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Influenza, a severe vira infection of the respiratory system,

is responsible for a significant morbidity and mortality due

to both annual epidemics and unpredictable pandemics. In
the United States alone, 10—20% of the population is affected
every year, which results in approximately 110,000 hospi-

talizations and more than 20,000 deaths with an estimated
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cost of U.S. $12 hillion.t In addition to the annual occurrence

of the disease, there is a growing concern that a worldwide

pandemic will inevitably happen within the next few years.

Since the 1500s, the world has seen 22 influenza pandemics,
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one every 25 years on average. The most recent ones in the
20th century were the Spanish flu (1918), which killed
20—50 million people worldwide, the Asian flu (1957, 1—2
million casualties), the Hong Kong flu (1968, approximately
700,000 casualties), and the Russian flu (1977).2 It is
estimated that if asimilar event took place today, about 30%
of the world’s population could die.

The primary method of influenza prevention is through
vaccination.® The time required to produce enough vaccine
to immunize a large percentage of the population is 6—8
months, and it can only be stockpiled for 18 months. In
addition, it should be administered at least four weeks before
becoming in contact with the virus to be effective. However,
the virus mutates from season to season and this translates
into the need to produce a new vaccine every year. Due to
the lack of effectiveness of a newly produced vaccine over
prolonged periods of time, this form of immunization would
fail to combat an influenza pandemic. As an alternative to
vaccination, antiviral drugs and neuraminidase inhibitors can
also be employed to combat influenza.

Several molecular entities on the virus envel ope have been
identified as potentia targets for drug interaction, namely
the M2 protein, haemagglutinin, and neuraminidase (siali-
dase).* The M2 protein is an ion channel on the lipid
envelope of the virus that controls the pH-dependent release
of ribonucleoproteins, which causes virus uncoating.® Haemag-
glutinin is a surface glycoprotein that is responsible for
initiating the infection through binding to the termina siadic
acid (1, Figure 1) residues on the cell membrane of the
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Figure 1. Structure of sialic acid (N-acetylneuraminic acid).

respiratory tract. It then induces the cell to accept the virus,
and the replication process starts. Neuraminidase is also a
surface glycoprotein that cleaves sialic acid residues from

Chemical Reviews, 2009, Vol. 109, No. 9 4399

the newly created virions to avoid virion aggregation, which
would otherwise render them ineffective to invade new cells.
In addition, this protein also facilitates the spreading of the
virus through the mucus of the respiratory tract.® Therefore,
a drug that is designed to bind and block the active site of
this protein could become an efficient treatment against the
disease.

The M2 inhibitors amantadine HCI (2) and rimantadine
HCI (3) were the first two antiviral drugs approved for the
treatment and prophylaxis of influenza A (Figure 2). The

NH,HCI  HsC._NH HCI

2 3
Figure 2. Structures of amantadine HCI (2) and rimantadine HCI
3).

mechanism of action is through the blockage of viral
uncoating, but their use has been limited due to their severe
CNS side effects,” the rapid emergence of resistancein viral
strains,® and the lack of efficacy against influenza B virus,
which does not express the M2 protein.> In addition, these
drugs are only effective if the treatment is initiated within
the first 48 h after the symptoms are identified.®> Their specific
activity against the influenza A virus has been attributed to
an ion channel blocking of a specific viral protein.

More recently, the focus has been on the inhibition of
neuraminidase, since this protein plays a fundamental role
in the elution of the newly created virions from infected cells.
The first example of this type of compounds is 2-deoxy-
2,3-dehydro-N-acetylneuraminic acid (DANA, 4, Figure 3),
which was first reported in 1974.° The application of
structure-based drug design as well as the determination of
the X-ray crystal structure of neuraminidases A and B and
their complexes with sidic acid in the early 1980s'° helped
determine the binding interactions between the functional
groups and the active site. This development led to the design
of far more potent inhibitors by replacing the hydroxyl group
at the four position of the ring with more basic groups such
as amino or guanidino. As a conseguence, zanamivir (5) and
oseltamivir (6) were discovered and, to date, they are the
only two drugs approved in this category to combat both
influenza A and B (Figure 3).

Both zanamivir and oseltamivir are structurally similar to
sialic acid, and they were designed as analogues of oxocar-
bonium intermediate 9 to mimic the transition state of the
proposed mechanism for the enzymatic hydrolysis of sia
lylglycosides (Scheme 1) to give sidic acid (1).1° The
competitive blocking of neuraminidase prevents sialic acid
cleavage, and as a result, the vira release and subsequent
spread are inhibited.

The discovery and development of antiinfluenza drugs is
a very active area of research, and the recent synthetic
progress has been reported in a number of reviews.™ This
article will exclusively focus on zanamivir and oseltamivir
due to their preeminent role to treat the condition, and it
intends to provide a comprehensive and updated overview
on the syntheses of these two commercially available drugs,
from their inception until the most recent approaches
published in the literature.
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Figure 3. Structures of DANA (4), zanamivir (5), and oseltamivir (6).

Scheme 1. Proposed Mechanism for the Enzymatic
Hydrolysis of Sialylglycosides
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2. Synthetic Approaches to Zanamivir

2.1. Introduction

Zanamivir (5, Relenza) was the first neuraminidase inhibi-
tor to be synthesized based on rational drug design.’2 The
drug was discovered in 1989 by Biota scientists in conjunc-
tion with Australia s Commonwealth Scientific and Industrial
Research Organization (CSIRO) and the Victorian College
of Pharmacy at Monash University. The molecule was
licensed to GlaxoSmithKline in 1990 for clinical develop-
ment and approved by the FDA for commercialization in
the United States in 1999. Zanamivir is a micronized, dry
powder combined with lactose as the principal base that is
highly effective against influenza A and B. Due to its poor
ord bioavailability (2—3%), it must be administered topically
to the respiratory tract by intranasal spray or by inhalation
at adose of 10 mg twice a day for five days. The evaluation
of zanamivir in the treatment of influenza®®!® as well as its
preparation'®€ has been reported in severa articles.

Scheme 2. First Synthesis of Zanamivir at Monash University
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2.2. First Synthesis of Zanamivir at Monash
University

Zanamivir was first reported by researchers at Monash
University in Australia. The synthetic route that they
described is shown in Scheme 2.%* Methyl 5-acetamido-
4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-di deoxy-p-glycer o-b-
galacto-non-2-enonate (Neud,5,7,8,9Acs2en1Me, 10),° which
can be prepared from NANA in several steps,'® was treated
with BF;-OEt, to give dlylic oxazoline 11, which is
susceptible to nucleophilic attack by azide (either as lithium
azide or azidotrimethylsilane) to provide intermediate 12.
This method gave the expected inversion product with very
good stereoselective control even on a multigram scale.
Hydrogenation of 12 at atmospheric pressure in the presence
of 10% Pd/C afforded amine 13. The hydrogenation condi-
tions were carefully chosen to avoid undesired side reactions
such as acetate migration or double bond reduction. As an
alternative, azide reduction with PhsP' gave a considerably
lower yield. Ester hydrolysiswith Amberlite-IRA 400 (OH")
resin and aqueous sodium hydroxide followed by neutraliza-
tion with Dowex-50W x 8 (H*) provided sodium salt 14.
The completion of the synthesis was accomplished through
the reaction of 14 with aminoiminomethanesulfonic acid
(15)Y to give zanamivir (5).

This first preparation of zanamivir represents a historic
landmark in the pursuit of neuraminidase inhibitors, since it
was the first disclosure in the literature of a member of this
new class of drugs that, eventually, would become an
effective treatment against influenza A and B. It starts from
an advanced intermediate (10), which will add synthetic steps
to the overall process from more readily available materials.
This medicina chemistry approach only produced milligram
guantities of the drug and employed unsafe reagents such
as LiN3 and techniques such as chromatography and lyo-
philization for intermediate isolation, which would preclude
it from becoming a practica synthesis on scale. The

... _O.__CO;Na
HO/\;/' ‘ ’ ° 5
OH NH;
AcHN Y
KH, HNZ 503

Reagents and conditions: (a) BF3*Et,0, MeOH/CH,Cl,, 25-30 °C, 16 h, 96%. (b) Me3SiNg, tert-BuOH, 80 °C, 4 h,
82.5%. () Hy, PA/C (10%), ACOH/MeOH/toluene, 1 atm., 1 h, 72%. (d) (i) Amberiite IRA-400 (OH'), MeOH, rt, 3 h;

(ii) Dowex-50W X 8 (H

*). 91.6%. {e) 15, H0, K,COs, 30-40 °C, 18 h, 57%.
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Scheme 3. Synthesis of Zanamivir from Acetylneuraminic Acid (1) by the Merck Frosst Centre
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Reagents and conditions; (a) H resin, MeOH, rt, 18 h. (b) AcCl, rt, 48 h. (c) AcCl, HCI gas, -42°C, 20 h. (d)
DBU, PhH, rt, 3 h, 73% (4 steps). (e) BF3*OEty, PhH/MeOH, 5 °C to 1t, 18 h, 42%. (f) HOAc/H,0, EtOAc,
tt, 16 h, 42%. {g) DPPA, DBU, PhH, 5 °C to rt, 23 h, 87%. {h) H2S, py, rt, 1.5 h, 78%. (i) (i) 1H-pyrazole-1-
carboximidine HCI, DIPEA, DMF, rt, 48 h; (i) NaOH, HyO/MeOH, rt, 18 h; (iii) AcOH, 54%.

availability of NANA in large quantities and cost may also
be another limitation.

2.3. Synthesis of Zanamivir from
N-Acetylneuraminic Acid (NANA) by the Merck
Frosst Centre

Researchers at the Merck Frosst Centre in Canada utilized
commercially available N-acetylneuraminic acid (NANA, 1)
as the starting material to develop a reproducible synthesis
of intermediate 19 en route to zanamivir (Scheme 3).18
Another goal of this work was to avoid the use of azidot-
rimethylsilane to introduce the azido group, since this reagent
generates potentially explosive hydrazoic acid. This synthetic
route proceeds through severa of the intermediates reported
in the previous synthesis. Thus, N-acetylneuraminic acid
(NANA, 1) was esterified in dry methanol with a cation-
exchange resin as catalyst to generate methyl ester 16.%°
Acetylation of all the free hydroxy groups® followed by
displacement of the 2-acetoxy group by chloride?® in a
pressurized vessel afforded pentaacetylated intermediate 18.
The elimination step to produce unsaturated ester 10 was
carried out with DBU as base.?? The complete removal of
the acetic acid generated in the chlorination step was crucial
to provide a good yield of the elimination product, or
otherwise, mixtures of 10 and 17 were obtained. The relative
stereochemistry between the acetoxy and acetamido groups
at carbons 4 and 5 of 10, respectively, was determined by
analyzing the value of the coupling constant (J (4, 5) = 8.3
Hz), which indicated a pseudo-trans relationship. The
epimerization of the 4o-center was carried out through
oxazoline 11.2% Early attempts to prepare azide 12 via the
formation of a sulfonate or mixed anhydride resulted in
decomposition. Finally, 12 was successfully prepared by an
alternative to the Mitsunobu-type conditions that involved
the use of diphenylphosphoryl azide (DPPA).? This was the
first time that such a process, shown in detail in Scheme 4,
was applied to a sugar. The reaction seemed to be completely

Scheme 4. Stereoselective Conversion of Alcohol 19 to Azide
12 through the Use of DPPA

OAc
/\/' ,,,,, gre! CO.Me
AcO Y . |
19 DPPA, DBU OAc 12
PhH AcHN
OPO(OPh),
20
+ DBU-H* + Nj

stereoselective, since the presence of the other sterecisomer
could not be detected by *H NMR. The azido group was
reduced with H,S in pyridine to give amine 13.% The
introduction of a guanidine group as the last step of the
synthesis was first attempted through the use of either 3,5-
dimethyl-1-guanylpyrazole nitrate or S methylisothiouronium
sulfate?>2 without success. This transformation was finally
accomplished with 1H-pyrazole-1-carboximidine HCI.2® At-
tempts at trying to convert alcohol 19 to zanamivir under
Mitsunobu conditions using N,N'-bis(tert-butyloxycarbon-
yl)guanidine?” were unsuccessful as well.

This high-yielding process was implemented on a mil-
ligram scale and describes new approaches for the introduc-
tion of the amino group at the carbon 4 position of the ring
without resorting to the use of Li or NaN; and for the
synthesis of the guanidino group. The route employs multiple
chromatographic purifications and freeze-drying for inter-
mediate and final product isolation, respectively. Most of
the intermediates are solids, and this fact brings about the
possibility of purification via recrystallization to streamline
the process and render it amenable to scale.

2.4. Scalable Route to Zanamivir by Glaxo

The first and only preparation of zanamivir on scale to
date was undertaken by researchers at Glaxo in the United
Kingdom, and it shares some common intermediates with



Downloaded by UNIV MAASTRICHT on September 9, 2009 | http://pubs.acs.org

Publication Date (Web): June 19, 2009 | doi: 10.1021/cr800449m

4402 Chemical Reviews, 2009, Vol. 109, No. 9

Scheme 5. Scalable Route to Zanamivir by Glaxo
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Reagents and conditions: (a) HC! gas, MeOH, 50 °C, 2.5 h, 94%. (b} Ac;O, DMAP, py. 0°Ctort, 18 h. (c)
TMSOTY, EtOAc, 52 °C, 2.5 h, 62% (2 steps). {(d) TMSN3, tert-BuOH, 80 °C, 10.5 h, 76%. (e) NaOMe, MeOH,
r, 2.5 h, 71%. (f) TEA, H,0, rt, 7 h. (g) Hy, Lindlar catalyst, HyO, 21 h. (h) Dowex 2 x 8 (CI'} resin, 55% (3
steps). (i) 15, NaOH, K,COj3, Hy0, 40 °C, then 20 °C, 16 h, 48%.

the previous two syntheses (Scheme 5). This route also
started with N-acetylneuraminic acid (NANA, 1), which was
converted to methyl ester 16 with HCI gas as catalyst in
methanol. The pentaacetoxy intermediate 17 was prepared
by treating 16 with excess acetic anhydride and DMAP as
catalyst. These conditions gave clean 5-OAc isomer, whereas
when HCIO, was used as catalyst, amixture of a- and 8-OAc
isomers was obtained. Cyclic oxazoline 11 was obtained
through a modification of the method previously described
by treating 17 with TMSOTf in warm ethyl acetate.'
Interestingly, when MeCN was used as solvent, up to 10%
of the Ritter product 25 was obtained (Figure 4). TMSN3 in

OAc

25
Figure 4. Structure of Ritter byproduct.

hot tert-butanol was found superior to convert 11 to azide
12 stereoselectively. Thisisthe point at which the synthetic
route diverges from previous approaches. The transformation
of the azido group to give rise to the desired amine required
reducing conditions that had to leave the double bond
unaffected. This was accomplished by first removing the
acetate protecting groups with catalytic NaOMe to gain water
solubility, followed by hydrolysis of the methyl ester with
aqueous TEA to generate triethylammonium salt 22. This
salt was then subjected to hydrogenation in the presence of
Lindlar catalyst to give amine 23, which was desalted using
aDowex 2 x 8 ion-exchange resin to give free amino acid
24. The use of Pd/C also reduced the double bond. The
completion of the synthesis was carried out with aminoimi-
nomethanesulfonic acid 15 as before?® to introduce the

guanidine functionality. Crystalline zanamivir was then
isolated by ion-exchange chromatography.

The involvement of the Process Research department at
Glaxo alowed for the development of a methodology
amenable to scale. Even though only 1.28 g of zanamivir
was produced, as reported in this publication, severa steps
were run on hundreds of grams scale, including the step to
introduce the amino group at carbon 4 via azide chemistry
(600-g scale). Desalting and freeze-drying of one of the
intermediates and isolation of zanamivir through ion-
exchange chromatography were necessary as purification
techniques, but the rest of the intermediates could be isolated
by recrystallization. The overall yield for this 9-step synthesis
was 8.3%, which should be optimized to improve throughput.

2.5. Synthesis of Zanamivir from
D-Glucono-J-lactone by Yao’s Group

A publication from Y ao's group at the Chinese Academy
of Sciences presented a completely different approach for
the preparation of advanced intermediate 12 toward the
synthesis of zanamivir (Scheme 6).2° The authors highlighted
the fact that the starting material is cheap p-glucono-o-lactone
26, even though at the expense of a long, linear synthetic
route. The key steps are a highly diastereoselective dlyllation
of an imine intermediate, a regiosel ective aziridine-opening
step with sodium azide, and chemoselective oxidations of
vicinal diols. Imine 27, prepared by known literature meth-
ods,* was treated with allylmagnesium bromide in diethyl
ether to afford amine 28 as a single diastereomer. Other
reagents (propargy! bromide—2Zn dust, propargylmagnesium
bromide, and alyl bromide—zinc dust), solvents, and tem-
peratures gave less satisfactory results. The stereochemistry
of the imine addition was later confirmed by X-ray crystal-
lography of azide 34. Acetylation of 28 followed by
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Scheme 6. Preparation of Diol 35 en Route to Advanced Intermediate 12 by Yao's Group
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Reagents and conditions: (a) C;HsMgBr, Et,0, 0-25 °C, 56%. (b) Ac,O, TEA, CH,Cl,, 88%. (c) Li,
NHg3, THF, -40 °C, 1 h, 82%. (d) MsClI, TEA, CH,Cly, 20 °C, 2 h, 84%. (e) NaH, THF, 40 °C, 24 h, 87%.
(f) NaN3, NH4CI, EtOH/H,0, reflux, 4 h, 62%. (g) Ac,0, TEA, DMAP, CH,Cly, rt, 30 min, 88%. (h) cat.
0s04, NMO+H,0, tert-BuOH/acetone/H,0, rt, 14 h, 96%.

