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Abstract—A short enantioselective synthesis of barrenazines A and B is described. Barrenazines A and B are prepared following a
common synthetic route in nine steps (19% overall yield) and eight steps (21% overall yield), respectively, from readily available 4-
methoxy-3-(triisopropylsilyl)pyridine. The synthesis relies on a highly diastereoselective nucleophilic addition of a Grignard reagent
to a chiral acylpyridinium salt, a radical azidation of a silyl enol ether and the assembly of the pyrazine ring by reductive dimeriza-

tion of a functionalized 5-azidopiperidin-4-one.
© 2007 Elsevier Ltd. All rights reserved.

Barrenazines A (1) and B (2) are novel cytotoxic alka-
loids isolated by Kashman et al. from an unidentified
tunicate collected from the Barren Islands (Madagascar)
in 2003.! They form part of a mixture of compounds
obtained from this tunicate, some of them with undeter-
mined structure, with a common and unique
C,-symmetrical heterocyclic skeleton of 1,2,3,4,5,6,8,9-
octahydrodipyrido[3,4-b:3' ,4’-e]pyrazine bearing differ-
ent side chains (Scheme 1). Barrenazine A presents mild

(-)-Barrenazine A (1), R = CH,CH3;
(-)-Barrenazine B (2), R = CH=CH,

= (6] N7+ —

PG = protecting group

Scheme 1. Retrosynthetic analysis for barrenazines.

Keywords: Natural product synthesis; Stereoselective synthesis;

Acylpyridinium salts; Azides; Pyrazines.

* Corresponding authors. Tel.: +34 981 16 70 00; fax: +34 981 16 70 65
(J.P.S.); e-mail addresses: qfsarand@udc.es; sestelo@udc.es

0040-4039/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

d0i:10.1016/j.tetlet.2007.09.145

cytotoxic activity against LOVO-DOX colon carcinoma
and, in a mixture with other unidentified congeners from
the same tunicate, a wider biological activity which
includes cytotoxic activity against LN-caP prostate carci-
noma and K-562 leukemia cells. Structurally related
tetrahydropyridinopyrazine derivatives also exhibit a
variety of biological activities, and there are other bio-
logically active symmetrical and unsymmetrical natural
products containing the 1,4-pyrazine ring, such as the
antitumoral cephalostatins® and ritterazines,> and the
antibiotic pelagiomicins* and palythazins.®> The extraor-
dinary biological activities associated with natural prod-
ucts containing the pyrazine motif, together with the
novel C,-symmetric heterocyclic core of the barrena-
zines, have attracted our interest in their synthesis.®
Herein, we report a short and versatile enantioselective
synthesis of (—)-barrenazines A and B.

For the synthesis of barrenazines A and B we devised a
common synthetic route depicted in Scheme 1. Taking
into account the C, symmetry axis present in barrena-
zines, we considered the assembly of the novel octahydro-
dipyridopyrazine skeleton by reductive dimerization
of 5-azidopiperidin-4-one 3 furnished with the side chain
of barrenazine B, which should be easily converted to
barrenazine A. The synthesis of 3 is proposed from the
chiral enantiomerically pure 2,3-dihydropyridin-4(1H)-
one 4 by means of a tandem 1,4-reduction/enolate trap-
ping by electrophilic amination reaction. The required
dihydropyridinone 4 could be prepared, accordingly
with the well-established method of Comins,’ by stereo-
selective nucleophilic addition of a Grignard reagent to
a chiral acylpyridinium salt (Scheme 1). This approach
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has been shown to be a useful strategy in the stereocon-
trolled synthesis of a variety of enantiopure dihydro-
pyridinones, and has been already applied to the
synthesis of natural products.’®® Indeed, during the
development of this work, we learned that this reaction
was also chosen by Focken and Charette to achieve the
first stereoselective synthesis of barrenazines.”-!°

