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Studies directed towards the total synthesis of anthracycline antibiotics
A V RAMA RAO
National Chemical Laboratory, Pune 411008, India
Abstract. At present anthracycline antibiotics have proven to be the most exciting agents in
cancer chemotherapy. Both adriamycin and daunomyein are proven to be effective against a
variety of human tumour cells, despite their cardiotoxicity. However, some synthetic
analogues, such as 4-demethoxydaunomycin, are shown to be better therapeutic ratios
compared to adriamycin or daunomyein. Various approaches have been successfully made for
the total synthesis of (+) 4-demethoxydaunomycinone, the aglycone of (_) 4demethoxydaunomycin, starting from benzoquinone, napthalerte or anthraquinone precursors. Finally an elegant approach for the stereoconvergent synthesis of (+)4-demethoxydaunomycinone has been worked out.
New methods involvingboth Diels-Alder and Friedal-Crafts acylation, have been developed
for the total synthesis of daunomycinone and 11-deoxydaunomycinone. The synthesis of Ldaunosamine, the amino sugar unit present in the antitumor anthracyclines has been
successfully elaborated starting either from D-glucose or D-glucosamine.
Keywords. Anthracyclines; antitumor antibiotics; adriamycin; daunomycin; daunomycinone;
4-demethoxydaunomycinone; ll-deoxydaunomycinone; L-daunosamine; 2-acetyl-2-hydroxy5,8-dimethoxy 1,2,3,4-tetrahydronaphthalene.

