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Abstract: A concise, stereocontrolled, and practical synthesis of a neuraminidase inhibitor consisting of a
highly functionalized D-proline scaffold is described. Key features involve a stereocontrolled addition of a
propiolate ester to a chiral nonracemic nitrone derived originally from D-serine and the manipulation of
acyclic and cyclic motifs en route to the target in 12.8% overall yield over 22 steps. Several crystalline
intermediates were suitable for single-crystal X-ray analysis.

Introduction

Headlines announcing the approach of the “flu season” are
causes of major health concerns affecting millions of people
worldwide. Despite major efforts at thwarting annual epidemics,
the prospects of morbidity and mortality resulting from such
respiratory tract infections are significant.1 Until recently,
therapeutic options against the influenza virus consisted of
vaccination,2 and the use of two closely related drugs, aman-
tadine or rimantadine.3 However, mutations in the antigenic
components of viral surface proteins have curtailed the wide-
spread use ofanti-flu vaccines except for a segment of the
population. While effective against influenza A virus, the utility
of amantadine or rimantadine has been hampered by the rapid
emergence of resistance in viral strains, and the lack of efficacy
against influenza B virus.4 Their specific activity against
influenza A virus has been attributed to an ion channel blocking
of a specific viral protein.

The influenza RNA virus expresses two glycoproteins on its
surface that are essential for its replication and infectivity.5 The
cycle of infection starts in the epithelial cells of the upper
respiratory tract by binding of virus particles to cell surface
receptor glyconconjugates, which is followed by endocytosis.6

The viral glycoprotein hemagglutinin7 mediates the binding to
the receptor on the host cell and the process of endocytosis.

After replication, new virus particles are released with the aid
of a second glycoprotein, neuraminidase,8 which cleaves
terminal N-acetyl neuraminic acid units from the cell surface
glycoconjugate, thus sparing the virus from being entrapped by
aggregation. The infective virus will then propagate through
the respiratory tract, a process that is also facilitated by further
neuraminidase-mediated cleavages at the mucosal level.6a,9The
catalytic action of neuraminidase is therefore responsible for
the replication, infectivity, and propagation of the influenza
virus. Elegant X-ray crystallographic10 structural studies have
revealed that the catalytic active site of influenza neuraminidases
A and B, consisting of 18 amino acid residues is highly
conserved.

The realization thatN-acetyl neuraminic acid (NANA)1 is a
weak inhibitor of the enzyme led to the design of closely related
analogues, such as the 2,3-didehydro analogue DANA (2), which
is about 1000 times more active as an inhibitor (Figure 1).11

The structural information on the enzyme has spurned several
new inhibitors of which two are presently marketed. Zanamivir
(Relenza) (3), a 4-deoxy-4-guanidino analogue of2, is admin-
istered by nasal inhalation, since it is of low bioavailability when
given orally, and it is rapidly eliminated.12 Tamiflu (Oselta-
mivir)13 is a carbocyclic ester analogue of GS-4071 that is highly
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active against influenza A and B viruses, and effective orally.
A cyclopentane variant, BCX-1812 (5), has been recently shown
to be a potent and selective neuraminidase inhibitor.14 Scientists
at Abbott Laboratories have also discovered inhibitors based
on a pyrrolidine motif such as6.15 Refinements in structure-
based inhibitor design uncovered a novel trisubstituted pyrro-
lidine carboxylic acid, A-315675 (7), that is highly active against
neuraminidases (Figure 2).16 Initially, 7 was synthesized by
Abbott scientists as the racemate, and subsequently resolved to
afford the desired enantiomer. An enantioselective synthesis of
7 has been reported in preliminary form.17