No
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Aco/\/' T 2" Ref. 14,19, 29
H — Y 5
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Reagents and conditions: (i) (i) KBr, TEMPO, TBAB, Ca(CIO)», 16-20°C. (ii) Mel, K»COs, DMF, 4 h, t,
80%. (j) DMP, CHyCly, 0 °C. (k) 40% agq. HF in MeCN (viv = 1:19), 30 °C, 4 h, 52% (2 steps). (1) A0,
py, 0 °C to rt, 12 h, 85%. (m) HCI, CH,Cl,, -40 °C to rt, 14 h, 74%. (n) DBU, CHCl, 10 °C, 1 h, 97%.

deprotection of both benzyl groups with Li metal in liquid
ammonia provided acohol 30. The mesylation of 30 and
subsequent treatment with NaH to afford acetylated aziridine
32 et the stage for the introduction of the azide functionality.
A number of conditions were tried, such as NaNy/DMF,
LiNs/DMF, TMSN3/ZnBr,, TMSN3/BF3-OEt,, TMSNy/
INBrs,3! and TMSN4/TMSOTT without success. Only NaNs/
NH4CI in a EtOH/H,O mixture at reflux regioselectively
opened 32 at the less hindered position to give alylic azide
33. The acetylation of 33 provided highly crystaline
intermediate 34, whose absolute stereochemistry was un-
equivocally determined by X-ray analysis. The dihydroxy-
lation of alkene 34 was carried out with catalytic OsO, and
NMO as co-oxidant to give diol 35. The primary hydroxyl
group of 35 was selectively oxidized with TEMPO/Ca-
(Cl0),* (Scheme 6 (bottom)) to afford an acid intermediate
that, without isolation, was converted to methyl ester 36 with

Mel. The secondary hydroxyl group in 36 was oxidized with
Dess—Martin periodinane to generate o-ketoester 37. The
use of Swern conditions for this oxidation and the chro-
matographic purification of 37 gave elimination product 41
(Figure 5) after the loss of a molecule of HN3. The acetonide

41

Figure5. Elimination product from the Swern oxidation of acohol
36.

groups in crude 37 were cleaved with 40% agqueous HF3 to
provide cyclic intermediate 38. The synthesis of the target
compound 12 was completed via the preparation of pen-
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Scheme 7. Synthesis of Acid 56 as the First Candidate for Development by Gilead Sciences Inc.

OH
42 43

HO., COzH ,

(;/ Ref. 40 HO.,, CO,CH3 a MOMO:,,IV CO,CH3 b
Ho™" 77% ; b
o {2 steps) O H

&
44

MOMO,, CO,CH3 MOMO.., CO,CHs MOMO,, -~ _-COsCH;
HO" MsO™
NH

N3 N3

MOMO,, O/COQCHQ,

O/Cochs

48 49

47

HO:Q/COZCH3
THNT

Ny

MsO., _~_-COxCHs CO,CH; }o,,,, COLCH,
h TEN i /@/
TN HNT
N3

N,

}o,,,, CO,CHs }o,,,,_ o C02CHs }o,,,,_ CO;H
i ,@r _k ,C . O/
ACHN Y AcHN Y AcHN H
N N NH,

54

55 56

Reagents and conditions: (a) MeOCH,Cl, DIPEA, CH,Cly, refiux, 3.5 h, 97%. (b) NaN3, NH4Cl, MeOH/H,0,
reflux, 15 h, 86%. (c) MeSO.Cl, TEA, CHoCly, 0 °C to rt, 15 min, 99%. (d) (i) PhsP, THF, 0 °C to rt, 3 h; (ii)
TEA, Hy0O, i, 12 h, 78%. (&) NaN3, NH4Cl, DMF, 65-70 °C, 21 h, 77%. (f) HCi, MeOH, rt, 4 h, 99%. (g) TrCl,
TEA, CHoCly, 0 °C to 11, 3 h. (h) MeSO,Cl, TEA, CH,Cly, 0 °C tort, 22 h, 86% (2 steps). (i) BF3*OEt, 3-
pentanol, 70-75 °C, 2 h. (j) Ac,O, DMAP, pyridine, 1, 18 h, 69% (2 steps). (k) PhsP, THF/H,0, 50 °C, 10 h,

90%. (I) (i) KOH, THF, rt, 40 min; (i) Dowex 50WX8, 75%.

taacetylated 39 with acetic anhydride,® followed by selective
displacement of the o-acetoxy group by chloride® to give
intermediate 40 and HCI elimination in the presence of DBU.
The completion of the synthesis of zanamivir (5) from 12
has been described in previous approaches.'41828

This route, unlike the previous ones, builds the cycloxene
ring from acyclic intermediates and contains some interesting
chemistry, such as the Grignard addition to imine 27 and
the regioselectivity displayed in the aziridine-opening by
azide. On the other hand, protecting group chemistry is
needed on several occasions, which decreases the efficiency
of the process, and all the steps were only implemented on
milligram scale. Even though the starting material is cheap,
D-glucono-o-lactone, the large number of synthetic steps (24),
the use of numerous chromatographic purifications, and the
very low overal yield (0.2%) undermine the utility of this
route to produce large quantities of drug.

3. Synthetic Approaches to Oseltamivir

3.1. Introduction

Oseltamivir (6, Tamiflu, GS 4104-02, RO0640796) was
discovered at Gilead Sciences and patented in 1995. In 1996,
a contract with F. Hoffmann-La Roche Ltd. was signed for
the codevelopment of the drug and, after only two and a
half years, a New Drug Application was filed in the United
States. The drug was commercialy launched in November
of 1999 as the phosphoric acid salt.®® The discovery of
oseltamivir came as the result of a search for a less polar
molecule than DANA (4) or zanamivir (5) to prepare an
orally active drug. This was accomplished by replacing the

highly polar glycerol side chain by a less polar group such
as 3-pentanol. In addition, it was found that the position of
the double bond was critical for the potency of the drug.*
The highly water-soluble phosphate salt, with a serum half-
life of about 3 h, is an ethyl ester prodrug that is hydrolyzed
inthe liver by hepatic esterases to the active form oseltamivir
carboxylate 56.%” The drug is administered orally at a dose
of 75 mg twice a day. The evaluation of oseltamivir in the
treatment of influenza* as well as the synthetic approaches
havebeenpreviously reviewedinanumber of publications126!:37.%

3.2. First Synthesis of Oseltamivir Carboxylate by
Gilead Sciences Inc

Acid 56 was the first molecule identified by Gilead
scientists for development,®® but the ethyl ester prodrug
oseltamivir phosphate was ultimately chosen as the clinical
candidate based on its potent in vitro and in vivo activities
and its good ora bioavailability. The synthesis of acid 56
from (—)-shikimic acid (42) is depicted in Scheme 7. Epoxide
43 was prepared as described in the literature.*° The hydroxy
group was protected as the corresponding methoxymethyl
ether, which, upon treatment with sodium azide in the
presence of NH4CI, afforded azido alcohol 45. The ring-
opening was both regio- and stereospecific, and this was
attributed to the esteric and electronegative inductive effect
of the MOM group. Aziridine 47 was obtained by first
mesylating 45 followed by azide reduction with triph-
enylphosphine. The aziridine ring was opened by treating
with azide to give azido amine 48. The MOM-protecting
group was removed under acidic conditions to give alcohol



Downloaded by UNIV MAASTRICHT on September 9, 2009 | http://pubs.acs.org

Publication Date (Web): June 19, 2009 | doi: 10.1021/cr800449m

Synthetic Approaches to Neuraminidase Inhibitors

Chemical Reviews, 2009, Vol. 109, No. 9 4405

Scheme 8. Synthesis of Epoxide 43 from (—)-Quinic Acid (57) by Gilead Sciences Inc.
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Reagents and conditions: (a) TsCl, DMAP, py, rt, 72 h, 92%. (b) SO,Cly, py, -78 °C. (c) p-TsOH,
MeOH, reflux, 4 h, 54% (2 steps). (d) DBU, THF, 0 °C to rt, 12 h, 100%.

49. The amino group in 49 was protected with trityl chloride
followed by mesylation of the hydroxy group to give
intermediate 51, which, in situ, cyclized to produce protected
aziridine 52. The treatment of 52 with 3-pentanol in the
presence of BF3- OEt, opened up the aziridine ring to give
amine 53. The synthesis of acid 56 was completed by
acetylating the amino group, reducing the azido group as
before with PhgP, and hydrolyzing the methyl ester func-
tionality under basic conditions.

The choice of (—)-shikimic acid as the starting material
in this process seemed an obvious one due to the fact that
the carbocyclic system is already present. Thisfirst synthesis
of aclose relative of oseltamivir displays some of the features
found in subsequent routes, such as the introduction of the
amino group at carbon 5 via aziridine ring-opening and the
use of Lewis acid-catalyzed chemistry for placing the
3-pentyl ether functionality at carbon 3. The overal yield
for this 14-step route is a remarkable 15%, despite the fact
that several protecting groups were employed, and it was
demonstrated on a milligram scale.

3.3. Optimized Synthesis of Epoxide Intermediate
43 by Gilead Sciences Inc

Due to the high cost and low availability of (—)-shikimic
acid in large quantities, an aternative synthesis of epoxide
43 was described in the same publication that started from
more readily available (—)-quinic acid (57, Scheme 8).

Thus, (—)-quinic acid (57) was converted to acetonide 58
as has been previously reported,* followed by tosylation of
the secondary alcohol to provide tosylate 59. The subsequent
selective dehydration step proved to be challenging. In spite
of the fact that a similar approach had been reported in the
literature,* its implementation was not reproducible on scale.
The researchers opted for converting the tertiary alcohol
group to a chloride with sulfuryl chloride and pyridine. The
concurrent acetonide hydrolysis and chloride elimination
were carried out in methanol at reflux in the presence of a
catalytic amount of p-toluenesulfonic acid to give diol 61.
During this step, the other olefinic regioisomer was easily
aromatized under the reaction conditions and removed by
recrystallization. The authors did not mention or provide any
reference to explain why only the undesired regioisomer
aromatized. Finally, epoxide 43 was generated by treating
61 with DBU. The synthesis of epoxide 43 from (—)-quinic
acid was accomplished without resorting to chromatography
for intermediate purification, and this protocol was imple-
mented on a several hundred gram scale. Even though this
route to 43 is longer and lower-yielding than the previous
one from (—)-shikimic acid, the use of inexpensive and

readily available (—)-quinic acid as well as the avoidance
of the Mitsunobu chemistry reported to generate the epoxide
functionality,* makes it attractive from a practical point of
view.

In this same article, the researchers mentioned that ethyl
ester 6 (GS4104) exhibited good oral bioavailability in
several animals and was orally efficacious against influenza
in the mouse and ferret models. For this reason, 6 was
selected as a prodrug clinical candidate for the treatment and
prophylaxis of influenza.

3.4. First Scalable Synthesis of Oseltamivir
Phosphate from (—)-Quinic Acid by Gilead
Sciences Inc

Once the best candidate had been identified, the need for
an efficient methodology to prepare multikilogram quantities
of drug was addressed at Gilead. Asaresult, anew synthesis
of oseltamivir was designed that started, as before, from (—)-
quinic acid (57, Scheme 9).*® Thus, 57 was first converted
to acetonide 62 by a modified literature procedure,®#! and
this intermediate was then treated with a catalytic amount
of sodium ethoxide in ethanol to obtain a 62:64 mixture in
al:5ratio. Since the separation of this mixture by fractional
crystallization was inefficient on scale, the crude was treated
with methanesulfonyl chloride to provide a mixture of
mesylates 63 and 65 in the same 1.5 ratio. The undesired
and highly crystalline mesylate 63 was removed by filtration,
and from the filtrates, mesylate 65 was isolated. The
dehydration of 65 was carried out with sulfuryl chloride*
to provide a mixture of alkenes 66 and 67 in a4:1 ratio. As
aside product, oily chloride 68 was aso obtained in 10—15%
yield. Attempts to obtain pure 66 from the reaction mixture
by means of high-throughput fractional crystallization failed
due to the high crystallinity of both alkenes. Instead, the
three-component mixture was treated with pyrrolidine and
(PhsP),Pd as catalyst,* which resulted in the conversion of
mesylate 67 to pyrrolidino derivative 69. Intermediate 69
was then removed from the reaction mixture by aqueous
sulfuric acid extraction, and the desired mesylate 66 was
isolated after recrystallization from ethyl acetate/hexane. The
synthesis continued with the transketalization of acetonide
66 with 3-pentanone and perchloric acid as catalyst to
generate ketal 70.%6 The authors mentioned that a more
concise route that employed the 3,4-pentilidene ketal ana-
logues of 62, 63, 64, and 65 was not implemented on scale
due to the lack of crystallinity of these compounds. Ketal
70 was opened by treatment with trimethylsilyl trifluoro-
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Scheme 9. First Large Scale Synthesis of Oseltamivir Phosphate by Gilead Sciences Inc.
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SO,Cly, py, CH,Cly, -20 to -30 °C; 66.67:68 ratio: 4:1:1; (e) 66:67:68 mixture, pyrrolidine, (Ph;P)sPd,
EtOAc, 35 °C, 3.5 h; yield of 86: 30% from 57; (f) 3-pentanone, HCIO,, 40 °C, 25 mmHg, 95%; (g)
TMSOTY, BH3*Me,S, CHoCly, -10 to -20 °C, 45 min, 71:72:73 ratio: 10:1:1, 75%; (h) KHCO,, EtOH/H,0,
55-65 °C, 1 h, 96%; (i) NaN3, NH,CI, EtOH/H,0, 70-75 °C, 12-18 h; 75:76 ratio: 10:1, 85%; (j) Me3P,
MeCN, <38 °C, 2 h, 97%; (k) NaN3, NH4CI, DMF, 70-80 °C, 12-18 h; () Ac,0, NaHCO3, hexanes/CH,Cly,

1 h, 44% (2 steps): (m) Hp (1 atm), Ra-Ni, EtOH, 10-16 h: (n) H3PO,. EtOH, 55-65 °C to 0 °C, 3-24 h, 71%

(2 steps).

methanesulfonate and BHs;-Me;S complex*’ to provide a
mixture of ethers 71 and 72 and diol 73 in a 10:1:1 ratio.
The best regioselectivity was obtained by adding small
portions of agueous sodium bicarbonate to the freshly
prepared reaction mixture at —20 °C. Since the separation
of 71, 72, and 73 was not possible through fractiona
crystallization or distillation, the crude three-component
mixture was heated in agueous ethanol in the presence of
potassium bicarbonate to provide epoxide 74, which could
be selectively extracted into hexanes. The introduction of
the amino functionality at the carbon 5 position on the ring
was accomplished through azide chemistry. Thus, the reac-
tion between epoxide 74 and sodium azide in agqueous ethanol
provided a 10:1 mixture of alcohols 75 and 76, respectively.
The crude was reduced and cyclized in the presence of
trimethylphosphine® to give aziridine 77. Triphenylphos-
phine with a catalytic amount of triethylamine hydrochloride
could also be used for this transformation, but this protocol
required a more complex workup to remove the triph-
enylphosphine oxide generated during the reaction. Sodium
azide was also used for the opening of aziridine 77 to provide
azide 78, which was acylated under Schotten—Baumann
conditions with acetic anhydride to give intermediate 79. This
material was highly crystalline and was chosen as the final
intermediate toward the synthesis of the API. The preparation
of oseltamivir phosphate was completed by first reducing
the azide functionality with hydrogen (1 atm) and Raney

nickel.*® As an aternative to the azide Raney nickel
reduction, trimethylphosphine in moist THF could also be
employed.® Finaly, the addition of phosphoric acid pre-
cipitated the phosphate salt as feathery needles. The same
researchers also prepared the hydrochloride salt, but it was
an amorphous solid. The synthetic route from (—)-quinic acid
consisted of 12 steps and 4.4% overall yield. This methodol-
ogy has been implemented in standard pilot plant equip-
ment to produce kilogram quantities of oseltamivir phos-
phate.

