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Synthesis of 4-Demethoxy-6,ll-dideoxydaunomycinone. A Highly 
Deoxygenated Anthracyclinone 
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The first synthesis of 4-demethoxy-6,11-dideoxydaunomycinone (1 1) is described. The new daunomycinone 
analogue, which bears no alkoxy1 or hydroxyl functions in the anthraquinone moiety, was prepared by an efficient 
reaction sequence starting from the readily available 2,3-dimethylanthraquinone. Key steps in the synthesis 
include the trapping of a tricyclic o-quinodimethane intermediate and the first use of benzeneboronic acid for 
the conversion of completely constructed cis,trans-anthracyclinone mixtures into pure cis isomers. 

The efficacy of adriamycin (1) and daunomycin (2) as 
major chemotherapeutic agents in the treatment of human 
malignancies2 has spawned unabated interest in the area 
of anthracycline synthesis. The intercalation complex of 
the anticancer anthracyclines with double stranded cell 
DNA is stabilized by T-H interaction of the base pairs with 
the drug planar chromophore moiety. The phenolic groups 
of the latter may also take part in the intercalation process 
as deduced by spectroscopic e~idence.~ On the other hand, 
it has been suggested that the hydroquinone type B ring 
of 1 and 2 might participate in redox reactions leading to 
radical species responsible for various side effects, espe- 
cially the important cumulative dose dependent cardio- 
tox i~ i ty .~  

0 

1,  RI=OMe, R z m R 3 = X = O H ,  R4. daunosaminyl 
2, R1=OMe: R2= R 3 = O H ,  X = H :  R4.daunosamtnyl 
3, RI=OMe, Rz=X.H, R y O H ,  R4=daunosaminyl 
4. R l = X = H ,  Rz=R3=OH, R4-daunosaminyl 
5, R , = R 2 = X = H ,  R3=OH, R4=daunosaminyl 

7, R 2 = R 4 = X - H : R l = O M e :  R3=OH 
8, R I = R 2 = R 4 = X = H ,  R3=OH 
9, R1 =OMe. R3=R4=X=H, R2=OH 

6,  R1 *R48X*  H :  R z z  R33OH 

10, R l = R 3 = R 4 = X = H I  R2=OH 
I t ,  R ~ = R Z = R ~ . R ~ = X * H  

Support for this supposition has come from the phar- 
macological properties of the naturally derived second 
generation anthracycline 11-deoxydaunomycin (3): this 
drug has anticancer properties comparable to daunomycin 
but shows reduced dose-limiting side e f f e ~ t s . ~  The 4- 
methoxy substituent of 1 and 2 is also known to be non- 
essential for anticancer activity; indeed, the totally syn- 
thetic 4-demethoxydaunomycin (4) has been found to be 
more active than daunomycin: and the less oxygenated 
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analogue 4-demethoxy-11-deoxydaunomycin (5) is more 
effective than 3.' 

Since the daunomycin-derived sugar L-daunosamine can 
be effectively coupled to synthetic anthracyclinones: the 
synthesis of a variety of partially deoxygenated anthra- 
cyclinones, especially those not available from natural 
sources, remains as the only means of systematically de- 
termining the effect of substituents on the aglycon portion 
as a function of the therapeutic index of the derived gly- 
cosides. Partially deoxygenated daunomycinones which 
have been synthesized include the 4-demethoxy (6),9 11- 
deoxy (7),1° 4-demethoxy-11-deoxy (8),'9" and 6-deoxy (9),12 
derivatives. 
4-Demethoxy-6,11-dideoxydaunomycinone (1 1) repre- 

sents the simplest daunomycinone analogue in which the 
A ring structure and stereochemistry remain intact, but 
all three oxy substituents have been stripped from the 
anthraquinone nucleus. The literature records only one 
approach to this molecule, in which a potential tetracyclic 
diester intermediate was obtained by an ingenious intra- 
molecular Diels-Alder rea~t i0n . l~  We now report an ef- 
ficient, regiocontrolled synthesis of 11 from readily pre- 
pared aromatic precursors. 

