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Total Synthesis of Azinomycin A**
Robert S. Coleman,* Jing Li, and Antonio Navarro

The azinomycins A and B (1 and 2 ; Ac� acetyl) are a
functionally complex family of antitumor agents isolated from
fermentation broths of Streptomyces griseofuscus.[1] These
natural products are of synthetic interest because of the
unprecedented and densely functionalized aziridino[1,2-
a]pyrrolidine ring system; additional attention has been
focused on these agents because of their potential as lead
compounds for the design of novel chemotherapeutic
agents.[2] To date, and despite considerable effort from a
number of laboratories,[3] the total synthesis of these chal-
lenging targets has not been achieved. Herein, we describe an
asymmetric total synthesis of azinomycin A (1) that repre-
sents the first entry into this family of natural products.

The azinomycins exhibit cytotoxity against at sub-micro-
gram per milliliter concentrations, but, more important, these
agents show antitumor activity in mouse models that is
comparable to that of mitomycin C.[4] Unfortunately, a de-
tailed evaluation of the scope of the biological activity of the
native agents has been prevented by the poor availability and
significant instability of the agents, factors that have similarly
impeded synthetic efforts.
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The azinomycins are one of a small set of molecules that
interact with DNA in the major groove.[5] Azinomycin B (2)
forms a covalent interstrand cross-link[6] between suitably
disposed purine bases in the duplex sequence 5'-d(PuNPy)-3',
but the structural origin of the sequence selectivity and
binding affinity are incompletely defined. We have recently
described a computationally based model[7] that explains the
experimentally observed cross-linking of azinomycin B (2).[8]

We now report the asymmetric total synthesis of azinomy-
cin A (1) that is based on a convergent and modular synthetic
plan (Scheme 1). By the five disconnections at ester, amide,

Scheme 1. Modular and convergent synthetic strategy. Bn�benzyl.

olefin and CÿN bonds, a ± e, we arrive retrosynthetically at
five simple fragments: 1) naphthoic acid 3,[2q] 2) epoxyalcohol
4,[9] 3) glycine phosphonate 5,[10] 4) aziridine carbaldehyde
6,[11, 12] and 5) 1-amino-2-propanol. The ordering of steps a ± e
was not predetermined, although we had established the
necessity of introducing the reactive azabicyclic system
(bond d) as the penultimate step. The most relevant variable
was the timing of the C7 ± C8 dehydroamino acid olefination
of aldehyde 6 (bond c) with respect to amide bond formations
b and e. In other words, would the dehydroamino acid be
introduced before or after elaboration of the amide/ester
backbone?
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Olefination of aldehydes such as 6 with glycine-based
phosphonates is problematic due to the proximal C13 acetyl
group.[13] However, having the acetate installed prior to
olefination avoided problematic protecting group manipula-
tions on advanced dehydroamino acid systems.[13b] We viewed
the strategy of bringing the ªtop halfº of the molecule into the
olefination reaction intact (bond c) as more advantageous
than the complementary strategy of building the C7 ± C8
dehydroamino acid double bond before incorporating the left
(bond b) and right portions (bond e), since this strategy
minimized transformations on systems bearing the reactive
aziridine ring. In the end, 1 was synthesized by formation of
bonds a and e first, followed by bonds b, c, and finally d
(Scheme 1).

The most important step requiring stereochemical control is
the intramolecular addition ± elimination reaction sequence
of 7 to form the azabicyclic ring system of 1 (Scheme 2).
Stereocontrol in the bromination of 8 is critical to constructing
the E-olefin of 1, because the addition ± elimination reaction
sequence of 7 is stereospecific.[13] The C7ÿC8 double bond of 8
was formed by an olefination reaction[14] between aldehyde
6[11] and the phosphonate ªtop pieceº 9. This synthetic strategy
is direct, but it relies on a complex, high-risk olefination
reaction between 6 and 9 as the convergent step.

Phosphonate 9 was constructed in a convergent fashion by a
series of ester and amide bond formations (Scheme 3).
Naphthoic acid 3 (X�OH), most effectively prepared
according to Shibuya and co-workers,[2q] was activated as the
acid chloride 3 a (X�Cl; PCl5, Et2O, reflux, 2 h) and coupled
under standard conditions (DMAP, Et3N, CH2Cl2, 0 8C, 4 h)
with enantiomerically pure epoxyalcohol 4, prepared by
Sharpless kinetic resolution,[9] to afford 10 (88 %). Hydro-
genolysis of the benzyl ester of 10 (1 atm H2, 10 % Pd/C,
MeOH, 2 h, 25 8C) afforded unstable epoxyacid 11 (>99 %),
which was coupled directly with the aminophosphonate 13.
This, in turn, was prepared from glycine phosphonate 5 by
saponification (LiOH, THF/MeOH/H2O, 25 8C, 30 min) to
afford the crude acid in quantitative yield after acidification
with Dowex H�. The acid was coupled with (�)-1-amino-2-
propanol using dicyclohexylcarbodiimide (HOBt, CH2Cl2, 0 ±
25 8C, 24 h) to afford 12 (86 %). Hydrogenolysis of the benzyl
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Scheme 2. Retrosynthetic analysis of the azabicyclic system.

carbamate of 12 (1 atm H2, 10 % Pd/C, MeOH, 25 8C, 2 h)
afforded amine 13 (>99 %). Coupling of acid 11 and amine 13
using ethyl(3-dimethylaminopropyl)carbodiimide (HOBt,
CH2Cl2, 0 ± 25 8C, 9 h) afforded the fully elaborated ªtop
halfº phosphonate 14 in good yield (79 %).

