Chinese Chemical Letters 37 (2026) 111555

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

A concise asymmetric synthesis of (-)-oseltamivir phosphate via a ®)

Check for

biphasic Pd-catalyzed Heck-type cyclization

Qi WangP, Bichu Cheng®P, Minjie Liu¢, Fen-Er Chen&P<*

3 Institute of Flow Chemistry and Engineering, College of Chemistry and Materials, Jiangxi Normal University, Nanchang 330022, China

b School of Science, Harbin Institute of Technology (Shenzhen), Shenzhen 518055, China

¢ Engineering Center of Catalysis and Synthesis for Chiral Molecules, Department of Chemistry, Fudan University, Shanghai 200433, China

ARTICLE INFO ABSTRACT

Article history:

Received 30 April 2025
Revised 21 June 2025
Accepted 7 July 2025
Available online 11 July 2025

Keywords:

Asymmetric synthesis
(-)-Oseltamivir phosphate
Heck-type cyclization
Hetero-Diels-alder reaction
Nucleophilic substitution reaction

A concise asymmetric synthesis of the anti-influenza drug (-)-oseltamivir phosphate (1) has been ac-
complished in 9 steps with an overall yield of 24%, starting from ethyl propiolate. The key features in
this synthesis include an efficient biphasic Pd-catalyzed regioselectively intramolecular Heck-type cycliza-
tion to provide access to the highly valued chiral six-membered carbocyclic architecture, a regioselective
and diastereoselective nitroso hetero-Diels-Alder reaction to construct the bicyclic oxazine 4 as well as a
Cu(OTf),-mediated regioselective and diastereoselective nucleophilic substitution reaction of bicyclic ox-
azine 4 with 3-pentanol to yield the trans-1,2-substituted diamino cyclohexyl amyl ether 16 with the
correct three contiguous stereocenters. This rapid functionalization of the advanced molecular framework
would offer an effective strategy for the asymmetric synthesis of other oseltamivir phosphate analogues.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Seasonal influenza (the flu) is an acute respiratory infection
caused by influenza viruses and remains a major worldwide health
problem. Annually, the influenza has resulted in approximately 1
billion diagnosed cases of infection and >290 thousand related
deaths [1]. (-)-Oseltamivir phosphate (1, Tamiflu, Fig. 1) is the
water-soluble and orally bioavailable prodrug of the correspond-
ing potent and selective inhibitor oseltamivir acid (2) of influenza
neuraminidases A and B [2]. The acid mimics the transition state
of the reaction catalyzed by the neuraminidase of the influenza
virus, preventing the cleavage of sialic acid (3) from the glycopro-
tein during the viral replication process and inhibiting the spread
of viruses to neighboring cells [3]. (-)-Oseltamivir phosphate (1)
was developed by Gilead Science[4] and Hoffmann Roche [5] and
approved by the US Food and Drug Administration (FDA) in 1999
for the treatment and prevention of both type A and type B human
influenza. It has subsequently been included on the World Health
Organization (WHO) Model List of Essential Medicines [6].

Nowadays, the industrial manufacture of (-)-oseltamivir phos-
phate (1) relies on the Roche’s semisynthetic approach utilizing
naturally occurring (-)-shikimic acid as the starting material [5,7]
which is obtained either by extraction of star anise or by a fermen-
tation of genetically engineered Escherichia coli strain [8,9]. Numer-
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ous efforts have been devoted to improve the synthesis [10,11],
resulting in some highly efficient and innovative routes [12-21].
Several different strategies have been developed for synthesizing
the carbocyclic core structure of (-)-oseltamivir phosphate (1). The
substituted cyclohexene can be obtained through selective func-
tionalization of the carbocycle from commercial supplies [16,17,20],
or prepared by bottom-up synthesis, including Diels-Alder reac-
tion [12,15,19,21], intramolecular condensation reactions (Fig. S1
in Supporting information) [13,14,18]. Herein we present a concise
and new asymmetric synthesis of (-)-oseltamivir phosphate (1) by
employing a biphasic Pd-catalyzed 6-endo Heck reaction to form
the carbocycle.