This synthetic approach represents atruly scalable process
that has been demonstrated on a kilogram scale and with
4.4% overdl yield. The fact that Gilead had to resort to azide
chemistry in two instances to introduce the two amino groups
at positions 4 and 5 on the ring makes it an even more
remarkabl e achievement. Only three crystalline intermediates
wereisolated, no chromatography was required, and minimal
protecting group chemistry was necessary throughout the
route. In addition, some clever chemistry was developed,
such as the conversion of mesylate 67 to the corresponding
1-pyrrolidino derivative to alow for the purification of
mesylate 66. Even though it is highly unlikely that this route
could become an industrial process without some modifica-
tions, it represents a good compromise to prepare large
guantities of drug to advance the clinical program.
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Scheme 10. Optimized Route to Epoxide 74 from (—)-Quinic Acid—Synthesis of a-Hydroxy Ester 64 by F. Hoffmann-La Roche
Ltd
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Reagents and conditions: (c) MsCl, TEA, CH,Cl,, 0-5 °C, 2 h. (d) 83, EtOAc, 70-78 °C, 2 h; 66:67
ratio: 35-50:1. (e) Recrystallization from MeOH, 60-65 °C to -20 °C, 1 h, 45% from (-)-quinic acid 57.
(f) 3-Pentanone, CF3S03H, 40 °C, 100-150 mbar, 98%. (g) Et3SiH, TiCls, CH,Cly, -32 to -36 °C, 2 h,
87%; 71:72 ratio: 32:1. (h) NaHCO3, H,O/EtOH, 60-65 °C, 2.5 h, 80%.

3.5. Industrial Synthesis of Epoxide 74 by F.
Hoffmann-La Roche Ltd

The optimized preparation of epoxide 74, a key intermedi-
ate en route toward the synthesis of oseltamivir, has been
featured in a publication by researchers at F. Hoffmann-La
Roche Ltd.>* Two routes were developed that employ (—)-
quinic acid and (—)-shikimic acid as starting materials.

The route from (—)-quinic acid (57) is presented in Scheme
10. The cisdiol moiety in 57 was protected as the acetonide,

which was converted upon heating to a mixture of 58, 62,
and 81, with lactone 62 as the magjor product. This mixture
was subjected to the reaction with sodium ethoxide in ethanol
to give, at —20 °C, a 13:1 ratio of ester 64 and lactone 62,
whereas at ambient temperature the ratio was only 5:1. With
the goal of stabilizing this ratio, the reaction was quenched
with acetic acid at —20 °C. The 62/64 mixture was treated
with a dlight excess of methanesulfonyl chloride to afford
the corresponding mixture of mesylates 63/65 with less than
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Scheme 11. (—)-Shikimic Acid Route toward the
Preparation of Ketal 70 by F. Hoffmann-La Roche Ltd
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Reagenis and conditions: (a) SOCl,, EfOH, reflux, 3.5 h, 97%. (b) 3-Pentanone, CF3S0O3H,
97%. (¢) MsCl, TEA, CH,Cly, 0-5°C, 93%. (d) Me,C(OMe),, p-TsOH+H,0, EtOAc, 30-35 °C,
150-200 mbar, 95%. (e) MsCl, TEA, EtOAc, 0-5 °C to 20 °C, 30 min, 82%. (f) 3-Pentanone,
CF3SO03H, 98%.

3% of dimesylate 82 (Scheme 10 (bottom)). The purification
of 65 was carried out by recrystallization from ethyl acetate,
which removed most of the undesired 63. The remaining 63
was completely removed by a hydrolytic workup in the next
step. The dehydration reaction was tried under various
conditions, but the best selectivity and yield were obtained
with commercially available Vilsmeier's salt 83, which can
also be prepared in situ from DMF and POCI; (COCI), or
COCl,.% The reaction proceeds through imidate ester 84,
which eliminates DMF upon heating to afford a 35—50:1
mixture of alkenes 66 and 67 and up to 18% of chloride 68.
The researchers did not provide any explanation for the
selectivity of the elimination, but they highlighted the fact
that chloride was necessary as base to promote the elimina-
tion, since similar processes with chloride-free Vilsmeier's
salts failed to provide the desired outcome. After purifying
alkene 66 by recrystallization from methanol, it was tran-
sketalized with 3-pentanone and triflic acid as catalyst to give
intermediate 70. The reductive opening of the ketal was
accomplished with a combination of triethylsilane and
titanium tetrachloride® in dichloromethane at —32 to —36
°C to generate a mixture of alcohols 71 and 72 and a small
amount of diol 73. The temperature range was found to be
critical, since at lower temperatures no reaction occurred and
at higher temperatures more 73 was produced. The prepara-
tion of epoxide 74 was completed by treating the crude
mixture of acohols with sodium bicarbonate in agueous
ethanol at 60 °C. Only acohol 71 cyclized to afford 74,
whereas the unreacted 72 was removed by recrystallization.

This optimized approach to 74 doubled the yield from (—)-
quinic acid, and the researchers highlighted the fact that it
reduced the number of operationsin the plant by 30%, abig
factor in the overall cost and speed to produce any com-
mercia material. In addition, some very interesting chemistry
was implemented throughout the synthesis, such as the use
of Vilsmeier's salt to dehydrate alcohol 65 and the reduction
of protected diol 70 with Et;SIH to give a mixture of
hydroxyethers 71 and 72.

The (—)-shikimic acid route (Scheme 11) has the advan-
tage that the double bond is already present at the desired
position in the starting material. Two different routes toward
the preparation of ketal 70 were investigated. Even though

Magano

one step longer, the route that proceeds through intermediate
66 was preferred due to the fact that this material is highly
crystalline and could be easily purified. In the alternative
shorter route, the intermediates were oils and had to be
carried through without any purification. Thus, (—)-shikimic
acid (42) was esterified with thionyl chloride in ethanol at
reflux to give ethyl ester 85. The cis-diol functionality was
protected with 2,2-dimethoxypropane and p-toluensulfonic
acid as catalyst to afford ketal 86. Mesylation of 86 under
standard conditions followed by transketalization with 3-pen-
tanone afforded ketal 70, which can be converted to epoxide
74 as shown previously (Schemes 9 and 10).

This second alternative for the preparation of ketal 70
nicely complements the route from (—)-quinic acid and
decreased the production time by 50% to access epoxide 74.
On the other hand, the limited availability of (—)-shikimic
acid in large quantities and its higher cost may make this
approach less attractive on scale.

3.6. Azide-Free Synthesis of Oseltamivir
Phosphate by F. Hoffmann-La Roche Ltd

Another publication from the same group at F. Hoffmann-
LaRoche Ltd. reported an azide-free synthesis of oseltamivir
phosphate from epoxide 74 (Scheme 12).5 The goal was to
find a nonazide nitrogen nucleophile that could be compatible
with the rest of the functional groups on the molecule and
with the strong tendency of the cyclohexene intermediates
toward aromatization.

Epoxide 74 was ring-opened with allylamine and
MgBr,+OEt, as Lewis acid to generate intermediate 88.
Severa other Lewis acid catalysts were explored (CaCls,
ZnCl,, MgBr,-6H,0, anhydrous MgBr,, LiOTf, LiBr,
Zn(QOTf),, LiCl, BF3-OEt,, Sc(OTf)s, and TiCly), but the
result was either incomplete reactions, partial decomposition,
or aromatization. After a solvent screen was carried out
(MeCN, MTBE, toluene, IPA, EtOAC), it was found that a
9:1 mixture of MTBE/MeCN was optimal for this transfor-
mation. As a byproduct, regioisomer 92 (Figure 6) was also

}O/;@/COZE }ojij/coza
_ AN AN
- OH OH

92 93

Figure 6. Byproducts from the opening of epoxide 74 and
deallylation of amine 88.

obtained (88:92 ratio: 10:1 to 13:1). Benzylamine and
Y b(OTf); as catayst>™ were also employed in the epoxide-
opening step, but the conditions required for removal of the
benzy! protecting group also reduced the double bond, and
this approach had to be abandoned. Intermediate 88 was
deallylated in the presence of 10% Pd/C®® to give amine 89
and about 4% of the regioisomer 93 derived from 92 (Figure
6). The researchers highlighted that the addition of ethyl-
enediamine or ethanolamine initiated and promoted the
deallylation reaction.

The transformation of 89 to 90, which introduced the
second amine functionality on the molecule, was ac-
complished without the isolation of any of the intermediates.
The detailed process is shown in Scheme 13. The amino
group in 89 was protected as the benzal dehyde imine with
azeotropic removal of water to give imine 94, which was
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Scheme 12. Azide-Free Synthesis of Oseltamivir Phosphate from Epoxide 74 by F. Hoffmann-La Roche Ltd
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Pd/C, ethanolamine, EtOH, reflux, 3 h, 77%. (c) (i) PhCHO, MTBE, reflux, 2 h; (i) MsClI, TEA, 0-5 °C,
2.5 h; (iii) allyl amine, 110-112 °C, 15 h, 3.5-4.5 bar; (iv) HCI, H,0, 80% (4 steps). (d) Ac,O, AcOH,
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Scheme 13. Stepwise Transformation of 89 to 90
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mesylated to afford intermediate 95. After filtration of the
triethylammonium chloride generated in the mesylation step,
95 was treated with allylamine in an autoclave at 112 °C to
give, after acid hydrolysis, diamine 90. The mechanism
proposed in Scheme 13 is based on the production of imine
98 and the detection of both aziridine 77 and imine 97. It
was then speculated that the first step is the trans imination
of 95 with allyl amine to give 96 and 97.5” Amine 96
immediately ring-closes to give aziridine 77, which, in
contact with the methanesulfonic acid, liberated after the
aziridine formation step, forms diamine 90. Finaly, 90
undergoes another trans imination reaction with 97 to give
imine 98.

The synthesis continued with the acetylation of 90 with
acetic anhydride under acidic conditions to give acetamide
91. When this reaction was attempted under basic conditions,
the allylamino nitrogen was also acetylated and there was
about 20% of unreacted amine 90. The deallylation step to
generate oseltamivir also had to be carefully designed to

97

prevent acetyl migration,>® which was found to be favored
under acidic conditions. This transformation was successfully
carried out with 10% Pd/C in ethanol in the presence of
ethanolamine. The addition of an ethanolic solution of
phosphoric acid completed the synthesis of oseltamivir
phosphate.

The overall yield for this azide-free methodology was
35—38%, in contrast with the 27—29% yield for the azide
route, and has been implemented on a multigram scale. In
addition to the increase in yield and the purification of
intermediates without resorting to chromatography, this
approach represents the first example that avoids the
traditional route to introduce nitrogen functionality on the
ring, both for zanamivir and oseltamivir, using azide in any
of itsvariations as nucleophile. A key step is the opening of
epoxide 74 with allylamine to give the desired aminoal cohol
88 with very good regioselectivity.
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Scheme 14. Second-Generation Route to Oseltamivir Phosphate by the Roche Colorado Corporation
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°C, 88% (2 steps).

3.7. Second Generation Route to Oseltamivir
Phosphate by the Roche Colorado Corporation

A second-generation process for the synthesis of oselta-
mivir phosphate has been developed by researchers at the
Roche Colorado Corporation (Scheme 14).5° This synthesis
also starts from epoxide 74, but it differs from previous
syntheses in that the ammonia equivalents for the opening
of the epoxide and the aziridine intermediates are tert-
butylamine and diallylamine respectively.

The reaction between epoxide 74 and a preformed tert-
butylamine—magnesium chloride complex gave alcohol 99.
The rate of reaction to produce 99 was faster when the order
of reagent addition was magnesium chloride, amine, and,
finally, 74. Mesylation of 99 and subsequent cyclization
produced aziridine 100, which was ring-opened with dial-
lylamine and benzenesulfonic acid as catalyst to provide
diamine 101. Similar results were obtained with Lewis acids
such as CuCl,, CuBr, Cu(OTf), ZnCl,, Zn(OTf),, or
BF;- OFEt,. The acetylation of 101 was carried out using acetic
anhydride and sodium acetate as catalyst to generate aceta-
mide 102. The need for a catalyst was required, since heating
101 with 2 equiv of acetic anhydride at 90 °C for 1 h resulted
in low conversion. Pyridine can also catalyze this type of
transformation, but due to its toxicity, a more environmen-
tally friendly catalyst such as sodium acetate was employed.
The treatment of 102 with 1 equiv of hydrogen chloride in
ethanol afforded salt 103, which could be isolated and
purified. The cleavage of the tert-butyl group in 103 was
performed with warm trifluoroacetic acid or, alternatively,
with hydrogen chloride in ethanol at reflux to afford
intermediate 104. The removal of the allyl protecting groups
was efficiently carried out by »3-allyl palladium-mediated
transfer and with 1,3-dimethylbarbituric acid as the nucleo-
philic scavenger.®® This protocol alowed for the direct
transfer of the reaction mixture into the salt forming step to
give oseltamivir phosphate.

The overall yield for this optimized route from epoxide
74 was 61%, compared to the lower yields obtained in the
previous routes devel oped at Gilead (27—29%)* and Roche-
Basel (35—38%).% In addition, no chromatography was

required for intermediate purification, which should make
this approach a serious contender toward the development
of a commercia route to oseltamivir.

3.8. (—)-Shikimic Acid and (—)-Quinic Acid-Free
Routes to Oseltamivir Phosphate by F.
Hoffmann-La Roche Ltd

Some new approaches to oseltamivir that do not employ
either (—)-shikimic acid or (—)-quinic acid as starting
materials have also been reported by scientists at F. Hoff-
mann-La Roche Ltd.%

3.8.1. Diels—Alder Approach

The first of these approaches (Scheme 15)%* started with
the Diels—Alder reaction between readily available furan
(105) and ethyl acrylate (106) to provide racemic 107,
favoring the desired exo-isomer in a 9:1 ratio. Several Zn
and Mg catalysts were screened, and inexpensive ZnCl,
proved to be the best Lewis acid for this transformation. The
exo-endo ratio was dependent upon reaction times, and it
was determined that the endo product was the kinetically
preferred isomer and that, upon increasing the reaction time,
the amount of the thermodynamically preferred exo product
increased until the final 9:1 ratio was obtained. For the
resolution of 107 wia hydrolysis of the ester group, 83
microorganisms and 50 enzymes were screened. The enzyme
Chirazyme L-2 gave preliminary moderate e€'s that could
be improved by optimizing the reaction conditions. Thus, it
was found that low temperatures and nonpolar cosolvents
gave higher enantioselectivities. On the other hand, high pH
and substrate concentration had a deleterious effect. The
optimal conditionsinvolved running the reaction in abiphasic
mixture of methylcyclohexane and pH 8 agqueous buffer at
1 °C and 5% concentration, which gave 97% ee at 75%
conversion. One of the highlights of this processis that both
enantiomers of the endo-isomer were unaffected by the
enzyme and could be removed by distillation. The reaction
of (—)-107 with diphenylphosphoryl azide (DPPA) in toluene
at 70 °C provided a 2:1 mixture of exo-triazoles 108 and
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Scheme 15. Diels—Alder Approach for the Synthesis of Advanced Intermediate 116 by F. Hoffmann-La Roche Ltd
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109 via a[3 + 2]-cycloaddition which, after N, extrusion,
provided endo-aziridine 110. Only exo-triazol 108 could be
isolated after chromatography due to the instability of 109
under those conditions, and its exo stereochemistry was
confirmed by X-ray analysis. The researchers highlighted
that, at this point, they do not have a clear explanation for
this unexpected inversion, but they proposed the possibility
of an equilibrium in the [3 + 2]-cycloaddition that would
produce a small amount of endo-triazol. Since this stereo-
isomer is more strained than the exo-adduct, it would extrude
nitrogen faster and this would lead to the observed endo-
aziridine. Without isolation, 110 was transesterified with
NaOEt to afford diethylphosphoryl ester 111. This conversion
to the diethyl analogue was necessary to avoid significant
decompoasition during the cleavage of the phosphorus—nitrogen
bond. The endo stereochemistry of this intermediate was
confirmed after ester hydrolysis to the corresponding acid
(LiOH in THF/MeOH/H,0O at 60 °C) and X-ray crystal-
lography. The synthesis continued with the ring-opening of
111 with base to afford alcohol 112, which was mesylated
under standard conditions to produce intermediate 113. The
aziridine ring was then opened with 3-pentanol followed by
the cleavage of the diethylphosphoryl group under acidic
conditions and treatment with HCI in ethanol to give salt
116. From thisintermediate, the synthesis of oseltamivir can
be completed as has been shown before.>*

The main advantages of this approach are the use of very
inexpensive starting materials and reagents, minimal protect-
ing group chemistry, and the fact that the resolution of

racemic material is carried out very early in the synthesis,
which should considerably increase the throughput. However,
the low overal yield and the use of azide are detrimental.
No information was provided about the scale.

