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Introduction

Influenza remains a major health problem, and the recent
global pandemic of AH1N1 influenza resulted in many
deaths. Moreover, a great deal of attention has been paid to
the high potential risk of a worldwide spread of the avian
H5N1 influenza virus, the death rate for which is over
50 %.[1] Indeed, if this virus should acquire the ability to
spread easily and directly from human to human, it could
very possibly cause a disastrous pandemic. (�)-Oseltamivir

phosphate (Tamiflu)[2] and zanamivir (Relenza)[3] are antivi-
ral flu drugs in clinical use and are both neuraminidase in-
hibitors. Tamiflu has been extensively used worldwide for
the treatment of influenza caused by the AH1N1 virus. As a
result of the intense interest in, and need for, this life-saving
medicine, many synthetic organic chemists have investigated
its effective preparation, and a large number of syntheses
have been reported.[4] Even though Tamiflu is effective at
present, the recent emergence of Tamiflu-resistant virus
strains has prompted efforts by the chemical community to
develop medicines that are active against the mutated
virus.[5] This has led to the need for simple syntheses capable
of rapidly producing a wide and diverse range of derivatives.

We set the following objectives at the start of our project-
ed synthesis of Tamiflu because they would allow a large
quantity to be prepared in a short time: 1) The number of
reactions required should be not more than 10, and the
number of separate operations should be as few as possible.
2) The overall yield should be over 50 %. 3) Only inexpen-
sive reagents should be employed. 4) Purification by column
chromatography should be avoided as much as possible.
5) The use of metal-containing reagents should be avoided
as much as possible. The preparation of a molecule of this
complexity, possessing three contiguous chiral centers, in no
more than 10 reactions and in over 50 % overall yield is a
very challenging target. Even if each individual reaction of a
sequence proceeds with 90 % yield, which represents an ex-

Abstract: The efficient asymmetric
total synthesis of (�)-oseltamivir, an
antiviral reagent, has been accom-
plished by using two “one-pot” reac-
tion sequences, with excellent overall
yield (60 %) and only one required pu-
rification by column chromatography.
The first one-pot reaction sequence
consists of a diphenylprolinol silyl
ether mediated asymmetric Michael re-
action, a domino Michael reaction/

Horner–Wadsworth–Emmons reaction
combined with retro-aldol/Horner–
Wadsworth–Emmons reaction and
retro Michael reactions, a thiol Michael
reaction, and a base-catalyzed isomeri-
zation. Six reactions can be successfully

conducted in the second one-pot reac-
tion sequence; these are deprotection
of a tert-butyl ester and its conversion
into an acyl chloride then an acyl
azide, Curtius rearrangement, amide
formation, reduction of a nitro group
into an amine, and a retro Michael re-
action of a thiol moiety. A column-free
synthesis of (�)-oseltamivir has also
been established.

Keywords: asymmetric synthesis ·
domino reactions · organocatalysis ·
Tamiflu

[a] Dr. H. Ishikawa, T. Suzuki, Prof. Dr. Y. Hayashi
Department of Industrial Chemistry, Faculty of Engineering
Tokyo University of Science
Kagurazaka, Shinjuku-ku, Tokyo 162-8601 (Japan)
Fax: (+81) 3-5261-4631
E-mail : hayashi@ci.kagu.tus.ac.jp
Homepage: http://www.ci.kagu.tus.ac.jp/lab/org-chem1/

[b] Prof. Dr. Y. Hayashi
Research Institute for Science and Technology
Tokyo University of Science
Kagurazaka, Shinjuku-ku, Tokyo 162-8601 (Japan)

[c] Dr. H. Orita, Dr. T. Uchimaru
Nanosystem Research Institute
National Institute of Advanced Industrial Science and Technology
(AIST)
Tsukuba, Ibaraki 305-8568 (Japan)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201001108.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 12616 – 1262612616



cellent yield in organic synthesis, the total yield falls to 35 %
after 10 reactions (0.910 =0.35). The best yield yet achieved
for the total synthesis of Tamiflu is approximately 35 %.[4b,d]

Moreover, to supply Tamiflu to developing countries where
influenza might spread, production costs should be kept low.
This requires that only inexpensive reagents be used. To
prevent metal contamination of the final drug, it is desirable
to avoid metal use as much as possible. Although many syn-
theses of Tamiflu have been reported,[4] previous methods
do not meet all of these requirements, and the development
of a method that does so remains a great challenge for the
chemical community.

A “one-pot” reaction sequence[6] is an effective method
for carrying out several transformations and forming several
bonds in a single vessel, while at the same time cutting out
several purifications, minimizing chemical-waste generation,
and saving time. To simplify the
actual process of synthesis, we
investigated the preparation of
Tamiflu in a small number of
one-pot operations. We have al-
ready reported a synthesis of
(�)-oseltamivir (1) through
three one-pot sequences.[7] In-
tensive modification of the re-
actions has allowed us to pre-
pare 1 in a more efficient
manner, and a synthesis in two
one-pot sequences has been ac-
complished.

Our synthesis of 1 through
two one-pot sequences is sum-
marized in Scheme 1. The first
one-pot sequence starts from a-
alkoxyaldehyde 2 and nitroal-
kene 3 in the presence of the
diphenylprolinol silyl ether
4,[8–11] independently developed
by our group and Jørgensen�s
group. The first one-pot se-
quence is composed of five re-
actions: 1) an asymmetric Mi-
chael reaction, 2) the domino
reaction of a Michael reaction
of the nitroalkane and an intra-
molecular Horner–Wadsworth–
Emmons reaction, 3) retro Mi-
chael and retro-aldol reactions,
followed by an intramolecular
Horner–Wadsworth–Emmons
reaction, 4) a Michael reaction
with toluenethiol, and 5) iso-
merization to the 5S isomer
(see below). This sequence af-
fords the highly substituted cy-
clohexane 7 in 74 % yield. The
second one-pot sequence, from

cyclohexene derivative 7 to 1, proceeds in 81 % yield and is
comprised of six reactions (see below).

Several modifications were made to the previous three
one-pot sequences (Scheme 2) to allow the whole sequence
to be carried out in just two pots and to increase the total
overall yield from 57 to 60 %. The major modifications are
as follows: 1) In the previous synthesis, NaN3 in aqueous
acetone was employed to prepare the acyl azide. As aqueous
conditions cannot be employed in the following reaction,
they were replaced with nonaqueous conditions by using
TMSN3 in toluene. 2) Through the use of TMSN3, the ex-
traction and concentration of the acyl azide, a potential
hazard, can be omitted, which makes the synthesis safer.
3) After optimization of the solvent, loading of the organo-
catalyst could be reduced from 5 to 1 mol %, a reduction
that is synthetically useful and makes this reaction practical.

Scheme 1. Synthesis of (�)-oseltamivir (1) through two one-pot sequences. TFA: trifluoroacetic acid; TMS: tri-
methylsilyl; Tol: tolyl.

Scheme 2. Previous synthesis of 1 through three one-pot sequences.
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4) No halogenated solvents are used. In particular, CH2Cl2

was replaced with toluene, which is environmentally friend-
ly. This synthesis requires nine reactions, a total of two sepa-
rate one-pot sequences, and one purification by column
chromatography. The total yield of 1 from nitroalkene 3 is
60 %. Full details of the two one-pot sequences and of the
previous three one-pot sequences will be described herein.