1. Introduction
About 20 % of the deaths in Western countries are currently ascribed to neoplastic
diseases, i.e. those associated with growth of new abnormal body tissues commonly
referred as 'cancer'. This disease has engaged the worldwide attention of a variety of
research workers.
Radiation and surgery have certainly a curative effect as long as it is detected at an
early stage and localized. But unfortunately by the time it is detected, the disease often
spreads to other organs of the body and then the answer lies in chemotherapy either
exclusively or in combination with surgery and radiation.
A large number of anti-cancer drugs are now being used in medical practice which
have been approved by the National Cancer Institute (usA). Further, many are
undergoing clinical trials. All these drugs can be broadly classified into (a) alkylating
agents, (b) antimetabolites, (c) antibiotics, and (d) miscellaneous compounds.
Among the various compounds which are promising as antitumor agents, natural
products, either of plant or microbial origin, are showing much more specificity in their
anti-cancer properties. Many of them possess structures and clinical properties which
suggest that they may act by selective alkylation of growth regulatory macromolecules.
The usefulness of certain anthracycline antibiotics as anti-neoplastic agents are now
widely accepted. Both daunomycin (Arcamone et al 1964) (daunorubicin; la) and
adriamycin (Areamone et al 1969) (doxorubicin; _lb) produced by Streptomyces
peucetius (Family: Streptomycetacea) and a mutant strain respectively, have shown
pronounced anti-cancer activity in some types of human cancer (Arcamone 1977; Di
Marco et al 1969). However, their use is restricted by a dose-limiting cardiotoxicity
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(congestive heart failure). Recently, carminomycin (l c), (Wani et al 1975; Pettit et al
1975) isolated from Actinomadura carminata sp. nov. and Streptosporangium sp has
shown to be more effective than other two antibiotics (la and lb) in inhibiting DNA
synthesis (Henry 1974). Further, carminomycin is found to suppress the growth of a
murine brochogenic lung carcinoma to indicate that it has less severe cardiotoxicity and
is better absorbed from gastro-intestinal tract than daunomycin.
The biological activity of the antitumor anthracyclines is related to their ability to
bind with DNA. Adriamycin displayed a more favourable therapeutic index than
daunomycin in different experimental tumors in laboratory animals and particularly an
impressive broad spectrum of activity. Adriamycin however is not devoid of serious side
effects such as dose-limiting myclosuppression and cardiomyopathy etc. All toxic
effects, with the exception of cardiotoxicity which in its fatal form, congestive heart
failure, affects approximately 1 ~o of patients, are dose-related and reversible (Lenz and
Page 1976).
Much effort has been directed to obtain either new derivatives or develop new dose
regimes that show decrease in undesirable side effects and/or increased anticancer
activity and selectivity. Such goals are common to many areas of cancer chemotherapy;
however, in the case of daunomycin and adriamycin, it is now possible to consider the
recent knowledge concerning their mode of action.
A detailed examination of the daunomycin-DNA model reveals that intercalation of
the chromophore is only partial and one might speculate the removal of bulky methoxy
group which would result in a molecule that could intercalate more effectively. In fact
demethoxydaunomycin binds to ONA somewhat better than its parent compound.
Significantly, in vivo testing demethoxy derivative in mouse cancer shows that it is as
effective as daunomycin itself, but at dose level~ four to eight times lower (Neidle 1977
and references therein).
The best possible way of elaborating the synthesis of anthracyclines is illustrated by
Smith et al (1977), in which the degradation of daunomycin (_la) to tetracyclic ketone
and its refunctionalization of the A ring to daunomycin (la) anti adriamycin (lb) were
carried out as depicted in scheme 1.
As several suitable syntheses of L-daunosamine (Marsh et al 1967; Horton and
Weckerle 1975; Yamaguchi and Rojima 1977; Medgyes and Kuszmann 1981) including
our two approaches starting either from D-glucose (Ingle et ai 1983; Gurjar et a11984a)
or from D-glucosamine (Gurjar et al 1984b) and its coupling to daunomycinone (_2a)
have been accomplished, most of the efforts were directed by many to the synthesis of
the aglycone moieties (anthracyclinones). For a comprehensive review of synthetic
studies, see Kelly (1980) and Arcamone (1981).
Our interest in antitumor agents in general and the synthesis of anthracyclines in
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particular was initiated in late 1979 with partial financial support from the Government
of Maharashtra. Our main aim was first directed towards the total synthesis of 4demethoxydaunomycin (ld) as it was shown to be 8 times more effective compared to
daunomycin and adriamycin (Kelly 1979; Arcamone 1981). An interesting feature ofld
is its activity by the oral route. Daunomycin showed a more than 10-fold lower potency
when administered orally. Further its initial clinical trials are reported to be very
promising. As there is no possibility of obtaining (ld) by fermentation, many schools
have undertaken its synthesis (Kelly et a11980; Rama Rao et al 1980; Farina et al 1980;
Kerdesky et al 1981; Swenton et al 1981; Rao and Bhatt 1981; Kraus and Pezzanite
1981; Broadhurst et al 1982a, b, c; Andrecky et al 1982; Tamura et al 1982; Farina and
Uega 1982; Tanno and Terashima 1983; Penco et al 1983; Cambie et al 1983). This
involves the synthesis of the aglycone, (+)-4-demethoxydaunomycinone (2b), the
amino sugar, L-daunosamine separately and finally building ( +)-4-demethoxydaunomycin (ld).
Our efforts are first directed for the synthesis of 4-demethoxy-7-deoxydaunomycinone (23) as this key product can be elaborated to 4-demethoxydaunomycin
(ld) by following the sequence of reaction depicted in scheme 1.
2. Synthesis of 4-demethoxydaunomycinone
The high intrinsic bioactivity of 4-demethoxydaunomycin (ld) has attracted the
attention of many experienced investigators with expertise in the chemistry of natural
products, to undertake the total synthesis of 4-demethoxydaunomycinone (2b). Infact
14
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the synthesis of (2b) has represented a simplified model of (_2a)owing to the absence of
the regioselectivity problems connected with the latter. As a result, innumerable
approaches have already appeared in literature displaying original features in the
choice of reactants and in the solution of important details related with functionalization and stereochemistry which can be broadly divided into two basic types. One type
involves preparation of a tetraline derivative representing final AB rings and its
condensation with phthalic acid and finally leading to the tetracyclic product. A second
approach is based on building of A ring on the tricyclic BCD intermediate. This article
summarizes different approaches made by the present author's group during the past 4
years.
2.1 Diels-.41der reactions on 1,4-anthraquinone
Our first attempt was to look into the feasibility of utilizing quinizarine (1,4dihydroxyanthraquinone) and building the A ring of the anthracyclinone moiety by the
Diels-Alder reaction (Rama Rao et al 1983). Many have investigated this approach by
first converting quinizarine to quinizarine quinone, which served as the dienophile, but
the main limitation was that most of the dienes add preferentially to the 'internal'
double bond (Kelly et a11980). Although several methods to resolve this difficulty have
been devised, including the preparation of a few dienes with substituents that are likely
to promote the addition at the 'terminal' double bond (Chandler and Stoodley 1980),
the most attractive one is to make use of 1,4-anthraquinone (3) in the Diels-Alder (DA)
reaction by which any diene can be added to build the tetracyclic system. Further, it is
easy to oxidize the 9,10-positions of the anthracene system to the corresponding
anthraquinone derivative. Accordingly, we have shown that D^ reaction between 3
(prepared from quinizarine by NaBH4 reduction in AcOH, Grinev et al 1972) and 2methoxy-l,3-butadiene gave the adduct 4, which was converted to the tetracyclic
ketone, _5in 95 ~ yield. The side-chain elaboration on the ketone of_5 by a two-carbon
homologation either by reacting with 2-1ithio-2-methyl-l,3-dithiane (Corey and
Erickson 1971) or with ethynylmagnesium bromide met with failure, probably due to
base-catalyzed enolization of the starting ketone (_5).
Our next attempt was to prepare a suitably protected (as ketal or thioketal) 2-acetyl1,3-butadiene, which on DAreaction with (3) was expected to give the desired product
(6). The diene (7) was made by starting from ethyl acetoacetate as shown in scheme 2.
DAreaction between (3) and (7) resulted in the formation of (_6)which was converted
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to (8) in 90% yield. However, all our attempts at dethioketalization (HgO, HgCI2,
aqueous CH3CN or NCS, AgNO3, aqueous CHaCN) resulted in the aromatization of
the A ring.
While the preparation of the diene (_7)is straightforward and can be carried out by
starting from readily available intermediates, it has a few drawbacks. Its synthesis
involves several steps, and the overall yield is not satisfactory for it to be considered an
efficient synthesis. We have therefore considered an alternative route (scheme 3) for
obtaining a 2-acetyl-l,3-butadiene in which the ketone group is protected by
thioketalization with 1,3-propanedithiol. Addition of methyl vinyl ketone to 2-1ithio-2methyl-l,3-dithiane in THF at -- 30~ and usual work-up gave the alcohol (9), which
was dehydrated (MeSO2CI, Et3N, 0~ to give the diene (10) (65 9/0 overall yield). The
DA reaction between (3) and (10) however did not proceed even in refluxing toluene,
and the quinone (3) was recovered. Our attempts to add the diene (10) even with
reactive dienophiles such as 1,4-benzoquinone and 1,4-naphthoquinone did not
proceed. This led us to suspect the structure, (10) assigned to this diene. Careful 1H NMR
analysis cannot rule out an alternate structure for this diene as (11) and its formation
can be rationalized from (9) as shown in scheme 3. To remove this ambiguity we have
now undertaken the Synthesis of (10) by adopting a similar approach followed for the
preparation of (_7).
The observation that the A ring of (8) is prone to easy aromatization during
deketalization can be attributed to the extended conjugation of the tetracyclic system.
This unexpected trouble can be avoided if the A ring is built first on a dienophile such as
(13) and bridged ultimately to form B ring of the anthracyclinone moiety. Compound
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(13) has been made by bromination of methyl 3-(1,4-dimethoxy-2-naphthoyl)propionate (12) followed by dehydrobromination (Et3N, CC14, room temperature). DA
reaction between (13) and (7) (toulene, reflux, N2, 60 hr) resulted in the formation of
(14a). Dethioketalization of (1___~)(N-chlorosuccinimide, AgNO3, aqueous CHaCN,
0-5 hr) gave (14b), which was subjected to hydrogenation (Pd/C 10 %, EtOH, 20 psi,
2 hr) to give (15a). Alkaline hydrolysis of (15__a)and ring closure of the resultant acid
(15b) with concentrated H2SU4 gave 4-demethoxy-7,9-dideoxydaunomycinone(16a)
in 71% yield. Methylation of (1_66a)gave (16b) which was converted to (1____~)(according
to the method adopted by Suzuki et al (1978) for daunomycinone synthesis) in 55
overall yield from 1_66a.As the conversion of (16c) to 4-demethoxydaunomycinone(2_b)
has already been described, we consider that our new synthesis of (16c) in effect
constitutes a total synthesis of (2b).
2.2 Synthesis of 2-acetyl-5,8-dimethoxy-l,2,3,4-tetrahydro-2-naphthol--A
intermediate for the synthesis of anthracyclinones (Diels-Alder approach)

