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Influenza viruses pose a serious threat to world public health.
Two of the drugs currently used to treat influenza patients are
Tamiflu (1; (—)-oseltamivir phosphate)!! and Relenza
(zanamivir),” both of which inhibit viral neuraminidase.
Currently, Tamiflu is produced and supplied by Roche using
(—)-shikimic acid as the starting material.’) The production of
(—)-shikimic acid with consistent purity, however, requires a
lot of time and is costly. In addition, the dependence on a
single synthetic route for the supply of such an important drug
is unwise. Therefore there is an urgent demand for the
development of alternative practical syntheses of Tamiflu,
starting from easily available starting materials.[**! We report
herein a new synthesis of Tamiflu which features a novel
asymmetric Diels—Alder-type reaction catalyzed by a barium/
F,-FujiCAPO complex.

Our retrosynthetic analysis is shown in Scheme 1. The
3-pentyloxy group at C3 should be introduced at a late stage
by a ring-opening reaction of an N-acetyl aziridinel*!
produced from f-alcohol 2 under Mitsunobu conditions. In
our previous reports, ¢! we utilized a cyanide group as a
precursor for the ester group at C1, however, its introduction
and conversion into an ethoxycarbonyl group afforded only
moderate yields of the desired product. Therefore, we sought
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Scheme 1. Retrosynthetic analysis.
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an alternative ester surrogate which led to the identification
of protected hydroxy malononitrile anion 4, developed by
Nemoto and Yamamoto et al.,® as a promising candidate.
The introduction of 4 to cyclic carbamate 5 by a palladium-
catalyzed allylic substitution would produce cyclohexene
derivative 3, which in turn would be converted into (3-alcohol
2 by epoxidation and subsequent unveiling of the masked
ester equivalent. Cyclic carbamate 5§ would be obtained from
hydroxy dicarboxylic acid 6 by using the Curtius rearrange-
ment. A catalytic asymmetric Diels—Alder-type reaction
between diene 7 and dienophile 8! should produce a
precursor of 6. Thus, the first step was to develop such a
key reaction.

Although a number of Lewis acid catalyzed asymmetric
Diels-Alder reactions have been reported to date,™ including
those using ketone-derived siloxy dienes (such as Danishef-
sky’s diene),” none of them utilize 7 because of the lability of
7 under acidic conditions. Indeed, 7 readily polymerized in the
presence of representative chiral Lewis acid catalysts. There-
fore, we examined a conceptually distinct catalytic asymmet-
ric Diels—Alder-type reaction that was not dependent on acid
catalysis. We envisioned that metal alkoxides (or phenoxides)
might activate the siloxy diene through the formation of a
hypervalent silicate or transmetalation (HOMO-raising
mechanism; HOMO = highest occupied molecular orbital).!""!
Table 1 shows the initial optimization results. First we used
(R)-binol (11; binol =2,2'-dihydroxy-1,1"-binaphthyl) as the
chiral ligand, and examined several metal isopropoxides as
catalytic metal sources (30 mol % ) in CH,Cl, at room temper-
ature (Table 1, entries 1-4). Among the metal isopropoxides
examined, Ba(OiPr), afforded the desired products in mod-
erate yield (Table 1, entry 2; isomers 9 and 10 were insepa-
rable by silica gel column chromatography),!Y however a
meaningful enantioselectivity was not induced. The effects of
several chiral ligands on the enantioselectivity were examined
at —20°C (Table 1, entries 5-10). Whereas the reaction did
not proceed at all using (R)-binol at this low temperature,
products were obtained in 97 % yield within 30 minutes by
using taddol (12; Table 1, entry 5). Unfortunately, enantioin-
duction was also not observed in this case. Careful analysis of
the reaction mixture revealed that the ligand was partially
silylated (see below), suggesting that the chiral ligand was
partially dissociated from the barium metal. This observation
may explain why meaningful enantioinduction was not
realized, even with the use of privileged chiral ligands. We
therefore used multidentate ligands 13-15 which were
developed in our laboratory,!? anticipating that an effective
chiral environment would be retained even after partial
ligand silylation."®! Initial promising enantioselectivity of
desired product 9 was attained using F,-GluCAPO (13); the
products were produced in 72% combined yield (9/103:1)
and with 77 % ee for 9 (Table 1, entry 6). When the amount of
catalyst used was reduced to 20 mol %, however, the reaction
was sluggish and the enantiomeric excess of 9 decreased to
61% ee (Table 1, entry 7). In contrast, when the barium/
FujiCAPO (14) complex was used, the reaction proceeded
quickly and desired product 9 was obtained with 73 % ee.
However, several unidentified products were also produced,
resulting in a moderate combined yield of 9 and 10 (34 %;
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Table 1: Initial screening of reaction conditions.