Results and Discussion

The retrosynthetic analysis : Our retrosynthetic analysis is
shown in Scheme 3. In 2005, we found that the enantioselec-
tive Michael reaction of an alkyl aldehyde and a nitroal-
kene[12,13] catalyzed by a diphenylprolinol silyl ether,[8a, 10] a
catalyst developed independently in our group[8] and by Jør-
gensen�s group,[9] affords the product in good yield with ex-
cellent diastereo- and enantioselectivities. Enders and co-
workers have elegantly employed this process in a domino
reaction[14] with a,b-unsaturated aldehydes to prepare tetra-
substituted cyclohexenecarbaldehydes,[15] so we expected
that, by using ethyl acrylate, a substituted cyclohexenecar-
boxylate would be formed as follows: If a-alkoxyaldehyde 2
and b-alkoxycarbonyl nitroalkene 3 should undergo the Mi-
chael reaction, adduct 5 will be formed. If addition product
5 can be trapped with ethyl acrylate, then consecutive Mi-
chael addition, intramolecular aldol reaction, and dehydra-
tion reaction might occur to generate cyclohexene carboxyl-
ate 8. The configurations of the C3 and C4 atoms of cyclo-
hexene carboxylate 8 would be determined by the first Mi-
chael reaction to form 5, the diastereoselectivity of which is
predicted to be high from our previous results.[8a] We expect-
ed that the configuration of the C5 atom could be easily iso-
merized owing to its position a to the nitro group and that
the substituents at the C3, C4, and C5 positions would be
equatorial because this is the most stable conformer; in
other words, we expected that the configuration of the C5
atom would be thermodynamically controlled. Once cyclo-
hexene carboxylate 8 has been prepared, the remaining
transformations necessary are the conversion of the tert-bu-
toxycarbonyl group into an acetamide and reduction of the

nitro group to an amine group. If this plan could be ach-
ieved, it should result in a highly efficient method for the
synthesis of 1. The realization of each individual reaction
will be described in detail.

The first one-pot sequence for the synthesis of substituted
cyclohexane 7: In our reported procedure for the Michael
reaction of propanal and nitrostyrene, the reaction was com-
plete within 1 h when catalyzed by the diphenylprolinol silyl
ether (10 mol%) in hexane at room temperature, and it af-
forded the product in good yield (85 %) with high diastereo-
selectivity (syn/anti=94:6) and excellent enantioselectivity
(99 % ee) [Eq. (1)].[8a] The same reaction conditions were
applied to the reaction of 3-pentyloxyacetaldehyde (2) and
tert-butyl 3-nitropropenoate (3), with catalyst 4 derived from
d-proline. To our surprise, the reaction was very slow; only
26 % yield was obtained even after 60 h, and this had a low
diastereomer ratio (Table 1, entry 1). The yield was in-
creased when CH2Cl2 was employed as the solvent, but the
diastereomer ratio decreased even further (1.7:1; Table 1,
entry 2).

As the presence of acid increases the reactivity in some
Michael reactions of aldehydes and nitroalkenes catalyzed
by organocatalyst,[13c,k,h] the addition of various acids was in-
vestigated (Table 1). The pKa value of the acid is found to
be very important, not only for the activity but also for the
diastereomer ratio of the product. With the exception of
Cl3CCO2H, a strong acid, the reaction time shortens and the
diastereomer ratio (syn/anti) increases as the acidity of the
additive increases. For instance, it takes 24, 14, and 2 h for
completion of the reaction when p-nitrophenol, benzoic
acid, and formic acid are used, with the product diastereo-

mer ratios being 1.7:1, 2.0:1,
and 4.8:1, respectively (Table 1,
entries 4–6). The best additive
is ClCH2CO2H: in the presence
of 20 mol % of ClCH2CO2H
and 5 mol % of the diphenyl-
prolinol silyl ether, the reaction
proceeded smoothly within 1 h
to afford the product quantita-
tively in a high diastereomer
ratio (syn/anti= 6.3:1) and with
excellent enantioselectivity
(96 % ee, syn isomer; Table 1,
entry 7). Further optimization
of the reaction conditions re-
vealed that the loading of theScheme 3. The retrosynthesis of 1.
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organocatalyst could be reduced to 1 mol% and CH2Cl2

could be replaced with a nonhalogenated solvent such as
toluene (syn/anti =7.8:1, 97 % ee ; Table 1, entry 10). These
conditions are advantageous to process chemistry. The
mechanism of this effect of the acid is currently under inves-
tigation.

Having optimized the first Michael reaction of aldehyde 2
and nitroalkene 3, we then considered the reaction of Mi-
chael adduct 5 and ethyl acrylate. As described in the retro-
synthesis section, the functionalized cyclohexene derivative
8 would be generated by a domino reaction sequence of the
Michael reaction of an anion at the a position of the nitro
group of 5 with ethyl acrylate, an intramolecular aldol reac-
tion, and then dehydration. However, when isolated Michael
adduct 5 was treated with ethyl acrylate under a variety of
basic conditions, neither the desired product nor even the
initial Michael product could be obtained. In some cases,
the starting materials were recovered. In other cases, those
with tetrabutylammonium fluoride (TBAF) or Cs2CO3 as a
base, the ethyl acrylate was inert, as evidenced by 1H NMR
spectroscopy experiments, whereas a dimer of the nitroalde-

hyde, the molecular weight of
which was 629 [M+Na], was
obtained. Although its structure
was not fully elucidated, we
suppose that the anion at the a

position of the nitro group does
not react with ethyl acrylate,
but rather with the formyl
moiety of a second molecule in
a Henry reaction. Ethyl acry-
late is expected to be a reactive
Michael acceptor, but a-alkoxy-
aldehyde is an even more reac-
tive electrophile. To improve
the electrophilicity of the Mi-
chael acceptor, vinylphospho-
nate derivative 6[16] was select-
ed, in which the double bond is
doubly activated by two elec-
tron-withdrawing groups, the
ethoxycarbonyl and diethyl-
phosphonyl moieties. In this
case, cyclohexene derivative 8

should be formed by successive Michael and intramolecular
Horner–Wadsworth–Emmons reactions.

When Michael adduct 5 was treated with 6 in the pres-
ence of Cs2CO3 in CH2Cl2, several products were obtained
[Eq. (2)]. One was cyclohexene derivative 8 in 30 % yield as
an inseparable 5R/S diastereomer mixture, with the unde-
sired 5R isomer predominating. Another was adduct 9,
which was formed in 30 % yield by an over-reaction of the
initially generated, desired product 8 with the reactive Mi-
chael acceptor 6. The third was 10, which was formed in
30 % yield. The stereochemistry of 10 has not been verified,
but it is expected that the configuration of hydroxy and di-
ethylphosphonyl groups is anti, so syn elimination cannot
occur. Preliminary attempts to optimize the reaction condi-
tions to achieve selective synthesis of 8 without the forma-
tion of 9 and 10 all failed. In some cases, other byproducts
such as 11 or 12 were generated by elimination of nitrous
acid and isomerization. At this stage, we reasoned as fol-
lows: If a retro Michael reaction occurs from 9, then 9
would be transformed back into the desired product 8. If
retro-aldol and then Horner–Wadsworth–Emmons reactions

Table 1. Effect of acid in the Michael reaction of 2 and 3 catalyzed by 4.[a]

Entry Catalyst [mol %] Acid ([mol %]) pKa
[b] Solvent t [h] Yield [%][c] syn/anti ee [%][d]

1 20 – – hexane 60 26 2.5:1 n.d.
2 20 – – CH2Cl2 60 quant. 1.7:1 n.d.
3 20 CF3CH2OH (40) 12.5 CH2Cl2 24 50 2.3:1 n.d.
4 20 p-NO2PhOH (40) 7.1 CH2Cl2 24 quant. 1.7:1 n.d.
5 20 PhCO2H (40) 4.2 CH2Cl2 14 quant. 2.0:1 n.d.
6 5 HCO2H (20) 3.8 CH2Cl2 2 quant. 4.8:1 n.d.
7 5 ClCH2CO2H (20) 2.9 CH2Cl2 1 quant. 6.3:1 96
8 5 Cl3CCO2H (20) 0.7 CH2Cl2 28 0 – –
9 5 ClCH2CO2H (20) 2.9 toluene 2 quant. 7.6:1 n.d.
10 1 ClCH2CO2H (20) 2.9 toluene 6 quant. 7.8:1 97

[a] Unless otherwise shown, reactions were performed by employing aldehyde 2 (0.29 mmol), nitroalkene 3
(0.19 mmol), acid, catalyst 4, and solvent (0.5 mL) at room temperature for the indicated time. [b] Value in
H2O. [c] Yield of isolated product. [d] Optical purity of the major isomer, which was determined by chiral
HPLC analysis of the corresponding ester prepared by reaction with ethyl(triphenylphosphoranylidene)ace-
tate. n.d.: not determined.
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occur, compound 10 would also be converted into 8. The
solvent was found to be crucial for the success of these
transformations. When isolated 9 and 10 were treated sepa-
rately with Cs2CO3 in EtOH, cyclohexene derivative 8 was
obtained in quantitative and 90 % yields, respectively. Retro-
reactions are accelerated in a polar solvent such as EtOH
and EtOH is a particularly suitable solvent for the reaction
of 9 to give 8 because the vinylphosphonate generated, 6, is
immediately trapped with EtOH to prevent its further reac-
tion with 8.

