of the acetal moiety.

Heathcock and co'workers36 have uscd titanium(IV) chloride to effect the rcaction of

various tlpes of acetals with nucleophiles such as silyl cnol ethers and allylsilanes. In the

event, reaction of the chlorallyl acetal (43) with titanium(IV) chloride at -7EoC in dcm

produced a differcnt product ratio. Gratifyrngly, the isomeric dichlorotetracycles (76) and

(77) predominated being formed again in a ratio of l:2 and a yield of 76 %. When a

similar reaction was performed at -23oC, both the total mass recovery and the ytelds

decreased and the ratio of (76) to (77i changed to 1:4.
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2. Cyclisations of the Demethoxy Chlorallyl Acetal (44)

Concurrent with these studies, similar reactions of the demethoxy analogue (44) were

investigated (Table 6). The tin tetrachloride/dmf procedure in this case renrned largely

starting material, with a small amount of the demethoxy napthacenedionc (86) and trace

quantities (< 4 7o) of the dichlorotetracyclic species (83) and (84), the isomeric ratio being

ascertained by NMR.

Table 6 Lewis Acid Induced Cyctisations of (44)

OH
I\1\,/\,/

-\4-2
(86)

o
(M)

OHicl-l#.,-?4
(84) 6 oH

-x
OH.ltffi

l'A-4r"8' +

(85)

cr

Lewis Acid Temp. ("C) 7o Products
(83) (84) (85) (86)

Sn Cl+/d mf

SnCla/dmf

SnCla

SnCl+

TMSOTf

TiC la

TiCl+

TiC lald m f

Trace

14

6

16

14

9

-78

-23

-78

-23

-78

-78

-23

-78

3

37

22

49

41

36

12

16

26

25

5

4

60

85

20

40

91

5

5

5

All reactions for one hour in dichloromethane.
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fire lH NMR spectra of the dichlorides (83) and (84) were similar to those of the

related methoxy tetracycles (76) and (77), with the most obvious differencc being the

presence of a distinctive H6 signal at7.94 ppm for (83) and 8.14 ppm for (84). Howcver,

in comparison with the methoxylated analogues, these compounds gave a weak molecular

ion in their mass spectra. A peak at mlz 398, corrcsponding to loss of HCI from the

molecular ion, was analysed at high resolution for (83) and corresponded to a formula of

C22H1eClO5, tnd a satisfactory microanalysis obtained for (84) supported this formula.

An explanation of the stereochemical assignments and a more comprehensive examination

of the NMR data is given in the last section of this chapter. The infrared spectra of both

compounds were similar and consistent with these stmctures. The properties of the

napthacenedione (86) were also similar to those of the methoxylated andogue (80),

namely a high Rf and low solubility. This material was analysed for a molecular formula

of C1sH9ClO3, and the lH NMR spectrum showed the characteristic hydrogen-bonded

phenolic signal at 14.46 ppm. H7, H8 and HlO displayed signals at 7.95, 7.52 and 8.52

ppm, with H7 and H8 showing a vicinal coupling of 8.7 Hz, but no evidence of rneta

coupling between H8 and H10. Due to the low solubility and time constraints, only a

DEPT l3C experiment was run, with C6 giving a signal at 130.9 ppm and the remaining

signals all showing the expected similarities to those of the related methoxylated material

(67).

The trend observed with the methoxy acetal (43), whereby raising the temperature

lowered the yields, was also observed in this case at -23oC with futf present. However, in

contrast to the previous case, when dmf was omitted, yields were enhanced, with a 4A %

yield of a l:3 mixture of the dichlorides (83) and (84) at -78oC, and a 28 Vo yield (1:4

ratio) at -23"C.In both cases, starting material was also returned. A further product was

eluted simultaneously with the starting material from the -78"C reaction. Further

purification did not result in separation, but by careful examination of the tH MvIR

spectrum of the mixture, the structure (85) was assigned, this being simply the product of

acidic hydrolysis of the acetal. Further characterisation of this material was not possible

due to the mixture's inseparability.
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TMSOTf induced no rieaction, but titanium tetrachloride once again proved to be the

re,agent of choice, with a 65 % yreld of the stcreoisomers (83) and Ga) in a, l:3 n6o,25 7o

of the napthacenedione (86) and no starting material being rcturned from a rcaction at

-78"C. A higher reaction temlreratur€ gave a similar result, but with slightly lower ytelds

of thc dichlorides and napthacenedione. Thc inclusion of dmf with the titanium r€agent at

-78oC, in an attempt to emulate Brown's suocess, lowered the yield, although the product

ratio was altered to further favour the isomer (84).
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3. Cyclisations of the Methallyl Acetal (37)

For comparison purposes it was of interest to investigate the use of some different

cyclisation conditions with the dioxolane (37). With TMSOTf at -78oC this gave three

products along with starting material (Iable 7).

Table 7 Lewis Acid Induced Cyclisations of (37)

8r
'.,ttlRz

ocH" o oH" \-/
ss\

Rl R2
cHr cl (72)
cl cHs Q4)

:ooH\J
-s\
R2
cl (71)
cH3 Q3)

ocH3

Rl
cHr
cl

iry"".i
ocH3

(67)
ocH3

(68)
ocHs o

(6e)

Lewis Acid Temp. ("C) 7o Products
(711 (72) (73)(74) (67) (68)(6e) (31) SM

TMSOTf

TMSOTf

TiC l+

TiC l+/d m f

-78

0

-78

-78

- 40 16 14

- 20 16 16

10 18 6 6 4 20

85

30

18 3

All reactions in dichloromethane
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The napthacenedione (67) which w:rs known from previous cyclisations was

predominant (40 7o). The other two compounds gave lH and 13C MvIR spectra consistenr

with those found by M.Johnson for the dihy&oanthrafurans (68) and (69). A reaction at

0"C afforded similar amounts of the dihydroanthrafurans, and less of the napthacenedione,

but all the starting material was consumed.

In contrast to M.Johnson's earlier results, when reatrnent of the acetal (37) with

titanium(IV) chloride at -78o afforded the dihydroanthrafurans (68) (43 7o) and (69) (36

Vo), the same conditions in the current study gave a 40 Vo yield of the four diastereomeric

tetracycles (71-74), along with.the dihydrofuran (69) (20 Vo) and trace quantities (<l Vo)

of the acetal (37) and the aromatised product (67). The dichotomy of results must be due

to the relative concentration of Irwis acid and substrate involved. fohnson used a l:1.5

ratio of substrate to I-ewis acid with a substrate concentration of 6.1 mmoll'l, whereas in

the current study a 1:10 ratio at a substrate concentration of 17 mmoll-l was involved.

H.p.l.c. analysis of the diastereomeric mixture showed that the chlorides (71), (72), (73)

and (74) were present in a ratio of 1.7:3.1:1.1:1.0. This diastereoselectivity compares

unfavourably with that attained by Brown of 8.4:1.0:2.7:2.5, when using the tinCIV)

chloride/dmf procedure on the same substrate. The pnrduct of C-methallyl cleavage, the

acetal (31) was recovered in 18.4 Vo yield. Certain Lewis acids have been shown to effect

proton exchange on aromatic compounds so that a protodeallylation could account for the

formation of this product (see ref. 60, pp 467-468). A mechanism to explain this loss is

proposed in Scheme 28.

Scheme 28

Ticl4

-

( rr)



M

When dmf was used with titanium tetrachloride at -78oC, surprisingly the solc product

of rcaction was the dimethyldihydrofuran (69) (85 %). This compound, samples of which

prepared during this work have becn undergoing tcsting by thc N.H.F. for anti-HIV

activity, presumably arises in a manner similar to that outlined earlicr. The dmf cvidently

complexes to the Lewis acid precluding its rcaction with the acetal and so the alternate

pathway leading to the anthraftran competes (Scheme 29).

Scheme 29

r

-i
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4. Cyclisation of the Demethoxy Methallyl Acetal (38)

From reaction of the demethoxy methallyl acetal (38) with the tin(IV) chloridc/dmf

mixture, it was hoped that some differencc in reactivity would be observed which would

provide insight into the role of the adjacent methoxyl goup in the cyclisation reactions. In

the event, upon work-up and chromatography, it was found that, along with a small

amount of the aromatised product (91) (7 7o), a mixture of the four diastereomeric

chlorotetracycles (87-90) had formed n85 Vo yield (fable 8).

Table 8 Lewis Acid Induced Cyclisations of (38)

(el)

Lewis Acid Temp. ("C) 7" Products
(88) (e0) (87) (8e) (e 1 ) (e2) (s3) su

S n Cl+/d mf

TMSOTf

TiC l+

TiCl+

,78

-78

-78

-23

20

4

7

25

15

7

13 4 64 4

50

6

16 25 24

All reactions performed in dichloromethane for t h.

50
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After chromatography, lH NMR analysis of the fraction containing (87-90) indicated

that the anthracyclinones [(87), (88), (89), and (90)1 were present in a ratio of

13.5:2.6:1.0:1.0 (in comparison with the ratio of 8.4:1.0:2.7:2.5 for Brown's compounds

(71-74)).In the present case the H6 signals in the lH NLm. qpectrum provided an excellent

probe of the mixture's composition, since unlike the Cl I phenolic signals, these were

spread out over a range of 0.22 ppm, and fornrnately did not coincide with the signals due

to Hl,4 and 112,3. In this case, later work (detailed in the last section of this chapter)

established that the two major components of this mixture werc enantiomeric at CI/, but

had the same stereochemisury at C9. The lH and l3C NMR data are also examined more

fully later in this chapter. It is sufficient to note here that ttre signals for H7, H8 and HlO

were consistent with these stnrctural proposals, and all infrared spectra indicated the

presence of a free hydroxyl group (due to the methylpropoxy side chain) as well as a

hydrogen-bonded quinone carbonyl. However, satisfactory mass spectra could not be

obtained, and despite the use of electron impact and desorption electron impact ionisation

techniques, no molecular ions of sufficient intensity for high resolution analysis were

apparent. The two minor components, (89) and (90), were not isolated or further

characterised, and thus their structural assignments must remain tentative.

From rcaction with TMSOTf, the substrate, the demethoxy napthacenedione (91) (25

Vo) and the dihydrofurans (92) (16 Vo) and (93) (25 Vo) were obtained. The latter were

readily characterised by comparison of their lH and l3C NMR spectra with those of the

related methoxylated analogues (68) and (69). The napthacenedione (91) also gave data

which differed predictably from that of its methoxylated analogue (67), including a

microanalysis consistent with the molecular formula, and a I proton doublet at 8.32 ppm

(H6) in the lH NMR specrrum.

When titanium(IV) chloride was used at -78o, only the two isomers (87) (50 Vo) and

(88) (20 Vo) along with the napthacenedione (91) (15 Vo) were obtained. Raising the

temperature of the reaction altered the product ratio considerably, with largely substrate

(50 Vo) being returned, and only small amounts of (87) (6 Vo), (88) (4 Vo), and (91) (7 7o)

being isolated.
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5. Cyclisation of Larsen's Isomeric Acetal (59)

As indicated previously, Larsen had prepared the tetrasubstituted anthraquinone (59)

(Scheme 7) which differed from the anthraquinonyl acetals of the curent study by vinue

of having the substituents at the I and 4 positions interchanged. As this compound was

available, its reactions with the tin and titaniumflV) chloride rcagents were investigated to

allow comparison with those of the acetals (37), (38), (43), and (zf4) Cfable 9).

When (59) was treated with tin(V) chloride/dmf three products were isolated, the

aromatic chlorotetracycle (95) (35 7o) and the dichloroanthracyclinone (94) (23 %), as

characterised by Larsen, and an unidentified compound. The latter gave a weak molecular

ion at rnlz 386 (9 Vo) and the tH MvIR spectrum indicated that the methoxy, C-chlorallyl

and phenolic groups were still present. However, no extra signals were found which

indicated the fate of the acetal moiety, and this compound remains unidentified. When

dmf was omitted from the reaction mixture, the overall mass recovery fell and only 13 7o

of the dichloride (94) was isolated, with no other products being identified. Reaction with

titanium(IV) chloride afforded (94) (21 Vo) and (95) (24 Vo). ln all three cases it is of

interest to note that, as with the work of Larsen, the methylpropoxy side-chain was lost.

Table 9 Lewis Acid Induced Cyclisation of Larsen's Acetal (59)

lrwis
acid

.+
c'ftzctz

-78'

f"' cl

t-.'.A.a/5 li I l-"'t^fr
OH OH

(e4)

OH

(es)

Lewis Acid/Temp. ("C) % Products(e4) (es)

SnClaldmtl-78

SnClal-78

Tict4t-7I

23

13

35

21 24
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6. Boron Trifluoride Cyclisation of the Acetal (37)

In the studies on the chlorallyl acetal (37), boron trifluoride etherate had not been used

as it was felt that Larsen had established the behaviour of this reagent using the isomeric

substrate (59). However, in view of the differences between Larsen's results and those of

the curent study using (59) it was felt that some novel fluorine containing

anthracyclinones like (96) might result from treaunent of the methallyl acetal (43) with

this snong kwis acid (Scheme 30).

(e6)

In the event, using boron trifluoride etherate at -78oC in dichloromethane afforded three

distinct products, none of which contained fluorine (entry 1) (Table l0). The major

compound was the by now familiar napthacenedione (67) (33 Vo). The other rwo products

had such similar Rf values that repeated chromatography was required to separate them.

Atthough initially the lH and l3C NMR spectra seemed to indicate that the desired

fluorotetracycles had been formed, mass spectral data did not support this contention.

Instead it suggested that the compounds were both isomeric with the starting acetal. Thus

each gave rise to a prominent molecular ion at mlz 408, which was analysed at high

resolution for a molecular formula of CaaH2aO6. Overall, the evidence revealed that the

two isomeric dioxepin-containing structures (97) and (98) had been formed. Significantly,

no hydroxyl signal was discernible in either the lH NMR or the infrared spectra of (97) or

(98). Thus, in the lH Mr4R spectrum of the major isomer (97), npo strong well-rcsolved

doublets at 1.02 and 1.03 ppm could be assigned to the 2' and 3' mcthyl groups. The

Scheme 30
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Table l0 Boron Trifluoride Etherate Induced Cyclisation of (37)

OH

#
/\-z\- -/

t5
ocH" o oH"V

s\

ocH3
(e8)

OH

OH
(r00)

OH

+i

O OCHa

(67,i4ry'.+iW'"'
ocH3

(ee) 
i

Temp.('C)
Entry

7" Products(s7) (s8) (67) (100) (31)(ee)

1 -78

2 -23

30
425
50a

6gb

33

43

43

57

25

Trace

6

Trace

10

7

18

15

15

4

13 I
4

9

6

3

I

54

11

9

3

12

a - 5 minute reaction time.
b - 10 eq dmf added.

All reactions apart from where noted for t h in dichloromethane.
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adjacent ring methine grcups gave rise to overlapping doublets of quartets at 3.59 and 4.02

ppm, while singlets at 1.46,4.00 and 13.66 ppm were assigned to the C9 methyl, C6

methoxyl and Cll phenolic moieties, and a poorly resolved doublet of doublets at 5.46

ppm to fn. A pair of doublets at 1.91 H8(axial) and2.67 ppm H8(equatorial) showed

geminal coupling (J 15.4 Hz), and the H8(ax) signal displayed further a"tiaVequatorial

coupling to H7. A quartet of doublets at 3.06 ppm with geminal coupling of 20.1 Hz was

assigned to the HlO protons.

Table 11 Correlation of lH and r3C NMR Data for (97)

oOH

Assignment 1H 13C

2' and 3' CHg

9-CH3

2' and 3' CH

ocFb

H2,3

H1,4

H7

H8

H10

1.02, 1.03

1.46

3.59, 4.02

4.00

8.28

7 .79

5.46

1 .91 , 2.67

3.06

19.8, 20.0

32.0

74.3, 80.0

63.2

133.4, 134.7

126.4, 127.3

65.4

38.4

34.9
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The l3C NMR spectrum of (97) had the requisite 24 signals, and an XtI correlation

experiment gave the connectivities indicated in Table 11, which are consistent with the

proposed structurc. A DEPT experiment confirmed that the signals at 349 and 38.4 ppm

were given by methylene carbons (ClO and C8). The minor product (98) gave a similar set

of NMR data (including )GI correlation), with the only major differences being in the

chemical shifts of the dioxepin ring lH and l3C nuclei (see experimental).

Scheme 3l

BFr
#

Nu
+

When the temperature of the reaction was raised to -23oC, a significant rise in the yield

of the napthacenedione (67) resulted, while the dioxepins (97) and (98) were recovered in

lower yields albeit in a similar ratio, along with the demethyallylated acetal (31) (12 %)

(enry 2). The latter compound presumably arises in a manner similar to that outlined in

Scheme 31. From a reaction at OoC the highest yields of the trro dioxepins (97) (18 7o) and

(98) (13 Vo) were obtained, along with the aromatised material (43 7o) (entry 3).

Chromatography of the cnrde product also gave a red compound (6 Vo) with an Rf grcater

than that of the napthacenedione (67). Although a satisfactory microanalysis of this

compound could not be obtained, the molecular ion at mlz 304 (100 7a) suggested a

molecular formula of C19FI120a, and the spectral data indicated that the compound was the

diphenolic napthacenedionc (100). Thus the infrared spectmm showed only a single

carbonyl absorbance 
^t 

1682 cm-l suggesting that both the quinone carbonyls were

hydrogen-bonded, and the lH MrrIR spectnxm showed signals similar to those given by

H7,H8, and HlO in the spectrum of thc methoxynapthacenedione (67). Further thcrc was

no methoxy singlet apparent but nvo phenolic signals at 15.18 and 15.21 ppm were

present. A l3C NMR spectrum could not be recorded due to the insolubility of the material
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in freely available NMR solvents. Such cleavage of aryl ethers by Irwis acids is a

relatively cornrnon processff, the departure of the ether being assisted by complexation

with the Irwis acid (Scheme 32). It is also interesting to note ttrat this product is only

detected from reaction at the higher temperatue of 0o.

Scheme 32

OH

+(loo)
Hzo

Another compound with an Rf very similar to that of the isomeric dioxepins was also

isolated in9 Vo yield and assigned the stmcture (99). Thus although the lH NMR spectnrm

included signals at2.28,3.01, 3.60 and3.72 ppm attributable to the H8 and H10 protons of

a tetracycle, the presence of a free hydroxyl group was indicated by a signal at 2.97 ppm

and an absorbance at 3440 cm-l in the infrared spectrum. Further, while no C-methyl

signal was present, a two proton singlet at 5.12 ppm had appeared. A l3C DEPT

experiment clarified the situation, showing a methylidene signal at 113.7 pprn, which an

XFI correlation experiment linked to the 5.12 ppm singlet, and the remaining l3C NI{R

and )GI correlation data were consistent with structure (99). Thus it appears that rather

than inramolecular caprure of the methylpropoxy side-chain elimination has occurred.

The stereochemistry of (99) at C7 was not determined.

At 25oC, a similar distribution of the minor products was obtained, but the yield of the

napthacenedione (67) was increased (entry 4). When the reaction time was reduced from

lh to 5 min (at 0oC), some starting material was recovered along with similar yields of the

tetracycles (97), (98) and (99), although in slightly different ratios (entry 5). The inclusion

of dmf in the reaction mixture suppressed the cyclisation, with largely starting material

being recovered, although interestingly the proportion of the previously favoured

napthaccnedione was greatly reduced (entry 6).

oBF2
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7. Boron Trifluoride Cyclisations of the Acetal (38)

A similar set of reactions using the related demethoxy acetal (38) gavc the rcsults

summarised in Table 12. The analogous dioxepins (l0l) and (102), and some of the

napthacenedione (91) were isolated, and their stnrcnres assigned using high resolution

mass spectnomeuy, lH and l3C NMR data. Intercstingly no methylidene product

equivalent to (99) was isolated from this substrate. The stereochemistry for each dioxepin

was assigned by NOE difference experiments which are detailed in the last section of this

chapter.

Table 12 Boron Trifluoride Etherate fnduced Cyclisation of (43)

+i

!-.'.,0\5;""'
l-\.U (er)

(101)

Entry
Temp. ("C) % Products

(102)(101) (e1) $/
1

2

3

4

5

-78

-23

0

20

-7 ga

12

12

I
10

10

10

I
I
10

7

13

27

14

7

11

21

21

a - 5 minutes reaction time.

Apart from where noted, all reactions for t h in dichloromethane.
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DISCUSSION OF CYCLISATION RESULTS

l.Introduction

From examination of the dau presented above, it is obvious that the product

distribution in these reactions is dependent upon: The presence/absence in the substrate of

a methoxy or phenolic substituent orttro to the acetal moiety; the Lewis acid used; the

reaction temperatue. Also important, but not directly examined in this study, are factors

such as substrate and kwis acid concentrations, solvent effects,36 and the nature of the

acetaJ.47

In the curent case there are two overall steps in the transformation of a substituted

acetal into the tetracyclic products. First is the formation of the A-ring by nucleophilic

attack of the alkene on the I-ewis acid-acetal complex, or a carbocation derived therefrom.

It is this step which determines the stereochemistry at C7 of the appropriate products. The

second pan of the sequence involves either incorporation of a nucleophile at the C9

position, or elimination from the ring or the methyl substinrent to afford the appropriate

napthacenedione or methylidene-substituted anthracyclinone. The nucleophile is either a

chloride ion, giving the tetracycles (71-74), (76), (77), (83), (84), or (87-90), or the free

oxygen of the methylpropoxy side-chain, intramolecular capture of which affords the

dioxepins (97), (98), (101), or (102).

The development of C7 stereochemistry during A-ring formation will be considered

fint. Although a number of examples of the use of homochiral acetals to induce the

development of asymmetry in reactions involving Irwis acid mediation of nucleophilic

substitution have been reported3s since the pioneering work of Johnson et al,$ detailed

mechanistic examinations of such reactions are only now being published.3637 The two

limiting mechanisms for such reactions are considered to be either SN2-like, via a l-ewis

acid/acetal complex, or Syl-like, via an oxocarbenium or carbenium ion. Until recently

the observation that such openings of chiral cyclic acetals gave rnoderate to good

stereoselectivity was rationalised as resulting from a relief of strain due to either the
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presence of an axial methyl group in a dioxane, or a similar interaction in a dioxolane

(Scheme 33'S.ts

Scheme 33
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* - Preferred direction of approach to relieve steric congestion (r,/.^ ).
- Irwis acid not shown in either case.

For reaction of a Irwis acid-dioxolane complex, W.S.fohnson et afg proposed that

four possible conformations needed to be considered (Scheme 34). Confomrational

analyses similar to the above then provided the basis of subsequent rationalisations of the

mechanisms of acetal substitution reactions. For example, if intramolecular nucleophilic

attack occurs in an SN2 manner anti to the departing complexed oxygen, reaction via a

structure like D appears to be favoured because it involves less steric congestion. Such a

pathway was invoked to explain the stereoselectivity found by W.S.Johnson and othcr

workers.49

cHg cHs
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Scheme 34
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Structure A most sterically congested, B and C similar, and D least congested.

More recently Denmark et aFO described a series of experiments which aimed to

determine the mechanisms of Lewis acid induced intramolecular reactions of allylsilyl and

acetal moieties, and to investigate the effects which changing the acetal structurc or the

acid had on the stereoselectivity of such reactions. When the acetal (103) was treated with

a variety of I-e.wis acids (Scheme 35), it was found that the stereoselectivity, as shown by

the ratio of the product bicyclic ethers A:B, varied from excellent (TMSOTf) to mediocrc

(Ticld. These results suggest that the Irwis acid is involved in the event which

determines the stereochemistry, and tends to prcclude the intermediacy of one

oxocarbenium ion intermediate common to all of the reagents. Furthermorc, thc

divergence of the sclectivities observed for different ratios of tin(tV) chloride (entries 8

and 9) are indicative of direct Lewis acid involvement during the carbon to carbon bond

forming step. A parallel series of expcriments, with the substratc in which thc

trimethylsilyl substituent was replaced by its tin analoguc, showed that the naturc of the

metal of the allyl moiety had linle effect on the reaction outcome when a similar but less

extensive selection of Irwis acids was used.
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Scheme 35

4;(103)

si(cHd3

Entry Lewis Acid Temp.("C) Ratio A/B

1

2

3

4

5

6

7

I
9

(CHg)gSiOTf

TfOH

Ti(OiPr)zCle

AlCls

BClg

BFg.OEtz

TiG l+

SnCl+

SnOla (0.s eq)

-70

-70

-24

-20

-70

-20

-90

-70

-60

961 4

96t 4

87t13

86114

82t18

77 t23

47t53

45/55

71t29

reactions except 9 used 1.0 equivalents Lewis acid.
reactions in dichloromethane.

Denmark next examined the effect of changing the alkoxy substituent (OR) of the

acetal on the stereochemical outcome of reactions in which TMSOTf was used as the

Lewis acid. (Scheme 36). The dramatic change in sclectivity for thc isopropyl acetal was

interpleted as representing a change in mechanism rather than a steric effect due o the

branching of the alkyl group.

Next a series of experiments was carried out, in which each putativc oxocarbenium ion

- Atl
- All
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intermediate was formed by protonation of the appropriatc enol ether (106) (Scheme 37).

It was anticipated that, if the rcactions of (10aa-d) with TMSOTf involved fomration of

these intermediates, very similar stereochemical outcomes should rcsult if (105) was

generated by the triflic acid protonation of the enol ether (106). In the event, these latter

cyclisations promoted with 0.95 equivalents of TfOH gave the results which arc

summarised in Scheme 38.

Scheme 36

TMSOTf

+
cH2cl2, -70'

a"q
(106) si(cHds
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--a
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+
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Ratio NB
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(b)

(c)

(d)

CFlg

CFbCHs

iBu
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92t I
90/10

38t 62

Scheme 37
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Scheme 38

TfOH
+

cH2c12

+
(r06)

si(cHJ3

Temp. ('C) Ratio NB

(a)

(b)

(d)

CHs (E)

CHsCHz (E)

iPr (E)

-50

-70

-70

60/40

31 /69

25t7 5

The large differences between the product ratios from (104a) (96/4) and (106a) (ffi14n),

and from (104b) (92/B) and (106b) (jll6g) strongly suggest that different mechanisms

op€rate for the cyclisation of these acetals and those of the related enol ethers. In contrast,

the similarity of ratios obtained from cyclisations of (104d) (38162) and (106d) QS7S)

indicate that these reactions involve a common intermediate.

Denmark proposed that with TMSOTf the methyl, ethyl and probably the isobutyl

acetals (104a-c) reacted by an Sry2-type mechanisnr" while the isopropyl acetal (104d)

reacted by prior ionisation to an oxocarbenium ion of type (105) (Scheme 37). Formation

of the oxocarbenium ion may be favoured by the inherent strain of diisopropyl acetals.

The Lewis acid dependence of the reactions of the acetal (103) (Scheme 35) was taken as

further evidence that SN2-like processes must be occurring, as it could be expected that the

nature of the Lewis acid/acetal complex would influence an Sry2-rype reaction.

Denmark and co-workersSl also studied the solution structures of Lewis acid/acctal

complexes in an attempt to quantify W.S.Johnson's proposal52 that the manner of the

Lewis acid complexation (see Scheme 34) plays an important part in determining the
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stereochemistry of reactions involving the opening of chiral dioxolanes. The effect of

boron trifluoride complexation on the l3C spectra of various l,3-dioxanes and

l,3dioxolanes was investigated by variable temperanue NMR techniques. It was found

that at -80" one equivalent of BF3 reacted with the dioxolane (107) with the near

quantitative fomration of a new species, in the l3C NldR spectrum of which the signal due

to C(a) was shifted downfield by 8.1 ppm. The positions of the signals due to CO) urd

C(c), which were identical before complexation, were now found to be different,

indicating that the complex had an unsymmetrical structure.

."r",.<:);
(107)

,O1'-'rrrCHsnc5H13{ 
|toftcHa

(r08)

^,ffi*
(l0e)

The homochiral dioxolane (108) formed a single 1:l complex at -80" when treated with

1.2 equivalents of BF3. Low temperaturc XFI correlation and NOE difference experiments

led to the tentative assignment of structurc (109) to this complex, with the BF3 complexed

to the oxygen atom adjacent to the carbon bearing the axial methyl substituent.

Similar regioselectivity was found for the complexes (110) and (111) formed from the

appropriate mono- and dimethyl- substituted dioxanes. The regiochemistry of

complexation in (ll0) was explained on steric grounds, while for (109) and (1ll) it was

proposed that Lewis acid coordination results in rehybridisation of an oxygen atom

towards sp2 to afford a planar or weakly pyramidal complex. In such a configuration, the

BF3 would experience stronger eclipsing interactions if an adjacent methyl grcup was

equatorial, and thus coordination next to the axial substituent is favoured.
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'rgrt ao

^Crnrr-(

(1ll)

Based on these observations, Denmark proposed that the stereochemical course of the

opening of these complexes may then be explained as being determined by attack of thc

nucleophile anti to the complexed oxygen. In such a scheme, the cvcnt which determines

the stereochemical outcome is thus the preferential complexation of the l-ewis acid to the

more accessible acetal oxygen. 
_

In another recent paper Heathcock and co-workers36 investigated the mechanisms of

Lewis acid induced intermolecular reactions of enol silyl ethers with a variety of acyclic

and cyclic acetals. The bulk of the evidence indicated that for dioxanes like (112) and

(113) the reactions involved SplJike mechanisms. However, the reactions of the

4,Gdimethyldioxane (114) were highly stereoselective, grving the products expected from

an Sry2-like process. In order to explain this high stereoselectivity, and that found for

Johnson-type acetals in general, Heathcock proposed that in these cases the generation of

an oxocarbenium ion is followed by the formation of a tight ion-pair in which the negative

charge on the Lewis acid and the positive charge on the acetal oxygen causes rcaction to

occur as if the acetal ring is still intact.

Ph f-4cannfo-.-L 
611.

H (n3)

(l 10)

(r12)
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2. Reactions Subsequent to Cyclisation

For the cyclisations in this investigation the second important mechanistic facet

involves reactions subsequent to the carbon-carbon bond forming step, although almost

certainly their separation is an oversimplification. Halide incoqporation, also found by

Larsen, M.Johnson, rnd Brown,n,z5 has not been widely reported, and indeed such

subsequent reactions are rare in the examples of acetal substitutions which have been

published.aT Generally this is because an allylsilane has been used as the nucleophile in

most of the reported studies.36'37 Consequcntly any developing positive charge can be

readily lost with ttre silicon containing moiety in a process involving a classical allylic

shift (Scheme 39). However, the substrates of the current study lack such a leaving goup

so that a variety of subsequent reactions which are dependent on either the substrate or the

reagent system have been detected. These subsequent reactions provide significant new

insights into the mechanisms of these important reactions with the incorporation of

chloride at C9 in the cyclisarions of the methallyl substituted dioxolanes probably being

the most significant.

+ (CHf3SX

In what is an oversimplified treatment all of the products obtained in the present study

can be perceived as arising from subsequent reactions of an appropriate C9 carbocation.

These paths are summarised for the carbocation (115) generalised so as to rcpresent all of

the examples studied (Scheme 40). Four pathways are illustrated which accommodate all

of the products obtained, and these can be sub-divided into eliminations (A and B) and

Scheme 39

nCuHr.
/ ,CHsr"<,,i ?{,",

=

CHs

ND(n
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additions (C and D). Clearly such a simplified scheme may not represent any ac$al

situation, e.g. the carbenium ion may be ion-paired, solvated, or carry only a partial

positive charge at C9. This is especially likely in view of the experiments carried out by

BrownzE (detailed previously) in which attempts to capture such a C9 carbocation by the

inclusion of nucleophilic iodine and acetate species were unsuccessful. However the

processes summarised in Scheme 40 provide a convenient starting polnt for more detailed

analyses of the paths of the cyclisations of the crurent study.

Scheme 40

OH

(67), (80), (86), (91)

ocH3 oRs

(ee)

(1 ls)

-l1ffi"
I^. f,\

,7 H
D.

\..t
5

I

)o
Y,

.(97), (98), (l0l), (102) ?

Rr = OCH3 orH Rz = CH: or Cl *, = 4/ot I
The Eliminations

Path A, the ubiquitous elimination which affords the napthacenediones (67), (80), (8O,

or (91) seems to be unavoidable in cyclisations of the anthraquinonyl acetal substrates

with tin(M or titanium(tV) chloride, TMSOTf or BF3.OEI2. One pathway is outlincd in

Scheme 41, in which an initial E-l like step is followed by loss of the complexed alkoxy

side-chain. However a number of variations of this sequence can be envisaged which

differ in the order of the various steps, or in the direction of the initial elimination.

(7t - 74), (76), (77),
(83), (84), (87 - 90)
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BRl H

(116) ffi
R1, R2, and R3 as in Scheme 40

Only one methylidene substituted product (99) was isolated, and this only from the

treatment of (37) with BF3.OEI2. Clearly an alternative E-l like elimination from the

appropriate carbocation would explain its formation (Path B). Then it would be required

that BF3.OEI2 differs from the other acids used in not inducing isomerisation of (99) to its

endocyclic isomers, such as (116) proposed as an intermediate in Scherne 41. However

this does not explain why an analogous product was not formed from thc demethoxy

acetal (38). Alternatively the formation of (99) could involve a more E2-like elimination

with the proton loss from the C9 methyl accompanying the formation of the C:74CB bond.

Such a process is formally equivalent to that involved in the loss of the trimethylsilyl

moiety from an appropriate allyl-silane (Scheme 39). With the methoxylated substrate

(37) the transition state energy for the latter process would need to be comparable to the

other elimination or addition paths but clearly for the demethoxylated material (38) such a

route is not favoured.

The Additions

The dioxepins (97), (98), (101), and (102), the products of intramolecular capnrre of the

methylpropoxy side-chain (Path C), were only isolated from the reactions of the acetals

(37) utd (38) with BF3.OEI2. Presumably these novel compounds are formed because BF3

is a poor source of nucleophilic fluorine; a contrast to those reactions which use a metal

chloride. Another factor which probably contributes to the formation of these compounds
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is the nature of the alkene substituent. Clearly the presence of a methyl group (as opposed

to a chloride) will stabilise an intermediate carbocation like (115). Such a favouring of thc

development of a positive charge at C9 could serve to promote the capture of the

side-chain. As molecular and computer modelling studies indicate that each dioxepin ring

will be cis-fused in each case, the stereochemistry at C9 is determined by that developed

at Cl.

Reactions of each of the acetals (37), (38), (43), and (44), with either tin([V) or

titanium(IV) chloride gave products which can be envisaged as rcsulting from capture of a

chloride ion by the appropriate carbocationic intermediate (Path D). As indicated earlier,

such products are rare in published reports. However, one recent example cites chloride

incorporation from the use of dimethylaluminium chloride to effect intemrolecular

reaction between the dioxolane (l17) and the olefin (118) (Scheme 43).53 It is of interest

to note that, like the reactions of the current study, this is not an allyl silane driven

process.

In the present work the stereochemistry of such additions at C9 can only be detected in

the products of cyclisation of the isobutylene substituted compounds (37) and (38), which

give rise to the diastereomeric monohalides (71-74) and (87-90). The stereoselectivities of

these processes are not accommodated by Schemc 40 and are discussed in the following

section.

Scheme 43
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3. Mechanism of Lewis Acid Induced Cyclisation of (38)

The reaction of the acetal (38) with tinfiV) chloride/dmf at -78o gave the best

stereoselection of those in the current investigation and represents a model case, with no

interference from an ortho methoxy substituent. Furthermore the generation of a second

chiral carbon at C9 which cannot occur with the other demethoxy acetal (44) gives new

mechanistic insights. The pathways of the other reactions of the acetals (37), (38), (43),

and (aa) outlined in the previous section can then be considered by comparison with this

"best" case.

The Stereoselectivity at C7

From the reaction of (38) with tin(tV) chloride/dmf all four of the possible C9 chloride

substituted diastereomers were identified, with the pair (87) and (89), having one C/

stereochemistry, and (88) and (90), having the other chirality atCT (Table l3). The former

pair predominated in a ratio of 4:l over the laner pair (enry l). A similar albeit reduced

stereoselectivity was found using titanium(IV) chloride, with only (87) and (88) being

isolated, although the possibility that trace quantities of (89) and (90) were formed but not

identifred cannot be excluded (entry 2). Although (87) predominated again, the

stereoselectivity was approximately halved.

Tabte 13 Chtoride Incorporated Anthracyclinones from
Cyclisations of Acetal (38)

Product Ratio

Entry Lewis Acid/Temp.(C') (87) (89) (88) (90)

1 SnCl+/dmfl-78

2 TiGla,l-7 8

16.0 1 .0

8.25 0

3.3 1.0

OR

(8e) (88) (e0)

3.3
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Based on the proposals of Heathcock36 and Denmark,3T the major pathway leading to

the stereochemistry at Cl of (87) and (89) is rationalised as involving the formation of an

ion pair involving a positive charge on the acetal oxygen and a negative charge on the

chloride associated with the Lewis acid. Such an ion pair serves to maintain the dioxolane

ring structure allowing an Sp2-like attack of the nucleophilic olefin anti to the complexed

oxygen and this is represented for the tinflV) mediated reaction in Figure 4.

Figure 4

However, since (88) and (90) were formed in appreciable amounts it is likely that more

than one path is followed for the C7rc8 bond forming reaction. These compounds could

arise via either an SN2-like ion pair in which the other acetal oxygen is involved in the

initiating complexation, or by an Spl-like path in which cleavage of the acetal Lewis acid

complex generates an oxocarbenium ion prior to attack by the olefin. One of these

mechanisms appears to become more favoured in the titaniumfiV) induced cyclisation,

leading to the observed reduction in diastereoselectivity.

The Stereoselectivity at C9

If chloride incoqporation involved anack of a free nucleophilic chloride ion on an

intermediate like (115), then the diastereomeric pairs [(87), (89)] and [(88), (90)] would be
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expected to form in roughly equal amounts. However, the observed ratios from the tin(Iv)

chloride/dmf reaction were 16.0:1.0 and 3.3:1.0 rcspectively.

The predominance of (87), the diastereomer in which thc methylpropoxy side-chain

and chloride substituents are cis, over (89), in which they are trans, can be explained by an

extension of the proposal used to explain the stereoselectivity found at C7. Thus if the

chloride is delivered internally to C9 from the ion pair involved in the formation of the

C7-C8 bond the cis relationship will result (Figure 5). Hence the predominance of this

compound appears to strongly support the involvement of an ion pair in the reaction, as

proposed by Heathcock et a/.36 However, the formation of some of the isomer (89)

suggests that this ion-pair internal delivery mechanism is not the only one operating.

Figure 5

The C9 stereochemistry of the other major product (88) from this reaction is

interesting. The side-chain and chloride substituents are trans and thus not accommodated

by an internal delivery model. However, clearly there is some favouring of attack at one

face of the developing C9 carbocationic centre. Perhaps in this case late in the transition

state for formation of the Clll0g bond the ion pair blocks the approach of an external

chloride to the face to which it is nearest, so thar the other face is preferentially attacked to

give (88) (Figure 6). An equivalent mechanism offers one possible rationale for the

formation of (89), while the other minor product (90) could be fonned by chloride delivery
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within an ion pair. Nonetheless, though the C7 and C9 stereoselectirrity of the reaction of

(38) with tin(IV) chloride/dmf is thus accommodated, some SylJike reaction at C:/ or

involvement of C9 carbocations cannot be excluded.

For the titanium(IV) chloride induced cyclisation it is tempting to suggest that nvo

totally stereoselective processes are operating. In one (87) could result from internal

delivery of a chloride to C9 by an ion pair similar to that shown in Figure 5. In the second

an ion pair formed via complexation at the other oxygen atom of the dioxolane is unable to

panicipate in an internal delivery of the nucleophile, dnd blocks one face of the

developing carbocation at C9.. Consequently (88) is formed by preferential attack of an

external chloride species to one face of this carbocationic site.

The special effectiveness of the tin(tv) chloride/dmf reagent in inducing the cyclisation

of the isobutylene substituted acetals (37) and (38) suggests that the dmf may act to

stabilise the favoured transition state or by chelation alter the strength of the Lewis acid in

a manner which promotes the desired cyclisation.

Figure 6 rcl- il

1'-

t

t^fo-o
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4. The Effect of the Ortho Methoxy Substituent

The Stereoselectivity at C7

When the stereoselectivities obtained from the cyclisations of the methoxy substituted

acetals (37) and (43) and their demethoxy analogues (38) and (44) are compared (Iable

l4), two diffcrences are appiuent. The first is the greater C/ stereoselectivity found with

the trvo demethoxy substrates, the second the dramatic rcversal of C/ stereoselectivity

found only when the acetal (37) is reacted with titanium(IV) chloride.

Table 14 C-7 Diastereomeric Ratios f rom Lewis Acid Induced
Cyclisations ot Acetats (37), (38), (43), and (44).

Aceta I

Used
Gonditions Product

Anthracyclinone
Ratio

(37) SnClaldmtl-78'

Tictil -7 8"

(71+731 : (72+741 3.2:1

1 : 1.5

(38) SnClaldmll-78"

Ti9l+l-7 8"

(87+89) : (88+90) 4:1

2.5:1
(43) SnClqldmtl-78'

S n C lal-78"

TiClal-7 8"

(77) : (76) 2:

2:

2:

1

1

1

(44) SnClqldmtl-78'

SnClal-78"

TiClql-7 8"

(84) : (83)

- In all cases the same configuration is compared at CT.