3.8.2. Desymmetrization Approach

In the same publication,®® a second approach to oseltamivir
that does not rely on either (—)-shikimic acid or (—)-quinic
acid as starting material was disclosed (Scheme 16).5? The
synthesis started with the reaction between readily available
and inexpensive 1,6-dimethoxyphenol (117) and mesylate
118 with potassium tert-butoxide as base to afford ether 119.
Dibromination followed by palladium-catalyzed double
ethoxycarbonylation provided diester 121. The aromatic ring
was hydrogenated with Ru—Al,O; (Ru-Alox) as catalyst at
100 bar to give the all-cis meso-diester 122, and the methyl
ethers were cleaved with TMSI, generated in situ from
TMSCI and Nal, to give diol 123. Desymmetrization of 123
with pig liver esterase (PLE)® produced (S)-(+)-mono acid
124 in excellent ee (96—98%). Increasing the reaction
temperature to 35 °C considerably accelerated this transfor-
mation without sacrificing enantioselectivity (96% ee), and
the enzyme tolerated up to a 10% concentration of substrate.
The synthesis continued with the Shioiri—Y amada—Curtius
reaction of 124 in the presence of diphenyl phosphoryl azide,
which introduced the 5-amino functionality to afford oxazo-
lidinone 125. Boc-protection followed by treatment with a
catalytic amount of NaH resulted in the selective formation
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Scheme 16. Diester 123 Desymmetrization toward the Synthesis of Oseltamivir by F. Hoffmann-La Roche Ltd
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of the 1,2-double bond and the simultaneous cleavage of the
oxazolidinone to provide alcohol 127 via deprotonation of
the hydroxyl group followed by intramolecular attack on the
oxazolidinone and CO, elimination. The proposed mecha
nism for this transformation is shown in detail in Scheme
17. Intermediate 127 was then treated with triflic anhydride,

Scheme 17. Proposed Mechanism for the Decarboxylative
Fragmentation of Oxazolidinone 125 to Cyclohexenol 127
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and the resulting triflate group was displaced with sodium
azide to yield azide 129. The azido group was hydrogenated
with Raney-cobalt (Ra-Co) as catalyst, and the resulting

amine was treated with acetic anhydride to generate aceta-
mide 131. The removal of the Boc-protecting group under
acidic conditions followed by the reaction with phosphoric
acid completed the synthesis of oseltamivir phosphate.

Unlike the previous approach, this route is high-yielding
(28%) even though it requires a larger number of transforma-
tions. It also starts from readily available and inexpensive
starting materials. On the other hand, the desymmetrization
step is carried out after five transformations, which would
affect the throughput, more protecting group manipulation
is needed, and it employs azide and DPPA as nitrogen
nucleophiles. As for the Diels—Alder approach, no informa-
tion on scale was provided.

3.9. Synthesis of Oseltamivir Phosphate via an
Asymmetric Diels—Alder Reaction by Corey’s
Group

Corey’s group at Harvard has reported an enantiosel ective
synthesis of oseltamivir phosphate® (Scheme 18) that starts
with the Diels—Alder reaction between 1,3-butadiene (133)
and 2,2,2-trifluoroethyl acrylate (134) in the presence of
catalyst 135. This transformation has been previously re-
ported,®® and it can be run on multigram scale at ambient
temperature to provide adduct 136 in excellent yield and
enantioselectivity. In addition, the chiral ligand can be easily
recovered. The trifluoroethyl ester was subjected to am-
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Scheme 18. Corey’s Synthesis of Oseltamivir Phosphate
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monolysis to give amide 137, which underwent iodolacton-
ization®® followed by protection in the presence of di-tert-
butyl dicarbonate to afford iodide 139. This intermediate was
dehydroiodinated with DBU, and the resulting alkene 140
was brominated at the allylic position with NBS to produce
bromide 141, whose structure was confirmed by single-
crystal X-ray diffraction analysis. HBr elimination with
cesium carbonate in ethanol gave diene 142, and this
substrate then underwent a novel SnBr,-catalyzed bromoac-
etamidation reaction at low temperature, leading to inter-
mediate 143. This transformation was completely regio- and
stereoselective, and the stereochemistry of the racemic methyl
ester equivalent was determined by single-crystal X-ray
diffraction analysis. The authors rationalized the outcome
through the transfer of a Br* ion from a SnBr,-N-bromoac-
etamide complex to the y,0-double bond of the diene
followed by nucleophilic attack on the intermediate bromo-
nium ion. The reaction of 143 with a combination of tetra-
n-butylammonium bromide and KHMDS to generate tetra-
n-butylammonium hexamethyldisilazaneingtugaveacylaziridine
144. The aziridine ring was opened up with 3-pentanol in
the presence of a catalytic amount of Cu®" to provide ether
131. The removal of the Boc-protecting group and subse-
guent phosphoric salt formation completed the synthesis of
oseltamivir phosphate.

The overall yield for this 11-step route is 27% and it has
been implemented on a milligram scale, but according to
the authors, some of the steps are till undergoing optimiza-
tion to make this technology amenable for scale-up. Some
of the highlights are the very high yield and ee of the scalable
asymmetric Diels—Alder reaction, the excellent regio- and
stereosel ectivity of the bromoacetamidation step to generate
141, and the unusua approach to introduce the amino
functionalities on the ring. However, before this route can

be considered amenable for scale-up, severa points would
have to be addressed, such as the replacement of CCl, by a
more environmentally friendly solvent and the cost of
goods.

3.10. Synthesis of Corey’s Intermediate 142 by
Okamura’s Group

Recently, the group of Okamura at Kagoshima University
in Japan has published a short synthesis of racemic Corey’s
intermediate 142 (vide supra) as shown in Scheme 19.5 The
synthesis started with the base-catalyzed Diels—Alder reac-
tion between N-nosyl-3-hydroxy-2-pyridone (145) and ethyl
acrylate (146) in water to give bicyclolactam adduct 147.
Thistransformation could be scaled up to produce multigram
guantities of the adduct in comparable yield. The lactam
carbonyl was chemosel ectively reduced with NaBH, to give
diol 148. The nosyl protecting group was cleaved with a
mixture of thiophenol and K,COs* to afford amine 149,
which, without isolation, was reprotected as the Boc-
derivative 150 in agueous solution.”” The 1,2-diol moiety
was cleaved with Nal O, to produce a mixture of tautomers
151 and 152. Reduction of the carbonyl group followed by
mesylation of the resulting alcohol and elimination gave the
target racemic ester 142. The asymmetric synthesis of 142
is currently being evaluated by this same group.™

Even though this route to racemic 142 represents an
alternative to Corey’s, the preparation of starting material
145 requires additional steps and the overall yield is much
lower (11% vs 73% of Corey’s route). Furthermore, the
racemic product would have to be eventually resolved to
provide optically pure oseltamivir, with the concomitant loss
of at least 50% of material.
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Scheme 19. Synthesis of Racemic Corey’s Intermediate 142 by Okamura’'s Group
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3.11. Synthetic Approaches to Oseltamivir
Phosphate by Shibasaki’s Group

The Shibasaki group at the University of Tokyo has
recently published four different approaches toward the
preparation of oseltamivir phosphate. The first approach is
a de novo synthesis based on the asymmetric ring-opening
of meso-aziridines with TMSN3.72 The second communica-
tion also relies on this same approach but considerably
improvesit.” Thethird generationroutefeaturesaDiels—Alder
reaction and a Curtius rearrangement as the key steps.” The
fourth generation route showcases a barium-catalyzed asym-
metric Diels—Alder reaction as the means to assemble the
cyclohexene ring.”™

3.11.1. First Generation Synthesis of Oseltamivir
Phosphate via a Catalytic Asymmetric Ring-Opening
Reaction of meso-Aziridines with TMSN;

This methodology employs a yttrium catalyst prepared
from Y (Oi-Pr); and ligand 154 (Figure 7).7

Ph
Ph\|F|‘, O
o .
HO'

154

Figure 7. Structure of the ligand for the asymmetric ring-opening
of meso-aziridines with TM SNa.

The synthesis, shown in Scheme 20, started with N-3,5-
dinitrobenzoylaziridine 155, which was ring-opened with
TMSN3 in the presence of the yttrium catalyst to give azide
156. Severa rare earth alkoxides were screened with
elements such as Gd, Dy, Er, Yb, and Sc, but Y (Oi-Pr); was
determined to be the best choice for this transformation.
Azide 156, whose enantiomeric purity could be enhanced
through recrystallization from IPA, was treated with di-tert-
butyl dicarbonate to afford intermediate 157. Removal of
the benzoyl group under basic conditions followed by azide
reduction and protection of the resulting amine provided C,
symmetric dicarbamate 160. The alylic oxidation of 160 was
carried out with SeO,’ in the presence of Dess—Martin
periodinane to give a mixture of alcohol 161 and ketone 162

in an about 2:3 ratio. The crude al cohol —ketone mixture was
further treated with additional Dess—Martin periodinane to
complete the oxidation to ketone 162 in fair yield. Recrys-
tallization of 162 from IPA/hexane provided enantiomericaly
pure materia (>99% ee), which was subjected to a 1,4-
addition of TMSCN and 10 mol % of Ni(COD), as catalyst
to provide nitrile 163. The double bond functionality was
installed through oxidation with NBS and the keto group
was stereoselectively reduced with bulky LiAIH(Ot-Bu)s™”
to afford alcohol 165. Aziridine 166, prepared under Mit-
sunobu conditions from 165, was ring-opened with 3-pen-
tanol and BF;+ OEt, as Lewis acid® to give ether 167. The
Boc-protecting groups in 167 were removed with TFA, and
the less sterically hindered amino group was reprotected to
produce intermediate 169. The synthesis of oseltamivir
phosphate was completed by acetylating the free amino
group, simultaneous deprotection, and conversion of the
nitrile group to an ethyl ester under acidic conditions and
phosphate salt formation in ethanal.

This first generation synthesis by Shibasaki also avoids
the use of either (—)-shikimic or (—)-quinic acid and provides
another valuable approach to oseltamivir, even though at the
cost of a 17-step synthesiswith very low overal yield (1.4%).
The high enantiosel ectivity of the aziridine opening coupled
with the optical upgrade after recrystallization of intermediate
162 provides a good handle to access the drug in high ee.
Some drawbacks are the preparation of meso-aziridine 155,
which adds steps to the process, and the required protecting
group manipulation. Also, alternatives to the SeO, and DMP
oxidations and the Mitsunobu reaction to generate protected
aziridine 166 would have to be found to turn it into a safer
and scalable process.

3.11.2. Second Generation Synthesis of Oseltamivir via
Asymmetric Ring-Opening of meso-Aziridines with TMSN;
and Allylic Rearrangement

This more practical synthetic route still relies on the
technology described in the previous scheme but avoids its
two main drawbacks, namely the use of a stoichiometric
amount of SeO, to accomplish an allylic oxidation and the
protecting group shuffling at the later stages of the synthesis
(Scheme 21).3

The synthesis started with the same sequence of reactions
shown in Scheme 20 leading to amine 159. The first step
was optimized, and it only required 1 mol % of catalyst. In
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Scheme 20. Shibasaki’s Synthesis of Oseltamivir Phosphate via the Asymmetric Ring-Opening of meso-Aziridines with TM SNz
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addition, the use of 1 equiv of 2,6-dimethylphenol increased
the rate of reaction,”® and only 12 h was needed compared
to the 48 h of the original conditions without affecting the
enantioselectivity. A further improvement was the recovery
of chiral ligand 154 in 81% after extraction with base. The
yttrium catalyst prepared from recovered 154 gave essentialy
the same results as far as yield and enantioselectivity are
concerned. From 159 on is where the route diverges. Amine
159 was acetylated and the resulting amide underwent
iodocyclization and HI elimination with DBU as base to
afford dihydrooxazine 172. This intermediate was hydrolyzed
in the presence of CbzCl,”® and the resulting acetate was
converted to alcohol 174 with K,CO; as base. The subsequent
oxidation of 174 generated ketone 175 in high overall yield.
The next step involved treating 175 with diethylphosphoryl
cyanide®® with a catalytic amount of LiCN®! to give cyano-
phosphate 176 with excellent diastereosel ectivity, which was
subjected to the key allylic rearrangement®? in toluene at 150
°C to unexpectedly provide cyclic carbamate 177 via
intramolecular Sy2' alylic substitution. The nitrogen was
reprotected and cyclic carbamate 178 was cleaved with
Cs,CO; to provide acohol 180. Oxidation of the hydroxy
group and further reduction with bulky LiAIH(Ot-Bu);™
inverted the stereochemistry of the alcohol group and set
the stage for the subsequent Mitsunobu reaction® to provide
Boc-protected aziridine 183. The opening of 183 with
3-pentanol and BF;+ OEt; as Lewis acid afforded the desired
184 and 28% of cyclic carbamate 177. With 184 on hand,
the completion of the synthesis of oseltamivir phosphate

involved the selective removal of the Boc-protecting group,
acetylation of the resulting amine, removal of the Cbz-
protecting group, and salt formation (Scheme 21 (bottom)).>®

This route was lengthy and still required considerable
protecting group manipulation. In the same publication, the
authors addressed these issues and provided a modified route
that is shown in Scheme 22. The synthesis started with azide
158, which was converted to oxazolidinone 187 in a two-
step sequence that involved cyclization in the presence of
iodine and elimination of HI with DBU as base. The
oxazolidinone nitrogen was protected, and the azide was
reduced with thioacetic acid® to afford acetamide 189.
Cleavage of the acetamido functionality with Cs,COs fol-
lowed by oxidation of the resulting alcohol with Dess—Martin
periodinane provided ketone 191, which underwent cyano-
phosphorylation as before to give intermediate 192 as the
only detectable sterecisomer. The best conditions for the
subsequent allylic rearrangement were found to be heating
192 in a seded tube at 140 °C followed by quenching the
reaction mixture with saturated, agueous NH,4CI to provide
alcohol 194 in good yield. The structure of unstable
intermediate 193 was estimated by ESI-M S without isolation.
Two consecutive Mitsunobu reactions inverted the stereo-
chemistry of the hydroxy group and generated protected
aziridine 196. As before, the reaction between 196 and
3-pentanoal in the presence of BF;+ OEt, afforded a mixture
of desired 197 and 13% of cyclic carbamate 198. The
conversion of 197 to oseltamivir phosphate was carried out
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Scheme 21. Second Generation Synthesis of Oseltamivir Phosphate by Shibasaki’s Group
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(i) cc HCI, EtOH, rt, 24 h; (ii) 25% aqueous NHj3, rt, 10 h, 74%.

by first deprotecting with concentrated HCl in ethanol
followed by the addition of H3PO, as has been shown
before.®®

This optimized route has been implemented on amilligram
scale, and it is more practical than the previous ones by this
same group in that it is shorter and uses protecting group
transformations to a lesser degree but at the expense of a
lower overdl yield. However, it still relies on azide chemistry
to introduce the nitrogen functionality and two Mitsunobu
reactions to invert the stereochemistry of the carbon 3
hydroxy group and aziridine formation. The cost of goods
could also be problematic when implementing it on scale.

3.11.3. Third Generation Synthesis of Oseltamivir via
Diels—Alder Reaction and Curtius Rearrangement

The third approach to oseltamivir by Shibasaki’s group,
unlike the two previous routes where the chirality is

introduced with the help of a chiral ligand, relies on chiral
HPLC to obtain enantiomerically pure material (Scheme 23).
The synthesis started with the Diels—Alder reaction between
commercialy available 1-(trimethylsiloxy)-1,3-butadiene
(199) and fumary! chloride (200) to give adduct 201, which,
in situ, was treated with TMSN,® followed by the acidic
cleavage of the trimethylsilyl ether to generate alcohol 203.
The Diels—Alder reaction gave a 2:1 endo/exo mixture of
diastereomers, but the undesired exo isomer selectively
decomposed during the acid treatment to cleave the silyl
ether. Alcohol 203 underwent a clean Curtius rearrangement
in tert-butanol to produce oxazolidinone 204. The success
of this transformation was attributed to the rapid intramo-
lecular trapping of the intermediate isocyanate by the alylic
alcohol and the intermolecular trapping of the second
isocyanate generated by the solvent. The carbamate func-
tionality in 204 was hydrolyzed with LiOH, and the amine
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Scheme 22. Optimized Allylic Substitution Route by Shibasaki’s Group
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Scheme 23. Third Generation Route to Oseltamivir by Shibasaki’s Group
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- - &

was acetylated to afford intermediate 206. Oxidation of the
alcohol under modified Moffat conditions®® and chiral HPLC
of the resulting ketone®” provided enantiomerically pure
ketone 207. The Michael addition of cyanide was carried
out by treating 207 with TMSCN in the presence of Ni(cod),
and 1,5-cyclooctadiene (COD) to give TM S-enol ether 208.
The bromination of 208 with NBS and the subsequent
elimination of HBr with TEA afforded enone 209. The

conversion of 209 to oseltamivir 6 was performed in asimilar
way as has been described in the previous routes.”
Compared to the previous routes, this third generation
approach has the advantages of starting from commercially
available materials and requiring minimal protecting group
chemistry. It still employs azide chemistry as a means to
prepare the substrate for a Curtius rearrangement that takes
place in refluxing tert-butanol, which would most likely be
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Scheme 24. Fourth Generation Synthesis of Oseltamivir by Shibasaki’s Group
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60 °C, 10 h. (c) DPPA, TEA, THF, 0 °C, 21 h, 95% (2 steps). (d) tert-BuCH, 80 °C, 13 h. {e) (i)
Acz0, TEA, DMAP (10 moi%), CH,Cly, rt, 2.5 h; (ii) Recrystallization from CH,Cly/cyciopentyi
methyi ether (1:2), 80% (2 steps). (f) 216, [Pdy(dba)3]-CHCI3 (2 mol%), dppf (4 mol%), PhMe,
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ruled out on scale for safety reasons, and a Mitsunobu
reaction to prepare aziridine 196. The resolution of (£)-207
via chiral HPLC is a major contributing factor to the very
low overal yield, and an asymmetric route would be
desirable to increase the throughpuit.