The reaction proceeded well both in CH2Cl2 and toluene.
Toluene is more suitable in terms of the industrial process.
Whereas Cs2CO3 in toluene was employed in the first reac-
tion of the Michael adduct 5 and vinylphosphonate deriva-
tive 6, the reaction conditions in the retro Michael reaction
of 9 and the retro-aldol and Horner–Wadsworth–Emmons
reactions of 10 involved Cs2CO3 in EtOH. When the first re-
action was examined in EtOH, the desired product 8 was
obtained in only 20 % yield and the Michael addition prod-
uct of the vinylphosphonate with EtOH was the major prod-
uct. These reactions are therefore performed in one pot as
follows: First, the reaction of 5 with 6 is performed with
Cs2CO3 in toluene at room temperature for 2 h, affording
several spots on the TLC plate, then EtOH is added to the
same reaction vessel and the reaction mixture is stirred for
15 min, during which time the several spots on the TLC
plate converge into a single spot as the cyclohexene deriva-
tive 8 is formed in 71 % yield [Eq. (3)].

With the cyclohexene derivative 8 in hand, the next prob-
lem was isomerization of the R isomer into the desired S
isomer, which was found to be difficult (Table 2). When the
inseparable mixture was treated with a base such as K2CO3

or Cs2CO3, both of which are only partially soluble in
EtOH, at �5 8C for 10 min, the same diastereomer ratio of
products was formed with the R isomer predominating
(Table 2, entries 1 and 2). When the reaction was performed
for a longer reaction time or at a higher temperature, aro-
matization proceeded to generate a tert-butyl ethyl tereph-
thalate as a side product. Equal amounts of the R and S iso-
mers were generated with Et3N as the base (Table 2,

entry 3), and this ratio did not change even with longer reac-
tion times, which indicated that equilibrium had been
reached. This result indicates that the R and S isomers have
similar thermodynamic stability. When the mixture was
loaded onto silica, equal amounts of the R and S isomers
were generated (Table 2, entry 4).

To understand these results relating to thermodynamic
stability, stable conformations of the R and S isomers were
investigated[17] by calculation (B3LYP/6-31G(d)[18]), and the
respective results for the R and S isomers, conformations A
and B, are shown in Figure 1. These conformations are
nearly the same as those in solution as determined by
1H NMR spectroscopy (Scheme 4). It was found that the dif-
ference in energy between these two conformers is small
(0.11 kcal mol�1; Table 3). This result is in good agreement
with the experimental result that the R and S isomers are
obtained in nearly 1:1 ratio. It can be seen that the 3-pentyl-
oxy moiety and tert-butoxycarbonyl group occupy axial po-
sitions in conformer A and that their relative configuration
is antiperiplanar (Figure 1). As this is a cyclohexene ring,
the 1,3 steric repulsion is not as large as it would be in a cy-
clohexane ring system, so the diaxial arrangement of these
two substituents in A is slightly more stable than the diequa-
torial positioning in B, in which a 1,2-gauche repulsion
would occur.

If the cyclohexene were to be converted into a cyclohex-
ane framework, the epimerizable substituents would be ori-
ented to be equatorial where possible under equilibration.
To achieve this, the thiol Michael reaction was examined,
because thiol groups are good Michael donors and could be
removed by the retro Michael reaction under mild condi-
tions at the last stage of the synthesis. When derivative 8
was treated with toluenethiol in the presence of base, the
Michael reaction proceeded and isomerization occurred as
expected to afford the cyclohexane derivative 7 with the de-
sired 5S stereochemistry. The stereochemistry was deter-
mined by the coupling constants and NOESY spectra. The
base and temperature are crucial for this transformation
(Table 4). When K2CO3 was employed at �5 8C, the desired

Table 2. The effect of base on the equilibration between the R and S iso-
mers.[a]

Entry Base Solvent T [8C] t [min] (R)-8/(S)-8[b]

1 K2CO3 EtOH �5 10 4.3:1
2 Cs2CO3 EtOH �5 10 4.6:1
3 Et3N EtOH 23 240 1:1
4[c] SiO2 23 – 1:1.2

[a] Unless otherwise shown, reactions were performed by employing an
R/S mixture (R :S =1.2:1 and 4.5:1, 0.03 mmol) in solvent (0.5 mL) with
base (0.15 mmol) at the indicated temperature. [b] The diastereomer
ratio was determined by 1H NMR spectroscopy. [c] See the reaction con-
ditions in the Supporting Information.
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compound 7 was obtained in good yield (85%; Table 4,
entry 3). As Cs2CO3 was used in the previous reactions, it
would be preferable to conduct this Michael/isomerization
reaction with the same base to enable a one-pot operation.
When 8 was treated with Cs2CO3 at �5 8C, the desired prod-
uct 7 was obtained in only 35 % yield and the major product
was the aromatized compound, the tert-butyl ethyl tereph-
thalate (Table 4, entry 4). Cs2CO3 is a stronger base than
K2CO3, which led to this over-reaction. To suppress genera-
tion of this side product, the reaction conditions were
screened in detail, and temperature was found to be impor-
tant. A good result (90 % yield) was obtained when the re-
action was carried out at �15 8C (Table 4, entry 5).

To summarize, cyclohexane derivative 7 was prepared in
one pot from 3-pentyloxyacetaldehyde (2) and tert-butyl 3-
nitropropenoate (3) as follows (Scheme 5): After a mixture
of a-alkoxyaldehyde 2 and nitroalkene 3 had been treated
with diphenylprolinol silyl ether 4 (1 mol %) and
ClCH2CO2H (20 mol%) in toluene for 6 h, vinylphospho-
nate derivative 6 and Cs2CO3 were added, and the reaction
mixture was stirred for 4 h at 0 8C to room temperature.
After evaporation of the toluene, EtOH was added, then
after 10 min, the reaction mixture was cooled to �15 8C and
toluenethiol was added. After isolation and purification by
silica-gel column chromatography, highly substituted cyclo-
hexane derivative 7 of the required configuration was ob-
tained in 74 % yield as a single isomer.

It should be noted that the same reagent was employed in
several reactions in one pot with control of the reactivity by
solvent and temperature. Cs2CO3 acts as a base in five dif-
ferent ways: 1) It acts as a base for the Michael reaction of
nitroalkane 5 and vinylphosphonate 6 in toluene. 2) It also
acts as a base for the intramolecular Horner–Wadsworth–
Emmons reaction. 3) In EtOH, it acts as a base for the retro
Michael reaction from 9 into 8 and the retro-aldol/Horner–
Wadsworth–Emmons reaction from 10 into 8. 4) It acts as a
base for the Michael reaction of the thiol compound and 8.
5) It acts as a base for the isomerization at the C5 atom,
with the reaction performed at lower temperature (�15 8C)
to suppress over-reaction.

The successful realization of the synthesis of highly substi-
tuted cyclohexane 7 through the one-pot sequence can be
summarized as follows: 1) The organocatalyst does not inter-
fere with the remaining reactions. 2) As equimolar amounts
of 2 and 3 are employed in the first reaction, no starting ma-
terials remain and, hence, they have no effect on subsequent
reactions. 3) As each reaction proceeds in excellent yield,
there are no significant side products. 4) As described
above, the same base (Cs2CO3) acts in five different ways.