In all cases, it is evident that the presence of an adjacent methoxy group rcsults in a

reduction of the stereoselectivity of the generation of chirality at CI, indicating that there

are interactions involving this substituent in the previously favoured transition state. This

3:1

3:1

3:1
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interaction may effect the development of chirality at el in a number of ways. In

modifying the transition state proposed previously for an Sp2-like reaction (Figure 4),

several different interactions can be envisaged that might raise the energy enough to allow

alternative paths to compete, thereby reducing the stereoselectivity of the reaction.

Obvious possibilities involve chelation and Figures 7a and b illustrate two ways in which

the tin(tV) or titanium(IV) centered Lewis acids used in the cwrcnt study might

coordinate to the methoxylated substrates (37) and (43).

Figure 7a Figure 7b

- Acetal complexes based in both cases on representation D, Scheme 34

Bidentate chelation similar to that shown on Figure 7a has been reported in rccent work

by Corcoran who successfully directed the cleavage of dioxolanes by incorporating an

adjacent methoxy group for chelation of the Lewis acid. (Scheme 44). Thus, while path A

was followed when titanium(IV) or tin(tV) chloride were used, indicating chelation

control, the use of boron trifluoride or zinc(tr) bromide generally induced reaction via path

B, suggesting non-chelation control.g Similar chelation as in Figurc 7a might be expected

to favour stereoselectivity in the reaction at C7 as the acetal would be constrained to one

orientation and thus one face should be preferentially attacked by the incoming
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nucleophile. However, presumably such coordination could also lower the electrophilicity

of the acetal oxygen, thereby making it less reactive and allowing other paths to competc.

M*

Scheme 44

R
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For the acetals (37) and (43) if coordination occurred in the manner shown in Figurc

7b, then molecular model studies indicate that a significant steric interaction benveen the

methyl goup of the methoxy moiety and the complexed acetal could arise. This could

make the formation of this complex of the acetal less favoured allowing rcaction by

complexation with the other dioxolane oxygen to be more competitivc

It is also possible that the observed decrease in selectivity is due to reaction via an

oxocarbenium ion, formation of which is facilitated by the relief of steric strain caused by

the neighbouring methoxy group (Figure 8). The stereoselectivity at CI/ would then

depend on how much free rotation occurred before thc formation of the C7lC8 bond. A

similar trend appears when comparing the results from the acetals (43) and(44).

cH30V\",

R

*,Ao
cH3o
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opposite chirality at C-7

Figure 9

The reactions of the acetal (37) with titaniumGv) chloride warranr further comment.

When M.Johnson used conditions identical to those in the current study except for the

amount of titanium(IV) chloride, he isolated the anthrafurans (68) and (69) as the principal

products (Scheme 22). kesumably the reason for this is the abundance of potentially basic

sites in the substrates in the present case. M. Johnson used approximately one-third the

concentration of Lewis acid, and a much lower ratio of subsrate to Lewis acid (5:1) than

in the current investigation (1:10). Clearly the catalytic amounr of acid was insufficient to

complex with all of the substrate's basic sites, and to promote the desired reaction.

Furthermore the reversal of Cl stereoselectivity found when (37) was treated with

titanium(IV) chloride is particularly interesting. With the isoburylene substiruted acetal

(38) there is a clear trend towards lower diastereoselectivity with titanium(tv) chloride

(Table 14). With (37) this trend is continued to the extent that the diastereoselectiviry is

reversed. This lower selectivity may well reflect the higher reactivity of the titanium(IV)

75

R

#

o

i-=\z



76

reagent. Although the ratio of (71+73):Q2+74) of l:1.5 is approaching that which would

be expected from an Spl-like mechanism, some stercoselectivity is cvident. Presumably

reaction via the complex of the acetal oxygen which was not complexed significantly in

other examples is competing successfully for coordination here. Consequently the

opposite CY stereochemistry to that found in the other cases becomes favoured becausc the

alternative acetal C-O bond is cleaved. This change must depend on the interplay of threc

factors; the presence of the isobutylene group rather than the vinyl chloride, the presence

of the adjacent methoxy, and the use of titanium(IV) chloride as the I-ewis acid, as it is

this combination which produces this unique result. One possibility is that complexation to

the previously preferred acetal oxygen is here by bidentate coordination which also

involves the methoxy oxygen and is thus similar to that in Figure 7a.It can be envisaged

that the complex formed by such chelation would be in equilibrium with that which was

favoured in the other cases (i.e. like or similar to Figure 7b). When thc latter complex

forms, the energy of activation for it to cyclise is relatively low and the reaction proceeds.

However, in the former case such chelation will allow the coordination of a second

molecule of titanium(IV) chloride to the other acetal oxygen, a process which may also be

favoured by the greater Lewis acidity of the rcagent (Figure 9). Cyclisation of such a

complex will have a higher energy of activation and thus the more reactive isobutylene

group is required for this reaction to occur: The equivalent complex formed from the vinyl

chloride does not cyclise, but is in equilibrium with a complex equivalent to 7b which

does. Thus the poor C7 stereoselectivity from cyclisation of (37) induced by titanium(IV)

chloride arises because both sN2-like paths are operating in competition.

The Stereoselectivity at C9

Cyclisations of the methoxylated compound (37) also resulted in less drarnatic

stereoselectivities in the formation of the C9 teniary chlorides than were obtained with the

analogous demethoxy compound (38), although with tin(rV) chloride/dmf a

cis-disubstituted tetracycle, (71), again predominated (Tables 13 and 15). If the

acetaUJwis acid complex is as shown in Figure 7b studies with molecular models
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suggest that the internal delivery of a chloride to Cg could be less favoured than in the

transition state shown in Figure 5. If this is so then the external delivery of a chloride

which would give (73) should be able to compete more effectively.

For (37) the observed differences in the C9 stereochemistry with the change in the

Lewis acid are more difficult to rationalise since any changes in the mechanism by which

the C7lC8 bond is formed will influence the outcome of the subsequent reactions at C9.

However, thc predominance of the trans-isomer (72) frrom the reaction of the acetal (3?)

with titaniumfiV) chloride may be explained using the transirion srate shown in Figure 9.

Thus the unchelated kwis acid is complexed at the opposite face of the developing

A-ring to the moiety which will become the oxygenared side-chain and is positioned so

that internal delivery of a chloride would lead to (72). Similar paths could explain the

formation of the trans-disubstituted tetracycles (73), (88), and (89) from the appropriate

acetals.

These rationalisations and especially the important roles given to both the

nucleophilicity of the alkene, and the ion pair as an intemal source of the nucleophile

extend and strongly support the mechanistic proposals of Denmark and Heathcock.

Table 15 Chloride fncorporated Anthracyclinones from
Cyclisations of Acetal (37)

9H.
.,ttllCl

ocHs

(71)

ocHg

(73)

ocH3 oR

(72)

ocHg OR

(74)

Product Ratio
Entry Lewis Acid/Temp.(C") (71) (79) (72) (74)

1 S nClt,ldmtl-78

2 TiCl+l-7 8

8.4 2.7 1.0 2.5

1.01.01.7 3.0
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5. Cyclisations with BF3

The apparent failure of boron trifluoridc etherate to react with the isobutylene

substituted acetals (37) and (38) to give tetracyclic products with free methylpropoxy side

chains can be rationalised by the reluctance of this Lewis acid to provide a nucleophile.

Once cyclisation has occurred by nucleophilic attack of the alkene moiety, fluoride

captue does not compete with either intramolecular capture of the methylpropoxy

side-chain, or elimination, to provide the observed products. Although BF3 has been found

to act as a source of nucleophilic fluorine during investigations into the fluorination of

steroidal systems,ss fluoride incorporation subsequent to acetal substitution reactions is

extremely rarc!1 with Larsen's results being the only ones reported for boron trifluoride

etherate. The relative bond stnengths for the tin-chlorine bond (391 kJmol-lf6 and for the

boron-fluorine bond (646 kJmofl;s7 lend support to such an explanation of the d.ifferences

found in the current work.

The poor C7 stereoselectivity found with the diastereomeric dioxepins (97), (98) and

(101), (102) suggests that they are not formed via an Sry2-like path involving ion pairing,

but rather probably the initial cyclisation proceeds through an Spl-like mechanism.

Chelation effects like those proposed previously for tin(IV) or titanium(IV) chlorides seem

unlikely, as Corcoran's work indicated that BF3.OEI2 did not participate in intramolecular

chelation. Further, there is little difference in the diastereomeric ratios between the

methoxylated [(97) and (98)] and demethoxylated t(101) and (102)l dioxepins indicating

the adjacent methoxy group played linle part in favouring one of the rcaction pathways.
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6. Cyclisations with TMSOTf

The formation of the furans (68), (69), (92), and (93) from treatment of the acetals (37)

and (38) with TMSOTf (Iable 16) is prcsurnably due to a favouring of an alternative

pathway whereby the C4 phenol is attacked, or a disfavouring of the desired acetal

substitution reaction.

Table 16 Product Distribution from TMSOTf Treatment of Acetats (37) and (38)

iw*.
ocHs

(67)

ifu*.
(et;

ocHs
(68)

(e2)

ocH3 o
(6e)

Acetal
% Yield

(67) (s1) (68) (6e) (e2) (e3) sM

(37)

(38)

40

25

1416 30

25 2416

Noyoriss rationalised the excellent diastereosclectivity observed in aldol reactions

between enol silyl ethers and a range of dimethoxy acetals, using TMSOTf as the Lewis

acid, as being due to an extended acyclic transition state. He postulated that the reaction
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was initiated by electrophilic attack by the silyl triflate on an oxygen atom of the acetal to

generate the reactive oxonium intermediate (a) that exists in equilibrium with a methyl

carboxonium iory'methoxy trimethylsilane contact pair O) (Figure 10). The acyclic

extended transition state then forms to minimise elecrostatic interactions with the enol

silyl ether. Clearly such a transition state would be difficult to attain with the substrates of

the curent studies. Molecular model studies suggest that a ransition state involving a

contact ion pair analogous to (b) would be highly strained if the nucleophilic olefin

approached in a manner analogous to that proposed by Noyori. Since the appropriate

napthacenedione was isolated in most of the cases, cyclisation did occur, but presumably

aromatisation follows rapidly as TMSOTf is not a source of a sufficiently nucleophilic

counter-ion.

Figure 10

.rro><ocH3 rMSOrf

cH{ -c""

I 
(cHJ3si

cHr-6* 
= 

ocH3

cH./\cH.

t""d,tj

(a) (b)

(cHJ3si- 

0 
cH3

-(cHr3si"X*
Rather than the desired cyclisation, the dimethylfurans (68), (69), (92), and (93) were

the principal products of reactions with TMSOTf. This type of cyclisation can be

rationalised as involving preferential attack of the TMSOTf on the phenol in a manner

Tfo-
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analogous to that shown for (a) above, with subsequent attack by thc silyl ethcr on the

protonated isobutylene leading to a dihydrofuran (Scheme 45).

Scheme 45

(cHdssi

:-i
The presence of (58) and (92), the aldehydes resulting from cleavage of thc acctal

moiety can be explained by the survival of the equivalent of O) (Scheme 46) until

quenching, with the survival of the ion pair being due to the unavailability of the alkene

which has formed the dihydrofuran.

Scheme 46
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7. Effect of Reaction Temperature

Reaction temperature was also found to be important. For cyclisations induced by tin or

titanium-based Irwis acids, -78o proved to be the best of those tried, as at higher

temperatuxes the formation of the appropriate napthacenedione was enhanced. In contrasL

the yields of the dioxepins (97), (98), (101), and (102) from cyclisation of (37) and (38)

with BF3.OEI2 w€r€ similar at the temperatures investigated in the cunent study.

Presumably the formation of mone of the appropriatc napthacenedione is a consequence

of Ssl-like paths being favour-ed, i.e. a carbocation is generated after the formation of the

C7rc8 bond which readily undergoes elimination (Path A, Scheme 4O). The competing

addition reaction which gives the chloride-containing anthracyclinone is clearly favoured

at low temperatures, presumably as a cons€quence of the stability of the ion pair and thus

a favouring of the intemal delivery of thc chloride.



83

8. The Effect of Lewis Acid

Apart from the work of Denmark et a1,37 few quantitative studies on the effect of using

different I-ewis acids for such intramolecular cyclisations have been report€d.

W.S.Johnson et afr found the intemrolecular reaction of the dioxane (ll9) with

allyltrimethylsilane to be more diastereoselective when a mixture of titanium(IV) chloride

and titanium(IV) isopropoxide (1:1) was used, rather than titaniumfiV) chloride alone (see

Scheme 21). However whether this is due to a change in the kwis acidiry or the steric

requirements of the reagent is not apparcnt.

In the present investigation, when tin(V) chloride is replaced by titanium(tV) chloride

there are sriking differences in the yields of the temcyclic products (Table 17).

Table 17 Yields of retracyctic products from Lewis Acid
Cyclisations of Acetals (gZ), (38), (43), and (44)

Lewis Acid/Temp.(C")
Acetal used

(37) (38) (43) (441

SnCl+ldmfl-78

SnClal-78

TiClql-7 8

Tact4t-23

TiCf+/dml|-78

gza 7b

gsa 1 6b

17a 7b

53a 30b

19a 10b

g5a gb

43a gb

15a 12b

67a 15b

gga 25b

60a 5b

4ga 4b

774

60a

39a

c

gb

30b

5b

a - total percentage yield of tetracyclic products
(including napthacenedione).

b - percentage of napthacenedione.
c - reaction not performed.
d - methylfuran (69) only isolated product.

This comparison reveals that tin(IV) chloride/dmf provides the most effective system

for the cyclisation of the C-methallyl acetals (37) and (38), whereas titanium(IV) chloride
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at -78o was the reagent of choice for the cyclisation of the vinyl chlorides (43) and (,f4).

Such results indicate that, not unexpectedly, the nanlrc of the complexing Lewis acid is

important in determining the relative electrophilicity of the acetal-complex, and that the

nucleophilic behaviour of the alkene is dependent upon the attached substituent. The

isobutylene moieties of the substituted acetals (37) and (38) will be more nucleophilic than

will the vinyl chlorides of the otherwise analogous substrates (a3) nd (9. Thus changes

in yield between these acetals could be due to lowering the rate of the desired reaction

rather than more subtle Lewis acid effects.

These results also suggest that under the conditions in the present srudy titanium(tV)

chloride is more reactive, as it is a better inducer of reaction with the less reactive vinyl

chloride moiety. The reason for its lower selectivity with the more reactive isobutylene

substituted substrates could then be due to the shifting of the nature of the transition state

towards that of the reaction products (Hammond Postulate). Such a shift would

presumably lower the stereoselectivity because the dioxolane ring structue would be less

intact and therefore less able to direct attack by the olefin.

The effect of the conditions on the reactions subsequent to forming the C7lC8 bond

(chloride addition, elimination etc.) must also be considered. Obviously the ring formation

can be followed by rapid aromatisation, so the yield of the napthacenedionc must be

considered when comparing these cyclisation yields.

With titanium(tV) chloride the inclusion of dmf lowered the yield of the

dichlorotetracyclic products (83) and (84), while the methallyl methoxy acetal (37), gave

only the dihydrofuran (69), the product of intramolecular reaction between the methallyl

side-chain and the C4 phenolic moiety. Under these conditions clearly the acetaValkene

cyclisation route is not favoured and rather an alternative innamolerular rcaction of the

isobutylene group with the adjacent phenolic moiety occurs. Clearly either the energy of

the transition state for the previously favoured cyclisation pathway is raised considerably

by the use of this Lewis acid and co-reactant dmf, or the alternative is that all the l-ewis

acid present is bound by basic sites in the molecule and thus not available for the desired

cyclisation reaction. Obviously the treatment of the acetals (38) and (43) with this reagent,
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which have notyet bcen investigated, will give valuable data for comparison.

The generally lower yields obtained for reactions of the vinyl chlorides (a3) and (aa)

when the tin(I$ chlo'ridc/dmf conditions are used reflects the lower nucleophilicity of thc

olefinic moiety, which is possible evidence for some form of interaction bctwccn the

inte,rncdiatc complex and the dmf. Since with titanium(IV) chloride thc isobutylene (38)

and the vinyl chloride (44) gavc similar recoveries it is possible that the incorporation of

coordinated dmf in thc transition state complex inhibits attack by the chlorallyl

nucleophile, but not that of the nrore reactive methallyl nucleophile.o
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9. The Effect of the Acetal

The nature of the acetal undergoing substitution also has an important bearing on the

outcome of such reactions. As illustrated in a recent review,47 many different sorts of

chiral acetals have been preparred, but generally only the l,3-dioxolanes and dioxanes have

been studied with respect to these nucleophilic substitution rcactions. As indicated earlier,

comparative studies have shown that the highest diastereoselectivitics are generally

obtained from dioxanes derived from 2,4-pentanediol.6l This is thought to be due to the

more rigid nature of a dioxane ring relative to a dioxolane ring.

Recent work by Higgs32 in this department indicates that the use of a chiral dioxane

should improve the diastereoselectiviry of syntheses of novel anthracyclines by

intramolecular acetal-alkene cyclisations. Higgs prepared the acetal (l2O) from the

aldehyde (35) by condensation, allylation and reductive Claisen rearrangement (Schcme

48), and treated it with a variety of Lewis acids at different temperarures (Table l8).

Scheme 4E

I
+

cHo

1. (R,R)-2,4-pentanediol, CH2CI2, pTsOH 2. Allyl bromide, K2CO3,dmf 3. Na2S2Oa, dmf /H2O

The predominant products contain the same stereochemistry at C7 as those found in the

current investigation, suggesting that similar transition states operate. However, as

anticipated, diastereoselectivities are bener. Of note is the forrration of products with a

C10 hydroxyl group (125-L28), although the process by which these form is not currently

understood.

(120)



Table 18 Lewis

OH

Acid Induced

OH

Cyclisations of the Dioxane (r20)

HO Rg

'.i
ocH3

(rzs - 128)

Rr =Cl Rz=H
Rl=H R.=OH

87
OH

...A-^-
iltt.Y:

ocH3

(rze)(LzL - r24)

EI*=lAAo"
s

(r20)

Entry
Lewis Acid Temp. 7o Products

(121 - 124) (12s - 1281 ( 1 2e) SM

2 1021

3133

13184

I226134

TiCl+ -23 54

TiCla -78

TiCl+/dmf -7 8

SnCla -23

SnCla -78

SnCl+/dmf -7I

BFs.OEtz 0

BFs.OEtz -7I

TMSOTf O

I

34

26

43 48

Complex mixture

65

5

6

7

50

83

92

I

TMSOTf .7 8

68

70



88

10. The Effect of the C4 Phenolic Group

Another important consideration is the effect of the C4 phenolic group upon the

cyclisation reactions. In conjunction with the peri-carbonyl g oup, this moiety provides a

prime site for Lewis acid chelation. The effect of such chelation is evidenced by the

investigations with the isomeric acetal (59) in which the positions of the phenol and

methoxy groups are reversed, so that the phenol is adjacent to the dioxolane moiety. From

Lewis acid induced reactions the products obtained with an alicyclic A-ring have a C7

hydroxyl rather than a methylpropoxy side-chain (Tables 3 and 9). This suggests that

reaction with the phenol places the I-ewis acid in a position to facilitate the cleavage of the

methylpropoxy side-chain.

Scheme 49

(cr{3o)2s02

K2CO3, acetone

In an attempt to further investigate this process, the methallyl acetal (37) was subjected

to methylation conditions in pursuit of the dimethoxy acetal (130) (Scheme 49). However,

rather than the desired product a surprising array of compounds was isolated (Scheme 50).

When a large excess of K2C03 was used (judged necessary on thc basis of experiments

with the cyclohexenyl acetals discussed in chapter 3), the deallylated dimethoxy acetal

(l3l) and the familiar dihydrofuran (132) were isolated, along with trace nmounts of a

number of unidentified compounds. The lH MvIR spectrum of thc dimethoxy acetal (l3l)

was similar to that of the related phenol (31), except that the downfield phcnolic signal

was replaced by a thrce proton singlet at 4.05 pprn The compound also gave rise to a
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strong molecular ion of mlz 368, with the infrared spcctrum showing only a non-hydrogen

bonded quinone absorption in the carbonyl region. The loss of the C-rnethallyl moiery to

afford this material can be explained by a route such as that outlined in Scheme 51,

involving the phenolate anion. The formation of thc furan can be rationalised by a basc

induced conjugation of the methallyl double bond with subsequent conjugarc addition

(Scheme 52).

Scheme 50 Attempted Methylations of (37)

(cH3o)2s02

K2CO3, acetone

(l3t) \ez (132)

f"'It') +1ffi">-
ocHs o\v

ocH3

(133)
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Scheme 5l

,(H-A-r&
14 .r

oR' 
_l

)

-i -+(131)

H-A

HA = Available acid

Scheme 52

( o

I
o

'\-,/
HA = Available acid

When the reaction conditions werc changed by shortening the reflux time to 4h and

reducing the amount of added potassium carbonate, the range of products isolated was

rather different. A small amount of the dimethoxy acetal (t3l) was isolated, but the

principal products were the dimethoxy napthacenedione (133) and the dimethoxy

teEacycle (134). These compounds could result by nvo quite different mechanisms; the

latter being the product of an inramolecular ene reaction between thc methallyl group and

the aldehydc resulting from cleavage of the acenl, and the former from acid catalysed

H
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i lg-(r33)

cyclisation and subsequent aromatisation. It is possible that acid present in the dimethyl

sulfate facilitated these processes, when of course an acid induced path is possible for the

formation of (133) from (134) (Scheme 53). This approach to investigating the effect of

thc C4 phenolic group was not pursued further due to the unavailability of (130).

Scheme 53

H+

-+ -Hzo

ocH3 ocH3

However, in related work, Higgr32 has cyclised the dimethoxy acetal (135) using the

conditions summarised in Scheme 54. The net results are little different from thosc found

with equivalent compounds bearing a free phenolic group atC4.

Scheme 54 TiCl4 Induced Cyclisations of the Dimethoxy-Dioxane (135)

ocH3 oRs

Rr=Cl Rz=H 39Vo
R3=*TablelS

ocH3

13 Vo

Thus it is likely that in general although the phenol and the adjacent quinone carbonyl

combine to coordinate one equivalent of the reactant Irwis acid, the remoteness of this

site from the acetal moiety precludes any involvement similar to that found when the

phenol is ortho to the acetal substituent, as for the acetal (59).

jrifff",+i$o
(13s)
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ll. Comparisons with Previous Examples

When compaled with the often excellent diastereoselectivities rcported for many

nucleophilic dioxolane cyclisations,4T those found at CI in the curent study are relatively

poor. This is presumably a consequence of two factors; the bulk of the substituent

anthraquinone group and the possibility of reactions subsequent to the cyclisation step that

may influence the nature of the transition state.

In the mechanistic work described earlier the equivalent substituent was usually an

alkyl chain, which studies with molecular models suggest should interact less with

neighbouring groups in a transition state than would the anthraquinonyl moiety. The

presence of the latter may serve to reduce stereoselectivity by promoting SylJike

reactions, or decrease the selectivity available from Sy2-like transition states by raising

the energy of the favoured conformation (Scheme 34) so the nucleophile attacks in a more

random manner. Examples of C2 aryl-substituted dioxolanes undergoing nucleophilic

Lewis acid mediated additions have been reported,53S4 and in both cases

diastereoselectivity is good. However, comparisons are of limited validity as both

examples are intermolecular and involve an allylsilane as the nucleophile.

The diastereoselectivities found in the current study are also influenced by the

possibility of other reactions occurring concomitant with or subsequent to the formation of

the A-ring. Such reactions have been channeled in the mechanistic studies cited above by

the use of allyl silanes in which the loss of the nialkylsilyl leaving group directs

termination of the process after the desired reaction. It is clear nonetheless that the

subsequent reactions uncovered in the current smdy throw valuable light on the

mechanisms of such processes while also leading to some valuable novel anthracycline

precursors. The work detailed in the present investigation could be usefully extended

using substrates with the appropriate allylsilyl side-chains at e. The use of such a leaving

group would undoubtedly shed more light on the mechanism of the acetaValkene

cyclisations and the part played by subsequent reactions.
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REACTIONS WITH THE CHLOROTETRACYCLES

With a variety of the tetracyclic chlorides in hand, investigation into further

functionalisation was initiated. The obvious centres at which !o anempt modification arc

C7 and C9 which already contain functionality in place, and are also the centres of

chirality in the final anthracyclinones. hreviously, when Brownil attempted to remove the

methylpropoxy side chain, he found that treabment of a mixture of the isomeric tetracycles

(71-74) with trifluoroacetic acid, either noat, dissolved in dcm, or in dmf, gave only the

napthacenedione (67) (Scheme 55).

Scheme 55

oH cl
CHs

--

cF3co2H

,s-l#"r.
CrO3,dmf lffi

ocH3

(67) ;'"'K
mcPBA 

| 
*

oHY",

(r37)

However, an alternate sequence was developed where the secondary hydroxyl group of

the side chain was oxidised to the ketone. Trcatrnent with meta-chloroperoxybenzoic acid

(mCPBA) afforded a material that was tentatively assigned the structure (136), the product

of a Baeyer-Villager rcarangement. Methanolysis of this then gave a compound assumed

to bc (137).

3<-l#"",
cH3oHtH*4ffi (136)

"-F'11
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OH OH OH

l#"+l#"+lyVS,t^/l,+.zl.':l^/
ocH. o oH

--

ocH. o oH

-.x
ocH" o oH

-x

In the current study, modification at C9 by prcparation of a ketonc positioned for

elaboration of side-chains such as those present in biologically active anthracyclines was

clcarly a worthwhile target for investigation (Scheme 56).

Scheme 56

There have been few methods published for effecting the transformation of a

gem-dihalide into a ketonc moiety, and those known generally involve the convertion of

non-cyclic or exocyclic dibromo centres.6163'&'65 The closest analogy found was work of

Deuschel66, who obtained fluorenone by treatment of S,S-dichlorofluorcne with copper(Il)

chloride in refluxing nitrobenzene with a trace of water (Scheme 57).

Scheme 57

CuCl2, H2O

+
PhNO2, A

Similar treahlent of the dichloride (76), work-up and chromatography gavc the all too

familiar napthacenedione (80) (59 9o), and one other significant product (14 %) (Scheme

58). Thc latter gave rise to a molecular ion at mlz 432, high resolution analysis of which

indicated a formula of Q2H1sCl2O5, corresponding to a loss of methanol from the

substrate (76).
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,c:c,','tt#;"+l#'
W 

-,,;*o;l+A/ \'+lW
(76) 

"X 
G2) 

-*H 
r4vo (80) 5e7o

The tH MvtR spectrum was similar to that of the parcnt tetracycle (76), except that it

lacked signals for the C6 methoxyl and 2'-hydroxyl moieties. Further the infrared

spectrum showed no sign of a free hydroxyl a.Jorbance, although fitee and

hydrogen-bonded quinone carbonyls were still presenl The dioxepin (82) was consistent

with this data, and with the mode of synthesis. Also similar compounds have been

reported by Rodrigo et aF7 in their synthesis of daunomycinone, and morc recently by

Ayyanger et al.6e Possibly (82) is formed by acid promoted loss of the methoxyl group

and attack of the nearby side chain (Scheme 59). Obviously aromatisation with loss of the

side chain is much more facile, as indicated by the predominance of the napthacenedione

(80). Interestingly, a structure similar to (82) has been proposed to explain the base pcak

in the mass spectra of the dichlorides (76) and (77) (where no molecular ion is apparent).

Scheme 59

OH

-cFr3oH t

-l H-O+ O

-H
l*

(82) 
i

OH
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Next a me0rod used to modify the toluidine derivative (138) (Scheme 60) was

investigated5s Although the original procedure simply used aqueous base at noom

temperarure to effect the transfomration, in the present case dmf was also added to

enhance the solubility of the subsrate. However, after work-up and chromatography only

the napthacenedione (80) was isolated in poor yield ogether with the staning dichloride

(76).

Scheme 60

,rr,rl*r.* 
rrycHcr2 

NaoH/rrzo, o 

rr,.*frr"o
Silver() species have been used to initiate d.isplacements of halogensTl from organic

compounds. In the presence of a nucleophilic counter-ion, it was envisaged that this could

be an efficient way of introducing oxygen-bearing functionality at C9. In thc event,

reaction of Q7) with silver acetate in acetic acid gave a small amount of the aromatised

material (80) but left most of the substrate unchanged. Similarly, silver perchlorate, a

reagent with a poorly nucleophilic counter-ion, and a tracc amount of water (in

dichloromethane), returned mainly the substrate, with a trace of the aromatised product:

when dried dichloromethane was used, no reaction occurred.

It was thought that replacement of the chlorine from a monochlorotetracycle might bc

followed by capture of the methylpropoxy side chain thus leading to a dioxepin-containing

structure similar to those prepared previously. This would also afford a useful way to

check the assigned stereochemisuy - molecular models indicated that the chloride and side

chain would have to be on the same side of the ring in order for such a dioxepin to form.

Indee4 treating the tetracycle (87) with silver perchlorate in dichloromethanc gave the

desired prod.ucr (102) in modest yield, which was confirmed by tH NMR spectroscopy.

The characteristic signals due to the dioxepin methyl groups at 0.99 and 1.00 ppm were

found, as well as the expected doublets of quartets due to 2' and 3'-C}l of the dioxepin
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ring at 3.58 and 4.02ppm. Also recovered from this reaction was the napthacenedionc (91)

(58 Vo).In contrast, the isomeric matcrial (88), which is enantiomeric at CI/, afforded only

the napthacenedione (77 Vo) (Scheme 6l).

Scheme 61

OH

#iffi":'i
(91) 58 Vo (r02)

ff?'oH
,;. o,c,oo_!ffi.,.

o on (9ty

(88)

77 Vo

=n=tAloH
5l

I

If the mechanism of this reaction was Spl-like, involving a free C9 carbocation Oike

(115) in Scheme 40), it would be expected that both (87) and (88) would give the

approproare dioxepins as in such a carbocation the side-chain could attack from cither face

of the cartocation. However, as only (87) does so it suggests that the process is Sp2-like,

so that the presence of a counter ion at C9 in (87) on the same side as the methylpropoxy

side-chain prevents capture and thus aromatisation occurs. Interestingly, such an attack

must take place when the side-chain is pseudo-axially orientated, as the product dioxepin

has a diaxial conformation. Such a conformation in the substrate would undoubtedly lead

to an increase in energy - this is obviously balanced by ttre formation of the product, or

possibly the side-chains adoption of a pseudo.axial orientation is eased when the A-rings

geomerry is altered by the presence of a carbocation at C9 after the halide loss. It is also of

interest to conrrast the formation of (102) in this case with the method outlined previously

from (38) with BF3. In the lauer example both (l0l) and (102) were isolated in near equal

(87)
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amounts, presumably as a consequence of attack by thc sidp-chain on both faces of C9

carbocationic species.

In summary, modification of thc gem-dichloridc p'rovcd difficult duc to the limitcd

numbcr of published procedures and their harshncss, but further snrdy in this arca is

warrantcd- So is investigation into the use of side chains other than chlorallyl and

mcthallyl to control C9 functionalisation, thercby leading to the inroduction of different

and possibly morc easily modifred groups at this position.
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DETERMINATION OF STEREOCHEIVflSTRY

The determination of the stereochemistry of complex organic molecules has

historically been a challenging and vitally important facet of organic chcmistry. NMR

spectroscopy has shown itself to be amenable to many such problems. Progress in this

field has been revolutionised by the advent of reliable superconducting magnets coupled to

high speed computers that have allowed the sensitivity and resolution of NMR techniques

to be increased many-fold-

The stereochemistry of the chiral centres in the A-ring of anthracyclines has previously

been exemined in a number of ways, the most common being a combination of lH MvlR

and Circular Dichroism (CD) measurements and comparison of these measurements with

those from compounds whose absolute stereochemistry is known from X-ray diffraction

studies.@'70'71 y7i6 compounds that possess a linked spin-system from CY to ClO about

the A-ring by vinue of having hydrogens at all these positions, interproton vicinal

coupling constants can be used to ascertain stereochemistry if a substituent is prcs€nt that

"freezes" the conformation by increasing the energy of one of the conformers. Otherwise,

interconversion between the possible conformers will be rapid as these forms differ little

in energy.1z However, the relative stereochemistry of compounds with geminal

non-hydrogen substituents on the ring cannot be assigned as easily. One alternative

method is to use the nuclear Overhauser effect (NOE). This relatively recent NMR

techniqueT3'74 
^11o*r 

structural information to be derived from the measurement of the

relative intensity changes observed when the transitions of a nearby NMR resonance are

perturbed. Generally the pernrrbation is saturation, and the resulting relaxation causes the

enhancement of the signals duc to nearby protons. The measurement of these

enhancements can give information about internuclear distances, since they are

short-range effects (generally less than 5 A), and proportional to r-6, r being the distance

between the affected nuclei. Brown22 used this technique to assign the stereochemistry for

the isomeric tetracycles, (71-74), isolated from the tinflV) chloride/dmf mediated

cyclisation of the methallyl acetal (37), and it was envisaged that the method would prove
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valuable in the current investigation. These experiments comprise of a series of separate

spectra, in each of which a particular signal is saturated, and a reference spectrum in

which no signal is saturated. After the experiment is complete, the qpectra are subtracted

fiom the reference and the irradiated signal (which is now negative by vinue of complete

saturation) set as IOO % intensity. Any positive (i.e. enhanced) peaks are comparcd o it
and integration gives a percentage enhancement figure. X-ray crystallography would also

have afforded useful data, but despite a number of attemps, crystals of the various

tetracyclic species did not diffract sufficiently to allow a stnrctural determinarion.

In conjunction with the NOE technique a molecular modeling computer progruune,

Alchemy II,75 was used to generate strucnres that allowed an estimation of probable

interatomic distances. Where indicated, the structures were minimised using the Alchemy

minimiser which performs a conjugate gradient minimisation on a force field equation

dependent upon the position of the atoms in a molecule. The energy terms taken into

account are; bond stretching energies, angle bending energies, torsional energies, van der

Waals energies, out of plane bending energies.

Minimisation was continued to a point where the gradient (the sum of the partial fint

derivatives of the energy terms) dropped below 0.01 in all cases. This minimised stnrcture

was then used to assign the stereochemistry of the structure in question by comparison

with the NOE data.

Determination of Stereochemistry of (87) and (S8)

Initially it was decided to investigate the demethoxy chlorotetracycles (87) and (88) as

Brown had previously assigned the C7/C9 stereochemistry of the related compounds

(71-74) by a combination of lH NMR J values and NOE experiments, and it was thought

that a strong basis for comparison of chemical shifts would exist. From work detailed in

the previous section, it was evident that the chlorine and methylpropoxy substituents in the

monochloride (87) were cis substituted, otherwise the dioxepin (82), prepared by the

action of copper(Il) chloride could not have formed (see prcvious section). Examination of

the coupling constants showed that for this isomer the signal of H7 was split by
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axiaVequatorial coupling of 6.0 Hz to H8(eq). A COSY experiment also indicated such a

connection. A NOE difference experiment afforded only a single enhancement, that of H7

(3.9 Vo) when the signal due to the 2'-CH was irradiated. Inadiation of the signals due to

H7, H8, and H10 produced no detectable enhancements. For the methoxylated analogues

of these compounds, Browntthad found that when the signal of the 9-CFI: was irradiated,

detectable enhancement resulted if thc methyl and methylpropoxy side chains were cis to

one another. As no such enhancement was found, this also gives limited support to the

chemical evidence (although using negative evidence from such experiments is

hazardousTa;. The isomeric compound (88) gave a similar range of coupling data for H718,

indicating that H7 was once again oriented axially. Fortunately in this casc a NOE

difference experiment gave considerably more data (Iable l9).

3.ln,rH

He(eq)

(""rcH3
o

OH

I)i\./;ttr(88)

Table 19
Nuclear Overhauser Enhancements for (BB)

ooH

-}1

Signal lrradiated Proton Affected % NOE

H7

1'-CH

H8(eq)

1'-CH

H7
H8(eq)

1'-CH
2'-CH
H8(ax)

5.0

4.2
2.0

2.5
1.8
4.4

- lrradiation
NlOEs.

of H10(eq) and H10(ax) gave no observable
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A HTll'-CH enhancement similar to that found for (87) was observed, but mors

importantly H8(eq) showed a set of enhancements with and l' and 2'-CH. and Alchemy

data for (88) reproduced in Table 20 showed a similar tnend. The H8(eQ to side-chain

interatomic distanccs were larger on average for (87), with the positions of the atoms

comprising the rest of the A-ring being essentially the same.

Table 20
Alchemy ll Estimated Interatomic Distances (88) (A)

H8(ax) H8(eq) H10(ax) H1O(eq) 1'-CH3 2'-CH3 1'-CH 2'-CH

3.080 2.510 2.865H7

H8(ax)

H8(eq)

H10(ax)

H10(eq)

1.795 2.613

3.789

4.439

4.816

3.877

6.844

7 .545

3.651

2.777

2.0 91

6.591

7.299

2.873

4.940

3.862

4.685

5.632

4.967 3.823

3 .7 57 4 .440

4.279 4.080

1 .784 6.342

6.780

Alchemy ll Estimated Interatomic Distances (87) (A)

H7

H8(ax)

H8(eq)

H10(ax)

H10(eq)

H8(ax) H8(eq) H10(ax) H1O(eq) 1'-CHg 2'-CHs 1'-CH 2'-CH

2.390 2.555

1.785

4.085 4.820

2.456 3.695

3 .7 20 4.295

1.788

3.798

5.584

4.210

2.807

4.396

4.300

5.669

3.959

5.554

7.080

3.713

3.519

2.305

3.711

5.430

2.437

5.448

3.9 28

4.621

5.892

Additional evidence was sought from the comparison of the observed data with that

obtained by Brown for the diastereomeric methoxy temcycles (71-74), Table 21.

Alchemy modelling studies indicated that thc structures of the tenacycles would diffcr
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little with the substitution of a hydrogen at C6 in place of the methoxyl goup. In thc

event, comparison of lH NMR data verified the assignment of stercochemistry to (87) and

(88) (t3C NMR data was not available for (71-74)). Thc relative chcmical shifts of the

side-chain protons and the signals due to H8 and HlO for (72) and (88) indicate that the

e7rc9 stereochemistry is the same. The l' and 2'-Cal3 signals are well separated (0.15

ppm), as are the l.' and 21CFI resonances. The H8 and HlO multiplets for both species are

also similarly separated.

Tabfe 21 Comparison of lH NMR data for (711, (221, (g7l, (gg)

Signal lH data for (88) lH data for (Z2l

1' and 2' CHs

1' and 2' CH

9-CHs

H7

H8

H10

1.25, 1.40

3.54,3.72

1.85

4.94 (11.6, 5.8)

1.83 (13.3, 10.1)
2.71 (13.2, 5.9, 2.2)

2.81 (1e.1)
3.46 (1e.0)

1.19, 1.35

3.57, 3.65

1.85

4.es (5.4)

1.93 (15.4, 5.4)
2.8s (1s.4)

2.81 (18.8)
3.76 (18.8, 1.8)

Signal lH data for (87) 1H data for (71)

1' and 2' CH3

1' and 2' CH

9-CHg

H7

H8

H10

1.27, 1.33

3.90, 3.94

1.84

4.98 (9.7, 6.1)

1.93 (13.5, 9.8)
2.60 (13.5, 5.9, 2.4)

2.86 (19.1, 1 .6)
3.45 (19.1, 2.0)

1 .16, 1.20

3.51, 3.59

1.86

s.15 (5.e)

2.33 (14.1, 5.6)
2.72 (14.1, 6.2, 1.6)

3.15 (18.1)
3.38 (18.1, 1 .6)

Figures in brackets indicate relevant coupling constants.
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For (71) and (87) the 1' and 2'-Ctl3 and CH signals are much closer, with the H8 and

HlO multiplets giving a less clear correlation. Somewhat surprisingly, tfus signal arising

from the 9-CHs is virtually unchanged in all of (71), (72), (87), and (88). The predominant

isorner (87) displays the CY stereochemistry found to be favoured by Brown2E and Higgs32

for the related systems.

Determination of the Stereochemistry of (83) and (84)

Preliminary examination of the tH NMR spcctra (see experimental) of the isorneric

dichloro demethoxy tetracycles (83) and (84) found few differences. In particular ncither

spectrum revealed clear coupling between the H7 and H8 signals, because of the poor

resolution of the signal due to H7. COSY experiments however showed that for both

compounds their was strong coupling ber'reen H7 and the signal due to H8(ax), and as

both H8 signals were doublets of doublets with relatively strong couplings (I 8.6/9.6 Hz) ir

can be assumed that the H7-H8(ax) coupling must be axiaVa,xial, and thus thc

methylpropoxy side chain is orientated equatorially for both of (83) and (84), as could bc

expected for a large substitituent.

The initial results from NOE experiments on the isomeric tetracycles (83) and (8a)

were promising (Table 22). Although both isomers showed a good enhancement between

H7 and the l,-CH signal of the methylpropoxy side-chain, little importance could be

attached to this as it was expected that this distance would only differ slightly between thc

two isomers, and similarly the H8(ax)All0(ax) enhancements found for each compound

were of little use. However, the set of enhancements between H8(eq) and l'-CH and

2'-&l of the side-chain observed for (83) correlate with those found for (88) and suggest

that the C7 stereochemistry is the same for both compounds. The Alchemy data (Table 23)

suppofts this, with the side-chain/H8(eq) distances being considerably less for (83) than

(84). However, these assignments cannot be viewed as conclusive, given the simplicity of

the Alchemy II minimisation prcgram, and an appropriate X-ray crystallographic analysis

would be desirable to afford incontrovertible evidence.
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(83)

(84)

OHAiclff'
iooH-\ l' /-.\-- "

s-L
Table 22
Nuclear Overhauser Enhancements for (83)

Signal lrradiated Proton Affected % NOE

H8(ax)

H8(eq)

1'-CH

H7

H10(ax)
1'-CH

1'-CH?
2'-CH
1'-CH

H7
H8(eq)
1'-CHg

1'-CH
H6

3.4
1.9

3.5
3.6
4.2

5.3
3.4
4.O

5.0
3.0

- lrradiation of H10(eq) gave no observable NOEs.

