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Tetracycline (1)1 has been one of the major antibiotics for
almost half a century. The difficult problems implied by its
sensitive functionality and demanding stereochemistry have,
predictably, attracted the attention of chemists for several
decades.2 Muxfeldt’s construction of terramycin,2a5a-hydroxy-
tetracycline, wassand issan impressive achievement in total
synthesis. It, nevertheless, did not control the introduction of
the center at C4a and would not, in any case, be easily extended
to tetracycline itself. A remarkable reconstruction of tetracycline
has been achieved recently3 from anhydrotetracycline. If the
12a-hydroxylation4 of synthetically available2c 12a-deoxyanhy-
drotetracycline could be verified, this would constitute a formal,
if indirect, total synthesis of tetracycline.
We describe here a stereospecific total synthesis of (()-12a-

deoxytetracycline (2) which solves the longstanding problem
of establishing the proper relative stereochemistry of the C5a
and C4a centers.

Early observations by Shemyakin and his co-workers, as well
as extensive previous work in these laboratories,5 have shown
that conjugate nucleophilic additions to a linear tricyclic system
such asA results in addition, largely or entirely, from theR
side and, thus, to the incorrect stereochemistry at C4a. We
became intrigued, however, by the fact thatR addition of a
nucleophile to anonlineartricyclic structure such as is present
in the seven-membered unsaturated lactones10 or 11 would
now generate thecorrect relative stereochemistry at C4a (vide
infra). As our first target for the construction of10, we selected
the naphthofuran derivative6 which we planned to assemble
from dihydroxynaphthalenone5. The latter should result from

the addition of a methyl group to the readily available6

5-hydroxy-1,4-naphthoquinone (3), but competitive 1,4-addition
to the latter made it desirable to protect its double bond
temporarily as the cyclopentadiene adduct4. Addition of
methylmagnesium bromide proceeded with the expected regio-
selectivity7 and, after thermolysis, provided5 in 75% overall
yield from 3. The tertiary hydroxyl of5 could now be used to
establish the correct relationship between centers at C5a and
C6 of 2 by taking advantage of the predictable regio- and
stereochemistry of the radical-mediated haloacetal cyclization:8

Condensation of5 with the dibromide from ethyl vinyl ether
gave the mixed bromoacetal which underwent the anticipated
radical cyclization upon treatment with tributylstannane to form
6 as a single isomer (except, of course, for the irrelevant ethoxy
group), in 88% overall yield from5 (see Scheme 1).
Elaboration of the naphthofuran6 toward the unsaturated

lactone10was initiated by reaction of6with 1,3-propanedithiol
to give the dithiane7, the tertiary hydroxyl of which was
esterified by reaction with the monoallyl ester of malonic acid,
in the presence of trifluoroacetic anhydride, to form8 (presum-
ably via the ketene). Liberation of the aldehyde function was
best achieved by transacetalization to the dimethyl acetal,9

followed by aqueous acid, to give9which was readily cyclized
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Scheme 1a

a (a) CHCl3, 30 min, rt, 100%. (b) (2 equiv), THF,-78°C to rt,
78%. (c)p-xylene, 19 h, 100%. (d)N,N-dimethylaniline, CH2Cl2, 4
h, ∆, 98%. (e) (1.2 equiv), AIBN (0.1 equiv), Ph, 1.5 h,∆, 90%. (f)
BF3‚Et2O, CH2Cl2, 0 °C, 15 min, 88%. (g) 1, trifluoroacetic anhydride;
2, add7, DME, 1.5 h, 92%. (h) (2.5 equiv), CH2Cl2, MeOH, 2.5 h,
92%. (i) 5% aq HCl, THF, 18 h. (j) (11 equiv), HOAc (40 equiv), 4
Å molecular sieves, Ph, 0°C to rt, 2.5 h, 97% (from8).
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to the desired unsaturated lactone10,10 thus obtained in a
gratifying∼45% overall yield from 5-hydroxynaphthoquinone
(3).
The seven-membered unsaturated lactone10 is quite flexible

and access to either itsR or its â face might appear formally
possible, but we thought it likely that the transition state for
conjugate addition would be less crowded and of lower energy
with a rather bulky addend on theR rather than theâ side of
the molecule. This would generate the correct C4a stereochem-
istry. We were especially interested to find whether such a
Michael addition could be effected with an isoxazole system
because, as we had shown earlier in the synthesis of C12a
deoxyanhydrotetracycline,2c a suitably designed isoxazole can
play the role of a stable surrogate for the sensitive functionality
of the tetracycline A ring.
We were encouraged to find that, indeed, when methyl

