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Total Synthesis of Exiguamines A and B Inspired by Catecholamine
Chemistry

Vladimir Sofiyev,"”! Jean-Philip Lumb," Matthew Volgraf," and Dirk Trauner*!*!

Abstract: The evolution of a total synthesis of the exiguamines, two structurally

unusual natural products that are highly active inhibitors of indolamine-2,3-dioxy-
genase (IDO), is described. The ultimately successful strategy involves advanced
cross-coupling methodology and features a potentially biosynthetic tautomeriza-
tion/electrocyclization cascade reaction that forms two heterocycles and installs

a quaternary ammonium ion in a single synthetic operation.

Introduction

Indolamine-2,3-dioxygenase (IDO) catalyzes the first and
rate-limiting step in the metabolic degradation of trypto-
phan and has emerged as an interesting target in antitumor
therapy.l"?! This is because solid tumors, such as cervical
cancers, evade the immune response by decreasing local
concentrations of tryptophan, which is essential for the acti-
vation of killer T-lymphocytes. As such, IDO inhibitors,
which would increase the concentration of tryptophan and
allow for the staging of an effective immune response, have
great potential in antitumor therapy.

The best established, albeit weak, IDO inhibitor is 1-
methyltryptophan (Figure 1).F! Recently several other inhib-
itors with increased activities have emerged, including
methyl thiohydantoin tryptophan® and the natural products
plectosphaeroic acid APl as well as annulin B® (Figure 1).
Alkaloid exiguamine A, isolated from the marine sponge
Neopetrosia exigua, was found to be the most potent inhibi-
tor (K;=41+3 nm) of IDO to date.*

In addition to its potent bioactivity and potential as a lead
compound for drug development, certain structural features
render exiguamine A an attractive candidate for total syn-
thesis. The molecule, which was isolated in racemic form,
possesses a unique hexacyclic skeleton with a variety of ni-
trogen and oxygen functionalities. It contains an indolequi-
none and an N,N-dimethyl dihydroindolinium moiety, both
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Figure 1. Indolamine 2,3-deoxygenase inhibitors and their activities.

of which are fused to a central spirobicyclic ring system that
contains a hydantoin and a pyran ring. An abundance of
polar functionalities that include a primary amine, a phenol
and a quaternary ammonium ion also make exiguamine A
a challenging target.

In our opinion, the unusual structural and physicochemi-
cal features of the molecule can be best met with a synthetic
approach that draws heavily from biosynthetic considera-
tions. This is particularly true with respect to the spirohy-
dantoin moiety and the quaternary ammonium ion. To test
the projected biomimetic key steps, we needed to synthesize
novel indole and dopamine-derived building blocks and
couple them to produce complex biaryl intermediates. We
now report how a successful synthetic strategy gradually
emerged under these guidelines and provide full details of
our various routes, which ultimately converged in a total
synthesis of exiguamine A and allowed for the elucidation
of a naturally occurring congener.”!
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Results and Discussion

Initial planning and studies toward exiguamine A: Biosyn-
thetically, exiguamine A appears to originate from trypto-
phan, glycine, and dopamine, the latter also occurs in N.
exigua (Scheme 1). We envisaged that three related building
blocks, namely indole quinone 1, N,N-dimethylhydantoin
(2), and ortho-quinone 3, could be joined in a three compo-
nent coupling to afford the molecular skeleton of exigua-
mine A in a single step. Nucleophilic addition of the hydan-
toin enolate to para-quinone 1, followed by trapping with
the highly electrophilic ortho-quinone 3 and air oxidation
would afford 4. Another oxidation would then yield bisqui-
none 5, which would undergo tautomerization to ortho-qui-
none methide 6 and oxa-6m electrocyclization to produce ex-
iguamine A. Similar tautomerization/electrocyclization cas-
cades have been investigated in detail in our group and
have been implemented in total syntheses, for instance in
the total synthesis of the microphyllaquinone.'”! Alterna-
tively, exiguamine A could be formed from 4 through an ox-
idative cyclization that involves radicals. In any case, we felt
that 4 was a reasonable synthetic—and potentially biosyn-
thetic—intermediate and therefore focused our efforts on its
preparation.

