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The synthesis of lactone 4, a taxol intermediate in which the
regio- and stereochemistry of C-1, C-2,C-3,C-7,C-8,C-13,and
the A ring double bond were established, was the subject of the
preceding communication.! We now describe the conversion of
4 to taxol (1)2 through cyclization of the C ring, introduction of
the oxetane D ring, and, finally, oxidation at C-9 followed by
adjustment of the regio- and stereochemistry at C-9 and C-10.

Oxidative cleavage of the terminal olefin of 4 was carried out
by ozonolysis in the presence of methanol and sodium hydroxide,?
or, in somewhat higher yield (93%), by first ozonolysis to the
aldehyde followed by oxidation to the acid (KMnO,, KH,PO,)*
and esterification with diazomethane to produce methyl ester 5.
Dieckmann cyclization of 8, following the protocol recently
developed in our laboratory (LDA, THF, —78 °C, 0.5 h, then
HOAc, THF),’ gave the enol ester 6 in 93% yield at 90%
conversion. Attempted decarbomethoxylation of 6 resulted in at
least partial reversion to 5, and 6 was therefore temporarily
protected (pTsOH, 2-methoxypropene, 100%) to give 7, which
smoothly underwent decarbomethoxylation (PhSK, DMF, 86 °C,
3 h) to provide 8a, or, if an acidic workup was employed, hydroxy
ketone 8b, in 92% yield.
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To secure completely unambiguous structure confirmation,
8a was converted to diol carbonate 11, which was independently
synthesized from baccatin III (2, P = H). Selective deprotection
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of 8a with TBAF (1 molar equiv, THF,~10 °C, 6 h) gave alcohol
9, which was then oxidized with tetrapropylammonium perru-
thenateS (TPAP (cat.), NMO, molecular sieves, CH,Cl,, 25 °C,
1.5 h) to ketone 10 in 86% overall yield from 8a. Deprotection
(HF, pyridine, CH3;CN, 96%) of 10 provided diol carbonate 11.
Alternatively, hydroxy ketone 12, readily available from baccatin
I11,” quantitatively underwent selective cleavage of the C-4 acetate
with Super-Hydride (THF, -78 °C, 1 h) to give 13, which
underwent solvolysis of the C-2 benzoate (NaOMe), with
formation of varying amounts of the C-2, C-20 tetrahydrofuran.?
The resulting tetraol was converted to the C-1, C-2 cyclic
carbonate (Cl,CO, pyridine, CH,Cl,, ~78 to ~10 °C, 1 h) 14 in
70% yield from 13. Cleavage of the oxetane with TMSCI® (CH,-
Cl3,25°C, 1 h) provided C-5a-chloro triol 185, which was converted
to keto carbonate 16 with lead tetraacetatel® (benzene, 25 °C,
10 min) in 90% yield from 14. Finally, 16 underwent samarium
diiodide reduction (THF, -78 °C, 5 min) followed by removal
of the C-7 TES protecting group (HF, pyridine, acetonitrile, 25
°C, 3 h) to give 11 in 70% yield from 16. With the structure of
8 securely established, the remaining issues of the conversion of
8 to taxol were addressed.
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Synthesis of the acetoxy oxetane proved to be unusually difficult.
Although we had already established an effective protocol for
closure of the oxetane®® from a halo diol like 15, the C-4 carbonyl
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group of 8 was very hindered, and addition of C-20 to it in the
presence of the carbonate failed with most nucleophilic reagents.
For example, although the enol triflate could be prepared in high
yield, it was completely resistant to oxidative addition to a
transition metal (e.g., Pd(0)). Furthermore, all reagents that
successfully underwent addition to C-4 did so from the « face,
thus requiring introduction of C-20 in the 8 configuration by
indirect means. A robust protecting group at C-7 which would
survive the remainder of the synthesis was desired, and 8breacted
with BOM chloride (EtN(iPr);, CH2Cly, (Bu)4NI, reflux, 32 h)
to give C-7 BOM derivative 8¢ in 92% yield. The TMS enol
ether of 8¢ (LDA, THF, TMSCI, -78 °C) underwent oxidation
with mCPBA (hexane, 25 °C, 5 h) to C-5a (trimethylsilyl)oxy
ketone 17 in 86% yield at 86% conversion. Addition of
methylmagnesium bromide to 17, a low-yield (30-60%) reaction
in ethereal or hydrocarbon solvents, proceeded well in methylene
chloride solution (~45 °C, 15 h, 10 molar equiv of MeMgBr) to
give tertiary alcohol 18 in 95% yield. Elimination of 18 was
carried out with Burgess’ reagent,!! and acidic workup then
provided allylic alcohol 19a in 63% yield.