Our synthesis began with the stercoselective synthesis of
dihydropyridinones by Grignard nucleophilic addition
to chiral acylpyridinium salts. In line with the findings
of Comins, for the synthesis of the enantiopure dihydro-
pyridinone 4 we chose 4-methoxy-3-(triisopropyl-
silyl)pyridine (5),”° the (—)-8-phenylmenthyl carbamate
as the chiral auxiliary, and Grignard reagents bearing
the aliphatic side chain of the barrenazines. In our first
experiment, the addition of chloro(heptyl)magnesium
(1.2 equiv) in ether to the chiral acylpyridinium salt pre-
formed from 5 (1.0 equiv) and (—)-8-phenylmenthyl
chloroformate (1.0 equiv) in toluene/THF (4:1) affor-
ded, after acidic work up (HCI 10%), dihydropyridinone
6a in 79% yield as the only diastereoisomer detected by
'"H NMR (Scheme 2). Additional HPLC analysis
revealed a 99:1 diastereomeric ratio (98% de). When
the reaction was performed with the Grignard reagent
derived from 7-chlorohept-1-ene, dihydropyridinone 6b
was obtained in 61% yield and 97% de. The relative con-
figuration of the dihydropyridinones was assigned,
based on Comins’s precedents, by '"H NMR.” Dihydro-
pyridinones 6a and 6b showed the chemical shifts of H-2
and H-6, at 2.65-2.78 ppm (m) and 7.73 ppm (s), respec-
tively, which should correspond to the major diastereo-
isomer when (—)-8-phenylmenthyl is used as the chiral
auxiliary. Further support for this assignment was pro-
vided by the final conversion into natural barrenazines.

With the enantiomerically rich dihydropyridinone 6b in
hand, we proceeded further in our synthetic route with
the cleavage of the triisopropylsilyl group and the
removal of the chiral auxiliary to prevent undesired side
reaction products. Protodesilylation of 6b with a 1:1
mixture of trifluoroacetic acid/chloroform gave 7 in
98% yield (Scheme 3). Methanolysis of 7 with sodium
methoxide afforded 8 as a crystalline solid in 96% yield.
The enantiopure dihydropyridinone 8 was then pro-
tected as a z-butoxycarbonyl carbamate by treatment
with (Boc),O (1.5 equiv) and Et;N (1.2 equiv)/DMAP
(0.05 equiv), affording the corresponding N-Boc-deriva-
tive 9 in 98% yield.

At this stage of the synthesis, we attempted the direct
conversion of 2,3-dihydropyridinone 9 to the required
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Scheme 2. Stereoselective synthesis of dihydropyridinones 6a and 6b.
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Scheme 3. Synthesis of dihydropyridinone 9.

a-azido ketone 11 in a one-step tandem 1,4-reduction/
enolate trapping by azidation reaction. This approach
should avoid the problems of regioselectivity derived
of a two-step procedure. Although the electrophilic
amination of enolates is a known reaction, to the best of
our knowledge, tandem 1,4-addition-enolate amination
reactions have not been reported yet.!! After consider-
able efforts, the reaction of 2,3-dihydropyridinone 9
with several 1,4-reducing reagents such as L-Selectride,
or lithium in ammonia, followed by the addition of
different aminating reagents, such as azodicarboxylates
or sulfonyl azides, gave the desired 1,4-reduction product.

Based on these results, we considered an alternative
route based on trapping the enolate resulting from 1,4-
reduction of 9 as a silyl enol ether, followed by radical
azidation of the silyl enol ether with sodium azide and
ceric ammonium nitrate (CAN).!? The reaction of 2,3-
dihydropyridinone 9 with L-Selectride (1.2 equiv) in
THF at —78 °C followed by the addition of TIPSOTf
(1.3 equiv) afforded triisopropylsilyl enol ether 10 in
97% yield (Scheme 4). Subsequently, the treatment of
10 with NaNj3 (3.0 equiv) and CAN (2.0 equiv) in aceto-
nitrile at —20 °C gave the desired a-azido ketone 11 in
76% yield. In this reaction, we observed that careful
tuning of the NaN3 and CAN amounts, and rapid puri-
fication, was crucial for obtaining a-azido ketone 11 in
good yield.
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Scheme 4. Synthesis of a-azido ketone 11.
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Completion of the total synthesis required the reduction
of a-azido ketone 11 and self-condensation of the a-ami-
no ketone produced. The direct conversion of a-azido
ketones into 1,4-pyrazines using aqueous triphenylphos-
phine (Staudinger reaction) has been reported in the
synthesis of steroidal pyrazines.!? In our case, we found
that treatment of a-azido ketone 11 with aqueous tri-
phenylphosphine in THF for 16 h, followed by the addi-
tion of a catalytic amount of p-toluenesulfonic acid in
ethanol and further oxidation in air, afforded N-Boc-
barrenazine B 12 in 59% yield, accompanied with a
significant amount of dihydropyridinone 9, possibly
formed by azide elimination (Scheme 5).

