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The first total synthesis of the indole alkaloid nocardioazine B
was accomplished in 10 steps with an overall yield of 11.8%,
establishing the absolute stereochemistry of the natural product.

Nocardioazines A and B are two unprecedented prenylated-
diketopiperazine alkaloids isolated from a nonsaline liquid culture
of Nocardiopsis sp. (CMB-M0232) recovered from a sediment
sample of South Molle Island, near Brisbane, Australia.! The
bridged scaffold of nocardioazine A revealed stronger inhibitory
effects on the membrane protein efflux pump P-glycoprotein,
reversing doxorubicin resistance in a multidrug resistant colon
cancer cell. The structure and relative stereochemistry of
nocardioazines were determined on the basis of extensive NMR
spectral investigations, while their absolute configuration, as
depicted in Fig. 1, is a prediction based on biosynthetic speculation.

As part of our program on the synthesis of marine secondary
metabolites” we were interested in synthetic approaches toward the
total synthesis of nocardioazines and selected nocardioazine B (1)
as an initial entry into this interesting class of natural products.®
Herein, we disclose the first total synthesis of nocardioazine B
and the resulting assignment of the absolute configuration of the
natural product.

As outlined retro-synthetically in Scheme 1, our synthetic
approach relies on assembly of two main building blocks of
comparable complexity, that is C(3)-quaternary-substituted

Nocardioazine A Nocardioazine B (1)

Fig. 1 Structures of nocardioazines A and B.
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pyrroloindolines 3 and 4. Condensation of acid 3 with a free amine
derived from 4 was envisioned to deliver the required precursor 2.
Further retrosynthetic analysis of the individual subunits revealed
that they can be prepared from N’-bis(zert-butyloxycarbonyl)-D-
tryptophan methyl ester 5 and N'-bis(zert-butyloxycarbonyl)-L-
tryptophan methyl ester 7.

The synthesis of pyrroloindoline 3 started with the prepara-
tion of bromohexahydropyrroloindole 8 from the readily
available N’-bis(zert-butyloxycarbonyl)-D-tryptophan methyl
ester 5% (Scheme 2). Treatment of 5 with 1 equivalent of
N-bromosuccinimide (NBS) and 1 equivalent of pyridinium
p-toluenesulfonate (PPTS) in dichloromethane resulted in the
formation of the exo-3a-bromo hexahydropyrrolo[2,3-blindole
8 in 82% yield® and virtually as a single diastereoisomer.®
Bromohexa-hydropyrroloindole 8 was then converted into methyl-
hexahydropyrroloindole 10 employing a highly regio- and stereo-
selective intramolecular cyclopropanation/ring-opening protocol
developed by Rainier and co-workers.” Thus, treatment of 8 with
potassium fert-butoxide at 0 °C in THF afforded the corres-
ponding cyclopropyl-azetoindoline 9 in 85% yield. Subsequent
treatment of this donor—acceptor cyclopropane with trimethyl-
aluminium at —40 °C in dichloromethane gave rise to the
desired C(3)-methyl-substituted pyrroloindoline 10 in 70%
yield. Saponification of 10 with lithium hydroxide next
produced the key fragment 3.

The success of trimethylaluminium additions to cyclopropyl-
azetoindoline 9 encouraged us to explore similar reactions
of allylic carbon nucleophiles with cyclopropylazetoindoline,
aiming for the construction of pyrroloindoline 4.

Scheme 1 Retrosynthetic analysis of nocardioazine B (1).
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Scheme 2 (a) MeOH-HCI; (b) Boc,O, CH,Cl,, NaOH, BuyNHSOy;
(¢) NBS, CH,Cl,, 0 °C; (d) KOBu/, THF, 0 °C; (¢) AlMes, CH,Cl,,
—40 °C; (f) LiOH, THF, MeOH-H,O0.
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Scheme 3 Attempted synthesis of fragment 4.

exo-3a-Bromo hexahydropyrrolo[2,3-blindole 6 was prepared
from L-tryptophan according to an identical procedure as
described for 8. In the event, treatment of cyclopropylazetoindoline
11,7 derived from bromohexahydro-pyrroloindole 6, with various
allylic carbon nucleophiles met with somewhat limited success
(Scheme 3). The desired C(3)-allyl-substituted pyrroloindoline 12
was obtained in 30% yield only when allylzinc bromide (entry 4)
was used as the nucleophile. The stereocenter adjacent to the
carboxylate group of 12 has the incorrect stereochemistry relative
to the key fragment 4, so epimerization was required. Unfortu-
nately, our effort to epimerize 12 to 13 under a variety of conditions
(e.g., LDA, KOBU, NaOMe) was not successful.

Due to the difficulties in the synthesis and epimerization of C(3)-
allyl-substituted pyrroloindoline 12 using a cyclopropanation/
ring-opening based approach, we altered our synthetic route by
introducing the prenyl moiety to bromohexahydropyrroloindole
6 via either a direct radical prenylation process or a three-step
sequence including a radical allylation, alkene cleavage and Wittig
olefination.® Thus, reaction of 6 with prenyltributyltin in the
presence of the free radical initiator AIBN in refluxing benzene
produced the angular prenyl derivative 4 and the reverse prenyl
14 as an inseparable mixture. We next turned our attention to the
stepwise strategy for the construction of the key intermediate 4.
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Scheme 4 (a) Prenyltributyltin, AIBN, C¢Hg; (b) allyltributyltin,
AIBN, C¢Hg, reflux; (c) OsO4, NalOy, lutidine; (d) PhyP*Pr'Br,
n-BuLi, THF. AIBN: azobisisobutyronitrile.