To put this plan into practice, the known N,N-dimethyl-
dopamine 7 was oxidized to afford dihydroindolinium cate-
chol 9.'l This reaction presumably proceeds via formation
of the ortho-quinone 8, which then undergoes intramolecu-
lar nucleophilic attack by the appended tertiary amine. Fur-
ther oxidation of 9 in the presence of ceric ammonium ni-
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HO.C glycine ! \ component
: / coupling
N OH : N '\ o _—
H OH | H o ~lMl
tryptophan 1 0
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Scheme 1. Original synthetic plan.
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trate (CAN) then gave ortho-quinone 3 (Scheme 2). This ox-
idative chemistry resembles the initial steps in the formation
of melanin, which is triggered by oxidation of a catechol-
amine (e.g., L-DOPA) to the corresponding ortho-quinone
(e.g., L-dopaquinone), followed by intramolecular nucleo-
philic attack of the a-amino group, tautomerization, further
oxidation, and, ultimately, polymerization (Scheme 2).1% It
can be reasonably assumed that a similar series of steps
takes place in the biosynthesis of exiguamine A. Indeed,
a similar key step has been used in a biomimetic total syn-
thesis of an alkaloid anachelin H, wherein the cyclization
was catalyzed by the enzyme tyrosinase. !

OH o o~
O nucleophilic
OH (Anis),TeO attack OH
(75%) (' tautomerization
SN N~ +N\
I 7 I g \ oy
nucleophlllc
CAN [O] attack
0% tautomerlzatlon
; Hooc™ H, HoocC™ NH
: L-DOPA L-dopaquinone
HOOC HOOC

L-dopachrome

neuromelanin

Scheme 2. Oxidative cyclizations of catecholamines.

Following the protocol of Heathcock, we then quickly
gained access to gram quantities of the requisite protected
indoloquinone 10.1! Subjecting para-quinone 10 to the lithi-
um enolate of hydantoin 11! provided a 1:1 mixture of hy-
dantoin adducts 12 and 13 whose regiochemistry could not
be unambiguously assigned, in 36% combined yield
(Scheme 3). While a literature report suggested that removal
of the electron withdrawing tosyl group from the indole ni-
trogen of 10 might improve the regioselectivity of the addi-
tion,"®! we were unable to access the free indole either by
deprotection of para-quinone 10 or oxidation of an unpro-
tected 4,7-dimethoxy tryptamine. More importantly, reaction
of indoloquinone 10 with the lithium enolate of 11, followed
by the addition of ortho-quinone 3, failed to provide the de-
sired hydroquinone 14. We quickly realized that a revised
synthetic plan was needed.

Revised synthetic plan: Our failure to effect the three-com-
ponent coupling and the ease with which the quaternary am-
monium ion 3 could be synthesized through oxidative cate-
cholamine chemistry led us to revise the endgame of the
synthesis. We decided that quinone 15, wherein the quater-
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0 final step, but it also resulted in a less convergent approach
NHBoc o \N)\\N/ NHBoc on® to the key precursor. However, the regioselectivity issues of
1 1\7&ou the hydantoin addition could be avoided by adding the eno-
4 36%) 4 late of N,N-dimethylhydantoin (11) to aryl para-quinone 17
N 1:1 12113 5 (Scheme 5). Indole quinone 17 could be obtained by a regio-
10 © 12 1 selective oxidation of phenol 18, which could in turn be syn-
thesized via transition metal catalyzed cross-coupling from
NHBoc R C))\\N/ a rel.ative¥y simple bfomotr)./pta%mine 19 ?md tl.le suitably
o —N -y functionalized dopamine derivative 20. This choice of cou-
Y 11 OLi pling partners would presumably minimize steric issues in

N 2) )( the transition metal-mediated cross-coupling step.

1

OLi
Scheme 3. Failed three-component coupling.

nary ammonium ion is not formed, would be a more strate-
gic synthetic precursor of exiguamine A (Scheme 4). Pre-
sumably, oxidation to bisquinone 16, followed by intramo-
lecular nucleophilic attack by the tertiary amine and subse- BochN

quent tautomerization, would give catechol 4. A second oxi- oBn OMe
dation (—5) followed by tautomerization would provide ) e
ortho-quinone methide 6, which would undergo oxa-6m elec- 4 *
trocyclization to afford exiguamine A. Boc Br ~N
Thus, the spirohydantoin and the quaternary ammonium 19 Io2
ion would be installed in one final event, which could poten-
tially take place in the actual biosynthesis as well. Scheme 5. Retrosynthetic analysis of the key intermediate 15.
This revised endgame allowed us to postpone the han-
dling of the difficult quaternary ammonium ion until the The phenethylamine cross-coupling partner 23 was syn-

thesized by the directed lithiation of known dopamine deriv-
ative 21" under equilibrating conditions,™® followed by
trapping of the aryl lithium intermediate 22 with trimethyl-
tin chloride (Scheme 6). Interestingly, while the metalation
of benzylamines and benzoyl amides is well established, the
regioselective metalation of phenethylamines is compara-
tively rare, despite the enormous importance of this pharma-
cophore in medicinal chemistry. Preliminary experiments
show that 23 is indeed a valuable precursor of 3-substituted
dopamine derivatives that could serve as D,-receptor ago-
nists.['”)