OTMS com M(OiPr), Y., pZ SO
Ve Ligand wCOMe
. Q
CH,CI, (02 M
X Meo,C R CO,Me

7 8 9: Y =0TMS (and OH), Z=H
3 equiv (endo: desired)
10: Y =H, Z=0OTMS (and OH)
(exo: undesired)

Entry M  Ligand t[h] Combined d.r® (9:10) ee[%] of 97

yield [%)]
e Mg 11 17 0 - -
2b<d  Ba M 17 45 311 4
3beed sc M 17 0 ~ -
4l Gd M 17 0 - -
5t Ba 12 0.5 97 4:1 1
6t Ba 13 25 72 3:1 77
7141 Ba 13 42 74 3:1 61
L Ba 14 15 34 5:1 73
9ldfl Ba 15 17 62 6:1 73
104fd  Ba 15 23 64 311 88

[a] Determined by chiral GC analysis. [b] Added 4 A molecular sieves
(500 mg per mmol 8). [c] Metal (30 mol %), ligand (30 mol %). [d] Metal
(20 mol %), ligand (20 mol %). [e] RT. [f] —20°C. [g] THF was used as the

solvent. TMS = trimethylsilyl.
Ph_ Ph

Ph St

OPh Ph pily o iR

1}

PhX - o™ Ho™
Me © 'KOH 0] F [¢] X
Ph Ph

HO : F HO : X

F,-GIUCAPO (13) FUjiCAPO (14): X = H
F,-FUiCAPO (15): X =

TADDOL (12)

F

Table 1, entry 8). The catalyst derived from F,-FujiCAPO
(15) was the most effective in terms of reactivity, enantiose-
lectivity, and diastereoselectivity, affording 9 with 73 % ee
(Table 1, entry 9). The enantiomeric excess of 9 was improved
to 88% ee when THF was used as the solvent (Table 1,
entry 10).

The reactivity and enantioselectivity of the Diels—Alder-
type reaction were additionally improved, such that the
reaction could be run on large scale, by optimizing the
additives (Table 2). Thin layer chromatography analysis of the
progress of the reaction (Table 1) revealed that the reaction
mixture contained significant amounts of unsilylated prod-
ucts, even under strictly anhydrous conditions. This result
suggested that the silicon transfer step from 7 to the
secondary alkoxide products intervened in the catalytic
cycle (see below), and that this step was catalyst turnover-
limiting. The silicon transfer should be accelerated by the
formation of a pentavalent silicate with Lewis base addi-
tives,' therefore we examined the additive effects of
catalytic metal fluorides (20 mol %, Table 2).

Although the addition of KF had no effect on the reaction
(Table 2, entry2), the addition of LaF;, ZnF,, and CsF
facilitated the reaction (Table 2, entries 3-5). Specifically, CsF
had a remarkable effect (Table 2, entry 5); the reaction was
complete within 30 minutes and the desired 9 was obtained
with significantly higher enantioselectivity (96 % ee), but the
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Table 2: Additive metal fluoride effects.

oTMS Ba(OiPr), OH

ﬁ JI/cone ad;ﬁ‘ive @COZMe

+
N Meoc THF (02 M) COMe
-20°C;
7 8 1M HCl aqg. 9: 0-OH

3 equiv 10: -OH

Entry  Additive t[h]  Combined  d.r® (9:10)  ee[%] of 9¥
yield [%)]

1! - 23 64 3:1 88
201 KF 38 79 311 87
30l LaF, 18.5 74 3:1 85
40 ZnF, 12 67 311 19
50l CsF 05 >99 2:1 96
69 CsF 05 >99 2:1 93
74 CsF 36 91 4:1 97
gldel CsF 36 88 4:1 94
9l CsF 9 91 5:1 95
10! CsFl 24 >99 5:1 91