In the event, treatment of 6 with allyltributyltin in the presence
of AIBN in refluxing benzene afforded the corresponding allyl
derivative 15 in 90% isolated yield. The terminal alkene in 15
was oxidatively cleaved through the action of OsO4~NalOy4 in
the presence of 2,6-lutidine’ to yield the corresponding aldehyde
16, which was immediately subjected to a Wittig reaction with
isopropylidenetriphenyl-phosphorane to produce 4, with the
complete prenyl side chain, in 86% yield (Scheme 4).%¢

With the two key fragments in hand, the stage was now set for
their assembly and elaboration into nocardioazine B. The two Boc
carbamates of 4 were removed by the action of iodotrimethylsilane
(TMSI)' to give rise to the doubly deprotected ester 17,'"' which
was then reprotected as its Boc derivative 18 in 78% overall yield
(Scheme 5). Reductive methylation of 18 with NaCNBH3 in
the presence of aqueous HCHO and AcOH effected the
N-methylation to produce 19 in 70% yield.'?> Removal of the
N-Boc group with iodotrimethylsilane revealed the corresponding
free amine 20, which was then set the stage for fragment coupling.
Unfortunately, all attempts to effect condensation of acid
3 with amine 20 under the influence of various coupling

N OMe N\ OMe N OMe
o] 0
[
NH 95% NBoc
N H N H
H H
17 18
d 170%
N OMe N OMe
o o]
NH - e NBoc

82% N
Coupling "i H ° \ H
reagents 20 19

Coupling reagents:

a. HATU, HOAT, TEA, DMF;

b. Mukaiyama reagent, TEA, DMF;
c .BOPCI, TEA, DMF;

d. DEPC, TEA, DCM;

e. HATU, HOAT, DMAP, DMF

Scheme 5 (a) TMSI, CH;CN; (b) Et;N, rt; (¢) Boc,O, THF;
(d) HCHO (aq.), HOAc; NaBH;CN, CH;0H; (e) TMSI, CH;CN; Et;N,
rt TMSI: trimethylsilyl iodide; HATU: 2-(7-aza-1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate; HOAT: 1-hydroxy-7-
azabenzotriazole; BOPCIL:  bis(2-0x0-3-oxazolidinyl)phosphinic = chloride;
DEPC: diethyl cyanophosphonate.
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Conditions
-—

Conditions Yield ratio of 1:22

1.a.TFA, CHyCly; b. TEA 0 -
2.a.TMSI, CH3CN; b. TEA 52%
3. TMSOTTf, DIPEA, CHxCl, 78%

Scheme 6 (a) HATU, HOAT, DMF, TEA; (b) HCHO(aq.), HOAc,
NaBH;CN, CH;0H.

reagents/conditions did not succeed. The failure to undergo
the expected coupling reaction is presumably attributed to
steric effects exerted by the N-methyl group in 20.

The rate of fragment condensation should be facilitated by
using a less sterically demanding nucleophile. Accordingly, we
decided to couple the acid portion (3) directly to ester 17 and
postpone the N-methylation to a later stage in the synthesis. Thus,
addition of HATU, HOAT and triethylamine to a solution of acid
3 and amine 17 in DMF provided 21 in 60% yield (Scheme 6).
Reductive N-methylation of 21 by an identical procedure as
described for 19 gave rise to precursor 2 in 69% yield, which set
to the stage for the final diketopiperazine formation. Literature
precedent suggested that diketopiperazine formation could be a
spontaneous process.'> Several attempts at the direct formation of
diketopiperazine from 2 were explored. Thus, treatment of 2 with
trifluoroacetic acid in dichloromethane followed by neutralization
with excess triethylamine failed to generate the corresponding
diketopiperazine. On the other hand, TMSI-mediated* cleavage
of the two Boc carbamates of 2 accompanied by cyclisation of the
carbomethoxy function onto the proximal NH group produced a
mixture of nocardioazine B (1) and the double bond isomerized
analogue 22 as an inseparable 1:1 mixture in 52% combined
yield. Gratifyingly, upon treatment of 2 with TMSOTS in the
presence of DIPEA, nocardioazine B (1) can be obtained as a
single isomer in 78% yield (Scheme 6).

The synthetic material displayed 'H and '*C NMR spectra
identical to those reported by Capon and co-workers.! The
optical rotation of synthetic 1, [¢]3 = —20 (¢ 0.1, CH;0H), was
of comparable in magnitude but opposite in sign to that
reported for the natural product, [ = +17 (c 0.04, CH;0H),
establishing the absolute configuration of the nocardioazine B
(Fig. 2) as enantiomeric to what is shown in Fig. 1.

N
H ;\
Nocardioazine B

(assigned absolute stereochemistry)

Fig. 2 Absolute configuration of nocardioazine B.

In summary, we have accomplished the total synthesis of
nocardioazine B from tryptophan in 11.8% overall yield with
the longest linear sequence of 10 steps. This synthesis established
the absolute stereochemistry of the natural product. The extension
of this chemistry towards the total synthesis of nocardioazine
A and novel nocardioazine analogues for biological evaluation is
under way and will be reported in due course.
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