OMe OMe
) OMe Me;3Sn OMe
mBuli L OMe | MesSnCl

——
0°C »>RT (73%)
21 >
\ 22 | 23

Scheme 6. Synthesis of a metalated dopamine derivative.

The tryptamine cross-coupling partner 19 was synthesized
starting from the commercially available bromosalicylalde-
hyde 24 (Scheme 7). Benzyl protection (—25), followed by
condensation with methyl azidoacetate and subsequent

6 exiguamine A Hemetsberger indole cyclization, provided 2-carbomethoxy-
Scheme 4. Revised endgame. indole 26 in good overall yield.”” Subsequent saponification
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and copper(Il)-mediated decarboxylation in quinoline solu-
tion afforded indole 27.”'! Formylation (—28), Henry reac-
tion (—29), reduction, and protection of the nitrogen atoms
then gave the target tryptamine 19.”? The stage was now set
to form the critical biaryl bond via Stille cross-coupling.
Indeed, reaction of 19 with 23 under Corey’s conditions
gave the protected biaryl 30 in good overall yield.”>! Deben-
zylation then proceeded without incident to give phenol 18,
which was intended to serve as a precursor of the requisite
indole quinone 17.

OH Bncl O OBn 1) N3CH,CO,Me OBn
K,COj3 NaOMe, MeOH
~H — /
(83%) 2) oxylene, 160°C Me02C N
Br Br 43%) H Br
24 25 (43% 26
1) NaOH OBn
2) Na,CO3, CuSO;, POCI; DM
- -
3) quinoline, 215 °C 87%
(72%) N Br
27
NHBoc
MeNO;, Bn 1)L|AIH4 OBN 23 [Pd(PPhs)]
NH4OAc Boczo CuCl, LiCl
- . 7 - -
(98%) oA N (71%)
(80%) Boc Br
19
Pd black,
HCO,NH;

OMe —— >

(94%)

Scheme 7. Synthesis of a key biaryl intermediate.

From the outset, we envisaged a regioselective oxidation
of 18 to the para-quinone 17 using Fremy’s salt (potassium
nitrosodisulfonate) as the oxidant,”" which was well prece-
dented in the literature.'**! We found, however, that sub-
jection of phenol 18 to Fremy’s salt in a 1:1 mixture of ethyl
acetate and phosphate buffer gave exclusively the ortho-qui-
none 31 (Scheme 8). Although we were initially unable to
assign the structure of 31 with certainty, our inability to con-
vert it into exiguamine led us to believe that 31 was indeed
an ortho-quinone and not the desired para-quinone. There-
fore, we subjected phenol 18 to salcomine under an oxygen
atmosphere to provide a mixture of the corresponding
ortho- and para-quinones, respectively. These regioisomers
could be separated using reversed-phase chromatography,
only after selective cleavage of the indole Boc group under
mild conditions, yielding 32 and 33. Unfortunately, the de-
sired regioisomer, para-quinone 33, was isolated as the
minor product, even after extensive optimization of the re-
action conditions.
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Scheme 8. Oxidative formation of quinones.

Final synthetic plan: Although the para-quinone 33 could be
obtained in sufficient quantities for the progression of the
synthesis, we were not satisfied with the poor regioselectivi-
ty of the oxidation and sought an alternative approach. One
way to address this problem would be the use of phenol 34,
a regioisomer of 18 (Scheme 9). This, in turn, could be as-
sembled via cross coupling of our aryl stannnane 23 with
bromo indolamine 35, an analogue of 19. Although this
strategy would overcome regioselectivity issues it would re-
quire a much more challenging biaryl coupling due to the
presence of three ortho-substituents.

NHBoc

~N
N 34
NHBoc OMe
Me;Sn OMe
—> / .
N
Boc Br SN
OBn |
35 23

Scheme 9. Retrosynthetic analysis of the key para-quinone 33.