Results and Discussion 
Our approach to the synthesis of 11 was based upon the 

o-quinodimethane methodology which we employed earlier 
in our synthesis of 4-demethoxydaunomycinone.16 The 
starting material was the readily available 2,3-dimethyl- 
anthraquinone (12)) which was easily prepared in quantity 
from phthalic anhydride and o-xylene by minor modifi- 
cations of the classical literature procedures.14J5 Benzylic 
bromination of 12 to the symmetrical dibromide 13 was 

(7) Umezawa, H.; Takahashi, Y.; Kinoshita, M.; Naganawa, H.; Tat- 
suta, K.; Takeuchi, T. J.  Antibiot. 1980, 33, 1581. 

(8) Kimura, Y.; Suzuki, M.; Mataumoto, T.; Abe, R.; Terashima, S. 
Chem. Lett. 1984, 501. 

(9) Dominguez, D.; Ardecky, R. J.; Cava, M. P. J.  Am. Chem. SOC. 
1983, 105, 1608 and references cited therein. 
(10) Hauser, F. M.; Baghdanov, V. M. Tetrahedron 1984,80,4719 and 

references cited therein. 
(11) (a) Rao, A. V. R.; Deshpande, V. H.; Ravichandran, K.; Rao, B. 

R. Synth. Commun. 1963,13,1219. (b) Deshpande, V. H.; Ravicbandran, 
K.; Rao, B. R. Synth. Commun. 1984,14,477. 

(12) Penco, S.; Angelucci, F.; Ballabio, M.; Barchielli, G.; Suarato, A.; 
Vanotti, E.; Vigevani, A.; Arcamone, F. Tetrahedron 1984, 40, 4677. 

(13) Kraus, G. A.; Pezzanite, J. 0. J. Org. Chem. 1982, 47, 4337. 
Several further reactions of this diester leading to a more advanced 
intermediate were mentioned briefly, although experimental details were 
not recorded. 

(14) Elbs, K.; Emich, H. Chem. Ber. 1887,20,1361. The slow aqition 
of o-xylene to the mixture of phthalic anhydride and AlCI, was carried 
out at -20 OC, rather than at  0-5 OC. The mixture was then stirred at  
-20 O C  for a futher 2 h before warming to 0 OC. The lower temperature 
employed prevented the formation of tarry products. 

(15) Fairborne, A. J.  Chem. SOC. 1921,119, 1573. 
(16) Kerdesky, F. A. J.; Ardecky, R. J.; Lakshmikantham, M. V.; Cava, 

M. P. J.  Am. Chem. SOC. 1981, 103, 1994. 

0022-326318611951-2044$01.50/0 0 1986 American Chemical Society 



Synthesis of 4-Demethoxy-6,11-dideoxydaunomycinone 

best achieved by the use of elemental bromine under 
photochemical conditions. 

a &-; 0 

12 13 

J. Org. Chem., Vol. 51, No. 11, 1986 2045 

R 

19 l a  

0 0 

6 OH 0 

2 0  21 

0 0 

17 
16 X'OH 

Conversion of 13 to the tetracyclic ketone 14 was carried 
out by dehalogenating it to a transient o-quinodimethane 
in the presence of a large excess of methyl vinyl ketone. 
Our initial preparations of 14 were obtained using zinc dust 
as the debrominating agent, but the yields of the desired 
product were highly erratic and usually very low. Re- 
placement of the zinc by sodium iodide gave far more 
satisfactory results, as in the case of the 4-demethoxy- 
daunomycinone series;16 yields of about 60% were obtained 
from pure dibromide 13. It was soon found, however, that 
the isolation of crystalline 13 was not necessary and that 
ketone 14 could be prepared directly from 12 in multigram 
quantities in 65% overall yield. 