Our retrosynthetic analysis of (-)-oseltamivir phosphate (1) is
depicted in Scheme 1. We envisioned that the target molecule 1
could be accessed from the advanced bicyclic oxazine 4 through
a three-step sequence including Cu(OTf),-mediated ring-opening
etherification, deprotection and salt formation. The bicyclic core
of 4 would be available by a regio-and diasteroselective hetero-
Diels-Alder reaction of the chiral cyclohexadienyl amine 5 with the
acyl nitroso dienophile. To access chiral cyclohexadienyl amine 5,
a challenging Pd-catalyzed regioselective intramolecular Heck-type
cyclization of (Z)-B-iodo homoallylic amine 6 would need to be
addressed. (Z)-B-iodo homoallylic amine 6 would be derived from
the asymmetric allylation of the chiral (Z)-N-sulfinyl imine 7 and
Zn reagent, in situ derived from Zn and allyl bromide derivative.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Structures of (-)-oseltamivir phosphate (1), its active form oseltamivir acid
(2) and sialic acid (3).
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Scheme 1. Retrosynthetic analysis of 1.
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Scheme 2. Synthesis of chiral (Z)-8-iodo homoallylic amine 6.

Chiral imine 7 could be prepared through a series of functional
group transformations from the commercially available ethyl pro-
piolate.

Our synthesis efforts commenced with the preparation of (Z)-
B-iodo homoallylic amine 6 as shown in Scheme 2. Hydrohalo-
genation of commercially available ethyl propiolate with Nal un-
der Ma’s conditions (AcOH, 70°C, 15h) afforded exclusively the
thermodynamically unfavorable ethyl (Z)-B-iodoacrylate (8) in ex-
cellent yield [22], which was readily converted into the (Z)-8-
iodoacrolein (9) through DIBAL-H reduction of 8 followed by the
Ti(0-i-Pr)4-mediated condensation with (S)-tert-butylsulfinamide
at 0°C within 9h gave (Z)-N-sulfinyl imine 7 with a Z/E ratio of
9:1. The geometrically pure (Z)-N-sulfinyl imine 7 was obtained
through the replacement of Ti(O-i-Pr), with Ti(OEt),. Without the
isolation of the required 7, the direct Barbier allylation with the Zn
reagent, in situ derived from Zn powder and allyl bromide deriva-
tive in the presence of LiCl with H,O as additive furnished the de-
sired (Z)-B-iodo homoallylic amine 6 in an overall yield of 81%
with the excellent diastereoselectivity (dr > 95:5) over the three
steps. It is worth mentioning that in the absence of water, only
59% of the desired product 6 was formed, indicating the addition
of water is crucial for this asymmetric allylation reaction [23,24].
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This is consistent with our previous observation of similar trans-
formations [23].

With the chiral amine 6 in hand, we next turned our atten-
tion to the key Pd-catalyzed regioselective intramolecular Heck-
type cyclization reaction for the synthesis of 5 along the projected
pathway (Table 1) [25]. Initial efforts to directly form the desired
5 under Genét’s conditions [26] led to the formation of complex
and inseparable mixtures (entries 1 and 2). Attempts to run the
cyclization process using Pd(P(tBu)s), and PdCl,dtbpf instead of
PdCl,/TPPTS and Pd(OAc),/TPPTS as catalysts were also unsuccess-
ful, yielding an extremely low isolated yield of the desired prod-
uct 5, along with significant formation of side product 10, which
was proposed to be formed through a competing 5-exo cyclization
followed by dealkoxycarbonylation (entries 3 and 4). Changing the
solvent from MeCN/H,O0 to H,O as the sole solvent led to the pre-
dominant product 5 albeit no decrease in yield for 10 under the
same reaction conditions (entry 5). To our delight, when performed
in the presence of the 5 wt% TPGS-1000 (surfactant) under the re-
action conditions of entry 6, the cyclization reaction produced 5
and 10 in 51 % and 15% yields, indicating that the formation of exo-
product 10 can be reduced. Decreasing reaction temperature from
70°C to 50°C, the reaction delivered 71% of product 5 and 20% 5-
exo product 10 (entry 7). However, the reaction at room tempera-
ture resulted in no reaction (entry 8). Reducing PdCl,dtbpf catalyst
loading from 10 mol% into 5 mol% did not seem to affect this trans-
formation (entry 9), retaining a similar result of entry 7 in Table
1. Unfortunately, a very poor outcome of 5 was obtained when
the PdCl,dtbpf catalyst loading was diminished to 2 mol% (entry
10). Variation of the amount of TPGS-1000 used in the cycliza-
tion was next explored. It is important to note that the amount
of TPGS-1000 has a significant effect on the regioselectivity of the
Heck-type cyclization process (entries 11-13). The optimized reac-
tion conditions were found to be the best results to generate 5 in
73 % when the amount of TPGS-1000 was decreased to 3 wt% (en-
try 11). Screening of other surfactants including TPGS-750-M [27],
Triton X-100 and Tween 80 did not improve the reaction results
(entries 14-16).

