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Statins are essential naturally occurring B-hydroxy-y-amino acids and (3S,45)-Statine, derived from L-Leucine, is
found in important aspartic proteases inhibitors like Pepstatin A. We developed a new synthesis of (3S,45)-
Statine based on the highly diastereoselective reduction of N,N-Boc/Benzyl protected p-ketoester intermediate.
This Boc/Benzyl protection strategy gives access to either N-Fmoc or N-Benzyl protected (3S,4S)-Statine on

Statins are important naturally occurring p-hydroxy-y-amino acids
and statine-containing peptides show aspartic acid protease inhibition
properties [1] beneficial against hypertension (renin), malaria (plas-
mepsins), AIDS (HIV protease), Alzheimer’s disease (p-secretase) and
cancer [2]. However, their utility as therapeutics often suffers from
limitations including poor membrane permeability [3], high suscepti-
bility to metabolism [4] and a lack of specificity for individual protease
targets [3,5].

Peptoids or N-alkylated peptides (PTA: Peptide Tertiary Amide) were
recently developed as a new class of peptidomimetics showing increased
proteolytic stability, cell membrane permeability and restrained
conformation [6]. However, N-alkylation was deeply investigated only
for classical amino acids [7] and, consequently, examples of N-alkylated
p-hydroxy-y-amino acids (Statins) were limited to the synthesis of N-
methyl substituted statins (dolastatin and hapalosin) [8]. N-methyl
statins were employed as Plasmespin V inhibitors [9]. Nevertheless, to
date, only one example of N-benzyl substituted statin is present in
literature as part of the scaffold of oxazolidinone-based inhibitors of the
inositol kinase PI3K [10]. In the context of our research, based on the
development of new aspartic protease inhibitors, we aimed to develop a
divergent and scalable diastereoselective synthesis of (3S,45)-Statine
and (3S,4S)-N-Benzylstatine.

Since the seminal work of Glover, Castro and Mulzer [11], intense
efforts were dedicated to the diastereoselective synthesis of statins [12],
including: reduction of B-ketoesters derived from canonical amino acids

[11,13], reduction of tetramic acids [14], organometallic addition on
a-substituted aldehydes [15], on Cbz activated imine [16] or on Boc
protected aziridine [17] and cyclisation of a,B-unsaturated y-aminoester
[18]. One of the highly diastereoselective methods developed to obtain
the (35,4S)-Statine 1 (Fig. 1) consists in the borohydride reduction of a
hindered N,N-dibenzyl protected f-ketoester. However this strategy
suffers from a tedious isolation of the intermediate N,N-dibenzylated
amino acid and an epimerization issue during the saponification of the
methyl ester at C terminal [13h]. Moreover the dibenzyl protection
precludes the synthesis of N-Benzylstatine. We hypothesized that the
reduction of the Boc/Benzyl protected f-ketoester could be performed
with a good diastereoselectivity and could lead, efficiently, to the syn-
thesis of (3S,4S)-N-Benzylstatine 2 (Fig. 1).

The synthesis of 2 started with the reductive amination of the com-
mercial L-leucine methyl ester to give the benzylated amino acid 3. The
following Boc protection led to the Boc/Bn protected compound 4 [19].
After a saponification step which occurred without epimerization (see
supporting info), the elongation was successfully performed via the
activation of the free carboxylic acid 5 by carbonyl diimidazole (CDI)
and the subsequently addition of the in-situ formed monomethyl mal-
onate magnesium salt (Scheme 1). For this last step, we took advantage
of the convenient and large-scale amenable method described by Mag-
ano et al. [20].

The next step was the reduction of the p-keto ester 6. It was shown, in
literature, that either hindered hydride reagents or amines could give
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Fig. 1. Compared synthesis of statine 1 and N-Benzylstatine 2.

the desired (3S,4S) diastereomer with a good diastereoselectivity. A first
try in ethanol at —10° C using sodium borohydride and the hindered
double protected compound 6 only led to an elimination’s side product
in poor yields. No traces of the desired reduced product were observed.
To our great delight, moving from ethanol to methanol, at the same
temperature, led to a clean and highly diastereoselective reduction of 6
(Scheme 2, entry 3). When the reduction is conducted in THF, three
equivalents of reducing reagent are necessary to reach the complete
conversion and the diastereoselectity of the reaction decreased (entry 2).
We also screened different temperature and we concluded that —10 °C
was the ideal one, since the de dropped at lower and higher temperature
(entries 5, 6). A sterically hindered, non-chelated transition state that
corresponds to a polar Felkin-Anh model, could be involved to explain
the excellent selectivity [21].