3.11.4. Fourth Generation Synthesis of Oseltamivir via a
Barium-Catalyzed Asymmetric Diels—Alder Type Reaction

The Shibasaki group has recently reported a fourth
generation approach to oseltamivir that, as the third genera-
tion, sets the stereochemistry of two of the chiral centers on
themol eculeviaanasymmetric, barium-catalyzed Diels—Alder-
type reaction (Scheme 24).” Diene 1-(trimethlysiloxy)-1,3-
butadiene (199) and dienophile dimethyl fumarate (210) were
chosen as the substrates for this transformation. Even though
siloxy dienes, such as Danishefsky’s diene, have been
employed in the past in Lewis acid-catalyzed asymmetric
Diels—Alder reactions,® the authors highlighted the fact that
199 has never been used before in this type of transformation
duetoitsacid lability. A considerable amount of optimization
was performed to develop a conceptually different catalytic,
asymmetric Diels—Alder-type reaction that did not rely on
acid catalysis. Thus, several metal isopropoxides were tested

(Mg, Ba, Sc, Gd) in combination with chira ligands 221,
222, and 223—225% (Figure 8) and additives (KF, LaFs,
ZnkF,, CsF). The best results were obtained with Ba(Oi-Pr),
(2.5 mal %), ligand 225 (2.5 mol %), and CsF (2.5 mol %)
in THF (0.2 M) at —20 °C, which provided a mixture of
adducts 211/212 (d.r. 5:1) in 91% yield and 95% ee (211),
even on a 58-g scale. In this same publication, the authors
also proposed a catalytic cycle for this transformation.

Once the conditions for the asymmetric Diels—Alder
reaction had been developed, the synthesis continued with
the hydrolysis of the methyl esters to afford a mixture of
diacids 213 and 214, which, upon reaction with DPPA® and
TEA, generated diacyl azide 203. During this transformation,
the temperature had to be maintained below 4 °C to avoid
spontaneous Curtius rearrangement and the resulting product
loss. In addition, the products derived from 212 decomposed
and only diastereomer 203 was obtained in excellent yield
after chromatography. The treatment of 203 with anhydrous
tert-BuOH at 80 °C produced cyclic carbamate 204 via a
Curtius rearrangement and installed the two amino func-
tionalities on the ring. This material could be obtained in
enantiomerically pure form after recrystallization from CH,Cl,/
cyclopentyl methyl ether. The researchers mentioned that,
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Figure 8. Chiral Ligands for the Asymmetric Diels—Alder Reaction between 199 and 210

in order to avoid the isolation of potentially explosive 203,
an optimized protocol was developed which consisted of
performing an aqueous workup after the DPPA reaction to
remove the byproducts from the reaction and adding the
resulting EtOA ¢ solution of 203 to tert-BuOH and subsequent
heating. Carbamate 204 was then acetylated to provide
intermediate 215, which, upon treatment with protected
hydroxy malononitrile 216° in the presence of
[Pd,(dba)s] - CHCl3; and 4 mol % of dppf in toluene at 60
°C, underwent regioselective allylic substitution to provide
intermediate 217. This alkene was then epoxidized with
trifluoroperacetic acid® to provide exclusively epoxide 218
as a result of the directing effect of the acetamido group at
carbon 4. The conversion of the acetoxydicyanomethyl group
to an ethoxycarbonyl group® and subsequent E2 epoxide
opening were carried out with ethanolic K,COs to give
alcohol 219. The derivatization of acohol 219 to the
corresponding triflate, mesylate, chloride, or cyclic sulfami-
date to introduce the 3-pentyloxy group via Sy2 inversion
was not successful, and an alternative approach was pursued.
Thus, the stereochemistry of the hydroxy group was inverted
under Mitsunobu conditions, and the resulting diastereomeric
alcohol 220 underwent a second Mitsunobu reaction to
generate aziridine 144, which is one of the intermediates
found in Corey’s synthesis of oseltamivir.8* Some optimiza-
tion was required to produce 144 under Mitsunobu condi-
tions, and it was found that the choice of phosphine had a
major impact on the outcome, since, with phosphines other
than Me,PPh, oxazoline 226 was obtained as the major
product (Figure 9). The synthesis of oseltamivir phosphate

o~

N

Et0,C” : “NHBoc

226

Figure9. Magjor product from the second Mitsunobu reaction with
phosphines other than Me,PPh.

was completed by treating aziridine 144 with 3-pentanol in
the presence of BF;+Et,O to provide intermediate 131,
followed by Boc-protecting group remova with TFA and
final H3PO, salt formation.

This last approach to oseltamivir by Shibasaki’s group
differs from the previous three in that the chirality is
introduced in the molecule in the first step through an
asymmetric Diels—Alder reaction of two commercialy
available materials in the presence of a chira ligand
developed in this same group. A low catalyst loading is a
clear advantage as well. In addition, an interesting methodol-
ogy for the introduction of the ester group on the cyclohexene
ring has been disclosed through the use of malononitrile 216.
The overall yield has also been improved considerably. At

the same time, some transformations from previous syntheses
have been maintained, such as the azide chemistry and the
subsequent high temperature Curtius rearrangement and the
Mitsunobu reaction for aziridine formation. The authors
highlighted the fact that, since most intermediates are
crystalline, the use of chromatographic purifications could
be minimized. It is possible that, with some optimization,
this route may have the potential to become a scalable
process

3.12. Synthesis of a Functionalized Cyclohexene
Skeleton of Oseltamivir via Ring-Closing
Metathesis by Yao’s Group

The group of Yao at the Shanghai Institute of Organic
Chemistry has reported the synthesis of cyclohexene 248,
which possesses the desired functionality and stereochemistry
found in oseltamivir, via a ring-closing metathesis protocol
(Scheme 25).% Compound 248 only differs from oseltamivir
in that it lacks the 2-pentyl ether functionality. Unlike some
previous syntheses that employed (—)-quinic or (—)-shikimic
acids, thisroute starts from inexpensive L-serine (227), which
was transformed to the known akene 229 according to
published protocols.**% The double bond was dihydroxylated
to give diol 230, whose amino group was deprotected through
hydrogenolysis in the presence of 20% Pd(OH)./C to
generate amine 231. The authors highlighted the fact that
all attempts to selectively remove the N-PMB group in the
presence of the Cbz group failed. The amino group and the
termina hydroxyl group were protected and the secondary
alcohol was oxidized under Swern conditionsto afford ketone
234, which underwent Wittig ol efination® to provide alkene
235. The N,O-acetal was selectively deprotected with
catalytic BiBr;,% and the primary alcohol was oxidized under
Swern conditions to produce aldehyde 237. The addition of
vinylmagnesium bromide in the presence of stoichiometric
ZnCl,%® gave a mixture of the desired anti- (238, 56%) and
undesired syn-adducts (239, 19%). The relative stereochem-
istry of these two adducts was determined through deriva-
tization to cyclohexenes 249 and 250 (Scheme 26) and
NOESY experiments. The major anti-adduct 238 was shown
to have the same absol ute stereochemistry as the cyclohexene
ring of oseltamivir. The synthesis continued with the
protection of the hydroxy group in 238 as the MOM ether
and subsequent ring-closing metathesis in the presence of
the second-generation Grubbs catalyst 252 (Figure 10) to
give cyclohexene 241. Lower yields were obtained when the
first generation catalyst 251 was employed. The TBDPS
protecting group was removed with TBAF, and the hydroxy
group was oxidized to acid 244 in a two-step sequence.®®
The acid was esterified with ethanol in the presence of EDCI
to give ester 245. The synthesis of 248 was completed
through the removal of the MOM-protecting group under
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Scheme 25. Yao's Group Synthesis of Precursor 248 to Oseltamivir
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acidic conditions, the acetylation of the amino group, and
the removal of the Chz-protecting group under Pd-catalyzed
reductive conditions.’® The overall yield for this synthetic
route was 19% from intermediate 229.

Figure 10. Ring-closing metathesis catalyst employed in the
synthesis of 241.

EtsSiH, TEA, CH,Cly. 0 °C to rt, 92%.

The major advantage of Yao's synthesis is that it starts
with readily available L-serine instead of with the more
commonly used (—)-quinic or (—)-shikimic acids. The
researchers assembled a highly functionalized substrate (240),
which contained all the desired stereochemistry, before
carrying out the key ring-closing metathesis transformation
in almost quantitative yield with Grubbs second generation
catalyst. Thisisthe only example to date where this powerful
reaction has been employed to generate oseltamivir. Even
though this is a very long route (25 steps), in part because
of extensive protecting group manipulation, the overal yield
is excellent (8%). Many of the intermediates are purified by
flash chromatography, and only milligram quantities of the
drug were produced, which, together with the cost of goods,
would make this route difficult to implement on alarge scale.

3.13. Synthesis of Oseltamivir Phosphate via an
Asymmetric Diels—Alder Reaction by
Fukuyama’s Group

The group of Fukuyama at the University of Tokyo has
reported a new synthetic approach to oseltamivir that, as do
Corey’s** and Shibasaki’s™ syntheses, employs an asym-
metric Diels—Alder reaction to introduce the chirality in the
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Scheme 27. Fukuyama’'s Group Synthesis of Oseltamivir Phosphate
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cyclohexene ring (Scheme 27).1% The synthesis started with
the reduction of pyridine (253) with NaBH, in the presence
of ChzCl to afford dihydropyridine 254.1% Since the asym-
metric Diels—Alder reaction between dihydropyridine de-
rivatives and acrylic acid derivatives is a methodology that
is not developed enough to be useful in synthesis,'® the
researchers opted for a two-step approach to solve this
problem. First, the asymmetric Diels—Alder reaction carried
out between diene 254 and acrolein (256) as dienophile with
MacMillan's catalyst 255'* provided a mixture of aldehydes
that contained the desired aldehyde 257. No information was
provided by the researchers on the enantioselectivity of this
transformation. Since the separation of the different com-
ponents of this mixture was impractical, in the second step
this unpurified mixture was subjected to Kraus oxidation'®
with NaOCl, to give a mixture of acids that contained the
desired acid 258. After removing the basic impurities, the
acid mixture underwent bromolactonization to provide bro-
mide 259 as one of the products. This intermediate could be
purified by recrystallization from MeOH to afford material
with >99% ee without resorting to chromatography. After
removing the Cbz-protecting group and reprotecting with
Boc,0,'% the resulting lactone 260 was oxidized with Nal O,
and a catalytic amount of RuO,+nH,0O to generate imide 261.
The treatment of 261 with ammonia, followed by the
mesylation of the resulting alcohol, provided amide 263,
which was subjected to Hofmann rearrangement in the
presence of iodobenzene diacetate and alyl alcohol to give
carbamate 264.1%” The treatment of 264 with sodium ethoxide
caused the ethanolysis of the lactam, the elimination of HBr,
and the subsequent aziridine formation to produce intermedi-
ate 265. The opening of the aziridine ring in 265 with
3-pentanol, followed by the removal of the Boc-protecting
group and acetylation of the resulting amine with Ac,0, led

to the formation of acetamide 268. The alloc-protecting group
was removed under reductive conditions, and the addition
of H3PO;, to the resulting amine completed the preparation
of oseltamivir phosphate.

The overal yield for this synthetic route was 5.6% from
pyridine and 22% from bromolactone 259. The authors
highlighted the fact that, even though the yield for the
preparation of 259 from pyridine is only 26%, this compound
is crystalline and it can be easily purified. Also, the chirality
isintroduced early in the synthesis, it is an azide-free process,
and many steps do not require chromatographic separation.
If the protecting group strategy could be simplified to reduce
the number of transformations and the catalyst loading and
efficiency of the asymmetric Diels—Alder reaction were
optimized, thisroute could potentially be amenable for scale-

up.

3.14. Synthetic Approaches to Oseltamivir by
Fang’s Group

3.14.1. Synthesis of Oseltamivir Phosphate from p-Xylose

A collaboration between the Academia Sinicain Taiwan,
the Chemistry Department at the National Taiwan University,
and the Skaggs Institute of Chemical Biology generated a
new synthetic route to oseltamivir starting from p-xylose
(Scheme 28).1% This approach also provided access to the
phosphonate congeners of oseltamivir for biological studies,
since the phosphonate group can be employed as a bioisostere
of the carboxylate group in drug design. The synthetic route
started from 1,2-O-isopropylidene-a-b-xylofuranose (269),
prepared from p-xylose in one step and 96% yield according
to a published procedure,® which was treated with pival oyl
chloride to generate intermediate 270. Alcohol oxidation,
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Scheme 28. Synthesis of Oseltamivir from 1,2-O-Isopropylidene-o-p-xylofuranose (269) by Fang's Group
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HONH,*HCl, py, 80 °C, 24 h, 82%. (d) LiAlH,, THF, 0 °C to reflux, 1.5 h, 88%. (e) Ac;0, py, 25 °C,
3 h. (f) Benzyl alcohol, 4 M HCl in dioxane, PhMe, 0 to 25 °C, 24 h, o/pf = 7:3, 85% (2 steps). (g)
2,2"-Dimethoxypropane, p-TsOH, PhMe, 80 °C, 4 h, 90%. (h) Tf,O, py, CH,Cly, -15 °C, 2 h. (i)
Triethyl phosphonoacetate, NaH, 15-crown-5, DMF, 25 °C, 24 h, 80%. (j) (i) H,, Pd/C, EtOH, 25
°C, 24 hy; (iiy NaH, THF, 25 °C, 1 h, 83%. (k) DPPA, DIAD, Ph;P, THF, 25 °C, 48 h. () HCI, EtOH,
reflux, 1 h, 93% (2 steps). (m) (i) Tf.0, py, CH.CI;, -15to -10 °C, 2 h; (ii) KNO,, 18-crown-6, DMF,
40 °C, 24 h, 70%. (n) Cl3CC(=NH)OCHEt,, CF3S03H, CH,Cl,, 25 °C, 24 h, 78%. (o) (i) Ha,
Lindlar's catalyst, EtOH, rt, 16 h; (i) H3PO,4, EtOH, 40 °C, 1 h, 91% (2 steps).

reaction of the resulting ketone with hydroxylamine hydro-
chloride, and reduction of the oxime with LiAIH, afforded
aminoal cohol 273. The amino group was acetylated to give
acetamide 274, which underwent reaction with benzyl alcohol
under acidic conditions to provide ribofuranoside 275 as a
mixture of anomers (a/f3 = 7:3). The treatment of 275 with
2,2-dimethoxypropane afforded N,O-ketal 276 in the same
anomeric o/p ratio. This acohol mixture was converted to
triflate 277, and this group was displaced with triethyl
phosphonoacetate to give phosphoryl ester 278. The stage
was then set for the subsequent intramolecular Horner—
Wadsworth—Emmons reaction, which was carried out with
NaH as base and catalytic 15-crown-5 to provide cyclohexene
279. A Mitsunobu reaction installed the azido group,**° and
subsequent acid trestment deprotected the amino and hydroxy
groups to generate azide 281. After inverting the stereo-
chemistry of the hydroxy group, the resulting acohol was
treated with 3-pentyl trichloroacetimidate to introduce the
3-pentyl ether functionality. Finally, azide reduction and the
addition of H;PO, completed the synthesis of oseltamivir
phosphate.

Thisfirst synthesis of oseltamivir by Fang’s group has the
advantage of starting from very inexpensive and readily
available p-xylose, and after 16 steps, the 15% overall yield
isexcellent. It features some steps that depart from previous
approaches to accomplish certain transformations, such as a

novel methodology for the preparation of the 2-pentyl ether
functionality that avoids the traditional and somewhat
problematic aziridine-opening by 3-pentanol, an oxime
reduction protocol to introduce the amino group at carbon
4, and, finally, a hydroxy group inversion method without
resorting to Mitsunobu chemistry. Some of the drawbacks
are extensive protecting group manipulation, the use of DPPA
to introduce the amino group at carbon 5, and the need for
chromatography to purify most intermediates. This synthetic
route has been demonstrated on a milligram scale.