The second one-pot sequence from 7 to 1: With an efficient
route to highly substituted cyclohexane derivative 7 estab-
lished, the remaining transformations necessary are conver-
sion of the tert-butyl ester into an acetylamino group, con-
version of the nitro group into an amino group, and the
retro Michael reaction of the thiol moiety. We next investi-
gated the first of these. As shown in Scheme 6, carboxylic

Figure 1. The stable conformations of the R (A) and S isomers (B).

Scheme 4. The stable conformations of 8 showing the coupling constants
(J) between protons: A: R isomer; B: S isomer.

Table 3. Energies of the R and S conformers of 8.

Entry Substrate E [au][a] DE [kcal mol�1][b]

1 R isomer (A) �1323.944735 0.00
2 S isomer (B) �1323.944568 0.11

[a] Total energy. [b] Relative energy. 1 kcal= 4.184 kJ.
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acid 13 was obtained quantitatively by treatment of tert-
butyl ester 7 with CF3CO2H and subsequent evaporation of
the volatile CF3CO2H. Acid chloride 14 was obtained by the
reaction of the carboxylic acid with oxalyl chloride in the
presence of a catalytic amount of DMF. After removal of
the excess oxalyl chloride, addition of NaN3 to an aqueous
acetone solution of 14 gave acyl azide derivative 15. As the
NMR spectrum of crude acyl azide 15 indicated that it was
rather pure, and it may be an explosively unstable com-
pound, we used it directly without purification. It should be
noted that crude acyl azide 15 was obtained in a single-pot
reaction from tert-butyl ester derivative 7.

Curtius rearrangement of
acyl azide 15 proceeded slowly
at room temperature in ben-
zene to afford isocyanate 16
quantitatively [Eq. (4)]. Usually
a higher temperature is neces-
sary for the Curtius rearrange-
ment, but it proceeds at room
temperature for this particular
substrate, which is a synthetic
advantage because it suppresses
the risk of explosion. When iso-
cyanate 16 was treated with
AcOH and Ac2O at room tem-
perature under the conditions
described by Barnum and Ham-
ilton,[19b] the acetylamino group
was formed in 95 % yield.

These two reactions, the Curtius rearrangement and acetyla-
mino formation, can be performed in a single pot. On treat-
ment of acyl azide 15 with AcOH and Ac2O, they proceed

Table 4. The effect of base and temperature on the reaction of 8 and toluenethiol.[a]

Entry Base T [8C] t [h] Yield [%]
7[b] Other isomers[c]

1 Et3N 23 12 71 29
2 NaHCO3 23 24 78 8
3 K2CO3 �5 24 85 15
4 Cs2CO3 �5 13 35[d] <5
5 Cs2CO3 �15 36 90 <5

[a] Unless otherwise shown, reactions were performed by employing ethyl ester 8 (0.04 mmol), toluenethiol
(0.2 mmol), base (0.12 mmol), and EtOH (0.5 mL) at the indicated temperature. [b] Yield of isolated product.
[c] Yield of a mixture of other isomers. [d] tert-Butyl ethyl terephthalate was generated in 65 % yield.

Scheme 5. The one-pot synthesis of cyclohexane 7 from aldehyde 2 and nitroalkene 3.
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together to generate acetylamino derivative 17 quantitative-
ly.

In this sequence, in the conversion of the tert-butoxycar-
bonyl moiety into an acetylamino group, aqueous NaN3 was
employed. The product, acyl azide 15, has to be extracted
because aqueous conditions were used in this step. It would
be synthetically desirable not to have to isolate and concen-
trate this potentially hazardous compound. Moreover, if
aqueous conditions could be avoided, it might be possible to
perform the synthesis of 1 from 7 in a one-pot sequence
without any isolation of the intermediates. Instead of aque-
ous NaN3, TMSN3 and pyridine in toluene were found to
convert acyl chloride 14 into acyl azide 15 quantitatively.
The use of pyridine is advantageous because other bases,
such as Et3N, gave substantial amounts of the addition prod-
uct of the azide with isocyanate 16. Without concentration
of the reaction mixture, direct addition of Ac2O and AcOH
provided acetylamino derivative 17 in 92 % yield over 2
steps [Eq. (5)].

The next transformation required is reduction of the nitro
group to form an amine, which at first was performed by
treatment with Zn and aqueous 2n HCl solution to afford
amine 18 in 86 % yield. Compound 1 was obtained in 91 %
yield by retro Michael reaction of the thiol when 18 was
treated with K2CO3 in EtOH. We then investigated how to
achieve these two steps in a single pot. As the aqueous con-
ditions of the first reduction do not permit this, the use of

Zn and TMSCl in EtOH was
employed to generate HCl in
situ [Eq. (6)]. After reduction of
the nitro group, K2CO3 was
added into the reaction mixture
to promote the retro Michael
reaction. In contrast to the suc-
cess of the stepwise process, no
reaction occurred even at a
higher temperature (80 8C),
probably because the ZnII spe-
cies present may chelate the
amine moieties and prevent the
retro Michael reaction. To cap-
ture the ZnII species, NH3 was
bubbled through the reaction
mixture, after which treatment
with K2CO3 promoted a clean
retro Michael reaction to pro-
vide 1 in 81 % yield from nitro
derivative 17 over 2 steps.

As each individual process
had been optimized, they were
now combined to investigate
the synthesis of 1 from the
highly substituted cyclohexane
derivative 7 in a one-pot se-
quence (Scheme 1). All of the
reactions can be conducted in
the same reaction vessel, with

no isolation of the intermediates. As the final compound is
an amine, it could be isolated in excellent purity by a simple
acid–base extraction with no need for purification by
column chromatography. The 1H NMR spectra of our syn-
thetic material and of an authentic sample are shown in Fig-
ure S1 of the Supporting Information. In this way, com-
pound 1 was synthesized in 81 % yield from 7.

Synthesis without column chromatography : In the two one-
pot sequences, we purified tert-butyl ester 7 by column chro-
matography, the only column necessary in the whole synthe-
sis. This process should be avoided in a large-scale synthesis.
The next reaction after formation of 7 is the transformation
of the tert-butyl ester into carboxylic acid 13 upon treatment
with CF3CO2H (Scheme 6). As 13 is an acid, it might be pos-
sible to purify it by acid–base extraction without any purifi-
cation at the stage of 7. When we looked at this, we found
that carboxylic acid 13 and phosphoric acid diethyl ester,
(EtO)2P(O)OH, which is generated by the Horner–Wads-
worth–Emmons reaction in the first one-pot reaction,
cannot be separated at this stage. However (EtO)2P(O)OH
can be removed in the previous step by an acid–base extrac-
tion; that is, tert-butyl ester 7 was separated from
(EtO)2P(O)OH by washing the organic phase twice with
NH4OH solution. Crude 7, which is then free from
(EtO)2P(O)OH, was treated with CF3CO2H to afford crude
carboxylic acid 13, and acid–base extraction of 13 followed

Scheme 6. The conversion of tert-butyl ester 7 into acyl azide 15.
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by filtration through a short silica pad gave a good purity of
13. By using this acid–base extraction technique, we can es-
tablish a column-free synthesis of 1.

