results to an intramolecular situation is demonstrated in eq

RC CH,CH,CCH, whexene,
u | et
0 0
3
RC—@—CHZCHz(fHCHs +
0 OH
4
RTH@—CHZCHZCCHs (5)
I
OH 0
5
Isolated Yield of Ketol 4:5
3a, R=Ph  77% ~100:0
b, R=iPr 69%  >99:<1

¢, R=nPr 59% 97:3
d, R=Et 57% 90:10
e, R=Me 60% 83:17

A representative example is the regioselective reduction
of 4-(p-benzoylphenyl)-2-butanone (3a). A mixture of the
diketone (10 mmol, 2.53 g), MeOH (11 mmol, 0.36 g), and
1 (20 mmol) in 20 ml of hexane was stirred at room temper-
ature for 2.5 h. Water was added, and the reaction mixture
was oxidized with air and extracted with ether. The extract
was dried over anhydrous K,COj; and concentrated. Kiigel-
rohr distillation gave 4-(p-benzoylphenyl)-2-butanol, 1.96
g, 77%; 2,4-dinitrophenylhydrazone, mp 148-151 °C (lit.
155-157 °C).12

It is often required to reduce specific functional groups in
a stereo-, chemo-, or regioselective manner. Successful ap-
proaches to such reductions have hitherto involved modifi-
cation of the borohydride or aluminohydride anion by the
replacement of hydrogen with sterically bulky substituents
or electron-withdrawing groups.2® The present develop-
ment, therefore, provides an entirely new approach to this
problem.
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Total Synthesis of (+)-Daunomycinone and
(£)-Carminomycinone
Sir:

The anthracycline antibiotics daunorubicin! (1), adri-
amycin? (2), and carminomycin? (cf. carminomycin-I, 3)*
are effective antineoplastic agents against a variety of ex-
perimental tumors and in certain types of human cancer.
Chemotherapy employing anthracyclines 1 and 2 is known
to be hampered by dose-related cardiotoxic effects,’ so that
there is great current interest in natural or synthetic sources
of related compounds having improved therapeutic indices.

LR, =CH;X=H
2R, =CH;;X=0H
3Ri=H;X=H

RO O HO OH
4R, =CH;X=H
5R,=CH;X=0H
6,R,=H;X=H

Wong has reported a synthesis of (+)-daunomycinone
(4) by a 22-step procedure starting from 2,5-dimethoxyben-
zaldehyde.® Two syntheses of natural L-daunosamine have
been described,” and the coupling of a protected L-dauno-
samine with daunomycinone to give natural daunorubicin
has been achieved in good yield.® To date, however, no
practical route for the large scale preparation of the agly-
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Scheme I
OCH,
O‘O OU‘ —
CHO O OcH,
7
0 0
H |
OCCH,
—_—
CHO O oH
9a,b
0 HO
O‘OO
—_—
CHO O HO
10a, b
0 HO 0 HO
CHO O HO CHO O HO
11b
o HO
C==CH
LI s —
CHO O HO
12

R
CHO O HO™
13R,=R,=H
14,R,=0H;R,=H

cones of these antibiotics appears to be available. We now
report a general method for the efficient total synthesis of
the compounds (+)-daunomycinone (4) and (+)-carmi-
nomycinone (6). Since conversions of daunomycinone (4) to
adriamycinone (5) and of daunorubicin (1) to adriamycin
(2) have been described,’ this new route appears to offer
practical access to all three of the above aglycones and their
fully active L-daunosamine glycosides.

Our synthesis (Scheme I) proceeds from the highly reac-
tive key intermediate 5-methoxy-1,4,9,10-anthradiquinone
(8),'° mp 252-253 °C (ir (KBr) 1683, 1653 cm~!; NMR
(CDCl3) 6 7.85-7.25 (m, 3 H), 6.88 (s, 2 H), 3.99 (s, 3 H)),
itself available in 98% yield by silver(II) oxide demethyl-
ation!! (4 equiv of AgQO, 50°, acetone, dilute HNO3, 10
min) of the readily accessible 1,4,5-trimethoxyanthraqui-
none (7).'2 Like the desmethoxy counterpart studied by In-
hoffen,!? diquinone 8 is a bifunctional dienophile which can
undergo initial Diels-Alder addition at the internal (4a, 9a)

or terminal (2, 3) double bond. Both analogy!®!'4 and
Hiickel perturbation MO calculations'® suggest that inter-
nal addition will be favored by electron-rich dienes, termi-
nal addition more probable for slightly electron-poor or un-
substituted dienes. Thus 2-ethoxybutadiene selectively adds
to the internal double bond of 8, whereas 1,3-butadiene it-
self and, more interestingly, 2-acetoxybutadiene add pre-
dominantly to the terminal double bond.