7-Hydroxy indole derivatives of type 35 are rarely found
in the literature and difficult to access with established
indole chemistry,”® including modern transition metal-medi-
ated methodologies. We therefore decided to use a compara-
tively rare strategy that involves aromatization of a partially
saturated six-membered ring (Scheme 10).?”) To this end,
the known pyrrolo cyclohexenone 36 was doubly brominat-
ed and fully aromatized through elimination of HBr, then
protected as a benzyl ether to yield 7-hydroxy-6-bromoin-
dole derivative 38.”"! All attempts to couple this compound
with dopamine-derived stannane 23 via Stille coupling were
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futile. However, the corresponding Negishi coupling with
the organozinc halide derived from 23 was more successful.
After careful optimization, we found that this step could be
carried out in the presence of RuPhos to yield the sterically
congested biaryl 40 in good yield.””! Desulfonylation of this
compound then gave indole 41.°” Unfortunately, we were
unable to cleanly functionalize this compound at the 3-posi-
tion of the indole, presumably due to numerous nucleophilic
positions elsewhere in the molecule.
1) LiBr, Li,CO;3

4 | CuBr; i | 2) BnBr, K,CO3 J
N = N Br N
(94%) r (96%, 2 steps) Br
3 3

PhOS ¢ PhO;S & B PhOS  Opn
6 7

OMe BuLi OMe
nouLl;
Me3Sn OMe ZnCly, LiCl Clzn OMe
—_—
~N
2 ~
'il 3 | 39
38, Pd(OAc),,
RuPhos KOH
—_—

(69%) (90%)

POCI;, DMF

OMe
D

Scheme 10. Development of the Negishi coupling route.

To overcome this issue and to increase the convergence of
the synthesis we decided to install the ethylamine side chain
before the cross-coupling. To this end, 38 was desulfonylat-
ed, formylated, and condensed with nitromethane to yield
nitrovinylindole 43 (Scheme 11).”! Chemoselective reduction
of the nitrovinyl moiety in the presence of the aryl bromide
proved challenging, but could be eventually effected with
borane in THE.P! Protection of the resulting primary amine
as a tert-butyl carbamate then gave 35, which could be cou-
pled with organozinc chloride 39 under similar conditions as
before. The resulting biaryl 44 was then debenzylated to
afford 7-hydroxyindole 34. As anticipated, the oxidation
now proceeded cleanly to yield the key indole para-quinone
33. Interestingly, the indole nitrogen had to be deprotected
for the oxidation to take place, once again highlighting how
sterically crowded the biaryl molecule is. Despite the
modest yield of the cross-coupling reaction, which was more
satisfying considering that the unreacted starting material
could be fully recovered and recycled, this second genera-
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Scheme 11. Regioselective synthesis of biaryl para-quinone 33.

tion synthesis to 33 benefits from a regioselective oxidation
to install the para-quinone and it is also more convergent.

Synthesis of exiguamine A and discovery of exiguamine B:
In the final phase of our synthesis, para-quinone 33 was sub-
jected to a large excess of the lithium enolate of N,N-dime-
thylhydantoin 11 (Scheme 12).”! After aqueous workup in
the presence of air, we isolated para-quinone 45. Removal
of all remaining protecting groups using BBr; proceeded un-
eventfully to give 15, the centerpiece of our synthetic plan
and biosynthetic proposal.

Treatment of the crude product with ten equivalents of
silver(IT) oxide suspended in 2% formic acid in methanol
gave exiguamine A in 46 % yield.’” This single synthetic op-
eration presumably includes two oxidations, the intramolec-

_—

(43%)

20 equiv AgO | 10 equiv AgO

(45% from 45)

10 equiv AgO

Scheme 12. Synthesis of exiguamine A and discovery of exiguamine B.

(46% from 45)

exiguamine B exiguamine A
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ular nucleophilic attack of a ter-
tiary amine onto an ortho-qui-
none, tautomerization, and fi-
nally oxa-6m-electrocyclization,
as shown in Scheme 4. The use
of silver(II) oxide proved essen-
tial to promote this reaction
cascade, as subjection of crude
15 to an ambient oxygen atmos-
phere along with other oxida-
tion conditions failed to oxidize
the catechol moiety and result-
ed in the recovery of pure 15.