Conversion of 14 to its 9-hydroxy derivative 16 was 
achieved in 77% yield by a simple two-step procedure. 
Thus, selective bromination of 14 by cupric bromide in hot 
chloroform-ethyl acetate afforded the 9-bromo ketone 16. 
Reaction of 15 with cold dilute sodium hydroxide led to 
a clean conversion to the corresponding hydroxy ketone 
16 in 85% yield by a carbonyl-participating hydrolysis 
mechanism.18 

The introduction of a 7-cis hydroxyl group into a 7- 
deoxyanthracycline has been a traditionally troublesome 
step in anthraquinone synthesis. Mixtures of 7 4 s  and 
'7-trans isomers are always obtained. Tedious chromato- 
graphic separations are always required, as well as partial 
recycling of the trans isomer by acid-catalyzed processes 
which can also lead to unwanted naphtha~enes.'~ 

The elegant studies of Hassall and co-workers have 
shown that the stable benzeneboronate 17 may serve as 
an intermediate in the synthesis of 4-demethoxydauno- 
mycinone (6)."r21 This work suggested to us that mixtures 
of cis- and trans-7,9-dihydroxylated anthracyclinones 
might be funneled over completely to the desired cis iso- 
mers by way of cyclic benzeneboronates. We first inves- 
tigated this possibility using a 1:l mixture of demethoxy- 
daunomycinone (6) and its 7-epimer 18. Treatment of this 
mixture with benzeneboronic acid in the presence of a 
catalytic amount of p-toluenesulfonic acid gave the 
benzeneboronate (19) of 6 together with unchanged 18; a 
complete chromatographic separation of these two com- 
pounds is easily achieved due to the relatively nonpolar 
nature of 19. In our hands, partial epimerization of 18 to 
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6 in trifluoroacetic acid was accompanied by the formation 
of a considerable amount of the completely aromatic ke- 
tone 20; however, when benzeneboronic acid was present 
the cyclic boronate 19 was produced almost to the exclu- 
sion of the aromatized ketone. The 1:l mixture of 6 and 
18 was therefore reacted with benzeneboronic acid in 
trifluoroacetic acid to give the readily purified 19 in 85% 
isolated yield. Transboronation of 19 using 1,3-propanediol 
in acetone gave pure 4-demethoxydaunomycinone in 90% 
yield. 

It was now possible to effect a conversion of the 9- 
hydroxy ketone 16 into the target molecule 11. Since 
attempts to brominate 16 directly gave complex mixtures, 
it was converted to its ethylene ketal 21 prior to bromi- 
nation. In other anthracyclinone syntheses, it has been 
observed that ketalization of the 9-acetyl chain improves 
the regioselectivity of the benzylic bromination at  C-7, 
presumably by steric hindrance.12 Indeed, reaction of 21 
with NBS, followed by treatment with silver acetate and 
subsequent methanolysis, afforded a mixture of epimeric 
7-hydroxy derivatives. This mixture was converted by 
benzeneboronic acid in trifluoroacetic acid into the cyclic 
boronate 22 in a process in which concommitant deke- 
talization took place. Deboronation of 22 afforded pure 
11, mp 200-203 "C, in 40% overall yield from ketal 21. 
While the overall yield of 11 from 21 is only modest, we 
believe that this is due to the known difficulty of bromi- 
nating an anthracyclinone precursor at C-7 in the absence 
of an oxygen substituent a t  C-6.12 

In conclusion, the highly deoxygenated anthracyclinone 
11 has been synthesized for the first time by a regiospecific 
route from 2,3-dimethylanthraquinone in about 16 % 
overall yield. This synthesis represents a second example 
of the o-quinodimethane route to symmetrically substi- 
tuted anthracyclinones. It also represents the second ex- 
ample of our simple, new clean methodology for the in- 
troduction of the C-9 anthracyclinone hydroxyl. Finally, 
it illustrates the successful application of the Hassall 
boronate procedure to the conversion of stereoisomeric 
C-7,C-9 anthracycline-type diol mixtures to the pure cis 
isomers. The combination of the last two steps probably 
illustrates the simplest known protocol for the introduction 
of the critical cis-7,g-diol function into the basic anthra- 
cycline system; it should be useful for the upgrading of 
other earlier reported anthracyclinone syntheses. 

