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ABSTRACT: Stereoselectively fluorinated analogues of the
amino acid statine have been efficiently synthesized. The key
step is an organocatalytic electrophilic fluorination of a chiral β-
oxygenated aldehyde, which provided a test of both
diastereoselectivity and chemoselectivity. The target statine
analogues were found to adopt unique conformations
influenced by the fluorine gauche effect, rendering them
potentially valuable building blocks for incorporation into
bioactive peptides.

Statines, or β-hydroxy-γ-amino acids, are key components of
many therapeutically important peptides (Figure 1).1 Such

peptides usually act as protease inhibitors and hence hold great
potential for the treatment of various diseases including cancer
(cathepsin D), Alzheimer’s disease (cathepsin D, BACE, α-
secretase), hypertension (renin), AIDS (HIV protease), and
malaria (plasmepsins).2 As a result, the synthesis of both
natural statines and their analogues has been a subject of
intense interest.3

The introduction of fluorine atoms into organic molecules
can enhance the lipophilicity and biological stability, thus
conferring the substances with favorable pharmacological
properties.4 The presence of fluorine also alters the electronic
character of organic molecules in ways that can mimic the
electron distributions of transition-state structures. Attempts
have been made to harness such effects to improve the potency
of aspartic protease inhibitors; for example, many fluorinated
amino acids,5,6 including trifluoromethylated7 and gem-
difluorinated8 statines (e.g., 3−5 in Figure 1), have been
prepared.
Another important effect of fluorine is that it can alter the

molecular conformation though interaction of the polar C−F
bond with neighboring functional groups.9 Such effects can be
exploited to optimize the potency of bioactive molecules such
as amino acids by preorganizing them into the correct
geometry.5,6 For example, we recently synthesized α,β-
difluoro-γ-amino acids10 and their homologated analogues
α,β,γ-trifluoro-δ-amino acids;11 different stereoisomers of the
former possess different preferred conformations and thus lead
to very different responses at GABA receptors.12 Further
application showed that they can successfully affect the overall

shape of both linear13 and cyclic14 peptides. Building on these
studies, we recently became interested in the hypothetical
statine derivative 6 (Figure 1). Unlike the previous fluorinated
statine derivatives (e.g., 3−5), the new target 6 contains a
stereogenic C−F bond and may therefore offer new
opportunities for optimizing the potency of aspartic protease
inhibitors through conformational control.
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Figure 1. Statine residues are key components of aspartic protease
inhibitors such as pepstatin A (1) and tasiamide B (2). Previous
examples of fluorinated statine derivatives include 3−5; compound 6 is
the new target of this work.
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Retrosynthetically, we anticipated that target 6 could be
obtained from the protected precursor 7 (Scheme 1), which in

turn could be secured via an organocatalytic electrophilic
fluorination15−17 of chiral aldehyde 8.18 It was desired to obtain
the two stereoisomers of 7 separately, so the success of this
strategy would hinge on the ability of an appropriate
organocatalyst (e.g., 1015 or 1116) to override any inherent
substrate control in the fluorination reaction. The match/
mismatch phenomenon has very rarely been investigated in the
context of organocatalytic electrophilic fluorination,19 despite
the recent explosion of interest in this general class of
reaction.20 We also recognized that the presence of a potential
leaving group at the β-position of substrate 8 would test the
chemoselectivity of the process. Hence, we expected that our
synthetic investigations would be noteworthy from a
methodological perspective as well as for the target molecules’
potential biological importance.
The required aldehyde 8 was readily synthesized following a

procedure reported by Ghosh and co-workers (Table 1).18

With substrate 8 in hand, a series of diastereoselective
fluorination reactions were then attempted, followed by in
situ reduction.15 To our delight, the fluorination of 8 proceeded
in good yield with excellent diastereoselectivity when catalyzed
by (R)-10 (Table 1, entry 1). The product 13 gave twin sets of

NMR signals, presumably due to the presence of slowly
interconverting rotameric species, and this initially complicated
the analysis; however, global deprotection of 13 gave a single
species by NMR analysis, confirming that 13 was stereochemi-
cally pure.21 The relative stereochemistry of 13 was determined
by X-ray crystallographic analysis of a derivative (vide infra),
and this revealed that the fluorination had proceeded in
accordance with the model of stereoinduction proposed by
Jørgensen.15 The optimized yield of product 13 (Table 1, entry
1) was achieved when 1 molar equiv of NFSI and 5 mol %
catalyst were employed. No side products arising from either
elimination or difluorination were observed. When the
fluorination of 8 was repeated using the enantiomeric catalyst
(S)-10, the epimeric product 14 was obtained as the major
product in reasonable yield (Table 1, entry 2). This result
confirmed that the direction of selectivity was indeed under
catalyst control in each case. However, the diastereoselectivity
of the latter reaction (Table 1, entry 2) was somewhat lower,
indicative of a substrate−catalyst mismatch effect.
To gain further insight into the power of organocatalyst 10,

