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ABSTRACT

Chiral 3-aminopyrrolidine-2,4-diones, obtained by transannular rearrangement of activated diketopiperazines, could be a springboard toward
an exceptional stereoselective synthesis of original 2-disubstituted statines. After a selective reduction of the pyrrolidine-2,4-diones, the access
to opened 2,4-diamino-3-hydroxyacid esters was carried out by a subsequent alkaline treatment or directly through a tandem reduction-
solvolysis.

Statines,â-hydroxy-γ-aminoacids, are potent transition state
analogue inhibitors of aspartic proteases,1 therapeutic targets
in many diseases such as AIDS (HIV proteases),2-4 malaria
(plasmepsins),5 cancer and Alzheimer’s disease (cathepsin
D, BACE, â-secretase),5 hypertension (renin),6-7 and conges-

tive heart failure or bacterial infections (pepsin).1,2,8,9 The
3,4-synrelative configuration of the amino and the hydroxyl
groups of statines was demonstrated to be crucial to mimic
the topography of the enzyme-bound peptide conformations
(Figure 1).8

Furthermore, a subsequential C2 substitution proved to be
also an important key structural element for biological
activities. Janolusimide,10 a tripeptide marine toxin, or
bleomycin,11,12a glyco peptide-derived antitumor agent, have
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been clinically introduced for the treatment of various
malignancies, including those of the testes and lymph nodes
(Figure 1). Relevant 2-amino statine compounds developed
by Gstach et al.13,14 were revealed to be more effective
inhibitors of HIV-1 protease than related initial statine-
containing compounds.

Owing to the importance of statine derivatives, several
approaches for their synthesis have already been developed,15

among which is the stereoselective reduction of tetramic
acids.16-22 It is remarkable, however, that only few examples
of syntheses of 2-substituted statines are described in the
literature, mainly taking advantage of ring opening of anR,â-
epoxy ester,23 aldol-type reactions,24,25or allylation reactions
of protectedR-amino aldehydes, followed by oxidative
transformation of the olefinic moiety.26 To date, to the best
of our knowledge, no reports on the synthesis of 2-alkyl-2-
amino-statine derivatives have been published.

We present here the first stereocontrolled synthesis of 2,4-
dialkyl-2,4-diamino-3-hydroxyacid derivatives3 (Scheme 1,
eq 2). Our strategy was based on the recent observation that

a transannular rearrangement of activated lactams (TRAL)
leads to an exceptional stereocontrolled synthesis of pyrro-
lidine-2,4-diones2 starting from 2,5-diketopiperazines1
(Scheme 1, eq 1).27,28

We anticipated that a selective reduction and a suitable
opening reaction of2 would be expected to give the desired
statine derivatives, allowing us to access to an important set
of R,γ-diamino-â-hydroxyacid esters3 by changing the
nature of the DKP and/or the electrophilic agent R2X
(Scheme 1).

We first examined the reduction of pyrrolidine-2,4-diones
2 by the experimental procedure in the presence of NaBH4

described by Leban.29 The results are summarized in Table
1.

Unexpectedly, the reducing conditions proved to be highly
chemoselective and diastereoselective, providing only the
diastereoisomer4 in good yield. This unprecedented stereo-
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Figure 1. Statines derivatives.

Scheme 1. Synthesis of Statines Analogues

Table 1. Stereocontrolled Reduction of Pyrrolidine-2,4-diones

entry 2 R1 R2

product
yielda (%) deb (%)

1 2a Me (S) Me (S) 4a (80) >95
2 2b iPr (R) Bn (R) 4b (91) >95
3 2c iPr (R) CH2dCHCH2 (R) 4c (79) >95

a Yield of isolated products after purification by flash chromatography.
b The13C NMR spectrum of the crude material gave only one set of peaks.
1H NMR spectrum (3JH4-H5 ) 8-9 Hz) was not sufficient to fully establish
the configuration of C4. The confirmation will be brought afterward by
X-ray diffraction analysis of a compound coming later in the synthesis
(Scheme 4).
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chemistry could be correlated to steric factors, leaving the
4-hydroxyl and the 3-amino groups in atransconfiguration
in compound4. When R2 is an alkyl chain substituted by an
ester group (2d, Scheme 2), the reduction led interestingly

to the corresponding bicyclo compound4d by intramolecular
cyclization between the hydroxyl and the ester groups present
on the neighboring chain.