Experimental Section 
General Methods. Melting points (mp) were determined on 

a Thomas-Hoover apparatus and are uncorrected. Mass spectra 
were determined on a V.G. 70-70 Micromass. 'H NMR spectra 
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were recorded on a Bruker 250 FT  instrument using Me4Si as an 
internal standard and are reported in 6 units. Elemental analyses 
were performed by Galbraith Laboratories. All organic extracts 
were washed and dried over anhydrous Na2S04 prior to filtration 
and evaporation. 
2,3-Bis(bromomethyl)anthraquinone (13). To a refluxing 

solution of 2,3-dimethylanthraquinone (12) (4.72 g, 0.02 mol) in 
CC14 (200 mL) was added dropwise a solution of bromine (8.0 g, 
0.05 mol) in CC14 (30 mL) while irradiating with a sun lamp. After 
2 h the reaction was stopped, the mixture was cooled to room 
temperature, and the solvent was removed under reduced pressure. 
Crystallization of the crude residue from benzene afforded 13 (5.10 
g, 65%); mp 249-250 "C; 'H NMR 4.61 (s, 4 H, 2 X CH2Br), 
7.60-8.30 (m, 6 H aromatic); IR 1670 (C=O); MS (CI), m / e  
(relative intensity) 394 (M', 9.90), 312 (38.39), 235 (loo), 207 
(20.52). Anal. Calcd (CI high resolution mass spectrum) for 
C16H10Br202: 393.8891. Found 393.9027. Anal. Calcd for c16- 
H1,J3r20z; C, 48.73; H, 2.54; Br. 40.61. Found: C, 48.75, H, 2.54; 
Br, 40.59. 
9-Acetyl-7,8,9,1O-tetrahydro-5,12-naphthacenedione (14). 

Compound 13 (2.0 g, 0.005 mol) dissolved in 30 mL of N,N-di- 
methylacetamide (by warming on a steam bath) was added in a 
dropwise manner to a preheated solution of methyl vinyl ketone 
(30 mL), sodium iodide (15.0 g), and Nfl-dimethylacetamide (10.0 
mL) at  70 "C under N, atmosphere. After stirring for 4 h at this 
temperature, the reaction mixture was cooled to room temperature 
and then poured over crushed ice. The yellow solid was filtered 
and washed thoroughly with water. Chromatography (SiO, 7030 
CH2Clz-hexane) followed by recrystallization from methanol gave 
14 as light yellow crystals (0.92 g, 60%): mp 15S160 "C, 'H NMR 
1.60 (m, 2 H, CH,), 2.10 (m, 1 H, CH), 2.27 (8 ,  3 H, COCH,), 3.00 
(m, 4 H, benzylic), 7.71-8.25 (m, 6 H, aromatic); IR 1710 (C=O), 
1670 (C=O); MS (CI), m / e  (relative intensity) 305 (M' + H, 100), 
304 (54.61), 262 (21.31), 250 (14.4). Anal. Calcd (CI high resolution 
mass spectrum) for C&I,603 (M + H): 305.1100. Found 305.1180. 
Anal. Calcd for C20H1603: C, 78.45; H, 5.26. Found: C, 78.42; 
H, 5.25. 
9-Acetyl-9-bromo-7,8,9,lO-tetrahydro-5,12-naphthacen- 