key

One of our earlier approach for the synthesis of ( _+)-4-demethoxydaunomycinone(_2b)
is by first preparing 2-acetyl-5,8-dimethoxy-1,2,3,4-tetrahydro-2-naphthol(17) starting
from 1,4-dimethoxy-6-tetralone by a two-carbon homologation, using an acyl anion
equivalent such as 2-1ithio-2-methyl-l,3-dith!ane and transforming finally to the
desired product (Rama Rao et al 1980).
1,4-Dimethoxy-6-tetralone (19) was prepared by a slightly modified procedure. The
Diels-Alder adduct (18), obtained from benzoquinone and 2-methoxybutadiene was
methylated in boiling acetone followed by acid work-up (HCI) of the acetone filtrate to
give the tetralone (19) (75 % overall yield from benzoquinone). Reaction of 2-1ithio-2methyl-l,3-dithiane in a-nv (prepared from 2-methyl-l,3-dithiane with 1.1 eq. of n-BuLi
- 15~ 3 hr) with 1,4-dimethoxy-6-tetralone ( - 15~ 3 hr, then 0~ 18 hr) and usual workup gave a mixture which can be easily separated on silica gel column (benzene-acetone
mixture as eluent) to the desired thioketal derivative (20) and the rest as starting
material. Hydrolysis of the thioacetal (20) in aqueous acetonitrile with mercuric
chloride and mercuric oxide for 2.5hr afforded 2-acetyl-5,8-dimethoxy-l,2,3,4tetrahydro-2-naphthol (17_7).
The dimethoxytetralin (17) was condensed with excess of methyl hydrogen phthalate
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in refluxing trifluoroacetic anhydride (40 hr) to give a mixture of isomeric keto-esters
(21) in almost equal ratio (NMR)and was directly saponified (8 ~ KOH, MeOH, RT) to
yield the corresponding isomeric keto-acids (22) in 63 ~o yield from (17). Earlier, the
ring closure to give anthracyclinone derivatives was accomplished using either H2SO4
or commonly with anhydrous HF in poor yield. The cyclisation of (22) now best
achieved by intimately mixing it with a ten-fold mixture of AICI3-NaCI (5 : 1) heating at
180~ for 3 min and treating the resultant reddish mass with a saturated solution of
oxalic acid to give 4-demethoxy-7-deoxydaunomycinone(2c). Methylation of (2c) with
Me2SO4 in the presence of K2CO3 in refluxing acetone gave the dimethyl ether (23) in
almost quantitative yield.
The dimethoxytetralin (17) can be best converted directly to 4-demethoxy-7deoxydaunomycinone (2c) by fusing with an intimate mixture of phthalic anhydride
2 eq., AICI3-NaCI, (5 : 1), ten-fold excess at 180~ for 3 rain and treating the resultant
reddish mass with a saturated solution of oxalic acid. Extraction with chloroform and
chromatography over silica gel column and usual work-up gave the desired product
(2c). The conversion of (2c) to 4-demethoxydaunomycinone (2b) has already been
described.
2.3 Friedel-Crafts acylation approach
Both the earlier methods, although novel, suffer from various disadvantages and are
not suited for preparation of anthracyclinones in muhigram quantities. However, it was
clear that the assemblage of the tetracyclic system of AB + CD coupling making use of
the key intermediate, 2-acetyl-5,8-dimethoxy-1,2,3,4-tetrahydro-2-naphthol (17) as the
starting material is the most versatile method for the synthesis of different unnatural
anthracyclinones including 4-demethoxydaunomycinone (2b) (Wong et al 1971).
Hence our attention was directed for the synthesis of (17) by different approaches. One
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simpler approach is by starting from 2-methylhydroquinone, employing easily
accessible organic intermediates and reagents.
2-Methylhydroquinone dimethyl ether (24) was converted to 2,5-dimethoxybenzylbromide (25) by treatment with N-bromosuccinimide in boiling carbon
tetrachloride in 80 % yield. Condensation of (25) with 2,4-pentanedione in acetone in
the presence of anhydrous pot. carbonate at room temperature gave 3-acetyl-4-(2'-5'dimethoxyphenyl)-2-butanone (26) in 70% yield. Alkylation of (26) with ethyl
bromoacetate under very mild condition using anhydrous pot. carbonate in acetone at
room temperature gave the keto ester (27_7). Earlier Wong et al (1971) did the same
alkylation using sodium hydride in refluxing THFunder strictly anhydrous conditions to
give (27). In fact both the alkylations can be carried out as one pot. reaction employing
anhydrous potassium carbonate in acetone at room temperature without affecting the
overall yield of (27) from (25) (scheme 4). Hydrolysis of (27) with aqueous sodium
hydroxide underwent a reversed Claisen followed by the hydrolysis of the ester and
gave the keto acid (28). Operationally the conversion of methyl hydroquinone to the
keto acid (28) can be smoothly carried out in an overall yield of 36 %. Attempts were
made to convert the keto acid (28) to 2-acetyl-5,8-dimethoxy-l,2,3,4-tetrahydronaphthalen-4-one (29) by a variety of reagents (see scheme 5). Our first attempt of this
conversion with conc. sulphuric acid at room temperature met with failure and (28) was
recovered unchanged. Employing an equal quantity of trifluoroacetic acid and
trittuoroaeetic anhydride at room temperature for 8 hr and usual work-up resulted in
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the formation of a product whose IRand Pun spectra clearly indicated that it is a lactone
(30). Treatment of (28) with polyphosphate ester (P205, Et20, CHCI3) at reflux
temperature resulted in the formation of an isomeric lactone (31) in more than 80 %
yield.
To surmount this obstacle, it appeared necessary to protect the acetyl carbonyl group
so that the lactone formation can be avoided totally. Although, ketalisation is the
obvious choice of protecting the ketone, we preferred thio-ketalisation for reasons of its
stability during cyclisation under acid conditions. Thus the keto-acid (28) was first
converted to its ester by diazomethane and the resultant ester (32) was then treated with
ethane dithiol in the presence of a small amount of BF3 etherate to give the thioketal
derivative (33). Alkaline hydrolysis of (33) gave the corresponding acid (34) which was
then subjected to cyclisation with polyphosphate ester to obtain (35).
Dethioketalisation of (35) by treatment with mercuric oxide and mercuric chloride in
boiling acetonitrile resulted in the formation of the desired tetralone 2(~). However,
can be obtained from the keto-acid (28) by subjecting it to hydrofluoric acid
cyclisation in 60-65 % yield. Catalytic hydrogenation of the tetralone (29) using 10 %