Conclusion

An efficient, enantioselective, total synthesis of 1 through
two one-pot sequences has been accomplished. The present
synthesis has several noteworthy features: 1) Only two pots
are needed for the synthesis of the rather complex 1. 2) A
highly functionalized chiral cyclohexane framework of the
correct relative and absolute configuration can be synthe-
sized in the first one-pot sequence, which consists of a se-
quence of reactions made up of a diphenylprolinol silyl
ether mediated asymmetric Michael reaction as developed
in our group, a domino Michael reaction/Horner–Wads-
worth–Emmons reaction combined with retro-aldol/Horner–
Wadsworth–Emmons and retro Michael reactions, a thiol
Michael reaction, and a base-catalyzed isomerization. 3) Six
transformations can be successfully conducted in the second
one-pot sequence, including deprotection of a tert-butyl
ester and its conversion into an acid chloride then an acid
azide, Curtius rearrangement, amide formation, reduction of
a nitro group into an amine, and the retro Michael reaction
of a thiol. 4) The Curtius rearrangement proceeds at room
temperature without heating, which decreases potential haz-
ards. 5) The domino reaction of a Curtius rearrangement
and amide formation is a direct method for the synthesis of
12. 6) Only 1 mol % loading of the diphenylprolinol silyl
ether, which was developed in our group as an efficient or-
ganocatalyst, is needed to promote the asymmetric direct
Michael reaction, which is suitable for large-scale synthesis.
7) No halogenated solvents are used. 8) Isolation and con-
centration of the potentially hazardous acyl azide 15 can be
avoided, which makes the synthesis safer. 9) The intermedi-
ate can be purified by an acid–base extraction process. Effi-
cient purification of 1 was achieved by a simple acid–base
extraction at the final stage. Thus, the synthesis is free from
column chromatography.

This synthesis requires nine transformations in a total of
two separate reaction pots. The total yield of 1 from nitroal-
kene 3 is 60 %. All of the reagents are inexpensive. The
metals employed in the present total synthesis are alkali
metals (Na, K, and Cs) and relatively nontoxic zinc. No spe-
cial care needs be taken to exclude water or air. We have
performed the first one-pot sequence with 1.13 g of alde-
hyde 2 and 1.0 g of nitroalkene 3 to afford 2.18 g of cyclo-
hexane 7. In the second one-pot sequence, 3.0 g of cyclohex-
ane 7 can be successfully converted into 1.49 g of 1. Thus,
we believe that the present procedure can be scaled up. The
synthetic route itself is completely different from those pre-
viously described and should enable the synthesis of a wide
variety of novel derivatives. This will be valuable in the
search for agents effective against Tamiflu-resistant viruses.

Acknowledgements

This work was partially supported by Nagase Science and Technology
Foundation, Japan.

[1] V. Farina, J. D. Brown, Angew. Chem. 2006, 118, 7488; Angew.
Chem. Int. Ed. 2006, 45, 7330.

[2] C. U. Kim, W. Lew, M. A. Williams, H. Liu, L. Zhang, S. Swamina-
than, N. Bishofberger, M. S. Chen, D. B. Mendel, C. Y. Tai, W. G.
Laver, R. C. Stevens, J. Am. Chem. Soc. 1997, 119, 681.

[3] M. von Itzstein, W.-Y. Wu, G. B. Kok, M. S. Pegg, J. C. Dyason, B.
Jin, T. V. Phan, M. L. Smythe, H. F. White, S. W. Oliver, P. M.
Colman, J. N. Varghese, D. M. Ryan, J. M. Woods, R. C. Bethell,
V. J. Hotham, J. M. Cameron, C. R. Penn, Nature 1993, 363, 418.

[4] a) J. C. Rohloff, K. M. Kent, M. J. Postich, M. W. Becker, H. H.
Chapman, D. E. Kelly, W. Lew, M. S. Louie, L. R. McGee, E. J.
Prisbe, L. M. Schultze, R. H. Yu, L. J. Zhang, J. Org. Chem. 1998,
63, 4545; b) M. Federspiel, R. Fischer, M. Hennig, H.-J. Mair, T.
Oberhauser, G. Rimmler, T. Albiez, J. Bruhin, H. Estermann, C.
Gandert, V. Gçckel, S. Gçtzç, U. Hoffmann, G. Huber, G. Janatsch,
S. Lauper, O. Rçckel-St�bler, R. Trussardi, A. G. Zwahlen, Org.
Process Res. Dev. 1999, 3, 266; c) M. Karpf, R. Trussardi, J. Org.
Chem. 2001, 66, 2044; d) S. Abrecht, M. Karpf, R. Trussardi, B.
Wirz, EP 1127872A1, 2001; [Chem. Abstr. 2001, 135, 195 452]; e) U.
Zutter, H. Iding, B. Wirz, EP 114603A2, 2001; [Chem. Abstr. 2001,
135, 303 728]; f) P. J. Harrington, J. D. Brown, T. Foderaro, R. C.
Hughes, Org. Process Res. Dev. 2004, 8, 86; g) S. Abrecht, P. Har-
rington, H. Iding, M. Karpf, R. Trussardi, B. Wirz, U. Zutter, Chimia
2004, 58, 621; h) Y.-Y. Yeung, S. Hong, E. J. Corey, J. Am. Chem.
Soc. 2006, 128, 6310; i) Y. Fukuta, T. Mita, N. Fukuda, M. Kanai, M.
Shibasaki, J. Am. Chem. Soc. 2006, 128, 6312; j) X. Cong, Z.-J. Yao,
J. Org. Chem. 2006, 71, 5365; k) S. Abrecht, M. C. Federspiel, H. Es-
termann, R. Fischer, M. Karpf, H.-J. Mair, T. Oberhauser, G. Rimm-
ler, R. Trussardi, U. Zutter, Chimia 2007, 61, 93; l) N. Satoh, T.
Akiba, S. Yokoshima, T. Fukuyama, Angew. Chem. 2007, 119, 5836;
Angew. Chem. Int. Ed. 2007, 46, 5734; m) J.-J. Shie, J.-M. Fang, S.-Y.
Wang, K.-C. Tsai, Y.-S. E. Cheng, A.-S. Yang, S.-C. Hsiao, C.-Y. Su,
C.-H. Wong, J. Am. Chem. Soc. 2007, 129, 11892; n) T. Mita, N.
Fukuda, F. X. Roca, M. Kanai, M. Shibasaki, Org. Lett. 2007, 9, 259;
o) K. M. Bromfield, H. Grad�n, D. P. Hagberg, T. Olsson, N. Kann,
Chem. Commun. 2007, 3183; p) K. Yamatsugu, S. Kamijo, Y. Suto,
M. Kanai, M. Shaibasaki, Tetrahedron Lett. 2007, 48, 1403; q) U.
Zutter, H. Iding, P. Spurr, B. Wirz, J. Org. Chem. 2008, 73, 4895;
r) B. M. Trost, T. Zhang, Angew. Chem. 2008, 120, 3819; Angew.
Chem. Int. Ed. 2008, 47, 3759; s) J.-J. Shie, J.-M. Fang, C.-H. Wong,
Angew. Chem. 2008, 120, 5872; Angew. Chem. Int. Ed. 2008, 47,
5788; t) M. Matveenko, M. G. Banwell, A. C. Willis, Tetrahedron
Lett. 2008, 49, 7018; u) N. T. Kipassa, H. Okamura, K. Kina, T.
Hamada, T. Iwagawa, Org. Lett. 2008, 10, 815; v) L.-D. Nie, X.-X.
Shi, K. H. Ko, W.-D. Lu, J. Org. Chem. 2009, 74, 3970; w) T.
Mandai, T. Oshitari, Synlett 2009, 783; x) T. Oshitari, T. Mandai,
Synlett 2009, 787; y) H. Sun, Y.-J. Lin, Y. Wu, Synlett 2009, 2473;
z) K. Yamatsugu, L. Yin, S. Kamijo, Y. Kimura, M. Kanai, M. Shiba-
saki, Angew. Chem. 2009, 121, 1090; Angew. Chem. Int. Ed. 2009,
48, 1070; aa) B. Sullivan, I. Carrera, M. Drouin, T. Hudlicky, Angew.
Chem. 2009, 121, 4293; Angew. Chem. Int. Ed. 2009, 48, 4229;
ab) M. Karpf, R. Trussardi, Angew. Chem. 2009, 121, 5871; Angew.
Chem. Int. Ed. 2009, 48, 5760; ac) N. Satoh, T. Akiba, S. Yokoshima,
T. Fukuyama, Tetrahedron 2009, 65, 3239; ad) L.-D. Nie, X.-X. Shi,
Tetrahedron: Asymmetry 2009, 20, 124; ae) K. Yamatsugu, M.
Kanai, M. Shibasaki, Tetrahedron 2009, 65, 6017; af) H. Osato, I. L.
Jones, A. Chen, C. L. L. Chai, Org. Lett. 2010, 12, 60; ag) L. Werner,
A. Machara, T. Hudlicky, Adv. Synth. Catal. 2010, 352, 195; for a
review, see: ah) M. Shibasaki, M. Kanai, Eur. J. Org. Chem. 2008,
1839; ai) J. Magano, Chem. Rev. 2009, 109, 4398; aj) J. Andraos, Org.
Process Res. Dev. 2009, 13, 161.