[a] Determined by chiral GC analysis. [b] Ba(OiPr), (20 mol%), 15
(20 mol %). [c] Ba(OiPr), (10 mol%), 15 (10 mol%). [d]Ba(QiPr),
(2.5 mol %), 15 (2.5 mol%), 0.67m of 8. [e] 12 g scale. [f] 58 g scale.
[g] Ba(OiPr), (1 mol%), 15 (1 mol%). [h] CsF=5mol%. In other
entries, the same mol% of additives as those of Ba and 15 was used.

diastereomeric ratio was less satisfactory (2:1). The catalyst
loading was reduced to 2.5 mol % under more concentrated
conditions (Table 2, entry7),"™ and the products were
afforded in 91 % combined yield with a higher diastereomeric
ratio of 4:1. The enantiomeric excess of 9 was maintained
(97 % ee). The reaction is practical, and a 12 gram scale
reaction was conducted without altering its efficiency
(Table 2, entry 8). On a 58 gram scale, both the enantiomeric
excess and the diastereomeric ratio were almost constant
(Table 2, entry 9), though the reaction was slower, possibly
because of the less satisfactory stirring efficiency. The reaction
can be performed in the presence of 1 mol% of barium/15
and 5mol% of CsF to afford the products (9 and 10) in
greater than 99 % yield (d.r. 5:1) with 91% ee of 9 (Table 2,
entry 10). We have established a practical catalytic asymmet-
ric Diels—Alder-type reaction, which is the key methodology
used for our Tamiflu synthesis.

Having established the key catalytic asymmetric Diels—
Alder-type reaction, we investigated the synthesis of Tamiflu.
Our optimized route is summarized in Scheme 2. The
hydrolysis of the Diels—Alder products (5:1 mixture of 9
and 10) proceeded uneventfully to afford dicarboxylic acids
16, and treatment of 16 with DPPA!Y and Et;N cleanly
produced the corresponding hydroxy diacyl azide derived
from 9. In this step, the reaction temperature had to be strictly
maintained below 4°C to prevent spontaneous Curtius
rearrangement, which would diminish the yield of the desired
products. Products derived from the minor isomer (exo-10)
decomposed during this transformation. The desired diacyl
azide was roughly isolated, after silica gel column chroma-
tography in approximately 95% yield in two steps from 9.7
Next, the Curtius rearrangement was performed to construct
the two neighboring nitrogen functionalities of Tamiflu. A
solution of the diacyl azide in anhydrous tBuOH was heated
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Scheme 2. Catalytic asymmetric synthesis of Tamiflu. Reagents and conditions: a) Ba(OiPr), (2.5 mol %), F,-FujiCAPO (15, 2.5 mol %), CsF

(2.5 mol %), THF, —20°C, 36-96 h; aq. 1m HCl (91%, 5:1, 95% ee for 9); b) aq. 2m NaOH (10 equiv), MeOH, 60°C, 10 h; c) DPPA (3 equiv),
Et;N (3 equiv), THF, 0°C, 21 h (95% (2 steps from 9)); d) tBuOH, 80°C, 13 h; €) Ac,0O (2 equiv), Et;N (4 equiv), DMAP (10 mol %), CH,Cl,, RT,
2.5 h (ca. 98% (2 steps)); f) Recrystallization from CH,Cl,/cyclopentyl methyl ether (1:2; 80%); g) 4 (1.2 equiv), [Pd,(dba),]-CHCl; (2 mol %), dppf
(4 mol %), toluene, 60°C, 30 min (85%); h) TFAA (10 equiv), urea/H,0, (20 equiv), Na,HPO, (15 equiv), CH,Cl,, 4°C, 2 h; i) K,CO; (5 equiv),
EtOH, RT, 5 h; j) DEAD (2 equiv), PPh, (2 equiv), p-nitrobenzoic acid (2 equiv), THF, —20°C, 1.5 h; LIOH (3 equiv), EtOH, —20°C, 15 min (65%
(3 steps); k) DIAD (2.1 equiv), Me,PPh (2.1 equiv), Et;N (21 mol %), CH,Cl,, 4°C, 10 min (76%); |) BF;-OEt, (1.5 equiv), 3-pentanol, —20°C,