The interaction of Zanamivir, GS-4071, BCX-1812, and
related inhibitors within the catalytic site of neuraminidase is
well-known from X-ray crystallographic studies. Thus, four
subsites in the enzyme interact with requisite polar and
hydrophobic groups in the inhibitors leading to effective
binding.13,15 The mandatory presence of a carboxylic acid in
all these inhibitors and an acetylamino group two or three carbon
atoms away across a ring structure fits well with interactions
with positively charged arginines (Arg 118, 292, 371) and
hydrophobic interactions with aromatic and aliphatic chains (Trp
180, Ile 224), respectively.13 The replacement of the triol unit

in 1 or 2 with an hydrophobic ether unit as in4 was most
revealing, and paved the way to further probe productive
interactions with aliphatic parts of amino acid side chains.13 The
fourth site is uniformly occupied by a basic group such as an
amine or guanidine in all known inhibitors that have been
structurally based on the compounds shown in Figure 1.10,13,15

An important demarcation from these structural and functional
requirements was the discovery that a basic group normally
required to interact with Glu 119, Glu 227, and Asp 151 could
be replaced by acis-propenyl group in A-315675, where
hydrophobic contact with the aliphatic chain in Glu was found
to be beneficial.16

We report herein a concise, stereocontrolled, and practical
total synthesis of A-315675. Consideration of the structure
reveals a number of challenges associated mainly with the
creation of four contiguous stereogenic centers on a scaffold
that can be formally related toD-proline (Figure 3). Rather than
starting with the functionally versatileD-pyroglutamic acid as
a chiral template, and elaborating the intended functionality,
we opted for a strategy that builds the pyrrolidine ring from
D-serine (Figure 3). Conversion to a nitrone intermediate and
C-C bond formation18 capitalizing on internal resident chirality
was expected to produce an acyclic construct that could be
cyclized and further manipulated en route to the desired target.

Extensive studies by Merino,19 Vallée,20 and their co-workers
have delineated functional and stereochemical requirements for
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Figure 1. Inhibitors of neuraminidase.
Figure 2. Second-generation inhibitors of neuraminidase.

Figure 3. Disconnective analysis for A-315675.
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the addition of lithium acetylides, as well as alkyl and aryl
Grignard reagents toN-protectedR-amino nitrones.N-Benzyl
nitrones derived fromN-Boc N,O-isopropylideneL-serinal21

react with Li TMS acetylide to afford thesyn-diastereomer
almost exclusively.19b On the other hand, theN-benzyl nitrone
prepared fromN-Boc-O-tert-butyldiphenylsilyl-L-serinal leads
to an 85:15 mixture of diastereomers with theanti-diastereomer
predominating. Valle´e and co-workers20a obtained thesyn-
diastereomer with the above-mentioned cyclicN-benzyl nitrone
with the lithium anion oftert-butyl propiolate. The Merino
group19 has rationalized these results, based on models proposed
by Houk22 on the addition of nucleophilic reagents to double
bonds. They have further proposed that such additions proceed
via a product-like transition state based on X-ray structural
analysis of related products.

On the basis of these precedents we hoped that nucleophilic
addition of a lithium propiolate to an as yet untestedâ-methoxy
nitrone shown in Figure 3 would indeed afford the desiredanti-
vicinal diamine intermediate needed in our synthesis. We
therefore undertook a brief study with nitrones819a and 11
prepared fromL-serine andL-threonine, respectively, as repre-
sentative models (Scheme 1). Treatment of8 and11 individually
with the lithium salt of methyl propiolate afforded9 and 12,
respectively, as observed in related cases.19 Selective reduction
with zinc and acetic acid gave the lactams10and13 in excellent
yields. 23

Although the observedanti-selectivity in the model com-
pounds9 and 12 was very encouraging, we had to rely on
experimentation to assess the role that theâ-methoxy group
could play in the stereochemical course of acetylide addition
to a branchedâ-substituted nitrone (Figure 3). Our first objective
was to devise an efficient and stereocontrolled synthesis of an
aldehyde precursor as shown in Scheme 2.

