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The failure of neurons in the central nervous system (CNS) to
undergo regeneration following injury accounts for the
permanent and debilitating effects that accompany spinal
cord injury, for which there is no cure. Gene therapy,
biologics, and stem-cell-based approaches have received
considerable attention in promoting CNS regeneration,
while the use of low-molecular-weight compounds has not
been as extensively investigated.!! However, in the context of
spinal cord injury small molecules hold considerable potential
for the accelerated development of new therapeutics. The
delivery of drugs directly into the spinal cavity through spinal
injection can expedite small-molecule-based drug develop-
ment. Moreover, a variety of hydrogels and other polymers
for continuous drug delivery, developed specifically for spinal
cord therapy, when coupled with a validated small molecule
will provide a unique and promising platform for therapeutic
development.”?!

The natural product xanthofulvin (1, also named SM-
216289) represents one of the most promising leads in the
development of treatments for spinal cord injury. Xanthoful-
vin (1) and the related compound vinaxanthone (2) were
isolated from fungal extracts of Penicillium sp. SPF-3059
(Scheme 1).”! Both compounds strongly block the effects of
the inhibitor of axonal regeneration semaphorin3A
(Sema3A) with no observable cytotoxicity at concentrations
above 1000 times the effective dose.’™* Animal studies of
xanthofulvin have demonstrated remarkable effects after
complete spinal cord transection.’! The dramatically
improved functional recovery observed resulted from signifi-
cant axonal regeneration and myelination, reduction of the
number of apoptotic cells, and enhanced angiogenesis. While
the pronounced effects of xanthofulvin have been attributed
to the inhibition of Sema3A, removal of Sema3A function
does not enhance regeneration after spinal cord injury, thus
suggesting that the natural product functions through a more
complex mode of action than initially described.
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Scheme 1. Structures of xanthofulvin (1), vinaxanthone (2), and 411)
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In addition to questions surrounding the modes of action,
the atomic connectivity of xanthofulvin was previously
unclear, since there were two conflicting structures proposed.
The isolation and structural characterization data of the
natural products xanthofulvin (1) and 411J (3) reveal the
structures show nearly identical spectral properties
(Scheme 2).1! In addition, the keto form 4 of xanthofulvin

HO,C O OH O CO.H
ROSSRSSH
HO O Me ~O OH
Me” O
xanthofulvin (1)
HO,C (o} CO.H

o} o} :
OO
HO o Me ~O OH !

Me” S0 :

4

Scheme 2. Equilibria of xanthofulvin (1) and 4 and 411) (3) and 5.

and the keto form 5 of 411J also possess overlapping spectral
properties.” This observation led us to the conclusion that the
assignments for xanthofulvin and 411J were based on the
same natural product. In both studies the natural product was
co-isolated with vinaxanthone (2) as well. We sought to
resolve these conflicting structural assignments through the
synthesis of xanthofulvin (1), the structure that appeared the
most plausible.

We propose the formation of xanthofulvin can proceed
through the union of the known natural product polivione
with 5,6-dehydropolivione (6), a putative unsaturated deriv-
ative of the known natural product polivione.[** Similarly, the
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formation of vinaxanthone can be envi-
sioned to occur through a dimerization of
5,6-dehydropolivione (Scheme 3). These
proposals provided a template for the
development of our synthetic routes. Pre-
vious proposals for the biosyntheses of
xanthofulvin and vinaxanthone have been
postulated to occur through a Knovenagel
sequencel! or, in the case of vinaxan-
thone, through a Diels—Alder/oxidative
aromatization sequence. The Diels—
Alder/oxidative aromatization sequence
was applied in the sole existing synthesis
of vinxanthone.'!! Previous to this report
there was no laboratory preparation of
xanthofulvin.

The synthesis of 5,6-dehydropolivione
(6) was accomplished in eight steps from
tetronic acid (12; Scheme 4). A regiose-
lective Diels—Alder reaction of furan
13, prepared from tetronic acid (12),
with keto ester 14 (also prepared in as few
as two steps™) provided the bicyclic
adduct 15 in good yield and high regiose-
lectivity (>20:1)." The high level of
selectivity was possible owing to the
polarization of the diene in concert with
the ketone functioning as the dominant
activating group. Treatment of Diels—
Alder adduct 15 with hydrochloric acid
induced aromatization, providing aceto-
phenone 17 with migration of the pivaloyl
group.'”l The first four steps of this sequence have been
performed without chromatography and on scales above 50 g.

Protection of phenol 17 was required prior to chromone-
triketone formation and was accomplished using methoxy-
methyl chloride and Hiinig’s base. Enaminone formation by
using the dimethyl acetal of dimethylformamide in dimeth-
oxyethane at elevated temperature occurred with simulta-
neous cleavage of the TBS group, thus generating enaminone
19. Conversion of enaminone 19 to triketone 21 was achieved
by treatment of 19 with S-acetyl Meldrum’s acid (20) in
toluene heated to reflux, yielding protected 5,6-dehydropo-
livione (21) in 42 % yield.'" Simultaneous cleavage of the tert-
butyl ester, pivaloyl, and methoxymethyl groups with boron
trichloride in dichloromethane at 23°C provided 5,6-dehy-
dropolivione (6) in 96 % yield.

In agreement with our proposal, heating 5,6-dehydropo-
livione (6) in deionized water to 55°C provided vinaxanthone
(2) in 61% yield (Scheme S). Thus, vinaxanthone was
synthesized in nine steps from tetronic acid, whereas the
previous synthesis required 14 steps to provide the natural
product.