Nuclear Overhauser Enhancements for (84)

Signal lrradiated Proton Aflected "/o NOE

H7

1'-CH

HB(ax)

1'-CH

H7

H10(ax)

4.9

5.0

2.3

- lrradiation of H10(eq), H10(ax), H8(eq) and 2'-CH afl
afforded no observable NOEs.
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Table 23
Alchemy ll Calculated Interatomic Distances (S3) (A)

H8(ax) H8(eq) H1O(ax) H10(eq) 1'-CH3 2'-CH3 1'-CH z'-CH

H7

H8(ax)

H8(eq)

H10(ax)

H1o(eq)

3.058 2.598

1.783

2.835

3.850

3.971

4.042

3.608

4.264

1.785

3.983

3.218

3.907

6.272

6.672

4.328

5.079

3.618

6.764

7 .611

3.694

4.439

2.090

6.456

7.285

2.369

3.616

2.8 01

4.630

5.548

Alcmemy ll Calculated Interatomic Distances (84) (A)

H8(ax) H8(eq) H10(ax) H10(eq) 1'-CHs 2'-CH3 1'-CH 2'-CH

H7

H8(ax)

H8(eq)

H10(ax)

H1o(eq)

2.481 2.491

1.791

4.184

3.876

3.904

4.956

3.735

4.327

1.784

3.886

5.1 60

5.015

2.890

4.467

4.315

6.548

6.303

5.698

7.1 65

3.749

5.448

4.638

3.971

5.678

2.381

4.603

4.67 3

4.722

5.872

Determination of the Stereochemistry of (76) and Q7)

Despite several attempts, NOE difference experiments on the analogous methoxy

dichloro tetracycles (76) and (77) were unsuccessful, resulting in enhancernents that were

unclear or less than 1 Vo. However, comparison of 6t" tlyt3g spectra of the two isomers

with those of the demethoxylated compounds, (83) and (84), revealed that chemical shifr

comparisons could provide a basis for the assignment of stereochemistry in thc closely

related dichlorides (Tables 24 and25).
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Table 24
Comparison of 1|-| sp6l 13Q NMR Data for (76) and (83)

Signal lH dara for (76) lH data for (83)

1' and 2' CH3

1' and 2' CH

H7

H8

H10

1.22, 1 .36

3.62,3.67

s.18 (4.s)

2.92 (14.6, 6.1)
3.07 (14.8, 3.8)

3.72 (1 8.6)
3.e8 (18.1)

1.26, 1.41

3.56, 3.72

4.e0 (7.1)

2.58 (13.5, 8.6)
3.20 (13.5, 5.9, 2.3)

3.5s (20.1)
3.97 (20.2, 1.7)

Signal 13C data for (76) 13C data for (83)

c9

c10

1' and 2' GH3

1'and 2' CH

67.5

46.0

84.5

44.0

14.3, 19.6

71.3, 79.2

72.1

46.0

84.8

44.2

15.8, 18.6

70.9, 79.6

- Figure in brackets indicate relevant coupling constants.

Although generally tH NMR chemical shifrs are used for such comparisons, l3C NMR

spectroscopy as a tool for probing stereochemistry in this manner has been significantly

under-utilised,76 and certainly in this case the l3C chemical shifts offered more definitive

correlations than did the lH signals. The grcatest similarity is observed in the signals due

to C7 and the side-chain carbons (1'and 2'-C)tl3,l'and z'-Crl). The C? signals of (76)

and (83) are around 70 ppm, while for (77) and (84) they are near 82 ppm. For (76) and

(83) the l'-CH3 and2'-Ctl3 signals are 4 ppm apart and those of l'-CH and 21CFI are 6

and 8 ppm, while for (77) and (84) each set of signals are much closer togcther. The

position of the signals for C9 and C10 are virtually identical for all four of the tetracycles,



108

but the C8 resonance is at 2 ppm lower field for both of (76) and (83). The lH Mvfi. data

shows a similar pattern to that outlined for the l3C spectra, with the side-chain proton

signals giving the most reliable correlations, although similarities in chemical shifts and

coupling constants are displayed by the multiplets arising from H8 and HlO for the pairs

of compounds (76)/(83) and (77)l(84). In all four cases two'dimensional l3g'lg t66

corrclation experiments werc performed to ensure that the relevant signals were correctly

assigned and could indeed be comparcd (see experimental preface for details of relevant

parameters).

Table 25
Com parison of 1 H and 1 3C NMR Data for (t7l and (84)

Signal lH data for (77) lH data for (84)

1' and 2' CH3

1'and 2' CH

H7

H8

H10

1.16, 1.24

3.51, 3.61

s.18 (6.0)

2.89 (14.2, 5.5)
3.17 (1 4.2, 6.5, 2.1)

3.74 (18.1)
3.86 (18.1, 1.9)

1.30, 1.34

3.91, 3.97

s.00 (6.7)

2.56 (13.4, 9.6)
3.15 (13.4, 6.1, 2.5)

3.48 (18.5)
4.06 (18.5)

Signal 13C data for (77't 13C data for (84)

c7

c8

c9

c10

1' and 2' CHg

1'and 2' CH

82.5

48.6

84.4

43.9

18.4, 1g.g

72.0, 72.6

81.9

48.9

84.0

44.1

17.5, 19.4

71.6, 74.7

- Figures in brackets indicate relevant coupling constants
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Further evidence for the structural assignments of (76), (77), (83), and (84) can be

derived from a comparison of the lH MvIR chemical shifts of their side-chain protons with

those of the chlorotetracycles (71-74). When this is done (see Tables 21,24, and 25), it

shows that the relevant signals for (76) and (83) compare well with those for (71), as do

those of Q7) and (84) with (73), and reveals a good corrclation for compounds having the

same C-7 stereochemistry.

(e7)

o(eq)

Table 26a
Nuclear Overhauser Enhancements for (e7)

2
H

Ha(ax)

2'.2

Signal lrradiated Proton Affected % NOE

H7

3'-CH

H8(eq)

H10(eq)

1.8

1.8

- lrradiation of H1O(eq), H10(ax), H8(eq) and H8(qx)
gave no observable NOEs.

Determination of the Stereochemistry of (97), (9S), (fOf) ,(J02)

The dioxepin structures (97), (98), (101), and (102) were more difficult to solve. NOE

difference experiments were again used. In this case it was assumed that the Alchemy data

would be more accurate than in the previous cases due to the more rigid narure of the

dioxepin ring compared to the free methylpropoxy side-chain in the previous cases.

Preliminary examination of the lH NMR spectra suggested that the oxygens of each
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dioxepin ring were disposed cis-diaxially as only equatoriaVaxial or equatoriaVequatorial

H7l8 couplings were observed for all compounds. The results of NOE difference

experiments on (97) and (98) are summarised in Tables 26ah.

For (97) only irradiation of the H7 and 3'-CH signals afforded any enhancement. In

contrast, expcriments with (98) gave a numbcr of stong enhancements with those found

between H8(eq) and the z'-CH of the side chain being of particular notc. Not

unexpectedly, irradiation of Hl0(ax) gave enhancement at Hl0(eq), and similarly

H7l[f8(eq) were found to be linked.

Again, Alchemy representations and molecular models were used to study the pair of

isomeric dioxepins. Table 27 shows the interatomic distances of the relevant atoms from

minimised Alchemy structures of (97) and (98). The distance estimated for the H8(eq) to

T'-CII is less for (98) than for (97), supporting the stnrctural assignments.

Ha(eq)

H7 (e8)

Table 26b
Nuclear Overhauser Enhancements for (98)

2"2

Signal lrradiated Proton Affected % NOE

H7

z',-CH

H8(eq)

H10(ax)

H8(eq)

H8(eq)

2'-CH
H7

H10(eq)

2.0

5.8

7.2
3.6

1.9

- lrradiation of FU"r) gave no visible NOEs.
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Table 28
Alchemy ll Calculated Interatomic Distances for (98) (A)

H8(ax) H8(eq) H10(ax) H1o(eq) 2'-CHg 3'-CHg 2'-CH 3'-CH

H7

H8(ax)

H8(eq)

H10(ax)

H10(eq)

1'-CHs

2'-CHg

2.421 2.520

1.790

4.306

4.500

3.731

4.865

3.669

4.304

1.790

4.184

5.406

4.023

6.669

6.186

4.936

4.488

3.004

5.252

4.855

3.335

2.936

3.623

2.022

5.347

5.389

1.539

2.577

4.849

5.078

3.921

5.452

4.516

2.484

2.141

Alchemy ll Calculated Interatomic Distances for (97) (A)

H8(ax) H8(eq) H1O(ax) H10(eq) 2'-CHg z',-CH 3'-CH

H7

H8(ax)

H8(eq)

H10(ax)

H10(eq)

2.440 2.409

1.774

4.897

4.236

2.7 56

4.684

4.008

2.976

1.784

3.330

2.944

3.385

5.813

6.326

5.443

3.979

3.783

4.733

5.798

4.058

3.836

3.234

4.831

5.893

3.995

2.032

2.633

4.480

4.891

Comparison of the t11tt3g dara for the four dioxepins (Iables 29alb) again proved

useful method for correlating the related pairs, indicating that (97)/(101) and (98)/(102)

had the same orientations. Thus the tH NMR signals for the side chain protons and H8 and

H10 were similar in coupling constants and relative chemical shifts for each pair. Again

the 13C NMR data gives excellent correlations for the dioxepin ring carbons, C8, C10, and

the 9-CH3. For (97) and (101) the chemical shifts of 2' and 3'-CJ,f3 and CH are virtually
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identical, as are the signals for the 9-C[I3, C8 and Cl0. The lH MvIR signals, with the

exception of that due to H7, also show this close similarity in both chemical shift and

coupling constants. The lH and t3C NMR spectra for (98) and (102) are also very similar.

t3g'tg conelation experiments were again canied out on all four dioxepins to ensure the

validity of comparing such data. However, the assignment of these structures must rely

upon the accuracy of the minimising progamme in the modeling routine and as such must

remain tentative until more accurate modeling or X-ray analyses can be carried out.

Table 29a
Comparison of lH and 13C NMR Data for (gZ) and (101)

Signal 1 6 dara for (97) 1 g data for (101)

2' and 3' GHg

2' and 3' CH

9-CH3

H7

H8

H10

1.02, 1.03

3.59,4.02

1.46

5.46 (2.6, 1.6)

1.91 (15.5, 4.6)
2.67 (15.4)

3.06 (20.1, 0.7)

0.99, 1.00

3.58, 4.02

1.47

5.02 (2.4)

2.02 (15.4, 4.4',1

2.67 (15.6, 1.8)

3.07 (20.1 )

Signal 13C data for (97) 13C data for (101)

c7

c8

c9

c10

2'and 3'CHg

2' and 3' CH

9-CHg

65.4

38.4

70.6

34.9

19.8, 20.0

74.3, 90.0

32.0

71.2

38.8

71.0

34.5

19.9, 20.0

74.2, 90.3

32.1

- Figures in brackets indicate relevant coupling constants.



Table 29b
Comparison of 1 H snd 13Q NMR Data for (98) and (1 02) u3

Signal lH data for (98) 1H data for (102)

2' and 3' CH3

2' and 3' CH

9-CHg

H7

H8

H10

0.95, 1.05

3.25,3.79

1.39

5.27 (5.6)

1.95 (15.4, 5.8)
2.64 (15.4, 1.3)

2.37 (18.0)
3.28 (18.1, 2.4\

0.94, 1.04

3.18, 3,74

1.40

4.s3 (5.s)

2.03 (1 5.4, 6.1 )
2.41 (17.7)

2.63 (13.6, 1.9)
3.21 (13.5, 2.71

Signal 13C data for (98) 13C data for (102)

c7

c8

G9

c10

2' and 3' CH3

2' and 3' CH

9-CHs

67.8

40.3

70.7

38.8

18.5, 19.6

73.3, 77.7

26.7

71.4

40.3

77.0

38.2

18.4, 19.6

73.5, 77.0

26.5

- Figures in brackets indicate relevent coupling constants.

Optical Rotations

The optical rotations of the tetracycles (76), Q7), (83), (84), (87), (88), (97), (98),

(101), and (102) were also measured. In all cases the observed roiations (detailed in the

relevant experimental section) were small with no clear pattern observed for those

tetracycles with free methylpropoxy side chains, namely (76), Q7), (83), (84), (87), and

(88). However the dioxepins (97), (98), (101), and (102) did show rotations of different

signs for each of the isomeric pairs, but this result must treated cautiously in view of thc

small rotations involved.
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CHAPTER THREE

CYCLITOL SYNTHESIS

l.Introduction

An important feature of the anthracyclines discussed to date is the position and number

of attached sugars, with a wide variety being known (Figure l, Chapter 2). Non-clinical

trials have shown that the potency of adriamycin (3) is enhanced one thousand fold and

the cardiotoxicity is gready reduced when the functionality on the nitrogen bearing sugar

is changed,Ts and the effect of the introduction of various halogens into the glycosidic

moiety has been extensively studied with promising results.s Thus, efFrcient syntheses of

anthracycline-based dnrgs with novel substituent sugars or cyclitols constitutes a viable

and worthwhile target. Some workers have incorporated a sugar residue in a synthetic

intermediate (see Scheme 2, Chapter l), while other groups have attached it subsequent to

synthesis of the anthracyclinone. A wide variety of new analogues with modified sugar

(141)

(3s) (140)
Methallylation, I
Reductive Claisen 

Ireiurangement 

I

iWruc''risationi
(r43)

....9CHs
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moieties have been prepared (see reference 5, pp 13-25), and as a recent publication

shows,79 there is considerable interest in the preparation and attachment of new and

differcnt sugar moieties.

Thus, a straregy utilising the diol (140), which had previously been prepared in this

department by Rennef0 was envisaged (Scheme 62). Here condensation of the diol (140)

with the aldehyde (35) would give the cyclohexenyl acetal (141). Further elaboration of

this compound via methallylation, reductive Claisen rcarrangement and cyclisation was

expected to provide syntheses of a range of novel anthracyclines with a C7 cyclitol

substituent. Subsequent modification of the cyclohexenyl moiety would also provide

access to other novel anthracyclinones.

Earlier work by Watsonsl in this department utilising benzaldehyde as a model for the

aglycone moiety supported the basic principles of such a strategy. He obtained a mixture

(4:l) of the exo and endo products from the condensation of benzaldehyde and the diol

(140) in 64 Vo overall yield (Scheme 63). The predominance of the exo isomer was a

consequence of a steric effect with the c-methoxy groups favouring the formation of the

intermediate anti oxonium ion (Figure 1l).

Scheme 63

(149a) exo

4

(149b) endo(r40)
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THE CTJRRENT INYESTIGATION

In initial work, Rennef2 had developed a route to the desired diol, conduritol A

dimethyl ether (140), in 28 Vo overall yield from bcnzoquinone (Scheme 65). However,

during chemoselective reduction of the ene-dione (144) to the cne-diol (145), around 10 %

of the saturated diol (146) was consistently formed from concomitant rcduction of the

olefinic bond. In order o effect separation and uralysis, immediate methylation and

chromatography was used. Formation of some saturated alcohol was anticipated as

nucleophiles can attack either the carbonyl carbon or the p-carbon of the olefinic bond in a

conjugate addition. Hydride reduction of the conjugated enones can then give products

resulting from attack at both electrophilic sites. In protic media the enolate from the

conjugate hydride addition is converted to the saturated ketone and then to the alcohol,

while the allylic alcohol resulting from initial reduction of the ketone is stable to further

reduction. This over-reduction was obviously undcsirable, and accordingly steps weIE

taken to minimise it.

Scheme 65

I

oH5

-

OH

(1,47) (145)

+

HO

- rct\\#
no

/ (r44)

/z
/

H9H+(trwH6n
(146)

OH9cHs
:

-A-,t
ill
\-.A

i
ocH3

(140)

H

1. Xylenes, A 2. NaBH4, CeCl3, dmf 3. KOH, CH3I, dmso
4. OsOa, Trimethylamine-N-oxide, py., tBuOH, H2O, A 5.4ffi',0.1 mmlfg, -anthracene

OHl:H 5cH.
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It had been found by Luches3 that the inclusion of cerium(trI) chloride during the

reduction of o,p-unsaturated ketones with sodium borohydride significantly decreased the

amount of saturated alcohol products, particularly when methanol was used as solvent.

From studies on the mechanism on this reaction,s Luche proposed that in aprotic solvents

activation of the carbonyl oxygen was achieved by cerium complexation, whcreas in

protic solvents the cerium complexed with the solvent itself which in turn activated the

carbonyl group via hydrogen bonding. thus, in subsequent work, Rennef0 overcame the

previous difficulties by using a 1:l mixture of methanoVdichloromethane as solvent, to

achieve a totally selective conversion of the ene-dione (144) to the diol (145) n 97 Vo

yield. This reduction occurred with hydride attack from the more accessible face of the

molecule (Scheme 66), the stereochemistry being assigned on the basis of lH NMR

coupling data of a derived compound. Methylation of the diol proceeded in quantiutive

yield, and the resulting dimethoxy-ene adduct was then oxidised with catalytic osmium

tetroxide in the presence of a co-oxidant. The functionalised ring of the dimethoxy alkene

(148), being constrained by the double bond and bridgehead carbons, may be expected to

adopt one of the two boat conformations A or B @igure 12).

Scheme 66
NaBH4

\

.4

H9*

\rTy
H5H

oso^ c4Figure 12

(r47)

B
(148)
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Conformation A was expected to be dominant as thc alternative conforrnation would be

destabilised by the steric interactions betrveen the two methoxyl substituents, and with the

adjacent aromatic ring. In either conformation oxidation of the double bond was expected

to occur on the face opposite the methoxyl substituent to afford the dimethoxy diol (147).

This procedure gave the diol in 92 Vo yield, the stereochemistry of the product being

confirrned by NMR coupling data. A thermally promoted retro Diels-Alder rcaction was

then used to rcgenerate the protected olefinic bond. This process is the rcverse of the well

known Diels-Alder cycloaddition, a thermally allowed rCs + r2s pericyclic plocess, which

is usually a highly exothermic.and favourable reaction. In contrast, the cycloreversion, a

n2s + o2s + o2s thermally allowed process, is endothermic and generally requires high

temperatures to proceed. This rcaction proceeded smoothly at 460oC and 0.01 mmHg o

give the diol (140) in 99 7o yteld. Incorporating the improved reduction step in the

sequence, it was possible to synthesise the dimethyl conduritol A in 57 7o overall from

benzoquinone.

In the present investigation both of Renner's procedures were used to prcpare the diol.

With this in hand, preparations were made to carry out the condensation to furnish the

desired cyclohexenyl acetal (141). Watson,85 in his exploratory work on the condensation

of this diol and benzaldehyde, used the traditional acetalisation conditions of refluxing

benzene with continuous azeotropic removal of water to generate the acetals (149a) and

(149b) n 64 Vo yield (Scheme 63). However, in view of the success of the condensations

between the aldehyde (35) and 2,3-butanediol to afford the dioxolane (31), and more

recently the preparation of the dioxane (139) from 2,4-pentanediol and the same aldehyde

in quantitative yield,32 reactions which proceeded smoothly at nmm tcmpcratur€ in

dichloromethane without azeotropic removal of water, it was decided to investigate the

application of these conditions. It was also hoped that the relatively unstable diol (140)

would survive these conditions.



ocHs

(141b)

..tmttt

When the aldehyde (35) and one equivalent of the diol werc stirred at room temperatue

in dichloromethane with 0.15 equivalents of p-toluenesulfonic acid for 50h, work-up and

chromatography afforded three main products, along with some starting material (16 %)

(Scheme 67). The presence of the trisubstituted anthraquinone (150), with an Rf almost

identical to that of the other products, caused some consternation. However, it was

rationalised that it was formed during the previous conjugation step by thc action of acid

and methanol during work-up (Scheme 68).

Scheme 68

s4/ o/\/ii*
ocHs 

HOCH3 
0cH3

This material was found to be extremely difficult to separate chromatographically ftom

the conjugated phenol (34), the aldehyde (35), or the cyclohexenyl acetal (141alb), usually

requiring multiple p.l.c. sweeps using a low polarity solvent mix. For this rcason, it was

Scheme

St'
A..roHil|IT Iill
\,AOHi

ocHs
(140)

OH

67 119

+

cHo

+i
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generally carried forwarrd to the point where it could be more easily removed_ Two

compounds with almost identical Rf values were also isolated Each gave a weak

molecular ion at rnlz 438 which analysed to indicate a molccular formula of C211H22,Og.

This information and the lH and l3C NMR specrra showed that the dcsired acetals (141a)

and (l4lb) had formed. The relevanj t1yt3g signals of these two compound's arc

summarised in Table 30.

Table 30 comparison of rH and ttc NMR Data FoR (l4ra) AND (r4rb)

H

21

fu=

exo

Endo Exo
Signal 1H

4"7'-OCHg 3.54

3.94

4.32

6.44

5.81

13C

57.8

79.g*

77 .8',

98.0

128.4

3.55

3.88

4.25

6.20

5.82

57.8

79.9#

79.4#

97.5

128.7

13c1H

7a'

* and # denotes that assignments may be interchanged

From comparison of these values with the data reported by Watson,E6 th" isomer (141a)

can be assigned as the endo isomer, principally on the basis of thc chemical shift of H2'in

the lH NMR spectmm - the observed deshielding being due to the rclative proximity of

H3afla. The assignment for Watson's analogous compound was confirmed by an X-ray

diffraction srudy of the exo acetal derived from 4-bromobenzaldchyde (Scheme 69).

7'.
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Br

h-Y
cHo

+

Scheme 69

The difference in ratios observed (Watson found a ratio of 4:1 exo:endo) is presumably

due to the difference in steric bulk between a phenyl and the anthraquinone moiety in the

present case. Studies with molecular models indicate that the bulky anthraquinonyl group

may interact in the exo forrn with thc o-methoxy groups, whereas in the endo form no

such interactions appear likely. The lower overall yield, and longer reaction time required,

when compared to the dioxolane and dioxane cases, chapter l, rcflects the greater steric

demands of the bulkier and less flexible cyclohexanediol. The increased amount of endo

product recovered in the current case implies that the exo isomer is the thermodynamically

favoured product.

An effort to improve this reaction using a longer time (5 days) resulted in a lower yield

(2O Vo) of the aceral, with starting material being returned (15 7o). It was observed that

upon standing, the diol changed colour from a clear oil to a light brown colour. Thus it

was felt that the diol may be being degraded over the course of the reaction, possibly via a

pinacol rearrangement. However, neither varying the amount of diol between I and 2

equivalens (in all cases between 10-30 7o starting material was rcturned), nor performing

the reaction in the dark had any discernible effect. The use of elevated temperatures and

the azeotropic removal of water werc not investigated as it was felt that these were likely

to facilitate destruction of the diol.

Because of their similar Rf values it was decided to use the mixture of the isomeric

cyclohexenyl acetals (141a) and (141b), in the next reaction, the formation of the

methallyl ether. The methallyl moiety was chosen because from reductive Claisen

reiurangements of the simple chiral dioxolanes (37) and (38) the former gave easily the

better yield. When the mixture of (l4lalb) was stirred in dmf for 16h at 85oC with ut
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excess of methallyl chloride, the dcsired ether (142) was formed in 85 7o yreld (Scheme

70). This was easily characterised by its lH and l3C spectra, and gave a satisfaclory

microanalysis. It is of interest to note that, once methallylated, the two epimers, if still

pnesent, wene indistinguishable chromatographically and spectroscopically. This is

presumably due to the masking of the phenol, a change which has been found to exert a

marked effect upon the physical properties of related compounds. Either elevating the

temperatures of reaction (to l00o), prolonging reaction times (to 24h), or both, lowercd the

overall yield of the ether (142). The methallyl ether (151) from thc methoxypropanyl

anthraquinone (151) impurity present in the starting material was also isolated-

Unfornrnately, this compound too proved to be vinually coincident with (142) upon

chromatography and the mixturc was thus used in the next step.

Scheme 70

(r4t)
cH3o"*

?x
iry*H3

@Hs

The next transformation was o effect the reductive Claisen rearrangement of the

methallyl moiery of Qa\. It was anticipated that a mixture of the Cl methoxylated

compound (143) and the demethoxylated product (153) would result frrom this reaction if
the substate behaved likc the dioxolane analogue (32) (Chapter 2). A variety of conditions

were used to effect this transformation, the rcsults of which are summarised in Table 31.

(1s1)
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Table 3l Reductive Claisen Rearranements oJ (142)

Na2S2Oa
+

...ocxa

Entry
Temp. ('G) Time 7o Products

(153) (143)

1.0

1.0

1.0

2.0

1.04

2.04

1.0b

1.0c

105

105

90

90

90

90

105

105

4.5h

4h

4.5h

3h

3h

4h

4h

4h

73

34

18

36

29

37

54

38

54

18

57

10

15

5

All reactions performed under an inert atmosphere.

All reactions (except where indicated) buffered with NaHCOg.

a - dmso (rather than dmf) used as solvent (1 :1 ratio with HzO).

b - NaOH used as base rather than NaHCOs.

c - No base added.

Surprisingly, 4.5h ar reflux with one equivalent of sodium dithionite in aqueous dmf

afforded a high yield of the demethoxylated product (153) (73 %) (entry l). Although the

proximity of the signals of H3a, H7a, H4, and H7 made it difficult to establish the lack of

a methoxy signal in the lH tl-IvIR spectrum, the presence of a one proton singlct at 8.19
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ppm attributable to the new hydrogen at Cl was indicative of the loss. As earlier, the

rearrangement was verified by the appearance of a phenolic signal and an upfield shift of

the methallyl proton signals, as well as the presence of an absorbancc corresponding to a

hydrogen-bonding quinone carbonyl in the infrared spectrum. Mass spectral data also

confnmed the loss of the methoxy grcup, with a molecular ion at mlz 462 which analyscd

correctly to indicate a molecular formula of C27H25O7. In contrast, when the rcaction was

stopped after 4h, approximately equal amounts of the methoxy (143) and demethoxy (153)

products were obtained (entrY 2).

The obvious differences observed for the reductive Claisen rearrangeurent of the

cyclohexenyl acetals in the current case and the dioxolanes used prcviously warrant

further commenr. In the latter case, the demethoxylated products (38) and (44) were

generally not favogred and were hard to obtain selectively. T.l.c. analyses of the progress

of the reactions of the cyclohexenyl acetal (142) indicated that once reiurangement had

occurred, demethoxylation followed relatively rapidly, so that at no point did the

methoxylated product (143) predominate. This relatively facile demethoxylation is

possibly a consequence of the steric interactions present in the Cl protonated rcductive

Claisen rearrangement intermediate (Scheme 71). Studies of molecular models indicate

that the loss of the methoxy moiety would reduce such interactions considerably.

Scheme 7l

...st'

Lowering the temperature in an anempt to cnhancc the total mass lBcovery was

unsuccessful (entry 3), and although the usc of two mole equivalents of reductant altered

the product distribution, mass rccovery was still poor (entry 4). A change to dmso (entries

_l
-l
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5 and 6) resulted in a need for more dithionite to drive the reaction, but with this solvent

demethoxylation did not occur. When sodium hydroxide was used rather than the

bicarbonate as the buffer, the result was biased in favour of the methoxylated rearranged

product (entry T), and when no base was addcd the yield of nrethoxylated product

increased dramatically (entry 8). Thus at l05o it would seem that the key factors in

favouring the reductive demethoxylation are the presencc of a base and a moderate

amount of the reducing agent, but a complex relationship appears to exist benvccn the

solvent, buffer, tinre and temperaturc used. tn view of Brown's claim that the addition of a

buffer enhanced the rate of rearrangement of the methallyloxy acetal Q7P it seems likely

that the effect of the buffer is to facilitate the initiating rciurangement thereby giving more

time for demethoxylation to occur.

With both the rearranged products (143) and (153) available, an invcstigation of their

Lewis acid catalysed cyclisations was commenced. When the demethoxy compound (153)

was treated with boron trifluoride etherate in dichloromethane at 0oC, the napthacenedione

(91), the furane.aldehyde (92) and a third uncharacterised product were isolated (Scheme

72).

(e1) (e2)

.i

(r53)

The formation of the napthacenedione (91) was promising, as it indicated that

cyclisation had occurred in the desircd manner, but that further reactions had rcsulted in

loss of the cyclohexenyl substituent and aromatisation of the A-ring. The

dimethyldihydroanthrafuran (92),.the product of an acid catalysed rcaction benveen the

Scheme 72

BF3.OEI2 oH

cir'rcrr,6'c t&cH,ill\,.U
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C-methallyl moiety and the adjacent phenol, was the major product indicating that

protection of the C4 phenolic moiety would be neccssary. The third product, a highly polar

material which was only recovercd in trace quantities, gave a complicated tH NMR

spectrum. Singlets at 8.25 and 13.10 ppm confirmed that the phenolic and Hl protons

remained, and a number of more complex signals (doublets and doubles of doublets)

benveen 2-5 ppm suggested that a hydroaromatic A-ring had indeed formed- Additional

signals at 3.40, 3.50 and 5.67 ppm ind.icated Brat the cyclohexenyl moicty was still

present. Unfornrnately, a satisfactory mass spectrum could not b€ obtaine4 with no ions of

mlz above 350, and no abundant ions at all. Due to the unavailability of suffrcient

compound, further spectroscopic studies were not possible, and it thus remains

unidentified-

Next the C4 phenol in the dcmethoxylated rearranged compound (153) was protected

by methylation. This proceeded smoothly in refluxing acetone, once a considerably larger

excess of potassium carbonate than was used earlier was included to effect the

deprotonation of the phenol, to give a red coloured solution of the phenolate anion

(Scheme 73).

1. (CH3O)2SO2, acetone, K2CO3, A

As expected, E€atmcnt of the ether (154) with a variety of Irwis acids gave no

dihydrofuran (92), but now the only identifiable product was the napthacenedione (155)'
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which was obuined in varying yields (table 32). This compound was readily

characterised from its high resolution mass spectral data, which indicated a molecular

formula of CisFIlaO3, and lH and 13C l.[vIR data, with thc interproton coupling being used

to assign the signals of H7 and H8. Unusually, the signal of HlO displayed no

meta-cotrpl,ing. Minor products were also deterted, but insufficient was obtained to allow

their characterisation.

Tabte 32 Lewis Acid Induced cyclisations of (154)

cH2cl4 th
?rr'fff*'

(15s)

Lewis Acid Temperature ('C) % Yield (155)

BFg.OEtz

BFg.OEtz

SnGl+/dmf

SnCla

0"c

-780c

-780c

-78"c

52.7

17.5

63.0

31.5

- No substrate returned in any reaction'

Reactions of the phenolic C4 methoxylated cyclohexenyt acetal (143) with I-ewis acids

were also investigated (Scheme 74). Disappointingly, only starting material and the

napthaccned.ione (67) (see Chapter l) were identified when either tin(IV) chloride/dmf or

boron trifluoride etherate werc used. This significantly lower reactivity compared to the

l-methoxylated substrate (154) indicates that complexing of the phenol moiety with tttc

I-ewis acid interferes in some way with the desired cyclisation. In contrast, when

titanium(IV) chloride was use4 two very diffcrent products, the dihydrofurans (68) and
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(156) werc obtained, a result which parallels that rcported by M.Iohnson4 (see Chapter

2). The formarion of the aldehyde (68) can either be attributcd to acid induccd cleavage of

the acetal functionality, reflecting the high acidity of the reagent, or occurs during

work-up. These compounds were easily characterised by the presence of a dihydrofuran

methyl singlet at around 1.60 ppm in the tH MvtR spectrum. Further, neither quinonc

carbonyl displayed hydrogen bonding in the infrared spectra. The acetal (156) was firthcr

characterised by the presence of a weak molecular ion at rnlz 492, which was analysed at

high rcsolution for a molecular formula consistent with the proposed strucnlrc. The

formation of the dihydrofuran moieties can be rationalised as involving bonding of the

I-ewis acid to the phenolic group, probably with chelation that involves the adjacent

Scheme 74

Starting
material

SnCla, dmf
67%

-'18'

BF3.OEt2

- All reactions in ClfzC,l2for lh

Tic14

0"

-78'

(68) 34% (156) 4s%

carbonyl group to generate the appropriate protic acid which initiates thc cyclisation

(Scheme 23, Chapter 2). Therc is a clear implication that titanium(fn ciloride in the

ocH3

ocHs

29 7o

@Hs
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presence of phenolic groups generates hydrochloric acid, whereas under similar conditions

tin(Iv) chloride does not.

Scheme 75

@Hs

(ls7)

@Hg

(158)

1. (CHq)2SO2, ocetone, K2CO3, A 2' I-ewis acid

In the view of the lattcr result the C4 phcnolic group of (143) was protected using

conditions identical to those developed for the trisubstituted analogue (153) to give the

dimethoxy compound (157) (7g vo).Treaanent of (157) with boron trifluoride etherate or

titanium(tV) chloride using conditions similar to those used for the demethoxylated

substrate yielded only the dimethoxy napthacenedione (158) (50-60 7o) (scheme 75)'

which was easily identified by its mass spectrum, with a molecular ion at mlz 332 (100

Vo), andcharacteristic lH NMR singlets at2.62 (C9-methyl) and 4.13 ppm (two signals,

ocH3). These results further illustrate the difference in reactivity between substrates

which differ only in having a C4 phenolic or methyl ether moiety.

The suiking differences between the results from these acetals and the dioxolanes

investigated earlier are the loss of the diol derived moiety and the lack of products from

either inter or inramolecular nucleophilic capture. Obviously some feature peculiar to the

cyclohexenyl acetal moiety is responsible for these effects.

It could be envisaged that the napthaccnediones isolated from these reactions are due to

deprotection of the acetal and an ene reaction between the resultant aldehyde and the

adjacent isobutylene group. However, the investigation of such ene products detailed in

the following chapter indicates that this is unlikely as these compounds arc rclatively
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unreactive under acidic conditions, and when they do react it is to products which are not

observed in the curent case.

When considering the acetal (154), it is evident that it contains an c-methoxy group in

a similar relative position as found in ttre methoxylated dioxolanes (37) and (43) (Chapter

2). In the analysis of the stereochemical outcome of the reactions of (37) and (43)

chelation involving the C4 methoxyl group has been invoked as an important contributing

factor. In the current case such chelation can be envisaged as then generating an

oxocarbenium ion which reacts with the isobutylene moiety to from a C9 carbocationic

species, which in turn eliminates to give the napthacenedione (155). A similar route will

be followed for (143), but the presence of the anthraquinone Cl methoxy grouP obviously

further hinders the process. It is tempting to suggest that all the napthacenediones arise in

this fashion, with the generation of an oxocarbenium ion followed by cyclisation to a C9

carbocationic species and rapid climination.

The effect of dmf seems difficult to quantify, but for the substrate (154) with tin(Iv)

chloride it may favour the formation of an Sy2-like ion pair, as the yield of the

napthacenedione (155) is enhanced compared to the case when the dmf is absent'

However, after cyclisation no SN2Jike behaviour is apparent in the development of the C9

carbocation.

In summary, these compounds provide an interesting contrast in reactivity to the

previously discussed dioxolanes example, especially in view of the reductive Claisen

rearrangement and the effect of the narure of the acetal upon this. Although the desired

cyclisation has not been achieved, a number of further routes remain to be investigated.

One is the usc of bulkier phenolic and cyclitol protecting grouPs (such as t€rtiary

butyldimethylsilanes). It is also possible that by lowering the temperature the

aromatisation will be arested, and possibly in conjunction with this the inclusion of

nucleophilic counter ions may result in trapping any C9 carbocationic intermediates-

Although the original aim of this investigation was to prepare novel synthetic

anrhracyclinones, the work detailed in this and the preceding chapter has clearly

uncovered valuable mechanistic information on the path of acetaValkene cyclisations. The
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CHAPTER FOUR

l.Introduction

The addition of an alkene with an c-hydrogen to an aldehyde in the presence of an acid

catalyst which is called the Ene reactionST has been utilised by Hauser and co'workers in a

number of anthracyclinone syntheses.3l,88,89 The key element in these sequences was the

use of an intramolecular Ene reaction to form the desired hydroaromatic A-ring. An

example is shown in Scheme 76, where treatlnent of the aldehyde (159) with tin(fV)

chloride pentahydrate resulted in an Ene reaction to give (160) as the sole regioisomer in

93 Vo yield.

Scheme 76

SnCla.5H2O
+

c}J,}crz

A goal of the current work was to investigate syntheses from the aldehyde (35) of

substrates suitable for such cyclisations and to further investigate the elaboration of the

products into novel anthracyclines.

cH3o o

(35)
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TTIE CURRENT INYESTIGATION

An alternative route to that used previously was envisaged whereby thc A-ring would

be synthesised by an intramolecular Ene reaction involving the tetrasubstitutcd

anthraquinonc (162) (Scheme 77). It was decided that the most efftcient method of

prcparing such a substrate from the aldehyde (35) would be by methallylation of the

phenol with a subsequcnt reductive Claisen rearrangement to inroduce functionality to C3

of the aromatic ring. Further elaboration could then proceed by either of several possible

routes.

ff?"ffi;iI L".
(3s)

ocH3 oH
(16e)

Scheme 77

oNtl
>

A(\cHo
ocHs

(r6l)

€
HO

ocH3
(r62)

Sequence 2
Sequence I

(r64)

I
OHtw

oH (163)

(168)

lli; 'H"^
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One sequence could involve oxidation of the secondary benzylic alcohol to the ketone

(164), followed by formation of the cyclic ketal (165), which could be isomerised to the

enol ether (166) by treatment with a trialkylaluminium.90 controlled reduction would then

furnish a pair of diastereomeric tetracycles (167), for comparison with the analogous

compounds prepared previously (Chapter 2).

Another sequence could utilise a boronic acid to synthesise an intermediate of thc kind

developed by Hassall and co-workers in their preparation of a series of new

4-demethoxyanthracyclinones.gl It was envisaged that such a species would form by

condensation with the hydro4yl group with subsequent intramolecular addition to the

exocyclic double bond. Although Hassall et al usel phenylboric acid in their work' a

number of homochiral boric acids have recently become available,9z'93 ^6 
these would

provide a path by which chiraliry could be introduced to the boronate analogues of (168).

This would be followed by sepalation of diastereomers and removal of the boron

functionality to afford tetracyclic diols of the type (169).

Methallylation of the aldehyde (35) was accomplished using conditions similar to those

developed for allylations of the acetal (31). The reaction proceeded rapidly in dmf, gtving

a good yield (78 Vo) of the methallyloxy aldehyde (161) after 15h at 80o. Higher

temperatures and/or longer reaction times resulted in lower yields, although no other

products were isolated and chromatogfaphy was always necessary to remove a dark polar

by-product. However rhe aldehyde itself was a yellow microcrystalline solid that gave a

satisfactory microanalysis supporting a molecular formula of C29FI15O5, and both lH and

13C NMR dara were consistent with an O-allylation. With the methallyloxy aldehyde

(16l) in hand, a variety of a reductive Claisen reuurangement conditions were investigated

which gave surprising and useful results (Scheme 78).

Initially the previously used buffer was omitted: to avoid any possiblity of a

Cannizzaro-rype autoxidation,s or substitution of an oxygen nucleophile at Cl (Scheme

79). Furtherrnore, in this case there was no need to prevent hydrolysis of an acetal

functionality. In the event, with one equivalent of sodium dithionite in dmf/water at 80"C

and rapid stirring under nitrogen for 30 min mostly starting material, and a trace quantity
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of a more mobile compound were isolated after chromatography. A similar reaction for lh

gave an enhanced yield of the more mobile compound (29 7o), and substrate (49 Vo)

(ennies I and 2, Table 33).

Scheme 7E

(161)

Na2S2Oa
....'''''..........'''_

dmf / H2O

OH

#iltl.YY
ocHg OH

(163)

+i
(r62)

Scheme 79

-cH3oH l\6A/-'- 14 .,"

A mass spectrum of the product included an abundant molecular ion of tnlz 336, which

was shown by a high resolution analysis to colrespond to the molecular formula of the

starting material, or the desired product (CboIIraOS). However, the rfVl3C data were not

compatible with such a structure, supporting rather the methylidene substituted

cyclohexane (163). Thus in the lH NMR spectrum, although resonances at3-99 and 13.60

ppm ind.icated that both the methoxy and phenolic groups survived the reaction, the

absence of signals at 1.9, 4.6, 5.3 and 10.0 ppm indicated that neither the methallyl nor the

aldehyde moieties remained. A quartet of doublets at 2.66 Ppm was assigned to H8(ax)

and H8(eq), with a geminal coupling of 13.6 Hz, and axiaVequatorial (3'6 Hz) and

equatoriaVequatorial (4.tHz) couplings to H7. The signal for H7 was a poorly resolved

quartet at 5.25 ppm, while a second quartet at 3.55 ppm displaying only a geminal
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coupling of 20.5 Hz was assigned to the H10 protons. A broad singlet at 2.64 ppm

conesponded to the Z-hydroxyl moiety, with two one proton signals at 5.10 and 5-16 being

assigned to the exocyclic methylene protons. The l3C spectrum supported this stnrcture'

with a methylene signal (DEPT analysis) occurring at 113.6 ppm, which was correlated to

the proton signals at 5.10 and 5.16 ppm.