With N-Boc-protected barrenazine 12 in hand, we went
straightforward toward the synthesis of natural barren-
azines. The acidic hydrolysis of 12 with trifluoroacetic
acid (TFA) in CH,Cl,, followed by neutralization with
saturated aqueous NaHCO;, resulted in clean removal
of the r-butoxycarbonyl groups, providing the optically
active (—)-barrenazine B in 86% overall yield.'* Finally,
we found that (—)-barrenazine B can be transformed
into (—)-barrenazine A by hydrogenation under Pd/C
(90% yield).'> The spectral data (‘"H NMR, '*C NMR,
MS, IR) for synthetic (—)-barrenazine A and (—)-bar-
renazine B are in full concordance with reported data
for naturally occurring and synthetic barrenazines. The
absolute configuration was confirmed by measuring
optical rotations. The measured optical rotations for
the barrenazines were in accordance with the values
reported by Charette and Focken,’ [ocﬁ)2 —86.9 (¢ 0.20,
MeOH) for barrenazine B and [x]; —85.9 (¢ 0.26,
MeOH) for barrenazine A.
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Scheme 5. Synthesis of (—)-barrenazines A and B.

In summary, an enantioselective synthesis of (—)-barren-
azine A and (—)-barrenazine B was achieved in nine
steps (19% overall yield) and eight steps (21% overall
yield), respectively. The key features of the synthesis
are a highly diastereoselective nucleophilic addition of
a Grignard reagent to a chiral acylpyridinium salt, a
radical azidation of a silyl enol ether, and the assembly
of the pyrazine ring by reductive dimerization of a func-
tionalized 5-azidopiperidin-4-one. The versatility of this
synthetic strategy should provide convenient access to a
variety of structural derivatives of barrenazines A and B
modified at the side chain.
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. (—)-Barrenazine B (2): white solid. Mp 75-77 °C, lit.° mp

74-75 °C; [o]fy —86.9 (c 0.20, MeOH), lit. [a]fy —92.0 (c
1.3, MeOH); IR (ATR) 3291, 2924, 2853, 1442 cm™'; 'H
NMR (500 MHz, DMSO-d) é 5.81 (ddt, J = 17.0, 10.2,
6.7 Hz, 2H), 5.00 (ddt, J=17.2, 2.1, 1.6 Hz, 2H), 4.94
(ddt, J =17.2,2.2, 1.4 Hz, 2H), 3.87 (s, 4H), 2.88-2.71 (m,
4H), 2.50-2.47 (m, 2H), 2.07-1.99 (m, 4H), 1.50-1.20 (m,
16H); 'H NMR (500 MHz, CD;0D) § 5.84 (ddt, J = 17.0,
10.2, 6.7 Hz, 2H), 5.02 (ddt, J=17.0, 2.2, 1.5 Hz, 2H),
4.95 (ddt, J=10.2, 2.2, 1.2 Hz, 2H), 4.04 (s, 4H), 3.09—
2.88 (m, 4H), 2.68-2.60 (m, 2H), 2.17-2.04 (m, 4H), 1.66—
1.16 (m, 16H); '*C NMR (125 MHz, CD;0D) 6 149.2
(2xC), 149.1 (2xC), 140.0 (2x CH), 114.8 (2 x CH,),
546 (2xCH), 50.0 (2xCH,), 37.9 (2xCH,), 36.9

15.

8539

(2xCH,), 348 (2xCH,), 303 (2xCH,), 299
(2x CH,), 26.7 (2x CH,); MS (EI) m/z 382 (M", 13),
285 (100); HRMS (EI) caled for Co4H3gN, 382.3091 (M),
found: 382.3093.

(—)-Barrenazine A (1%: white solid. Mp 93-94°C,
lit” mp 94-95°C; [o]p —85.9 (c 0.26, MeOH), lit.!
o]y —55 (c 0.48, MeOH), lit.” [o]y —92.4° (¢ 1.4,
MeOH); 'H NMR (500 MHz, CD;0D) § 4.05 (s, 4H),
3.07-2.92 (m, 4H), 2.75-2.59 (m, 2H), 1.72-1.30 (m, 24H),
0.96-091 (t, J=69Hz, 6H): '*H NMR (125MHz,
CD;0D) § 149.9 (2xC), 149.2 (2xC), 54.6 (2 x CH),
50.1 (2xCH,), 38.0 (2xCH,), 37.0 (2xCH,), 33.0
(2xCH,), 309 (2xCH,), 304 (2xCH,), 269
(2x CH,), 23.8 (2x CH,), 14.5 (2 x CH;); MS (EI) m/z
386 (M, 100); HRMS (EI) caled for CosH4oN, 386.3404
(M), found: 386.3396.
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