3.14.2. Synthesis of Oseltamivir Phosphate from Chiral
cis-1,2-Dihydrodiol 283

Fang's group a the Nationa Taiwan University has
recently reported a second approach to oseltamivir from
enantiopure bromodiol 283 (Scheme 29) as well as the
preparation of Tamiphosphor, an oseltamivir analogue in
which the ester group has been replaced by a phosphonate
group.tt

The synthesis of oseltamivir started from commercialy
available 283, which can be obtained on a large scale by
microbial oxidation of bromobenzene.**2 This material was
first protected as the acetonide followed by a SnBr,-catalyzed
bromoacetamidation'*® to afford intermediate 285 regio- and
stereoselectively. The structure of this compound was
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Scheme 29. Synthesis of Oseltamivir from Enantiopure Bromodiol 283 by Fang's Group

=

-

°Q

283

O.,, Br
AcHN ; :o AcHN
0
287
AcHN/Q/ AcHN

O«;@/COZEt
AcHN :

No
79

291

291 '~

Q Q

Ref. 108

AcHN Br Br
‘ c AcN d
0 O

o#\ o\$

285 286

AcHN ;

AcHN :

292

6'H3PO4

Reagents and conditions: (a) Dimethoxypropane, p-TsOH+H,0O, acetone, 0 °C to rt, 30 min;
(b) SnBr, (cat.), N-bromoacetamide, MeCN/H,0, 0 °C, 8 h, 75% (2 steps); (c) LIHMDS,
THF, -10 to 0 °C, 30 min; (d) 3-Pentanol, BF3*OEt,, -10to 0 °C, 6 h, 73% (2 steps); (e) cc
HCI, MeOH, 50 °C, 8 h, 94%; (f) AcOCMe,COBr, THF, 0 °C to rt, 3.5 h; (g) LiBHEt;, THF, 0
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confirmed by X-ray diffraction analysis. The stereochemical
outcome was rationalized via the formation of a bromonium
ion on the less hindered face of the ring with subsequent
backside attack of the acetamide moiety at the allylic carbon
5 position. The treatment of 285 with LiIHMDS provided
aziridine 286, which, in the presence of 3-pentanol and
BF;- OEt; as catalyst, afforded ether 287. The acetonide was
cleaved under acidic conditions, and the resulting diol was
treated with a-acetoxyisobutyryl bromide to give dibromide
289. The acetyl group and the bromine atom at the alylic
position were reduced with LiBHEt3 to generate alcohol 290,
which underwent a Mitsunobu reaction with diphenylphos-
phoryl azide!® to produce azide 291 and a small amount
(2%) of diene 292 after water elimination. The introduction
of the necessary ester functionality was accomplished via
the reaction of 291 with [Ni(CO),(PPhs),] in the presence
of ethanol.*** The completion of the synthesis of oseltamivir
phosphate was carried out as has been previously reported.1®

This second approach to oseltamivir by Fang's group
cleverly takes advantage of the chirality already present in
diol 283 to accomplish its goal. In spite of the fact that it
involves azide chemistry and, probably, high cost of goods,
this short (11 steps) and very high-yielding route (26%)
shows a lot of potential to produce large quantities of drug,
since many intermediates are crystalline, and according to
the authors, the isolation procedures were relatively simple
and cost-effective.

Scheme 30. Azide-free synthesis of oseltamivir from alcohol

290 by Fang's group
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BuOH, 120 °C, 24 h. (c) Pd(OAc),, CO, NaOAc, EtOH, 11, 24 h, 82% (2 steps).

(d) H3PO4, EtOH, 50 °C, 6 h, 81%.

In the same publication, an azide-free synthesis of osel-
tamivir was also reported from alcohol 290 (Scheme 30).
The amine functionality was introduced through the reaction
with tetrabutylammonium cyanate in the presence of triph-
enylphosphine and DDQ to provide an isocyanate intermedi-
ate'’® that was treated with tert-butanol to provide Boc-
protected amine 293. Since the direct carbonylation of 293
was unsuccessful, the bromide functionality was converted
to the corresponding iodide 294,'¢ which underwent pal-
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Scheme 31. Synthesis of Oseltamivir Based on Cationic Iron Carbonyl Chemistry by Kann's Group
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ladium-catalyzed carbonylation in ethanol to give ethyl ester
131.1*" The one-pot Boc-deprotection and salt formation with
phosphoric acid in ethanol provided oseltamivir phosphate.

This azide-free preparation of oseltamivir phosphate almost
accomplishes the same high-yield found in the nonazide free
route (26% vs 22%, respectively) and does not add any extra
steps. The introduction of the ester group via either anickel-
or palladium-catalyzed carbonylation reaction is also a novel
strategy not seen in previous syntheses. These further
improvements in the entire process make Fang's contribu-
tions highly valuable toward an efficient large-scale route
to oseltamivir.

3.15. Iron Carbonyl Approach to Oseltamivir
Phosphate by Kann’s Group

Researchers at Chalmers University of Technology and
AstraZeneca in Sweden have developed a methodology for
the synthesis of oseltamivir that is based on cationic iron
carbonyl chemistry (Scheme 31).18 The ability of this type
of cationic complexes to react with a wide variety of
nucleophiles make them attractive building blocks to generate
new carbon—carbon and carbon—heteroatom bonds.**® Fur-
thermore, after oxidative decomplexation, the diene func-

tionality is available for further manipulations and this
methodology has been exploited for the synthesis of natural
products.*?

The synthesis started with the formation of an iron
carbonyl cation, based on previously published work on
methyl cyclohexadienecarboxylate tricarbonyliron com-
plexes.!® Thus, cyclohexadienoic acid ethyl ester 295,
prepared from acrolein and the phosphonium salt of 4-bro-
mobut-2-enoic acid ethyl ester in a tandem Michael/Wittig
reaction,'?? was treated with diiron nonacarbonyl in toluene
at 55 °C to provide racemic complex 296. This complex
underwent hydrogen abstraction with Ph;CPFg to produce
salt 297. The researchers highlighted the fact that complexes
like 296 astheir corresponding acids can be resolved through
the formation of a diastereomeric salt with a chiral amine,**
but in this case they opted for a more efficient way which
consisted in the preparation of diastereomeric complexes 299
and 300, which could be separated by preparative HPLC.
After several chiral acohols were screened, the best results
were obtained with (—)-(1R,29-trans-2-phenyl cycl ohexanol
(298), which provided the diastereomeric mixture in 75%
yield. Salt 301 was formed after treating diastereomer 300
with HPFg, and at this point, the valuable chiral acohol could
also be recovered. The synthesis continued with the reaction
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Scheme 32. Synthesis of Oseltamivir via Pd-Catalyzed Asymmetric Allylic Alkylation by Trost’s Group
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between 301 and BOC-amine to generate intermediate 302.1%
Anhydrous and inert conditions as well as slow addition of
the base were critical to obtain good yields in this step. The
decomplexation step to liberate the diene was performed with
a combination of H,O, and NaOH as base.’® Selective
epoxidation of the most electron rich alkene and opening of
the epoxide with sodium azide afforded azido acohol 304.
The selectivity of the epoxidation step was attributed to the
directing effect of the carbamate group.?® The hydroxyl
group was mesylated, and the azido group was reduced to
give amine 306. Acetylation and concomitant aziridine
formation produced intermediate 144, which was converted
to oseltamivir phosphate as has been previously shown.%

This route alowed for the preparation of oseltamivir
phosphate in 14 steps from ester 295 in 5% overall yield. A
clear advantage of this unusual approach is the potential for
introducing different substituents on thering, and thus it lends
itself to the convenient generation of analogues for SAR
studies. The use of unsafe reagents such as NaNs; and
m-CPBA, the lack of evidence that this type of chemistry
can be scaled up, and the need for HPLC separation of
diastereomers makes this approach a less likely candidate
for the manufacture of large quantities of drug. As mentioned
before, it should find an important niche in the Medicinal
Chemistry area, where the production of a large number of
analogues for hiological testing is crucial.

3.16. Synthesis of Oseltamivir via a Novel
Palladium-Catalyzed Asymmetric Allylic Alkylation
Reaction by Trost’s Group

Trost has reported a short synthesis of oseltamivir that
relies on two key reactions. a novel palladium-catalyzed
asymmetric allylic akylation (Pd-AAA) to desymmetrize
commercially available lactone 307 and a rhodium-catalyzed
aziridination to install the acetamido group on the ring
(Scheme 32).'%" The synthesis started with the desymmetri-
zation of 307 through the use of commercially available
trimethylsilylphthalimide as the nucleophile, [(*-
C3HsPdCl),] as catalyst, and Trost ligand (R,R)-315. The use
of other imide nucleophiles such as NHBoc,, NHCbz,,

NH(CHO),, or phthalimide failed to give any Pd-AAA in
both the presence or absence of bases. Trimethylsilylphthal-
imide, on the other hand, gave very good yield and excellent
steroselectivity. The authors suggested that this reagent,
besides performing the Pd-AAA reaction, also trapped the
carboxylate anion as it was being generated, thus avoiding
the conversion of the cationic intermediate back into starting
material. At the same time, it revealed the imide anion for
nucleophilic attack. The trimethylsilyl group was cleaved and
the resulting acid was esterified in a one-pot process to give
ethyl ester 308. The sulfenylation of 308 with PhSSO,Ph
afforded a 1:1 mixture of diastereomers of thioester 309,128
which was oxidized with m-chloroperbenzoic acid to the
corresponding sulfoxide followed by thermal elimination to
provide diene 310. The regioselectivity of the elimination
reaction was improved by the addition of DBU, but some
of the 1,4-diene was also obtained (10:1 ratio). The aziri-
dination step proved to be more difficult than expected, and
extensive optimization was required. Copper catalysts showed
little discrimination between the two double bonds. Silver
and gold catalysts gave exclusively the desired aziridine 311,
but they displayed low reactivity.*?® Preliminary work with
rhodium catalysts, which proceeds through a nitrene species
generated in situ, gave the ring-opened product.** This
problem was solved by both the selection of an stabilizing
group on the aziridine that could be easily removed and the
right choice of Rh catalyst. Thus, the 2-(trimethylsilyl)e-
thanesulfonyl (SES) protecting group was chosen together
with catalyst 316,%%! and these conditions provided aziridine
311 in excellent yield. Catalyst 316 (Figure 11) gave better
conversion compared to [Rhy(O,CCPhg)4], [Rhp(O,CCMe&3)],
or [Rhy(CF;CONH)4]. The combination of Phl(O,CCMes),
and SESNH, was chosen as the nitrene source. The synthesis
continued with the opening of the aziridine with 3-pentanol
in the presence of BF3+ OEt, to give ether 312. After acylation
of 312 using a microwave reactor to speed up the process,
the SES protecting group was removed by treatment with
TBAF. The final step involved the cleavage of the phthal-
imido group with hydrazine to give oseltamivir 6.
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Figure 11. Structures of Trost ligand 315 for asymmetric alylic
alkylation and Du Bois rhodium catalyst 316 for C—H insertion
reaction.

This azide-free synthetic route required only eight steps
from commercialy available starting materials and proceeded
in 30% overall yield, despite the fair yield of the aziridine-
opening step. The use of MW radiation and hydrazine as
well as the cost of goods are caveats of the synthesis when
the scalability is brought into consideration. To date, thisis
the most concise synthesis of oseltamivir reported in the
literature and offers a very different approach for the
introduction of chirality on the molecule.

3.17. Chemoenzymatic Synthesis of Oseltamivir
Phosphate from Chiral cis-1,2-Dihydrodiol 283 by
Banwell’s Group

Banwell’s group at the Australian National University has
recently reported a chemoenzymatic formal total synthesis
of oseltamivir that, as in the second generation route by
Fang's group,'! also employs cis-1,2-dihydrodiol 283 as
starting material (Scheme 33).1%2 The synthesis started with
the reaction between 283 and p-methoxybenzyl dimethoxy-
acetal in the presence of (+)-camphorsulfonic acid to give
acetal 317 stereoselectively, which was reduced with
DIBAL-H at low temperature to afford monoprotected diol
318 and its regioisomer in a 6:1 ratio. The reaction of 318
with hydroxylamine in the presence of CDI provided
N-hydroxycarbamate 319. This material could be separated
from the PMB ether of o-bromophenol by chromatography,
and its structure was confirmed by X-ray analysis. Tosylation
of 319 followed by copper-catalyzed intramolecular aziri-
dination'* afforded carbamate 322. The authors proposed
that this intermediate was formed via the regiosel ective ring-
opening of the highly strained acylaziridine 321 by 3-pen-
tanol. Several copper cataysts were screened for the
intramolecular aziridination step, and Cu(CH3;CN)4PFs was
found to be the best choice. Carbamate 322 was then
hydrolyzed with aqueous lithium hydroxide at reflux, and
the resulting amine 323 was acetylated to provide acetamide
324. The authors highlighted that when 322 was first
acetylated and then treated with base, no ring-opening was
observed. After the removal of the PMB protecting group
under acidic conditions, bromodiol 288 was obtained, which
is one of the intermediates in the second generation route to
oseltamivir by Fang's group.t'!

This enantioselective route is 14 steps long, and the overall
yield is 6.2%. It accesses diol 288 through a more elaborated
route than in Fang's approach (8 steps vs 5 steps, respec-
tively) and the yield to this common intermediate is
substantially lower (12% vs 51%), which makes Banwell’s
route less practical.

Magano

3.18. Synthetic Approaches to Oseltamivir
Phosphate by Shi’s Group

Shi’s group at East China University of Science and
Technology has reported two synthetic approaches to osel-
tamivir phosphate that rely on (—)-shikimic acid as starting
material. The researchers highlighted the fact that this
material is readily available either by extraction from the
Chinese star anise (1 kg of shikimic acid/30 kg of dried plant)
or through fermentation using genetically modified Escheri-
chia coli.’3

3.18.1. First Synthesis of Oseltamivir Phosphate from
(—)-Shikimic Acid

The first synthesis by Shi’s group is shown in Scheme
34.1% The synthesis started with the conversion of (—)-
shikimic acid (42) to alcohol 86, as has been previously
reported in high yield,5! and subsequent treatment with
benzoyl chloride to afford benzoyl acetonide 325. The
acetonide functionality was cleaved through treatment with
aqueous HCI to give crystalline diol 326, which underwent
reaction with MsCl to generate bismesylate 327. After a
solvent (EtOAc, CH,Cl,, CHCI3) and base (TEA, pyridine)
screen was carried out, it was determined that EtOAc and
pyridine were the solvent and base of choice, respectively,
for this transformation. The selective displacement of the
mesylate group at the carbon 3 position was accomplished
by treating 327 with NaN; in aqueous DMF at low temper-
ature to cleanly provide azide 328. The authors attributed
this selectivity to the higher reactivity of the allylic position
as well as to the fact that this position is less sterically
hindered than the C4 position (Figure 12). The azido group

OMs

Figure12. Rational for the regioselective displacement of mesylate
at carbon 3 by azide.

was reduced with PhsP, and subsequent treatment with TEA
provided aziridine 329, which was acetylated with acetic
anhydride to provide intermediate 330. The aziridine opening
step was performed regio- and stereoselectively with 3-pen-
tanol and BF;-Et,O as Lewis acid at low temperature to
generate acetamide 331 in excellent yield. The authors
rationalized the regioselectivity of this transformation as
before for the mesylate displacement with azide, which was
attributed to the higher reactivity of the allylic position
(Figure 13). The benzoyl group was cleaved with K,COs3 in

Ac\N

&_ _ COgEt
\"‘ OBz
\/dt/

Figure 13. Rationale for the regioselective opening of aziridine
330 by 3-pentanal.

ethanol to provide alcohol 332, which was mesylated under
standard conditions, and the mesylate group was displaced
with NaN3 in hot, aqueous DMF to produce azide 79. The
hydrogenation of the azido group in the presence of Lindlar
catalyst cleanly provided the corresponding amine intermedi-
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Scheme 33. Formal Total Synthesis of Oseltamivir Phosphate from Bromodiol 283 by Banwell’s Group
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Reagents and conditions: (a) 4-methoxybenzaldehyde dimethyl acetal, (+)-camphorsulfonic
acid, PhMe, 0 °C, 1.5 h. (b) DIBAL-H, TEA, PhMe, -78 °C t0 -30 °C, 5 h, 85% (2 steps). (¢) (i)
CDI, MeCN, 0 °C, 1 h; (i) NH,OH-HC}, imidazole, 0 °C to 18 °C, 16 h, 56% (at 88%
conversion). (d) p-TsCl, TEA, Et,0, 0 °C to 18 °C, 16 h, 79%. (e) Cu(MeCN)4PFg, K;COs3,
MeCN, 3-pentanol, 0 °C to 18 °C, 16 h, 43%. (f) LiOH, 1,4-dioxane/water, 100 °C, 48 h, 85%.
{g) AcCl, TEA, 0 °C t0 18 °C, 1 h, 99%. (h) HCI, MeOH, 35 °C, 16 h, 90%.

ate. Ra—Ni also worked for this transformation, whereas
Pd/C reduced the double bond as well. The use of PhsP as
reducing agent gave lower yield. The addition of H3PO, in
an EtOAC/EtOH mixture completed the synthesis of oselta-
mivir phosphate.

This process required 13 steps to accomplish its goal and
produced oseltamivir phosphate in 40% vyield, the third
highest-yielding synthesis to date after the second synthesis
from this same group and Hayashi’s (vide infra). Minimal
protecting group manipulation and a very efficient aziridine-
opening step with 3-pentanol are key factorsfor this outcome.
Even though azide chemistry is used in two instances and
several intermediates are purified by flash chromatography,
overall it is a very efficient synthesis and, with some
optimization, a good candidate for large scale production of
the drug.