Table 33 Reductive claisen Rearrangements of (16r)

(162)

Entry
Time Temp. ('C) % Products

(163) (162)

1

2

3

4

5

6

7

I

9

10

1.0

1.0

1.0

1.0

1.0

2.0

1.5

1.5

2.04

2.0b

0.5h

th

th

3h

2.5h

1.5h

0.5h

0.5h

5h

2h

80

80

100

100

70

70

80

65

80

80 24

57

47

49

12

3

8

10

74

17

Trace

29

21

18

32

34

62

53

5

a - dmso (rather than dmf) used as solvent (1:1 ratio with HzO)'
b - NaHCOg included in reaction as buffer.
All reactions performed under an inert atmosphere'
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(160)

Similarly, the carbon signals at 63.9 (g/), 31.9 (C10) and 39.2 (C8) were assigned by

correlation with the proton resonances at 5.25,3.55 and 2.66ppmrespectively'

Table 34 lists the NMR chemical shifts for the A-ring protons for the tetracycle (163)

and for Hauser's analogous compound (160) (Scheme 76). From this it can be seen that

most are in agreement, with the exception of the H7 and 7-OH signals, which is not

surprising in view of the adjacent methoxy group in (163)' In addition, the infrared

spectmm indicated the presence of a non-hydrogen bonded hy&oxyl with a broad peak at

3500 cm-l. The isolation of this tetracycle (163) indicated that the desired claisen

reiurangement had been followed by an Ene reaction, presumably catalysed by acid

generated by oxidation of the sodium dithionite.

Table 34 Comparison of lH NMR Data of (160) and (163)

rrOHooH
(163)

Signal (160) (163)

H8(ax)

H8(eq)

7-OH

H10(ax)

H10(eq)

H7

CHz

2.69

2.69

2.22

3.53

3.53

4.75

5.08,5.15

2.62

2.70

2.64

3.48

3.62

5.25

5.10,5.16

Another feature of Hauser's published syntheses was the observed stercoselectivity of

the Ene reactions, which in all cases were reported as giving only the isomer in which the
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7-hydroxyl goup w:ls axially oriented. This wils established by DzO exchange

experiments in which the C7 hydrogen signal changed to a riplet (J 4 Hz) from a

multiplet, indicating a lack of any axial-equatorial coupling. However, in the present casc

the 7-hydroxyl signal of (163) showed no coupling to any adjacent protons utd

D2O-exchange experiments caused no alteration in the rest of the lH NMR spcctrum' The

signal due to H7 was a poorly resolved doublet of doublets, with coupling constants of 4'2

and 4.7 Hz, with the difference between these values and thosc observed for thc H8

protons being due to the overlap of signals. The absence of any axid-a;dal coupling

indicates that H7 is equatorially oriented and thus the 7-OH is axial'

The stereoselectiviry in the generation of the chiraliry at Cl is a consequenco of the

highly ordered transition srate required for such a concerted reaction. The evidencc for

such a mechanism is compellinggs and is consistent with orbital symrretry

considerations.ET In this case the concerted pathway involves a

suprafacial-suprafacial-suprafacial interaction between the methallyl double bond, the

carbonyl group and the hydrogen atom from the methallyl methyl, in a cyclic

six-membered transition state (Figure l3). When six-membered rings are being fornrd,

this process is constrained to occur in an endo manner due to angle strainET thus leading to

the observed axial orientation of the hydroxyl group.

Figure 13

In addition to Hauser's work, a number of examples of such intrarnolecular rcactions

exist. Andersen and Ladnerg6 used a variety of Lewis acids to catalyse the cyclisation of

olefinic aldehydes (Scheme 80), finding that with six-membered rings the formation of
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axial hydroxyl groups predominated.

Scheme 80

BF3.OEt2
+

In view of the formation of the desired tetracycle (163) using reductive Claisen

conditions, an attempr was made to to optimise the yield of this product (Table 33). An

increase of the reaction temperature to 100o with 1.0 equivalents of reducing agent (entry

3) had litrle effect on the product distribution, while longer reaction times with these

conditions (entry 4) only decreased the mass recovery of the substrate with little change in

the yield of (163). Presumably at higher temperatures the substrate or an intermediate

derived from it is unstable and decomposes rapidly.

Reactions ar 70o with 1 or 1.5 equivaf[G of t]re reductant required longer for the

consumption of the substrate without any significant increase in the yield of (163) (entries

5 and 6). The optimum conditions found used 1.5 equivalents of dithionite at 80o to give

(152) (627o) (entryT).

When dmso was used rather than dmf (entry 9), strrprisingly no reaction occutttcd,

presumably the aqueous dmf acts to stabilise the reductive Claisen rearrangement

intermediate in some way that the dmso is unable to do. When saturated aqueous sodium

bicarbonate was added to the reaction as a buffer (entry 10), the Claisen rearfirngement

product (162) was obtained in 24 Voyield, with only 5 Vo ofthe tetracy.f" $# ior*i"S.

This last experiment (entry l0) indicates that acid catalysis is important for this Ene

reaction, and essentially rules out thermal activation as the principle mode of activation

involved here.87 Although the optimised yield of this tandem ClaisenlEnc reaction is

modest, two relatively complic3ted steps that produce major changes to the carbon

,, '-', '.'?'(-^-/t ) 'r "" ''r '(

skeleton of the substrato;'are involv$ so that it must viewed as a very satisfactory method

Y
d( )'
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35 AttemPted Oxidations of (163)

lry*

OH

- --\ -t\- -/
\Y \Y

il-t-l-/\-.v\-z
ll
ocHs oH

(170)

OH
I\ -,.-\- -/\- J'CHO

\\r- \Y

il.t_l
I
@Hs

(173)

Reagent Solvent Temp. Time % Products
EntryStv|(67)(170)(171)(172|(173)(1y\

Table

OH

* iltl/\-z\-v
I
@Hg

(67)
ocHs

(171)

OH

ocH3 oH
(r74)

1 Jone's

2 PCC

3 CrOg

4 NBA

5 CrOg/Bzt

6 MnQ

7 Swern

8 Swern

9 PDC

10 ffil
11 m

Acetone

CHz0lz

HMPA

CHCIs

GsHe

CeHe

CHeGlz

CHzCle

CHzOlz

CHzClz

CeHe

25 0.5h 9 9

40 4.5h 13 33

25 3h 18 11 16

25 3h 18 4 13

80 th 34 I 17

25 16h 45 13

-78 0.5h 48 11

-23 0.5h 71

25 1.5h 13 7

40 1.5h 2 4

805h56

4

13

52

41

Equation I

HCI + CrO3: HCrO3Cl

pv.
€ (J." tcro3cq-
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for the preparation of thc tetracyclic species (163).

With this compound in hand, its elaboration in accordance with Scheme 77 was

investigated. The oxidation of a secondary benzylic alcohol to the corresponding ketone is

a common process in organic chemistry, for which many lgagents have becn

developed.97,98 yon"', reagent, a solution of chromic and sulfuric acids in acetone was first

tried. After reaction for 30 min at room temperaturB, t.l.c. analysis indicated complete

consumprion of the substrate. Work-up and chromatography afforded thc diphenolic

napthacened.ione (170) in excellent yield (Table 35) (entry l)'

presumably the desired product formed readily, but rapid acid-catalysed enolisation

and double-bond migration gave the observed napthacenedione (Scheme 8l). The

difference in chemical shift observed between the protons of the two phenolic grouPs at

C7 (10.01 ppm) and Cll (15.36 ppm) is expected. Although both signals are relativcly

sharp, indicating some degree of hydrogen bonding, evidently geometric and electronic

factors (principally the proximity to the quinone carbonyls) make the hydrogen bonding

experienced by the cl t phenolic group much more pronounced.

pyridinium chlorochromate, an oxidant formed from the reaction of pyridine and

chlorochromic acid (Equation 1),99 was used in the hope that, due to the reagent's mild

acidity, the unwanted aromatisation would not occur. However, after 4.5h in refluxing

d.ichloromethane, work-up and chromarography afforded the diphenolic napthacenedione

(170) and starting material, although total mass recovery was poor (entry 2) (Table 35).

Chromium trioxide in hexamethylphosphorictriamide GIMPA) has been used

successfully in a number of oxidations where the prcsence of acid sensiwe functionality

presented a problem.ls When this reagent was used in the present case, two products in

similar yields were isolated. The formation of the napthacenedione (67), isolated earlier

from reactions of Lewis acids with substituted acetals, was a little surprising. With the

previous oxidation, although acid was present, acidic removal of the C'7 oxygen did not

occur, whereas in this case the supposedly non-acidic media effected hy&oxyl group loss.

presumably the reason for this is the difference in relative redox potentials benveen the

two oxidants. If the chromium trioxidc doesn't oxidise the substrate (163) as rapidly then
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an alternative pathway is followed. The generation of a chromium-based ester, with

subsequent deprotonation by HMPA to afford the napthacenedionc is onc such routc

(Scheme 82).

Scheme 8l

oxidation

I
I
I

I
oH oH

-llffi- lffil-\+/ - lw
ocH3 oH ocH3 oH

. ,,^ Scheme 82
oase H H

lx *-ry"'-iry'"' -ry
. \-. bur"

| "* ( 
ou," -Hzo 

I

GHs

lryFl$r-lD'.
"C?tl" 

' ,1 +HCro4-

Evidence for such an ester derived from chromium trioxidc has been provided by

Littler,l0l and HMPA has been found to act as a base in the dehydrohalogenation of alkyl

halides.102 The alternative acid-catalysed scheme involves proonation of the double bon4

"(;"
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and subsequent deprotonation by water or alternatively CIO3H to give H2CrO3'lB Ttre

second product was more difficult to characterise. spectral data indicated that a

1,2,3,4-tetrasubstituted anthraquinone had survived, but that cleavage of the A-ring to

regenerate a methallyl side-chain and give an ester of a benzylic alcohol had occurrcd.

This product was assigned the stnrcture (l7l). Analysis of a l3C NMR spectrum from a

DEPT experiment showed the existence of four methylcne signals 
^t34.'l ' 

69.2, ll2.l, and

114.5 ppm, as well as the methoxy group at 63.0 ppm. An additional l3C signal at 165.6

ppm (in the l3C survey spectrum) indicated a carboxylate carbonyl group, while signals at

19.6 and 34.7 werc consistent.with the presence of a C-methallyl grtuP, with resonances

in the lH NMR spectrum at 1.7g,3.47, 4.58 and 5.01 ppm also supponing this. An )GI

correlation experiment (Table 36) indicated the compound could bc a methacrylatc

derivative, the stnrcture (171) being consistent with all of the obscrved data.

Table 36 Correlation of rH and r3C NMR Data for (1711

HO
4',

3"

"-nAl'
ocH3

(171)

t H Signal tgC Signal Assignment

1 .79, 1.82

3.47

3.92

4.76

4.58, 5.01

4.82, 5.11

8.29

7.80

19.6, 22.9

34.7

63.0

69.2

112.1

1 14.5

126.7, 127.3

133.7, 134.9

CFlg

1"

OCllg

cFJz

3"

=CHe

H7"8'

H6',9'
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The placement of the ester oxygen in the methacrylatc moiety was madc on the basis of

comparison of the chemical shifts of the benzylic methylene groups of benzyl acetate

(Phcl{2ococH3) (5.07 ppm), methyl phenyl acetate (PhcHzco2cH3) (3.60 ppm) and

the methacrylate (4.76 ppm).104 Further evidence for such a stn'lcture came from the

infrared spectrum which included both free and hydrogen-bonded carbonyl and ester

carbonyl absorptions. The mechanism for the formation of such a species from an

oxidation process is not currently understood, and thus the assignment of such a structure

must remain tentative. The possibility that the methacrylate was formed in the tandem

reductive Claisen rearrangementlEne reaction and inadvertently carried through to the

curent reaction cannot be completely discounted, but it is very unlikely since in all cases

the starting material was purified by either column or chromatatron chromatography over

silica and its purity checked by 60 MHz lH NMR.

Another non-acidic oxidising agent that has been reported is N-bromoacetamide. This

and related compounds have been shown to be important chemoselective oxidants.l6 The

acetamide was accordingly prepared after the manner of Oliveto and Gerold.ltr It was

found that although after stirring a solution of the oxidant and the tetracycle (163) in

chloroform at room temperature for 3h some starting material remained, three products

had been formed (entry 4) (Table 35). The problematic methacrylate (171) and the

d.ibromotetracycle (172) were isolated, along with a monobromo compound that afforded a

molecular ion at mlz 460. However insufficient of the latter compound was obtained to

enable characterisarion. The dibromo compound (172) gave a molecular ion at mlz 496

that was analysed at high resolution for a molecular formula of QsFIrrElB/gBrO5. Signals

in the rH NIvtR spectrum at 2.35, 2.69, 3.94, and 4.26 ppm indicated that H8 and H10

were still present, along with the expected methoxy, phenol, and anthraquinone (II1,4 and

H2,3) signals. An additional singlet at 3.48 ppm, due to two hydrogens, had appearcd, and

the two singlets due to the methylidene hydrogens in the starting matcrial werc absenl A

DEPT experiment showed three methylene signals - the expected two (41.7,42-4 ppm)

due to C8 and ClQ and a further one at 36.9 ppm, which was assigned to the CFI2BT

moiety. Thus, it would seem that the N-bromoacetamide had selectively added to the
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double bond rather than oxidising at C7, a not altogether surprising result in view of the

propensiry of related N-bromoamides to effect olefinic halogenation,lg although

generally this requires the prcsence of molecular bromine'

In the search for a selecrive, non-acidic oxidant it was noted that a chromium rioxide

benzotriazole complex had been used recently as such a reagent.l0T Accordingly the

complex was prepared, and it and the substrate were heated in refluxing benzene for lh

(enfiv 5). Once again starting material was rctumed, but ttre only products isolated wcre

small amounts of the diphenolic napthacenedione (170) and methacrylate (171)'

Manganese dioxide in benzene gave a similar result (enry 6), even when the manganese

was acdvated by the azeotropic removal of water, a process that has been cited as

necessary in order to free the active sites on the oxidant's surface.l08

It has been found that acetic anhydride and certain other anhydrides in combination

with dimethyl sulfoxide can oxidise alcohols to carbonyls under mild conditions.lD Such

reactions are known as Swern oxidations. When trifluoroacetic anhydride and dmso are

combined at low temperatures, the unstable trifluoroacetoxydimethylsulfonium

trifluoroacetate (175) is formed and reacts rapidly with alcohols to grve the

alkoxydimethylsulfonium trifluoroacetate (176) and trifluroacetic acid @quation 2)'

Elimination induced by triethylamine addition then affords the carbonyl compound.

Equation 2
o-
I

cH3scHs + (cF3co)20

R2CHOH

Icurs*cH. l_*orr.(176) 
|. bco, I

I "o*Y

R2CO + CH3SCH3

+ 
['"'f3*]-*o'o

| (175)

I

Y

cH3scH2ococF3 (177)

+ CF3CO2H

Temperatures must be kept low to prevent rapid rearrangement of the uifluoroacetate

(lZ5) to the trifluoroaceroxymethylmethylsulfide (177). Modifications which use higher
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Fmperaures, or warming to room temPerarure before adding the base have been shown to

alter the product ratios, although with benzylic alcohols retaining a temperature of -78oC

for the entire reaction period was found to be most effective. When the tetracycle (163)

was subjected to these conditions, three products were isolated after the usual literature

reaction time of 30 min (entry 7) (Table 35). The methacrylate (171) was a minor producq

with the napthacenedione (67) predominating (48 Vo). A small amount of the aldehyde

(lZ3) was found to have been formed, presumably via subsequent oxidation of (67)' A

similar Swern-type oxidation at -23oC (enuy 8) gave only the napthacenedione (67)'

Presumably the formation of this compound as the principal product in both cases is the

result of the failure of the desired oxidation to compete with acid catalysed aromatisation'

(scheme 83). The lower temperatures used must also be important in thc fonnation of thc

napthacenedione - ar room temperature with other oxidants in acidic conditions it will be

recalled that the diphenol (170) was favoured.

Scheme 83

lry *ai lry #ie'-
-

.+tcn
L ococr. - oCoCF3

pyridinium dichromate, prepared by the dissolution of chromium trioxide in water,

followed by the addition of pyridine to afford a yellow precipitate, (C5H5NH+)2&2Of-,

has also been used widely as a selective, non-acidic oxidanlllo 6 more recent reference

has outlined a procedure for acid sensitive substrates, which enhances the rate of oxidation

greatly.lll This involves the inclusion of anhydrous acetic acid and activatcd molecular

sieves in the reaction mixture. However, with the tetracycle (163), this procedure gave a

very low total mass recovery, with the aldehyde (173) being the most significant product

(13 Vo) (enury 9).

Although widely used for dehydrogenation in steroidal systems,
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dichlorodicyanobenzoquinone (DDQ has also been shown to oxidise secondary alcohols

effectively.ll2 yrrSsn the substrate was treated with DDQ in rcfluxing dichloromethane for

90 min, or alternatively in refluxing benzene for 5h, an essentially similar ratio of the

same compounds was obtained (entries 10 and I l). Small amounts of starting material and

the methacrylate were isolated, along with an extremely polar compound that produced an

inrense red colour on chromatography. Further purification afforded a compound that gave

a weak molecular ion at mlz 350, which analysed at high resolution for a molecular

formula of C26FI1aO5. The lH NVIR specrrum included nvo coupled signals at 2.49 and

3.27 ppm, which indicated that C-8 was unchanged. Signals for the methoxy, T-hydroxy'

H7 and 1l-phenolic groups were also present, but no HlO signal was apparent- However, a

doublet at7.9Z ppm which was coupled to H8(ax) indicated that the DDQ had partially

dehydrogenated the A-ring ar C9/C10, with a further aldehydic signal at 9.85 ppm

suggesting that the C9 methyl group had been oxidised as well to afford the tetracyclic

compound (174).The chemical shift of l5.2ppm for the 1l-phenolic proton was also good

evidence for such a structure, this region being normally associated with the

napthacenedione phenolics, and therefore consistent with the presence of unsaturation in

the A-ring. The low solubility of the dihydronapthacene in available deuterated solvents

made it impossible to acquire a 13C spectrum in a reasonable time period. This lack of

solubility also gave rise to a poorly resolved infrared spectnrm in which the only

absorbance easily assigned was ar 1659.1 cm-l due to the frec quinonc carbonyl.

Absorbances attributable to the aldehyde or the hydrogen bonded carbonyls were not

observed. Although such a selective dehydrogenation has numerous precedents in

steroidal chemistry, the introduction of oxygen on the C9 substituent is morc difficult to

rationalise. The process may be a radical one involving molecular oxygen, as DDQ has

been shown in some cases to act via such mechanisms.ll2 A number of other oxidation

procedures were considered but not carried out. kincipal among these was the relatively

recent method using tetra-n-propylammonium pemlthenate (TPAP), which could have

been expected to be very suitable (i.e. mild and selective) but was not investigated due to

the unavailabiliry of suitable reagenrs and time constraints. Other oxidations appear almost
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weeklyrl3 in the literarure so the search for a suitable method is by no means complete.

In view of the resistance of the C? hydroxyl group to controlled oxidation, it was

decided to investigate the alternative route proposed in Scheme 77 (sequence2), involving

boronate formation and subsequent modification to afford a variety of

4-demethoxyanthracyclinoncs. Hassall and co-workersgl prepared the benzenc boronatc

(17g) from the diol and then used a Diels-Alder reaction to develop the anthraquinone

subunit (Scheme 84).

Scheme

1

+

(178)
ocH3

R = CHTCH2-, CH:-, CH2OAc, (R) - CH(OAc)CH3,
(S) - CH(OAc)CH3, CO2CH3

6 3,4,5
'rttoH +

It-rn
ooH
(r7e)

1. PhB(OH)2 2. (NH4)2Ce(NO3)5 ,. Hzr p{:9,_4-.q9'ft.
4. c\o;, n"io,nior -s. Bclt -6. (cIthc(oH)cH2cH(oHXcH3)z

Cleavage of the boronate then yielded the cis-diol (179). It was hoped that rcaction of

phenylboric acid with the enol (163) would form the 7-substituted boronate and be

sufficiently acidic to effect protonation of the 9-methylidene moiety so that subsequent

intramolecular trapping would lead to an analogue of the boronate (179) (Scheme 85).

,.rrOO"

o

OH
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PhB(oH)2
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B.OH
I
Ph

B,-OH
I
Ph

ocH3

I
OH

However, the substrate did not react when treated with phenylboric acid in acetone'

The inclusion of p-toluenesulfonic acid to promote protonation of the double bond was

also ineffective. In view of these results, it was thought that the exposed Cll phenolic

moiety may be having a deleterious effect on the reaction by reversibly complexing all or

most of the available phenylboric acid. It was thought that the use of the dimethoxy

substrate (134), prcviously prepared (Chapter 2), would prevent such a Process' However'

this compound showed no reaction after th with phenylboric acid and p-toluenesulfonic

acid. In view of the success of boron trifluoride etherate to promote intramolecular

cyclisations (Chapter 1), it was decided to add the boron reagent to promote carbocation

formation and hopefully intramolecular capture would rapidly ensue. However, after

work-up and chromatography, only the dimethoxy aldehyde (180) was isolated in 78 vo

(Scheme 86).

Scheme 86

1. PhB(OH)l PTsOH

ocH3

(134)

2. BFr.OEt2

(180)
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This compound was easily identified by comparison of its spectra with those of the

analogous mono-phenolic compound produced earlier by oxidations of the same substrate,

and furthermore gave astrong molecular ion in the mass sPectnrm that analysed accurately

for a molecular formula of C21H1aO5. The infrared sPectrum showed the expccted

aromaric aldehyde and free quinone peaks at 1693 and 1667 cm-1. Interestingly, this

comlrcund must be forming via the desired carbocation, but either no C7 boronats forms

or the intramolecular reaction is not favoured and the boronate is rapidly lost as thc

compound aromatises.

Further elaboration of the Fne product (163) was stopped at this point due to time

constraints. However, the route to the tetracycle (163) from quinizarin (14) is relatively

short (8 steps; 35 Vo overall yield) and provides an excellent substrate for futurc work. A

number of furttrer transformations are possible - Hauser and co'workers used an

epoxidation and then a modified Sharpless epoxidation (VO(AcAc)2,tBuOH) to furnish a

9-disubstitued anrhracyclinone, and Cava et alrr4 effected a similar transformation on a

compound analogous to the aldehyde (174). Such elaborations certainly walrant

investigation in the future.
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CHAPTER FTVE

ANTHRACYCLINE SYNTHESIS VIA DIECKMANN CONDENSATION

An altemative route to anthracycline-type compounds, utilising the doubly C-allylated

anthraquinone (lg2) in which the A-ring was developed using a Dieckrnann condensation

was envisaged (Scheme 87).

o

(33)

co2cH3 QCHa 9O2CH3 9CHs CO2CH3

Scheme E7

. ?ttr . *"' ?Ho

l#-lq.84,
oH ,"-\(r82) 

I

+(r83) t-.V 
' e 

,-A/ 
(r85);' lA ""o- lA4 (r'J'

(18D 

I

?r*.

iry"
ocH3 oH

(le0)
ocH3

(188) (189)

(l 83) = MenthylOCOCH2Ti(O'Pr)3

Starting from the rnono-rearranged methyl ether (33) prepared in earlicr workz, a

further reductive Claisen rearangement would give the 2,3-diallylphenol (182). It was

expected that this could then be converted to the anthrafuranacetaldehyde (184)' via cither
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epoxidation or osmylation of the double bonds. Further oxidation and esterification would

afford (185), which had been previously prepared within the department'1l5 Subsequent

ozonolysis with reductive work-up and protection as the methyl ether to give (186) would

be followed by addition of rhe titanium enolate of methyl acetate (183) to give a pair of

diastereomers (188). Separation would resolve these diastereomers, Dieckmann

condensations of which would afford mixtures of (188) and (189). After hydrolysis and

decarboxylation these would give ttre homochiral tetracycle (190), a valuable intermediate

for the synthesis of 4demethoxy anthracyclines.

Accordingly the temsubstituted anthraquinone (182) was prepared using the method

developed by Holroyd,2g with the reductive Claisen reilrangement on (l8l) proceeding to

give a 97 Vo yield. However, trearmenr of this with resublimed iodine and anhydrous

potassium carbonate in chloroform at room temPerature for 16h gave the

iodomethyldehydrofuran (191) (90 7o) (Scheme 88).

oN
Scheme 88

OH

ocH3

(182)

This compound was easily characterised from the lH and l3C NMR spectr4 in

particular a l3C signal at 8.7 ppm attributable to the Ctl2I moiety, and coupled lH signals

due to H3 at 3.04 and 3.43 ppm. Using dichloromethane rather than chloroform gave

considerably lower yields and a poorer total mass recovery, although a similar distribution

of products resulted. Ample precedence for such a process is available from the

iodoetherification of aliphatic systems by Williams et alrrl and more recently Cha and

co-workerslls (Scheme 89).

(rel)
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ffi
Scheme

12, 0'

-+

Et2O, thf
aq. NaIICO3

Although the methylfuran was not obtained, it was envisaged that it should be readily

available from the iodomethyldihydrofuran (l9l). From previous work within this

departmenllle i1 was anticipated that treaunent of (l9l) with a silver(I) salt with a poorly

nucleophilic counter-ion would afford the desired anthrafuran via an E-l like prccess.

However, silver(I) perchlorate in chloroform returned only starting material, as did

silver(I) cyanide in chloroform and acetic acid with silve(I) acetate. As an alternative,

base-induced 1,2-eliminations were investigated in anticipation that the cxocyclic

methylene group of (192) would readily migrate to glve the thermodynanically more

stable anthrafuran (193) (Scheme 90).

ocHa

(re2)

However, after heating with ethanolic potassium hydroxide for 8h at reflux the iodidc

(191) gave77 Vo yreldof a compound which was isomeric with the desired producr Thus

although the molecular ion was at rnlz 332, indicating that an elimination of HI had

occurred, careful examination of lH and 13C NMR showed that the desired elimination

@Hg

(1e3)

Scheme 90



had not occurred, rather than the

(Scheme 91).

(lel)
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furan (193) the novel cyclopropane (194) had formed

Scheme 9l

KOH/EIOH

--+

(1e4)

A three proton doublet at2.O4ppm and two one proton signals at6.69 and6.76 showed

that under the basic conditions a double bond had migrated into conjugation with the

aromatic system, while a further three proton signal at 3.87 ppm and two, two Proton

multiplets at7.65 and 8.20 indicated that the methoxy group and anthraquinone moiety

remained intact. Signals due to four protons werc apparcnt, at 0.63, 1.32,2.78 and 5.14

ppm. The two upfield signals were the most striking of these, and suggcsted some

cyclopropane-containing structure had formed.l2011ttn these signals could be assigned to

the wo diastereotopic hydrogens on C2. The difference in chemical shifts is possibly due

to the influence of thc aromatic ring brought about by the expected non-planarity of the

cyclopropane structure in comparison with the rest of the molecule. Thus H" (Figurc 14) is

slightly deshielded by the induced ring current from the aromatic ring, but H5 remains

unaffected and thus its signal is in the region expected for cyclopropane-like systems (i.e'

0-1 ppm). The one proron multiplet at2.78 ppm was assigned to the H2a and the signal at

5.14 to Hla, assignments which are consistent with thosc for other anthrafurans.

Figure 14

./o\,1^'
\-,\"'

I. I.

(le5)
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Mullerl2l has reported lH }.IIvIR chemical shifts for furano cyclopropane (195) for Hl-4

ar 0,0.61, 1.98 and 5.18 ppm. Although not assigned, these shifts show some similarity to

those of the furanocyclopropane (195). Evidently the cyclopropane structure is exerting a

considerable shielding effect, normal in isolated cyclopropane stnrctures due to the higher

electr,on densities at the carbon nuclei, due o altercd molecular orbital sizes from ring

srain.lfl

Selective decoupling of the signal at 0.61 ppm showed that the four at 0.63,1.43,2.74,

and 5.14 ppm constitute a linked spin system. The signal at 5.14 became simplified to the

expected riplet, but although those at 1.32 and2.78 ppm were considerably simplified'

this was not to the degree expected. These observations were consistent with a 4.5 Hz

coupling betwecn the three hydrogens giving the signals (Hla, II2, FI2a) in the

experiment, along with additional long range coupling by the H-l proton of the conjugated

allylic group through the aromatic ring to the tnan signals at 1.32 and 2.78 ppm of l'4

Hz.

The l3C NMR spectrum gave the expected 2l resonances, with most significantly a

methylene signal at ll.l ppm (DEPT) which is in the corect region for a cyclopropane

carbon. In addition, an XFI correlation experiment showed that the carbon resonances at

1I.1,20.6 and 65.1 ppm correlated to the lH resonances at 0.63 and 1.32, 2.78 and 5-14

ppm rcspectively.

In view of the synthetic dead end presented by the formation of the cyclopropanc, it

was decided to modify the approach and attempt to form ttre anthrafuran moiety at an

earlier stage, using the phenol (196) derived from the mono rearrangement of the bis-allyl

ether (Scheme 92).

Accordingly the iodomethyldihydrofuran (197) was preparcd in 87 Vo yield from (196)

(Scheme 93) and then subjected to a variety of conditions to form the methylfuran (201)

(Table 37). Using ethanolic potassium hydroxide at reflux for l4h resultcd n a 62 Vo

recovery of the cyclopropane (198) and a small amount of the desired anthrafuran (201).

Using the base DBN returned largely starting material, while DBU gave a mixturc of

substrate, the cyclopropane and the desired furan, albeit in modest yield. Silve(I)
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Scheme 92

Table 37 Conversion of (f9D to the MethYlfuran (201)

cHzl

--{> OH

(1ee)

t&
(201)

OH

(200)

Reagent Solvent Temp. ("C) Time 7o Products' 
(1e8) (1ee) (200) (2ol ) sr4

KCFI

DBT{

DB.J

AgCIO+

AgOAc

EtOH

dmso

dmso

CeHe

crt@H

78

25

25

25

25

14h 62 4

th

th 41 4

15h

12n 78 13

39

32

100
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perchlorate gave only starting material, whercas silve(t) acetate in acetic acid cleaved the

allyl ethcr most efficiently, while forming somc cyclopropane'

Scheme 93

ooH
ill

#,iI J-.-^
e8)(l(1e6)

In view of the ease of formation of these anthracyclopropafurans it was decided to

expend a little time in studying the chemisry of these compounds. The behaviour of (198)

under reductive Claisen re,urangement conditions was investigated to see if steric factors

due to the proximity of the cyclopropyl moiety, might inhibit the process. Accordingly,

(198) was heated with one equivalent of sodium dithionitc in aqueous dmf for 3.5h at

80oC. Although a small amount of the rearranged product (202) was isolated, 53 Vo of thc

starting material was recovered (Scheme 94). An analogous reaction using dmso as the

organic solvent returned only starting material in70 Vo recovery.

This apparent unreactivity may rcsult from an inhibition of the fomration of the

intermediate anthraquinone radical anion by the dehydrofurary'cyclopropane moiety, or it

may be that the steric bulk of the neighbouring group blocks access to the C3 site for the

allyl group.

Scheme 94

Na2S2Oa

+

DMF lHzO

\,,^

(1e8)
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The doubly rearranged compound (205) was availablc and so iS conversion into thc

diiodo and the dicyclopropyl compounds (206) nd (2O7) were investigated (Scheme 95)'

since it was anticipated that the spectra of these symmetric cornpounds would aid in the

assignment of the l3C MvIR sPectra of the new compounds (191), (194), (197), and (198)'

The sequence was initiated with the formation of (206) n 58 Vo yield which was converted

to the dicycloprop ane (2O7) in 64 % yield by rcaction with methanolic poussium

hydroxide. This compound gave a l3C signal at 12.3 ppm assigned to the cyclopropane

methylene protons, with further signals at 18.6 and 64.9 attributed n A-afi and Cla/3a

respectively. As expected, these correlated to the chemical shifts of the monocyclopropyl

compounds.

Scheme 95
ON,I3\A'?il|t'\/'l
o-.,r\
I

I

t
OH

(2M)

(207) (206)

During an investigation of the related anthrarufin derived 1,2,6,'l-tetrasubstituted

system, Duddinglz found that after reaction in dichloromethane at room temperature with

potassium carbonate and iodine for three days the phenol (208) gave the

iodomethylanthrafuran (2W) in 99 Vo yreld. Heating in ethanolic potassium hydroxide

gavc a 39 7o yield of the two products, (210) and (211) in a ratio of l:1.7 (Scheme 96).

Thus although cyclopropane formation had occurred transetherification by the solvcnt at

o
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C6 had also occurred- In order to allow comparisons with the results obtained in the

present investigation some further rcactions were carried out on this substrate (Table 38).

Scheme 96

Table 38 Conversion of (209) to

o9

(2rr)

Methylfuran

(2r2)

Solvent Time TemP. ('G) 7" Products
(210) (2111 (2121 sM

KCH

DBI.I

DBIJ

KCFI

cHgl

dmso

dmso

EtOH

18h 65

th 25

th 25

12h 80 25

26 51

100

45

'14 32
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ths simFle change of the solvent to methanol and an increase in the rcaction time to

l8h rezulted in the fomration of the desired firan (212) n 5l % yield. The double bond

ha4 as cxpecte4 conjugated and the cyclopropane also formcd (211)' The differenccs

may bc due primarily to the longer reaction timc but the lower boiling point of methanol

may have lessened degradation of the cyclopropurc. Neither DBN nor DBU in dmso

effected any reaction.

Because of the dif6culties encounter€d in the preparation of a suitablc substrarc for thc

Dieclcmann condensation routo it was abandoned in favour of the more successful wort

discussed in Chapter 2.
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(213)

SYNTTTESTS OF (2r7) FROM (33)

In the roure developed previously by Holroyd (Scheme 10), the allyl ether (33) was

treated with methanolic potassium hydroxide in order to migrate the olefinic bond of the

C-allyl moiety and then the allyl ether function was cleaved by treaunent with aqueous

acid- The possibility of performing both these processes in a one-pot reaction using a

palladium-based catalyst was investigated- Other workers, both in this and other

departments had used this rcagent to effect similar transformations on

anthraquinone-based systems. Thomsonl8 found that palladium(Il) dichloride

bisacetonitrile effected an analogous conjugation and dealkylation in 70 7o yietd, of the

methallyl ether (213), although this result proved not to be reproducible (Scheme 97).

Berchichlza found that the dimethoxy compound (214) was slow to react under similar

condirions, but that the analogous diphenol (215) rcacted rapidly. A possible explanation

for this is the existence of two competing mechanisms for the reaction, the more rapid of

which involves participation of a reduced forrn of the anthraquinone. However, it is

difficult to see why such reaction dichotomy would occur.

Scheme 97

PdCl2(bisac)
cH2cl2

130h, 35'

PdCl2(bisac)
cHC13

160h,25'

PdCl2(bisac)
cHCl3

(2r4)

(21s)
10 min, 25'
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Accordingly the allyl ether (33) was treated in chloroform for 30 minutes at reflux with

the palladium catalyst (prepared by the method of Hegedus and co-workersl6;. Work-up

led to a mixture of the conjugated and non-conjugated phenols (34) and (217) (l:1)' Thc

mechanism of dealkylation is thought to be acidic cleavage of the thermodynamically

more stable internal alkene formed from the starting material by complexation and

transformation as previously with the palladium catalyst. Trace quantities of the product of

both C-alkyl and O-alkyl loss (218), and those from oxidations of thc double bond, thc

ketonc (219) and the aldehyde (22I) (l:4), were also recovered (Scheme 98)'

Scheme 98

PdCl2@isac)

flt'#illx
OH

QT1)

?"".IY\--t-\/'l
OH

(220)

+!

Of these side products, the formation of the quinizarin ether (218) is the most difficult

to rationalise. Such a C-deallylation usually requires treatment wittr prctic or Lewis acids,

and is normally difficult with a simple allyl group.l6 The reaction may involve dircct

palladation of the aromatic ring with subsequent protonation (from a trace of acid) and

metal loss to afford the deallylated product (Scheme 997.tn Aryl palladium complexation

is known,l28 so some such process would provide a plausible explanation for the obscrved

product.

In contrast" the oxidation of monosubstituted alkenes by palladium dichloride is well

known. presumably trace quantiries of the palladium(tr) chloride remain in the catalyst

after complexation. The generally accepted mechanism involves n-complexation of

+i
cHo

OH

(218)

OH

(219\
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Scheme 99
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I
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palladium,rzg giving predominately ketones (Scheme 100). Both oxidation products

observed result from rcaction of the non-conjugatcd material, presumably the conjugatcd

olefinic bond is less reactive due to electron withdrawal'

The mixture of conjugated and non-conjugated material was

chromatography, and therefore essentially useless. A numbsr of attempts wel€ made to

complete the conjugation which are summarised in Table 39'

Scheme 100

Prolonged reaction had no discernible effect on the ratio, nor did using

dichloromethane as solvent (cntries 2 and 3). The use of ethanol prejudiced the production

of the conjugated compound, although interestingly none of the side products were

If
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formed, possibly reflecting the change from a non-protic to a protic solvent (entry 4)' The

inclusion of aqueous hydrochloric acid in the reaction, in an attempt to promotc acid

induced double bond migration, had no effect. It was observed (Uy lH NMR) that the ratio

of products altered during chromatography over silica with halogenated solvents. It was

therefore decided to incorporate silica into a reaction. The effect of this was to increase the

proportion of conjugated material, but total conversion was not achieved (entry 6). Thus'

in view of the difficulty of effecting total conversion to the desired matcrial, and duc to the

inseparable nature of the products this routc was not pursued fuither'

However, the facile dealkylation contributed to a viable alternative conversion of (33)

to (Zl7) using comparatively mild conditions. Thus it was found that 0.1 mole equivalent

of the palladium catalyst and 15 minutes at reflux in chloroform was sufficicnt to effect

complete conversion of (33) to the phenol (34). Some conjugation also occurred, and this

w4s completed by subsequent treatment of the mixture with methanolic potassium

hydroxide.

to Optimise from PdClz@isac) ReactionTable 39 Attempts

o

o
(34)

Production of (217)

o

(2r7)
ooH

Entry Solvent Time Ratio (34 : 217) % Yield (34 + 217)

CHGI3 0.5h

CHCI3 24h

CHzClz 10h

EIOH 0.5h

CHCIg

CHCIg

0.5h

0.5h

1:1

1:1

1:1

3:1

1:1

3:7

32

1 004

1 00b

73

54

53

a - HCI added b - Silica added (see text)
Reactions were heated at reflux in all cases.
In all cases isolated yields of (218), (219), and (220) were

either trace or non-existant.
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REACTIONS OF METHALLYL SUBSTITUTED ANTHRAQI'JINONES

Since Brown8 prepared the methallyt ether Q2l) in 9O 7o yield from quinizarin (14)

(Scheme 101), it was decided to investigate the preparation of the aldehyde (35) from this

substrate. It was anticipated that this would provide an interesting contrast in rcactivity

with the allyl substiruted anthraquinones investigated prcviously by Holroyd'29

Scheme 101

l*1fle2,,
1. t :2 drnf 70" C,24h, K2CO3, Kl
3. (CH3O)zSOz, K2CO3, Acetone

2. Na2S2Oa, dmf[I2O, 105'C,3.5h

It was envisaged that treatment of the substrate (221) with methanolic sodium

hydroxide would effect conjugation of the C-methallyl double bond. Similar reactions had

been carried out by Thomsonlr on the 1,2,6substituted system and by Brown28 on the

1,2,4-substituted system. However, although the desired product (222) was formed Clable

40), the product of substitution by methanol at C4 (223) was also obtained (entry 1). In

attemprs ro overcome this problem, a variety of other reagents were used. Palladium

dichloride bisacetonitrile gave a modest yield (35 7o) of conjugated phenol (224) after l.2h

at reflux in chloroform, with 43 Vo of the substrate being returned- A longer reaction time

gave a similar yield of the phenol (224),but rather than substrate the methallyl ether (222)

(53 Vo) was the other product. Potassium carbonarc and sodium methoxide, which had

been used previously by Roberrl30 
"n6 

by Brown28, rerumed only starting material

(entries 4 and 5).
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Table 40 Conjugation/Cleavage of (22L)

OHI\./\.,
il.t -l./v \z\

I
ocH3
(224)

ocH.t-
\,/\ilt_l.Y\

ocH3
(223)

?aY-|'Y\7\
ocH3

(222)

Reagent So lve nt T im e o/o Products

Entr
NSH

PdCl2bisac

PdGl2bisac

KeGQ

NaOCHg

cFbcFl

CHCIs

CHCIs

cFbGl

cFbcFl

222 223

60

537h

th

3h

1

2

3

4

5

1.5h

1.2h 38

35

43

100

100

21

All reactions heated at reflux.

Thus the conjugated phenol (224) was available in limited yield from the palladium(tr)

catalysed route. This was oxidised using osmium tetroxide to give a diol which was

treated in situ with periodic acid to give the aldehyde (35) in 16 7o overall yield from

(224) (Scheme 102). Although the acetal (225) was also formed when methanol was used

as a co-solvent, when tertiary butanol was used instead the starting matcrial was returned-

Although a route to the aldehyde (35) was established, the low yields of the last two steps

make it an unattractive alternative to the original route (Schemc 10).

Scheme 102

j+"2.*i4""^""0.
(224) (3s) Qzs)
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EXPERIMENTAL

All new (i.e. unlisted in Chemical Abstracts) compounds have been written in

italics where first reported with spectral data.

Melting points were determined on a Reichert-Kofler block and are uncorrected-

Optical rotations were measured on a Perkin-Elmer 241 polarimeter at 20o in

chloroform at the indicated concentrations.

Microanalyses were ca:ried out by the microanalytical laboratory, University of

Otago, N.Z.

Infrared spectra were recorded on a Perkin-Elmer 1600 FTIR spectrometer. unless

otherwise indicated, spectra for solids were recorded as either a disc in potassium

bromide or a film on sodium chloride.