[5] a) L. V. Gubareva, R. G. Webster, F. G. Hayden, Antimicrob. Agents
Chemother. 2001, 45, 3403; b) M. D. de Jong, T. T. Thanh, T. H.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 12616 – 1262612624

Y. Hayashi et al.

http://dx.doi.org/10.1002/ange.200602623
http://dx.doi.org/10.1002/anie.200602623
http://dx.doi.org/10.1002/anie.200602623
http://dx.doi.org/10.1021/ja963036t
http://dx.doi.org/10.1038/363418a0
http://dx.doi.org/10.1021/jo980330q
http://dx.doi.org/10.1021/jo980330q
http://dx.doi.org/10.1021/op9900176
http://dx.doi.org/10.1021/op9900176
http://dx.doi.org/10.1021/jo005702l
http://dx.doi.org/10.1021/jo005702l
http://dx.doi.org/10.1021/op0302107
http://dx.doi.org/10.2533/000942904777677605
http://dx.doi.org/10.2533/000942904777677605
http://dx.doi.org/10.1021/ja0616433
http://dx.doi.org/10.1021/ja0616433
http://dx.doi.org/10.1021/ja061696k
http://dx.doi.org/10.1021/jo060633h
http://dx.doi.org/10.2533/chimia.2007.93
http://dx.doi.org/10.1002/ange.200701754
http://dx.doi.org/10.1002/anie.200701754
http://dx.doi.org/10.1021/ja073992i
http://dx.doi.org/10.1021/ol062663c
http://dx.doi.org/10.1039/b703295a
http://dx.doi.org/10.1016/j.tetlet.2006.12.093
http://dx.doi.org/10.1021/jo800264d
http://dx.doi.org/10.1002/ange.200800282
http://dx.doi.org/10.1002/anie.200800282
http://dx.doi.org/10.1002/anie.200800282
http://dx.doi.org/10.1002/ange.200801959
http://dx.doi.org/10.1002/anie.200801959
http://dx.doi.org/10.1002/anie.200801959
http://dx.doi.org/10.1016/j.tetlet.2008.09.130
http://dx.doi.org/10.1016/j.tetlet.2008.09.130
http://dx.doi.org/10.1021/ol7029646
http://dx.doi.org/10.1021/jo900218k
http://dx.doi.org/10.1055/s-0028-1087941
http://dx.doi.org/10.1002/ange.200804777
http://dx.doi.org/10.1002/anie.200804777
http://dx.doi.org/10.1002/anie.200804777
http://dx.doi.org/10.1002/ange.200901345
http://dx.doi.org/10.1002/ange.200901345
http://dx.doi.org/10.1002/anie.200901345
http://dx.doi.org/10.1002/ange.200901561
http://dx.doi.org/10.1002/anie.200901561
http://dx.doi.org/10.1002/anie.200901561
http://dx.doi.org/10.1016/j.tet.2008.09.103
http://dx.doi.org/10.1016/j.tetasy.2008.11.027
http://dx.doi.org/10.1016/j.tet.2009.05.077
http://dx.doi.org/10.1021/ol9024716
http://dx.doi.org/10.1002/adsc.200900844
http://dx.doi.org/10.1002/ejoc.200800033
http://dx.doi.org/10.1002/ejoc.200800033
http://dx.doi.org/10.1021/cr800449m
http://dx.doi.org/10.1021/op800157z
http://dx.doi.org/10.1021/op800157z
http://dx.doi.org/10.1128/AAC.45.12.3403-3408.2001
http://dx.doi.org/10.1128/AAC.45.12.3403-3408.2001
www.chemeurj.org


Khanh, V. M. Hien, G. J. D. Smith, N. V. Chau, B. V. Cam, P. T. Qui,
D. Q. Ha, Y. Guan, J. S. M. Peiris, T. T. Hien, J. Farrar, N. Engl. J.
Med. 2005, 353, 2667; c) P. J. Collins, L. F. Haire, Y. P. Lin, J. Liu,
R. J. Russell, P. A. Walker, J. J. Skehel, S. R. Martin, A. J. Hay, S. J.
Gamblin, Nature 2008, 453, 1258; d) X. Bouhy, M.-E. Hamelin, G.
Boivin, N. Engl. J. Med. 2009, 361, 2296; e) B. C. Ciancio, T. J.
Meerhoff, P. Kramarz, I. Bonmarin, K. Borgen, C. A. Boucher, U.
Buchholz, S. Buda, F. Dijkstra, S. Dudman, S. Duwe, S. H. Hauge,
O. Hungnes, A. Meijer, J. Mossong, W. J. Paget, N. Phin, M. van der
Sande, B. Schweiger, A. Nicoll, Euro Surveill. 2009, 14, 13.

[6] The one-pot reaction covers the domino reaction and cascade reac-
tion; see the reviews or book of these reactions: a) K. C. Nicolaou,
T. Montagnon, S. A. Snyder, Chem. Commun. 2003, 551; b) L. F.
Tietze, G. Brasche, K. M. Gericke, Domino Reactions in Organic
Synthesis, Wiley-VCH, Weinheim, 2006 ; c) K. C. Nicolaou, D. J. Ed-
monds, P. G. Bulger, Angew. Chem. 2006, 118, 7292; Angew. Chem.
Int. Ed. 2006, 45, 7134.

[7] H. Ishikawa, T. Suzuki, Y. Hayashi, Angew. Chem. 2009, 121, 1330;
Angew. Chem. Int. Ed. 2009, 48, 1304.

[8] a) Y. Hayashi, H. Gotoh, T. Hayashi, M. Shoji, Angew. Chem. 2005,
117, 4284; Angew. Chem. Int. Ed. 2005, 44, 4212; b) H. Gotoh, R.
Masui, H. Ogino, M. Shoji, Y. Hayashi, Angew. Chem. 2006, 118,
7007; Angew. Chem. Int. Ed. 2006, 45, 6853; c) H. Gotoh, Y. Haya-
shi, Org. Lett. 2007, 9, 2859; d) Y. Hayashi, T. Okano, S. Aratake, D.
Hazelard, Angew. Chem. 2007, 119, 5010; Angew. Chem. Int. Ed.
2007, 46, 4922; e) H. Gotoh, H. Ishikawa, Y. Hayashi, Org. Lett.
2007, 9, 5307; f) Y. Hayashi, H. Gotoh, R. Masui, H. Ishikawa,
Angew. Chem. 2008, 120, 4076; Angew. Chem. Int. Ed. 2008, 47,
4012; g) Y. Hayashi, T. Itoh, M. Ohkubo, H. Ishikawa. Angew.
Chem. 2008, 120, 4800; Angew. Chem. Int. Ed. 2008, 47, 4722;
Angew. Chem. Int. Ed. 2008, 47, 4722; h) Y. Hayashi, S. Samanta, H.
Gotoh, H. Ishikawa, Angew. Chem. 2008, 120, 6736; Angew. Chem.
Int. Ed. 2008, 47, 6634; i) Y. Hayashi, T. Okano, T. Itoh, T. Urushi-
ma, H. Ishikawa, T. Uchimaru, Angew. Chem. 2008, 120, 9193;
Angew. Chem. Int. Ed. 2008, 47, 9053; j) Y. Hayashi, M. Toyoshima,
H. Gotoh, H. Ishikawa, Org. Lett. 2009, 11, 45; k) Y. Hayashi, K.
Obi, Y. Ohta, D. Okamura, H. Ishikawa, Chem. Asian J. 2009, 4,
246; l) H. Gotoh, Y. Hayashi, Chem. Commun. 2009, 3083; m) H.
Gotoh, D. Okamura, H. Ishikawa, Y. Hayashi, Org. Lett. 2009, 11,
4056.