This spontaneous lactonization was an additional chemical
proof for the stereochemistry of the reduction. For example,
this type ofcis junction (garcinia junction) could be found
in the mescaline isocitrimide lactone, a psychotic bioprinciple
isolated from mescal (Lophophora williamsii).30

Given our interest in the synthesis of statines, we have
then concentrated on the transformation of 3-aminopyrroli-
dine-2-ones4 into correspondingR,γ-diamino-â-hydroxyacid
esters3. The reaction was carried out on the substrate4b in
the presence of sodium methanolate, allowing the synthesis
of the diastereoisomer3a in good yield, as a proof of concept
(Scheme 3). However, the opening reaction was unsuccessful

using other nucleophiles such as primary amines or thiolates.
At this stage, it is important to notice that, when a
chemoselective cleavage of the Boc group linked to the
heterocycle was realized, the electrophilic reactivity of the
related lactam5 and consequently its opening ability were
then lost, keeping the same alkaline conditions as for the
opening of4b (Scheme 3).

We were next able to accessR,γ-diamino-â-hydroxyacid
esters3 in a one-step reductive-opening strategy starting from
pyrrolidine-2,4-diones2 (Table 2).

By using methanol (or ethanol) during the reduction step,
we highlighted a highly chemo- and stereoselective pathway
allowing the synthesis of various 2-disubstituted statines in
good yields. The diastereoselectivity of this tandem reduc-
tion-opening reaction was established by X-ray diffraction
crystal analysis of the linear compound (2R,3S,4R)-3b
(Figure 2 and Supporting Information).31

The total stereoselectivity observed during the reduction
could be explained by the fact that the initial cyclic substrate
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Scheme 2. Synthesis of Bicyclo Lactam-lactone with Garcinia
Junction

Scheme 3. Opening of Activated Lactam

Table 2. Tandem Reduction-Opening of
Pyrrolidine-2,4-diones

entry 2 R1 R2 R3

product
yielda (%) deb (%)

1 2b iPr (R) Bn (R) Me 3a (83) >95
2 2c iPr (R) CH2dCHCH2 (R) Me 3b (88) >95
3 2e iPr (R) Me (R) Me 3c (85) >95
4 2f sBu (S) CH2dCHCH2 (S) Et 3d (76) >95

a Yield of isolated product after purification by flash chromatography.
b The13C NMR spectrum of the crude material gave only one set of peaks.

Figure 2. ORTEP representation of (2R,3S,4R)-3b.
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is a constrained molecule. In the most favored envelope
conformation, R1 and R2 are located in pseudo-equatorial
positions, allowing a Bürgi-Dunitz attack of the hydride
entity with low sterical constraints (Scheme 4). This stereo-
controlled approach could be moreover improved by a
potential H-bonding association between the hydride reagent
and the NH carbamate group, as demonstrated for the boro-
hydride reduction ofR-hydroxycyclopentanones.32 The re-
sulting alcoholate group could then participate in the metha-
nolysis of activated lactam through anchimeric assistance,
to produce the desired compounds3.

In conclusion, we have developed here the first successful
application of the TRAL reaction leading to an unprecedented
highly selective pathway, essential for the synthesis of
various novel 2-disubstituted statines. Pyrrolidine-2,4-diones
obtained by TRAL reaction were reduced, in good yields
with excellent diastereoselectivity, into 4-hydroxypyrrolidine-
2-ones or intoR,γ-diamino-â-hydroxyacids esters, according
to the reaction conditions. These linear compounds were
synthesized taking advantage of the electrophile activation
of the lactam by a Boc protecting group. Regarding the
structural analogy of the original analogues we have syn-
thesized with subunits occurring in biologically active
compounds such as statines and bleomycine, further work
will be devoted to pharmacological studies and incorporation
into peptidic sequences.
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Scheme 4. Possible Intermediates Proposed To Explain the
Observed Stereoselectivity of the Tandem Reduction-Opening

Reaction
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