15 min (75%); m) TFA; H;PO, (73%). DPPA =diphenylphosphoryl azide; DMAP = 4-dimethylaminopyridine; dba =dibenzylideneacetone;
dppf=bis(diphenylphosphanyl)ferrocene; TFAA =trifluoroacetic anhydride; DEAD = diethyl azodicarboxylate; DIAD =diisopropylazodicarboxylate;

TFA=trifluoroacetic acid; Boc =tert-butoxycarbonyl; Ac=acetyl.

at 80°C for 13 hours. The Curtius rearrangement and
subsequent intramolecular trapping of the resulting C4
isocyanate group by the cis-C3 hydroxy group, as well as the
intermolecular addition of fBuOH to the C5 isocyanate group
proceeded in one pot to afford cyclic carbamate 5. Thus, the
two amino functionalities were successfully differentiated by
this sequence. Treatment of § with Ac,O and Et;N selectively
installed an acetyl group on the cyclic carbamate nitrogen
atom, producing 17 in 98 % yield in two steps from the diacyl
azide. Enantiomerically pure 17 was obtained in 80 % yield
after recrystallization of the crude product from CH,Cly/
cyclopentyl methyl ether (1:2).

Although the conversions of 16 into 17 were high yielding,
it was desirable to develop more practical procedures such
that the isolation of the potentially explosive azide compound
could be avoided. Such a protocol was established: after
completion of the diacyl azide formation from 16 was
confirmed by TLC analysis, the reaction was quenched with
1M HCl and the excess Et;N and the diphenylphosphate
byproduct were removed in an aqueous workup,!'” which was
essential for clean conversion in the next Curtius rearrange-
ment."* Neither additional purification of the diacyl azide nor
complete removal of the extraction solvent (AcOEt) was
necessary in this protocol, which was very advantageous
considering the potentially explosive characteristics of neat
forms of azide compounds."” After the Curtius rearrange-
ment, 5 was isolated in 72 % yield from the desired Diels—
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Alder-type product 9 (ca. 95% yield of 5 was isolated from
the treatment of 9 by the above-described procedure using the
isolated diacyl azide).

Among many reported C,acyl anion equivalents,
protected hydroxy malononitrile 4, developed by Nemoto
and Yamamoto et al.,! was effective. Thus, regioselective
allylic substitution proceeded when cyclic carbamate 17 was
heated with 4 in the presence of 2 mol % of [Pd,(dba);]-CHCI,
and 4 mol % of dppf in toluene at 60°C, and product 3 was
obtained in 85% yield. Epoxidation of 3 with insitu
generated trifluoroperacetic acid®! afforded o-epoxide 18
as the sole product.”” This exclusive a-face selectivity is a
result of the directing effect of the neighboring acetamide
moiety at C4.%! Treatment of 18 with K,CO; in EtOH
converted the acetoxydicyanomethyl unit into an ethoxycar-
bonyl group,’! and subsequent E2 epoxide opening pro-
ceeded concomitantly to produce a-allyl alcohol 19 in one
pot.

The final task was to install the 3-pentyloxy group at C3.
After conversion of the C3 hydroxy group of 19 into a better
leaving groups (such as triflate, mesylate, chloride, and cyclic
sulfamidate), Sy2 inversion with the 3-pentyloxy anion was
unsuccessfully attempted.? Therefore, we focused on the
formation of N-acyl aziridine and the subsequent aziridine-
opening  process.'->4*4¢ll  Mitsunobu esterification of
a-alcohol 19 with p-nitrobenzoic acid, and one-pot ethanol-
ysis of the resulting ester produced C3 (3-alcohol 2, which was

20]
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isolated in 65% yield over 3 steps from 3.%! A Mitsunobu
aziridine synthesis from 2 was successfully performed using
Me,PPh and DIAD in the presence of 21 mol% of Et;N,
producing 20 in 76% yield. Phosphines had a significant
influence in this reaction, and oxazoline 21 was the major
byproduct when using other phosphines. The ring-opening
reaction of 20 with 3-pentanol was best performed using
BF;-OEt, to afford Boc-protected (—)-oseltamivir in 75 %
yield. Cleavage of the Boc group with TFA and salt formation
with phosphoric acid produced Tamiflu (1) in 73 % yield. All
the analytical data matched those reported in the literature.!
By using the synthetic route described above, we achieved a
gram-scale synthesis of Tamiflu.