[9] a) M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A. Jørgensen,
Angew. Chem. 2005, 117, 804; Angew. Chem. Int. Ed. 2005, 44, 794;
b) M. Marigo, D. Fielenbach, A. Braunton, A. Kjasgaard, K. A. Jør-
gensen, Angew. Chem. 2005, 117, 3769; Angew. Chem. Int. Ed. 2005,
44, 3703; for a recent report, see: c) M. Nielsen, J. C. Borch, M. W.
Paixao, N. Holub, K. A. Jørgensen, J. Am. Chem. Soc. 2009, 131,
10581.

[10] For reviews of diarylprolinol silyl ether, see: a) C. Palomo, A.
Mielgo, Angew. Chem. 2006, 118, 8042; Angew. Chem. Int. Ed. 2006,
45, 7876; b) A. Mielgo, C. Palomo, Chem. Asian J. 2008, 3, 922.

[11] For selected reviews on organocatalysis, see: a) P. I. Dalko, L.
Moisan, Angew. Chem. 2004, 116, 5248; Angew. Chem. Int. Ed. 2004,
43, 5138; b) Asymmetric Organocatalysis (Eds.: A. Berkessel, H.
Groger), Wiley-VCH, Weinheim, 2005 ; c) Y. Hayashi, J. Synth. Org.
Chem. Jpn. 2005, 63, 464; d) B. List, Chem. Commun. 2006, 819;
e) M. Marigo, K. A. Jørgensen, Chem. Commun. 2006, 2001; f) M. J.
Gaunt, C. C. C. Johansson, A. McNally, N. T. Vo, Drug Discovery
Today 2007, 12, 8; g) Enantioselective Organocatalysis (Ed.: P. I.
Dalko), Wiley-VCH, Weinheim, 2007; h) S. Mukherjee, J. W. Yang,
S. Hoffmann, B. List, Chem. Rev. 2007, 107, 5471; i) C. F. Barbas III,
Angew. Chem. 2008, 120, 44; Angew. Chem. Int. Ed. 2008, 47, 42;
j) A. Dondoni, A. Massi, Angew. Chem. 2008, 120, 4716; Angew.
Chem. Int. Ed. 2008, 47, 4638; k) P. Melchiorre, M. Marigo, A. Car-
lone, G. Bartoli, Angew. Chem. 2008, 120, 6232; Angew. Chem. Int.
Ed. 2008, 47, 6138; l) S. Bertelsen, K. A. Jørgensen, Chem. Soc. Rev.
2009, 38, 2178.

[12] For comprehensive reviews on the organocatalyst-mediated Michael
reaction, see: a) D. Almasi, D. A. Alonso, C. Najera, Tetrahedron:
Asymmetry 2007, 18, 299; b) S. B. Tsogoeva, Eur. J. Org. Chem.

2007, 1701; c) S. Sulzer-Mosse, A. Alexakis, Chem. Commun. 2007,
3123; d) J. L. Vicario, D. Badia, L. Carrillo, Synthesis 2007, 2065.

[13] For selected examples of conjugate additions between aldehydes
and nitroolefins catalyzed by organocatalysts, see: a) J. M. Betan-
cort, C. F. Barbas III, Org. Lett. 2001, 3, 3737; b) A. Alexakis, O.
Andrey, Org. Lett. 2002, 4, 3611; c) N. Mase, R. Thayumanavan, F.
Tanaka, C. F. Barbas III, Org. Lett. 2004, 6, 2527; d) W. Wang, J.
Wang, H. Li, Angew. Chem. 2005, 117, 1393; Angew. Chem. Int. Ed.
2005, 44, 1369; e) S. Moss�, M. Laars, K. Kriis T. Kanger, A. Alexa-
kis, Org. Lett. 2006, 8, 2559; f) L. Zu, J. Wang, H. Li, W. Wang, Org.
Lett. 2006, 8, 3077; g) E. Reyes, J. L. Vicario, D. Badia, L. Carrillo,
Org. Lett. 2006, 8, 6135; h) N. Mase, K. Watanabe, H. Yoda, K.
Takabe, F. Tanaka, C. F. Barbas III, J. Am. Chem. Soc. 2006, 128,
4966; i) M. P. Lalonde, Y. Chen, E. N. Jacobsen, Angew. Chem. 2006,
118, 6514; Angew. Chem. Int. Ed. 2006, 45, 6366; j) M. T. Barros,
A. M. Fa�sca Phillips, Eur. J. Org. Chem. 2007, 178; k) S. H.
McCooey, S. J. Connon, Org. Lett. 2007, 9, 599; l) S. Zhu, S. Yu, D.
Ma, Angew. Chem. 2008, 120, 555; Angew. Chem. Int. Ed. 2008, 47,
545; m) P. Garc�a-Garc�a, A. Lad�peche, R. Halder, B. List, Angew.
Chem. 2008, 120, 4797; Angew. Chem. Int. Ed. 2008, 47, 4719; n) X.-
j. Zhang, S.-P. Liu, X.-M. Li, M. Yan, A. S. C. Chan, Chem.
Commun. 2009, 833; o) M. Wiesner, M. Neuburger, H. Wennemers,
Chem. Eur. J. 2009, 15, 10103.

[14] For selected examples of organocatalytic domino reactions, see:
a) J. W. Yang, M. T. H. Fonseca, B. List, J. Am. Chem. Soc. 2005,
127, 15036; b) Y. Huang, A. M. Walji, C. H. Larsen, D. W. C. Mac-
Millan, J. Am. Chem. Soc. 2005, 127, 15051; c) W. Wang, H. Li, J.
Wang, L. Zu, J. Am. Chem. Soc. 2006, 128, 10354; d) D. Enders,
M. R. M. H�ttl, J. Runsink, G. Raabe, B. Wendt, Angew. Chem.
2007, 119, 471; Angew. Chem. Int. Ed. 2007, 46, 467; e) A. Carlone,
S. Cabrera, M. Marigo, K. A. Jørgensen, Angew. Chem. 2007, 119,
1119; Angew. Chem. Int. Ed. 2007, 46, 1101; f) J. L. Vicario, L. Re-
boredo, D. Bad�a, L. Carrillo, Angew. Chem. 2007, 119, 5260;
Angew. Chem. Int. Ed. 2007, 46, 5168; g) M. Rueping, E. Sugiono,
E. Merino, Angew. Chem. 2008, 120, 3089; Angew. Chem. Int. Ed.
2008, 47, 3046; h) D. Enders, C. Wang, J. W. Bats, Angew. Chem.
2008, 120, 7649; Angew. Chem. Int. Ed. 2008, 47, 7539; i) G.-L.
Zhao, R. Rios, J. Vesley, L. Eriksson, A. C�rdova, Angew. Chem.
2008, 120, 8596; Angew. Chem. Int. Ed. 2008, 47, 8468; j) M. Lu, D.
Zhu, Y. Lu, Y. Hou, B. Tan, G. Zhong, Angew. Chem. 2008, 120,
10164; Angew. Chem. Int. Ed. 2008, 47, 10187; k) J. Franz�n, A.
Fisher, Angew. Chem. 2009, 121, 1377; Angew. Chem. Int. Ed. 2009,
48, 1351; for a review, see: l) D. Enders, C. Grondal, M. R. M. Huttl,
Angew. Chem. 2007, 119, 1590; Angew. Chem. Int. Ed. 2007, 46,
1570; m) C. Grondal, M. Jeanty, D. Enders, Nat. Chem. 2010, 2, 167.

[15] a) D. Enders, M. R. M. Huttl, C. Grondal, G. Raabe, Nature 2006,
441, 861; b) D. Enders, M. R. M. Huttl, G. Raabe, J. W. Bats, Adv.
Synth. Catal. 2008, 350, 267.