The readily availableN-methyl-N-methoxy N-Boc-N,O-
isopropylidene-D-serine,24 14, was treated with allylmagnesium

bromide to give the allylic ketone15 in excellent yield. The
same ketone has been previously prepared25 by a two-step
sequence from Garner’s aldehyde.21 On the other hand, except
for methyllithium, treatment of14 with ethyllithium, vinyl-
lithium ,or their Grignard reagent counterparts gave the corre-
sponding ketones in low yield.26 Hydrogenation and reaction
with methylmagnesium bromide, followed by methylation of
the resulting tertiary alcohol, afforded16 as a single diastere-
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Scheme 1 a

a Conditions: (a or a′) methyl propiolate,n-BuLi, -78 °C, 65-72%; (b or b′) zinc, AcOH/MeOH, 60°C, 70-75%.

Scheme 2 a

a Conditions: (a) allylMgBr, THF,-78 °C, 93%; (b) H2, MeOH, Pd/C,
99%; (c) MeMgBr, THF,-78 °C, 92%; (d) NaH, MeI, DMF, Bu4NI, 99%;
(e) pTsOH, MeOH, 90%; (f) SO3-pyridine, DMSO, Et3N; (g) MeMgCl,
THF, -78 °C, 48% and 40% of15; (h) NaH, MeI, THF, 87%; (i) pTsOH,
MeOH, 90%; (j) PrMgCl, THF,-78 to -20 °C, 84%.
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omer as evidenced by1H and19F NMR data of the correspond-
ing Mosher ester. An X-ray crystal structure determination of
the corresponding unsaturated alcohol18 confirmed the assign-
ment (Scheme 2).

Mild acid hydrolysis of16 gave theN-Boc alcohol, which
was oxidized according to Parikh and Doering27 to afford the
corresponding aldehyde17. The undesired diastereomer could
be obtained by reversing the order of Grignard additions. Thus,
when the methyl ketone19 was treated with propylmagnesium
bromide, the resulting tertiary alcohol20 was found to be
epimeric at the tertiary center as evidenced by an X-ray crystal
structure (Scheme 2). These results can be easily rationalized
by assuming a chelated Cram-type transition state model where
the aldehyde carbonyl and theR-nitrogen are chelated to
magnesium as reported in numerous well-established prece-
dents.26a,28

Nitrones21a and21b were easily obtained by treatment of
the aldehyde17with p-methoxybenzylhydroxylamine29 and 2,4-
dimethoxybenzylhydroxylamine, respectively, under dehydrating
conditions.30 Addition of the lithium anion of ethyl ortert-butyl
propiolate in the presence of BF3‚Et2O to 21a led to 22a and
23, respectively, in 90-95% yield. Stereochemistry was ascer-

tained from spectroscopic data and an X-ray structure of an
advanced analogue (see below). Addition of ethyl propiolate to
21b led to the adduct22b as expected. Lewis acids such as
magnesium bromide,20 zinc bromide,31 or diethylaluminum
chloride31 are known to influence thesyn/antistereoselectivity
in the reaction of organometallic reagents with nitrones derived
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Scheme 3 a

a Conditions: (a)p-methoxybenzylNHOH or 2,4-dimethoxybenzylNHOH, CH2Cl2, MgSO4, 90%; (b) ethyl ortert-butyl propiolate,n-BuLi, BF3‚Et2O,
-78 °C, 90-95%; (c) H2, Lindlar’s; (d) Mo(CO)6, MeCN/H2O, 75% from23; (e) cis-1-propenyllithium, CuBr‚Me2S, TMSCl, DMPU,-78 to-20 °C, 91%
(f) TFA, CH2Cl2; (g) Ac2O; (h) CAN, MeCN/H2O; (i) Boc2O, Et3N, MeCN, 77% from27a; (j) Super-H, THF,-78 °C; (k) pTsOH, MeOH; (l) TMSCN,
BF3‚Et2O, CH2Cl2, -78 to -50 °C, 64% from29; (m) HCl, AcOH, 65-70%.
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from L-serine. The present case is of interest because of the
high stereoselectivity observed withâ-alkoxy-R-amino nitrone
derivatives such as21a or 21b as well as the effectiveness of
BF3‚Et2O as a promoter (Scheme 3). Eventually, the sequence
with tert-butyl propiolate was abandoned in favor of the much
cheaper ethyl ester. Figure 4 illustrates a model that rationalizes
the results of acetylide anion addition to nitrones21a or 21b.
Although all possible rotameric conformations are subject to
1,3-allylic strain, conformer A is a plausible model in which a
pro-R attack may also benefit from a coordinative anchoring
of the lithium acetylide to the nitrone oxygen atom.32