Alcohol 19a was converted to oxetane 21 through either C-5a
mesylate 20b or C-5a tosylate 20c. Mesylate 19b was generated
quantitatively (MsCl, pyridine) from alcohol 19a, and osmylation
of 19b gave 20b in 60-65% yield. Alternatively, osmylation
(ether/pyridine, 0 °C, 12 h) of 19a gave triol 20a in 80% yield
at 91% conversion. Triol 20a was converted to tosylate 20¢
through temporary protection of the C-20 hydroxyl group as the
TMS ether (TMSCI, Et;N, -78 °C), formation of C-5a tosylate,
and cleavage of the temporary TMS protecting group (LDA,
TsCl, -35 °C, 3 h, then HOAc, 0 °C, 14 h) in 85% overall yield
at 94% conversion without isolation of intermediates. Either 20b
or 20c underwent cyclization®s:!2 to oxetanol 21 (DBU, toluene,
105°C, 2 h) in 80-85% yield. Acetylation of 21 (Ac,0, pyridine,
DMAP, 24 h, 25 °C) was difficult and proceeded in only 70-75%
yield, but was followed by quantitative removal of the C-10 TES
group (HF pyridine complex, CH3;CN, 0 °C, 11 h) to give 22.
Addition of phenyllithium!3 (2.1 molar equiv, THF, -78 °C, 10
min) to 22 to provide the C-2 benzoate was followed by TPAP
oxidation (NMO, molecular sieves, CH,Cl,, 25 °C, 15 min),
giving ketone 23 in 85% yield.

Oxidation at C-9 and rearrangement to the taxol C-9, C-10
regio- and stereochemistry, following the protocol established in
our previous studies,” proceeded nicely. A THF solution of the
enolate of 23 (4 molar equiv of KOtBu, THF, -78 to 0 °C, 0.5
h) was added to a suspension of benzeneseleninic anhydride (8
molar equiv, THF, 0 °C, 40 min), and the product was directly
treated further with KOtBu (4 molar equiv, THF, -78 °C, 10
min). Direct acetylation of the product (Ac,0, pyridine, DMAP,
20 h, 25 °C) provided 7-BOM-13-TBS baccatin III (24a)
quantitatively.
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As the difficult acetylation of the C-4 hydroxyl group had
already shown, the underside of the molecule was quite crowded,
and removal of the C-13 TBS group was almost a problem.
Treatment of 24a with TBAF led to cleavage of the C-2 benzoate
prior to removal of the TBS group. The TBS group could be
removed with HF (pyridine, 90 °C, 12 h) to give 24b in 65% yield
along with several rearrangement products. Finally it was found
that with TASF!4 (THF, 25 °C, 1 h) 7-BOM baccatin ITI (24b)
was produced in 94% yield. Attachment of the C-13 side chain!$
proceeded uneventfully: the lithium alkoxide of 24b (LHMDS,
THF) was treated with 8-lactam 25 (THF, 0 °C, 1 h), the product
was desilylated (HF, pyridine, CH;CN, 0 °C, 1 h) and, finally,
the C-7 BOM group was removed by hydrogenolysis (Hz, Pd/C,
EtOH, reflux, 1 h) to give taxol in 93% yield from 24b.

In this and the preceding communication we have described
the first total synthesis of the antitumor agent taxol. Itillustrates
the use of conformational control in synthesis and has provided
avariety of uniquely challenging and interesting situations, many
of which are subjects of ongoing investigations in our laboratory.
The synthesis produces (-)-taxol!® from (-)-borneol, and ent-
(+)-taxol'¢®from (-)-patchino.!6¢ The overall yield of taxol from
diol Sal is ca. 4-5%.
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journal, and can be ordered from the ACS; see any current
masthead page for ordering information.

(16) (a) Identical in all respects with an authentic sample of natural taxol
provided by Bristol-Myers Squibb Company. (b) [a]?p = +47° (¢ 0.19,
MeOH); identical in all other respects with an authentic sample of natural
taxol. (c) Reference 6a in the preceding paper in this issue.