[16] a) M. F. Semmelhack, J. C. Tomesch, M. Czarny, S. Boettger, J. Org.
Chem. 1978, 43, 1259; b) D. H. Martyres, J. E. Baldwin, R. M.
Adlington, V. Lee, M. R. Probert, D. J. Watkin, Tetrahedron 2001,
57, 4999; c) E. Błaszczyk, H. Krawczyk, T. Janecki, Synlett 2004,
2685.

[17] Gaussian 03, Revision E.01, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Startman, O. Yazyev, A. J. Austin, R. Cammi, C. Pomeli, J. W. Och-
terski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dan-
nenberg, V. G. Zakrezewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.

Chem. Eur. J. 2010, 16, 12616 – 12626 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 12625

FULL PAPERSynthesis of (�)-Oseltamivir

http://dx.doi.org/10.1056/NEJMoa054512
http://dx.doi.org/10.1056/NEJMoa054512
http://dx.doi.org/10.1038/nature06956
http://dx.doi.org/10.1039/b209440c
http://dx.doi.org/10.1002/ange.200601872
http://dx.doi.org/10.1002/anie.200601872
http://dx.doi.org/10.1002/anie.200601872
http://dx.doi.org/10.1002/ange.200804883
http://dx.doi.org/10.1002/anie.200804883
http://dx.doi.org/10.1002/ange.200500599
http://dx.doi.org/10.1002/ange.200500599
http://dx.doi.org/10.1002/anie.200500599
http://dx.doi.org/10.1002/ange.200602925
http://dx.doi.org/10.1002/ange.200602925
http://dx.doi.org/10.1002/anie.200602925
http://dx.doi.org/10.1021/ol071009+
http://dx.doi.org/10.1002/ange.200700909
http://dx.doi.org/10.1002/anie.200700909
http://dx.doi.org/10.1002/anie.200700909
http://dx.doi.org/10.1021/ol702545z
http://dx.doi.org/10.1021/ol702545z
http://dx.doi.org/10.1002/ange.200800662
http://dx.doi.org/10.1002/anie.200800662
http://dx.doi.org/10.1002/anie.200800662
http://dx.doi.org/10.1002/anie.200801130
http://dx.doi.org/10.1002/ange.200801408
http://dx.doi.org/10.1002/anie.200801408
http://dx.doi.org/10.1002/anie.200801408
http://dx.doi.org/10.1002/ange.200802073
http://dx.doi.org/10.1002/anie.200802073
http://dx.doi.org/10.1021/ol802330h
http://dx.doi.org/10.1002/asia.200800394
http://dx.doi.org/10.1002/asia.200800394
http://dx.doi.org/10.1039/b902287b
http://dx.doi.org/10.1021/ol901483x
http://dx.doi.org/10.1021/ol901483x
http://dx.doi.org/10.1002/ange.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1002/ange.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1021/ja903920j
http://dx.doi.org/10.1021/ja903920j
http://dx.doi.org/10.1002/ange.200602943
http://dx.doi.org/10.1002/anie.200602943
http://dx.doi.org/10.1002/anie.200602943
http://dx.doi.org/10.1002/asia.200700417
http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1039/b514296m
http://dx.doi.org/10.1039/b517090g
http://dx.doi.org/10.1016/j.drudis.2006.11.004
http://dx.doi.org/10.1016/j.drudis.2006.11.004
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1002/ange.200702210
http://dx.doi.org/10.1002/anie.200702210
http://dx.doi.org/10.1002/ange.200704684
http://dx.doi.org/10.1002/anie.200704684
http://dx.doi.org/10.1002/anie.200704684
http://dx.doi.org/10.1002/ange.200705523
http://dx.doi.org/10.1002/anie.200705523
http://dx.doi.org/10.1002/anie.200705523
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1002/ejoc.200600653
http://dx.doi.org/10.1002/ejoc.200600653
http://dx.doi.org/10.1055/s-2007-983747
http://dx.doi.org/10.1021/ol0167006
http://dx.doi.org/10.1021/ol026543q
http://dx.doi.org/10.1021/ol049196o
http://dx.doi.org/10.1002/ange.200461959
http://dx.doi.org/10.1002/anie.200461959
http://dx.doi.org/10.1002/anie.200461959
http://dx.doi.org/10.1021/ol061053+
http://dx.doi.org/10.1021/ol061053+
http://dx.doi.org/10.1021/ol062627d
http://dx.doi.org/10.1021/ja060338e
http://dx.doi.org/10.1021/ja060338e
http://dx.doi.org/10.1002/ange.200602221
http://dx.doi.org/10.1002/ange.200602221
http://dx.doi.org/10.1002/anie.200602221
http://dx.doi.org/10.1002/ejoc.200600731
http://dx.doi.org/10.1021/ol0628006
http://dx.doi.org/10.1002/ange.200704161
http://dx.doi.org/10.1002/anie.200704161
http://dx.doi.org/10.1002/anie.200704161
http://dx.doi.org/10.1039/b818582d
http://dx.doi.org/10.1039/b818582d
http://dx.doi.org/10.1002/chem.200901021
http://dx.doi.org/10.1021/ja055735o
http://dx.doi.org/10.1021/ja055735o
http://dx.doi.org/10.1021/ja055545d
http://dx.doi.org/10.1021/ja063328m
http://dx.doi.org/10.1002/ange.200603434
http://dx.doi.org/10.1002/ange.200603434
http://dx.doi.org/10.1002/anie.200603434
http://dx.doi.org/10.1002/ange.200604479
http://dx.doi.org/10.1002/ange.200604479
http://dx.doi.org/10.1002/anie.200604479
http://dx.doi.org/10.1002/ange.200700988
http://dx.doi.org/10.1002/anie.200700988
http://dx.doi.org/10.1002/ange.200705110
http://dx.doi.org/10.1002/anie.200705110
http://dx.doi.org/10.1002/anie.200705110
http://dx.doi.org/10.1002/ange.200802532
http://dx.doi.org/10.1002/ange.200802532
http://dx.doi.org/10.1002/anie.200802532
http://dx.doi.org/10.1002/ange.200802335
http://dx.doi.org/10.1002/ange.200802335
http://dx.doi.org/10.1002/anie.200802335
http://dx.doi.org/10.1002/ange.200890323
http://dx.doi.org/10.1002/ange.200890323
http://dx.doi.org/10.1002/ange.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1038/nature04820
http://dx.doi.org/10.1038/nature04820
http://dx.doi.org/10.1002/adsc.200700396
http://dx.doi.org/10.1002/adsc.200700396
http://dx.doi.org/10.1021/jo00400a057
http://dx.doi.org/10.1021/jo00400a057
http://dx.doi.org/10.1016/S0040-4020(01)00430-6
http://dx.doi.org/10.1016/S0040-4020(01)00430-6
www.chemeurj.org


Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford, CT, 2004.

[18] a) A. D. Becke, J. Chem. Phys. 1993, 98, 1372; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785; c) R. Ditchfield, W. J. Hehre,
J. A. Pople, J. Chem. Phys. 1971, 54, 724; d) W. J. Hehre, R. Ditch-
field, J. A. Pople, J. Chem. Phys. 1972, 56, 2257; e) P. C. Hariharan,
J. A. Pople, Theor. Chim. Acta 1973, 28, 213.

[19] a) C. Naegeli, A. Tyabji, Helv. Chim. Acta 1934, 17, 931; b) E. R.
Barnum, C. S. Hamilton, J. Am. Chem. Soc. 1942, 64, 540; c) J. B.
Press, C. M. Hofmann, S. R. Safir, J. Org. Chem. 1979, 44, 3292.

Received: April 27, 2010
Published online: September 21, 2010

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 12616 – 1262612626

Y. Hayashi et al.

http://dx.doi.org/10.1063/1.464304
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.1674902
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1007/BF00533485
http://dx.doi.org/10.1002/hlca.193401701119
http://dx.doi.org/10.1021/ja01255a019
http://dx.doi.org/10.1021/jo01333a003
www.chemeurj.org