the epimeric substrate 15 was also prepared (Table 1).21 When
substrate 15 was subjected to the fluorination reaction
mediated by catalyst (R)-10, the product 16 was obtained in
moderate yield with modest diastereoselectivity (Table 1, entry
3). In contrast, when the fluorination of 15 was repeated using
the enantiomeric catalyst (S)-10, the epimeric product 17 was
formed with markedly higher yield and diastereoselectivity
(Table 1, entry 4). The latter reaction appears to represent a
“matched” substrate−catalyst combination. It should be noted
that the relative stereochemistry of 16 and 17 was not
unambiguously determined but rather assigned by analogy with
that of 13 and 14.
Overall, catalyst 1015 was found to be a powerful mediator in

these fluorination reactions (Table 1, entries 1−4), delivering
the products 13, 14, 16, and 17 in moderate to good yields with
mostly good to excellent catalyst-controlled stereoselectivity. In
all cases, the major product could be isolated by flash
chromatography in a synthetically useful quantity. By way of
comparison, the alternative catalyst (S)-1116 was subsequently
found to also deliver excellent diastereocontrol in one case

Scheme 1. Target 6 Could Be Obtained via
Diastereoselective Electrophilic Fluorination of Aldehyde 8
Mediated by an Organocatalyst Such as 10 or 11

Table 1. Diastereoselective Fluorination Reactions

entry substrate conditions products combined yield (%) dr

1 8 (R)-10 (5 mol %), NFSI, MTBE, rt, 10 h 13, 14 64 >20:1

2 8 (S)-10 (5 mol %), NFSI, MTBE, rt, 10 h 13, 14 62 1:7

3 15 (R)-10 (5 mol %), NFSI, MTBE, rt, 10 h 16, 17 43 3:1

4 15 (S)-10 (5 mol %), NFSI, MTBE, rt, 10 h 16, 17 60 <1:20

5 15 (S)-11 (20 mol %), NFSI, THF/iPrOH (9:1), −10 °C to rt, 48 h 16, 17 35 <1:20
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(Table 1, entry 5), but a higher catalyst loading and a longer
reaction time were required to achieve similar results.
After this brief investigation of the scope of the

diastereoselective organocatalytic fluorination reaction, atten-
tion was returned to completing synthesis of the fluorinated
statine targets (Scheme 2). Initially, in order to maximize the
redox efficiency,22 attempts were made to directly oxidize23 the
α-fluoroaldehydes that were the immediate products of the
fluorination of 8 (Table 1); unfortunately, however, this led to
complex product mixtures from which the desired carboxylic
acids 18 and 19 could not be fully purified. It transpired that
the primary alcohols 13 and 14 were more appropriate
substrates for oxidation (Scheme 2); in both cases, treatment
with NaIO4/RuCl3 smoothly delivered the protected statine
derivatives 18 and 19 in good yields. The relative stereo-
chemistry of 18 was confirmed by X-ray crystallographic
analysis.24 Finally, global deprotection under acidic conditions
furnished the target statines 20 and 21 in quantitative yield.
With the fluorinated statines 20 and 21 in hand, it became

possible to test the hypothesis that stereoselective fluorination
would lead to conformational differences that might be valuable
for future biological applications. The NMR spectra of 20 and
21 yielded sets of 3JHH and 3JHF values that provided
information on the corresponding dihedral angles between
the various pairs of vicinal C−H and C−F bonds.25 The
observed J values for 20 were mostly rather intermediate in
magnitude (Figure 2), suggesting that significant conforma-
tional averaging occurs across the C2−C3 and C3−C4 bonds,
where both the fluorine/hydroxy and hydroxy/amino groups
can align gauche in two alternative ways (i.e., geometries 20a−
d).26 It is noteworthy that all four of the geometries 20a−d
contain a “bent” amino acid backbone shape. A quite different
pattern of conformational behavior was observed for the
diastereoisomeric statine 21. The NMR spectra of 21 gave a
clearer set of large and small J values (Figure 2) that
corresponded to anti and gauche dihedral angles, respectively,
suggesting that a single geometry (21a) is dominant in solution.
Geometry 21a contains an “extended” amino acid backbone
shape. Some conformational averaging across the C3−C4 bond
of 21 was deduced (Figure 2), but the resulting geometry 21b
is only a minor contributor.26 Overall, the contrasting
conformations of 20 versus 21 can be rationalized in terms of
the fluorine gauche effect,9 an outcome reminiscent of our
previous results with difluorinated amino acids12 and Myers’
results with related fluorohydroxy compounds.6

In conclusion, an efficient stereocontrolled synthesis of (2R)-
and (2S)-fluorostatines has been developed, exploiting an

organocalytic electrophilic fluorination as the key step. The
aldehyde substrates in these fluorination reactions presented
challenges due their chirality and their dense functionality, yet
Jørgensen’s catalyst15 was found to deliver good diastereose-
lectivity in most cases and excellent chemoselectivity in all
cases. Preliminary conformational investigations of the
fluorinated statine products revealed that the different stereo-
isomers adopt quite distinct molecular shapes, consistent with
the fluorine gauche effect. Biological applications of these novel
shape-controlled building blocks are being actively pursued in
our laboratories and will be communicated in due course.
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Scheme 2. Elaboration of 13 and 14 into Statine Derivatives 20 and 21

Figure 2. NMR J-based analysis reveals that statines 20 and 21 adopt
distinct conformations. The illustrated structures were optimized at
the M06-2X/6-31+G(d) level of theory in SMD water solvent.
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