Pd/C gave the desired synthon, 2-acetyl-5,8-dimethoxy-l,2,3,4-tetrahydronaphthalene
(36) in 95 % yield. Having obtained (36), which constitutes the AB synthon, our next
step was to introduce the tertiary hydroxyl group either at this stage or to build the
anthracyclinone skeleton and subsequently introduce the tert. hydroxyl at 9-position.
We preferred the latter course as in our experience introduction of tert. hydroxyl
employing the method described by Wong et al (1971) by oxidation in t-butanol with
potassium t-butoxide and oxygen followed by reduction with zinc gave the hydroxyketone (17) together with substantial quantities of 2-acetyl-5,8-dimethoxynaphthalene
due to the aromatisation of the A-ring. Fusion of an intimate mixture of (36) with
phthalic anhydride in AICI3-NaC1 (5:1) melt maintained at 180-190 ~ for 3 to 5 min gave
4-demethoxy-7,9-dideoxydaunomycinone 10__6a)in 76 % yield. Methylation of 10__6a)with
dimethyl sulphate in the presence of anhydrous pot. carbonate in boiling acetone gave
the dimethyl ether (16b). Hydroxylation of C-9 in (16b) was achieved via a four-step
reaction sequence which was commonly employed for the introduction of C-17
hydroxyl group in steroids and the same was adopted by Suguki et al (1978) for the
synthesis of 7-deoxydaunomycinone.This involved the preparation of enol acetate (~s
acid, Ac20), followed by epoxidation and the resultant epoxy acetate was then treated
successively by base and acid to ensure complete hydrolysis and rearrangement to give
7-deoxy-4-demethoxydaunomycinone dimethyl ether (16c), which after chromatographic purification resulted in 55 % overall yield from (16b).
2.4 Metal-ammonia reduction on naphthalene precursors
Another alternate approach for the synthesis of (17) was starting from an aromatic
precursor such as 1,4-dimethoxynaphthalene and building the AB synthon in a threestep synthesis (Rama Rao et al 1982).
Acylation of 1,4-dimethoxynaphthalene with acetic anhydride (1:2eq) using
anhydrous aluminium chloride (2.2 eq.) in ethylene dichloride at 60~ (3 hr) gave on
usual work-up and chromatographic separation (silica gel, pet. ether-acetone mixture)
1-hydroxy-4-methoxy-2-acetylnaphthalene (50 %) and 2-acetyl-5,8-dimethoxynaphthalene (37) (30 % yield).
Metal ammonia reduction on (37) with potassium (8 g atom eq.) in liquid ammonia
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(50-fold excess) at - 33 ~ followed by quenching the mixture in ethanol and the usual
work-up gave 2-acetyl-5,8-dimethoxy-l,2,3,4-tetrahydronaphthalene (36) in 75~o
yield. Oxidation of (36) in t-butanol with potassium-t-butoxide and oxygen followed
by reduction (Zn-AcOH) gave 2-acetyl-5,8-dimethoxy-l,2,3,4-tetrahydro-2-naphthol
(17) in 60 ~o yield.
The only disadvantage by this above approach is the preparation of 2-acetyl-5,8dimethoxynaphthalene (37) which happened to be a byproduct in the acylation of 1,4dimethoxynaphthalene. This has now been achieved in a better manner starting from
1,4-dimethoxynaphthalene by first bromination to give 1,4-dimethoxy-2-bromonaphthalene (38) which was then acylated with acetic anhydride (A1CI3-EDC) to give
1,4-dimethoxy-2-bromo-6-acetylnaphthalene 3(~). This on dehalogenation (H2, Raney
Nickel) gave exclusively (37).
2.5 Practical approach for the total synthesis of ( + )-4-demethoxydaunomycinone
All our methods were directed to obtain the recemic 4-demethoxydaunomycinone(_2b)
via the key intermediate (17) by different approaches. Earlier, it was shown that (17)
can be resolved to obtain optically pure R( - ) 17 and the same can be made use of to
obtain (+)-4-demethoxydaunomycinone (2b) (Tanno and Terashima 1983). We have
achieved this goal of making R( - ) 17 via Sharpless asymmetric epoxidation (kinetic
resolution method) (Martin et al 1981) on the recemic aUylic alcohol (44) prepared
from benzoquinone. The undesired antipode (44b) is then epimerized and recycled.
Our present method is exceptionally simple and easy to operate for the synthesis of a
variety of aglycones in optically active form (Rama Rao et al, unpublished).
The Diels-Alder reaction of benzoquinone with butadiene in acetic acid at room
temperature afforded the adduct (40) in 90 ~ yield. O-Methylation (Me2SO4, K2CO3,
boiling acetone, 4 hr)gave 5,8-dimethoxy-l,4-dihydronaphthalene (41). Base-catalysed
isomerization (41) (tBuOK, Me2SO4, r.t., N2) resulted in the formation of 5,8dimethoxy-3,4-dihydronaphthalene (42) in 100 % yield. Vilsmeir formylation of (42)
(POCI3, DMF, 80 ~ 4 hr) gave the aldehyde (43) (Reddy and Krishna Rao 1981).
Grignard reaction on (43) (MeMgI, Et20, r.t., 1 hr, N2) afforded the (+)-2-(1hydroxyethyl)-5,8-dimethoxy-3,4-dihydronaphthalene(44).
Kinetic resolution of ( _+)-44 was carried out at - 50~ by subjecting (44) in CH2CI 2
and adding sequentially titanium tetraisopropoxide (Tip), (+)-diisopropyltartrate
L( + ) OIPTand t-butylhydroperoxide (TBrU')in 1 : 1 : 1 : 0.6 molar ratio. The progress of
the reaction was monitored by titrating the concentration of TaHP.After the completion
of the reaction (10 hr), the reaction was worked up in the usual manner, to give a
mixture of two products 4(~ and 44b) which was directly subjected (without separation)
to reduction (LAH, THF, r.t.) followed by chromatographic separation to give R-(+)
(44 b) (38 ~o yield m.p. 88-89 ~ [at] 2D
~ + 20"3 (C 0"5, EtOn) and R-(-)-2-(S-l-hydroxy-
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ethyl)-2-hydroxy-5,8-dimethoxy-l,2,3,4-tetrahydronaphthalene 40_63,4 0 ~ yield, m.p.
154-55 ~ [~t]~~ - 49-4~ (c 0.5, EtOH). The undesired antipode ( + )-~_b) was inverted by
reacting with triphenylphosphine, diethyl diazodicarboxylate and benzoic acid in THF
tO give the benzoate ( - )-(~_a). Hydrolysis (NaOMe, MeOH) followed by purification
afforded ( - ) (~a), 70 ~o yield, m.p. 86-88~ [~t]~~ - 18-6 (c 0.5, EtOH). Epoxidation of
( - ) (44a) (CH2CI2, - 5 5 ~ to --50 ~ TIP, L( + )-DIPT, TBHP,N2) followed by reduction
with LAHgave (--) (46), 83 ~ yield, m.p. 152-4 ~ [a]~)~ -47.6 (c 0.5, EtOH).
Oxidation of ( - ) (46) with Fetizone reagent (Ag2CO3, celite) gave R-( - ) (17), m.p.
128-29 ~ [ct]~~ -48-8 ~ (c 1, CHCI3). Fusion ofR ( - ) (17) with an intimate mixture of
AICl3-NaCl ( 5 : 1 ) a t 180~ (2min)" and usual work-up gave (-)-4-demethoxy-7deoxydaunomycinone, m.p. 227-8 ~ [~]~~176 This was converted to (+)-4demethoxy daunomycinone (2b) by established methods.