Diels-Alder addition of 2-acetoxybutadiene to diquinone
8 (3 equiv of diene, AcOH, 25°, 4 days) yields 71% of a
precipitate, mp 165-169 °C, (6 5.4, m, 1 H) consisting of
the adducts 9a and 9b in 1:1 regioisomeric ratio. Anhydrous
sodium acetate in acetic acid (reflux, 2 min) quantitatively
converts these adducts to the corresponding red anthraqui-
none tautomers 10a and 10b, mp 222-226 °C. Cleavage of
the enol acetate function was achieved in 85% yield (EtOH,
6 N HC], reflux, 6 h) to produce the mixture of ketones 11a
and 11b as a dark red solid: mp 230-234 °C dec; ir 1720,
1618 cm™!. Alternatively these ketones could be formed di-
rectly from adducts 9 in comparable yield in refluxing etha-
nol containing a few percent 6 N HCI. Trituration of the
ketones 11a and 11b with hot ethanol, or recrystallization
from pyridine, led to a single ketone, mp 248-250 °C dec,
identified as the isomer 11a by TLC and NMR comparison
(6 13.81, 13.30 (s, 1 H ea, ArOH), 4.10 (s, 3 H, OCH3),
3.63 (s, 2 H), 3.27 (t, 2 H), 2.66 (t, 2 H)) with a sample
prepared by side-chain degradation of 7-deoxy-13-dau-
nomycinol derived from natural daunorubicin.!®

Reaction of ketone 11a in dry tetrahydrofuran with a
tenfold excess of ethynylmagnesium bromide (room tem-
perature, 16 h) followed by workup with saturated ammo-
nium chloride solution gave 52% of the ethynylcarbinol 12,
(nmr 6 13.88 (s, 1 H), 13.48 (s, 1 H), 8.0-7.2 (m, 3 H),
4.08 (s, 3 H), 3.2-2.9 (m, 4 H), 2.52 (s, 1 H), 2.0-2.2 (m, 2
H)) which was transformed with yellow mercuric oxide in
dilute sulfuric acid (3 M, 70°, 4 h) to (£)-7-deoxydaunom-
ycinone (13) in 40% yield. The solution ir, uv, NMR, MS,
and chromatographic properties of this material were iden-
tical with those of an authentic sample of 7-deoxydaunomy-
cinone from hydrogenolysis (5% Pd-C, EtOH) of (+)-dau-
nomycinone (4).

Racemic 7-deoxydaunomycinone (13) was dissolved in a
large volume of carbon tetrachloride, N, bubbled through
the liquid, and a three- to fivefold excess of bromine (0.1 M
in CCly) very slowly added while irradiating the reaction
with a sunlamp. Under these conditions enol bromination at
C-14 is suppressed and the product is that of free radical
bromination at C-7. Hydrolysis of this very labile bromine
was achieved by chromatography on moist silica gel plates
to give a ca. 5:2:1 mixture of (£)-7-epidaunomycinone (14)
(NMR 14.35 and 13.27 (s, 1 H ea), 8.06-7.33 (m, 3 H),
5.35(m, 1 H, »1/2 = 17 Hz), 4.08 (s, 3 H), 3.00 (m, 2 H),
240 (s, 3 H) Rf 0.08),!7 (+)-daunomycinone (R; =
0.14),'” and recovered 7-deoxy compound. The 7-epidaun-
omycinone fraction was epimerized by dissolving in trifluo-
roacetic acid (25°, 2 h), aqueous workup, and silica gel
chromatography as above to give (£)-daunomycinone (4) in
76% yield. Our synthetic (£)-4 (ca. 50% yield from 13) was
identical in all relevant respects (ms, NMR, TLC) with
(+)-4 from hydrolysis of natural daunorubicin (1).