With the optimal reaction conditions established (Table 1, en-
try 11), we next proceeded to explore the substrate scope of the
biphasic Pd-catalyzed intramolecular Heck-type cyclization shown
in Scheme 3. For (Z)-B-iodo homoallylic amines with alkyl group
(methyl and pentyl) at C3 position in 6 gave poor yield of desired
products accompanied by a significant amount of 5-exo byprod-
ucts (details see Supporting information). The (Z)-$-iodo homoal-
lylic amines with methyl and substituted aryl groups in 6 afforded
the expected endo-Heck cyclization products 5c¢-5f in moderate to
good yields. A similar trend was observed with disubstituted (Z)-8-
iodo homoallylic amines delivering 5g-5j in good yields. The stere-
ochemistry of products 5c¢-5j was elucidated by NOESY analysis
(details see Supporting information), and the absolute configura-
tion of 5d was further determined as (5R,6S) by X-ray crystallo-
graphic analysis of its oxidation product 5d’.

After successfully constructing the required six-membered ring
core with the biphasic Pd-catalyzed intramolecular Heck-type cy-
clization methodology newly developed, we then turned our atten-
tion to complete the synthesis of 1 (Scheme 4). Our initial attempts
to directly convert cyclohexadienyl amine 5 to the correspond-
ing bromodiamide by following Corey’s conditions (BrNHAc, SnBry)
proved to be unsuccessful [28], with only the decomposition of
the starting material being observed. This failure was attributed
to the lability of the tert-butyl sulfinamide group under the Lewis
acidic conditions employed. Compound 5 was instead subjected to
a controlled oxidation with 3-chloroperoxybenzoic acid (m-CPBA)
(1.2 equiv.) in dilute ethyl acetate (EtOAc) to produce tert-butyl
sulfonamide (Bus) 11 in good yield. The bromoamidation of com-
pound 11 successfully yielded bromodiamide 12. Consistent with
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Table 1
Optimization of the biphasic Pd-catalyzed intramolecular Heck-type cyclization conditions of (Z)-B-iodo homoallylic amine 6.
o ) catalyst (x mol%)
1] Et3N (3.0 equiv.) @COQEt
t—Bu‘S\N\‘“ surfactant (y wt%) O\\ R + 9
H solvent , temp. \_SfNH t-Bu\"S\N
CO,Et tBu H
6 5 10

SO;Na SO;3Na

[e]
SPeBu), © ot
©\P/© NO/\(\/ %OH ONO/\Q/O\%;\OMe \6/\ )‘“
@\ @P(r Bu), o o
3 3
SO4Na

TPPTS dtbpf TPGS-1000 TPGS-750-M Triton X-100

Entry Catalyst (x mol%) Surfactant (y wt%) Solvent Temp (°C) Regioselectivity

6-endo product 5 (%)° 5-exo product 10 (%)