3. Synthesis of ll-deoxyanthracyclinones
Although daunomycin and adriamycin continue to enjoy the clinical effectiveness in the
treatment of human cancers, their main disadvantage of having irreversible cardiomyopathy have prompted the search for new compounds that show decreased side
effects and/or increased antitumour activity. This has resulted in the isolation of new
anthracycline antibiotics lacking a hydroxyl group at C-11 position, 11-deoxydaunomycin (47a) and l l-deoxyadriamycin (47b) etc., (Arcamone et a11980), related to
aclacinomycin A, (48) which showed a low incidence of cumulative dose-dependent
cardiotoxicity. In contrast to adriamycin, aclacinomycin A selectively inhibits whole
cellular RNAsynthesis at concentration six to eight times lower than those required to
inhibit or~^ synthesis. Although many elegant approaches for the total synthesis of the
aglycones of daunomycin (Kelly et a11980; Parker and Kallmerten 1980; Barlon et al
1980; Braun 1980; Hauser and Prasanna 1981; Dsolson et a11981; Alexander et a11980;
Kimball et a11982; Broadhurst and Hassal11982; Honek et a11983; Davies et a11983;
Gesson et a11983; Tamariz et a11983; Keay and Rodrigo 1983) and its analogues have
been developed, only a few recent reports have appeared on the synthesis of 7,11dideoxydaunomycinone (49a) and 11-deoxydaunomycinone (49b) respectively (Yadav.
et al 1981; Kimball et al 1981) before our first communication appeared (Rama Rao et al