3.18.2. Optimized Synthesis of Oseltamivir Phosphate
from (—)-Shikimic Acid

Shi’s group built on the experience accumulated in the
previous synthesis to develop a shorter and more efficient
methodology to oseltamivir phosphate (Scheme 35).1% Thus,
(—)-shikimic acid was converted to triol 85 as has been
previously shown.5! After conversion to trimesylate 334, the
allylic mesylate group was selectively displaced with NaN;
to provide intermediate 335 with complete inversion of
stereochemistry at the carbon 3 of the ring. Low temperature
was required to carry out this transformation successfully,

or otherwise, byproduct 338 was obtained after elimination
and aromatization (Figure 14). The azido group reduction

N3 CO,Et /\K\

Figure14. Aromatic byproducts from the displacement of mesylate
groups by nitrogen nucleophiles.

with PhsP followed by the addition of TEA afforded aziridine
336. The remova of the PhsPO byproduct could be per-
formed by forming the HCI salt in agueous media with
NaHSO, and performing an organic solvent wash. Intermedi-
ate 336 was then acetylated and the resulting cyclic acetamide
was regiosel ectively opened with 3-pentanol to generate ether
333. Thistransformation proceeded with complete inversion
of configuration at carbon 3 according to the Walden-type
model and took advantage of the higher reactivity of the
allylic position. The displacement of the last mesylate group
with NaN3 in an ethanol/water mixture required higher
temperature, as expected, since this position is less reactive
than the allylic carbon 3. Reduction of the azido group and
salt formation as has been previously shown®® completed
the synthesis of oseltamivir phosphate. The researchers
mentioned that nitrogen nucleophiles other than azide had
been tried to displace the mesylate groups, such as ammonia,
benzylamine, allylamine, and tert-butylamine, only to provide
byproducts 338 and 339 (Figure 14).
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Scheme 34. First Synthesis of Oseltamivir Phosphate by Shi’s Group

HO., COH O, COEt O, CO,Et
Ref. 51 >< a >< ‘
HO"” 92% o™ o
OH (2 steps) OH Sez
42 86 325
HO.., CO,Et MsO.., CO,Et

k
—— &H;PO,

Reagents and conditions: (a) BzCl, TEA, DMAP (cat.), CH,Cl,, 0 °C to rt, 5 h, 98%. (b) HCI (cat.),
EtOAC/H,O (4:1), 6 h, 94%. (c) MsCI, TEA, DMAP (cat.), EtOAc, 0 °C, 1 h, 97%. (d) NaN3, DMF/H,O
(5:1),-5°Cto 0 °C, 1.5 h, 95%. (e) (i) PhsP, THF, rt, 2 h; (i) TEA, THF/H,O (10:1), rt, overnight,
88%. (f) Ac,0O, TEA, EtOAc, 0 °C, 30 min, 98%. (g) 3-Pentanol, BF3°Et;0, -5 to 0 °C, 30 min, 92%.
(h) K,CO3, EtOH, rt, 6 h, 90%. (i) MsCl, TEA, CHCl,, 0 °C, 1 h, 85%. () NaN3, DMF/H,0 (5:1), 90
°C, 3 h, 84%. (k) (i) Hz (1 atm), Lindlar catalyst, EtOH, rt, 16 h; (ii) HzPO4, EtOAC/EIOH (1:1), 50 °C,
30 min, 91% (2 steps).

Scheme 35. Optimized Synthesis of Oseltamivir Phosphate by Shi's Group

HO., COH HO. CO4Et MsO.. COzEt
Ref. 51 a
Ho' T97% | HOY - MsO“""Q/
OH (1 step) OH OMs
42 85 334
b N, 2 COLEt . SN CO,Et d /]\/;/0025
—_— _% . HN _~ ., AcN
MsO"™
OMs OMs OMs
335 336 337

CO,Et
Ref. 136

91%
(2 steps)

6'H3PO4

Reagents and conditions: (a) MsCl, TEA, DMAP (cat.), EtOAc, 0 °C, 1 h, 93%. (b) NaN3,
acetone/H,0 (5:1), 0 °C, 4 h, 92%. (c) (i) Ph3P, THF, rt, 30 min; (i) TEA, H,0, rt, 24 h, 84%.
(d) Ac,0, TEA, EtOAc, 0 °C, 30 min, 98%. (e) 3-Pentanol, BF3*Et;,0, -8 to 0 °C, 1 h, 86%. (f)
NaN3, EtOH/H,0 (5:1), reflux, 8 h, 88%.

The second synthesis by Shi’s group required only nine since, for the first time, no protecting groups are needed.

steps with an outstanding 47% overall yield, which consider- The ability to differentiate between the three mesylate groups
ably reduced the number of transformations with respect to is key to the success of this approach. The need to resort to
the first approach and, at the same time, increased the yield azide chemistry on two occasions is more than compensated

by afair amount. This synthesisisamodel of atom-economy, by the elegance, simplicity, and efficiency of the methodol-
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Reagents and conditions: (a) 342 (5 mol%), CICH,CO2H (20 mol%), CH,Cly, rt, 40 min. (b) (i) 345,
Cs,C03, 0°C, 3 h, (5R)-346/(55)-346: 5:1; (i) Cs,CO3, EtOH, 1t, 15 min.
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AcHN
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-Toluenthiol, Cs,CO;, EIOH, -15 °C, 36 h, 70% (from 341; only (55)-349).

(d) TFA, CHyCly, 2 h. () (i) (COCl)5, DMF (cat.), CHyCly, 1 h: (i) NaN3, HyOfacetone. (f) AcsO, ACOH, i,
49 h. (g) Zn, TMSCI, EtOH, 70 °C, 2 h. () (i) NHa; (i) KzCO3, EtOH, 6 h, 82% (5 steps).

ogy. All the steps have been carried out on a gram scale,
and this route should become a major player in the goal to
develop a scalable process to oseltamivir.

3.19. Synthesis of Oseltamivir via Three “One
Pot” Operations by Hayashi’s Group

Hayashi’'s group at Tokyo University of Science has
published an operationally simple and high yielding approach
to oseltamivir.*¥” Before embarking on this project, Hayashi
established a very specific set of objectives with the goal of
developing a synthetic route that allowed for the preparation
of large amounts of drug in a short period of time and at
low cost. The objectives were as follows: (a) no more than
10 synthetic steps and as few separate operations, such as
purifications, as possible; (b) overall yield >50%; (c) use of
inexpensive reagents exclusively. As a result, the synthetic
route shown in Scheme 36 was implemented, which the

authors divided into three “one pot” operations. By “one pot”
operation they meant several chemical steps that can be run
without workup or any type of purification between steps.
A simple solvent evaporation is enough to move forward to
the next step. The first of the three “one pot” operations
comprises the steps required to prepare intermediate (59)-
349 from akoxyaldehyde 340 and nitroalkene 341; the
second one involves the steps required to prepare intermedi-
ate 351 from 349; the last one includes the steps to generate
oseltamivir (6) from intermediate 351.

Asthefirst stage of the synthesis, the researchers designed
a protocol to assemble a highly functionalized ethyl cyclo-
hexenecarboxylate core. Thus, aldehyde 340 and nitroalkene
341 underwent an asymmetric Michael reaction in the
presence of 5 mol % of diphenylprolinol silyl ether 342138
as catalyst to give a mixture of nitroaldehydes 343 (syn, 96%
ee) and 344 (anti, 87% ee) sterecisomersin quantitative yield.
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Scheme 37. Synthesis of Protected Diol 360 from p-Mannitol by Mandai’s Group
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EtCO,H, 132 °C, 14 h, 95%. (¢) DIBAL-H, toluene, 0 °C, 2 h, then rt, 3 h. (d) 3,4-Dihydro-2H-pyran,

PPTS (2 moi%), CH,Cly, 1t, 24 h.
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Reagents and conditions: (e) MsNH,, AD-mix-B, fert-BuOH/H,0, 0 °C, 8 h, rt, 13 h. {f) MsCl, py, 0 °C, 2 h,
then rt, 8 h. (g) NaN3, DMSO, 80 °C, 48 h. (h) LiAlH,, THF, rt, overnight. (i) (i) TEA, DMAP, PhthNCO,Et
(0.9 eq each), THF, 0 °C, 1.5 h; (i) AczO, py, 1t, 14 h. () {i) MeOH, CSA {10 mol%), rt, 1 h; (i)
recrystallization from toluene, 32% from 357. (k) TEMPO (10 moi%), KBr (20 mol%), aq NaOCI, NaHCO3;,
CH,Cl/H,0 (2:1), 5 °C, 15 min. (I} BnyNH-TFA, PhMe, 50 °C, 11 h, 82% (2 steps). (m) NaCIO,-NaH,POy,, 2-
methyl-2-butene, tert-BuOH/THF/H,0 (4:1:1), 0 °C, 1 h, then 1t, overnight, 86%. (n) NaBH,, i-PrOH/H,0
(6;1), rt, overnight, 93%. (0} (i) KoCOj, EtOH/HLO (5:1), rt, 30 min; (i) solvent removat; (iii) Etl, DMSO, rt, 40
h, 85%. {p) (i) 4 M HCl in dioxane, EtOH, rt, 24 h; (i) back extraction with NaCOj, 83%.

Thissyn/anti mixturewassubjectedtoaHorner—Wardsworth—
Emmons (HWE) reaction with vinylphosphonate 345 to
provide amixture of (5R)- and (59)-346 and byproducts 347
and 348. The formation of hydroxy phosphonate 347 is the
result of the anti arrangement of its hydroxy and diethoxy-
phosphoryl groups, which does not lead to elimination,
whereas 348 arises from the Michael addition between 345
and 346. Fortunately, the treatment of the (5R)-346/(59)-
346/347/348 mixture with Cs,COs in ethanol gave exclu-

sively (5R)-346/(59-346 as a 5:1 mixture, since compound
347 underwent a retro-aldol followed by a HWE reaction
and 348 a retro-Michagel reaction. On the other hand, the
(59-diastereomer had the desired configuration and a
protocol had to be developed to prepare it from the major
(5R). Even though both acid and base catalysis seemed
promising, an alternative, more satisfactory approach was
implemented. Thus, the (5R)-346/(59)-346 mixture was
treated with p-toluenethiol and Cs,CO; in ethanol at —15
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Scheme 38. Synthesis of Oseltamivir from L-Methionine Derivative 378 by Mandai’s Group
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Reagents and conditions: (a) KH, BrCH,CO,H, 60 C, 20 h. (b) SOCI,, 80 °C, 10 h, 94% (2 steps). (c)
DIBAL-H, PhMe, -70 °C, 2.5 h, 91%. (d) p-Anisidine, MgSO,4, CH,Cly, 0 °C to rt, overnight, 100%. (e)
i-ProNEt, 376, CH,Cly, -15 °C to rt over 2 h, then rt overnight, 55%, >99% ee. (f) NCS,
MeCN/EtOH/H,0, rt, 40 min, 100%. (g) a-Pinene-decalins (1:1), NaHCO3, 155 °C, 6 h, 81%. (h)
TFA/CH.Cl, (3:5), 0 °C to rt, 1.5 h. (i) PhthNCO3Et, TEA, THF, 50 °C, 7.5 h, 86% (2 steps). (j) CAN,
MeCN/H,0 (1:1), 0 °C, 1 h, 80%. (k) (i) LIHMDS, THF, -78 °C, 15 min; (i) AcCl, -78 °C, 1 h; (iii) EtSH-
TEA, -78 t0 -20 °C, 3.5 h, 84%. () Rh(acac)(CO), (5 mol%), BIPHEPHOS (10 mol%), CO/H, (1:1, 6
atm), THF, 65 °C (autoclave), 7 h, 88%. (m) 10% Pd/C, Et3SiH, CH,Cly, rt, 1.5 h. (n) Bn;NH-TFA,

PhMe, 50 °C, 10 h, 62% (2 steps).

Table 1. Summary of Synthetic Approaches to Zanamivir

overall : : : P
source steps yield (%) starting material synthetic route highlights

von ltzsein! 5 30 Neu4,5,7,8,9Acs2en1lMe (10), first disclosure of a neuraminidase inhibitor synthesis;synthesis starts from

prepared from NANA (1) in several steps advanced intermediate; mg- to g-scale; azide chemistry; use of
chromatography and lyophilization

Merck Frosst 9 38 NANA (1) high-yielding process, mg-scale; azide chemistry; first application of

Centre'® Mitsunobu reaction to glycals; freeze-drying and multiple
chromatographies; pressure vessel step.

Glaxo?® 9 8.3 NANA(1) multi-g scale; most intermediates isolated via recrystallization; desalting and
ion-exchange chromatography employed; azide chemistry run on 600-g
scale.

Y ao?® 24 0.25 p-glucono-d-lactone (26) cheap starting material; cyclohexene ring built from acyclic intermediates;

very long synthesis; very low overal yield; multiple chromatographies;
mg-scale; azide chemistry

°C to provide intermediate (59)-349 as the only diastereomer,
which could be purified by chromatography (Scheme 36
(bottom)). Under the basic reaction conditions, the (5R)-
diastereomer reacts with p-toluenethiol and it then undergoes
isomerization at the carbon 5 position to provide the more
stable (59)-349.

With the ethyl cyclohexenecarboxylate core in hand, the
synthesis continued with the cleavage of the tert-butyl ester
in the presence of TFA to provide crude acid 350, which

was first converted to the corresponding acid chloride with
oxalyl chloride, followed by the reaction with NaNj to
generate acyl azide 351. The authors highlighted the fact
that this intermediate is pure enough to be used in the next
step without any additional purification. The reaction of azide
351 with Ac,O in acetic acid at room temperature triggered
a Curtius rearrangement under very mild conditions and
subsequent amide bond formation to give acetamide 352.1%°
The fact that the Curtius rearrangement proceeds without
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overal . . . L
source steps yield (%) starting material synthetic route highlights
Gilead® 14 15 (—)-shikimic acid (42) synthesis of acid candidate 56; mg-scale; azide chemistry
Gilead® 6 40 (—)-quinic acid (57) synthesis of epoxide 43; g-scale
Gilead® 12 4.4 (—)-quinic acid (57) multi-kg scale; only 3 isolated crystalline intermediates; no chromatography;
azide chemistry; minimal protecting group manipulations
F. Hoffmann- 8 35 (—)-quinic acid (57) synthesis of epoxide 74; kg-scale; overall yield doubled; 30% reduction
La Roche Ltd.% in number of operations
F. Hoffmann- 4 66 (—)-shikimic acid (42) synthesis of ketal 70; kg-scale; production time reduced by 50% to epoxide
La Roche Ltd.% 74; higher cost than route from (—)-quinic acid (57)
F. Hoffmann- 6 35 epoxide 74 multi-g scale; azide-free; alyl amine as nitrogen nucleophile;
La Roche Ltd.>* chromatography-free
Roche Colorado 8 61 epoxide 74 multi-g scale; azide-free; high-yielding; allylamine and tert-butylamine
Corporation® as nitrogen nucleophiles
F. Hoffmann- 9 32 furan (105) and Diels—Alder approach; synthesis of intermediate 116 from inexpensive
La Roche Ltd.* ethyl acrylate (106) starting materias; azide chemistry; minimal protecting group manipulations
F. Hoffmann- 14 28 1,6-dimethoxyphenol (117) and desymmetrization approach; inexpensive starting materials; azide chemistry
La Roche Ltd.* mesylate 118
Corey® 11 27 1,3-butadiene (133) and mg-scale; high ee Diels—Alder; high overal yield; azide-free; unusua
2,2,2-trifluoroethyl acrylate (134) approach to introduce amino functionalities
Okamura®” 7 11 N-nosyl-3-hydroxy-2-pyridone (145)  synthesis of racemic Corey’s intermediate 142; low yield; mg-scale; chiral
and ethyl acrylate (146) resolution necessary; additional steps to prepare starting material 145
Shibasaki’ 17 14 N-3,5-dinitrobenzoylaziridine 155 mg-scale; azide chemistry; chirality introduced early in the synthesis; low
catalyst loading; SeO, and DMP oxidations; Mitsunobu chemistry;
extensive protecting group manipulation
Shibasaki” 20 16 N-3,5-dinitrobenzoylaziridine 155 mg-scale; high yield; DMP oxidation; extensive protecting group
manipulation; azide chemistry
Shibasaki™ 12 7.4 azide 158 mg-scale; sealed tube reaction; two Mitsunobu reactions; azide chemistry;
several protecting group manipulations
Shibasaki™ 14 28 1-(trimethylsiloxy)-1,3-butadiene commercialy available starting materias; very low overal yield; chiral
(199) and fumaryl chloride (200) HPLC for resolution of intermediate; minimal protecting group
manipulation; Curtius rearrangement at high temp; Mitsunobu chemistry
Shibasaki”™® 12 16 1-(trimethylsiloxy)-1,3-butadiene commercialy available starting materials; introduction of chirality in first
(199) and dimethyl fumarate (210) step; low catalyst loading; scalable asymmetric Diels—Alder reaction; azide
chemistry; high temp Curtius rearrangement; Mitsunobu chemistry; minimal
protecting group manipulation
Yao® 25 8 L-serine (229) inexpensive, commercialy available starting material; very long synthesis;
mg-scale; excellent overall yield; unusua approach for building
cycloxene ring; extensive protecting group manipulation; multiple
chromatographies; azide-free
Fukuyama'®* 14 5.6 pyridine (255) inexpensive starting material; azide-free; extensive protecting group
manipulation; chirality introduced early in the synthesis
Fang'®® 16 14 p-xylose inexpensive, commercially available starting material; mg-scale; high yield;
azide chemistry; extensive protecting group manipulation; multiple
chromatographies; novel approaches for the introduction of functionality
Fang''! 11 26 cis-1,2-dihydrodiol 285 chemoenzymatic synthesis; g-scale; azide chemistry; short and very
high-yielding synthesis; crystalline intermediates
Fang''! 11 22 cis-1,2-dihydrodiol 285 chemoenzymatic synthesis; g-scale; very high yield; azide-free synthesis
Kann18 14 5 cyclohexadienoic acid low-yielding; unusual approach; easily adapted for analogue preparation;
ethyl ester 297 HPLC separation of diastereomers; azide chemistry; scalability uncertain
Trost*?” 8 30 lactone 309 shortest synthesis to date; commercialy available starting material; high yield
and ee; azide-free; use of MW and hydrazine; cost of goods may be an
issue on scale; no information on scale
Banwel |32 13 6.2 cis-1,2-dihydrodiol 285 chemoleﬂzymatic synthesis; azide-free; less practical than similar route by
Fang
Shit® 13 40 (—)-shikimic acid (42) mg-scale; very high yield; azide chemistry; minimal protecting group
manipulation; very efficient aziridine-opening step; extensive use
of chromatography
Shi136 9 a7 (—)-shikimic acid (42) g-scale; very high yield; short process; no protecting group chemistry; azide
chemistry; simple transformations; atom-economic
Hayashi*’ 9 57 adehyde 336 and nitroalkene 337 synthesis of free base of oseltamivir; additional steps for starting material
preparation; highest yield to date; operationally simple; minimal
intermediate purification; azide chemistry; no information on scale
Mandai 4 18 75 D-mannitol synthesis of free base of oseltamivir; no chromatography; azide chemistry at
high temp; extensive protecting group manipulation; novel approach to
cyclohexene ring; no information on scale
Mandai4 18 8 (from 380) L-methionine derivative 380 azide-free; simplified protecting group manipulation compared to b-mannitol

route; no information on scale

heating decreases the risks associated with the handling of
potentially explosive acyl azides. The nitro group in 352 was
reduced with Zn metal under acidic conditions to produce
amine 353. After ammonia had been bubbled through the
mixture to form a Zn"'—NH; complex, the addition of K,COs
caused the elimination of p-toluenethiol to give oseltamivir
in excellent yield after purification by acid/base extraction.