Ulrraviolet spectra were recorded from chloroform solutions on a Varian DMS 100

spectrometer.

Except where ind.icated NMR spectra were obtained using a Bruker AM 400

specrromerer opcrating at 400.13 MHz for lH and 100.62 MHz for 13c nuclei.

Spectra were recorded in deuterochlorofrom using a 5mm dual probe. lH spectra

were recorded using 32K data points, a 2.5 second repetition rate and 30o pulses-

l3c specra were recorded using 64K data points, a 10 second repetition rate and

50o pulses. ThelH NMR data is quoted as chemical shift in parts Per miUisn

relative to an internal standard (generally tenamethylsilane), with multiplicity

(s=singlet, d=doublet, t=triplet, m=multiplet, br=broad), coupling constant (I' Hz)'

relative integral and assignment. l3C NMR data is quoted as position and
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8.

assignment, with assignment normally being determined by DEPT-135 and

DEPT-90 experiments.

For two dimensional NMR experiments (COSY: homonuclear shift correlation

spectroscopy; FIETCOR QGI); t3g7tg correlation spectroscopY) the 90o lH pulse

on the decoupler was 15 pseconds. For COSY spectra, generally 512 FIDs of 2K

data points were collected using a 45o mixing pulse, with a sPectral width of

2500-3000H2, L relaxation delay of 2.0 seconds and a 520 psecond evolution

period. The data was multiplied in both dimensions by sine-bell window functions

and the resultant magnitude 2-D spectnrm symmetrised for presentation- For the

XII correlation experiments, 512 FIDs of lK data points were collected' An

average one-bond t3qrtg coupling constant of 130H2 was used, with a relaxation

delay of 2.0 seconds and an evolution period of 286 pseconds. The NOE difference

experimenrs were typically 800 scans (comprising 20 cycles of 40 scans) with two

dummy scans per cycle. Iradiation power levels varied, but were typically 35L'

Low resolution mass spectra were recorded on a VG 7070 mass spectrometer

operating at a nominal accelerating voltage of 70 eV. High rcsolution mass sP€ctra

were recorded at a nominal resolution of 5000 or 10000 as appropriate. All spectra

were obtained as electron impact spectra using perfluorokerosene as the internal

standard unless otherwise specified. The mass spectral data is quoted as mlz and

peak intensity.

Analytical thin layer chromatography (t.l.c.) was canied out on 0.2 mm plates of

Kieselgel F25a (Merck). Preparative thin layer chromatography (p.l.c.) was carried

out on 1 mm plates of Kieselgel PF25a * 355 (Merck). Bands were visualised with

u.v. or visible light. In some instances (noted in the text) trace triethylamine was

added to the eluting solvent in order to prevent "tailing" of certain compounds

(often the napthacenediones). Column chromatography was carried out on

9.

10.
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Kieselgel, 230-4OO mesh ASTM (Merck or Riedel-de Haen), or Kieselgel S'

0.063-0.1 nrm (Riedel-de Haen), with a silica:sample ratio (Vw) of 29:l'

Compounds separated by chromatography are reported in order of elution'

11. Ether refers to diethyl ether. Hexancs refers to the commercially available

hydrocarbon solvent of boiling point 65-69o. dcm refers to dichloromethane. dmf

refers to dimethylformamide. dmso refers to dimethylsulfoxide. dms refers to

dimethyl sulfide. All solvents and reagenrs (with the exception of trifluoroacetic

anhydride) were purifigd by the methods grven in "Purification of Laboratory

chemicals,,, 2nd Ed., Perrin, D.D., Amarego, w.L.F., Perrin, D.R., Pergamon,

1981.

lZ. Unless otherwise specified, solvents were removed under reduced pressurc using a

rotary evaporator. Where given, pressures refer to the use of an oil pump

subsequent to the removal of the bulk solvent.

13. Reaction temperarures were controlled by using dry icelacetone (-78oC)' dry

ice/carbon tetrachloride (-23oC), or icelwater (0"C) cooling baths.

L4. The drying of organic solutions was performed using anhydrous magnesium

sulfate.

15. For a guide to the systematic nomenclature used throughout this thesis, see the

glossary on page 238.
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REARRANGEMENTS

CHLORALLYLATION OF THE ACETAL (31)

2-(4'R,5R')-2-(4',5'-methyl-1',3'-dioxolan-2'-yl)-4-hydroxy-1-methoxyanthraquinone

(31) (490 mg, 1.38 mmol) was dissolved in dimettrylformamidc (50 ml)- Potassium

carbonate (400 mg, 2.56 mmol) and potassium iodide (90 mg, 0.66mmoD were added and

to the stirred solution 2,3-dichloroprop-1-ene (400 pl, 4.43 mmol) was added dropwise.

The solution was gently heated to 80'C and stirred at this temperature for 18h- At the end

of this time the solution was cooled to room temperature, filtered and the solvent removed

in vacuo to give a dark orange solid. This was filtered through magnesium carbonate

(using dichloromethane as eluant) and concentrated to give 4-(2"-chloroprop'2''enylod-

-2-(4' R5'R)-2-(4' ,5' -dimethyl-I' ,2' -dtoxolan-2' -yl)'I -mettnryanthraquirnru (42) (545

mg,92.3 Vo), as yellow microcrystals (chloroform), m.p. 87-91'C. Found C &5\ H 4'86,

c2:rHnclo6 requires c &.4,H4.94.L^*412.1(log e 4.02),253.2nm (4.73). u-"' (KBr)

1670.9 cm-l lfree CO). 6H 1.36, d, J 6.0 Hz, 3H, CH3i 1.41, d, J 6.0 Hz, 3H, CH3i 3.79, dq,

I 7 .6,6.0 Hz, lH and 3.88, dq, ! 7 .6,6.0H2, lH, 4' and 5' c]fl' 3.99, s, 3H, OCH3; 4.'17 , t, J

1.3 Hz,2H, H|"; 5.56, d, J 1.5 Hz, lH, H3"(trans); 6.00, d, J 1.6 Hz, lH, H3"(cis); 7.72,

m, 2H, H6,7;8.18, m, 2H, H5,8. 6c 16.5, CH3; 16.7, Ct\; 623, OCH3; 7l'2, Cl"; 78'7 '

8O.4, 4' and 5' CH; 97.1, C1'; 1L4.3, C3"; 116.0, 126.5, 132'2, 133'5, C4a,8a,9a'I0a;

123.7, C3; 126.6, 127.3, C5,8; 133.6, 134j, C6,7; l4l'8, C2; 144'8, C2"; 153'6' C4;

159.6, Cl; 181.0, C9; 188.2, Cl}. mlz 428 (M,5), 395 (M-Cl, 5), 354 (M-CaH3Cl, l0).

REDUCTIVE CLAISEN REARRANGEMENT OF (42)

4-(2"-Chloroprop-2'-enyloxy)-2-(4'R,5'R)-2-(4',5'-dimethyl-l' ,3'-dioxolan'2'-yl)'l-

methoxyanthraquinon e (2) (100 mg, 0.23 mmol) was dissolved in dimethylforrramide
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(20 ml). Sodium dithionite (43mg, 0.23 mmol) was dissolved in water (20 ml)' to which

saturated aqueous sod.ium bicarbonate (0.5 rnl) had becn added. The two solutions were

deoxygenated by bubbling nitrogen through for 15 min and then the aqueous was

cannulated into the organic and the mixture was heated to reflux. After 3h at reflux, the

mixture was cooled to room temperature by passing a stream of air through for 30 min'

The bulk of the solvent was then removed in vacrrc (5 mm Hg, 50"C) and the resulting

residue extracted into dichloromethane, washed once with brine and nvice with water,

dried and concentrated under vacuum to give a yellow-brown solid that upon p.l'c'

(dichloromethane) gave;

(i) 3-(2"-chloroprop-2"-enylory)-H'R5'R)-2-(4'5'-dirnethyt-1'3''dioxolan-2'-yl)4'

hydroryanthraquinone (46) (12 mg, ll.2 7o), as yellow needles (chlorofomr), m'p'

125-128'C. Found C 66.89, H 5.13 Cb2Hleclos requires c ffi.25, H 4.80. t o 412.4 Qog

e 4.08) , 255.8 (4.70), 236.5 nm (4.78). u,,,o (KBr) 1669.8 (free co), 1633-4 cm-l (H

bonded co). 6H 1.37, d, ! 5.9 Hz,3H, CH3i 1.41' d' J 5.9 Hz' 3H, CH3i 3.85, dq, I 7.8,5.7

Ifz,2H,4'and 5'CH; 4.01, s,2H, Hl"; 4-95,d,! l.5Hz,H3"(trans);5'25,d, J 1'3 Hz' lH'

H 3"(cis);6.20, s, lH, H2'; 7.82,m,2H,H6,7;8-15, s, lH, H l; 8.31, m,2H, H5,8; l3'W'

s, lH, OH. 6c 16.6, CH3i 17.0, CH3i 34.5, C1"; 7g.0,80.7,4' and5'CH; 99.1, C2':113.0,

c3"; 116.0, 131.2,133.1, 133.7,C4a,8a,9a,10a; 117.1, ct; 127.0,127.4, C5,8; 134.2,

134.8, C6,7;138.8, C3: 146.3, Q; 161.2, C4; 182.0, C9; 188.6, CL}. rntz 398 (M, 10), 363

(M-Cl, 100),291 (40),263 (50),

(ii) 3-(2"-chloroprop-2"-enylory)-H'R5'R)-2-(4'5'-dtmethyl-1'3'-dioxolan-2''yl)-4-

hydrory-I-metlroryanthraquinone @3) (28 mg, 28.O Vo), a yellow microcrystalline solid

(chloroforny'hexanes), m.p. 166-170'C. Found C 64.38'H 5.37, CxtH2lClO5 rcquires C

&.42,H 4.g4.7"nlil420.6 (log e 4.13),327.4 (3.75),255.4 nm (4.76). u'no (KBr) 1671.6

(free CO), t633.7 cm-l (H bonded CO). 6H 1.35, d, ! 5.9H2,3H, CH3i 1.46, d, l5-9tfz'

3H, CH3i 3.85, dq, J 7.g,5.gH2,2H,4' and 5' CH; 3.91' s,3H, OCH3;4.07, s,2H, H 1";

4.73, d, J 1.7 Hz,lH, H3"(trans); 5.20, d, J 1.7 Hz, H3"(cis); 6'46, s, lH, I12';7 '80' m' 2H'

H6,7;8.27, m,2H, H5,8; 13.57, s, lH, OH. 6c 16.7, CH3i l7'8, CH3i 35'2' Cl"i 63'3'

ocH3; 78.7, 81.0,4' and 5'CH; 96.9' Q'i 111.8' C3"; 115.8, 122.9,732.2' 134.7,
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c4a,8a,9a,l}a;126.6,127.3, C5,8; 133.6, 134.9, C6,7; L39.2, C3; 140.5, C2; 153.7' Cl;

158.6, C4;181.2,C9;188.8, Cl}.ntz428(M,20),393(M-Cl,l00),321(30)'293(30)'

(iii) (4'R5'R)-2-(4',5'-dimethyl-l',3'-dioxolan-2''yt)'S-nutlnry-2-rncthylanthra[12'b]-

furan4,Il-dtone (45) (6 mg, 5.5 Vo) as red microcrystals (chloroformTtrexanes), m.p.

154-159'C. Found C 68.33, H 5.05, C8H20O6 requires c 70.40' H 5.14. x'',"x 382.6 (log e

4.08), 2g4.5 (4.56), 245.4 nm (4.57). u-o (KBr) L673.5 cm-r (free CO).fu 1.40, d, I5.7

lfrz, 3H, CtI3; 1.48, d, I 5.7 Hz' 3iH, &\; 2.63, s, 3H, 2-Ctls;3'94, dq' I 7 '9'5'9 Hz' 2H'

4' and5'CH; 3.98, s, 3H, OCH3;6.53, s, lH, If2':6.79, s, lH, IJ3;7'76, m,2H, H8'9;

8.25, m, zH,Ffl,10. 66 14.7, 2-Crc\1, 16.9, CH3i 17 .7, CH3i 63.7 , OCIlti 79.0,80.8, 4' and

5, CH; 97.4, Q'i 103.3, C3; 114.4, 120.8, l2g.g, 132.4, C6a,7a,l0a,lla; 126.3, 126-5,

c7,10; 133.4, 134.1, C8,9; 134.5, C3a; 135.6, C4; 149.8, C2; 155.4, C llb; 163.0' C5;

t82.2,182.8, C6,l l. mlz 3g2 (M,70), 362 (M-OCH3, 15), 319 (100), 292 (65). Found

392.12690, requires 392.1260,

(iv) (4'R,5'R)-2-(4',5'-dimethyl-l',3'-dioxolan-2'-yl)-4-hydroxy-1-methoxyanthraquinone

(31) (6 mg, 5.0 Vo) (conect lH NMR spectrum22). Under different conditions, detailed in

the discussion, (4?J'R)-2-dimethyl-I'3'-dioxalan-2'-yt) 4-hydroryanthraquircnc @6)

was also formed as yellow crystals (chlorofomr), m.p. 104-108'C. Ln,' 406'8 0og e 3'81)'

253.8 nm (4.51). ft1 1.35, d, J 5.8 Hz, 3H, CH3i 1.39' d' J 5.8 Hz' 3H' CH3; 3.82, dq' J

7.7,5.gH2,2H,H4'and 5':5.97, s, lH, 112';7-43, d, J 1.3 Hz, lH, H31.7'93, d, J 1'3 Hz'

lH, Hl; 7.80, m, 2H,H6,7;8.29, m, 2H, H5,8; 12.58, s, lH, OH' 6c 16'7, CH3i 16'8' CH3i

78.9, 80.6, 4' and5' CH; 101.1, c2'; 116.2, 133.1, 133.6, C4a,8a,9a,l0a; 117.7, Cll' 121.7,

c3; 126.9, 127.4, C5,8; 134.1, 134.6, C6,7; 148.4, C2; 162.7,C4; 182.0, C9; 188.3, C10.

One carbon resonance (of C4a,8a,9a,l0a) not observed.

A similar reaction, using dimethylsulfoxide rather than dimethylformamide afforded the

rearranged methoxylated product (43) (36Vo),and the demethoxy compound (44) (2.1%).
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METHALLYLATION OF THE ACETAL (317

(4'R,5'R)-2-(4',5'-Dimethyl-1',3'-dioxolan-2'-yl)-4-hydroxy-1-methoxyanthraquinone (31)

(400 mg, 1.13 mmol) was dissolvsd in dimethylformamide (30 ml) and anhydrous

potassium carbonate (440 mg, 3.22 mmol) and potassium iodide (20 mg, 0'11 mmol) wcre

added with stirring. 3-Chloro-2-methyl-prop-1-ene (300 pl, 3.22 mmol) was added

dropwise and the solution heated to 80oC. After 15h at this temperature, the solution was

cooled to room temperature and the bulk of the solvent removed (5 mm Hg, 50oC) and the

resulting residue was extracted into dichloromethane and washed once with brine, twice

with water, dried and concentrated tn vacuo to grve a yellodbrown solid'

(4'R,5'R)-2-(4',5'-dimethyl-1',31dioxolan-2'-yl)-l-methoxy-4'(2"'methylprop-2"-enyl)

anthraquinone (32) (420 mg,9l.l7o) (correct tH NMR spectrum22;'

(4,R,5,R)-2-(4,,5'-dimethyl-1"3'dioxolan-2'-yl)-1-methoxy-4 -(2"-methylprop-2"-

-enyloxy)-anthraquinone (32) (420 mg, 1.03 mmol) was dissolved in dimethylformamidc

(40 ml) and sodium dithionite (320 mg, 1.54 mmol) was dissolved in water (40 ml) to

which sarurared bicarbonate solution (l ml) had been added. The two solutions were

deoxygenated by bubbling nitrogen through for 15 min, then the aqueous was cannulated

into the organic and the mixrure heated to 80oC with stirring under nitrogen. After 4h at

this temperature reaction was cooled to room temperature by passing a Stream of air

through for 30 min. The bulk of the solvent was then removed (20mm Hg, l00oC) and the

resulting residue extracted into dichloromethane, washed once with brine, twice with

water, dried and concentrate d in vacuo to give a red-brown solid. P.l.c. (dichloromethane)

gave;

(i) (4'R,5'R)-2-(4"5'-dimethyl-1"3'-dioxolan-2'-yl)-4-hydroxy-3-(2"-methylprop-2"-

-enyl)-anthraquinone (38) (21 mg,5.4Vo) (correct lH MvIR spectmm22l and
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(ii) (4'R,5'R)-2-(4',5'-dimethyl-1',3'-dioxolan-2'-yl)-4-hydroxy-l-methoxy-3-(methyl-

prop-2"-enyl)-anthraquinone (37) (226mg,53.87o) (correct lH NMR spectnrm22l'
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CHAPTER TWO CYCLISATIONS

3-(2"-Chloroprop-2"-enyl)-(4',R,5'R)-2-(4"5'-dimethyl-1"3'dioxolan-2'-yl)-4-hydroxy-1-

-methoxyanthraquinone (43) (42 mg,0.l0 mmol) was dissolved in dichloromethane (10

ml) and dimethylformamide (75 pl, 0.98 mmol) and cooled to -78oC under nitrogen with

stirring. After 15 min at this temperaturc, tin(W) chloride (120 pl, 0.98 mmol) was added

to the orange solution to give an intense red colour. The reaction was stirred at -78oC for

lh, then allowed to walrn to room temperature and washed once with an equal volume of

saturated aqueous ammonium chloride, twice with water, dried and concenmted in vacuo

to give a dark red rcsidue. Upon p.l.c. (dichloromethane, trace triethylamine), this gave;

(i) 9-chloro-Il-hydrory-6-merlnry napthacene-5,12-dione (80) (11 mg, 32'6 7o) as an

orange microcrystalline solid (chloroform), m.p. 234'236"C. Found C 67.65, H 3.28'

CleHllClOa requires C 67.37,H 3.27. L^q 445.4 0og e 3.62),26L.7 nm (4.35). v'"o

(KBr) 1660.3 (free CO), t625.4 cm-l (H bonded CO). 6H 4.08, s, 3H, OCH3;7.73, dd,I

6.8,2.1Hz, lH, H8; 7.83, m,2H,II2,3;8.33, d, J 8.8 Hz, lH, H7; 8'38, m, 2H,Hl,4i8'53'

d,I 2.1Hz, lH, HlO; 15.15, s, lH, OH. 6c 62.6, OCH3; 118.1, L24.2, 130.0, 133.0, 135.6'

736.4, C4a,5a,6a,l}a,lla,l2a; 124.3, 127-5, Cl,4; 126-4, 126'6, C/,10; 130'0, C10a;

131.9, C9; 132.1, C8; 133.0, C6a; 133.6 , 134J, C2,3; 135.6, 136.4, C4a,12a: 148.2, Cl l;

181.7, C5; 187.9, ClZ. nttz 338 (M,90),309 (M-CHO, 100) 295 (20),267 (20). Found

338.03660, requires 338.03459,

(ii) starting material (6 mg, 14.3 Vo),

(iii) 3-(2"-chloroprop-2"-enylory)4-hydrory-1-rnetttory-9,1|-dioxo'9,10-dihydro-

anthracene-2-carbaldehyde (79) (1 ng, 2.9 Vo) as a yellow crystalline solid

(dichloromethane/hexanes), m.p. 136-140oC. Found 356.04565, C1eH13ClO5 requires

356.0415. l,mal 441.9 (log e 3.57),256.7 nm (4.23). v.o (NaCl) 1672.0 (free CO)' 1632J

cm-l (H bonded CO).6H 3.99, s,2H, Hl"; 4.L7,s,3H, OCH3;5.03, s, lH, H3"(trans);

5.22, s,lH, H3"(cis); 7.85, m, 2H, H7,8; 8.32, m, 2H,H6,9;10.58, s, lH, CHO; 13'57, s,
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|H, OH. fo (OEpr analysis) 33.8, Cl"; 63.8, OCH3;77 .2, Q"; L13.5, C3"; 126.9, ln.4'

C6,9;134.0, 135.3,C\,8; lgL.3,CHO. rntz356 (M, 100),321 M-Cl' 100)' 306 (30)' 291

(20),

(iv) 9,9-dichloro-7,11-dihydrory-6-metltory-7,8,9,1}-tetralrydronaptlacene-S,ll'dione

(78) (l mg, 2.6 Vo) as yellow microcrystals (dichloromethane/trexanes), m.p. 18G185oC.

Found 3g2.ol7lo, crcHracl2o5 requires 392.02180. Lno 417.1 (log e 3.41)' 256.0 nm

(4.12). v-o (KBr) 3M5 (free OH), 1669.1 (free CO), 1646.5 cm-l (H bonded CO). EH

2.63, dd, J 14.0,8.3 Hz, 7:H, H8(ax); 3.22, ddd, J 14.0,6.9,2.8 Hz,lH, H8(eq); 3.57' dd'

J18.8,1.0 Hz, lH, Hl0(ax); 3.98, dd, J 18.4,2.8 Hz, lH, H10(eq); 4'O2' s' 3H' OCH3; 5'35'

t, J 6.5 Hz,]H7i':..82,m,2H,112,3;8-30, m,2H, H1,4; 13'62, s, lH' OH' Signal for

7-hydroxyl not observed. 6c @EPT analysis) 44.1, C10; 48.4, C8; 62.3, OC:tl3' 65'9' Cl;

126.6,L27.4,C1,4; 132.8,135.0, C2,3. mlz392 (M, l0), 338 (15), 3W Q0)'282 QOI

(v) (7R)-g,g-dichloro-I I -hydrory-7-[(I'R,2'R)-2''hydrory-1'rnethylpropory]-6-metlnry'

-7,8,9,10-teyahydronapthacene-5,|2-dionc (76) (3 ffig, 6.5 Vo) as yellow crystals

(chloroform/hexanes), m.p. 310-3l5oQ. Found 4fl2.A5147 M-CH3OH), CzHts35Cl2O5

requires 432.05313.?llno 437.4 (log e 3.79),255.8 nm (4.49). vnlo (KBr) 3460 (free oH)'

|66g.g(freeCo),1636.0c-.1(HbondedCo).ta]n=-0.220"(0.073M).6rr|.22,d,16.|

Hz,3H, CH3; 1.36, d, J 6.0 Hz,3H,CH3;2.92' dd' J 14.6,6.lrlz,lH, H8(ax); 3.07' dd' I

14.8,3.8 Hz, lH, H8(eq); 3.62, dq, I 6.3,5-7 Hz, lH and 3'67, dq, J 6'3,5 '9 Hz' lH' 1' and

2' Ctl;3.72, d., J 18.6 Hz, lH, H10(ax); 3.93, s, 3H, OCH3; 3'98, d, J 18'l Hz' lH'

HlQ(eq); 5.18, t, ! 4.5 Hz,lH, H7; 7.83, m, 2H,H2,3i 8'31, m, lH, Hl',4; l3'fy'.' s' lH'

OH. Signal for 7-hydroxyl not observed. 6c 14.3, CH3; 18.6, CIl3; 44'0, C10; 46'0' C8;

63.0, OCHsi 67.5, Ct;71.3,78.2, L' and 2'cH; 84.5, C9; 115.7, 122.2, 132.2, 134.8'

139.1, C4a,5a,6a,10a,1la,l2a (one signal not observed); 126'5,

127.3, Cl,4; 133.7,135.0, C2,3:154.1, C6; 157.0, Cll; 181.3, C5; 188.6, ClZ- tnlz 432

(M-CH3OH, 50), 396 (35), 339 (100),

(vi) (75)-g,g-dichloro-11-hydrory-7-[(I'R2'R)-2'-hydrory-1'-methylpropory]$'tnetlnry'

-7,8,9,10+etrahydronapthacene-5,|2-dione (77) (6 mg, 13.0 7o), as a yellow crystalline

solid (chlorofonny'hexanes), m.p. 160-163'C. Found 432.O5302(M'Cfl3OH)'
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CoHrr3sClO5 requires 432.05313. L", 420.8 (log e 3.93), 255.8 nm (4.57). vrnl* (KBr)

3445 (freeoH), 1668.2 (free CO), 1633.0 cm-l (H bonded C0). [a]o = -7'840o (0'183 M)'

611 1.16, d, J 6.3 Hz,3H, C:t\; L.24, d, J 6.3 Hz, 3H, CH3; 2'89, dd' I 14'2'5'5 Hz' lH'

H8(ax); 3.17, ddd, ! 14.2,6.5,2.1,H2,lH, H8(eq); 3.51, dq,I6'2,6'lllz,lH and 3'61' dq'

I 6.2,6.1Hz, l, and2' cjfl; 3.74, d, J 18.1 Hz, lH, H10(ax); 3.86, dd, I 18.1'1.9 lfz, lH,

H10(eq); 3.95, s,3H, OCH3;4.43,br s, lH, 2'-OH;5.18, t, J 6'0 Ha lH, H7; 7'81' m' 2H'

H2,3i 8.28, m, 2H,Hl,4;13.60, s, lH, 1l-OH. 6s 18.4, CtI3i 18'8, Ct\;43'9' C10;48'6'

c8; 63.0, OCH3; 72.0,72.6,1' and 2' &l; 82.5' CI; 84.4' C9; 122.2, 127 .4, 132-1, 132.2'

134.7,139.0, C4a"5a,6a,10a,11.a,12a; 154.0, cll;157.2, C6; 180.8, C5; 188.7, Cl2. tnlz

432 (M-CH3OH, l0), 376 (10),338 (80),309 (100).

TIN(W) CHLORIDE CYCLISATION OF (44)

3-(2"-Chloroprop-2"-enyl)-2-(4'R,5'R)-2-(4"51dimethyl-1"3' -dioxolan-2ayl)4-hydroxy

anthraquinone (44) (20 mg, 0.05 mmol) was dissolved in dichloromethane (5 ml) and

cooled to -78oC under nitrogen with stirring. After 15 min at this temperature' tin(tV)

chloride (60 pl,0.5l mmol) was added to give an immediate colour change from yellow to

intense red. After lh at -78oC the solution was warmed to noom temperature and washed

once with an equal volume of saturated aqueous ammonium chloride, twice with water,

dried and rhen concentrated in vacrn to give a yellow residue. P.l.c. (dichloromethane'

trace triethylamine) gave;

(i) 9-chloro-71-hydrory napthacene-S,L2-dione (86) (3 mg, 15.5 Vo) as an onulge powder

(chloroform), m.p. 28g-2gl'C. Found C 70.13, H 2.99, ClsI{eClO4 requires C 70'03' H

2.g4.?'on"-413.5 0og e 3.83), 256.5 nm (4.54). v,no (KBr) 1671.6 (frec C0), 1622'2 cm'r

(H bonded co). 6H 7.52, dd, J 7.0,2.0 Hz, |H, H8; 7.84' m' 2H' 112'3; 7.95, d, I E.7lfz,

lH, H7; 8.32, s, lH, H6; 8.41, m, 2H,Hl,4;8.52, s, lH, HlO; 14.46, s, lH, OH' 6c @EPT

analysis) 121.2, c8; 124.0, 127.1, Cl,4; 128.8, Cl0; 130.9, c6; 132.0, CI; 134.3, 134.7,

C2,3. rntz308 (M, 100), 189 (20). Found 308.21650, requires 308'24022,
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(ii) 3-(2,-chloroprop-2'-enyt)4-hydrory-S,10-dioxo-5,10-dihydroonthracene-2'

-carbaldchyde (85) (4.5 Vo by lH NMR), 6y1 4.29, s, 2H, Hl'; 5.10, s, lH, H3"(trans);

5.28, s, lH, H3"(cis); 7.82, m,2H, H7,8; 8.14, s, lH, Hl; 8'35, m' lH' H6'9; 10'41' s' lH'

CHO; 13.15, s, lH, OH, and starting material (5 Voby NMR) as an inseparable rnixture'

(iii) (7R)-g,g-dichloro-11-hydrory-7-[(I'R,2'R)-2'-hydrory-1'-methy lpropory]'7,E,9,10'

tetrahydronapthacene-S,|2-dione (83) (3 ffig, 13.8 %) as yellow microcrystals

(chloroform), m.p. 147-l51oc. Found 398.08962 (M-HCI), grHrr35Cl95 requires

398.09210. Lo 407.8 0og e 3.75),263.5 nm (4.40). vnlax (KBr) 3506 (free oH), 1672'0

(freeCo),|633.6cm-l(HbondedCo).[q]o=-|.946o(0.152M).6H|.26,d,16.3H2,

3H, CH3i 1.41, d, I 6.1 lfz,3H, CH3i 2.58' dd' J 13.5'8.6 Hz' lH, H8(ax); 2-67 'br s, lH,

OH; 3.20, ddd, J 13.5,5.9,2.3 Hz, lH, H8(eq); 3.55, d, I z}j lf,z,lH' H10(ax); 3'56' dq'

J6.4,6.3 Hz, lH, and 3.72, dq, ! 6.4,6.3 Hz,lH, 1' urd 2' ctl; 3.97 , dd, J 2o.2,1.'l Hz, lH,

HlQ(eq); 4.90, t, ! 7.|'Hz,lH, H7; 7-82,m,2H,1f2,317'94,s,IH, H6; 8'30' m' 2H'Hl'4i

13.04, s, lH, OH. 6c 15.8, CH3i 18.6, CH3i M.2,Cl};46.9' C8; 70.9'79.6,1'and 2'ctl:

72.1, CI;84.8, C9; 118.6, C6; 114.4, 128'3, 131'6, 133'1' 133'7' L43'7'

c4a,5a,6a,10a,11a,12a; 127.0, 127.5, Cl,4; 134.2, 134.8, C2.,3;159.9, Cll; 182.0' C5;

188.4, Cl2. rnlz 398 (M-HCL,7),346 (10), 308 (M-C+FIgOz-Cl, 100)'

(iv) (7s)-9,9-dr chloro-11-lrydrory-7-[(]'R2'R)-2'-hydrory-l',-methy lproporyl-7,8,9,10-

-tetrahydranapthacene-5,12-dione (84) (8 mg, 36.9 7o) as a yellow microcrystalline solid

(chloroform), m.p. g-67"C. Found C 60.47, H 4.39, C42H2oCl2Os requires C 60'70' H

4.63. xmar 408.8 (log e 3.98), 263.1nm (4.65). v.o (KBr) 3450 (free oH)' 1671.8 (free

CO), 1634.1 cm -r g{ bonded CO). [a]p = +0.960o (0.172 M).6n 1.30, d, l6-ltlz,3H,

CH3; 1.34, d, J 6.2H2,3H, CH3i 1.75, br s, lH, Z'-OH;2'56,dd, J 13'4'9'6 Hz' lH'

H8(a,x); 3.15, ddd, J 13.5,6.1,2.5 Hz,lH, H8(eq);3.48, d, J l8'5 rlz, lH' H10(ax); 3'81'

dq, J 6.3,3.4H7.,!H and 3.87, dq, 16.3,3.4 Hz, lH, l'and 2' &li 4.06, d, J 18.5 Hz, lH,

Hlo(eqx 5.00, t, J 6.7 Hz,lH, H7; 7.82,m,2H,112,3;8'14, s, lH, H6; 8'29' m' 2H'Hl'4;

13.03, s, lH, OH.6c 17.5, CFI3i 19.4, CH3i 44.1, ClO;48.9, C8; 71.6'74.7,1'and 2'ctli

81.9, C7;84.9, C9; 118.1, C6; ll4-3, 128.0, 131'6, 133'1, 133'6' l4'7'

c4a,5a,6a,l0a,lla,12a; 126.9, |n.5, Cl,4; 134.2, 134.7, C2.,3: 159.9, Cll; 182.0, c5;
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188.3, Cl2. rnlz 434 (M,5), 308 M-C+HsO2-CI,90), 275 (4O)'

BORON TRIFLUROIDE CYCLISATION OF (37)

(4,R,5,R)-2-(4"5'-Dimethyl-l"31dioxolan-2'-yl)-4-hydroxy-1-methoxy-3-(2"-methyl-

prop-2',-enyl)-anthraquinone (37) (45 mg, 0.11 mmol) was dissolved in dichloromethane

(10 rnl) and cooled to OoC under nitrogen with stirring. After 10 min boron trifluoride

etherate (80 1rl, l.l0 mmol) was added, turning the initially yellow solution red. Thc

reaction was stirred for lh at QoC, then warmed to room temperahre and washed once

with an equal volume of saturated aqueous ammonium chloride, twice with water, dried

and concectrated in vactn to give a red residue. Upon p.l.c. (dichloromethane' trace

triethylamine) this gave;

(i) 6,11-dihydrory-9-rnethory.napthacene-5,l2-dione (100) (3 mg, 5.8 Vo) as a red solid

which sublimed at 190oC,0.1 mm Hg. Found C73.63,f^3.73, CrsHr2Qa requires C 75'00'

H 3.98. ?,m8x 520.5 0og e 3.66),485.9 (3.68), 269.5 nm (4.26). v.o (NaCl) 1582.2 cm-l (H

bonded co). 6H 2.59, s, 3H, CH3i 'r-.62, d'' ! 8.2H2' lH' H8; 7.81, m, 2H,I12,3;8.26, s,

lH, HlQ; 8.34, d, ! 8.2 Hz, lH, H7; 8-47, m, 2H, Hl,4i 15'18, s, lH, OH; 15'21' s' lH'

OH. rnlz 304 (M,100). Found 304.07384, requires 3M.07355,

(ii) 1l-hydroxy-6-methoxy-9-methyl napthacene-S,12-dion e (67) (15 mg, 42.8 Vo) (correct

tH tttr{R spectrum2z),

(iii) [7R-(7u,9a)]-11-lrydrory4-methory-9-rnethyl-(7,9)-7,9-[2"3'-dimethyl-1"4''

,dioxepanyll-7,8,gJ0-tetrahydronapthacene-5,12- dione (97) (E mg, l7.8%o) as orange

needles (ether/hexanes), m.p. 138-142"C. Found 408.15840, Cy1H21,O5 requires

408.15730. Lo 422.8 (log e 3.60), 251.8 nm (4.31). v.,, (KBr) 1667.9 (free co), 1628-0

cm-r (H bonded CO). [a]o = -1.030o (0.081 M). 6n 1.02, d, 12.0H2,3H, CH3i 1.03, d, J

2.0H2,3H, CH3i 1.46, s,3H,9-CH3; 1.91, dd, J 15.5'4.6llz' lH, H8(ax);2.67, d, J 15.4

Hz, lH, H8(eq); 2.g7, d, J 20.0 Hz, lH, Hl0(ax); 3.15, dd, J 20'1,0'7 Hz, lH' H10(eq);

3.59, dq, J 6.6,6.6 Hz, lH and 4.02, dq, J 6.6,6.6H2,lH,2' and 3'-cH; 4.00, s, 3H, OCtI3i
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5.46, dd, 12.6,1.6H2, lH, H7 7.79,m, 2H, H2,3i 8.28, m, 2H,Hl,4i 13'66' s' lH' OH' 6c

19.8, CH3i 20.0, CH3i 32.0,g-CH3;34.9, C10; 38.4, C8; 63.2, OCHr; 65.4' C7;70'6' C9;

74.3, 80.0, 2' and 3'-ctl; L14.2, 121.5, L32.5, 734.9,135.0, 14.4, c4a,5a,6a,L0Ulla,l2a;

126.4, L27.3, Cl,4; 133.4, 134.7, C2,3i 153.2, Cl l; 157.5, C6; 181.4, C5; 188.8, Cl2. mlz

408 (M,25),320 (M-C4H8O2, 100),287 (30),

(iv) [7547a,9s.)]'II-hydrory4'rnethory-9'ruethyt-(7,9)'7,9'[2',3''diemthyl'1"4'-

-dioxepanyll-7,8,g,10-terrahydronapthacene-5,12- dione (98) (6 mg, 13.4 %) u orange

microcrystals (ether/hexanes), m.p. 78-8loC. Found C 68-55, H 5.95, Cafi2nQerequires C

70.57, H 5.g2. ,tmax 438.3 0og e 3.76), 252.5 nm (4.34). v-o (KBr) 1667.9 (free CO)'

L628.0 cm-l (H bonded CO). talp = +0.478o (0.066 M).6n 0.95, d, J 6.5IJ2,3H, ClI3i

1.05, d, 16.5H2,3H, CH3i 1.39, s,3H,9-CtI3; 1.95, dd' J 15.4'5.8 Hz, lH, H8(ax);2-37,

d, J 18.0 Hz, lH, H10(ax); 2.&, dd, J 15.4,1.3 Hz, lH, H8(eq); 3'28, dd, I l8'l'2'4Hz'

lH, Hl0(eq);3.25,dq, I6.6,6.1H2,lH and 3.78, dq, J 6.6,6'1 Hz, lH, 2' and 31CH; 3'98'

s, 3H, OCH3; 5.27, d, J 5.6 Hz,lH, H7; 7.79, m,2H, H2,3;8'28, m, 2H, Hl'4; 13'63' s'

lH, OH. 6q 18.5, CH3; 19.6, ff\; 26.7, CH3; 38.8, C10: 40'3, C8; 62'6, OCH3| 67 '8' Cll'

7O.7, C9; 73.3,'17.7,2'and 3'-&l; 114-4, 121.0, 132-4, 134'9, 137'4, 140'7,

C4a,5a,6a,l0a,11a,l2a:126.4, 127.3, Cl,4; 133.4, 134.6, C2,3;154'5, Cll; 158'3' C6;

181.5, C5; 188.7, ClZ. mlz408 (M, 30), 320 (M-C4H8O2, 100).Found 408.15910, requires

408.1573,

(v) 9-mettrytidene-I 1-hydrory-7-[( I'R2'R)-2'-hydrory'I'-methylpropory]4-methory-

7,8,9,10-tetrahydronaptlwcene-5,12-dione (99) (4 fig, 8.9 7o) as a yellow powder

(chlorofonrV hexanes), m.p.77-79oC. L.' 440.7 0og e 3.15),253.4 nm (4.42). v,,'o (KBr)

3M0 (freeoH), 1667.0 (free co), 1628.5 cm-l (FI bonded co).6n 1.15, d, J 5.7 Hz,3H,

&\;1.29,d, J 5.6 Hz,3H,C*\;2.28,d,J l4.2Hz, lH, H8(ax);2S7,bt s, lH,Z'-OH;

3.01, dd, J 14.4,2.5 Hz, lH, H8(eq); 3.47, dq,l 7.8,5.6 Hz, lH and 3.49, dq, I 7.8,5.7 lfz,

lH, 1' and 2'CH; 3.60, dd,I 21.6,1.7 Hz,lH, H10(ax);3.94, s, 3H, OCH3; 3'72, d, J 2l'6

Hz, lH, HlQ(eq); 5.12, s, 2H, =Clr:lzl 5.22, s, lH, H7; '1.79, m' 2H,172,3: 8'30' m' 2H'

H1,4; 13.61, s, lH, OH. 6c 15.4, CH3i 18.3, CH3i 31.1, C8; 34.5, C10; 62.8' OCII3; 66.3,

C7:71.1,78.6, 1'and2' CtI;113.7,=Qlrl";121.2, 132.5, 135'0, 136'0, 138'8, 140'E'
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c4a,5a,5a,l0a,1la,12a; L26.5, 127.4, Cl,4; 133.5, L34.7, C2,3; 153.4, Cl1; 157.9' C6;

181.5, C5;188.7, Cl2.mlz408 (M, 30),376 (80),319 (M-C+HgO2'100)'

(4'R,5'R)-2-(4"5'-Dimethyl-1"3'-dioxolan-21y1)-4-hydroxy-3-(2"-methylprop-2"-enyl-

anrhraquinone (38) (53 mg, 0.14 mmol) was dissolved in dichloromethane (10 ml) and

cooled to -78oC under niroge4 with stirring. After 15 min boron trifluoride etherate (94

pl, 1.30 mmol) was added, turning the initially yellow solution pale red. After th at -78"C,

the solution was warmed to room temperature and washed once with an equal volume of

saturated aqueous ammgnium chloride, twice with water, dried and concentrated in vacuo

to afford a red residue. P.l.c. (dichloromethane) of this gave;

(i) 1l-hydrory-9-methylnapthacene-5,12-dione (91) (5 ffig, 12.9 Vo) as a red

microcrystalline solid (chloroform), m.p. 265-269"C. Found C 77.45, H 4'28, C1eH12O3

requires C 79.16, H 4.20. L^o,t M7.6 (log e 3.61), 302.8 (3.79), 256.9 nm (4.38). v.o

(KBr) 1667.7 (free C0), 1620.3 cm-l (H bonded CO). EH 2.60, s, 3H, CH3l 7.56, s, lH,

H6; 7.83, m,2H, H2,3;7.89, d, J 8.3 Hz, lH, H7; 8.30, m, lH, H10; 8'31, d' J 8'0 Hz' lH'

H8; 8.38, m,2H, Hl,4; 14.55, s, lH, OH.6c @EPT analysis) 22.l,cH3i 121.8, C8; 124.0'

clQ; 126.9 , 127.6, Cl,4; 130.2, C6; 133.3, C1; 134.0, 134.3, C2,,3. mlz 288 (M, 80)' 149

(100). Found 288.0787, requires 288.0786,

(ii) [7R-(7a,9a)]-I I-hydrory-9-methyl47,9)-7,9-[2'3'-dimethyl-1"4'-dioxepanyl]'

-7,8,9,10-tetrahydrorwptlncene-5,L2-dione (102) (6 mg, 11.8 7o) as yellow/orange crystals

(ether/hexanes), m.p. 18G188'C. Found C73.34, H 5.48, CyiH22O5 requires C 73'00' H

5.86. l,mar 413.5 0og e 3.62),259.8 nm (4.32). v*", (KBr) 1671.2 (free c0), 1631.6 crn'l

(H bonded co). tcrlo = -0.053o (0.013 M). 6n 0.94, d, 16.5H2,3H, CH3i 1.04, d, J 6.4H2,

CH3; 1.40, s, 3H, 9-CH3; 2.03, dd, J 15.4'6.1 Hz, lH, H8(a't); 2'41, d, J 15'6 Hz' lH'

H8(eq); 2.63, dd, I 13.6,1.9 Hz, lH, H10(ax); 3.18, dq, J 6'9,6'5 Hz, lH and 3'74, dq' J

6.9,6.5 Hz, lH, 2' and3'-CH's; 3.21, dd, I 13.5,2J Hz, lH, H10(eq); 4'93,d, J 5'9 Hz' lH'
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H7: 7.82, m, 2H, H2,3;8.00, s, lH, H6; 8.32, m, 2H, Hl,4; 13'09, s' lH' OH' 6c 18'4'

CH3; 19.6, CH3; 26.5, 9-CH3; 38.2, ClO; 40.3, C8; 7l'4, C7; 77 '0' C9; 73'5' 77 '0' 2' and

3,-CH.s; L20.3, C6; 126.8, 127.3, Cl,4; 1n.5, 130.6, 133.6, 134.2, 134.3, lM.1'

c4a,5a,6a,10a,11a,12a; 134.0, 134.5, C2,3;161.3, Cl1; 182.5, C5; 188.5, CLz. mlz 378

(M, l0),290 (M-C4H3O2, 100). Found 378.7468l,requires 378'14670,

(iii) [ 7 5 - (7 a,9 a) ] - I I - hy dr ory -9 -me thyt - ( 7,9 ) -7,9 - [ 2"3' - dimethy l - 1' y''' dioxep anyl J -

-7,8,9,10-tetahydronapthacene-5,12-dione (101) (5 mg, 9.8 Vo) as a yellow solid that

sublimed at 80oC, 0.1 mm Hg. Found C 71.40, H 5.86, C61H22O5 requires C 73'00' H

5.86. l,-a,415.5 0og e 3.75),260.5 nm (4.47). v."* (KBr) 167l.l (free CO), 1633'4 cm-l

(tI bonded co). [alo = +0.031 M). 5n 0.99, d, ! 3.3 Hz,3H, CH3i 1.0O, d, I 3.3 Hlz,3H,

cH3i 1.47, s, 3H, 9-CH3; 2.O2, dd' J t5.4'4.4 Hz' lH' H8(ax); 2.67, dd, J 15.6,1.8 Hz, lH,

H8(eq); 2.gg,d, J 19.8 Hz, lH, H10(ax);3.16, d, J 19'9 rlz,7H, Hlo(eq);3'58' dq' J

6.6,6.5 Hz, lH and 4.02, dq, J 6.6,6.5 Hz, lH,2' and 3'-CH:, 5'02, q, J 2'4 Hz' lH' H7;

7.88, m, 2H,H2,3;7.88, s, lH, H6; 8.32, m, 2H,Hl,4i 13'08, s, lH, OH' 6c 19'9' CtI3i

20.0, cFI3i 32.1, g-cHti 34.5, C10; 38.8' C8; 71.0' a;74.2,80.3,2' and 3',-cH; 120.6,

c6; 126.8, l2':,.4, C1,4; 130.2,131.8, 132.3, 133.3, 133.9, 147.4, C4U5a,6a,10a,11a,12a;

734.0, 134.6, C2.,3;160.1, cll; 182.3, C5; 188.6 , Clz. mtz 378 (M, 2), 290 CM-C4H8O2'

IOO), 225 (50). Foun d 37 8.1 47 24, requires 37 8 -l 467 O -

CYCLISATION OF (3N WITH TRIMETHYLSILYLTRIFLATE

(4'R,5'R)-2-(4',5'-Dimethyl-l',3'dioxolan-2'-yl)-4-hydroxy-l-methoxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (37) (36 mg, 0.09 mmol) was dissolved in dichloromethane

(8 mI) and cooled to -78oC under nitrogen with stirring. After 15 min at this temperaturc'

trimethylsilyltriflate (nvtSOTg (321t1,0.18 mmol) was added. After th stirring at -78o C

the solution was warmed to room temperature and washed once with an equal volume of

saturated aqueous sodium bicarbonate, twice with water, dried and concentrated in vactn

to give a yellow solid. Upon p.l.c. (dichloromethane, trace triethylamine) this gave;
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(i) 11-hydroxy-Gmethoxy-9-methylnapthaccne-5,12-dione (67) (ll mg, 39'3 Vo) (correct

lH MvIR spectnrm22;,

(ii) starting material (10 mg, 27.8 Vo)'

5-methoxy-2,2-dimethyl-6,11-dioxo-2,3,6,11-tetrahydroanthra[13-b]furan-+(iii)

-carbaldehyde (68) (5 mg, 16.9 Vo) (correct tH NMR spectrumz2),

(iv) (4,R,5'R) -4-(4',51dimethyl- 1', 31dioxolan-2ayl)- 5-methox y -2,2' drmethyl-2'3-

-dihydroantl'a[1,2-b]furan-6,1l-dione (69) (5 mg, 13.9 Vo) (conect lH NMR spectnrmz;.