1070

A I/Rama Rao
0

OMe 0

0

0

OH 0

OMe 0

/

4,

I~ NH2

0

OH

R

49o: R=H

o:

49b: R=OH

47b: R=OH

OH

OH 0

OH 0

[ N(Me) 2

0
HgcSO~

48

0

1982). Since then many syntheses on 11-deoxyanthracyclinones have been reported
(Kende and Rizzi 1981; Umezawa et al 1980; Pearlman et al 1981; Confalone and
Pizzolato 1981; Kende and Boettger 1981; Krohn 1981a, b; Krohn and Behnke 1981;
Gesson and Mondon 1982; Alexander et al 1981; Li and Walsgrove 1981; Sekizaki et al
1982; Vedeys and Nader 1982; Bockman and Sum 1982; Gesson et al 1983).
3.1 Diels-Alder approach
Our main synthetic strategy for the synthesis of 1l-deoxyanthracyclinonesis the DielsAlder reaction between a suitably substituted naphthalene synthon such as (53) with a
desired diene to give the D.A. adduct (54) which can be smoothly converted to the
tetracyclic dione (56) and transforming the latter product to an appropriate
11-deoxyanthracyclinone.
Our regiospecific synthesis of 11-deoxyanthracyclinones involve the preparation of
the dienophile (53) and an appropriate diene as precursors. The bbvious intermediate
for the synthesis of (53) is 1,4,5-trimethoxynaphthalene-2-acetaldehyde(52) which was
prepared starting from 2-allyl-5-methoxynaphthoquinone (50). Reduction of the
quinone 5(5_0)to the corresponding hydroquinone with sodium hydrosulphite followed
by methylation (DMS, K2COa, acetone) afforded the trimethyl ether (51). Oxidation
of the olefin (51) using an osmium tetroxide-potassium chlorate system gave the
corresponding diol which is converted directly to the aldehyde (52) with sodium
periodate or by lead tetraacetate in benzene.
Wittig condensation of the aldehyde (52) with triphenylcarboethoxymethylene
phosphorane in THF at room temperature afforded (53). Treatment of (53) with
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2-methoxybutadiene at 170~ (sealed tube) for 48 hr gave exclusively the desired adduct
which on acid work-up (aq. HCI) and silica gel chromatographic purification gave (54).
Alkaline hydrolysis (2N, NaOH in MeOH, r.t.) gave (55) which was subjected to
cyclisation by treating with a mixture of (CF3CO)zO and CF3COOH (2 : 1) at 0 ~ for
4 hr to give the tetracyclic dione (56).
Yadav et al (1981) have converted the dione (56) to 5(_~) by treatment with
HC-=CMgBr followed by Hg(OAc)2-H2S. The latter product" converted to (49a) by
ceric ammonium nitrate oxidation followed by bromination and dehydrobromination
and finally deacetylation with NaOMe in MeOH. The conversion of (49a) to (49b) has
been carried out by the well-known procedure (Kimball et al 1981).
This approach to 11-deoxyanthracyclinones is more elegant and regiospecific. The
possibility of extending this approach to other anthracyclinones, in particular, the
synthesis of aklavinone, utilizing a more highly functionalised A ring synthon is under
investigation.
3.2 Synthesis of 11-deoxyanthracyclinones by Friedel-Crafts acylation approach
Having dealt with the synthesis of 11-deoxydaunomycinoneby Diels-Alder approach,
our attention was directed to synthesize the same by a non-D.A, reaction (Rama Rao et
al 1982).
The main synthetic strategy in our new approach centred upon the concept of
constructing AB ring; utilizing inexpensive intermediates and reagents and condensing
a D-ring unit to form the anthracyclinones system (66), which can be transformed to
( + )-11-deoxydaunomycinone (49b).
The requisite AB synthon (64) is made from m-cresol in eight-steps as shown in
scheme 6. 4-Bromo-m-cresol is acetylated (Ac20, pyridine, RT) to give (58), which is
then brominated (NBS, CCI 4, 6 hr, reflux) to afford 3-acetoxy-6-bromobenzyl bromide
(59) in 80Y/o yield. Condensation of (59) with acetyl acetone in the presence of
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potassium carbonate in acetone at room temp. gave (_60). Alkyla,tion of (60) with ethyl
bromoacetate (K2CO3, acetone, RT) gave (61). Saponification (10 ~ NaOH 80 ~ 6 hr)
of (61) followed by acidification afforded the desired acid (62), which on treatment with
cone. H2SO4 at room temperature is smoothly converted to 2-acetyl-8-bromo-5hydroxy-l,2,3,4-tetrahydro-4-naphthalenone (63). Hydrogenation of (63) (PtO2,
EtOH, 6hr, RT) afforded 2-acetyl-5-hydroxy-l,2,3,4-tetrahydronaphthalene (64)
together with a small quantity of the corresponding a-hydroxyethyl tetralin.
Condensation of 2-carbomethoxy-6-methoxy-benzoyl chloride (prepared from 3methoxyphthalic acid-l-methyl ester with SOCl 2 and catalyst DMF) with (64)
(pyridine, benzene, 6 hr, RT) gave the benzoyl ester (65). Fries rearrangement of the
ester (65) by subjecting it in BF3-etherate at reflux temp for 20 min afforded directly
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7,9,11-trideoxycarminomycinone (66) in 40 ~/o yield after purification over silica gel
column. Methylation of (66) (o~s 1-5 eq., K2CO3, acetone) gave a mixture (1 : 1) of
mono and dimethyl ethers (66a and 66b) together with trace quantities of the starting
material.