edione (15). To a refluxing solution of compound 14 (1.0 g, 3.2 
mmol) in a 1:1 mixture of CHCl,-EtOAc (50 mL) was added finely 
powdered CuBrz (1.40 g, stoichiometric equiv). After 2 h the 
reaction mixture was cooled, diluted with CHCl,, and washed with 
HzO. The organic extract was concentrated, and the residue was 
crystallized from EtOH-CHC1, to give 15 as tan colored crystals 
(1.13 g, 90%): mp 199-201 "C; 'H NMR 2.25 (m, 2 H, aliphatic), 
2.52 (5, 3 H, COCH,), 3.42 (m, 4 H, benzylic), 7.80 (m, 2 H), 8.07 
(s, 1 H), 8.10 (s, 1 H), 8.32 (m, 2 H); MS (CI) Br (80), m / e  (relative 
intensity) 383 (M+, 0.92), 306 (16.43), 303 (loo), 260 (29.00). Anal. 
Calcd (CI high resolution mass spectrum) for C20HlSBr03: 
383.0130. Found: 383.0280. 
9-Acetyl-9-hydroxy-7,8,9,10-tetrahydro-5,12- 

naphthacenedione (16). To a solution of 15 (1.0 g, 2.6 mmol) 
in THF (30 mL) and HzO (40 mL) at  0 "C under Nz atmosphere 
was gradually added 25 mL (1% w/v) of aqueous NaOH. After 
the addition was completed, the reaction mixture was warmed 
to room temperature, stirred for 30 min and acidified with acetic 
acid. The yellow precipitate was filtered and recrystallized from 
EtOH-CH,Cl, to give 16 as yellow crystals (0.71 g, 85%): mp 176 
"C, 'H NMR 2.20 (m, 2 H, aliphatic), 2.40 (s, 3 H, COCH,), 3.20 
(m, 4 H, benzylic), 3.82 (s, 1 H, 9-OH), 7.80 (m, 2 H), 8.0 (s, 1 H), 
8.08 (s, 1 H), 8.32 (m, 2 H); MS (CI), m / e  (relative intensity) 321 
(M+ + H, 48.96), 277 (loo), 261 (28.64), 247 (14.45). Anal. Calcd 
(CI high resolution mass spectrum) for CZ0Hl6O4: (M + H) 
321.1129. Found: 321.1130. 

4-Demethoxydaunomycinone (6). To a crude mixture of 6 
and 18 (approximately in ratio of 1:1) (0.2 g, 5.4 mmol) was added 
phenylboric acid (80 mg, 0.65 mmol); after cooling to 0 "C, TFA 
(10 mL) was added. After being stirred at  this temperature for 
2 h the reaction mixture was gradually warmed to room tem- 
perature and stirred for an additional 10 h. The solvent was 
removed under reduced pressure. The crude residue thus obtained 
was extracted with methylene chloride, washed thoroughly with 
10% NaHCO, solution and HzO, and then evaported under re- 
duced pressure. Chromatography @ioz, 7030 CHZC12-hexane) 
followed by crystallization from ether-hexane gave 19 as orange 
crystals (0.120 g, 85%): mp 192-195 "C dec; 'H NMR 2.30 (m, 
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2 H, aliphatic), 2.60 (s, 3 H, COCH,), 3.30 (m, 2 H, benzylic), 7.40 
(m, 5 H), 7.84 (m, 2 H), 8.34 (m, 2 H), 13.31 (s, 1 H), 13.59 (5 ,  1 
H); MS (CI), m / e  (relative intensity) 455 (M+ + H, loo), 454 (90.3), 
333 (51.4), 279 (14.3). Anal. Calcd (CI high resolution mass 
spectrum) for Cz6H1,BO7: (M + H) 455.1310. Found 455.1325. 

The cis-benzeneboronate 19, obtained as above, was dissolved 
in acetone (10 mL), 1,3 propanediol (0.5 mL) was added under 
N2 atmosphere, and the solution was stirred overnight. After 
removal of solvent under reduced pressure, the gummy residue 
was triturated with petroleum ether. This petroleum ether extract 
was discarded and the crude solid that remained was crystallized 
from CHC1,-MeOH to afford 4-demethoxydaunomycinone (6) 
(150 mg) identical in all respects (mp, 'H NMR, M') with an 
authentic  ample.^ 