(4'R,5T.)-2-(4',5'-Dimethyl-1',3'-dioxolan-2'-yl)-4-hydroxy'3-(2"-methylprop-2"-enyl)-

-anthraquinone (38) (50 mg, 0.13 mmol) was dissolved in dichloromethane (10 ml) and

cooled to -Z8oC under nitrogen with stirring. After 15 min at this temperature, TMSOTf

(46 pl, 0.25 mmol) was added to give a dull red colour and the solution was stirred at

-78oC for lh. The reaction mixture was then warmed to room temperatue and washed

once with an equal volume of sarurated aqueous sodium bicarbonate solution, twice with

water, dried and concentrated in vactn to give a yellow solid. P.l-c. (dichloromethane)

gave;

(i) 1l-hydroxy-9-methylnapthacene-5,l2-dione (91) (9 mg, 24-6 Vo) (as previous lH MvIR

spectrum),

(ii) starting material (12 mg, 24.0 7o),

(iii) 2,2-dimethyl-6,11-dioxo-2,3,6,11-tetrahydroanthra[1,2'b]furan4'carbaldehydc (92)

(11 mg, 26.9 Vo).Found C74.03,H 4.45,C1eH1aOa requires C74.50,H 4.61. v-o (KBr)

1670.6 cm-l lfree CO). 6H 1.65, s, 6H, 2-CH3;3.45, s, 2H, H3; 7'80, m, 2H, HE,9; 8'30' m'

2H, H7,10;8.32,s, lH, H5; L0.22, s, lH, CHO- mlz306 (M' 25)'

(iv) 22-dirnethyt-(4'R5'R)-2-((4'5'-dimethyl-I',3'-dioxolan-2'-yl)-2,3,6,1I+etahydro-

anthra[12-b]furan-6,1I-dione (93) (8 mg, 16.0 Vo).6111.35, d, I 5.7 l1z,3H, ClI3i l'4O, d,

I 5.7 Hz,3H, CH3i 1.63, s,6H,2-CH3;3-20,s,2H, H3;3'82, m,2H, H4"5'i 5'98' s' lH'
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H2':7.76,m, 2H, H8,9; 8.01, s, lH, H5; 8.27,m,2H, H7,10'

3-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-2-(4"5'-dimethyl-1"3'dioxolan-2'-yl)'4-hydroxy-

-l-methoxyanthraquinone (43) (35 mg, 0.08 mmol) was dissolved in dichloromethane (10

ml) and cooled to -28"C under nitrogen with stirirng. After l0 min at this temperature

TMSOTf (30 Fl, 0.16 mmol) was added to change the colour frcm pale yellow to rcd.

After th stining at -78oC the solution was rapidly warmed to room temperature and

washed once with an equal volume of saturated aqueous sodium bicarbonate, twice with

water, dried and the solvent removed at reduced pressure to afford a yellowTbrown solid,

which upon p.l.c. (dichloromethane, trace triethylamine) gave;

(i) 9-chloro-I1-hydroxy-Gmethoxynapthacene-5,12-dione (S0) (4 m8, l4'5 7o) (as

previous lH NvtR spectmm),

(ii) 3-(2lchloroprop-2"-enyloxy)-4-hydroxy-1-methoxy-9,10-g,lOdihydroanthracene-

-2-carbaldehyde (79) (6 mg, 20.6 Vo) (as previous lH MvtR spectrum),

(iii) staning material (19 mg, 54.3 Vo),

A similiar reaction on the demethoxy analogue (44) returned only starting material (91.1

vo).

TITANIUM(W) CHLORIDE CYCLISATION OF (37)

(4,R,5,R)-2-(4"51Dimethyl-1"3'-dioxolan-2'-yl)-4-hydroxy-l-methoxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (37) (69 mg, 0.1? mmol) was dissolved in dichloromethane

(10 ml) and cooled to -78oC under nitrogen. After 10 min at this temp€raMe, titanium(IV)
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chloride (190 pl, 1.69 mmol) was added, turning the initially yellow solution black. This

was stirred at -78oC for th, then warmed to room temPerature and washed once with

saturated aqueous ammonium chloride (20 ml), twice with water, dried and concentrated

in vacuo to give a yellow solid. Upon p.l.c. (dichloromethane, trace triethylamine) this

gave;

(i) 11-hydroxy-Gmethoxy-9-methylnapthacene-5,12-dione (67) (3 mg, 5.6 Vo) (correct lH

NMR spectrum22;,

(ii) 2-(4'R,5'R)-(4',5'-dimethyl-1',3'-dioxolan-2'-yl)-4-hydroxy-1 -methoxyanthraquinone

(31) (l I mg, 18.4 7o) (correct lH NtvtR spectrumz2;,

(iii) (4,R,5,R)-4-(4,,5ldimerhyl-1"3ldioxolan-21y1)-5-methoxy-2,2-dimethyl-2,3'

-dihydroanthra[1,2-b]furan-6,1l-dione (69) (12 ffig, 17.4 %) (correct lg NMR

spectrum22;,

(iv) A mixture of four diastereomen, a portion of which were separated by h.p.l.c. on a

LiChrosorb Si-60 column with chloroforrn/tetrahydrofuran (99:1), to give;

(a) [7S-(7cr,9cr)]-9-chloro-11-hydroxy-7-[(l'R,2'R)-2'-hy&oxy-1'-methylpropoxy]-G

-methoxy-9-methyl-7,8,9,10-tetrahydronapthacen e-5,1 2-dione (71) (7-5mg, lO.0 7o)

(correct lH NMR spectrum22;,

(b) [7R-(7cr,9F)]-9-chloro-11-hydroxy-7-[(1'R,2T,)-2'-hydroxy-llmethylpropoxy]-6

-methoxy-9-methyl-7,8,9,10-tetrahydronapthacen e-5,1 2-dione (72) (13'8 mg, L8'4 7o)

(correct 1H NMR spectnrm2z;,

(c) [7S-(76r,9F)]-9-chloro-11-hydroxy-7-[(1'R,2'R)-2lhydroxy-l'-methylpropoxy]-G

-methoxy-9-methyl-7,8,9,10-terahydronapthacen e-5,1 2-dione (73) (4.9 mg' 6.5 Vo)

(correct lH NMR spectrum22;,

(d) [7R-(7o,9cr))]-9-chloro-11-hydroxy-7-l(l'R,/R)-2'-hydroxy-1'- methylpropoxyl-G

-methoxy-9-methyl-7,8,9,10-tetrahydronapthace ne-5, l2-dione (74) (4.4 mg, 5'E 7o)

(correct lH NtvtR spectrumz) as yelloVorange needles (chloroforrn/hexanes), m-p-

158-l60oc. Found 412.11024, C.oHz-lClOs requires 412.10775. L"' 438.1 (log e 3'69)'

254.6 (4.36), 221.6 nm (4.33). v."* (NaCl) 3472 (free OH), 1667.6 (free CO)' 163?'4

cm-l(H bonded CO).6c 18.3, CH3i 18.8, CH3i 32.8,9-CH3;39.8, Cl};42.7, C8;63.1,
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ocH3; 70.g,81.7, 1'and Z'-c*l;72.2' C7;114.8, 121.5, 132-3, 134.0, 134.8' 139'l'

C4a,5a,6a,l0a,1la,l2a; 126.5, 127.4, C1,4; 133.6, 134'9, C2,3; 153'7'C6; I57'7' Cll;

180.8, c12; 188.7 , C5. mlz 412 (M-CH3OH, l0), 376 (412-HCl' 30)' 318 (70)' 304 (60)'

289 (100).

TITANIT.JM(W) CHLORIDE CYCLISATION OF (38)

(4'R,5'R)-2-(4"51Dimethyl-1"3'dioxolan-2'-yl)-4-hydroxy-3-(2"-methylprop-2"-enyl)-

-anrhraquinone (38) (114 mg, 0.30 mmol) was dissolved in dichloromethane (15 ml) and

cooled to -?8oC under nitrogen with stirring. After 15 min at this temperature titanium(IV)

chloride (330 pl, 3.02 mmol) was added and the yellow solution turned black. After lh at

this temperature the solution was warmed to room temperature and washed once with

saturated aqueous ammonium chloride (30 ml), twice with water, dried and concentrated

invacua to give a yellow solid. P.l.c. (dichloromethane) gavc;

(i) 11-hydroxy-9-methylnapthacene-5,12-dione (91) (16 mg, 18.4 Vo) (as previous lH

NMR spectrum),

(ii) t7R-(7u,91)l-9-chloro-I I-hydrory-[(I'R2'R)-2'-hydrory-I'-rnethylpropory)-9-rnethyl-

-7,8,9,10-tetrahydronapthacene-5,12-dione (88) (24 ffig, 19.2 Vo) as orange plates

(diethylether/hexanes), m.p. 156-160'C. Lno 410.6 (log e 3.69), 2&-2 nm (log e 4'37)'

v-,, (KBr) 3503 (free OH), 1670.8 (free CO), 1635.7 cm-l (H bonded C0). [a]o = -0.330o

(0.126 M). 6n 1.25, d, J 6.3 Hz,3H, CH3i 1.40, d, J 6.1H2,3H' CH3i 1.83' dd' J 13.3'10.1

Hz, |H, H8(ax); 1.85, s, 3H, 9-CFI3;2-71, ddd, J L3.2,5'8,2'2 Hz, lH, H8(eq); 2'81' d' J

l9.l Hz, lH, H10(ax); 3.46, d, J 19.0 Hz, lH, Hl0(eq); 3'54, dq, J 6'3,6'l Hz' lH and

3.72, dq, J 6.5,6.3 Hz, lH, 1' and 2'-CIl; 4.94' dd,, J 11.6,5'8 Hz, lH' H7; 7 '78, m' 2H'

I12,3i7.94, s,lH, Hl1; 8.26, m,2H, Hl,4; 12.96, s, lH, OH' 6c l5'9, CH3i 18'5' CH3i

33.8, 9-CH $ 39.4, Cl} 42.5, C8; 70.9, 79.1,I' andz'-c}l; 71.8, cl; 113.9,129.7, 130.9,

!33.2,133.7,145.4, C4a,5a,6a,10a,11a,12a; 118.7, C6; 126.8, t27.3, Cl,4; t34.0, 134.6,

C2,3;160.3, Cll; 182.1, C5; 188.3,C12. mtz 414 (M, 1),378 (M-HCI,40),
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(iii) [75-(7a,9a)J-9-chloro-I I-hydrory-[(1'R2'R)-2'-hydrory-1'-methylpropory]-9'

-methyl-7,8,9,10-tetrahydronapthacene-5,L2'dione (87) (61 mg,48'7 Vo) as orange clusters

(dichloromethane), m.p. 136-141oC. l,-"r 410.9 0og e 3.67),264.6 nm (4.35)' v.o (KBr)

3445 (freeoH), 1673.8 (free CO), 1633.7 cm-r (H bonded CO). talo = -0'9650 (0'133 M)'

611I.27,d, J 6.0 Hz, 3H, CH3; 1.33, d, J 6'0 lljrz,3l/r, CH3; l'84' s' 3H' 9-Ct!; 1'93' dd' J

13.5,9.8 Hz, lH, H8(ax); 2.55, br s, lH, 2'-OH;2.60, ddd, I 13.5,5.9,2.4H4lH' H8(eq);

2.86, dd,J 19.1,1.6Ha lH, H10(ax);3.45, dd, J lg.l,2.o Hz, lH, HlO(eq);3.80, dq' J

6.1,6.0 Hz, lH and 3.84, dq, J 6.1,6.0 Hz, lH, L' and 2'-cH; 4.98, dd, I 9.7,6.1 Hz, lH,

H7: 7 .77 , m, 2H, H2,3; 8.12, s, lH, H6; 8.25, m, 2H, Hl,4i 12'97 , s, lH' OH' 6c l7'4'

cH3; 19.4, CH3; 33.8, 9-CH3; 39.3' Cl0; 44.8' C8; 67.5' G; '71.4' 81.4, l' and 2' cf'l:

74.2, C1:114.0, 129.8, 131.1, 133.2,133.8, 146.1, C4a,5a,6a,l0a,lla,l2a; 126.8, |n.4,

Cl,4; 134.0, 134.6,C2,3;160.4, Cll; 182.1, C5; 188.4,C12'

Neither mass spectral or microanalytical data could be satisfactorily obtained for either of

(ii) or (iii).

3-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-2-(4',5'-dimethyl-l',3'-d ioxolan-2'-yl)-4'hydroxy-1-

-methoxyanthraquinone (43) (70 mg, 0.16 mmol) was dissolved in dichloromethane (10

ml) and cooled to -78oC under nitrogen with stirring. After 10 min at this temperaturc,

titanium(IV) chloride (180 pl, 1.64 mmol) was added to change the colour fr'om yellow to

black. After th at this temperature the solution warmcd to room temperature and washed

once with an equal volume of saturated aqueous ammonium chloride, wice with water,

dried and the solvent removed to give an orange solid. Upon p.I.c.(dichloromethane), this

gave;

(i) 9-chloro-l1-hydroxy-6-methoxynapthacene-5,12-dione (80) (6 mg, lO'8 Vo) (lH NMR

spectrum as previous),
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(ii) starting material (7 mg, 10.0 7o),

(iii) (7R)-9,9-dichloro- 1 l -hydroxy- [( l'R,2'R)-2'-hydroxy- l'-rnethylpropoxy]-Grnethoxy-

-7,8,9,10-tetrahydronaprhacene-5,12-dione (76) Q2 mg,28.9 4o) (rH NMR sPectnrm as

previous),

(iv) (7S)-9,9-dichloro-1.l-hydroxy-[(l'R,2T')-2'-hydroxy-1'-methylPropoxy]-Gmethoxy-

-2,8,9,10-tetrahydronapthacene-5,12-dione (77) (36 mg, 47.2 7o) (rH NMR sPectrum as

previous),

TITANIUMI$ CHLORIDE CYCLISATION OF (44)

3-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-2-(4"5'-dimethyl-1"3'dioxolan'2''yl)'4-hydroxy

anthraquinone (44) (102 mg, 0.26 mmol) was dissolved in dichloromethane (12 ml) and

cooled to -78oC under nitrogen with stirring. The solution was allowed to equilibrate for

l0 min at this tempemrure, then titanium tetrachloridc (280 1t1,2.56 mmol) was addcd to

give a yellow to black colour change. After lh stirring at -78"C, the solution was warmed

gradually to room temperature and washed an equal volume of saturated aqueous

ammonium chloride, twice with water, dried and then concentrated in vacuo to afford a

yellow solid. P.l.c (dichloromethane, trace triethylamine) gave;

(i) 9-chloro-11-hydroxy-napthacene-5,12-dione (86) (4 mg, 5.1 Vo) (lH NMR spectrum as

previous),

(ii) starting material (3 mg, 2.9 Vo),

(iii) (7R)-9,9-dichloro-11-hydroxy-[( l'R,2'R)-2'-hydroxy-llmethylpropoxy]-7'89,10-

-tetrahydronapthacene-5,12-dione (83) (19 mg, 17.1 Vo) (THNMR spectrum as previous),

(iv) (7s)-9,9-dichloro-11-hydroxy-[(l'R,2'R)-2'-hydroxy-1'-methylpropoxy]-7,8,9,10-

-temhydronapthacene-5,12-dione (84) (49 mg,44.0 7o) (THNMR spectrum as previous).
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(4,R,5'R)-2-(4',5'-Dimethyl-1',3'-dioxolan-2'-yl)-4-hydroxy-1-methoxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (37) (80 mg, 0.20 mmol) was dissolved in dichloromethane

and dimethylformamide (150 pl) and cooled to -78oC under nitrogen with stirring. After

15 min equilibration at this temperatune titanium(IV) chloride (190 Fl' 1.96 mmol) was

added to turn the initially yellow solution black. The reaction was then stirred for th at

this temperatule, then warmed to room temPeratule and washed once with an equal

volume of saturated aqueous ammonium chloride, twice with water' dried and

concentrated in vacuo to glve a yellow glass. P.l.c. (dichloromethane) gave

(4,R,5,R)-4-(4,,5,-dimethyl-1',3'-dioxolan-21y1)-5-methoxy-2,2-dimethyl'2'3-

-dihydroanthra[l,2-b]furan-6,1l-dione (69) (68 n8,85.0 Vo) (conect 1g NMR

spectrum2z;.

TINOil CHLORIDE/dmf CYCLISATION OF (38)

3-(2"-Methylprop-2"-enyl)-2-(4'R ,5'R)-2-(4',5'-dimethyl-l',3' -dioxolan-2'-yl)-4-hydroxy'

anthraquinone (38) (37 mg,0.l0 mmol) was dissolved in dichloromethane (5 ml) and

dimethylformamaide (70 pl) and the solution was cooled to -78oC under nirogen and

allowed to eqiulibrate for 10 min. Tin(IV) chloride (120 pl, 0.98 mmol) was then added to

grve a yellow to red colour change. After th at -78oC, the solution was warmed to noom

temperature and washed once with an equal volume of saturated aqueous ammonium

chloride, twice with water, dried and concentrated in vacuo to afford a yellow solid. P.l.c.

(dichloromethane) gave;

(i) 11-hydroxy-9-methyl napthacene-S,I2-dione (91) (2 mg, 6-8 Vo) (lH NMR spectnrm as

previous) and

(ii)amixtureof the tetracycles (87), (88), (89), and (90)inaratioof 75:15:5:5 that

was identified by its lH NMR spectrum but not sepafated (see discussion)'
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METHYLATION OF (37)

(4'R,5T.)-2-(4',51Dimethyl-1.',3'-dioxolan-2'-yl)-4-hydroxy-l-methoxy-3-(methylprop-2"

-enyl)-anthraquinone (37) (l& mg, 0.40 mmol) was dissolved in acetone (a0 d) and

anhydrous potassium carbonate (1.40 g, 10.05 mmol) and dimethyl sulfate (250 mg' 2.01

mmol) was added. The solution was heated at reflux for 16h, then cooled to room

temperange, filtered and the solvent removed at reduced pressure. The resulting rcsidue

was extracted into dichloromethane and washed three times with water, dried and then

concentrated in vactto to glve an orange oil. Chromatography of this (using

dichloromethane as eluant) afforded;

(i) (4'R,5'R)4-(4',5'-dnnethyl-l',3'-dioxolan-21y1)-5-methoxy-2 ,2-dimethyl-2'3-dihydro-

anthra[1,2-b]furan-6,1l-dione (69) (56 mg,34.2Vo) (cotrect lH NMR spectrum22l and

(ii) 1,4-dimettnry-H'R5')-2-(4'J'-dimethyl-I'3''dioxolan-2''yl)-anthraquirnnc (131)

(33 mg, 22.3 Vo) as orange/red crystals (chloroform), n.P. 11G120'C' Found C 68'00' H

5.25, C21H20O6 reQuires c 68.47' H 5.47. xm* 395.6 0og e 3.55), 254.3 nm (4.26). v'no

(KBr) 1670.0 cm-r 1free CO). 6H 1.37, d, f 6.0 Hz, 3H, CH3i 1.42, d, J 5.9 Hz,3H, CH3i

3.82, dq,I 7.3,6.0H2, lH and 3.88, dq, J 7.3,6.0 Hz, lH, 4' and 5'-CH; 3.98, s, 3H, OCFI3;

4.05, s, 3H, OCH3 i 6.34, s, lH, H2'; 7.15, m, 2H, H7,8; 7'61, s, lH, H3; 8'l'l ' m' 2H'

H6,9. 6c 16.8, CH3; 17.1, CH3; 56.7, OCH3; 63.5, OCH:i 78.8' 80.5' 4' and 5'-cHi 97.2,

c2,; 117.2, c3;123.1, 127.6,133.8, 134.3, C4u5a,9a,7}a; 126.4, 126.6, C6,9; 133.3,

133.6, C7,8; 141.3, Q; 152.8, C4; 156.5, Cl; 182.9 (rwo signals), c5,10. rnlz 368 (M,

100), 353 (M-CH3,20). Found 368.1n3\ requires 368.12599'

Also isolated from this reaction under a different set of conditions, deatailed in the

discussion, was 6,1I-dimethory-7-hydrory-9-methytidene-7,8,9,10-tetrahydrorapthacerc'

-5,12-dione (134) as a red microcrystalline solid (dichloromethane), nr.p. 91-95oC. v-o

(NaCl) 1670.1 cm-l lfree CO). 6H 2.67, qd, J 13.6,5.2,3.9 Hz,2H, H8; 3.63, q, I 20.lHz,

2H, H10;3.94, s,3H, OCH3;4.04, s,3H, OOrt 5.11, s' lH and 5.17, s, lH, =Q11t' 5.29,

t,I4.2Hz, lH, H7;7.75,m,2H,1I2,3;8.20, m, 2H,HI,4 (signal forT-oH not observed).

rnlz3SO (M, l5).
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(7R)-9,9-Dichloro.l l-hydroxy-7-[(1'R,2'R)-2'-hydroxy-llmethylpropoxy]-6-methoxy-

-7,8,9,10-tetrahydronapthacene-5,12-dione Q6) Q mg, 0.02 mmol) was dissolved in

nitrobenzene (15 ml) and water (50 pl) and copper(tr) chloride (5 mg) was added' The

solution was heated at reflux for 30 min, at which time t.l.c. analysis showed complete

consumption of starting material. The solution was cooled to room temperahre and the

solvenr removed (80oC, 5 mm Hg). The resulting brown solid was subjected to p.l.c.

(dichloromethane) to give;

(i) (7R)-g,g4ichloro-I I-hydrory-6,7-[2',3'-dimethyl-I',4'-dioxepanyl]-7,8,9,[0-tetra-

hydronapthacene-5,12-dione (82) (1 mg, 15.4 Vo) as an orange film. Found 432'05035,

c22H13cl2o5 reQuire s 432.05313. Lno 420.6 (log e 3.47), 253.9 nm (4.42). vlno (NaCl)

1669.9 (free CO), 1636.0 cm-l (H bonded CO). 6H 1.62, d,I 6.3 Hz,3H, CH3i 2.M, d, J

6.3 IJz,3H, CH3i 2.gg, dd, J 13.9,8.8 Hz, lH' H8(ax); 3.69, ddd, I 13.8,7.3,4.2Hl2, lH,

H8(eq); 3.87, d, I 17.g Hz, lH, H10(ax); 4.10, dq, I 6.5,6.4H2, lH and 4.34, dq, J 6.5'6.4

Hz, lH, 2' and 3''Ctl;4.41, dd, I 17.9,3.2 Hz, lH, Hl0(eq); 5'20, t, J 8'0 Hz' lH' H7;

'1.79,m,2H,H2,3;8.27,m,2H,H1,4i 13.52, s, lH, OH' rnlz 432 (M,40), 388 (40)' 353

(50),325 (50),317 (90) and

(ii) 9-chloro-l1-hydroxy-6-methoxy-napthacene-5,12-dione (80) (3 ffig, 59'1 Vo) (as

previous tH MvIR spectrum).

HYDROLYSIS OF (7O WITH SODruM HYDROXIDE

(7R)-9,9-Dichloro-11-hydroxy-7-[(l'R,2'R)-2lhydroxy-llmethylpropoxy]-7,8,9,1Gtetra-

hydronapthacene-5,12-dione Q6) (22 08, 0.05 mmol) was dissolved in

dimethylformamide (5 ml) and 2M sodium hydroxide (5 ml) was added, turning the
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solution deep red. The solution was stired at room temperature tor 5h, then concentrated

at reduced pressure and the resulting residuc extracted into dichloromethane and washed

three times with water, dried and the solvent removed to give a yellow solid' P'l'c'

(dichloromethane) gave;

(i) 9-chloro.l l-hydroxy napthacene-S,l2-dione (86) (2 mg, 12.7 Vo) (as previous tH Mrln

spectrum) and

(ii) a polar material that was not identified-

INTRAMOLECULAR CYCLISATION OF (8N WITH

SILVERO PERCHLORATE

( ZS -(7q,9o)l -9-Chloro- I I -hydrox y -7 -l(7'R,2'R)-2'-hydroxy- I lmethylpropoxyl -

-9-methyl-T,8,g,lGtetrahydronapthacene-5,12-dione (87) (20 f,g, 0.05 mmol) was

dissolved in dichloromethane (5 mt1 and silver(I) perchlorate (20 mg, 0.10 mmol) was

added. The solution was stirred for 5h at room temperature under nitrogen, then

d.ichloromethane (10 ml) was added and rhe solution was washed three times with equal

volumes of water, dried and concenrated in vacuo to grve a yellow solid' P'l'c'

(dichloromethane) gave;

(i) I l-hydroxy-9-methylnapthacene-5,12-dione (87) (8 mg, 57.9 Vo) (as previous lH MvIR

spectrum),

(ii) [7R-(7a,9u)-11-hydrory-9-methyl-7,9-[2"3'-dimethyl-I'4''dioxepanyl]-7,8,9,10-

-tetrahydronapthacene-5,12-dione (102) (3 mg, 16.5 7o) (asprevious lH NMR spectrum),

(iii) starting material (3 mg, 15.0 Vo).

REACTION OF (88) WITH SILVERO PERCHLORATE

9-Chloro-11-hydroxy-7-[(1'R,2'R)-2'-hydroxy-1'-methylpropoxy]-9-methyl-7,89,10-
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tetrahydronapthacene-5,l2dione (8S) (32 F8, 0.08 mmol) was dissolved in

dichloromethane (5 ml) and silver(I) perchlorate (32 mg, 0.16 mmol) was added' The

solution was stirred at room temperatue under nitrogen for 6h, then worked up as above

to give l1-hydroxy-9-methylnapthacene-5,12-dione (91) (13 mg, 58'6 9o) (asprevious lH

NMR spectrum).

REACTION OF (77) WTTH SILVERM PERCTTLORATE

(7S)-9,9-Dichloro-11-hydroxy-[(l'R,2'R)-2'-hydroxy-l'-methylpropoxy]-6-methoxy-

-9-methyl-7,8,9,10-tetrahydronapthacene-5,12-dione (77) (32 ilg, 0.07 mmol) was

dissolved in dichloromethane (5 ml) and silver(I) perchloratc (30 mg, 0.14 mmol) was

added. The solution was stirred under nitrogcn for 5h, then dichloromethane (5 ml) was

added and the solution was worked up as above to glve a yellow oil' P'l'c'

(dichloromethane) gave;

(i) 9-chloro-l1-hydroxy-6-methoxy napthacene-5,l2-dione (80) (3 09, l5'8 Vo) (as

previous lH NMR spectrum) and

(ii) starting material (9 mg, 28.I Vo).

REACTION OF (7il WITH SILVER(N ACETATE

(7s)-9,9-Dichloro'11-hydroxy-7-[(l'R,2'R)-2'-hydroxy-llmethylpropoxy]-Gmethoxy-

-7,8,9,10-tetrahydronapthacene-5,12-dione (77) (4 mg, 0.01 mmol) was dissolved in

glacial acetic acid (1 ml) and silve(I) acetate (3 mg,0.02 mmol) was added. The solution

was stirred for 5h at room temperaure , then saturated aqueous sodium bicarbonate (20

ml) was added and the resulting yellow solution extracted into dichloromethane. The

dichloromethane extract was washed twice with water, dried and concentrated in vacuo to

give a yellow film. Upon p.l.c. (dichloromethane) this afforded;
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(i) 9-chtoro-11-hydroxy-Gmethoxy-naPthacene-5,12-dione (80) (0.5 mg, L7'5 %) (w

previous lH Mr'tR spectrum) and

(ii) starting material (3 mg, 75.0 7o).

INTRAMOLECI.'LAR CYCLISATION OF OO WITH

SILVERCN PERCHLORATE

(7R)-9,9-Dichlorell-hydroxy-7-[(l'R,2'R)-2lhydroxy-1'-methylpropoxy]-Gmethoxy-

T,E,g,lGtetrahydronapthacene-5,12-dione (76) (15 mg, 0.04 mmol) was dissolved in

dichloromethane (2 ml, distilled but not dried) and silver(f) perchlorate (15 mg' 0.07

mmol) was added. The reaction was stirred at room temperature for 3h, then washed twice

with water, dried and concentrated invacuo to givc an orange oil. P.t.c. (dichloromethane)

gave;

(i) 9-chloro-l1-hydroxy-6-methoxy.napthacene-5,12-dione (80) (1.5 mg, 1l.L Vo),

(ii) starting material (7 mg, 46.7 Vo),

(iii) Z,t0-dihydroxy-9-formyl-6-methoxy-7,8,-dihydronapthacene-5,12-dione (173) (4 mg'

23.2).
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CONDENSATION OF (3$ AND (140)

4-Hydroxy-l-methoxy-9,10-dioxo.g,l0dihydroanthracene-2- carbaldehydc (40) (450 mg'

1.57 mmol) was dissolved in dichloromethane (25 ml) andp-toluene sulfonic acid (45 mg'

0.24 mmol) was added. 2,3-(B,p)-Dihydroxy-1,4-(s,a)-dimethoxycyclohex-5-ene (171)

(300 mg, 1.57 mmol), dissolved in dichloromethane (5 ml), was then added and the

solution stirred at room temperature under nitrogen for 50h. After this time the mixture

was washed once with an equal volume of saturated aqueous sodium bicarbonate, twice

with water, dried and concentrated in vacuo to give an orange solid. This was subjccted to

chromatography over silica using an increasing gradient of dichloromethane to hexanes to

elute, starting with a one-to-one solvent ratio. This gave;

(i) staning material (71 mg, 15.8 Vo),

(ii) 4-hydrory-L-methory-2-(2'-metlwrypropanyl)-anthraquirnne (150) (17 mg), as a bumt

orange solid (dichloromethane), m.p. 78-83oC. Found C 69.93,H 5-56, CrflrsOs requires

c 69.61, H 5.33. )\nu 4.22 (log e 3.26),252.5 nm (4.20). v*o (KBr) L672-L (ftee CO)'

t63Z.S cm-l (H bonded CO). 6H 1.19, d, J 6.1 Hz, 3H, Cg3i 2.75, dd, J 13.6,5.9 Hz, lH

and 3.00, dd, J 13.6,5.gtlz.,IH, Hl'; 3.32, s,3H, OCH3i3.67, sextet, I6.2Hz,lIJ,l12'i

3.88, s,3H, OCH3;7.22, s, lH, H3;7.76,m,ZllJ,H6,7;8.25, m,2H, H5,8; 13'18, s, lH,

OH. 6c 19.3, CH3i 37.4, Cl'i 56.3,2'-OCH3; 61.6, OCH3; 76.4, Q'i ll4-7, 123.2, 132.5,

134.7, C4a,5a,8a,9a:126.3,127.2, C5,8; 127.3, C3; 133.5, 134.1, C6,7; 146'5, Q; 153'3,

cl; 159.4, C4 181.9, C9; 188.2, Cl}. mtz 326 (M, 10), 268 (20), 178 (15). Found

326.1 | 461, requires 326.t | 542,

(iii) 4-hydrory-2-endo-2'-[4',7'-(a,a)-dimetlnry'1',3'-dioxabtcyclo[2.1.0]rcn'S'-enel-

-I-methoryanthraqulrnne (141a) (84 Dg, 12.2 Vo) as a yellow crystalline solid

(dichloromethane/hexanes), m.p. 128-130oC. Found 438.13240, CaaH22O8 requifes

438.13150.}u-o 418.5 (log e 3.69), 252.9 nm (4.33). v,,,o (KBr) 1671.0 (free CO)' 1637'5

cm-l (H bonded CO). 6H 3.54, s, 6t1,4',7'-OCH3; 3.94, d, J 3.0 Hz,2H,H3a',7a'i 3'98, s,
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3H, OCH3 ; 4.32dd, J 3.7,1. 4lfz,2H,H4','l'; 5'81, s, 2H, 115',6'; 6'44' s' lH'I12';7'55' s'

lH, H3; 7.80, m, 2H, H7,8; 8.29, m,2H, H6,9; 13.07, s' lH, OH' 5c 57 '8' 4"7''OCtI3i

62.9, OCtI3i 77.8, 78.g, c3a"7a'l C4"7'; 98.0' C2'; 116.3, 124.3, 133.4, 134.7,

C4a,5a,9a, l}a; 123.7, Cj; 126.6,ln .4, C6,9; 128-4, C5',6'i 133'7, 134'8, C/'8; 143'7 
' 

C2;

153.0, C4;159.7,CI; 181.5, 10; 188.5, C5. mlz 438 (M, 8), 408 (M-CH2O, 35),297 (ffi),

(iv) 4-hydrory-Z-exo-2'-[4"7'-(o.,u)-dimetlnry-1"3'-dioxabiqclot2.l.0]ron-S'-encl-

-l-methoryanthraquinone (l4lb) (l9l mg, 27.8 Vo) as a ycllow microcrystallinc solid

(dichloromethanelhexanes), m.p. 180-l84oC. Found C66.77,H 5.55, CylE22lOsrequires C

65.75,H 5.06. L'la4l7.5 0og e 3.65), 253.2 nm (4.67). v-o (KBr) 1671.0 (free co)'

1637.Ocm-l (H bonded CO). 6H 3.55, s, 6H,4',7'-OCH3; 3.88, d, J 3'6 Hz,2H,H3a'J{;

3.98, s, 3H, OCH3;4.25,dd, J 5.1,3.6H2,2H,H4',7';5'82,d, J 0'7 Hz,2H'H5"6'i 6'20' s'

LH,IJ2';7.64, s, lH, H3; 7.81, m, 2H,H7,8;8.30, m, 2H,H6,9113'09, s, lH, OH' 6c 57'8'

4"7'-OCH3; 63.1, OCH3; 7g.3,7g.4, c3a"7a'lc4'J'i 97 .5' Q'; 176.7, 124.0,"1'32-3, 134.6,

C4a,5a,9a,l0a; 124.1, C3; 126.6,727.4,C6,9; 128.7, C5',6'; 133j,134'9, Cl,8; 742'4' C2;

153.1, Cl; 159.5, C4; 181.4, 10; 188.6, C5. mlz 438 CM, 5),4W (M-OCH3, 5),297 (70).

Found 438.13091, requires 438.L3147 -

METHALLYLATION OF (141}

4-Hydroxy -2-14',7'-(a,cr)-dimeth oxy-l',3'-dioxabicyclo[2.1.0]non-51enel-l-methoxy

anrhraquinone (l4lalb) (343 mg, 0.78 mmol) was dissolved in dimethylformamide (4O ml)

and anhydrous potassium carbonate (965 mg, 2.35 mmol) and potassium iodide (15 mg'

0.08 mmol) were added. The solution was stirred and 3-chloro-2-methylprop-l-ene (230

1tl, 2.35 mmol) was added dropwise. The reaction was then hcated gently to 85oC and

maintained at this temperature for l6h, then cooled to room temperatue and the bulk of

the solvent removed at reduced pressure (5 mm Hg, 80oC). The resulting dark residue was

extracted into dichloromethane and washed once with brine, wice with water, filtered

through magnesium carbonate and dried, then concenFated in vacuo to give a yellow
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solid. A portion of this was subjected to p.l.c. (dichloromethane), multiple sweeps' to givc;

(i) 2-[4', ,7 -(a,a)-dimetlnry-1', ,3'-dioxabicyclo[2.1 .0]rcn-S'-enel4-(2"-metlrylprop'2"-

-enylory)-I-metlroryanthraquircne (142) (85.4 7o overall yield) as a yellow/orange

powder (ether/hexanes), m.p. L27-L3O"C. Found C 68.61, H 5.60, CbaH28Oa requires C

68.28,If5.73.Lnlq253.2 nm (log e 4.62). vnl,, (KBr) t671.4 cm-l (frce CO). 6H 1.91, s,

3H, CH3i 3.54, s, 6H, 4'J'-OCH3; 3.86' d' J 3.5 Hz' 2H' H3a"7{i 3.99, s, 3H, OClI3i

4.26,d,J3.7H2,2]H,H{,7';4.65,s,2H,H1";5.09, s, lH,H3"(trans);5'39' s' lH'

H3"(cis);5.84, s, 2H,H5',6';6.23,s, lH, H2';7.64,s, lH, H3;7'73,m,2H, H7,8; 8'19' m'

2H, H6,9. 6s Lg.4, CH3i 57.9, 4',1'-OCIL3; 63'6, OCH3; 73'1, Cl"; 77'7' 79'3'

C3a',7a'lC4',7'i 98.0, C2'; 113.4, C3"; 113.4, 128.4, 128.9, 134'3, C4a,5a,9a,l}a;124'0'

C3;126.4, 126.6, C6,9; 128.7, C5',6'i 133.3, 133.7, C?,8; 139.0, C2"i 139'9, C2; 153'0'

cl; 155.5, C4; L82.6,183.0, C5,10. mlz 492 (M, 20), 461 (M-CH3, l5), 351 (35),297 (30)-

Found 492.18267, requires 492.1784O and

(ii) l-mettury-2-(2'-metlarypropanyt)4'(2"'methylprop'2"-enylory)-anthraquinone (151)

as irn orange microcrystalline solid (chloroform), m.p. 127-l32oc. Found 380.16311'

CvH2a,O5requires 380.16238. Xnax 399.6 (log e 3.67),252.4 nm (4.34). vro (KBr) 16612'5

cm-l (free CO). EH 1.19, d, 16.2H2,3I;j^,2''CtU 1-99, s,3H, CH3; 2.89, m, 2H, IJl'1'3'32,

s, 3H, 3'-OCFIs; 3.64, sextet, J 6.1 Hz, lH,lI2'; 3-89, s, 3H, OCH3; 4'62, s,2H, Hl"; 5'08'

s, lH, H3"(trans):5.33,s, 1H, H3"(cis); 'l-72,m,2H,H7,8;8.18, m, 2H,H6,9' 6g 19'3 and

1g.4,2' and 2"-C[I g 37.5, Cl'; 56.4, 3'-OCHr; 62.0, OCH3; 73'0, Cl"i 76'-1, Q'; ll3'2'

C3"; 121.6, 7n.0, 134.4, 140.0, C4a,5a,9a,l0a; 123.1, C3; 126'4, 126'5, C6,9; 133'l'

133.5, C/,8; 142.8, C2; 152.8, C4; 155.1, Cl; 182.5, 183.6, C5,10. rnlz 380 (M,2O),322

(20),267 (30).