4. Regiospeeific and flexible approach for the synthesis of ( 5- ) daunomycinone
and (5-) 11-deoxydaunomycinone
Having successfully carried out the syntheses of 4-demethoxydaunomycinone and
11-deoxydaunomycinone by different approaches, our attention was directed towards
the total synthesis of daunomycinone. In view of the fact that the key synthon (63)
which was used for the total synthesis of 11-deoxydaunomycinone was considered to
serve as an intermediate for achieving the regiospecific synthesis of both daunomycinone and 11-deoxydaunomycinone (Rama Rao et al 1983).
The requisite AB synthon (63) was converted into the keto compound (67) by
protecting the acetyl carbonyl group (ethylene glycol, toluene-p-sulphonic acid, C6H6,
reflux 6 hr), followed by Wolff-Kishner reduction (H2NNH2" H20, KOH, 160-165~
4 hr; acid work-up). Condensation of (67) with 3-bromo-4-methoxyphthalide (68)
(Kim et al 1979) (SnCI4, CH2C12, room temp., 4 hr) resulted in the formation of (69).
The ethylene acetal (70) prepared from (69) was reduced with zinc dust in ethanolic
KOH (20%, 80~ 4.5 hr; acid work-up) to the bromo-acid (71). Alternatively, heating
(71) with zinc dust in aqueous KOH (20 %, 100~ 6 hr; acid work-up) gave (72) (70 %
m.p. 156-157~ Compound (71) was used in the synthesis of (+)-daunomycinone
(_2b) while (72) was utilized for (5-)-11-deoxydaunomycinone (49b) (scheme 7). The
bromo-acid (71) was premethylated (Me2SO4, K2CO3, acetone) to give (73), which
was hydrolysed to give (74) (83 %, m.p. 220-201~ Compound (74) was cyclised by
treatment with (CF3CO)20 in CH2C12 at room temp. for 12 hr to give the anthrone
(75). Oxidation of (75) (Jones reagent, acetone, room temp., 2 hr) gave (7_.6_6).The acetyl
carbonyl group in 7(7_6_) was protected (HSCH2CH2SH, BF3"OEt2, CHCI3, room
temp., 1 hr) to afford (77), which was converted into (78) by displacing the bromine by a
methoxy group (NaOMe-pyridine-Cu2Cl2, room temp., 6 hr). Dithioacetalization of
(78) [HgCI2-HgO, aq. MeCN (80 Y/o),reflux 1 hr] and chromatographic purification of
the products resulted in the isolation of orange crystals of 7,9-dideoxydaunomycinone
dimethyl ether (79a), which was identical with the product prepared by a different
procedure (Kim et a11979). Conversion of (79a) into 7-deoxydaunomycinone dimethyl
ether (79b) and subsequently into ( + )-daunomycinone (_2a)has already been known.
The acid (72) was converted into (+)-ll-deoxydaunomycinone (49b) by the
following sequence of reactions. Cyclisation of (72) (HF, 5--10~ 4 hr) afforded the
anthrone (80). Oxidation of (80) (Jones reagent, acetone, room temp., 0.5 hr) led to the
tetrahydronaphthecene quinone (81). Hydroxylation of the tertiary carbon (C-9) to
give (49a) was accomplished by the standard procedure adopted by Suzuki el al (1978).
The conversion of (49a) into (5-)-11-deoxydaunomycinone (49b) has been reported
earlier (Kimball et al 1981).
The above approach is flexible and sufficiently versatile for the synthesis of other
analogues. Based on similar strategy, the synthesis of 4-demethoxydaunomycinone and
4-demethoxy-11-deoxydaunomycinone was achieved (Rama Rao et al 1983) starting
from the intermediate, 63.
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Syntheses of L-daunosamine

