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The chromoprotein enediyne antibiotics are characterized by

the high reactivity of their “enediyne” chromophore components,

a feature that greatly complicates the development of synthetic

routes to these agenitsTo date, no chromoprotein chromophore

has been synthesized, although notable achievements in this are

have been reporteéd We describe below a total synthesis of

(+)-neocarzinostatin chromophore, the first of the enediyne
antibiotics to be characterizédThe route employed makes use

of an atypical protocol for the introduction of a 2-amino sugar
that may find broader applicability in the synthesis of other
aminoglycosides.
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In prior work, we described an enantioselective synthesis of
(+)-neocarzinostatin chromophore aglycong)(Q)° involving
as the final step a novel reductive deoxygenation of the epoxy
alcohol3 using triphenylphosphine, iodine, and imidazbl&his
transformation has since been markedly improved by the intro-
duction of a low-temperature<10 °C) methanol quench and by
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conducting extractive and chromatographic isolation procedures
at 4 °C under an inert atmosphere. With these modifications,
the efficiency of the transformation has more than doubled, such
that (+)-2 is obtained reproducibly in 6572% vyield after
chromatographic purification. The aglycon® {vas prepared
with the objective of implementing a final-stage glycosylation
reaction for the synthesis d@fusing a suitably protected glycosyl
donor. Althoughl readily decomposes when separated from its
binding protein, mildly acidic conditions are tolerated. For this
reason these conditions were chosen for the proposed coupling
and deprotection stegs.In this regard, the Schmidt trichloro-
acetimidate method was felt to be an ideal procedure for the
glycosylation reaction in light of its versatility and, more
importantly, for the mildly acidic conditions used in the coupling
reaction® Reports of the use of the Schmidt methodology for
the synthesis of 2-amino sugars have primarily described the use
8f a 2-azido substituent as a latent amino functiondlftyThis

was felt not to be a viable option in the present case because of
the incompatibility of the chromophore with conditions for the
reduction of the azide and as well for the monomethylation of
the resultant amine. We therefore chose to employ a glycosyl
donor containing a preexisting 2-methylamino group and focused
on the selection of protective groups for this functionality and
for the two hydroxyl groups. A goal was to remove all protective
groups in a single operation after glycosylation, an approach that
was dictated by the unstable nature of the chromophore.

After extensive experimentation, we determined that the C-3
and C-4 hydroxyl groups were best masked as triethylsilyl (TES)
ethers'? but we were unable to find a suitable means to protect
theN-methylamino group. Carbamates such as 2-(3,5-dimethoxy-
phenyl)propyloxycarbonyl led to oxazolidinone formation during
the coupling reaction, whileBoc and 2-(trimethylsilyl)ethoxy-
carbonyl (TEOC) groups were found to be too robust to be cleaved
under conditions that would survive. Bulky groups, such as
N-bis(4-methoxyphenyl)methyl, tended to block attack of the
glycosyl acceptor from the-face, so that the undesir¢gdano-
meric products predominated. Eventually, we were led to
question whether aN-methylamino protective group was neces-
sary at all. Despite the obvious appeal of such a strategy, we
were unaware of any examples in which the trichloroacetimidate
method had been conducted in the presence of a free amino group
and had concerns about the viability of such a proposal given
that the coupling is promoted by substoichiometrigp@sted or
Lewis acids that might be inactivated by reaction with the
aminel®12

To explore this possibility, the glycosyl dondt® containing
a freeN-methylamino group was synthesized in 10 steps from
tri-O-acetylp-galactal (see Supporting Information). Studies of
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Table 1. Glycosylation of the Model Compound+j-5 O
o= H
CCly [¢] .
HN)\O ‘
oL 0" X CHs ’Q , 4.BFyOE, HF-pyridine
d HT4ESOOTES AcO o 3A MS, PhCH, ‘ CHy  THF, 23°C
ACOD‘OH W» N&Q@C"b -30°C, 51% 00— 49%
molecular sieves <N y s
(+)-5 ~30 °C HC HTESOOTES O_o o OTES
HsCO OHpNCH, OTES
Entry Catalyst, solvent Ratio ot : B Yield (%)
1 TfOH, CH,Cl, Exclusively o 82
CHa 7
2 TfOH, CICH,CH,CI " 70
3 TMSOTH, CHyCly . 75 purification by flash column chromatography. Although the

coupled product®) proved to be considerably more stable than
the starting aglycone?], this intermediate was typically not stored