This 9-step approach (10 steps to the phosphate salt)
characterizes by its operationa simplicity, since only one
intermediate purification is required ((59)-349, chromatog-
raphy) and for excellent overall yield (57%), which should
make it amenable for scale-up. Additional steps are expected
to prepare the two starting materials, aldehyde 340 and

nitroalkene 341, which should bring the overall yield down.
Some interesting features of this process are the use of
inexpensive reagents, relatively nontoxic metals such as Na,
K, Cs, and Zn, and the possibility of running this chemistry
under nonanhydrous conditions.

3.20. Synthetic Approaches to Oseltamivir by
Mandai’s Group

Mandai’ s group at the Kurashiki University of Science &
the Artsin Japan has published two syntheses of oseltamivir
from readily available and inexpensive materials. The first
approach starts from p-mannitol and builds the cycloxehene
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ring from an acyclic intermediate via an intramolecular aldol
condensation of dialdehyde 372.24° The second methodology
starts from L-methionine and accesses this same dialdehyde
via the ring-opening of cis-3-lactam intermediate 388.24

3.20.1. Synthesis of Oseltamivir from p-Mannitol

The preparation of oseltamivir from p-mannitol (354) is
shown in Scheme 37.1%° Thus, this material was converted
into protected aldehyde 355 by a reported procedure'#? and
has the advantage that it conveniently introduces the 3-pentyl
group without resorting to the usual BF;- Et,O-catalyzed ring-
opening of an aziridine intermediate. This aldehyde was then
treated with vinylmagnesium bromide in THF to produce a
mixture of diastereomeric acohols that, after orthoester
Claisen rearrangement in the presence of triethyl orthoacetate
and a catalytic amount of propionic acid, generated ester 357
as a colorless ail in very high yield after distillation. The
acetal and the ester functionalities were simultaneous cleaved
with DIBAL-H to provide a mixture of regioisomers 358
(desired) and 359 in a 10:1 ratio. Since this mixture could
not be separated, it was carried over to the next step and
treated with 3,4-dihydro-2H-pyran to give THP-protected diol
360. The authors did not mention whether regioisomer 361
was also obtained.

With 360 in hand, the stage was set for the asymmetric
dihydroxylation of the alkene functionality with AD-mix-
B,%* which gave diol 362 as the only product (Scheme 37
(bottom). This intermediate was converted to the correspond-
ing dimesylate 363 under standard conditions, and the
mesylate groups were displaced with NaN3z in hot DM SO to
afford diazide 364. The azido groups were reduced with LAH
to diamino intermediate 365. The researchers pointed out
the fact that when this reduction was attempted with H, and
10% Pd/C, the reaction was not reproducible, most likely
due to catalyst poisoning by the impurities present. The less
hindered amino group was regioselectively protected with
N-ethoxycarbonylphthalimide to produce intermediate 366,
which, without isolation, was treated with Ac,O to acetylate
the remaining amino group and afford acetamide 367. The
THP-protecting groups could be removed with 10-camphor-
sulfonic acid, and the resulting diol 368 was isolated from
toluene. A TEM PO oxidation of 368 provided dialdehyde
369, and this substrate was subjected to an intramolecular
aldol condensation with Bn,NH« TFA as base'* to generate
cyclic aldehyde 370. This transformation proceeded very
smoothly, and no eimination or aromatization products were
identified. The aldehyde was oxidized to the corresponding
acid with NaClO,,* and with the goal of avoiding a
chromatographic purification of the rest of intermediates, the
phthalimide moiety was first reduced with NaBH,#" in IPA/
water to provide amide 372 and the acid was then esterified
with Etl to generate 373. Oseltamivir was finaly isolated
after cleavage of the amide bond with HCI in dioxane.

This synthesis required 18 steps and provided the free base
of oseltamivir in 7.5% overal yield. Remarkably, no
chromatographic purification of any of the intermediates was
required, which is a strong point in its favor to become a
good candidate for large scale production. A new approach
for synthesizing the cyclohexene ring is provided via an
intramolecular adol condensation that proceeded very cleanly.
Some of the caveats of the synthesis are the need for several
protecting groups and azide chemistry at high temperature
(80 °C in DMSO). No information was provided in the
publication on the scale at which this chemistry was carried

Chemical Reviews, 2009, Vol. 109, No. 9 4433

out, but many of the steps are transformations well prece-
dented in the literature, such as the preparation of aldehyde
355, the DHP-protection, and the TEMPO and NaClO,
oxidations, and should be, in principle, adaptable to large
scale.

3.20.2. Synthesis of Oseltamivir from L-Methionine

The second approach to oseltamivir by this same group
relies on naturally occurring L-methionine as a handle to
introduce the chirality on the ring.*** The synthesis started
with the reaction between 3-pentanol (374) a bromoacetic
acid® to provide acid 375, which was converted to the
corresponding acid chloride 376 in the presence of SOClI,.

The preparation of imine 379 as the other coupling partner
was carried out by reducing methyl ester 377, derived from
L-methionine, with DIBAL-H at cryogenic temperature to
provide aldehyde 378. The reaction of 378 with p-anisidine
and MgSO, as dehydrating agent afforded imine 379 in
quantitative yield. 5-Lactam 380 was then generated via a
Staudinger reaction**® between 376 and 379 in excellent ee
(>99%) and fair yield. The oxidation of the sulfide func-
tionality and thermal elimination provided alkene 382,'%
whose Boc-protecting group was replaced by a phthaloyl
group to provide intermediate 384, which possessed better
stability toward acidic conditions. The p-methoxyphenyl
group was removed through CAN oxidation'®! to give lactam
385 without affecting the phthaloyl protecting group. The
lactam ring was opened in one pot by first acetylating the
nitrogen on the ring with AcCl followed by reaction with
EtSH-TEA to generate thiol ester 386, which underwent a
hydroformylation reaction'>? with Rh(acac)(CO), as catalyst
and ligand BIPHEPHOS (395, Figure 15)'% to afford

OMe OMe
t-Bu I I t-Bu

Figure 15. Structure of hydroformylation ligand BIPHEPHOS.

aldehyde 387. Theratio of linear (387) to branched byproduct
was >30:1. Thethiol ester was reduced with Et;SiH and 10%
Pd/C to provide dialdehyde 369, which underwent an
intramolecular aldol reaction as in the preceding synthesis
from p-mannitol to afford cyclic aldehyde 370. The comple-
tion of the synthesis of oseltamivir was carried out as has
been shown in the preceding route by the same group.*

This second route by Mandai’ s group consisted of 18 steps
and gave the free base of oseltamivir in 8% yield from
L-methionine derivative 377, whose preparation from the
amino acid would require additional steps. The researchers
managed to find an alternative azide-free route and exploited
the versatility of S-lactams as chira building blocks to
produce material in very high ee. The protecting group
chemistry has been simplified with respect to the b-mannitol
approach, but unfortunately, this did not trandate into a
shorter process. The probable lower cost of goods of the
D-mannitol route is an additional consideration in its favor,
but neither route seems to have a clear advantage over the
other.
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4. Summary of Synthetic Approaches to
Zanamivir and Oseltamivir

Tables 1 and 2 summarize the synthetic routes to zanamivir
and oseltamivir published to date respectively.’> Special
attention has been paid to factors such as scale, the use of
inexpensive and readily available starting materials, the need
for protecting groups, purification techniques, and whether
or not the route employs azide as nitrogen nucleophile.
Additional comments have been included to highlight other
aspects of the syntheses that have been considered relevant.

5. Conclusions

As was mentioned at the beginning of this review,
zanamivir and oseltamivir are the only two drugs approved
to combat both influenza A and B. Zanamivir has seen
limited use in patients not only dueto its low bioavailability
and the need to administer it topically to the respiratory tract
by intranasal spray or by inhalation but aso, according to
its discoverer Biota, because of the lack of support to
adequately promote and market the drug by its partner
GlaxoSmithKline'®® As a result, only one synthesis of
zanamivir (Yao,® 2004) has been reported since Glaxo's
large scale preparation in 1995.28 Therefore, oseltamivir is
essentially the only weapon currently available to treat the
disease and the research efforts of the scientific community
have almost exclusively focused on the development of new
approaches to this drug.

After reviewing the current status of oseltamivir synthesis,
several goals can be identified to develop practical routes
that can be converted into commercial processes:

(1) Reduce the number of steps and operations to increase
throughput and overall yield: the synthetic routes described
in this review range anywhere from 8 to 25 steps. Gilead®
was able to produce multi-kilogram quantities of oseltamivir
in 14 steps, but syntheses shorter than 10 steps have already
been reported by Trost,*?’ Shi,**® and Hayashi.**"

(2) Reduce the use of protecting groups: it isimperative that
the use of protecting group chemistry is minimized so that
throughput can be increased. In a highly functionalized
molecule such as oseltamivir this is a difficult task, but the
syntheses by Gilead,”®* F. Hoffmann-La Roche Ltd.*
Shibasaki,”*" and, especially, Shi** serve to provethat it is
feasible to accomplish this objective.

(3) Employ nitrogen nucleophiles other than azide: even
though the use of azide is widespread among the processes
that have been described, many groups have been able to
find aternatives for the introduction of the amino and
acetamido groups on the ring, such as F. Hoffmann-La Roche
Ltd.,>* Roche Colorado Corporation,® Corey,% Y a0,% Fuku-
yama,'®* Fang,''* Trost,*?” Banwell,** and Mandai.**

(4) Employ alow cost of goods: it seems clear that, for many
of the groups that have reported approaches to oseltamivir,
it is very important to start from inexpensive and readily
available starting materials, especialy if they already possess
some of the chirality that is found in the target molecule or
if that chirality can be used as a handle to introduce the
desired stereochemistry. The protocols developed by F.
Hoffmann-LaRoche Ltd.,* Y ao,® Fukuyama,'®* Fang, %1
Banwell,**? and Mandai**14! are examples of this.

(5) Develop a convergent synthesis: all syntheses of osel-
tamivir to date are linear. A major breakthrough would be
the development of a convergent synthesis that could bring
together two fragments with some or all the functionality

Magano

already present, with the goal of decreasing the number of
steps of the longest synthetic branch. A Diels—Alder reaction
seems an obvious choice to build the cyclohexene ring, but
the densely functionalized oseltamivir molecule may make
this approach unfeasible.

Some of the syntheses described above meet severa of
these criteria to be considered for large scale production,
such as the examples by Fang,''! Trost,**” Shi,’*® and
Hayashi.®¥” The “greenness’ of the route is another factor
to take into consideration, and this has been recently reviewed
for six industrial syntheses and nine approaches by academic
groups to oseltamivir using an algorithm to determine their
global material efficiency performance.*

There are concerns that it is unavoidable that a pandemic
will occur within the next few years, "% with its origin
most likely in Asia, and that it can reach the United States
in only 3 months. Even though avaccine for chickens against
the H5N1 strain (the virus now causing avian flu) already
exists and a human version program is underway, the need
for up to six months to produce the vaccine may render it
useless. In addition, there is fear that if a vaccine is widely
used, the virus will mutate, thus rendering it ineffective.
Therefore, continuous efforts are needed to develop drugs
which are safe and effective as well as to devise new methods
of drug delivery that can maintain the drug level in the lung
for longer periods of time without any side effects.

The information presented in this review shows that the
synthesis of neuraminidase inhibitors, and oseltamivir in
particular, is a very active field of research. Even though
both zanamivir and oseltamivir are currently available for
the treatment of influenza, the fear of a devastating pandemic
and the possibility that drug-resistant strains of avian flu can
emerge as a result of these treatments'™ has spurred the
imagination of synthetic organic chemists, both in academia
and industry, to produce new structures that can combat the
disease. As a consequence, a large number of publications
on the syntheses of new neuraminidase inhibitors has been
generated in recent years.'®® The current manufacturing
process for oseltamivir guarantees the availability of large
amounts of the drug, and many nations have drawn up
pandemic-preparedness plans'®® and stockpiled millions of
doses to be used strategically should a widespread influenza
outbreak occur.'®? On the other hand, the limited availability
of (—)-shikimic acid and (—)-quinic acid in nature is amajor
drawback for the current industrial manufacturing, and new
synthetic approaches that begin from more readily available
and inexpensive starting materials are indispensable.

Many of the routes presented in this review show amazing
ingenuity in their strategies to assemble the molecule but
are lengthy in their present state and rely heavily on
protecting groups to accomplish their goal, which makes
them impractical for manufacturing scale. But, at the same
time, their mere existence is a sign of the imagination
displayed by synthetic organic chemists to confront difficult
problems and guarantees that, eventualy, alternative and
practical paths to these important drugs and new ones will
be available.’®®

6. Abbreviations

acac acetylacetonate

AIBN 2,2'-azobis(2-methylpropionitrile)
CAN cerium(lV) ammonium nitrate
CBz benzyloxycarbonyl

CDI 1,1'-carbonyldiimidazole
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COD cyclooctadiene
CSA (19)-(+)-10-camphorsulfonic acid

DBU 1,8-diazabicyclo[5.4.0lundec-7-ene

DDQ 2,3-dichloro-5,6-dicyanobenzoquinone

DEAD diethyl azodicarboxylate

DHP 3,4-dihydro-2H-pyran

DIAD diisopropy! azodicarboxylate

DIBAL-H diisobutylaluminum hydride

DIPEA diisopropylethyl amine

DMAP 4-dimethylaminopyridine

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

DMP Dess—Martin periodinane

DMSO dimethylsulfoxide

DPPA diphenylphosphoryl azide

Dppf bis(diphenylphosphino)ferrocene

EDCI N-(3-dimethylaminopropyl)-N’-ethylcarbodiim-
ide hydrochloride

HOBt 1-hydroxybenzotriazole

IPA 2-propanol

KHMDS potassium hexamethyldisilazide

m-CPBA m-chloroperbenzoic acid

MOM methoxymethyl

MsCl methanesulfonyl chloride

MTBE tert-butyl methyl ether

MW microwave

NaHMDS sodium hexamethyldisilazide
NANA N-acetylneuraminic acid

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

NMO 4-methylmorpholine N-oxide
NMP 1-methyl-2-pyrrolidinone
PDC pyridinium dichromate

PLE pig liver esterase

PMB p-methoxybenzyl

PMP p-methoxyphenyl

PPTS pyridine p-toluenesulfonate
Py pyridine

rt room temperature

SES 2-(trimethylsilyl)ethanesulfonyl
TBAB tetrabutylammonium bromide
TBAF tetrabutylammonium fluoride
TBDPS tert-butyldiphenylsilyl

TEA triethylamine

TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl
Tf trifluoromethanesulfonyl

THF tetrahydrofuran

THP tetrahydropyran

T™MS trimethylsilyl

Tr trityl

p-TsCl p-toluenesulfonyl chloride
p-TsOH p-toluensulfonic acid
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