While our efforts to synthesize anthracyclinones (both natural and unnatural) are being
perceived vigorously, we have simultaneously embarked on the total synthesis of
L-daunosamine (84) from easily accessible carbohydrates such as D-glucose or
D-glucosamine. Among the reported methods for the synthesis of 84, the most
attractive route is that of Horton and Weckerle (1975) utilizing the intermediate, methyl
4,6,0-benzylidine-2-deoxy-~-D-erythropyranosid-hexo-3-ulose (83) and converting
the same by a convenient approach to 84. However, their method of synthesising 83
from methyl 2,3,4,6-di-O-benzylidine-~-D-mannopyranoside (82) employing n-butyl
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lithium is more tedious and not suitable for large scale preparation. We have therefore
worked out two alternate approaches for the synthesis of 8__22from D-glucose or Dglucosamine. Both these methods offer various advantages compared to the earlier
reports.
5.1 From D-glucose
Our first approach is to make 83 starting from methyl 2,3-anhydro-4,6-O-benzylidine0t-D-allopyrenoside (8_55)which in turn was obtained from D-glucose in two steps. L^~
reduction of 85 gave the alcohol 86 which was oxidised with pyridinium dichromate
(PDC) in CH2C12 to give 8_33in excellent yield. The conversion of 83 to 84 has been well
optimised by Crugnola et al (1981).
An alternate approach for the synthesis of 83 has also been worked out starting from
85.85 was converted to methyl 4,6-O-benzylidine-2-iodo-2-deoxy-=-D-altropyranoside
(83_7)by treating with magnesium iodide-etherate. We have now demonstrated that 87
can be smoothly dehalogenated to give 86 under reductive conditions using tri-nbutyltin chloride together with excess of sodium borohydride (Corey and Suggs 1975).
Oxidation of 86 with PDC gave 83 in good yield.
5.2 Synthesis of L-daunosamine starting from D-glucosamine hydrochloride
Our strategy in converting D-glucosamine 88 into 84 involved (a) the migration of the
amino function of glucosamine at C-2 to C-3 via epimine, and (b) the introduction of
the C-methyl function at C-5 with change of chirality at C-5 via 5,6-ene (scheme 8).
Methyl 2-N-benzoyl-0t-D-glucopyranoside (8_99)obtained from glucosamine hydrochloride (88), was converted to methyl 4,6-O-benzylidene-2-N-benzoyl-=-Dglucopyranoside (90) by treating with r
in acetonitrile in the
presence of toluene-p-sulphonic acid in excellent yield. Conventional tosylation
followed by treatment with 1 molar equivalent of sodium hydride in dry ThE at room
temperature ~fforded directly the N-benzoyl epimine (92) without any concommitant
debenzoylation. The ring opening of 92 with ammonium chloride gave the 2-chloride,
93.
Dehalogenation of 93 was effected with tri-n-butyl chloride-sodium borohydride in
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ethanol to give the deoxy compound 94. Treatment of 94 with N-bromosuccinimide in
CC14 opened the 1,3-dioxane ring and yielded methyl-6-bromo-3-N-benzoyl-2,3,6trideoxy-~t-D-ribohexopyranoside (95). Dehydrobromination was accomplished by
treating 95 with DuUin eMrr affording the 5-hexenopyranoside (9___66).Hydrogenation of
96 with 10% Pd/C at 40 psi in ethyl acetate resulted in the formation of methyl 4-0benzoyl-3-N-benzoyl-/~-L-daunosaminide (97). Debenzoylation by acid hydrolysis
gave the desired L-daunosamine (84).

6. Conclusion
The development of daunomycin and adriamycin has greatly contributed to the
present-day re-evaluation of cancer chemotherapy. The trend during the last one
decade is mostly on the development of anthracycline analogues with reduced toxicity
and enlarged spectrum of activity which would eventually result in the availability of
new anti-cancer compounds with enhanced clinical usefulness. A programme directed
to this objective has finally led to the manipulation of the molecules with total synthetic
approaches in the anthracycline class, previously unexplored by many organic chemists.
Although the author's group at the National Chemical Laboratory initiated the total
synthesis ofanthracyclinones much later compared to other well-known schools in U.S.
and Europe, the progress made during the last four years appears to be exceedingly
good. It is our desire to explore the possibility of synthesising one or two anthracycline
analogues with proven biological activity in the near future.
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