1 PdCl, /TPPTS (10) MeCN/H,0 (6:1) 70 Mess Mess
2 Pd(OAc), /TPPS (10) MeCN/H,0 (6:1) 70 Mess Mess
3 Pd(PtBus), (10) MeCN/H,0 (6:1) 70 12 33
4 PdCl,dtbpf (10) MeCN/H,0 (6:1) 70 16 35
5 PdCl,dtbpf (10) H,0 70 47 36
6 PdCl,dtbpf (10) TPGS-1000 (5) H,0 70 51 15
7 PdCl,dtbpf (10) TPGS-1000 (5) H,0 50 71 20
8 PdCl,dtbpf (10) TPGS-1000 (5) H,0 r.t. NR NR
9 PdCl,dtbpf (5) TPGS-1000 (5) H,0 50 70 19
10 PdCl,dtbpf (2) TPGS-1000 (5) H,0 50 40 11
11 PdCl,dtbpf (5) TPGS-1000 (3) H,0 50 73 18
12 PdCl,dtbpf (5) TPGS-1000 (2) H,0 50 59 25
13 PdCl,dtbpf (5) TPGS-1000 (1) H,0 50 50 37
14 PdCl,dtbpf (5) TPGS-750-M (3) H,0 50 45 46
15 PdCl,dtbpf (5) Triton X-100 (3) H,0 50 49 21
16 PdCl,dtbpf (5) Tween 80 (3) H,0 50 Trace Trace

2 The reactions were carried out on a 0.2 mmol scale: 6 (79.8 mg, 0.2 mmol) was added catalyst (x mol%), EtsN (0.6 mmol) and surfactant (y wt%) in solvent (1.0 mL) under
nitrogen conditions, and the mixture was stirring overnight.
b [solated yield.

R1 R, t—Bu,,S,/O F%us Bus Br
>=\_>—002Et PdCI,dtbpf (5 mol%) HN,, m-CPBA HN,, BINHAG, SnBry N, NHAG
| R EtsN (3.0 equiv.) CO,Et EA 090G CHACN, -40°C_
< - A i A \ / > 0,
N 3w% TPGS-1000/ 0 §oni R, . % (82%)
e so°c +BU ) CO,Et CO,Et 12 COLEt
a-—j 5a-j
H3C, CsHa Bus O LHMDS H‘
HN, N THF
CO,Et CO,Et @—coza K &10t00°C
Q SN O & (45%) s
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t-BU t-BU t-BU (-)-oseltamivir CO,Et
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Ac
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@—coza COzEt HN,, (not fgrmed) 12
o\ \&_6/ cCcDC: 2331610
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HsC, Scheme 4. Unsuccessful initial attempt for the synthesis of 1.
. @—coza . @—coza @—c%a
NS NS (0] —
S—NH Ar S—NH Ar Ny %
tBu tBU t_Bd-s NH - Ph
product aziridine 14, but only the O-alkylation product oxazoline
5e Ar = 3-OMePh (82%) 5f Ar = 3-CIPh (56%) 59 (78%) . X
13, which was a dead end for the synthesis.
Cathiy HaC CsHs To address the challenges associated with aziridine formation,
@,COZE‘ @CO e COLEL an alternative approach toward (-)-oseltamivir phosphate (1) was
2 2! . .
o o Q explored (Scheme 5). A hetero-Diels-Alder reaction between cyclo-
P o A o N hexadienyl amine 5 and the in situ generated acyl nitroso readily
h (77%) 51 Ar = 3-0MePh (81%) 5 Ar = 3-OMePh (84%) occurred in a highly regio- and diastereoselective fashion to pro-

vide bicyclic oxazine 15 as the major product [30]. The structure of
Scheme 3. Scope of six-membered chiral amine via Pd-catalyzed intramolecular 15 was elucidated by NMR spectroscopic analysis, and was further
Heck cyclization. confirmed by X-ray crystallographic analysis of a single crystal.