3-hydroxy-5-methyl-4-isoxazolecarboxylate (12)2cwas added to
3 equiv of LDA in THF at-78 °C, followed by 1 equiv of the
unsaturated lactonic ester11, a crystalline adduct was obtained
in over 75% yield. It was shown to be13 by X-ray crystal-
lography11 (see Scheme 2).
This favorable result encouraged us to examine the possibility

of constructing a precursor of 12a-deoxytetracycline which
would already bear the 4-dimethylamino group. To that end,
the conjugate addition of the anion of the more elaborate
isoxazole1412 to the unsaturated lactonic ester10 was inves-
tigated. With careful control of temperature, this proved very
successful and led, after palladium0-catalyzed removal13 of the
now superfluous allyl ester group of the initial lactonic ester

adduct, to a 95% yield of the decarboxylated adduct15 as a
single isomer.
At this point, the goal of setting, stereospecifically, the three

asymmetric centers at positions C4a, C5a, and C6 of2 had been
reached, and we were ready to face the problem of closing rings
A and B. The closure of the B ring could be achieved very
easily by base-catalyzed intramolecular Claisen cyclization of
15 to 16. This might appear to be a major step in the right
direction, except for the fact that previous intense efforts in our
laboratory with structures like16had failed14 to achieve closure
of ring A by a second Claisen cyclization. We could only
confirm this result, once again. Closure of the troublesome ring
A before ring B became a possibility when we found that
cleavage of the lactone system of15 to form the diester17could
be achieved efficiently with methoxytributylstannane. Protec-
tion of the ring C ketone of17 to prevent initial closure to the
unwanted BCD system of16 via the siloxyketal18 (cyanotri-
methylsilane, catalytic potassium cyanide, 18-crown-6), achieved
the welcome result of simultaneously protecting the keto, tertiary
hydroxyl, and phenolic groups in rings C and D.
Dieckmann cyclization of crude1815 now proceeded readily

with KH (-78 to 0°C, 3 h, followed by raising the temperature
to 50 °C for 30 min) to give, presumably via19, the fully
cyclized system20. Hydrogenolysis (Pd black, H2, THF/
methanol) now gave (94% yield) (()-12a-deoxytetracycline (2)16
which showed identical spectral (1H NMR in DMSO and in
pyridine; 13C-NMR; MS; UV-vis) and chromatographic17
properties with a sample derived from natural (-)-tetracycline
(1).18,19
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Scheme 2a

a (a) 1, LDA (3 equiv) in THF,-78 °C; 1 equiv12 in THF 2. 11
(1 eq) in THF;-78 °C, 30 min, satd NH4Cl, then 2N HCl, 75%. (b)
NaHMDS (4.5 equiv),14, THF,-78 °C to-20 °C, 1.5 h. 10 in THF,
-78 °C; -78 to-50 °C, 2.5 h, then 10% aq HCl. (c) (0.02 equiv);
PPh3 (0.02 equiv) ethylhexanoic acid (3.5 equiv), 4 Å molecular sieves,
EtOAc, CH2Cl2, 95% (of16 from 10). (d) (0.5 equiv), 4 Å molecular
sieves, Ph, 89%. (e) (5 equiv), PhCH3, 60°C, 5 h, 97%. (f) (8 equiv),
KCN (0.5 equiv) 18-crown-6 (0.1 equiv), CH2Cl2. (g) (∼25 eq), THF,
-78 to 0 °C, 3 h; then, rt to 50°C, 30 min,∼59% (h) H2 (1 atm),
THF, MeOH, 3 h, 94%. (i) See ref 19. (j) Reference 18.
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