(+)-Carminomycinone (6) can be obtained in nearly
quantitative yield by O-demethylation of a dilute solution of
(4+)-4 in benzene with excess anhydrous aluminum chloride
(room temperature, 16 h); synthetic (£)-4 similarly gives
(£)-carminomycinone'® (R; = 0.16).!7 Our samples of 6
were identical by uv, MS, TLC, and HPLC with an authen-
tic sample from natural carminomycin. The above seven-
step sequence makes available ca. 3 g of (+)-daunomyci-
none (4) from 100 g of diquinone 8; (£)-carminomycinone
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(6) is accessible in similar yield. The utility of our synthesis
for the preparation of known as well as novel anthracycline
antitumor agents is under investigation.
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Synthetic Approaches to Adriamycin. Degradation of
Daunorubicin to Nonasymmetric Tetracyclic Ketone
and Refunctionalization of the A-Ring to Adriamycin

Sir:
The anthracycline antibiotics daunorubicin (1) and adri-

amycin (2) are clinically useful antineoplastic agents with
adriamycin having an especially broad spectrum of activi-

1969

ty.! Due to their potent biological activity there is consider-
able interest in their synthesis.2 As part of our efforts in de-
veloping a practical total synthesis of these agents, we re-
port the preparation of the tetracyclic ketone 3, a key inter-
mediate in our proposed total synthesis, via a three-step

0 HO
0
he QL0
HO
NH, OMe O HO
LX=H 3
2,X=0H

degradation of 1 and its elaboration to adriamycin (2) and
the new aglycone 7-epidaunomycinone (4).

0 HO OH

4,X=R'=H,R=0H 6
5X=R'=R=H

14,X=R=HR=0H

15,X=R =OH;R=H

16, X = OC(CH,)y pOMeCH,; R'=0H; R=H

Reductive cleavage (2 equiv of NazS;04, NaHCO;,
aqueous THF/MeOH, 23°, 15 min) of 1 afforded the pre-
viously reported® 7-deoxydaunomycinone (5) in quantita-
tive yield. The 9-acetyl group was reduced (4 equiv of LiAl-
H(O¢-Bu);), THF, 23°, 44 h, 80%) to afford the diol 6.4
Oxidative cleavage of 6 (2.1 equiv of NalO4, THF/aqueous
MeOH, 16 h, 23°) produced the ketone 3 (irnyjo) 5.82
(C==0), 6.15, 6.35 (chelated quinone) x; 'H NMR 100-
MHz CDCl; 6 2.64 (t, 2 H, 8-H»), 3.25 (t, 2 H, 7-H;), 3.63
(s,2 H, 10-H,),4.09 (s, 3 H, -OCH3), 7.38 (dd, 1 H,J = 8
and J = 1 Hz, 3-H), 7.77 (t, 1 H, J = 8 Hz, 2-H), 8.04 (dd,
1 H,J =8and J =1 Hgz, 1-H), 13.30 (s, 1 H, phenolic
OH), 13.80 (s, 1 H, phenolic OH); MS 12 eV, m/e 338
M) in 99% yield with 71% conversion of 6. The product
and unreacted starting material could be readily separated
and recovered by silica gel chromatography.

Several synthetic methods for the elaboration of the dihy-
droxy acetone side chain were investigated during model
studies on 5,8-dimethoxy-2-tetralone.® The most efficient
method in our hands was the addition of methylmagnesium
iodide to a protected cyanohydrin followed by acid workup.®

Cyanohydrin 7 was prepared in 77% yield by addition of
HCN (KCN, HOAc, EtOH/CHClI;, 0-23°, 5 h) to 3. The
tetrahydropyranyl ether 8 (dihydropyran, concentrated
HCI (catalyst), THF, reflux, 5 h, 90%) was treated with
methylmagnesium iodide (30 equiv, THF, 55°, 14 h) fol-
lowed by acid hydrolysis (60% HOAc, 90°, 1 h) to afford
(£)-7-deoxydaunomycinone (9), having spectral (ir, 'H
NMR, MS) properties identical with the degradation prod-
uct §in 45% yield.

Functionalization of the 7-position was achieved by a
modification of the procedure developed by Goodman et
al.” Benzylic bromination of 5§ afforded, besides the bromide
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