Subsequently, the N-Boc/N-Bn protection was replaced with a Fmoc
protecting group in order to allow the using of the Statine in solid phase
peptide synthesis (SPPS). The ester 7 is saponified prior to the cleavage
of the Boc moiety with trifluoroacetic acid to give the acid 8 as its TFA
salt in good yield. Hydrogenolysis of the benzyl group followed by a
Fmoc protection of the free amino acid gives the Fmoc protected (3S,4S)-
Statine 9 ready for SPPS (Scheme 3).

The possibility to insert N-Benzylstatine in a Peptide was validated
coupling the saponified ester 7 with L-leucine methyl ester using clas-
sical reagents/conditions. After the cleavage of the Boc protecting
group, the N-terminal benzylated dipeptide 10 was synthesized in
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B”\N O~ NaBH, lequiv. B”\N S,
Boc T Boc :
e} 0 Solvent OH O
Temperature
6 7
Entry Solvent Temp. yield (%) de (%)b
1 EtOH -10°C - -
22 THF -10°C 86 76
3 MeOH -10°C 99 97
42 THF -78°C - -
5 MeOH -78°C 99 88
6 MeOH rt 96 69

a: 3 equiv. of NaBH, were used; b: de were measured by HPLC

H #
H
0] R —> (S,9)-7
/N\
Bn Boc

Scheme 2. Diastereoselective reduction of p-keto ester 6.

excellent yield with no traces of epimerization (Scheme 4). Compound
10 will be tested as an aspartic protease inhibitor and we are currently
investigating and optimizing the coupling conditions at the N-terminal
of the dipeptide.

In this paper we described an efficient and divergent synthesis of
both (3S,4S)-Statine and (3S,4S)-N-Benzylstatine based on a highly
diastereoselective reduction of the Boc/Bn di-protected y-amino-f-keto
ester. The Fmoc protected (3S,4S)-Statine 9 is suitably protected for
SPPS and C-terminal peptide coupling of Boc protected (3S,4S)-N-Ben-
zylstatine 7 was performed in high yield in SPS. N-terminal peptide
coupling of N-benzyl secondary amine and the biological test of N-
Benzylstatine based peptidomimetics as aspartic protease inhibitors will
be reported in due course.

1) TEA 2 equiv. Boc,0 1.5 equiv.
PhCHO 1,5 equiv. TEA 2 equiv.l
HaN SN 2) NaBH,4 1.5 equiv. N O DMAP 1 equiv. \ O
+ H DCM/THF Boc
cl O MeOH o o o
95% 90 %
H-Leu-OMe 3 4(12.5g)

1) CDI
0

+X

NaOH 10 equiv.

H,O/MeOH
87 %

N
Boc

(0]

2)
6MO/

OH 2 equiv.
—_—
MgCl; 4 equiv.
EtsN 3 equiv.

(0]
N N
Boc
(0] (0]

THF reflux

5 86 %

6 (10.0 g)

Scheme 1. Synthesis of p-keto ester 6.
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OMe 1) NaOH, MeOH/H,0  TFA®

*HoN Y CO,H
2) TFA 30% in DCM Bn C:)H
94%
7 8
1) Hp, Pd/C cat. MeOH
FmocHN Y CO,H
2) FmocOSu, NaHCO3 =z
THF OH
86% 9

Scheme 3. synthesis of N-Fmoc-Statine 9.

1) NaOH, MeOH/H,0 Bn.

o)
Rk skl N7 \:)]\0
2) HCI'NH,-Leu-OMe, “TFA OH O B
EDCI, HOBT, DIPEA Y
7 3) TFA 20% in DCM 10
81%

Scheme 4. C-terminal peptide coupling of N-Benzylstatine 7.
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