Success in developing this new synthesis of Tamiflu
depended on the novel barium-catalyzed asymmetric Diels—
Alder-type reaction. Preliminary mechanistic studies indi-
cated that a chiral barium dienolate is generated through
transmetalation from siloxy diene 7, and the barium dienolate
is the active species in this reaction. Two experimental results
support this mechanism.?”! 1) when the barium/15 complex
was treated with 30 equivalents of 7 in the absence of
dienophile 8, trimethylsilylated ligand 22 was observed in
the ESI-MS analysis.””! This result suggests that transmeta-
lation between 7 and the barium/15 complex occurred. 2) A
competitive experiment using 7 (3 equiv), l-methoxy-1,3-
butadiene (23; 3 equiv), and 8 (1 equiv) in the presence of
10 mol % barium/15 complex and CsF afforded products 9
and 10 derived from siloxy diene 7 in 99 % combined yield.
Products 24 derived from 23 were not detected, therefore 7 is
much more reactive than 23 under the current catalysis. A
LUMO-lowering (LUMO =lowest occupied molecular orbi-
tal) mechanism does not explain this result. Together, these
two results suggest that the barium-catalyzed asymmetric
Diels—Alder-type reaction is likely promoted through a
HOMO-raising mechanism, possibly via transmetalation.?*?’]

Next, catalyst constitution was determined based on ESI-
MS studies. Two MS peaks corresponding to complexes of
barium/15=3:3 and 3:4 were observed in the catalyst
solution.”” The 3:4 complex, however, was labile and
converted into the 3:3 complex by a tandem MS/MS experi-
ment. The isotope distribution completely matched with the
calculated pattern. Therefore, the 3:3 complex 25 should be
the active catalyst for the asymmetric Diels—Alder-type
reaction.

On the basis of the above results, we propose a catalytic
cycle for the asymmetric Diels—Alder-type reaction
(Figure 1). First, the active barium dienolate 27 is generated
through transmetalation between catalyst 25 and siloxy diene
7. In this step, the chiral ligand is partially silylated (27). The
co-catalyst, CsF, would facilitate the generation of 27 through
the formation of pentavalent silicate 26.") Barium dienolate
27 should be reactive enough, and cyclization with 8 occurs in
either a concerted manner (Diels—Alder pathway) or a
stepwise manner (Michael-aldol pathway), producing inter-
mediate barium alkoxide 29.5Y Because of the existence of
multiple barium metals of different electronic characteristics
in a catalyst molecule, it is possible that the catalyst promotes
the reaction through an intramolecular transfer of the barium
dienolate to an activated dienophile by a Lewis acidic barium
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Figure 1. Postulated catalytic cycle of the asymmetric Diels—Alder-type
reaction.

(28: dual activation mechanism™). Finally, the product
barium alkoxide in 29 attacks the trimethylsilyl group
attached to the ligand, and catalyst 25 is regenerated while
silylated products 9 and 10 are liberated from the catalytic
cycle. Alternatively, 29 reacts with another molecule of siloxy
diene 26, liberating the products while regenerating active
barium dieonolate 27. Given the synthetic usefulness of siloxy
dienes® but their lability to strongly Lewis acidic conditions,
the HOMO-raising activation mode of siloxy dienes induced
by the barium complex will have great potential for the
development of new asymmetric catalyses.

In summary, we developed a novel barium-catalyzed
asymmetric Diels—Alder-type reaction between 1-trimethyl-
siloxy-1,3-butadiene (7) and dimethyl fumarate (8) to access
the cyclohexene framework of Tamiflu. This methodology led
to the establishment of a new synthetic route of Tamiflu by
using the Curtius rearrangement and a palladium-catalyzed
allylic substitution reaction using the C, acyl anion equiv-
alent, as key steps. Each conversion in the synthetic scheme is
easily conducted, and almost all the intermediates are
crystalline compounds, which could minimize the need for
column chromatography purification. Additional improve-
ment of the synthetic efficiency, especially by the develop-
ment of a novel methodology for the epoxide opening
reaction of 18 with 3-pentanol, is currently ongoing in our
laboratory.
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