REDUCTIVE CLAISEN REARRANGEMENT OF (142)

2-f4',7'-(a.cl)-Dimethoxy-1',3'-dioxabicyclo[2.1.0]non-5'-enel4-(2"-methylproP-2"-

-enyloxy)-1-methoxyanthraquinone (142) Q5 ffig, 0.15 mmol) was dissolved in
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dimethylformamide (15 ml) and sodium d.ithionite (30 mg, 0.15 runol) was dissolved in

water (15 ml) to which sarurated aqueous sodium bicarbonate solution (0.5 ml) had been

added. Both solutions were deoxygenated by bubbling ninogen through for 15 min, over

which perid the organic solution was heated to 60"C with stirring.The aqueous was then

cannulated into the organic, grving an immediatc colour change from orangc to dark rcd'

The mixture was then heated to reflux under nitnogen for 4h. At the end of this tirne the

mixture was cooled to room temperature by passing a stream of air through for 30 min.

The bulk of the solvent was then removed (l00oc, 20 mm Hg) and the resulting residuc

extracted into dichloromethane and washed once with brine, twice with water, dried and

concenmte d in vacuo to give an orange/brown solid. Upon p.l.c. (1:l ether/ hexanes) this

gave;

(i) 2-[4"7'-(a,a)-dimetlnry-I'3'-dioxabicycto[2.1.0]rcn-5'-enel4'hydrory-3'(2"'

-nuthylprop-2"-enyl)-anthraquinone (153) (24 n8, 34.6 7o) 4s yellow needles

(chlorofonn/hexanes), m.p. 111-ll4'C. Found C 7A.28, H 5.61, QtHzs{J.- requires C

70.12, H 5.61. Im* 255.8 (log e 4.09), 228.6 nm (4.11).vnlo (KBr) 1676.2 (frec CO)'

1639.5 cm'l (H bonded CO). 6H 1.88, s, 3H, CH3i 3.56, s, 6H,4',7'-OCH3; 3'65, s, 2H,

Hl"i 3.92, d, J 5.9 Hz, 2H, H3a"7a'; 4.22, dd, J 3.6,1.5 }lz, 2|l, }{4"7'" 4.40, s, !H,

H3"(nans); 4.80, t, J 1.3 Hz, lH, H3"(cis); 5-83, d, J 0.9 Hz, 2H,H5',6'; 6'01, s, lH, H2';

7.81, m, 2H,H7,8;8.19, s, |H, H6; 8.31, m, 2H,H6,9i 13.08, s, lH, OH' 6c 23'4, &\;

32.'l,Cl";57.8,4',7'-OCH3;79.3,79.4,C3a',7a'lC4',7';99.6,C2';111'0,C3"; l17'3,Cl;

115.8, 128.8, 133.3,135.0, C4a,5a,9a,10a;127.0, 127.4, C6,9; 134.1, 134.7, C7,8; 133.8,

c2,:142.9, C3; 143.9, C2; 161.1 , C4; 182.0, 10; 188.2, C5. mlz 462 (M,25),32L (M, 20),

306 (15),289 (50). Found 462.16938' requires 462.16785,

(ii) 2-[4"7'-(a,a)-dimeilary-1"3'-dioxabicyclo[2.1.0.]non-5'-ene J4-hydrory-I'rnethory'

-3-(2"-methylprop-2"-enyl)-anthraquinone (143) (27 D8, 36.5 Vo) as a yellow

microcrystalline solid (chloroform), m.p. 732-135"C. Found 492.n5n, CbeHzsOs

requires 4g217841.v-o (KBr) 1666.0 (free CO), 1630.9 cm-l (H bonded CO)'fu l'89, s,

3H, CH3i 3.51, s, 6H,4',7'-OCrI3;3.53, s,2H, HL";3.74, s,2H, H3a',7a'i 3'93, s,3H'

OCH3; 4.17, dd,J 3.9,1.6H2,2H,H4',7';4.40, s, lH, H3"(trans); 4'82, t' J l'3 Hz, lH,
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H3"(cis);5.83, s, 2H,H5',6';6.36, s, |H, H2':7.80, m,2H, H7,8; 8'30, m' 2H' H6'9;

13.60, s, LH, OH. 6c 24.0, &\;33.8, Cl"; 59.7,4'J''OCH3; 63'3, OCH3;79'l'79'2'

c3a,,7a,lc4"'l'; 98.0, CZ'i 110.9, C3"; 128.6, 132.3, C4U5a,9Ul0a (two signals not

observed); L26.5,ln 3,C6,9; 133.6,134.9, Cl,8;140.1, c3; 142.9, C2; 153.8, C4; 158.9'

Cl; 181.2, C10; 188.9, C5. mlz 4gZ (M,10), 461 (M-OCH3, 5), 351 (10), 336 (20)' 319

(30),289 (20),

(iii) 1-hydrory-2-(2'-methylprop-2'-enyl)-3-(2"-metlorypropanyl)-anthraquinone (226)-

Found C72.42,H 6.20, eatHzzl4requires C72.L2, H 6.05. t-"x 414.6 (log e 3.67),265'8

(4.32), 247.8 nm (4.32). vlno (KBr) 1673.3 (free co), 1633.3 cm -r (fI bonded co). fu

1.20, d, ! 5.9 Hz,3H,z'-&lri 1.87, s, 3H, 2"-CH3i 2'73, dd, J 14'0,6'1 Hz' lH and 3'02'

dd, J 14.0,6.1 Hz, lH, Hl'; 3.39, s, 3H, OCH3; 3.55, s, 2H, Hl"; 3'60, sextet, I 6'2Hz' lH'

lf2';4.36, d, J 0.5 Hz, lH, H3"(trans);4-78, t, J 1.4 Hz, lH, H3"(cis); '1'73, s, lH, Hl;

7.79,m,2H,H7,8i8.29,m,2H, H6,9; 13-09, s, lH, OH.6c 19'3,2''Ctl1.23'3,2"'Gl3i

33.3, Cl";40.3, Cl'; 56.4, OCH3 77.1,C2':110.5, C3"; l2l'2, Cl; 126'8, ln'2,C6'9;

130.8, L33.4, 133.7, 134.7, C4a,5a,9a,l0a; 134.0,134.4, Cl,8; 1'43'0, C2; 148'5, C3; 16l'3'

C4;182.2, C 10; 188.3, C5. mlz 350 (M, l0),318 (10),292 (15). Found350'15247,

requires 350.15181.

METHYLATION OF (153)

2-f4',7'-(a.a)-Dimethoxy-l',3'-dioxabicyclo[2.1.0.]non -5'-enel-4-hydroxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (153) (20 mg, 0.04 mmol) was dissolved in acetone (30 ml)

to which dimethyl sulfate (30 pI,0.22 mmol) and anhydrous potassium carbonate (600 mg'

4.30 mmol) were added. The initially yellow solution was heated at reflux for l4h, turning

initially red and then gradually back to yellow. The solution was then filtered, the solvent

removed and the resulting yellow residue extracted into dichloromethane and washed

twice with equat volumes of water, dried and concentrated invacuo to give 2'[4',/'(a,s.)'

-dimettnry-|'3'-dioxabicyclo[2.1.0]non-S'-enel4-methory'3-(2"'methylprop-2"'enyl)-
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-anthraquinone (154) (19 mg, 91.8 7o) as a yellow microcrystalline solid (chloroform),

m.p. 182-185oC. Found 476.18397, CbeH2sOT re{uires 476.L8350. lmo 258.5 nm Qog e

4.23). v-o (NaCl) 1726.3 (free CO), 1673.6 cm-l (H bonded CO). 6H 1.90, s, 3H, CTI3;

3.56, s,2H, H1";3.57, s, 6H,4',|''(Ifl:i 3.90, d, J l'E Hz,2H,g3dJ{;3'91' s' 3H'

ocH3; 4.22, dd, J 3.6,1.4H2,2H,H4''7';4.40' dd' I 3.7,L.2 Hz, lH, H3"(trans); 4.82, d,l

l.l Hz, lH, H3"(cis); 5.83, s, lH, lf15' ,6'i 6.00, s, lH,l12';7 '18, m,2H,H7 ,8; 8'26' m' 2H'

H6,9; 8.50, s, lH, Hl. u23.7,CFI3; 33.3, Cl"; 57.8, 4"7'-OC*13;62.6'OCHI; 78.9,79.4'

C3a',7{lC4',7'i gg.7, C2'; 111.5, C3"; 121.5, Cl; 120'9, 126'8, 132'6' 134'8'

C4a,5a,9a,L0a; 126.7, 127.3, C6,9; t28.4, C2"; 128.7,(f',6'1 133'6, 134'2, C7'8; l4l'3'

C3; 143.8, C2;143.9,C4; 182.1,182.8, C5,10. rnlz 476 (M, 5), 303 (36)' 273 (20)'

METHYLATION OF (143)

2-f4',7'-(a,cr)-Dimethoxy-l',3'-dioxabicyclo[2.1.0]non-51enel-4-hydroxy-1-methoxy-

-3-(2"-methylprop-2"-enyl)-anthraquinone (143) Q6 Dg, 0.05 mmol) was dissolved

acetone (30 ml) and dimethyl sulfate (35 pl, 0.26 mmol) and anhydrous potassium

carbonate (600 mg, 5.30 mmol) were added. The solution was heated to reflux, the

initially yellow solution turning red and gradually back to yellow over the course of the

reaction (16h). After cooling to room temperature and filtering the acetone was removed

and the resulting yellow oil extracted into dichloromethane, washed wice with water,

dried and concentrated invacrn to give a mobile yellow oil. This was subjected to p.l.c. to

grl,e 1,4-dimetlnry-2-[4',7'-(a,u)-dimethory-1'3'-dioxabicyclo [2.1 .0]non'S''eneJ'3'

-(2"-methylprop-2"-enyl)-anthraquinone (186) (20 mg, 79.1 Vo) as a yellow glass' vno

(NaCl) 1673.7 cm{ (free CO). 6H 1.87, s, 3H, CH3i 3.50, s, 6t1,4','l'-C(,H3i 3.52, s, 2H,

H1"; 3.75, s, 2H, H3a','la'i 3.86, s, 3H and 3.95, s, 3H, 1 and 4-OCH3;4'20, dd, I4'0,1'6

Hz,2H,H4',7'i 4.41, s, lH, H3"(trans); 4.84, s, lH, H3"(cis); 5.83, s, 2H,H5',6'; 6'32, s,

lH,T72';7.65, m,2H, H7,8; 8.18, m, 2H, H6,9- mtz 506 (M, 1),475 (M-OCH3, 10)' 350

(20),248 (20),332 (35),303 (20).
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2-f4',7'-(a,a)-Dimethoxy-1"3'-dioxabicyclo[2.1.0]non-5'-enel-4-hydroxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (153) (14 mg, 0.03 mmol) was dissolved in dichloromethane

(5 nrtl and cooled to goC under nitrogen wittr stirring. After 10 min, boron trifluoride

etherate (20 pl, 0.30 mrnol) was added, changing the colour from pale yellow to ofimge'

The solution was then stirred at OoC for lh, over which time it became dark red in colour.

It was then warmed to room temperature, washed Once with an equal volume of sanrrated

aqueous ammonium chloride, twice with water, dried and concentrated in vacuo to give a

red solid. P.l.c. (dichloromethane) gave;

(i) 1l-hydroxy-9-methylnapthacene-5,12-dione (91) (l mg, ll.5 Vo), (as previous lH MvIR

spectrum),

(ii) 2,2-dimethyl-6,11-dioxo-2,3,6,1 l-tetrahydroanthra[ I ,2-bJfuran4-carbaldehyde (92)

(3 mg, 323 7o) as a yellow microcrystalline solid (dichloromethane/hexanes), D.P.

215-2l8oc. Found C 74.03, H 4.45, CleHlaOa requires C 74.50, H 4.61. vto (NaCl)

1670.6cm -l 1free CO). 6H 1.65, s,6H,2-CH3s; 3.45, s, 2H, H3; 7'80, m,2H, H8,9; 8'30'

m, 2H, H7,10; 8.32, s, lH, H5; 10.22, s, lH, CHO. 6q 28'5, Z-CH'$ 42'2, C3;91'8' C2;

123.3, C5;127.1,127.3, C1,70 133.7, 134.2, 135.5, C5a,6a,l0a,11a (one signal not

obsewed); 133.8, 134.5, C8,9; 137.6, C3a;1M.9. C4; 150.8, ClZ 181.8, 182.1, C6'll;

lgl.7,CHO. mlz 306 (M, 100), 291 (M-CH3, 90), 288 (20), 263 (55). Found 306'09063,

requires 306.08921,

(iii) two further unidentified components (see discussion).

TINIil CHLORIDE/dmf CYCLISATION OF (r54)

2-14',7'-(a,q)-Dimethoxy-1',3ldioxabicyclo[2.1.0]non-5'-enel-4-methoxy-3-(2"-methyl-

prop-2"-enyl)-anthraquinone (154) (10 mg, 0.02 mmol) was dissolved in dichloromethane
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(10 ml) and dimethylformamide (16 pl, 0.21 mmol) and cooled to -78oC under nitrogen.

After 15 min at this temperaturc, tin(Iv) chloride (25 Pl,0.2l mmol) was added grving an

intense red colour. The solution was stirred at -78oC for th, then wanned to rmm

temperature and washed once with an equal volume of saturated aqueous ammonium

chloride, twice with water, dried and concentrated in vacuo to give a light brown residue.

Upon p.l.c. (1:1 ether/hexanes) this gave ll-trcttwxy-9-methylnaptlacerc-5,12-dione

(155) (4 mg, 63.0 Vo) as a red film, m.p. 143-l48oc. Found 302.W486, CboHrlQ requires

3O2.O}43O.X-o 421.7 (log e 3.30), 299.5 (3.83), 253.4 nm (4.16). v-o (NaCl) 1677'0

cm-r (H bonded CO). SH 2.62, s,3H, CH3i 4.16, s, 3H, OCH3;7.55, d,l 8.2H2,lH,}J7i

7 .79, m, 2H, H2,3i 7 .g'l , d, J 8.2 Hz, lH, H8; 8.20, s, lH, H6; 8'34, m, 2H,Hl,4; 8'60' s'

lH, HlO. 6c (DEPT analysis) 22.4, CIU 63.0, OCH3; 123.7, C8; 125.8, CL0;127-0,

127.4, Cl,4; 130.2, C6; 132.3, 133.6, C2,3; 134.3, Cl . mtz 302 (M,90),287 (M-CH3, 30),

273 CM-CIJO, 100),256 (10), 231 (20),202 (35).

BORON TRIFLUORIDE ETHERATE CYCLISATION OF (157)

2-f{,7'-(s.,s)-Dimeth oxy-l',3'-dioxabicyclo[2.1.0]non-5'-enel-4-hydroxy-1-methoxy-3-

-(2"-methylprop-2"-enyl)-anthraquinone (15,7) (17 mg, 0.03 mmol) was dissolved in

dichloromethane (5 ml) and cooled to OoC under nitrogen with stirring. After 10 min at

this temperature boron trifluoride etherate (25 p1,0.34 mmol) was added and the initially

pale yellow solution became red. The solution was stirred at OoC for th, then warmed to

room temperature and washed once with an equal volume of saturated aqueous

ammonium chloride, twice with water, dried and concentrated in vacuo to give a yellow

solid. After p.l.c. (l:1 ether/hexanes), this gave;

(i) 6,11-dimethory-9-methytnapthacene-5,12-dione (134) (3 D8, nl Vo) as a red

microcrystalline material (chloroform), m.p. 188-191'C. Found C 74'&, H 4'61,

C21H16Oa requires C 75.89, H 4.85. x-ax 410.? (log e 3.39),299.7 (3.83)' 255.0 nm (4'21)'

v^* (NaCl) 1667.8 cm-l lfree CO). 6H 2.62, s,3H, CH3i 4.13, s, lH, OCH3i 4.13, s, 3H,
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OCH3; 7.58, d, J 7.2lHz,lH, H8; 7.75,m,2H,tI2,3;8'18, s, lH, H10; 8'27'm'2H'HlA;

8.31, d, J 8.5 Hz, lH, H7; rnlz 332 (M,100), 317 (M-CH3 ' 2O),303 (M-CHO' 60)' Found

332.1M7 2, requires 332.1M86,

(ii) and two other polar components that were not identifred'

TITANII.JM(W) CHLORIDE CYCLISATION OF (143)

2-14',7'-(q..c)-Dimethoxy-1',3'-dioxabicyclo[2.1.0]non-5'-enel-4-hydroxy-1-methoxy-3-

-(2"-methylprop-2"-enyl)-anthraquinone (143) (63 mg, 0.132 mmol) was dissolvcd in

dichloromethane (10 ml) and cooled to -78oC under nitrogen with stirring. After 15 min

equilibration at this temperarure, titanium terachloride (150 1tl, 1.32 mmol) was added,

insuntly turning the yellow solution black. After th at -78"C, the reaction was war:ned to

room temperature and washed once with an equal volume of saturated aqueous sodium

bicarbonate solution, dried and concentrated in vactn to give a yellow solid. Upon p.l.c.

(dichloromethane) this gave;

(i) S-methoxy-2,2-drmethyl-6,11-dioxo-tetrahydroanthra[1,2-b]fura n-4-carbaldehydc (68)

(15 mg, 33.8 Vo) (correct lH NMR spectnrm22) and,

(ii) 4-[4',7'-(u,a)-dimetluxy-1'3'-dioxabiyclo[2.1.0]non-S'-eneJ-27-dinretWl'2,3,6,1l-

-tetrahydroanthra[1p,-bJfuran4,II-dione (156) (29 mg, 44.6 Vo) as a yellodorange solid

(chloroform/hexanes), m.p. 136-140 oC. Found 492.17886, CbsHxOs requires 492.17842.

t"max 417.5 (log e 3.75),249.8 nm (4.29). v-ax (KBr) 1670.4 cm-l 1free CO).6H 1.60, s,

6H, 2-CH3;3.26, s, 2H, H3:3.52, s, 6H, 4'J'-OCt\i 3.54, s, 2H, H3{i|a': 3'95' s' 3H'

OCH3; 4.21, dd,I 3.9,1.6H2,2H,iH4',7';5.86, d, J 0.8 Hz, 2H,lI5',6'; 6'24, s, lH' H2';

7.'13, m,2H, H8,9; 8.21, m, 2H, H7,10- 6s 28.5, 2-CH3'si 42'7, C3; 57'7,4','l''OCtI3;

63.5, OCH3;79.0,79.2, C3a',7a'lc4',7'; 89.9, C2;97'8, C2'; ll7'3, 124'5' 133'6'

C5a,6a,10a,1la (one signal not observed); 126.5, 126.8, C7,10; 128.4,129.0, C8,9; 128'9,

C5',6';134.5, C3a; 138.0, C4; 154.1, C5; 157.0, Cllb; 182.0, 182'3, C6,11' tnlz 492 (M,

10),351 (5).
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CHAPTER FOI.JR ENE REACTIONS

METTIALLYLATION OF THE ALDEHYDE (35)

4-Hydroxy-1-methoxy-9,10-dioxo-9,10-dihydroanthracene-2-carbaldehyde (35) (420 mg'

1.49 mmol) was dissolved in dimethylformamide (40 ml) and anhydrous potassium

carbonate (620 frg, 4.47 mmol), Potassium iodide (120 ffig, 0.75 mmol) and

3-chloro-2-methyl-prop-1-ene (420 pI,4.47 mmol) were added with stirring.The solution

was heated gently to 80 oC and stirred at this temperature for 15h, then cooled to room

temperaturo , filtered and the bulk of the solvent removed (5 mm Hg, 50oC)' The resulting

residue was extracted into dichloromethane, washed once with brine, twice with water,

dried and concentrate d in vactn to give a yellow solid. Chromatography over silica, using

dichloromethane as eluant, gave;

I -rnettoxy -4 -(2' -methylp r op -2'' e nylory ) -5 I 0 -dioxo -5,1 0' dihydr oanthrac ene'2 -

-carbaldehyde (161) (391 D8, 78.1 7o) as a yellow microcrystalline solid

(chlorofonn/hexanes), m.p. 175-17goc. Found C 71.71, H 4.73, CzoFIroOs requires C

7L.42,H 4.80. l,-"x 409.5 (log e 3.45), 25l.znm (4.11). v.o (KBr) 1669.9 cm-l(free c:tf,).

6H 1.93, s, 3H, CH3; 4.08, s, 3H, OCHr; 4.66, s, 2H, Hl'; 5'10, d, J l'0 Hz' lH' H3'(rans);

5.36, d, J 1.0 Hz, lH, H3'(cis);7.75, s, lH, H3;7-76, m,2H, H7,8; 8'19, m' 2H' H6'9;

10.53, s, lH, CHO. 6s 19.4, CH3; 64.9, OCH3; 73.1, cl';113.6, C3'; 1L4.5, 12I.5, 133.5,

134.2, C4a,5a,9a,10a; I 17.9, C3; 126.5, 126.8, C6,9; 133.6, 134'0, C7,8; 128'4' C2";

L34.g, C4; 139.4, C2; 155.3, Cl; 182.3, 182.5, C5,10; 188.8, CHO. mlz 336 (M, 30), 321

(M-CH3, 40), 307 (M-CHO, 20),281(30). Found 336.09960, requires 336.09977.
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TANDEM REDUCTWE CLAISEN REARRANGEMENT/ENE REACTION ON

(161)

1-Methoxy-4-(2lmethylprop-2lenyloxy)-5,10-dioxo-5,10-dihydroanthracene-2-

carbaldehyde (16l) (182 mg, 0.54 mmol) was dissolved in dimethylfomramide (25 ml)

and sodium dithionite (168 mg. 0.81 mmol) was dissolved in water (25 ml). Both solutions

were deoxygenated by bubbling nitrogen through for 15 min, whilst the organic solution

was heated to 60 oC with stirring. The aqueous was then cannulated into the organic and

the mixture heated to 80oC under nitrogen with stirring. After 45 min at this temperature,

water (20 ml) was added and a stream of air was passed through the solution to cool it to

room temperature. The reaction was then left to stand overnight and the bulk of the solvent

was removed (20 mm Hg, 100"C) and the resulting residue extracted into dichloromethane

and washed once with brine, twice with water, dried and concentrated in vacuo to give an

orange/red glass. Chromatography over silica, using dichloromethane as eluant, gave

7,10-dihydrory-6-methory-9-methytidene-7,8,9,1}-tetrahydronttpthrrcene'S,12-dione (163)

(ll3 mg, 62.l Vo) as red cystals (dichloromethane/hexanes), m.p. 148-153oC. Found C

72.16, H 4.59, QoFIroOs requires c 71.42, H 4.79. l,max 440.9 0og e 3.73), 255.1 nm

(4.37).vn o (KBr) 3506 Or,OH), 1662.0 (free CO), 1677.9 cm-r (H bonded CO). 6H 2.62,

dd, J 13.6,4.1Hz,lH, H8(ax)l2.64, br s, |H, 7-OH; 2-70, dd, J 13'6,3'6 Hz, lH, H8(eq);

3.48,d, J20.5H2, lH,HlQ(a,xX 3.62,d,J20.5H2, lH,H10(eq);3.99,s,3H,OCH3;5.10,

s, lH and 5.16, s, lH, =CHzi 5.25, d, J 4.7 Hz, lH, H7; 7.79, m,2H,H2,3i 8'2'1, m,2H'

H1,4; 13.60, s, lH, OH. 6c 31.9, Cl0; 39-2, C8; 62'7, OCH3; 63'9, Ct7; 113'6' =C[Izi

ll4.l, 132.4, 735.7, 143.8, C4a,5a,6a,10a,11a,12a (two signals not observed); 126'5'

I27.4, Cl,4; 133.6, 134.7, C2,3;138.4, O; 153.2, C6; 157 .9, C11; 181.3 , Cl2; 188.7' C5.

mtz336 (M, 65), 318 (M-H2O,75), 305 (30), 289 (100), 275 (30)'254 (30)'
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1-Methoxy -4-(2'-methylprop-2'-enyloxy)-5,1O-dioxo-S,1o-dihydr oanthracene-2-

carbaldehyde (161) (70 mg,0.2l mmol) was dissolved in dimethylformamide (15 ml) and

sodium dithionite (43 mg,0.2l mmol) was dissolved in water (15 ml) to which saturated

aqueous sodium bicabonate (0.5 ml) had been added. The two solutions were

deoxygenated by bubbling nitrogen through for 15 min, whilst the organic solution was

heated to 65oC with stirring. The aqueous was then cannulated into the organic and the

mixture heated to g0oC with stirring under nitrogen. After 2h at this temperature water (15

ml) was added and the solution cooled to room temperature by passing a stream of air

through for 30 min. The bulk of the solvent was then removed (20 mm Hg, l00oC) and the

resulting yellow/red residue extracted into dichloromethane and washed once with brine,

twice with water, dried and concentrated in vactrc to afford a yellow solid. P.l.c.

(dichloromethane) gave;

(i) 4-ttydrory-I-methory-3-(2'-methylprop-2'-ene)-5,1}-dioxo'S,1}-dihydroanthracene'z-

-carbaldehyde (162) (12 mg,17.2 Vo) as an orange misrocrystalline solid (ether/hexanes),

m.p. 93-96oC. Found 336.09941, czollreos requires 336.09977. Lno 431-2 (log e 3.54)'

255.5 nm (4.19). v."" (KBr) 1695.0 (aldehyde CO), 1670.0 (free CO), 1636.0 cm-l (H

bonded CO). 6H 1.87, s, 3H, CH3i 3.'16, s, 2H, Hl'i 3'98, s, 3H, OCH3; 4'33' s' lH'

H3'(trans); 4.76, s, !H, H3'(cis); 7.82, m, 2H, H7,8; 8'29, m, 2}j^, H6,9; 10'53' s' lH'

cHo; 13.55, s, lH, OH. 6c 23.5, CH3; 32.4, Cl'; 63.6, OCH3i I10.6, c3'; 117.1' 122.7 
'

132.3, C4a,5a,9a,l0a(one signal not observed); 126.8, 127.4, C6,9; 133.9, 135'2, C7,8;

13g.2,c3; 143.5, C2; 155.2, C4; 158.5, Cl; 181.0, c10; 188.9, C5, 192.4, CHO. tnlz 336

(M, 100),321 (M-CH3,70),289 (35) and

(ii) starting material (17 mg, 24.3 Vo)-
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OXIDATION OF (163) WITH JONE'S REAGENT

7,10-Dihydroxy-Gmethoxy-9-methylidene-7,8,9,10-tetrahydronapthacene-5,12-dione

(163) (12 mg,0.04 mmol) was dissolved in acetone (5 ml) and Jone's reagent (15 1t1,2.67

M CrO3) was added. After 30 min stirring at rcom temperature, saturated aqueous sodium

bicarbonare (5 ml) was added to quench the reaction and the mixture was extracted into

dichloromethane. The dichloromethane extract was washed once with an equal volume of

water, dried and concentrated in vacuo to give an orange solid. P.l.c. (dichloromethane)

gave 7,11-dihydrory-6-nwttwry-9-methylnapthacene-5,L2-dione (170) (12 mg, 99.8 Vo) as

a red microcrystalline solid (chloroform), m.p. 206-21I oC. Found 334-08373, QoFIrlOs

requires 334.08412. Lno 416.0 (1og e 3.72),2&.5 nm (4.47). v,,,." (NaCl) 1684'0 (free

CO), 1636.0 cm-l (H bonded CO). 6H 2.52, s,3H, CH3i 4.13, s, 3H, OCH3:7.M, d, J 0.8

Hz, lH, H8; 7.80, m,2H, H2,3;7.89, d, J 0.8 Hz, lH, H10; 8'36, m, 2H,H1'4;10'01' s'

lH,7-OH; 15.36, s, lH, ll-oH. 6c22.0,CH3;63.7, OCH3; 115.6, 118.1, 130.5, 133.1'

135.6, C4a,5a,6a,10a,11a,12a (one signal not observed); 116.6, C9; 119.3, C10; 126'6'

I27.5, C1,4; 133.6,134.5, C2,3;143.0, C7; 157.0, Cll; 161'7,16l"l, C6,8; 180'9' C5;

187.4,C12. rntz 334 (M, 100), 319 (m-CH3, 35), 316 (M-HzO, 85), 291 (40), 263 (30).

OXIDATION OF (T63) WTTH PYRIDINITJM CHLOROCHROMATE

Pyridinium chlorochromate (20 mg, 0.07 mmol) was dissolved in dichloromethane (2 ml)

and to this 7,10-dihydroxy-6methoxy-9-methylidene-7,8,9,10-tetrahydronapthacene-

-5,12-dione (163) (15 mg, 0.05 mmol), dissolved in dichloromethane (3 ml) was added

with stirring. T.l.c. analysis after 2h indicated no change, so more dichloromethane (10

ml) was added and the solution heated at reflux for 2.5h. After the reaction had cooled to

room temperatgre, it was washed once with an equal volume of saturated aqueous sodium

bicarbonate, twice with water, dried and concentrated invacuo to give;
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(i) 7,11-dihydroxy-6-methoxy-9-methylnapthacene-5,12-dione (170) (5 mg, 33j To) (rH

NMR spectrum as Previous) and

(ii) starting material (2 mE, t3.3 7o).

Chromium trioxide (33 mg, 0.33 mmol) was dissolved in hexamethylphosphorictriamide

(HMPA) (2 ml) and stirrcd ar room temperature under nitrogen for 2h. 7,10-Dihydroxy-

-6-methoxy-9-methylidene-7,8,9,1Q-tetrahydro napthacene-5,12-dione (163) (56 mg, 0'17

mmol), dissolved in HMPA (l ml) was added and the solution was stirred for 3h. The

reaction was then poured onto ice to give an orange precipitate. This was filtered off,

extracted into dichloromethane and washed twice wittr equal volumes of water, dried and

then concentrated invacuo to give a red,/brown solid. P.l.c. (1:2 ether/hexanes) gave;

(i) anthraquinonyl[4'-hydrory-1'-me*ory-3'-(2"-methylprop-2"'enyl)Jrnethylmetlncrylate

(lZl) (9 mg, 16.2 7o) as a dark red solid (dichloromethane/hexanes), m.p.76'79oC. Found

406.14193, Qq$zzOerequires 406.14164. \n"* 438.7 (log e 3.16), 255.1nm (4.30)- v.o

(NaCl) 1738.0 (ester CO), 1669.5 (free CO),1627.9 cm-l (H bonded CO)' 6H l'79, s' 3H,

CH3; 1.82, s,3H, Clr\;3.47,s,2H, H|"i3.92,s,3H, OCH3; 4'76,s,2H,Cf12i 4'58' s' lH'

H3"(trans);4.82,s, lH, =CHZ(trans);5.01, s, lH, H3"(cis);5.11, s, lH, =CHz(cis);7.80'

m,2tl,Flil',8';8.29, m, 2H,H6',9'; 13.65, s, lH, OH.6c 19'6, CH3; 229,G\i34'7'Cl"i

63.0, OCH3 ; 69.2, C1'; I 12.1, C3"i I 14.5, =CHzi 126'7 , ln 3, C6',9'; 124'8' 126'l' 126'9'

132.3, 134,6, 135.2, C2",C4',C4a',5a',9{,10a'; L33.7,134.9, Cr,8", 139'2, 140'6, 742'0'

C2',3',4't 158.7, C1'; 165.6 , C3'; 180.9, C10'; 188'8, C5" rnlz 406 (M, 60)' 351 (M-C4H7'

100), 321 (M-C4H5O2, 3O), 289 (25),

(ii) 11-hydroxy-Gmethoxy-9-methyl napthacene-5,12-dione (67) (6 mg, lt'2 ?o) (correct

lH MrrtR spectnrm22;,

(iii) starting material (14 mg, 25.0 Vo).
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OXIDATION OF (163'I WTTH N-BROMOACETAMIDE

7,10-Dihydroxy-6-methoxy-9-methylidene-7,8,9,10-tetrahydro napthacene'S,l2dione

(163) (45 mg, 0.13 mmol) was dissolved in chlorofom (5 ml) and pyridene (0'1 ml) and

N-bromoacetamide (37 mg, 0.27 mmol) were added. The solution was stirred at room

temperature for 3h, over which time it changed in colour from orange to dark brown. The

solution was then washed three times with water, dried and concentrated In vacuo to

afford a red solid. Upon p.l.c. (neat dichloromethane), this gave;

(i) anthraquinonyl[4lhydroxy-11meth oxy-3'-(2"-rnethylprop-2"-enyl)]methyl-

methacrylate (171) (2 mg, 3.7 Vo) (as previous lH NMR spectnrm),

(ii) an unidentified monobrominated compound (rnlz 460) (l mg, l.6Vo),

(iii) 9-bromo-9-bromomethyl-7,11-dihydrory-6-methoxy-7,8,9,1}'tetrahydronqthacenc'

-5,12-dione (172) (7 mg, 12.6 Vo) as a yelloVbrown solid, m.p. 187-190oc. Found

495.93334, Czo1lrz8tB/enro5 requires 495.94223. Lno 418.8 (log e 3.90), 255.2 nm

(4.58). v-o (NaCl) 3450 (free oH), 1684.0 (free co), 1636.0 cm-r (FI bonded co)' 6H

2.35, dd,I 14.1,8.9 Hz, lH, H8(ax); 2.69, dd, I t4.1,6.9 Hz, lH, H8(eq); 3.48, s, 2H,

CH2Br; 3.94, dd, J 14.6,2.6 Hz, lH, H10(ax); 3.96, s, 3H, OCH3:, 4'26, s' lH' H10(eq);

5.41, t, J 7.7 Hz,lH, H7; 7.82' m,2H,H2,3;8.30, m, 2H,H7,4; 13'63' s' lH' OH' 6c

(DEPT analysis) 36.9, CH2Br; 41.7, C10; 42.4, C8; 62.7' OCH3; 66.9, C1; t26-6, I27.4,

cl,4; 133.9, 134.9, C2,3. rnlz 496 (M, 30), 422 (30),399 (30), 318 (75), 305 (100)' 289

(70),

(iv) starting material (8 mg, 17.8 Vo).

7,10-Dihydroxy-Gmethoxy-9-methylidene-7,8,9,l0-tetrahydro napthacene-S,l2dione

(163) (40 mg, 0.12 mmol) was dissolved in benzene (20 ml) and manganese dioxide
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this gave;

(i)

(dried, see discussion) (100 mg, 1.19 mmol) was added. Thc solution was stirred at room

temperature under nitrogen for 16h, then filtered and concentrated at reduced pressure to

give a yellow residue that was extracted into dichloromethane, washed three times with

water, dried and the solvent removed to give a yellow solid. Upon p.l.c. (dichloromethane)

anthraquinonyl[4',-hydroxy-1'-meth oxy-3'-(2"-rnethylprop-2"-enyl)]mcthyl-

methacrylate (171) (6 mg, 12.4 Vo) (as previous lH Mv[R spectnrm) and

(ii) starting material (18 mg, 45.0 Vo).

OXIDATION OF (T63) WITH TRIFLUOROACETIC

ANHYDRID EIDIM ETHYLSI.JLFO XID E

Dimethyl sulfoxide (20 pl, 0.30 mmol) in dichloromethane (5 ml) was cooled to -78oC

with stirring. Trifluoroacetic anhydride (30 pI,0.23 mmol) in dichloromethane (5 mI) was

added slowly over l0 min. After a further 10 minutes, 7,10-dihydroxy-6-methoxy-9-

-methylidene-7,8,9,1Q-tetrahydronapthacene-5,12-d.ione (163) (51 D8, 0.15 mmol),

dissolved in dichloromethane (5 rnl), was added slowly over 15 min. The solution was

stirred at -78oC for 30 min, then triethylamine (2 ml) was added dropwise over 6 min,

changing the colour from yellow to red. The reaction was then allowed to warm gradually

to room temperarure and the bulk of the solvent was removed at reduced pressure (5 mm

Hg, 40"C). The resulting paste was extracted into dichloromethane and washed once with

brine, twice with water, dried concentrated in vacuo to give a red/orange solid. P.l.c.

(dichloromethane) gave;

(i) l1-hydroxy-6-methoxy-9-methylnapthacene-5,12-dione (67) (23 mg, 47.8 Vo) (corect

tH NMR spectrum22;,

(ii) anthraquinonyl[4'-hydroxy-l'-meth oxy-3'-(2"-rmethylprop-2"-enyl)]methyl-

merhacrylate (171) (7 mg, ll.3 Vo) (as previous lH NMR spectnrm),

(iii) 9-formyl-Il-hydrory-6-meth.ory 4apthacene-5,12-dione (173) (2m9, 3'9 7o) as an

orange solid, m.p. (sublimation) 250oC. Found 332.06895, CzoFIrzOs requires 332.06847'
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f,-o 450.4 (log e 3.70), 269.5 nm (4.39). vn o (NaCl) 1734.1(aromatic aldehyde), 1669'9 (

free CO), 1636.1 cm'l (H bonded CO). 6H 4.11, s,3H, OCH3;7.84,m,2H,1f2,3i 8.26' dd

J 8.5,1.6 Hz, lH, H8; 8.37, m, 2H, H1,4; 8-51, d, J 8'6177,,lH, H7; 9'05' d' J l'4 Hz' lH'

Hl0; 10.27, s, lH, CHO; 15.25,s, lH, OH. rntz 332 (M, 100), 303 (M-CHO' 90)'

7,10-Dihydroxy-6-methoxy-9-methylidene-7,8,9,10-terahydro napthacene-S,12dione

(163) (47 mg,0.14 mmol) was dissolved in dichloromethane (5 ml) and glacial acetic acid

(50 pl), 3A molecular sieves (100 mg, flame dried, crushed) were added with stining'

pyridinium dichromate (60 mg, 0.21 mmol) was added and the solution stirred for 1.5h at

room temperaure. After this time water (15 ml) was added and the solution washed once

with an equal volume of saturated aqueous sodium bicarbonate, twice with water, dried

and concentrated invacuo to give a red solid. P.l.c. (dichloromethane) gave;

(D anthraquinonyl[4'-hydroxy-1'-meth oxy'3'-(2"'rnethylprop-2"-enyl)]methyl-

methacrylate (171) (4 mg, 7.0 Vo) ( as previous lH MyIR spectrum),

(ii) 9-formyl-11-hydroxy-6-methoxy naPthacene-5,12-dione (173) (6 mg, l2'8 Vo) (as

previous lH NMR spectrum),

(iii) starting material (6 mg, 12.8 Vo),

(iv) three further minor products which were not identified.

7,10-Dihydroxy-6-methoxy-9-methylidene-7,8,9,1Gtetrahydro napthacene-S,12-dione

(163) (46 mg,0.14 mmol) was dissolved in benzene (10 ml) and DDQ (61 mg,0.27 mmol)

was added. The solution was refluxed under nitrogen for 5h, thcn cooled to room



2t2

temperature and the bulk of the solvent removed at reduced pressure. The resulting residue

was extracted into dichloromethane and washed three times with water' dried and

concentrate d in vactn to give a black solid. P.l.c. (dichloromethane) gave;

(i) anthraquinonyl[4lhydroxy-1'-meth oxy'3''(2"-rnethylprop-2"-enyl)]methyl-

methacrylate (171) (3 mg, 5.5 Vo) (lH NMR spectnrm as previous),

(ii) starting material (2 m8,4.5 Vo),

(iii) 7,10-dihydrory-9-formyl'6-methory-7,E-dihydrotnpthncene'5,l2'dione (174) (25 mg'

5Z.l Vo) as an orange microcrystalline solid (dichloromethane), m.p. 2n-230"C. Found

350.08049, QoFIr+Oo requires 350.07904. Lno 444.7 (log e 4.12),265.3 nm (4.62). v*o

(NaCl) 1659.1 cm-l (free COl. O" 2.10, br s, lH, 7-OH; 2.4g, ddd,J 19.0,5.9,2.8t12,lH,

H8(ax); 3.27,dd,J 19.0,1.8 Hz, lH, H8(eq); 4.02, s,3H, OCH3; 5'41, q, J 4'8Hz' lH' H7;

7.85, m, 2H,112,3;7.g2,d,! 2.8H2,lH, HlQ;8.31, m,2H,Hl,4;9'85' s' lH' CHO;

15.20, s, lH, I l-OH. mlz 350 (M, 5), 332 (100)' 303 (90)'

An analogous reaction run in dichloromethane gave similiar results.