At this point, we dealt with the issue of the C2 oxidation
state by synthesizing ketone 9 by Swern oxidation of alcohol
14 (DMSO, (COCl)2, Et3N, CH2Cl2, ÿ78 8C, 83 %). The
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avoidance of synthetic manipulations subsequent to dehy-
droamino acid introduction outweighed potential problems
with a competing, intramolecular olefination.

The other partner in the Wadsworth ± Horner ± Emmons
olefination reaction was aldehyde 15 (Scheme 4), which was
prepared in a high yielding sequence of reactions from

Scheme 4. Origin of the azabicyclic precursor aldehyde.

unsymmetrically protected 1,5-hexadiene-3,4-diol 16, avail-
able using Brown�s diisopinylcampheylborane reagent,[15] as
described previously.[11a,c] For the present work, we used a
triethylsilyl ether for protection of the C12 hydroxy group of
15 (azinomycin numbering) rather than the previously
described para-methoxybenzyl ether; the C13 acetyl group
was carried through the synthesis intact.

Wadsworth ± Horner ± Emmons olefination of aldehyde 15
with the phosphonate 9 bearing the C2 carbonyl group
(Scheme 5) proceeded smoothly using potassium tert-butox-
ide at low temperature (THF, ÿ50 8C, 18 h). The (Z)-
dehydroamino acid 17 could be isolated as the major product
of the reaction with the minor E isomer in a modest yield
(40 %), which thereby completed formation of the entire
azinomycin skeleton. The low yield for this transformation
was more than offset by the sheer simplicity of the approach
to this advanced intermediate, particularly with regard to the
successful avoidance of protecting group manipulations and
oxidations subsequent to olefination, which have proven to be
the downfall of other approaches to 1 and 2. To our
satisfaction, intramolecular olefination of the phosphonate
anion onto the C2 ketone of 9 to afford 18 proved to be a
minor reaction pathway (�5 %).

Introduction of the vinyl bromide necessary for pyrrolidine
formation proved to be problematic, despite the extensive

previous work on simple model systems.[16] The initial
bromination of 17 (Scheme 5) proceeded smoothly using N-
bromosuccinimide in the presence of a silica gel catalyst
(CH2Cl2, 25 8C, 30 min) to afford the isolable a-bromoimine
19 (75 %). Unfortunately, previously defined conditions to
effect tautomerization to the vinyl bromide (E)-20 (that is,
2,2,6,6-tetramethylpiperidine, 25 8C, 18 h), or the use of other
amine bases (for example, DABCO, DMAP, Et3N), gave the
undesired isomer (Z)-20 as the sole vinyl bromide product,
and was often accompanied by products resulting from
hydrolysis of the imine C�N bond (DABCO� 1,4-diazabicy-
clo[2.2.2]octane). Alkoxide bases (tBuOK, CH2Cl2, 40 8C,
18 h) proved more effective at providing the correct vinyl
bromide (E)-20,[17] but it was always formed as a separable
mixture with the undesired (Z)-vinyl bromide. The config-
uration about the stereogenic double bond of (E)-20 was
assigned by correlation with spectral data of related sys-
tems,[18] and by the observation of a reciprocal nuclear
Overhauser enhancement between C13-H and N16-H (C13-
H!N16-H: 7.1 %; N16-H!C13-H: 8.7 %).

Selective removal of the aziridine N-benzyl carbamate of 20
(Scheme 5) using a palladium-catalyzed, silane-mediated
process (Et3SiH, PdCl2, Et3N, CH2Cl2, 25 8C, 50 min)[19]

afforded the corresponding free aziridine (50% yield of
isolated product), without complication from reduction of
other functional groups in the molecule (that is, the vinyl
bromide and olefin).[20] Cyclization was effected upon warm-
ing in the presence of Dowex anion exchange resin (CO3

2ÿ

form, CH2Cl2, 45 8C, 18 h) to afford 12-O-triethylsilyl azino-
mycin A (21), stereospecifically and as a single stereoisomer
(64 %).[21] Final removal of the C12 hydroxy protecting group
with nBu4NF/HF/pyridine[22] (THF, 25 8C, 50 min, 95 %)
afforded unstable azinomycin A (1),[23] identical with an
authentic sample by 1H NMR and thin layer chromatography
(silica gel; EtOAc, 5 % MeOH/CHCl3, and acetone), and
thereby completed the total synthesis of an natural product
that has proven to be among the most elusive of synthetic
targets.

As we anticipated from previous studies[24] and from
observations made during isolation of the azinomycins from

Scheme 5. Olefination, bromination, pyrrolidine introduction, and completion of the total synthesis of azinomycin A. NBS�N-bromosuccinimide.
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their natural source,[25] the synthetic material proved unstable.
This instability is largely, if not exclusively, a result of the C12-
hydroxy group of 1, since the penultimate intermediate 12-O-
triethylsilyl azinomycin A (21) possessed a greater degree of
stability towards isolation. Not surprisingly, one of the major
pathways of reactivity of 1 is ring opening of the aziridine by
nucleophilic attack at C10. The instability of the natural
products has prevented their study as chemotherapeutic
agents, and overcoming this will require further work to
understand both the mechanism by which the instability is
manifested and to construct structurally and functionally
related agents for more detailed biological evaluation.
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