A related approach to access xanthofulvin failed owing to
the facile dimerization of 5,6-dehydropolivione (6) forming
vinaxanthone. Therefore, an ynone was envisioned as a surro-
gate for 5,6-dehydropolivione; this ynone would function only
as a Michael-acceptor (Scheme 6).7% Related reactivity of 3-
(1-alkynyl)chromones was previously described by Hu and
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Scheme 3. Proposed dimerization of 5,6-dehydropolivione (6) generating vinaxanthone (2).
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Scheme 4. Synthesis of 5,6-dehydropolivione (6) from tetronic acid
(12). Piv=pivaloyl, DMAP = 4-(dimethylamino)pyridine, TBS =tert-
butyldimethylsilyl, MOM = methoxymethyl, DME = 1,2-dimethoxy-
ethane.

co-workers."”™ Michael addition into the chromone portion of
ynone 22 and bond fragmentation provides phenol 25 that is
poised to undergo conjugate addition and, after alkene
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Scheme 5. Dimerization of 5,6-dehydropolivione (6) under neutral
conditions to generate vinaxanthone (2).
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Scheme 6. Coupling of ynone 22 with methyl acetoacetate (23).
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isomerization, generate adduct 27. The tetracarbonyl-con-
taining portion of adduct 27 can tautomerize and react
through a 6m electrocyclization and subsequent dehydration
as described in the biosynthetic proposal (Scheme 3), provid-
ing the xanthone core of xanthofulvin (28).

Reaction of the previously prepared enaminone 19 with
iodine in chloroform at 23°C generated iodochromone 29
(Scheme 7)."8! Sonogashira coupling of iodochromone 29
with 3-butyn-2-ol (30)"! and subsequent oxidation®” yielded
ynone 32 as a solid (m.p. 178-179°C).

As proposed in Scheme 6 addition of the sodium anion of
methylacetoacetate into ynone 32 proceeded to generate the
desired pentasubstituted arene 33 in 83 % yield (Scheme 8).
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Scheme 7. Synthesis of ynone 32. PDC = pyridinium dichromate.
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The major by-product of the reaction (14%) was the
derivative of 33 lacking the acetyl group. Saponification of
the methyl ester with sodium hydroxide in a 3:1 tetrahydro-
furan/water mixture yielded the corresponding carboxylic
acid 34. After optimization, coupling of carboxylic acid 34 and
enaminone 19 using HBTU and Hiinig’s base in dimethyl-
formamide at 23°C generated diketone 36 in 88 % yield.?!
Existing methods for coupling ortho-hydroxy aryl enami-
nones with carboxylic acid derivatives to initiate O-to-C
carboxyl transfers employ anhydrides and other activated
carboxylic derivatives.”? The strategy of using coupling
reagents proved more direct and tolerant of sensitive
functionality. Elimination of dimethylamine using pyridinium
chloride in acetonitrile generated endione 37 that underwent
conjugate reduction with sodium cyanoborohydride yielding
xanthofulvin in protected form.

Simultaneous removal of all six oxygen-bound groups on
the phenols and carboxylic acids was accomplished with
boron trichloride in dichloromethane at 23°C providing
material that matched all the reported spectral values for
xanthofulvin (1) and 411J (3; Scheme 8). Synthesis has
confirmed the structural assignment as that described for
xanthofulvin (1), thus indicating the structural reassignment
of 4117 (3) to that of xanthofulvin (1) is required.

Through our in vivo outgrowth assay xanthofulvin and
vinaxanthone were found to enhance neuronal outgrowth.
This assay utilizes green fluorescent protein (GFP)-labeled
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Scheme 8. Completion of the synthesis of xanthofulvin (1). HBTU=0-
(1H-benzotriazoyl-1-yl)-N,N,N’,N, -tetramethyluronium hexafluorophos-
phate.
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cholinergic neurons in C. elegans to visualize enhanced
branching after treatment with neurotrophic compounds.’!
Similar to other known neurotrophic compounds, xanthoful-
vin and vinaxanthone were found to increase the rate of
branching in C. elegans with 32% and 31% of the treated
animals displaying outgrowth at 2 um respectively. This
activity is comparable to dibutyryl cAMP,?!l which promotes
branching in 36 % of animals at 2 um (Figure 1).

45%
40% T
35% I

30%

25%
20% T-
15%

Worms with Outgrowth (%)
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5%-
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control dibutyryl cAMP  vinaxanthone xanthofulvin

Figure 1. Outgrowth of GFP-labled cholinergic neurons in vivo in
C. elegans after treatment with dibutyryl cAMP, xanthofulvin, and
vinaxanthone. Control: 0.2% DMSO in M9 buffer.

The synthesis of xanthofulvin has provided laboratory
access to this promising regenerative natural product for the
first time. The second synthesis of vinaxanthone was achieved
and provides the natural product in 2/3 the number of steps
previously achieved. The chemical transformations employed
in the syntheses included: a highly regioselective Diels—Alder
reaction of an ynone ester, tandem reaction sequences for the
formation of vinaxanthone from 5,6-dehydropolivione and
the core of xanthofulvin, and an HBTU-mediated coupling of
carboxylic acid derivative 33 and ortho-hydroxy enaminone
19 with subsequent O-to-C transfer, bringing two functional-
ized fragments together. The validation of the structural
assignment of the natural product as that described for
xanthofulvin has resolved ambiguity regarding the alternative
assignment of 411J (3). Tests of synthetic xanthofulvin and
vinaxanthone in vivo demonstrated the compounds possess
growth-promoting activity. With synthetic access future
efforts to optimize the biological performance of the natural
products and to describe the modes of action will be pursued.
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