ATTEMPTED BENZENE BORONATE FORMATION FROM (163)

7,10-Dihydroxy-6-methoxy-9-methylidene-7,8,9,10-tetrahydronap thacene-5,12-dione

(163) (18 mg, 0.05 mmol) was dissolved in acetone (20 ml) and phenylboric acid (7 mg'

0.06 mmol) was added. The solution was heated at reflux under a nitrogen aunosphere for

90 min, then cooled to room temperatue and concentrated at reduced prcssure' The

resulting residue was extracted into dichloromethane and washed three times with water,

dried and concentrated in vactn to give a red solid. P.l.c. (dichloromethane) renrned only

starting material (8 mg, 45.0 Vo).
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7,10-Dihydroxy-6-methoxy-9-methylidene-7,8,9,1O-tetrahydronap thacene-S,l2dione

(163) (2L mg,0.06 mmol) was dissolved in dichloromethane (5 mt1 and p-toluenesulfonic

acid (8 mg, 0.02 mmol) was added. The solution was stirred at room temperanre under

nitrogen for 5h, then washed once with saturated aqueous sodium bicarbonate, nvice with

water, dried and concentrate d in vactn to give starting material (16 mg, 76.2 Vo) and two

minor components that were not identified.

7,10-Dimethoxy-7-hydroxy-9-methylidene-7,8,9,10-terahydronapthecene-S,12-dione

(163) (8 mg, 0.02 mmol) was dissolved in dichloromethane (5 ml) and p-toluenesulfonic

acid (trace) and phenylboric acid (3 mg, 0.02 mmol) were added. The solution was stirred

at room temperarure under nitrogen for th, after which time t.l.c. analysis showed no

change. Accordingly, boron trifluoride etherate (25 pl) was added to give a gradual

darkening of the reaction mixture. After 3h at room temperature the solution was washed

successively with sarurated aqueous sodium bicarbonate, water (twice), dried and

concentrate d in vacrn to afford a red film. P.l.c. (dichloromethane) gave;

(i) 6,II-dimettnry-9-formyl,napthacene-S,Ll-dione (180) (6.5 mg, 78.3 Vo) as an orange

glass. Found 346.08477,C21H1aO5 requires 346.08412. x-o 411.9 (log e 3.74),269'8 nm

(4.57).v,r,o (NaCl) 1693.9 (aromatic aldehyde), 1667.1cm-r lfree CO).fu 4.16, s' 3H,

OCH3; 4.2I, s,3H, OCH3; 7.80, m,2H,If2,3i 8'20, dd, I 8'7,L'4 Hz, lH' H8; 8'28' m' 2H'

Hl,4; 8.54, d, ! 8.7 Hz,|H, H7; 8.90, d, I l.3Hz,|H, H10; 10'28, s, lH, CHO' rnlz346

(M, 100),331 (20), 317 (70),303 (20).
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ANTHRAFIJRAN FORMATION FROM (182)

4-Hydroxy-l-methoxy-(2,3)-bis(ptop-2',2"-enyl)anthraquinone (1S2) (500 mg' l'5 mmol)

was dissolved in dry chloroform (10 ml) to which was added resublimed iodine (810 mg,

3.2 mmol) and anhydrous potassium carbonate (2.20g,16.6 mmol). This mixture was then

stirred at room temperature for 16h, after which time further chloroform was added. The

solution was then washed once with an equal volume of saturated aqueous sodium

metabisulfite, wice with water and the solvent removed at reduced pressure to give

2-iodamethyl-S-methory4-(prop-2'-enyl)-2,3,6,1I-tetrahydroanthra[12-b]furan-6,1I-dio

ne (l9l) (590 mg, 86.0 Vo) as yellow needles, m.p. 164-l67oC (chloroform). Found c

53.22, H 3.35, C2oHrzIO4 requires C 54.80, H 3.69. ImaI 256'0 (log e 4'22)' 318 (3'51)'

410 nm (3.88). v-o (NaCl) 1674 (free co), 1605 cm-l (H bonded co). 6H 3.04, dd, J

17.2,6.2H2, 1H and 3.43, dd, ! 17.2,6.2H2,lH, H3; 3.38, dd, J 10.2,3.6 Hz, lH and 3.59'

dd, J 10.2,3.6lflr2,IH, CH2I; 3.46,d,16.OH2,2H, Hl";3'87, s,3H, OCH3;5'05' dd' J

17.1,1.5, 2H,H3';5.10, m, |H,l;j{Z'i 5.89, m, lH, H2"; 7.71, m,2H, H8,9; 8'19, m' 2H'

H7,10. 5g 8.7, CH2I; 32.3, C3; 34,6, Cl'; 62.4, OCH3; 83'0, C2; 115'4, C3a; 116'6' 133'2'

134.4,138.9, C5a,6a,l0a,l|a; 124.4, C3'i 126.4, L26.8, C7,10; 133.4,133.5, C8,9; 133-7,

c2'; 736.4, C4; 154.7, C5; 156.0, Cllb; 181.8, 182.4, C6,11. rnlz 460 (m, 100), 429

(M-OCH3, 30), 3 I 9 (M-CH2I, 40). Found 460.01720' requires 460.02680.

A similar reaction using dichloromethane as solvent gave considerably lower yields.

DIECKMANN CONDENSATION
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HYDROXIDE

2-Iodomethyl-5-methoxy-4-(prop -2'-enyl)-2,3,5,11-tetrahydroanthra[1,2-b]furan-6,11-

-dione (l9l) (250 mg, 0.54 mmol) was added to absolute ethanol (25 ml), to which was

added a solurion of potassium hydroxide (38 mg, 0.68 mmol) in absolute ethanol (25 ml).

The initially yellow solution immediately became dark brown and was heated at reflux for

8h, then cooled to room temperarure and the ethanol removed at reduced pressure. The

resulting residue was extracted into dichloromethane and washed twice with water, dried

and concentrated in vacuo to give Ia2a-methano4-metlnry-3-(prop-1''enyl)'

'Ia2a,5J0-tetrahydr oanthra[1a2a-b]furan-5,LO-dione (194) (134 mg, 77 Vo) as yellow

needles (chloroforny'hexanes), m.p. 188-190oC. Found C75.4,H 4.67, C2IH10O4 requircs

c75.g,H 4.9. ?6*252.3 (log e 4.31),314.5 (3.33), 408.2 nm (3.70). v-o (NaCl) 1665

cm-l (free CO). 6H 0.63 and 1.32, m, 2H, H2: 2.A4, d, J 18.0 Hz, 3H, H3'; 2'78, m, lH,

;;Za;3.87,s, 3H, OCH3; 5.14, m, lH, Hla; 6.69, dq, J l8'0,6'l Hz, lH, I72';6'76' q'I 6'2

Hz, lH,Hl' 7.65, m, 2H, H8,9; 8.20, m, 2H,H7,10. 6c 1l'1, C2; 19'6, C3':20'6' C2a;

61.5, OCHr; 65.1, Cla; 115.8, C2b; 123.7, C2'; 138.4, C1'; 726'4, 127'5, C6,9; 126'8'

133.4,133.5, 134.6,C4a,5a,9a,10a; 134.5, 134.7,CY,8; 136.5, C3; 153'0, C4; 156'5, Cl0b;

181.8, 182.5, C5,10. mlz 332 (M, 100), 317 (M-CH3, 25), 291 (M-CaH5, 30). Found

332.L0260, requires 332.334M.

ANTHRAFURAN FORMATION FROM (196)

l-Hydroxy-2-(prop-2'-enyl)-4-(prop-2"-enyloxy)anthraquinone (196) (50 mg, 0.16 mmol)

was dissolved in dry chloroform (5 ml) to which was added resublimed iodine (81 mg'

0.32 mmol) and anhydrous potassium carbonate (220 mg,1.60 mmol). The solution was

stirred at room temperature for 14h, then chloroform (10 ml) was added and the solution

washed once with an equal volume of saturated aqueous sodium metabisulfite and nvice
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with water, dded and then concentrated in vacuo to glve 2'iodaruethyl-5'

(prop-2" -enylory)-2 3 ,6,1 I -retrahydroanthra[ ] , 2-blfuran-6 ,I I -dione (197) (7 I mg, 87 Vo)

as a yellow microcrystaltine solid (chloroform), m.p. L74-l76oC' Found C 53'4' H 3'40'

c20Hr5IO4 requires c 53.8, H 3.4. |-ax 255.8 (log e 4.1l), 318.0 (3.28), 433-9 nm (3.77).

v^o (KBr) 1620 cm-l (free CO). 6H 3.14, dd, J 17.3,6.1 Hz, lH and 3.48, dd, J L7.3,6-l

Hz, 1H, H3; 3.40, dd, J 10.1,3.6tfa,lH and 3.60, dd, J 10.1,3.6 Hz, lH, CHZI; 4.68, d' J

5.9Hz,2H,Hl';5.13, m, lH, H2; 5.36, dd, I17.2,9.5 Hz, lH and 5.60, dd, J 17.l,9.5lfz,

lH, H3'; 6.13, m, lH, H2'; 7.21, s,lH, H4; ':-.71,m,2H, H8,9; 8'22,m'2H, H7'10' 6c 8'4'

CH2I; 34.9, C3; 72.L, Cl';86.0, C2; 120.6, C4; 126'3, 126'9, C/,10; 132'5' C3'; 133'0'

L33.6, C8,9; 134.7,136.8, C5a,6a,l0a,lla,1lb (three signals not observed); 154'7, C5;

181.9, !82.3, C6,11. Signals for c3a and Q' not observea. mlz 46 (M, 2O), 278

(M-I,C3H5, 100).

A similar reaction using dichloromethane as solvent gave a reduced yield of (197).

CYCLOPROPANATION OF (197) WITH ETHANOLIC POTASSIUM

HYDROXIDE

2-Iodomethyl-5-(prop-2"-enyloxy)-2,3,6,11-terahydroanthra[], 2-b]furan-6,1l-dione

(197) (70 mg, 0.16 mmol) was dissolved in absolute ethanol (20 ml) and potassium

hy&oxide (10 mg, 0.20 mmol) was added and the solution heated at reflux for 14h. The

reaction was then cooled to room temperature and the solvent removed at reduced

pressure. The resulting yellow residue was extracted into dichloromethane and washed

twice with water, dried and concentrared in vacuo to afford a pale yellow solid that upon

p.l.c. (dichloromethane) gave;

(i) 2-merhyl-5-(prop-2' -enylory)anthra[ I 2-b]Iurana,I I -dione (2oI) (2 mg, 4.1 %) as

orange needles (dichloromethane), m.p. 150-153oC. Found 318.08837, QotIr+Olrequires

318.08921. l,nar 410.0 (log e 3.42),280.4 (3.94), 251.9 nm (4.11).v-o (NaCl) 1668'6
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(free CO), t654.2 cm-l (H bonded CO). 6H 2.63, s,3H, CII3; 4.77 , dt, J 5.9,1.6 I1z, 2H,

H1,; 5.40, dq, I 10.6,l.4llz,lH, H3'(trans); 5.69, dq,J 17.2,1.6H2,lH, H3'(cis); 6.20, m,

lH,H2'i6.45, s, lH, H3; 7.39, s, |H, H4; ?-75,m,2H, H7,10;8'25,m,?*l' H8B'6c 14'7'

cH3i 70.8, cL'; LOz.g, C3; 111.4' C4; 118.0, c3; 119.0, 132.8, 135.0, 137.3,

C3a,5a,6a,l0a,lla (one signal not observed); 126.1 , L27.1, C/,10; 132'8, Q; L33'0,

134.0, C8,9; 147 .0, Q; 155.6, C5; 163.1, Cl lb; 182.3, 183.2, C6,11. ntz 318 (M, 85)' 303

(M-CHg, 80),n7 (M-CrHs, 55),262 (70)' 249 (50)'

(ii) Ia,2a-metlnno-5-(prop-2'-enylory)-|a,2a,6,11'tetahydroantltra IIa2a'b]furan4'Il-

-dione (198) (30 mg, 62.0 Vo) as a yellow microcrystalline solid (chloroforrn/hexanes),

m.p. 127-l30oc. Found c 75.03, H 5.02, CzoIIuO+ requires c 75.46,H 4.43. trm8x 211.6

(log e 3.19), 256.2(4.11),431.8 nm (3.68). v^o1720 ffr-r (free CO).q{ 0.59 and l.?il,m,

2H,H2;2.72,m,IH, H2a; 4.74,d,J 6-3H2,2H, Hl';5-18, m, lH, Hla; 5'39 and 5'64' dd'

I L6.g,l0.2Hz,2H,H3';7.36, s, lH, H3;7.77,m,2H, H7,8; 8'22,m,2}l.,H6'9' 6c l2'0'

c2:20.0, C2u 64.5,.C1a; 71.0, cl'; 117.5, c3; 118.0, C3'; 118.6, C2b; 118.6, 132-6,

1343,141.8, A',4a,5a,9a,10a (one signal not observed); 126.2, 126.8, C6,9; 132'9, 133'6,

cl,8i 153.8, 154.6, C4,l0b; 181.8, 182.4, C5,10. mtz 3t8 (M, 45), 277 (M-CaH5' 35).

Found 3 1 8.08743, requires 318.207 12.

REACTION OF (197) WITH DBN

2-Iodomethyl-5-(prop-2'-enyloxy)-2,3,6,11-tetrahydroanthra[1,2-b]furan-6,11-dione

(197) (100 Eg, 0.22 mmol) was dissolved in dimethylsulfoxide (10 ml) anA

1,5-diazabicyclo[4.3.0]non-5-ene (DBN) (28 pl,0.22 mmol) was added with stirring. This

immediately altered the colur from yellow to brown. After th at room temp€ratue the

solution was acidified with dilute sulfuric acid and poured onto ice to give an orange

precipitate. This was filtercd off, extracted into dichloromethane and washed twice with

water, dried and concentrated in vactto to give a yellow solid' Upon p'l'c'

(dichloromethane), this gave;
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(i) 2-methyl-5-prop-2'-enyloxy)-anthra[1,2-b]furan-6,11-dione (201) (3 mg, 4.2 Vo) (as

previous tH MrrIR spectrum) and

(ii) starting material (59 mg, 59.0 Vo)-

REACTION OF (19N WI'TH DBU

2-Iodomethyl-5-(prop-2'-enyloxy)'2,3,6,11-tetrahydroanthra[1, 2-b]furan-6,11-dione

(197) (105 mg, 0.24 mmol) .was dissolved in dimethylsulfoxide (10 ml) and to this

1,8-d.iazabicyclo[5.4.0]undec-7-ene (DBU) (35 pl, 0.24 mmol) was added with stirring'

The initially yellow solution immediately became black. After th at room temperature the

solution was acidified with dilute sulfuric acid and poured onto ice. The resulting yellow

precipitate was filtered off and extracted into dichloromethane, washed twice with water,

dried and the solvent removed at reduced pressue to give a yellow solid- Upon p.l'c'

(dichloromethane) this gave;

(i) 2-methyl-5-(prop-2'-enyloxy)-anthrall,2-blfuran-6,1l-dione (201) (5 mg,7'O %) (as

previous lH wtvlR spectrum),

(ii) staning material (34 mg, 34.2 Vo),

(iii) la,2a-merhano-5-(prop-2lenyloxy)-1a ,2a,6,11-tetrahydroa nthra Ila,2a-b]furan-6,11-

-dione (198) (29 mg,4O.7 Vo) (correct lH NMR spectruml).

REACTION OF (19il WTTH SILYER ACETATE

2-Iodomethyl-5-(prop-2'-enyloxy)-2,3,6,\1-tetrahydroxyanthra[1,2-b]furan-6,11-dione

(lg7) (50 mg,0.ll mmol) was dissolved in glacial acetic acid (4 ml) with vigorous stirring

at room temperarure. Silver acetate (30 mg, 0.22 mmol) was added and the solution stirred

for l2h. After this the solvent was removed at reduced pressure (5 mm Hg, 50oC) and the

resulting yellow residue extracted into dichloromethane and washed once with an e-qual
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volume of satprated aqueous sodium bicarbonatc, twice with water, dried and concentrated

in vacuo to give a yellow solid. P.l.c. (dichloromethane, trace triethylamine) of this gave;

(i) 2-iodomethyl-2,3,6,1 I -tetrahydroanthra[ I 2-b]fwan'6,1L'dione (199) (36 mg,77 '9 Vo)

as a bright orange microcrystalline solid (dichloromethane/hexanes), m.p. 248-25loC'

Found c 50.39, H2.54,C17H11IO4 requires c 50.27 'H2.73.l,nax 
460.0 (log e 3.63),n8.7

(3.75),ZSt.g nm 4.15). vno (KBr) 1657.6 (free CO), 1629.0 c*-l (H bonded CO). fu

3.16, ddd, 17.7,6.1,1.2 Hz, lH, H3; 3.47, dd, J 10'2,3'6 Hz, lH' CFI2I; 3'49' ddd'

17.6,8.g,1.2H2, lH, H3; 3.62,dd, J 10.2,3.6H2,IH, CFI2I; 5'14, m' lH' H2; 7'16' s' lH'

H4;7.79,m,2H, H8,9; 8.30, m,2H' H7,10;13.27, s, lH, OH' 6c 8'3' CH2I;35'7'C3;

83.1, Q;113.3, 133.0, 134.1,140.8, C3a,5a,6a,10a,1la (one signal not observed); 121'6'

c4;126.6,I27.2, C7,10; 133.6,134.5, C8,9; 154.0, c5; 159.5, Cllb; 181.0, cl1; 187.8'

c6. mlz406 (M, l.N),ng (M-I, 60). Found c405.97120, requires 405.97021'

(ii) la,2a-metlano-5-hydrory-\a,2a5,1}-tetrahydroanthra[ ],1a-blfu ran'S,10-dione

(200) (4 mg, l3.l Vo) as yellow/orange crystals (chloroform), m.p'178-180oc' Found

278.05737, C17H1sO4 requires 278.O5791.1,mox 460.1 0og e 3.57),282-7 (3.66), 252.5 nm

(4.L4).6H 0.70 and 1.36, m, |H, H2; 2.76' dq' J 4.7 
'4.6 

Hz, lH, H2a; 5.26, td, J 5.0,1.8,

lH, Hla; 7.30, s, lH, H3; 7.79, m, 2]H, H':.,8; 8.31, m, 2H., H6,9; 13'32' s' lH' OH' 6c

(DEPT analysis) 13.3, c2; 20.O, Qa;65.0, Cla; '!,2O.4, C3; 126.6, 127.2, C6,9; 133.6'

134.3,C:/,8. rntz278 (M, 100), 277 (70),249 (lO),221(lO)'

REDUCTTVE CLAISEN REARRANGEMENT OF (I98}

la,2a-Methano-5-(prop -2'-enyloxy-la,2a,6,ll-tetrahydroanthra[ la,2a-b]furan-6,11-dione

(198) (36 mg, 0.11 mmol) was dissolved in dimethylformamide (10 ml) and sodium

dithionite (23 mg,0.1l mmol) was dissolved in water (10 ml) to which sarurated aqueous

sodium bicarbonate solution (0.5 ml) had been added. The two solutions were

deoxygenated by bubbling nitrogen through for 15 min and then the aqueous solution was
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cannulated into the organic and the mixture heated to 80oC under nitrogen with stining'

After 3h at this temperature, the mixture was cooled to room temp€ranre by passing a

stream of air through for 30 minutes. The bulk of the solvent was then removed (20 mm

Hg, l00oC) and the resulting brown residue extracted into dichloromethane and washed

once with brine, twice with water, dried and concentrated in vactn to give a yellowTbrown

oil. Upon p.l.c. (dichloromethane) this gave;

(i) I-hydrory-1a2a-methano-3-(prop-2'-enyl)-1a,2a,5,10-terrahydroantlva[ l2'b]furan'

-5,10-dione Q02) (2 mg, 5.6 7o) as a yellow film, m-p. aAL.ZMoC. Found 318'08977'

czoHr+oa requires 318.08921. Im8x 463.8 (log e 3.63),254.8 (4.21),241.8 nm (4.15).6s

0.64, m and 1.31, m, 2H, 112;2.72, m, lH, tf2a;3.64, d,l 6'2 Hz, lH, Hl'; 5'10' s' 2H'

H3'; 5.16, m, lH, Hla; 6.03, m, lH, H2';7.17, m, 2H, H7,8; 8'30, m, 2H',H6'9; 13'76' s'

lH, OH. mtz378 (M, 100), 303 (30)' 276 (20) nd

(ii) starting material (19 mg, 52.8 Vo).

A similiar reaction using dimethylsulfoxide rather than dimethylformamide returned

starting material in70 7o Yield.

7.12-DTONE (206)

1,4-Dihydroxy-2,3-bis(prop-2-enyl)anrhraquinone (205) (47 Dg, 0.15 mmol) was

dissolved in chloroform. Resublimed iodine (75 mg,0.29 mmol) and anhydrous potassium

carbonate (203 mg, 1.47 mmol) were added. The mixture was stirred at room tempelature

for 60h, then washed once with an equal volume of saturated aqueous sodium

metabisulfite, twice with water, dried and the solvent removed at reduced prEssure to grve

25-diiodomethyl-2,3,4J,7,12-hexahydro[12'b:5,6-b']difuran- 6,11-dione (2ll) (49 mg'

57.9 Vo) as an orange microcrystalline solid (dichloromethane/hexanes), n.P. 237-24loc-

Found 571.89778, CzollulzOa requires 571.89816. L"' 460-0 0og e 4.08)' 251'9 nm

12-HEX
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(4.60). v-o (KBr) 1657.6cm -l (free CO). 6H 3.05, dd, J 16.6,6.1Hz,2H and 3.40, dd, J

16.6,6.1 H2,2H,H3,4:3.44,dd,J 10.1,3.6 Hz,ZHand 3.65, dd,I 10.1,3.6H2,2H,CH21;

5.19, m, 2H,t12,5;':l.73,m,2H, H9,10;8.25,m,2H,H8,11' 6c 8'3,CH2I; 34'4'C3'4;83'4'

c2,5; 114.0, C3a,b; 125.8, C8,11; 126.8,133.8, C6b,l2alc:7a,1la; 133.5, C9,10; 155.8'

C5a,12b; 181.7, Cl,L2. mlz 575 (M, 20), 406 (15).

HYDROXIDE

2,5-Diiodomethyl-2,3 ,4,5,7,12-hexahydro[1,2-b:5,6-b']difuran- 7,l2dione (206) (15 mg'

0.03 mmol) was dissolved in methanol (10 mI) and potassium hybroxide (5 mg, 0.03

mmol) was added. The solution was refluxed for th, then cooled to room temperature and

concentrat ed in vacuo. The resulting residue was extracted into dichloromethane, washed

twice with water, dded and the solvent removed to give a red/brown solid- This was

purified by p.l.c. (dichloromethane) to give 1a,2a2d,3a'dirnetlnno-1a,2a2d,3a5,10-

-hexaltydro[1,1a-b:3a,4- b']difuran-S,|O-dione (207) (5 mg, 6O.8 Vo) as a yellow solid that

sublimed at26OoC,760 mm Hg. Found C75.71, H 3.80, CziH.",O4 requires C 75.95' H

3.82. Lax 437.9 (log e 3.65), 252.9 nm (4.28). vn,o (NaCl) 1663.0 cm-l 1free CO). 6H

0.65, m,2H and 1.32,m,2H,tf2,3i 2-83, m, 2H,112a,2b;5'22, m,2H, Hla,H3a; 7'71'm'

2H, H7,8; 8.24, m,2H, H6,9. 6c 12.3, C2,3; 18.6, C2a'2d; 64'9, Cla,3a; 126'8' C/'8;

133.4, C6,9; 133.9, C5a,9a; 136.3, C4b,10a; 155.2, C4a,10b, 181.7, C5,10. Signal for

C2b,2cnot observe d. mlz 318 (M+2H, 60), 316 (M, 20), 303 (85), 277 (100),249 (70)'

HYDROXIDE

2-Iodomethyl-T-methoxy-2-methyl-8-(prop-2'-enyl)-2,3-dihydroanthral1,2-b]furan-6,11-
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-dione (2w) (3g mg, 0.08 mmol) was dissolved in methanol and poussium hydroxide (6

mg, 0.1 mmol) was added. The solution was refluxed for 18h, then cooled to noom

temperature and the solvent removed at reduced pressure. The resulting dark residue was

extracted into dichloromethane, washed twice with water, dried and concentrated in vacuo

to give a yellow solid. Upon p.l.c. (dichloromethane) this gave;

(i) 7-methory-2-rnethyl4-(prop-1'-enyl)anthra[1,2-b]furan-6,11-dione (212) (14 mg' 51'1

Vo) as yellow crystals (chloroforrnlhexanes), m.p.204208oC. Found C 75'57'H 4'70'

c21H16oa requires c 75.89, H 4.85. Xnax 378.8 (log e 4.04), 317.7 (3.97),288.3 (4-53),

Z42.Onm (4.41). v,,'o (NaCl) 1671.1 (free CO), 1644.4 c--r ( H bonded CO). 6H 2.00, dd,

I 6.6,1.3 Hz,3H,H3';2.15, s, 3H, CH3; 3.94, s, 3H, OCH3: 6'47, dq, J 16'0'6'6 Hz' lH'

112';6.51,s, lH, H3; 6.85, dd, J 16.0,1 .2Hz,lH, Hl'; 7'81, d, J 8'l Hz, lH, H9; 7'85' d' J

8.1 Hz, H4; 8.10, d, |H, H5; 8-16, d, J 8.2 Hz, lH, H10' 6c 14'6, CH3" l9'l' C3'i 6I'9'

ocH3; 103.1, C3; t22.1, 123.3, C4,5; 124.5' 125.6' C9'10; 130.7,134.1, c5a,6a,l0a,lla

(trvo signals not observed); 131.1, l3l.l, Cl',2';136.0, C3a; 139.5. C8; 148'1 ' C2; l5'1,1,

cllb; 161.6, C7;182.3,182.8, C6,11. mlz 332 (M, 85), 317 (M-CH3, 100), 303 (M-CHO'

2O), 291 ( 1 5). Found 332. 1 0562, requires 332-70486,

(ii) Ia,2a-metlnno-6-methory-7-(prop-1'-enyt)-1a2a,5,1}-tetrahydroanthra[ I,Ia'bJ'

furan-S,\0-dione (211) (7 mg, 25.6 7o) as a yellow solid (dichloromethane/hexanes), m.P.

179-l83oc. Found C75.63,H 4.48, CbrHroO+ requires c 75.89, H 4.85. \,,ax 395.8 (log e

i.73),240.8 nm (3.43). vr,,, (NaCl) 1668.5 cm-l (free CO). 6H 0.51, m and 1.24, m, lH,

I12: 1.99, dd, J 6.7,1 .3 Hz,3H, H3'; 2.'13, m, lH,I12a;3.90, s, 3H, OCH3; 5'20' m' lH'

HLa;6.47,dq, J 15.9,6.7lfz,IH,H2';6.85, dd, I 15.9,9.3 Hz, lH, Hl'1'7'65,d'17'7llz'

lH, H3; 7.80, d, J 8.2H2,lH, H8; 7.84, d, ! 7.7 Hz,lH, H4; 8'04, d, J 8'2Hz,lH' H9' 6c

11.2, c2: 14.6, c2.a; 19.1, c3';61.8, OCHsi 64.9, Clu 122.1, 123.5, C3,4; 124.5,125.7,

c8,9; 131.1, 131.2, cL"2'; 136.1, C4a; 156.2, CZb; 181.6,182.3, C5,10. signals for

C5a,7a,10a,10b not observed. mlz 332 (M, 80), 317 (M-CH3, 100), 303 (20)' Found

332.LO333, requires 332.10486.

A similar reaction using DBN/DBU in dmso returned only starting material'
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CHAPTER FTVE SYNTHESIS OF (21il FROM (33)

BISACETONITRILE

l-Methoxy-2-(prop-2'-enyl)-4-(prop-2"-enyloxy)-anthraquinone (33) (100 mg, 0'30 mmol)

was dissolved in chloroform and palladium(tr) bisacetoniuile (30 mg,0.l2 mrnol) was

added. The solution was heated at reflux for 30 min, over which time the initially yellow

solution became considerably darker. The solution was then cooled rapidly to 5oC, washed

twice wirh water, dried and concentrated in vacuo to givc a yellow solid. P.l.c.

(dichloromethane) of this residue gave;

(i) a l:l mixture (inseparable by chromatography) of 4-hydroxy-l-methoxy-

-2-(prop-l'-enyl)-anthraquinone (217) (correct lH NlvG. spectnrm2z; and 4-hydroxy-l-

-methoxy-Z -(prop-2'-enyl)-anthraquinone (34) (conect lH NMR\ 6+ mg,72.7 Vo),

(ii) 4-Hydroxy-1-methoxy-anthraquinone (221) (3mg, 3.9 7o) (conect IR spectnrml3l),

(iii) A 4:1 mixture (inseparable by chromatography) of 4-hydrory-l'rnetlwry'

2-(2'-oxopropanyl)-anthraquinone (219).l'max 443.8,252.4 nm. vmax (KBr) 1665'9 (free

CO), 1638.7cm-l (tI bonded CO). 6H 2.30, s, 3H, H3'; 3.84, s, 3H, OCH3;7 '15, s, 2H, H1';

7.18, s, |H, H3; 7.80, m, 2H,H7,8i8.27,m,2H,H6,9; l3.ll, s, lH, OH'rnlz 310 (M'

90), 268 (90), 239 (100) and 4-hydrory-I'methory-2-propanalantfuaquircne (221)' h
2.87,t,17.3H2,H1'; 3.03, t,J7.5Hz,H2';3-88, s,3H, OCI{3;7'18, s, lH, H3; 7'80' m'

2H,H7 ,8; 8.27 , m,2H, H6,9; 9.85, s , lH, CHO; 13.1 1, s, lH, OH, (4 mg, 4'37o)'

HYDROXIDE

1-Methoxy -2-(2'-methylprop-2'-enyl)-4-(2"-methylprop-2"-enyloxy)-anthraquinone (22t)

(1.829,5.02 mmol) was dissolved in methanol (50 ml) and heated to reflux. Sodium
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hydroxide (1.00g, 25.00 mmol), dissolved in methanol (50 ml) was heated to reflux and

added rapidly to the subsuate. The initially orange solution becarne dark red and was

refluxed for 1.5h. The solution was then neutralised with dilute hydrochloric acid to give

an intense orange colour. This was poured onto ice and allowed to stand for l6h, then

filtered and the resulting yellow solid dried. Upon chromatography (using an increasing

gradient of dichloromethane to hexanes to elute, initially l:1), this gave;

(i) I-rnettnry-2-(2'-methylprop-1'-enyl)4-(2"'methylprop'2"'enylory)-anthraquitorre

(222)(1.09 g, 60.lVo) as a viscous orange oil which sublimed at l50oc, 0'l mm Hg' Found

c 75.46,H 5.79, CylH22lOarequires c 76.22' H 6.12. Lno 411.0 (log e 3.72),253-8 nm

(4.42). v-o(KBr) 1668.3cm-l (free CO). 611 1.85, s, 3H, CFI3; 1.91, s, 3H' CH3; 1.99, s,

3H, 2"-CH3; 3.83, s, 3H, OC[I3; 4,61' S' 2H' H1"; 5.07' s' lH' H3"(trans); 5.30, s, lH,

H3"(cis); 6.42, s,lH, H1'; 7.16, s, lH, H3; 7-70,m,2H,W1,8;8'16, m, 2H, H6'9' 6c 19'3'

cH3; 19.8, Z"-Ctl3i 26.9, Ct\i 61.6' OCH1a-73.l' cl"; ll3.l, c3"; 119.9, Cl'; 120.9,

127.2, C2',2"; 122.0, C3; 126.3, 126.5, C6,9; 133.0, 133'4, C?,8; 134'L, 134'5' 139'7'

140.1, C4a,5a,9a,l}a; 141.7, Q; 152.3. C4; 155.0, cl; 182.4, 183.7, C5,10. rnlz 362 (M,

75),347 (M-CH3, 9O),332 (50), 308 (75),293 (5r'n5 (100).

(ii) 1,4-dirnethory-2-(2'-methylprop-2'-enyl)-anthraquinone (228) (304 mg, 2l.L Vo) as an

orange glass which sublimed at 180oC,0.1 mm Hg. Found C74.33, H 5'39, CzoFIrsOl

requires c74.52,H 5.63. 1',,"x 406.8 0og e 3.66), 253.2nm(4.32). v-o (KBr) 1670.0 cm-r

(free co). 6H 1.85, d, J 1.0 l1z,3H, CH3i 1.95' d' J 1.0 Hz' 3H, CFI3; 3.80, s, 3H, OCH3;

3.96, s,3H, OCH3;6.39, s, lH,Hl';7.16, s, lH, H3;7'66,m,2}J, H7'8;8'll' m' 2H'

H6,9.66 19.8, Ct\;26.7, CH3;56.6, OCH3i 61.5' OCH3; 119.8' 120.2'cl"3i 120.6'

127.3, 133.9, L34.4, 139.7, C2',4a,5a,9a,10a; 126.2, 126'3, C6,9; 133'0, L33'3' C6'9;

141.9, C2;152.1,C4; 155.9, Cl; 182.6, 183.4, C5,10. tnlz 332 (M, l0), 307 (M-cH3' 15)'

291 (M-OCH3, 25), 27 6 (35), 261 (30).
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BISACETONTTRILE

l-Methoxy -2-(2'-methylprop-2'-enyl)-4-(2"methylprop-2"-enyloxy)-anthraquinone (?21)

(475 Dg, l.3l mmol) was dissolved in chloroform (100 ml) and palladium(Il)

bisacetonitrile (40 mg, 0.13 mmol) was added and the solution was refluxed for 12h. After

cooling to room temperature, the solution was washed three times with an cqual volume of

water, dried and the solvent removed at reduced pressurc to give a yellow solid' After

chromatography (using 1:l dichloromethane/hexanes) this gave;

(i) 4-hydrory-1-methory-2-(2'-methylprop-I'-enyl)anthraquinone (224) (153 mg' 37'8Vo)

as an orange/red glass, that sublimed at 160oC, 0.1 mm Hg. Found C 74'16, H 5'13'

c1eH16oa requires c 74.01, H 5.23.6H 1.89' d' J 1.1 Hz, 3H, CH3; 1.98' d, J 1.2 Hz ' 3H,

CH3; 3.81, s, 3H, OCH3; 6.39, d, J 0.5 Hz, lH, Hl'; 7 '14, s, lH, H3; 7 '74' m' 2H'H7 
'8;

8.22,m,2H, H6,9; 13.09, s, lH, OH.6c 19.9, CH3i 27'L,CH3l6l'2, OCH3; ll4'O'C2'i

llg.4, c1,; 123.8, 132.5, 134.8, 141.0, C4a,5a,9a,l0a; 127.2, C3; 125.7' 126.2, C6,9;

133.4,134.4, C7,8; 144.9, Q;152.7, C4;159.3, Cl; 181.8, C5; 187'9, ClD' mlz 308 (M'

100),293 (M-CH3, 65),276 (50),

(ii) l-methoxy -2-(2'-methylprop-l'-enyl)-4-(2"-methylprop-2"-enyloxy)-anthraquinonc

(221) (250 mg, 52.6Vo') (as previous lH NMR spectrum221.

FORMATION OF THE ALDEHYDE FROM (224)

4-Hydroxy-1-methoxy-2-(2'meth1lprop-l'-enyl)-anthraquinone (224) (500 Dg, l'62

mmol) was dissolved in dichloromethane (40 ml) and methanol (5 ml) and osmium

tetroxide (Z.SVo w7w solution, 300 ytl,0.162 mmol) was added. The solution was stirred at

room temperature for 15 min, over which dme it darkened considerabty. Periodic acid (2

ml) was then added and the solution refluxed for 2h. After cooling to room temPcratue'

the bulk of the solvent was removed in yacuo and the residue extracted into
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dichloromethanen washed twice with ur equal volume of water, dried and concentrated at

reduced pressure to give a yellow solid- Chromatography over silica' using an increasing

gradient of dichloromethane to hexanes (initially l:1) to elute, gave;

(i) 4-hydroxy-l-methoxy-9,lGdioxo-9,10-dihydroanthracene-2-carbaldehyde (35) (L92

mg, 42.0 7o) (conect lH NMR spectrum221,

(ii) 2-dimettwrymethyt4-hydrory-I-metlnryanthraquinone (225) (2O2 m9,38'0 %) as a

red/orange microcrystalline solid (chloroformfrexanes) m.p. 145-l48oc. Found C 65'82,

H 4.90, C13H15O6 requires c 65.85' H 4.91. l'nax 418.8 0og e 3.73),253.2 nm (4-36). vnlrx

(KBr) 1670.l (free CO), 1636.1 cm-l (H bonded CO). 6H 3.40, s, 6H, l'-OCH3's; 3.90, s,

3H, OCH3 i 5.67,s, lH, Hl'; 7.51, s, lH, H3; 7.51, m,2H,H7,8; 8'23'm'2H'H6'9i 13'01'

s, lH, oH. 6c 53.8, 1'-OCH3i 62.4, OCH3; 98.4, Cl'; 115.9' 124.0' 132.7, C4a,5a'9a'10a ;

124.3, C3; 126.4, 127.3, C6,9; 133.6, 134.7, C7,8; 143.8, C2: 152'5, C4; 159'5' Cl; 181'4'

C10; 188.3, C5. One signal of C4a-l0a not observed. rnlz 328 (M, 55),297 (M-OCII3' 65)'

283 (100), 267 (3s).Found 328.09363, requires 328.W469'
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TIN(IV) CHLORIDE/dmf CYCLISATION OF (59)

2-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-3-(4',51dimethyl-1',3'-dioxolan-21y1)-1-hydroxy-4-

-methoxyanthraquinone (59) (40 mg, 0.09 mmol) was dissolved in dichloromethane (20 ml) and

dimethylformamide (20 pl, 0.90 mmol) and cooled to -78o under nitrogen with stirring. After 15 min

at this temperature, tin(tV) chloride (110 pl, 0.90 mmol) was added to the orange solution to give an

intense red colour. The reaction was stirred at -78o for th then warmed to room temperatue, then

washed once with an equal volume of saturated aqueous ammonium chloride, twice with water, dried

and concenrrated invacuo to give a dark red residue. Upon p.l.c. (dichloromethane) this gavel

(i) 8-chloro-I1-hydroxy-Gmethoxynapthacene-5,12-dione (95) (10.5 mg, 35 To) (correct lH MvIR

spectrum26;,

(ii) 8,8dichloro-10,11-dihydroxy-6-methoxy-7,8,9,l0-tetrahydronapthacene -5,l2-dione (94) (8 mg'

23 Vo) (correct lH NIvIR spectrum26;.

TIN(IV) CHLORIDE CYCLISATION OF (59)

2-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-3-(4"5'-dimethyl-1"3'-dioxolan-2lyl)- 1-hydroxy-4-

-merhoxyanrtgaquinone (59) (16 mg, 0.M mmol) was dissolved in dichloromethane (10 ml) and

cooled to -Z8o under nitrogen with stirring. After 10 min at this temperarure, tin(IV) chloride (50 Fl'

0.40 mmol) was added to the orange solution to give an intense red colour. The reaction was stirred

at -Z8o for lh then warmed to room temperature, then washed once with an equal volume of

saturated aqueous ammonium chloride, twice with water, dried and concentrated in vacua to give a

dark red residue. Upon p.l.c. (dichloromethane, trace triethylamine) this gave;

(i) 8,8-dichloro-10,11-dihydroxy-Gmethoxy-7,8,9,10-tetrahydronapthacene-5,I2-dione (94) (2 mg,

13 7o) (correct lH NMR spectrum26l.

TITANIUMIN CHLORIDE CYCLISATION OF (59)

2-(2"-Chloroprop-2"-enyl)-(4'R,5'R)-3-(4',5'-dimethyl-1',3'-d ioxolan-21yI)-1-hydroxy-4-methoxy-
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anrhraquinone (59) (23 mg,0.06 mmol) was dissolved in dichloromethane (10 ml) and cooled to -78o

under nitrogen with stirring. After 15 min at this temperature, titanium(IV) chloride (70 pl, 0'63

mmol) was added to the orange solution to give an intense red colour. The reaction was stirred at

-Z8o for lh then warmed to room temperature, then washed once with an equal volume of saturated

aqueous ammonium chloride, twice with water, dried and concentrated in vacuo to glve a dark red

residue. Upon p.l.c. (dichloromethane, Eace triethylamine) this gave;

(i) 8-chlorq'11-hydroxy-6'methoxynapthacene-5,12-dione (95) (5 mg, 23 Vo) (conect lH NMR

spectrum26l,

(ii) 8,8-dichloro-10,11-dihydroxy-Gmethoxy-7,8,9,10-tetrahydronapthacene-5,12-dione (94) (6 mg'

24 7o) (correct lH Nlr{R spectrum26l.

Addenda

page} line 7 and throughout spelling of ...naphtha...

page 48 line 8 replace "were enantiomeric" with "had the opposite configuration"

page79 hrneZdihYdrofurans

page 89 line 4 dihydrofurans

page 116 equivalence sign indicates ttrat the structure on the right is an abbreviation of that

on the left and will be used in all following representations.

page 152 line 4 menthYl acetate

page L52 line 5 ...(188), which could be separated. FurtherDieckmann...

Page 158 line 8 methylene carbons

Chapter Three Experimental ...t2.1.01... should be ...ta.3.01... for all cyclohexenyl adducts.

References "March" refers to reference 60-
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