5 Sn(OTh,, EtO 1 73 but was subjected to immediate deprotection. Direct treatment
of 7 with HF-pyridine compleX in tetrahydrofuran at 23C for

1 h in the dark cleaved both TES groups in high yield, as
the glycosylation reaction employing the alcoht){5 as amodel ~ determined by reversed-phase (rp)-HPLC analysis. Purification
substrate showed that the imiddtevas an exceptionally effective  Of the deprotected product by chromatography on Sephadex LH-
glycosyl donor (Table 1). Glycosylation reactions were both 20 provided pure synthetic neocarzinostatin chromophorg- ((
efficient and rapid, typically proceeding to completion within 1 1) in 49% yield, indistinguishable from an authentic sample (TLC,
h at —30 °C. Even more encouraging was the fact that the "P-HPLC, UV—vis, IR, CD, *H NMR). In addition, high-
a-glycoside 6) was formed virtually exclusively using a wide resolution mass spectra of neocarzinostatin chromophore (syn-
variety of Bipnsted and Lewis acids (0-D.6 equiv) to promote Fhetlc) have been obtained f_or the first time, using an external
the coupling reaction. The higk-stereoselectivity and reactivity ~ 10N source Fourier transform ion cyclotron resonance (FT-IER)
of the glycosyl dono# are noteworthy, but no less so than the Mass spectrometer equipped with a nanoelectro$jinayzation
simple finding that the Schmidt glycosylation can be conducted source (calcd for €HsNO., ([M + H]¥), 660.2082; found,

in the presence of a free amino group. The generality of this 660.2090)" _ _

finding remains to be explored; a favored mechanistic proposal Radiolabeledli-methyt*H]neocarzinostatin chromophoret(

in the present case invokes an intramolecular ammoniurs ion 1) has also been synthesized. Coupling of the aglycapeith
imidate hydrogen bond (seven-membered ring) as the precursor N-methyt*H]fucosamine4 (see Supporting Information) under
to an anomeric oxonium ion with a (neutral) 2-methylamino the optimal conditions previously outlined followed by depro-
group. The glycosyl acceptor may then be directed tattiace tection provided the radiolabeled chromophore)-0 with a

of the oxonium ion by interaction with the amino group (possible specific activity of 31 mCi/mmol. This product now serves as a

4 BF3+OEt,, PhCH, : 78

hydrogen-bonding/internal basic group). radioactive tracer for mechanism of action studies conducted in
Vivo.
oG _R R The synthetic route tof)-1, as optimized thus far, involves
° . ' h t bly of)-2 in 18 steps (average yield per
>//o O .CHy W) b cHy Ou_Ow +CHg the convergent assembly of | p ge yield p
HN IJ — ¢ Q . IJ step 87%) from three synthetic precursors that were each prepared
H-§7 Y “oTes M\~ otes H-N7 Y "OTES with an average yield of 85% per steff. The final glycosylation
H on,OTES &H, OTES H tHOTES and deprotection steps currently proceed~i0% yield each.
+ CLLCCONH, This route provides an alternative source of milligram quantities

of (+)-1 (to the best of our knowledge, no longer available from
In light of results from the above model studies, the critical commercial fermentation sourcé8)as well as the radiolabeled
coupling of4 with the aglyconeZ) was pursued. A wide variety ~compound.
of conditions was found to bring about the successful coupling
of 2and4. Optimal conditions involved reaction &B80°C using . Institutes of Health and Pfizer, Inc., is gratefully acknowledged. We are
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chromophore, Hirama and co-workers reported the use of a thioglycoside donor@ls0 thank Jeffrey G. Varnes for his assistance in the preparation of
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