Our efficient synthesis of exi-
guamine A yielded enough ma-
terial for extensive biological
testing and allowed us to deter-
mine the K; of the natural prod-
uct. It also gave us an opportu-
nity to further explore the fasci-
nating chemistry of catechola-
mines. During attempts to im-
prove the yield of the final step,
we treated crude 15 with
a twenty-fold excess of silver-
(I) oxide. Under these condi-
tions, we noticed the formation
of a new product in addition to
trace amounts of exiguamine A.
This compound was isolated in 45 % yield and was identified
as exiguamine B, a hydroxylated derivative of exiguamine A
(Scheme 12). Notably, exiguamine B was not found when
exiguamine A was resubjected to our standard oxidative
conditions. Exiguamanie B contains structural features of
other important catecholamines, such as adrenaline and nor-
adrenaline, which are formed biosynthetically through enzy-
matic hydoxylations of the benzylic position.

At this stage, we became aware that the name of exigua-
mine A implies the existence of other exiguamines (exigua-
mine B, C, etc.). We therefore contacted the isolation group
with our spectral data and were happy to learn that our hy-
droxylated byproduct was indeed identical to a natural prod-
uct, namely exiguamine B, which had only been obtained in
minute quantities from natural sources. Using our synthetic
product, the relative stereochemistry of exiguamine B could
be clarified by NOE measurements.”

Proposed biosynthesis of exiguamine B: To account for the
formation of exiguamine B, both in the laboratory and in
nature, we propose that it is also a product derived from bis-
quinone S, which is in equilibrium with its tautomers 6, 46,
and 48 (Scheme 13). A reversible oxa-67 electrocyclization
of 46 would then afford 47 and place an oxygen functionali-
ty at the benzylic position. In the presence of a large excess
of oxidant (20 instead of 10 equivalents of AgO), 47 is inter-
cepted via an oxidation to yield hydroxylated bisquinone 49.
Tautomerization to vinyl ortho-quinone methide 50, fol-

5004 ——
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exiguamine B

Scheme 13. Proposed biosynthetic relationship of exiguamine A and B.

lowed by oxa-6m electrocyclization would then yield exigua-
mine B, in analogy to exiguamine A. In line with our hy-
pothesis, resubjection of exiguamine A to excess AgO did
not yield exiguamine B. This seems to rule out an alterna-
tive mechanism that would involve nucleophilic attack of
water onto a para-quinone methide.

We have previously demonstrated that tautomerizations
and electrocyclizations of the type shown in Scheme 13 are
surprisingly facile and are associated with low kinetic barri-
ers" In order to probe the reversibility of the individual
steps proposed herein, we performed a density functional
theory study (B3LYP/6-31G** 3 Jaguar 6.5).° The dif-
ferences in electronic energies (E) of 5, 6, 46, 47, and 48
were found to be no more than 12 kcalmol ' (see Support-
ing Information). By contrast, exiguamine A is energetically
favored over 6 by 30 kcalmol™!. Once formed, 5 will, thus,
provide a complex mixture of tautomers 5, 6, 46, and 48,
which ultimately converges on exiguamine A. Since the oxa-
67 electrocyclization to afford dihydropyran 47 is reversible,
the pathway to exiguamine B is revealed only upon oxida-
tion to 49.

Conclusion
In summary, we have presented the evolution of a synthetic

plan that yielded two complex natural products with many
novel structural and functional features. Our synthetic

Chem. Eur. J. 2012, 18, 4999 - 5005
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design was heavily influenced by biosynthetic considera-
tions, in particular with respect to pericyclic reactions and
catecholamine chemistry. While the proposed tautomeriza-
tion and electrocyclization cascades are somewhat specula-
tive, but strongly supported by the DFT calculations, the ox-
idative cyclization of a tertiary catecholamine most likely
occurs in the biosynthesis as well. Indeed, we propose that
compound 15 is an actual biosynthetic intermediate and
could be found in the sponge as well. Whether the oxidative
cyclization of this compound requires enzymatic assistance
or could occur spontaneously remains to be determined. As
an added benefit of our synthesis of exiguamine A, we ob-
tained a synthetic sample of its hydroxy congener exigua-
mine B, which allowed for the full structural elucidation of
the natural product. We hypothesize that exiguamine B also
arises through oxidations and tautomerizations, and not via
direct C,H-functionalization of exiguamine A or nucleophil-
ic attack onto a para-quinone methide. Taken together, our
various synthetic approaches also highlight the challenges
that sterically congested biaryls still represent in the era of
modern transition metal-catalyzed cross-coupling chemistry.

Experimental Section

Experimental procedures, characterization data, 'H NMR spectra, and
DFT calculations: see the Supporting Information.
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