9-Acetyl-9-hydroxy-7,8,9,lO-tetrahydro-5,12- 
naphthacenedione 13-Ethyleneglycol Ketal (21). A suspension 
of 16 (1.6 g, 0.005 mol) in benzene (100 mL), ethylene glycol (4.0 
mL), and p-toluenesulfonic acid (approximately 25 mg) was re- 
fluxed for 4 h using a Dean-Stark apparatus. The mixture was 
cooled, washed with aqueous NaHCO,, and H20. Removal of 
solvent under reduced pressure followed by crystallization (95% 
EtOH) afforded 21 (1.6 g, 90%): mp 180-182 "C; 'H NMR 2.20 
(m, 2 H, aliphatic), 3.20 (m, 4 H, benzylic), 4.10 (s, 4 H, 2 x CHz), 
7.80 (m, 2 H), 8.00 (9, 1 H), 8.10 (s, 1 H), 8.32 (m, 2 H); MS (CI), 
m / e  (relative intensity) 364 (M', 40.92), 278 (loo), 248 (15.42). 
Anal. Calcd (CI high resolution mass spectrum) for C22H2005: 
364.1305. Found: 364.1262. 
4-Demethoxy-6,ll-dideoxydaunomycinone (1 1). To a re- 

fluxing solution of compound 21 (0.2 g, 0.54 mmol) in CC1, (15 
mL) under N2 atmosphere were added N-bromosuccinimide (0.14 
g, 0.81 mmol) and AIBN (10 mg) while irradiating with a sun lamp. 
After 1 h, the solvent was evaporated and the yellow residue was 
dissolved in glacial acetic acid (25 mL) and silver acetate (0.2 g) 
was added in the dark. The mixture was stirred in the dark for 
10 h under Nz and then the solvent was evaporated. Dichloro- 
methane (100 mL) was added to the residue, the mixture was 
filtered, and the filtrate was washed with 10% NaHCO, solution, 
dried, and evaporated to a yellow gum. This was dissolved in 
MeOH (25 mL) and NaH (50 mg of a 50% dispersion in mineral 
oil) was added and the mixture was stirred at room temperature 
for 3 h. After acidifying with acetic acid, the solvent was removed 
under reduced pressure. 

The crude mixture was treated with phenylboric acid (60 mg), 
cooled to 0 "C, and TFA (10 mL) added. After being stirred at  
this temperature for 2 h, the reaction mixture was gradually 
warmed to room temperature and stirred for an additional 10 h. 
The solvent was removed under reduced pressure. The crude 
residue thus obtained was extracted with methylene chloride, 
washed thoroughly with 10% NaHCO, solution and H,O, and then 
evaporated under reduced prwsure. Chromatography @io2, 6040 
CHZClz-hexane) afforded the cis-benzeneboronate 21 (100 mg) 
as a yellow solid ['H NMR 2.40 (m, 2 H, aliphatic), 2.62 (s, 3 H, 
COCH,), 3.52 (m, 2 H, benzylic), 7.38 (m, 5 H), 7.82 (m, 2 H), 8.18 
(s, 1 H), 8.34 (m, 2 H), 8.40 ( 8 ,  1 H)], which on treatment with 
acetone and 1,3-propanediol as described for the model experiment 
followed by crystallization from MeOH-THF afforded 11 as pale 
yellow crystals (70 mg, 40%): mp 200-203 "C dec; 'H NMR 
2.2-2.4 (m, 2 H, aliphatic), 2.41 (s, 3 H, COCH,), 3.10 (d, J = 18 
Hz, 10-H ax), 3.37 (d, J = 18 Hz, 10-H eq), 4.08 (d, J = 10 Hz, 
7-OH), 4.48 (s, 1 H, 9-OH), 5.03 (bd, J = 9 Hz, 7-H eq), 7.82 (m, 
2 H)), 8.08 (s, 1 H), 8.35 (m, 2 H), 8.41 (s, 1 H); MS (CI), m / e  
(relative intensity) 336 (M+, 1.92), 247 (100). Anal. Calcd (CI 
high resolution mass spectrum) for C20H1605: 336.1025. Found: 
336.0998. 
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