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ABSTRACT
+)-madindoline A %
E n-Bu zé n Bu ié
racemic ©

The madindolines are believed to inhibit cytokine signaling through the gp130 receptor. Model compounds of madindolines were synthesized
and tested for thiol reactivity. The heterocyclic moiety of madindoline was shown to form thiol adducts via the Savige—Fontana reaction. The
enedione moiety was found to be unreactive toward simple thiols unless the quaternary center was removed. Using the powerful Moore
reaction, we have synthesized (+)-madindoline A and B in 11 steps.

In 1996, two metabolites dtreptomyces nitrospore93- on its target. We set out to create models of madindoline,
0711 were shown to selectively inhibit the growth of IL-6- study their thiol reactivity, and use the chemistry to
dependent cell linesMadindoline A and B possess the same synthesize madindolines A and B.
tricyclic indoline moiety but differ in the position of the butyl Streptomyces nitrospore#®3-0711 has stopped produc-
and methyl groups on the cyclopentene ring. The importanceing madindolines, so new material must be obtained by total
of the madindolines is their selectivity; they inhibit signaling synthesis. Quaternary centers represent a continuing chal-
through IL-6 and IL-11 but not IL-2, IL-4, IL-8, or LIF. An  lenge for synthetic organic chemistry, and the quaternary
elegant series of inhibition experiments points to the extra- center of madindoline proves to be a major obstacle. There
cellular domain of gp130 as the target of madindofine. are three elegant enantioselective syntheses of madindoline
The extracellular domain of gp130 has two free cysteines A.** We hoped to exploit the powerful Moore ring contrac-
(Cys279 and Cys469) that are hypothesized to form a tion of azidoquinones to construct models of the madindo-
disulfide during cytokine activatiohThe structure of mad-  lines and ultimately the natural products.
indoline is reminiscent of two key functional groups that are ~ Under acidic conditions, cysteine thiols in peptides and
known to react with cysteine thiols: maleimides and 3a- proteins react with 3a-hydroxypyrrolidino[2(8indolines
hydroxypyrrolidino-indolines. In light of these circumstantial derived from tryptophan, leading to irreversible formation
facts, it is conceivable that madindoline could act covalently of tryptathionine cross-links (the Savig€ontana reaction,
Scheme 1§.Saito has shown that tetrahydrofuro[2jdol-
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3a-ol1 reacts with tryptophan in the presence of Lewis acids covalent bond formation has been proposed to account for

to form 2,2-biindole cross-link<.In theory, the heterocyclic

moiety of madindoline could react with either tryptophan or

cysteine side chains.

Scheme 1. Precedent for the Thiophilicity of Madindoline
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Under acidic conditions indolind condenses with\-
acetylcysteamine to produce the add@cin 57% vyield

(Scheme 2). Water competes with the thiol so the corre-
sponding oxindole was also isolated in 31% yield. The
Savige-Fontana reaction of indoling does not proceed at

an appreciable rate at pH 7.4, consistent with the highly

specific biological profile of madindoline.

Scheme 2. Savige-Fontana Reaction of Indoling
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N-Alkylmaleimides exhibit exceptional reactivity and

the high potency of tetramethrin toward insect ion chanKels.

The alkyl substituents on the cyclopent-4-ene-1,3-dione
moiety of madindoline should slow the rate of Michael

addition, conferring the selectivity observed in the biological
studies.

Billington and co-workers have shown that cyclopent-4-
ene-1,3-diones, close analogues of maleimides, also react
rapidly in high yield withN-acetylcysteine at pH 7.4 (Scheme
1).1* However, based on analogy to studies of maleimides,
it is expected that the methyl and butyl substituents of
madindoline should slow thiol addition.

To test the potential thiophilicity of the madindoline
cyclopentene unit, a symmeterical analogue was needed that
would simplify the studies with thiols. The Moore azi-
doquinone ring contraction offers an ideal approach to these
analogue$? The mechanism of the Moore rearrangement
(Scheme 3) is believed to involve formation of a zwitterionic
acylium-enolate that rapidly cyclizes.

Scheme 3. Mechanism of the Moore Reaction
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The symmetrical diones® was constructed using the
Moore azidoquinone ring contraction (Scheme 4). In theory
the Moore rearrangement could proceed in situ during the
azide substitution reaction. However, the additi@imina-
tion with sodium azide was most effective in alcoholic
solvents, whereas the Moore rearrangement was most ef-
fective in nonpolar, nonnucleophilic solvents. Since the
azidoquinone deflagrates on heating it was carried directly
to the rearrangement without separation from unreacted
starting material.

When madindoline moded was treated with 1 equiv of
N-acetylcysteamine, the thiol addu&tvas formed in 15%
yield (as an inseparable mixture of diastereomers) along with
starting material and other products (Scheme 5). However,

selectivity toward protein thiols. Miyadera has compared the the more complete mod&lfailed to form thiol adducts, even
reactivity ofN-ethylmaleimide with its 3,4-dimethyl analogue When heated. Thus, all three alkyl substituents on madin-
and shown that the extra methyl groups slow the brisk doline conspire to inhibit nonspecific Michael addition by

reaction rate by over 5 orders of magnitifd&/hile the rates

are undoubtedly slowed, 3,4-dialkylmaleimides still form
cystein@ and glutathion® adducts under physiological
conditions. Substituents on the 3 and 4 positions of the
maleimide tetramethrin destabilize 1,4-thiol adducts, ye
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racemic madindolines. Unfortunately, an attempted Mannich