The next objective was to effect chemoselective reductions
of the triple bond and theN-hydroxy group en route to cyclic
lactams26aand26b. Two protocols were studied based on our
own models and literature precedents to evaluate the compat-
ibility of functional groups. In the first,22a was treated with
excess zinc in methanol containing acetic acid at reflux to give
directly the intendedR,â-unsaturated lactam26a in 60-65%
yield, accompanied by the correspondingtrans-R,â-unsaturated
ester (∼10-15%). In the case of22b, ring closure required
refluxing in 2-propanol containing acetic acid. These results
were rewarding considering the reported failure ofN-4-
methoxybenzyl-N-hydroxy acetylenic adducts prepared from
R-alkyl nitrones33 to undergo cyclization. Since the correspond-
ing N-benzyl analogue was successfully cyclized to theR,â-
unsaturated lactam under the same conditions (zinc/methanol-
AcOH, 9:1, 60°C),33 the authors assumed that the presence of
the 4-methoxy group rendered the nitrogen atom more basic,
hence more efficiently protonated. This presumption may have
some validity, since in the “more basic” 2,4-dimethoxybenzyl
case22b, no cyclization took place in refluxing methanol unlike
the higher boiling 2-propanol. The successful cyclizations of
our N-monomethoxy andN-dimethoxy intermediates formed
from 22a and22b compared to theR-alkyl analogues33 could
also be due to a proximity effect.34 Thus, theâ-methoxy group
can act as a coordinating site35 for the N-bound zinc, thus
diminishing its basicity as shown in Figure 5.

A second method of chemoselective reduction of22a and
22b relied on a stepwise process, eliminating the use of excess
zinc. Thus, reduction of22a or 22b under Lindlar conditions
afforded thecis-R,â-unsaturatedN-hydroxy ester analogues24a
and 24b, respectively. Reductive cleavage of theN-hydroxy

group by treatment with molybdenum hexacarbonyl in aqueous
acetonitrile36 led to the crystalline pyrrolidinones26aand26b,
respectively, in 75% yield. The structure of26awas ascertained
by single-crystal X-ray analysis, confirming its absolute con-
figuration.

The next stereochemical and functional hurdle was the
introduction of the cis-propenyl group. After considerable
experimentation, it was found that good-qualitycis-propenyl-
lithium37 could be transformed into the corresponding cuprate
reagent by treatment with cuprous bromide-dimethyl sulfide
complex. Conjugate addition to theR,â-unsaturated lactam26a
in THF in the presence of TMSCl and DMPU under temper-
ature-controlled conditions afforded the crystalline adduct27a
in 91% yield. An X-ray structure analysis confirmed the
expected orientation of thecis-propenyl group, resulting from
an anti-attack relative to the bulky side chain at C-5 of the
lactam. The same results were obtained with theN-2,4-
dimethoxybenzyl analogue26b to afford 27b. Fortunately,
internal coordination of the reagent with electron-rich function-
ality in these substrates did not adversely affect the yield or the
stereochemical outcome of the reactions. Conjugate addition of
organocuprates toR,â-unsaturated amides38 or bicyclic lactams39

usually necessitates the presence of an electron-withdrawing
group on the nitrogen atom or next to the carbonyl. However,
certain nonactivated bicyclicR,â-unsaturated lactams are known
to undergo highly efficient and stereocontrolled conjugate
addition with lower order Gilman-type organocuprates in ether
as solvent in the absence of Lewis acids.40 The effect of additives
such as TMSCl is known to enhance the reactivity ofR,â-
unsaturated carbonyl compounds toward organocuprates.41

Inclusion of HMPA as activator is also known to enhance the
efficiency of conjugate additions.42 In the case of26a, conjugate
addition with cis-propenyl cuprate in THF was only possible
in the presence of 5 mmol equiv each of TMSCl and DMPU as
additives. In the absence of additives, the reaction was extremely
slow and impractical to pursue.