Subsequent oxidation of 15 with m-CPBA furnished sulfonamide 4
Corey’s findings [21,29], the bromide reacted with the olefin from in 96% yield.

the counter steric face, which was confirmed by the X-ray structure The installation of the 3-pentylether group was firstly pur-
of compound 12. Unfortunately, the intramolecular cyclization of sued by adopting a Sy’-type transformation. Accordingly, reductive
12 under basic conditions did not generate the desired N-alkylation cleavage of the labile N-O bond of 15 and 4 with samarium diio-
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Bus tBu,, O #Bu/. 20 precedented in published routes. Notable transformations include
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HN,, A~ m-CPBA HN Pd/C, H, HN,, a diastereoselective allylation reaction of cis-«,8-unsaturated chi-
DCM, 0°C - EtOH, RT .. ; X .
) oo ral imines, a Pd-catalyzed regioselective intramolecular Heck-type
19 GOt 5 cyclization for the synthesis of chiral cyclohexadienyl amines, a re-
2 CO,Et 20 COzEt . . . . . L
gioselective and diastereoselective nitroso hetero-Diels-Alder reac-
OQQBU /| cot oD BocHN,, tion and a Cu(OTf),-mediated regioselective and diastereoselective
HN N—© bCM, RT ‘ R nucleophilic substitution reaction. Moreover, the chiral cyclohexa-
L NWNPh (85%) 2) Boc,0, NaHCO, Loet dienyl amines are versatile synthons for further selective trans-
21 O THF, RT 2 formations, as exemplified in a formal synthesis of (-)-oseltamivir

(95%)

Scheme 6. Selective transformations of compound 5.

dide (Sml;) gave allylic alcohols 17 and 18, respectively, in excel-
lent yields. Unfortunately, attempts to introduce the 3-pentylether
group to 17 and 18 all failed despite trying a variety of conditions.
In order to circumvent this obstacle, we decided to install the 3-
pentylether group earlier in the route. First, it was found that the
hetero-Diels-Alder reaction and the subsequent sulfinamide oxi-
dation reaction could be carried out in a one-pot fashion, com-
pound 4 was obtained from diene 5 directly in 76% yield. Ring
opening of 4 with 3-pentanol was then investigated. Upon screen-
ing various conditions, it was revealed that Cu(OTf), could effec-
tively mediate the regio- and diastereoselective ring-opening of
4 with 3-pentanol, affording trans-1,2-substituted diamino cyclo-
hexyl amyl ether 16 in 88% yield, which already contained the
skeleton and all three chiral centres of the final target. The end
game of this synthesis included zinc-mediated reductive cleavage
of the N-O bond under acidic conditions, AICl3 enabled removal
of the Bus group [31], and salt formation with H3PO,4, providing
(-)-oseltamivir phosphate (1) in 64 % yield. All the spectra data of
thus synthesized 1 matched well with that previously reported in
the literature [12,20,32].

Furthermore, these chiral cyclohexadienyl amines can serve as
useful synthons, as demonstrated by the selective transformations
of chiral cyclohexadienyl amine 5 (Scheme 6). Treatment of 5
with excess m-CPBA first induced sulfur oxidation, converting the
tert-butyl sulfinamide into a sulfonamide and subsequent directed
olefin epoxidation yielded epoxide 19 stereoselectively as a single
isomer [33]. Selective catalytic hydrogenation produced the cyclo-
hexene derivative 20, while a Diels-Alder reaction with 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD) yielded the adduct 21. Removal
of the chiral auxiliary and protection of the amine with Boc fur-
nished Corey’s intermediate 22 [21], thereby completing a formal
synthesis of (-)-oseltamivir phosphate (1).

In summary, a concise asymmetric synthesis of (-)-oseltamivir
phosphate (1) has been successfully developed, which proceeds
with a longest linear sequence of 7 steps from the known alde-
hyde 9 (or 9 steps from ethyl propiolate, 24% overall yield). The
key bond disconnections employed in our synthesis of 1 are un-

phosphate (1). Particularly, the convergence and modularity nature
of our synthesis of 1 render it amenable to derivative synthesis.
Further progress in this direction will be reported in due course.
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