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The tetracycline antibiotics have been widely used in human and Scheme 1

veterinary medicine for more than 50 yeaiBheir broad-spectrum CHs_ .CHy CHa_ -CHs
antibacterial activity and structural complexity have motivated B2 o 1 HPyBry, CHClL Y o
enormous efforts toward the development of a laboratory synthetic N 2. PHSH, DBU, DM prs™ > LN

route for their preparation, with many landmark achieveménts; 694  oBn 6% ofRo o8n
however, to date, tetracyclinel)( has been prepared from a 2 3
nontetracycline starting material only once, in a 34-step sequence o S'eenpzséiégﬁid) CHs
from p-glucosamine (0.002% yield)Here, we report a second 85°C, neat @1
synthesis of {)-1, proceeding in 17 steps from benzoic acid (1.1% Bno oTES
yield).

Our synthesis of<£)-1 began with the tricyclic AB precursa, Gy C?‘E/CHa 1. ExGNSHF, THF oty CH:u’C”S
prepared in 10 steps (11% yiell95% ee) from benzoic acitin y | ?\N 23°C, 76% : : "
prior work, we had shown that the enoBeould be transformed 5 Len 2 oM ne
into many structurally diverse 6-deoxytetracycline derivatives in Bro OgmHo ' BOesd spi 1 © o8n
just four stepsg.Here, we demonstrate thatan also be transformed 7 5 (64%)
into (—)-tetracycline 1), in seven steps (10% yield, Scheme 1). TFA; m-CPBA .

Toward this end, we first introduced a phenylthio substituent in CHeCl, 78-357C

thea-position of the enong, which served to activate the molecule
toward Diels-Alder cycloadditiof and, later, as a means to
desaturate the C-ring and introduce oxygen at C6 (vide infra). This
was accomplished bg-bromination of2 with pyridinium hydro-
bromide perbromide to form an intermediate vinyl bromide, then
bromide displacement with thiophenol and 1,8-diazabicyclo[5.4.0]-
undec-7-ene itN,N-dimethylformamide at OC, forming the vinyl

6 (9%)

sulfide 3 in 66% yield (two steps). GHy on CHoyCHo
The triethylsilyloxybenzocyclobutene derivati¢eserved as the Ho, Pd AH B o

Diels—Alder diene precursor and was synthesized in five steps (49% . @e@ NH,

yield) from 2-bromo-3-(benzyloxy)benzyl alcohol by direct ap- 2% from 7 HO O HOQO ©

plication of methods described by Durst et al. (see Supporting
Information)® Heating a neat mixture a3 (1 equiv) and4 (7.7
equiv) at 85°C for 48 h produced the endo-Diels Alder cycloadduct
5in 64% yield. The excess diene precurs$)rfould be recovered

in >95% yield by flash column chromatography, which also served
to remove a seven-membered ring lactone byprodyy&@% yield),

(-)-Tetracycline (1)

CHs_ _CH.
CHy oy CHe

N
1 B _oH
O\
y O
0

believed to arise by a retro-Dieckmann type fragmentatioB.of BlO OH 0O OBn HO OH OHO ©

The cycloadduch was crystallized from methanol; X-ray analysis enol-9 Anhydrotetracycline (10)

of the crystals obtained confirmed the gross stucturg afd all To complete the synthesis ofJ-tetracycline, we first cleaved
stereochemical assignments (see Supporting Information). In con-the triethylsilyl ether group of the DielsAlder adducts (triethyl-
trast to the success of the Dielalder reaction of3 and 4, all amine trihydrofluoride, 76%) and oxidized the hydroxyl group that

attempts to bring about the cycloaddition of hydroxyl-protected was liberated witho-iodoxybenzoic acid in dimethyl sulfoxide
variants of enon& (or 2) with the diene precursator with dienes (77% yield). The resulting 2-(phenylthio)-1,3-diketorf® Was then
such as isobenzofuran derivativdsoth with or without Lewis acid oxidized with m-chloroperoxybenzoic acid in the presence of
additives, failed to produce detectable amounts of cycloadducts. trifluoroacetic acid (to prevent oxidation of the dimethylamino
Prior work from the Danishefsky laboratory had established that group) to form an intermediate sulfoxide(s) that was observed to
trans-1,2-bis-(ert-butyldimethylsilyoxy)benzocyclobutene produces eliminate upon warming to 3%C, giving the anyhydrotetracycline
ano-quinodimethane intermediate of sufficient reactivity to undergo derivative8. Attempted isolation 08 was complicated by the fact
thermal cycloaddition with the unactivated dienophile cyclohex- that it underwent spontaneous, stereoselective autoxidation in the
enone, and they provide additional experimental data that supportair at ambient temperature, an observation that was used to
the idea that the presence of the feeltydroxyl group within enone advantage preparatively. Thus, dissolution of the crude nap8thol
3is an important feature of the successful DieAdder cyclization in chloroform and stirring of the resulting solution in the air
that we observé? produced the hydroperoxide The latter product was not isolated,
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but was subjected to hydrogenation in the presence of palladium Richard Staples for crystallographic analysis of compo&rahd

black, affording ¢)-tetracycline ) in 42% yield (from7) after

Dr. Christian D. Lerner for assistance in determining conditions

purification by preparative HPLC. The synthetic product was shown for the HPLC purification of {)-tetracycline.

to be identical to an authentic sample of natural tetracycline in all
respects.

The transformation of the naphth8lto the hydroperoxid® is
functionally equivalent to the transformation of 7-chloroanhydrotet-
racycline to 7-chlorotetracycline (aureomycin) by photooxygen-
ation—reduction, first demonstrated by Scott and Bedféridater,

the same transformation was successfully applied to anhydrotetra-

cycline (0) by the use of a dye-sensitized photooxygenation
proceduré? Both transformations were reported to be highly
stereoselective. In the case of photooxygenation of anhydrotetra-
cycline (L0), the stereoselectivity of the transformation observed
was attributed to selective ene reaction of singlet oxygen with the
(pseudoaxial) F-hydrogen atom? Two observations in the present
work are noteworthy with respect to these precedents. First, is the
fact that'H NMR analysis of the oxygenation reactio@ { 9,
CDCl;) showed that the keto form o® (keto9) was formed
exclusively as the direct product of the reaction. After standing for
several hours, solutions of kefbin CDCl; were observed to
undergo equilibration with the enol form (en®l-K ~ 1). This
observation rules out the possibility that eak the direct product

of the oxygenation o8 and thus discounts the possible involvement
of an ene mechanism involving G5.The second observation
concerns the extraordinary facility of the oxygenation of substrate
8, which far exceeds that of anhydrotetracycliti6)(*3*>Reaction

of 8 to form 9 at 23°C is evident within minutes of exposure to
the air in daylight; only with the rigorous exclusion of light is the
oxidation prevented. These observations are reminiscent of the
autoxidation of 2-naphthols bearing bulky 1-alkyl groups reported
several years ago, also producing hydroperoxide prodéics.
though we cannot rule out a mechanism involving singlet oxygen
in the transformation o8 to 9 (by Diels—Alder reaction, then 1,4-
endoperoxide hemiketal opening), a simple photoinitiated free-
radical autoxidation mechanism may be operative instéddhe
data thus far do not allow us to distinguish these possibilities. In

Supporting Information Available: Experimental procedures,

listings of spectral data, and X-ray crystal structure data for the
cycloadduct5 (CIF, PDF). This material is available free of charge
via the Internet at http:/pubs.acs.org.
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of the D-ring phenol is not known.
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