Scheme 4. Synthesis of Models of Madindoline reaction of enedion@with indoline and formalin led to rapid
Cyclopent-4-ene-1,3-dione generation of theN,N-aminal and decomposition of the
0 i) NaNg o 1) conc. HsS0, enedione. Even though the. Mannich approach appeared
Me cl EA;S)CHB . Me oN 2?6"79/, )1 Oh untenable we hoped to exploit the Moore rearrangement by
., > retaining the nitrile carbon and using it to form the key
Me Me i) CgHsCl Me Me  2) 1 N HCI, DME, neopentyl linkage of madindoline.
0 4 MOTIOSh 4 o 85(85;%?0 h For the synthesis of the madindolines, the requirdxlityl
substituent was introduced through a statistical Stille reaction
Me ? i) KH, THF ;o Y of 2,5-dibromo-3,6-dimethylbenzoquinone (Scheme 7). What
jE:}Me _25°C Me this approach lacked in efficiency it made up for in
Me ii) Me Me Me directness. The bromoquinoi& was substituted with azide
o 6 2% 0 7 and heated to induce rearrangement. Thus, a fully function-

alized cyclopentene core was available in three steps from
the readily available dibromoquinorid.

Scheme 5. Thiol Addition to Cyclopent-4-ene-1,3-diones
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for Mannich reactions because of a sparing equilibrium and -, /
the extreme facility of retro-Mannich fragmentati&nCy- n-Bu Me i) CgHsCl Bu Me
clopentane-1,3-dione, which exists as the enol tautomer, does 0 110°C, 10 0
12 60% (2 steps) 13

not form stable Mannich products under acidic or basic
conditions. In contrast, cyclopentene-1,3-diones such as
exist in the keto form. Gas-phase DFT calculations (SVWN/  The cyclization step sets the stereochemistry of the

DN*) predict that the 4,5-double bond of 1,3-dioe  cyclopentene moiety. In theory a metal coordinated to the
destabilizes the enol tautomer by over 17 kcal/fidnd  pjgile could exert enantiocontrol in the cyclization step; the
not surprisingly, diketoné readily forms a Mannich adduct  g4|d-catalyzed aldol reaction of isonitrile enolates generates
with diethylamine under basic conditions (Scheme 6). high levels of enantioselection through this kind of coordina-
However, the Mannich produ&is unstable under aqueous jg 16 Unfortunately, attempts to induce the Moore rear-
conditions. Presumably, retro-Mannich cleavage of madin- rangement using transition metals such as(@Ac); and
doline is inhibited by the presence of the double bond in the Cu(OTf), were ineffective at accelerating the Moore reac-
cyclopentenedione moiety and the attenuated reactivity of 45, 17 Thus, the Moore reaction is promising for the
the indoline nitrogen. construction of symmetric cyclopentenediones rather than
asymmetric cyclopentenediones.

One price to be paid for such a direct route comes in the

Scheme 6. Mannich and Retro-Mannich Reactions of attachmgnt to the indoline ring system. Sqdly, the nitrogen
Cyclopent-4-ene-1,3-diones present in the cyano group could not be incorporated into
0 1.1 equiv. EtNH 0 the indoline ring system. Thus, the carbonyl groups were
Me ;qegﬂ"-o Me NEt:  pH7.4 protected by stereoselective Luche reduction and TBS ether
M T;» — formation. Nitrile 14 was reduced to aldehyd® and coupled
Me 25°C, 10h Me o Me 25°C, 11h to the indoline moiety using the reductive amination approach
6 79% ® developed by Smith and Omura in the first synthésis.
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Me o) e ol e 0 (15) There is no evidence of the enol in the IR spectrum of dikene
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2012.
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Scheme 8. Synthesis of Key Aldehydef)-15? Scheme 9. Synthesis of £)-Madindoline A and
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Me2002
acetone
Aldehyde @)-15 was used by Smith and co-workers in W -78°C
the synthesis of¥)-madindoline A. We followed the Smith (£)-18 51%
route to complete the synthesis of madindolines A and B.
The final oxidative cyclization under Sharpless conditions  ()-madindoline A +)-madindoline B
proceeds in modest yield with only 38% stereoselection.
Thus, even under ideal conditons, we would not be able to
obtain optically pure material using the Sharpless reaction. Me 0

Instead, the more reliable DMDO oxidation was employed

in the final oxidative cyclization. Madindoline A9, the more

active isomer, was formed in preference to madindoline B _  Conditions: (&) TBAF, THF, 3 h, 60C (75%), (b) TESCI,
20in a 8020 ratio. EtsN, CH,Cly, rt (66%), (c) MnQ, CHyCl,, 1 N HCI (75%).

The level of stereoselection is somewhat surprising when
one considers that the asymmetry in the starting material is
solely due to the methyl and butyl substituents, far removed
from the indole ring.

Cysteines have been implicated in the mechanism of gp130
signaling, so two substructural models of madindoline were
prepared and their reactivity toward thiols was studied. The
furanoindoline core of the madindolines was shown to cross-
link with thiols via a Savige-Fontana reaction. We have
used the Moore azidoquinone ring contraction to synthesize
(%)-madindoline A, {£)-madindoline B, and model com- . . . .
pounds. The Moore reaction allowed rapid construction of Supporting Information Avaﬂablg: F:omplete exper-
the cyclopent-3-ene-1,4-dione core of madindoline but did mental procedures and characterization data for all new
not allow control of absolute stereochemistry. The alkyl compounds. This material is available free of charge via the
substituents of madindoline were found to inhibit Michael Internet at http://pubs.acs.org.
addition by thiols. Madindoline has the potential to form OL026015E

covalent bonds with its target and such reactions would be
facilitated by preorganization, but confirmation of this
hypothesis awaits further studies.
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