With all but the carboxyl group remaining to be introduced,
we proceeded toward that goal, hoping to maintain the delicate
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Figure 4. Proposed models for Li acetylide attack.

Figure 5. Proposed model for lactam formation.
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balance of functionality at other centers. Removal of theN-Boc
group from27a and N-acetylation proceeded uneventfully to
give 28. Initially cleavage of theN-PMB group with ceric
ammonium nitrate (CAN) in aqueous acetonitrile at reflux
temperature caused partial isomerization of thecis-propenyl
group to thetrans-isomer, as shown by an X-ray crystal structure
of the rearranged product. On the other hand, cleavage of the
N-2,4-dimethoxybenzyl group in27b with CAN was ac-
complished at room temperature. However, optimization of the
conditions of cleavage of theN-PMB group allowed us to
develop a reproducible method simply by conducting the
reaction at 45°C instead of 60°C with no detectable isomer-
ization of thecis-propenyl group as evidenced by NMR. In this
manner, we could avoid the use of the more expensiveN-2,4-
dimethoxybenzyl hydroxylamine.

Since the introduction of the latent C-2 carboxyl group was
based onN-acyliminium ion chemistry,43 it was necessary to
protect the pyrrolidine nitrogen as theN-Boc derivative, which
was accomplished under standard conditions, affording a nicely
crystalline product. An X-ray crystal structure ascertained the
structural and stereochemical integrity of this product, including
the maintenance of thecis-propenyl geometry. There are several
examples of introduction of a 2-cyano group inN-Boc 2-pyr-
rolidinones en route to the corresponding carboxylic acid
derivatives. The protocol calls for the formation ofN-Boc
iminium ions and the addition of TMSCN in the presence of a
Lewis acid.44 Addition of a vinyl or propenylcuprate to iminium
ions derived fromN-Boc 2-pyrrolidinones also has precedence.45

In these cases, an oxidative cleavage would be necessary to
convert the olefin to the desired carboxylic acid.

We opted for introducing a cyano group being cognizant that
high stereochemical control many not be assured in the absence
of a vicinal steric bias44,46 or a favorable stereoelectronic
control.47 In the event, reduction of29 with lithium triethyl-
borohydride48 and conversion of the hemiaminal intermediate
to the correspondingO-methyl derivative30 was realized in
good yield. Treatment of30with TMSCN in methylene chloride
in the presence of BF3‚Et2O at-78 to-50 °C led to the desired

2-cyanoN-Boc pyrrolidine derivatives31 accompanied by the
2-epimer as a minor product (5:1), which was easily separated
by chromatography. The bulkier C-4 side chain (pyrrolidine
numbering) may exert a stereodirecting influence in shielding
the â-face of the iminiumA as illustrated in Scheme 3.
Hydrolysis of the cyano group with concomitant removal of
the N-Boc group necessitated a study of several acidic condi-
tions.49 Eventually, 12 N HCl in acetic acid afforded the desired
product7 as a white solid, with physical and spectral properties
identical with data provided by Abbott laboratories.50

We have described a highly stereocontrolled total synthesis
of a novel neuraminidase inhibitor7 in 12.8% overall yield
covering 22 steps fromD-serine. Clearly, the resident stereogenic
center of the amino acid was primarily responsible for the
creation of an adjacent tertiary alcohol as in16, and possibly
for the highly diastereoselective acetylide addition to the nitrones
21aand21b. Once assembled as a 5-substitutedR,â-unsaturated
lactam26a or 26b, the subsequent introduction of appropriate
functionality was based on a chiral template effect in which
steric orientation and favorable coordination with polar func-
tionality may have worked to advantage. Among other attributes
of this total synthesis of A-315675 are the crystallinity of crucial
intermediates, consistently high yields for individual steps, and
practicality.
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